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Abstract 

Modern society is strongly based on fossil fuels utilization, which is problematic in terms of 

environmental issues and energetic security. Alternative routes are currently investigated and, among 

them, the use of H2 as a clean fuel is studied. However, hydrogen itself mainly derives from syngas, 

a mixture of H2 and CO in different proportions that is traditionally produced from hydrocarbons. In 

this regard, biomass as feedstock for syngas has been calling attention as a carbon-free process, since 

it enables to abate the net releasing of CO2. The isolation of model components and their kinetic study 

is necessary to comprehend the chemistry behind the processes with biomass-derived multi-

component mixtures. In this view, since oxygenates are abundantly present in biomasses, two of them 

were experimentally investigated in this thesis using an annular reactor coated with Rh/-Al2O3, 

which was chosen as catalyst to minimize coke formation. Ethanol was studied as a first alternative 

fuel due to its favourable properties (easy storing and handling, low toxicity and volatility) and due 

to the growing market of bio-ethanol. Both Catalytic Partial Oxidation (CPO) and Steam Reforming 

(SR) tests with ethanol were carried out at different operating conditions. The effects of homogeneous 

reactions, the co-feeding of nitrogen oxides (NO2, N2O) and water in CPO condition were also 

investigated. As a second oxygenate, formic acid was chosen since it is significantly present in the 

aqueous fraction of bio-oil. Its decomposition mechanism in the presence of water was analysed at 

different space velocities and feed compositions. Besides, CH4 CPO and SR tests were performed as 

a reference for the analysis of oxygenates. A kinetic model, initially developed for methane CPO, 

was adapted to simulate formic acid decomposition. Finally, aging tests and Raman analyses were 

performed for the identification of C-species deposited on the catalysts during these processes.  
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Sommario 

Nella società attuale l’utilizzo fortemente radicato di combustibili fossili impatta 

negativamente sull’ambiente e sulla sicurezza energetica. Strategie energetiche alternative sono 

attualmente investigate e, tra queste, vi è l’utilizzo di H2 come combustibile pulito. L’idrogeno, però, 

deriva principalmente dal gas di sintesi, una miscela composta principalmente da H2 e CO 

tradizionalmente prodotta da idrocarburi. A tal proposito, l’utilizzo di biomassa come fonte di syngas 

ha il beneficio di abbattere l’emissione netta di CO2. L’identificazione di specie modello è necessaria 

per comprendere i chimismi alla base dei processi di conversione di miscele multicomponenti 

derivanti da biomassa. Poiché le specie ossigenate sono abbondantemente presenti nella biomassa, 

due di queste sono state studiate sperimentalmente durante questo lavoro di tesi su un reattore anulare 

con Rh/-Al2O3, scelto come catalizzatore per minimizzare la formazione di coke. L’etanolo è stato 

studiato come primo combustibile alternativo per le sue proprietà (facilità di stoccaggio e trasporto, 

bassa tossicità e volatilità) e per il crescente mercato di bio-etanolo. Prove di Ossidazione Parziale 

Catalitica (CPO) e Steam Reforming (SR) di etanolo sono state svolte in diverse condizioni operative. 

Gli effetti delle reazioni in fase omogenea, della co-alimentazione di ossidi di azoto e acqua in 

condizioni di CPO sono stati poi investigati. La seconda specie ossigenata scelta è l’acido formico, 

poiché è significativamente presente nella fase acquosa del bio-olio. Il meccanismo di 

decomposizione in presenza di H2O è stato analizzato a diverse velocità spaziali e composizioni della 

miscela reagente. Inoltre, sono state svolte prove di CPO e SR di metano, utilizzate come riferimento 

per l’analisi delle specie ossigenate. Un modello cinetico, sviluppato precedentemente per la CPO di 

metano, è stato esteso per simulare la decomposizione di acido formico. Infine, prove di 

invecchiamento e analisi Raman sono state svolte per identificare le specie carboniose formatesi sui 

catalizzatori durante i processi studiati. 

 

Parole chiave: CPO; SR; Etanolo; Acido Formico; Rodio; Gas di Sintesi 
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Estratto 

L’utilizzo diffuso di fonti fossili per la produzione di energia è stato fortemente messo in 

discussione negli ultimi anni ed il settore energetico mondiale sta affrontando un’importante sfida, 

sulla via della decarbonizzazione.  Le ingenti problematiche ambientali, tra cui quella del 

riscaldamento globale, e la necessità di assicurare una maggior sicurezza energetica a livello 

nazionale e globale, sollecitano il raggiungimento di una minore dipendenza dai derivati petroliferi e 

da tutte le fonti fossili in generale. Tra le numerose strategie investigate, l’idrogeno è considerato 

un’importante alternativa, tanto da ipotizzare una possibile futura affermazione di un’economia 

dell’idrogeno. La richiesta di H2 è destinata ad aumentare, sia per i convenzionali utilizzi industriali 

sia per la produzione di energia pulita, in particolare per applicazioni in celle a combustibile. 

Attualmente, però, l’idrogeno viene principalmente prodotto processando dalle fonti fossili stesse: 

oltre allo steam reforming di gas naturale, che costituisce la principale via di produzione dell’H2, le 

frazioni petrolifere più pesanti possono essere sottoposte a processi di ossidazione parziale o 

reforming autotermico. Il prodotto principale di questi processi è il syngas (gas di sintesi), una miscela 

costituita perlopiù da idrogeno e monossido di carbonio. In questo panorama, è sorto l’interesse per 

l’utilizzo di biomassa per la produzione di gas di sintesi e idrogeno, con particolare attenzione per le 

risorse di seconda generazione. Diversi processi di natura termo-chimica o bio-chimica possono 

essere utilizzati per la produzione di energia o di miscele combustibili da biomassa. L’utilizzo di 

biomasse in sostituzione ai combustibili fossili consente di abbattere la produzione netta di CO2. La 

variegata e complessa composizione delle miscele derivanti da biomassa rende complicata sia la loro 

caratterizzazione, sia lo studio dei processi conversione. L’identificazione, l’isolamento e lo studio 

cinetico di specie modello rappresentative di miscele derivanti da biomassa è dunque necessario per 

comprendere a fondo i chimismi alla base di questi processi. 

Per questo motivo, lo studio svolto nell’ambito di questo lavoro di tesi è di interesse per la 

ricerca scientifica attuale. È stata svolta l’analisi cinetica di alcuni processi di conversione catalitica 

di due specie ossigenate, l’etanolo e l’acido formico. L’etanolo è stato scelto come primo 

combustibile come specie C2 rappresentativa del gruppo degli alcoli, a causa del crescente mercato 

del bio-etanolo. L’acido formico, invece, è uno dei componenti principali della fase acquosa del bio-

olio, nonché il più semplice acido carbossilico. L’indagine cinetica è stata svolta conducendo prove 

sperimentali su un reattore anulare con catalizzatore Rh/-Al2O3. Oltre a queste specie, sono state 
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svolte delle prove con metano, considerato come specie di riferimento sia per monitorare l’attività 

catalitica, sia per confrontare le performances ottenute con altri combustibili. Inoltre, prove di 

invecchiamento e analisi Raman sono state condotte per identificare le specie carboniose formatesi 

sui catalizzatori durante alcuni dei processi studiati. Per completare queste analisi, un modello 

cinetico, sviluppato in passato per la simulazione di prove di ossidazione parziale catalitica di metano, 

è stato modificato ed esteso per poter simulare le reattività di decomposizione dell’acido formico. 

Questo progetto è nato e si è sviluppato all’interno del contesto di HERCULES 

(HEterogeneous Robust Catalysts to Upgrade Low valuE biomass Streams), un progetto di ricerca 

PRIN che ha coinvolto sei università italiane (Università di Bologna, Politecnico di Milano, Sapienza 

Università di Roma, Università di Genova, Università di Pisa, Università Ca’ Foscari di Venezia). Lo 

scopo del progetto è quello di analizzare e sviluppare dei processi catalitici eterogenei per la 

produzione di idrogeno da biomasse di scarto, con particolare attenzione per i processi di reforming 

in fase liquida e photo-reforming della frazione acquosa dei bio-oli. 

Numerose prove sperimentali sono state svolte utilizzando un reattore anulare, che permette 

di adottare alte velocità spaziali e, quindi, di eseguire indagini cinetiche anche su sistemi reattivi che 

raggiungono facilmente l’equilibrio. Questa configurazione permette inoltre di operare in regime 

laminare e di mantenere condizioni approssimativamente isoterme. Attraverso la tecnica di dip-

coating, uno strato catalitico di Rh/-Al2O3 è stato depositato su diversi reattori. Differentemente da 

precedenti lavori di tesi, strati catalitici più lunghi (5-6 centimetri) sono stati preparati, con l’obiettivo 

di lavorare a basse velocità spaziali. I profili assiali di temperatura in corrispondenza sia dello strato 

catalitico sia del forno possono essere comunque misurati con l’utilizzo di due termocoppie. A 

seconda delle prove svolte, diversi range di temperatura sono stati investigati. La composizione della 

miscela di prodotti ottenuta a diverse temperature è stata analizzata con un micro-gascromatografo 

Agilent 3000°. I divesi processi sono stati analizzati testando diverse condizioni operative (velocità 

spaziale, composizione della miscela reagente).  

Le analisi Raman sono state svolte presso La Sapienza Università di Roma, utilizzando un Via 

Renishaw 1000 micro-Raman spettrometro. Allo scopo sono stati inviati dei campioni di polveri 

catalitiche prelevati da tubini sottoposti a prove di invecchiamento. Durante queste prove, il tubino è 

rimasto esposto alla miscela reagente ad una fissata temperatura per la durata di due ore. Campioni 

in corrispondenza di diverse coordinate assiali sono stati prelevati. 
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Il modelo di partenza comprendeva uno schema cinetico in grado di simulare prove di 

ossidazione parziale catalitica di metano svolte all’interno del reattore anulare sopra descritto. Il 

sistema viene assunto ideale e simulato in condizioni di plug flow in regime laminare, trascurando i 

contributi diffusivi in direzione assiale. Questo modello tiene conto anche di eventuali resistenze al 

trasporto di massa intra-fasico ed inter-fasico. Viene utilizzato uno schema indiretto-consecutivo, in 

cui il metano si converte attraverso reazioni di ossidazione totale e steam reforming. In precedenti 

lavori di tesi, questo modello era stato esteso per comprendere anche le reazioni di ossidazione totale 

e steam reforming di altri combustivili diversi dal metano (propano, etilene, i-ottano, n-ottano). 

Prove di ossidazione parziale catalitica con etanolo sono state svolte. Gli esperimenti svolti 

durante questo lavoro di tesi hanno confermato la complessità del meccanismo cinetico di questo 

sistema, come emerso in precedenti lavori di tesi. Sono stati identificati tre regimi: 

 T < 200°C: la deidrogenazione ossidativa di etanolo con produzione di acetaldeide è 

la reattività predominante; 

 

 200°C < T < 300°C: in questo range di temperature reazioni di ossidazione totale di 

varie specie (etanolo, metano, acetaldeide) danno luogo a CO2 and H2O; 

 

 T > 300°C: la reattività di steam reforming di varie specie (etanolo, metano, 

acetaldeide) si attiva e diventa sempre più importante al crescere della temperatura, 

esplicandosi completamente sopra i 500°C. 

L’obiettivo che si è perseguito all’inizio di questa attività di tesi è stato quello di promuovere 

la produzione di gas di sintesi anche nella regione di bassa temperatura, sotto 500°C. Oltre 

all’intrinseco beneficio che si otterrebbe lavorando a temperature più modeste, questo scopo è 

particolarmente rilevante per il progetto HERCULES, che si focalizza su processi in fase liquida. 

Diverse strategie sono state tentate per il perseguimento di questo obiettivo: abbassamento della 

velocità spaziale usata nelle prove sperimentali, co-alimentazione di acqua e co-alimentazione di 

ossidi di azoto (NO2 e N2O). Le prove svolte a diverse velocità spaziali, pur mostrando risultati 

significativi e utili per l’analisi del complesso schema cinetico coinvolto dell’ossidazione parziale 

catalitica di etanolo, non hanno consentito di produrre CO e H2 in maniera consistente sotto i 500°C. 

È stato ipotizzato che la formazione di specie carboniose sul letto catalitico potessero causare questo 
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ritardo nella comparsa di syngas, inibendo delle vie reattive. Anche per questa ipotesi, sono state 

svolte delle prove di ossidazione parziale catalitica di etanolo co-alimentando H2O. I risultati 

sperimentali hanno però mostrato che la presenza di acqua nella miscela reagente è in grado di 

favorire le reazioni di deidrogenazione ossidativa e di ossidazione totale, diminuendo quindi la 

selettività di H2 e CO. Anche le prove con co-alimentazione di ossidi di azoto hanno mostrato una 

consistente variazione solo nei regimi di deidrogenazione ossidativa e ossidazione totale. Per 

investigare la presenza e la natura di possibili depositi carboniosi, sono state quindi svolte delle analisi 

Raman su campioni di catalizzatore sottoposto a invecchiamento, studiando diverse temperature e 

coordinate assiali. I risultati di queste analisi hanno mostrato che sul catalizzatore invecchiato ad una 

temperatura tipica del primo regime (T < 200°C) è rilevabile la presenza di depositi carboniosi 

ossigenati e amorfi. Le bande D e G, caratteristiche di depositi grafitici rispettivamente non ordinati 

e ordinati, sono apparse invece nelle analisi del catalizzatore invecchiato a temperature intermedie. 

Le analisi Raman svolte su catalizzatore invecchiato ad alte temperature (700°C), dove la produzione 

di syngas è totalmente attiva, hanno invece evidenziato una superficie più pulita e la presenza di 

forme carboniose grafitiche è assente o meno rilevante.  

Lo svolgimento di prove di steam reforming di etanolo ha mostrato due rilevanti evidenze: la 

conversione di etanolo in questo sistema si attiva a partire da 550°C, confermando un ritardo 

intrinseco di questa via reattiva. Inoltre, il catalizzatore sottoposto a queste prove ha esibito una veloce 

disattivazione, confermando che, come riportato in letteratura, lo steam reforming di etanolo è 

accompagnato da significativi fenomeni di coking.  

Per concludere l’analisi dell’etanolo, sono state svolte delle prove senza catalizzatore per valutare la 

possibile influenza delle reazioni in fase omogenea. In queste condizioni, la conversione di etanolo è 

non nulla solo al di sopra di 650°C. Di conseguenza, è stata esclusa la possibile influenza di reazioni 

omogenee al di sotto di questa temperatura. 

 Prove di decomposizione di acido formico in presenza di H2O sono state svolte e analizzate. 

Lo schema cinetico coinvolto in questo processo è più semplice di quello dell’etanolo. Come 

schematizzato in Fig. A, l’acido formico può decomporsi tramite deidrogenazione, portando alla 

formazione di H2 e CO2, o tramite deidratazione, producendo H2O e CO. Le reazioni di water gas 

shift e reverse water gas shift possono poi intervenire influenzando la distribuzione finale dei prodotti. 

È presente una forte somiglianza tra la reattività di water gas shift e quella di decomposizione 

dell’acido formico, che può essere visto come un intermedio di questa reazione. Per questo motivo, 
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precedenti risultati sulla reattività di water gas shift sono stati dapprima analizzati. Questi hanno 

mostrato che è necessario operare al di sopra di 300°C per attivare sia la reattività di water gas shift 

sia quella di reverse water gas shift. 

 

Fig. A: Main reactions in formic acid decomposition systems. 

 

L’effetto della velocità spaziale, della concentrazione di acido formico reagente, della 

concentrazione di acqua reagente e della diluizione è stato analizzato attraverso numerosi tesi 

catalitici. Le principali considerazioni che ne possono essere tratte sono le seguenti: 

 la conversione di acido formico mostra una spiccata reattività in un intervallo di temperature 

relativamente basse, e la sua conversione ha luogo tra i 150°C e i 350°C; dati i precedenti 

risultati sperimentali sulla water gas shift, è dimostrato che, almeno al di sotto di 300°C, sia 

CO che CO2 sono da considerarsi dei prodotti primari derivanti dalla diretta decomposizione 

di acido formico;  

 

 La reattività di deidrogenazione è molto più forte rispetto a quella di deidratazione, che ha 

luogo solo come meccanismo secondario; 

 

 È attiva una via di metanazione da CO, ma avviene in quantità irrilevante; 

 

 Entrambe le reazioni di decomposizione mostrano una dipendenza approssimativamente del 

primo ordine rispetto alla concentrazione di acido formico. Le prove sull’effetto della 

diluizione suggeriscono che l’ordine globale della reattività di deidrogenazione sia minore 

dell’unità. 
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Sono state svolte delle analisi Raman su campioni sottoposti a invecchiamento con test di 

decomposizione di acido formico in presenza di H2O. I risultati di queste analisi hanno rivelato che a 

250°C si formano sulla superficie della specie carboniose e ossigenate non strutturate, mentre a 400°C 

appaiono le bande D e G, particolarmente evidenti nella coordinata assiale corrispondente all’entrata 

del letto catalitico.  

Infine, per completare questo studio cinetico, sono state introdotte le reazioni di deidrogenazione e 

deidratazione all’interno del modello cinetico sopra descritto. Semplici espressioni cinetiche del 

primo ordine sono state inserite. Fittando i dati sperimentali, sono stati valutati i parametri cinetici 

necessari per il calcolo delle due costanti cinetiche. Energie di attivazione di 66.512 [kJ/mol] e 49.884 

[kJ/mol] sono state stimate rispettivamente per le reazioni di deidrogenazione e deidratazione di acido 

formico. 
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1 Introduction 

The general objective of this thesis work is the study of catalytic conversion routes of 

oxygenates to syngas using O2, H2O and their mixture as co-reactants. Thus, Catalytic Partial 

Oxidation (CPO) and Steam Reforming (SR) of ethanol and the steam-assisted decomposition of 

formic acid were investigated for the identification of chemical pathways and improvement of the 

knowledge of the kinetic dependencies that characterize the single steps. Both ethanol and formic 

acid were chosen as model components representative of biomass-derived mixtures. Formic acid, 

a C1 carboxylic acid, is present in the aqueous phase of bio-oil and is an important intermediate of 

Aqueous Phase Reforming (APR). Ethanol, a C2 alcohol, can be instead viewed as a higher-quality 

component, as confirmed by the growing trend of bio-ethanol market. Catalytic tests were 

performed using an annular reactor over Rh/-Al2O3, which was chosen as catalyst to minimize 

coke formation. This reactor configuration allows to work at high space velocities, keeping a 

laminar flow and approximately isothermal conditions. The kinetic study was carried out following 

a consolidated experimental plan: effect of temperature, gas hourly space velocity (GHSV) and 

feed composition was assessed, separating each contribution. 

In the chapter 2, the state of art is reported, providing the reasons behind all the interest on 

biomass and oxygenated components. This part focuses particularly on the reaction mechanisms 

and possible conversion routes for the production of syngas from biomass in general, from ethanol 

and formic acid. All the considerations are supported by some previous studies and literature works.  

In the chapter 3, a description of the experimental set-up and methods is provided. It 

illustrates the general rig layout and the characteristics of its components, the procedures followed 

to carry out the experiments, the processing of experimental data and the procedures for the 

preparation of the catalysts. Moreover, theory and procedure of the Raman spectroscopy are 

explained. 

In the chapter 4, the method of Gibbs free energy minimization for the calculation of the 

thermodynamic equilibrium is presented. This method is usually employed with complex reaction 

systems, as ethanol and formic acid processes. Thermodynamic and physico-chemical properties 

useful for these calculations are also reported. 
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In the chapter 5, the mathematical model used for the kinetic simulation of the processes is 

described theoretically and all the equations are explained. Besides intrinsic reaction mechanisms, 

this model is able to take into account possible mass transfer limitations.  

In the chapter 6, the standard conditioning procedure used for the tubes is explained. 

Conditioning tests with CPO of methane were performed for almost all the tubes used in this thesis 

before starting the main experiments, to activate them and to reach stable performances. 

In the chapter 7, results of kinetic investigation with ethanol are presented and analysed. 

The main aim was to understand the main chemical pathways of this system, exploring operating 

conditions (low GHSV, co-feeding of water and nitrogen oxides, homogeneous reactions) which 

were not studied in the previous works. Among others, one goal of these tests was to promote 

syngas significant in the low temperature region (below 500°C). Moreover, aged catalysts (one 

fresh catalyst and one conditioned catalyst with ethanol) were analysed by Raman spectroscopy to 

have a better understanding on the C-species formed on the catalytic surface during these processes.  

In the chapter 8, results of kinetic investigation of steam-assisted formic acid decomposition 

are presented and analysed. Different space velocities and feed compositions were investigated. 

Compared with methane as a C1 reference fuel, formic acid makes possible the production of 

syngas at lower temperatures and with the advantage of higher H2/CO ratios in products mixtures. 

As in the ethanol case, Raman analyses on aged catalyst were also performed to comprehend which 

types of C-species are formed with formic acid.   

Lastly, in the chapter 9, simulations of the kinetic model described in chapter 4 are 

conducted for methane firstly and then extended to the formic acid tests. The results of the model 

were compared with the experimental data obtained in the scope and presented in the previous 

chapters. A sensitivity analysis on the Sherwood number was carried out.  

This thesis project has been developed on the guidelines of a PRIN research project named 

HERCULES (HEterogeneous Robust Catalysts to Upgrade Low valuE biomass Streams). Six 

Italian Universities are involved in this project: Università di Bologna, Politecnico di Milano, 

Sapienza Università di Roma, Università di Genova, Università di Pisa, Università Ca’ Foscari di 

Venezia. The scope of HERCULES project is to develop active and stable catalysts and the related 

processes for the valorisation of waste biomass as a sustainable source of H2. Focus of the project 

is on the exploitation of Aqueous-Phase Reforming (APR) and Photoreforming (PR) of hydrolysed 



 

3 
 

solutions obtained from lignocellulosic biomass, locally available (e.g. paper mills in the district 

of Lucca), to enhance the Italy competitiveness. The role of the research unit in Politecnico di 

Milano is the understanding of the chemical pathways and kinetics that characterize the conversion 

of model oxygenates to CO/H2 in the presence of O2 and/or H2O as co-reactant. 
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2 State of the art 

2.1 Valorisation of biomass 

The push for a transition towards a low carbon economy is asking for a lower dependence on 

fossil fuels. Hence, renewable energy sources have received strong attention not only from the 

scientific community but from the entire society in general. Renewable power on a global scale 

grew by 14.7% in 2018, following an increasing trend that has been maintained for more than ten 

years and reaching 8.4% share of global power generation [1]. Biomass is one of the renewable 

sources, together with wind, geothermal, solar and waste. Focusing on biofuels, their production 

growth reached 9.7% in 2018, the highest value since 2010. Brazil (3.1 mtoe) and Indonesia (2.2 

mtoe) accounted for almost two thirds of global growth [1]. 

Biomass derives from organic material, like trees, plants, urban and agricultural wastes. 

Biomass sources are considered carbon-neutral, because, since they consume carbon dioxide 

during their life through photosynthesis, their overall contribution to the increase of greenhouse 

gases is strongly lower if compared to hydrocarbons. Besides their lower environmental impact, 

the increasing use of biomass-derived fuels would decrease the dependence from fossil fuels, thus 

helping those countries that do not dispose of hydrocarbon sources on their own territory and 

enhancing energy security. 

Three generations of biofuels can be identified. First-generation biofuels are produced 

directly from food sources, like sugarcane, corn starch and wheat. In this respect, it is however 

important to use these resources in a responsible way and to tackle some issues: competition 

between food and energy production, conversion of lands from forests, low sustainability of the 

conversion processes of biomasses themselves. Hence, regulations are necessary to regulate the 

use of biomass for energy production. Second-generation biofuels (also called cellulosic biomass) 

instead derive from non-edible lignocellulosic biomass, such as grasses, wood, organic waste, food 

crop waste. The major issue of first-generation biomass, that is the dangerous trial between energy 

and food production, is therefore solved when cellulosic fuels are employed. Finally, third-

generation biofuels come from special energy crops as algae, which present several benefits: higher 

yield than oleaginousness crops, no competition with agriculture, no need for herbicides and 

pesticides. Several processes can be used to convert biomass to energy [2], which can be classified 

in two macro groups: thermo-chemical and bio-chemical processes.  
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 Thermo-chemical processes: combustion, pyrolysis, gasification; 

 Bio-chemical processes: fermentation, anaerobic digestion; 

 Transesterification. 

First of all, biomass can be simply burned to produce energy [3]. Wood and agricultural 

residues are employed to produce electricity and energy for space heating and industrial plants [4], 

[5]. Generally, biomass with a low moisture content are employed. Coal-biomass combustion is 

also studied [5]. Instead of directly burning biomass to produce energy, it is possible to valorise it 

and produce components that can be subsequently used as chemicals or as fuels. Pyrolysis is a 

thermal treatment, carried out with a limited or null amount of oxygen at relatively mild conditions 

(200-700°C) [4]. When biomass is subjected to pyrolysis three different phases are obtained: solid 

(charcoal), liquid (bio-oil) and gaseous (fuel gas). By changing the operating conditions (e.g. 

temperature and contact time) yields towards these three phases change. The production of bio-oil 

is for instance favoured by Fast Pyrolysis (60-75 wt.% yield at 600-1000°C, short vapor residence 

time 1-2s [4]). Bio-oil is a complex mixture of oxygenated hydrocarbons, water and char particles, 

that is mainly used as fuel. Valuables chemicals can be also extracted from bio-oil, such as 

glycolaldehyde, levoglucosan and levoglucosenone [3]. Moreover, bio-oil can be furtherly 

processed to produce syngas, as explained in paragraph 2.2. Another route for the production of 

syngas from biomass is the direct gasification. In this process, biomass is transformed into a 

gaseous mixture rich in synthesis gases in controlled conditions at high temperature (800-1300°C), 

in the presence of limited amount of oxygen and, sometimes, steam. 

Fermentation and anaerobic digestion are instead classified as bio-chemical processes. Bio-

ethanol can be produced by fermentation, that is an anaerobic process through which 

microorganisms (bacteria or enzymes) break down sugar-containing biodegradable materials. The 

major sources of bio-ethanol are sugarcane, sugar beet and starch crops, but use of second-

generation sources is gaining importance. There is also the possibility to adopt a two-steps route: 

first, biomass is subjected to gasification, then the syngas-rich gaseous mixture is subjected to 

fermentation to hydrocarbons [6]. Biogas is instead the major product of anaerobic digestion, where 

micro-organisms transform organic material into a gaseous mixture.  

Finally, biodiesel is an oxygenated mixture that can be obtained from oils and animal fats via 

transesterification process. 
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2.2 Synthesis gas 

Synthesis gas is a gaseous mixture whose main components are hydrogen and carbon 

monoxide. Syngas is a fundamental feedstock product of chemical industry. A wide range of 

chemicals can be produced from syngas: methanol, ammonia (at the basis of fertilizer industry), 

acetic acid, ethanol, synthetic natural gas, liquid hydrocarbon (through Fischer-Tropsch synthesis). 

Syngas is also an important source of hydrogen, a clean fuel that does not come naturally and is 

mainly produced, together with CO, by steam reforming of natural gas. Hydrogen can be used to 

power fuel cells, which lay at the basis of an hydrogen-based economy aiming to push the use of 

this clean fuel. Hydrogen is also employed in refinery processes, like hydrocracking, hydrotreating 

and hydrodesulphurization. Syngas itself is also a combustible gas: in Integrated Gasification 

Combined Cycle (IGCC) power plants fuels like coal, petroleum and, more recently, biomass 

blends, are subjected to gasification and clean syngas is used to produce energy.   

Syngas has been historically produced from hydrocarbons. The four traditional and well-

established production processes are the following: 

 non-catalytic partial oxidation; 

 steam reforming; 

 autothermal catalytic reforming; 

 coal gasification. 

In particular, steam reforming of natural gas is currently the most employed process for syngas 

production. 

Even if hydrocarbons still constitute the major sources of synthesis gas, over the last years, 

in line with the worldwide effort towards a low-carbon energy system, the study of biomass 

conversion processes for syngas production has strongly been promoted. Gasification has already 

been mentioned as effective method to produce synthesis gas directly from the solid biomass. 

Another route, it the treatment of bio-oil obtained from Fast Pyrolysis. This liquid mixture can be 

subjected to steam reforming [7], oxidative steam reforming [8] or autothermal reforming [9]. Two 

novel processes which are of particular relevance for this thesis work are Aqueous Phase 

Reforming (APR) and Photoreforming (PR). This thesis project is indeed born as a part of a PRIN 

research project named HERCULES (HEterogeneous Robust Catalysts to Upgrade Low value 

biomass Streams), which has involved six Italian universities (Università di Bologna, Politecnico 
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di Milano, Sapienza Università di Roma, Università di Genova, Università di Pisa, Università Ca’ 

Foscari di Venezia), between 2015 and 2018 [10]. This project has focused on the investigation 

over effective heterogenous processes for the production of hydrogen-rich streams from waste 

biomass, with a particular attention on APR and PR of bio-oil aqueous phase. Specifically, during 

APR oxygenated compounds are reformed in liquid phase at relatively mild conditions (200-250 

°C, 15-50 bar) and hydrogen and light alkanes are the major products. Besides valorising the 

aqueous phase of bio-oil, this process is far less energy-demanding when compared to the highly 

endothermic steam reforming, because water must not be vaporized, and operating temperatures 

are lower. Furthermore, in these conditions WGS reactivity is favoured and H2/CO ratio is 

increased [11], [12]. PR would allow to produce hydrogen under ambient conditions and using 

solar energy, which is an optimal cheap and clean source [13], [14]. The role of the research unit 

in Politecnico di Milano is the understanding of the chemical pathways and kinetics that 

characterize the conversion of model oxygenates to CO/H2 in the presence of O2 and/or H2O as co-

reactant. 

