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Abstract

In the context of the aviation sector, which poses significant challenges due to the complexity
and stringent standards of fuel, our research proposal gains particular relevance. We aim to
develop an integrated approach that fully valorizes lignocellulosic biomass into jet fuels, thereby
contributing to the sustainable development of society.

Lignocellulosic biomass is a renewable resource that can be used as feedstock to produce high-
value materials and chemicals, such as jet fuel. This type of biomass valorization includes many
transformation steps, for which the kinetics and the thermal risk of the chemical reaction are
not necessarily known. This work focuses on a specific compound: butyl levulinate (BL). This
compound can be obtained from lignocellulosic biomass and can be transformed into gamma-
valerolactone (GVL) via hydrogenation. The GVL is a vital platform molecule that can serve
as a feedstock to produce substitutes for fossil fuels like gasoline, diesel, and jet fuels.

The main objectives of this research are:

1. To develop a robust and reliable kinetic model for BL. hydrogenation to produce GVL.
Here, we seek to develop a kinetic model experimentally in different thermal modes of
operation, i.e., isothermal, isoperibolic, and adiabatic. This model type not only predicts
kinetics and the corresponding heat-flow rate but also allows the assessment of the thermal
risk related to the chemical reaction. The experiments for developing this kinetic model
were performed in the calorimeter reactor Mettler-Toledo RC1.

2. The complete valorization of lignocellulosic biomass targets the industrial scale. There-
fore, the continuous production of GVL from BL should be assessed. In that sense, we
studied the thermal stability of the continuous production of GVL from BL in a CSTR
reactor (continuous stirred tank reactor).

3. One of the intriguing aspects of our research is the potential use of butyl levulinate (BL)
as a fuels additive. We have conducted a thorough assessment of the suitability of BL as a
kerosene additive, aiming to understand how its addition affects the combustion efficiency
and operating limits in a gas turbine combustion chamber.

The results obtained concerning the kinetic model showed that the Non-Competitive Langmuir-
Hinshelwood models predict the experimental data of concentration and temperature for BL hy-
drogenation with good accuracy. The thermal risk analysis, linked to BL hydrogenation, showed
that the energy released during the reaction is relatively low, AHpy,q = —35.28kJ/mol £
1.00 kJ/mol, and subsequently the thermal stability study showed that for values of Ua >
1500 W/m?/K in a continuous reactor, the risk of thermal instabilities is low. The evaluation
of BL as a kerosene additive showed that adding up to 20% of BL into Kerosene does not
significantly change the physical properties, neither the combustion efficiency nor the operating
limits in the operating conditions considered during the combustion assessment.
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Résumé

Dans le contexte du secteur de I'aviation, qui pose des défis importants en raison de la com-
plexité et des normes strictes en matiére de carburant, notre proposition de recherche revét une
pertinence particuliére. Nous visons a développer une approche intégrée qui valorise pleinement
la biomasse lignocellulosique en carburéacteurs, contribuant ainsi au développement durable de
la société.

La biomasse lignocellulosique est une ressource renouvelable qui peut étre utilisée comme
matiére premiére pour produire des matériaux et des produits chimiques de grande valeur,
tels que le kéroséne. Ce type de valorisation de la biomasse comprend de nombreuses étapes
de transformation, pour lesquelles la cinétique et le risque thermique de la réaction chimique
ne sont pas forcément connus. Ce travail se concentre sur un composé spécifique : le 1évulinate
de butyle (BL). Ce composé peut étre obtenu a partir de la biomasse lignocellulosique et peut
étre transformé en gamma-valérolactone (GVL) par hydrogénation. Le GVL est une molécule
de plateforme vitale qui peut servir de matiére premiére pour produire des substituts aux com-
bustibles fossiles comme ’essence, le diesel et les carburéacteurs.

Les principaux objectifs de cette recherche sont les suivants :

1. Développer un modéle cinétique robuste et fiable pour I’hydrogénation BL afin de produire
du GVL. Ici, nous cherchons & développer expérimentalement un modéle cinétique dans
différents modes de fonctionnement thermiques, c¢’est-a-dire isotherme, isopéribolique et
adiabatique. Ce type de modéle permet non seulement de prédire la cinétique et le
débit de chaleur correspondant, mais aussi d’évaluer le risque thermique li¢ a la réaction
chimique. Les expériences de développement de ce modéle cinétique ont été réalisées dans
le réacteur calorimétrique Mettler-Toledo RC1.

2. La valorisation compléte de la biomasse lignocellulosique vise 1’échelle industrielle. Par
conséquent, la production continue de GVL a partir de BL doit étre évaluée. En ce sens,
nous avons étudié la stabilité thermique de la production continue de GVL a partir de
BL dans un réacteur CSTR (réacteur a cuve agitée continue).

3. L’un des aspects intrigants de notre recherche est 'utilisation potentielle du lévulinate de
butyle (BL) comme additif pour carburants. Nous avons mené une évaluation approfondie
de I'adéquation du BL en tant qu’additif de kéroséne, dans le but de comprendre comment
son ajout affecte le rendement de combustion et les limites de fonctionnement dans une
chambre de combustion de turbine a gaz.

Les résultats obtenus concernant le modéle cinétique ont montré que les modéles non com-
pétitifs de Langmuir-Hinshelwood prédisent les données expérimentales de concentration et
de température pour 'hydrogénation des BL avec une bonne précision. L’analyse du risque
thermique, liée a 'hydrogénation BL, a montré que I'énergie libérée lors de la réaction est rel-
ativement faible, AHpyq = —35.28 kJ/mol £ 1.00 k.J/mol, et par la suite I'étude de stabilité
thermique a montré que pour des valeurs de Ua > 1500 W/m?/K dans un réacteur continu, le
risque d’instabilités thermiques est faible. L’évaluation du BL en tant qu’additif de kéroséne a
montré que ajout de 20 % de BL dans le kéroséne ne modifie pas de maniére significative les
propriétés physiques, ni l'efficacité de la combustion, ni les limites de fonctionnement dans les
conditions de fonctionnement prises en compte lors de I’évaluation de la combustion.
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Resumen

En el contexto del sector de la aviacion, que plantea importantes retos debido a la complejidad
y a los estrictos estandares de combustible, nuestra propuesta de investigacion cobra espe-
cial relevancia. Nuestro objetivo es desarrollar un enfoque integrado que valorice plenamente la
biomasa lignocelulosica en combustibles para aviones, contribuyendo asi al desarrollo sostenible
de la sociedad.

La biomasa lignoceluldsica es un recurso renovable que se puede utilizar como materia prima
para producir materiales y productos quimicos de alto valor, como el combustible para aviones.
Este tipo de valorizaciéon de la biomasa incluye muchas etapas de transformacion, para las cuales
no necesariamente se conoce la cinética y el riesgo térmico de la reaccion quimica. Este trabajo
se centra en un compuesto especifico: el levulinato de butilo (BL). Este compuesto se puede
obtener a partir de biomasa lignocelulésica y se puede transformar en gamma-valerolactona
(GVL) mediante hidrogenacion. El GVL es una molécula plataforma vital que puede servir
como materia prima para producir sustitutos de combustibles fosiles como la gasolina, el diésel
y los combustibles para aviones.

Los principales objetivos de esta investigacion son:

1. Desarrollar un modelo cinético robusto y fiable para la hidrogenaciéon de BL para producir
GVL. Aqui, buscamos desarrollar un modelo cinético experimentalmente en diferentes
modos de operacion térmica, es decir, isotérmico, isoperibolico y adiabético. Este tipo de
modelo no solo predice la cinética y el flujo de calor correspondiente, sino que también
permite evaluar el riesgo térmico relacionado con la reacciéon quimica. Los experimentos
para el desarrollo de este modelo cinético se realizaron en el reactor calorimetro Mettler-
Toledo RCI1.

2. La valorizacion completa de la biomasa lignocelulésica se dirige a la escala industrial. Por
lo tanto, debe evaluarse la produccion continua de GVL a partir de BL. En ese sentido,
estudiamos la estabilidad térmica de la produccion continua de GVL a partir de BL en
un reactor CSTR (reactor continuo de tanque agitado).

3. Uno de los aspectos intrigantes de nuestra investigacion es el potencial uso del levulinato
de butilo (BL) como aditivo de combustibles. Hemos llevado a cabo una evaluacion ex-
haustiva de la idoneidad del BL. como aditivo de queroseno, con el objetivo de comprender
como su adicion afecta la eficiencia de la combustion y los limites de funcionamiento en
una camara de combustion de turbina de gas.

Los resultados obtenidos en relaciéon con el modelo cinético mostraron que los modelos no
competitivos de Langmuir-Hinshelwood predicen los datos experimentales de concentracion y
temperatura para la hidrogenacion de BL con buena precision. El andlisis de riesgo térmico,
vinculado a la hidrogenaciéon BL, mostré que la energia liberada durante la reaccion es relativa-
mente baja, AHpyq = —35.28 k.J/mol£1.00 kJ/mol, y posteriormente el estudio de estabilidad
térmica mostro que para valores de Ua > 1500 W/m?/K en un reactor continuo, el riesgo de
inestabilidades térmicas es bajo. La evaluacion del BL como aditivo de queroseno mostré que
la adicion de hasta un 20% de BL al queroseno no cambia significativamente las propiedades
fisicas, ni la eficiencia de la combustion ni los limites de funcionamiento en las condiciones de
funcionamiento consideradas durante la evaluacion de la combustion.
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Chapter 1

Introduction

This chapter aims to provide a comprehensive overview of the literature pertinent to
the doctoral thesis topic, offering insights into the current state of research. It then
delves into presenting the general context of the study, providing all necessary elements
to understand the research justification and significance. Finally, the chapter outlines the
objectives and structure of the thesis, providing readers with a roadmap for navigating
the manuscript.

1.1 Background

The substantial dependence of modern society on fossil oil for energy and material production
emphasizes a fundamental aspect of the contemporary societal framework. Fossil oil, derived
from ancient organic matter, serves as a cornerstone resource driving industrial processes, trans-
portation systems, and the production of a vast array of everyday materials. As of 2022, global
energy consumption reached approximately 604.04 exajoules (EJ), with fossil oil accounting for
around 31.5% of this total [18]. Throughout the 20th century, the United States developed
a significant reliance on fossil fuels across all sectors of its economy [19].In 2020, Cambridge
Econometrics assessed the dependency level of the European Union on imported oil; data in-
dicates that crude oil and petroleum products contribute to nearly half of the final energy
consumption in the EU, with the transport sector accounting for the majority of this demand
[20].

However, it is essential to emphasize that petroleum is a non-renewable resource, meaning its
availability is finite and subject to depletion over time. This poses a significant challenge, espe-
cially considering the ongoing increase in society’s consumption of petroleum, which is driven
by factors like population growth, economic expansion, and technological advancements. Re-
search indicates that access to reliable energy services is fundamental for well-being, human
and countries development [21, 22|. Given the finite nature of petroleum reserves, there is an
increasing urgency to transition towards sustainable energy sources and innovative material
production methods that do not depend on petroleum. Lignocellulosic biomass (LCB) stands
out as a promising renewable source of carbon, that can be used to produce fuels and materials.
It is considered a better alternative to fossil oil because of its global availability, lower environ-
mental impact, and low cost [23, 24, 25, 26, 27, 3]. However, the use of LCB should be carefully
managed to avoid the ethical dilemma of food versus fuel. We have a moral obligation to ensure
that our energy and material production methods are sustainable and do not compromise the
availability of food for the world’s population |28, 29, 30].

The valorization of lignocellulosic biomass into chemicals, fuels, and materials is essential to
decrease society’s dependency on petroleum, reduce COs emissions, and favor circular economy
[30, 31, 12]. The valorization of LCB involves several stages of physical and chemical transfor-
mations to enhance efficiency and mitigate the risk of thermal runaway in biorefineries. The
knowledge of catalysis, kinetics, thermodynamics, and thermal stability are crucial for such



CHAPTER 1. INTRODUCTION

processes |32]. Biofuels derived from lignocellulosic biomass have garnered significant attention
and recognition for their adherence to established standards and industrial processing protocols,
i.e., bioethanol and biodiesel [33, 34, 26]. However, a notable gap exists in our understanding
and expertise regarding the production of jet fuels from biomass sources. While the production
of biofuels such as ethanol and biodiesel has been extensively researched and standardized, the
complexities inherent in jet fuel production from biomass present unique challenges. Factors
such as meeting the stringent performance requirements, ensuring compatibility with existing
aircraft engines, and achieving cost competitiveness necessitate a deeper exploration and devel-
opment of innovative technologies in this area. Addressing this knowledge gap holds immense
promise not only for diversifying our fuel sources but also for reducing the aviation industry’s
carbon footprint, ultimately contributing to a more sustainable future.

1.2 Sustainable Aviation Fuels

Aviation is an indispensable element in contemporary society, fostering worldwide connectivity
and economic prosperity. Nonetheless, the environmental repercussions of aviation, notably its
contribution to greenhouse gas (GHG) emissions and air pollution, have prompted concerns
regarding its sustainability. Aviation contributes around 2 to 3% of global CO5 emissions, ex-
hibiting a growth rate faster than rail, road, or maritime transport in recent decades. Notably,
fuel consumption alone accounts for 77 to 91 % of these emissions, with processing contributing
from 8 to 12% [10]. Consequently, future strategies aimed at decarbonization and mitigating
GHG emissions involve transitioning from conventional fossil kerosene fuels to drop-in biofuels,
hydrogen, or battery-powered alternatives.

To reduce CO5 emissions within a relatively short timeframe, adopting sustainable aviation fu-
els (SAF) emerges as a highly appealing option [11]. SAF is the term used to describe aviation
fuels that are derived from non-fossil resources, such as biofuels from biomass, organic-derived
waste feedstocks, or synthetic fuels from carbon capture, in which the production energy comes
from renewable sources. The aviation industry and many governments are setting ambitious
goals to reduce the impact of aircraft emissions on climate change. Through the Air Transport
Action Group (ATAG), the aviation industry is now targeting net zero CO, emission by 2050
[2]. The Aerospace Technology Institute (ATI) assessment towards net zero emissions shows
that Sustainable Aviation Fuels (SAF) are crucial to achieve this target [1].

When a fuel is burned in a jet engine, it reacts with oxygen in the air to produce mainly carbon
dioxide CO,, and water vapor H,O. This combustion process releases large amounts of thermal
energy, which the jet engine uses to produce thrust. The only way to reduce the CO, produced
by an aircraft that operates with conventional fuels (CAF) is by decreasing fuel consumption,
and this is achieved by increasing the efficiency of the jet engines [1|. SAF allow the reduction of
greenhouse gas emissions throughout their life cycle. SAF reduce emissions during production
or through feedstock (CO5 capture). Figure 1.2 is a representation of the life cycle of CAF and
SAF.

SAF viability comes from their ability to match the quality and characteristics of conventional
jet fuel, enabling their utilization in existing aircraft fleets. This aspect holds paramount sig-
nificance as it circumvents the need for manufacturers to undertake engine or aircraft redesigns
and eliminates the necessity for fuel suppliers and airports to construct new fuel supply infras-
tructure. Furthermore, the aviation sector benefits significantly from the technical feasibility of
implementing drop-in biofuels, owing to the remarkable uniformity observed in existing aircraft,
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Figure 1.2 Life cycle emissions illustration of CAF and SAF, modified from |[2].

engines, and fuel specifications [35]. As part of its long-term strategy, Europe has set a target
for the aviation industry to incorporate a minimum of 40 % sustainable alternative fuels by the
year 2050 [11, 36].

The global adoption of SAF could be faster today and focused only on some geographic regions.
One of the main reasons limiting the use of 100% SAF is their lack of aromatic compounds.
Current regulations state that the content of aromatic compounds of aviation fuel must be
between 8-25% in order to comply with its secondary functions of lubrication and sealing [37].
For this reason, SAF must be blended with CAF up to a certain percentage to meet at least the
minimum required of aromatic compounds. Conventional aviation fuels (CAF) are mixtures of
hundreds of hydrocarbon compounds between 8 to 16 carbon atoms per molecule. It is usual
to classify the hydrocarbons present in petroleum fuel into four main groups [38]:

e Paraffins: These have the general formula C,, Hy, 5. They are the major constituents
of CAF, and the percentage depends on the source of the crude oil and the distillation
process. Paraffins generally have a higher energy content per unit of mass (MJ/kg) and
lower density than other compounds with the same carbon atoms.
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e Oleoffins: They have the general formula C, Hs,. They do not normally exist in crude
oil but are produced by conversion processes in the refineries.

e Naphthenes: Naphthenes, which have the general formula (C'Hs),. They are saturated
hydrocarbons in which the carbon atoms are linked to form rings instead of chains, like
paraffin.

e Aromatics: These ones contains at least one benzene ring. They have a higher den-
sity but lower energy content than other fuel hydrocarbons because they contain fewer
hydrogen atoms.

In the aviation industry, the predominant fuel is kerosene (Jet A-1), derived from crude oil. The
types of hydrocarbons found in kerosene are mainly n-paraffins, isoparaffins, naphthenes, and
aromatic [2]. A promising avenue for sustainable aviation involves replacing kerosene with sus-
tainable aviation fuels (SAF). Drop-in biofuels are fuels produced from biomass sources through
biological, thermal, and chemical conversion processes. Drop-in biofuels can be blended with
conventional fuels, requiring limited adaptations in existing infrastructure and equipment. Ad-
ditionally, SAF may reduce oil dependency and create new job opportunities.

Table 1.1 Composition and properties of fuel Jet A-1 according to ASTM D1655, taken from

[10].
Value or range (best-worst)
n-alkanes 26-13
iso-alkanes 37-19
o Monocyclic alkanes 19 - 30

Composition, Wt. % p; * Jic alkanes 3. 17
Sulfur max. 0.30
Aromatics max. 25 % vol
Hydrogen to carbon ratio (H/C) 2.01-1.90
Specific energy (MJ/kg) 43.2 - 42.9
Density at 15°C (kg/m?) 775.0 - 840.0
Energy density (MJ/L) 33.7-35.5

Properties: Net heat of combustion (MJ/kg) 42.8
Avg. MW (g/mol) 152 - 166
Kinematic viscosity (mm?/s) 3.5-6.5
Flash point (°C) 42 - 60
Freezing point (°C) Max. -47

1.2.1 Feedstocks for SAF

Sustainable aviation fuels (SAF) are fuels derived from carbon-containing renewable feedstocks.
The origins of the carbon of the different feedstocks are outlined below; these definitions were
taken from [2]:

1. Biomass to Liquid (BtL): Carbon sources from naturally grown biomass, such as sugary
or oily crops, agricultural and forestry residues, or even algae. In this case, the CO, is
absorbed from the atmosphere by a plant that can be converted into fuel.
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2. Waste to Liquid (WtL): This is a subset of BtL, which comes from carbon sources from
used cooking oil, animal fat, or organic matter in municipal solid waste. While the
origin of the feedstocks is also biomass, in these cases, the CO, benefit if SAF comes
from avoiding the release of carbon dioxide and other GHGs from organic waste into the
atmosphere.

3. Power to Liquid (PtL): This type of sustainable aviation fuel is produced using an in-
novative process. The energy input for PtL SAF comes from electric energy, which has
to be produced from renewable sources. PtL SAF collects carbon from atmospheric or
industrial flue gases. This carbon, in the form of CO,, is converted to CO and is then
combined with electrically produced hydrogen to produce a hydrocarbon fuel.

4. Solar to Liquid (StL): This type of sustainable aviation fuel is produced using solar heat,
which is a renewable energy source. By concentrating sunlight into a chemical reactor,
COs and water are converted into CO and hydrogen to produce a hydrocarbon fuel,
just like in the PtL process. This highlights the importance of renewable energy in the
production of sustainable aviation fuels.

1.2.2 Production Processes of SAF

Following the recognition of Sustainable Aviation Fuels (SAF) as a measure for mitigating
emissions in international aviation, notable advancements have been achieved regarding pro-
duction, certification, and commercial utilization. As of the year 2021, ASTM D7566 had
approved seven conversion processes for SAF production, marking a significant milestone in
the industry’s journey towards sustainability:

1. Fischer-Tropsch hydro processed synthesized paraffinic kerosene (FT-SPK)
2. Synthesized paraffinic kerosene from hydro-processed esters and fatty acids (HEFA-SPK)
3. Synthesized iso-paraffins from hydro-processed fermented sugars (SIP)

4. Synthesized kerosene with aromatics derived by alkylation of light aromatics from non-
petroleum sources (FT-SKA)

5. Alcohol to jet synthetic paraffinic kerosene (ATJ-SPK)
6. Catalytic hydro thermolysis jet (CHJ)

7. Synthesized paraffinic kerosene from hydrocarbon-hydro-processed esters and fatty acids
(HC-HEFA-SPK)

Fischer-Tropsch

The Fischer-Tropsch (FT) process is a chemical process used to produce liquid hydrocarbons
based on synthesis gas (CO and Hsy). The final product obtained from this process depends on
the type of reactor and catalyst used. F'T synthesis can be described as a set of catalytic pro-
cesses that comprises biomass gasification, cleaning, and conditioning of the produced synthesis
gas and subsequent synthesis to obtain liquid biofuels.

!Fuel Readiness Level: It represents the fuel progress towards its commercialization.
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Table 1.2 Conversion process, feedstocks, and Fuel Readiness Level of the production
pathways certified by ASTM for use in commercial flights, modified from [11].

Conversion Process Possible Feedstocks Blending Ratio FRL!
FT-SPK Coal, natural gas, biomass 50 % 7
HEFA-SPK Bio-oils, animal fat, recycled oils 50 % 9
HFS-STP Biomass used for sugar production 10% 5-7
FT-SPK Coal, natural gas, biomass 50 % 7
ATJ-SPK Biomass from starch/sugar production 30 % 7
CHJ-SPK Bio-oils 50 % 6-7
HC-HEFA-SPK Hydrocarbons, esters and fatty acids 10% 6

Hydroprocessed Esters and Fatty Acids

Hydroprocessed esters and fatty acids (HEFA) are processed by animal fats, vegetable oils, and
algae oils. Triglycerides are the main building blocks of fats and oil. The transformation process
involved catalytic reactions in the presence of hydrogen. Due to the presence of oxygen and
unsaturated carbon bonds, it is necessary to perform deoxygenation and hydrogenation steps
to produce saturated fuels. Most of the SAF available today comes from the HEFA process
from WtL origin [2].

Synthesized Iso-Paraflins

Synthesized Iso-Paraffins (SIP) are synthetic hydrocarbons produced by hydroprocessing and
fractionating farnesene from sugar fermentation [11]. In the first step, the biomass is pre-
treated by enzymatic hydrolysis, and the solubilized sugars are separated and concentrated to
subsequently undergo a biological conversion and oligomerization to obtain the liquid fuel.

Alcohol-to-Jet

Alcohol-to-jet (ATJ) is a biochemical conversion process for the production of an aviation fuel
mixture based on alcohol. Only when biomass is pre-treated and conditioned can the alcohols
be produced via fermentation processes. ATJ obtained from ethanol or butanol intermediates
is allowed to be mixed up to 30 % with kerosene.

1.3 Lignocellulosic Biomass

A promising feedstock for producing sustainable aviation fuels (SAF) is the lignocellulosic
biomass (LCB), or biomass to liquid (BtL). Lignocellulosic biomass refers to plant-derived ma-
terials mainly composed of cellulose, hemicellulose, and lignin polymers [3]. Studies indicate
that approximately 181.5 billion tons of lignocellulosic biomass are generated annually world-
wide, with around 8.2 billion tons currently being utilized [26]. The feedstocks available for
energy are mainly from agriculture, forest, and industry [12|. Table 1.3 lists some types of LCB
and examples.

The composition of the Lignocellulosic biomass may vary according to the source. However,
the average consists of 40-50 % cellulose, 20-30 % hemicellulose and 15-30 % of lignin with other
minor components, such as minerals [25]. Cellulose, a linear polysaccharide composed of glucose
units linked by (3-1,4-glycosidic bonds, forms the rigid framework of plant cell walls, provid-
ing mechanical strength and stability. Hemicellulose, a heterogeneous group of polysaccharides
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Table 1.3 Lignocellulosic Biomass feedstocks for Energy, adapted from [12].

Source Type Example
Agriculture Lignocellulosic energy crops Herbaceous crops
Crop residues Crop straw
Oil, sugar and starch energy crops Rape seed, Sugarcane, Corn
Forest Dedicated forestry Short rotation plantations
Forestry by-products Barks, Wood blocks, etc.
Industry Lignocellulosic agro-industrial residues Rice husk, Sugarcane bagase
Wood industry residues Industrial waste wood
Other Lignocellulosic waste Residues from parks and gardens

comprising various sugar units, contributes to the amorphous regions of the cell wall, enhancing
flexibility and cohesion. Lignin, a complex aromatic polymer derived from phenylpropanoid
units, acts as a binding matrix between cellulose and hemicellulose, imparting rigidity, hy-
drophobicity, and resistance to microbial degradation.

Together, these three components constitute the structural integrity of lignocellulosic biomass,
offering immense potential for applications in renewable energy, bioproducts, and sustainable
materials [26, 39]. Figure 1.3 shows the general structure of lignocellulosic biomass.

Lignocellulosic biomass can be converted into valuable products using various methods, includ-
ing thermochemical, physicochemical, or biological approaches such as pyrolysis, hydrolysis,
and fermentation |27, 30, 40]. However, the effectiveness of these methods relies heavily on the
quality of the pretreatment process. The physicochemical properties of biomass play a critical
role in determining the most suitable pretreatment method for effective conversion [41]. Factors
such as the biomass’s composition, structure, and moisture content significantly influence the
choice of pretreatment strategy [12].

Pretreatment is essential for breaking down the complex structure of biomass, making it easier
to handle. These methods are classified into four primary categories: physical methods like
extrusion and grinding; chemical methods including acid, base, ionic liquids, alkali, and transi-
tion metal salts; biological methods such as fungus and enzymes; and physicochemical methods
like microwave-assisted chemical treatment and Ammonia Fiber Explosion (AFEX)|31|. The
efficiency of separating and transforming lignocellulosic biomass’s main components, i.e., cellu-
lose, hemicellulose, and lignin, is often improved by combining pretreatment methods [39].

Chemical valorization offers a promising avenue for converting the key constituents of lignocel-
lulosic biomass into versatile platform compounds, which serve as building blocks for a wide
array of high-value chemicals, materials, and fuels. When starting from cellulose, the resulting
products primarily consist of sugars, including notable compounds like 5-hydroxymethylfurfural
(HMF), lactic acid, levulinic acid, alkyl levulinates, 1,2-ethylene glycol, sorbitol, 2,5-dihydroxy
furan, formic acid, and glycolic acid [31, 42]. Upon the conversion of hemicellulose, the product
spectrum shifts, with a focus on compounds such as xylose, furfural (FAL), alkyl levulinates,
and y-valerolactone (GVL) |31, 42|. Lignin constitutes the most abundant aromatic biopolymer
on the planet from renewable resources. Therefore, it can be converted into high-value chem-
icals and fuels [43, 44]. This diverse spectrum of outputs underscores the potential for varied
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Figure 1.3 Main components and structure of Lignocellulosic Biomass, taken from [3].

downstream applications. This latter biomass compound can potentially address the limitation
of 100% use of SAF due to its low content of aromatic compounds.

This work focuses mainly on alkyl levulinates, specifically butyl levulinate and gamma-valerolactone.
Through these compounds, it is possible to establish a route of full valorization of the ligno-
cellulosic biomass into a replacement of kerosene, i.e., SAF with a 100% blending percentage,
and other high-value products. Figure 1.7 and Figure 1.10.

1.4 Alkyl Levulinates

Levulinic acid and alkyl levulinates are valuable compounds derived from biomass resources,
offering various applications across various industries. Levulinic acid, a key platform chemical
identified by the US Department of Energy as one of the 12 most valuable platform compounds,
can be synthesized from renewable biomass feedstocks through various routes, including acid-
catalyzed hydrolysis and dehydration of carbohydrates such as cellulose and hemicellulose [42].
Recent advancements in biocatalysis and enzymatic processes have enabled the sustainable pro-
duction of levulinic acid from biomass-derived sugars. Alkyl levulinates, esters of levulinic acid,
can be synthesized through esterification reactions between levulinic acid and alcohols, such
as methanol, ethanol, or butanol, giving as main products methyl levulinate, ethyl levulinate,
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and butyl levulinate, respectively [45]. Acid catalysts typically catalyze these reactions under
controlled conditions. The choice of alcohol can influence the properties and applications of the
resulting alkyl levulinate esters.

Synthesis of levulinic acid or alkyl levulinates from cellulose initiates with its hydrolysis, break-
ing down the cellulose monomers into glucose units. Subsequently, glucose undergoes isomer-
ization to yield fructose, further dehydrated to form 5-HMF. Quereshi et al. [46] have proposed
a mechanism for the synthesis of alkyl levulinates, consisting of two main reactions: first,
the hydration of 5-HMF to form levulinic acid (LA), which is subsequently esterified into its
corresponding ester based on the alcohol used for alcoholysis; second, 5-HMF is converted
into alkyl levulinate via an HMF-ether intermediate, depending on the alcohol utilized, lead-
ing to the production of 5-ethoxymethylfurfural (EMF) for ethyl levulinate with ethanol or
5-butoxymethylfurfural (BMF) for butyl levulinate with butanol [42, 47].

When starting from hemicellulose to produce levulinic acid or alkyl levulinates, the process
begins with hemicellulose undergoing hydrolysis facilitated by a Bronsted acid, forming a five-
carbon sugar and xylose. Xylose subsequently undergoes a three-step continuous dehydration
reaction to yield FAL (furfural). FAL is then subjected to a hydrogenation reaction, reducing
FAL to furfuryl alcohol (FA). In the presence of a solid acid catalyst and the corresponding alco-
hol, a fraction of FA undergoes etherification to produce the corresponding furfuryl ether (FE).
Additionally, the Bronsted acid facilitates the conversion of FA and FE into a mixture of le-
vulinic acid (LA) and alkyl levulinates (AL) through a hydrolysis ring-opening reaction |42, 47].

Recent research efforts have focused on developing more sustainable and efficient synthesis
routes for levulinic acid and alkyl levulinates, including biocatalytic and green chemistry ap-
proaches. Levulinic acid and alkyl levulinates represent important compounds in sustainable
chemistry, offering diverse applications and significant potential in various industries. Among
the alkyl levulinates, ethyl levulinate (EL) and butyl levulinate (BL) stand out as up-and-
coming candidates for application as fuels due to their favorable properties and compatibility
with conventional fuel systems. They exhibit high energy densities, favorable combustion char-
acteristics, and compatibility with existing fuel infrastructure. These esters can be blended with
diesel or gasoline in various proportions without requiring significant modifications to engines
or fuel delivery systems |4, 48].

1.4.1 Butyl Levulinate

Butyl levulinate, also known as 4-oxopentanoate, has emerged as a key compound in biomass
valorization and sustainable chemistry, drawing considerable attention for its diverse applica-
tions such as solvent, additive, and chemical. Notably, its potential as a diesel additive is
interesting, as it can be derived from various feedstocks such as levulinic acid, furfuryl alcohol,
glucose, fructose, xylose, cellulose, and lignocellulosic biomass. Ahmad et al. [4] conducted a
comprehensive review outlining several pathways for butyl levulinate synthesis from different
feedstocks, including production from levulinic acid via both biological and chemical methods,
furfural and furfuryl alcohol, monosaccharides, and polysaccharides and raw biomass. The con-
version and the yield of BL will depend on the feedstock, catalysts, and operating conditions
used [4, 49]. Figure 1.5 shows the different pathways used to obtain butyl levulinate.

In recent years, researchers have intensified their efforts to explore various facets of butyl lev-
ulinate production and its applications, aiming to enhance both its synthesis and utility. One
significant area of investigation has focused on understanding the role of solvents in the syn-



CHAPTER 1. INTRODUCTION

e ol mw

Levulinic Acid
OH / Glucose 5HMF

o
o OH
vy n /\d‘\ H RO
Cellulose o CH;OH
’ Alkyl Levuli e
v

OH Fructose 5-HMF-ether

= v 7 H @ oy

Furfuryl Alcohol Levulinic Acld
X Arabl nose +
~ Y |
o —
w 0 y — O\( l Vi R'OM}/
Hemicellulose Ly o
Xylose Furfural H Furfuryl ether Alkyl Levulinate

High Value Chemical:
—_— e.g. Solvents and
Aromatic compounds

Lignocellulosic Biomass (LCB)
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thesis process [17|. Different solvents can influence reaction kinetics, product yields, and the
selectivity of the desired compound. Additionally, there has been a growing interest in employ-
ing heterogeneous catalysts for butyl levulinate production, offering advantages such as easier
catalyst recovery and recycling [50, 51, 52|. Moreover, the development of continuous reactors
has garnered attention due to their potential to streamline the production process, improve
efficiency, and facilitate scalability |53].

Table 1.4 Physicochemical properties of EL and BL, adapted from [13, 14].

Property Units EL Value BL Value
Chemical formula C7H1203 CgHwa
CAS number 539-88-8 2052-15-5
Density (20 °C) lg/mL)| 1.016 0.974
Viscosity (20 °C) [mm?/s] 2.1 2.8
Flash Point [°C] 90 110
Boiling Point [°C] 206 232
Melting Point [°C] <-60 <-60
Lower Heating Value [MJ /kg| 25.2 28.0
KF water |ppm]| 778 234
Solubility of water in ester  [wt %] 8.5 2.6
Solubility of ester in water  [wt %) 15.2 1.3

Due to its properties, Table 1.4, Butyl Levulinate (BL) stands as a better alternative as a fuel
additive compared with Ethyl Levulinate (EL) [54, 55]. Both levulinates increase lubricity and
conductivity and reduce particulate emissions in diesel blends. These alkyl levulinates show a
reduction of 25% (BL) and 31% (EL) in the energy content per unit of volume compared to
conventional diesel. BL has a lower water solubility, and for blends of 20% (v/v) with diesel,
EL was found to form a separate liquid phase from diesel at 283 K, while BL remained constant
miscible in diesel even at the diesel cloud point that is 247 K [14].
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Figure 1.5 Feedstocks for the production of Butyl Levulinate, taken from [4].

Environmental concerns, rising costs, and the shortage of fossil fuels motivate the research
and development of alternative aviation fuels. However, any potential alternative must be
characterized and tested and meet certain characteristics; these include energy density, good
atomization, rapid evaporation, the capability to relight in altitude conditions, low explosive
risk on the ground, suitable viscosity, low freezing point, good chemical stability and reasonably
nontoxic. For instance, Chuck et al. [56] investigated the compatibility with aviation kerosene
of nine potential biofuels derived from sustainable sources, among which the BL was included.
They found that BL reduced the energy density, but in all other aspects, this one seemed a
reasonable substitute for aviation kerosene; they also warned that BL is not miscible at low
temperatures but did not specify the limit.

1.5 Gamma Valerolactone

Over the past decade, gamma-valerolactone (GVL) has garnered significant interest as a valu-
able chemical synthesized from renewable feedstocks, such as biomass waste and food waste
[57]. This attention stems from its unique physicochemical properties and its array of potential
applications [5]. GVL is a Cs-cyclic ester belonging to the lactone family. It is a biobased
platform molecule found in nature, e.g., fruits [15]. GVL is a clear and colorless liquid with a
fruity odor under standard conditions.

GVL is often used as a food additive and sustainable starting chemical to produce energy
and other products such as adipic acid and nylon precursor. Thanks to its low melting point,
high boiling point, high flash point, and low vapor pressure, the ignition hazard is minimized,
allowing it to be stored and transported to distant places safely. GVL does not react with water
at temperatures lower than 333.15K for four weeks [15]; therefore, GVL can be considered a
stable molecule, and appropriate catalysts are required for GVL thermal decomposition [58].

11
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Table 1.5 lists the most relevant physicochemical properties of GVL.
Table 1.5 Physicochemical properties of GVL, adapted from [15, 16].

