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Abstract

The exponential increase in the concentration of greenhouse gases in the atmosphere is a

serious environmental issue. The use of carbon dioxide as an energy carrier for the production
of high-value synthetic fuels and chemicals represents a 'green’ solution to limit the use of
fossil fuels, mitigate climate change and reduce CO, concentrations in the atmosphere. The
versatility of methanol makes it one of the most interesting products to synthesise from car-
bon dioxide, from which it is obtained through a hydrogenation reaction. One of the major
difficulties encountered in the industrial implementation of this process is the low conversion
achieved, often due to the limited selectivity and deactivation phenomena of the catalysts
used. In this thesis work, Cu-ZnO-based catalysts were synthesised with the aim of opti-
mising their catalytic performance in the hydrogenation reaction of CO, for the production
of methanol. To this end, the ’exsolution’ technique was employed, whereby metal nanopar-
ticles are generated ’in situ’ by controlled reduction of doped crystal structures during the
synthesis of elements with catalytic properties. Compared to deposition techniques, these
nanoparticles exhibit uniform distribution and greater stability under operating conditions,
given the ’socketed’, or partially immersed, character of the material surface. The synthesis
methods used to prepare the catalysts were co-precipitation and solid-state reaction to ob-
tain ZnAl,O4 and (CuZn)Al,O,.
The catalysts were heat-treated in order to obtain pure phases (spinel) and their chemical-
physical properties examined by means of the following characterisation techniques: XRD,
BET, SEM, TEM and temperature-programmed reduction (H,-TPR). The latter in partic-
ular made it possible to identify temperature ranges for observing the reduction of copper
(Cu** — Cu?) and zinc (Zn** — Zn°), leading to the identification of two temperatures of
interest adopted to obtain exsolutions of nanoparticles with different compositions. The cat-
alytic activity and reaction mechanisms were subsequently evaluated by means of infrared
spectroscopic analysis (FTIR) in operando mode, with which it was possible to obtain in-
formation on the reaction mechanism involved in the use of ’exsolved’ catalysts. Through
these studies, it was possible to observe the formation of reaction intermediates and spec-
troscopic species, and to identify the active sites of the catalysts by analysing the surface
species analysed during the reaction. The tests were carried out by sending a mixture of
H,+CO, (3:1) at pressures of 1-7 bar over the ’exsolved’ catalysts at different temperatures.
In order to be able to correlate the evolution of reaction products with the species observed
in the FTIR spectra during the course of the tests, a mass spectrometer was connected to
the instrument output. The results showed the production of methanol for all the catalysts
tested, even at low pressures and temperatures (1 bar and 180 °C). Finally, the copper- and
zinc-based catalysts obtained via exsolution were tested in a fixed-bed reactor to assess their
stability and catalytic activity at industrially used temperatures and pressures.
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Sommario

La crescente preoccupazione per ’accumulo di anidride carbonica nell’atmosfera e il con-
seguente impatto sui cambiamenti climatici, ha suscitato un interesse crescente nello sviluppo
di processi sostenibili per la conversione di CO, in prodotti chimici sintetici ad alto valore
aggiunto. Questa tesi affronta tale sfida concentrandosi sulla sintesi e caratterizzazione di
catalizzatori ‘ex-solved’ per l'idrogenazione di COy a metanolo, un passo cruciale verso la
produzione di carburanti e prodotti chimici a basso impatto ambientale.

Introduzione

La sezione introduttiva fornisce una panoramica del contesto globale, sottolineando la ne-
cessita di sviluppare soluzioni innovative per affrontare le problematiche legate all’emissione
di CO,. Questo lavoro di tesi si propone di contribuire a tale esigenza attraverso la proget-
tazione e valutazione di catalizzatori efficaci alla conversione della CO, in prodotti chimici e
combustibili green.

Sin dall’inizio della rivoluzione industriale, le attivita umane hanno alterato in maniera si-
gnificativa il ciclo del carbonio dell’intero pianeta attraverso il rilascio incontrollato di grandi
quantita di gas serra, disturbandone il suo delicato equilibrio [14]. Questo ha portato ad un
incremento esponenziale della concentrazione di gas serra nell’atmosfera, minacciando il nos-
tro pianeta con conseguenze quali I'aumento delle temperature globali, lo scioglimento dei
ghiacciai, I'innalzamento del livello del mare, rapidi cambiamenti negli ecosistemi ed eventi
climatici estremi [14].

L’uso crescente dei combustibili fossili, sebbene abbia giocato un ruolo chiave nella crescita
della societa e dell’economia globale, ha generato preoccupazioni legate alla loro non rin-
novabilita e alle conseguenze riversate sul cambiamento climatico. Attualmente, la concen-
trazione media di CO, nell’atmosfera ¢ salita al 419 ppm, il 50% in piu rispetto ai tempi
preindustriali [15].

L’industria chimica europea dipende per '85% dall’importazione di materie prime a base
di carbonio come fonte di combustibile fossile per alimentare i processi energetici, la cui
combustione genera vari inquinanti, tra cui monossido di carbonio (CO), anidride carbonica
(CO,), vapori d’acqua, idrocarburi incombusti, ossidi di azoto (NO,), ossidi di zolfo (SOy)
e particolato atmosferico. Di fronte a questa problematica, ¢ necessaria una significativa
riduzione delle emissioni di combustibili fossili attraverso la transizione verso fonti ener-
getiche alternative.

L’utilizzo di risorse rinnovabili e di CO4 per la produzione di sostanze chimiche rappresenta
un’efficiente gestione delle risorse oltre che una tutela ambientale. Questo approccio green
contribuisce a ridurre le emissioni di gas serra per limitare I’aumento del riscaldamento globa-
le a meno di 2 °C, in conformita con gli accordi della COP26 del 2021 [16].

La necessita di sostituire le risorse fossili ha reso di grande importanza 1'utilizzo di cataliz-
zatori e processi alternativi per la produzione di carburanti sintetici nel campo del power-
to-fuel. Questa tecnologia offre vantaggi significativi, consentendo la cattura della CO,
attraverso sistemi di appositi e il suo riutilizzo come crediti di carbonio (CCUs). Pa-
rallelamente, la CO, puod essere trasformata in prodotti ad alto valore tramite processi di
idrogenazione, utilizzando H, prodotto da tecnologie green come l'elettrolisi e il reforming
in fase acquosa.

Questo doppio approccio consente la produzione di carburanti sintetici, riducendo la dipen-
denza dai combustibili fossili e affrontando il problema dell’accumulo della CO4 nell’atmosfera.
Le tecnologie power-to-fuel rappresentano una strategia potente per affrontare le sfide attuali
nella transizione verso fonti energetiche rinnovabili e sostenibili. I processi catalitici giocano



un ruolo essenziale in queste tecnologie, facilitando la conversione dell’energia rinnovabile
in carburanti sintetici e accelerando reazioni chimiche complesse [I7]. I processi di catalisi
omogenea, enzimatica e eterogenea vengono distinti, ciascuno con le proprie caratteristiche
e applicazioni. La catalisi eterogenea, con il catalizzatore in fase solida, € particolarmente
rilevante per i processi di conversione della CO,. L’utilizzo di quest’ultima come alternativa
ai combustibili fossili per la produzione di carburanti sintetici e sostanze chimiche consente
di limitare le emissioni di COjy e controllare 'aumento della temperatura globale [18].

I principali processi chimici coinvolti nella conversione catalitica della CO, includono la
reazione inversa del water-gas shift e il dry reforming del metano per la produzione di
syngas (CO + H,) e la reazione esotermica di Sabatier per la produzione di metano. La
conversione della CO, in prodotti secondari, come illustra la figura [T, rappresenta un passo
verso un’economia circolare in cui la COy non é piu considerato rifiuto, ma una fonte di
carbonio che sostituisce le fonti fossili.
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—> CH,0CH
CH;0H £52,, CHsOCH,

¢ \ l

"HI
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Figure 1:
Schema dei prodotti ottenibili dalla conversione della CO,. [1].

Capitolo 2 - Idrogenazione della CO, a metanolo: stato dell’arte

La conversione della CO, a metanolo attraverso processi di idrogenazione rappresenta una
prospettiva chiave nel panorama delle tecnologie sostenibili e nella ricerca di soluzioni per
mitigare 'impatto ambientale causato dalle emissioni di gas serra. Nel presente capitolo,
esploreremo lo stato attuale della tecnologia di idrogenazione della CO, per la produzione
di metanolo, analizzando le ricerche pitt recenti e i progressi significativi raggiunti in questo
campo in continua evoluzione.

Il capitolo inizia affrontando la rilevanza della conversione della CO, a metanolo per ali-
mentare il ciclo sostenibile del carbonio verde. L’elevata stabilita della molecola di CO,,
dovuta alla simmetria del suo legame C-O e alla sua geometria molecolare, richiede con-
dizioni operative ottimali, ovvero un’elevata quantita di energia e un catalizzatore stabile e
molto attivo per la sua conversione.

Affinché la sintesi del metanolo sia altamente selettiva, ¢ essenziale 'uso di catalizzatori
capaci di adsorbire la CO, ed attivarla senza rompere il legame C-O. Questo requisito ¢
particolarmente critico a basse temperature, dove la cinetica é limitata [19].

Il capitolo prosegue esaminando tre approcci comunemente utilizzati per I'attivazione della
COq:

e catalisi elettrochimica: la quale prevede 'uso di catalizzatori come platino, palladio e
rutenio su S-allumina, supportati da sodio o potassio, per attivare e convertire la CO,
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a metanolo. La reazione avviene in celle elettrochimiche con la presenza di anidride
carbonica e acqua, all'interno della quale i potenziali elettrici vengono applicati per
controllare la direzione della reazione [20];

e fotocatalisi: il processo é caratterizzato da meccanismi molto simili a quelli della catalisi
eterogenea, ma in questo caso la reazione é attivata dalla presenza della luce. I fotoni
vengono adsorbiti sul catalizzatore solido, creando un complesso elettrone-buco, e la
reazione ha luogo attraverso uno scambio di elettroni [21];

e idrogenazione catalitica di CO, a metanolo: nella quale viene sottolineato il ruolo
cruciale della presenza dei catalizzatori all’interno della reazione. I catalizzatori piu
utilizzati per la sintesi di metanolo a partire dalla CO, sono a base di rame -zinco
(Cu-ZnO), i quali da studi in letteratura mostrano elevate rese di CH30H [22].

Il capitolo evidenzia I’ importanza dei catalizzatori nel contesto della sintesi di metanolo,
con un’analisi dettagliata del catalizzatore Cu/Zn0O/Al,03. Nel 1947, il Prof. Blasiak in-
trodusse il catalizzatore Cu/Zn0O/Al, O3, caratterizzato da elevate conversioni di CO/CO,
tra 230 e 260 °C ed in condizioni di pressione compresa tra 50-100 atm [23]. La letteratura
identifica Cu, Zn, Zr, Cr e Pd come catalizzatori comunemente impiegati per 1'idrogenazione
della CO4 a metanolo, massimizzando rendimento e selettivita.

Il Cu permette di catalizzare due meccanismi di reazione per I'idrogenazione della CO,. 11
primo coinvolge la formazione di formiato (*HCOO) come intermedio, e dopo successive fasi
di idrogenazione viene trasformano in metanolo.

Il secondo percorso prevede la formazione di CO come intermedio di reazione, prodotto
dalla reazione rWGS via specie carbossiliche (HOCO), che vengono idrogenate per produrre
CH3O0H [24]. La bassa stabilita e selettivita nel metanolo sottolineano l'inefficienza del rame
da solo, spingendo all’adozione di un adeguato supporto il cui ruolo ¢ quello di aumentare
la stabilita del catalizzatore, ma anche di regolare le interazioni tra i componenti del catal-
izzatore.

I1 modello catalitico basato su Cu/ZnO evidenzia il ruolo chiave dello ZnO nel migliorare la
dispersione e la stabilizzazione del rame. Il rame ridotto agisce come sito attivo, mentre lo
ZnO favorisce la riducibilita di Cu®" e la dispersione del rame ridotto nella struttura cristal-
lina, creando una superficie ricca di siti attivi. L’assorbimento di Hy avviene sui siti attivi
di Cu, mentre ’assorbimento della CO, sui siti attivi di ZnO. Successivamente, 'idrogeno
atomico viene trasferito dalla superficie di Cu a quella di ZnO per idrogenare le specie del
carbonio legate ad esso, producendo metanolo.

Gli atomi di Zn si dissolvono nelle particelle di Cu, creando una lega superficiale Cu-Zn
mostrata in figura[2], cruciale per 'attivita catalitica. L'uso di Al;O3 come supporto migliora
la stabilitd meccanica del catalizzatore, in quanto I'introduzione di ioni trivalenti Al*" nella
struttura catalitica aumenta ’area superficiale, riducendo il fenomeno di sinterizzazione.

La presenza di catalizzatori in numerosi processi risulta essenziale per ottimizzare il corso

delle reazioni e favorirne lo svolgimento a temperature e pressioni piu basse. Migliorare le
prestazioni catalitiche consente di incrementare la cinetica di reazione e la conversione nei
prodotti desiderati. In questa tesi, si adotta la tecnica ’ex-solved’ in situ per migliorare
I’efficienza catalitica.
Tipicamente, lo sviluppo di nanoparticelle catalitiche avviene attraverso processi di depo-
sizione, come co-precipitazione e impregnazione, in cui i precursori catalitici vengono ancorati
sulla superficie mediante trattamento termico. Tali metodi, sebbene ampiamente utilizzati,
offrono un controllo limitato sulle dimensioni delle nanoparticelle e sulla distribuzione dei
siti attivi.

111



H, actjvated SACHEN Induce activated
Zn0, overlayer

H,/CH,0HH,0
300 °C

»

Figure 2:
Formazione del sub-strato di ZnO durante la riduzione del catalizzatore a temperature com-
prese tra 180 e 300 °C [2].

La tecnica di ’exsolution’, rispetto alle tecniche di sintesi tradizionali, consente una migliore
distribuzione delle nanoparticelle catalitiche sulla superficie catalitica e evita l’agglomerazione
delle particelle attraverso processi di ossidazione. In sistemi catalitici, si richiede un duplice
effetto in termini di elevata attivita e durabilita, talvolta bilanciare tali requisiti € complesso.
Sebbene 'uso di atomi metallici singolarmente supportati possa aumentare I'attivita, cido non
evita 'agglomerazione [25].

L’utilizzo di particelle "core-shell” permette di incrementare stabilita e la dispersione, mentre
per proteggere le particelle da fenomeni di avvelenamento o sinterizzazione, si ricorre a com-
plesse tecniche di incapsulamento. Negli ultimi dieci anni, ¢ stata introdotta un’innovativa
metodologia di progettazione dei materiali, nota come ’redox exsolution’; offrendo un per-
corso sintetico relativamente semplice per produrre nanoparticelle supportate. Queste par-
ticelle presentano notevoli caratteristiche, tra cui elevata stabilita contro ’agglomerazione e
resistenza all’avvelenamento, dimostrando livelli elevati di attivita in una vasta gamma di
applicazioni.

Il termine 'redox exsolution’ implica un processo che coinvolge reazioni redox, in cui le
nanoparticelle vengono rilasciate o emergono da un materiale ospite. Questo metodo ha
attirato I'attenzione per la sua semplicita ed efficacia nel creare nanoparticelle stabili e alta-
mente attive.

I composti che formeranno i siti attivi vengono inseriti nel reticolo dell’ossido ospite, nel nos-
tro caso uno spinello (AB2Qy), e dopo un trattamento termico, generalmente una riduzione,
vengono rilasciati sulla superficie come nanoparticelle metalliche attive, come mostrato in
figura [3] Questo processo di formazione prevede che le particelle siano originariamente dis-
solte nel reticolo cristallino, il che consente di far emergere nuove proprieta funzionali del
materiale.

Un primo aspetto riguarda 'allineamento cristallografico tra le nanoparticelle solubili e la
fase di supporto, creando una fase pura. Questo allineamento é fondamentale per gener-
are nanoparticelle tensioattive dopo le reazioni di riduzione. Le nanoparticelle ’ex-solved’
mostrano un’elevata resistenza alla sinterizzazione, ma allo stesso tempo hanno la capacita di
ridisciogliersi nel reticolo del supporto in condizioni ossidative. Questa reversibilita consente
di rigenerare i materiali attraverso fasi redox, estendendone la vita utile [26].

Il legame tra le nanoparticelle e il substrato protegge le particelle attive da fenomeni di
avvelenamento, il pitt comune dei quali € la deposizione di carbonio. Altro punto rilevante ¢
I’attivita elevata delle particelle ’ex-solved’ rispetto ai loro equivalenti depositati, attribuita
principalmente alla loro natura confinata e cava, che introduce uno sforzo sulle nanoparticelle

[27].
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Figure 3:
a. Schema delle fasi del processo di ’exsolution’; b. Migrazione della fase attiva dal reticolo
alla superficie [3].