2.3 Oxygenated components in biomass streams 

The first challenges when thermochemical transformation of biomasses is studied, are the 

characterization of the feedstock and the complexity of the system. Biomasses with different origin 

have dissimilar composition, and it is difficult to find a rule to define a-priori the chemical species 

present in a generic stream. To reduce the complexity of experimental tests and modelling 

description of a process with a multi-component reacting mixture, it is convenient to start isolating 

model species representative of the mixture. Only at a later stage, behaviour of a mixture can be 

approached, maybe increasing step-by step the number of components. This approach was chosen 

for this thesis work, also because within HERCULES project, Politecnico di Milano was elected 

as the responsible for the study of chemical routes behind reforming processes of model oxygenated 

molecules representative of biomass. In particular, two oxygenates were studies in this thesis work: 

ethanol, C2 model species representative of alcohols, and formic acid, the simplest carboxylic acid. 

Besides the simplicity of the molecule, formic acid was chosen because it is present in the aqueous 

fraction of bio-oil [15]–[17] and is an important intermediate of APR. Ethanol can be instead 

viewed as a higher-quality component, since it is also used independently as fuel, for instance 

added to gasoline blends as a green fraction. The market of bio-ethanol has undergone an 

accelerated growth and several studies about various its application were carried out, not only as 
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transportation fuel, but also fuel for power generation, feedstock for chemical industry, source of 

hydrogen for fuel cells, fuel for cogenerative systems [18]. 

2.4 Conversion processes of ethanol 

Ethanol as a liquid H2-source for the production of syngas is a good candidate since it is: 

 renewable and becoming increasingly available; 

 easy to transport, biodegradable, with low toxicity and volatility; 

 easily decomposed in the presence of water to generate a hydrogen-rich mixture; 

 free from catalyst poisons such as sulphur [19], [20]. 

In addition to these, among all other oxygenates components present in biomass streams as 

explained in previous part, ethanol appears as one of the most frequently used alcohol as a source 

for the production of syngas [21]. Several works investigate the efficiency of ethanol as source of 

hydrogen in fuel cell for mobile applications [22], [23]. 

Ethanol can be converted into H2 and CO through partial oxidation, steam reforming and auto-

thermal steam reforming. Among these, the steam reforming process gives higher efficiency and 

reformate quality by providing higher hydrogen yield and lower rate of side reactions. However, it 

gives also several disadvantages by being energy consuming process and for catalyst deactivation 

reasons. Alternatively, partial oxidation and autothermal processes can allow fast start-up time, 

resulted by the exothermic nature of the oxidation reaction [20]. Furthermore, it is possible to 

extract H2 not only from pure ethanol itself, but also working directly on the aqueous phase coming 

from biomass treatment though APR, as described in the previous paragraph.  

These processes for hydrogen production involve a complex multiple-reactions system and the 

final product quality is strongly affected by many undesirable side reactions. Therefore, the final 

yield of hydrogen depends in a complex manner on the process variables such as temperature, 

oxygen-to-ethanol molar ratio, etc. In the literature, there are many studies related with the effect 

of these variables on the products composition, often aiming to maximize the yield of hydrogen.  
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Fig. 2-1 shows all the possible pathways occur during these processes of ethanol over metal 

catalyst.  Its detailed version with the information of their enthalpies and Gibbs free energies are 

also provided in Fig: 2-2, Fig: 2-3 [24]. It is clear that the overall picture of the reaction 

environment is very complex. By looking at this scheme, it can be also said that it is crucial to 

ensure supply of oxygen and to minimize ethanol dehydration and decomposition in order to 

maximize hydrogen production since these reactions lead to C4 species and C2H4 which hinder the 

overall H2 production reaction by promoting the pathways toward carbon production. 

Consequently, this causes coking and deactivation of the catalyst. 

Fig. 2-1: Reaction pathways of the ethanol steam reforming over metal catalysts. 
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  Fig: 2-2: Reaction scheme of catalytic partial oxidation and steam reforming of ethanol (Part I) [24]. 
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In this thesis work, the tests of ethanol catalytic partial oxidation and steam reforming were 

performed, and operating conditions were changed to improve the production of syngas and inhibit 

the deactivation of the catalyst resulted by coke formation.  

 

2.5 Conversion processes of formic acid 

Besides very frequent use of ethanol as an oxygenate for the production of syngas, large 

amount of CO and CxHyO compounds can impact negatively H2 yields. In addition, the poisoning 

effect of the acetate on the catalytic surface is a subject recently studied as an obstacle faced with. 

Unfortunately, the decomposition of CH4 and other hydrocarbons are less applicable due to the 

carbon deposition and early deactivation of the catalyst [25]. In the field of heterogeneous catalysis, 

only recently formic acid as a source of H2 production has received attention, also because formate 

has shown to be an important reaction intermediate in several catalytic processes [25]. Formic acid 

is the simplest C1 carboxylic acid, it is liquid between 281.55 and 373.15 K, and it can be safely 

stored in aqueous solutions [26]. 

The decomposition of FA can proceed according to two different pathways: dehydration  (or 

decarbonylation, (2.1)) into carbon monoxide and water, or dehydrogenation (decarboxylation, 

(2.2) ) into hydrogen and carbon dioxide.  

𝐻𝐶𝑂𝑂𝐻 ↔ 𝐻2𝑂 + 𝐶𝑂         (2.1) 

𝐻𝐶𝑂𝑂𝐻 ↔ 𝐻2 + 𝐶𝑂2          (2.2) 

Fig: 2-3: Reaction scheme of catalytic partial oxidation and steam reforming of ethanol (Part II) [24]. 



 

12 
 

In many literature works, formic acid is mainly studied as a hydrogen-storage material via 

its decomposition to hydrogen and carbon dioxide. One of the key observations found by Blake, P 

et al. is that FA can be considered as a carbon monoxide carrier as well via its decomposition to 

water and carbon monoxide [27] [28]. 

Therefore, formic acid can be considered as a source for syngas production. The selectivity 

towards these dehydration or dehydrogenation reactions depends on the temperature, pressure, and 

the type of catalyst as mentioned in article [29]. Yoshida et al. in [29] have also reported the 

presence of FA as an intermediate in the water gas shift reaction (WGS) reaction. 

𝐻2 +  𝐶𝑂2 ↔ 𝐻𝐶𝑂𝑂𝐻 ↔ 𝐻2𝑂 + 𝐶𝑂            (2.3) 

 

Generally, WGS reaction is used together with steam reforming of methane to adjust the 

composition of the synthesis gas as given by the pathway of these reactions below, 

𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2             (2.4) 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 +  𝐻2               (2.5) 

  This is one of the most common and consolidated methods for syngas production [26]. The 

strong similarity between the decomposition reactions of formic acid (2.1,2.2) and the WGS 

reaction (2.3) suggests that formic acid could plays the same role of WGS.  In this respect, Rahbari 

et al. have studied the steam reforming of methane by co-feeding formic acid to adjust H2:CO molar 

ratio in a single step reaction. This reaction scheme is seen in Fig. 2-4 [26].  
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Fig. 2-4: Scheme for the Steam Reforming of methane coupled with formic acid [26]. 

 

By looking at the stoichiometry these reactions and taking into account that the density of 

formic acid is 1.22 kg /L at standard conditions, it can be shown that 53 g of H2 and 744 g of carbon 

monoxide per liter of formic acid can be produced since it contains 4.3 wt% hydrogen and 60.9 

wt% carbon monoxide. Therefore, based on this calculation, it is also proved that formic acid is 

one of the most promising candidates for hydrogen storage with such a high capacity. In addition, 

Schwab et al. have reported that metals and zinc oxide are predominantly active for 

dehydrogenation reaction, while the other oxides are more active for the reaction towards water 

and carbon monoxide[30]. 
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3 Experimental methods 

3.1 Description of the rig 

The experimental tests in the scope of this thesis work on heterogeneous catalytic processes 

have been carried out by a testing unit which works completely under laboratory fume hood.  The 

rig setup consists of three main parts which are connected by 1/4” stainless steel pipelines: 

 

• feed section; 

• reaction section; 

• analysis section. 

This chapter provides the detailed description of this experimental setup and the experimental 

procedures followed on it for the tests performed for this thesis study. The rig set-up used in the 

experiments is seen in Fig. 3-1. 

 

 

Fig. 3-1: The experimental testing unit. 
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3.1.1 Feed Section: 

The reactants for these experiments are mostly gaseous species. However, several liquid 

components such as ethanol and formic acid are also used as fuels. They required different 

procedures and the use of saturator.  The reactant gases come either from cylinders placed outside 

the laboratory (CH4, CO2), or from common cylinders placed in the basement of the building (air, 

He, Ar, H2); finally, the nitrogen (N2) comes from a tank placed outside the building where it is 

kept liquid. For each gas, there is an inlet steel line and a thermoregulated valve which enables to 

decrease the pressure from the cylinder (100-200 bar) to the line one (4-5 bar).  

The rig has six lines whose diameters are either 1/4’’ or 1/8’’: three lines used for fuels or co-

feeding (mostly for CH4 and H2), the air feed line and two nitrogen lines (complementary N2 and 

N2 sent to the saturator). Each line has its own electronic mass flow controller (model Brooks 

5850S). The MFC employed for the majority of the experiments were: 

 

 gaseous fuels line (CH4, H2) provided with a 200 NL/min MFC; 

 air line provided with a 100 NL/min MFC; 

 saturator nitrogen line provided with a 200 NmL/min MFC; 

 complementary nitrogen line provided with a 3 NL/min MFC. 

 

Moreover, for each line there are: 

 an inlet valve to separate the lines and avoid back-flow; 

 two Bourdon spring gauges (6 bar) upstream and downstream of the Brooks to control its 

operation; 

 a metal mesh filter (7 μm) to protect the instruments from impurities in the gases; 

 at least one interception valve before and after the MFC. 

 

Mass Flow Controller Calibration 

Each mass flow controller must be manually calibrated for each different species which passes 

through it. This calibration procedure consists of a few repeating steps:  

 the MFC is opened at a known opening; 

 the corresponding volume flowrate is manually measured by a glass bubble flowmeter and   

is saved as a response for this opening; five measurements are collected for each opening; 
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 after the first two steps repeated for several openings which should be preferably in the 

region of the flows that will be studied, a regression line is computed. An example is seen 

in Fig. 3-2.  

 

Fig. 3-2: Example of calibration curve for the methane. 

 

Feed of liquids 

As previously mentioned, some liquid reactants like ethanol and formic acid were used in these 

experiments and they were fed to the system as a vapour by using saturator which is a small vessel 

filled by the liquid as seen in Fig. 3-3.  Saturator is equipped with inlet and outlet lines to which 

the saturator nitrogen line is connected. The inlet one arrives below the free level of the liquid and 

makes the N2 flow passing through the liquid inside before it exits: in this way a part of the liquid 

evaporates and it is dragged by the N2 flux, so that it is in saturated conditions at the outlet. 
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Fig. 3-3: Saturator Setup. 

The vapour pressure of the liquid species is found by the semi empirical Antoine’s law,  

 

𝑝𝑖
0(𝑇) = 𝑒𝑥𝑝 (𝐴𝑖 +

𝐵𝑖

𝑇+𝐶𝑖
)          (3.1) 

 

Ai, Bi, Ci are empirical coefficients specific for each chemical component as given in Table 3-1. 

 

Table 3-1: Coefficients of the Antoine's law for the considered species, where T is expressed in K and p is 

expressed in atm [31].  

Species Ai Bi Ci 

C2H5OH 8.1122 1592.864 226.184 

HCOOH 6.94459 1295.26 218 

H2O 4.6543 1435.264 -64.848 

 

 

Since the saturator and the rig are operated at atmospheric pressure, the partial pressures of each 

species are calculated according to the ideal gas model below,  

 

𝑦𝑖 =
𝑝𝑖

0(𝑇)

𝑝
                              (3.2) 
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Consequently, the flow of the evaporated species expected at the outlet of the saturator is found 

by, 

  

𝐹𝑖 =
𝑦𝑖

1−𝑦𝑖
𝐹𝑁2

            (3.3) 

The amount of liquid that evaporates in the saturator depends on both N2 flux and 

temperature. Therefore, it is really important to monitor the temperture and keep it constant during 

the test. For this reason, an electric heating plate regulated by a T-control is placed under the 

saturator. Moreover, the saturator is placed inside a becker filled by water which is thermally 

homogenized by magnetic stirrer during the day in order to exploit high thermal capacity of water 

to avoid possible temperature oscillations.  

 

3.1.2 Reaction Section  

 

All the lines converge into a unique line, which is afterwards splitted into two streams: the 

reactor stream and the bypass stream. A small packed-bed reactor seen in Fig. 3-4. containing a 

platinum-based catalyst, is placed on the upstream of this splitting. This reactor is taken into 

operation for some of the steam reforming and water co-feeding experiments for water synthesis 

by letting the hydrogen, air and complementary nitrogen streams flow across the catalytic bed. 

During this synthesis, the nitrogen coming from the air and the complementary line are employed 

to reach an appropriate dilution of the H2-O2 mixture to keep it far from the flammability limits. 

The flow coming from the saturator line bypasses this reactor and is then mixed with its outlet 

stream in order to avoid reactions between H2, O2 and the liquid fuel before the injection to the 

main reactor. When water is not required among the reactants stream this reactor is not taken into 

operation and is bypassed by all the lines. 
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Fig. 3-4: Pt-reactor adopted for water synthesis (left) and its insulated state inside the rig (right). 

Both the main reactor and the bypass streams are heated up by electric resistances starting 

from the outlet of saturator and the platinum based reactor up to the outlet of  the rig, kept at 120-

130°C to avoid any condensations in the lines. Both lines are equipped with an upstream shut-off 

valve, while the reactor has one also downstream which prevents reactant backflow from the bypass 

and allows the reactor to be completely isolated. 

These two lines meet again at the downstream of the main reactor and converge towards a 

two-way valve: this allows the gas to be sent to the vent or alternatively to a bubble flow meter  to 

be used to measure the molar flows manually. 
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Annular Reactor  

The main reactor consists of a quartz cylinder tube with an inlet and an outlet for the gases in 

which a high purity alumina tube (99.8%) is inserted, coated with a thin layer of catalyst with a 

known length and mass. It is shown in Fig. 3-5. In this way, annular flow can be obtained in the 

reactor that and this guarantees different benefits compared to traditional packed bed reactors in 

some ways; 

    • less diffusive limitations both intra-fasic (the catalytic layer is thin) and inter-phasic (the 

thickness of the annular section is reduced to about 0.5 mm); 

    • the possibility to use higher spatial velocities, or Gas Hourly Space Velocity (GHSV), and 

studying fast reactions limited by equilibrium; 

    • possibility to measure directly the temperature of the catalytic layer since it is very thin and 

it is possible to consider it in thermal equilibrium with the alumina tube; 

    • high capacity for heat dissipation by irradiation combined with the high dilution in nitrogen 

(90-95% N2) with the advantage of the possibility to conduct experiments that allows limited 

axial temperature gradients; the reactor can be considered substantially isothermal. 

These characteristics of the annular reactor allow to study the kinetics of very fast and not 

thermodynamic equilibrium-limited reactions such as the combustion of hydrocarbons at high 

temperatures that occurs during the CPO. 

The reactor is inserted in a cylindrical furnace with three zones Carbolite TZF 12/38/400 of 

internal diameter 6 cm and length 45 cm. The two lateral electric resistances work together with 

the central one in order to keep the set temperature uniform over the entire length of the oven and 

the temperatures of each zone are monitored by PID regulators that use N-type thermocouples as 

sensors. 

Two K-type thermocouples (600 mm long and 1 mm in diameter) are made to slide inside the 

alumina tube placed next to the reactor  and inside the oven environment as illustrated in Fig. 3-6. 

In this way it is possible to measure the temperature profiles along the axial axis of catalytic bed 

and  the corresponding internal oven environment.  
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Fig. 3-5 Scheme of cylindrical annular reactor. 

 

Fig. 3-6: Diagram of the thermocouples inserted in the reactor and the oven. 

  

3.1.3 Analysis Section 

The analysis of the composition of the gaseous flows is performed by means of a micro gas 

chromatography, shown in Fig. 3-7. A sample of the mixture is aspirated and inserted through an 

injector into a capillary column, inside which a transport gas (or "carrier") flows. The column is 

covered internally by a solid species that has different affinities with the different molecules 

passing through it. The solid tends to form chemical bonds with the gases, but these are re-brought 

into the solution by the carrier gas. The final effect is a slowdown of the species and the greater is 

the gas-solid affinity, the greater is the slowing down effect. Therefore, they will come out of the 

column separated and at different times. At the exit of the column a TCD (Thermal Conductivity 

Detector) is placed. It consists of a Wheatstone bridge in which a resistance is connected to a flow 

of carrier only, another to the flow coming out of the column. If the two resistances are run over 

by flows with different thermal conductivity they will be cooled differently and, due to the 

dependence of the resistivity from the temperature, there will be a variation of the voltage in time 

that is measured by a sensor. The resulting voltage signal is called chromatogram. Fig. 3-8 shows 
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an example of a chromatogram produced by the micro gas chromatograph for an analysis during 

an ethanol steam reforming experiment. 

 

Fig. 3-7: Gas chromatography as a part of the rig. 

 

 

Fig. 3-8: Chromatogram examples. 

Since the species have been previously separated in the column, each of them is associated 

with a peak in the voltage signal and the area underneath is proportional to its quantity. However, 

to convert areas into concentrations it is necessary to introduce αi, response factors, which are 

defined as follows: 
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𝛼𝑖 =
𝑁̇𝑖/𝑁̇𝑁2

𝐴𝑖/𝐴𝑁2

             (3.4) 

 where 𝑁̇𝑖,𝑁̇𝑁2
 are the volume or molar fluxes of the 𝑖 component and of nitrogen [NmL/min], 𝐴𝑖 

and 𝐴𝑁2
 are the areas [µV*s] of the peaks of species 𝑖 and of nitrogen. The response factors, 

obtained from a gas chromatograph calibration, establish a direct proportionality between the flows 

and the areas, therefore they allow to evaluate the flows of each species knowing the flow of 

nitrogen. Some of the response factors used are shown in separetely for ethanol and formic acid in 

Table 3-2, respectively and the characteristics of the analysis methods used in the experiments are 

given in Table 3-3.  

Table 3-2: Response factors of some species. 

Column Species αi 

B (Plot U) O2 + N2 + CO 1 

 CH4 0.43 

 CO2 0.838 

 C2H4 0.888 

 C2H6 0.777 

 H2O 2 

 HCOOH 0.7757 

 C2H4O 0.777 

 C2H5OH 0.699 

A (Molecular sieves) H2 0.088 

 O2 0.84 

 N2 1 

 CH4 0.43 

 CO 1.039 
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Table 3-3: Characteristics of analysis methods. 

Method Etanolo2 SR_Oxygenates 

Column A B A B 

T column [°C] 90 90 90 160 

T injector [°C] 100 100 100 100 

Pressure [psi] 29 20.30 29 35 

Injection time [ms] 30 30 30 10 

Analysis time [s] 480 480 300 300 

      

In the rig, an Agilent 3000A micro-gaschromatograph equipped with two capillary columns 

is installed as shown in Fig. 3-9: column B (PlotU) uses helium as carrier, while column A 

(molecular sieves) uses argon. The characteristics of the columns are shown in Table 3-4. In order 

not to alter the analysis, the transport gas must not contain impurities. Therefore, water and oxygen 

traps and dust filters have been installed on the upstream of it.  

 

 

 

Fig. 3-9: Operating scheme of the gas chromatograph. 
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Table 3-4: Characteristics of gas chromatograph columns. 

 A (Molecular sieves) B (Plot U) 

Column type capillary capillary 

Length [m] 10 8 

Diameter [cm] 0.32 0.32 

Carrier Ar He 

Column Tmax [°C] 180 160 

 

 

3.2 Experimental procedures 

 

3.2.1 Start-up of the rig 

The first operation before starting any experiment in the rig is the start-up of the suction 

hood to avoid gas leakage to the working environment. Then, the reagent cylinders placed outside 

the building and the valves placed upstream and downstream of the pressure reducer are opened. 

The reducer is typically set to 4 bar for ordinary gases and 5.5 bar for transport gases. Next, the 

shut-off valves are opened at the entrance to the system. At this point, before sending any gas 

through the pipelines, the electrical resistances that surround the lines and the related thermo-

controllers, the oven (which is set to the desired set point) and the mass flow controller should be 

opened together with the one of the TCDs which is controlled by setting the analysis method 

through the computer. Micro-gas chromatograph is always kept opened.  

 

Flow measurements by the flow meter 

Once the heating elements have reached the operating temperature, the gases used in the 

experiment are sent through the bypass line while the reactor valves are fully closed. The desired 

flow rate of each gas is set by adjusting proper openings of Brooks flowmeters. Each flowrate is 

then also measured by means of a bubble flow meter as an additional check. For using the bubble 

flow meter, it is necessary to turn the three-way valve to the direction of the flow meter from 
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direction of the vent. Time measurements are taken with a chronometer (sensitivity 0.01 s) and an 

average of measurements is calculated. To bring the measurement unit back to NmL, the flow 

temperature is also measured. Then the flow rate is given by the equation: 

 

𝑁̇𝑖   [𝑁𝑚𝐿/𝑚𝑖𝑛] =
𝑉𝑚𝑖𝑠𝑢𝑟𝑎𝑡𝑜  [𝑚𝐿]

𝑡𝑚𝑒𝑑𝑖𝑜  [𝑚𝑖𝑛]

273.15

𝑇𝑚𝑖𝑠𝑢𝑟𝑎𝑡𝑎  [𝐾]
   (3.5) 

 

This procedure is repeated for each gas flows. 

 

3.2.2 Implementation of the experiments 

The reagent lines and the relative mass flow controllers are opened keeping the mixture always 

above the upper flammability limit. For example, in the methane CPO it will be necessary to first 

open the nitrogen, then the methane and finally the oxygen. Fig. 3-10 shows a representation of the 

flammability range of this mixture as the concentrations of the species vary.  

 

Fig. 3-10 Flammability range of a EtOH/N2/Air at 25°C and Atmospheric Pressure [23]. 

 

Then the analysis of the flow of reagents is performed through the GC to verify the 

consistency between the flows measured at the flowmeter and those calculated by the analyses. If 
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these two flows are matched, the valves upstream and downstream of the reactor are opened and 

the valve on the bypass is closed and thus sending the reactants to the reactor. When the oven has 

reached the set point temperature in a stable way (waiting time is about half an hour), the analysis 

of the products leaving the reactor is carried out at the GC. In order to reduce the experimental 

error, an average of three different analyses is calculated for each temperature point. The tests are 

carried out from a starting temperature ranging from 100-300°C up to 750 - 850°C with the 

intervals of mostly 50°C (sometimes shorter intervals like 20-40 °C, depending on the experiment). 

For each test the temperature profiles are measured along the axis of the furnace manually. 

 

3.2.3 Shut-down of the rig 

Once the tests are finished, the oven set point is lowered to zero. When the temperature on 

the screen starts decreasing, the oven can be switched off. The mass flow controllers and shut-off 

valves are then closed in reverse order with respect to the opening in order not to fall within the 

flammability range. However, the nitrogen is left open for a few minutes and allowed to flow into 

the reactor to clean it. After that, the reactor is isolated by opening the bypass valve and closing 

the downstream valve first and then upstream in order to leave it under slight nitrogen pressure. At 

this point, flow controllers and the valves on the nitrogen lines can be closed. Then, it is possible 

to close the system inlet valves, the ones straddling the pressure reducer and finally the external 

tanks of the reagents. The socks (the lines heating elements) and the hood are switched off. Finally, 

the micro-GC is left in the shut-down method which is called as “spegnimento”. Periodically it is 

necessary to perform the conditioning of the micro-GC, that is the cleaning of the columns from 

reagents eventually remaining inside, bringing the columns to high temperature and making helium 

and argon flow for 8-12 hours with the TCD filaments turned on. 

 

 

3.3 Experimental data processing  

Every test carried out for this thesis work involved the measurement of temperature profiles 

and of composition of the output flow. Since for each experiment a certain temperature range was 

investigated, steady-state measurements were repeated for every set point temperature imposed on 

the oven. In this paragraph the post-processing of collected experimental data and the way of 

presenting final results are described. 
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3.3.1 Calculation of molar flows starting from chromatographic analyses 

The composition of the mixture coming out from the quartz reactor, hence corresponding 

to the composition reached at the outlet section of the catalytic layer (if accepted that no 

homogenous reactions take place downwards), was measured at every temperature step of each 

test, starting from the chromatographic analyses. The procedure here described was used to 

estimate the molar flowrate of each species in the mixture.  

The areas under the peaks of the chromatogram are proportional to the volume flowrate of 

the corresponding species, according to a correction factor which depends on the sensibility of the 

detector towards the specific component. This factor must be evaluated during the calibration 

procedure. It is necessary to choose a reference species, used to normalize all the other 

measurements. Nitrogen, an inert species present in large excess in all the tests of this thesis work, 

was used as reference. Nitrogen peak is detected by both the columns of the gas chromatograph. 

However, Column B does not separately detect N2, O2 and CO and combines them in a single 

macro-peak. Therefore, to isolate them, it is necessary to resort to the signal of column A and to 

evaluate the fraction of the area under the macro-peak owning to nitrogen: 

𝑥𝑎𝑟𝑒𝑎𝑁2
=  

𝐴𝑁2
𝐴

𝐴𝑁2
𝐴 + 𝐴𝑂2

𝐴 +𝐴𝐶𝑂
𝐴      (3.6) 

An average fraction on three consecutive chromatographic analyses is evaluated, in order to have 

a solid estimate: 

𝑥𝑎𝑟𝑒𝑎𝑁2

𝑎𝑣𝑒𝑟𝑎𝑔𝑒
=  

𝑥𝑎𝑟𝑒𝑎𝑁2

𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 1
+ 𝑥𝑎𝑟𝑒𝑎𝑁2

𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 2
+ 𝑥𝑎𝑟𝑒𝑎𝑁2

𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 3

3
   (3.7) 

The area of the apparent nitrogen in signal B can be therefore calculated: 

𝐴𝑁2 𝑎𝑝𝑝
𝐵 = 𝐴𝑚𝑎𝑐𝑟𝑜

𝐵 ∗ 𝑥𝑎𝑟𝑒𝑎𝑁2

𝑎𝑣𝑒𝑟𝑎𝑔𝑒
    (3.8) 

Since nitrogen is the reference species, it is necessary to use its area to normalize the areas 

under the peaks of all the other components detected by the gas chromatograph. For the signals of 

column B the apparent nitrogen area just calculated is used, while for column A the measured 

nitrogen area is directly employed: 

𝑓𝑖 =
𝐴𝑖

𝐴𝑁2

              𝑐𝑜𝑙𝑢𝑚𝑛 𝐴     (3.9) 



 

29 
 

𝑓𝑖 =
𝐴𝑖

𝐴𝑁2 𝑎𝑝𝑝
𝐵               𝑐𝑜𝑙𝑢𝑚𝑛 𝐵    (3.10) 

 

Again, for each species the average ratio is then estimated: 

𝑓𝑖
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

=
𝑓𝑖

𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 1
+𝑓𝑖

𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 2
 𝑓𝑖

𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 3

3
     (3.11) 

It is also necessary to estimate the response factor 𝛼𝑖 of each species: this parameter account 

for the different sensitivity of the detector towards a specific component when compared to the 

reference (whose response factor is fixed to 1). During the calibration procedure, a mixture with 

known composition is sent to the gas chromatograph and response factors are estimated. Since 

these factors depend on the temperature of the analysis and on the composition of the mixture that 

reaches the chromatograph, the calibration procedure must be carried out in conditions similar to 

the system of interest. 

Once all 𝑓𝑖
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

 and 𝛼𝑖 are known, it is possible to evaluate the flowrate (Ṅ𝑖, Nml/min) of each 

species using the following equation: 

Ṅ𝑖 =  𝑓𝑖
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝛼𝑖Ṅ𝑁2
    (3.12) 

The flowrate of nitrogen is calculated with the following equation, where the total flow (measured 

at the flowmeter) is used: 

Ṅ𝑖 =
Ṅ𝑇𝑂𝑇

∑ 𝑓𝑖
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝛼𝑖
𝑁𝑆
𝑖=1

                       𝑤ℎ𝑒𝑟𝑒 𝑁𝑆 = 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠  (3.13) 

Molar fractions can be evaluated as follows: 

yi =
Ṅi

ṄTOT
     (3.14) 

Conversions of reactants j are defined as: 

𝜒𝑗 = (
Ṅ𝑗

𝑖𝑛− Ṅ𝑗
𝑜𝑢𝑡

Ṅ𝑗
𝑖𝑛 ) ∗ 100    (3.15) 
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Carbon and hydrogen selectivities are also evaluated. Carbon selectivity towards product species i 

is given by: 

𝜎𝐶,𝑖 =  
Ṅ𝑖

𝑜𝑢𝑡∗𝑛𝐶,𝑖

Ṅ𝐶,𝑐𝑜𝑛𝑣
∗ 100              𝑤ℎ𝑒𝑟𝑒 𝑛𝐶,𝑖 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖     (3.16) 

Where Ṅ𝐶,𝑐𝑜𝑛𝑣 accounts from the carbon atoms that passed from reactants’ molecules into 

products’ molecules: 

Ṅ𝐶,𝑐𝑜𝑛𝑣 =  ∑ (Ṅ𝑗
𝑖𝑛 − Ṅ𝑗

𝑜𝑢𝑡) ∗ 𝑛𝐶,𝑗 𝑁𝑅
𝑗=1            𝑤ℎ𝑒𝑟𝑒 𝑁𝑅 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑛𝑔 𝑠𝑝𝑒𝑐𝑖𝑒𝑠   (3.17) 

Finally, it is important to evaluate the material balance of carbon atoms, in order to see if any 

carbon deposition is taking place or if the feeding mixture is changing. 