Property Value
Molecular Formula CsHgO,
CAS Number 108-29-2
Molecular Weight (g/mol) 100.112
Refractive Index (n20/D) 1.432
Density (kg/m?) 1050
Flash Point (K) 369.15
Melting Point (K) 242.15
Boiling Point (K) 480.15-481.15
Solubility in Water (%) 100
LDj;g, oral for rat (mg/kg) 8800
AH.p0p (kJ/mol) 54.8 + 0.4
AHO,, (kJ/mol) 12649.6 + 0.8
AHY 595 (kJ/mol) -461.3
Cetane Number <10
Vapor Pressure (kPa) 3.5 at 353.15K
Lower Heating Value (MJ/kg) 25

1.5.1 Applications of Gamma Valerolactone

GVL as Solvent

Gamma-valerolactone has been recognized to be a green and non-toxic solvent because it has
valuable polarity properties and low toxicity [5], and even more considering GVL’s physico-
chemical properties make it a suitable solvent for different applications. GVL shows a better
score in terms of safety compared to tetrahydrofuran (THF) [15], a popular solvent for chemical
conversion. GVL is an excellent solvent for biomass and fuel transformation. Wettstein et al.
[59] showed that GVL increases the yield of cellulose deconstruction to form levulinic acid and
furfuryl alcohol. Di Bucchianico et al. [17] showed that using GVL as a solvent improves the
fructose transformation into alkyl levulinates. Wang et al. [60] showed that GVL is a suitable
solvent during the hydrogenation of levulinic acid and alkyl levulinates to produce GVL.Figure
1.6 and Table 1.6 show some of the chemicals and reactions that can be obtained/performed
from lignocellulosic biomass using GVL as a solvent, respectively.

GVL and its Products as Fuel

GVL can be used as an additive to current petroleum fuels similar to ethanol because their
lower heating values are similar, LHV gy, = 25.0 MJ/kg versus LHV o= 29.7 MJ /kg. Hor-
vath et al. [61] studied the effects of GVL on gasoline; they compared mixtures of 90 % vol of
conventional gasoline and 10% of GVL or ethanol. They observed that the blend containing
GVL had a higher energy content and lower vapor pressure, reducing the emissions of volatile
organic compounds (VOC). Bereczky et al. [62]| observed that adding 7.1 % of GVL in fossil
diesel led to a slight decrease in engine performance compared to fossil diesel since the cetane
number is lower for the blend containing GVL. Nevertheless, blending GVL with fossil diesel
significantly reduces the CO, total hydrocarbon, and smoke emissions, i.e., 47 %; this highlights
the potential of GVL to reduce air pollution.
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Table 1.6 Chemical reactions conducted using GVL as solvent, adapted from [15, 17].

Reaction Catalyst Solvent Yield
Cellulose to LA and FA HCl,, GVL 0%
Carbohydrates from corn stover and wood H,SO,4 GVL 70-90 %
Fructose, glucose and sucrose to HMF HySOy4 GVL 75 %
CO4 to amines GVL GVL 84 %
Bread waste to HMF SnCly, GVL 20 %
Corn stover to LA and FA Pt/Si0O, GVL 0%
Glucose to HMF Amberlyst 70 GVL 59 %
Hemicellulose to furfural H-Modernite GVL 80 %
Xylose to furfural H,SO, GVL 5%
Fructose and HMF to Butyl Levulinate Amberlite ~ GVL/BuOH  >30%

Due to the high water solubility, smaller cetane number, and relatively lower energy density
than fossil-based fuels, GVL can not be implemented directly as fuel. However, to overcome
these constraints, GVL can be upgraded into drop-in liquid fuels through catalytic transforma-
tion processes. One promising biofuel derived from GVL is methyl tetrahydrofuran (MTHF),
which can be obtained via GVL hydrogenation |5, 63]. MTHF exhibits favorable properties for
blending with gasoline, allowing up to 70 % blends. Furthermore, MTHF has a significantly
higher cetane number of 87, surpassing that of GVL, thereby enhancing its suitability for diesel
applications [16]. Additionally, GVL is a promising precursor for generating aromatic com-
pounds and liquid alkanes through ring-opening reactions and subsequent conversion of the
resulting intermediates. These aromatic and liquid alkanes, ranging from Cg to Cy7, possess
immediate utility as constituents in gasoline, diesel, and jet fuel [58, 64, 65].
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Additional applications of GVL

GVL presents an opportunity not only for producing renewable fuels but also for synthesizing
interesting monomers capable of yielding polymers similar to those derived from petroleum
but with different chemical properties. Manzer et al. |66 investigated the production of a-
methylene-y-valerolactone from GVL, which is similar to methyl methacrylate, but the incor-
poration of the lactone structure enhances the thermal stability. Lange et al. [67] studied the
synthesis of methyl pentanoate through the ring-opening of GVL in methanol using acid cata-
lysts, offering routes for its conversion into nylon precursors such as caprolactone, caprolactam,

or adipic acid [5].
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Figure 1.7 Reaction pathways to transform GVL into fuels, fuel additives and chemicals,
tanken from [5].

1.5.2 Synthesis of Gamma Valerolactone

GVL synthesis from Levulinic Acid

Currently, the synthesis of gamma valerolactone (GVL) mainly relies on levulinic acid (LA)
and its esters (alkyl levulinates) as feedstocks. The catalytic pathways in this process, which
have traditionally been regarded as critical in biomass conversion systems, are now relatively
well understood. The two possible reaction pathways to produce GVL from LA are illustrated
in Figure 1.8.
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Pathway 1 involves the hydrogenation of LA’s ketone group, resulting in the formation of an
unstable intermediate, 4-hydroxy pentanoic acid, followed by dehydration and intramolecular
esterification, leading to ring closure and the production of GVL. Pathway 2 corresponds to
the dehydration of LA to a-angelica lactone followed by its hydrogenation to form GVL. The
efficiency of the hydrogenation step in both pathways depends on the metal catalyst’s activity,
while the system’s acidic conditions influence the dehydration and ring closure [15|. It has been
observed that pathway 1 tends to occur in liquid-phase reactions |68, 69|, whereas pathway
number 2 is favored in gas-phase reactions [70, 71].
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Figure 1.8 Reaction mechanism for GVL synthesis from LA, modified from [6].

1. Homogeneous catalytic system: In the process of synthesizing GVL from LA, several
studies have demonstrated that using homogeneous catalysts can provide high yields
of GVL under relatively mild and controllable reaction conditions |72, 73]. Notably, the
combination of precious metal-based complexes (Ru or Ir) with chelating agent phosphine
ligands is considered to be effective in promoting the efficiency of the kinetics, wherein
the homogeneous catalysts with better catalytic activity are precious metal Ru-chelating
tridentate phosphine complexes [6, 74].

2. Heterogeneous catalytic system: Homogeneous catalysts provide enough contact between
the substrate and the catalyst to achieve a high catalytic efficiency. However, using pre-
cious metals and ligands has led to complex catalyst synthesis processes and high catalyst
manufacturing costs, and the catalysts cannot be recycled. The recyclability of hetero-
geneous catalysts and the low cost following the introduction of non-noble metals will
cause the gradual replacement of homogeneous catalysts by heterogeneous catalysts for
industrial production. To satisfy the conditions for hydrogenation and acid catalysis, a
metal that promotes hydrogenation is generally combined with various carriers to provide
an acidic site needed to form a solid acid catalyst.

Among the precious metal catalysts used for the hydrogenation of LA to prepare GVL,
Ru, Rh, Pd, Pt, Au, and Re are prominently employed. Ru-based catalysts, in particu-
lar, exhibit high catalytic selectivity due to their excellent hydrogenation activity towards
aliphatic carbonyl compounds. For instance, Manzer et al. [66] utilized activated carbon
as a carrier to support 5% of precious metals Ru, Ir, Rh, Re, Pd, and Pt for LA hydro-
genation to GVL, with their results highlighting the superior catalytic selectivity of the
5% Ru/C catalyst.
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3. Bifunctional catalytic system: In addition to metal hydrogenation, optimizing the acidity
of the carrier is recognized as a vital approach to further improve the efficiency of LA con-
version to GVL. A recent development involved the creation of ruthenium nanoparticles
(RuNP) supported on a sulfonic acid ion-exchange resin (Ru@DOWEX) [75] for GVL
synthesis from LA in the liquid phase. Impressively, this catalyst achieved a remark-
able 99.8% LA conversion and GVL selectivity exceeding 99 % at 70 °C and 5 bar H,.
The excellent performance can be attributed to the synergistic combination of the resin’s
acidity and Ru’s hydrogenation sites. Moreover, the catalyst’s mild reaction conditions
significantly mitigated the issue of coke accumulation.

GVL synthesis from Alkyl Levulinates

Alkyl levulinates (ALs) stand out as one of the most important basic raw materials for the
efficient synthesis of GVL. These molecules could be efficiently obtained from biomass-based
derivatives. The synthesis route to synthesize GVL from AL is similar to that of GVL synthesis
from LA, as shown in Figure 1.9. When LA is used, the intermediate product v-hydroxyvaleric
acid is produced by the hydrogenation of LA, then GVL is formed through intramolecular de-
hydration. The synthesis of GVL from ALs has a similar reaction pathway; the intermediate
alkyl-3-hydroxyvalerate is produced by hydrogenation of the AL, and this intermediate is fi-
nally esterified and cyclized to obtain GVL. Additionally, kinetic experiments on the synthesis
of GVL from AL indicated that AL with shorter alkyl groups are more likely to promote the
synthesis of GVL [6].
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Figure 1.9 Reaction pathways for GVL synthesis from LA and ALs, taken from [6].

1. Precious metal catalytic system: Within precious metal catalyst systems, Ru-based cat-
alysts are renowned for their high efficiency in preparing GVL from LA [76]. Moreover,
these catalysts demonstrate exceptional catalytic performance in synthesizing GVL from
alkyl levulinates. Numerous studies have investigated the production of GVL from ALs
utilizing ruthenium as the catalyst. For instance, Wang et al. [60] examined the thermal
risks associated with the hydrogenation of methyl and butyl levulinates, Zhao et al. [77|
investigated the continuous conversion of methyl levulinate to GVL and Capecci et al.
[78] focused on the hydrogenation of butyl levulinate to find the most probable kinetic
models.
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2. Nonprecious metal catalytic system: The catalytic transfer hydrogenation (CTH) is a
promising strategy to drive down the cost of synthesizing GVL from ALs. Specifically,
employing alcohols as hydrogen sources in hydrogenation can decrease reliance on zero-
valent metal catalysts, particularly precious metals, typically utilized in traditional reac-
tion pathways. This shift is facilitated by the highly selective reduction of carbonyl groups
to alcoholic hydroxyl groups through the Meerwein-Ponndorf-Verley reaction. Catalysts
based on Ni, Cu, Fe, Co, Zr, and Sn have exhibited favorable conversion rates and selec-
tivities in this context [6, 15, 79, 80].

1.5.3 SAF Production from GVL

Gamma-valerolactone (GVL) has proven to be a suitable additive for gasoline and diesel fuels.
However, its use as a jet fuel additive is limited by factors such as its lower heating value
compared to kerosene, 25 vs 43 MJ /kg, and its water solubility. GVL can be utilized as a plat-
form molecule and undergo further transformations to overcome these challenges to produce
better-suited additives and the actual jet fuel [65]. GVL becomes feasible to synthesize essential
components of jet fuels, including paraffins, olefins, and aromatic compounds. Significant uti-
lization of GVL lies in the production of butene isomers via ring-opening and decarboxylation
reactions facilitated by solid acid catalysts [81]. Consequently, these butenes serve as crucial
raw materials for generating branched alkenes within the Cs-Cyy range via oligomerization [58].

These alkenes, also known as jet fuel alkenes (JFA), hold significance in various engine appli-
cations [82]. Bond et al. [58] conducted a study on the catalytic conversion of GVL to liquid
alkenes using a two-reactor system. In their research, an aqueous solution of GVL was intro-
duced into an up-flow fixed bed reactor. Through ring-opening and decarboxylation reactions
catalyzed by SiO/AlyO3 at 36 bar of pressure (with inert gas He) and temperatures ranging
from 648 K to 673 K, butene isomers were produced, with reported yields of up to 90 %. Subse-
quently, the effluent from the first reactor underwent separation in a high-pressure vapor-liquid
separator, separating liquid water, unreacted GVL, and other by-products from vapor phase
products (butene and carbon dioxide). The butene oligomerization process was conducted in a
down-flow fixed bed reactor using Amberlyst-70 catalyst at 36 bar and 443 K. The distribution
of carbon in the branched alkene products was found to be primarily dependent on butene
conversion.

Zhao et al. [83] implemented a similar approach to synthesize aromatic hydrocarbons from GVL.
Employing zeolite catalysts like MCM-41 and HZSM-5, they converted GVL into aromatics,
including benzene, toluene, and xylene, within a single reactor at a temperature of 773 K. GVL
was probably transformed into a mixture comprising butene, CO, and CO,. Consequently,
under elevated temperatures, butene underwent isomerization and aromatization reactions,
leading to the formation of aromatic compounds [84].

1.6 Objectives and Structure

The general objective of this research is to establish a feasible route for the full valorization of
the lignocellulosic biomass (LCB) into sustainable aviation fuels (SAF); this valorization route
is based on the discussion of this chapter. This valorization route mainly focuses on the pro-
duction of sustainable aviation fuel (SAF) that is capable of replacing at 100% the conventional
aviation fuel, i.e., kerosene.
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Figure 1.10 A promising route to full valorization LCB into SAF.

Figure 1.10 shows the steps required to valorize lignocellulosic biomass elements into SAF. In
this figure, we can realize that alkyl levulinates and gamma-valerolactone serve as a connection
between the stages: i) LCB decomposition into its different derivatives, stage marked in blue,
and i) the stage corresponding to SAF productions from GVL. In addition to serving as a
connection for producing SAF from LCB, GVL has other potential applications, such as sol-
vent during LCB decomposition and as a raw material to produce a wide variety of high-value
compounds. This latter significantly increases the importance of this valorization route since
it allows the production of SAF and covers other needs of modern society.

Given that gamma-valerolactone (GVL) serves as a fundamental building block for the pro-
duction of Sustainable Aviation Fuel (SAF) and other materials derived from lignocellulosic
biomass, one of the focus of this research is to study the hydrogenation of butyl levulinate
(BL) in order to produce GVL. Kinetic models are usually developed in isothermal conditions
for process optimization. The validity of such models in non-isothermal conditions could be
an issue for pinch analysis and thermal risk assessment. We studied this reaction considering
isothermal, isoperibolic, and adiabatic conditions. Such analysis establishes reliable and robust
kinetic models, facilitating optimization of energy recovery, thermal risk assessment, and con-
version yield.

The hydrogenation of butyl levulinate will be studied in a heterogeneous system, where BL
is in the liquid phase, hydrogen is in the gas phase, GVL is a solvent, and ruthenium over
activated carbon (Ru/C) is a solid catalyst. Thus, this study will provide valuable insight into
the kinetic and thermal risk for the industrial implementation of this step in the valorization
route of LCB into SAF. It is essential to highlight that the scope of our research is limited to
the production of GVL from BL in the valorization route of LCB.
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By this point, we have noticed the potential of lignocellulosic biomass (LCB) to produce SAF
that can replace conventional aviation fuels. Nevertheless, we have also realized that one of the
most important challenges in this valorization route is the large number of transformation steps
that this feedstock requires to achieve its mission. These steps’ development and industrial-
scale implementation are not possible in the short term. Given the short-term goals set by
different institutions regarding greenhouse gas emissions from the aviation sector, it is worth
exploring the potential of intermediary compounds as possible additives that help to contribute
to reducing greenhouse gas emissions. As we discussed earlier, butyl levulinate stands out as
a potential drop-in additive to kerosene, but so far, there has yet to be a conclusive study
about the limitations of BL in terms of jet engines’ operability. The advantage of a drop-in ad-
ditive is that there is no need to modify current infrastructure in place or jet engines in aircraft.

As butyl levulinate (BL) emerges as a potential jet fuel additive, a significant aspect of our
research is to assess its suitability as a kerosene additive. Our approach involves evaluating
the combustion dynamics of different blends of Kerosene/BL within a gas turbine combus-
tion chamber equipped with an RQL (Rich-Burn, Quick-Quench, Lean-Burn) injection system.
Here, we seek to understand how the addition of BL will affect the performance and the oper-
ability limits of kerosene inside a gas turbine engine operated under the real-world conditions
under which aircraft engines operate, i.e., low pressure and low temperature. The performance
(thrust or power, fuel consumption, temperatures, shaft speeds, etc.) and operating limits of
a gas turbine engine are crucially dependent upon its inlet and exit conditions. The most im-
portant are pressure and temperature, which are determined by the ambient conditions, flight
altitude, and flight speed.

1.6.1 Specific Objectives

Our specific objectives are divided into two main groups. Those concerning the production of
GVL from BL and those concerning the evaluation of BL. as a kerosene additive. These specific
objectives are defined below:

GVL Production from BL

1. To assess the internal and external mass transfer limitation for the heterogeneous system.
The chemical reaction in consideration is the hydrogenation of butyl levulinate (BL)
to produce gamma-valerolactone (GVL) via hydrogenation in the presence of the solid
catalyst ruthenium over activated carbon (Ru/C).

2. To study the energy released during the hydrogenation of butyl levulinate (BL). This
means measuring the enthalpy of the reaction and its dependence on operating and initial
conditions. This study is fundamental to evaluating the thermal risk of the chemical
reaction.

3. To develop a robust and reliable kinetic model for the hydrogenation of butyl levulinate,
integrating isothermal, isoperibolic, and adiabatic experiments to determine the kinetic
parameters. To achieve this objective, it is necessary to know the mass transfer limitation
and the enthalpy of the reaction in advance in order to solve the material and energy
balance.

4. To assess the stationary thermal stability applying Van Heerden criterion and steady-state
bifurcation for the continuous production of GVL in a continuous stirred tank reactor
(CSTR). In order to determine the limit value of the global heat transfer coefficient (Ua)
that will minimize the risk of thermal runaway.
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d.

To assess the dynamic thermal stability of continuous stirred tank reactor (CSTR) for
butyl levulinate (BL) hydrogenation. This study seeks to understand or predict how our
reactor will evolve, thermally speaking, when any process variable is perturbed.

To carry out a parametric sensitivity analysis (PSA) for butyl levulinate (BL) hydrogena-
tion in a continuous stirred tank reactor (CSTR). This analysis helps determine which
operating parameters can have a higher impact on the reactor operation.

BL as Kerosene Additive

7.

10.

To measure the lower heating value (LHV), density, viscosity, and surface tension for
kerosene, butyl levulinate, and blends kerosene/BL at different temperatures and pro-
portions. Moreover, the corresponding mixing rule that allows the evaluation of such
properties for different ratios of Kerosene/BL at different temperatures will be estab-
lished.

To define a methodology to measure the combustion efficiency in a gas turbine engine for
the different blends of Kerosene/Butyl Levulinate. To measure the combustion efficiency
of the blends, we focused on the effect of low-pressure and low-temperature conditions in
order to evaluate the effect of BL in terms of operability during the combustion process.

To measure and compare the pollutant emissions (CO, COq, and NO,) for the different
Kerosene/Butyl Levulinate blends. This is to understand if adding BL into kerosene
reduces GHG emissions during combustion.

To compare the atomization spray and the flame structure during the combustion process
for the different Kerosene/Butyl Levulinate blends. This analysis will help to understand
the behavior of the combustion efficiency from a local point of view.

Structure

This research is divided into six chapters; each chapter addresses different aspects of the research
to meet the specific objectives, which complement each other to meet the general objectives.
The content of the chapters is outlined as follows:

e Chapter 1: This chapter corresponds to the introduction of the research. This chap-

ter provides all the elements needed to understand this research’s relevance and general
objectives.

Chapter 2: This chapter outlines the materials and equipment employed throughout the
research. This chapter presents and describes the facilities used and the primary objective
of each.

Chapter 3: This chapter is dedicated to the study of butyl levulinate (BL) hydrogenation
to produce GVL in different thermal modes. This chapter explains how we developed an
advanced kinetic model for this chemical reaction in isothermal, isoperibolic, and adiabatic
conditions. This chapter shows how specific objectives 1, 2, and 3 are met.

Chapter 4: This chapter presents a thermal risk assessment for the continuous produc-
tion of GVL via BL hydrogenation. The kinetic model and reaction enthalpy were taken
from the previous chapter, Chapter 3, to do such analysis. Chapter 4 shows how specific
objectives 4, 5, and 6 are met.
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e Chapter 5: This chapter assesses the suitability of butyl levulinate (BL) as a kerosene
additive. Here is the discussion of how BL impacts the combustion dynamics of kerosene
inside a gas turbine engine during the combustion process. This chapter shows how
specific objectives 7, 8, 9, and 10 are met.

e Chapter 6: This chapter corresponds to the general conclusions found during this work
and the potential perspectives.
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Chapter 2
Materials and Equipment

This chapter presents the materials, equipment, and facilities employed during the re-
search and their primary objectives. The selection of appropriate materials and equip-
ment is crucial for ensuring the integrity and reliability of experimental results and pro-
cedures.

2.1 Materials

We used different compounds and materials for different purposes during this research. The
list of materials used is shown below; it should be noted that these materials were used without
any further purification or additional treatment.

e Butyl levulinate (BL): This compound, which is a liquid under normal conditions of
pressure and temperature, is the main compound of our work since it will be used as the
main reagent for the production of gamma-valerolactone, and will also be the object of
study to evaluate its potential use as a kerosene additive.

e Hydrogen: This one, in gas form (H;), will be our secondary reagent during the hydro-
genation of butyl levulinate (BL) to produce gamma-valerolactone.

e Gamma-valerolactone (GVL): This compound, which is a liquid under normal condi-
tions of pressure and temperature, is our main product obtained from the hydrogenation
of butyl levulinate (BL). In addition to being our main product, it is also used as a solvent
for the reaction; thanks to its chemical and thermal stability, GVL allows the reaction to
be carried out under different operating conditions.

e Ruthenium over activated carbon (Ru/C): Ruthenium, 5% on activated carbon
powder, reduced, nominally 50% water wet is our solid catalyst for the production of
gamma-valerolactone (GVL) from butyl levulinate (BL) via hydrogenation, Ru-based
catalyst exhibit high catalytic selectivity for this chemical reaction.

e Butanol: This is the by-product obtained from butyl levulinate hydrogenation. We
used this compound mainly for analytical detection and calibration curves for chemical
quantification.

e Acetone: This compound was used as a solvent or diluting agent to prepare samples to
be analyzed via gas chromatography.

e Keroseno jet fuel A1: This fuel plays a fundamental role in our research, as it is
the current commercial fuel for aircraft and will serve as a reference to evaluate how the
addition of butyl levulinate (BL) can affect its combustion dynamics and its performance
during the combustion process inside a gas turbine engine.

Table 2.1 shows a summary of the materials, with additional information about their purity
and provider.
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Table 2.1 List of materials used during the research.

Material Application Purity CAS Number Provider

Ru/C Catalyst 5% Ru 7440-18-8 Alfa-Aesar

Acetone Dilution Solvent 99% wt 67-64-1 Carlo Erba

Butanol Analytic Identification  99% wt 71-36-3 Lab Line

Butyl Levulinate Reagent and Bio-Fuel  98% wt 2052-15-5 Alfa-Aesar

Hydrogen gas (H») Reagent 9% v/v 1333-74-0 Linde

Gamma-Valerolactone Reaction Solvent 99% wt 108-29-2 Sigma Aldrich
Kerosene Jet Fuel Al Fuel - 64742-81-0 TotalEnergies

2.2 Equipment

2.2.1 Physical and Thermal Properties

Knowing substances’ physical and thermal properties is of great importance when carrying out
either a kinetic model assessment or a combustion assessment. It is possible to obtain this
information from the literature for most of the pure compounds in our research. However, for
blends, Kerosene/BL, this information is not available. During this research, measuring the
lower heating value, surface tension, dynamic viscosity, and density for the blends and pure
compounds was necessary. To do so, the following instruments were used:

e Parr 1356 Ozxzygen Combustion Bomb Calorimeter: The primary use of this in-
strument is to calculate the lower heating value (LHV) of a substance. This instrument
has been designed to provide rapid and reliable heat of combustion values for solid and
liquid fuels. Tt works in isoperibolic conditions; the calorimeter jacket is held at a con-
stant temperature while heat from the burning sample, in the presence of pure oxygen O,
causes the bomb and bucket temperature to rise. The small heat flow between the bucket
and its surroundings during a test is monitored by a microprocessor in the calorimeter,
which, based on the heat transfer and the initial mass of the fuels, calculates the heat of
combustion. This instrument is shown in Figure 2.1a.

e LAUDA Drop Volume Tensiometer TVT 2: This instrument measures the surface
and interfacial tension of liquids. Its strengths lie in the high-precision determination of
dynamic interfacial tension. TVT 2 uses the fact that the volume of a drop released from
a needle in the air depends on its surface tension or its interfacial tension between the two
phases if released into a second, immiscible phase (o0il). With the TVT 2, this measuring
principle has been brought by LAUDA Scientific into a measuring device that is easy to
use simultaneously, thanks to precision engineering. This instrument is shown in Figure
2.1b.

e SVM 3000 Stabinger Viscometer: The SVM 300 Stabinger viscometer is a rotational
viscometer with a cylinder geometry that measures the dynamic viscosity and density of
oils and fuels according to ASTM D7042. Rotational viscosity measurement is based on
torque and speed measurement, and a rotating magnet produces an eddy current field
with an exact speed-dependent brake torque. The SVM 3000 also has a density-measuring
cell that employs the well-known oscillating U-tube principle. The density and viscosity
measurement, can be done at different temperatures by changing the instrument’s set
point. This instrument is shown in Figure 2.1c.
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(a) Parr Bomb Calorimeter (b) Tensiometer TVT 2 (c) Stabinger Viscometer

Figure 2.1 Illustration of the instruments employed to measure physical and thermal
properties.

2.2.2 Kinetic Experiments

The experimental part for the development of the kinetic model for the hydrogenation of butyl
levulinate (BL) to produce gamma-valerolactone (GVL) was developed in the Mettler Toledo
RC1mzx Calorimeter. The development of this kinetic considers experiments performed
under isothermal and non-isothermal conditions, i.e., isothermal, isoperibolic, and adiabatic
conditions.

The RC1 consists of a Hastelloy C22 metal vessel with a 1.8 L capacity and a 100 bar pres-
sure tolerance, and a stirrer suitable for gas-liquid transfer reactions. It is coupled with a
high-precision sensor to measure the temperature of the reaction media at all times. It has a
calibration heating rod that is used to evaluate the heat capacity (C,), the overall heat transfer
coefficient (UA). With these elements, the RC1 can calculate the heat exchange of the reaction
media. The RC1 features independent heating and cooling loops, enabling rapid temperature
regulation. Additionally, it is equipped with a PID automatic control system to regulate the
pressure inside the reactor. These features enable precise monitoring and control of pressure,
temperature, and heat exchange during a chemical reaction. All measurements are saved in an
Excel file every two seconds. Figure 2.3 illustrates the RC1 calorimeter and the experimental
setup.

All these features of the RC1 make it suitable to study the hydrogenation of butyl levulinate
using hydrogen in the gas phase and ruthenium over activated carbon as a catalyst. Since the
PID controller helps to keep the hydrogen pressure inside the reactor constant, this is of great
importance since hydrogen is consumed throughout the reaction, and a reduction in hydrogen
pressure could slow down the reaction rate.

The operation of the RC1 is adapted according to the thermal mode chosen for its operation
and is defined as follows:

e Isothermal mode: The main characteristic of isothermal mode is that the temperature of
the reactionary media 7). remains constant during the reaction. To ensure that 7). remains
constant during the reaction, the temperature of the reactor jacket 7 is regulated by the
independent heating and cooling loops. T increases when the reaction is endothermic
and decreases when the reaction is exothermic.
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e [soperibolic mode: The main characteristic of the isoperibolic mode is that the temper-

ature of the reactor jacket 7 remains constant throughout the reaction. In contrast,
the temperature of the reactionary media T, evolves according to the type of chemical
reaction increases for exothermic reactions, and decreases for endothermic reactions.

Adiabatic mode: The main characteristic of adiabatic mode is that ideally, all the energy
that is released during an exothermic reaction is accumulated in the system, thus causing
a significant increase in the temperature of the reactionary media 7.

This mode of operation is achieved in the RC1 by establishing the condition that the
temperature of the reactor jacket 7} is equal to 7)., thus causing a kind of thermal in-
sulation. This is possible thanks to the fast response of the RC1’s independent heating
and cooling loops. Figure 2.2 shows the graphical report of an adiabatic experiment; the
chemical reaction took place while the stirring rate was equal to 1000 RPM.

Thanks to its versatility, this equipment was used to develop the kinetic model and measure
the energy released during the hydrogenation of BL to produce GVL.
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Figure 2.2 Graphical report of an adiabatic experiment performed in the RC1.

25



CHAPTER 2. MATERIALS AND EQUIPMENT

Reactor

(a) Reactor tank (b) Temperature control.
R:: Pressure regulator Automatic control
Vi, Vs, Vs, V4, V5 Vs Valves
V’1, V’z : Pressure regulating valves through automatic control
Vs : Water valve B e Fmm—
P : Pressure sensor — | } }
T : Temperature sensor } } |
q : Energy sensor ! I |
I } !
| | |
Gas outlet | | !
| ‘ !
I
| I
| I
I
I

-
|
|
|
I
|
|
I
|
|
|
| Gas
|
|
|
|
|
|
|
|
|

H: Storage }

|

Coolant
temperature
controller

Ve

Liquid outlet

(¢) Experimental setup

Figure 2.3 Mettler Toledo RC1mx Calorimeter.

2.2.3 Reaction Enthalpy

To complement the measurements of energy released during the hydrogenation of butyl levuli-
nate, we have incorporated the Tian Calvet C80 Calorimeter, Figure 2.4, it is suitable for
isothermal calorimetry, mixing calorimetry and temperature programming calorimetry. It is de-
signed for studies like physical transformation, thermal stability, mixing, evaporation, gas-solid,
gas-liquid, liquid-liquid reaction, reaction under pressure, specific heat measurement, thermal
conductivity, etc.
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The C80 calorimeter features a three-dimensional transducer for maximum sensitivity, allowing
high precision and reproducibility. This micro calorimeter can work up to a maximum tempera-
ture of 573 K, with a standard error of 0.1 K for temperature measurements and a standard error
of 0.1% for enthalpy measurements. Inside this instrument are several energy flow detectors
and the support for two experimental cells, i.e., the measurement cell and the reference cells,
which are surrounded by thermocouples. The reference cell cancels out the effect of residual
drifts in the temperature or any external disturbance. This compensation is adequate when
experimental cells placed in the detectors are symmetrical in terms of physical and thermal
properties. The cells used in our case are the turn-over mixing cells, Figure 2.4c.

Chlver
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J

(a) External view (b) Internal view

Measurement Cell Reference Cell
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Lmbof 8P solution~__| |- mLofeH souton
1 mL of GVL with [ | |
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(¢) Turn-over mixing cells

Figure 2.4 Tian Calvet C80 Calorimeter illustration.
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2.2.4 Analytic Measurement

Gas chromatography coupled with a flame ionization detector, GC-FID, technique was applied
to quantify the amount of chemicals in samples taken during the experiment. GC-FID instru-
ment was from Scion Instruments supplier. This instrument was equipped with a low polarity
column, Phenomenex ZB-5, composed of 95 % dimethyl siloxane, and 5% of phenyl groups.
Column dimensions: length: 30 3, internal diameter: 0.32 mm, coating width: 0.25 ym. Helium
at 99.99 % was used as carrier gas at a constant flow rate of 1.2mL/min. The injector’s and
the detector’s temperature were set at 250°C. The oven temperature ramp was set to 50°C
(1 min) - 20°C/min - 200°C (1 min). Samples were diluted in acetone to be analyzed; the
injection volume was 1 ul., and the split ratio was 20:1.

2.2.5 Combustion Study

One of the most relevant aspects of this research is to assess the potential application of butyl
levulinate (BL) as a kerosene additive. Therefore, it is necessary to study how adding BL im-
pacts kerosene performance and combustion dynamics under actual operating conditions. For
this reason, this study was conducted in the High Altitude Re-ignition for Gas Turbine facility,
or HARTur facility. The primary purpose of this facility is to enable the combustion dynam-
ics assessment of fuel during the pull-away phase under high-altitude conditions, characterized
by a decrease in operating pressure and temperature compared to the ground-level conditions.

HARTur facility was designed and built in the CORIA research center during Marie-Eve Clavel’s
doctoral thesis [7] for the experimental study of spray, flame, and turbulence interactions dur-
ing pull-away at high altitude conditions. This thesis studied the pull-away under unfavorable
conditions characterized by low pressure and low temperature in a combustion chamber with
a RQL injection system. This work is the primary source of information linked to this facility;
most of the technical information presented during our research about the HARTur facility
comes from this reference.

Facilities of this type, which allow the study of aeronautical injection systems under low pressure
and temperature conditions, are relatively difficult to build and implement, and only a few are
available worldwide. Table 2.2 shows a comparison between the facilities that can be found in
the literature and the HARTur facility.

Table 2.2 Facilities that allow the study of aeronautical injection systems under low pressure
and temperature conditions [7].

Facility Research Center | min P [kPa] | min T [K]
M1 ONERA o0 250
ATF! Rolls Royce, UK 40 265
HARTF? | Cincinnati University 20 228
HARTur Coria 30 248
MERCATO ONERA 50 233

HARTur facility is illustrated in Figure 2.5, where the elements are labeled: the cooling units
and the piping system, the combustion chamber, the afterburner with its cooling unit, and the
pressure control system. These elements are described below:

L Altitude Test Facility
2High Altitude Relight Test Facility
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Figure 2.5 HARTut facility piping and instrumentation diagram, taken from [7].

Cooling units for air and fuel supply

To address the cooling issue, the HARTur facility is equipped with two independent cooling
systems for fuel and air inlets. The air cooling system can lower the air temperature to 238 K.
In this setup, the air undergoes cooling using liquid nitrogen (LN2) inside a cryogenic chiller.
Two air flow meters regulate the flow of primary and dilution air,each with a capacity ranging
from 0 to 72kg/h, allowing for a combined maximum air capacity of 144 kg/h. Liquid nitrogen
is stored in a pressurized vessel of 0.23m? at 400 kPa, connected to the cryogenic chiller’s inlet.
Temperature control is achieved using an on-off pneumatic valve, regulating the flow of liquid
nitrogen into the cryogenic chiller until the desired temperature is reached. The significant mass
of aluminum within the cryogenic chiller ensures that the air temperature at the combustion
chamber inlet fluctuates by a maximum of 2 K around the set temperature throughout 5 to 15
minutes.

The fuel temperature is controlled using a plate heat exchanger capable of cooling the fuel to
250 K. This cooling system employs ethanol as a heat transfer fluid, circulating between the
heat exchanger and a Julabo FP55-SL cryostat. Kerosene is cooled separately from the air to
avoid crystallization issues, as the temperature inside the cryogenic chiller is significantly lower
than the freezing point of the kerosene.
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Combustion chamber

The combustion chamber features a single-injector design with a square cross-section measur-
ing 100 mm on each side and a length of 120 mm. Figure 2.6 shows a sectional view of the
combustion chamber. It is made of stainless steel with an outer wall made of aluminum that
is air-cooled by the dilution air. The four sides of the combustion chamber are equipped with
high-purity fused silica windows, corning grade 7980-5F. The lateral windows, 85 mm x 40 mm,
allow optical access to the flame; The windows placed at the top and at the bottom of the cham-
ber, 85 mm X 10mm, are in the vertical plane that cuts the injector at its center. These 4
windows facilitate the implementation of local analysis, enabling a detailed analysis of spray
and flame structure.

Liquid fuel

Dilution air

|
|
|
4

Intake plenum

|

|

|

r |

: Inlet : Combustion
| interface | chamber

| |

I 1

Figure 2.6 Combustion chamber’s CAD: sectional view.

The region between the combustion chamber and the intake plenum is referred to as the inlet
interface, which comprises several elements outlined below:

o The fuel injector, depicted in grey in Figure 2.6 with red lines indicating the fuel piping,
provides fuel atomization inside the combustion chamber through the injection system.
During the ignition phase and preheating of the combustion chamber, only the pilot
circuit is used with methane to achieve a stable condition. Subsequently, as thermal
stabilization is attained, methane is progressively replaced by fuel through the primary
liquid fuel piping circuit. This methane ignition process also allows the windows to be
less clogged by the soot produced by the flame under unfavorable conditions.

e The injection system, in yellow in Figure 2.6, surrounds the tip of the fuel injector. It
aims to inject part of the primary air flow within the combustion chamber with a swirling
motion over the fuel spray issuing from the fuel injector. This design facilitates the
secondary atomization, evaporation, and mixing inside the combustion chamber.

o A multi-perforated plate, highlighted in pink in Figure 2.6, is coupled with a deflector, a
thin wall positioned in front of the perforated plate. The injection system and the fuel
injector are located in the center of this plate. This arrangement separates the primary air
flow rate into two streams: passing through the injection system and the multi-perforated
plate.
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The number of holes in the perforated plate and their diameter (0.7mm) have been
optimized to cool the deflector efficiently while simultaneously creating an air boundary
layer near the optical windows. The air film is a protective barrier, shielding the optical
windows from fuel droplet impacts and thermal damage. The ratio between the air mass
flow rate across the injection system and the total primary air flow rate is typically set
at 0.5.

e Combustion chamber nozzle, Another element of the combustion chamber is the nozzle
located at the end. This element is a device for measuring the average temperature of the
burned gases coming from the combustion. The methodology used to calculate burned
gases temperature is presented in Chapter 5.