Capitolo 3 - Metodologie e tecniche di caratterizzazione utilizzate

Il terzo capitolo presenta un’approfondita esposizione delle metodologie di sintesi impiegate
per la produzione dei catalizzatori, fornendo dettagli specifici sulle proporzioni di precursori,
reagenti utilizzati e condizioni di trattamento termico. Ogni passo € articolato per ciascun
catalizzatore sintetizzato, mettendo in luce le differenze tra le diverse varianti e le ragioni alla
base delle scelte di sintesi. La diversificazione delle condizioni di calcinazione ¢ sottolineata
come un punto chiave per ottimizzare la purezza di fase e le proprieta dei catalizzatori.

I tre catalizzatori sintetizzati sono: ZnAl,O4, Cug3Zng7AlOy4, CugsZngsAl,O4 Vengono
presentate tre metodologie di sintesi ampiamente utilizzate nella letteratura scientifica: co-
precipitazione, via sol-gel, e solid-state reaction.

e co-precipitazione: coinvolge la precipitazione simultanea di due o pit precursori chimici
all'interno di una soluzione attraverso un agente precipitante, formando particelle
catalitiche solide di interesse. Il precipitato viene successivamente trattato termica-
mente per ottenere il catalizzatore attivo desiderato;

e via sol-gel: la miscelazione dei precursori chimici, come sali metallici o composti or-
ganici, in un solvente da luogo a una serie di reazioni chimiche che portano alla for-
mazione del gel. Dopo la gelificazione, la soluzione viene adeguatamente lavata e
sottoposta a un trattamento termico per garantire la formazione e I'attivazione del
catalizzatore;

e solid-state reaction: caratterizzata dalla reazione diretta di precursori solidi a tem-
perature elevate, permette di controllare la composizione chimica e la cristallinita del
catalizzatore. I precursori, generalmente ossidi e/o polveri, vengono miscelati in pro-
porzioni stochiometriche per ottenere la composizione chimica desiderata.

Ogni metodo é selezionato in base alle caratteristiche specifiche che lo rendono piu adatto
a determinate applicazioni e tipologie di catalizzatori. In questo lavoro di tesi, sono stati
sintetizzati i tre tipi di catalizzatori precedentemente menzionati, utilizzando sia il metodo
di co-precipitazione che quello della solid-state reaction.



Oltre alla metodologia di sintesi utilizzata in questo capitolo viene presentata un’ampia
panoramica delle tecniche di caratterizzazione impiegate per I'analisi e lo studio dei cataliz-
zatori sintetizzati. Queste tecniche mirano a fornire informazioni approfondite sulla struttura
catalitica, la composizione e le proprieta superficiali dei catalizzatori in esame. Inoltre, il
capitolo sottolinea I'importanza di queste tecniche nel comprendere i meccanismi di reazione
che avvengono sulle superfici catalitiche. Le metodologie trattate spaziano in vari ambiti,
tra cui la microscopia, le metodologie di diffrazione e ’analisi spettroscopica, test catalitici
offrendo un approccio multilaterale alla caratterizzazione del catalizzatore.

La diffrazione a raggi X & una tecnica ampiamente utilizzata per investigare le fasi cristalline
e le strutture tridimensionali, basata sull’interferenza costruttiva e sulla legge di Bragg, che
correla gli angoli di diffrazione alle distanze interplanari. Mediante I’equazione di Scherrer ¢
possibile valutare la dimensione cristallina delle nanoparticelle [28§].

11 fisisorbimento di gas (N,) permette di calcolare la dimensione dei pori e 'area superficiale
dei campioni analizzati, al fine di comprendere fenomeni di cinetica intrinseca caratteristici
della catalisi eterogenea, la quale avviene sulla superficie del catalizzatore. Il calcolo dell’area
superficiale specifica viene effettuato utilizzando il metodo BET mentre la valutazione del
diametro medio dei pori tramite ’algoritmo BJH.

La microscopia elettronica a scansione (SEM) ¢ una tecnica di caratterizzazione che consente
’osservazione tridimensionale della morfologia di materiali a livello micrometrico e nanomet-
rico. Questa tecnica coinvolge 1'utilizzo di un fascio di elettroni focalizzato su un campione,
generando immagini sulla base della retrodiffusione degli elettroni.

Quando la risoluzione del SEM risulta limitata per la caratterizzazione di strutture nano-
metriche, si ricorre alla microscopia elettronica a trasmissione (TEM). Questa tecnica offre
una visione dettagliata della morfologia, delle dimensioni cristalline e della presenza di difetti
nella struttura del campione. Componenti chiave includono il sistema di vuoto, la sorgente
di fasci elettronici, la colonna del microscopio, i rivelatori e il software di controllo.

Le analisi programmabili in funzione della temperatura forniscono informazioni sul tipo di
legame e sulla presenza di gruppi funzionali sulla superficie catalitica. La temperatura pro-
grammata di riduzione (TPR) coinvolge il riscaldamento di campioni catalitici con una mis-
cela di idrogeno inerte. Le curve risultanti indicano la temperatura di consumo dei reagenti e
la formazione di prodotti, riflettendo la forza del legame tra specie chimiche e il catalizzatore.
La spettroscopia infrarossa a trasformata di Fourier (FT-IR) ¢ una tecnica che sfrutta
Iinterazione tra radiazione infrarossa e un materiale per ottenere informazioni sulla sua
struttura e composizione. L’analisi FT-IR permette I'identificazione dei gruppi funzionali
sulla superficie del catalizzatore e la valutazione dei prodotti formati durante le reazioni.
La tecnica FT-IR in operando coinvolge I'esposizione del campione a condizioni di reazione
reali, consentendo la correlazione tra le variazioni spettrali e la formazione di prodotti
desiderati. Durante le fasi di analisi, si variano temperatura e pressione, monitorando
I’evoluzione del campione attraverso la spettroscopia FT-IR e la rilevazione di massa dei
prodotti gassosi.

In fine dei test catalitici sono stati effettuati per testare la stabilita e l'attivita catalitica
del catalizzatore Cug3Zng7Al,O,4. Il catalizzatore € stato trattato termicamente a 750 °C e
ridotto a 350 °C per 4 ore. L’impianto include cinque linee di alimentazione (CHy, CO,, CO,
H,, Ny) con regolatori di flusso, valvole di non ritorno e valvole motorizzate per il controllo
dell’alimentazione. Trasmettitori (TT1-TT4) misurano temperature e pressioni, mentre un
regolatore di pressione di ritorno (BPC) mantiene la pressione desiderata. Viene utilizzato
un reattore fisso a letto tubulare realizzato in acciaio inossidabile per i test di stabilita e
attivita. B dotato di controllo della temperatura, termocoppie e guarnizioni di rame per
evitare perdite di gas. Il letto catalitico ¢ posizionato tra tappi di lana di quarzo, formando
una struttura a corona circolare. Il gascromatografo (GC) separa, identifica e quantifica i
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componenti presenti nella miscela gassosa. Utilizza due colonne PLOT in serie, posizionate
all'interno di un forno termostatico. Il rilevatore a ionizzazione di fiamma (FID) e il rileva-
tore di conducibilitd termica (TCD) rilevano i componenti all’'uscita della colonna. I1 FID
rileva sostanze organiche, mentre il TCD misura la variazione della conducibilita termica per
il gas eluente.

Il segnale emesso da FID e TCD, proporzionale alla quantita del componente rilevato, viene
inviato a un sistema di elaborazione dati che lo rappresenta mediante un cromatogramma. Le
curve di calibrazione del GC sono modellate secondo una legge di potenza. Ogni misurazione
porta con sé un errore, propagato in base agli errori commessi nelle misurazioni precedenti.
La composizione della miscela in uscita dal reattore consente di calcolare il flusso molare
totale in funzione di quello di N,. L’attivita sperimentale € costituita da un test di tenuta
eseguito dopo l'inserimento del catalizzatore all’interno del reattore, pressurizzando con la
corrente di N, a 10 bar. La fase di attivazione del catalizzatore viene effettuata inviando un
flusso di gas composto al 10% di Hy in Ny ad una pressione di 2 bar e contemporaneamente
aumentando la temperatura del letto catalitico a 200 °C con una rampa di 10 °C/min. Dopo
la fase di attivazione, aumentando la pressione a 23 bar, viene inviata la miscela reagente
con una composizione nominale di Hy/CO4/N, in rapporto 3:1:1.

Viene effettuato un test di stabilita di 20 a una temperatura di 275 °C e una pressione di 23
bar. Durante il quale, la miscela viene analizzata dal GC e dall’analizzatore di gas. Succes-
sivamente viene effettuato il test di attivita, eseguito ad una pressione di 23 bar e si indaga
il comportamento catalitico in un intervallo di temperatura da 180 °C a 300 °C.

Vengono utilizzati due metodi per i calcoli di conversione della CO,, selettivita e rendimento
di ciascun prodotto. Il confronto viene effettuato con i valori ottenuti dall’equilibrio ter-
modinamico tramite Aspen Plus, utilizzando un reattore RGibbs e considerando le diverse
condizioni operative tipiche del test.

Capitolo 4 - Discussione dei risultati

Il presente capitolo costituisce la tappa culminante della nostra indagine, in cui verranno
presentati e discussi i risultati ottenuti attraverso un’approfondita analisi delle diverse tec-
niche di caratterizzazione e dei test catalitici condotti sul catalizzatore in esame. Questa
fase riveste un ruolo cruciale nel fornire una comprensione esaustiva delle proprieta fisiche,
chimiche e catalitiche del nostro campione.
I dati raccolti attraverso XRD, adsorbimento di azoto per la determinazione dell’area su-
perficiale e delle dimensioni dei pori, microscopia elettronica a scansione (SEM), micro-
scopia elettronica a trasmissione (TEM) e spettroscopia infrarossa a trasformata di Fourier
operando (FT-IR in operando) saranno presentati in modo sistematico. Ogni tecnica for-
nisce un’inquadratura unica delle caratteristiche strutturali e delle dinamiche superficiali del
catalizzatore. Inoltre, esamineremo attentamente i risultati dei test catalitici, concentran-
doci sulla conversione di CO,, la selettivita nei confronti dei diversi prodotti e i rendimenti
complessivi.
Il grafico in figura |4 mostra la curva di disattivazione del catalizzatore ottenuta dopo il test
di stabilita sul Cug3Zng7AO ridotto. Il test é stato condotto a una temperatura di 275 °C,
alimentando il reattore con una portata di miscela reagente di 20 NL/h a una pressione di
23 bar. Il catalizzatore mostra un tasso di conversione variabile nel tempo, in particolare
si puo notare che dopo 20 ore la curva di disattivazione continua a mostrare un andamento
linearmente decrescente in funzione del tempo.

Dopo il test di stabilita, é stato effettuato il test di attivita sul catalizzatore Cug 37Zng7AO
trattato termicamente a 750 °C e ridotto a 350 °C per 4 ore. Aumentando la temperatura,
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Figure 4:

Curva di disattivazione del campione Cug3Zng7AO durante il test di stabilita condotto a
una temperatura di 275 °C e una pressione di 23 bar per 20 ore.

in accordo con la termodinamica, la conversione della CO, aumenta fino a un massimo del
14.74% a 300 °C, come si puod vedere nella Figura In queste condizioni, la conversione

¢ abbastanza vicina a quella di equilibrio, pari al 23.3%, il che indica un’elevata attivita
catalitica.
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Figure 5:

Conversione della CO, ottenuta durante il test di attivita rispetto alla conversione tipica
dell’equilibrio termodinamico.

L’obiettivo principale di questo capitolo é offrire una visione dettagliata e approfondita
delle prestazioni del catalizzatore, evidenziando le correlazioni tra le diverse caratteristiche
strutturali e le risposte catalitiche osservate. Tale comprensione ¢ fondamentale per delineare
le prospettive di sviluppo e ottimizzazione del catalizzatore nel contesto delle applicazioni
desiderate. Le informazioni ottenute nel corso di questo studio potrebbero guidare lo sviluppo
di catalizzatori "ex-solved" ancora piu performanti, con un’attivita migliore e un’energia di

attivazione pit bassa nel processo di idrogenazione di CO, a metanolo, massimizzando cosi
ulteriormente la resa.
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CHAPTER
ONE

INTRODUCTION

1.1 Climate Change Challenge and CO, Emissions

Since the beginning of the industrial revolution, human activities have significantly altered
the carbon cycle of the entire planet through the release of large quantities of greenhouse
gases (GHGs) upsetting its delicate balance. [14]

The exponential increase in the concentration of greenhouse gases in the atmosphere poses
a threat to our planet. Rising global temperatures, melting glaciers, rising sea levels, rapid
changes in ecosystems and extreme weather events are some of the consequences. The use
of fossil fuels has increased exponentially, playing a key role in the growth of society and
the global economy. Since fossil fuels are non-renewable, there is the issue of long-term
availability, which leads to the need to evaluate other energy sources besides fossil fuels. A
further issue concerns the contribution to climate change, with carbon dioxide (CO,) being
the main contributor to climate change in the atmosphere and the increase in greenhouse
gases present. Currently, according to data measured by NASA, in September 2023, the
average concentration of CO, in the atmosphere is 419 ppm, which is 50 per cent higher
than in pre-industrial times, as shown in Figure [15].
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Figure 1.1:
Carbon dioxide concentrations in the atmosphere spanning from 1700 to 2021[4].

The accumulation of greenhouse gases causes radiation re-emitted from the earth to be
trapped, causing a build-up of heat and a rise in temperature. Long-term warming is de-
fined with the standard metric of ECS (Equilibrium Climate Sensitivity) and recent research
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defines the ECS as between 1.5 °C and 4.1 °C by the end of the 21st century. The contin-
ued increase in greenhouse gas emissions is largely attributable, as figure shows , to the
energy sector, followed by the agricultural and industry ones [29].
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Figure 1.2:
Carbon dioxide emission by sector [5].

Currently, the European chemical industry is 85% dependent on the import of carbon-based
raw materials as a fossil fuel source to fuel energy processes. Combustion rarely takes place
in a faultless manner, and the generation of various types of pollutants is highly dependent
on the fuel used. The main products of combustion are:

Carbon monoxide (CO): a toxic, odourless and colourless gas produced by combustion
with insufficient oxygen;

Carbon dioxide (CO,): a colourless, odourless gas with a higher density than air. Tt is
the main product of the combustion of organic fuels, such as coal, oil and natural gas.

Water vapour (H,0): is a natural by-product of hydrocarbon combustion;

Unburnt hydrocarbons (HC): organic compounds generated by imperfect combustion.
The portion of the gas that does not react with the oxidiser generates unburned hydro-
carbons, such as VOCs (volatile organic compounds), methane, propane and benzene.

Nitrogen oxides (NO,): Nitrogen monoxide (NO) and nitrogen dioxide (NO,) are
formed during combustion processes at high temperatures. For thermidynamic rea-
sons, NO, is more stable at room temperature, which causes photochemical smog, acid
rain and ozone depletion [30].

Sulphur oxides (SOy): sulphur contained in fuels is oxidised during combustion to
form sulphur dioxide (SO;). The latter reacts with oxygen in the atmosphere, oxidising
again, giving rise to sulphur dioxide (SOj). In the presence of water vapour the sulphur
dioxide reacts to form sulphuric acid (H,SO,), which is mainly responsible for acid rain.
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e Particulate Matter (PM): during combustion, solid particles are generated consist-
ing of a carbonaceous core on which a mixture of unburned condensed hydrocarbons
(SOF), ash and water is adsorbed. Depending on their size, the particles affects remain
suspended in the air or can enter the respiratory tract. Typical particulate sizes are
identified as PMg ; ultra-fine particles, PMs 5, fine particles, and PM;q, larger particles.
Particles smaller than 2.5 pm can enter the lungs, causing serious respiratory problems
as well as negatively affecting air and environmental quality [31].

Faced with this problem, a significant reduction of fossil fuel emissions through transitions
to different energy sources is necessary. The use of renewable resources and CO, for the
production of chemicals represents resource efficiency and environmental protection. The
green approach contributes to the reduction of greenhouse gas emissions in order to limit the
increase in global warming to below 2 °C and to comply with the COP26 agreements, i.e.
the 2021 Glasgow Climate Pact, drawn up during the UN Climate Change Conference [16].

1.2 Reducing CO, emissions: Innovative and eco-friendly
technologies

As mentioned in the sub-chapter above, global warming needs to be urgently addresses. The
use of catalysts and alternative processes for the production of synthetic fuels, due to replace
fossil resources, has gained considerable importance in the power-to-fuel field.