 

𝐵𝐶 =  
 ∑ Ṅ𝑖

𝑜𝑢𝑡∗𝑛𝐶,𝑖 𝑁𝑅
𝑖=1

∑ Ṅ𝑖
𝑖𝑛∗𝑛𝐶,𝑖 𝑁𝑅

𝑖=1

     (3.18) 

 

3.3.2 Temperature profiles 

Two thermocouples are employed to measure the temperature steady-state axial profile on 

the catalyst side and on the oven side at every temperature step of each test. Measurements were 

performed every 2 mm along the length of the catalytic layer. Moreover, some measurements were 

done also upstream and downstream with respect to the catalytic layer, in order to complete the 

analysis and to better check the absence of homogeneous reactions in these zones. 

The annular reactor employed for this thesis work can often be approximated as isothermal: this 

assumption is considered true when the axial temperature gradient does not exceed 5 °C/cm. This 

hypothesis is not strictly verified in all the tests carried out. For this reason, the measurement of 

these profiles is meaningful. Furthermore, for the purposes of graphic representation of 

composition results, it is convenient to use an average temperature value, which hence has to be 

estimated from the entire axial profile. To this purpose, the algebraic average of the temperatures 

measured on the catalytic bed is considered. 
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3.3.3 Presentation of the results 

Conversion of reactants and composition of the outlet product mixture (expressed in terms 

of molar fractions of its components) were represented as function of the average measured 

temperature for each experimental test. Hence, plots with temperature on the abscissa and 

conversion/molar fraction on the y axis were drawn. In these graphs, dashed lines correspond to 

values estimated at the thermodynamic equilibrium. The Stanjan code [32] was used to evaluate 

the equilibrium composition of a mixture, approximated as ideal gas mixture. Temperature and 

pressure are given as input values to the program. 

In addition to these graphs, temperature profiles were plotted as function of the axial coordinate, 

in order to well visualize the axial trend. The results are reported as ΔT between reactor and oven 

for a dual purpose. On one side, in this way the profiles measured for different set point temperature 

can be put together in the same plot to be easily compared.  Secondly, this is the most effective 

way to detect exothermic and endothermic phenomena.  

 

3.4 Description of the operating conditions of the experiments 

The general conditions related with the experiments performed for this thesis work are 

described here. However, some of these parameters were adjusted by the purpose of the specific 

study. 

All tests were carried out at atmospheric pressure and by making a temperature climb from 100-

300°C to 700-850°C at intervals of mostly 50°C (sometimes less/ more than 50°C) and speed 

10°C/min. 

3.4.1 Catalytic Partial Oxidation tests (CPO) of methane and ethanol 

The typical conditions of the tests are: 

 

 fuel fraction calculated to have a 3% molar of carbon in feed, O2 at 1.68% (O2/C = 0.56) 

and N2 to complement; 

 GHSV was ranged from 2.5×105 NL/ (kgcat h) to 2×106 depending on the specific test. 

 

Oxygen is supplied by the flow of air. The dilution nitrogen is fed by the appropriate line, while 

the fuel is fed from a gas line or from a saturator if liquid. Methane as a fuel is supplied from a 

20% nitrogen-diluted or as pure methane bottles. 
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3.4.2 Steam Reforming tests (SR) of ethanol 

The standard test conditions are:   

    • fuel fraction calculated to have a 3% molar carbon, H2O at 3% (Steam/C=1) and 

complementary nitrogen; 

    • GHSV ranging from 5×105 NL/(kgcat h) to 1.5×106  NL/(kgcat h). 

The dilution nitrogen from a special line, while the water is generally produced in a platinum-

based reactor upstream of the main reactor by feeding H2 and O2. To avoid contamination of the 

test it is necessary to make the oxygen react completely, therefore an excess of 5% of H2 is used. 

This excess is then subtracted from the experimental curves, so that they represent only the net 

production of hydrogen due to reforming. Ethanol was stored liquid in the saturator, where a stream 

of N2 was sent as done in CPO tests.  

3.4.3 Steam Reforming tests (SR) of methane 

The standard test conditions are:   

    • fuel fraction calculated to have 1% molar carbon, H2O from 1.5% to 4.5% (Steam/C=1.5-4.5) 

and complementary nitrogen; 

    • GHSV fixed at 1.0×106  NL/(kgcat h). 

In these experiments, methane was taken from the bottle outside the lab and sent as a gaseous 

fuel, while water was fed using the saturator. Hence, in this case, Pt-reactor was not employed. 

3.4.4 Steam-assisted formic acid decomposition 

The standard test conditions are:   

    • fuel fraction calculated to have molar carbon between 1% and 3%, H2O from 1.5% to 4.5% 

and complementary nitrogen; 

    • GHSV ranging from 5×105 NL/(kgcat h)  to 1.5×106  NL/(kgcat h). 

In these experiments, methane was taken from the bottle outside the lab and sent as a gaseous 

fuel, while water was fed using the saturator. Hence, in this case, Pt-reactor was not employed. 
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3.5 Preparation and characterization of catalysts 

Six annular reactors were prepared during this thesis work and five of them were tested. The 

catalytic powders that were employed came from two different batches: 

 Batch 1 (GV1, GV2): catalytic powders prepared in the past were used. Hence the first 

step of the recipe performed in this thesis work was the slurry preparation; 

 Batch 2 (GV3, GV4, GV5, GV6): the recipe was performed from the beginning, starting 

from the preparation of the support. 

All the tested catalysts were 2% w/w Rh/-Al2O3, but they were deposited in layers of different 

length. The procedure for the preparation of annular reactors was developed and tested in previous 

works [33]–[35], and is described in this paragraph.  

 

3.5.1 Preparation of the support 

-alumina support was chosen as support material, due to its stability at high temperature. 

Furthermore, its low surface area, ensures its inertness towards rhodium inclusion, phenomenon 

that would diminish the catalytic activity [36]. A commercial γ-Al2O3 in powder form (SASOL 

PURALOX SCFa140,) was used for the preparation of Batch 2. A calcination process was carried 

out to obtain -Al2O3. The calcination is a controlled heating procedure in an oven. The following 

steps were carried out:  

 controlled heating form Tamb to T = 1100°C with a rate of 1°C/min; 

 permanence at 1100°C for 10 hours; 

 controlled cooling from T = 1100°C to Tamb with a rate of 2°C/min. 

One sample of -alumina used for Batch 2 was characterized through BET analysis (TriStar 

Micromeritics) and Hg porosimetry (MicroActive AutoPore V) in order to estimate the surface area 

and pore volume. A BET surface area of 8 m2/g and pore volume of 0.21 cm3/g were evaluated. 

 

3.5.2 Preparation of the catalytic powders 

Once -alumina powder is ready, rhodium, the active element, must be added. The 

technique of dry impregnation (or incipient wetness impregnation) was employed: this 
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methodology consists in impregnating drop by drop the powders of the support with an amount of 

solution equal to the pore volume of the support itself. Operating in this way, any loss of active 

element is prevented and the exact amount of Rh deposited on the catalyst is known [37]. A solution 

of rhodium nitrate (Rh(NO3)3) in water (14.65% w/w) solution was used.   

Firstly, the mass of rhodium (𝑚𝑅ℎ) necessary to reach the desired final percentage 𝑦𝑅ℎ (2% 

w/w for the catalysts of this thesis work) is calculated: 

𝑚𝑅ℎ =
𝑚𝛼−𝐴𝑙2𝑂3∗𝑦𝑅ℎ

1−𝑦𝑅ℎ
       (3.19) 

Where 𝑚−Al2𝑂3
is the mass of support that is subjected to impregnation. The required mass of 

nitrate solution (𝑚𝑠𝑜𝑙) is then evaluated, using the mass fraction of rhodium in the solution 𝜔𝑅ℎ𝑠𝑜𝑙
: 

𝑚𝑠𝑜𝑙 =
𝑚𝑅ℎ

𝜔𝑅ℎ𝑠𝑜𝑙

     (3.20) 

From the mercury intrusion measurements, it is possible to evaluate the pore volume 

𝑉𝑝𝑜𝑟𝑜𝑢𝑠_𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 of the support -alumina (equal to 0.21 mL/g-alumina for Batch 1). The amount of 

impregnating solution 𝑚𝑠𝑜𝑙 must be diluted up to reach a volume (𝑉𝑝𝑜𝑟𝑒𝑠) equal to pore volume, 

according to dry impregnation procedure. 

𝑉𝑝𝑜𝑟𝑒𝑠 = 𝑚−Al2𝑂3
𝑉𝑝𝑜𝑟𝑜𝑢𝑠_𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐   (3.21) 

However, since a flask with a fixed volume is available (5 mL), the impregnating solution 

had to be furtherly diluted up to reaching this volume (𝑉𝑓𝑙𝑎𝑠𝑘). In conclusion, the mass of Rh nitrate 

solution that has to be used is: 

𝑚𝑠𝑜𝑙 𝑓𝑖𝑛𝑎𝑙 =
𝑉𝑓𝑙𝑎𝑠𝑘

𝑉𝑠𝑜𝑙
𝑚𝑠𝑜𝑙     (3.22) 

The impregnation procedure consists in a slow dripping of the solution onto alumina 

powders by periodically mixing the sample with a spatula so that all the liquid is absorbed by the 

powders. The dripping is stopped when the dropped volume is equal to pore volume, hence when: 

𝑉𝑑𝑟𝑜𝑝𝑝𝑒𝑑 =  𝑉𝑝𝑜𝑟𝑒𝑠     (3.23) 
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For the dripping procedure, a graduated burette was used on a support, while the powders 

were contained in a crystallizer. After the impregnation, the catalytic powders are placed in an oven 

at 120°C for at least 3 hours to dry, so that only the rhodium nitrate remains on the powders. This 

thermal treatment also makes the solution supersaturated (for the evaporation of the solvent) and 

makes the active element crystalize, fixing onto the surface of the support. 

The impregnated powders were characterized. BET analysis (TriStar Micromeritics) was 

performed to evaluate surface area. A pulse-chemisorption technique with hydrogen was applied 

to evaluate the dispersion of the active element on the support. Finally, a chemical analysis was 

carried out to measure the real percentage of Rh present on the catalytic surface. These properties 

of Batch 1 and Batch 2 are listed in Table 3-5. 

Table 3-5: Characterization of Rh/-alumina samples. 

Batch 
BET surface area 

[m2/g] 

Rh Dispersion 

[%] 

Rh percentage 

[% w/w] 

Batch 1 10 73 2.22 

Batch 2 8 29 2.3 

 

3.5.3 Preparation of the slurry 

Rheological properties of the slurry are fundamental for the efficacy of the subsequent 

deposition step. In particular, its viscosity should be properly tuned by regulating its composition. 

A stable suspension is prepared, dispersing impregnated alumina powders in water, using a 

monoprotic acid (HNO3) as dispersant. The latter is responsible for the stabilization of the 

suspension, by charging the surface of the powder [38].  

Both the ratios H2O/powder and HNO3/powder influence final properties of the slurry, 

because “external” water (i.e. water not adsorbed inside the pores) and powder surface acidity 

affects viscosity. Hence, powders pore volume regulates the H2O/powder ratio, while the amount 

of acid that must be used depends on powders maximum surface charging [38]. 

To create a slurry with the desired characteristics, it is advisable to use a quantity of distilled 

water equal to 1.4 mL/gpowder and of nitric acid equal to 1.7 mmol/gpowder. 
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The amount of nitric acid is hence calculated as follows: 

𝑚𝐻𝑁𝑂3
=

𝑚𝑝𝑜𝑤𝑑𝑒𝑟∗1.7∗𝑃𝑀𝐻𝑁𝑂3

1000
    (3.24) 

Knowing nitric acid concentration in the starting solution (65% w/w), the mass of required 

solution is easily calculated. The amount of water that has to be added is calculated by difference: 

𝑚𝐻2𝑂 = 1.4 ∗ 𝜌𝐻2𝑂 ∗ 𝑚𝑝𝑜𝑤𝑑𝑒𝑟 −
𝑚𝐻𝑁𝑂3(1−0.65)

0.65
  (3.25) 

After the preparation, the slurry is put in 

a plastic container and subjected to ball milling, 

controlled mixing procedure that aims to 

homogenize the dispersion and to decrease 

powder particle size (Fig. 3-11, Fig. 3-12). To 

this purpose, zirconia balls are put inside the 

slurry in an amount equal to 8 times the initial 

mass of powder. Smaller particles favour the 

adhesion capability of the coating material, but, 

however, viscosity also increases [37]. The 

plastic container in inserted in a metallic closed 

cylinder, filled with paper to maintain the position. Counter-rotating cylinders sustain this metallic 

cab, driven by an adjustable electric motor. The speed is set to 40 rpm and the ball milling 

procedure continues for 24 hours. 

 

Fig. 3-11: Representation of ball milling. 

Fig. 3-12: Metallic cab rotating on cylinders during ball milling. 
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3.5.4 Deposition of the layer 

A dip coating procedure is performed to deposit the slurry on alumina tube. An electrically 

driven vertical slide is employed and the tube, attached to it (Fig. 3-13, Fig. 3-14), is immersed in 

a graduated cylinder containing the slurry. To optimize this step, it is necessary to keep a slow and 

controlled speed of withdrawal of the tube. The faster is the extraction of the tube from the cylinder, 

the higher is the coating load [39]. It is recommended to maintain a withdrawn speed higher than 

3 cm/min [39]. Good properties of the slurry are also important (in particular, viscosity and  

 

homogeneity) for the success of this step of preparation. The higher is the viscosity of the slurry, 

the higher is the coating lad per immersion, but, consequently, the adhesion diminishes [37]. The 

major goal is to deposit a uniform layer, well adherent to the alumina tube. In order to cover only 

the desired length of the tube in contact with the slurry Teflon is used to cover the limiting zones.  

After this step the coated tube must be dried in order eliminate the solvent from the pores. 

This phase is delicate, since drying can generate strong capillary forces that can origin cracks, thus 

affecting the adhesivity. For this reason, a controlled thermal treatment must be adopted [37]. In 

Fig. 3-13: Picture of dip-coating for 

primer deposition. 
Fig. 3-14: Representation od dip-coating 

procedure. 
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particular, the alumina tubes prepared in this thesis work, once extracted, were subjected to a flash 

drying in oven at 280°C for about 10 minutes. This procedure limits shrinkage effect and permits 

a good fixation of the layer on the tube [37]. Before the deposition of the catalytic slurry, a primer 

layer is deposited on the alumina tube in order to increase the adherence of the washcoat layer on 

the tube. A boehmite primer was used, prepared by dispersing 10% v/v of a commercial aluminium 

hydroxide powder (Disperal®, Condea Chemie) in a 0.4% w/w water solution of HNO3[39]. This 

layer leads to an increase of surface roughness, hence favouring the adhesion of the catalytic layer. 

The methods of deposition of the primer are similar to those of dip coating, with the only difference 

that drying takes place leaving the tube for about 30 minutes at ambient temperature. 

At each stage of the process the tubes were weighed (before the primer, after the primer, 

after the dip coating) and the weight of the deposited catalytic layer was therefore calculated by 

difference. For each weighing, the measurement was repeated at least three times and the average 

value was taken as the final measure. 

3.5.5 List of tubes 

Six tubes were prepared during this thesis work, using two slurries. Lengths and mass of 

the catalytic layers deposited on each tube are listed in Table 3-6, together with the slurry used for 

their preparation. Tube GV2 was not used during this thesis work. 

Table 3-6: List of catalytic tubes prepared during this thesis work. 

Tube Batch 

Length 

[cm] 

Mass of the catalyst 

[mg] 

GV1 Batch 1 6 54.17 

GV2 Batch 1 3 7.15 

GV3 Batch 2 5 49.67 

GV4 Batch 2 5 60.2 

GV5 Batch 2 5 36.27 

GV6 Batch 2 5 39.87 
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3.6 Raman Spectroscopy 

3.6.1 Introduction 

Raman analysis is a method that is used commonly to analyse and identify qualitatively the 

carbonaceous species formed during the CPO tests. The principle behind this method relies on the 

interaction between an electromagnetic radiation and matter that can give reflection, refraction, 

absorption and diffusion. The scattering can be of the elastic type (Rayleigh) or inelastic (Raman). 

In this second case, the energy (E = hv) of the incident photon is different from that of Raman 

photons and this difference is equal to a vibrational quantum which corresponds to how much 

vibrational energy was supplied or received by the molecule. Raman photon energy can be greater 

than the incident photon (Raman Anti-Stokes scattering) or it may be lower than the incident 

photon (Raman Stokes scattering). The schematic representation of the various types of scattering 

is shown in Fig. 3-15. In the case of Rayleigh scattering which is elastic type, the scattered radiation 

has the same frequency and the same wavelength with those of the incident. In the Stokes 

scattering, scattered radiation has a shorter wavelength than that of the incident, hence it has higher 

frequency. In the Anti-Stokes scattering, scattered radiation has a wavelength greater than that of 

incident, hence it has lower frequency. The intensity of the scattered Rayleigh is much greater than 

the intensity of the Raman Stokes and Anti-Stokes diffusion. The spectrum of Raman is unique for 

each single molecule, and therefore it allows the recognition of these molecules.  

 

Fig. 3-15: Scatturing types. 



 

40 
 

3.6.2 Theory of Raman Spectroscopy 

The function of the spectrometer is to break down a radiation in its components and digitize 

the signal according to the wavelength. Radiation collected by the microscope arrive to a slit 

through an optical fiber. Radiation penetrates on the slit of the spectrometer and is collimated by a 

concave mirror, then be directed on a lattice (grating). The grating disperses the spectral 

components of the radiation at different levels; thanks to a second concave mirror the radiations 

are conveyed to a detector. The photons can be absorbed by the electrons of the semiconductor 

material constituting the detector, so these excited electrons can generate an electric current or 

voltage signal with an intensity proportional to the energy of the incident photon.  

As mentioned previously, the quantitative indication of species is not possible through 

analysis of Raman spectra, and therefore the value of the peak area is not compared. However, we 

can estimate the relationship between the different types of peak areas present in the analysis. The 

ratio between the areas of D and G bands in Fig. 3-16. represents the indicator for the structure of 

the material deposited on the catalyst. The greater the D / G ratio (> 1.8), the greater carbonaceous 

species of amorphous and disordered type. For the intermediate D / G ratio (between 1 and 1.8), 

means that the carbon present on the surface of the catalyst can be graphitic and even more 

organized. While a D / G ratio less than 1 indicates the presence of carbonaceous species 

significantly organized in the form of nanotubes. 

 

Fig. 3-16: D and G bands seen in the spectrum. 
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3.6.3 Experimental Procedures of Raman analyses 

Raman analyses were performed in Sapienza Università di Roma. In this thesis, Via Renishaw 

1000 micro-Raman spectrometer equipped with an air-cooled CCD detector and edge filters was 

used. Raman spectra were measured at room temperature and in back-scattering geometry for the 

collection of the scattered radiation.  A 785.0 nm emission from a diode laser was focused on the 

sample particles by a Leica DLML microscope using 20x or 50x objectives with a power of the 

incident beam of about 4 mW. Repeated accumulations (10 or 20 scans x 10 s) were generally 

acquired on at least four regions/particles of each sample to check the sample homogeneity.  The 

spectral resolution was 3 cm-1 and spectra were calibrated using the 520.5 cm-1 line of a silicon 

wafer. Spectra processing was conducted by baseline removal and curve fitting using a Gauss-

Lorentz cross-product function by Peakfit 4.12 software (Jandel, AISN). 
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4 Thermodynamic calculations of the processes 

4.1 Introduction  

Steam reforming and partial oxidation of ethanol involve complex mechanisms and 

numerous species can be produced, as mentioned in paragraph 2.4. On the other hand, even if the 

decomposition mechanism of formic acid simpler due to its C1 property, several are the species 

present at equilibrium. 

The equilibrium composition was evaluated for all the tests reported in this thesis. As 

mentioned in the paragraph 3.3.3, the dashed lines present in composition plots represent the 

equilibrium condition. For these calculations program Stanjan [32] was used, inserting as input data 

temperature, pressure and initial composition of the system. The identification of products and reactants was 

required. For the case of ethanol, the catalytic partial oxidation process can be considered as the 

combination of oxidation and steam reforming reactions, in the presence of oxygen defect 

compared to complete combustion. For steam reforming (SR), hydrogen, carbon monoxide, carbon 

dioxide, methane, acetaldehyde, residual ethanol and water are considered here as possible 

products, as reported in previous thermodynamic studies realized [20]. For the case of CPO, oxygen 

is another species in addition to the steam reforming ones. On the other hand, for the case of formic 

acid the species taken into account for equilibrium calculations are hydrogen, carbon monoxide, 

carbon dioxide, methane, residual formic acid and water. Ethylene and, moreover, solid carbon 

(graphite) are not considered in these calculations. 

Hence, to complete this analysis, the thermodynamic study of these processes has been 

completed by minimizing the Gibbs global energy of the system, taking into account also possible 

formation of solid carbon and ethylene. For the sake of brevity, these results are not reported here. 

4.2 Minimization of Gibbs free energy 

The equilibrium compositions are calculated through the minimization of Gibbs free energy 

of the system. Matlab® software was used for these calculations. The thermodynamic and physico-

chemical properties involved in the calculation were selected from [31] and reported in Table 4-1 

and Table 4-2.  

The specific heat is calculated as follows, where T is expressed in K: 

𝑐𝑝 [
𝐽

𝑚𝑜𝑙∗𝐾
] = 𝐴 + 𝐵 ∗ 𝑇 + 𝐶 ∗ 𝑇2 + 𝐷 ∗ 𝑇3       (4.1) 
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Table 4-1: Enthalpy and entropy of formation of different species. 

Species Enthalpy of formation (ideal 

gas) [J/mol*K] (298 K) 

Entropy of formation (ideal 

gas) [J/mol*K] (298K) 

Ethanol C2H5OH -2.35e5 280.64 

Formic Acid HCOOH -3.786e5 248.70 

Acetaldehyde C2H4O -1.644e5 264.2 

Ethylene C2H4 52400 219.32 

Ethane C2H6 -8.474e4 229.12 

Water H2O -241814 188.72 

Carbon dioxide CO2 -393510 213.68 

Carbon monoxide CO -110530 197.56 

Methane CH4 -74520 186.27 

Oxygen O2 0 205.149 

Nitrogen N2 0 191.61 

Hydrogen H2 0 130.57 

C (gr) 0 5.734 

 

Table 4-2: Coefficients for the calculation of specific heat at constant pressure. 

Species A B C D 

Ethanol  9.014 2.141e-1 -8.39e-5 1.373e-9 

Acetaldehyde  7.716 1.823e-1 -1.007e-4 2.38e-8 

Ethylene  3.803 156.48e-3 -83.43e-6 17.54e-9 

Ethane  5.409 1.781e-1 -6.938e-5  8.713e-9 

Water  32.220 1.9225e-3 10.548e-6 -3.5940e-9 

Carbon dioxide  19.78 73.390e-3 -55.98e-6 17.14e-9 

Carbon monoxide 30.848 -12.84e-3 27.870e-6 -12.71e-9 

Methane  19.238 52.09e-3 11.966e-6 -11.309e-9 

Oxygen  28.087 -0.0042e-3 17.447e-6 -10.664e-9 

Nitrogen  31.128 -13.556e-3 26.777e-6 -11.673e-9 

Hydrogen  27.124 9.267e-3 -13.799e-6 7.64e-9 

C (gr) -5.416 58.981e-3 -43.559e-6 11.604e-9 
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The calculation of the equilibrium composition refers to specific conditions of T, P and feed 

composition. The total free energy of the system can be expressed as follows (T and P constant): 

𝐺 = ∑ 𝑛𝑖 ∗ 𝜇𝑖 = ∑ 𝑛𝑖 ∗ 𝐺𝑖    (4.2) 

Where 𝐺𝑖  [J/mol] is Gibbs partial free energy of species i, 𝜇𝑖 [J/mol] the chemical potential of 

species i and 𝑛𝑖  number of piers of species i. 

In this thermodynamic analysis, the ideal gas state is considered because the critical 

pressure of reactants and products is much higher than the operating pressure (1 atm). The critical 

properties of the compounds involved in the analysis are listed in Table 4-3. 

Table 4-3: critical temperatures and pressures of the species of interest. 

Species Critical Temperature [K] Critical pressure [bar] 

Ethanol 514 61.37 

Formic Acid 588 58.10 

Acetaldehyde 466 55.5 

Ethylene 282.34 50.41 

Ethane 305.32 48.72 

Water 647,13 219,4 

Carbon dioxide 304,21 73,9 

Carbon monoxide 132,92 34,9 

Methane 190,564 45,9 

Oxygen 154,58 50,2 

Nitrogen 126,2 33,9 

Hydrogen 33,19 13,2 

 

According to Lewis equation, the chemical potential is expressed as: 

𝜇𝑖(𝑇, 𝑃, 𝑦) = 𝜇𝑖(𝑇𝑟𝑒𝑓)
∗

+ 𝑅𝑇𝑙𝑛 (
𝑓𝑖

𝑓𝑖
0)    (4.3)   
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Where: 𝜇𝑖(𝑇, 𝑃, 𝑦) and 𝜇𝑖(𝑇𝑟𝑒𝑓)
∗
 [J/mol] are the chemical potential of species i, evaluated at the 

actual state of the system and at reference state respectively, while 𝑓𝑖  and 𝑓𝑖
0 are the actual and 

reference fugacity of species i. The reference state chosen is pure ideal gas, at P = 1 atm and Tref 

= 298K. 

The general expression of the fugacity of a species is the following: 

𝑓𝑖(𝑇, 𝑃, 𝑦) = 𝑃 ∗ 𝑦𝑖 ∗ 𝛷𝑖
𝑣(𝑇, 𝑃, 𝑦)    (4.4) 

Where 𝛷𝑖
𝑣(𝑇, 𝑃, 𝑦) fugacity coefficient of species i in a system at temperature T, pressure P and 

molar composition y.  

Approximating the system as an ideal gas mixture, the fugacity coefficient is unitary and 

the fugacity is reduced to the partial pressure of the i-th species. The expression of chemical 

potential becomes: 

𝜇𝑖(𝑇, 𝑃, 𝑦) = 𝜇𝑖(𝑇𝑟𝑒𝑓)
∗

+ 𝑅𝑇𝑙𝑛 (
𝑃∗𝑦𝑖

𝑃0 )   (4.5) 

 

The chemical potential at reference conditions µi(Tref)* can be expressed as: 

𝜇𝑖(𝑇𝑟𝑒𝑓)
∗

= ℎ𝑖 − 𝑇𝑠𝑖     (4.6) 

Where ℎ𝑖 [J/mol] 𝑠𝑖 [J/mol/K] are the molar enthalpy and molar entropy of species i. 

Summing up the chemical potentials, Gibbs global free energy will be a function to be 

minimized by using the codes developed on Matlab®. 

The constraints of minimization are the atomic balances applied to carbon, hydrogen and 

oxygen. 

∑ 𝑘𝑖,𝑗 ∗ 𝑛𝑖
0 = ∑ 𝑘𝑖,𝑗 ∗ 𝑛𝑖    (4.7)  

Where 𝑘𝑖,𝑗 represents the number of j atoms (j=C, H, O) in species i, while 𝑛𝑖
0 and 𝑛𝑖  are the 

number of moles of species i in the initial state and at thermodynamic equilibrium respectively. 

Another constraint is that the number of moles of each species at equilibrium cannot be less than 

zero. 
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5 Mathematical model of the annular reactor 

In order to complete the analysis of formic acid decomposition and methane SR, a one-

dimensional heterogeneous model of the annular reactor was used to simulate the results. This 

model was developed in previous works [40]–[42] to simulate the process of catalytic partial 

oxidation of hydrocarbons on a Rh/Al2O3 annular reactor. In this thesis work, this model was 

initially used to simulate the experiments of methane CPO and SR over tube GV5, with the addition 

of some modifications to account for the greater length of the catalytic layer. The model was then 

extended with the inclusions of kinetic equations of formic acid decompositions reactions. Hence, 

tests of formic acid decomposition over tube GV5 were also simulated. 

The main assumptions considered for this model are: 

 ideal plug-flow conditions for gas phase; 

 isothermal condition, where the temperature on the catalytic bed is set equal to that of the 

gas phase; 

 laminar flow [41], [43]; 

 radial concentration gradient limited to an infinitesimal layer next to the catalytic bed: 

hence, only the bulk concentration in the gas phase (CB) and at the gas-solid interface (CW) 

must be considered in the description of the radial profile; 

 negligible axial diffusion in the gas phase, due to high Péclet number. 

 

5.1 Equations of the model 

Given these assumptions, it is possible to evaluate the concentration profile along the axis of 

the annular reactor of a reacting system with NS species by means of 2*NS unknown variables. 