This combustion chamber has been designed to implement an RQL injection system. Additional
air, represented in dark blue in Figure 2.6, is subsequently injected through four 8 mm diameter
holes on the lateral edges of the chamber at a distance of 80 mm from the injector. This dilution
air (or secondary air) aims to approach the actual operating conditions of the RQL injectors
that can be tested in this facility. Before entering the combustion chamber, the dilution air
circulates in between the double walls of the combustion chamber; this has two advantages: i) it
cools down the walls of the combustion chamber and i) it reduces the thermal heat losses of the
combustion chamber. Indeed, some energy transferred from the flame to the walls is absorbed
by the dilution air and re-injected into the combustion chamber instead of being transmitted
to the surroundings. Consequently, the combustion chamber operates with a quasiadiabatic
mode.

Afterburner and burned-gases cooling unit

Burned gases from potentially incomplete combustion must be treated before being released
into the environment. An afterburner and a burned-gases cooling unit have been designed and
placed after the combustion chamber. The afterburner device stabilizes a methane/air flame
downstream, a V-shaped flame-holder, and allows the post-combustion of incomplete burned
gases from fuel/air flames. Then, these combustion products are cooled down through the
burned-gases cooling unit. This heat exchanger operates with a closed-loop hydraulic circuit.
This circuit also has an electrical heat load to maintain the water temperature above 303 K,
which can be turned on during non-reactive and low-temperature conditions. The temperature
of this circuit is controlled by a plate heat exchanger operating with domestic water.

Vacuum generation

The pressure inside the combustion chamber is controlled by an air-jet ejector system located
downstream of the afterburner and the burned-gases cooling unit. This system is similar to
that used by Paxton et al. [85]. The air-jet ejector system was designed and built by Le
Vide Industriel company according to the following requirements. It can operate with any
composition of gases, with a temperature range between 273 K and 373 K. The ejector is powered
by 900kg/h of air at 3000 kPa by an ATLAS COPCO compressor, dark blue lines in Figure
2.5. This compressor allows it to go down until 30 kPa over the air flow rate range, 0-144
kg/h. To control the pressure in the combustion chamber, a by-pass line is installed upstream
of the air-jet ejector system, highlighted with a light blue line in Figure 2.5. The pressure
can be controlled by adjusting the aperture of the by-pass valve without affecting either the
combustion chamber’s total air flow rate or the compressor’s air flow rate.
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Control and monitoring of the facility

Several devices are used to control and monitor the facility during operation. Air and fuel flow
rates are maintained using Bronkhorst thermal and Coriolis mass flow controllers, respectively.
Several K-type thermocouples are installed at different locations to monitor the temperature
of fuel and air flows. The pressure in the combustion chamber is measured by a Keller pressure
transducer (0-1.2 bar) and indicates the operating conditions during the pull-away. A pressure-
gauge Rosemount records the pressure drop across the nozzle of the combustion chamber with
a range of 0-3000 Pa. Finally, a Keller 0-30 bar is used to measure the pressure in the fuel
stream after the cryostat to alert in case of icing at low temperatures.

Data acquisition and control of mass flow rates, pressures, and temperatures are carried out via
LabView software. The program allows the control of the different flowmeters, the pneumatic
valves, the by-pass valve that adjusts the pressure inside the combustion chamber, and the
igniters at the combustion chamber and inside the afterburner. The temperatures are regu-
lated separately on the cryostat for the fuel and via the cryogenic chiller for the primary and
dilution air. The data acquisition is made at 10 Hz in real time. All the values are displayed
continuously on the program interface and registered at a frequency of 1 Hz.

Figure 2.8 shows the data acquisition during an experiment in the HARtur facility. This figure
shows the evolution of the mass flows of the fuel, the primary air, and the dilution air. We can
also see the evolution of the temperature of the walls of the combustion chamber, among other
variables.

Burned Gases Analysis

In addition, the HARTur facility allows the analysis of the composition of the burned gases
coming from the combustion chamber, thanks to a sampling point located downstream of the
chamber. The instrument used for this purpose was the Gas Analyzer HORIBA PG-250,
Figure 2.7. This portable analyzer can measure with high precision and high consistency the
concentrations of NO,, SO,, CO, CO,, and O,. It should be noted that gas analysis is not
possible during low-pressure operation because the gas analyzer uses a suction pump to extract
the sample of gases coming from the combustion chamber.

Figure 2.7 Tllustration of the HORIBA PG-250 portable gas analyzer.
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2.2.6 Optical Diagnostic

An important feature of the HARTur facility is the implementation of optical diagnostic; this
is possible thanks to the optical access of the combustion chamber. This allows us to study
the spray, flow, and flame from a local point of view. Two major campaigns will be carried
out, laser tomography and chemiluminescence, to analyze the atomization spray and the flame
structure in the combustion chamber, respectively.

Chemiluminescence was carried out with the intensified CCD camera PI-MAX J from
Princeton Instruments equipped with an optical filter Schott BG12 that transmits a light signal
with a wavelength from 315-520 nm, and higher than 690 nm. During laser tomography tests,
a laser beam passes through the vertical median plane of the chamber. Fuel drops in this
plane reflect light by Mie scattering, and the signals are recorded into images by Photron
Fastcam SA1.2 at 5kHz. A dual-cavity Nd:YLF laser (Darwin Dual, Quantronix) is
used to illuminate fuel droplets in the combustion chamber. Each head delivers 2.5 kHz laser
pulses with 20.5 W at 527 nm.
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Figure 2.8 Graphical report of an experiment performed in HARTur facility.
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Chapter 3
Butyl Levulinate Hydrogenation

This thesis chapter studies the hydrogenation of butyl levulinate (BL) to produce gamma-
valerolactone (GVL). This chapter aims to develop an advanced kinetic model for this
chemical reaction, considering isothermal, isoperibolic, and adiabatic conditions. Part of
this chapter has been adapted from the following articles:

e Jose Delgado, Wenel Naudy Vasquez Salcedo, Christine Devouge-Boyer, Jean-
Pierre Hebert, Julien Legros, Bruno Renou, Christoph Held, Henrik Grenman,
Sebastien Leveneur. Reaction enthalpies for the hydrogenation of alkyl levulinates
and levulinic acid on Ru/C — influence of experimental conditions and alkyl chain
length. Process Safety and Environmental Protection 171 (2023) 289-298. https:
//doi.org/10.1016/].psep.2023.01.025

e Wenel Naudy Vasquez Salcedo, Melanie Mignot, Bruno Renou, Sebastien Lev-
eneur. Assessment of kinetic models for the production of ~v-valerolactone devel-
oped in isothermal, adiabatic and isoperibolic conditions. Fuel 350 (2023) 128792.
https://doi.org/10.1016/j.fuel.2023.128792

3.1 Chemical System

The production of gamma valerolactone (GVL) from alkyl levulinates (ALs) represents a funda-
mental step in the valorization route of lignocellulosic biomass (LCB) into sustainable aviation
fuels (SAF). One of the main objectives of our research is to develop a kinetic model for pro-
ducing GVL from butyl levulinate (BL) via hydrogenation. Kinetic models are fundamental
tools for the optimal reactor design and industrial application of any chemical reaction. In
addition, a robust and reliable kinetic model allows the maximization of energy recovery and
the implementation of appropriate safety systems to minimize thermal risks when exothermic
reactions are involved. To cover these aspects, our interest in this chapter is to develop a kinetic
model that includes experiments performed under isothermal and non-isothermal conditions.

We chose butyl levulinate as a raw material because it has certain advantages over other alkyl
levulinates and levulinic acid, such as lower thermal risk, potential application as a fuel addi-
tive, less corrosive, and butanol is obtained as a by-product; this latter has a particular interest
from an industrial and commercial point of view. BL hydrogenation was studied in the RC1
calorimeter. The RC1 is a suitable autoclave reactor, coupled with a gas-liquid stirrer, that
supports high pressure and can operate in isothermal, isoperibolic, and adiabatic conditions.
The chemical system for this reaction comprises butyl levulinate in liquid form (reactant),
hydrogen in gas form (reactant), ruthenium over activated carbon (solid catalyst), and gamma-
valerolactone in liquid form (reaction solvent). For this heterogeneous system, the production
of GVL via hydrogenation of BL occurs in a two-step serial reactions, i.e., hydrogenation and
cyclization steps, as shown in Figure 3.1.
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+ H —> OBu 5 + BuOH

BL BHP GVL

Figure 3.1 Reaction pathway for GVL production from BL hydrogenation over Ru/C.

The first step of the reaction is hydrogenation. It is produced when the double bond of the car-
bonyl group of the BL. molecules is hydrogenated to produce the intermediate butyl 4-hydroxy
pentanoate (BHP); this step reaction only occurs in the active sites of the catalyst, which in
our case is the noble metal ruthenium over activated carbon. The second step is the cyclization
of the intermediate BHP; during this step, the hydroxyl group of the intermediate reacts with
the ester group to produce GVL as the main product and butanol as a by-product.

These two-step reactions occur sequentially in the liquid phase inside the RC1. The process
involves loading butyl levulinate, gamma-valerolactone, and ruthenium into the RC1 to perform
the experiments. Then, the temperature of the reaction mixture is increased until it reaches the
set value. Following this, hydrogen is fed into the RC1 continuously via the automatic control
(PID) to increase the pressure to the desired point; this hydrogen pressure is kept constant
to ensure a constant hydrogen concentration during the reaction time. The stirring rate is set
to 1000 RPM to start the reaction process. Figure 3.2 shows a representation of the chemical
system.

HZ
Inlet Flow

Figure 3.2 Representation of the chemical system in the RC1 during BL hydrogenation.
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3.1.1 Material and Energy Balance

To establish the material and energy balance, it is necessary to identify the operation mode of
the reactor. As we have already defined above, the reactants and the catalyst are loaded inside
the reactor at the beginning, and only hydrogen is fed during the reaction to keep the pressure
constant. Therefore, the RC1 operates in the semi-batch mode. In semi-batch reactors, the
concentrations of chemical species are functions of time and are affected by the chemical reac-
tions involving them. Except for the dosed species, these are affected by the chemical reactions
and the dosing factor, in our case, hydrogen.

Inside the reactor, we can distinguish two main phases: the gas phase, made up of pure hydro-
gen, and the liquid phase, where all the reactants and the catalyst are located. The chemical
reaction takes place in the liquid phase. The thermal contribution of hydrogen transfer was
not considered to establish the energy balance. This consideration is possible because hydrogen
is transferred from the gas phase, which is considered at the same temperature as the liquid
phase. Therefore, the thermal contribution of the hydrogen to the liquid phase can be neglected.
Thus, the material balance and the energy balance for our chemical system can be established
as follows:

d|BL
% - _Rhyd (31)
d|BHP
ABET]  {Ruya — Reye (3.2)
d[GV L]
RC C
7 +Rey (3.3)
d[BuOH|
= A4
i +Reye (3.4)
d|Hos i .
% = +kea ([Haljy, — [Haliig) — Riya (3.5)
dTr (_Rhyd'Athd - Rcyc'AHcyc)V;“ + UA(E - Tr) + Oé(Tamb - Tr‘)
= (3.6)
dt (MmCp)iig + (MCyp)eat + (MC)ins

From this system of differential equations, Equations 3.1 - 3.6, established from the mass and
energy balance, we can note that the involved terms are:

e Hydrogenation rate: This reaction rate, Rpyq, represents the number of moles that
are consumed or produced per unit of volume per unit of time of all chemical compounds
affected by the hydrogenation step-reaction, in our case these compounds are the BL,
hydrogen and the intermediate BHP.

o Cyclization rate: This reaction rate, Reyc, represents the number of moles that are
consumed or produced per unit of volume per unit of time of all chemical compounds
affected by the cyclization step-reaction, in our case these compounds are the intermediate
BHP, the main product GVL and the by-product butanol.

e Mass transfer Coefficient: The hydrogen transfer rate from the gas phase to the
liquid phase is calculated multiplying the volumetric mass transfer coefficient, kya, by the
difference between the hydrogen concentration at equilibrium, [HQ]fiq, and the hydrogen
concentration in the liquid phase [Ha]yq.
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e Reaction Enthalpies: The reaction enthalpy represents the energy released or absorbed
during a chemical reaction. In our chemical system, there are two steps of the reaction,
and there is a reaction enthalpy associated with each step one, i.e., hydrogenation enthalpy
AHyyqg, and cyclization enthalpy AHcyc.

e Heat Transfer Coefficient: The heat-flow exchanged between the reaction mixture
and the heat carrier fluid circulating in the jacket of the reactor is proportional to the
product UA, where U is the global heat transfer coefficient and A the heat transfer area,
and Tj is heat carrier fluid temperature located in the reactor jacket.

e Heat Loss Coefficient: The heat losses from the reactor to the surroundings are propor-
tional to the difference between the reaction mixture temperature 7, and the temperature
of the surrounding T,,;, the temperature of the surrounding is measured during all exper-
iments thanks to a thermocouple. The proportionality factor of heat losses in the RCI,
a, is given by the manufacturer and equals 0.1 W/K.

e Thermal Heat Capacities: The heat accumulation in the reactor depends on the heat
capacity of all the elements inside the reactor. In our energy balance, we have included
the reaction mixture heat capacity, (mC,)u,, that can be evaluated in the RC1 and also
calculated from the literature [86]. The heat capacity of the solid catalyst, (mC)})cat, Was
obtained from the literature [87]. And the heat capacity of the inside elements of the
RC1, (mC))ins, such as the stirrer, thermocouple, calibration rod, etc. The manufacturer
gives this value equal to 52 J/K.

3.2 Heat Transfer Analysis

The heat-flow exchange between the reaction mixture and the heat carrier fluid is defined by
the global heat transfer coefficient U. The U coefficient represents the sum of five resistances to
heat transfer in series, Equation 3.7 [88]. There are internal and external film resistances, in-
ternal and external fouling resistances, and wall conduction resistance. The fouling resistances
are often assumed to be negligible. U coefficient is based on the heat transfer area A, internal
and external diameters of the vessel d; and d,, the convective coefficients from reaction and
jacket side h, and h;, the heat conductivity of the wall A, and the height of the heat transfer
area, L., which is likely to be affected by vortexing of the process fluid due to agitation as well
as by the geometry of the system.

11 In (d;/d,) 1

Suppose the chemical reaction takes place at constant volume and constant operating condi-
tions. In that case, only the convective coefficient from the reaction side, h,, changes during the
reaction, and the other terms can be combined into a constant term. The coefficient h, depends
directly on the properties of the reaction mixture (viscosity, heat conductivity, density, heat
capacity) and the stirring efficiency (type of agitator, rotation speed, diameter of the reactor).
These properties are related to h, through the Nusselt correlation equations, which associates
the dimensionless Nusselt number (Nu) to the Reynolds number (Re) and the Prandtl number
(Pr), Equation 3.8. Figure 3.3 represents the two-film model for heat transfer.
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h.d;

Nu = =C - Re*- Pr* (3.8)

Aw

Reaction Side

" h

r

Figure 3.3 Two-film model representation for heat transfer from the reaction mixture to the
jacket side.

3.2.1 Wilson Plot

The Wilson plot method is suitable for estimating the convection coefficients in various con-
vective heat transfer processes. This method was developed by Wilson in 1915 to evaluate the
convective coefficient in shell and tube condensers. It is based on separating the global thermal
resistance into the reaction convective thermal resistance and the remaining thermal resistances
participating in the heat transfer process [89], Equation 3.9.

1 1 1

0o
Under isothermal conditions, the properties of the fluid and geometrical factors can be consid-
ered constant. This allows us to write h, from Nusselt correlation as a function of the rotation
speed of the stirrer, Equation 3.10 [90]. As we have seen, the convective coefficient h, depends
on several physical properties of the reaction mixture, such as density, viscosity, and thermal
capacity. In our reaction system, the main species are BL and GVL; the contribution of the
other chemical species in our reaction system is negligible compared to these two. Ariba et
al. [86] developed mathematical equations to calculate these properties for various alkyl lev-
ulinates, alcohols, and GVL. Figure 3.4 shows these properties as a function of temperature;
from these results, we can see that the difference between BL and GVL is insignificant.

(3.9)

h, = C'N* (3.10)

To apply the Wilson plot method, we have used RC1 to calculate the UA value of pure BL at
different temperatures and stirring rates (N); the experimental matrix and the results obtained
are shown in Table 3.1. Figure 3.5a shows that there is a linear relationship between UA and
N~2/3_ which means that a=2/3 in the Nusselt correlation. The latter proves that the two-film
model describes the heat transfer process in the RC1.
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Figure 3.4 Physical properties of BL, GVL, and BuOH as a function of the temperature.

Table 3.1 Experimental matrix for UA value determination in the RCI.

T [K] N [RPM] U [W/m2/K|] UA [W/K]

250 380.43 9.3262
200 907.25 12.435
373 750 580.19 14.223
1000 293.66 15.261
1200 647.39 15.871
250 415.02 10.174
200 543.61 13.326
393 750 622.64 15.264
1000 677.05 16.598
1200 707.00 17.332
250 435.33 10.672
200 283.63 14.308
413 750 674.37 16.532
1000 730.75 17.914
1200 769.84 18.872
250 475.26 11.651
200 619.82 15.195
433 750 719.95 17.650
1000 780.86 19.143
1200 810.70 19.874

The slope of the Wilson plot regression lines contains the information about h, [91]. Using
the slopes of the regression lines of all the Wilson plots, we can calculate the constant C’
from Equation 3.10 and then the h, for a given stirring rate. In our case, we seek to obtain
mathematical equations that allow us to calculate UA as a function of the temperature for a
given stirring rate. The experimental behavior of UA is shown in Figure 3.5b for the different
stirring rates considered. Finally, Figure 3.5¢ shows the second-order polynomial fit for UA
at 1000 RPM; this polynomial is the one used to calculate the evolution of UA during kinetic
experiments.
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Figure 3.5 Heat transfer analysis: Wilson Plot Results.
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3.3 Mass Transfer Assessment

Heterogeneous systems are distinguished from homogeneous ones by the different phases present
during the chemical reaction. In homogeneous systems, the catalysts are present in the same
phase as reactants and products, usually in the liquid phase. Meanwhile, catalysts in het-
erogeneous systems are present in different phases, usually as solids. The main advantage of
heterogeneous systems is that catalysts can be separated from the product stream relatively
easily, which facilitates the creation of continuous chemical processes. A heterogeneous catalytic
system involves the adsorption of reactants from a fluid phase into the catalyst, the reaction of
the reactants absorbed in the catalyst, and the desorption of products into the fluid phase.

These mass transfer phenomena that characterize the heterogeneous system play a fundamental
role in the chemical reaction rate since the reaction rate can be reduced if there is a mass trans-
fer limitation of the reagents to the catalyst surface. Therefore, the limitations of mass transfer
must be quantified to establish the optimal conditions for developing the chemical reaction.

In section 3.1, we have presented our chemical system, which is a heterogeneous system that has
different phases inside the reactor: the gas phase in which there is pure hydrogen (reactant),
the liquid phase in which the there is BL (central reactant) and the solid catalyst (Ru/C). For
the chemical reaction to take place, the following steps must be carried out:

1. The hydrogen in the gas phase must pass into the liquid phase; this transfer process
occurs via mass diffusion. Moreover, thanks to the mechanical help the stirrer provides
that favors gas-liquid transfer.

2. The BL and hydrogen present in the liquid phase are adsorbed into the catalyst’s surface;
this adsorption process is determined by the adsorption constant of each species. It can
also be favored by mechanical aid; a good stirring rate helps to have a good suspension
and homogeneity of the catalyst in the liquid phase.

3. The reactants adsorbed into the catalyst via molecular diffusion are transported through
the pores of the catalyst to the active sites where the reaction occurs. In our system, only
adsorbed reactants can react.

These sequence of mass transfer steps are represented in Figure 3.6. These steps represent the
mass transfer process during the chemical reaction, and each was evaluated and considered for
developing our kinetic model.

i b Liquid Phase
H, . @0
(©] Gas Phase H,
H H, R (00 BL
@ H, S ©) e N . @
" H, [60) " \r S
| T . A
- .
=l T 1] - e
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H7
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(a) Gas-liquid transfer. (b) Liquid-solid transfer. (c) Solid internal transfer.

Figure 3.6 Mass transfer sequence in our chemical system.
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3.3.1 External Transfer

Our system has two external transfer processes: i) The gas-to-liquid transfer (hydrogen) mainly
depends on the gas pressure and liquid physical properties. ii) The transfer from the liquid to
the solid catalyst mainly depends on the adsorption constant and the appropriate distribution
and suspension of the solid in the liquid phase.

Gas to Liquid Transfer

To determine the volumetric mass transfer coefficient (kpa), which quantifies the hydrogen
transfer from the gas phase to the liquid phase, we followed the methodology used by Wang et
al. [92]. This methodology proposes to define kra as a function that depends on a modified
volumetric mass transfer coefficient (k7,a)0q (Which is considered to be constant), the temper-
ature, density, and viscosity of the reactionary media, Equation 3.11.

T' 0.5 ) 0.25
kLa = (kLa)mod : ( hq) : <@) (311)

Hiig Hiig

Physical properties such as density and viscosity that are temperature dependent were cal-
culated by Ariba et al. [86]. (kra)meq was calculated experimentally, Table 3.2 show the
experiments and the results obtained. These experiments were performed in the absence of a
catalyst so that the reaction rates are equal to zero; thus, Equation 3.5 is simplified to:

dHsliq i}
d v ([Haliy, = [Haliug) (3.12)

RC1 installation allows us to record the temperature and pressure evolution in the hydrogen
reservoir. Knowing the volume, the temperature, and the pressure variation in the reservoir,
we can apply the Redlich-Kwong-Mathias-Copeman (RKMC) state equation to calculate the
hydrogen moles variation. According to Nasrifar [93], the RKMC equation is more accurate
and robust for hydrogen. It was assumed that the number of moles of hydrogen disappearing in
the reservoir corresponds to the hydrogen moles in the liquid phase. By integrating Equation
3.12, and using Equation 3.11, the (kpa)m.q can be calculated as:

1 [Haljig — [Halo

kra)mod = -In = 3.13

) mon At (L) ()" <[Hz]zq—[Hz]f (313
Hiigq Hlig

Where At is the difference between the initial and final time during hydrogen transfer, T3, is
the liquid temperature, p;;, and p;, are the liquid density and viscosity, respectively. [HQ]Z‘Z.[] is
the hydrogen concentration at the gas-liquid interface defined as He(T) = [Ha]};,/ Pr,, where
He(T) is Henry’s constant. Henry’s constant for BL and GVL was calculated with Equation

3.14, the parameters of this equation were obtained from the literature [92, 94].

He(T) = He(Tyef) exp { _A]fs”l <% - Tjef) } (3.14)
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Table 3.2 Gas to liquid mass transfer experimental matrix and results.

Run mpgy, Tr PH2 At AIIH2 (kLa) mod
[kg] K| |bar] [s] |mol] [(Pa-s-K1)%°(Pa-s-kg=t-m™3)"2s71
MT-1 0.520 373.15 25 38 0.0420 2.28 x 1076
MT-2 0.520 373.15 25 18 0.0286 2.10 x 1076
MT-3 0.520 413.15 25 16 0.0426 2.44 x 107
MT-4 0.520 433.15 25 8 0.0322 2.21 x 107

From the results, we can notice that the calculated value of (k1,a)0q for each run is very similar.
The average value is 2.25 x 107 Pa-s- K~ 1)%5(Pa-s-kg~'-m=3)%?5s71 and the standard deviation
is equal to 0.14 (Pa-s- K 1)%%(Pa-s-kg='-m=3)%%s~1. This result is very similar to the one
found by Wang et al. [92].

Liquid to Solid Transfer

For solid-catalyzed reactions to occur, the reactants must first diffuse through the stagnant
boundary layer surrounding the catalyst particle. The adsorption constant and the mechanical
stirring rate determine the liquid-solid transfer. The effect of the adsorption constant is con-
sidered during the derivation of the kinetic models.

Wang et al. [92] studied the mass transfer during the hydrogenation of different alkyl levulinates
over Ru/C, the same heterogeneous system considered in this research. This study was carried
out in a lab-scale reactor called a PARR reactor; they concluded that there was no limitation
of mass transfer for a stirring rate of 1000 RPM. To reduce the liquid-solid mass transfer lim-
itations in the RC1, we have addressed this as a scale-up problem using the PARR reactor as
a reference. This aims to determine the optimal reaction volume and stirring rate configuration.

The scale-up criterion is usually given as an overall equation for mixing operations, Equation
3.15. N is the stirring rate, D, is the stirrer diameter, and n is equal to 1 for equal liquid
motion, 3/4 for equal solid suspension, and 2/3 for equal mass transfer rates.

ND? = constant (3.15)

Evaluating Equation 3.15, we have obtained that for a stirring rate equal to 746 RPM, we
should have the same mass transfer and solid suspension as in the PARR reactor. Experiments
in the RC1 were performed at 1000 RPM; this guarantees that there will be no liquid-solid mass
transfer limitations in the RCI1.

(2/3) 5 9\ /3
Ny =N, (—) — (1000 RMP) (E) — 746 RPM (3.16)

One way to compare the behavior of the liquid phase within both reactors is by comparing the
following dimensionless numbers for both reactors:

e Reynolds Number (Re), in fluid mechanics, is a measurement of the ratio of inertial force
to viscous force. Defined as:
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(a) PARR reactor. (b) RC1 calorimeter.

Figure 3.7 Image of the PARR reactor, vessel volume equal to 0.3L, and the RC1
calorimeter, vessel volume equal to 1.8 L.

(a) PARR stirrer. (b) RC1 stirrer.

Figure 3.8 Stirrer comparison between PARR, stirrer diameter equal to 2.9 cm, and RC1,
stirer diameter equal to 4.5 cm.

_ PND;
7

Re (3.17)

e Froude Number (Fr), this dimensionless number is calculated using the ratio of inertial
force to gravity. It is calculated as:

_ N2D,
g

Fr

(3.18)
e Weber Number (We) represents the applied to surface tension forces ratio. Define as:

_ pN?DS
n o

We (3.19)

The evaluation of this dimensionless number for the PARR reactor and the RC1 calorimeter
is shown in Table 3.3. Based on the results, there is no expected liquid-solid mass transfer
limitation in the RC1 at 1000 RPM.
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Table 3.3 Dimensionless numbers comparison between PARR and RC1 reactor at N =

1000 RPM.
Number PARR value RC1 value RC1/PARR
Reynolds Number 6751 16256 2.4
Froude Number 0.878 1.362 1.6
Weber Number 8176 19688 2.4

3.3.2 Internal Transfer

Another factor of great importance in solid-catalyzed reactions is the internal transfer of the
reactants within the catalyst. Many solid catalysts have pores to increase the specific surface
area available for adsorption and reaction, e.g., up to 103m?/g. Among the factors that most
affect the transfer are the size of the pores of the catalyst and the size of the molecules that
pass through the pores.

During our research, the solid catalyst used is ruthenium on activated carbon; according to
some references, the particle size of this powder can be between 125-212 yum [95|. Internal mass
transfer in the catalyst can be assessed through the mass diffusion coefficients of the chemical
species through the catalyst pores. For such a study, it is necessary to characterize the structure
of the catalyst, which is beyond our scope. In this work, we assume no internal mass transfer
limitations in the catalyst. This latter is based on the particle size of the catalyst and its high
activity in hydrogenation reactions. This is a strong assumption that may affect the results of
the kinetic model and should be verified in future related works since in our case it could not
be verified.

In this section, we have analyzed the mass transfer of our heterogeneous system theoretically
and experimentally. As a result, we consider that our system has neither external nor internal
limitations. To conclude this section, we performed two sets of experiments on the PARR and
RC1 reactors under the same initial and operating conditions. The chosen conditions are where
reaction rates are expected to be high, so any limitations that may reduce kinetics in the RC1
can be noted.

The conditions of these experiments are shown in Table 3.4, and the results obtained are pre-
sented in Figure 3.9; the results correspond to the evolution of the concentration of the different
compounds during the chemical reaction. These results reinforce our previous conclusion that
in the RC1 with the stirring rate equal to 1000 RPM, there will be no mass transfer limitations.

Table 3.4 Experimental matrix to compare PARR and RC1 kinetic evolution.

Run Operating Conditions Initial Conditions
T, [K] Ppg, [kPa] N [RPM] | [BL|o [mol/m?] [GVL]y [mol/m?| wey [kg/m?]
1 Parr | 373 1500 1000 1255 7434 8.00
RC1 | 373 1500 1000 1255 7434 8.00
5 Parr | 413 2000 1000 1206 7145 7.69
RC1 | 413 2000 1000 1206 7145 7.69
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Figure 3.9 Mass transfer limitation: Kinetic comparison between PARR reactor and RC1
calorimeter. Triangles are for PARR, and hexagons for RC1.

3.4 Reaction Enthalpy

The reaction enthalpy, AH, is the heat energy absorbed or released during a chemical reaction
at constant pressure. The reaction enthalpy is typically expressed in units of energy per amount
of substance (such as joules per mole or kilojoules per mole) and can be positive or negative,
indicating whether the reaction is endothermic (absorbs heat) or exothermic (releases heat),
respectively.

As shown in Figure 3.1, the production of GVL via hydrogenation of BL over Ru/C occurs via
two series reactions, i.e., hydrogenation and cyclization steps. Therefore, two reaction enthalpies
are to be determined: the hydrogenation enthalpy of BL (AHyyq) and the cyclization enthalpy
of BHP (AHcy.). To calculate these reaction enthalpies, experiments were performed in the
RC1 and the C80 calorimeters under isothermal and isobaric conditions.
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3.4.1 Hydrogenation Enthalpy

To calculate the hydrogenation enthalpy of BL (AHyyq), this reaction was performed in the
RC1 calorimeter at different operating temperatures and different initial concentrations as it is
shown in Table 3.5. With this experimental matrix, we seek to verify the repeatability of the
measurements and whether there is any influence of the initial concentration or temperature
on the enthalpy values. The choice of the RC1 is because it is a suitable autoclave reactor to
perform reactions at high pressure.

When hydrogenation is performed in the RC1, we have both step reactions as shown in the global
chemical reaction (GCR). This is because the hydrogenation step takes place over the solid
catalyst Ru/C to produce the intermediate. Then, the intermediate is catalyzed by temperature
to produce GVL and butanol via the cyclization step.
H cyc

BL + H, —% BHP 2 GVL + BuOH (GCR)
The heat released during the reaction is calculated by integrating the heat flow rate during the
reaction; the RC1 software does such integration. Applying a thermal balance and using the
stoichiometry in the GCR, we can derivate the final expression to calculate the hydrogenation
enthalpy:

QRCI + AnGVL : AI_Icyc

Athd B Anpr,

(3.20)

Where Qg1 is the energy obtained from the RC1 by integrating the heat flow during the
reaction, Anpy, is the mole’s variation of BL, and Angyr, is the mol variation of GVL. From
Equation 3.20, we can notice that to calculate the hydrogenation enthalpy, we need to know
the cyclization enthalpy; the calculation of the latter one is shown in the next subsection.

Table 3.5 Hydrogenation enthalpy: Experimental matrix and results, experiments were
performed at Py,=3500kPa, under isothermal and isobaric conditions.

Run Mpro MaGvLo [RU/C] Tr AnBL AnG’VL Qreleased Athd
kgl kgl lkg/m’| K] [mol] [mol]  [kJ] _ [kJ/mol]
Hyd-1 0.186 0.365 11.20  373.15 -1.173  0.755 36.72 -35.38
Hyd-2 0.186 0.365 11.20  373.15 -1.123  0.721 36.34 -36.43
Hyd-3 0.186 0.365 11.20  373.15 -1.132  0.371 36.03 -33.89
Hyd-4 0.186 0.365 10.87  403.15 -1.193  1.363 34.45 -36.11
Hyd-5 0.186 0.365 10.87  403.15 -1.173  0.893 35.30 -34.92
Hyd-6 0.100 0.452 10.85  403.15 -0.608  0.285 20.15 -36.09
Hyd-7 0.551  0.000 10.02  403.15 -3.576  1.347 113.62 -34.16

The hydrogenation enthalpy results are shown in Table 3 and Figure 3. These results show great
consistency in terms of repeatability. We can notice that during the hydrogenation of BL, energy
is released in the form of heat (Figure 3.10a), so we can affirm that the hydrogenation of BL is
an exothermic reaction. We can also realize that we got practically the same enthalpy result for
experiments performed at different initial concentrations and different operating temperatures,
with the average value being: AHyyq = —35.28 kJ/mol = 1.00 k.J/mol.
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Figure 3.10 Hydrogenation enthalpy results, (a) corresponds to the heat evolution during
Run Hyd-4 and (b) Shows the heat released and enthalpy result for each Run.

3.4.2 Cyclization Enthalpy

In contrast to the hydrogenation enthalpy, which was calculated in RC1 since this is a reactor
able to operate at high pressures, the determination of cyclization enthalpy (AHeye) does not
require the presence of hydrogen at high pressure. The calculation of the cyclization enthalpy
was carried out on the Tian Calvet C80 microcalorimeter. The C80 has the advantage of being
an accurate microcalorimeter and only needs a few milligrams to carry out the measurements.
Different BHP solutions were obtained from the RC1 hydrogenation experiments for use in the
C80. The cyclization step reaction is shown in Equation Cyec.
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Hcyc

BHP — GVL + BuOH (Cyc)

To carry out this reaction, it is necessary to prepare the C80 mixing cells as follows:

(i) In the measurement cell, 1 mL of BHP solution is placed in the internal compartment,
and 1 mL of GVL with 0.01 mol/L of sulfuric acid is placed in the external compartment,
which catalyzes the reaction.

(ii) The reference cell must be prepared in a symmetrical way to the measuring one; therefore,
1mL of the BHP solution is placed in the internal compartment and 1mL of GVL in the
external one, but without sulfuric acid so that, the reaction does not occur in the reference
cell.

This preparation is shown in Figure 2.4c. This reaction was carried out at two different tem-
peratures. Table 3.6 shows the experimental matrix and the results obtained. The heat of
the reaction is calculated by integrating the heat flow during the reaction, as in the RC1; this
integration is done by the C80 software. From the thermal balance applied to Equation Cyec,
the cyclization enthalpy AHcy. can be calculated as follow:

QCSO

Anppp

AI_Icyc = (321)

(Qcso is the heat obtained from the C80, and Angyp is the mole’s variation of BHP during the
reaction. The latter one is calculated as:

Table 3.6 Cyclization enthalpy: Experimental matrix and results, under isothermal and
isobaric conditions (101 kPa).

Run [BHP]O [BHP]f Tr AnBHP Qabsorbed AI_Icyc
[mol/m?|  |[mol/m3|  |K] [mol] |] |kJ/mol]
Cyc-1 1484 242 333.15 —2483 x 1073  -14.10 5.68
Cyc-2 1336 254 333.15 —2.165 x 1073 -15.26 7.05
Cyc-3 1402 247 333.15 —2.310 x 1073 -14.97 6.48
Cyc-4 1407 307 363.15 —2.201 x 107%  -16.20 7.36
Cyc-5 276 34 363.15 —4.852 x 10~* -2.48 9.12

Table 3.6 and Figure 3.11 show the cyclization enthalpy results. These results show good
consistency in terms of repeatability. Durgin, the cyclization of BHP heat was absorbed by the
reactionary media (Figure 3.11a). Therefore, the cyclization of BHP is an endothermic reaction.
We had a similar average value for both temperatures: AHcye = 6.34 kJ/mol £ 0.93 kJ/mol.
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Figure 3.11 Cyclization enthalpy results, (a) corresponds to the heat evolution during Run
Cyc-4 and (b) Shows the heat absorbed and the enthalpy result for each Run.