This technology is particularly advantageous because of the possibility to harness waste car-
bon dioxide by capturing it through appropriate capture systems and reusing it as carbon
credits (CCUs). On the other hand, carbon dioxide could be transformed into high-value
products by exploiting hydrogenation processes, in which Hy can be produced through green
technologies such as electrolysis and aqueous phase reforming. This is a dual approach that
allows the production of synthetic fuels, reducing dependence on fossil fuels, and addressing
the problem of CO, accumulation in the atmosphere. The synergy between carbon dioxide
capture and reuse combined with renewable Hy production opens up new perspectives for
reducing greenhouse gas emissions and defining a sustainable low CO, emission pathway [32].

1.2.1 Carbon Capture

The highest release of carbon dioxide in the atmosphere is currently attributed to electricity
and heat production processes. To reduce the atmospheric concentration of carbon dioxide,
research is focused on two methodologies: carbon capture and storage (CCS) and carbon
capture and utilisation (CCU).

The capture and storage (CCS) process consists of capturing carbon dioxide from gaseous
streams by means of a gas separation process, and then condensing and storing it in appro-
priate geological sites. The release of carbon dioxide during mineral carbonation requires
careful consideration of geological site selection and environmental and economic impact.
Capture technologies include:

e Capture prior to combustion: the fuel undergoes gasification prior to combustion.
During this process, the fuel is converted into a synthesis gas consisting mainly of
hydrogen and CO. The presence of Hy makes it possible to capture carbon dioxide
prior to combustion, improving the efficiency of the process.
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e Capture during combustion: carbon dioxide produced during combustion is captured
using metal oxides or porous, reactive materials. These materials can selectively bind
with CO,, separating it from other gases.

e Post-combustion capture: carbon dioxide generated by the reaction between fuel and
oxygen is captured by performing chemical adsorption using solvents. This technique
consists of feeding gases containing CO, in an absorber and using amines as the chem-
ical solvent. The amines selectively react with the CO, to form an amine carbonate
solution, which is separated from the carbon dioxide and then regenerated to be reused
for further capture cycles.

The most common storage options are depleted oil fields or deep saline reservoirs. On the
other hand, there are factors influencing the applicability of CCS, namely the high capital
and operational costs and the environmental and human safety factors.

CCU consists of capturing and reusing the CO, emitted from an industrial process to produce
other useful fuels or chemicals. The capture methods are equivalent to those described above
[17]. In the transport sector, CCU-derived fuels can be used in existing combustion engines,
drastically reducing carbon dioxide emissions. In the energy field, the captured carbon
dioxide can be used for the production of synthetic fuels, such as methanol. In the chemical
industry, it can be transformed into chemical precursors for the production of polymers,
while in agriculture it can be used in greenhouses to increase crop yields [33].

As figure [1.3]shows, the CO, is captured from the atmosphere and from industrial sources
for reuse, thus ensuring a circular economy in which CO, is no longer considered waste but
a carbon source replacing fossil sources.

To conduct a CCU two essential elements are needed:

e CO,: carbon dioxide emitted by electrical, chemical and fermentation industries is used
as a capture source;

e cnergy: necessary to provide energy in the form of heat, electricity or solar radiation to
convert the CO, into alternative chemicals. To make CCU sustainable, useful energy
can be produced from renewable sources.
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Figure 1.3:
Scheme for capturing and utilising CO4 [6].
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Considering the limitations of CCS, a promising solution to address the challenges of carbon
dioxide and greenhouse gas emissions is the use of CCU technology. This approach allows
the valorisation of CO, by transforming it into a renewable resource to be converted into
secondary products through catalytic, photocatalytic and hydrogenation processes [32].

1.3 The key role of catalysts in chemical processes

Power-to-fuel technologies are a powerful strategy with the current challenges of the transi-
tion to renewable and sustainable energy sources, as they allow the production of renewable
synthetic fuels and chemicals, such as methanol, dimethyl ether and light olefins [34].
Catalytic processes play an essential role in power-to-fuel technologies, facilitating the con-
version of renewable energy into synthetic fuels and accelerating complex chemical reac-
tions, which in the absence of the catalyst would not occur. The presence of the catalyst
allows thermally favoured processes to be accelerated (AG < 0), but does not allow non-
thermodynamically favoured reactions to take place (AG > 0). The following types of
catalysis are currently distinguished:

e Homogeneous catalysis: the phase of the catalyst and the phase of the reactants are
identical;

e Biocatalysis: involves the use of enzymes or living organisms to accelerate specific
reactions;

e Heterogeneous catalysis: the phase of the solid catalyst is different from the phase of
the reactants.

1.3.1 Homogeneous catalysis

In homogeneous catalysis, the catalyst and the reactants are in the same phase, usually
liquid. In most cases, the solvent is an apolar hydrocarbon that does not readily solubilise
metals. In this case, the active sites correspond to all the metal atoms, as opposed to the
catalytic solid, which only has active sites on the surface. In the homogeneous phase, the
reaction stoichiometry is perfectly known, whereas in the case of the solid catalyst, the
surface configuration is not perfectly known and it is difficult to instantly determine the
reaction mechanism. In homogeneous catalysis there are no problems with mass transfer
and diffusion in the pores, characteristic of heterogeneous catalysis [35].

1.3.2 Enzymatic catalysis

Enzymatic catalysis is a sub-category of heterogeneous catalysis; specifically, it is a bio-
chemical process involving specific enzymes and proteins designed to increase the speed of
chemical reactions that take place in living organisms. Each enzyme has a specific active site
designed to chemically bind with the substrate. After the substrate is bound to the active
site, the reaction takes place, with a much lower activation energy due to the presence of the
enzyme. The resulting product is released and the enzyme can be used for other biological
functions [36].



Chapter 1 — Introduction

Figure 1.4:
Schematic of an enzyme-catalysed reaction [7].

1.3.3 Heterogeneous catalysis

In processes characterised by the presence of heterogeneous catalytic reactions, the reactants
and the catalyst are in different physical phases, generally the reactants are in the gas phase
while the catalyst is solid. Given the different phases, diffusion phenomena must be taken
into account for the reaction to take place, as it is essential that the reactants come into
close contact with the catalyst surface.

During the reaction, the reactants must pass through the gaseous bulk to reach the catalytic
surface. Once on the surface, the reactants must diffuse into the pores of the surface, where
the active sites are present. The latter represent the physical site on the catalyst surface
where the reaction takes place. The intrinsic kinetics of the reaction, as shown in figure [I.5]
is composed of three steps:

1. adsorption of the reactants: in which one of the reactants must form a chemical bond
with the catalytic surface. The formation of the bond causes a change in the structure
of the reactants by lowering the activation energy of the reaction;

2. catalysed reaction: the adsorbed reactant reacts with a gas-phase reactant, to form
the desired product;

3. product desorption: the reaction product is desorbed from the catalyst surface, making
the active site available again.

The released product follows the reverse path of the reactants, i.e., it diffuses into the pores
and then into the gaseous bulk [I§].
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[. Adsorption II. Reaction III. Desorption

Figure 1.5:
Intrinsic kinetics diagram of catalytic reaction.

1.4 Catalytic CO, conversion

The use of carbon dioxide as an alternative to fossil fuels for the production of synthetic
fuels and chemicals makes it possible to limit carbon dioxide emissions and control the rise
in global temperature.

The molecule of CO, is characterised by a very low Gibbs free energy value (AG = - 394
kJ/mol), indicating high stability. Because of this, its chemical conversion requires the pres-
ence of an active catalyst and a considerable amount of energy. For example, the breaking
of the C-O bond in the reaction requires a high amount of energy, which is determined
by the high value of the enthalpy of formation of the reaction.

COy, — ,CO + 0, AH° =293 kJ/mol. (1.1)

The main chemical processes involved in the conversion of CO, in the chemical industry
are the reverse water-gas shift [37] (1.2)) and the dry reforming of methane [38] (1.3]) for
the production of syngas (CO + H,), and the exothermic Sabatier reaction for methane

production ({1.4]).

CO, + Hy == CO + HyOg) AH® = 41.2 kJ /mol CO.,. (1.2)
CO, + CHy — ,CO + ,H, AH® = 247.3 kJ /mol CO,. (1.3)
CO, + 4Hy = CHy + ,H,0 AH® = —165 kJ /mol CO,. (1.4)

The thermodynamic limit of the dry reforming concerns the high temperatures required,
between 900 - 1000 °C, dictated by a high value of Gibbs free energy, followed by low
conversion and yield obtained. Another limitation concerns the formation of coke, which
causes deactivation of the catalyst due to the physical deposition of carbonaceous species on
the active sites [37].

From RWGS, CO is formed, which is reduced to produce methanol using suitable
catalysts.

CO + ,H, — CH3;0H AH® = —90.6 kJ /mol CO. (1.5)
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Through catalytic dehydration processes of methanol, dimethyl ether (DME) can be obtained
using acid-based catalysts ((1.6)). This substance can be used as a synthetic fuel due to its
advantageous characteristics of producing very low quantities of NO, and CO [39].

By means of Fischer-Tropsh (FT) synthesis from syngas, linear and branched hydrocarbons

are istead obtained (1.7]) [40].
CcO + HQ - CnH2n + CnH2n+2 + COQ + HQO (17)

An overview of the process involved in the conversion of CO, outlined in this sub-chapter is
presented in figure [1.6

-H,0
> CH,0CH
CH,0H =2 CH;0CH,
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Figure 1.6:
Outline of products obtainable from carbon dioxide. [I].
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2.1 Methanol synthesis

2.1.1 Synthesis from natural gas

The versatility of methanol makes it the most interesting product to synthesise from carbon
dioxide [41]. It is an industrial product that can be used as a source for the production of
chemicals and various fuels such as dimethyl ether, formaldehyde, acetic acid and methyl
tertiary butyl ether, creating the so-called “methanol economy” [42]. The first synthesis
process was produced by BASF in 1923, conducted at high pressures (250-350 bar) and
temperatures between 320 - 450 °C, and remained the predominant process for methanol
production for over 45 years [43]. At present, natural gas is the primary source for methanol
synthesis. The production process from natural gas consists of two basic steps:

1. syngas production, a mixture of Hy,CO and COy;

2. hydrogenation of syngas for the production of materials of interest [44].

The synthesis of syngas is mainly carried out by the steam reforming process (SR) (2.1
and the autothermal reforming process (ATR) (2.2)).

CH; + H,O = CO + 3H, AH® =206 kJ/mol (2.1)

The difference between the two processes lies in the energy input required; while SR
requires a high amount of energy, as it is an endothermic process, in the case of ATR,
part of the methane is used as an energy source, fueling the reaction [45]. The syngas
hydrogenation process, characterised by operating conditions of high pressures (50 - 100
bar) and temperatures between 200 - 300 °C, can take place via several routes:

e carbon monoxide hydrogenation ([2.3));
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e hydrogenation of CO, ([2.5).

CO + 2H, = CH,OH AH° = —90.77k.J /mol (2.3)

CO, + 3H, == CH,OH + H,0 AH" = —49.5kJ/mol (2.4)

In addition to the reactions mentioned above, reverse water-gas shift (rWGS) also takes
place during the hydrogenation of CO, to methanol:

CO, + Hy, = CO + H,0 AH° = 41.5kJ/molcO, (2.5)

The reaction is exothermic and reversible . Considering the entire process, methanol
production requires the achievement of a thermodynamic equilibrium that is the right com-
promise between pressure and temperature operating conditions, which causes low conversion
and high recirculation rates of unconverted gas. The search for suitable catalysts to increase
the yield and selectivity of methanol allows the entire process to be improved.

2.1.2 Synthesis from biomass

The use of biomass as a source for methanol production appears to be a promising and
sustainable approach. Again, methanol synthesis is characterised by three steps: syngas
production, raw methanol synthesis and purification.

Initially, the biomass is pre-treated to remove impurities, and then sent to the gasifier, which
is the heart of the process. Gasification allows biomass to be converted into gaseous products,
such as biogas (CHy and CO,), syngas (Hy, CO, and CO) and pure hydrogen, at tempera-
tures of approximately 800-900 °C. [46] This process requires the presence of oxygen (30%
more than the stoichiometric value) in combination with steam to prevent the formation of
N, in the syngas [47].

The gases produced by gasification do not have the quality required for the synthesis of
methanol, as these contain traces of contaminants such as HyS,NHj, ash and tar (hydrocarbon-
containing mixture) produced by the reduction of carbon oxides. Tar formation is the most
problematic, as its deposition on the equipment in the entire process can create fouling and
malfunctioning. [47] To avoid this, the biomass is pulverised into 100um particles, requiring
high energy consumption.

An optimal molar ratio of Hy:CO, greater than 2 is required for methanol synthesis. This,
however, is not respected by the biomass gasification process, which instead is characterised
by a low ratio of Hy:CO,. Hence, the synthesis gases are used in the water-gas shift (WGS)
process, which sees the conversion of CO into CO,.The WGS reaction takes place at a tem-
perature of 375 °C and a pressure of 40 bar, and once COy has been formed, it must be
separated from the syngas to ensure an optimal CO,:CO:H, ratio.

To comply with environmental regulations, the gas must also be purified from the possible
presence of HyS, generated from the presence of sulphur during chemical reactions involved
in methanol production. The method used consists of reacting carbon dioxide with H,S to
produce a mixture of CO, Hy and S,.

Due to these limitations, the process of synthesising methanol from biomass is not sustainable
to be carried out on a large scale due to the high costs involved [48§].

10
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2.2 Catalytic hydrogenation of the CQO,

As mentioned above, carbon dioxide is the major pollutant released in the atmosphere from
the combustion of fossil fuels. The hydrogenation of CO, to other hydrocarbons and alcohol
compounds, such as methanol makes it possible to feed the green carbon cycle and secure a
renewable resource for the production of synthetic fuels [19].

The symmetry of its C-O bond and the geometry of the molecule gives carbon dioxide a
high stability (AG® = —400 kJ/mol), which is why its conversion requires optimal operating
conditions, a high amount of energy and a stable and very active catalyst.

The hydrogenation reaction of CO, into methanol is exothermic at room temperature
(AHY = —493.7 kJ/mol) but competes with the methanation reaction (2.6) (AH? = —39.4
kcal /mol).

In order to observe a high selectivity towards methanol, catalysts capable of adsorbing the
carbon dioxide, activating it and not breaking the C-O bond must be found and used. The
methanol synthesis reaction (2.4)) is a reaction with a reduction in the number of moles,
which means that it is favoured thermodynamically at high pressures and low temperatures,
but its kinetics, on the contrary, are limited at low temperatures and this is also confirmed
by the negative values of AH? = —493.7 kJ/mol and AS. An increase in temperature aids
the kinetics by activating the CO, molecule, but it also promotes the reverse water-gas shift
reaction by producing CO and H,0O. For these reasons, it is necessary to use catalysts that
can promote the activation of carbon dioxide, through various approaches:

e Homogeneous catalysis;
e photocatalysis;

e Electrochemistry;

2.2.1 Activation of CO, by electrochemistry

The use of electrochemical catalysts allows CO, to be activated and converted to methanol
under mild conditions. The most common catalysts used for this process are platinum (Pt),
palladium (Pd) and ruthenium (Ru) supported on S-alumina. To improve conductivity,
sodium (Na) or potassium (K) is generally added to promote the adsorption of CO, and
H, on the metal’s active sites. In addition to the noble metals, Cu-supported alumina and
Ni-supported on YS zeolite eletrocatalysts have also been investigated.

The reaction takes place in electrochemical cells with the presence of carbon dioxide and
water. Electric potentials are applied to control the direction of the reaction. Recent studies
have shown how modifying the coordination sphere of active sites can improve the efficiency
and activity of electrochemical catalysts [20].

2.2.2 Activation of CO, by photocatalysis

A photocatalytic process is characterised by mechanisms very similar to those found in
heterogeneous catalysis, however here the reaction is activated by the presence of light.
Photons are adsorbed on the solid catalyst, creating an electron-hole complex, and then the
reaction takes place via an exchange of electrons. Numerous catalysts have been investigated
for the conversion of CO, to methanol, among which titanium dioxide (TiO,) supported by

11
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graphene oxide shows excellent activity in methanol synthesis. The role of reduced graphene
oxide is to reduce the band gap of TiO, by improving its photoactivity. Similarly, copper
oxides (CuyO and CuO) and ZnO enable the efficient hydrogenation of carbon dioxide to
methanol. Much progress has been made in the field of photocatalysis over the past decades,
but it remains limited to small scales, hence preventing industrial-scale methanol production
[21].

2.2.3 Thermocatalytic hydrogenation of CO, to methanol

The major differences in the synthesis of methanol from CO, or syngas concern the exother-
micity of the reactions and the production of H,O, that often causes deactivation of the
catalysts. In the process of synthesising methanol from syngas, the most commonly used
catalysts are based on Cu combined with zinc oxide, which are however less efficient at con-
verting carbon dioxide-rich natural gases. In general, the process, being kinetically limited,
is characterised by a low carbon dioxide conversion (< 20 %) correlated with a high produc-
tion of HyO, which accelerates the Cu and ZnO particle cell crystallisation process, causing
rapid sintering with consequent deactivation.