They are the NS species molar concentration in the gas phase 𝑥𝑖
𝐵 and the NS species molar 

concentration at the gas-solid interface 𝑥𝑖
𝑊. Pressure and temperature are fixed and homogeneous. 

Hence, it is necessary to write 2*NS independent equations to solve this system.  

NS equations are the plug flow mass balances used to model the gas phase species, expressed in 

dimensionless form. 

𝑃𝑒𝑚,𝑖

𝑑𝐹𝑖
∗

𝑑𝑧∗
=  −

4

1+
1

𝑅∗

𝑆ℎ𝑙𝑜𝑐,𝑖
(𝑥𝑖

𝐵 − 𝑥𝑖
𝑊)

𝐹𝑇𝑂𝑇

𝐹𝑇𝑂𝑇
0     (5.1) 
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Where the dimensionless axial coordinate 𝑧∗ =
𝑧

𝐷ℎ𝑦𝑑𝑟
, dimensionless molar flowrates 𝐹𝑖

∗ =
𝐹𝑖

𝐹𝑇𝑂𝑇
0  

and the geometric dimensionless parameter for annular section 𝑅∗ =
𝐷𝑖

𝐷𝑜𝑢𝑡
 are employed. The 

hydraulic diameter is defined as 𝐷ℎ𝑦𝑑𝑟 = 𝐷𝑜𝑢𝑡 − 𝐷𝑖𝑛. Given NA as the number of atomic species 

present in the system, it is possible to substitute NA of these first order differential equations with 

other NA atomic balances, that are linear first order algebraic equations. Thus, they would lead 

leading to a meaningful simplification of the model. The atoms present in the systems here analyzed 

are carbon, hydrogen and oxygen, and the atomic balances are the following.  

∑ (𝐹𝑖 − 𝐹𝑖
0)𝑛𝐶,𝑖

= 0𝑁𝑆
𝑖=1      (5.2) 

∑ (𝐹𝑖 − 𝐹𝑖
0)𝑛𝐻,𝑖

= 0𝑁𝑆
𝑖=1      (5.3) 

∑ (𝐹𝑖 − 𝐹𝑖
0)𝑛𝑂,𝑖

= 0𝑁𝑆
𝑖=1      (5.4) 

The remaining NS constraints are provided by the steady-state equations of mass continuity 

between the catalyst wall and the bulk gas phase, where the radial mass flow of each species is 

equated to its overall formation rate. 

𝑆ℎ𝑙𝑜𝑐,𝑖
(𝑥𝑖

𝐵 − 𝑥𝑖
𝑊) =  ∑ 𝜈𝑖 ,𝑗

𝛼𝑖𝑟𝑗
𝑁𝑅
𝑗=1     (5.5) 

Where NR is the total number of reactions and the adaptive parameter  𝛼𝑖 is defined as follows: 

𝛼𝑖 =
𝐷ℎ𝑦𝑑𝑟𝑚𝑐𝑎𝑡

𝑆𝐷𝑖𝐶𝑇𝑂𝑇
           (5.6) 

 Since the gas mixture can be considered ideal, the total concentration can be evaluated 

through the ideal gas law:  𝐶𝑇𝑂𝑇 =
𝑃

𝑅𝑇
. 

Molecular diffusivities 𝐷𝑖 are evaluated with the Fuller-Schettler-Giddings correlation, 

adopting the approximation of binary diffusivities of each species in N2 [44]. The terms of reaction 

rates are described in the following Section. 

 Both inter-phase and intra-phase mass transfer limitations are taken into 

account by the model, so that it is possible to decouple each contribution from intrinsic reaction 

kinetics. The equations used to consider mass transfer resistances are described in next paragraphs. 
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The final system of 2*NS equations must be solved with numerical methods to simulate the profile 

of NS 𝑥𝑖
𝑊 and NS 𝑥𝑖

𝐵 along the axial coordinate of the annular reactor. 

 

5.2 Inter-phase mass transfer limitations 

Inter-phase limitations are accounted for using the local Sherwood number 𝑆ℎ𝑙𝑜𝑐,𝑖
, whose 

expression has already been used in literature to interpolate the exact solution of Graetz-Nusselt 

problem inside channels with different types of section [45], [46], then adapted to annular geometry 

with third type boundary conditions [47]. 

𝑆ℎ𝑙𝑜𝑐,𝑖
= 𝑆ℎ𝑖𝑛𝑓 + 6.874𝑒−71.2𝑧𝑆ℎ𝑖 (1000𝑧𝑆ℎ𝑖

)
−0.35

  (5.7) 

Where the dimensionless axial coordinate 𝑧𝑆ℎ𝑖
 is defined as 𝑧𝑆ℎ𝑖

=
𝑧∗

𝑃𝑒𝑚,𝑖

. The value of 𝑆ℎ𝑖𝑛𝑓 is 

defined with the following expression. 

𝑆ℎ𝑖𝑛𝑓 = 6.6156 − 1.7548𝑅∗    (5.8) 

 

5.3 Intra-phase mass transfer limitations 

          Intra-phase mass transfer resistances are accounted for using generalized efficiency factors 

for each reacting species, hence methane and oxygen for methane CPO, methane and water for 

methane SR and formic acid and water for formic dehydrogenation. 

Considering as example the efficiency of O2, it is defined as: 

𝜂𝑂2
=

tanh(𝛷𝑂2)

𝛷𝑂2

     (5.9) 

Where 𝛷𝑂2
 is the Thiele modules for oxygen. This value accounts for the ratio between intrinsic 

reaction rate and of internal diffusional rate. In this context, it is calculated as follows. 

𝛷𝑂2
=

1

𝜂𝑂2
∞     (5.10) 

Where Bishoff correlation is used to evaluate 𝜂𝑂2

∞ : 
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𝜂𝑂2

∞ =
√2

𝛿𝐿𝑟𝑂2𝑐𝑂2
𝑆 √∫ 𝐷𝑒𝑓𝑓,𝑂2

𝑟𝑂2
(𝐶)𝑑𝐶

𝑐𝑂2
𝑆

0
   (5.11) 

 

Wakao-Smith random pore model is exploited to express the effective diffusivities. 

𝐷𝑒𝑓𝑓,𝑖
=  𝜖𝑀

2 𝐷𝑀,𝑖
+

𝜖𝜇
2 (1+3𝜖𝑀)

1−𝜖𝑀
𝐷𝜇,𝑖

   (5.12) 

Where 𝐷𝑀,𝑖
 and 𝐷𝜇,𝑖

 are respectively the macroporous and microporous diffusivity of species i. 

The following values were assigned to the geometrical features of the catalyst: average macropore 

diameter 𝐷𝑀𝑎𝑐𝑟𝑜 = 400 𝑛𝑚, average micropore diameter 𝐷𝑀𝑖𝑐𝑟𝑜 = 100 𝑛𝑚, macro-void volume 

percentage 𝜖𝑀 = 5%, micro-void volume percentage 𝜖𝜇 = 55%. These values should be estimated 

through Hg intrusion. Also the thickness of the catalytic layer was assumed constant and it was 

evaluated taking into account the volume occupied by the catalyst: 

𝛿𝐿 =  √
𝑚𝑐𝑎𝑡

𝜌𝑐𝑎𝑡𝜋𝐿𝑐𝑎𝑡
+ (

𝐷𝑡

2
)

2
− 

𝐷𝑡

2
    (5.13) 

Internal mass transfer limitations are accounted for by the model by multiplying each intrinsic 

reaction rate for the internal efficiency factor. 

 

5.4 Intrinsic reaction rates 

The overall rate of production of a species is 𝑟𝑖, defined as: 

𝑟𝑖 =  ∑ 𝜈𝑖𝑗𝑟𝑗
𝑁𝑅
𝑗=1      (5.14) 

Where 𝑟𝑗 is the expression of rate of reaction j. 

This model was initially developed to simulate the kinetic evolution of methane CPO on an 

isothermal Rh/Al2O3 annular reactor. The kinetic expressions of this system are here described for 

two reasons: first of all, the results of methane CPO experiments on tube GV5 were simulated by 

means of this model in this thesis work. Secondly, the reaction schemes of methane CPO is the 

basis of all the other conversion processes for syngas production (so, formic acid decomposition 

too), since several reactions are in common.  
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An indirect-consecutive reaction scheme is assumed: the direct partial oxidation is not included in 

the model, while a step of total oxidation followed by a subsequent reforming is considered. After 

these two, all the other reactions intervene to modify the final composition of products. Seven 

reactions are present: total oxidation of methane to CO2 and H2O, methane steam reforming to CO 

and H2, post-combustion of CO and H2, methanation from CO, water gas shift (WGS) and reverse 

water gas shift (RWGS). About the latter ones, WGS and RWGS have independent kinetics, since 

they do not approach equilibrium. For this reason, two distinct reaction rate expressions are used. 

Dry reforming stoichiometry is not considered, because it has already been proved that data can be 

properly simulated without its inclusion [48]. Hence, CO2 consumption observed at high 

temperature is due to RWGS, which is thermodynamically favoured in this temperature range.  

Stoichiometries and relative kinetic expressions of these seven reactions are listed in Table 5-1. It 

can be noticed that methane total oxidation reaction rate depends on partial pressure of the fuel, 

while its independency from oxygen concentration was experimentally proven. Its overall reaction 

order is lower than one, due to the denominator, where the competitive adsorption of water on 

active sites of the catalyst is accounted for. Also steam reforming reaction rate has a linear 

dependence on methane partial pressure, while it is not influenced by water concentration. 

Competitive adsorption of CO and O2 are taken into account in the term at the denominator. WGS, 

RWGS, methanation and post combustion of CO and H2 have a kinetic of first order of the reactant 

in excess (respectively, H2O, CO2, H2, CO and H2). These correlations where found in [42], [48]. 

Reaction rates limited by the equilibrium are multiplied by the term (1 − 𝜂𝑗), which accounts for 

the slowing down effect when the reaction is approaching the thermodynamic equilibrium. 

Coefficients 𝜂𝑗 comprise the extent of reaction j with respect to its equilibrium value: 

𝜂𝑗  =
𝐾𝑝,𝑗

𝐾𝑒𝑞,𝑗
    (5.15) 

Where 𝐾𝑝,𝑗 =  ∏ 𝑃
𝑖

𝜈𝑖𝑗𝑁𝑆
𝑖=1  and 𝐾𝑒𝑞,𝑗 = exp (−

∆𝐺𝑗
0

𝑅𝑇
), the equilibrium constant.  
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Table 5-1: Stoichiometries and expressions of reaction rates employed in the kinetic model of methane 

CPO/SR. 

 

Coefficients 𝜎𝑖 are necessary to account for the extinction of the co-reactant, when the reaction rate 

is independent from its concentration.  

𝜎𝑖 =
𝑃𝑖

𝑃𝑖+10−6
     (5.16) 

Reaction Reaction rate  𝒓  [
𝒎𝒐𝒍

𝒈𝒄𝒂𝒕 𝒔 
] 

𝐶𝐻4 total oxidation 

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 𝐻2𝑂 

𝑟𝑜𝑥,𝐶𝐻4
=

𝑘𝑜𝑥,𝐶𝐻4
𝑃𝐶𝐻4

1 + 𝑘𝑎𝑑𝑠,𝐻2𝑂
𝑃𝐻2𝑂

𝜎𝑂2
 

𝐶𝐻4 steam reforming 

𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 
𝑟𝑆𝑅,𝐶𝐻4

=
𝑘𝑆𝑅,𝐶𝐻4

𝑃𝐶𝐻4
(1 − 𝜂𝑆𝑅,𝐶𝐻4

)

1 + 𝑘𝑎𝑑𝑠,𝐶𝑂
𝑃𝐶𝑂 + 𝑘𝑎𝑑𝑠,𝑂2

𝑃𝑂2

𝜎𝐻2𝑂 

Water Gas Shift 

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 

𝑟𝑊𝐺𝑆 =
𝑘𝑊𝐺𝑆𝑃𝐻2𝑂(1 − 𝜂𝑊𝐺𝑆)

1 + 𝑘𝑎𝑑𝑠𝐻2𝑂
𝑃𝐻2𝑂

𝜎𝐶𝑂 

Reverse Water Gas Shift 

𝐶𝑂2 + 𝐻2 → 𝐶𝑂 + 𝐻2𝑂 

𝑟𝑅𝑊𝐺𝑆 =  𝑘𝑅𝑊𝐺𝑆𝑃𝐶𝑂2
(1 − 𝜂𝑅𝑊𝐺𝑆)𝜎𝐻2

 

Methanation from CO 

𝐶𝑂 + 3𝐻2 → 𝐶𝐻4 + 𝐻2𝑂 

𝑟𝑚𝑒𝑡 =  𝑘𝑚𝑒𝑡𝑃𝐻2
(1 − 𝜂𝑚𝑒𝑡)𝜎𝐶𝑂 

𝐻2 oxidation 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂 

𝑟𝑜𝑥,𝐻2
=  𝑘𝑜𝑥,𝐻2

𝑃𝐻2
𝜎𝑂2

 

𝐶𝑂 oxidation 

𝐶𝑂 +
1

2
𝑂2 → 𝐶𝑂2 

𝑟𝑜𝑥,𝐶𝑂 =  𝑘𝑜𝑥,𝐶𝑂𝑃𝐶𝑂𝜎𝑂2
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The tolerance 10−6 was chosen because it was the minimum value which guarantees numerical 

convergence.  

Reaction rate constants 𝑘𝑗 are evaluated with the modified Arrhenius equation: 

𝑘𝑗(𝑇) = 𝑘𝑗(𝑇𝑟𝑖𝑓,𝑗) exp[−
𝐸𝑎𝑡𝑡,𝑗

𝑅
(

1

𝑇
−

1

𝑇𝑟𝑖𝑓,𝑗
)]    (5.17) 

A similar expression is used for thermodynamic adsorption constants: 

𝑘𝑎𝑑𝑠,𝑖(𝑇) = 𝑘𝑎𝑑𝑠,𝑖(𝑇𝑟𝑖𝑓,𝑎𝑑𝑠,𝑖) exp[−
∆𝐻𝑎𝑑𝑠,𝑖

𝑅
(

1

𝑇
−

1

𝑇𝑟𝑖𝑓,𝑎𝑑𝑠,𝑖
)]  (5.18) 

 

The values of coefficients appearing in these equations are reported in Table 5-2 and in Table 5-3. 

 

Table 5-2: Coefficients for the calculation of kinetic constants of the reactions present in the model for 

methane CPO/SR. 

 

Reaction 𝒌𝒓𝒊𝒇,𝒋   [
𝒎𝒐𝒍

𝒂𝒕𝒎 𝒈𝒄𝒂𝒕 𝒔 
] 𝑬𝒂𝒕𝒕  [

𝒌𝑱

𝒎𝒐𝒍 
] 𝑻𝒓𝒊𝒇,𝒋  [𝑲] 

𝐶𝐻4 total oxidation 2.00 ∗ 10−2 92 773 

𝐶𝐻4 steam reforming 2.00 ∗ 10−2 92 773 

Water Gas Shift 2.80 ∗ 10−3 75 773 

Reverse Water Gas Shift 4.20 ∗ 10−3 62 773 

Methanation from CO 0 88 773 

𝐻2 oxidation 6.67 ∗ 10−4 62 313 

𝐶𝑂 oxidation 1.74 ∗ 10−2 76 523 
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Table 5-3: Coefficients for the calculation of adsorption constants present in the model for methane 

CPO/SR. 

 

It is interesting to notice that activation energy and pre-exponential coefficients of methane total 

oxidation and steam reforming are the same. This evidence and the linear dependence on methane 

partial pressure of both the reaction rates suggest that the rate determining step in both cases is CH4 

pyrolysis, hence the breaking of the first C-H bond, in agreement with some literature works [49], 

[50].  

Adsorbed Species 𝒌𝒓𝒊𝒇,𝒂𝒅𝒔,𝒊   [
𝟏

𝒂𝒕𝒎
] ∆𝑯𝒂𝒅𝒔,𝒊  [

𝒌𝑱

𝒎𝒐𝒍 
] 𝑻𝒓𝒊𝒇,𝒂𝒅𝒔,𝒊  [𝑲] 

𝑂2 1.4 -23 873 

𝐻2𝑂 25 -57 773 

𝐶𝑂 410 -37 773 

𝐻2 190 -30 773 
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6 Conditioning of Rh/-Al2O3 catalysts 

6.1 Introduction 

The tubes used for the experiments (except for the ones used for aging tests with ethanol) 

were subjected to a standardized conditioning procedure through methane CPO. Tests feeding a 

highly diluted mixture of CH4/N2/O2 were repeated until the catalyst reached stable performances. 

A gas hourly space velocity (GHSV) of 8*105 Nl/h/kgcat was used, with 3% v/v of methane. A ratio 

O2/C of 0.56 shall be kept: it is slightly higher than the stoichiometric value of methane partial 

oxidation reaction (0.5) to prevent the formation of carbon deposit. 

The objective of this standard procedure is to guarantee that the catalyst reaches proper level 

of activity and stability. A progressive increase of methane conversion in the high temperature 

region (above 500°C) is usually observed during the repetition of these conditioning tests. This 

evidence is reported and explained in the scientific literature, specifically for the configuration of 

annular reactor used in this thesis work and for 0.5% w/w Rh/-Al2O3 catalysts [51]–[53]. 

Moreover, when Rh is deposited via incipient wetness impregnation starting from Rh(NO3)3 the 

transient behaviour is particularly long and eight successive runs are necessary to reach a proper 

stability [4]. It was also proved that this phenomenon cannot be justified by simple reduction of Rh 

sites over the catalyst [3]. On the contrary, modifications of surface catalytic structure take place 

during the conditioning procedure, due to a combined effect of exposure to high temperature (up 

to 850 °C) and to the reacting mixture. In this way, rhodium active sites presumably reach the 

proper conformation on the surface, that favours steam reforming path and inhibits the formation 

Fig. 6-1: Rhodium transformations on alumina surface during conditioning [6]. 
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of coke deposition. Rhodium can organize itself in four different structures on the surface of 

alumina, as shown in Fig. 6-1. 

Isolated Rh atoms have a weak metallic behaviour and their interaction with the surface is 

strong. Their catalytic role is not relevant. On the contrary, clusters of small dimensions are 

defective and extremely active structures, on which both methane (through the C-H bond breaking) 

and CO (C-O bond breaking) can easily adsorb [51]. The interaction with CO can precede the 

formation of coke. Hence, this kind of clusters is not considered beneficial for syngas production. 

Bigger clusters are instead less defective and, thus, less active but more selective than smaller 

crystallites. The interaction with CO is less efficient, while the adsorption of methane is still 

favoured. For this reason, this is considered the best rhodium configuration for syngas route. 

Catalytic surface plays a fundamental role in this reacting system. In line with the findings of Wei 

and Iglesia [50]  , the interaction between methane and the catalyst is of key importance since both 

in partial oxidation and steam reforming the breakage of C-H bond constitutes the rate determining 

step. Finally, the fourth rhodium conformation is in form of medium-size crystallites, produced by 

sintering at high temperature. As their size increases, clusters gradually lose their ability to catalyse 

the reaction and the catalyst starts to deactivate. 

As shown in Fig. 6-1, the conditioning procedure helps the activation of the catalyst, 

promoting the reconstruction and reorganization of rhodium particles on the surface. Isolated Rh 

atoms and smaller clusters reorganize themselves forming bigger clusters, that favour syngas 

production and disadvantage coke route. Literature results show that activity at high temperature 

increases with consecutive runs [53]: before conditioning, Rh sites interact preferentially with CO 

and are covered by coke, while syngas production is promoted when the clusters reach suitable 

size. 

The conditioning procedure was performed on tubes GV1 and GV5, used for the kinetic study 

of ethanol and formic acid reactions respectively. On the contrary, GV3, GV4 and GV6 were 

directly exposed to the mixtures for aging tests. 
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6.2 Effect of conditioning through methane partial oxidation 

Tests for the kinetic study of ethanol conversion were carried out on tube GV1. Tube GV5 

was instead used to perform the experiments which are useful for the kinetic analysis of formic 

acid dehydrogenation and methane steam reforming. Before these experiments, it was necessary to 

subject the tubes to several conditioning tests with methane, until reaching the suitable catalytic 

activity and stability. 

Table 6-1: Conditioning tests performed on tubes GV1 and GV5. 

Test Tube 

Length 

[cm] 

GHSV 

[Nl/h/kgcat] 

CH4 

[%] 

O2 

[%] 

O2/C 

12 GV1 6 8*105 3 1.68 0.56 

13 GV1 6 8*105 3 1.68 0.56 

14 GV1 6 8*105 3 1.68 0.56 

70 GV5 5 8*105 3 1.68 0.56 

71 GV5 5 8*105 3 1.68 0.56 

72 GV5 5 8*105 3 1.68 0.56 

73 GV5 5 2*106 3 1.68 0.56 

74 GV5 5 2*106 3 1.68 0.56 

75 GV5 5 2*106 3 1.68 0.56 

 

Tests of methane CPO carried out on GV1 and GV5 are listed in Table 6-1. Activation tests 

12-13-14 and 70-71-72 were performed in three consecutive days starting from the fresh catalyst. 

Highly diluted mixtures of CH4/O2/N2 were fed at gas hourly space velocity of 8*105 [Nl/h/kgcat], 

with composition CH4 = 3% v/v, O2/C = 0.56, N2 to balance. After these experiments, on tube GV5 

tests 73, 74 and 75 were carried out at higher GHSV, 2*106 [Nl/h/kgcat]. The composition of the 

feed was instead kept equal to the previous one. This second set of methane CPO tests enabled to 
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verify the activity of the catalyst when it operates in conditions more distant from the 

thermodynamic equilibrium.  

The experimental measurements collected for conditioning tests at 8*105 [Nl/h/kgcat] on 

tube GV1 and tube GV5 are shown in Fig. 6-2 and in Fig. 6-3, respectively. The results are 

consistent with the indirect-consecutive molecular kinetic scheme developed in [42]. Between 

300°C and 400°C, methane reacts with oxygen and total oxidation products (CO2 and H2O) are 

produced. Oxygen reaches complete conversion around 430°C and both carbon dioxide and water 

plots show a maximum, which is typical of intermediate products. H2 and CO appear together when 

the residual oxygen at the outlet of reactor is almost null. Their concentrations increase with 

temperature, until matching with equilibrium trends.  

Along the conditioning procedure, a limited progressive decrease in the activity of the 

catalyst can be observed: conversion of methane slightly diminishes together with the amount of 

hydrogen and carbon monoxide that are produced. It is difficult to draw conclusions by looking at 

the conversion of oxygen due to the sharp increase in its value between 300°C and 400°C. This 

minor decrease in catalytic activity seems to clash with what is reported in the paragraph 6.1. 

However, a similar trend with high-load Rh catalysts ( 2%) was observed in previous works [33], 

[34]: this phenomenon of cluster formation is associated to a partial reorganization of rhodium 

particles, which tend to grow in size causing a slight loss in activity. However, tests 13 and 14 

reported in Fig. 6-2 have similar results: this means that the catalyst has reached the desired stable 

condition.  

The temperature axial profiles collected for Test 72 are represented in Fig. 6-4, where the 

difference between the temperature measured on the catalytic bed and the one of the oven is 

reported. For the sake of brevity, the temperature measurements of the other tests are not reported. 

Up to 350°C (set point temperature), where oxygen is still present among the products, the catalyst 

temperature approaches the oven value along the axial coordinate. At 400°C a hot spot at the 

entrance of the catalytic bed is detected and this measure corresponds to complete ignition of 

methane oxidation: this exothermic reaction causes a growth of the catalytic temperature. Above 

this temperature, when the set point temperature increases, the peak in the axial profile 

progressively sharpens and moves towards the entrance. This happens because, the higher is the 

temperature in the reaction environment, the faster is the consumption of oxygen and the catalyst 
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length involved in total oxidation becomes progressively shorter. Moreover, the endothermicity of 

reforming reaction leads to a progressive reduction of peak ΔT. This is in line with the proposed 

indirect mechanism, which foresees an initial phase of total oxidation of the methane followed by 

a subsequent step of syngas production by steam reforming reaction. However, at higher 

temperature, also radiative phenomena contribute to flatten the trend of ΔT. 
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Fig. 6-2: Experimental results of methane CPO on GV1. Operating conditions: GHSV = 8*105 

[Nl/h/kgcat], CH4 = 3%, O2/CH4 = 0.56. 
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Fig. 6-3: Experimental results of methane CPO on GV5. Operating conditions: GHSV = 

8*105 [Nl/h/kgcat], CH4 = 3%, O2/CH4 = 0.56. 
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The results collected for the three methane CPO tests performed at higher space velocity 

(2*106 [Nl/h/kgcat]) on GV5 are reported in Fig. 6-5.A test performed in the past (indicated as “Ref“ 

in Fig. 6-5) on another tube, but with the same conditions, is used to compare the results collected 

on tube GV5. As expected, the equilibrium is approached slower with respect to previous tests at 

lower flowrate: the conversion of oxygen is complete only at 500°C (instead of 400°C), 

temperature at which CO and H2 start to be produced (instead of 450°C). The curves obtained for 

tests 73, 74 and 75 are almost overlapped up to 700°C, while at higher temperature a small 

deviation is present. This evidence probably highlights that results can be affected by the 

eccentricity of alumina tube inside the quartz reactor. In [41] it was proved that gas-phase mass 

transfer limitations are influenced by eccentricity in this annular configuration. Inter-phase 

resistances become more important at higher temperature: for this reason, in Fig. 6-5 the results are 

not overlapped only after 700°C. A further confirmation of this hypothesis is that the tube was took 

out from the quartz reactor between tests 74 and 75, and the different position of the alumina tube 

can explain the change in products’ concentration at high temperature.  

Moreover, the sensitiveness towards eccentricity can also justify the distinct difference 

between GV5 behaviour and the reference test. Performances of GV5 are significantly lower than 

the reference: methane conversion is never complete, contrary to the reference where it is totally 

consumed at 800°C. An hindering effect on steam reforming reaction on GV5 is observed, since 

the consumption of water and, consequently, the production of H2 and CO are less pronounced.  
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Fig. 6-4: Temperature profiles of Test 72. Operating conditions: GHSV =  8*105 [Nl/h/kgcat], 

CH4 = 3%, O2/CH4 = 0.56. 
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Fig. 6-5: Experimental results of methane CPO on GV5. Operating conditions: GHSV = 2*106 

[Nl/h/kgcat], CH4 = 3%, O2/CH4 = 0.56. 
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This phenomenon is probably related to the different length of the catalytic layer, that is 

longer on of GV5 (5 cm) if compared to the reference one (2 cm). The effect of eccentricity is more 

important when the reacting zone is longer and this can explain the difference in the experimental 

results. The role of eccentricity and mass transfer limitations at high temperature must be kept in 

mind during the kinetic analysis. The hypothesis that flow distribution and external mass transfer 

are affecting the high temperature data is strongly supported by the fact that new data collected 

with longer catalytic bed and old data on shorter layers match closely in the kinetically controlled 

zone (that is at T < 400°C for oxidation and 400°C < T < 600°C for steam reforming). 

To complete the analysis, in Fig. 6-6 the effect of space velocity on carbon and hydrogen 

selectivity is shown. For the sake of clarity, only the measurements of tests 71 and 74 are reported 

here. As expected, the higher is the space velocity, the lower is the selectivity towards H2 and CO 

resulted by a series mechanism. This is an important evidence of the indirect-consecutive and not 

direct nature of CO and H2.  
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Fig. 6-6: Effect of GHSV on carbon and hydrogen selectivity plots in methane CPO tests 71 (◼, GHSV 

=  8*105 [Nl/h/kgcat])   and 74 (○, GHSV =  2*106 [Nl/h/kgcat])  on tube GV5. Feed composition: CH4 = 

3%, O2/CH4 = 0.56. 

 

Fig. 6-7: Effect of GHSV on carbon and hydrogen selectivity plots in methane CPO tests 71 (◼, GHSV 

=  8*105 [Nl/h/kgcat])   and 74 (○, GHSV =  2*106 [Nl/h/kgcat])  on tube GV5. Feed composition: CH4 = 

3%, O2/CH4 = 0.56. 
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7 Kinetic study of catalytic partial oxidation and steam reforming 

of ethanol on Rh/-Al2O3 catalysts 

7.1 Ethanol Catalytic Partial Oxidation: the effect of space velocity 

7.1.1 Introduction 

Ethanol is a C2 species that can be considered a representative component of alcoholic 

biomass fraction subjected to valorisation processes for energy production, as already explained in 

paragraph Conversion processes of ethanol2.4. The kinetic analysis of ethanol CPO has been 

addressed in previous thesis works [33], [34], where the complexity of this reacting system was 

highlighted. Experiments were carried out at high GHSV (2*106 [Nl/h/kgcat]) and it was necessary 

to reach high temperature (600-700°C) to complete ethanol conversion. This evidence together 

with the progressive diminution of catalyst’s performance when subjected to consecutive runs with 

EtOH CPO suggested that carbonaceous depositions may form on catalytic surface and inhibit its 

activity. Carbon depositions are usually favoured at high temperature. For this reason, the initial 

idea of this thesis work was to limit the analysis of ethanol CPO to low temperature region (up to 

500-550°C), investigating if any positive effect could be seen on the catalyst’s stability. Moreover, 

aqueous phase biomass reforming, that is a central aspect of Hercules program, must necessarily 

be carried out at low temperature, for the intrinsic constraints of the liquid system. Finally, due to 

the complexity of the kinetic mechanism, limiting the analysis to low temperature region is a good 

starting point. In order to reach significant conversion values in this temperature range, it was 

necessary to explore novel catalytic beds able to work at low gas hourly space velocity. Hence, 

GV1 (whose properties are described in 3.5.5), the tube used for the kinetic analysis of ethanol 

CPO, is characterized by a high catalytic mass and a long bed. After the investigation of low 

temperature region, two ethanol CPO experiments across the entire temperature range (150-750°C) 

were also carried out, to complete the analysis.  