3.5 Kinetic Modeling

Kinetic modeling in heterogeneous systems is progressing to provide accurate predictions thanks
to the advances in the physical and chemical representations of reaction phenomena. Kinetic
models relate the physical and chemical state of a system (concentrations, pressure, temper-
ature, etc.) to the rates of consumption/formation of the species. In general, kinetic models
can be divided into: i) Phenomenological models that are based on the observed rates without
considering the chemical or physical details, and i) Elementary step models are based on the
chemical and physical steps. The type of kinetic models considered in our research are the
elementary ones.
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The development of kinetic models is usually carried out under isothermal conditions, in which
only the concentration of species is used as observable to estimate the kinetic parameters. The
isothermal condition means that the temperature of the reaction media is kept constant during
the reaction process. This type of kinetic model has certain limitations in terms of energy
recovery optimization and thermal risk assessment since, during the estimation of kinetic pa-
rameters, temperature is not included as observable.

Kinetic models that integrate experiments performed under isothermal and non-isothermal con-
ditions are uncommon in the literature. During non-isothermal conditions, one can only use the
reaction temperature as an observable so as not to affect the thermal equilibrium of the reac-
tionary media. This type of kinetic model, which includes both isothermal and non-isothermal
conditions, is a great tool that enables the optimization of the reaction yield and, at the same
enables the optimization of energy recovery and minimize thermal risk.

For the development of a robust and reliable kinetic model for the production of GVL from
BL, a total of 17 experiments were performed in the RC1 calorimeter at different initial, op-
erating, and thermal conditions, as shown in Table 3.7, these experiments were used during
the regression stage to estimate the kinetic parameters. We have assessed five different kinetic
models for heterogeneous reactions, described in the next Section. The developed models were
validated to assess their reliability and select the most reliable ones; the experiments used for
the validation stage are shown in Table 3.8.

The thermal conditions considered during the development of the kinetic model for GVL pro-
duction were:

1. Isothermal Conditions: During isothermal mode operation, the temperature of the
reactionary media 7). remains constant throughout the reaction process. This is achieved
by controlling and adjusting the reactor jacket temperature 73, which increases during
endothermic reactions and decreases during exothermic reactions. During exothermic
reactions, all heat released is transferred into the reactor jacket. It should be noted
that this is the mode of operation where the thermal risk is lower since there is no heat
accumulation in the system. In this mode, samples were taken at different times to track
the evolution of the BL, BHP, and GVL concentrations. This concentration was used
as an observable for the kinetic parameter estimation. Experiments in isothermal mode
lasted at least 6 hours. Figure 3.12a and 3.12b show the experimental data collected from
Run Isot-1.

2. Isoperibolic Conditions: During experiments in isoperibolic mode, the reactor jacket
temperature 7 remains constant throughout the reaction, while the reaction media tem-
perature T, evolves depending on the type of reaction. 7T, decreases for endothermic
reactions and increases during exothermic reactions; after a certain time, 7, returns to
values close to T;. During exothermic reactions, part of the reaction’s heat accumulates
(causing the increase in 7,.), and the other part is transferred to the reactor jacket. In this
mode, samples were only taken before and after the reaction, but not during, to avoid
affecting the thermal equilibrium inside the reactor. For this type of experiment, the
reaction temperature 7, was tracked during the reaction and used as an observable for
estimating the kinetic parameters. Figure 3.12c and 3.12d shows the experimental data
collected from Run Isop-2. This mode of operation is interesting from an industrial point
of view since it is not always possible to have a temperature control system for industrial
reactors, and its implementation can be expensive.
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3. Adiabatic Conditions: The absence of heat transfer characterizes this type of opera-
tion. During exothermic reactions, all the heat released is accumulated in the system,
thus causing a significant increase in the reaction media temperature 7T,. In order to
achieve adiabatic conditions in RC1, the condition of T = T, was imposed on the tem-
perature control system, thus minimizing the heat transfer from the reactionary media to
the reactor jacket. Despite decreasing heat transfer to the reactor jacket, heat loss to the
surroundings is still due to ambient temperature T,,,. As for the isoperibolic conditions,
the samples were only taken before and after the chemical reaction. For this type of
experiment, the reaction temperature 7, was tracked during the reaction and used as an
observable for estimating the kinetic parameters. Figure 3.12e and 3.12f show the exper-
imental data collected from Run Adi-6. It should be noted that this type of operation
poses the most significant thermal risk since the total accumulation of heat can trigger
decomposition reactions, uncontrollably increasing the pressure and temperature of the
system.

Table 3.7 Experimental matrix for regression stage.

Run Mpro Mgyro Mpy/C CPO UAO ]_:)H2 Tr‘o Thermal Mode
kgl kgl kgl [J/kg-K] [W/K] lbar] |K]
Isot-1 0.415 0.105  0.005 2736 17 35 393.15 Isothermal
Isot-2  0.500  0.000  0.007 2736 19 35  423.15 Isothermal
Isot-3 0.500 0.000  0.007 2736 19 35  432.15 Isothermal
Isot-4 0.117 0.402  0.004 2736 17 15 403.15 Isothermal
Isot-5 0.520 0.000  0.006 3131 17 20 394.15 Isothermal
Isop-1 0.500 0.000  0.005 2755 18 22 41215 Isoperibolic
Isop-2 0.400 0.100  0.005 2773 17 30 392.15 Isoperibolic
Isop-3 0.420 0.100  0.005 2646 17 30 403.15 Isoperibolic
Isop-4 0.420 0.100  0.008 3131 17 35 393.15 Isoperibolic
Adi-1  0.520 0.000  0.006 2751 17 36 393.15 Adiabatic
Adi-2  0.520 0.000  0.006 2789 15 35 373.15 Adiabatic
Adi-3  0.520  0.000  0.005 2704 15 25 373.15 Adiabatic
Adi-4 0.420 0.100  0.007 2624 15 35  373.15 Adiabatic
Adi-5 0.520 0.000  0.006 2705 16 25 383.15 Adiabatic
Adi-6  0.350 0.170  0.008 2705 17 30 403.15 Adiabatic
Adi-7  0.400  0.120  0.005 3131 18 25  413.15 Adiabatic
Adi-8 0.520 0.000  0.004 3131 17 20 403.15 Adiabatic

Table 3.8 Experimental matrix for the validation stage.

Run mp mgyry mgyc C, UA, Py, T,, Thermal Mode
kgl kg kgl [J/kg-K] [W/K] [bar] [K]
Isot-6  0.415 0.105  0.005 2736 17 38  403.15 Isothermal
Isot-7 0.415 0.105  0.005 2736 15 35  373.15 Isothermal
Isot-8 0.520  0.000  0.006 2736 16 20  384.15 Isothermal
Isop-5 0.520 0.000  0.007 2788 15 35  373.15 Isoperibolic
Isop-6 0.420 0.100  0.008 2728 16 35  383.15 Isoperibolic
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3.5.1 Kinetic Models

As discussed in Section 3.3, developing a kinetic model for a heterogeneous system must con-
sider the mass transfer phenomena. In our reactionary system, the adsorption constant will be
included in the mathematical equations that describe the hydrogenation rate reaction. This
adsorption constant will be estimated during the regression stage based on experimental data,
like this covering the liquid-to-solid mass transfer phenomena in the system.

As we have already seen, the global kinetics for the hydrogenation of BL is a two-step reaction,
Figure 3.1. We have considered five different kinetic models for heterogeneous reactions to
describe the hydrogenation step and determine the most reliable one. The derivation of the
mathematical equations for the hydrogenation rate is based on the Langmuir-Hinshelwood
adsorption theory. The following theory and demonstration were adapted and modified from
the book "Introduction to Chemical Engineering Kinetics and Reactor Design" [96].

The Langmuir-Hinshelwood Adsorption:

The Langmuir isotherm corresponds to an idealized type of adsorption, and the analysis is
predicated on the following key assumptions.

1. Molecules are adsorbed at discrete points of attachment on the surface, referred to as
adsorption sites. Each site can accommodate only a single adsorbed species.

2. The energy of an adsorbed species is the same anywhere on the surface and is independent
of the presence or absence of nearby adsorbed molecules. This assumption implies that
the forces between adjacent adsorbed molecules are so small as to be negligible and
that the probability of adsorption on an empty site is independent of whether or not an
adjacent site is occupied. This assumption usually implies that the surface is uniform
in an energetic sense. Suppose one prefers to use the concept of a non-uniform surface
with a limited number of active centers that are the only points at which chemisorption
occurs. In that case, this approach is permissible if it is assumed that all these active
centers have the same activity for adsorption and that the rest of the surface has none.

3. The maximum amount of possible adsorption corresponds to a monolayer.
4. Adsorption is localized and occurs by collision of molecules with vacant sites.

5. The desorption rate depends only on the amount of material on the surface.

Derivation of the Langmuir-Hinshelwood Equations:

The kinetic approach to deriving a mathematical expression for the Langmuir isotherm assumes
that the rate of adsorption on the surface is proportional to the product of the partial pressure
P; (or concentration C; when the reaction occurs in liquid phases) of the adsorbate and the
fraction of the catalyst surface that is bare. Adsorption may occur only when a molecule strikes
an uncovered site. If the surface fraction covered by an adsorbed molecule A is denoted by 0,4,
the bare fraction will be 6, = (1 — 6,4) if no other species are adsorbed. The rate of adsorption
is given by:

For reactions in liquid phases:

Tadsorption = kCAQ* = kCA(l - 9A> (323)
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k may be regarded as a “pseudo rate constant" for adsorption. The desorption rate depends
only on the number of adsorbed molecules.
Tdesorption = kl@A (324)

k' may be regarded as a "pseudo rate constant" for desorption. At equilibrium, the rates of
adsorption and desorption are equal.

kCx(1 —04) =K6,4 (3.25)
The fraction of the sites occupied by species A is then.
kC
O = — 2 2
AT W kC, (3.26)

If one takes the ratio of the pseudo rate constant for adsorption to that for desorption as an
equilibrium constant for adsorption K = k/k’, Equation 3.26 can be written as:

_ (k/ENCa KOy
1+ (E/ENCy 1+ KCy
For situations where more than one species may adsorb, it is helpful to develop generalized
Langmuir adsorption isotherms for multicomponent adsorption. Let us consider that 6; repre-
sents the fraction of the sites occupied by species ¢ and 0, is the fraction of the vacant sites,
then 6, = [1 — )" 6;], where the sum is taken over all species that can be adsorbed. The pseudo
rate constants for adsorption and desorption may be expected to differ for each species so that
they will be denoted by k; and kI, respectively. The adsorption and desorption rates of each
species must be equal at equilibrium. Thus:

C; is the concentration of the i*" species in the liquid phase. If Equation 3.28 is solved for the
fractions occupied by specie i, we obtain:

0; = <%> C; (1 - Z&) = K,C; <1 - Z 9i> (3.29)

The adsorption equilibrium constant K; has been substituted for the ratios of k; to k.. Consid-
ering the summation of all the 6;, thus, we arrived to:

So (e (-30)

A (3.27)

Solving for Z 0; yields to:

ZKZCZ-
0= ————
Z L+ K

(3.31)

or

(3.32)

()

1
0,=1-S =—
Z 14> KC
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Substituting Equation 3.32 in Equation 3.29, we obtain the main expression for the occupied
sites by the species i:

K,;C;

b = —e
1+ZKZCZ-

(3.33)

1. Eley-Rideal Kinetic Model (ER1)

This kinetic model considers the possibility that the reaction occurs between an adsorbed
species and a non-adsorbed one. In our case, the Eley-Rideal model considers that only BL is
adsorbed into active sites of the catalyst. Then, molecular hydrogen collides directly with the
adsorbed BL to react. Following this, the mechanism for the hydrogenation step reaction is:

Hydrogenation Step Mechanism

BL + x = xBL
«xBL+ Hy —> *BHP
*BHP = BHP+ %

Where x represents the vacant active sites of the catalyst, * BL and *BH P represent the ad-
sorbed BL and BHP in the catalyst, respectively. Based on this mechanism, the hydrogenation
rate can be expressed as:

Ruyd = knya - 0L - CH, - Wear (3.34)

Replacing Equation 3.33 into Equation 3.34, we obtain the ER1 mathematical equation for the
hydrogenation rate:

k‘hyd'KBL : [BL] : [HQ] *Weat

ER1
Kpr-[BL] + Kppp-[BHP] + 1 (ERL)

Rhyd =

For the cyclization step, we have considered that only BHP that is not adsorbed reacts to
produce GVL; this means that the BHP that is adsorbed into active sites of the catalyst must
be desorbed before reacting. Based on this, the reaction mechanism for the cyclization step is:

Cyclization Step Mechanism

BHP+x —» BHP + x
BHP — GVL+ BuOH

We have also considered that the cyclization rate can be defined by a first-order power law,
Equation 3.35. All these considerations for the cyclization step will be the same for the other
models and will lead to the same results. Therefore, Equation 3.35 will represent the cyclization
rate for all the models considered in this work.

Rc)’c = kcyc -Cap " Weat + knonCBHP (335)
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2. Langmuir-Hinshelwood without hydrogen dissociation (LH1)

This kinetic model considers that all reactants, i.e., BL and H,, are adsorbed into the cata-
lyst’s active sites without further dissociation. Furthermore, that the reaction takes place only
between adsorbed species. Following this, the reaction mechanism for hydrogenation is:

Hydrogenation Step Mechanism

BL + = xBL
Hy + % - xHy
«xBL+ xHy — *BHP+ x%
*BHP = BHP+ x

Where x represents the vacant active sites of the catalyst. Thus, the hydrogenation rate can
be defined as:

Ruyda = knya - OBL - O, - Weat (3.36)

Replacing Equation 3.33 into Equation 3.36, we obtain the LH1 mathematical equation for the
rate of hydrogenation:

knya-Kpr-[BL]- K, - [Ha) Weat

. (LH1)
(Kpy-[BL) + Ky, [Hs] + Kpyp-[BHP] + 1)

Rhya =

3. Langmuir-Hinshelwood with hydrogen dissociation (LH2)

Evidence shows that specific chemical adsorption processes dissociate the adsorbate to form two
bonds with the adsorbent surface. On many metals, hydrogen is adsorbed in atomic form. For
such situations, the kinetic approach to deriving the Langmuir-Hinshelwood equation requires
that the process be regarded as a reaction between the dissociated molecule and two vacant
active sites in the catalyst. Thus, the adsorption rate is written as:

Tadsorption = kCAHE = kCA(l - QA)2 (337)

It is assumed that only species A is adsorbed and dissociated. The desorption process must
involve a reaction between two adsorbed atoms to regenerate the original molecules. Conse-
quently, it may be regarded as a second-order reaction between two adsorbed atoms:

Tdesorption = klei (338)
At equilibrium, we have:
kC4(1—04)* = K63 (3.39)

or

] QAQ = klgA = /K AC, (3.40)
— A
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Solving for 64 gives us

g, - VEaCa
4 1+ VEKaACy

When several species can be adsorbed into the catalyst but only one species is dissociated,
species A in this demonstration. The active sites occupied by species A are given by Equation
3.42, and occupied sites by other species not dissociated by Equation 3.43.

VEACy

(3.41)

0, = (3.42)
L+ EKasCa+ Z K;C;
i£A
K.C.
0; = . (3.43)
1+ /KaCa + ZKZCi
i#A

As in the LH1 model, this model LH2 considers that all the reactants are adsorbed into the
active sites. However, molecular hydrogen (H,) is dissociated to form elemental hydrogen (H).
Then, adsorbed BL reacts with one elemental hydrogen to form the ’surface intermediate’ BLH
that reacts with another elemental hydrogen to produce the intermediate BHP. Based on this,
the hydrogenation mechanism is as follows:

Hydrogenation Step Mechanism

BL + % = x*BL
Hy + 2% = «H +xH
«BL + xH = xBLH + x
*BLH + xH — *BHP + x*

*BHP = BHP+ %

Let us consider that BLH formation is fast, and BHP formation from BLH is the rate-determining
step. We can introduce K., = (0L - 0+)/(0pL - 0r) which is the equilibrium surface constant
of BLH formation. Thus, the hydrogenation rate can be defined as:

Ruya = Fnya - 0w - On - Wear (3.44)

Replacing Equations 3.42, 3.43 and the equilibrium surface constant into 3.44, we obtain the
LH2 mathematical equation for the rate of hydrogenation:

khyd'KBL' [BL] 'Keq'KHg : [HQ] *Weat

(KBL-[BL] + /K, [H) + Kpp [BHP) + Koy Kpp-[BL) /K, [Ha] + 1)
(L12)

Rhyd = 2

4. Non-Competitive Langmuir-Hinshelwood without hydrogen dissociation (NCLH1)

It is common to assume that a catalyst’s active sites are identical, but this is not strictly correct.
In some cases, due to size and shape, they can be grouped into different subgroups. In our case,
for developing the NCLH1 model, we have considered two different types of active sites in the
catalyst. Each reactant is adsorbed on only one active site, i.e., BL is adsorbed on a different
type of active site than hydrogen. Therefore, there is no competition between the reactants for
the catalyst’s active sites. The reaction mechanism is similar to the one of LH1, but considering
two types of active sites, it is as follows:
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Hydrogenation Step Mechanism

BL + = xBL
Hy + ¢ = oHo
«xBL+ oHy, — *BHP+ ¢
*BHP = BHP+ x

Where % and ¢ represent the vacant active sites where BL and H, are adsorbed, respectively.
Thus, the hydrogenation rate can be defined as:

Riya = knya - 0L - Oon, - Weat (3.45)

Since we now consider two different types of active sites, Equation 3.33 must be applied sep-
arately to each subset of active sites in the catalyst. As a result, the NCLH1 mathematical
equation for the hydrogenation rate:

KprCpr ) ( Ku,Cu )
R =k 22 Wea 3.46
byd hud (1 + Kpr.Cpr + KpurCrup 1+ K, Ch, ! (3-46)

khya- Kpr-[BL]- Kp, - [Ho| - weat
(Kg,-[Hs) + 1) (Kpy-[BL]+ Kgyp-[BHP] + 1)

Rhya = (NCLH1)

5. Non-Competitive Langmuir-Hinshelwood with hydrogen dissociation (NCLH2)

The NCLH2 mechanism is quite similar to NCLH1; the only difference is that we consider
hydrogen dissociation during the reaction mechanism, as in LH2. This combined mechanism is
as follows:

Hydrogenation Step Mechanism

BL + % = xBL
H; + 2¢ = oH+oH
«xBL+ oH = xBLH+ ¢
«BLH+ oH — xBHP+ ¢

«*BHP = BHP+ x

Where * and ¢ represent the vacant active sites where BL and H, are adsorbed, respectively.
Thus, the hydrogenation rate can be defined as:

Rhyd = khyd Oipri + Oonr * Weat (3-47)

Replacing Equation 3.33, Equation 3.42 and the surface equilibrium constant K., in Equation
3.47, we arrive to the NCLH2 mathematical equation to calculate the hydrogenation rate:

K K
Rhyd = khyd ( BLCBL ) ( HZCH2 > Weat (348)

1+KBLCBL+KBHPCBHP 1+ \ KHQCHQ

khyd'KBL'[BL] 'Ki'KHQ : [Hﬂ *Weat

(m+ 1) (KBL-[BL] + Kppp-[BHP) + K;-Kpp-[BL]-\/Kp,-[H] + 1)
(NCLH?2)

Rhyd =
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3.5.2 Results

Five models have been presented above; each proposes different mechanisms for the BL hy-
drogenation step reaction in a heterogeneous system. Such models consider the equilibrium
adsorption constants, the reaction rates constant, and the surface equilibrium constant. For
the reaction rate constants, a modified Arrhenius equation, Equation Mod-Arr, was used to
decrease the correlation between the pre-exponential factor and the activation energy by lin-
earizing the original Arrhenius equation.

Eai Tref
ki(T) = exp |In(k;(Tref)) + BT, (1 — T)} (Mod-Arr)

The observables used for the parameter estimation were the concentration of BL, BHP, and
GVL and the reactionary media temperature 7,. Two approaches address this multi-response
problem: conventional parameter estimation (CPE) and Bayesian parameter estimation (BPE).
CPE occurs by optimization of a fit (between experimental and simulated data) based on an
objective function. BPE changes the focus to probabilistic: "What is the probability of certain
parameter values being true given the evidence observed and our prior knowledge about the
chemical-physical system?" [97]. Bayes theorem is shown in Equation 3.49.

Y/0) - P(6)
P(Y)

p©)y) = 2 (3.49)

Y represents the observed data, and © represents a vector of all the parameters required to
simulate experimental data. Bayes theorem allows the estimation of the kinetic parameters
vector ©, and the covariance matrix v(©) [98], using the data collected during the experiments
carried out under different initial conditions, operation conditions, and thermal mode. BPE

can be used to calculate the region of parameter space with the highest probability density
(HDP).

O = {khycb kcycu Eahyda Eacyw KBL; KH27 KBHP; Keq} (350)

The general form of the multi-response parameter estimation problem is:

Y. = Fi(x,,0) + Ey (u=1,...,nand i =1,...,m) (3.51)

Where v = 1,...,n denotes the independent events, ¢ = 1,..., m are the different observable
variables in the model. Y,; and F;(z,, ©) are the experimental value and the expectation value
for the observable ¢ at the experimental design point x,, respectively, and F,; is the error of the
model. Parameter estimation, simulation, and curve fitting were performed using the commer-
cial software Athena Visual Studio V.14.2. This software can use the Bayesian framework that is
more suitable for multi-response parameter estimation than the classical nonlinear least squares
method [98, 99|. Indeed, Bayesian inference requires calculating the determinant criterion [100].
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The differential equation system, obtained from the material and energy balance in Section
3.1.1, was integrated by the DDAPLUS solver with a modified Newton algorithm [101]. The
GREGPLUS subroutine package was used to minimize the objective function OF(0©), Equation
3.52, and to calculate the highest probability density HPD of the estimated parameters and the
normalized covariance matrix. GREGPLUS uses successive quadratic programming starting
from our initial guess values to minimize OF(©) [102].

OF(®) = (n+m+1)-In|v(0)| (3.52)

Where n is the number of events in response, m is the number of observables, and |v(©)] is the
determinant of the covariance matrix of the responses. Each element of the covariance matrix
of the responses is:

ij(0) =Y [Yui = Filwy, ©)]:[Yoj — Fj(2u, ©)] (3.53)

This methodology was applied to all the kinetic models developed in Section 3.5.1 to estimate
the kinetic parameters of each one. Then, the Akaike information criterion (AIC) was used
to evaluate the most reliable models based on the expectation values of each model. This one
penalizes models with too many parameters to estimate, and it was calculated as:

n

AIC = n-In (Zil Yui = Fil@w, @)]2> 4 2.length{O} (3.54)

Regression Stage

The regression stage consists of estimating the kinetic parameters of all the models, i.e., ER1,
LH1, LH2, NCLH1, and NCLH2, using the data collected during the experimental matrix
experiments, Table 3.7. Then, for each model, we calculate the Akaike criterion (AIC). The
results are shown in Table 3.9; this table shows that NCLH1 and NCLH2 models present a
good compromise between the lowest AIC values for Tr and medium AIC values for BL, BHP,
and GVL.

Table 3.9 Akaike criterion (AIC) values for each observable and kinetic model.

Model AIC value Number of parameters
BL BHP GVL Tr

ER1 2529 2010 2151 36
LH1 2498 2008 2131 117
LH2 2500 2010 2133 118
NCLH1 2520 1993 2139 54
NCLH2 2508 2056 2161 38

o ~J 00 ~1 O
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To maintain clarity and avoid confusion, we only show the results for the non-competitive
Langmuir-Hinshelwood without hydrogen dissociation (NCLH1) model in this chapter. The
parameter estimation results of the other models can be found in the Appendix A.1. Table
3.10 shows the values of the estimated parameters and the HPD for a 95% confidence for the
NCLH1 model. The methodology used to estimate the kinetic parameters provided results with
low credible intervals for the parameters, which is good. However, it is challenging to estimate
the HPD for the equilibrium adsorption constants.

Table 3.10 Estimated values at T,.;=398.15 K with statistical data for NCLHI.

Parameter Units | Value | HPD | HPD %
In(knya(Trep)) | mol/kg/s | 5.34 | 0.1160 2.17
In(keye(Tres)) 1/s -10.20 | 0.0289 | 0.28
Banga/ R/ Tyer | JJmol | 9.25 | 0.7330 | 7.2
Baeye/R[Tyey | Jjmol | 8.09 | 0.5885 | 7.27

(Kpy) | mP/mol | 0.011 | - -
(Ko, m®fmol | -2.91 | 0.2600 | 8.93
In(Kgup) m3 /mol 7.96 - -

Correlation between most of the estimated parameters is lower than 0.90 in absolute value,
Table 3.11, so we can consider that the estimated parameters are not correlated [103]. This
absence of correlation shows that the parameters are well-identified. The parameter kpyq(Trer)
and Kp, are strongly correlated due to the difficulty of estimating the adsorption constant of
the other reactants.

Table 3.11 Normalized parameter covariance matrix for NCLH1.

In(knya(Trer)) In(keye(Trer)) Eanya/R/Trey Eacye/R/Trey In(Ka,)
In(kpya(Trer)) 1
In(keye(Trer)) 0.070 1
Eapya/ R/ Ty -0.163 -0.047 1
Eacye/R/ Ty -0.086 -0.671 -0.059 1
In(Kg,) -0.981 20.071 0.123 0.081 1

Figure 3.12 shows the fit of the NCLH1 model with the Run Iso-1, Pun Isop-2, and Run Adi-6
experiments. We can see that the model is a good fit for both concentration and temperature
in different thermal modes. The model’s fit over all the experimental data can be assessed via
the parity plots, Figure 3.13. The parity plots are obtained by plotting the expected values
against the experimental values; a good fit of the model will be evidenced with a linear trend
of the graphed data, as is our case.
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Figure 3.12 Fit of the NCLH1 model to experimental data in isothermal, isoperibolic, and
adiabatic conditions.
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Figure 3.13 Regression Stage Parity Plot, NCLH1 kinetic model.

Validation Stage

A holdout validation method was used for the validation. The validation stage evaluates the
kinetic model against experiments not used during the regression stage. This is to validate
that the kinetic model can predict situations not considered during its parameter estimation.
Here, the kinetic parameters and adsorption constants obtained from the regression stage were
used to predict the experimental data obtained from the validation experimental matrix, Table
3.8; for those experiments, we have predicted the concentration and temperature profiles at
different operating, initial and thermal conditions.

Figure 3.14 shows the parity plots of NCLH1 model considering validation experiments. The
results obtained during the validation stage show that our model can accurately predict the
evolution of GVL concentration and reaction temperature during isothermal and non-isothermal
conditions. However, our model presents drawbacks predicting the evolution of BL and BHP.
Being the BHP concentration the one that presents serious deviations.
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Figure 3.14 Validation Stage Parity Plot, NCLH1 kinetic model.

3.6 Conclusions

As noted throughout this chapter, developing a kinetic model that integrates isothermal and
non-isothermal operating conditions is difficult, even less so when heterogeneous systems are
involved. In this type of reactionary system, heat and mass transfer aspects must be consid-
ered. In the first part of this chapter, we focused on properly defining our reaction system and
establishing the material and energy balance, from which we would rely on the development of
the kinetic model.

Our study case corresponds to the hydrogenation of BL over Ru/C to produce GVL; our first
focus was heat transfer analysis, which is a fundamental aspect of non-isothermal operating
conditions. This analysis focused on establishing mathematical expressions that would allow us
to calculate the heat transfer coefficient UA as a function of the stirring rate N and the tem-
perature of the reactionary media 7}; this was achieved by applying Wilson’s plot methodology
and the two-film heat transfer model. This heat transfer analysis occurs between the reactor
jacket and the reactionary media.
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For heterogeneous reaction systems, one of the factors that can negatively affect the reaction
rate is the mass transfer limitations. In this sense, we have analyzed our reaction system’s gas-
liquid, liquid-solid, and internal solid transfers. For gas-liquid mass transfer of hydrogen, we
have defined a mathematical equation that allows us to evaluate the volumetric mass transfer
coefficient kpa in RC1 as a function that depends on the temperature, density, viscosity of the
reactionary media, and a reference coefficient (kra)moq = 2.25 X 107°Pa-s-K1)%5(Pa-s-kg™!-
m3)%25s71 For liquid-solid mass transfer, we have determined that for a stirring speed of
1000 ,RPM, the catalyst suspension and homogeneity are good enough to minimize this type

of limitation.

Another important aspect of developing kinetic models and assessing thermal risk is determining
the energy released during the chemical reaction. As we have already seen, the hydrogenation
reaction of BL in Ru/C to produce GVL occurs in two steps, i.e., hydrogenation and cyclization.
Therefore, two enthalpies of the reaction must be measured. The enthalpy of hydrogenation was
measured in the RC1 and was found to be equal to AHyyq = —35.28 kJ/mol £+ 1.00 kJ/mol,
which means that it is an exothermic reaction. On the other hand, the cyclization enthalpy
of the BHP was measured in the calorimeter C80, and it was found to be equal to AHgy. =
6.34 kJ/mol + 0.93 k.J/mol, which means that it is an endothermic reaction.

Finally, the development of the kinetic models for our reaction was carried out in the RC1
calorimeter; this reaction was carried out under different initial conditions, different operating
conditions, and different thermal modes of operation, i.e., isothermal, isoperibolic, and adia-
batic. For this heterogeneous reaction, we have developed 5 kinetic models that contemplate
the equilibrium adsorption constants of the different compounds; this covers part of the mass
transfer analysis.

The multi-response parameter estimation process was carried out using Bayesian statistics, and
we also calculated the highest probability density (HPD) of the estimated parameters. Within
the 5 models analyzed, it was determined through the Akaike information criterion (AIC) that
the most robust and reliable are the non-competitive Langmuir-Hinshelwood models with and
without hydrogen dissociation; the reliability of these models was confirmed through a vali-
dation stage, which contemplated experiments that were not used during the regression stage.
Based on parity plots results, NCLH1 model presents a good fit with experimental data in the
regression stage for all the observable, however, we realized that the model presents drawbacks
during the validation stage for BL and BHP concentrations. The authors consider that this can
be outcome by a deep study into internal mass transfer into the catalyst and a deep analysis
of the adsorption constants of reagents over the catalyst.

This type of kinetic model, developed under isothermal and non-isothermal conditions, has the
advantage that, in addition to optimizing process design, it serves to prevent thermal risks and
energy recovery. It should be noted that the thermal risk for our chemical reaction is relatively
low because the energy released during the reaction is moderate. Another positive point is
that during the experiments carried out under adiabatic conditions, there was no evidence of
decomposition reactions, which implies that the risk of thermal runaway is low.

65



Chapter 4

Continuous Production of GVL: Thermal
Assessment

In this chapter, we have studied the risk of thermal runaway that would be present during
the continuous production of GVL from BL hydrogenation over Ru/C in a continuous
stirred-tank reactor (CSTR). We have assessed the risk of runaway via stability-based
criteria and sensitivity-based analysis. Part of this chapter has been adapted from the
following article:

e Wenel Naudy Vasquez Salcedo, Bruno Renou and Sebastien Leveneur. Thermal
Stability for the Continuous Production of v-Valerolactone from the Hydrogenation
of n-Butyl Levulinate in a CSTR. Processes 2023, 11, 237. https://doi.org/10.
3390/pr11010237

We have seen that gamma-valerolactone (GVL) can be a game-changer in the chemical industry
because it could substitute fossil feedstocks in different fields. Among the different applications
of GVL is its potential use as a raw material to produce SAF that can replace kerosene in the
aviation industry. In order to meet the demand for materials and fuels, which increases over
time, it is necessary to aim for the industrial-scale production of GVL, i.e., its production inside
continuous reactors, which have a considerably higher volume than reactors at the laboratory
scale.

In the previous chapter, we proved that producing GVL via hydrogenation of BL over Ru/C is
an exothermic reaction. Despite the relatively low reaction enthalpy, AHp,q = —35.28 k.J/mol+
1.00 kJ/mol, the thermal risk of this reaction is moderate but not zero. Despite having a mod-
erate thermal risk, this chemical reaction should not be underestimated during its scale-up to
an industrial level. At the industrial level, the reaction volume increases, which implies that
the total energy released will be much greater.

The scale-up from the laboratory scale to the industrial scale implies an increase in volume.
When the dimensions of a lab-scale reactor are proportionally increased to reach the industrial
scale, the ratio between the reaction volume (V,) and the surface of heat transfer (S) between
the reactionary media and the reactor jacket is not necessarily kept constant. Thus reduc-
ing the heat transfer flow and increasing the thermal risk. For this reason, the heat transfer
coefficient, per unit volume, Ua [W/m?/K], is a fundamental parameter during the design of
industrial-scale reactors.

In this chapter, we assess the thermal risk of producing GVL via hydrogenation of BL over Ru/C
in a continuous stirred-tank reactor (CSTR). We applied stability-based and sensitivity-based
criteria to identify the safe operational conditions, i.e., the minimum value of Ua. This type of
assessment is of great importance as it helps the design of reactors and allows the development
of prevention systems. These prevention systems are necessary, and even more so for exothermic
reactions involving hydrogen, which is a compound with a high risk of explosiveness.
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CHAPTER 4. CONTINUOUS PRODUCTION OF GVL: THERMAL ASSESSMENT

Kummer and Varga [104] prepared an excellent review about reactors’ thermal runaway. In
this review, they explained that thermal runaway is responsible for 26.5% of the petrochemical
accidents and responsible for 25% of the accidents in the French industry. Reactor thermal
runaways are characterized by an uncontrolled increase in temperature and pressure due to the
continuous increase of heat generation. This can cause explosions if it is not controlled because
the heat generation rate increases exponentially with the temperature, and the heat removed by
the jacket of the reaction increases linearly with temperature. They also explain that thermal
runaway accidents occur due to the following:

1. A need for more basic understanding of the chemical system and thermochemistry, e.g.,
heat of reaction, mass transfer phenomena, secondary reactions, etc.

2. Inadequate engineering design for heat transfer.

3. Inadequate control systems and safety backup systems, e.g., loss of cooling fluid which is
not monitored, wrong position of temperature sensors, etc.

4. Inadequate operational procedures and operator training, e.g., starting the reactor at low
process temperature, mischarging of reacting, inadequate mixing, etc.

The work of this thesis allows us to cover the first two main causes of runaways. In the previ-
ous chapter, we described our reaction system in detail, and we studied its physical, chemical,
and thermochemical characteristics in-depth, such as mass transfer phenomena and reaction
enthalpy. We have provided several kinetic models capable of simulating isothermal and non-
isothermal conditions. In this chapter, we are going to determine for which Ua values the risk
of thermal runaway is minimal, thus covering the design part.

For the thermal assessment of the continuous production of GVL, we will consider the Non-
competitive Langmuir Hinshelwood kinetic model (NCLH1) developed in the previous chapter.
This is a suitable model for thermal assessment since its kinetic parameters were estimated con-
sidering isothermal, isoperibolic, and adiabatic conditions. The hydrogenation and cyclization
rates are calculated with Equation 4.1 and 4.2, respectively. The kinetic rate constant were
evaluated with Equation 4.3. The values for the kinetic parameters were presented in Table 3.10.

Hydrogenation Rate:
knya- Kpr-[BL]- Ky, [Ha| - weat

Ryyq = 4.1
W (K, [Hy) + 1) (Kpp-[BL] + Kpup-[BHP] + 1) (4.1)
Cyclization Rate:
Reye = keye: |[BHP) (4.2)
Modified Arrhenius Equation:
Eai T’r‘ef
() = ex (i (Tp) + e (1= 757 )| (43)
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4.1 CSTR Material and Energy Balance

It is necessary to establish the material and energy balance for the thermal assessment, as was
done in the previous chapter. However, in this case, the type of reactor is different. Here, our
analysis focuses on a continuous reactor (CSTR), in which reactants and products are inlet and
outlet flows, respectively. The CSTR reactor considered for the thermal assessment is shown
in Figure 4.1.

To establish the material and energy balance, we have made the following considerations:
e The CSTR operates as an ideal reactor.
e There is no concentration gradient inside the reactor.

e There is no temperature gradient inside the reactor.

The concentration in the outlet flow is the same as inside the reactor

The temperature in the outlet flow is the same as inside the reactor (T, ).

The reaction volume (V,) is constant.

e The inlet flow is equal to the outlet flow, Q;,, = Qour = Q.