A. Mittash and M. Pier have investigated the first iron-based catalyst for the hydrogenation
of CO to methanol . The catalysed reaction took place at 500 °C and 100 bar, producing
methanol together with other undesired products. The low yield and deactivation of the cat-
alyst due to the pollutants in the reagents led to the testing of other oxide- and metal-based
catalysts. Among the various tests, those that showed good results were ZnO/Cr,03 and
ZnO/Cu0. A study hence began on the mechanisms of catalysed reactions and the search
for a suitable catalyst to optimise methanol production from natural gas [22].

On the other hand, the most commonly used catalysts for the hydrogenation of CO, to
methanol are also based on Cu-ZnO. The aim is to develop new efficient catalysts, varying
morphology and physico-chemical characteristics, in order to obtain catalysts characterised
by higher activity and selectivity.

2.2.4 The key role of catalysts

Generally, a ternary material with structural characteristics that depend on the method
of synthesis, heat treatment and process conditions. The first catalyst developed for the
synthesis of methanol was CryO3—7n0, produced by BASF in 1921. Due to the very low
reactivity, the process took place at high pressures (over 300 atm) and high temperatures of
around 300 - 400 °C [49]

Continued research into catalytic systems led to the development of copper-based catalysts,
which are more efficient and operate at lower temperatures and much lower pressures. In
1947, Professor Blasiak developerd the Cu/Zn0O/Al,O4 catalyst, which exhibited a high con-
version of CO/CO, in the temperature range 230 - 260 °C and pressures of 50 - 100 atm
[23]. According to the literature Cu, Zn, Zr, Cr, Pd are the commonly used catalysts for the
hydrogenation of CO, to methanol to maximie methanol yield and selectivity [50].

2.2.5 Cu/Zn0O/Al,03-based catalysts

Copper-based catalysts are currently the most widely used catalytic solids in the synthesis
of methanol from carbon dioxide. Two reaction mechanisms catalysed by Cu have been
identified for the hydrogenation of CO,. The first concerns the reaction between the CO,

12
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and the H atom bound to the catalytic surface, following either the Eley-Ridel or Langmuir-
Hinshelwood reaction mechanism, resulting in the formation of formate (*HCOO) as an
intermediate [51].

Formate is hydrogenated to dioxymethylene (*HCOOH), which, following another hydro-
genation process, is cleaved (*OH) and into formaldehyde. The latter, adsorbed on the
catalytic surface, is hydrogenated to methoxy or methylenoxy to produce methanol.

The second pathway involves the formation of CO as a reaction intermediate, produced
by the rWGS reaction via carboxyl (HOCO) species, which are hydrogenated to produce
CH3OH [24].

The low stability and low selectivity in methanol highlighted the low efficiency of Cu alone
in the hydrogenation reaction of the CO,, so it was useful to consider an appropriate sup-
port, the role of which is to increase the stability of the catalyst, but also to regulate the
interactions between the catalyst components [52].

A catalytic model based on Cu/ZnO was identified, as ZnO can improve the dispersion
and stabilisation of copper. Fully or partially reduced copper acts as an active site for the
hydrogenation of CO,, enhancing its performance is the synergistic contact with partially
reduced ZnO. Zinc oxide promotes the reducibility of Cu?* and the dispersion of reduced
copper within the crystal structure, ensuring an alternation of ZnO and Cu particles, thus
creating a surface rich in active sites. Absorption and dissociation of Hy occurs on u active
sites, while absorption of CO, occurs on ZnO active sites, Subsequently, atomic hydrogen
is transferred from the Cu surface to the ZnO surface in order to hydrogenate the carbon
species bound on it to produce methanol.

The Zn atoms dissolve in the Cu particles, creating the Cu-Zn surface alloy. The for-

mation of the Cu-ZnO interphase is crucial for the activity of the catalyst obtainable by
hydrogen displacement at temperatures between 190-300°C as shown in the figure By
switching from ZnO to Zn, catalytic activity and matanol yield are increased [53].
The flow of hydrogen promotes the reduction of copper atoms and partially that of zinc
oxide, causing them to migrate to the surface to enhance catalytic activity. Al,Oj3 is used
as a support to improve the mechanical stability of the catalyst, and the introduction of
trivalent ions AI®" into the catalytic structure allows an increase in surface area, reducing
the sintering phenomenon .

Cu/ZnO/ALO, Induce activated

H, actjvated

ZnO, overlayer

H,/CH,OH/H,0
300 °C

»

Figure 2.1:
Formation of the ZnO overlayer during catalyst disruption at temperatures between 190 -
300 °C [2].
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2.3 Ex-solved

The presence of catalysts in a number of processes is essential to improve the course of re-
actions and encourage them to take place at lower temperatures and pressures. Improving
catalytic performance enables the reaction kinetics and conversion to the desired products
to be increased. Catalytic efficiency can be improved through various techniques, the one
used in this thesis is the in-situ exsolution technique.

The development of catalytic nanoparticles generally occurs through deposition processes,
such as co-precipitation and impregnation, in which the catalytic precursors are anchored on
the surface by heat treatment. These methods are widely used but offer limited control over
the size of the nanoparticles and the distrubution of the active sites [25]. The ’ex-solution’
technique, compared to traditional synthesis techniques, allows the catalyst nanoparticles
a better distribution on the catalytic surface and avoids agglomeration of the particles by
performing reoxidation processes. [54]

In catalytic systems, a dual effect in terms of high activity and durability is required, bal-
ancing the two requirements is often very difficult, it is possible to increase activity by using
single supported metal atoms, but this does not avoid agglomeration. The use of core-shell
particles makes it possible to increase stability and dispersibility, while to protect the par-
ticles from poisoning or sintering, appropriate encapsulation methods can be used, which
require very complex synthesis procedures [3].

Over the past decade, a novel method for designing materials, known as redox exsolution,
has been introduced. This innovative approach offers a relatively uncomplicated, one-step
synthetic pathway to produce supported nanoparticles. These nanoparticles exhibit notable
characteristics, including a high degree of stability against agglomeration and resistance to
poisoning. Furthermore, they demonstrate elevated levels of activity across a wide range
of applications. The term "redox exsolution" implies a process involving redox reactions,
where nanoparticles are released or emerge from a host material. This method has garnered
attention for its simplicity and effectiveness in creating nanoparticles that are both stable
and highly active [25].

The compounds that will form the active sites are inserted into the host oxide lattice, in our
case a spinel (AB,O,), and after heat treatment, generally a reduction, are released on the
surface as active metal nanoparticles, as shown in figure This formation process involves
the particles being originally dissolved in the crystal lattice, which allows new functional
properties of the material to emerge.

A first aspect concerns the crystallographic alignment between the soluble nanoparticles
and the support phase, creating a pure phase. This alignment is crucial for generating
surface-active nanoparticles after reduction reactions. The exsolved nanoparticles show a
high resistance to sintering, but at the same time have the capability to redissolve into the
lattice of the oxide support under oxidative conditions. This reversibility allows regeneration
of the materials through redox steps, extending their life [26].

The bond between the nanoparticles and the substrate protects the active particles from
poisoning phenomena, the most common of which is carbon deposition. Another noteworthy
point is the heightened activity of exsolved particles compared to their deposited counter-
parts, primarily attributed to their confined and hollow nature, which introduces a strain on
the nanoparticles [27].
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Figure 2.2:
a. Scheme of the steps in the exsolution process; b. Migration of the active phase from the
lattice to the surface [3].
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METHODOLOGY

3.1 Synthesis of catalytic systems

Several methodologies exist in the literature for the synthesis of catalysts, each resulting in
specific characteristics- that make them better suited for specific applications and types of
catalysts. The most common synthesis methodologies are:

e Co-precipitation: involves the simultaneous precipitation of two or more chemical
precursors within the solution by a precipitating agent, forming solid catalytic particles
of interest. The precipitate is then heat-treated to obtain the desired active catalyst
[55];

e Sol-gel route: The mixing of chemical precursors, such as metal salts or organic
compounds, in a solvent gives rise to a series of chemical reactions leading to the
formation of the gel. After gelling, the solution is suitably washed and subjected to
appropriate heat treatment to ensure the formation and activation phase of the catalyst

[56];

e Solid state reaction: is characterised by the direct reaction of solid precursors at high
temperatures, allowing the chemical composition and crystallinity of the catalyst to be
controlled. The precursors, generally oxide and /or powders, are mixed in stoichiometric
proportions to obtain the desired chemical composition of the catalyst. The mixing is
carried out using a high-energy ball miller which, by exploiting the high kinetic energy
of the balls in the container, allows the precursors to react and obtain the catalyst of
interest [57].

For this thesis work, three types of catalysts were synthesised: ZnAl,O,4, Cugs3Zng7Al;Oy,
Cug 5Zng 5Al,0y4, each of which was prepared using two synthesis methodologies: co-precipitation
and solid-state reaction.

3.1.1 Synthesis of ZnAl,O,4

Co-precipitation method

ZnAl,O, spinel oxide catalyst was first prepared by co-precipitation method. Aluminium
nitrate [AI(NO3)3-oH,0,analyticgrade| and zinc nitrate [Zn(NOj), - ¢H,O,analitycgrade| are
reagents used for the synthesis of the catalyst of interest. The aqueous solution of zinc
nitrate, obtained by diluting 5.94g in 10 mL of doubly-distilled (MilliQQ) water, is added to
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the aqueous solution of aluminium nitrate, obtained by diluting 15.00g of [Al(NOs3)3 - ¢H,0]
in MilliQQ water. To ensure precipitation of the salts, an amount of NHj; equal to 13 mL
was added to achieve pH = 9. The resulting mixture was left under stirring conditions for
one hour at room temperature to ensure nucleation and growth of the forming crystal phase
[58]. The precipitate was then filtered and washed by centrifuging the mixture at 4000 rpm
for a duration of approximately 20 minutes, once, in ethanol and subsequently in doubly
distilled water until neutral pH was obtained. After each centrifugation ccycle, the sample
was redispersed by ultrasonication (40 Hz, 10-15minutes) to ensure complete washing of the
product.

The sample obtained was then dried overnight at a temperature of 60 °C. The catalytic solid
(~ 2.765 g) obtained was then ground through the use of an agate pestle and mortar and
then divided into four batches, each to be calcined at different temperatures and durations,
and named as follows:

1. ZAO 1 ¢700 4h: sample calcined in air at a temperature of 700 °C for a duration of
4 hours, with a temperature ramp of 5 °C/min;

2. ZAO 1 _c700_12h: sample calcined in air at a temperature of 700 °C for a duration
of 12 hours, with a temperature ramp of 5 °C/min;

3. ZAO 1 c800_4h :sample calcined in air at a temperature of 800 °C for a duration of
4 hours, with a temperature ramp of 5 °C/min;

4. ZAO 1 ¢800_ 12h: sample calcined in air at a temperature of 800 °C for a duration
of 12 hours, with a temperature ramp of 5 °C/min.

The different durations and temperatures were tried in order to find the best conditions to
obtain the optimal phase purity and grain size.

Solid-state reaction method

The synthesis procedure characteristic of the solid-state reaction mechanism involves the
mixing of a stoichiometric amount of zinc oxide, ZnO, and aluminium oxide, Al,Os, followed
by a calcination, and sometimes one or several sintering, steps at elevated temperature. The
reaction mechanism is characterised by the diffusion of anions and cations within the oxides
allowing the formation of the desired spinel structure [57].

In accordance with a molar ratio of ZnO/Al,O3 of 1:1, typically used in the synthesis of
ZnAl,Oy, 1.673 g of v- Al,O3 was mixed with 1.32 g of ZnO within an agate jar, to which
agate spheres of bmm diameter were added. To ensure proper mixing and dispersion of the
powders, ethanol is also added into the jar. The use of high-energy ball milling provides the
kinetic energy required to activate the chemical reaction between the oxides, causing and
promoting high-energy collisions between spheres and solid powders [59]. Three high-energy
ball milling cycles were carried out for the synthesis of the catalyst: the first at 250 rpm
for a duration of 10 minutes, the second at 350 rpm for 10 minutes and finally a cycle at
400 rpm, also for a time of 10 minutes. The sample obtained was filtered and washed with
ethanol and dried overnight in an oven at 60 °C.

Subsequently, as first 'test’, the sample, was calcined at a temperature of 650°C for 12 hours
using a ramp rate of 5 °C/min and named ZAO 1 SS ¢650 12h.
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3.1.2 Synthesis of Cug3Zng;Al,Oy

Co-precipitation method

To obtain a solid solution of Cu—ZnAl,O, through co-precipitation, precursors of aluminium
nitrate [Al(NO3)3 - gH,0,analyticgrade|, zinc nitrate [Zn(NOs), - §H,O,analyticgrade| and cop-
per nitrate [Cu(NOjz),-3H50,analyticgrade|, were used to undergo the following reaction

1)
CU(NO?))Q . 3HQO + ZH(NO?))Q '6HQO + Al(NOg)?)gHQO - CU_ZHAIQOZL + 18 HQO (31)

The catalyst is obtained by mixing the aqueous solution of aluminium nitrate (4.17 g in
10 mL of doubly-distilled water) with the solution of copper nitrate (1.45 g in 10 mL of
doubly-distilled water), both added to the aqueous solution of aluminium nitrate (15.02 g in
20 mL). The addition of the precipitating agent (13 mL of NH3) allows the salts, precursors
of the catalyst, to precipitate and nucleate giving the structure of interest. The sample was
left stirring for one hour at room temperature, to ensure precipitation and nucleation of
particles. Then the solid catalyst was filtered by centrifuging (4000 rpm, 10 °C, 10 minutes
cycles) to neautral pH through 6 washes: the first in ethanol and the following in doubly-
distilled water.

The solid catalyst was then divided into three amounts, each subjected to different heat
treatments:

1. CuZAO 1 c¢650 12h: test sample calcined at a temperature of 650 °C for 12 hours,
with a temperature ramp of 5 °C/min;

2. CuZAO 1 ¢750 12h: test sample calcined at a temperature of 750 °C for 12 hours
(5°C/min);

3. CuZAO 1 c¢650 12h c750 12h: test sample calcined at a temperature of 650 °C for
12 hours and subsequenlty at a temperature of 750 °C for 12 hours, in both cases using
a temperature ramp of 5 °C/min, with intermediate grinding with pestle and mortar.

Solid-state reaction method

Zinc, aluminium and copper oxides are used as precursors. The methodology is based on
the steps described above for the synthesis of the undoped ZnAl,O4: 2.04 g of v- Al,O4 are
placed in the agate jar together with ZnO (1.14 g) and CuO (0.48 g). Ethanol is used to
disperse the powders and three cycles are performed by high-energy ball milling following
the previous conditions: 1° cycle at 250 rpm for 10 minutes, 2° cycle 350 rpm for 10 minutes,
3° 400 rpm for 10 minutes. The solid catalyst the was filtered dried overnight on a stirring
plate under a fume-hood at 60 °C. The solid was then divided into three equal parts, named
as follows:

1. ZAOCu_1 SS ¢650°C_12h: sample calcined at 650 °C (5 °C/min) for 12 hours;
2. ZAOCu_1 SS ¢850°C_12h: sample calcined at 850 °C for 12 hours;

3. ZAOCu_ 1 SS ¢2x850°C 12h: sample calcined twice at 850 °C, with each heat treat-
ment lasting 12 hours.
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3.1.3 Synthesis of CUO_5ZI10_5AIQO4

Co-precipitation method

To highlight the different amount of copper present on the catalytic surface, the following cat-
alyst Cug5ZngsAl,04 was synthesised. The synthesis method follows exactly the procedure
used for the preparation of the catalytic solid Cug3Zng7Al;Oy4, The only consistent difference
concerns the amount of copper nitrate used: in this case, 50% atomic copper is used. The
quantities of precursors, obtained by stoichiometric calculations assuming that the atomic
ratio between Cu and Zn is 0.5:0.5 respectively, are 2.43 g of [Zn(NOs3), - ¢H,0,analitycgrade]
2.98 g of [Cu(NO3),-3H50,analyticgrade| and 15.02 g of [AI(NO3)3-oH,0,analyticgrade].
The amount of the precipitating agent, NHjs, to achieve a pH = 9, is 18 mL. The washing
step, to ensure a neutral pH, was characterised by 12 washes, the first in ethanol and the
following in doubly distilled H,O. The sample was divided into 3 test samples. To make com-
parisons and point out differences from Cug3Zng7Al,Oy4, the 3 samples were heat-treated as
in the previous case:

1. CuZAO 2 ¢650 12h: sample calcined at 650 °C for 12 hours, (5 °C/min);

2. CuZAO 2 ¢750 12h: sample calcined at a temperature of 750 °C for 12 hours (5
°C/min);

3. CuZAO_2 650 12h ¢750 12h: campion test calcined at a temperature of 650 °C
for 12 hours and again at a temperature of 750 °C for a duration of 12 hours, in both
cases using a temperature ramp of 5 °C/min.