In Table 7-1 the tests of ethanol CPO performed on GV1 are reported. All the experiments 

were carried out in highly diluted systems, using N2 complementary, so that the approximation of 

isothermal reactor is valid. The composition of the reacting mixture was kept constant, with EtOH 

= 1.5% v/v, O2/C = 0.56. This ratio is higher than the stoichiometric value (0.25) for ethanol partial 

oxidation, to disfavour carbon deposition on the catalyst. For the calculation of this ratio, the 

oxygen atoms contained in the molecules of ethanol are not taken into account, since it was shown 
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in [33] that the hydroxyl group of ethanol does not present any oxidative behaviour. When also the 

oxygen content of ethanol is taken into account, a ratio O2/C = 1.06 emerges (corresponding to a 

ratio C/O = 0.47). The temperature range explored for each test is written in Table 7-1.  

 

 

 

Table 7-1: Tests of ethanol CPO on GV1: the effect of GHSV. 

 

 

  

Test Type 

EtOH 

[%] 

O2 

[%] 

O2/C 

GHSV 

[Nl/h/kgcat] 

Temperature 

range 

[°C] 

21 EtOH CPO 1.5 1.68 0.56 2.5*105 150-500 

22 EtOH CPO 1.5 1.68 0.56 5*105 150-500 

23 EtOH CPO 1.5 1.68 0.56 9*105 150-500 

24 EtOH CPO 1.5 1.68 0.56 1.5*106 150-500 

35 EtOH CPO 1.5 1.68 0.56 5*105 550-750 

42 EtOH CPO 1.5 1.68 0.56 1.5*106 150-750 
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7.1.2 Investigation of low temperature region 

Four tests with different GHSV were performed to investigate the reactivity of the low 

temperature region and their experimental results are show in Fig. 7-1. The effect of space velocity 

is evident, both on conversion plots and products’ molar fractions. When the lowest GHSV 

(2.5*105 [Nl/h/kgcat]) is adopted, ethanol reaches total conversion at 500°C, while with the highest 

one (1.5*106 [Nl/h/kgcat]) only 60% of ethanol is converted at the same temperature. The curve of 

oxygen conversion is characterized by three regions: between 150°C and 200-250°C O2 is 

consumed up to reaching 20% conversion. Then a sharp ramp follows, where it abruptly gets to 

80-100% conversion (depending on the flowrate). In the case of lower space velocities, oxygen is 

totally consumed contrary to what is seen in tests 23 (9*105 [Nl/h/kgcat]) and 24 (1.5*106 

[Nl/h/kgcat]), where the oxygen conversion plot has lower-slope region above 300°C. This change 

in the conversion plot identifies phases characterized by different rate determining steps.  

More in general, three reactivity zones can be identified: 

 T < 200/250°C 

 200/250°C < T < 300°C 

 T > 300°C 

 

The first reactivity region is characterized by the oxidative dehydrogenation of ethanol, which 

leads to the production of acetaldehyde and water and the consumption of both the reagents. The 

reaction environment is strongly oxidant and the catalytic surface is probably saturated by oxygen. 

𝐶2𝐻5𝑂𝐻 +
1

2
𝑂2 → 𝐶𝐻3𝐶𝐻𝑂 + 𝐻2𝑂    (7.1) 

Above 200-250°C oxygen is abruptly consumed and CO2 percentage simultaneously 

increases, together with an increment in water productivity. Therefore, total oxidation is the main 

active mechanism. Acetaldehyde consumption and methane production are also observed. Methane 

comes from decomposition of ethanol and/or acetaldehyde. Also, total oxidation can involve both 

the oxygenated species. Partial oxidation products, H2 and CO, of partial oxidation, are still not 

detectable: as far as oxygen is present in the reaction environment, they are probably oxidized. 
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Fig. 7-1: Experimental results of ethanol CPO tests on GV1 in low temperature region: effect of GHSV. 

Feed composition: EtOH = 1.5%, O2/C = 0.56. 



 

68 
 

𝐶2𝐻5𝑂𝐻 + 3 𝑂2 → 2𝐶𝑂2 + 3𝐻2𝑂     (7.2) 

𝐶𝐻3𝐶𝐻𝑂 +
5

2
 𝑂2 → 2𝐶𝑂2 + 2𝐻2𝑂    (7.3) 

𝐶2𝐻5𝑂𝐻 → 𝐶𝑂 + 𝐶𝐻4 + 𝐻2         (7.4) 

𝐶𝐻3𝐶𝐻𝑂 → 𝐶𝑂 + 𝐶𝐻4     (7.5) 

𝐶𝑂 +
1

2
𝑂2 → 𝐶𝑂2         (7.6) 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂          (7.7) 

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂          (7.8) 

When the temperature overcomes 300°C, products of total oxidation reach a plateau and 

the conversion of residual oxygen (if any) increases slowly with temperature. It is possible that 

oxygen conversion is here limited by inter-phase mass transfer limitations but this assumption 

needs to be verified. Hydrogen and carbon monoxide start to be produced together starting from 

350°C. According to an indirect-consecutive mechanism, steam reforming reactions are 

responsible of this production. In particular, the trend of test 21 (at the lowest space velocity) shows 

that when oxygen is totally consumed a decreasing trend of water molar fraction and a push in 

syngas production can be observed. This suggests that syngas production is strongly supported by 

the presence of a non-oxidative environment in the gas phase and, even more, a reduced state of 

the catalytic surface. It is necessary to underline that the production of syngas remains limited, 

since higher temperatures are necessary to promote this reactivity. 

𝐶2𝐻5𝑂𝐻 + 𝐻2𝑂 → 2𝐶𝑂 + 4𝐻2    (7.9) 

𝐶𝐻3𝐶𝐻𝑂 + 𝐻2𝑂 → 2𝐶𝑂 + 3𝐻2          (7.10) 

𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2          (7.11) 

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2     (7.12) 
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Fig. 7-2: Temperature profiles of test 23. Operating conditions: GHSV = 9*105 Nl/h/kgcat, EtOH = 

1.5%, O2/C = 0.56 

The analysis of temperature profile and selectivity plots help to complete this study. In Fig. 

7-2 ΔT measures collected for test 22 are shown. Up to 215°C these profiles show that the 

temperature on the reactor tends to approach to temperature imposed by the oven. A sudden change 

is observed at 240°C (set point temperature), where a hot spot appears at the entrance of the 

catalytic bed, due to the high exothermicity of oxidation reactions. This set point temperature 

corresponds to the strong decrease in acetaldehyde fraction, together with a fast growth of oxygen 

conversion. As the set point temperature increases, the hot spot moves towards the entrance of the 

catalytic layer and the peak value decreases. This suggests that the portion of the catalyst’s length 

where oxidation reactions evolve, becomes increasingly shorter. This is expected since reaction 

rates increase with the growth of temperature. 

Selectivity plots of test 23 in Fig. 7-3 show that at low temperature acetaldehyde is the 

predominant product. Then selectivity towards oxidation products increases. Hydrogen and carbon 

monoxide appear above 300°C and the selectivity towards them has an increasing trend, up to 

reaching about 20% at the maximum temperature here investigated. Hence, in low temperature 

range hydrogen and carbon monoxide are always produced in a low amount.  

Fig. 7-4 shows molar flowrate of products measured by the gas chromatograph. What 

emerges, is that the production of CO2 and H2O strongly increases when acetaldehyde disappears, 

but, however, the acetaldehyde consumption alone cannot justify their production. This means that 
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other species are also oxidized. It is clear that total oxidation products remain the most important 

ones in this low temperature region.  
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Fig. 7-3: Selectivity plots of test 23. Operating conditions: GHSV = 9*105 Nl/h/kgcat, EtOH = 1.5%, O2/C 

= 0.56. 
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Fig. 7-4: Products molar flowrates of test 23. Operating conditions: GHSV = 9*105 Nl/h/kgcat, EtOH = 

1.5%, O2/C = 0.56.  
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Finally, in Fig. 7-5, the effect of gas hourly space velocity on selectivity plots is analyzed. 

The study of this kind of plot may help in the identification of consecutive mechanism rather than 

parallel reactions scheme. For instance, looking at the carbon selectivity towards acetaldehyde, it 

is possible to see that selectivity value does not depend on GHSV when acetaldehyde is the major 

product (carbon selectivity near 100%), but then, its decrease starts at lower temperature as space 

velocity is lower. This suggests that acetaldehyde is a primary product (coming from oxidative 

dehydrogenation) and then it is subsequently consumed in a series scheme. Selectivities towards 

CO2 and H2O between 200°C and 300°C depend on space velocity: from this evidence, it is possible 

to conclude that at least a portion of them do not come directly from ethanol, but rather from the 

oxidation of other products. The same conclusion can be proposed for hydrogen and carbon 

monoxide. The analysis of carbon and hydrogen selectivity towards methane suggests that CH4 is 

an intermediate product, that is initially produced in a series path and then consumed through a 

mechanism that is much more effective when GHSV is 2.5*105 [Nl/h/kgcat]. 
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Fig. 7-5: Effect of GHSV on selectivity plots of ethanol CPO tests in low temperature range. Feed 

composition: EtOH = 1.5%, O2/C = 0.56. 
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7.1.3 Investigation of high temperature region 

Only two tests were performed up to 750°C: while test 42, at 1.5*106 [Nl/h/kgcat], covers 

the entire range, test 35 was carried out only above 500°C. For the sake of clarity, in the following 

plots, results of tests 22 and 35, 5*105 [Nl/h/kgcat], are put together in the same curve. The results 

are shown in Fig. 7-6 ,where the effect of contact time emerges. In test 42, oxygen reaches total 

conversion only at 750°C. In high temperature region (above 500°C) production of H2 and CO 

progressively increases. In particular, at 600°C a novel reactivity is activated in both the tests and 

it is probably related with the ignition of ethanol steam reforming. This assumption is confirmed 

by the final rush in ethanol conversion that starts exactly at 600°C. Moreover, water molar fraction 

abruptly decreases at 600°C and this finding supports the hypothesis of steam reforming reactivity. 

It is worthy to mention that in the test at lower GHSV the drop of water concentration is far more 

significant. Residual oxygen in the reacting environment may justify this evidence: the presence of 

residual oxygen in the test at higher GHSV seems to inhibit steam reforming. This is another 

evidence that proves the beneficial effects of a non-oxidant environment for syngas production 

through steam reforming.  Also in this case, temperature profiles and selectivities are examined. In 

Fig. 7-7 ΔT measurements collected for test 22/35 are presented. Focusing on the measures 

collected above 550°C, the plots show that hot spot is always present, and it continuously shifts 

towards then entrance of catalytic bed, with a peak value that progressively decreases. This 

sharpening tendency can be caused by the endothermicity of steam reforming reactions that tend 

to decrease the temperature on the reactor. However, also radiative phenomena become more 

important as set point temperature increases and tend to flat ΔT profiles. 

Selectivity plots of test 22/35 in Fig. 7-8 show that with the increase of temperature H2 and 

CO production becomes more and more favoured. However, even working at low GHSV (5*105 

[Nl/h/kgcat] it is necessary to work above 600°C to favour products of partial oxidation. This is still 

more evident in Fig. 7-9, where the molar flowrates of product of test 22/35 are represented.  

To conclude this study, the effect of GHSV on carbon and hydrogen selectivity is analysed 

in Fig. 7-10. The lower is the space velocity, the higher is the selectivity towards partial oxidation 

products (H2 and CO), while total oxidation production (CO2 and H2O) selectivity lower. This 

evidence corroborates the hypothesis that hydrogen and carbon monoxide are not primary products.  
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Fig. 7-6: Experimental results of ethanol CPO on GV1 in the entire temperature range: effect of GHSV. 

Operating conditions: EtOH = 1.5%, O2/C = 0.56. 
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Fig. 7-7: Temperature profiles of tests 22/35. Operating conditions: GHSV = 5*105 Nl/h/kgcat, EtOH = 

1.5%, O2/C = 0.56. 
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Fig. 7-8: Selectivity plots of test 22/35. Operating conditions: GHSV = 5*105 Nl/h/kgcat, EtOH = 1.5%, 

O2/C = 0.56. 
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Fig. 7-9: Products molar flowrates of test 22/35. Operating conditions: GHSV = 5*105 Nl/h/kgcat, EtOH 

= 1.5%, O2/C = 0.56. 
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Fig. 7-10: Effect of GHSV on selectivity plots of ethanol CPO tests in the entire temperature range. Feed 

composition: EtOH = 1.5%, O2/C = 0.56.  
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7.2 Aging tests and Raman analyses of carbonaceous deposits 

7.2.1 Introduction 

Catalytic Partial Oxidation tests at low space velocity performed on tube GV-1 have shown 

that the production of syngas is strong only after 500 °C. The initial aim of performing these tests 

at lower space velocity were to shift the production of syngas to lower temperature region for 

making the process conditions more similar to the ones of liquid phase oxidation. However, it is 

clearly seen in Fig. 7-11, CPO tests performed on the tube GV1, there is a sharp increase in both 

the production of CO and H2 above 500 °C. 
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Fig. 7-11: Catalytic Partial Oxidation tests performed previously on two different tubes. 

The possible phenomenon behind this delaying behaviour may be formation of 

carbonaceous species on the surface of catalyst that inhibit syngas production at low temperatures 

and delay it up to 500 °C, by affecting the active sites on the surface of catalyst.  

The formation of carbonaceous species on the catalyst surface and their characterizations 

are an important issue for catalytic technology and many hydrocarbon processes. The 

implementation of biofuels requires to study the nature of deposits generated during heterogeneous 

reactions. For this purpose, the Raman spectroscopy is a leading technique that has been used 

recently, also for understanding the effects of operation routes and conditions on the processes.  
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Samples of the catalyst for the Raman analysis were collected after aging tests performed 

on two tubes, GV3 and GV6.performing the catalytic partial oxidation of ethanol at the conditions 

given in Table 7-2, respectively. The main operational difference between these two experimental 

campaigns is the history of the tubes before the aging tests. The first aging test on tube GV3 was 

performed on a “fresh” catalyst means that the tube was not been subjected to any other operation 

before. On the other hand, the second aging test on tube GV6 was carried out after the tube had 

been conditioned with ethanol by catalytic partial oxidation up to 750°C.  

 

Table 7-2: Experimental conditions of the aging tests. 

Tube 
Composition 

Rh/α-Al2O3 

Ethanol

% 
O2% O2/C 

GHSV 

[ Nl/h/kgcat] 

Flowrate 

[NmL/min] 

Mass of 

catalyst 

[mg] 

Length of 

catalyst 

[cm] 

 

GV3 

2 wt% 1,15  1,68 0,56 1,5*106 1241,67 49,7 5 

GV6 2 wt% 1,15  1,68 0,56 1,5*106 996.67 39.9 5 

 

The aging tests were performed at five different temperatures by increasing the temperature 

of the oven up to the set point value and sending the reactants through the reactor for two hours by 

keeping the temperature constant. After two hours, the tube was cooled down in an inert (N2) 

atmosphere and four samples were collected by scratching along the axial coordinate from the 

positions P1, P2, P3 and P4 shown in Fig. 7-12. This procedure was repeated for each aging 

temperature by rotating the tube around its axis for each temperature.  
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Fig. 7-12: Catalyst layer on the tube and positions of the sampling in the axial coordinate. 

 

7.2.2 Aging tests on the fresh catalyst GV3 

The first tube used for the aging tests is a fresh catalyst that was not used for any other test 

and not subjected to the conditioning in the entire temperature range so that its use is started directly 

with the aging tests. The results taken from gas chromatography follow the similar trend obtained 

in previous test tube GV1. This was also proved by performing the test in the entire temperature 

after all aging tests were finished. The only difference is the activity which seems as the lower 

activity in the low temperature region and the higher activity in the middle temperature region 

compared to the tube GV1 can be associated with the previous experimental history of the GV1 

tube.  
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Fig. 7-13: Results of the aging tests on the fresh catalyst GV 3.  GHSV= 1.5×106 NL/kg/h. Feed 

composition: EtOH = 1.5%, O2/C = 0.56. 
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As plotted in Fig. 7-14, looking the changes in the molar fractions of the components in the 

reaction environment is the most effective way for interpreting the results of Raman analysis. The 

temperatures of the aging tests were selected as a representative of the major kinetic phenomena 

characterizing the complex process of ethanol partial oxidation. At 200°C ethanol is converted 

through a mechanism of oxidative dehydrogenation and acetaldehyde is produced. Passing to 

300°C, oxygen conversion fast jumps at more 80%, due to fast and strongly exothermic reactions 

of total oxidation. H2 and CO are already present at 400°C, but in a low amount, while at 500°C 

the syngas production route is far more active. Finally, the samples collected at 700°C are aimed 

to analyse the catalytic surface at very high temperature, when syngas production is important. 
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Fig. 7-14: Molar fractions obtained in the aging tests on the fresh catalyst GV 3.  GHSV= 1.5×106 

NL/kg/h. Feed composition: EtOH = 1.5%, O2/C = 0.56. 

The wavelength for the Raman spectroscopy is 787 nm and the power of the laser is 1% or 

0.5% with 20x and/or 50x by 10 scans/10 seconds. The spectra have been elaborated on different 

particles or on different points of the same particle for analysing better the sample of each 

temperature. Moreover, the effect of the fluorescence was quite marked and in some cases it did 

not allow to highlight the components in the spectrum. The analysis was performed by using curve-

fitting after the subtraction of the background. 
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At the first aging temperature 200 °C as seen in  

Fig. 7-15  the results of the analysed particle of the collected sample (elaborated by different 

points on it) show very different spectra and heterogeneous trends. This behaviour can be 

interpreted by not well-organized surface as a virgin catalyst. The band at around 1700 cm -1 is 

due to the contribution of oxidized forms of deposits related with ethoxy species. This is in line 

with results present in the literature: Noronha et al. claim that ethanol adsorbs on the catalytic 

surface in the form of ethoxide by losing one hydrogen atom [54]–[56] such as acetaldehyde due 

to the stretching mode of their C=O bonds. It is clear that there is not an important difference among 

the spectrum of each axial position and the only band appeared strongly is the evident for several 

amorphous carbon species.  

Starting with the second temperature 300 °C, two bands centred at around 1330 and 1590 

cm−1 are more easily recognized, which are known as D-band and G-band, respectively. G- band 

is attributed to the stretching mode of carbon sp2 bonds of ordered carbonaceous species while D-

band is related with the vibrations of carbon atoms in disordered carbonaceous species. D- band 

seems more intensive than G-band that indicates a predominance of disordered carbon, such as 

amorphous or defective filamentous structures. It is known by many studies related with 

carbonaceous deposits that carbon structures seem to be similar on all the catalysts, however some 

differences in the relative intensity of the bands are observed [57]. Also, G- band is sharper but its 

intensity is lower. This kind of narrow peak behaviour is associated with species in crystalline form 

rather than amorphous species which give broader peaks. Since G- band is an indication of very 

intensive and ordered structures of carbon species, it can be said that it is difficult to get rid of the 

coke deposition of these species. However, amorphous carbon species given by D- band can be 

treated basically by combustion at low temperature.  
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Fig. 7-15: Raman results obtained from two axial positions of the fresh catalyst GV3; Position 1 and 

Position 4. 
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When the spectra were analysed in detailed as seen in Fig. 7-16  in addition to D which is 

seen as D1 and G bands, D2 is representative of disordered carbon in crystalline structure of 

graphite. Even if the intensities are smaller than others, D3 and D4 are associated with amorphous 

carbon species of graphite and hydrogenated coke, respectively. D4 may be also interpreted as 

twisting mode of CH2 groups in adsorbed ethoxide species.   

 

Fig. 7-16: Detailed explanation of D and G bands on the Raman spectrum  

 

Furthermore, if the spectra at 300 °C is compared with the one at 200°C, another feature 

related with these two band is the significant consumption of O2 due to both partial and total 

oxidations of ethanol and maximized acetaldehyde production by oxidative dehydration reaction 

of ethanol. The spectra of 300 °C, 400 °C and 500 °C seem to be very similar as seen in  

Fig. 7-15 where the production of oxidation products H2O and CO2 are in plateau seen also 

in Fig. 7-14 (molar fraction graph).  The small swelling after G- band which is around 1700 cm-1 

can be still associated with the reorganizing behaviour of oxygenated carbon species themselves 

also seen at 200 °C. Also, the decomposition into methane causes another effect for that carbon 

reorganization in this middle temperature region. Further considerations can be proposed by 

looking at the difference between spectra at the entrance and at the exit axial coordinate. Looking 

at the results for 400°C, it can be noted that the swollen shape after G band is present in P1, but it 
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disappears in P4. This can be correlated to the presence of oxygen in the gas phase: O2 reacts in 

the first portion of the catalytic layer and its fraction is progressively decreases along the axis, until 

reaching low fractions (since it reaches a final conversion of 95%). It seems until oxygen is present, 

oxidized carbonaceous species are present on the surface.  

The spectrum of 700 °C is more similar with the one at 200 °C in that G- band is disappeared 

as seen in  

Fig. 7-15. The most important feature in the kinetic scheme after 500 °C is the steam 

reforming of ethanol. Since the presence of H2O in the reaction environment is maximized around 

400 °C and stays nearly constant, the surface of the catalyst may be subjected to the cleaning effect 

by water. Therefore, it can be said that the surface of the catalyst turns back to the initial clean 

state.  The decreasing trend in CO2 contrary to H2O is another clue for the contribution to the water 

production by reverse water gas shift reaction. So that, even if the water produced from oxidation 

reaction is started to be used mainly by steam reforming reactions at 700 °C, there is still water 

supplied by reverse water gas shift that may affect the surface of the catalyst. Moreover, the high 

temperature also possibly plays a role for the species on the surface of catalyst.  

7.2.3 Aging tests on the conditioned catalyst GV6 

 

The second tube used for aging test is pre-conditioned catalyst GV6.Three catalytic partial 

oxidation experiments with ethanol were performed on it between 150 and 750 °C. This procedure 

is aimed to investigate the effect of the conditioning of tube on the surface characteristics during 

the reactions and coke deposition. The observed performances (in Fig. 7-17) were consistent with 

the previous aging test on the fresh catalyst GV3 and the similar behaviours of three pre-

conditioning tests before aging experiments showed that the tube was quite stable from the activity 

point of view, especially in the middle and high temperature regions. Only the results of the last 

conditioning test with ethanol are also given in Fig. 7-17. 
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Fig. 7-17: Results of the aging tests on the conditioned catalyst GV 6.  GHSV= 1.5×106 NL/kg/h. Feed 

composition: EtOH = 1.5%, O2/C = 0.56. 
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By looking at the molar fractions of products throughout the entire temperature range in a 

comparison with the previous Raman analysis on fresh tube, the important differences are seen for 

water consumption and hydrogen production after 400 °C while the molar fractions of other 

products nearly are the same. This change may be the indication of enhanced water gas shift 

reaction between 400 and 500 °C and the effect of steam reforming. After 500 °C, the increase in 

the water, CO and H2 is slightly faster than the one of fresh catalyst. It is seen that significantly 

higher H2 molar fraction is obtained by conditioned catalyst at 700 °C together with lower water 

and higher CO fractions. This behaviour may be associated with a positive effect of conditioning 

with ethanol on steam reforming reactivity. 
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Fig. 7-18: The comparison between the molar fractions obtained the aging tests on the fresh catalyst GV3 

and on the conditioned catalyst GV6.  GHSV= 1.5×106 NL/kg/h. Feed composition: EtOH = 1.5%, O2/C = 

0.56. 

When the Raman spectra are analysed, the first difference is seen at 200 °C where both D 

and G- bands are already appeared contrary to the behaviour of fresh tube. The reason is resulted 

clearly by conditioning of tube since it was subjected three times to the entire temperature range 

and some ordered carbonaceous species appear not surprisingly on the surface before aging 
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experiments. In other words, some adsorption sites of ethanol disappear with respect to the fresh 

catalyst. On the other hand, the heterogeneity between the points of the same particle still appears 

here similarly as in the fresh catalyst. Moreover, the spectra start to become cleaner from 200 °C 

towards to 500°C since the precursor and tail peaks of D and G- bands disappear temperature by 

temperature.   

The sudden change in the spectra occurs at 500 °C may be associated with the higher 

consumption of water and production of hydrogen. The results seen in Fig. 7-19 show that ethoxy 

species as acetaldehyde are not present on the surface anymore due to the active sites responsible 

from ethanol dehydrogenation are covered by coke deposits and produced acetaldehyde is started 

to be used for producing syngas by acetaldehyde steam reforming reaction after 450 °C, also proved 

by concentration plots seen in Fig. 7-18. In addition, there are some literature studies that prove 

this fact by using TEM images of the surface of catalyst [57], [58]. The decreasing intensity of D- 

band can be also related with the removal of coke from the surface of the catalyst by the reverse 

Boudouard reaction which improves catalyst stability at around these temperatures as proposed by 

Galetti et al. [59]. they also observed a similar broad peaks between 400 and 700 cm-1 as a 

representative for active modes of catalyst support, in our case Rh/Al2O3. 

With respect to these two Raman results, it is clear that disordered carbon deposits are 

predominant in all reaction temperatures. In addition, the different surface behaviour at higher 

temperatures can be explained by simultaneous reactions of coking and carbon removal by 

Boudouard and gasification reactions, improving the stability of the catalyst that is more clear also 

by the results of conditioning of tube.  
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Fig. 7-19: Raman results obtained from two axial positions of the conditioned catalyst GV6; Position 1 

and Position 4  
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7.3 Effect of H2O in the feed: ethanol steam reforming and CPO with H2O co-feed 

7.3.1 Introduction 

After the analysis of ethanol CPO tests’ results, the effect of H2O in the feed was 

investigated. In particular, two different reacting systems were studied experimentally: ethanol 

steam reforming (SR) and ethanol CPO with H2O co-feed (wetCPO). Several reasons justify this 

decision. First of all, if the indirect-consecutive mechanism proposed for ethanol CPO is valuable, 

in this system syngas is mainly produced through SR reactions (both of ethanol and methane). 

Hence, it is significant to study what happens when ethanol and water are present together among 

reactants. In this way, it is possible to identify the temperature region where EtOH SR evolves and 

systems when water concentration deeply different (in SR it is a reagent, in CPO it acts as 

intermediate product) can be compared. Moreover, as explained in 2.2, the major goal of Hercules 

project is to assess the feasibility of aqueous-phase processes for biomass conversion. Hence, 

performing experiments in the presence of water is meaningful. Steam reforming tests had been 

already carried out and analysed in a previous thesis project [33] and the tests here reported are a 

continuation of them. In this work a long catalytic layer and, consequently, low space velocities 

have been investigated. To complete the analysis, ethanol CPO tests with H2O co-feed were also 

performed, in order to directly observe the influence of water concentration in CPO conditions. 

Moreover, the addition of water was expected to positively influence the high temperature 

performance of the catalyst, by partially cleaning the surface from carbonaceous depositions. In 

addition to this, several literature papers underline the positive effect of oxygen addition in SR 

processes (oxidative steam reforming). Some works show that the stability of Rh/Al2O3 catalyst 

tends to decrease while it undergoes SR reaction [60], [61]. To solve this problem, rare earth 

elements can be added to alumina support, to affect surface acidity and, consequently, process 

stability. On the other hand, with the addition of oxygen, the technological issue of endothermicity 

of SR can be tackled: when coupled with exothermic oxidation reactions, endothermic SR reactions 

require lower temperature and lower contact times to activate and to evolve [62], [63], [24]. In 

conclusion, the co-presence of O2 and H2O in processes for ethanol conversion seems to be the best 

option.  

The list of ethanol SR and wet-CPO tests is reported in Table 7-3. The molar percentage of ethanol 

in the reacting mixture is 1.5% in all the experiments, while water was fed at 3% in SR tests and 
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1% in CPO experiments. The O2/C ratio chosen for wet-CPO tests is 0.56, like the experiments 

performed for the kinetic analysis of ethanol CPO.  

Table 7-3: Ethanol SR and wetCPO tests performed on GV1. 

 

In all the experiments, water was produced in an upstream Pt reactor, as explained in 

paragraph 3.4.2. In the case of SR tests, a mixture of stoichiometric air and hydrogen in excess of 

5% v/v was sent, in order to consume all the oxygen. On the contrary, in CPO tests hydrogen was 

chosen as limiting reactant, since the amount of oxygen sent to Pt reactor was calculated in order 

to have residual O2 at the entrance of Rh reactor, in the ratio of O2/C=0.56. 

7.3.2 Ethanol steam reforming tests: the effect of space velocity 

Three tests of ethanol SR (38,39 and 40) were performed, using decreasing space velocity 

(respectively, 1.5*106, 9*105 and 5*105 [Nl/h/kgcat]) and keeping constant the composition of 

EtOH/H2O/N2 mixture of reactants, with EtOH = 1.5% v/v, H2O/EtOH = 2. The experimental 

measurements of these tests are reported in Fig. 7-20. First, general trends of SR will be analysed 

and only at a later stage the effect of GHSV will be treated. The first clear evidence is that ethanol 

conversion and syngas production need high temperature to start, since they are initiated above 

500°C. Between 300 and 500°C, acetaldehyde, carbon monoxide and methane are the only 

detectable products, even if their fractions are so low that their effect is not visible in the ethanol 

conversion plot. Their presence suggests that probably ethanol dehydrogenation is taking place. 