Following these considerations and remembering that the chemical reaction occurs in the liquid
phase, the general form of the material balance for a compound j is:

dC] O]zn _ Cjout
7 ek m

Where C; is the concentration of compound j, i represents the reaction index, 7 =V, /@ is the
residence time, v;; is the stoichiometry coefficient of compound j in reaction ¢, and R; is the
reaction rate. Apply Equation 4.4 for all the compounds in our chemical reaction we obtain:

d[BL] _ [BL]m - [BL}out

e - — Rhya (4.5)

d\H. H n H. ou
[dt2] _ [H,)| T[ 2Jout +kLa([H2]qu [HQ]liq) — Riya (4.6)

d|BHP BHP);, — |BHP|,,
[dt ]:[ ] 7—[ ] ' + Ruya — Reye (4.7)
d|GV L GV L], — |GV L]y,
VL) _ 6Vt~ 6Vt (15)
d[BuOH| [BuOH];, — [BuOH],

= = L+ Reye (4.9)

The energy balance per unit of volume is:

dTY’ Z 'Ln
[(pCp)liq + (pCp)cat + (pCp)mS] E i_ (Tm - T ) + Ua T T Z R;AH,;

(4.10)
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Where Cp; is the heat capacity of compound j, p is the density, T}, is the temperature of the
inlet flow, 7 is the temperature of the heat-carrier fluid in the jacket and Ua is the global heat
transfer coefficient per unit of volume. In some cases it is not possible to assume that 7Tj is
constant, for such cases, the energy balance for the heat-carrier fluid in the jacket is as follows:

dT; _ piCp
PiCr gy =

(T, — T)) + Ua(T, - ) (4.11)

Tj

Inlet Flow

Q. Cin, Tin)

P.(H,)

Gas Phase

Carrier Carrier
Fluid Inlet Fluid Outlet
(Q; Tiy) ()
_ Outlet Flow
(Q' Coub Tr)

Figure 4.1 Representation of the CSTR considered for the thermal stability assessment.

4.1.1 CSTR Simulation

Thanks to the results obtained in the previous chapter and the material balance that we es-
tablished, it is possible to simulate the operation of the CSTR reactor that we have described
for the production of GVL from BL. In order not to increase the complexity of this study, the
simulations, and the thermal assessment, the following considerations were made:

The CRST operates in steady-state conditions, which means that d/dt = 0 for all vari-
ables.

There are no mass transfer limitations in the CSTR.

The hydrogen pressure inside the reactor is constant (isobaric conditions), and the hydro-
gen concentration is constant in the liquid phase. Therefore, hydrogen is not considered
either in the simulation or thermal assessment.

There is no gradient in the heat-carrier fluid temperature 7;. Thus, the energy balance
in the jacket was not considered.

The simulations and thermal assessment were done over the reaction temperature range
300-600 K. For the CSTR operating in isothermal conditions.
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Since we did not have the experimental tools to validate our simulations experimentally, we
have taken the RC1 calorimeter as a reference. Inlet concentrations, catalyst loading, and Ua
are similar to the ones used to develop the kinetic model in the previous chapter. The initial
and operating conditions chosen for our analysis are presented in Table 4.1.

Table 4.1 Operating conditions used during thermal stability assessment.

Inlet and Operating Conditions Value Units

[BL];», 4840 mol/m?
[BHP)in 0 mol /m?
GV L]y, 2080 mol /m?

[BuOH |, 0 mol /m?
Weat 10 kg/m3
T, 300 to 600 K
Tin, 333 K
Pu, 2500 kPa
T 10000 s
Ua 17000 W/m?/K

Our first approach is to compare the dominance of the steps-reaction, i.e., hydrogenation and
cyclization rates. We aim to know which step reaction will dominate inside the reactor, whether
exothermic (hydrogenation) or endothermic (cyclization). This comparison is made by evaluat-
ing the Modified Arrhenius Equation, Equation 4.3, for each reaction in the temperature range
300-600 K. The results of this comparison are shown in Figure 4.2. This figure shows that the
hydrogenation rate constant kj,q is much greater than the cyclization rate constant k.., in the
order of 10°. This result is to be expected as the Ru/C catalyst is highly selective and greatly
promotes hydrogenation.

On the other hand, cyclization is promoted only by temperature effects. Therefore, it is normal

for it to be lower than hydrogenation. Our research group showed that the cyclization rate can
be increased by using a second catalyst, an acid catalyst, such as Amberlite IR-120 [105].

leb6

~
L

khyd / kcyc
(o)}

300 350 400 450 500 550 600
Tr [K]

Figure 4.2 Steps reactions dominance: the ratio between hydrogenation and cyclization rates
constant.
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For the solution of the material and energy balance and the thermal assessment throughout this
chapter, we have used the software MATLAB R2021b. In this section, we have simulated the
concentrations at the reactor outlet and the corresponding energy released during the reaction.
These results are presented in Figure 4.3, results are in the form of conversion and yield,
Equations 4.12 - 4.14, and energy released due to the reaction per unit volume Equation 4.15.
These results show how the reaction temperature (7,) and the residence time (7) affect the
outlet concentrations and energy release.

100

80 1

BL Conversion [%]

{ —— 7=20000s

—— 1=500s
7=1000s
—— 1=2000s
—— 1=5000s
—— T1=10000s

300 350 400 450 500 550 600

GVL Yield [%]

20 1

Tr [K]

(a) BL Conversion.

1 — t=2000s

| — r=10000s

—— 1=500s
7=1000s

—— 1=5000s

—— 1=20000s

300 350 400 450 500 550 600

Tr [K]

(¢c) GVL Yield.

100
80 |
9
T 60
2
=
o —— T1=500s
=
m 40 7=1000s
—— 7=2000s
5 —— T1=5000s
01 — <=10000s
—— 7=20000s
300 350 400 450 500 550 600
Tr [K]
(b) BHP Yield.
le6
175 — 1=500s
7=1000s
1509 1=2000s
—— 7=5000s
1259 —— 1=10000s
m —— T1=20000s
E p
2
]
o
0.00 —

300 350 400 450 500 550 600
Tr [K]

(d) Power per units of volume.

Figure 4.3 Effect of temperature and residence-time on (a) BL conversion, (b) BHP Yield,
(c) GVL yield, and (d) Power generated by the chemical reaction.

BL conversion [%] =

[BL]m - [BL]out

BHP Yield [%] =

GVL Yield [%] =

T 100 (4.12)
[Bgﬁj:t—_[fLii]m %100 (4.13)
[GVL]out — [GVL]W % 100 (414)

[BL]m - [BL]out
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Qrex = RhydAthd - RcycAHcyc (415)

Qrem = Ua(,T] - Tr) (416)

The results obtained from the simulation, Figure 4.3, clearly show that as the reaction tem-
perature (7,) and residence time (7) increase, BL conversion and GVL production increase.
Regarding the energy released by the reaction, we can see that it increases with temperature
but decreases as the residence time increases. This behavior is expected since the longer the
reactants last in the reactor, the longer the cyclization step occurs. As an endothermic reaction,
the more it takes place, the higher the cooling effect on the system.

4.2 Van Heerden Criterion

The stability-based criteria state that a system can be considered stable if and only if i) after
small perturbations, the system returns to its initial state and i) if during dynamic behavior
the system stays close to the initial state.

When a chemical reactor operates in a steady state, the heat produced by the reaction and the
heat removed from the system are equal, thus keeping the reaction temperature (7)) constant
throughout the operation. Since the heat produced by the reaction increases exponentially with
temperature, Equation 4.15, and the heat removed from the reactor increases proportionally,
Equation 4.16, a variation in the operating temperature can lead to a runaway scenario.

The Van Heerden criterion, also called the "slope criterion", is a stability-based criterion. This
criterion states that to satisfy steady-state thermal stability, the energy removed from the
reactor must be greater than the energy produced by the reaction [104]. The mathematical
form of this criterion is as follows:

eremoved deroduced
4.1
i d (4.17)

Where Q,emoveq 18 the heat removed from the reactor thanks to heat-carrier fluid in the reactor
jacket, and @Qgeneratea 15 the heat produced by the chemical reaction. To start the BL hydrogena-
tion, it is clear that energy is needed to increase the reactor temperature, but when the reaction
starts, energy is produced, so part of the energy needs to be removed to maintain a constant
temperature. The question we want to address in this section is: Given a situation of heat
accumulation in the reactor, what is the minimum value of Ua for which the heat removed is
greater than the heat produced considering that 7;=293 K7 This question was formulated this
way, considering that a common resource at the industrial level is water at ambient temperature.

Considering the operating conditions in Table 4.1, this question was addressed. For the choice
of residence time, we based ourselves on the results obtained from the simulations of the balance
of matter, Figure 4.3. From these results, we can realize that when 7 = 10000 s, the reactor
achieves good conversions and yields and moderate heat production.
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To determine the minimum value Ua, we plotted the heat generated by the reaction, Equation
4.15, in the range of temperature 300-600 K. Then, we decreased the Ua value until we reached
the value for which the heat removed, Equation 4.16, is less than the heat produced.

Figure 4.4 shows the results of applying the Van Heerden criterion. The results show that
for Ua=800 W/m?/K, the heat removed will be greater than the heat produced only in the
temperature range of 330-430 K. For this Ua value, thermal stability conditions can be satisfied
in the 300-600 K if and only if the T;=255 K. Otherwise, Ua must be greater thant 800 W/m? /K.

le5
A qrex
2.5 1 Qrem: Tj=255K
——- Qrem: Tj=293K -
2.0{ === grem: Tj=320K -~

q [W/m3]
[ [
o U

0.5
0.0 -/,’
300 350 400 450 500 550 600
Tr [K]

Figure 4.4 Van Heerden criterion results: Heat-flow produced versus heat-flow removed at
different T} for Ua = 800 W/m? /K.

4.3 Steady States Bifurcation

We have previously explained that thermal risk comes from the fact that the heat produced in
a reactor increases exponentially with temperature while the heat removed increases linearly.
Bifurcation analysis is another criterion for stationary thermal stability that consists of deter-
mining the existence of a multiplicity of steady-states for fixed operating conditions.

Steady-state bifurcation analysis is commonly used to complement thermal risk assessments of
chemical reactors. For example, Nguyen et al. [106] used this approach to determine the safest
feed flow during the production of polystyrene in a CSTR. Rowena Ball [107] used this approach
to complement a thermal oscillations study during the decomposition of organic peroxides.

This analysis determines the reactor jacket temperature 7; needed to maintain a given reactor

temperature 7, during steady-state operation. It can be accomplished by solving the energy
balance for T}, Equation 4.10, at steady-state, which results in Equation 4.18.

> C;..Cp,
T; = T+—ZRAH— TJUa (T — T (4.18)
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From Equation 4.18, we plotted 7, as a function of 7 for different values of Ua, Figure 4.5.
Steady-state bifurcation occurs when more than one value of 7, is assigned to a single value
of T;. The set of all T; values that have more than one 7T, value assigned is designated as an
unstable zone with a high thermal risk.

To better explain the latter, let us take the values T,=400 K and Ua=800 W /m?/K as examples.
According to the energy balance in steady state, for 7,=400 K then 7; must be equal to 320K,
Figure 4.5, now let us imagine a hypothetical situation where the temperature 7} increases a
few degrees due to any perturbation, this would cause a huge jump in 7, taking it to values
close to 560 K. According to Van Heerden’s criterion for this value of 7., reducing 7} to 293 K
would not be enough to avoid accidents, explosions, or runaway scenarios. The results show,
Figure 4.5, that the steady-state bifurcations start to disappear for Ua > 1500 W/m3 /K.

600
550 A
500 A
)
= 450
=
Ua=500 W/m3/K
400 Ua=600 W/m3/K
—— Ua=800 W/m3/K
—— Ua=1500 W/m3/K
350 —— Ua=4000 W/m3/K
—— Ua=10000 W/m3/K
Ua=17000 W/m3/K
300

200 250 300 350 400 450 500 550 600
Tj [K]

Figure 4.5 Steady-states bifurcation results.

It is important to note that the opposite case could occur, i.e., a sudden cooling of the reactor. If
we take, for example, values of 7,—500 K and Ua=800 W /m? /K, which correspond to 7;=305 K.
A decrease in T; due to any perturbation would cool the reactor to 7,—=350 K. This abrupt
cooling would affect the system’s conversion, yield, and energy recovery. In conclusion, zones of
a multiplicity of steady state due to bifurcations should be avoided since perturbations in the
temperature 7} can produce the evolution of our system to new steady-state conditions that
are very different from the initial ones in terms of temperature, conversion, yield, and thermal
risk.

4.4 Dynamic Thermal Stability

A reactor’s dynamic behavior differs from its stationary behavior, and its study can be more
complex, as shown by Gomez Garcia et al.[108]. It is well known that the Van Heerden criterion
and the steady-state bifurcations must be verified to operate without stationary thermal risk.
However, these conditions are insufficient to guarantee the reactor’s dynamic thermal stability.
Schweitzer et al. [109] explain that only dynamic analysis can provide an accurate answer
concerning the safe operation of the reactor. Using the perturbations method, they analyzed
the dynamic thermal stability of a three-phase reactor.

74



CHAPTER 4. CONTINUOUS PRODUCTION OF GVL: THERMAL ASSESSMENT

As Schweitzer et al. did, we applied the perturbations method to assess the thermal stability
of a CSTR reactor during the GVL production from BL over Ru/C. If we consider the steady-
state operation of the CSTR, the dynamic stability analysis consists of determining the dynamic
evolution of our reactor after small perturbations in output variables, i.e., concentrations and
temperature. Will the reactor return to its initial conditions? Or will it get into unstable
conditions, where the final conditions differ from the initial ones? These are the questions that
we want to address in this section.

Let us consider the general form of our dynamical model, Equations 4.5 - 4.11.

dy;
dt

fi(y17y27"'7yn7(b7t) (419)

Where y; represents the variables of the system, i.e., the concentration of BL, BHP, GVL,
BuOH, T,, and T}, and ¢ represents the other parameters of the system. Let us define a small
perturbation z; on the whole set of variables around an operating point as follows:

Ti =Yi — Yis — Yi = Yis T Ti (4.20)

Where y; 5 is the value of the variable 7 at stationary conditions. Replacing Equation 4.20 in
Equation 4.19, we can define the reactor dynamic model as:

d(yi,s + :Ez)

dt - fi(yl,s+xlay2,s+x27"'7yn,s+xn7¢7t) (421)

If the perturbations are very small, we can apply the first-order Taylor expansion to linearize
the model, Equation 4.21, around the operating point to obtain:

d(yis + i) df; df; of;
T - fi(yl,sayQ,sv <o Ynyss ¢7 t) + (axl € + ax2 X2 +...+ 833” T (422>

Under stationary conditions, we have:

dyz ,8
dt

—0 (4.23)

fi(yl,éh Y255+« -y Yn,s) ¢7 t) =0 (424)

Then, replacing Equations 4.23 and 4.24 in 4.22, we can obtain the model of perturbation,

Equation 4.25.
dx; o ofi ofi ofi
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Using a matrix notation, the model of perturbations becomes:

X=J-X (4.26)
with
da, o dh o dh
E dyl dyi dyn T
.| da, dfdi
X == ’ , J = e [ , X — i
dt dy, dy; dy, !
dr, dh dh "
dt diy, dy; dyn,

The solution of this linear first-order differential equation system allows us to know if the per-
turbation of at least one of the variables diverges with time and propagates it. This means
that the reactor has reached an unstable state that will lead to a runaway. The solution of the
Equation 4.25 is given by Equation 4.27 where U, ,, is the eigenvector of the Jacobian matrix
J associated to the eigenvalue \;.

n

T, = Z A Ui, - etmt (4.27)

J

Based on the solution of the perturbation model, the condition for dynamic stability is that
the real part of all the eigenvalues of the Jacobian matrix must be less than zero, Equation 4.28.

Vi tlim r;=0 <= Vi Re(\) <0 (4.28)
—00

When eigenvalues are real numbers, and \;<0, perturbations are exponentially attenuated over
time. However, if \;>0, then perturbations are exponentially amplified, and runaway condi-
tions are achieved [110]. For complex eigenvalues, it is the same but with oscillatory behavior
[107, 111].

As we did for the bifurcation analysis, we considered the operating conditions in Table 4.1. We
have simulated the conditions in Table 4.1 but different Ua values. We considered the limit
value of Ua=800 W/m?/K, obtained from the Van Heerden criterion, and a value for which
there is no stationary thermal risk Ua=5000 W /m? /K. To assess the dynamic thermal stability,
we defined the Jacobian matrix of the model in the range of temperature from 300 K to 600 K
and calculated the eigenvalues of the matrix for each temperature.

The results obtained are shown in Figure 4.6. Figure 4.6a for Ua=800 W /m? /K and Figure 4.6b
for Ua=800 W/m3 /K. The results show that for these values, the real part of all eigenvalues is
less than zero, Re()\;) < 0. Therefore, we can conclude that there is no risk of thermal runaway
due to dynamic instabilities. However, we can see that, in general, the dynamic instabilities
will be attenuated faster for Ua=5000 W/m?* /K.
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Figure 4.6 Dynamic thermal stability results: Eigenvalues plot.

4.5 Parametric Sensitivity

Parametric sensitivity analysis (PSA) is crucial in chemical reaction systems. Because small
changes in the critical operating parameter or initial conditions can result in a significant conse-
quence in the system temperature or output variables [112]. A PSA is presented in this section
to complement the thermal risk assessment. A one-factor-at-a-time PSA was done, similar to
the one made by Zang et al. [113] for a semi-bath reactor. Kummer et al. [104]| explain that

near the runway (explosion) boundary, the system behavior becomes sensitive to small changes
in some of the input or initial parameters.

As we did for the dynamic stability, we start from our chemical reaction model, Equation 4.19
in its vector form:
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—= = f(7,9.1) (4.29)

The first-order local sensitivity or absolute sensitivity of the dependent variable i/, concerning
the input parameters ¢, is calculated in the following form:

S(5.0) = 7 (4.30)

Via differentiation of Equation 4.30, we obtain Equation 4.31.

59, ¢)
dt

=J-5(7,¢) + = (4.31)

Solving Equation 4.31 for S(7, ¢) in steady state, we obtain the main formula to calculate the
sensitivity:

d
S(7,¢)=-I"- é (4.32)
With,
dfy
S do
a_| (4.33)
L 3
do

To compare a variable’s sensitivity according to different parameters, the normalized paramet-
ric sensitivity is defined by Equation 4.34. We have evaluated the parametric sensitivity of
BL concentration in the outlet flow, GVL concentration in the outlet flow, and the reactor
temperature (75.).

_ @ dy;
yi do;

Sn(Yi, &5) (4.34)

We decided to focus on these three variables since they are the main reactant, the main product,
and the variable linked to thermal risk. The parameters considered for this evaluation were: the
concentration of BL in the inlet flow of the reactor [BL];,, hydrogenation rate constant kpyq,
cyclization rate constant k.,., global heat transfer coefficient Ua, residence time 7, catalyst
loading in the reactor w.y, and the temperature of the inlet flow T,.
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The results obtained from the parametric sensitivity analysis are shown in Figure 4.7; these re-
sults were obtained for Us=800 W /m? /K and 5000 W /m? /K. For Ua=800 W/m? /K, we can see
that the normalized sensitivity presents an abrupt jump for 7); values where there are thermal
instabilities due to the multiplicity of steady states. We can see that the BL concentration in
the outlet flow is more sensitive to the BL concentration in the inlet flow [BL];, and residence
time 7. The sensitivity of the GVL concentration in the outlet flow, in addition to presenting a
jump in the multiplicity zones, also suggests an oscillatory behavior for most of the parameters
analyzed, Figure 4.7e, with the parameters that most affect the concentration of GVL being
the initial concentration of BL [BL];,, the residence time 7 and the coefficient Ua. For the
temperature of the reactor, we can only see an abrupt jump in the multiplicity zones, with the
parameters that affect it the most being the temperature of the inlet low Tj},,, the Ua coefficient
and the residence time 7.

For Ua=5000 W/m?®/K, we can see that there are no jumps for any value of T}, but rather
than all sensitivities vary smoothly, thanks to the fact that there is no multiplicity of steady
states. We can see that for this Ua value, the parameters that most affect the output variables
are the same as for For Ua=800 W/m?/K. For the concentration of GVL in the outlet flow,
we can realize that there is a maximum sensitivity for almost all parameters for 7; near 450 K.
We can also note that for Ua=5000 W/m3 /K the GVL concentration is more sensitive to the
cyclization kinetic constant k., than to the initial BL concentration [BL);, for T; < 430 K.

4.6 Conclusions

This chapter focused on the thermal assessment of the continuous production of GVL via hy-
drogenation of BL over Ru/C in a CSTR reactor. This assessment used the NCLH1 kinetic
model, developed in Chapter 3. With this kinetic model, we made simulations using the RC1
calorimeter reactor as a reference.

Initially, we established the material and energy balance for the system, and we determined for
a temperature range of 300-600 K that the dominant reaction step is hydrogenation. Therefore,
our system will exhibit exothermic behavior; for this reason, it is important to have a thermal
assessment.

For the stationary thermal stability, we applied the Van Heerden criterion, with which we de-
termined that for Ua=800 W/m3/K it is not, possible to prevent thermal accumulation in the
system with a jacket temperature 7;—293 K. Then, applying the steady-state bifurcation anal-
ysis, we found that stationary instabilities due to steady-state multiplicities are reduced for Ua
values greater than or equal to 1500 W/m? /K. We then analyzed the dynamic stability of the
CSTR reactor and concluded that there are no dynamic instabilities for Ua=800 W /m? /K, in
the temperature range of 300-600 K. This is an expected result, given that the energy released
during BL. hydrogenation is moderate and mitigated by the endothermic effect of the cyclization
step reaction.

Finally, this chapter ends with a parametric sensitivity analysis (PSA), in which we analyze the
sensitivity of the output variables BL concentration, GVL concentration, and reaction temper-
ature with respect to the operating parameters of the system. From this analysis, we conclude
that for Ua=800 W /m?3/K, the sensitivity zones of the system coincide with the stationary
instabilities zones; in addition to this, we could also notice indications of oscillatory behaviors
for the concentration of GVL in the outlet flow of the reactor.
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Figure 4.7 Parametric Sensitivity Analysis Results.

It should be noted that with the NCLH1 model developed under isothermal and non-isothermal
conditions, more information concerning the thermal risk was obtained than with the kinetic
model developed under isothermic conditions by Wang et al. [92]. A continuation of this work
could be the experimental validation of the thermal assessment, the performance of the thermal
assessment for a plug flow reactor (PFR), and the inclusion of the transient regime analysis for
thermal stability.
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Chapter 5

Combustion Assessment: BL as Kerosene
Additive

This chapter aims to assess the suitability of BL as a kerosene additive. Here, we stud-
ied the drop-in effects of BL during the kerosene combustion process. The combus-
tion efficiency of BL /kerosene mixtures is evaluated in a combustion chamber with an
RQL injection system. This is complemented with optical diagnostics to understand

the flame/spray behavior better. The results of this chapter are in the process of being
published.

In Chapter 1, we showed that it is possible to replace kerosene with SAF produced from lig-
nocellulosic biomass (LCB). However, due to the many transformation steps required by this
feedstock, its commercial application will take longer. Nevertheless, to reach the environmental
goals established by the different governments and institutions to reduce GHG emissions, it is
worth exploring the potential applications as an additive of different intermediates in the trans-
formation process of LCB into SAF. Butyl levulinate (BL), an LCB derivative, is potentially
used as a drop-in additive to kerosene. The advantage of a drop-in additive is that there is no
need to modify the current infrastructure for kerosene or the aircraft engine design. However,
it is crucial to understand how the additive will affect the combustion process, e.g., the perfor-
mance, operating limits, and pollutants emissions.

The performance of a gas turbine engine is crucially dependent upon the fuel and airflow condi-
tions in the inlet. The most important are pressure and temperature, which are determined by
the ambient conditions. When choosing fuels for aircraft gas turbines, it is crucial to consider
the extensive pressure and temperature variations the fuel will encounter. At an altitude of
12 km, the ambient air pressure is merely a quarter of that at sea level, and air temperatures
can drop as low as 193 K under extreme conditions. Also, fuel tank temperatures can become
extremely high when an aircraft is exposed to tropical sunlight on the ground. Thus, studying
the effects of pressure and temperature fuel properties is essential for gas turbine operation.
The full range of inlet conditions that a given gas turbine could encounter is encompassed in
the operational envelope.

In a gas turbine, the fuel must be injected, vaporized, and mixed with air before combustion
occurs. The efficiency of these processes, and consequently the combustion itself, is heavily
influenced by the physical properties of the fuel. Some of these properties are listed below:

e Density: The fuel density is important because it defines the energy content for a fixed
volume, i.e., the aircraft fuel tank.

e Vapor pressure: The vapor pressure of a liquid is the pressure exerted by the vapor above
its surface at a given temperature when the liquid and vapor are in dynamic equilibrium.
A high vapor pressure is desirable because it guarantees a rapid evaporation of fuel.
However, a low vapor pressure can reduce fuel losses and reduce fire hazards.
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Viscosity: The viscosity affects the power required to pump the fuel through the fuel
system into the combustion chamber. Also, it has a marked effect on forming a well-
atomized spray and, therefore, fuel evaporation and combustion rates.

e Surface tension: This property significantly affects the fuel atomization, hence the com-
bustion efficiency.

e Freezing Point: Aircraft operate at high altitudes where ambient temperature can be as
low as 193 K, and fuels may not form crystals during operation to avoid blocking.

e Heat capacity: Modern aircraft use the fuel as a heat sink to absorb heat from the engine.
Thus, the heat capacity of the fuel is an important property.

e Heating value: The heating value, or energy content, of a fuel, is a measure of the energy
released when the fuel is completely burned under standard conditions. For a gas turbine,
the lower heating value (LHV) is the most relevant since it pertains to the complete
combustion of the fuel to CO, and water vapor. The LHV of a fuel depends entirely on
its chemical composition and, in particular, on the hydrogen-carbon ratio.
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Figure 5.1 Diagram of the gas flow in a gas turbine engine, continuous lines represent the
state of the flow that passes through the combustion chamber. Modified from [8].
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Ignition and reignition processes are one of the most technically challenging aspects of gas tur-
bine performance. The difference between ignition and reignition depends on the altitude and
speed of the aircraft; ignition is when the aircraft is on the ground, and reignition is when it is
in flight. During ignition, the engines need a starter component that rotates the high-pressure
(HP) compressor, allowing air to enter the combustion chamber. While during reignition, the
high-pressure (HP) compressor rotates fast enough under the action of the relative wind (auto-
rotation).

Figure 5.1 represents a gas turbine engine. Usually, the total airflow captured by the aircraft
engine is divided in two, where 80% prevents engine overheating. The remaining 20% passes
through the low-pressure (LP) compressor into the combustion chamber. During reignition,
due to environmental conditions, the temperature and pressure of the air are much lower than
those at ground level. This figure shows a diagram of the behavior of pressure, temperature,
and airflow volume in the different parts of the gas turbine. Solid lines represent the properties
of 20% of the total air that passes through the combustion chamber, and dashed lines repre-
sent the properties of the remaining 80% of the air that does not pass through the combustion
chamber.

Indeed, aeronautical engines reignition can be divided into different sub-processes:

1. Energy deposition (spark) and flame kernel formation.
2. Flame kernel propagation and spreading to the flame stabilization on a single injector.

3. Burner light-around. In this sub-process, the flame propagates from one injector to all
the injectors in the annular combustion chamber.

4. Pull-away corresponds to the progressive increase of the engine rotation speed and fuel
flow rate to reach idle conditions [114, 115].

During the ignition and reignition processes, even when the first three sub-processes are com-
pleted, there is a risk of flame extinction during the pull-away phase. This can happen because
during the pull-away, the operational envelope of the combustion chamber (HP compressor)
evolves in terms of rotational speed, airflow, pressure, temperature, etc. To guarantee the igni-
tion and reignition, manufacturers must establish the fuel flow limits based on the operational
envelope of the combustion chamber. This is known as the fuel dosing rule, which is funda-
mental for the correct operation of engines.

Indeed, if the fuel flow rate is very high during ignition, there is a risk of a sudden increase
in pressure, destabilizing combustion during ignition. Once the engine is started, the fuel flow
rate must be modified according to the operational envelope throughout the engine’s pull-away
(power-up) phase. The pull-away may be aborted if this fuel dosing rule is not well defined and
adapted to the reactor (interaction between combustion chamber, turbine, and compressor).
Figure 5.2 is a graphical representation of the fuel dosing rule. This establishes the fuel flow
rate needed to start the ignition process (red star) and how it should vary during the pull-away
as a function of the HP compressor operational envelope until the idle conditions are reached
(green star).
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Figure 5.2 Dosing rule representation, and the main causes of pull-away failure.

The four main causes of pull-away failure, also shown in Figure 5.2, are:

1. Rotating detachment: The compressor enters its stall zone, the shaft stops accelerating,
and the temperature rises rapidly.

2. Qwverheating: The temperature exceeds the limits set to prevent damage to parts down-
stream of the combustion chamber. This can occur if the mixture in the combustion
chamber is near stoichiometry ratios.

3. Stagnation: It occurs when the compressor’s rotation speed is stabilized below the idle
one.

4. Flame extinction: This can occur due to several factors, including an incorrect fuel-air
ratio in the combustion chamber (rich and lean extinction).

The combustion study during the pull-away phase is not very common, as there are few facilities
available that allow the replication of the actual operational envelope to which the engines are
subjected during flights, e.g., low pressure and low temperature. In this chapter, we assessed
the effects of BL on the operability limits of kerosene during pull-away conditions. This means
that the combustion process of blends of Kerosene/Butyl levulinate was studied in low-pressure
and low-temperature conditions.

This study was performed in the HARTur facility at the CORIA research unit; globally, only a
few facilities of this type are known to exist, allowing the study of combustion at low pressures
and temperatures. Our study focuses on measuring the combustion efficiency and determining
the operating limits of these blends during pull-away. With this assessment, we aim to evaluate
the potential use of BL as a kerosene additive in real operating conditions in a gas turbine. This
assessment is complemented by a local analysis of the spray and flame structure to evaluate
the viscosity effects from a local point of view.
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5.1 Atomization

Before combustion occurs inside a gas turbine, the fuel must be atomized and mixed with air.
The atomization process involves separating the liquid fuel into small droplets to burn it in the
combustion chamber effectively. The atomization process can be divided into two steps: i) pri-
mary atomization, in which the fuel is separated into ligaments, and i) secondary atomization,
in which the ligaments produced in primary atomization are separated into small droplets. In
general, liquid fuel atomization is carried out by injecting the fuel through small orifices at high
pressure or by mixing the fuel with high-pressure air or gas [38]. Depending on the situation,
there are different types of injectors, some of which are better suited than others. Kang et
al. [116] explained that pressure swirl injectors are extensively used in liquid rocket engines,
gas turbine engines, internal combustion engines, and many other combustion applications. In
these injectors, the pressurized liquid goes through tangential vanes into the swirling section to
form an unstable and turbulent motion. Then, it is discharged in a cone shape through a hole
into the combustion chamber. Figure 5.3 represents a pressure-swirl injector; in this figure, we
can see how the atomization spray is generated in this type of injector.

k— Liquid film
& Ligaments
& Mother droplets

Fine droplets

Length (Ly)

Figure 5.3 Atomization spray generation in a pressure-swirl nozzle, taken from [9].

The atomization process depends significantly on the cohesive forces of the liquid phase, de-
termined by its viscosity and surface tension. The low-temperature conditions to which fuels
are exposed before injection considerably influence their physical properties, such as viscosity,
and consequently affect the atomization process. The influence of low temperature and high
viscosity has always been a topic of study for the optimization of the atomization process during
the ignition of a combustion engine [117, 118].

For example, Dafsari et al.|9] studied the effects of viscosity (driven by temperature) and pres-
sure on the atomization spray that occurs in a pressure-swirl injector, they concluded that
viscosity changes due to temperature changes have a big impact in the quality of atomization,
one of their main results are shown in Figure 5.4. This figure shows how spray angle and
breakup-length (Lpg) change with pressure and low temperatures.
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Figure 5.4 Effects of the temperature and pressure on the atomization spray, taken from [9].

5.1.1 Injection System

There are two main families of injectors: 1) mechanical injectors, in which the fuel is injected at
high pressure through a small orifice that generates atomization, and 2) Aerodynamic injectors,
in which a gas (usually air) at high speed collides with a liquid phase (at low speed) breaking
the liquid ligaments into small droplets thanks to transfer of momentum.

Aeronautical injectors are a combination of mechanical and aerodynamic injectors. The fuel
goes through a pressure-swirl nozzle injector, which allows a cone-shaped spray to be formed
at the outlet. Atomization is immediately assisted by the aerodynamic effect of air injected via
an injection system. Figure 5.5 shows a representation of the pressure-swirl nozzle injector and
the air injection system in the HARTur facility.

The injection system used in the HARTur facility was designed and provided by SAFRAN
Auwreraft Engines; the details about this system are not provided for confidentiality reasons.
During Marie-Eve Clavel’s thesis |7], five different designs of injection systems were tested to
study the operating limits and combustion dynamics of kerosene during pull-away conditions.
These conditions are similar to those found during the pull-away phase of a gas turbine at high
altitude, i.e., low pressure and low temperature.
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Figure 5.5 HARTur injection system assembly: Mechanical injector in red and Aerodynamic
injector in blue. Modified from |[7].

In general, each injection system was tested with kerosene at four different operating condi-
tions (OP) in terms of pressure and temperature. The manufacturer has defined the fuel and air
nominal mass flow rate for each operating condition in the injection system. For the injection
system that we have used, these conditions are shown in Table 5.1. Where T corresponds to
the temperature of the fuel and air in the intake plenum, Figure 5.11, P corresponds to the
absolute pressure inside the combustion chamber, 17, in the nominal value of fuel flow rate,
Mgir1 and Mg 2 are the primary and dilution air flow, respectively.

Table 5.1 HARTur facility: Operating conditions and nominal flow rate for kerosene.

T [K] P [kPa] 1har: [kg/h] 1hairo [kg/h] 1hpe [kg/h]
oP; 293 103 41.04 63.36 4.212
OP, | 286 85 33.55 56.81 3.852
OP3 | 258 54 19.74 60.88 3.492
OP, | 250 46 15.84 63.00 3.384

M. Clavel et al. aimed to study kerosene’s flame structure and operating limits under these
operating conditions (from OP; to OP4) that come from an existing fuel dosing rule. This study
makes it possible to determine the limits where the combustion efficiency will be the highest and
to avoid flame extinction for a given operating condition of pressure and temperature. Figure
5.6 represents temperature versus pressure for each operating point (OP). In this figure, we can
see how the pressure and temperature increase (from OP, to OP;), representing the evolution
of the operational envelope of the HP compressor during the pull-away phase at low-pressure
and low-temperature conditions.
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Figure 5.6 Graphical representation of the operating points in HARTur facility.

The methodology used to determine the operating limits is as follows: once the flame is es-
tablished inside the combustion chamber, the air and fuel temperatures in the intake plenum
are controlled according to the operating condition set point. Then, the pressure inside the
combustion chamber is also adjusted according to its set point. Then, the mass flow rate for
air and fuel are set to their nominal values; see Table 5.1 for kerosene. The next step is to
progressively decrease the mass flow rate of the fuel, keeping the primary air and the dilution
air flow rates constant.

Data is simultaneously acquired for subsequent exploitation during this progressive decrease
in the fuel flow rate. Figure 2.8, shown in Chapter 2, shows data acquisition via LabView
during kerosene combustion at OP; operating conditions. This process of decreasing the mass
flow of the fuel is carried out until the flame extinction is reached. Figure 5.7 is a graphical
representation of this process, where we have represented the different operating points.

The nominal mass flow rates presented in Table 5.1 correspond to the fuel-air ratios for kerosene
that nominal combustion. However, since BL has a molecular structure different from kerosene,
the fuel-air ratios for BL that provide the same combustion efficiency may differ. For this rea-
son, instead of using mass flow rates for our assessments and comparisons, we will rely on the
fuel-air equivalence ratio ¢.

The equivalence ratio ¢ is the ratio between the oxygen content in the air supplied and the
required for the complete stoichiometric combustion; it can be calculated by using Equation 5.1.

b= fuel-to-air ratio  Mpuer/Mair  Npuer/Tair (5.1)
(fuel—to—air ratio)st (mfuel/mair>st (hfuel/hair>st .

Where 1 is the mass flow rate, n is the molar flow rate, and the subscript "st" stands for
stoichiometric conditions. The advantage of using the equivalence ratio is that it considers
both mass and molar values for the fuel and oxidizer.
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Figure 5.7 Representation of the dosing rule with operating points and extinction limit
curve. Diamonds represent the operating conditions shown in Table 5.1

Then, our methodology to determine the operating limits for the different fuels (Kerosene and
BL) will keep the primary and dilution air mass flow rates constant, as shown in Table 5.1 for
the different operating conditions. However, instead of starting from a nominal fuel mass flow
rate, we will start from a nominal equivalence ratio, from which the fuel mass flow rate will be
defined. Thus, this nominal equivalence ratio progressively decreases until the flame extinction
is reached.