Solid-state reaction method

The summary steps are equivalent to those described within the preparation section of
Cug.3Zng.7Al,O4 by means of the solid state reaction method. Land quantities of the precur-
sors differ in the increase of copper within the catalytic structure (50% atomic), so we note
an increase in the amount of copper oxide CuO used (0.80 g) and a decrease in ZnO (0.81
g), while the amount of 7- Al,O3 oxide remains almost unchanged (2.04 g).

3.2 Characterisation techniques

The characterisation techniques employed in this study provided detailed information of the
catalytic structure, composition and surface properties of the catalysts of interest, as well
as giving important information understanding reaction mechanism. The various techniques
ranged from miscroscopy and diffraction methodologies to spectroscopic analysis. The vari-
ous catalytic solids were characterised using the characterisation techniques described below.

3.2.1 X-ray diffraction - XRD

The X-ray diffraction technique is the most widely used procedure to investigate the crys-
talline phases of the sample and its three-dimensional structure [28§].
It is based on two fundamental principles:

e Constructive interference: is a phenomenon in which incident X-rays on the crystal
lattice interact with atoms arranged in the catalyst crystalline structure, resulting
in diffraction waves which combine constructively to produced diffraction patterns of
different intensity peaks;
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e Bragg’s Law: describes the angle 6 at which interference occurs if the atoms are ar-
ranged with a distance similar to the wavelength of the hitting radiation.

When the crystal is hit by a beam of monochromatic radiation, electrons in the structure
allow X-rays to scatter [60].
Diffraction, caused by the interaction between atoms and photons, occurs when waves con-
structively overlap, i.e. when they are diffracted from different but parallel crystalline planes,
as shown in figure

Figure 3.1:
Schematic showing the constructing interference when two parallel incident beams hit atoms
on different reticular planes separated by the same interplanar spacing on the crystal [§].

The condition of constructive interference between the X-rays scattered by the atomic
planes of the crystal is described by Bragg’s law (equation , which correlates the wave-
length of the electromagnetic radiation to the diffraction angle and the spacing in the sample
lattice:

nA = 2dsin(0), (3.2)

where n is the diffraction order of the peak, A is the wavelength of the incident radiation, d is
the interplanar distance between two lattice planes of the crystal, # is the angle of incidence
formed by the direction of the X-rays and the family of planes shown in Figure (3.1}

The instrument, X-ray diffratometer, consists of three basic elements, as shown in figure [3.2

e X- ray tube, which generates X-rays in all directions by heating a filament. These are
focused onto the material of interest through a series of slits;

e sample holder;

e X-ray detector, which forms an angle of 260 with the direction of the beam emitted by
the source. [9]

The resulting a diffraction pattern is obtained consisting of a series of diffraction peaks, each
marked by an intensity, amplitude and position. To define the arrangement of the planes with
respect to the three directions of space, Miller indices (h,k,l) associated with the various peaks
present in the diffractogram are used [61]. The advantages of this technique are based on the
rapid identification of a material and the determination of structural properties. Limitations
relate to the lack of direct information on the elemental composition of the sample. This
stems from the fact that X-ray diffraction is not a surface analysis technique, as both the
incident and reflected beams are radiations characterised by a high penetration and escape
depth. The analysis of the samples was conducted using a diffractometer Empyrean, which
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Figure 3.2:
XRD diffractometer scheme [9].

uses Cu as the material for the anode and a wavelength (Kay) A = 1.54 A by measuring the
angle 260 between 20 ° and 80 ° in steps of 0.026 °. The resulting difractogram is compared
with the database International Centre for Diffraction Data making it possible to identify
the corresponding crystalline compound. From this qualitative technique, it is also possible
to obtain quantitative information such as the size of crystallites, which was calculated in
this work using the Scherrer equation (equation 3.3)):

KX
~ Beos(6)’

where D is the average crystal size, K is a dimensionless shape factor with a typical value
of 0.9 (referring to spherical particles), A is the wavelength of X-rays, /3 is the amplitude at
mid-height of the peak considered, and 6 is the position of the corresponding Bragg diffrac-
tion angle.

D (3.3)

3.2.2 Physorption of gas - N,

Among the most widely used techniques for porosimetric analysis is the physisorption of
Ny, by which the size of the pores within a catalytic solid and its surface area can be mea-
sured. The latter is a key parameter in heterogeneous catalysis since reactions take place
on the surface of the catalyst. Physical adsorption does not involve strong bonds; in fact, a
multi-layer formation of adsorbed molecules occurs caused by weak electrostatic interactions
between the gas and the atoms of the solid.

Prior to conducting the analysis, the sample is subjected to a vacuum pre-treatment at 200
°C for 2 hours to remove surface adsorbed specie, (e.g. HyO). A known amount of gas (N,)
is introduced into the system, diffuses towards the catalyst surface and then migrates into
the pores to form a mono-layer.

The sample is brought to a temperature of 77 K (boiling temperature of nitrogen) and the
volume of the adsorbed gas on its surface is estimated as a function of the partial pressure
of Ny, obtaining the adsorption isotherm. The different types of isotherms that can be ob-
tained depend on the properties of the solid being analysed, i.e., whether it is a macroporous,
mesoporous or microporous system.

As shown in figure [3.3] during the analysis burettes with a known amount of powder sample
are immersed in a thermostatically controlled bath with pulses of known amounts of liquid
nitrogen to bring the solid to the boiling temperature of nitrogen.
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Figure 3.3:
Instrument used for the physisorption analysis of N, [10].

By feeding the gas into the system, equilibrium conditions are reached, then the gas is
let out and its volume is measured: the difference between the inlet and outlet volume de-
termines the amount of N, physisorbed onto the solid. From this, the specific surface area
is calculated using equation ([3.4]):

S =n,NA,, (3.4)

where n,, is the moles of nitrogen adsorbed (mol/g of solid) , N is the Avogadro’s number
equal to 6.022 - 10%, and A,, is the area occupied by the nitrogen molecule corresponding
to 0.162 nm?. A more elaborate method to calculate the value of the specific surface area is
based on the BET theory, expressed by equation ([3.5)), which states that the adsorbent gas
initially forms a monolayer and subsequently, with increasing pressure, begins to adsorb on
sample regions where the energy levels are lower, creating multilayers.

P 1 C—1/(p
Vi — 1% VaC | VO <p0) ’ (3:5)

where C'is a constant, and V,, is the amount adsorbed in the monolayer and V' is the amount
of Ny adsorbed under equilibrium conditions at pressure P. The parameters C' and Viegtitm
are estimated from the slope and intercept of the BET graph.

The presence of mesopores within the catalytic structure is evidenced by a hysteresis on the
adsorption isotherm; this phenomenon is a consequence of capillary condensation, whereby
the condensed liquid within the pore desorbs less easily. By means of the Kelvin correlation
(equation , suitable porosimetric curves are obtained allowing to estimate pore size and
specific surface area.

p_ 2V

n-— = ,

p°  rRT

Where p is the partial pressure of the gas, p’ is the vapour pressure of the gas, 7 is the
surface tension of the liquid, V' is the molar volume of the liquid, 7" is the temperature and

(3.6)
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R is the universal gas constant. In this thesis work, the specific surface area and total pore
volume of catalytic solids were evaluated by physisorption of Ny in the Micromeritics ASAP
2020 instrument using the BET (Brunauer - Emmett - Teller) method. For the evaluation of
the average pore diameter, the BJH (Barrett - Joyner - Halenda) algorithm was used, which
is based on the Kelvin equation (|3.6]).

3.2.3 Scanning electron microscopy - SEM

Scanning electron microscopy is a technique for characterization of the morphology of mate-
rials at the micrometer and nanometer scale, based on three-dimensional observation. The
electron microscope consists of an electron beam source, which initially passes through an
aperture, then into a polarised anode and finally enters the column.

Condensing electromagnetic lenses deflect the electron beam, reducing its diameter, while
the filament heats up and allows the electrons to gain enough energy to bombard the surface
of the catalytic solid and scan it.

The sample hit by the beam in turn emits secondary electrons that are identified by the
detector. Through interaction, the scattering phenomenon occurs and the intensity of the
electron beam is proportional to the penetration and the amount of emitted electrons, on
which the resolution of the acquired image also depends. A vacuum is necessary to allow
the formation and movement of both incident and emitted electrons from the sample itself
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Figure 3.4:
Scanning-electron microscopy scheme [11].

3.2.4 Transmission electron microscopy - TEM

SEM technique is resolution-limited when trying to characterise structures at the nanoscale,
and for this purpose, high-resolution machines can be used, which can examine features
less than 100 nm in size, known as TEM (transmission electron microscope). This charac-
terisation technique provides information on the morphology of the sample, the size of the
crystallites, their arrangement and the possible presence of defects within the lattice. The
transmission electron microscope is characterised by five key components:
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e Vacuum system: the analysis is performed in ultra-high or high vacuum to minimise
interactions between the electron beam and anything other than the sample;

e Beam and high voltage source: the electrons produced are accelerated through the high
voltage source, which sets a certain kinetic energy;

e Microscope column: characterised by the presence of electromagnetic lenses and ape-
tures that direct the electron beam onto the sample;

e Detectors: collecting the diffracted waves generated by the interaction of the elec-
tron beam with the charged components inside the specimen, then projected onto a
fluorescent display screen for capturing images in digital format;

e Control software.

The high-resolution images acquired on crystalline samples, make it possible to identify the
crystal planes, indexed by Miller’s triads (h I m), and to measure the interplanar distances
allowing to gain structural information. The grey-scale contrast of the generated image
depends on the elastic scattering, which occurs at characteristic angles when the electron
beam interacts with the crystal, hence the generated signal will be characterised by con-
trast depending on diffraction, atomic number (Z), and thickness of the analysed areas of
the sample. Thicker and/or heavier areas will result in darker contrast in the images and
viceversa. TEM samples were prepared by drop-casting of 10 pul of powder dispersed in
high-purity isopropanol on a holey carbon film-coated gold TEM grid, that was then left
to dry overnight and stored into a filter paper pocket until analysis. For elemental analy-
sis, EDX (energy-dispersive X-ray spectroscopy) was used in STEM (scanning-tranbsmission
electron microscopy) mode.

The contrast is reversed in STEM, hence bright features in TEM mode will result dark in
STEM. The advantage of some detectors employed in STEM mode are in the easier inter-
pretation of the results, as allow to generate images where contrast is only dependent on the
atomic number of the elements in the analysed region. When coupled with EDX, elemental
maps or spectra can be obtained, based on the element-specific X-rays generated by the
electron beam hitting the sample, hence allowing the qualitative chemical characterisation
of the analysed areas. TEM images and STEM-EDX characterisation was carried out with
a Thermo Fisher Talos F200X TEM/STEM operated at 200 kV [63].
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Figure 3.5:
Schematic representing the main components inside a trasmission-electron microscope [12].

3.2.5 Techniques for composition analysis - measurements under
programmed temperature

Temperature-programmed analyses provide information on the type of binding and presence
of functional groups on the catalytic surface of the sample under investigation. A schematic
diagram of catalyst analysis using temperature-programmed measurements is shown in Fig-
ure . Key elements of the system include the reactor, which consists of a quartz tube
containing a quantity of sample between two quartz wool flaps. The reactor is placed inside
an oven equipped with a programmable temperature controller (TCP) to perform a desired
temperature ramp. Downstream of the reactor is a trap for removing the H,O produced by
the catalyst reduction reaction.

Inside the tube, inert or reactive gas mixtures are fed, and the signal transmitted by the
TCD (thermal conductivity detector) is observed as the temperature increases. Depending
on the signal, peaks are generated, which correspond to the consumption of reactants and
the formation of products at a certain temperature, which is an indication of the bonding
strength between the species and the solid. From this it can be deduced that at a lower
temperature more reactive species will react.

H,-TPR

Temperature-programmed measurements that use metal oxide reduction to acquire informa-
tion are called TPR (temperature-programmed reduction). Each test is characterised by two
steps: pre-treatment and analysis in the ThermoQuest TPD/R/O 1100 analyser. Approxi-
mately 30 mg of the catalytic solid is inserted into the quartz tube and pretreated by feeding
a constant flow rate of 40 ml/min of He and increasing the furnace temperature from 25 °C
to 300 °C using a 5 °C/min increment. These conditions are maintained for 10 min and then
the sample is cooled to 50 °C. The analysis is performed using 5 % of H, in Ar with a flow
rate of 20 mL/min and heating the sample from 50 °C to 900 °C with a temperature ramp
of 10 °C/min.
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3.2.6 FT-IR Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy is a technique that uses the interaction of radiation
in the infrared range with the material to obtain structural and compositional information
about the sample itself. Upon exposure to infrared radiation, the molecules of the sample

Figure 3.7:
Instrument FT-IR Invenio S

selectively absorb specific radiation of a certain wavelength and change their vibrational en-
ergy level. The difference in vibrational energy determines the frequency of the absorption
peak.

By studying the IR spectrum, it is possible to identify the functional groups within the
molecule, and evaluate the yield and the formation of products during the reaction. The
tests were discussed in this thesis were carried out using the Invenio S equipped with an
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MCT detector (Mercury Cadmium Telluride), shown in Figure [3.7]

The latter is a semiconductor material and is cooled using liquid nitrogen to lower its
temperature and achieve maximum sensitivity in detecting infrared radiation by reducing
thermal noise [64].

Two different types of molecular vibrations can be generated by absorption of the infrared
light beam:

e stretching vibrations associated with rhythmic movements along the axis of the bond;
e bending vibrations associated with bond angle vibrations.

Both types of vibrations can be symmetric or asymmetric in-plane or out-of-plane. Through-
out the FT-IR analysis, the intensity of the vibrations is related to the wavelength of the
emitted radiation, producing a spectrum that varies between 4000 and 400 cm™?!, in which
each peak, at a relative band, represents a certain functional group adsorbed on the surface.
The diagram of the instrument, in Figure highlights the different components: the source
of the infrared radiation, an interferometer, mirrors to align the various beams of light, the
cell containing the sample and the detector that translates the infrared radiation into an
electrical signal. The Fourier transform allows the interferogram to be converted into a spec-
trum [65].

e Fixed Mirror

Scanning Mirror Path 2
—
Path 1 Beam Splitter
—_—N " Computer |

Detector

W Infrared Source

Figure 3.8:
FT-IR instrument scheme

3.2.7 Analysis in Operando
Operating principle

The sample to be analysed is compacted, using a press and applying a force of 4 tonnes, to
create a tablet that is inserted into the cell shown in Figure[3.9] The latter has KBr windows,
which are transparent to infrared radiation. To perform the operando analysis, the cell is
filled with a mixture containing the reagents of interest, in this case a mixture of CO, and
H, is fed. The reactants then flow through the cell and can hence react with the surface of
the catalyst and generate the products of interest. The cell is connected to a heating oven
that allows the temperature to be raised up a maxiumun of 700 °C and water-cooling system
is connected during operation to prevent excessive heating during the test that could cause
the cell to malfunction. In the course of the analysis, the operating conditions are varied
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by increasing the pressure and temperature in order to carry out a study on the variation
of peak formation and intensity, which are thenlinked to the formation or disappearance of
functional groups on the surface of the catalyst. By analysing the products detected by the
mass spectrometer connected at the outlet of the operando cell, it is possible to correlate
the observed FT-IR signal with the formation of the desired products.

The pressure variation, up to 7 bar, was carried out manually by means of gas regulators

Figure 3.9:
Operando FTIR cell where the pellet is inserted for FT-IR analysis.

connected to the cylinders, while the gas-flow rate was controlled using a rotameter cali-
brated to nitrogen. The gas is fed into the closed cell from the top of the cell, tangentially
through the catalytic surface and out of the cell. The gas leaving the cell going to the
mass spectrometer for the qualitative identification of the components. The analyser used
is the Hyden Analytical QGA, which allows the species present in the gas to be recognised
by applying an electric and magnetic field. Prior to the analysis, a background analysis is
performed, allowing its calibration, carried out with a flow of Ns.

Analysis on the Cup3Zng7AO _¢750 12h exsolved sample

The analysis in operando mode was carried out on the samples Cug 32nq.7AO.75012h reduced
at 350 °C for 4 hours. To prepare the tablet, a pestle and mortar were used to homogenise
the catalytic solid powder and then pressed to create the tablet shown in Figure [3.10]

The entire analysis can be separated into two macro-sections: pre-treatment phase and
analysis phase operando. After inserting the sample into the cell, the pre-treatment phase
begins by delivering Ny at 0.5 bar with a flow rate of 60 NmL/min until a temperature of
180 °C is reached. After reaching the set temperature, the sample is left in these operating
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Figure 3.10:
Pastille of Cug3Zng7;AO_¢750 12h reduced at 350 °C.

conditions for 1 hour.