Syngas production by steam reforming starts instead at 550°C, where ethanol and water are 

Test Type 

EtOH 

[%] 

O2 

[%] 

H2O 

[%] 
O2/C H2O/C 

GHSV 

[Nl/h/kgcat] 

38 SR 1.5 0 3 0 1 1.5*106 

39 SR 1.5 0 3 0 1 9*105 

40 SR 1.5 0 3 0 1 5*105 

33 wetCPO 1.5 1.68 1 0.56 0.67 5*105 

34 wetCPO 1.5 1.68 1 0.56 0.67 9*105 
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consumed, and hydrogen and carbon monoxide molar fractions start growing together. The 

concurrent production of CO2 is caused by WGS reaction. Tests 38 and 39 (performed at 1.5*106 

and 9*105 [Nl/h/kgcat] respectively) have similar trends: the only difference is the shift towards 

higher temperature of the plot of Test 38 due to the lower contact time. The experiment at the 

minimum GHSV (Test 40, 5*105 [Nl/h/kgcat]) has instead a different trend, since a reduction of 

ethanol conversion and H2, CO and CO2 molar fractions is observed between 600°C and 700°C. 

On the contrary, differently from the tests at higher space velocity, the flatting trend of all these 

plots at higher temperatures is not present: when experimental results collected at 750°Care 

compared, test 40 shows maximum ethanol conversion value and, hence, syngas production is also 

enhanced. It must be considered that tests 38, 39 and 40 were carried out in three consecutive days 

and that experiment 40 was the last one. So, the explanation of this difference among the trends 

may lay in the fact that SR causes a fast deactivation of the catalyst, modifying the catalytic surface. 

In support of this, similar results were found also in a previous thesis work [33], where a test, 

repeated twice with equal conditions, gave different results. The initial decrease of GHSV produces 

a very modest change of ethanol conversion and products molar fractions, such that the expected 

positive effect of reduced GHSV is visible only at the highest temperatures. 

ΔT profiles (Fig. 7-21) of test 38 are shown to furtherly deepen this kinetic analysis. Up to 

600°C, when ethanol conversion is lower than 20%, the temperature of the catalytic bed rises and 

tends to reach the temperature of the oven. At higher temperature, when steam reforming is 

consistently active, its endothermic nature causes a decrease of temperature on the catalytic bed 

and consequently ΔT diminishes more slowly along the axial coordinate.  
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Fig. 7-20: Experimental results of ethanol SR tests on GV1: effect of GHSV. Feed composition: EtOH = 

1.5%, H2O = 2%. 
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Fig. 7-21: Temperature profiles of test 38 on GV1. Operating conditions: GHSV = 1.5*106 [Nl/h/kgcat], 

EtOH = 1.5%, H2O = 2%. 

 

7.3.3 Ethanol catalytic partial oxidation with H2O co-feed: the effect of space velocity 

The effect of space velocity on ethanol CPO with H2O co-feed was tested experimentally. 

Experiments 33 and 34, were performed respectively at 5*105 and 9*105 [Nl/h/kgcat], keeping 

constant the feed composition. Ethanol (1.5% v/v) and oxygen (1.68% v/v, O2/C=0.56) 

concentrations in the reacting mixture are equal to the ones adopted for EtOH CPO tests, in order 

to make meaningful comparisons. H2O was fed with a molar composition of 1%. Only the low 

temperature region (between 150 and 550°C) was investigated. The experimental results collected 

for these two experiments are shown in Fig. 7-22, where they are compared with pure ethanol CPO 

tests, at the same space velocity. Hence two different GHSV and two different processes are here 

compared.  

Focusing on the effect of water co-feed on the performance of Rh/α-Al2O3 two major 

phenomena emerge: on one side, water promotes the initial oxidative dehydrogenation of ethanol, 

on the other H2 and CO production at higher temperature is inhibited. In fact, between 150°C and 

250°C, both ethanol and oxygen conversions are higher with respect the values measured without 

water in the feed. Consequently, also acetaldehyde production is enhanced, and the maximum in 

its plot is higher. This evidence suggests that the presence of water among reactants, positively 

affect this reaction rate. Curves of O2 conversion overlap after the ramp for the ignition of total 

oxidation reactions. This means that the consumption of oxygen above 300°C is not influenced by 
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the presence of water. The concentration of methane in wet-CPO tests is lower, and this indication 

can prove that (at least partially) it comes from the decomposition of ethanol, rather than from 

acetaldehyde (that is instead favored by water presence). Finally, the concentration of CO and H2 

are negatively affected by water co-feed, but their production starts at the same temperature as CPO 

(350°C) and follows the same trend. Hence, the experiment strongly emphasizes the role of steam 

reforming of CH4 in the low temperature formation of CO and H2. 
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Fig. 7-22: Experimental results of ethanol CPO tests with H2O co-feed on GV1 (light blue and orange) 

compared with CPO tests (blue and red). Feed composition: EtOH = 1.5%, O2/C =0.56.  
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Fig. 7-23: Temperature profiles of test 33. Operating conditions: GHSV = 5*105 [Nl/h/kgcat], EtOH = 

1.5%, O2/C = 0.56, H2O = 1%. 

Also in this case, the analysis of temperature profiles can help in understanding the kinetic 

mechanism. In Fig. 7-23 ΔT profiles of test 34 are shown. Water does not change consistently 

temperature profile inside the reactor. Up to 220°C the trends of ΔT are flat, meaning that the 

temperature on the catalytic layer tends to approach the set point value imposed by the oven. When 

oxidation reactions are ignited (in correspondence of the sharp increase in oxygen conversion), a 

hot spot appears at the entrance of the catalytic bed, due to their strong exothermicity. After that, 

with the increase of set point temperature, the hot spot shifts towards entrance of the reactor, 

because oxidation reactions evolve along lengths of the catalytic layer that become shorter and 

shorter. The ΔT peak value decreases: this phenomenon can be caused by the endothermicity of 

steam reforming reactions that get activated or by radiative effects which tend to diminish the 

temperature gap between the bed and the oven.  

7.3.4 Ethanol CPO, SR and wet-CPO: a comparison 

In this paragraph tests listed in Table 7-4 are compared, in order to better identify the 

differences and the similarities among the three kinds of reacting systems hereby analyzed: ethanol 

CPO, ethanol SR and ethanol CPO with H2O co-feed (wet-CPO). To make a valid comparison, 

three experiments performed with the same gas hourly space velocity (9*105 [Nl/h/kgcat]) are here 

analyzed. The results are shown in Fig. 7-24. 

  



 

100 
 

Table 7-4: List of tests compared in Fig. 7-24. 

 

While the comparison between CPO and CPO with H2O co-feed has already been explained 

in the previous paragraph, in this paragraph CPO and SR systems are compared. The first evidence, 

it that the presence of oxygen is necessary to activate the reactivity below 500°C. Moreover, in 

CPO tests, the production of hydrogen and carbon monoxide itself is already active between 300°C 

and 500°C (contrary to test 40). This effect is related to the different coverages on the surface. 

Probably both decomposition and SR reactions are involved, as explained in paragraph 7.1. 

However, the last ramp in ethanol conversion plot of CPO experiment (between 500°C and 600°C) 

evolves in the temperature range where the reactivity of SR experiment develops. This finding 

suggests that this last portion of ethanol conversion is due to steam reforming of ethanol itself, that 

needs high temperature to activate. In support of this, it can be noticed that at 500°C an abrupt 

consumption of water is always present. At 750°C the amount of H2 and CO produced in the case 

of SR is higher than the one of CPO, since in the latter case a portion of ethanol was interested in 

oxidation reactions, thus producing other species. Carbon selectivity plots, in Fig. 7-25, can also 

be helpful in this analysis. When ethanol CPO and ethanol wet-CPO tests are compared, it can be 

seen that water influences the ratio CO/CO2 through WGS reaction: selectivity towards CO2 is 

higher when water is fed, at the expenses of CO. Regarding steam reforming, besides the shift 

towards higher temperature of the reactivity, what can be noticed from these plots is that in general, 

as expected, the selectivity towards CO is strongly higher. This happens because CO2, is a product 

of total oxidation, hence favored when the reaction environment is oxidant. Therefore, the presence 

of oxygen strongly favors its production. 

 

Test Type 

EtOH 

[%] 

O2 

[%] 

H2O 

[%] 
O2/C H2O/C 

GHSV 

[Nl/h/kgcat] 

22/35 CPO 1.5 1.68 0 0.56 0 5*105 

40 SR 1.5 0 3 0 2 5*105 

33 CPO + H2O 1.5 1.68 1 0.56 0.67 5*105 
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Fig. 7-24: Comparison among ethanol CPO (blue curve), SR (green curve) and wet-CPO tests (red curve) 

on GV1 carried out at the same GHSV (5*105 [Nl/h/kgcat]). 
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Fig. 7-25: Comparison among carbon selectivity plots of ethanol  CPO (blue curve), SR (green curve) and 

wet-CPO tests (red curve) on GV1 carried out at the same GHSV (5*105 [Nl/h/kgcat]).  
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7.4 Investigation of the effect of homogeneous reactions 

When the kinetic model of a heterogeneous system is analysed, it is important to identify and 

isolate homogeneous phenomena. Their influence becomes more important with the growth of 

temperature, since they usually are not active below a threshold temperature, where a catalyst is 

needed to activate the system. Hence, to complete the kinetic analysis of ethanol partial oxidation 

process, some tests of ethanol partial oxidation in homogeneous phase (blank tests, BLANK) have 

been performed. In these experiments the reacting mixture EtOH/O2/N2 has the same composition 

of the ethanol CPO tests described in paragraph 7.1 (EtOH = 1.5% v/v, O2 = 1.68% v/v), but they 

were carried out without the catalyst. An empty quartz reactor was used for this purpose. Four 

different tests, reported in Table 7-5, with different flowrates were done. The same molar flowrates 

used for tests described in paragraph 7.1were chosen, in order to make meaningful comparisons. 

Table 7-5: List of blank tests of EtOH CPO. 

 

  In Fig. 7-26 the results obtained with the four blank tests are reported. These experiments 

differ for the space velocity. In the absence of the catalyst, the onset temperature for the reacting 

system is shifted to 600°C. This evidence excludes the influence of homogenous reactions in the 

low temperature region. Also in this case, ethanol is firstly consumed through an oxidative 

dehydrogenation mechanism, which starts at 600°C and leads to the production of acetaldehyde.  

Test Type 
EtOH 

[%] 

O2 

[%] 
O2/C 

Flowrate 

[Nml/min] 

Corresponding GHSV 

on GV1 

[Nl/h/kgcat] 

28 
EtOH 

BLANK 
1.5 1.68 0.56 812.51 9*105 

29 
EtOH 

BLANK 
1.5 1.68 0.56 451.39 5*105 

30 
EtOH 

BLANK 
1.5 1.68 0.56 1354.18 1.5*106 

31 
EtOH 

BLANK 
1.5 1.68 0.56 225 2.5*105 
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Fig. 7-26: Experimental results of blank tests on GV1. Feed composition: EtOH = 1.5%, O2/C = 0.56. 
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Then, ethanol is consumed both for oxidation reactions with O2 and for homogeneous 

decomposition, since oxygen (the limiting reagent) does not reach total conversion. Hydrogen and 

carbon monoxide appear at 700-750°C and they are probably originated from decomposition 

reactions of ethanol and acetaldehyde. In fact, acetaldehyde has the typical behaviour of 

intermediate product: it is produced as primary product until 700-750°C, then a consumption path 

is activated and it is consequently consumed. Contrary to what observed in the tests with catalyst, 

in this case some C2 species (ethane and/or ethylene) were also detected by the micro gas 

chromatographer. 

Table 7-6: Tests compared in Fig. 7-27. 

Test Type 
EtOH 

[%] 

O2 

[%] 
O2/C 

H2O 

[%] 

22-35 EtOH CPO 1.5 1.68 0.56 - 

40 EtOH SR 1.5 - - 3 

29 EtOH BLANK 1.5 1.68 0.56 - 

 

The effect of flowrate is evident: the higher is the residence time inside quartz reactor, the 

higher are the molar fractions of products measured at the outlet. The consumption of acetaldehyde 

through a consecutive path is also confirmed, since its consumption the lower is the flowrate, the 

lower is the temperature where its molar fraction starts to decrease. In Fig. 7-27, three different tests 

(listed in Table 7-6) performed using an equal total flowrate are compared, in order to investigate 

the possible influence of homogeneous reactions in these catalytic reacting systems. The flowrate 

of these tests is 451.39 Nml/min, corresponding to a GHSV of 5*105 [Nl/h/kgcat] when tube GV1 

is used. On the contrary, this assumption is no more valid in the case of ethanol CPO and SR tests 

carried out up to 750°C. By looking at SR and blank test, it emerges that in SR H2 and CO 

production begins at lower temperature (550°C rather than 700°C): hence, this contribution does 

not come from homogenous reactions. Also in the case of CPO, the last ramp in ethanol conversion 

starts at 600°C and can be probably associated to steam reforming, since a decrease in water molar 

fraction is detected. Furthermore, the production of methane, a typical product of cracking reaction, 

above 700°C is present in the blank test, but not in the catalytic experiments. These findings prove 

that the main kinetic events responsible for syngas formation observed in catalytic tests are due to 

heterogeneous reactions. 
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Fig. 7-27: Comparison among EtOH CPO (green curve, EtOH = 1.5%, O2/C = 0.56, EtOH = 1.5%, O2/C = 0.56, 

H2O = 1% at GHSV=5×105 NL/h/kg), EtOH SR (blue curve, EtOH = 1.5%, H2O = 2% at GHSV=5×105 

NL/h/kg) and blank tests (purple curve, EtOH = 1.5%, O2/C = 0.56) carried out at 451.39 Nml/min.. 
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7.5 Effect of co-feeding nitrogen oxides 

In this part, ethanol catalytic partial oxidation with nitrogen dioxide (NO2) or nitrous oxide 

(N2O) co-feeding is investigated. 

7.5.1 Introduction 

Several reasons justify the decision of co-feeding NO2 in ethanol CPO tests. The first idea 

was to use this oxidant species to burn and consume the carbonaceous depositions that were 

supposed to be produced on the catalytic surface. These depositions could in fact inhibit syngas 

production below 500°C. The oxidative potential of NO2 is for instance exploited in the 

continuously regenerating trap (CRT), a diesel particulate abatement system. This apparatus in 

general includes a ceramic wall-flow filter to trap particles or particulate materials. The trapped 

soot is then oxidized by NO2, that is produced in an upstream Pt reactor through NO oxidation. A. 

Setiabudi et al. in [64] assert that a higher oxidation rate is observed when O2 is also present 

together with NO2 and propose a kinetic mechanism: soot oxidation is initiated by NO2 that reacts 

with soot producing surface oxygen complexes (SOCs), which are subsequently oxidized by 

oxygen. Furthermore, when rates of soot oxidation using different oxidant species (NO2, N2O, NO 

and O2) are evaluated and compared, NO2 is the most effective reactant [65]. Besides its effect on 

carbonaceous depositions, nitrogen dioxide was co-fed together with oxygen in tests of ethanol 

partial oxidation as a general oxidant species. In this view, the general aim was to assess its effect 

on every step of the process (oxidative dehydrogenation, total oxidation, syngas production) and 

to investigate its promoting rather than inhibiting role with respect to oxygen. 

The reacting system with Ethanol/O2/NO is also analyzed in the scientific literature, mainly 

in the field of Selective Catalytic Reduction (SCR) of nitric oxide with ethanol. The analysis of 

this system is important for this thesis work, since the equilibrium NO/NO2/O2 plays a key role 

during ethanol CPO, as explained later. Josh A. Pihl et al. investigate this reacting system [66], 

[67], underlying the potentialities of ethanol/gasoline blends. A 2wt% Ag/γ-Al2O3 catalyst is used 

and lean conditions were kept in all the experiments. The presence of a synergistic effect emerged 

from these studies: NO favors the oxidation of ethanol (when compared to system where only 

oxygen is present) and ethanol promotes the oxidation of NO giving NO2. The presence of nitrogen 

dioxide than leads to the formation of nitrogen containing surface species that are finally consumed.  
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It is important to study the thermodynamic equilibrium of the system NO2/NO/O2 in order 

to assess if nitrogen dioxide is present in the reaction environment or instead, if NO becomes early 

the predominant species. Results of thermodynamic calculations are shown in Fig. 7-28, where 

different cases are analysed: with and without O2, with two different levels of NOx. He is used as 

complementary species. Oxygen, two limiting cases were considered for oxygen concentration, 

thinking on ethanol CPO kinetic: the case where O2 reacts only with ethanol (0% in NO2/NO/O2 

for equilibrium calculation) and the one where it is totally consumed by NO (1.68%, that is the 

input concentration of oxygen in all ethanol CPO tests). As expected, NO2 has a decreasing trend 

and NO grows symmetrically. When oxygen is present, the equilibrium is more shifted towards 

nitrogen dioxide. It is important to observe that above 500°C, when the production of H2 and CO 

begins steadily, only NO is present in the reaction environment.  
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Fig. 7-28: Equilibrium calculations for NO2/NO/O2 systems. Feed composition: NO or NO2 = 300ppm on 

the left, NO or NO2 = 1200 ppm on the right, (○) no O2, (◼) O2 = 1.68%. 

As far as N2O is concerned, two significant applications were found in the scientific 

literature. C. Mateos Pedrero et al. investigated the effect of N2O addition on catalytic partial 

oxidation of methane [68], [69]. They observed that when 300 ppm of nitrous oxide are fed into a 

methane CPO system over Rh/ γ-Al2O3 catalyst, selectivity trends change, since oxidation products 

become less important, while H2 and CO are produced in higher amount. This was explained with 

two surface phenomena: increase of rhodium dispersion and change of rhodium oxidation state. 

The competitive adsorption of N2O and O2 on the surface leads Rh to work in a reduced state. The 

importance of the support is also underlined. When instead 1000 ppm of nitrous oxide are fed, the 

selectivity towards syngas tends to decrease, because the oxidizing potential of N2O prevails. 
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Another system that is analysed in the literature is the coupling between ethanol oxidative 

dehydrogenation and N2O decomposition on carbon-supported copper catalysts promoted by Pd ad 

Co [70]. The conversion of ethanol to acetaldehyde increases when the reaction is performed in 

N2/N2O environment rather than pure N2. It is suggested that the α-oxygen produced by N2O 

decomposition promotes the formation of surface ethoxide species, which is one of the steps 

involved in the mechanism of ethanol oxidative dehydrogenation. After this analysis of the state of 

the art, what is expected from co-feeding NO2 is an increases of oxidation products and, hopefully, 

the promotion of syngas production at lower temperature. N2O is supposed to favor oxidative 

dehydrogenation and to increase selectivity towards H2 and CO.  

In Table 7-7, ethanol CPO tests performed co-feeding NO2 or N2O are reported. All the 

experiments were performed over the same tube, GV1, whose properties are reported in paragraph 

3.5.5. Two space velocities (5*105 and 1.5*106 [Nl/h/kgcat]) and two nitrogen oxide concentration 

in the feed (300 and 1200 ppm) were investigated. In particular, the two values of molar 

concentration were chosen to simulate the same ones studied in [69]. The feeding of the nitrogen 

oxides was performed by connecting a bottle to the lines of the rig. Both the oxides were stored in 

a He diluted mixture (NO2 mixture: NO2=3116 ppm, Ar=2053ppm, He complementary; N2O 

mixture: N2O=3541 ppm, Ar=0.2128 ppm, He complementary). 

Table 7-7: Experiments of ethanol CPO co-feeding nitrogen oxides on GV1. 

Test Type 
GHSV 

[Nl/h/kgcat] 

EtOH 

[%] 

O2 

[%] 
O2/C 

Nitrogen 

Oxide 

44 EtOH CPO 1.5*106 1.5 1.68 0.56 NO2 - 300 ppm 

45-46 EtOH CPO 5*105 1.5 1.68 0.56 NO2 - 300 ppm 

48 EtOH CPO 5*105 1.5 1.68 0.56 NO2 - 1200 ppm 

49 EtOH CPO 1.5*106 1.5 1.68 0.56 NO2 - 1200 ppm 

50 EtOH CPO 5*105 1.5 1.68 0.56 N2O - 300 ppm 

51 EtOH CPO 5*105 1.5 1.68 0.56 N2O - 1200 ppm 
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7.5.2 Tests with NO2: effect of the concentration and of space velocity 

From the analysis of Fig. 7-29 it is possible to investigate the effect of NO2 concentration 

in the reacting mixture. Tests 45-46 and Test 48 are analysed together and compared with the curve 

obtained with pure ethanol CPO. Hence, the tests shown in Fig. 7-29 were carried out with the 

same space velocity (5*105 [Nl/h/kgcat]) and different NO2 concentration (0-300-1200 ppm). The 

first clear effect of nitrogen dioxide is the inhibition of the oxidative dehydrogenation and of the 

oxidation phase: oxygen reaches total conversion at higher temperature (around 320°C) and the 

shift delay is detectable in the plots of ethanol conversion, acetaldehyde and total oxidation 

products (CO2 and H2O). Hence all the oxidation routes are affected, since they are inhibited and 

delayed at higher temperature. 

𝐸𝑡ℎ𝑎𝑛𝑜𝑙 → 𝐴𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 →  𝐶𝑂2    (7.13) 

𝐸𝑡ℎ𝑎𝑛𝑜𝑙/𝐴𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 → 𝐶𝐻4  →  𝐶𝑂2       (7.14) 

Thus a residual amount of oxygen remains in the reaction environment, available to 

oxidized H2 to H2O. 

Methane still presents a trend with a maximum, but its amount is halved: this can suggest 

that this species comes (totally or at least partially) from the decomposition of acetaldehyde.   

While the trend of CO is almost in line with the one of pure ethanol CPO, the production of 

hydrogen starts at higher temperature (450°C instead of 350°C). Two different reasons can explain 

this result: NO2 can act as an inhibitor of water gas shift reaction or as oxidant species that keeps 

on oxidizing H2 also when O2 is totally consumed.  
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Fig. 7-29: Experimental results of ethanol CPO with NO2 co-feed on GV1: the effect of NO2 concentration. 

Operating conditions: GHSV = 5*105 Nl/h/kgcat, EtOH = 1.5%, O2/C = 0.56. 
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In Fig. 7-30 the results of tests 44 and 45/46 are represented, in order to examine the 

influence of space velocity. The amount of NO2 fed in both the experiments was in fact the same 

(300 ppm), but they differ for the flowrate of reacting mixtures. The results are meaningful, since 

they show that the lower is the space velocity, the higher is the conversion of the reactants at a 

specific temperature (because residence time is longer). In line with this, also the molar fractions 

of products are different, being higher in the case of 5*105 [Nl/h/kgcat]. Observing the plot of water 

molar fraction, it is possible to observe that, above 500°C, its decrease is stronger in the case of 

lower space velocity. This happens because water is first produced (as product of oxidative 

dehydrogenation of ethanol and of oxidation reactions) and, subsequently, it is consumed, probably 

because of steam reforming reactions. The intersection between the two plots present in the plot of 

water is typically observed in the case of series reactions. In this regard, selectivity plots of tests 

44 and 45/46 are compared in Fig. 7-31.They confirm that acetaldehyde is a primary product (of 

oxidative dehydrogenation) which is then consumed in a series pathway, since the selectivity of 

both carbon and hydrogen atoms towards acetaldehyde is lower when space velocity is lower 

between 200 and 300°C. Selectivities towards hydrogen and carbon show a dual trend: they do not 

depend on space velocity in the region below 500°C, while at higher temperature it seems that 

syngas is produced in a consecutive pathway. What can be deduced from this behaviour, is that 

hydrogen and carbon monoxide are first produced via decomposition reactions (so they are primary 

products and selectivity does not depend on GHSV), then they are produced as secondary products, 

probably by steam reforming reactions. Finally, water, but also CO2 are consumed through a 

consecutive mechanism: steam reforming for water and reverse water gas shift for CO2 are the 

responsible reactions. 
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Fig. 7-30: Experimental results of ethanol CPO with NO2 co-feed on GV1: the effect of GHSV. Feed 

composition: EtOH = 1.5%, O2/C = 0.56, NO2 = 300 ppm. 
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7.5.3 Tests with N2O: effect of the concentration 

Tests 50 and 51 were performed to analyse the effect of the presence of a small amount of 

N2O in the feed (respectively, 300 and 1200 ppm). The values measured by the micro gas 

chromatograph are reported in Fig. 7-32, together with the results of pure ethanol CPO test used as 

a reference. All these tests were carried out using the same space velocity (5*105 [Nl/h/kgcat]), while 

they differ for the amount of N2O present among the reactants (0, 300 and 1200 ppm).  

Contrary to what observed with NO2, it is clear that nitrous oxide does not play any role in 

the initial phase, where oxidative dehydrogenation and total oxidation are the dominant reactions. 

Between 300 and 500°C, the molar fraction of methane is lower with respect to the reference test. 

In the same range of temperature, it can be observed that molar fraction of acetaldehyde is instead 

higher, and this can suggest that the decomposition reaction of acetaldehyde is slightly inhibited 

by N2O. As regarding oxidation products, they show an opposite behavior: the production of water 

becomes stronger, while the molar fraction of carbon dioxide is lower as the concentration of N2O 

is higher. Syngas production is instead inhibited, in particular in the case of hydrogen. 
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Fig. 7-31: Selectivity plots of ethanol CPO tests with NO2 co-feed: effect of GHSV (◼ = 5*105 [Nl/h/kgcat]; 

○ = 1.5*106 [Nl/h/kgcat]). 
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Fig. 7-32: Experimental results of ethanol CPO tests with N2O co-feed on GV1: the effect of N2O 

concentration. Operating conditions: GHSV = 5*105 Nl/h/kgcat, EtOH = 1.5%, O2/C = 0.56.  
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7.6 Conclusions 

To conclude this analysis, selectivity plots of three different tests, where, the reacting mixture 

involve EtOH/O2/N2, EtOH/ O2/NO2/ N2 and EtOH/ O2/N2O/ N2 respectively, are compared in Fig. 

7-33. It emerges that both nitrogen oxides diminish the selectivity to hydrogen, thus favoring water 

production. On the contrary, profile of carbon monoxide and carbon dioxide are more similar, with 

a small positive effect of NO2 which increases selectivity towards CO. 

As a general comment of results obtained with NO2, it has been observed that it influences 

mostly the low-temperature region, by delaying the production of acetaldehyde to higher 

temperature. NO2 shows its oxidant potential by oxidizing hydrogen.  

Contrary to what is reported in literature about N2O co-feed [68]–[70], in the experiments 

here presented does not emerge any promoting effect on the oxidative dehydrogenation of ethanol. 

This can be a proof of the importance of the catalyst’s type and of surface phenomena, since Rh/α-

Al2O3 here studied shows different behaviour with respect to carbon-supported copper catalysts 

analysed in article[70].  
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Fig. 7-33: Selectivity plots of ethanol CPO tests: effect of co-feeding nitrogen oxides. Operating 

conditions: GHSV = 5*105 Nl/h/kgcat, EtOH = 1.5%, O2/C = 0.56. 
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7.7 Intermediate Conditioning tests of the reactor through methane CPO 
 

7.7.1 Introduction 

The tube GV1 was initially subjected to the standardized conditioning procedure through 

methane CPO explained previously, before its use for the kinetic analysis of catalytic partial 

oxidation and steam reforming of ethanol. Several methane CPO tests were then repeated in 

between the other catalytic tests in order to continuously check the level of the activity of the tube.  

Finally, the last two conditioning tests were to see the final activity and behaviour of catalyst. 

As a next step for this tube, temperature profiles collected during these methane CPO tests through 

the length of the catalyst were compared for better understanding its situation. The idea behind this 

investigation is to analyse the behaviour of hot spot which is the behaviour resulted by the 

superposition of exothermic and endothermic reactions in the reaction mechanism of the CPO and 

SR processes occurred at the catalyst inlet [71]. The moving hot-spot clearly indicates a change in 

the catalyst’s activity. On the other hand, hot spot itself can affect catalytic activity, by causing a 

thermal sintering effect for the active sites on the surface [72]. However, it is well known that these 

tests with methane lead negligible carbon depositions on the surface. 
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Table 7-8: List of methane CPO tests performed on GV1. 

TEST # TEST Explanation 

14 CPO CH4 Conditioning the last activation test to obtain proper 

performance in terms of both stability and 

activity of the catalyst starting from the fresh 

catalyst as explained in detail in the chapter 6. 

15,16,17,18,19, 

21,22,23,24 

CPO Ethanol Performed at lower temperature region and one 

conditioning (#1) is a mid-check between them. 

25 CPO CH4 Conditioning # 2 

26,27,28,29,30,31 Blank Tests were carried out without catalyst tube and only 

sending the reactant mixture of ethanol PO. 