The assessment of BL. as a kerosene additive was performed at the operating conditions OP;
(293K and 103kPa) and OP3 (258 K and 54 kPa), for which the nominal equivalence ratio was
set at 0.6 and 0.7, respectively. At these operating conditions, we determined the operating
limits, analyzed the atomization spray, and analyzed the flame structure. All these are for
different blend ratios of kerosene and butyl levulinate. The blends Kero/BL used for these
analyses are described in the next section.

5.2 Physical Properties

As we already discussed, the performance of a gas turbine depends largely on the physical prop-
erties of the fuel, mainly the viscosity, which is driven by temperature and can affect the quality
of the atomization. Our combustion assessment was done for different blends to assess butyl
levulinate (BL) as a kerosene additive. These blends are 1) Pure kerosene, 2) 50% kerosene
and 50% BL, 3) 80% kerosene and 20% BL, and 4) Pure BL.

Figure 5.8a shows that BL and kerosene are miscible at the different proportions considered
and that, in all cases, they form a transparent solution at normal pressure and temperature
conditions. In some cases, the physical properties depend on mass fractions or volume fractions.
To pass from volume fraction to mass fraction and vice versa, we have used Equations 5.2 and
5.3, respectively.
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Ly~ Pi
mass — K3 5.2
" > pi (5:2)
g e L m/p " (5.3)
T3 pi

Although most of the physical properties of kerosene and BL are available in the literature,
more information is needed regarding the blends of these two compounds. In this section, we
measured some properties that may affect the combustion process. We verified if we could
predict the properties of the different blends by using the properties of the pure compounds
and the corresponding mixing rule.

An important property of fuels, which is not physical, is the energy released during combustion,
in other words, the lower heating value (LHV). To determine the lower heating value (LHV)
of each blend, we have used the Parr Bomb Calorimeter. The results obtained are shown in
Table A.11 and Figure 5.8. The first thing we can see is that the LHV of BL is 35% lower
than kerosene and that the heating value of kerosene is reduced by 9% and 21% in the blends
Kero/BLgy 20 and Kero/BLsg/50, respectively. From these results, we can also note that the
mixing rule for LHV (Equation 5.4) predicts very well the experimental results.

LHVyip = Y "™ - LHV; (5.4)

Table 5.2 Lower Heating Values (LHV) of the Blends Kerosene/BL.

Xy X5 | Xitee x5 | LHVg [MJ/kg] STD | LHV sricnue [MJ/kg]
0.00 1.00 | 0.00 1.00 29.2 0.2 29.2
0.50 0.50 | 0.46 0.54 35.7 0.5 36.5
0.80 0.20 | 0.77 0.23 41.4 0.6 41.6
1.00 0.00 | 1.00 0.00 45.3 0.3 45.3

Other important properties are density, which helps to determine the energy content in the
fuel tank, viscosity, and surface tension, which greatly influence the quality of atomization in
the injection system. The density and viscosity of the different blends were measured in the
Stabinger Viscometer. Due to the limitations of the equipment, these properties were mea-
sured in a temperature range between 263 K-293 K. On the other hand, the surface tension was
measured in a temperature range between 273 K-293 K in the Tensiometer TVT 2 equipment.
We have applied the mixing rule for density, Equation 5.5, and the Arrhenius rules [119] for
viscosity, Equations 5.6 and 5.7.

Pmiz = Z"L‘Z‘]Ol " Pi (55)
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Figure 5.8 Blends for the combustion assessment and the corresponding lower heating value
(LHV).

N (pimiz) = Z x;ml ~In(p:) (5.6)

(Vi) = Z 22 In(v;) (5.7)

The results obtained from these measurements are shown in Figure 5.9, and the numerical values
can be found in Appendix A.2. The first thing we can notice is that the mixing rules predict
the physical properties in the temperature range analyzed with great accuracy. Regarding
density, we realize a notable difference between the blends, with the lowest being the kerosene
one and the highest being BL.. This property is not significantly affected by temperature in any
blend; based on this, we can assume that the volume of the blends does not vary significantly,
and therefore, the volume fractions do not vary significantly either. Surface tension is another
property that exhibits constant behavior in the study range.
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On the other hand, regarding viscosity, Figure 5.9c and 5.9d, we can notice that there is
a significant difference and that this difference becomes more important as the temperature
decreases. We can see that pure BL has the highest viscosity of all the blends and that kerosene
has the lowest. In general, we can realize that the Kero/ BLgo/20 blend has the closest physical
properties to kerosene and behaves similarly with the temperature. The significant increase in
viscosity at low temperatures will negatively impact the atomization in the injection system
and, consequently, the combustion efficiency. Therefore, it is expected that there will be notable
differences in the combustion process for the different blends at low temperatures.
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Figure 5.9 Physical properties evolution with temperature for the different blends Kero/BL,
dashed lines correspond to the mixing rules.

5.3 Combustion Efficiency

The combustion efficiency is a key parameter that can be used to assess the conversion of
the chemical energy available in the fresh gases (reactants) into thermal energy in the burned
gases. Let us consider a combustion process between a fuel and oxidizer that are initially at
temperature Ty; the energy level of these reactants (hg) is a temperature-dependent function.
The burned gases issued from the combustion are at a final temperature T}, and its energy level
hp is also a function that depends on the temperature. When combustion is complete, i.e., there
are no unburned compounds, and chemical equilibrium is reached. The final temperature of
the burned gases is the equilibrium temperature 77, and its energy level is represented by h%.
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Figure 5.10 is a graphical representation that will help us understand the concept of combustion
efficiency. This figure shows the energy level of the hg reactants (in blue), the energy level of
the products hp (in purple), and the energy level of the products when combustion is complete,
and equilibrium is reached 2% (in red). Equation 5.8 gives any mixture of burned gases energy
level. Where ny, is the number of moles of species £ in the global chemical reaction, h}' is the
molar enthalpy of species k, and A" is the molar enthalpy of the gasses in units of energy per
mole of fuel.

N
k=1

Molar Enthalpy

1
To T?di i dei’ eq

Temperature

Figure 5.10 Representation of the molar enthalpy as a function of the temperature.

If we consider our combustion process following the different points marked in Figure 5.10, the
initial state of the reactants at temperature T} is represented by point A. When the combus-
tion process occurs under adiabatic conditions, i.e., there is no energy loss to the surroundings,
the energy level of the burned gases at the temperature T]?di is represented by point B. If,
in addition to adiabatic conditions, we have complete combustion and chemical equilibrium is
reached, then the energy level of the burned gases is represented by point C. These gases are
at the T]?di’eq temperature, which is the maximum temperature that can be reached via the
combustion of reactants at Ty. However, when there are neither adiabatic conditions, complete
combustion, nor chemical equilibrium, the energy level of the burned gases is represented by
point D, and these gases are at the final temperature 7T7.

Based on the definition of combustion efficiency, it can be defined as the ratio between the
thermal energy of the products, which is represented by the segment DE, and the maximum
energy that can be obtained during the combustion process, which is represented by the segment
CF). Equation 5.9 is the mathematical expression to calculate combustion efficiency. The
segment C'D’ represents the energy losses during the non-adiabatic combustion process.
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DE __hp(Ty) — he(Th)
CF h;q(T;di’eq) — hp(To)

TNecomb = (59)

From these molar enthalpies of burned gases, the corresponding temperatures can be identified:
the equilibrium temperature for adiabatic and complete combustion T;di’eq, the temperature
for non-complete but adiabatic combustion T}ldi, and the temperature of burned gases for non-
complete and non-adiabatic combustion 7%, this latter is measured downstream the combustion
chamber in the nozzle section, Figure 5.11.

The experimental measurement of the molar enthalpy of fresh and burned gases is quite a
complex task. For this reason, instead of using the molar enthalpies to calculate the combus-
tion efficiency, we decided to approximate the combustion efficiency using the temperatures
involved in the process. Equation 5.10 is the mathematical expression used to calculate com-
bustion efficiency considering the temperatures. This approximation is possible because the
heat capacity of the gas mixture is more or less constant since 70% of the mixture is nitrogen,
Ah = [ CpdT = @AT . Consequently, Equation 5.10 is not an absolute measurement of com-
bustion efficiency but a valid relative approximation to compare different fuels and operating
conditions.

Ty — T,
T;Ldz,eq _ TO

[a¥)

Tcomb =

(5.10)

The inlet temperature of fresh gases Tj is measured with a type K thermocouple. The equi-
librium and adiabatic temperature of burned gases T ]‘?di’eq, from now on, the equilibrium tem-
perature, is calculated with Cantera library in Python from the inlet and operating conditions
(pressure, temperature, and equivalence ratio). The burned gases temperature, T}, cannot be
well measured with a thermocouple due to the inhomogeneities (in terms of the temperature
inside the combustion chamber), the two-phase medium, and the high temperature inside the
combustion chamber. Therefore, the measurement of T relies on the use of a non-sonic nozzle
placed downstream of the chamber. The pressure drop across the nozzle is measured, and the
mean temperature of the burned gases crossing the nozzle can be reported. The details about
this methodology are described in the Subsection 5.3.1.

To reduce the heat losses, the combustion chamber is surrounded by a double wall, through
which dilution air circulates and is injected into the chamber. As a result, most of the heat
escaping from the chamber is captured by the dilution air and thus reintroduced into the
combustion chamber. Heat loss is estimated using a wall thermocouple placed on the outer
surface of the combustion chamber. The temperature measured by this thermocouple never
exceeds 200 °C. At this temperature, in steady-state operation, the heat loss through the walls
due to radiation and natural convection is around -440 W [7]. Compared to the energy produced
by the flame (40-50 kW), this value is less than 1%. Therefore, it is reasonable to assume that
combustion occurs near adiabatic conditions.
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5.3.1 Calibration Curve

The calibration curves aim to establish a mathematical relation between the pressure drop
across the nozzle downstream of the combustion chamber and the average temperature of the
burned gases passing through it. The following methodology was developed in the M. Clavel
thesis [7] and is reminded here for the sake of clarity.

The mass flow rate m, crossing the nozzle can be obtained from Bernoulli’s theorem extended
to weakly compressible fluids, Equation 5.11:

_CBRe), - a7 ARE, (5.11)

The quantities involved in Equation 5.11 are:

e The nozzle geometrical parameters: the nozzle outlet diameter d, the inlet diameter D
and the opening ratio § = d/D.

e The properties of the flow: the density p, the pressure in the combustion chamber P and
the Laplace coefficient v of burned gases at 7.

e The pressure drop across the nozzle AP.

e The expansion coefficient £, that is a function of the Laplace coefficient , the pressure
ration 7 = (P — AP)/P and §.

e The discharge coefficient C, that is a function of g and the Reynolds number Rep. C
is defined empirically in the European standards [120] for a given nozzle geometry and
under certain conditions of Reynolds and pressure.

If assumptions of ideal gas behavior, stationary conditions, non-rotational and homogeneous
flow, reversible adiabatic compression, and circular inlet section of the nozzle are made, the
temperature of the burned gases Ty can be deduced from the pressure drop measurement across
the nozzle with Equation 5.12.

m2d* AP .- P

5 (5.12)

1
Tf = 202(ﬁ7RGD) ’ 62(’777-7 6) ’ ; ) 16

Experimentally, all the assumptions made to obtain Equation 5.12 are not verified. Therefore,
the coefficients C?(3, Rep) and €2(v, 7, 3) cannot be directly calculated. This issue can be over-
come by using an experimental calibration, where AP is measured under reactive operating
conditions for which the temperature of the burned gases is known. From Equation 5.12, we can
realize that T} can be written as an explicit function of K, and II, where K, = 7wd?/4,/1 — 3*
is the geometrical factor of the combustion chamber and II = AP - P/m? is the operating
variable. Consequently, the calibration curve of T} can be fitted by following a second order
polynomial, Equation 5.13, where the coefficients a; were obtained experimentally for all the
operating points, i.e., inlet temperature and pressure, that can be achieved in HARTur facility.
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Figure 5.11 Combustion chamber’s CAD: sectional view.

Ty = as(K2 - 1)* 4+ ay (K7 - 11) + ag (5.13)

This calibration curve must be reported under conditions where the temperature of burned
gases is known, and the same fuel injection system is used. To meet this constraint, n-heptane
was used as fuel to report the calibration curves at the different operating points of pressure
and temperature. N-heptane has a very high volatility compared to kerosene [121] and a similar
Lower Heating Value (LHV=44.56 MJ /kg) [122].

For a standard inlet temperature T and different pressure P in the combustion chamber, the
combustion efficiency for n-heptane is expected to be near 1 and combustion to be complete.
Thus, the temperature of burned gases T can be calculated from chemical equilibrium simu-
lation with Cantera [123|, using Polimi’s detailed reaction mechanism for n-heptane oxidation,
which includes 156 species and 3465 elementary reactions [124].

To verify these assumptions, Laser tomography imaging was performed to verify that the n-
heptane drops were completely vaporized before the nozzle |7]; results showed that for all
pressures and equivalence ratios, all the fuel droplets are evaporated in the first 3cm of the
chamber. In addition, HORIBA PG-250 gas analyzer was used to measure the burned gas
composition at the nozzle for ambient pressure to report the CO mole fraction. CO is an inter-
mediate almost completely oxidized when chemical equilibrium is achieved in lean conditions.
Therefore, it is a good indicator for determining when equilibrium is reached. The relation
between the CO concentration and the temperature of the burned gases can be obtained from
a 1D freely propagating flames analysis with Polimi’s mechanism in Cantera.
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Figure 5.12a shows the CO and the temperature evolution during the n-heptane oxidation;
thus, based on the CO concentration, it is possible to determine how far is the burned gases
temperature from the equilibrium one. For different equivalence ratio ¢, CO concentration was
measured and reported in Figure 5.12b, where the evolution of CO is plotted versus the differ-
ence between the temperature at which CO exists in a 1D premixed flame and the equilibrium
temperature. The experimental values of CO concentration are below 1000 ppm, indicating
that the difference between the burned gases temperature and the equilibrium temperature is
less than 1% for n-heptane, Figure 5.12b. Thus, it is reasonable to calibrate the nozzle by using

n-heptane and by assuming that 7y = T]?di’eq which can be numerically obtained.
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Figure 5.12 1D freely propagating premixed flame of n-heptane: the relationship between
CO concentration and burned gases equilibrium temperature.
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Due to the limited pressure range of the pressure sensor placed to measure the pressure drop
across the nozzle, AP,,,,=3000 Pa, two different nozzles were designed and built to optimize the
sensibility of the measurements in the combustion chamber: (i) the nozzle N1 with d=33 mm,
suitable for operating pressures near to the ambient pressure, 103 kPa and 85 kPa and (i) the
nozzle N2 with d=42 mm, suitable for low operating pressures, 54 kPa and 46 kPa. These noz-
zles were built according to the ISO 5167-3 standard specifications ISA 1932.

All the calibration curves were recalculated during this thesis; the results are reported in Fig-
ure 5.13. Nozzle N1 whith d=33mm was used for OP;—(103kPa, 293 K) and OP,—(85kPa,
286 K), while N2 with d=42 mm was used for OP3=(54kPa, 258 K) and OP,=(46 kPa, 250 K).
The corresponding second-order polynomial for the operating conditions is presented in Equa-
tions 5.14 - 5.17.
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Figure 5.13 Calibration curves results.
T¢™ =5.0 x 107°(K7 - 1) + 0.0050( K - IT) + 217.45 (5.14)
9™ =4.0 x 107°(K7 - )% + 0.0053( K - 11) + 198.01 (5.15)
TP =3.0 x 107%(K7 - 1) — 0.0039(K - IT) + 988.54 (5.16)
TP =5.0 x 107%(K7 - 11)> — 0.0133(K_ - II) + 1939.5 (5.17)

The uncertainty of the pressure gauge Rosemount used to measure the pressure drop across the
nozzle in the combustion chamber is 3.0 Pa. In addition, for each calibration point of Nozzle
N1, the fluctuation is on the order of 5.0 Pa; for Nozzle N2, fluctuations are close to 10.0 Pa.
These pressure fluctuations reported in temperature fluctuations give a variation of 5.0K for
all the operating conditions.
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5.3.2 Reaction Mechanism

We have already seen that to calculate the combustion efficiency 7.omp; We need a way to de-
termine the adiabatic temperature at equilibrium 7' ;di’eq. A reaction mechanism is a detailed
process that shows the different transformation stages that reactants follow to be transformed
into products. These mechanisms are based on experimental data like measurements of species
profiles, measurement of the burned gases temperatures in 1D flames, measurements of 1D
flame speed, measurements of auto-ignition delay time, etc.

Reaction mechanisms are valuable tools mainly used for computational fluid dynamics or CEFD.
However, we mainly focus on the equilibrium temperature. It should be noted that in our case,
we focus on calculating the equilibrium temperature of burned gases. To do so, we used the
Cantera library in Python with the corresponding reaction mechanism. The calculation of the
equilibrium temperature is based on the second law of thermodynamics, i.e., minimizing the
free Gibbs energy. Below, we explain how the Kerosene and BL reaction mechanisms were
obtained.

Kerosene

The reaction mechanism for kerosene’s combustion has been a case study for a long time.
Thanks to this, several reaction mechanisms for its combustion are available in the literature.
Kerosene is a mixture mainly of paraffin, iso-paraffins, naphthenes, and aromatic compounds,
as shown in Table 1.1. Its proportions vary slightly depending on the source of the kerosene and
its refining process. Dealing with the kinetics of each of the chemical compounds that make up
kerosene is an arduous task. For that reason, to study the combustion kinetics of kerosene, a
surrogate is usually used to represent all the compounds it contains.

An example of this is the mechanism developed by Dagaut et al. [125], which is a detailed
reaction mechanism that considers that kerosene’s composition is the following: 74% n-decane,
15% n-propylbenzene and 11% n-propylcyclohexane. Based on these three compounds, they
developed a mechanism that consisted of 209 species and 1673 reversible reactions.

Another example is the reaction mechanism developed by Luche [126], who proposed a semi-
detailed mechanism that accounts for 91 species and 991 reactions. This mechanism considers
that kerosene can be represented as a n-decane molecule (Ci9Haz). The overall reaction for
Luche’s surrogate is given by Equation 5.18.

On the other hand, there are global mechanisms such as the one proposed by Franzelli et al.
[127], which is a two-step global mechanism for the combustion of kerosene. This mechanism,
also known as BFER, only includes two chemical reactions and assumes that kerosene can be
represented by the chemical compound n-decene (C19Hyg). The two reactions of this mechanism
are shown in Equations 5.19 and 5.20.
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The reaction mechanisms mentioned before were used to calculate the equilibrium temperature
T}ldi’eq for premixed fresh gases of kerosene and air at different equivalence ratios ¢. The results
obtained are shown in Figure 5.14. This figure shows that Dagaut’s and Luche’s mechanisms
give the same result for all the values of ¢. However, the two-step BFER mechanism gives the
same value of equilibrium temperature for ¢ < 0.75.
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Figure 5.14 Kerosene equilibrium temperature versus equivalence ratio.

Butyl Levulinate

Currently, there is not much information available in the literature about the combustion of
butyl levulinate. Therefore, it was not possible to obtain a reaction mechanism that has been
validated experimentally. To calculate the equilibrium temperature of butyl levulinate, we have
considered two approaches:

1. 1° law of thermodynamics: This principle consists of fixing the composition of burned
gases and considering that all the energy coming from combustion is used to raise the
temperature of the burned gases. Here, it is considered that the only products coming
from combustion are CO5 and HyO; solving Equation 5.21, we can determine the temper-
ature of the burned gases. The temperature obtained with this approach is the maximum
temperature that could be obtained as a result of the combustion since there are no un-
oxidized species in the burned gases, such as CO.

Ty
/ > miChdT = AHomp 1, = LH Ve (5.21)
k

To
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2. 2" law of thermodynamics: This approach is based on the calculation of chemical equi-
librium, which consists of determining the concentration of the burned gases for which
the variation in the free Gibbs energy is cero (AG = 0). Such calculation requires a
reaction mechanism. In order to generate a reaction mechanism for the BL, we used the
Reaction mechanism generator (RMG), which is an object-oriented program written in
Python that constructs kinetic models composed of elementary chemical reaction steps
using a general understanding of how molecules react [128].

RMG can generate reaction mechanisms for species involving carbon, hydrogen, oxy-
gen, sulfur, and nitrogen. Species thermo-chemistry is estimated through Benson group
additivity, and reaction rate coefficients are estimated incorporating and extrapolating
thermochemical and kinetic parameters from databases [129].

Ghosh et al. |130] studied the combustion kinetic of ethyl levulinate (EL), which is from the
same family of levulinates as BL. They developed a reaction mechanism that describes the
combustion process of EL with air, which involves 1426 species and 9867 reactions. We have
used this mechanism to calculate the equilibrium temperature of EL for different equivalence
ratios, and these results were used to validate the two approaches described above.

To develop reaction mechanisms for the combustion of EL. and BL using the RMG program,
we have incorporated the “primaryThermoLibrary” and “GRI-Mech3.0” databases. These
databases contain the main elementary and intermediate reactions for molecules formed by
carbon, hydrogen, and oxygen atoms. As a result, we obtained a reaction mechanism for EL
that contains 85 species and 888 reactions, and for BL, we obtained a mechanism that involves
110 species and 1223 reactions.

It should be noted that the reaction mechanisms obtained were not experimentally validated;
the only validation performed was for the calculation of the burned gases’ equilibrium tempera-
ture. Other types of validation, such as those related to flame speed and species concentration,
remain as a perspective of this work.

Figure 5.15 shows the results obtained from both approaches. Results show that the tempera-
tures obtained for EL using RMG and Ghosh et al. mechanism were the same. We can note
that the RMG results for BL show the same trend as those for EL. Also, we can confirm that
results from the 1% law of thermodynamics are the highest ones. However, the difference for
small values of ¢ is not very significant. Equations 5.22 and 5.23 illustrate the chemical reac-
tions considered to apply the first approach for EL and BL when ¢=1.0, respectively.

C7H1505 4 8.5(05 + 3.76N,) — 7CO, + 6H,0 + 31.98N, (5.22)

CoH603 + 11.5(04 + 3.76N5) — 9CO, + 8H,0 + 43.26N, (5.23)
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Figure 5.15 Elthyl Levulinate and Butyl Levulinate equilibrium temperatures versus
equivalence ratio.

Blends Kerosene/Butyl Levulinate

Finally, we aim to obtain a reaction mechanism to calculate the equilibrium temperature T4

of burned gases from the combustion of Kerosene/BL blends. For safety reasons, in the HAR-
Tur facility, combustion is carried out at equivalence ratios ¢ < 0.7 to ensure that the burned
gases temperatures are below the thermal resistance limit of the facility. The global two-step
BFER mechanism is the simplest one that allows an accurate calculation of the equilibrium
temperature of kerosene.

In order to calculate the equilibrium temperature of any blend Kero/BL, we have added the
two chemical reactions of the BFER mechanism to the BL reaction mechanism obtained from
the RMG program. Thus, the resulting mechanism with 111 species and 1225 reactions, called
RMG+BFER, can be used to calculate the equilibrium temperature of any blend Kero/BL.

Our interest in these reaction mechanisms is limited to calculating equilibrium temperature
T4 of the burned gases issued from the combustion. That is why, in order to validate the
RMG+BFER mechanism, we have calculated the equilibrium temperature for a mixture of
burned gasses coming from the combustion of pure kerosene with air, and we compared this
result with the results obtained with all the reaction mechanisms discussed in this subsection.

Figure 5.16 shows the equilibrium temperature obtained from BFER, Luche, Dagaut, and
RMG+BFER mechanisms. Here, we can see that the results obtained from the RMG-+BFER
mechanism and the ones obtained from the detailed and semi-detailed mechanisms (Dagaut
and Luche, respectively) are basically the same, throughout the range of ¢ values. It should be
noted that even the differences presented by the BFER mechanism for ¢ values greater than
0.75 were adjusted when it was merged with the RMG mechanism of BL. In conclusion, the

RMG+BFER mechanism is a suitable tool for calculating the equilibrium temperature for any
blend of Kero/BL.
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Figure 5.16 Validation of the reaction mechanism to calculate the burned gases equilibrium
temperature.

5.3.3 Operating Limits

One of our main objectives is to determine how the operating limits of kerosene are affected
when BL is added. Determining the operating limits consists of determining for which values
of the equivalence ratio (¢) the combustion is complete (7 = 1) and the value of ¢ at which
there is lean flame extinction. We calculated the operating limits for the four blends Kero/BL
at the two operating conditions OP; (293K and 103kPa) and OP3 (258 K and 54kPa).

For each operating point (OP; and OP3), the primary air and dilution air mass flow rates
(Mgir1 and 1gr9, respectively) are kept constant and equal to their nominal value shown in
Table 5.1. The initial fuel mass flow rate (1 f,¢) is fixed according to the nominal value of the
equivalence ratio (¢) for each operating condition. The nominal ¢ value is 0.6 and 0.7 for OP;4
and OPj3, respectively. Then, starting from the initial fuel mass flow rate, we proceed to its
progressive decrease until lean flame extinction is reached.

Figure 5.19 shows the combustion efficiency curve and the extinction limit of pure kerosene
obtained at OP;. The curve obtained from this process can be divided into three different
regions, which are:

1. The nominal region, represented by the blue square in Figure 5.19, where combustion
efficiency 7comp 18 close to 1. By definition, in this region, the combustion is complete,
and the heat losses in the chamber are minimal, as explained previously. Thus, T} is
very close or similar to T]‘fdi’eq. The equivalence ratio for which the combustion efficiency
starts to decrease is the critical equivalence ratio ¢..; and defines the critical point of the
combustion efficiency curve. To determine the value of ¢..;;, we do a curve fit with the
experimental data, and we set that ¢..;; is the value below which the combustion efficiency
is less than 0.95. The curve-fit has been done considering an exponential behavior, so we
used the Equation 5.24 for this purpose.
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Neomb = I-a- eXp(_b : ¢) (524)

Equation 5.24 can be solve to calculate the value of ¢..;;, for which 7.,,,,=0.95, and we
obtain as result Equation 5.25.

1 1 — 1eom
GDerit = 3 In (—77(:0 b) (5.25)

. The degraded region is where the combustion efficiency 7., is less than 0.95 before
reaching the flame extinction. In this region, the combustion efficiency strongly depends
on the equivalence ratio. Here, the combustion is incomplete, and the burned gases
crossing the nozzle are composed of unburned products. Consequently, T’ is smaller than
T}zdz,eq'

. The extinction limit, given the operating condition of Tj, P, and air flow rate, the extinc-
tion limit is the value of the equivalence ratio for which the flame is not stabilized in the
combustion chamber, and consequently, the extinction occurs. This one is noted as ¢..;.
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Figure 5.17 Combustion efficiency and extinction limit for kerosene at OP; operating
conditions.

The black stars in Figure 5.19 are the points used for the local spray/flame analysis regarding
the equivalence ratio and combustion efficiency. The local analysis corresponds to atomization
spray and flame structure analysis and will be presented in Section 5.4. We decided to perform
the local analysis both in the nominal region and in the degraded region in order to compare
these results when 7., = 1, and when 7., < 0.95.
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The efficiency curves obtained for the different blends Kero/BL at operating conditions OP;
and OPj3 are shown in Figure 5.18. From these efficiency curves, it was possible to determine
the operating limits of these blends for each operating condition. The values of the critical
equivalence ratio and the lean extinction equivalence ratio are summarized in Table 5.3.
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Figure 5.18 Combustion efficiency and extinction limit results for Kero/BL mixtures at OP;
and OPj3 operating conditions.

From the results obtained at OP;, Figure 5.18a, we can see that the operating limits for pure
kerosene Kero/BLgg 20 and Kero/BLsg/50 are very similar. However, the operating limits of
pure BL are notably different from others under the same operating conditions. On the other
hand, the results obtained at the operating conditions OP3, Figure 5.18b show that there is an
important difference between the operating limits among the different blends Kero/BL.
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Pure BL is the fuel with the lowest operability range, and pure kerosene has the highest. These
results indicate that combustion efficiency, and therefore operating limits, are affected by the
viscosity of fuels. An increase in viscosity decreases the performance of the combustion chamber
injection system, and these adverse effects on the injection system are enhanced by decreasing
the temperature since a decrease in temperature significantly increases viscosity, as we have
already seen in Section 5.2.

Table 5.3 Critical and extinction equivalence ratio for Kero/BL blends at OP; and OPs.

Mixture oP, OP;
(beact ¢cm’t (be:pt (bcrit
Pure Kerosene 0.20 0.27 0.37 0.43
Kero/BLsgg /20 0.19 0.26 0.38 0.42
Kero/BL50/50 0.20 0.25 0.42 0.45
Pure Butyl Levulinate 0.22 0.40 0.50 0.56

The results obtained at the different operating points, i.e., OP; and OPj3, can be exploited
in different ways. One of them is to construct the operating limit maps as a function of the
temperature of the inlet temperature of reactants in the combustion chamber Tj (it could also
be a function of the pressure). We chose temperature because it is the variable that most affects
viscosity; Figure 5.19 shows an example of a kerosene operating limit map.
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Figure 5.19 Kerosene operating limit map.

From the values in Table 5.3, we constructed the operation maps for the different blend
Kero/BL, Figure 5.20. In these maps, we can identify for which combination of global equiva-
lence ratios ¢ and fresh gases temperatures T we would obtain (i) 7eomp = 1, nominal region,
(1) Neomp < 0.95, degraded region, and (i7i) where flame extinction would occur. Figure 5.20
shows that the critical and extinction equivalence ratios increase for all the mixtures when
the temperature of the fresh gases decreases. In addition, we can notice that the lower the
temperature of the fresh gases Tj, the shorter the degraded region, i.e., the difference between
Gerit and ¢..¢. This means the lower the temperature, the faster lean extinction will be reached
from the critical point.
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Figure 5.20 Operating limit maps of Kero/BL blends at OP; and OPj3 operating conditions.

To construct these operating limit maps, we only had two different temperature points, 258 K
and 293 K, which, when joined together, resulted in a line segment. It is important to know
that the lines used to join these points do not represent the actual values but rather is a visual
aid that allows us to distinguish the three different operating regions for the blends Kero/BL.

As we already know, viscosity is one of the fuel properties that impact combustion efficiency
and, therefore, the operating limits. Therefore, it is normal to ask about the relationship that
may exist between both the critical and extinction equivalence ratios (¢e¢ and ¢ey) with the
fuel viscosity in a given injection system.

To analyze the possible relationship between the critical equivalence ratio ¢..;; and viscosity v,
we have plotted ¢..; as a viscosity function (¢..w = f(v)), taking into consideration the results
obtained with Kero/BL blends at OP; and OP3. These results are shown in Figure 5.21. These
results suggest an undefined trend between viscosity and ¢..;. At OP; conditions, we can
see that, for pure kerosene, Kero/BLgg 2 and Kero/BLsg/50 we have practically the same value
of ¢..;;. However, at OP3 conditions, the data suggest that ¢..;; and v are directly proportional.

One of the most interesting results of this chapter corresponds to the analysis of the relation-
ship between the lean extinction equivalence ratio (¢er¢) and the viscosity (v) for the different
blends Kero/BL at OP; and OPj3 operating conditions. The results obtained are shown in
Figure 5.22; in this figure, we plotted ¢¢.; as a function of the viscosity (¢e.; = f(v)) for each
blend. These results show a linear relationship between viscosity and ¢.,; for each operating
condition. In addition to our results, we have included the results obtained by M. Clavel [7],
the ones connected by the black dashed line in the figure. During M. Clavel’s doctoral thesis,
she determined the extinction limits of pure kerosene in the same injection system that we used
at the four operating conditions shown in Table 5.1 and in Figure 5.6. From our comparison,
we can conclude that the lean extinction limits follow a linear trend with viscosity, whether the
viscosity is increased by temperature reduction effects or by the addition of viscous compounds
in the fuel.
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Figure 5.21 Critical equivalence ratio ¢..;; versus fuel viscosity.
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Figure 5.22 Extinction equivalence ratio ¢.,; versus fuel viscosity.

In Figure 5.22, we can see that the slopes of the straight lines of the blends Kero/BL are
similar for OP; and OPj3 conditions. However, the slope of the extinction limits when we
increase the viscosity by decreasing the temperature is markedly different (black dashed line,
which corresponds to the results from M. Clavel’s thesis). Our hypothesis to justify this result
is that the flame speed is different when viscosity increases due to temperature decrease than
when viscosity increases due to the addition of viscous compounds. The flame speed decreases
when the temperature decreases. A comparison between the flame speeds of the different blends
Kero/BL is proposed as a perspective to verify or reject this hypothesis.
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5.3.4 Pollutant Emissions

During the assessment of BL as a potential kerosene additive, we analyzed the burned gases
issues from the combustion of the different blends Kero/BL. This analysis focused on the pol-
lutants: carbon dioxide COs, carbon monoxide CO, and nitrogen oxides NO, (NO, = NO
+ NOg3). We focused on these three pollutants due to their significant environmental impact
[131, 132]. The pollutant analysis used the HORIBA PG-250 gas analyzer. Pollutants can be
analyzed only at OP; operating conditions; this is because the gas analyzer works with a suction
pump and under low-pressure conditions, such as OPj3, this equipment is not able to capture
the gases coming from the combustion chamber in the facility. The gas analyzer sampling rod
is placed in the sampling point of the combustion chamber located after the nozzle, allowing
the capture of gases coming from the combustion process.

As done for the combustion efficiency curve, the pollutant analysis is reported based on the
equivalence ratio of the blends Kero/BL. For each point of analysis, the measurement lasts
three minutes to calculate the mean and the standard deviation. Results are shown in Figure
5.23. These results are reported in dry milligrams per kWh.

Regarding COj results, Figure 5.23a shows that the lower the equivalence ratio (¢), the higher
are CO5 emissions. These results show that COy emissions of kerosene are reduced when BL
is added. CO emissions present a similar trend to the COy one, Figure 5.23b. CO trend can
be linked to the combustion efficiency (7eoms); in fact, when 1.,y = 1, the combustion is com-
plete and the chemical equilibrium is reached, meaning that the concentration of unburned
compounds such as CO is minimal. Near the lean extinction limit, CO emissions from pure
BL combustion are notably higher than the others, suggesting incomplete combustion that
fully agrees with the combustion efficiency results in Figure 5.18. In the degraded region and
near extinction, we visually noted local extinction and high flame instability in the combustion
chamber.

On the other hand, we have NO, emissions, which increase as the equivalence ratio (¢) increases,
Figure 5.23c. It is well known that NO, formation during the combustion process depends
quite a lot on the final temperature of the burned gases. The maximum production of NO,
is always found near to stoichiometric conditions (¢ ~ 1 because at these conditions, we have
the highest temperature of burned gases. Based on this, NO, emissions can also be linked to
the combustion efficiency results. In the degraded region (7eomp < 0.95), the temperature of
the burned gases is lower than the equilibrium temperature, and therefore the NO, production
is lower; however, in the nominal region (7eomp = 1) the temperature of the burned gases is
close to or equal to the equilibrium temperature and therefore the NO, production is higher.
From the results obtained, we can note that the highest production of NO, corresponds to pure
kerosene, followed by the Kero/BLgg/q0 blend.
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Figure 5.23 CO,, CO and NO, analysis for Kero/BL blends at OP; operating conditions.
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5.4 Local Analysis of Spray and Flame Structure

As we have seen in the previous section, viscosity, driven by temperature, plays an important
role in injection system performance and combustion efficiency. This macroscopic approach,
which assesses operating limits, can be complemented with a local assessment that studies the
atomization spray and flame structure; this complementary study will help us to understand
the phenomena that lead to a decrease in combustion efficiency and flame extinction. Thanks
to the four optical accesses of the combustion chamber, it is possible to implement optical di-
agnostics that allow us to study both atomization and flame structure during the combustion
chamber.

To complement our assessment of BL as a kerosene additive, we implemented the laser tomog-
raphy technique to study the atomization spray in the combustion chamber and the chemilu-
minescence technique to analyze the flame structure. These two techniques were applied to
the different blends Kero/BL already defined at OP; and OP3 operating conditions, except for
pure BL, which was not analyzed at OP3 conditions.

5.4.1 Spray Structure Analysis

The spray structure was studied by implementing the laser tomography technique. This tech-
nique allows the fuel droplets in the combustion chamber to be visualized. A dual-cavity
Nd:YLF laser, Darwin Dual Quantroniz, was used to illuminate the fuel flow at 5.0kHz fre-
quency and approximately 10mJ energy pulse at 527nm of wavelength. The laser beam is
transformed, via a combination of cylindrical and spherical lenses, into a plane that passes
through the longitudinal vertical median plane of the combustion chamber with a typical thick-
ness of 300 um. Therefore, only the fuel droplets in this plane are illuminated.