The actual analysis phase begins by opening the cylinder containing CO, and H, at a ratio
(1:3) to a pressure of 1 bar and a flow rate of 15 NmL/min. The pressure is then increased to
7 bar; during this transient pahse, spectra are acquired to assess the evolution of the sample
while increasing the pressure. The second phase of the analysis consists of increasing the
temperature in 20 °C steps from 180-300 °C. while acquiring a spectrum every 10 minutes.
As a final step, the temperature is lowered by a ramp of 10 °C/min to room temperature
and the sample removed.

During each step of the analysis the acquisition of mass spectra by the mass spectrometer
was carried out continuously to assess the composition of the output gases. The flow rate
of 15 NmL /min of the reagent mixture was calibrated by means of a rotameter set to Ny, in
order to know the effective flow rate of the sample gas sent to the cell, a correction must be
made by means of a density factor F,.

29



Chapter 3 — Methodology

3.3 Catalytic durability and activity tests

The following section shows the diagram of the system used to test the stability and catalytic
activity of the catalyst Cug3Zng;AO calcined at a temperature of 750 °C and reduced at
350 °C for 4 hours. The characteristics of the chromatograph gas, the operating conditions
adopted during the analysis, the main reactor characteristics and the method of processing
the experimental data obtained are also described.

3.3.1 Methanol synthesis plant scheme

The system consists of five supply lines, CH4,CO,,CO,H,,N5, each connected to a mass flow
controller electronically connected to the control panel where the desired nominal flow rate
is set. Non-return valves are located in each line to prevent possible reflux.

The direction of the feed flow is controlled by three motorised valves, shown in figure [3.11
operated from the control panel. These can take two different configurations, when the first
and third valves are open and the middle one closed, the mixture is fed to the reactor, whilst
when the middle valve is open and the other two closed, the mixture is fed to the bypass.
The temperature value at the reactor inlet is measured by transmitter TT1 and at the outlet

Figure 3.11:
Motorised valves.

by transmitter TT3. The reaction temperature is measured and transmitted to the control
panel by transmitter TT2, and the shell temperature is measured by TT4.The reactor and
bypass pressures are controlled by the back pressure controller (BPC), which adjusts the
valve opening according to the value of the upstream pressure relative to the entered set
point.

The tubular fixed-bed reactor shown in figure [3.12 was used to carry out the stability and
activity tests. It consists of a 48 cm long stainless-steel tube, which is coupled with ther-
mocouple. Copper gaskets are inserted between the head and tail flanges to prevent gas
leakage during the test. The catalytic bed is placed between two stoppers of quartz wool,
and surrounding the thermowell, forming a circular crown structure. Its height is calculated
as a function of the catalyst density using equation .

dm,.
H = 3.7
e (3.7)

where:
d = is the reactor inner diameter of 7.34 mm,
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m. = catalyst mass,
p = catalyst density.

P

Figure 3.12:
Reactor used for stability and activity tests.

3.3.2 Gas chromatograph

The mixture leaving the reactor is sent to the gas chromatograph, which separates, identifies
and quantifies the components present in the gaseous mixture.

The operating principle of the gas chromatograph is based on the separation of the various
components from the reagent mixture according to their interactions with a stationary and
a mobile phase. The mobile phase consists of an inert gas transporting the mixture to be
analysed into the columns lined with the stationary phase. The separation of the compo-
nents from the sample mixture depends on the tendency of the i-th component to adsorb
onto the stationary phase, causing a difference in the transit time through the column, with
components more akin to the stationary phase desorbing with greater difficulty, hence later.
In this work, a gas chromatograph consisting of two PLOT (Porous Layer Oper Tubular)
capillary columns placed in series was used to analyse the mixture produced. Both columns
are located inside a thermostatic oven, which favours the adsorption, desorption of each
component and the vaporisation of certain components, such as methanol, DME and water,
which condense at the inlet of the first column.

At the exit of the column, the separate components are detected by two detectors, one at
the front, Flame Ionisation Detector, or FID and one at the rear, Thermal Conductivity
Detector, or TCD.

The operation of the FID is based on the detection of ions formed during the combustion
of organic compounds. The ions generated are detected by two electrodes, maintained at a
constant potential difference. The positive electrode acts as the nozzle head in which the
flame is produced, while the negative electrode attracts the cations, releases the electrons
causing a change in potential difference and develops an electric current detected by the
ammeter. The measured current corresponds approximately to the carbon atoms reduced
by the flame, as the detector defines a response dependent on the number of carbon ions
hitting the detector in the unit of time [66].

One advantage of the FID detector is that it can measure even very low concentrations of
organic substances, a disadvantage is that it cannot detect inorganic substances. Another
disadvantage is that the flame oxidises all oxidisable compounds that pass through it, which
is why it is placed at the tail end of other detectors.

IThe TCD (Thermal Conductivity Detector) measures the variation of the thermal con-
ductivity of the eluent gas with respect to the reference gas. The two gases are passed
respectively through two different cells connected to a Wheatstone bridge. If no reactant
mixture is eluted in the columns, the same pure carrier gas passes through the cells; when
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the carrier carries a component, its thermal conductivity varies, creating an imbalance in
the Wheatstone bridge and generating an electrical signal.
Three gases are used for the proper functioning of the GC:

e carrier like Ar,He,Ny;
e H, to feed the flame of the FID;

e air as an oxidiser for the flame.

3.3.3 Operating conditions of the experimental activity

Leak Testing

The catalyst to be analysed was pelletised with a particle diameter between 250-500 pm
and subsequently inserted inside the reactor. After installation of the reactor in the plant,
a leak test was performed to verify the absence of gas leaks from the reactor flanges and
at the connection points between the various lines in the plant. To carry out this test, the
pressure of the back pressure controller was increased to 10 bar and a flow rate of 60 NL/h
of N,.The leak check was performed for 10 minutes so that the pressure values upstream and
downstream of the reactor always remained around the starting value.

Catalyst pre-treatment

Following the leak test, the catalyst was activated by sending a flow rate of 30 NL/h of gas
consisting of 10% of Hy in Ny at a pressure of 2 bar and simultaneously raising the temper-
ature of the catalytic bed to 200 °C with a ramp of 10 °C/min. Once this temperature was
reached, the catalyst was kept under gas flow for 30 minutes.

Reagent mixture analysis

After the activation phase was completed, the reagent mixture was sent to the bypass by
closing the pneumatic valves supplying the reactor. By increasing the pressure to 23 bar, a
mixture with a nominal composition of the ratios Hy/CO,/N, of 3:1:1 was sent to the bypass.
The feed is sent to the gas chromatograph, which enables the composition of the reagent
mixture to be analysed. This analysis was carried out twice to be able to quantify the feed
composition before performing the catalytic tests.

Catalyst stability test

A 20-hour stability test was performed to evaluate the performance of the catalyst. At a
set-point temperature of 275 °C and a pressure of 23 bar. Once these conditions are reached,
GC sampling of the mixture produced is activated. For the entire duration of the stability
test, the mixture is analysed by the GC, where each sampling takes approximately 18 min-
utes, and by the gas analyser.
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Analysis of activities

The activity test was carried out at a pressure of 23 bar and the catalytic behaviour was
investigated in a temperature range of 180 °C to 300 °C. The composition of the reagent
mixture is identical to that used for the stability tests. Once the stability test is complete,
the temperature is lowered to 180 °C to begin the first sampling of the mixture. Once each
temperature of interest has been reached, 3 measurements of the composition are taken using
the GC, which is why the duration of the activity test is approximately 5 hours. After the
last sampling of the mixture at a temperature of 300 °C is completed, N, is flown into system
which is then allowed to cool.

3.3.4 Data processing

The signal emitted by the FID and TCD, proportional to the amount of the component
detected, is sent to a data processing system that represents it by means of a chromatogram.
Figure [3.13] referring to the stability test carried out at 275 °C and 23 bar, shows how
the FID detector detects CH,,DME,MeOH while the TCD detects CO,,Hy,N,,CO. Before
performing each type of analysis, the gas chromatograph was calibrated, for each chemical
species considered. The calibration curves are modelled according to a power law charac-
terised by the parameters in table [3.1]

Each curve allows the area of each voltage signal peak (pA s), emitted by the TCD and FID,
to be converted into the concentration of the i-th component using equation (i3.8)).
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Figure 3.13:
Chromatogram of stability test carried out at 275 °C, 23 bar.

H, CO, N, CO CH,; | CH;0H | DME
Coefficient | m | 2.392 | 415.56 | 376.99 | 369.94 | 3929.6 | 1055.5 | 4886.1
Exponent | a | 1.281 | 1.000 | 1.000 | 1.000 | 1.000 0.830 1.000
Intercept | q | 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 3.1: Power law parameters characteristic of GC calibration curves.

A—q\"
i = 3.8
w= (=) (3.5)
where:

A; is the mean value of the peak area of the i-th component; q,m and a are the parameters
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of the power law.

Every measurement made carries with it an error, which propagates as a function of the errors
committed in the measurement of the previous tests, in this regard the error associated with
the calculation of the molar composition of each component is given by equation

T —g\7" 1
GinEAi( q) o(A, (3.9)

m Az‘—Q>

where:

m, a, q are the characteristic coefficients of the calibration curves;

€4, 1s the standard deviation of the peak area of the i-th test. The molar compositions
of CH;0H,CH;0CH;,CO,CH4, Ny present in the product mixture are calculated using the
equation [3.8] while the molar fractions of Hy, and Hy;O are derived from the balance of
matter using the equations and in accordance with the stoichiometry of the
reactions occurring during the entire process (production of MeOH , of CO , of

CH, (3.12) and DME (3.13)).

CO4 + 3H, == CH;0H + H,0O (3.10)

CO, + Hy, = CO + H,0 (3.11)

CO, + 4Hy, — CH, + 2H,0 (3.12)

2C0, + 6H, = CH;0CH; + 3H,0 (3.13)

yu,0 = 1-yco +1-yenon +2-yen, +3 - yensocn, (3.14)
yu, = 1 — (Yco + yem,on + yeu, + Yen,ocn, + Yoo, + ¥N,) (3.15)

Knowing the composition of the outgoing reactor stream, it is possible to calculate the total
molar outflow rate as a function of that of Ny, i.e. by dividing the value of the molar flow
rate of nitrogen in the product mixture by the molar fraction of N, in the product stream

as the equation (3.16) shows:

np = el (3.16)
YN, P

The molar flow rate of each individual component is calculated accordingly, multiplying the
total molar flow rate by the molar fraction of the components.

Calculation of CO, conversion, selectivity and yield of individual products

Two different methodologies were considered for the calculations of carbon dioxide conver-
sion, selectivity and yield of each product.

Method 1
The calculation of the conversion of CO, to methanol in the first method is carried out using
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equation (|3.17)) considering how much carbon dioxide has been consumed during the process
compared to the one detected in the supply.

NCO,F — NCO,y,P

Cco, = (3.17)

Nco,,F

The selectivity of each individual compound, i.e. the ability of the catalyst to produce one
product preferentially over the others, is assessed using equation (3.18)).

Vco,,; ni,p

O3 p = : : (318)

Vii ngo,r — Nco,,p

dove:
ﬁcoz, r is the molar flow rate of CO, in the reactant mixture;
ﬁco2, p is the molar flow rate of CO, in the reaction products;

VCo,,, is the stoichiometric coefficient of the CO; in the i-th product formation reaction;
v;; is the stehiometric coefficient of the i-th component within the i-th reaction.

Method 2
The second method calculates the conversion of carbon dioxide by considering the formation
of all carbon species with respect to the amount of CO, feeded.

G NcH,0H,P + NeH,,P + 2NDME,P + Nco,P (3.19)
Cco, = : .
Nco,,F

Considering all the carbon species involved, the selectivity is calculated using equation (|3.20)).

VCo,,; ﬁ‘,P
Oip = —==" — (3.20)
I/. . . . .
“' ncmon,p + Ncn,, P + 2npME,p + Moo, P

where:

hCHSOH p is the molar flow rate of CH3;0H in the reaction product mixture;
NeH ,,p is the molar flow rate of CH, in the reaction products;

ﬁco, p is the molar flow rate of CO in the reaction products;

hDME, p is the molar flow rate of DME in the reaction products.

The calculation of the yield of each component is the same in both methods, as, the quantity
of product obtained from the process to be identified in relation to the theoretical maximum
quantity obtainable.

n; = 0; - Cco, (3.21)

where:

o, is the selectivity of the i-th component; (cpo is the conversion of COs.

The values obtained from the stability and activity tests were compared with the values
obtained at thermodynamic equilibrium. The latter were obtained by means of Aspen Plus,
using an RGibbs reactor, considering the different operating conditions typical of the test.
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CHAPTER
FOUR

DISCUSSION OF RESULTS

In the following chapter, the results obtained by analysing the data of the different charac-
terisation techniques are reported and discussed. In particular, the results of X-ray diffrac-
tograms of all samples, specific surface area and pore size obtained by physisorption of Ny,
SEM, H,-TPR, TEM, FT-IR in operando, and catalytic test are discussed.
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Chapter 4 — Discussion of results

4.1 X-ray diffraction - XRD

ZHA12 04

Figure [4.7] shows X-ray diffractograms of the four zinc aluminate spinel samples obtained
through co-precipitation and calcined at different temperatures and for different time peri-
ods. The different heat treatments were carried out in order to identify the best synthesis
conditions that would lead to a pure-phase starting material, which is essential in order to
obtain homogeneous exsolution.

—— ZAD_1_cT00_dh
——ZAD_1_cT00_12h
—— ZAO_1_cB00_4h

——ZA0_1_cB00_12h
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] L,
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Figure 4.1:
XRD patterns of calcined ZnAl,O, co-precipitated at varying temperature and duration of
heat treatments

The presence of the most intense peaks at 36.8°, 31.2°, 65.2° and 59.3°, in agreement with
the ZnAl,O, reference pattern, suggest that a pure phase was achieved in all cases.

The average crystallite size of the different ZnAl,O, samples was calculated using Scherrer’s
equation on the most intense peak, corresponding to the reflection of the crystalline plane
(311), in each sample, using the Scherrer equation (equation .

The values of the average diameters are shown in table [1.1] and show that increasing the
temperature and duration of heat treatment results in slightly larger grains.

Sample name Mean diameter, nm
ZAO 1 _c700 4h 21.0
ZAO 1 c700 12h 22.6
ZAO 1 ¢800 4h 19.8
ZAO 1 c800 12h 24.1

Table 4.1: Crystallite size of ZAO 1 co - precipitated and calcined at different temperatures
and durations.
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This increase, due to the aggregation-induced growth of the particles at higher temperatures,
is the desired effect to ensure the formation of more ex-solved particles on the catalytic sur-
face, possibly inducing higher activity.

Figure shows the diffractograms of the second ZnAl,O, samples series, named "ZAQO,’,
also obtaindes by co-precipitation, but varying the volume of the aqueous solution in which
the salts of the metals of interest are dissolved. For this sample series as well, the absence
of the peaks at 36.25°, 34.42°, 62.86° and 69.09° for zinc oxide indicates that a pure phase
was obtained. The change in the amount of water used resulted in a slight increase in the
average diameter of the particles presented in table [4.2]

——ZA0_2_c700_12h
——ZAO_2_c800_ah
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Figure 4.2:
XRD patterns of calcined ZAOy co-precipitated using a 40 mL volume of aqueous solution
at varying temperatures and duration of the heat treatment

Sample name Mean diameter, nm
ZAO 2 c¢700 12h 21.6
ZAO 1 c800 4h 24.1

Table 4.2: Crystallite size of ZAO, co - precipitated in a 40 mL volume of doubly distilled
water and calcined at different temperatures and durations.
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Figure shows the clear difference between the sample obtained through the co-
precipitation method and the same composition synthesised through the solid-state reaction
(SSR) method. In agreement with the reference patterns, it can be seen that the pure phase
is not reached, as peaks related to zinc oxide are quite evident at the positions of 36.2°, 34.4°,
47.5°, 56.6°, showing this is the preliminary phase and that the spinel phase has not been
completely formed yet.

——ZnAL,0, SS_c650_12h

ZnAL, 0,
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PE—— .‘. L ‘ |-||IIJlhlIIIJIJJJI[‘III]J!IIAJ]JIIJ ......
30 40 50 60 70 80

28 (%)

Figure 4.3:
XRD patterns of calcined ZAO _SS, synthesised by SSR, varying temperature and duration
of heat treatments

As the pure phase was not achieved, an average diameter of the particles obtained through
this synthesis was not calculated, but it can be seen from Figure that the intensity ob-
served for the peaks of these samples suggest that an average bigger crystallite size is possibly
obtained compared to the co-precipitated samples.
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CU0_3ZII07A1204

In figure diffractograms of samples that were substituted with 30% Cu within the spinel
crystal structure are shown. The characteristic peaks of copper oxide at the positions of
35.6°, 38.8°, 35.5° and 48.9° are not detected in the diffractogram indicating that the Cu
atoms are well dispersed within the crystalline structure of the substrate, doping the spinel
phase.

| Cug 52N, ;AO_c750_12h
—— Clig ;2N ;AD_c650_c750_12h
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Figure 4.4:
XRD patterns of calcined CuZAO;, containing 30% of Cu, synthesised by co-precipitation
method, at varying temperature and duration of heat treatment.