32  # 3 

33,34 Wet- CPO of ethanol   

35 CPO of ethanol Performed at high temperature region. 

36,37 CPO CH4 Conditioning # 4, # 5 

38,39,40 SR of ethanol  

41 CPO CH4 Conditioning # 6 

42 CPO of ethanol Performed at high temperature region. 

43 CPO CH4 Conditioning # 7 

44,45,46 CPO of ethanol + 300 

ppm NO2 

 

47 CPO CH4 Conditioning # 8 

48,49,50,51 CPO of ethanol + 1200 

ppm NO2 

 

52,53 CPO CH4 Conditioning # 9, #10 
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7.7.2 Investigation of effects of ethanol tests on the catalyst’s activity by comparing 

methane reference tests 

 

The axial temperature profiles of each temperature set point for all the conditioning test 

were plotted by taking the temperature difference between bed and oven through the length of 

catalyst layer. Basically, the conversion trends seen in Fig. 7-34 show that the activity of the 

catalyst is continuously decreasing with each test performed on it since the conversion of the main 

reactants are decreasing. 
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Fig. 7-34: Conversions of CH4 and O2 obtained during the intermediate activity checks of GV1 through 

methane CPO 

Up to 350 ̊C, hot spot does not appear and the temperature of the bed is found 

approaching the temperature of oven due to the incomplete methane oxidation as oxygen is still 

highly present in the products as seen in Fig. 7-34. It is also possible to verify that the hot spot 

profile starts to appear at the end of the reactor at this temperature. CPO of ethanol at low 

temperature region seems as not affecting the activity of catalyst at 300°C and 350°C.   

When set point temperature is fixed at 400°C and the hot spots start shifting to the entrance 

of the reactor, the plots in Fig. 7-35 strongly differ from each other. By looking the profiles at 

450 ̊C, the hot spots are more defined and mostly overlapping at the entrance of the bed. It can be 
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said that temperature of the hot spot increases until the set point temperature of 450ºC, where the 

complete consumption of O2 is obtained as seen in Fig. 7-34. (exothermic event). 
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Fig. 7-35: Temperature profiles obtained in the intermediate activity checks of GV1 through methane 

CPO at set point temperatures 300, 350, 400 and 450°C. 

 

These hot spot profiles are seen as divided into two groups starting from the temperature of 

550 ̊C. Tests 14, 20 and 25 were performed between ethanol CPO experiments at low temperature 

and they form the first group, where a lower ΔT was measured. This shows that catalyst is less 

active since it has flattened hot spot profile starting from set point 550 ̊C. All the other tests (starting 

from 32) show higher activity since bed temperature is higher and hot spot is sharper. Between 

these two groups, the tube was taken out from the quartz reactor to perform blank tests. This can 

suggest that this gap is caused by the different position of the alumina tube inside the quartz reactor 

and by the eccentricity effect. Furthermore, subsequent ethanol tests carried out up to 750°C could 

have also further conditioned the tube, by causing surface modifications. 
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Fig. 7-36: Temperature profiles obtained in the intermediate activity checks of GV1 through methane 

CPO at set point temperatures 500,550,600,650,700,775 and 850°C. 
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The decrease in the temperature difference between bed and oven seen in Fig. 7-36 also 

indicates that the temperature of the bed is decreasing due to the effect of the steam reforming at 

high temperature region. As mentioned in the part in paragraph 8.7.1, steam reforming reaction of 

methane starts around 550 -600 ̊C and then, the superposition of exothermic and endothermic 

reactions goes towards to the endothermic reaction since excess heat is used by that reaction. Test 

43 (performed after steam reforming tests and one partial oxidation test) has the sharpest hot spot 

temperature at 600 ̊C that indicates there is an important activation on the surface of the catalyst, 

maybe caused by positive cleaning effect of water on the surface [20]. 
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8 Kinetic study of steam-assisted decomposition of Formic Acid on 

Rh/α-Al2O3 catalyst 

8.1 Introduction  

As explained in paragraph 2.3, formic acid is a key component of aqueous phase mixture 

derived from fast pyrolysis. Many processes for the valorisation of this mixture are currently 

studied in the scientific literature. Among them, aqueous phase reforming could lead to the 

production of syngas. For this reason, the comprehension of the kinetic mechanism that lays behind 

steam-assisted formic acid decomposition is meaningful. Moreover, formic acid can be viewed as 

a C1 model molecule representative of carboxylic acids. The absence of C-C bond simplifies its 

decomposition, also in the homogeneous phase [73].  

For this purpose, in this thesis work the steam-assisted decomposition of formic acid on 2% 

w/w Rh/α-Al2O3 catalyst was studied, feeding in the annular reactor HCOOH/H2O/N2 mixtures. 

Several experiments were performed on tube GV5 (whose properties are described in paragraph 

3.5.5, investigating the effect of space velocity, formic acid concentration, water concentration and 

dilution. To complete this analysis, some tests of methane steam reforming were carried out in 

order to compare the results obtained with two different C1 species and to observe the influence of 

carboxyl functional group. 

Formic acid was sent to the reactor through a flow of nitrogen in the saturator where it was 

stored. Water was instead produced on an upstream Pt reactor, where a mixture of O2 and H2 was 

directed. Oxygen was present in stoichiometric amount, while a 5% v/v excess of hydrogen was 

used. It was instead observed that the production of water directly on the Rh reactor through the 

hydrogen oxidation was not feasible, since the strong exothermicity of this reaction made 

impossible the control of temperature. On the contrary, in the case of methane SR experiments, 

water was sent with the help of a saturator. 

The basic kinetic scheme involved in formic acid decomposition is simple and the main 

reactions are the following ones.  

𝐻𝐶𝑂𝑂𝐻 → 𝐶𝑂 + 𝐻2𝑂    (8.1) 

𝐻𝐶𝑂𝑂𝐻 → 𝐶𝑂2 + 𝐻2    (8.2) 
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𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2     (8.3) 

Formic acid can decompose through two different mechanisms: dehydration and 

dehydrogenation. Then, water gas shift reaction can readjust the final distribution of hydrogen and 

carbon atoms, defining the CO/CO2 and H2/H2O ratios. Formic acid itself can be seen as an 

intermediate of WGS.  The addition of water is aimed to shift the equilibrium towards H2-rich 

product mixture and to better approach aqueous phase SR conditions. These possible reaction 

routes give rise to a triangular scheme, represented in Fig. 9-1. Due to the strict correlation between 

formic acid decomposition and WGS reactivity, it is necessary to assess which are the roles played 

by them. When formic acid is employed as reactant, CO and CO2 can be both primary products 

coming from decompositions reactions, or, on the contrary, their production can be strictly related 

to WGS/RWGS reaction. In this second case, either CO can be a secondary product coming from 

RWGS reaction after formic acid dehydrogenation, either, on the contrary, CO2 could come from 

a subsequent WGS step after formic acid dehydration. The analysis of water gas shift reactivity is 

hence of fundamental important to comprehend its role. 

 

 

 

  

Fig. 8-1: Main reactions involved in formic acid system. 
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8.2 Kinetic analysis of WGS and RWGS reacting systems 

In this paragraph, the experimental results on WGS and RWGS reacting systems reported in 

a previous literature work ([42] [48]) are reported and analysed. Several simulations at constant 

gas hourly space velocity (2×106 NL/kg/h) and varying feed composition were performed. The 

experimental results, reported in Fig. 8-2 and Fig. 8-3, are widely discussed in the relative articles. 

What is important to underline for the sake of this thesis work, is the fact that both water gas shift 

and reverse water shift are active only above 300°C. Hence, the production of any kind of products 

(CO, CO2, H2, H2O) in formic acid systems must not be associated to WGS/RWGS reactivity in 

the very low temperature region. Whichever reactivity present below 300°C and the resulting 

product distribution must be strictly associated to direct formic acid decomposition pathways. 

  

 

Fig. 8-2: Effect of reactants concentration on CO and H2O conversion and products molar fractions in the 

WGS. Experimental (symbols) and calculated (solid lines) fractions are reported. Operating condition: 

GHSV = 2*106 NL/kg/h. 
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Fig. 8-3: Effect of reactants concentration in RWGS reaction. Experimental (symbols) and calculated 

(solid lines) results are reported. Operating condition: GHSV = 2×106 NL/kg/h. 
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8.3 Effect of space velocity 

The first tests performed with formic were aimed to identify the main trends in conversion 

and products evolution and to observe the effect of space velocity on the results. Three experiments 

were initially carried out and the operative conditions are listed in Table 8-1. The composition of 

reacting mixture of HCOOH/H2O/N2 was equal for all the experiments, with 1.5% v/v of formic 

acid and 4.5% v/v of water (ratio H2O/C = 3). The tests were carried out at decreasing space 

velocity (1.5*106, 1*106 and 5*105 [Nl/h/kgcat]).  

Fig. 8-4 shows the results of these experiments. Formic acid conversion evolves between 

150°C and 400°C. Considering the results provided in the previous section 8.2, the reactivity below 

300 °C can be only associated with the direct decomposition of formic acid.  Carbon monoxide is 

firstly produced, even if in limited amount (in the order of hundreds of ppm). Starting from 200-

250°C, CO2 becomes the most important product together with hydrogen. Both carbon monoxide 

and methane have a trend with a maximum and are always present at a very low concentration at 

the outlet of the reactor (peak concentration amounts respectively for 0.25% and 75 ppm). 

Equilibrium is fast approached around 500°C. Hydrogen and carbon dioxide are produced together, 

as expected. The trend with a maximum of CO suggests that it is an intermediate product since it 

is consumed by WGS where it is active above 300 °C. In addition, due to the production of CH4, 

even if it is produced in trace amount, it can be said it is caused by CO methanation. 

Table 8-1: Formic acid dehydrogenations tests on GV5: effect of GHSV. 

Test 

HCOOH 

[%] 

H2O 

[%] 

H2O/C 

GHSV 

[Nl/h/kgcat] 

89 1.5 4.5 3 1.5*106 

90 1.5 4.5 3 1*106 

91 1.5 4.5 3 5*105 
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Fig. 8-4:Experimental results of formic acid decomposition on GV5: effect of GHSV. Feed composition: 

HCOOH = 1.5%, H2O/C = 4.5%. 
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Focusing on the effect of gas hourly space velocity, it can be observed that as GHSV 

decreases, conversion of formic acid and fractions of CO2 and H2 increase, as expected. In this 

respect, the plot of CO is also meaningful, since two different regions can be identified: between 

150°C and 300°C, when it has an increasing trend, CO is produced in higher amount as GHSV is 

lower. On the contrary, after the maximum, an opposite trend is present: also this evidence suggests 

that CO is an intermediate product.  

 Considering all the evidences here highlighted, it can be concluded as; 

 It has been proved that there is an important reactivity of formic acid at low temperature 

region (below 300 °C) that must be only associated with the direct decomposition pathways 

of formic acid. 

 The dehydrogenation is dominant path compared to the dehydration one.  

 Water gas shift reaction is activated above 300°C and it rearranges the distribution of the 

products. 
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Fig. 8-5 Measured temperature profiles of test 89. Operating conditions: GHSV = 1.5*106 [Nl/h/kgcat], 

HCOOH = 1.5%, H2O/C = 4.5%). 
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Finally, in Fig. 8-5 plots of measured ΔT are shown. The profiles are quite flat, as the 

temperature of the reactor tends to approach the one of the oven. Neither strong endothermic nor 

exothermic phenomena are emerged. 

8.4 Effect of the concentration of formic acid 

To understand better the kinetic dependences, experiments were performed at varying 

HCOOH concentration or H2O concentration. The first experimental set on steam-assisted 

decomposition of formic acid was aimed to see the effect of formic acid concentration by keeping 

constant the flow rate of water. In other words, three different ratios of steam to formic acid were 

examined on tube GV5. For producing water to feed the reactor, another Pt- reactor was used in 

the upstream of Rh- reactor by using hydrogen in excess of 5% and stoichiometric oxygen. 

Therefore, air and hydrogen feeds are passed through this Pt- reactor firstly, then reach the main 

reactor part after mixed with formic acid and nitrogen feeds. When the plot of conversion of formic 

acid is studied as a first sign, little higher conversions were obtained by decreasing the formic acid 

concentration while water is kept constant. As expected, the results of 1% and 1.5% are more 

similar compared to 3% which is a bit far away from others as a percentage, three times and doubled 

of them, respectively.  

Table 8-2: Experimental conditions for the effect of the concentration of formic acid on GV-5 

Test Concentration of 

HCOOH 

Steam/HCOOH Water flow rate 

[NmL/min] 

GHSV 

[NL/kg/h] 

P92 3 % 1.5 27 1×106 

P90 1.5 % 3 27 1×106 

P93 1 % 4.5 27 1×106 

 

The results seen in Fig. 8-6 show that the increasing percentage of formic acid in the feed 

favours the fractions of all the products, but decreases the selectivity of H2 over CO by promoting 

more the formic acid dehydration. This can suggest that the rate has higher order dependence on 

formic acid concentration in the dehydration rather than the dehydrogenation.  In particular, passing 

from 1% to 3% of formic acid in the feed, hydrogen and carbon dioxide almost triplicate (from 

0.93% to 2.67%, from 0.84% to 2.73% at 500°C respectively). This evidence suggests that 
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dehydrogenation reaction rate could have approximately a first order dependence from formic acid 

concentration. More precisely, the dependence is slightly lower than first order since the conversion 

decreases when the formic acid concentration is increased. Also carbon dioxide presents a similar 

trend, thus it may suggest a first order dependence also for dehydration reaction. Differently from 

the other species, the maximum in the methane production seems shifted to the higher temperatures 

with the higher percentage of formic acid. The increase of methane production is probably caused 

by the increase of CO and, consequently, of methanation importance.  
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Fig. 8-6: Experimental results of formic acid dehydrogenation on GV5: effect of the concentration of 

formic acid at GHSV= 1×106 [NL/kg/h].  
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8.5 Effect of the concentration of water 

As a follow-up experimental set after the investigation of formic acid concentration, the effect 

of concentration of water was studied on formic acid decomposition and H2 production. For this 

purpose, tests 93 and 95 which conditions given in Table 8-3 were compared. The analysis of P93 

and P95 permits to investigate the kinetic dependences on water concentration since they were 

performed by changing the concentration of water while keeping that of formic acid constant. The 

gas hourly space velocity is also the same for these tests.  

Table 8-3: Experimental conditions for the effect of the concentration of water on GV-5 

Test Concentration 

of HCOOH 

Concentration 

of water 

Steam/HCOOH Water flow rate 

[NmL/min] 

GHSV 

[NL/kg/h] 

P93 1 % 4.5 4.5 27 1×106 

P95 1 % 1.5 1.5 9 1×106 

 

It can be seen that the conversion of formic acid has very similar trend in P93 and P95, but 

higher water content increases the conversion at lower temperatures while it is the opposite for 

higher temperatures. It is also seen in Fig. 8-7, that the molar fractions of CO and CH4 increased by 

decreasing amount of water while the ones of CO2 and H2 stayed similar. Therefore, it is clear that 

higher water concentrations in the reaction environment enhances the selectivity of H2 over CO. 

This behaviour of formic acid can be explained by looking at the two different decomposition 

pathways given below [25].  

HCOOH ⇆ H2 + CO2  ∆G = −48.4 kJ/mol   at T=298 K 

HCOOH ⇆  H2O + CO  ∆G = −28.5 kJ/mol  at T=298 K 

By considering these two pathways, the formic acid concentration has an effect on both 

these two pathways while the amount of water affects only the second pathway as expected due to 

reversible nature of the reactions. Therefore, the increasing amount of water in the reaction 

environment diminishes the second reaction, so that CO production decreases accordingly. 

However, thermodynamic calculations have shown that formic acid consumption is not limited by 
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equilibrium at the considered conditions. Moreover, since the increase in H2/CO ratio is much more 

pronounced above 350 ̊C, this behaviour can also be only associated with the water gas shift 

reaction.  As explained  in the literature [74], addition of water to the HCOOH removes small 

amount of CO formed on the surface of the catalyst that started above 350 ̊C as a consequence of 

the occurrence of the water gas shift reaction. Therefore, significantly higher H2/CO ratios can be 

obtained above 400°C, especially when water concentration in the reacting mixture is higher. 
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Fig. 8-7: Experimental results of formic acid decomposition on GV5: effect of the concentration of water 

at GHSV= 1×106 [NL/kg/h]. 

  



 

137 
 

8.6 Effect of dilution 

After the effects of both water and formic acid concentrations were investigated, the dilution 

of the reactants was also analysed as a last study. In line with this aim, P95 was performed to be 

compared with P92 by keeping the steam/HCOOH ratio constant but diluting both the reactants, 

water and formic acid at the same GHSV. Concentration of formic acid and water used in test 92 

are three times higher than their percentages in test 95. The conditions of these experiments are 

seen in Table 8-4 and their results are given in Fig. 8-8. 

Table 8-4: Experimental conditions for the effect of the dilution on GV-5 

Test Concentration 

of HCOOH 

Concentration 

of water 

Steam/HCOOH Water flow rate 

[NmL/min] 

GHSV 

[NL/kg/h] 

P92 3 % 4.5 1.5 27 1×106 

P95 1 % 1.5 1.5 27 1×106 

 

The analysis of conversion plot of formic acid can be helpful to understand the overall 

reaction order of the major phenomenon which is formic acid dehydrogenation. However, two 

different trends emerge: below 350°C, the more the system is diluted, the higher is the conversion 

and this sign suggests that the overall reaction order is negative. Above this temperature threshold, 

however, the plots have an opposite behaviour due to the activation of water gas shift reaction.  

Moreover, the product distribution and their relative amounts show that the decreasing 

concentration of the reactants in the reaction environment gives higher H2/CO ratios at 

temperatures below 300 °C while it has no effect above that temperature. This can be related again 

with the water gas shift reaction that reaction environment is not rich in water at the temperature 

region of this reaction since all the water takes part in the decomposition reactions. Finally, the 

dilution of the reaction environment has not a significant effect on the concentration of the products 

at low temperatures while they are found as very different at high temperatures with dilution.  
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Fig. 8-8: Experimental results of formic acid decomposition on GV5: effect of the dilution at GHSV= 

1×106 [NL/kg/h]. 
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8.7 Comparison with methane as C1 species: 

Steam reforming of light hydrocarbons and oxygenates such as methane, methanol and 

ethanol are the most commonly used methods for syngas production due to their easy 

transportations and cost of the processes compared to the coal-based sources.  To produce syngas 

from methane, many processes have been adopted for many years and among them, steam 

reforming of methane followed by water gas shift and catalytic partial oxidation of methane can be 

considered as the most known processes [26].  

Since methane is a very stable C1 molecule, syngas is obtained at relatively high 

temperatures and high conversions. Syngas production from methane is divided into two steps. 

First one is steam reforming reaction of methane took place at relatively high temperature region 

of our experiments and the second is WGS to adjust the H2:CO molar ratio. 

In the recent years, the production of CO free H2 and the reduction of carbonates on the 

surface of the catalyst became important challenges in heterogeneous catalysis. In line with this 

aim, formic acid seems a possible alternative fuel to methane and/or methanol as a C1 species 

because their decompositions give obviously H2 and CO and the elimination of CO is not found 

possible [74]. Moreover, there are some studies about combined steam reforming of methane and 

formic acid to adjust H2:CO ratio of the syngas. In these studies, the two pathways of 

decomposition of formic acid have been found as showing an alternative to water gas shift reaction 

at high temperatures.   

In parallel with all these literature studies about steam reforming of methane and formic 

acid to produce syngas, more detailed experiments, the comparison of catalytic partial oxidation 

and steam reforming of methane, the effect of different steam /CH4 ratios on steam reforming of 

methane and the comparison between steam reforming of methane and formic acid were performed 

respectively.  
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8.7.1 Comparison between catalytic partial oxidation and steam reforming of methane 

with different Steam/CH4 ratios 

Catalytic partial oxidation reaction of methane is used generally as a reference test in this 

thesis work. Since the aim of this part is to compare the steam reforming reactions of C1 species, 

comparing partial oxidation and steam reforming reactions of methane is expected as a meaningful 

experiment for an initial step. In addition, the effect of the different steam/methane ratio on steam 

reforming, in other words the effect of the water concentration, is investigated as a complementary 

comparison.  

 

Table 8-4: Experimental conditions for the comparison of CPO and SR reactions of methane on GV-5 

Test  Experiment Concentration of 

CH4 

Steam/CH4 GHSV  

[NL/kg/h] 

P96 CPO-CH4 1 % 1.5 1×106 

P97 SR- CH4 1 % 1.5 1×106 

P98 SR- CH4 1 % 4.5 1×106 

  

These comparisons were done by performing the experiments at the same space velocity 

1×106 NL/kg/h as the previous tests of formic acid and the same fuel concentration as 1% of 

methane. Next, two steam/methane ratios 1.5 and 4.5 were used respectively.  
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Fig. 8-9: Experimental results of Comparison between catalytic partial oxidation and steam reforming of 

methane with different Steam/CH4 ratios on GV-5 at GHSV= 1×106 [NL/kg/h]. 
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The first considerable difference between CPO and SR is found in the conversion of 

methane that evolves differently through different temperature regions as seen in Fig. 8-9. While 

conversions follow nearly the same values at low temperatures, the difference increases at high 

temperatures and steam reforming of methane gives approximately 10% higher conversions after 

500 ̊C. In particular, this gap appears when oxygen conversion is almost complete in CPO test 

(95% at 450°C) and hence, when the subsequent phase of steam reforming begins. Hence, it can 

be deduced that steam reforming reactivity is favoured when water is fed as reactant rather when 

it is present as intermediate product. Another important evidence is that in SR tests, hydrogen and 

CO appear at lower temperature (350-400°C rather than 450°C): this proves that the presence of 

oxygen is present in the system and on the catalytic surface SR is inhibited. This result was 

expected and also seen in the steam reforming experiments of ethanol before.  The production of 

CO2 and H2 is strongly increased by steam reforming after 500 ̊C compared to the partial oxidation 

which increases CO2 production rather than others at the temperatures up to that temperature. 

However, CO production seems to be decreased by steam reforming after 500 ̊C differently from 

the others. This result shows that it is possible to adjust H2:CO ratio and decrease CO content of 

syngas by using methane as also expressed in literature studies. This can be explained by water gas 

shift reaction by which additional hydrogen is obtained by reacting CO produced by steam 

reforming with water as seen below, 

Methane steam reforming reaction:  CH4 + H2O ⇌ CO + 3 H2 

Water gas shift reaction:   CO + H2O ⇌ CO2 + H2 

Also, since CO production is suppressed by water gas shift reaction after 500 ̊C, it is seen 

a small decrease in water trend differently from the partial oxidation results. However, the trend of 

methane stays the same for all these experiments because there is not anything to affect the pathway 

of CH4.  

When the effect of steam to methane ratio on the steam reforming reaction is analysed, it is 

obvious that higher water content gives better results in water gas shift reaction as the results of 

higher decrease in CO and increase in CO2 by water gas shift reaction. This can be also explained 

from the temperature point of view as seen in Fig. 8-10. Since the steam reforming reaction of 

methane is strongly endothermic reaction (consumes heat, ΔHr= 206 kJ/mol at 298 K) even if water 

gas shift reaction is mildly exothermic (produces heat, ΔHr= -41 kJ/mol at 298 K), when increase 
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the concentration water relative to the constant concentration of methane is increased, it is expected 

to obtain lower temperatures for the bed. It is seen that methane steam reforming is much more 

dominant rather than water gas shift reaction in the initial part of the bed, therefore temperature 

differences between bed and oven increase in value due to the decreasing temperature of bed by 

that reaction. On the other hand, this difference becomes negligibly small through the end of reactor 

due to the less consumption of heat by steam reforming due to decreasing amount of reactant 

(methane) through the reactor length (decreasing reaction rate, decreasing heat consumed by the 

that reaction) and dominated effect of water gas shift reaction (exothermic reaction gives some heat 

to be used by steam reforming and decreases the endothermic effect of the steam reforming) as a 

result of the production of CO at the initial part of the bed and higher water content in the reaction 

environment. 
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Fig. 8-10: Temperature profiles through the length of catalytic bed for the comparison of different 

steam/C ratios 
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8.7.2 Comparison between steam reforming of methane and the dehydrogenation of 

formic acid 

It is aimed to investigate the difference in the product distribution of steam reforming 

reaction of methane and formic acid by this comparison. Formic acid has an advantage over the 

methane in terms of stability as reported previously, so that it is we expected to obtain syngas from 

formic acid at lower temperatures than the that of methane which is proved by conversion trends 

as seen in Fig. 8-11. In addition, also as mentioned before, formic acid is recently studied as C1 

specie to minimize the CO content for the syngas production. 

The comparison was done by using the same space velocity with previous methane experiments 

which is 1×106 NL/kg/h.  

It is seen that the production of syngas starts at 200 ̊C when formic acid is used as a fuel 

and the total conversion is reached at 500 ̊C. However, these points shift to higher temperatures, 

350 ̊C and 650 ̊C, in the case of methane, respectively. Besides this advantage of formic acid, it has 

a drawback compared to methane in terms of hydrogen production because it contains much less 

hydrogen than methane. This is also clearly seen in the plots of H2 and CO that they are produced 

three times less by formic acid compared to methane while CO2 production is conversely increased. 

However, a small decrease in CO fraction after a point while H2 is still continuously increasing in 

the case of formic acid that gives an advantage to obtain H2 rich syngas as mentioned in several 

literature studies.  

When water fractions are compared, the effect of the water gas shift reaction is clearly 

realized in the case of methane steam reforming at temperatures around 500 ̊C which is responsible 

of sharp increase in the production of syngas at these temperatures.  

Next, the effect of steam to fuel ratio was investigated by changing the water concentration 

at the same space velocity. The conversions of fuels were staying similar as seen in Fig. 8-11 for 

both water concentrations. However, as it is seen that steam reforming of methane was much more 

affected by the increase in water concentration with that obtained higher CO2 and H2 and lower 

CO fractions.  

As a conclusion of this comparison between formic acid and methane, the results obtained 

were found in line with the literature studies explained in introduction part.  
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Fig. 8-11: Experimental results for the comparison of steam reforming reactions of formic acid and 

methane on GV-5 at GHSV= 1×106 [NL/kg/h]. 
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8.8 Aging tests and Raman analyses of carbonaceous deposits with Formic Acid 

Another Raman analysis was performed for the decomposition reactions of formic acid over 

GV-5 with the main aim of the characterization of the carbonaceous species deposited on the 

surface during the process. Also, looking at the differences in Raman spectra together with the 

results measured by GC during the aging can give better understanding about the pathways. The 

influence of coke deposition on the two possible conversion paths of formic acid by 

dehydrogenation and dehydration was assessed. 

Aging tests for formic acid were performed at two different temperatures (250 ̊C and 400 ̊C) 

and four axial positions were analysed. As seen in Fig. 8-12, the first temperature corresponds to 

the region where the increase in the conversion of formic acid has the maximum slope and the 

second temperature is the beginning of the plateau. The experimental conditions of the aging test 

are also given in Table 8-5. The sampling for the Raman analysis from the tube was performed by 

scratching procedure explained in the section 7.2 in detail. The GC results of the tests were 

compared with the reference test (P95) which was performed previously at the same conditions and 

they showed the similar trends as seen in Fig. 8-12. The molar fractions of the species are also 

reported in Fig. 8-13. However, it can be said that the lower conversions obtained at the second 

aging temperature may be resulted by the decreasing activity of the catalyst due to its use in the 

previous experiments.  

 

Table 8-5: Experimental Conditions of Aging tests of Formic acid  

Tube Composition 
HCOOH

% 

H2O

% 

Steam/

Fuel 

 

GHSV 

[NL/hr/kg] 

Volume 

Flowrate 

[NmL/min] 

Mass of 

catalyst 

[mg] 

Length of 

catalyst 

[cm] 

GV5 
2% 

Rh/α-Al2O3 

1 

 

1.5 

 

1.5 

 

1×106 

 
557 

33.4 

 

5 
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Fig. 8-12: Conversion plot of Formic acid during the aging test in comparison with the reference at the 

conditions given Table 8-5 
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In the Raman spectra obtained in the first aging test at 250 ̊C, D band appeared around 1300 

cm−1 is resulted by the vibrations of the carbon atoms in the amorphous or disordered carbonaceous 

species which are known as reversible depositions and can be treated by combustion. As mentioned 

also in the previous chapters, by looking at the molar fraction, dehydrogenation pathway of formic 

acid is already more active rather than dehydration at this temperature. During this pathway of 

decomposition, the formation of several intermediate oxygenated species on the surface is also 

reported in the literature[25].Therefore, the peaks around 1400-1450 cm-1may be related with 

oxygenated C species and their stretching modes. On the other hand, very narrow signals at 400- 

500 cm−1 are the indication of Al2O3 support material and rhodium. Another important conclusion 

that can be drawn is the homogeneity on the surfaces since blue and red signals, which belongs to 

different particles of the same axial position, are following the same trend. Moreover, the same 

signals are seen through all axial positions eg. for P1 and P4 as seen in Fig. 8-14 and this indicates 

that the reactions on the surface occurs homogeneously through the entire length. 
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Fig. 8-14: Raman Spectra of Aging tests with Formic Acid  
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In the second aging test performed at 450 ̊C, in addition to D-band, another band at 1600 cm-

1 called G-band, which is the indication of ordered structures on the surface, can be seen stronger 

at position 1. When the relative intensities of these two bands are compared, it is clear that 

amorphous species are found more predominantly on the surface. At this temperature the results 

seen in Fig. 8-13 show that even if the dehydration mechanism is producing H2O and CO, water gas 

shift reaction is effective to consume a part of them from the reaction environment. Differently 

from the previous aging temperature, Raman spectra of each axial position are different and proves 

heterogeneity along the catalytic bed as seen in Fig. 8-14. The D- and G-bands are much clearer at 

the entrance of the catalytic bed where has the reactivity is higher since the reaction environment 

is rich in formic acid. These stronger bands at the entrance of the reactor have been detected in the 

most of the Raman analysis with ethanol. This suggests the presence of very diverse products in 

the reaction environment due to the higher reactivity at such a specific temperature depending on 

the type of the reactions. Since the reactivity decreases through the axial coordinate also due to the 

consumption of fuel, subsequent positions (2,3,4) differ from the position 1 by having more 

homogeneous behaviour and less pronounced G-band. The small swelling behavior of the green 

signal of the position 4 at 400 ̊C can be associated with the ongoing reorganization of carbon 

species at relatively higher temperatures of formic acid processes. 
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9 Development of a kinetic scheme 
 

9.1 Simulation of tests with methane 

The kinetic model described in chapter 5 was used to simulate the behaviour of several 

reacting systems with methane, in order to compare experimental results obtained with tube GV5 

with the response of the model. Moreover, the efficacy of the model to simulate the experiments 

performed on GV5 was assessed in this phase, hence starting from the well-known kinetic 

mechanism of methane (largely studied in [35], [42]), because, after that, the same model was 

extended to simulate reacting  systems with formic acid. The experiments listed in Table 9-1 were 

simulated with the kinetic model. 