Images of light scattered by the fuel droplets are recorded by a high-speed camera, Photron
Fastcam SA1.2, at 5kHz into a 1024x1024 matrix of pixels. The units of pixels are then
transformed into units of length using a calibration grid. DaVis 10.2.0 software was used to
determine the relationship between pixels and millimeters from calibration images. The quality
of each instantaneous image taken during experiments is improved thanks to pre-processing,
which mainly involves removing background noise; in this way, we obtain only instantaneous
images corresponding to the spray.

The pre-processing is carried out over an instantaneous image taken at the instant ¢ represented
by I7&v (t,x,y), where x and y represent the positions of the pixels in the image. Remember
that each image is a 1024 x1024 matrix where each element represents the signal captured by
the camera. The background noise is generated from a set of images containing 10 instantaneous
images taken before instant ¢ and 10 images taken after instant . Thus, the background noise
is generated taking the minimum value of the set of images for each position (z,y) and is
represented by min;_jo<i<t+10{ 722, (¢, z,y)}. Finally, to get the instantaneous image of the
spray Iromo(t, z,y), we subtract the background noise from the instantaneous image. This pre-
processing works under the hypothesis that a drop of liquid lasts no more than 0.004 seconds in
the same position (z,y). Equation 5.26 is the mathematical representation of the pre-processing
process. A typical instantaneous image of spray is reported in Figure 5.24; in this figure, the
scale of the axes is adjusted so that the origin of the coordinated axes coincides with the

combustion chamber injector.
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Ironolt, 2.9) = I (t,2,y) = min  {I50 (1,7, 5)} (5.26)

The assessment of spray instantaneous images allows us to determine the quality of the atom-
ization; this also allows the analysis of the temporal evolution of the spray angle and thickness.
These temporal analyses allow us to determine the stability of the atomization process under
different operating conditions. Our main goal with local analysis is to understand which factors
lead to a decrease in combustion efficiency (7.mp) and a subsequent flame extinction. For this
reason, our local analysis of both spray and flame structure was carried out in both the nominal
region (where 7eomp = 1) and in the degraded region (where 7eomp < 0.95), in order to compare
and establish the main differences in both regions. The conditions at which the local analysis
was carried out are those marked with black stars in Figure 5.18. Spray analysis is based on a
set of 1000 instantaneous images taken under the different operating conditions for the different
blends Kero/BL.

20 1 20 1
10 1= ‘ 104-
€ €
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\
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(a) Instantaneous image. (b) Pre-processing image.

Figure 5.24 Spray instantaneous image of pure kerosene at OP; and ¢=0.51.

First, we performed a qualitative analysis of the spray spray. It consisted of calculating the mean
image of the spray (Iromo(t,z,y)) and its standard deviation 17, (¢, z,y). These images were
obtained from a set of 1000 instantaneous images taken under different operating conditions
for different blends of Kero/BL. These results are shown in Tables 5.4 -5.7. It is important to
highlight that the images for pure BL at OP; conditions and the images for OP3 were affected
by the accumulation of residues in the upper window of the combustion chamber. These
residues came mainly from the incomplete combustion of the different blends under unfavored
conditions. These residues, mainly accumulated in the first millimeters of the window, reduced
the power delivered by the laser to the fuel droplets at the exit of the injector. Thus, droplet

signals near the injector were captured with a lower light intensity.
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Table 5.4 Mean spray (I7omo(t, z,y)) results for Kero/BL blends at OP;.
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Table 5.5 Standard deviation I}, (t,x,y) results for Kero/BL blends at OP;.
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Table 5.6 Mean spray (I7omo(t, z,y)) results for Kero/BL blends at OPs.
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Table 5.7 Standard deviation I/, (¢, z,y) results for Kero/BL blends at OP;.
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From mean spray results, we can realize that for the OP; operating conditions, the blends pure
kerosene, Kero/BLgy 90 and Kero/BLsg/50 have a similar mean spray, which explains why their
critical and extinction points are so similar. On the other hand, at OP; conditions, we can see
that the results obtained for pure BL show a bigger fluctuation than the other blends, which
explains why its critical and extinction points are different from other blends. Regarding the
results at OP3 conditions, we can first say that the mean sprays are very different from those
obtained at OP; conditions. At OP3 conditions, we can note that the spray fluctuates more for
all the blends tested, whereas pure kerosene fluctuates the least. The standard deviation results
for OP3 conditions show that the quality of the atomization is lower than at OP; conditions
because, at OP3, we can see the presence of large droplets and ligaments of liquid.

The qualitative analysis suggests that at OP3 operating conditions, spray fluctuations are more
important. One way to verify these results is by analyzing the temporal evolution spray angle
(0) and thickness (0). To calculate the angle () and thickness(d), we proceed as follows: For
a given instantaneous image Ir,m.(t, z,y), we treated each droplet of liquid as a point in space
(z,y), and by curve-fitting, we defined the line equations that represent the upper-spray and
the lower-spray of the image. These equations of the line are in the form y = ax + 0. And
then, we calculate the angle between the two lines, corresponding to the angle of spray 6. The
thickness of the spray, 9, is defined as the perpendicular distance to the spray at which at least
80% of the spray droplets are contained. Figure 5.25 shows an example of spray angle and
thickness identification. The temporal evolution of the spray angle and the thickness at OP;
and OPj; operating conditions for the different blends Kero/BL mixtures are shown in Tables
5.8 = 5.11.

y [mm]

0 10 20 30 40 50
X [mm]

Figure 5.25 Angle and thickness detection pure kerosene spray instantaneous image at OP;
and ¢=0.51.
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Table 5.8 Spray angle 6 results for Kero/BL blends at OP;.
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Table 5.9 Spray angle 6 results for Kero/BL blends at OP3.
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Table

5.10 Spray thickness 0 results for Kero/BL blends at OP;.
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Table 5.11 Spray thickness 0 results for Kero/BL blend at OPj;.
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The temporal evolution spray angle and thickness results are summarized in Tables 5.12 —
5.15. In these tables, we present the mean values of these two parameters (5 and 5) and their
respective standard deviations. These results were plotted as a function of viscosity in Figure
5.26 to identify any possible trends.

Table 5.12 Spray angle 6 results at OP;.

OPl Tlcomb =1 Ncomb < 0.95
Blend 0] STD | STD% | 6 [ STD | STD %
Kerosene 81.60 5.90 7.23% 63.29 11.96 18.90%
Kero/BLSO/QO 74.17 5.99 7.54% 55.07 21.58 39.19%
Kero/BL50/50 77.72 5.34 6.87% 54.10 28.98 53.57%
Butyl Levulinate 77.05 10.06 13.06% 52.94 18.34 34.64%

Table 5.13 Spray angle 6 results at OPs3.

OP3 Tlcomb =1 Necomb < 0.95
Blend 0] STD | STD % | 0[] STD | STD %
Kerosene 83.59 26.36 | 31.53% | 61.19 18.93 | 30.94%
Kero/BLgo/20 75.27 37.29 | 49.54% | T72.21 15.80 | 21.88%
Kero/BLso/s0 71.05 39.36 | 55.40% | 60.08 20.22 | 33.66%

Table 5.14 Spray thickness ¢ results at OP;.

OPI Tlcomb =1 Necomb < 0.95
Blend 0 [mm] STD | STD % | & [mm] STD | STD %
Kerosene 2.94 0.55 18.71% 3.90 0.90 23.08 %
Kero/BLgg/20 3.64 0.63 17.31% 4.60 1.27 27.61 %
Kero/BLsg/50 3.63 0.63 17.35% 3.69 1.33 36.04 %
Butyl Levulinate 4.08 0.62 15.20% 5.94 1.26 21.21%

Table 5.15 Spray thickness ¢ results at OPj.

OP5 Tlcomb =1 Tlcomb < 0.95
Blend 0 [mm] STD | STD % | & [mm] STD | STD %
Kerosene 3.76 1.50 39.89% 4.65 1.43 30.75%
Kero/BLgo/20 417 1.67 | 40.05% 4.08 1.15 28.19%
Kero/BLso/50 4.42 1.70 38.46% 4.83 1.57 32.50%
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(b) Thickness versus viscosity.

Figure 5.26 Spray angle and thickness results summary.

In general, the results mean spray angle (f) and mean spray thickness (0) do not present any
clear tendency concerning the viscosity in the range that we investigated. For OP; operating
conditions, we can see that when we move from the nominal region (9omy = 1) to the degraded
region (Neomp < 0.95), the mean spray angle values decrease. However, the fluctuations become
more important for all blends. This means that the atomization spray becomes unstable close
to the flame extinction. On the other hand, at the same OP; operating conditions, the spray
thicknesses increase slightly, as do the fluctuations when we move from the nominal to the
degraded region. At OPj3 operating conditions, the average values of the angles are similar to
those of the OP; conditions. However, the fluctuations at OP3 conditions are considerably more
significant, up to 55% in the nominal region. At OPj3 conditions, the value of the mean angle
decreases, as do the oscillations when we move from the nominal region to the degraded region.
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This proves that an increase in viscosity (driven by a decrease in temperature) does not greatly
impact the mean value of the spray angle. However, it generates important fluctuations in the
atomization spray, which can be observed in the standard deviation values. If we compare the
results obtained for pure kerosene and the blend KeI’O/BLgo/QQ, we obtain basically the same
values for spray mean angle and mean thickness and their corresponding fluctuations.

5.4.2 Flame Structure Analysis

In this section, we seek to evaluate and compare the structure of the flame generated during the
combustion of the different blends of Kero/BL. This evaluation was carried out by implement-
ing a chemiluminescence analysis. Chemiluminescence in flames refers to the spontaneous light
emissions from excited species by an electronic exchange process. The generation of chemi-
luminescence mainly includes two reaction steps: 1) the formation of an excited radical from
parent species and 2) the spontaneous transition of excited-state radicals to its ground state
by the emission of one photon, this process is represented by Equations 5.27 and 5.28. It is
important to highlight that not all excited-state radicals can generate chemiluminescence [133].
Chemiluminescence can be used to measure flame structure, heat release rate, equivalence ratio,
concentration, and other variables during a combustion process [134].

A+ B — R" + others (5.27)

R* — R+ hv (phothon) (5.28)

The blue color in flames is mainly due to the chemiluminescence emitted by the excited rad-
icals OH* (309nm), CH* (431nm), C; (516 nm) and COj (350-600 nm), while the yellow and
orange colors in flames are mainly due to the black body radiation of the soot that is generated
and heating-up during combustion [135]. For hydrocarbon flames, the most important excited-
stated radicals are OH* and CH*. De Leo et al.[136] studied the OH* and CH* luminescence
in opposed flow methane oxy-flames. They conclude that these two excited radicals are formed
in the reaction zone, and their concentration peaks indicate the flame position. To study the
flame structure of the different blends Kero/BL via chemiluminescence, we used intensified
CCD camera PI-MAX 4 combined with the light filter SCHOTT BG12. This combination al-
lows an increase in the light signal emitted during combustion thanks to the camera intensifier
and mainly eliminates light emissions in the yellow and orange color spectrum, as shown in
Figure 5.27, thus reducing the radiation signal emitted by soot formation. This filter allows to
capture mainly the light signal emitted by CH* (431 nm) radicals and part of the signal emitted
by COj; (350-600 nm). The measurement of CH* radicals is used to identify the areas where the
combustion reaction occurs, which correspond to the areas where the energy release is greatest,
representing the flame structure in the combustion chamber.

In this section, we focus on a qualitative analysis of flame structure. This consists of determining
the mean structure of the reaction zone, i.e., the flame structure, in the combustion chamber
via CH* detection during the combustion of the different blends Kero/BL at OP; and OPjy
operating conditions. As we did in the Spray analysis, the mean image and the standard
deviation of the reaction zone were determined for the nominal region, where 7.,,p = 1, and
for the degraded region, where 7e,mp < 0.95. Flame structure was based on a set of 500 images
taken at a frequency of 1000 Hz. It should be noted that the pure BL was not analyzed under
OPj3 operating conditions. The results are shown in Tables 5.16 - 5.19.
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(b) Optical transmission of filler SCHOTT BG12 and BG25,
taken from [137].

Figure 5.27 Visible spectrum wavelength and optical transmission of filter SCHOTT BG12
and BG25.

The results obtained at OP; conditions show that the flame structure and fluctuations are
similar for the pure kerosene, Kero/BLgg/20, and Kero/BLsg,s50 blend. However, pure BL exhibits
a different flame structure and fluctuations than other blends in nominal and degraded regions.
On the other hand, at OP3 conditions, the flame structure and fluctuations are different for all
the blends Kero/BL analyzed. However, the blend Kero/BLgy/2 has a similar flame structure

and fluctuations to pure kerosene.
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Table 5.16 Chemiluminescence mean images at OP;.

Blends OoP,
Necomb =1 Necomb < 0.95
1.0 1.0
08 0.8
_ 0.6 _ 06
€ €
Kerosene 3 E
> 0.4 > 0.4
0.2 0.2
0.0 0.0
x [mm] x [mm]
1.0 1.0
0.8 0.8
_ 0.6 _ 0.6
Kero/BL g g
(80/20) > 0.4 > 0.4
0.2 0.2
0.0 0.0
x [mm] x [mm]
10 1.0
0.8 0.8
_ 0.6 _ 06
Kero/BL £ E
(50/50) > 0.4 > 0.4
0.2 0.2
0.0 0.0
x [mm] x [mm]
1.0 1.0
0.8 0.8
_ 06 _ 0.6
Butyl £ £
Levulinate > 0.4 > 0.4
0.2 0.2
0.0 0.0
x [mm] x [mm]
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Table 5.17 Chemiluminescence standard deviation images at OP;.

Blends OoP,
Tcomb = Tlcomb < 0.95
1.0 1.0
08 0.8
_ 0.6 _ 0.6
€ €
Kerosene 3 E
> 0.4 > 0.4
0.2 0.2
0.0 0.0
X [mm]
1.0 1.0
0.8 0.8
_ 0.6 _ 0.6
Kero/BL £ £
(80/20) > 0.4 > 0.4
0.2 0.2
0.0 0.0
x [mm] x [mm]
10 1.0
0.8 0.8
_ 0.6 _ 0.6
Kero/BL E E
(50/50) > 0.4 > 0.4
0.2 0.2
0.0 0.0
0 10 20 30 40 50 0 10 20 30 40 50
x [mm] x [mm]
1.0 1.0
0.8 0.8
_ 06 _ 0.6
Butyl E E
Levulinate > 0.4 > 0.4
0.2 0.2
0.0 0.0
x [mm] x [mm]
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Table 5.18 Chemiluminescence mean images at OPsj.

Blends OP;
Y
Tlcomb = 1 Tlcomb < 0.95
1.0 1.0
0.8 0.8
_ 0.6 _ 0.6
€ €
Kerosene £ £
> 0.4 > 0.4
0.2 0.2
0.0 0.0
X [mm] X [mm]
1.0 1.0
0.8 0.8
_ 0.6 _ 0.6
£ €
Kero/BL g E
(80/20) > 0.4 > 0.4
0.2 0.2
0.0 0.0
0 10 20 30 40 50
X [mm] X [mm]
1.0 1.0
0.8 0.8
— 0.6 _ 0.6
€ €
Kero/BL B E
(50/50) > 0.4 > 0.4
0.2 0.2
0.0 0.0
0 10 20 30 40 50
X [mm] X [mm]
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Table 5.19 Chemiluminescence standards deviation images at OPs5.

Blends OP;
Y
Tlcomb = 1 Tlcomb < 0.95
1.0 1.0
0.8 0.8
_ 0.6 _ 0.6
€ €
Kerosene £ £
> 0.4 > 0.4
0.2 0.2
0.0 0.0
X [mm] X [mm]
1.0 1.0
0.8 0.8
_ 0.6 _ 0.6
Kero/BL £ £
(80/20) > 0.4 > 0.4
0.2 0.2
0.0 0.0
0 10 20 30 40 50
X [mm] X [mm]
1.0 1.0
0.8 0.8
— 0.6 _ 0.6
Kero/BL E £
(50/50) > 0.4 > 0.4
0.2 0.2
0.0 0.0
0 10 20 30 40 50
X [mm] X [mm]
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5.5 Conclusions

The design and development of new SAF is a process that must consider various aspects of
the operability of aircraft engines. As we have already seen, an aircraft’s reignition process at
altitude differs from when it is done on the ground. Specifically, during the pull-away phase,
we have seen that the operating conditions in the combustion chamber (HP compressor) evolve
until idle conditions are reached. In order to evaluate the suitability of BL as a kerosene addi-
tive, we have studied the combustion process of different blends of kerosene and butyl levulinate
inside a combustion chamber that works with an injection system identical to those used in
aircraft gas turbines. Our study considered the real conditions to which kerosene is exposed
during the pull-away phase at altitude, i.e., low pressures and temperatures. Our main objec-
tive was to determine how adding BL affects kerosene’s operating limits and its combustion
efficiency.

Our evaluation began with the determination of the lower heating value (LHV), density, viscos-
ity, and surface tension of pure kerosene, a blend of 80% kerosene and 20% BL (Kero/BLgg/2),
another of 50% kerosene and 50% BL (Kero/BLsg/s0), and pure BL. Our results showed that
the LHV of kerosene is reduced by 9%, 21%, and 35% due to the addition of BL, respectively.
Regarding viscosity, there is a difference between pure kerosene and pure BL, and this difference
becomes more important at low temperatures. As expected, the blend of 80% kerosene and
20% BL (Kero/BLgy/20) is the most similar to kerosene in all physical properties.

We established a methodology that allows us to compare combustion efficiency at different
operating conditions, i.e., the inlet pressure and temperature, for different fuels based on the
pressure drop across a nozzle. In our work, we measure the combustion efficiency of the different
blends Kero/BL at OP; (293 K and 103 kPa) and OP3 (258 K and 54 kPa) operating conditions.
Our results showed that under OP; conditions, the operating limits, i.e., the value of the critical
equivalence ratio and the extinction limit, for pure kerosene, Kero/BLgy/20, and Kero/BLsg /50
blend, are very similar. Where the different results correspond to pure BL, on the other hand,
there is a marked difference at OP3 operating conditions for all the blends Kero/BL, being the
results obtained from blend Kero/BlLgg /20 similar to pure kerosene.

The data we obtained show that there is a linear relationship between the viscosity of the fuel
at a given operating condition and the lean extinction limit of fuel, i.e., the more the viscosity
of the fuel increases, the more its operability range is reduced. Thanks to the comparison we
made with the data obtained by M. Clavel related to the extinction limits of kerosene, we can
conclude that for a given injection system, the extinction limits, ¢.,;, have a linear relationship
with fuel viscosity. ¢..; increases if viscosity increases either by a decrease in temperature or due
to the replacement of the fuel by another with higher viscosity. Regarding pollutant emissions,
we see that adding BL to kerosene significantly reduces the NO, emissions and keeps more or
less constant CO emissions. Nevertheless, CO emissions coming from pure BL combustion are
considerably higher in the degraded region.
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The local analysis of spray and flame structure shows that at the OP; operating conditions,
pure kerosene and mixtures Kero/BLgg/20 and Kero/BLsg/50 have similar behavior in both the
nominal and degraded regions. Whereas at OP3 conditions, we can see that the fluctuations of
the atomization spray (angle) increase considerably, and the flame structure is different for each
blend Kero/BL. Given the method of analysis used to analyze the flame structure, we know
that there is a possibility that our measurements were affected by COJ} and soot noise signals.
For this reason, this study related to the flame structure can be considered preliminary for
subsequent implementation of planar laser-induced fluorescence over OH* radicals (PLIH-OH)
for a correct characterization of the flame structure.

Finally, based on all our measurements and analyses, we can conclude that adding butyl le-
vulinate up to 20%, in mass proportions, does not significantly affect the operating limits of
kerosene at the operating conditions studied. We present in Table 5.20 a comparison between
all the blends Kero/BL considered during the combustion assessment.

Table 5.20 Kero/BL blends comparison summary.

Properties ASTM! Kerosene Kero/BLg) Kero/BLs/s5 BL
LHV [MJ /kg] 13.2-42.9 15.3 2.1 37.2 20.2
Density [kg/m?| at 288K~ 840-775 789.3 824.5 880.9 977.9
Energy density [MJ/m?3|  36288-33248 35755 34711 32770 28555
Viscosity [mm?/s| at 253K~ Max 8.0 (2.2-1.3)? (2.8-1.5)2 (4.0-1.9)2 (7.3-3.0)?
Gerit -] at OPy - 0.27 0.26 0.25 0.40
berit |-] at OP; ; 0.43 0.42 0.45 0.56
dent |-] at OP, - 0.20 0.19 0.20 0.22
et || at OP; . 0.37 0.38 0.42 0.50
0 [°]® at OP, - 81.6£5.9 74.245.6 T7.7£5.3 77.0£10.0
0 [°]® at OP3 - 83.6£26.4 75.3+£37.3 71.0£39.4 -
§ [mm]® at OP, - 2.94+0.55 3.64+0.63 3.63+0.63 4.08+0.62
§ [mm]? at OP3 - 3.76£1.50 4.17+1.67 4.4241.70 -
0 °]* at OP, - 63.3+12.0 55.1+21.6 54.1£29.0 592.9+18.3
0 °]* at OP3 - 61.2+18.9 72.2+£15.8 60.1+20.2 -
§ [mm|* at OP, - 3.9040.90  4.60+1.27 3.69+1.33  5.9441.26
§ [mm]* at OP3 - 4.65£1.43 4.08+1.15 4.831+1.57 -

!Standard for jet A-1 fuel.

2These values correspond to the temperature range 258-293 K.
3Nominal region values, where coms = 1.

4Degraded region values, where 7comp < 1.
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Chapter 6

General Conclusions and Perspectives

Lignocellulosic biomass (LCB) is a renewable feedstock that can be transformed into various
high-value products, such as materials, fuels, and other high-value chemicals. In this work, we
have proposed a promising route for the complete valorization of this type of biomass, Figure
1.10, which shows how the main components of LCB (cellulose, hemicellulose, and lignin) can
be transformed into sustainable aviation fuels (SAF). Cellulose and hemicellulose can be used
to produce alkyl levulinates, which in turn are used to produce gamma-valerolactone (GVL),
which can then be used for the production of paraffin, olefins, and aromatic compounds. The
remaining component of LCB, lignin, is a source for the production of aromatic compounds.

Thus, thanks to this valorization route, we can produce the main components of kerosene:
olefins, paraffins, and aromatic compounds. Therefore, it would be possible to produce sus-
tainable aviation fuel from LCB capable of replacing conventional kerosene from fossil oil and
reduce greenhouse gas (GHG) emissions thanks to LCB’s life cycle. In addition, an advan-
tage of this valorization route lies in the production of gamma-valerolactone (GVL). GVL is
considered a high-value platform molecule due to its diverse applications; it can be used as
a solvent or additive and as a raw material. Therefore, this route not only covers the need
for a sustainable aviation fuel but also has the potential to meet other demands of modern so-
ciety, such as the production of other types of fuels (gasoline and diesel), solvents, polymers, etc.

The industrial-scale implementation of this valorization route is limited in the short term, first
due to the large number of transformation stages needed and the lack of information on some of
the transformation stages. Our work was focused on covering part of these limitations, mainly
two aspects, of which their conclusions and perspectives are presented below.

6.1 GVL Production from BL

The production of GVL from BL is a fundamental stage in the valorization route to transform
LCB into SAF. This transformation stage connects the LCB derivatives with the SAF pro-
duction process from GVL. Given the importance of the production of GVL from BL and the
different applications of GVL as a platform molecule, its production at an industrial scale is of
great importance from a social and environmental point of view.

The chemical reaction, described in Chapter 3, shows that GVL production via hydrogenation
of BL over Ru/C takes place in two steps. The first one is the hydrogenation step, and the
second is the cyclization step. Through the use of different calorimeter reactors, we measured
the energy that is released or absorbed in each of these steps. The energy released during
the hydrogenation step is AHpyq = —35.28 k.J/mol = 1.00 kJ/mol, and the energy absorbed
during the cyclization step is equal to AHcy = 6.34 kJ/mol £ 0.93 k.J/mol. This shows that
the hydrogenation step is an exothermic reaction while the cyclization step is an endothermic
reaction, where exothermic behavior dominates.
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In this part, our main objective was to develop an advanced kinetic model considering isother-
mal and non-isothermal operating conditions, i.e., isothermal, isoperibolic, and adiabatic con-
ditions. These types of models are capable of predicting the yield of the reaction as well
as the thermal risk linked to the reaction. According to our results, the Non-Competitive
Langmuir-Hinshelwood kinetic models are suitable to predict the evolution of GVL concentra-
tion and reaction temperature in heterogeneous systems. It should be noted that there were
no indications or evidence of decomposition reactions in the operating range tested during the
experiments carried out under adiabatic conditions, where the thermal risk is highest. The
development of this type of kinetic model, in both isothermal and non-isothermal conditions,
makes it possible to optimize reactant conversion and energy recovery and reduce the risk of
accidents due to thermal runaway.

We have assessed the thermal stability of the production of GVL in a continuous stirred tank re-
actor (CSTR). This assessment applied the Van-Heerden criterion, the steady state bifurcations,
the dynamic thermal stability criterion, and the parametric sensitivity analysis to determine
the safest conditions to perform this reaction in a CSTR. The results obtained showed that for
values of Ua > 1500 W/m?/K the risk of runaway due to thermal instabilities is minimized.
Finally, we can conclude that the production of GVL is possible from the hydrogenation of
BL over Ru/C, and the thermal risk linked to this reaction is moderate because the energy
released is relatively low and is also compensated by the endothermic effects of the cyclization
step-reaction. Therefore, the risk of runaway is quite low in a continuous reactor, even for
relatively small values of Ua.

6.1.1 Perspectives

In the valorization route of lignocellulosic biomass (LCB) into sustainable aviation fuels (SAF),
the next stage is to study the butenes production from gamma-valerolactone (GVL) and their
subsequent oligomerization to produce paraffin, olefins, and aromatic compounds. Some as-
pects that may help to complement the work we have done are presented below.

While estimating the kinetic parameters, we found that our estimation method, quadratic re-
gression based on Bayesian statistics and the quasi-newton algorithm, had problems estimating
the adsorption equilibrium constants of the different compounds. That is why we propose a
research focused on determining these equilibrium constants; this research can be based on
quantum mechanics or the application of machine learning.

Another interesting aspect is the influence of thermal modes, i.e., isothermal, isoperibolic, and
adiabatic experiments, in the estimated parameters. This means to address questions like:
What is the appropriate number of experiments to be carried out in isothermal and non-
isothermal conditions to have the optimal kinetic parameters? Is a kinetic model developed
only with adiabatic experiments as robust and accurate as one developed only with isoperibolic
experiments? etc.

Regarding the analysis of the thermal stability of a continuous stirrer-tank reactor (CSTR),
our work was limited to simulation results. An experimental validation of the results obtained
would help to strengthen the viability of the industrial implementation of this chemical reac-
tion. Thermal stability during the non-stationary period can also be studied, as well as the
study of thermal risk in tubular reactors.
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6.2 BL as Kerosene Additive

The short-term implementation of SAF production from LCB at an industrial scale is chal-
lenging due to the many transformation stages required. To achieve greenhouse gas (GHG)
reduction targets in the aviation sector, it is worth exploring the potential use as a kerosene
additive of different LCB derivatives. In our case, this exploration was focused on butyl levuli-
nate (BL), which is a derivative of LCB.

Our study consisted of the evaluation of BL: as a kerosene additive. Our goal was to determine
how adding BL affected the operating limits of kerosene during combustion. For these pur-
poses, we studied four blends: pure kerosene, 80% kerosene and 20% BL (Kero/BLgg/20), 50%
kerosene and 50% BL (Kero/BLsg/50), and pure BL. The combustion assessment of these four
blends was carried out in a combustion chamber capable of operating under low pressure and
low-temperature conditions. Similar to the combustion conditions of aircraft engines at high
altitudes during the pull-away phase.

Butyl levulinate has a lower heating value (LHV) that is 35% lower than kerosene. Adding
BL to kerosene reduces its lower heating value by 9% and 21% when 20% and 50% of butyl
levulinate are added, respectively. Another point to highlight is that BL. has a higher density
than kerosene; this compensates a little for its lower heating value. For example, in 1m? at
293 K, the energy content of kerosene, Kero/BLgg/20, Kero/BLsg/50 and pure BL are: 35559 M.J,
33969 MJ, 31292 MJ, and 28414 MJ, respectively. This represents a reduction 4%, 12% and 20%
for Kero/BLgg/20, Kero/BLsg,s0 and pure BL compare kerosene. In terms of viscosity, we could
see that there is a considerable difference between pure kerosene and pure BL, which becomes
considerably greater as the temperature decreases, but the blend Kero/BLgg/2 has similar val-
ues even at temperatures around 263 K.

Based on our methodology to calculate the combustion efficiency, at standard conditions of
pressure and temperature (OP;), the operating limits of pure kerosene, Kero/BLgy/o and
Kero/BLsg50 are very similar. However, under low pressure and low temperature (OP3) con-
ditions, we noted that the operating limits for the 4 blends Kero/BL are different, being the
closest one to kerosene the ones for the blend Kero/BLSO/QO. According to our results, for the
same operating point (pressure and temperature), there is a linear trend between the extinc-
tion limit and the fuel viscosity. This shows that viscosity, driven by temperature, plays an
important role in the operating limits of a gas turbine engine. Another important point to note
is that the addition of BL to kerosene decreases carbon dioxide (CO;) emissions and especially
nitrogen oxides (NO,) emissions.

From the local analysis, i.e., laser tomography and chemiluminescence, we obtained that atom-
ization spray and flame structure for kerosene and the blend Kero/BLgg o9 are similar. Never-
theless, the fluctuations in the angle of the atomization spray are more important for the blend
Kero/ BLgo/20 at low temperatures, reinforcing the conclusion that viscosity is the parameter
that most influence the combustion efficiency in a gas turbine.

Finally, we conclude that the blend Kero/BLgy/5 has physical and energy properties similar
to kerosene. The operating limits of this blend, even at OP3 operating conditions, are close to
those of pure kerosene. Based on our results, BL can be added up to 20% to kerosene without
drastically affecting its operating limits.
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6.2.1 Perspectives

According to our literature review, BL is the most promising intermediate compound as an
additive for kerosene in our valorization route. However, it does not guarantee that BL is the
only one with potential applications as a kerosene additive. Therefore, exploring other potential
additives obtained from lignocellulosic biomass (LCB) is an open question. The advantage is
that the HARTur facility can test other SAF.

The perspectives are to study the operating limits of the blends Kero/BL at the missing oper-
ating conditions in HARTur facility, i.e., at OPy and OP,, to determine the operating limits at
these conditions, and to verify if the linear trend between fuel viscosity and extinction limits
is maintained. And also to analyze the behavior of the flame rate when the viscosity increases
due to a decrease in temperature versus an increase in viscosity due to the addition of viscous
compounds.

When temperature decreases, spray instabilities increase. Such types of instabilities may influ-
ence the behavior of the flow inside the combustion chamber. An analysis of the combustion
chamber’s flow may help us better understand why operating limits are reduced at low tem-
peratures. Thus, we suggest a PIV (Particle Image Velocimetry) analysis to characterize the
flow inside the combustion chamber for the different blends of Kero/BL at low-temperature
conditions.

Another perspective is implementing PLIF-OH (planar laser-induced fluorescence on OH* rad-
icals) to characterize the flame structure. Since the technique we implemented is limited and
there is a possibility that our results have been interfered with CO5 emissions.

Our study assessed the operating limits during the pull-away phase at low pressures and tem-
peratures. However, after the pull-away phase, the thrust generation by burning fuel will
change the operating conditions in the combustion chamber. The operating conditions be-
come high pressures and temperatures; therefore, an experimental study of the combustion
process of blends Kero/BL would be the ideal complement to determine the potential use of
blends Kero/BL in current aircraft engines. This type of study can be performed in the Heron
(High-pressure facility for aero-engines combustion) facility at the CORIA research unit [138].
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Appendix A
Appendix: Complementary Results

A.1 Kinetic Modeling Results

Kinetic constants for hydrogenation rate are on dry catalyst basis.

A.1.1 Eley-Rideal Model with no hydrogen adsorption (ER1)

Table A.1 Estimated values at T,.;=398.15 K with statistical data for ER1.

Parameter Units | Value | HPD | HPD %
In(knya(Trep)) | m3/kg/s | 1.86 | 0.0248 1.33
m(keye(Tres)) | 1/s | -10.20 | 0.0300 | 0.29
Eanga/R/Tyey | J/mol | 7.91 | 0.8350 | 10.55
Baoye/R/Tyey | Jjmol | 7.0 | 0.6094 | 7.1

(Kpy) | m®/mol | 0.011 | - -
In(Kppp) m3/mol | 8.24 - -

Table A.2 Normalized parameter covariance matrix for ER1.

In(knya(Trer)) n(keye(Trer)) Eanya/R/Trep Eacye/R[Tres
In(knya(Trer)) 1
0 (Eeye(Thes)) -0.005 1
Eahyd/R/Tref -0.204 -0.034 1
EaCyC/R/Tref -0.031 -0.671 -0.081 1

A.1.2 Langmuir-Hinshelwood Model with hydrogen adsorption (LH1)

Table A.3 Estimated values at T,.;=398.15 K with statistical data for LHI.

Parameter Units | Value | HPD | HPD %
In(kpya(Trer)) | mol/kg/s | 8.79 | 0.0312 0.36
In(Keye(Trer)) 1/s -10.20 [ 0.0290 |  0.28
Eapya/R/Trep | J/mol 8.69 | 1.0100 11.59
Eaeye/R/Tvey | J/mol 870 |0.5910 | 6.79
IH(KBL) m3/mol -0.784 - -
In(Kp,) m3 /mol 3.59 - -
In(Kpgp) m3 /mol 5.20 - -
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Table A.4 Normalized parameter covariance matrix for LHI.

In(knya(Trez)) In(keye(Trer)) Eanya/R/Tre; Eacye/ R/ Trey

In(knya(Tres)) 1

I (keye(Tres)) -0.068 1

Eanya)R/Tres -0.222 -0.016 1

Eaeye/R/Tre 0.008 -0.663 -0.131 1

A.1.3 Langmuir-Hinshelwood Model with hydrogen adsorption and
dissociation (LH2)

Table A.5 Estimated values at T,.;=398.15 K with statistical data for LH2.
Parameter Units | Value | HPD | HPD %
In(knya(Tref)) | mol/kg/s | 10.00 | 0.0312 0.31
I (keye(Trer)) 1/s -10.20 | 0.0290 | 0.28
Eanya/R/Ter | Jjmol | 868 | 1.0100 | 11.59
Eacye/R/Tyey | J/mol | 870 | 05912 | 6.80

In(Kpr) m?/mol | -3.88 - -
In(Kpg,) m3/mol | 3.48 - -
ln(KBHP) m3/mol 1.87 - -
In(K;) - 466 | - -
Table A.6 Normalized parameter covariance matrix for LH2.
In(knya(Trer)) W(keye(Trer)) Eanya/R/Tres Eacye/R/Trey

In(kpya(Tres)) 1

0 (Keye(They)) -0.068 1

Eapya)R/Tres -0.222 -0.016 1

Eacye/R/ T,y 0.008 -0.663 -0.131 1

A.1.4 Non-Competitive Langmuir-Hinshelwood Model with hydro-
gen adsorption (NCLH1)

Table A.7 Estimated values at T,.;=398.15 K with statistical data for NCLHI.

Parameter Units | Value | HPD | HPD %
In(knya(Trer)) | mol/kg/s | 5.34 | 0.1160 2.17
In(keye(Trer)) 1/s -10.20 [ 0.0289 | 0.28
Eapyg/R/T.c; | J/mol 9.25 [0.7330 | 7.92
Eacy/R/Tye; | J/mol 8.09 | 0.5885 7.27

In(Kpp) m3/mol | 0.011 - -
In(Ky,) m?/mol | -2.91 | 0.2600 8.93
IH(KBHP) m?’/mol 7.96 - -
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Table A.8 Normalized parameter covariance matrix for NCLH1.