The average diameter values, obtained by applying Scherrer’s formula on the most in-
tense peak, are reported in the table [£.3] which highlights the small size of the crystallites.
Increasing the temperature, as in the previous case, shows a slight increase in the diameter,
though still minimal.

Sample name Mean diameter, nm
CUO_3ZDO_7_C650_12h 14.3
CUO_3ZHO.7_C650_C750_12h 15.9
CUO.3ZDO‘7_C750_12h 16.7

Table 4.3: Crystallite size of Cug3Zng7AQ, synthesised by the co-precipitation method and
calcined at different temperatures.
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Comparing the two types of synthesis, again the sample Cug3Zng7AO with 30% Cu ob-
tained by SSR synthesis does not show the achievement of a pure phase, as visible from the
diffractograms of this sample in figure [4.5| where the characteristic peaks of copper oxide at
the 35.6° position and of zinc oxide at 36.2°, and both corresponding to the most intense
peaks, are evident.

Figure [1.6] reporting a magnification between 35° and 45° of the diffractogram in figure
shows that copper oxide peaks are also present after four heat treatments at high tempera-
tures.

| e Gy 421, ,AQ_SSb_oB50_cB50_12h|
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Figure 4.5:

XRD patterns of calcined Cug3Zng7AO SS, synthesised by SSR, varying temperature and
duration of heat treatment. Reference patterns are reported for the spinel (ZnAl204), CuO
and ZnO phases.

A slight improvement is shown for the sample Cug3Zng7AO _SS ¢650 ¢850 b, synthe-
sised via SSR, but where additional ball milling cycles is carried out also in-between the
two heat treatments. This could indicate that the effect of the additional high-energy ball
milling intermediate favours the reactions between the catalytic solid powders, allowing to
generate the pure phase. The table [1.4] containing the calculated diameters on the charac-
teristics of the most intense peak denotes how from the SSR obtained samples shows that
larger spinel-phase grains were obtained.

Sample name Mean diameter, nm
Cug3Zngr7 SS_ ¢650 ¢850 12h 38.2
CugsZngy SS ¢650 2x850 12h 38.3
CugsZngr SS ¢650 3x850 12h 43.3
CugsZng; SSb_¢650 850 12h b 38.3

Table 4.4: Crystallite size of Cug3Zng7;AO _SS, synthesised by the SS method and kicked at
different temperatures and durations.
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Figure 4.6:
Zoom of XRD patterns of calcined Cug3Zng7;AO _SS between 35° and 40°

Cug 5Zn9 5A1,04

The diffractograms in figure [4.7] show the results of XRD analysis of samples containing 50%
Cu in the structure. As for the previous sample series obtained with same synthesis method,
no copper oxide peaks are observed, suggesting the achievement of a pure phase indicative
of the Cu doping within the host crystal structure.

w
——Cu,.Zn, ;AO_c650_12h

ZnALO, ‘
1

Intensity (%)

Cul

Zn0

Figure 4.7:
XRD patterns of calcined Cug 5Zng5AO co-precipitated, in the temperature and duration of
heat treatments vary.

The average diameter evaluations, obtained by applying the Scherrer’s equation, are reported
in the table [4.5
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Sample name Mean diameter, nm
Cu0_5Zn0_5_0650_12h 11.07
CUO.5ZDO.5_C750_12h 28.3

Table 4.5: Crystallite size of Cug5Zng5AO, synthesised by the co-precipitation method and
calcined at different temperatures and times.

Figure shows the same stoichiometry synthesised by SSR, for which no pure phase is
obtained, as visible by the presence of intense peaks of zinc oxide at a position of 36.2° and
copper oxide at a value of 20 of 35.6°.
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Figure 4.8:

XRD patterns of calcined Cug5ZngsAO _SS SSR, heat-treated at 650 °C for 12 h and then
at 850 °C for 12 h.

The diameter value in the table .6 calculated by Scherrer’s formula, showed an increase in
the average crystallite size compared to the same sample obtained by the co-precipitation
method.

Sample name Mean diameter, nm

CUO,5ZHO,5AO_SS_C650_12h 38.2

Table 4.6: Crystallite size of Cug5Zny5A0 _SS, synthesised by the SSR method and calcined
twice at 650 °C and 850 °C for 12 hours.
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4.2 Surface area and porosimetry evaluation

ZHA12 04

Table reports experimental values of the specific surface area(Spgrr), the total pore
volume (Vp) and average pore diameter (Dp) of zinc aluminate spinel samples obtained
by physisorption of N,. It can be seen that as the temperature and duration of the heat
treatment increases, the surface area tends to decrease due to grain growth from particle
agglomeration. At high temperatures, in fact, the grains tend to fuse together and sinter.
In addition to this phenomenon, it is possible that during calcination, the catalytic solid
undergoes changes within the crystalline structure, forming new surface bonds that result in
new morphologies.

Sample name Surface area, m*/g | Porous volume, cm?/g | Pore size, nm
ZAO 1 _c700_4h 52.8 £ 0.29 0.19 15.1
ZAO 1 c700 12h 483 £ 0.27 0.18 15.3
ZAO 1 ¢800 4h 46.3 + 0.33 0.18 16.2
ZAO 2 ¢700_12h 32.9 £ 0.15 0.15 183
ZAO 2 800 4h 29.9 + 0.20 0.15 20.4
ZAO 2 ¢800 12h 274 £ 0.12 0.13 18.9

Table 4.7: Values for surface area, total pore volume and average pore diameter of zinc
aluminate samples (ZAO), synthesised by co-precipitation method.

In figure [4.9) adsorption and desorption isotherms of the calcined zinc aluminate powders
are reported.
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Figure 4.9:
Adsorption and desorption isotherms of the six zinc aluminate samples.
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Cu0_32n07A1204

Table shows the results of the N,y gas physisorption analysis of samples substituted with
30% Cu. The latter shows a significantly higher surface area than zinc aluminate spinel.

Sample name Surface area, m?/g | Porous volume, cm?/g | Pore size, nm
CuigsZng-AO_c650 12 935 T 0.39 0.23 10.0
CugsZnp;AO_ 750 _12h 635 + 037 0.22 14.22

Cup3ZnpsAO_c650_12h 750 12h | 57.6 = 0.36 0.20 14.2

Table 4.8: Values relating to surface area, total volume and average pore diameter of catalytic
solids of Cu/Zn0O/Al;O3, synthesised by the co-precipitation method.

Figure [4.10] shows the adsorption and desorption isotherms of the samples Cug3Zng7AO
obtained from the BET analysis.
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Figure 4.10:
Adsorption and desorption isotherms of the three samples of Cug 3Zng;AO.
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CU0_5ZI10_5A1204

Table shows the results of the N, gas physisorption analysis of spinel samples substituted
with 50% Cu.

Sample name Surface area, m?/g | Porous volume, cm?®/g | Pore size, nm
Cugp5ZngsAO 750 12h 119.1 £ 0.73 0.26 8.83

Table 4.9: Values relating to surface area, total volume and average pore diameter of catalytic
solids of Cu/Zn0O/Al,O3 with 50 per cent Cu, synthesised by co-precipitation method.

Figure [4.11] shows the adsorption and desorption isotherms of the samples Cug5ZngsAO
obtained from the BET analysis.
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Figure 4.11:
Adsorption and desorption isotherms of the three samples of Cug5Zng5AO.
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4.3 SEM

Cug.3Zny7AO

The following section explores the microscopic characteristics of various catalytic samples
through the use of scanning electron microscopy. SEM analysis reveals nanoscale details,
allowing an in-depth view of the morphology and surface structure of the catalytic material.
These images are crucial for understanding catalytic behaviour at the microscopic level on
surface topography and particle size.

Considering the co-precipitated sample Cug 3Zng7AO, which was calcined at a temperature
of 750 °C for 12 hours, it can be seen from the SEM images [£.12] that the grain size is very
small, around 20 nm, confirming the calculations of the average diameters obtained using
Scherrer’s formula.

Figure 4.12: SEM imagines of the sample Cug3Zng7AO calcined at 750 °C for 12h.

Cug.5Zny sA0

Similarly, SEM scanning was also performed for the catalyst containing 50% Cu within its
structure.

As shown in the following images the catalyst grains are also in the size range of
about 15-20 nanometres. The grains have roughly a spherical shape and the presence of
smaller grains could improve the catalytic efficiency in the process of hydrogenation of CO,
to methanol.
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Figure 4.13: SEM imagines of the sample Cug5Zng5AO calcined at 750 °C for 12h.

Cug3Zng7AO after reduction process

Within this thesis work, one of the crucial steps was in the reduction phase of the sam-
ple. Reduction is a fundamental process that changes the chemical composition and surface
structure of our sample, directly influencing its catalytic properties.

After sample reduction Cug3Zng7AQO, occurred by means of a flow containing 5% of Hy in
Ny, this was reduced in tablet form for analysis by FT-IR. From the following SEM images
[.14] we can see agglomerated particles and a layered morphology.

After the analysis, the grain size remains almost unchanged, indicating that the temperature
increase did not cause high sintering phenomena.

Figure 4.14: SEM imagines of the sample Cug37Zng7AQO after reduction preocess e aftern
operando FT-IR analysis.
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4.4 TEM

The following images acquired by transmission electron microscopy show the morphology
and crystalline structure of the catalytic solids analysed. Chemical composition was also
obtained by STEM-EDX.

Cup.3Zny7AO

The sample analysed in Figure 4.15 is the co-precipited one substituted with of 30% Cu and
calcined at 750 °C for 12 hours.

20 nMmigs b 20 nm

20.nm s 2040 m

Figure 4.15:
TEM image of the sample Cug3Zng7AO_¢750 12h.

Looking at the images, the grain average size calculated from XRD is confirmed by the
TEM measurements, however this analysis showed that a non-homogeneous size distribution
is achieved, with grain sizes ranging between 10-25 nm. STEM-EDX elemental maps were
also acquired for this sample, to verify whether a homogeneous Cu dispersion was indeed
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(c) Cu (d) Zn

(e) Al (f) O

Figure 4.16: Distributions of elements in the sample Cug3Zng;AO ¢750 12h.

obtained after co-precipitation synthesis of this sample. As visible from Figure [£.16] the data
obtained by XRD are confirmed by the elemental maps, which showed a good dispersion of
the Cu dopant throughout the sample, indicating that a solid-solution was obtained.

Considering other points of the structure, we can note the following morphologies and
distribution of Cu and Zn on the structure in Figure [£.17]
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(a) BF-(Bright-fielf) images. (b) HAADF-STEM images.

(c) Cu (d) Zn

(e) Al (f) O

Figure 4.17: Distributions of elements in the sample Cug3Zng7;AO_¢750 12h in different
parts of the TEM grid.
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Cup3Zng7AO Reduced at 250 °C

The same sample described above was analysed after having been reduced inside a tube
furnace with a flow of 5% H, at a temperature of 250 °C for 4 hours.

It can be seen that the average grain size is retained even after the reduction treatment,
and possibly due to lack of contrast and overlapping of the grains on the TEM grid areas
analysed, no exsolved NPs are visible from the TEM micrographs

20/nm

10'nm 50inm

Figure 4.18:
TEM image of the sample Cug3Zng7;AO ¢750 12h reduced at 250 °C for 4h.

For this reason, STEM-EDX was carried out, with examples reported in Figure 4.19 and
.20l As visible from both figures, the elemental maps acquired on the different regions of
the analysed sample showed presence of 2-5 nm Cu NPs exsolved throughout the sample
reduced at 250 °C. Due to the reduction T used for this particular sample, only reduction of
Cu was expected, as also showed by the H2-TPR data at this temperature. This is confirmed
by the homogeneous Zn distribution observed for this sample, as opposed to the Cu, which
was instead successfully exsolved into NPs.
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(a) BF-(Bright-fielf) images. (b) HAADF-STEM images.

(c) Cu (d) Zn

(e) Al (f) O

Figure 4.19: Distribution of atoms on the catalytic surface of the sample Cug3Zng7;AO
reduced at 250 °C for 4 h.
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(a) BF-(Bright-fielf) images. (b) HAADF-STEM images.

(c) Cu (d) Zn

(e) Al (f) O

Figure 4.20: Elemental distibutions obtained for the sample Cug3Zng7AO reduced at 250
°C for 4 h in different parts of the sample.
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4.5 FT-IR analysis

The following chapter will present and discuss the results obtained from the operando FT-IR
analysis of the sample Cug3Zng;AO heat-treated at 750 °C for 12 hours and reduced, at a
temperature of 350 °C for 4 hours. The experiments were conducted in order to monitor the
behavior of the sample under realistic operation conditions and study the reaction mecha-
nism during the hydrogenation of the CO, to MeOH.

Cug3Zng7AO Reduced at 350 °C

The test sample before being placed inside the cell was reduced to a tablet. The preliminary
phase of the analysis is characterised by the pre-treatment of the sample, carried out by
supplying a current of N, at a pressure of 0.5 barg and increasing the temperature from 180
°C to 300 °C with a ramp of 10 °C/min; once the temperature of 300 °C has been reached,
the sample is left in these operating conditions for about 1.30 hours. The purpose of pre-
treatment is to remove any impurities, thereby increasing catalytic performance by making
available active sites previously occupied by other species. The problem of saturation could
compromise the analysis, as desorption of species initially bound with the catalyst surface
would not occur, thus not guaranteeing the presence of free active sites capable of converting
the reactant mixture into the desired products.
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Figure 4.21:
Comparison of fresh and pre-treated catalyst in Ny, at a pressure of 0.5 barg and a temper-
ature of 300 °C.

The spectrum of the fresh catalyst under ambient conditions shows some saturated ab-
sorption bands, which, through comparison with literature studies and spectrum analysis,
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can be associated as follows:

e Saturated zone between 4000 and 3600 cm ™! could be associated with the vibration of
the O-H bond relative to H,O [67];

e following the characteristic band of water, between 3400 and 3500 cm™! there is a
saturated zone associated with carbon dioxide [68];

e the zone between 1600 and 1400 is characteristic of the spectrum of gaseous H,O
[67], but is also the area where carbon species peaks can be found, such as stretching
vibrations of the C = O and C = C bonds and the bending vibrations of the O - H
and H-C-H bonds [69].

As can be seen from graph after the pre-treatment phase the characteristic band of wa-
ter has clearly diminished, indicating its complete removal, and there is also a decrease in the
band associated with carbon species. As visible from Figure [4.21] after the pre-treatment
phase the characteristic band of water has clearly diminished, indicating its complete re-
moval, as well as the band associated with the carbon species. After the pre-treatment
phase in N, at 300 °C, the temperature of the mixture was lowered to 180 °C and the
analysis phase characterised by two fundamental steps began:

e pressure increase from 0.5 barg to 7 barg while maintaining a constant temperature at
180 °C;

e When the pressure of 7 barg was reached, the temperature was increased from 180 °C
to 300 °C in 20 °C steps.

During the first step, the pressure is raised by 1 barg at a time starting from 0.5 barg
until 7 barg is reached. In the meantime, spectra of the sample were captured to visualise
possible changes occuring during this transitional phase. The following Figure (4.22)) shows
the spectra obtained at each different pressure. Bands typical of water can also be seen within
this spectrum up to 3700 cm~!. Next, in accordance with the spectrum of carbon dioxide in
the gas phase [68], it is possible to associate the bands from 3700 to 3600 cm™ | from 2350
to 2200 cm~! and from 800 to 500 cm ™! with COs.
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Figure 4.22:
Spectra of the catalyst Cug3Zng7AO reduced at 350 °C during the pressure increase of 0.5
barg to 7 barg. The area highlighted by the dotted lines refer to CO,.

Considering the spectra in its entirety and neglecting the saturated zones, three different
zones within the spectrum were investigated, in which the formation and/or change in the
shape of peaks is evident.

The latter, through literature studies and previous analyses, can be associated with the dis-
appearance of reactants, the formation of products and reaction intermediates.

Analysing the first area of interest in Figure [4.23] it can be seen, how in the transient phase
of pressure increase, each peak increases in intensity. Strong bands were observed at 2925,
2850 cm ™!, associated with copper formate species (HCOO-Cu) forming on the catalyst sur-
face [70].