Table 9-1: Experiments with methane simulated with the kinetic model. 

 

The efficacy of the model was initially assessed by simulating methane CPO tests carried 

out at 2*106 [Nl/h/kgcat], hence adequately distant from the thermodynamic equilibrium. The 

results are represented in Fig. 9-1, where continuous lines are the responses of the model, the points 

are the experimental results of tests 73-74-75 and the dashed line constitutes the equilibrium 

condition. Like in paragraph 0, also the experimental measurements obtained with the reference 

test are reported. 

The detailed analysis of the kinetic regimes that emerge from the close examination of 

model results is present in [35], where three regimes were identified. These regimes, presented in 

Table 9-2, follow by each other accordingly to the set point temperature and the axial region. The 

novel investigation carried out in this thesis work is instead the analysis of the effect of Sherwood 

Tests 
Type 

of test 

𝑪𝑯𝟒 

[%] 

𝑶𝟐

𝑪
 

𝑯𝟐𝑶

𝑪
 

GHSV 

[Nl/h/kgcat] 

73 − 74 − 75 𝐶𝐻4 CPO 3 0.56 0 2 ∗ 106 

70-71-72 𝐶𝐻4 CPO 3 0.56 0 8 ∗ 105 

96 𝐶𝐻4 CPO 1 0.56 0 1 ∗ 106 

97-98 𝐶𝐻4 SR 1 0 1.5 -4.5 1 ∗ 106 
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number. Three different simulations were in fact executed with varying Sherwood number. The 

equation used to evaluate 𝑆ℎ𝑙𝑜𝑐,𝑖
 is the following and is introduced in chapter 5. 

Table 9-2: Reactivity regimes during methane CPO. 

Regime Main Reactions Reaction stoichiometry 

Regime I 𝐶𝐻4 total oxidation 𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 𝐻2𝑂 

Regime II 

𝐶𝐻4 steam reforming 𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 

𝐻2 oxidation 𝐻2 + 0.5 𝑂2 → 𝐻2𝑂 

𝐶𝑂 oxidation 𝐶𝑂 + 0.5 𝑂2 → 𝐶𝑂2 

Water Gas Shift (direct) 𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 

Regime III 
𝐶𝐻4 steam reforming 𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 

Water Gas Shift 𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 

 

𝑆ℎ𝑙𝑜𝑐,𝑖
= 𝑆ℎ𝑖𝑛𝑓 + 6.874𝑒−71.2𝑧𝑆ℎ𝑖 (1000𝑧𝑆ℎ𝑖

)
−0.35

 

𝑤𝑖𝑡ℎ 𝑆ℎ𝑖𝑛𝑓 = 𝑆ℎ𝑐𝑖𝑟𝑐 − 1.7548𝑅∗ 

 

The black lines in Fig. 9-1 are the outcomes of simulations with 𝑆ℎ𝑐𝑖𝑟𝑐 = 6.61, that is the 

value used in the past to simulate methane CPO tests [35], [42]. However, from the analysis of Fig. 

9-1, it can be noticed that only the results of reference test (light blue point), carried out on another 

tube with a shorter catalytic bed, are well described by the model where this 𝑆ℎ𝑐𝑖𝑟𝑐 is used. On the 

contrary, all the experimental measurements collected with GV5 go away from the black curves 

above 650°C. The intrinsic meaning of the Sherwood number must be considered to comprehend 

this behavior. Sherwood number is used to calculate the coefficient (𝐾𝑐,𝑖 ) that regulates the mass 

transfer of each species from the bulk of the gas phase to the catalytic surface. The higher is 𝑆ℎ𝑐𝑖𝑟𝑐 

the higher is the mass transfer coefficient 𝐾𝑐,𝑖 , as emerges from the following equation. 

 

𝐾𝑐,𝑖 =
𝑆ℎ𝑐𝑖𝑟𝑐𝐷𝑖

𝑑ℎ
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Fig. 9-1: Experimental results of methane CPO performed on a reference tube (●) and on GV5 (◼); 

results of simulations with the kinetic model (continuous lines): the effect of Sh number. Operating 

condition: GHSV = 2*106 Nl/h/kgcat, CH4 = 3%, O2/C = 0.56. 
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Looking at the results obtained for tests 73-74-75 on GV5, the model with 𝑆ℎ𝑐𝑖𝑟𝑐 = 6.61 causes 

an overestimation on the performance of the catalytic reactor at high temperature, that is the region 

where mass transfer resistances can assume a role and influence the reactivity. Hence, mass transfer 

limitations seem to be the responsible of the different behavior of the reference test (well simulated 

by model with 𝑆ℎ𝑐𝑖𝑟𝑐 = 6.61 ) and experiments carried out on GV5. This hypothesis is 

corroborated by the fact that in the low temperature region (T<500°C), the experimental 

measurements are instead quite overlapped. This also suggests that, as expected, the intrinsic 

kinetic expressions of the model do not need to be changed.   

Considering the characteristics of tube GV5, this assumption turns out to be still more significant: 

differently from the reference test and from [42] (2 cm), catalytic bed deposited on tube GV5 was 

5 cm long. Consequently, tube GV5 is more likely affected by eccentricity effect, that can 

negatively influence mass transfer phenomena. 

For these reasons, simulations with increased importance of mass transfer resistance were 

performed, using 𝑆ℎ𝑐𝑖𝑟𝑐 = 4.5 (red curves) and 𝑆ℎ𝑐𝑖𝑟𝑐 = 3.5 (green curves). Below 450°C the 

results of all model simulations are similar, while after that point they start to draw apart from each 

other. Meaningfully, 450°C is the temperature where the ramp of oxygen conversion ends up. After 

this temperature, only a residual fraction of oxygen is detected at the outlet section of the reactor 

(𝜒𝑂2
> 80%). Hence, O2 is scarcely present (at least in the last part of the catalytic bed) and it 

suffers of strong mass transfer resistances. This aspect is proved and analyzed also in [35], where 

the axial profiles of oxygen concentration calculated by the model are reported. Thus, Sherwood 

number strongly affects the curve of oxygen conversion at high temperature. Looking at this plot, 

it emerges that model with 𝑆ℎ𝑐𝑖𝑟𝑐 = 3.5 overestimates the importance of mass transfer resistance, 

thus strongly undervaluing oxygen conversion. For this reason, 𝑆ℎ𝑐𝑖𝑟𝑐 = 4.5 was selected as the 

best value able to simulate experimental results obtained with tube GV5. Further considerations 

can be done by analyzing the other plots. In the graph of methane conversion, a change in the slope 

of model response is detectable at 450°C: when the conversion of oxygen is almost complete, on 

the catalytic surface that is free of O2, the reactivity of steam reforming begins. Sherwood number 

is affecting the plot of methane conversion and this evidence can suggest that also methane suffers 

from interphase limitations when the regime of SR is active. However, also the inhibiting effect of 

adsorbed oxygen on SR reaction rate is also negatively affecting methane conversion. The trends 
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of products molar fractions follow the one of methane conversion. The plot of CO2 concentration 

is particularly explicative, since three different reactivity regions. 

 Region : T < 450 °C 

 Region β: 450 °C < T < 650 °C 

 Region γ: T > 650°C  

Sherwood number does not affect carbon dioxide molar fraction in Region  and in Region γ, 

but its influence is evident in Region β, where the lower is 𝑆ℎ𝑐𝑖𝑟𝑐 the lower is CO2 concentration 

at the outlet of the reactor. Besides, an adjustment of oxidation activity could improve the fitting 

of CO2. 

In Region , Regime I is active and carbon dioxide is produced by methane oxidation. In this 

low temperature region mass transfer limitations are not affecting overall reaction rate. In Region 

β, all the three Regimes take place one after the other along the axial coordinate [35]. However, 

the fraction of methane converted through total oxidation diminishes as the temperature increases, 

while steam reforming becomes important. In Region γ, only Regimes II and Regime III occur, 

hence carbon dioxide is produced only from CO oxidation and WGS. Sherwood number strongly 

influence CO2 production when there is a competition between oxidation and steam reforming 

pathway. The lower is 𝑆ℎ𝑐𝑖𝑟𝑐, the lower is the relative importance of oxidation with respect to SR, 

because oxygen suffers mass transfer limitations in this temperature range and in this level of 

concentration (𝜒𝑂2
> 80%). The green curve shows a quite sharp peak: the transfer of O2 on the 

catalytic surface has become so important to limit the extent of oxidation reaction and, 

consequently, carbon dioxide production. According to the lower methane conversion, with a low 

Sherwood number, syngas production and water consumption are inhibited.  

The axial composition trends must be analyzed to better comprehend these findings. Species 

molar fractions in the gas bulk phase and on the catalytic surface were evaluated for two 𝑆ℎ𝑐𝑖𝑟𝑐 by 

the model and are shown in Fig. 9-2 for three temperatures. As a general comment, it can be said 

that with the higher Sherwood, molar fractions of reactants are lower in the gas phase and higher 

on the surface (effect on inter-phase diffusion), while products show an opposite behavior (effect 

on inter-phase counter-diffusion). Looking at wall fractions at 420°C and 500°C, it emerges that 

the effect of Sh on oxygen is higher than on methane. At 500°C in particular, mass transfer 

limitations on oxygen cause a gap between gas and surface fractions.  
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Fig. 9-2: Axial profiles of bulk and wall molar fraction: the effect of Sh number. Operating condition: 

GHSV = 2*106 Nl/h/kgcat, CH4 = 3%, O2/C = 0.56 

 

The plots in Fig. 9-3 related to tests 70-71-72 (low GHSV), show that, as expected, the 

effect of Sherwood number is weaker in this condition, because the reacting system is working 

near equilibrium, where the effect of kinetic phenomena is slightly suppressed by thermodynamic 

constraints. To complement the analysis, in Fig. 9-4 are reported the simulations carried out for 

tests 96, which were performed at 1*106 [Nl/h/kgcat] and using 1% v/v of methane. 
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Fig. 9-3: Experimental results of methane CPO performed on GV5 (◼); results of simulations with the 

kinetic model (continuous lines): the effect of Sh number. Operating condition: GHSV = 8*105 

Nl/h/kgcat, CH4 = 3%, O2/C = 0.56. 
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Fig. 9-4:Experimental results of methane CPO performed on GV5 (◼); results of simulations with the 

kinetic model (continuous lines): the effect of Sh number. Operating condition: GHSV = 1*106 

Nl/h/kgcat, CH4 = 1%, O2/C = 0.56. 
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Simulations with the model were then carried out for methane steam reforming, performed 

at GHSV = 1*106 [Nl/h/kgcat], CH4 = 1% and varying water concentration (H2O = 4.5% or H2O = 

1.5%). Two 𝑆ℎ𝑐𝑖𝑟𝑐 were employed: the one used in previous works, 6.61, and the best compromise 

for GV5, 4.5.  The results provided by the model are plotted with experimental results in Fig. 9-5, 

the experimental measurements are satisfactorily approximated by the model. The first 

consideration that can be advanced, is that Sherwood number is less affecting in SR systems rather 

than CPO ones. In fact, the results of the two simulations are almost overlapped.  The same 

observation can be done by analyzing Fig. 9-6, where axial profiles of the species show a weak 

dependence on  𝑆ℎ𝑐𝑖𝑟𝑐. At 420°C and 500°C, when the conversion of methane is lower than50%, 

bulk and wall composition are very similar. Hence, at this low temperature intrinsic chemical 

reactions are the rate determining steps. At 720°C a small gap between methane bulk and solid 

composition is detectable. In conclusion, in steam reforming experiments, where oxygen is not 

present among reactants, mass transfer is generally much faster than intrinsic reaction rates, and 

only at high temperature and near complete conversion methane transport is slightly limited. To 

conclude this analysis, the study of CO trend is meaningful. CO is here produced   by SR and 

consumed by WGS.  The significant effect of water concentration on WGS reactivity observed 

experimentally has been reported in paragraph 8.5. In this paragraph, the model behavior is 

analyzed. Up to 450°C, regardless of water concentration, CO molar fraction evaluated by the 

model is the same, in line with the fact that SR reaction rate does not depend on water partial 

pressure. On the contrary, WGS reaction rate depends on water concentration, which appear both 

at the numerator and at the denominator. Due to this form of reaction rate expression, the lower is 

water concentration, the lower is the temperature where the effect of water partial pressure on WGS 

reactivity and, hence, CO composition, starts to be visible. For this reason, green curve (H2O = 

4.5%) of CO fraction starts to flatten at 450°C, while the orange one (H2O = 1.5%) sees an effect 

on its slope only at 600°C. 
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Fig. 9-5: Experimental results of methane SR performed on GV5 (◼); results of simulations with the 

kinetic model (continuous lines): the effect of Sh number. Operating condition: GHSV = 1*106 

Nl/h/kgcat, CH4 = 1%. 
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Fig. 9-6: Axial profiles of bulk and wall molar fraction: the effect of Sh number. Operating condition: 

GHSV = 1*106 Nl/h/kgcat, CH4 = 1%, H2O = 4.5% 
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9.2 Integration of formic acid decomposition reactions into the kinetic model 

9.2.1 Introduction 

The kinetic model developed in the past to simulate methane CPO and described in chapter 

5 was then extended to other hydrocarbons, such as propane [75], i-octane, n-octane [76] and 

ethylene [35]. The reaction scheme of methane (Table 5-1) was maintained in all the models and it 

was integrated by two novel reactions: total oxidation (ox_Fuel) and steam reforming (SR_Fuel) 

of the relative fuel. This was possible since the indirect-consecutive path was shown to be always 

valid. During this thesis work, formic acid decomposition was integrated in this model, even if its 

decomposition mechanism is clearly different from the mentioned hydrocarbons. In particular, 

reaction ox_Fuel was substituted with formic acid dehydrogenation and SR_Fuel with dehydration. 

Test 92 (Table 9-3) was chosen as reference tests because carbon balance was fully satisfied 

through the entire experiment.  

Table 9-3:Reference test for simulations of formic acid decomposition. 

Reference 

Test 

HCOOH 

[%] 

H2O 

[%] 

H2 

[%] 

Flowrate 

Ncc/min 

GHSV 

[Nl/h/kgcat] 

92 3 4.5 0.045 605 1 ∗ 106 

 

Physicochemical constants, atomic balances, reaction stoichiometries were properly changed 

to take into consideration the introduced reactions. All the modifications made to the model are 

here reported in detail. 

 Modification of diffusivity of the new fuel in N2 and He, buy changing the coefficients in 

the Fuller-Schettler-Giddings correlation. Here reported the novel correlations. 

 

𝐷𝐻𝐶𝑂𝑂𝐻 𝑖𝑛 𝑁2
=  7.1961 ∗ 10−6 (𝑇1.75)

𝑃
        (9.1) 

𝐷𝐻𝐶𝑂𝑂𝐻 𝑖𝑛 𝐻𝑒 =  2.4870 ∗ 10−5 (𝑇1.75)

𝑃
        (9.2) 

 

Where T is expressed in Kelvin, P in atm and D in 𝑐𝑚2/𝑠; 

 modifications of atomic balances according to the molecule of the new fuel; 
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 modification of stoichiometric coefficients of the decomposition reactions appearing in 

continuity equations, according to the stoichiometry of new reactions, according to the 

stoichiometries reported in Table 9-4. 

Table 9-4: Reaction rates and stoichiometries involved in formic acid decomposition. 

Reaction Stoichiometry 

Formic acid dehydrogenation 𝐻𝐶𝑂𝑂𝐻 → 𝐻2 + 𝐶𝑂2 

Formic acid dehydration 𝐻𝐶𝑂𝑂𝐻 → 𝐻2𝑂 + 𝐶𝑂 

 

In the initial phase of this analysis, the equilibrium condition of formic acid system was 

assessed: in the entire temperature range that was investigated (150-500 °C) formic acid conversion 

is always complete at the thermodynamic equilibrium. It was shown that the equilibrium state of 

formic acid system coincides with the one of WGS: in fact, if, instead of formic acid, CO and H2O 

are present as reactants, according to the stoichiometry of dehydrogenation the same equilibrium 

composition is reached. Consequently, it was not necessary to add any equilibrium constraint for 

the evaluation of neither dehydrogenation nor dehydration reaction rate. Equilibrium limitations 

for WGS and RWGS were already present in the model for methane CPO. 

The analysis of experimental results of formic acid decomposition in presence of water revealed 

that: 

 formic acid dehydrogenation, the major reactivity responsible for formic acid conversion, 

has an overall kinetic order lower than unity, because conversion changes with space 

velocity and because it decreases when the concentration of fed formic acid increases; 

 formic acid dehydration takes place with a limited extent, but it is necessary to introduce 

this reactivity to simulate the initial production of CO; 

Simple kinetic expressions for the decomposition reactions were initially introduced in the 

model. For both dehydrogenation and dehydration reactions, a first order dependence on formic 

acid partial pressure was initially attempted, as reported in Table 9-5. 
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Table 9-5: Kinetic expressions of decomposition reactions of formic acid. 

Reaction 

Reaction rate 

[
𝒎𝒐𝒍

𝒈𝒄𝒂𝒕 𝒔 
] 

Formic acid dehydrogenation 𝑟𝑑𝑒𝐻2
= 𝑘𝑑𝑒𝐻2

𝑃𝐻𝐶𝑂𝑂𝐻 

Formic acid dehydration 𝑟𝑑𝑒𝐻2𝑂 = 𝑘𝑑𝑒𝐻2𝑂𝑃𝐻𝐶𝑂𝑂𝐻 

 

9.2.2 Integration of formic acid dehydrogenation reaction into the kinetic model 

All the experimental results collected from tests of formic acid decomposition in presence 

of water have shown that dehydrogenation pathway is strongly predominant when compared to 

dehydration. Focusing on test 92, for instance, the maximum amount of CO2 measured throughout 

the entire test was of 2.76%, while CO reached a peak of 0.38%. For this reason, the first step for 

the adaptation of the kinetic model to include formic acid decomposition is the analysis of 

dehydrogenation reactivity. The pre-exponential factor and the activation energy reported in Table 

9-6 were evaluated to have a good fit with experimental data of formic acid conversion. The 

response of the model is shown in Fig. 9-7, where it is indicated as “Model deH2”. Experimental 

measurements and thermodynamic calculations are also plotted. As a first consideration, it must be 

observed that numerical problems emerge in simulations above 350°C and strong oscillations in 

model response are originated. The reason behind this behaviour of the model lays in the fact that 

the system is working extremely near equilibrium condition. The trend of formic acid is well fitted, 

but the absence of dehydration reactivity causes an imprecise estimated of products distribution. 

Table 9-6: Parameter estimates of formic acid dehydrogenation reaction. 

Reaction 𝒌𝒓𝒊𝒇,𝒋   [
𝒎𝒐𝒍

𝒂𝒕𝒎 𝒈𝒄𝒂𝒕 𝒔 
] 𝑬𝒂𝒕𝒕  [

𝒌𝑱

𝒎𝒐𝒍 
] 𝑻𝒓𝒊𝒇,𝒋  [𝑲] 

Formic acid 

dehydrogenation 
1.5 ∗ 10−2 74.826 573 
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Fig. 9-7: Experimental results of formic acid decomposition in presence of water performed on GV5 (◼); 

results of simulations with the kinetic model (continuous lines): the effect of Sh number. Operating 

condition: GHSV = 1*106 Nl/h/kgcat, HCOOH = 3%, H2O = 4.5%.  
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As expected, the model is not able to fit the production of carbon monoxide at low 

temperature: CO production below 300°C comes strictly from formic acid dehydration and, 

consequently, the reactivity of RWGS (already present in the kinetic model) cannot lead to a correct 

evaluation of CO composition in the entire temperature range. For the same reason H2O 

concentration is underestimated. H2 and CO2 molar fractions are overvalued above 300°C due to 

the fact the formic acid conversion itself is overestimated in this temperature region and due to the 

co-presence of dehydration that contributes to consuming the fuel. 

9.2.3 Integration of formic acid dehydration reaction in the kinetic model 

The reactivity of formic acid dehydration was inserted into the kinetic model, in order to 

take into account CO production below 300°C and to have a better fit of products distribution. The 

kinetic parameter necessary to evaluate the rate constant of formic acid dehydration were initially 

estimated to have a good fit with CO molar fraction. Since, as already explained, this dehydration 

reactivity takes place with an extent far lower that dehydration, its effect on formic acid overall 

conversion is minor and, at least for the first estimation, it can be analysed independently from 

dehydrogenation. After the introduction of dehydration reactivity, also the kinetic parameters of 

formic acid dehydrogenation were readjusted, in order to reach an optimal fit of experimental 

results. The final estimated of pre-exponential factors and activation energies are reported in Table 

9-7. The response of the model is shown in Fig. 9-7, where it is indicated as “Model deH2 + 

deH2O”. In this case, the reaction scheme and kinetic expressions result adequate to simulate 

experimental results. First of all, the kinetic expression of formic acid dehydrogenation can be 

refined, consideration that an overall reaction order lower than unity emerged from experimental 

results reported in paragraph 8.3. Finally, the methanation from CO should be considered to 

simulate the production of methane, that however remains negligible (maximum CH4 = 0.012%). 

Table 9-7: Final parameter estimates of formic acid dehydrogenation and dehydration reactions. 

Reaction 𝒌𝒓𝒊𝒇,𝒋   [
𝒎𝒐𝒍

𝒂𝒕𝒎 𝒈𝒄𝒂𝒕 𝒔 
] 𝑬𝒂𝒕𝒕  [

𝒌𝑱

𝒎𝒐𝒍 
] 𝑻𝒓𝒊𝒇,𝒋  [𝑲] 

Formic acid 

dehydrogenation 
1.3 ∗ 10−2 66.512 573 

Formic acid 

dehydration 
3.0 ∗ 10−3 49.884 573 
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10 Conclusions 

Efforts made for the use of biomasses for energy production are increasing in the recent years 

since the interest for the transition towards a low-carbon economy is asking for a lower dependence 

on fossil fuels. The investigation on the kinetic behaviour of model species is fundamental to 

comprehend deeply the conversion processes of complex multicomponent biomass-derived 

mixtures. For this reason, it is of great interest the catalytic study on ethanol and formic acid carried 

out in this thesis work. All the experiments were performed over 2% w/w Rh/α-Al2O3 in annular 

reactor which allows to work at high gas hourly space velocity under quasi-isothermal conditions. 

With this configuration, the impacts of both the diffusional limitations and thermodynamic 

constraints are reduced. CPO and SR of ethanol and steam-assisted decomposition of formic acid 

were investigated. As a complementary study, the behaviour of catalytic surface during these 

processes was analysed in detail by the Raman spectroscopy to have a better understanding of coke 

deposition and its effect.  

For both fuels, the variation of GHSV is found to be effective for initiating the processes at 

lower temperatures. Moreover, from a methodological point of view, it also provides some 

information on the sequence of the reaction steps. When the species are produced as primary 

products, the space velocity does not have any effect on the selectivity, contrary to the behaviour 

of secondary products. For instance, this evidence proved that acetaldehyde is produced as a 

primary product during the CPO of ethanol at lower temperatures, while H2 and CO are secondary 

products, in line with an indirect-consecutive mechanism. The analysis of GHSV effect on 

selectivity in formic acid decomposition instead revealed that CO is an intermediate product as 

being produced via HCOOH dehydrogenation and consumed through WGS.  

Focusing on ethanol CPO, experimental results confirmed the presence of a complex kinetic 

mechanism that depends on temperature, O2/C ratio and the state of the catalytic surface, as shown 

in previous thesis work [33]. Four regimes were identified: 

 T < 200°C: ethanol oxidative dehydrogenation region, with the production of 

acetaldehyde; 

 200°C < T < 300°C: total oxidation region, where CO2 and H2O are the major 

products, not only from ethanol but also from other possible species; 
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 300 > T > 500°C: region where molar fractions of H2 and CO start to increase 

gradually with temperature possibly due to steam reforming of other species rather 

than ethanol such as methane and acetaldehyde; 

 T > 500 °C: region where the production of syngas becomes pronounced due to the 

additional effect of activated ethanol steam reforming. 

In particular, the oxygen in the gas phase and as adsorbed on the surface seems to be effective to 

distinguish CPO region from the others.  

 The initial aim was to foster syngas production below 500°C and this was attempted in 

many ways: lowering GHSV, co-feeding of Nitrogen oxides (NO2, N2O) and co-feeding H2O. 

However, even working at low space velocity syngas production at low temperature remained 

limited. It was also proved that water promotes oxidative dehydrogenation and oxidation reactions, 

thus leading to a decrease of the ethanol available for syngas production. While N2O co-feeding 

did not show any important effect, again only the first two regimes were proved to be affected by 

NO2. Homogeneous tests proved that the effect of gas-phase reactions is significant only above 

650°C, where steam reforming is the dominant mechanism. Therefore, it was hypothesized a 

possible inhibiting role of C-species deposited on the catalytic surface, that could limit the 

efficiency of steam reforming regime. For this reason, Raman analysis on the aged catalysts were 

carried out. In addition, ethanol SR tests confirmed that high temperatures (above 550°C) are 

required to activate this pathway. Despite this need for high temperature, H2 and CO are more 

favoured by SR condition. Therefore, it was again proved here that the production of syngas below 

this threshold is resulted by other pathways in the CPO of ethanol.  

For the steam- assisted decomposition of formic acid, feed composition has been changed 

by adjusting formic acid and water concentrations, respectively. Results have shown that both 

formic acid decomposition occurs in a relatively small temperature range (150-350°C) and 

dehydrogenation is the dominant mechanism rather than dehydration. Also, the occurrence of WGS 

reaction, which needs higher temperature to become significant, is limited. The results obtained 

with different formic acid concentrations showed that when the feed is richer in formic acid, H2 

selectivity over CO decreases by favoured dehydration pathway. Dehydration products are also 

favoured by higher water concentration, due to an enhancing effect on WGS. Furthermore, formic 

acid has been compared with methane, as C1 reference species. It was proved that formic acid can 
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have noticeable advantages over CH4: possible decomposition at lower temperature and higher 

H2/CO ratios since dehydrogenation is able to simulate WGS role. The kinetic analysis of steam-

assisted formic acid decomposition was completed with the development of a kinetic scheme, 

where a first order dependence on formic acid partial pressure was assumed for both decomposition 

reactions. 
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Fig. 10-1: Comparison of fuel conversion measured in three SR tests. 

Three fuels were studied during this thesis work: CH4 as the simplest hydrocarbon, formic 

acid as the simplest carboxylic acid and ethanol as C2 alcohol species. Steam reforming 

experiments with all these species were performed and three reference tests are compared in Fig. 

10-1. The comparison among them underlines their different nature and kinetic behaviours in 

heterogeneous reactions. Methane is usually used as benchmark species since its processes are 

well-known and commonly studied. However, high temperatures are required to activate the steam 

reforming of methane and to produce syngas in a significant amount. 

 The peculiarity of formic acid is its reactivity at a very low temperature (below 300°C), 

when compared to all the other fuels which remain still unconverted at this temperature. Steam-

assisted decomposition reactions of formic acid have a strong similarity with the role WGS in the 

production of syngas. However, WGS is active only above 300°C, therefore the production of 

syngas below this temperature threshold has to be associated only to formic acid decomposition.  
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Furthermore, concerning C2 oxygenates, experimental results have shown that steam 

reforming of ethanol requires high temperatures (above 550°C) and is accompanied by significant 

coking, which leads to a fast catalytic deactivation. The presence of oxygen in CPO tests diminishes 

coking issue and fosters ethanol conversion starting from 200°C (Fig. 10-2), but the activation of 

total oxidation route causes a decrease of selectivity in partial oxidation products.  
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Fig. 10-2: Comparison of fuel conversion measured in ethanol CPO and SR tests. 

Finally, Raman analyses performed on the processes of both ethanol CPO and formic acid 

decomposition helped for the characterization of the carbonaceous species deposited on the surface 

of the catalyst. The surface was cleaner with formic acid, contrary to what has emerged with 

ethanol.  It is seen that at low temperatures and high temperatures, only D-band is defined: this 

proves that the surface is covered by carbon amorphous structures. However, the band responsible 

by ordered structures which is G-band appears together with D-band at the middle temperature 

region of the processes. Furthermore, these bands are more pronounced at the entrance of the 

catalytic bed, where reactivity is higher because of the higher presence of the fuel. 

It is important to mention that some results from this present work were accepted as a poster 

communication at 5th International Congress on Catalysis for Bio-refineries 2019 held in 

Finland[77]. This work has been carried out in collaboration with Università La Sapienza di Roma 

and will contribute to the final report of HERCULES project. 
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