The bands present at 2936, 2919 cm ™! can be associated with formate species bound with Zn
(HCOO-Zn) [70], while the band at 2880 cm™! is attributed to zinc methoxide (CH;O—Zn)
[70]. This area also shows intense bands very close to each other, where in agreement with
other studies in the literature the bands at 2884, 2845 cm™! are associated with the forma-
tion of methoxyl groups of DME adsorbing on ~v-Al,O5 [71].

The increase in intensity of each band could indicate an increasing amount of the species
involved forming and binding with the surface active sites, during the increase in pressure.
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Figure 4.23:

Zoom between 3100 - 2700 of catalyst spectra Cug3Zng7AO reduced to 350 °C during pressure
increase of 0.5 barg to 7 barg.

The area between 2700-1800 cm ™! shows the intense bands of carbon dioxide gas
[72], which remain almost unchanged during this transitional phase.
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Figure 4.24:
Zoom between 2700 - 1700 cm ™! during operando studies of Cug3Zng7AO reduced to 350
°C during the pressure increase of 0.5 barg to 7 barg at 180 °C.
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Figure 4.25:
Zoom between 1900 - 1100 cm™ dof the catalyst spectra Cug3Zng7AO reduced to 350 °C

during the pressure increase of 0.5 barg to 7 barg.

In the third area of interest [4.25 intense bands are evident between 1700 and 1200
cm~!. This zone is of complex interpretation, considering the possible assignment of the
C-O stretching carbonate/bidentate formed species on Cu [73], or carbonate/hydrogen car-
bonate/formate species adsorbed on ZnO [74], [75].

Observed band at 1658 cm™! can be concurrently associated with the formation of two
products: formic acid or zinc hydride [76, [77, [65]. Copper - formate species (HCOO-Cu) can
be associated with the bands at 1620, 1372 and 1351 cm™' [70], whereas the intense band
at 1589 cm~! is attributed to the stretching modes of adsorbed bidentate formate ("HCOO)
[65], (77, [73] which, during the carbon dioxide hydrogenation process, could be directly hy-
drogenated to methanol through the formation of methoxy species and HCOO groups™ [65].
The band at 1398 cm ™!, considering the link v,(OCO) [73], [78, [79]. The band at 1348 cm™!
is associated with the methanol-forming intermediate bound with the copper active site
(CH30—Chu) [70, [65] while the band at 1321 cm™! from literature studies is associated with
the formation of bidentate carbonate [65].
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Once the first pressure increase step had been completed and the pressure of 7 bar had
been reached, the temperature was increased from 180 °C to 300 °C by means of a ramp of
10 °C/min, with 20 °C steps.

During these steps, the spectra of the sample were captured at time 0, i.e. at the moment
when the target temperature temperature was reached, and after 10 minutes had elapsed of
reaching it.

Considering the thermodynamics of the reaction and the operating conditions, in order to
better investigate particular reaction mechanisms and intermediates, after reaching temper-
atures of 260 °C, 280 °C and 300 °C respectively, a time of 30 minutes was waited at each
of these target temperatures. Figure [£.26] shows the spectra of the sample at the different
temperatures captured at t = 0, when the sample reached the temperature of interest.
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Figure 4.26:

Sprectra of the catalyst Cug3Zng;AO reduced to 350 °C during the temperature increase
from 180 °C to 300 °C.

Similarly, by truncating the saturated zones due to the presence of adsorbed CO, on the
surface, we focus our attention on the same previous zones in order to identify and assess
the formation and shape variation of the various bands.

FT-IR spectra collected at different temperatures, [£.27] show how the copper bands formed
species (2925, 2850 cm™!) [70], Zn-bound formate species (2936, 2906 cm™!) [70], the band
associated with zinc-methoxide (CH30—Zn) and bands associated with the formation of
methoxyl groups of DME adsorption (2880, 2843 cm™!) decrease in intensity as the temper-
ature increases.

The band at 2925 cm™! can also be assigned to the v, (C-H) and to the §(C-H)+1,5(OCO)
of bidentate formate on Cu [80]. The main intermediate species formed are bicarbonate,
monodentate carbonate, bidentate formate, monodentate carbonate. The presence of ZnO,
should increase the adsorption of CO, and facilitate the formation of carbonate species. The
presence of carbonates, should in turn increase the production of formates through a process
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of hydrogenation by dissociated H atoms.
The presence of formate bands even at low temperatures could indicate, in addition to high

catalytic activity, a more effective dissociation of H, [81].
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Figure 4.27:
Zoom between 3100 and 2700 cm™ of catalyst sprites Cug 3Zng7AO reduced to 350 °C during

the temperature increase from 180 °C to 300 °C.

Looking at the typical saturation zone of carbon dioxide gas in Figure it can be
seen that as the temperature increases, the amount of CO also increases, with characteristic

bands between 2200 - 2050 cm ™ *.
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Figure 4.28:
Zoom between 2800 and 1900 cm™ during operando FTIR of Cug3Zng7AO exsolved at 350

°C during the temperature increase from 180 °C to 300 °C

Considering this latter zone, it can be seen from Figure [£.29] that CO formation begins
at a temperature of 240 °C, and then increases at higher temperatures.
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Figure 4.29:

Zoom between 2300 and 2000 cm™ of the catalyst sprites Cug3Zng7AO reduced to 350 °C
during the temperature increase from 180 °C to 300 °C to show the formation of CO.

In the third zone of interest concerning the formation of formates and carbonates, the
peaks assigned are consistent with those observed during the pressure increase, with the
difference that in this case all the bands tend to decrease with temperature, except for the
one at 1398 cm ™!, associated with unidentate carbonate, which may have created very stable
bonds with the catalytic surface, so despite the high temperatures, it remains adsorbed on it.
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Figure 4.30:

Zoom between 1800 and 1200 cm™'during operando FTIR of Cug3Zng7AO exsolved at 350
°C during the temperature increase from 180 °C to 300 °C.
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In general, two reaction pathways are identified for the hydrogenation of CO, to methanol
on the most similar commercial catalyst, namely Cu/Zn0O/Al,O5 [82].
The first mechanism is characterised by reverse water-gas shift (rWGS) and hydrogenation
of CO. During this pathway, CO, is converted to CO, and then its hydrogenation to pro-
duce methanol takes place, via the formation of formyl (HCO) and formaldehyde (HCHO)
intermediates as shown in Figure [4.31]
The second mechanism is characterised by the production of formate intermediates (HCOO)
during the hydrogenation of methanol. Both pathways have formaldehyde as an intermedi-
ate, which is hydrogenated to methoxy to produce methanol. Considering the mechanism
of formate production, kinetic studies conducted have identified the hydrogenation of the
species (HCOO) as the limiting process in the production of methanol.[83] [84], in this regard
the Cu/Zn0O/Al,03 based catalyst allows the hydrogenation barrier of HCOO to be lowered
and favours the production of CH3OH. In the case of the rWGS reaction and subsequent
hydrogenation of CO, the limiting step is the hydrogenation of CO.
Visualising the results obtained from the FT-IR analysis, in accordance with the association
of the bands with the reactants, intermediates and reaction products, it is suggested that
the route taken for the production of methanol using the studied catalyst is not only that of
the formates or only that of the rWGS, but MeOH production could take place via both re-
action mechanisms. Formates are detected within the FT-IR spectrum by decreasing bands
with increasing temperature, which could mean that increasing temperature increases the
reaction kinetics, and consequently these intermediates consumption for methanol produc-
tion. In the Cu-ZnO-Al,O5 catalyst, the Cu active sites are responsible for the adsorption
and dissociation of Hy, ZnO is responsible for the adsorption of CO,, while the acidic sites
of Al,O3 are responsible for the production of DME [83]. The mechanism of the formate
involves the reaction between the CO, adsorbed on the active sites of ZnO with the surface
atoms bound to the reduced Cu active sites [85], resulting in the formation of formate species
on the Cu and ZnO active sites. In the following study, this step can be identified by the
bands 2925, 2850, 1620, 1364 cm™! (figure for the formation of formate on Cu, and
the band at 2880 cm™! that identifies the probable formation of zinc formate (figure [4.30).
The next step involves hydrogenation of the formate species generating methoxy, which is
hydrolysed to methanol. On the other hand, the presence of adsorbed H,O on the catalytic
surface suggests that methanol is produced via carboxyl formation, as the hydrogenation
route to hydrocarboxyl is more kinetically favoured than the hydrogen transfer mechanism
[86].
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Figure 4.31:
Schematic diagram of the two different reaction mechanisms on the Cu/Zn0O/Al,O3 catalyst
during the hydrogenation of CO, to methanol [13].

Using the mass spectrometer, it was possible to correlate the amount of methanol pro-
duced with changes in operating conditions during the test. The increase in temperature
favours the production of methanol, in accordance with the kinetics, reaching a maximum
value of approximately 100 ppm at a temperature of 300 °C, which can be seen from Figure
[4.32] The peculiarity shown by this test is that the catalyst is active at a pressure of 7 bar
and a temperature of 180 °C, evidenced by the small amount of CH3;0H detected by the
mass spectrometer.
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Figure 4.32:
Graph of MeOH amount (ppm) produced during operando FT-IR analysis versus time as
analysed by the mass spectrometer with highlighted the temperature increase stage.
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4.6 Catalytic tests

In the following section, the results of the stability and activity tests obtained from the cat-
alytic tests are illustrated with the aim of highlighting the effect of pressure and temperature
on the activity of the catalyst Cug3Zng7AO calcined at 750 °C and exsolved at 350 °C. Both
stability and activity tests were carried out at a pressure of 23 bar, the temperature was
kept at 275 °C for the stability test, while for the activity test the catalytic behaviour was
investigated in a temperature range from 180 °C to 300 °C. The reaction mixture consisted
of 63.6% mol of Hy, 21.6% mol of CO, and 12.5% of N,.

4.6.1 Stability tests

The graph in figure [£.33] shows the catalyst deactivation curve obtained by performing a
stability test on the exsolved Cug37Zng7AO. The test was conducted at a temperature of 275
°C, feeding the reactor with a reactant mixture flow rate of 20 NL /h at a pressure of 23 bar.
The catalyst shows a time-varying conversion rate, in particular it can be seen that after 20
hours the deactivation curve continues to show a linearly decreasing trend as a function of
time, although not extensive.
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Figure 4.33:

Sample deactivation curve Cug 3Zng7AO during the stability test conducted at a temperature
of 275 °C and a pressure of 23 bar for 20 hours.

In the stability test, the selectivity and yield of each compound in the product mixture
leaving the reactor were evaluated. Figure[4.34|shows the graphs referring to the selectivities
to CH30H, to CHy, to CO and DME during the stability test. It can be seen that the selectiv-
ity values of each compound remained almost unchanged during the 20-hour test, the notable
difference being quantitative between the various components, in fact a selectivity of about
80% for CO, 0.30% for CH,, a selectivity of about 1.5% for DME and about 15% for CH;OH.
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Figure 4.34: Selectivity of the compounds in the product mixture during the 20-hour
stability test conducted at a pressure of 23 bar and a temperature of 275 °C.

The yield values of the various compounds as a function of grams of catalyst are given

in Table

CH3OH7 InInOICHBOH /gcat

DME, mmolpyg/geat

CH,, mmolcy, /8eat

Yield 2.76

0.66

0.06

Table 4.10: Yield values of the various compounds after the stability test conducted at a
temperature of 275 °C and a pressure of 23 bar.
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4.6.2 Activity tests

Following the stability test, the activity test was carried out on, the catalyst Cug3Zng;AO
heat-treated at 750 °C and exsolved at 350 °C.

By increasing the temperature, in accordance with thermodynamics, the conversion of the
CO, increases to a maximum of 14.74% at 300 °C, as can be seen in Figure[4.35] Under these
conditions, the conversion is quite close to the equilibrium conversion of 23.3% indicating
high catalytic activity.
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Figure 4.35:
Conversion of the CO, obtained during the activity test compared with that obtained at
thermodynamic equilibrium.

The methanol selectivity values in Figure confirm the high activity of the analysed

catalyst, starting from a selectivity of about 91% at 180 °C and reaching thermodynamic

equilibrium values at a temperature of around 280 °C.

The methanol yield shown in Figure [£.37] comparing it with that obtainable under equilib-

rium conditions shows that it remains almost unchanged as the temperature increases.
Selectivity to DME in Figure [4.38] possibly resulting from the alumina acid sites, shows

that a maximum value is reached at a temperature of 250 °C. In agreement with the results

of the methanol yield, the yield also remains approximately constant in the case of DME as

shown in Figure [£.39

The last two graphs show the selectivity [4.40] and yield of CO produced during the

activity test conducted on the analysed catalyst.
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Figure 4.36:
Selectivity at CH30H obtained during the activity test compared with that obtained at

thermodynamic equilibrium.
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Figure 4.37:

Yield at CH30H obtained during the activity test compared with that obtained at thermo-
dynamic equilibrium.
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Figure 4.38:
Selectivity at DME obtained during the activity test compared with that obtainable at
thermodynamic equilibrium.
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Figure 4.39:
Yield at DME obtained during the activity test compared with that obtainable at thermo-
dynamic equilibrium.
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CHAPTER
FIVE

CONCLUSION

This thesis work focused on the synthesis and characterisation of catalysts suitable for the
hydrogenation of CO, to methanol. The objective of this study was to improve the catalytic
performance of Cu/Zn0O/Al,O3-based catalysts by means of ’in situ’ catalytic nanoparticle
growth techniques.

In particular, the catalysts explored were Cu/Zn0O/Al,O3 based catalysts, synthesised by
means of two different methods, with the aim of identifying the synthesis method suitable
for producing catalytic nanoparticles with morphological and chemical characteristics par-
ticularly suited to methanol production from CO, conversion.

The two synthesis methods explored, i.e. co-precipitation and solid state reaction, led to
different results. The classic co-precipitation method enabled us to achieve a pure phase,
as opposed to the solid state reaction. Obtaining the pure phase was a pivotal point in the
synthesis process, as this is the necessary condition in order obtain homogeneous and stable
the ’ex-solution’ of NPs.

Three different catalysts were prepared by the two synthesis methods: ZnAl,O4, Cug3Zng7;AO
e Cug5ZngsAO. The doping of copper within the structure was made with the intent of mak-
ing the starting ZnAl,O, catalyst more active and suitable for the hydrogenation of CO, to
methanol, as the active Cu sites allow the formation of the key reaction intermediates for
methanol production.

All the synthesised and heat-treated catalysts at different temperatures were characterised
by XRD, BET, H,-TPR, SEM, TEM and FT-IR analyses to study their structural and
physico-chemical properties. Characterisation studies confirmed the presence of pure and
well-defined crystalline phases, optimal for the ’in situ’ growth technique. The surface area
of the samples was found to increase when the catalysts are treated at high temperatures,
which is associated with sintering phenomena. The reduction phase of samples, through
a flow of 5% of H, into Ny inside a tubular furnace, resulted the formation of active and
more stable nanoparticles on the catalytic surface that can increase the performance of the
catalyst itself.

From the characterisations, interest is poured towards one catalytic sample in particular,
Cug3Zng7AQO, of which the operando FT-IR analysis was performed, and the catalytic sta-
bility and activity evaluated within a stainless steel fixed-bed reactor. From the operando
FT-IR analysis, it was possible to identify the two possible reaction mechanisms that CO,
can undertake to produce methanol. In particular, this analysis in conjunction with a mass
spectrometer made it possible to identify the production of methanol already at low pres-
sures and low temperatures (1 barg and 180 °C).

From the stability test, conducted at 23 bar and a temperature of 275 °C, it was possible
to verify the high stability of the exsolved catalyst, with only a slight decrease in activity
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occuring in a univocal and linear manner during the 20-hours tes, and considerable catalytic
activity observed confirming deactivation does not occur over the studied period of time.
The activity, selectivity and yield of the catalyst were evaluated at a pressure of 23 bar and
in a temperature range of 180 °C to 300 °C. The experimental results indicated the high
catalytic activity in the hydrogenation process of CO,, leading to conversions of the same
close to 15%, not far below thermodynamic equilibrium conditions. The kinetic analysis
showed the influence of the operating conditions on the reaction rate, emphasising the im-
portance of temperature increase in the entire process. The dual formation of methanol and
DME showed the high activity of the catalyst, although a relatively low selectivity towards
methanol. Interestingly, the acidic sites of 7-AL,O3 allowed the high production of DME
within the entire synthesis process, which can be a high-value by-product, the latter being
widely used as a fuel and raw material for the production of synthetic chemical materials.

With a view to the future, the solid-state reaction synthesis process could be improved
to obtain a pure phase that would allow the formation more synergistic effects between the
exsolved NPs and the interface they would from with host grains slightly larger than the
ones obtained by co-precipitation (20 nm), as well as more controllable and consequently
homogeneous size distributions. The information obtained during this study could guide
the development of even better performing ’ex-solved’ catalysts with improved activity and
lower activation energy in the hydrogenation process of CO, to methanol, thus maximising
the yield even further.
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