In(knya(Trer)) n(keye(Tres)) Eanya/R/Tres Eacye/R/Trey In(Km,)
In(knya(Trer)) 1
I (keye(Trey)) 0.070 1
Eahyd/R/Tref -0.163 -0.047 1
Eacye/R/Trey -0.086 -0.671 -0.059 1
In(Kp,) -0.981 -0.071 0.123 0.081 1

A.1.5 Non-Competitive Langmuir-Hinshelwood Model with hydro-
gen adsorption and dissociation (NCLH2)

Table A.9 Estimated values at T,.;=398.15 K with statistical data for NCLH2.

Parameter Units | Value | HPD | HPD %
n(knga(Tyes)) | mol/kg/s | 4.56 | 0.0263 | 0.58
1 (Feye(Tres ) 1/s | -10.40 | 0.0327 | 0.31
Eapyq/R/Tyey | J/mol 4.09 |0.8290 | 20.27
Facye/R/Tyey | J/mol | 12.6 | 0.6377 | 5.08

In(Kpr) m?/mol | -1.09 - -
In(Ky,) m?/mol | 5.00 - -
ln(KBHP) m3/m0l 8.64 - -
In(K;) - 2.02 - -

Table A.10 Normalized parameter covariance matrix for NCLH2.

In(knya(Tres)) In(keye(Trer)) Fanya/R/Tres  Eacye/R/Trey
In(knya(Trer)) 1
I (keye(Tres)) -0.079 1
Eanya/R/Tres -0.136 -0.041 1
Baeye/R/Trey | -0.015 0577 10.149
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A.2 Physical Properties Results

A.2.1 Lower Heating Value (LHYV)

Table A.11 Blends kerosene/BL: Lower heating values.

Xiero XL | Xitere Xpi | LHVery [MJ/kg] STD | LHV pizrue [MJ/kg]
0.00 1.00 [ 0.00 1.00 29.2 0.2 29.2
0.50 0.50 | 0.46  0.54 35.7 0.5 36.5
0.80 0.20| 0.77 0.23 41.4 0.6 11.6
1.00  0.00 | 1.00  0.00 45.3 0.3 45.3

A.2.2 Density

Table A.12 Blends kerosene/BL: Density at low temperatures.

Density [kg/m3]
T [K] | Pure BL Kero/BLs/50 Kero/BLsg/20 Kerosene
Exp Val | Exp Val | Mix Rule | Exp Val | Mix Rule | Exp Val
263 999.6 897.6 902.5 836.9 844.3 805.5
268 995.4 897.7 900.1 840.3 842.9 804.8
273 991.2 893.4 895.9 836.3 838.7 800.6
278 986.9 889.3 891.9 832.4 834.9 796.9
283 982.4 885.1 887.8 828.5 831.0 793.2
288 977.9 880.9 883.6 824.5 827.0 789.3
293 973.0 876.8 879.3 820.6 823.2 785.7

A.2.3 Dynamic Viscosity
Table A.13 Blends kerosene/BL: Dynamic viscosity at low temperatures.
Dynamic Viscosity [Pa:s]
T [K] | Pure BL Kero/BLs50 Kero/BLgy,2 Kerosene
Exp Val Exp Val Mix Rule Exp Val Mix Rule Exp Val
263 | 7.284x107% | 3.621x107° | 3.615x1073 | 2.298x107?% | 2.374x1072 | 1.794x 1073
268 | 5.993x1073 | 3.152x 1073 | 3.158x1073 | 2.099x 1073 | 2.151x1072 | 1.665x 1073
273 | 5.096x1073 | 2.681x1073 | 2.763x1073 | 1.831x1073 | 1.913x1072 | 1.498x 1073
278 | 4.351x1073 | 2.366x1073 | 2.432x1073 | 1.646x1073 | 1.716x1072 | 1.360x 1073
283 | 3.762x1073 | 2.098x1073 | 2.160x1073 | 1.488x1073 | 1.548x1073 | 1.240x 1073
288 | 3.291x107% | 1.877x107® | 1.938x1073 | 1.351x107% | 1.410x1072 | 1.141x1073
203 | 2.907x1073 | 1.693x1073 | 1.748x1073 | 1.234x 1073 | 1.288x1072 | 1.051x 1073
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A.2.4 Kinematic Viscosity

Table A.14 Blends kerosene/BL: Kinematic viscosity at low temperatures.

Kinematic Viscosity [m?/s]
T [K] | Pure BL Kero/BLs,50 Kero/BLgy,2 Kerosene
Exp Val Exp Val Mix Rule Exp Val Mix Rule Exp Val
263 7.288x107% | 4.042x107% | 4.030x107° | 2.756x107° | 2.824x107° | 2.228x107°
268 6.021x107% | 3.511x107% | 3.529%x107°% | 2.498x1076 | 2.561x107% | 2.068x10~°
273 5.141x1076 | 3.001x107% | 3.101x107% | 2.189x107% | 2.290x1076 | 1.871x107°
278 | 4.409x1075 | 2.661x107¢ | 2.743x107° | 1.978x107¢ | 2.063x107° | 1.706x10°
283 3.830x107% | 2.370x107° | 2.447x107°¢ | 1.796x107% | 1.870x107% | 1.564x10°°
288 3.365x107% | 2.003x107% | 2.205x107°¢ | 1.638x1076 | 1.712x107% | 1.445x1076
293 2.986x1076 | 1.931x107% | 1.999%x107°% | 1.504x107% | 1.571x107% | 1.338x107°
A.2.5 Surface Tension

Table A.15 Blends kerosene/BL: Surface tension at low temperatures.

T [K] Surface Tension [N/m]
Pure BL | Kero/BLj;/5 | Kero/BLgy/5 | Kerosene
273 0.0316 0.0318 0.0292 0.0272
278 0.0317 0.0317 0.0302 0.0269
283 0.0317 0.0312 0.0288 0.0266
288 0.0315 0.0310 0.0296 0.0263
293 0.0312 0.0305 0.0293 0.0260
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ARTICLE INFO ABSTRACT
Keywords: The production of platform molecules from the valorization of lignocellulosic biomass is increasing. Among these
y-valerolactone plateform molecules, y-valerolactone (GVL) is a promising one and could be used for different industrial ap-

Kinetic modeling
Bayesian statistics
Cross-validation
Levulinic acid

plications. This molecule is synthesized from levulinic acid (LA) or alkyl levulinates (AL) through a tandem
hydrogenation/cyclization (lactonization) cascade. A lot of investigations have been carried out to develop the
best catalyst for the hydrogenation step by using solely LA or AL. However, one should keep in mind that in the
AL production via fructose alcoholysis, there is also LA production, and both are present in the product mixture
during the further conversion. To the best of our knowledge, no article exists describing the hydrogenation of LA
and AL simultaneously in one-pot. Also, the literature reporting the use of solid catalyst for the second cyclization
step is rare. To fill this gap, the hydrogenation of levulinic acid and butyl levulinate (BL) was studied over Ru/C
and Amberlite IR-120. Several kinetic models were evaluated via Bayesian inference and K-fold approach. The
kinetic assessment showed that a non-competitive Langmuir-Hinshelwood with no dissociation of hydrogen
where LA, BL and H; are adsorbed on different sites (NCLH1.2) and non-competitive Langmuir-Hinshelwood
with dissociation of hydrogen where LA, BL and H; are adsorbed on different sites (NCLH2.2) are the best model
to describe this system. The presence of LA and Amberlite IR-120 allows to increase the kinetics of cyclization
steps, and in fine to accelerate the production of GVL.

valorization of LCB [5-7] such as 1,4-diacid, 5-HMF and 2,5-FDCA, 3-
HPA, aspartic acid, glutamic acid, glucaric acid, itaconic acid, sorbitol,

1. Introduction ABE or levulinic acid.
Research interest at the academy and industrial levels for the utili-
The valorization of biomass to chemicals, fuels, or materials is zation of levulinic acid platform chemicals is increasing. Levulinic acid
essential to decrease the use of fossil raw materials, reduce CO, emis- (LA) or alkyl levulinate (AL) are produced from the solvolysis or alco-
sion, and favor circular economies [1,2]. To make biorefineries efficient holysis of cellulose-hemicellulose [8,9]. The market for these molecules
in production and energy consumption, knowledge ok kinetics, catal- (LA or AL) is growing [10,11] due to the versatile use and valorization of
ysis, and thermodynamics is vital [3]. Currently, academia and the these molecules in different industrial sectors.
private sectors are focusing their efforts on the valorization of ligno- The hydrogenation of LA or AL leads to the production of y-valer-
cellulosic biomass (LCB) to avoid the dilemma of “food versus fuels” [4]. olactone (GVL), also considered as a platform molecule [12-14]. GVL is

There are several platform molecules that can be derived from the

* Corresponding author.
E-mail address: sebastien.leveneur@insa-rouen.fr (S. Leveneur).
! These authors contributed equally to the work.
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Notation

Ea; activation energy of reaction i [J .mol™1]
f(9) estimated concentration

He Henry’s coefficient [mol.m3.bar 1]

k; rate constant of reaction i

Ki adsorption rate of specie i

ki.a volumetric mass transfer coefficient [s~!]
P pressure [bar]

R; reaction rate i [mol.m’s.s’l]

R gas constant [J K Lmol™]

S(0) objective funtion

T temperature [K]

[0(0) | determinant of the covariance matrix of responses
Y; experimental concentration of specie i

Greek letters

C) catalyst active sites
0; active sites occupied by specie i
Ocat. catalyst loading [kg.m 3]

Subscripts and superscripts
Ref reference
* interfacial value

BHP Butyl 4-hydroxypentanoate

ER Eley-Rideal kinetic model without hydrogen adsorption
GC Gas chromatography
GVL y-valerolactone

HPA 4-hydroxypentanoic acid
HDP Highest Posterior Density

LA Levulinic acid

LCB Lignocellulosic biomass

LH1 Langmuir-Hinshelwood kinetic model without hydrogen
dissociation

LH2 Langmuir-Hinshelwood kinetic model with hydrogen
dissociation

NCLH1.1 Non-competitive Langmuir-Hinshelwood kinetic model
without hydrogen dissociation, where BL and LA are in
competitive adsorption on the same site but not hydrogen

NCLH1.2 Non-competitive Langmuir-Hinshelwood kinetic model
without hydrogen dissociation, where BL, LA and
hydrogen are adsorbed on different sites

NCLH2.1 Non-competitive Langmuir-Hinshelwood kinetic model
with hydrogen dissociation, where BL and LA are in
competitive adsorption on the same site but not hydrogen

NCLH2.2 Non-competitive Langmuir-Hinshelwood kinetic model
with hydrogen dissociation, where BL, LA and hydrogen
are adsorbed on different sites

Abbreviations ODEs Ordinary differential equation system
AIC Akaike information criterion ROH Co-product of the ciclyzation step(water or butanol)
AL Alkyl levulinate Ru/C Ruthenium on activated carbon
Amb Amberlite IR-120 SSR Sum of squared residuals
BL Butyl levulinate
lization st
Q Reduction step OH C(%;Ccto‘lavigatizr%p ?
)W OR > (0]

o
R = H: levulinic acid (LA)

R = alkyl: alkyl levulinate (AL)
R = n-butyl: butyl levulinate (BL)

S on

R = H: 4-hydroxypentanoic acid (HPA)

o

y-valerolactone (GVL)

R = n-butyl: butyl 4-hydroxypentanoate (BHP)

Fig. 1. Hydrogenation of LA or AL to GVL over Ru/C.

regarded as an excellent green aprotic polar solvent [15-18] due to its
low vapor pressure and high flash point [14,19,20]. GVL is stable,
renewable and non-toxic [21]. This platform molecule can be used as an
intermediate in the production of many value-added chemicals [1].
From an energetic viewpoint, GVL is a good intermediate for bio-jet fuel
production via its decomposition into butene [22,23].

There are several routes for the production of GVL [24,25]; among
those involving the hydrogenation of AL or LA, one can distinguish:

-use of molecular hydrogen [26-38];

-in situ decomposition of formic acid into hydrogen [39-47];

-the Meerwein — Ponndorf — Verley reaction, i.e., the use of alcohols
for catalytic transfer hydrogenation [48-50].

Hence, one can notice that the literature concerning the production
of GVL from the hydrogenation of AL or LA is quite vast. Researchers
have put a lot of effort into developong catalysts, evaluating reaction
pathway, and using different feedstock.

The most common method for the production of GVL is the hydro-
genation of AL or LA with molecular hydrogen over Ru/C, since it
provides the best atom economy. This reaction comprises of two steps

[38] (Fig. 1) : the hydrogenation of the substrate to obtain an interme-
diate, and the cyclization of the intermediate to GVL. During the first
step, the carbonyl group of AL or LA is hydrogenated. During the second
step, the hydroxyl group of the intermediate reacts with the ester group
leading to a cyclization.

One should remember that the alcoholysis of fructose leads to LA and
the corresponding AL [51]. Thus, in the case of GVL production from
fructose via alcoholysis and consecutive hydrogenation, LA is also pre-
sent in this chemical system. Piskun et al. [38] observed that protons
from LA dissociation can catalyze the cyclization step. Thus, it could be
beneficial for the production of GVL to start from the products of fruc-
tose alcoholysis, namely the presence of LA and AL.

Highly concentrated LA solutions present a corrosion risk, which is
why, the use of AL has gained interest, but its reactivity is lower
compared to LA. A good compromise could be to use a mixture of both
reactants. Methyl, ethyl and n-butyl levulinates are the three most
studied AL. A thermal risk assessment of AL hydrogenation [36] showed
that the risk of thermal runaway for the hydrogenation of methyl lev-
ulinate is higher than for butyl levulinate (BL), and the use of butanol for
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Table 1
Experimental matrix for the kinetic study of the reaction scheme shown in Fig. 1.
Run  Pressure Temp K  mcat Ru kg (50% weight mcat_Ambkg mOGVLkg mOBLkg mOLAkg  BLoymol/ GVLomol/ LAomol/
bar moisture) (dried) m® m® m®

1 20.6 404.15 0.0005 0 0.083 0.027 0.015 1272 7703 1105
2 20 403.15 0.0005 0 0.083 0.042 0 1912 6311 0
3 20.6 404.15 0.0005 0 0.083 0.027 0.015 1249 6606 1029
4 22 383.15 0.0005 0 0.083 0.027 0.015 1249 6606 1029
5 10.9 403.15 0.0005 0 0.083 0.027 0.015 1351 7169 1029
6 21.5 402.15 0.0005 0 0.083 0.022 0.02 1055 6831 1372
7 21.4 374.15 0.0005 0 0.083 0.027 0.015 1450 6606 1300
8 21.6 373.15 0.001 0 0.083 0.027 0.015 1313 6841 1077
9 21.7 383.15 0.0015 0 0.083 0.022 0.02 879 5950 719
10 21.3 385.15 0.0015 0.010479 0.083 0.022 0.02 1093 6819 1390
11 9.7 375.15 0.0012 0.010 0.083 0.022 0.025 1117 6769 1597
12 9.5 414.15 0.0010 0.000 0.083 0.027 0.010 1415 7431 582
13 10.5 391.15 0.0012 0.010 0.083 0.022 0.025 1058 6586 1707
14 15.4 394.15 0.0012 0.006 0.083 0.03 0.015 1337 6515 1154

Ri. Rz Pressure regulator

V1. Vo, V3. V4. Vs : Gas valve

Ve : Water valve

Gas outlet

P : Pressure sensor
T : Temperature sensor

P V)

H2 Storage

: 4
i

Ri

Sampling
point

Autoclave

Fig. 2. Experimental setup of the autoclave.

the alcoholysis of carbohydrates into BL is a promising route [52].

The choice of solvent is also important. A previous study showed that
the solubility of hydrogen is higher in GVL solvent [28]. Besides, the
hydrogenation of BL in GVL solvent allows to work at higher tempera-
ture due to the high vapor pressure of the different chemicals [52].

For that reason, the current study focuses on:

1) the hydrogenation of LA and BL reactants into GVL.

2) the use of cation exchange resins under H form to catalyze the
cyclization reaction. The cyclization step has been shown to be slower
for alkyl levulinates than for LA [38]. The use of such acid resin catalyst
can significantly increase the reaction kinetics. To the best of our
knowledge, there are few studies in this field [53,54]. In the first study,
Moreno-Marrodan and Barbaro [53] demonstrated that the use of het-
erogeneous catalyst based on sulfonated cation exchange resin and
embedded Ru nanoparticles leads to the complete conversion of LA to
GVL with remarkable selectivity at low temperatures and Hj pressure, as
well as excellent catalyst durability and no need for additives.The sec-
ond study [54] analysed the hydrogenation of LA to GVL catalysed by a
commercial Ru supported catalyst in combination with Amberlyst A70,
showing a high selectivity to GVL also at mild processing conditions.

This article aims to assess different plausible kinetic models for the
hydrogenation of BL and LA synergically catalyzed by Ru/C and
Amberlite IR-120 via Bayesian inference. The Bayesian approach to
developing a kinetic model for catalytic systems has become increas-
ingly popular [55-59].

Traditionally, kinetic models are evaluated mainly by the fit to
experimental data and the coefficient of determination. Some re-
searchers incorporate in the assessment: the residual analysis, the

credible intervals of the estimated parameters, the number of parame-
ters via the Akaike information criterion (AIC) [60] and the correlation
matrix. All these analyses are done solely on the training dataset, and
few studies use a validation dataset to evaluate prediction quality of the
kinetic model. The validation stage is rarely done because some exper-
imental data are not used in the regression stage, so the model accuracy
is lower. To overcome this issue, cross-validation, and more particularly
the K-fold approach, is used in this investigation [61]. Cross-validation
is also a way to determine the best model.

2. Materials and methods
2.1. Chemicals

Chemicals used in this work, without further purification, are
described in this section. Hydrogen gas (Hy purity > 99.999 vol%) from
Linde. n-Butyl levulinate (BL purity = 98 wt%), CAS: 2052-15-5, was
purchased from Alfa-Aesar. Levulinic acid (LA purity > 98 wt%), CAS:
123-76-2, was purchased from Acros Organics. y-Valerolactone (GVL
purity > 99 wt%), CAS: 108-29- 2, was purchased from Sigma Aldrich.
Acetone (analytical grade), CAS: 67-64-1, was bought from VWR.
Ruthenium, 5% on activated carbon powder, reduced, nominally 50%
water, CAS: 7440-18-8, was purchased from Alfa-Aesar. Amberlite
IR120, H-Form, ion-exchange resin, CAS: 78922-04-0, was purchased
from Acros Organics.
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Table 2
Rate expression for the hydrogenation steps.
MODELS Rate expression for BL, Rpy,ryd Rate expression for LA, Ria myd
(LH1) k1 *[H]*[BL]*wcat k1 *[Ha|*[LA]*0ca.
Kz *[Ha) + K, *[BL) + Kppp*[BHP] \ > Kio*[Ha) + K, *[BL] + Kppp*[BHP] \ >
+Kia*[LA] + Kppa *[HPA] + 1 +Kya*[LA] + Kypa *[HPA] + 1

(LH2) ki *[Ha]*[BL]*wcat. ky *[Ha]*[LA]*0ca.

(KH*\/@ + Ky *[BL] + Kprp*[BHP] + Ki*[BL]*/[Ha] ) ’ ( V/Kiu*[Hz] + Kpy*[BL] + Koo *[BHP] + Ki*[BL]*/[Ho] ) ’

+Kia*[LA] + Kiipa*[HPA] + Ko *[LAJ*/[Ho] +1 +K1a*[LA] + Kipa [HPA] + Ko *[LAJ*/[Fo] +1

(ER1) k1 *[Ha]*[BL]*®cat. k1 *[Ha]*[LA]* 0car

(KB,_ *[BL] + Kppp*[BHP] + K14 *[LA] ) ( K, *[BL] + Kpup* [BHP) )

+HPA*[HPA] + 1 +Kia*[LA] + HPA*[HPA] + 1

(NCLH1.1) ki*[Ho] BL*0ca ki*[Hs] LA 0ca

(1 +Ku2*[Ha]) ( 1+ Kpup*[BHP) + Kp,*[BL| (1 +Km*[Ha]) 1+ Kpup*[BHP] + Kp;*(BL)

+Kppa *[HPA] + K14 *[LA] +Kppa *[HPA] + Ko *[LA]

(NCLH1.2) ki*[Hy] [BL]*wcar. ki*[Ha] [LA]*wcar

(1 +Ku2*[Hz2]) (1 + Kpup*[BHP] + Kpr, *[BL] ) (1 +Km2*[Ha]) (1 + Kppa *[HPA] + K14 *[LA] )
(NCLH2.1) ki*[Ha] [BL]*ocar. ki*[Ha] [LA]*wcar.

Ky*\/[Ha] + 1 (KBL,[BL] + Kc.+/[Hy) .[BL). + Kgpp.[BHP] + Kpa.[LA] ) VEu*Ha] + 1 (KBL.[BL] + Kc.\/[Ha)| .[BL]. + Kppp.[BHP)] + Kya.[LA] )

+K¢2.\/[H2) .[LA] + Kppan [HPA] + 1 +Kc2.v/[Ha2] [LA] + Kppan .[HPA] + 1

(NCLH2.2) ki*[Ha] [BL]*wcat ki*[Ha] [LA]*0car

Ki*\/[H2] + 1 Ky [BL] + Ke/[F2] BL]. + Ko [BHP] + 1) VR Ho] +1 (Kia[LA] +Kez- /[Fa] [LA] + K [HPA] +1)

2.2. Analytical methods

Table 4
For the quantitative analysis of the samples, gas chromatography Estimated Values at T, = 392.72 K and statistical Data for NCLH1.2.
coupled with flame ionization detection technique was used. The Parameters Units Estimates HPD%
equipmer?t (GC) used is from supplieri Scion Instrun.aents, equippe('i with Parl kg pya(Try) m®mol s, kg dry 311E-06 14.57
a GC capillary column ZB-5, a versatile, low polarity column. This col- basis RuC ™
umn is composed of 95% of dimethylpolysiloxane and 5% of phenyl Par2  Eap nya J.mol ! 3.62E + 04  7.43
groups. The column has 30 m of length, 0.32 mm of diameter and 0.25 Par3  Ku. m®.mol ! 7.36E-04 >100%
pm of film internal coating. Par4  Kpy m® mol 9.14E-04 29.02
Helium (99.99%) was used as the carrier gas at a constant flow rate Par5 Kpupr m®.mol ! Fixed to -
of 1.2 mL.min-1 to transfer the sample from the injector, through the pars K e dre basis Amb-! ie;‘;E o 091
. s ar T, s . asis Am . - .
column, and into the FID-detector. The temperature of the injector and st amp (Trer) lgI v q
Par7 : J.mol~ Fixed t -
the detector were set at 250 °C. The oven temperature ramp was set to a Edprip_car_amp mo Z:;z ©
. .1 . . .
50°C(1 mm.) - 20 °.C min~ " - 200 °(.2 (.1 m.m). Samples were diluted in Par8 Koo noncar (Taer) 51 5.78F-05 30.35
ace.tone .and injected into the GC. The injection volume was 1 pL, and the Par9  Edmp noncar Jmol ! 8.67E+ 04  32.38
split ratio was 20:1. Parl0  kpa_nya(Tref) m3mol 15! kg dry 8.08E-06 12.03
basis RuC™!
1
2.3. Kinetic experiments Parll Eaa_pyd J.mol 4.65E + 04 6.47
Parl2  Kian m>.mol ! 1.75E-03 15.80
3 -1 .
To develop kinetic models for GVL synthesis from the hydrogenation Parl3  Kupar m*.mol ::;zd to -
of n- BL with LA, a total of 14 experiments were carried out varying the Parld K, . oo (Tag) 5L kgdry basis Amb! 4.84E-04 49.37
initial operating conditions such as pressure, temperature, initial con- . 4 .
X . Parl5  Eayps oo amp J.mol Fixed to -
centrations of the reactants, and catalyst loadings (Table 1). GVL was - zero
used as a solvent. Experiments carried out with Amberlite IR 120 were Parl6  kupa_noncar(Tref) s 1.12E-06 >100%
done at a reaction temperature lower than 120 °C to avoid the leaching Parl7  Eawpa_noncat J.mol ! 4.22E + 05  23.87
of sulfonic groups. Parl8  Kpup-sosn m>.mol ! Fixed to -
The autoclave (stirred tank reactor) used for these experiments is a Zero
. . : . Parl9  Kupa_sosu m3.mol ! Fixed to -
stainless- steel laboratory-scale vessel with a capacity of 300 mL, which
i ipped with a stirrer set at 1000 RPM, an electrically heating jacket e
1s equipped wi ) y heating J > Par20  Kewp_guc (Trer) s~1. kg_dry basis Ruc? 2.43E-05 16.96
a cooling coil, a pressure sensor, and a temperature sensor (Fig. 2). Each Par2l  Edpp g Jmol-! Fixed to B
Zero
Table 3 Par22  kypa_puc(Tref) s~1. kg_dry basis RuC™* 5.80E-05 7.69
Regression parameters for each model. Par23  Eaupa_ruc J.mol ™! Fixed to -
. . . Zero
SSR Ob_]ec'tlve Number of estimated AIC Par24  Kup mP.mol ! Fixed to B
function parameters
Zero
LH1 11,693,900 24,125 19 13224.9 Par25  Kppa m®.mol Fixed to -
LH2 11,665,200 24,127 19 13221.3 zero
NCLH1.1 11,697,000 24,154 19 13225.3 Par26  Kgpp_aiss (Tref) m®mol 15! 1.70E-06 16.83
NCLH1.2 10,757,800 23,987 19 13102.4 Par27 Eagpp_diss J.mol ! 1.06E + 05 13.31
ER1 11,685,300 24,153 19 13223.8 3 111
Par28 ; .mol . 4.73E-06 6.99
NCLH2.1 11,773,600 24,142 17 13230.9 @28 kien-aus (Tre) meme e
NCLH2.2 10,443,600 23,940 18 13056.9 Par29  Edyupa_diss J.mol 6.78E +04  7.96
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Fig. 9. Fit of Model NCLH1.2 to the experimental concentrations with prediction intervals.

experiment was carried out in isothermal and isobaric conditions. Dur-
ing these experiments, samples were taken at different times and then
analyzed via GC-FID.

The concentration measurement uncertainty was evaluated via the
standard deviation of replicate measurements. Each sample was
analyzed thrice.

3. Results

This section describes the effects of experimental parameters such as
temperature, pressure, and concentrations. on the hydrogenation and
cyclization reactions from a phenomenological viewpoint. The hydro-
genation of butyl levulinate or levulinic acid over Ru/C to GVL is a two-
step reaction illustrated by Fig. 1[28,29,36,38]. In the first step, the
carbonyl group of BL or LA is hydrogenated. In the second step, the
hydroxyl group of the intermediate attacks the ester group leading to a

cyclization.

The hydrogenation step was evaluated by the ratios [BL]/[BL]( and
[LA]/[LA]p. The cyclization step was assessed by the ratios [BHP]/[BL]o
and [HPA]/[LA]p. The standard deviations for BL, LA, BHP and HPA
concentrations were found to be in average 1.76%, 3.64%, 2.41% and
3.64%, respectively. All the samples were analyzed three times. In
Figs. 3-8, the replicated points are also displayed.

3.1. Repeatability

In addition, to replicate three times the sample analysis, two similar
experiments were reproduced to evaluate the repeatability of the results.
Experiments 1 and 3 (Table 1) were carried in similar operating condi-
tions in the experimental matrix. Fig. 3 shows that the protocol used in
this study is repeatable. Experiments 1 and 3 resulted in practice in
identical results.
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Fig. 9. (continued).

Table 5

Estimated Values at T, = 392.72 K and Statistical Data for NCLH2.2.
Parameters Estimates HPD%
Parl Ksr_nya (Tref) 3.02E-06 11.42
Par2 Eagy_nya 3.69E + 04 7.17
Par3 Ky, Fixed to zero -
Par4 Kp» Fixed to zero -
Par5 Kgup Fixed to zero -
Par6 k}iHP,cﬂt,Amb (Tng) 4.36E-05 48.29
Par7 Elgp car ambp Fixed to zero -
Par8 Kgtip_noncat (Tref) 5.93E-05 30.40
Par9 Eagup_noncat 7.78E + 04 35.92
Par10 kia_nya (Tref) 7.75E-06 9.17
Parll Eaza hya 4.61E + 04 6.51
Parl2 Kian 1.69E-03 15.86
Parl3 Krpan Fixed to zero -
Parl4 k}{PA,cm,Amb (TRef) 4.79E-04 49.34
Parl5 Ea}ﬂ, A_cat_Amb Fixed to zero —
Parl6 Kizpa_noncat (Tief) 1.25E-06 >100%
Parl7 Eagpa_noncat 4.15E + 05 24.08
Parl8 Kprp-sosu Fixed to zero -
Par19 Krpa_sos3n Fixed to zero -
Par20 kaip_ruc (Trey) 2.41E-05 17.61
Par21 Eagyp_ruc Fixed to zero -
Par22 keipa_ruc (Trey) 5.74E-05 7.61
Par23 Eaypa_ruc Fixed to zero -
Par24 Kprp Fixed to zero -
Par25 Kypa Fixed to zero -
Par26 Kc 1.59E-04 25.39
Par27 Kc2 Fixed to zero -
Par28 Ko aiss (Tref) 1.69E-06 16.19
Par29 Eagup. diss 1.09E + 05 12.83
Par30 Keipa._aiss (Tref) 4.73E-06 6.71
Par31 Eappa_diss 6.70E + 04 8.01

3.2. Effect of temperature

The effect of temperature on the kinetics was evaluated through
Experiments 3 and 4 (Table 1) because only temperature change in these
two experiments. Fig. 4 shows that hydrogenation steps are faster with
increasing temperature. The temperature increase leads to a rise in the
cyclization kinetics, and hence the decrease of the intermediate con-
centrations (BHP and HPA) is faster.

3.3. Effect of hydrogen hydrostatic pressure

Fig. 5 shows the Hj pressure effect by comparing Experiments 3 and
5 (Table 1). One can observe that the increase of hydrostatic pressure
leads to accelerate the hydrogenation steps. The consequence of this
acceleration is an increase of intermediate concentrations (BHP and
HPA). The pressure has an indirect effect on the cyclization step.

3.4. Effect of catalyst Ru/C

The effect of Ru/C loading on the kinetics were evaluated by
comparing Experiments 7 and 8. The increase of Ru/C augments hy-
drogenation kinetics, leading to the rise of intermediate concentrations
(Fig. 6).

3.5. Effect of catalyst Amberlite IR-120

Experiments 9 and 10 (Table 1) give information on the catalytic
effect of Amberlite IR-120. Fig. 7 shows that this catalyst does not have
an impact on the first reaction step as expected. The HPA concentrations
were too low to be detected, but one can notice that Amberlite IR-120
strongly affects the consumption kinetics of the intermediate (BHP).

3.6. Effect of LA amount

Levulinic acid dissociates in the reaction mixture producing protons,
which can catalyze the second reaction step. To verify this assumption,
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Fig. 10. Fit of Model NCLH2.2 with prediction intervals to the experimental concentrations.

the results from Experiments 3 and 6 were compared. The kinetics of BL
hydrogenation are similar (Fig. 8). The kinetics of LA hydrogenation is
to be slightly faster when the concentration of LA is higher. One can
notice that the increase of LA concentration accelerates the cyclization
of HPA and BHP steps (Fig. 8).

4. Discussion
4.1. Kinetics

From the Results section, several reaction mechanisms are possible
for the hydrogenation and cyclization steps. The work of Capecci et al.
[29] described that the surface reaction for the hydrogenation step of BL
followss a non-competitive Langmuir-Hinshelwood model with no
dissociation of molecular hydrogen. It means that there are two kinds of
Ru sites and that the carbonyl group and hydrogen adsorb on each of

them without competing. It was also found that the cyclization step can
be catalyzed by Ru/C catalyst.

In this reaction system, BL and LA underwent similar reaction
pathways. We neglected the esterification reaction of levulinic acid by
butanol, because from the experimental data levulinic acid consumption
is faster than the BHP cyclization.

Therefore, in the present work, seven kinetic models were evaluated
for the hydrogenation step:

- competitive Langmuir-Hinshelwood with no dissociation of
hydrogen (LH1),

- competitive Langmuir-Hinshelwood with dissociation of hydrogen
(LH2),

- non-competitive Langmuir-Hinshelwood with no dissociation of
hydrogen where LA and BL are in competitive adsorption on the
same site but not hydrogen (NCLH1.1),
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Fig. 10. (continued).

Table 6
Distribution of the 14 experiments in the 7
folds.
Fold Experiments
Fold 1 10
11
Fold 2 14
9
Fold 3 8
1
Fold 4 13
7
Fold 5 12
2
Fold 6 6
4
Fold 7 5
3

Table 7

Different Sets for regression and validation.
Set Regression/Train Validation/Test
Set 1 Folds 1-2-3-4-5-6 Fold 7
Set 2 Folds 7-1-2-3-4-5 Fold 6
Set 3 Folds 6-7-1-2-3—4 Fold 5
Set 4 Folds 5-6-7-1-2-3 Fold 4
Set 5 Folds 4-5-6-7-1-2 Fold 3
Set 6 Folds 3-4-5-6-7-1 Fold 2
Set 7 Folds 2-3-4-5-6-7 Fold 1

Table 8

CV(x) and standard deviation for each model.

CVy SD(CV())/%

LH1 3 586 050 99.88
LH2 3 656 893 93.19
NCLH1.1 3635 269 94.19
NCLH1.2 2168 016 28.66
ER1 3 595 498 95.09
NCLH2.1 3690 655 92.00
NCLH22 1978 294 27.47

11

- non-competitive Langmuir-Hinshelwood with no dissociation of
hydrogen where LA, BL and Hy are adsorbed on different sites
(NCLH1.2),

- Eley-Rideal with no adsorption of hydrogen on the active sites (ER),

- non-competitive Langmuir-Hinshelwood with dissociation of
hydrogen where LA and BL are in competitive adsorption on the
same site but not hydrogen (NCLH2.1),

- non-competitive Langmuir-Hinshelwood with dissociation of
hydrogen where LA, BL and H2 are adsorbed on different sites
(NCLH2.2).

For the sake of clarity, the derivation of the seven kinetic models are
described in Supplementary Material (S1). Table 2 displays the hydro-
genation rate expression for each model.

For the second cyclization reaction, four different types of reaction
were considered: non-catalytic cyclization of BHP and HPA, the catalytic
routes due to the presence of acid sites on Ru/C, the acidic groups on
Amberlite IR-120 and the protons from the dissociation of levulinic acid.
Due to space limitation, the derivation for these rate equations are
explained in Supplementary Material (S3).

Rate equations for the cyclization steps are:

RBHP_nonu/i = kBHP_nonmI'[BHP] (1)
Riipa _noncar = kHPA_nom‘m'[HPA] 2
1
Repp_ruc = kpup_ruc*[BHP] Kirn+[HPA] + Kgure [BHP] + l.ocacruc 3
Rppa_ruc = kipa_ruc*[HPA] [BHP] + lewcuruc  (4)

KHPA . [HPA] + KBHP b4

1
Ksosn-npa * [HPA]4Ksosn-prp®

[BHP] 4 1.0cat Amb

5)

Rpnp.sosn = Kprp.so3m® [BHP]

1
KSOS]I—]IPA M [HPA] + KSOS]I—BIIP °

Rypasosn =knpa_sosn * [HPA] [BHP] -1 e @cat.ruc

(6)
Rpup_diss = kBHP,dix.y'[BHP] ‘[LA] ™
Rupa_diss = kHPA,dixs'[HPA]' [LA] ®
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Fig. 11. Coefficient of determinations for training, test and all for the different models.

4.2. Material balances

Kinetic experiments were carried out under isobaric and isothermal
conditions. Our previous study [46] found that external and internal
mass transfer can be assumed to be negligible by using the operating
conditions described in Section 2.

Material balances for different compounds in the liquid phase can be
expressed as:

4.3. Modeling

The commercial software Athena Visual Studio, using Bayesian sta-
tistics, was used for the simulation and estimation stages [62,63]. A
Bayesian framework is considered to be more suitable for multi-response
parameter estimation than the classical method of nonlinear least
squares [55,64]. For the parameter estimation in Bayesian, one needs to
determine the determinant criterion [65].

The concentrations of BL, BHP, LA and HPA were used as observables
during the parameter estimation stage. The ODEs (9-16) were inte-

Ao _ Ri_iya 9 grated by the DDAPLUS solver, included in Athena Visual Studio soft-
de ware. This solver is a modified Newton algorithm with a fixed leading
d[H), coefficient backward difference formula to approximate the first-order
TIW = ky.a* <[H2L,~q = [Ha]y, ) — Rpr_nya — Rea_nya 10) derivative [66].
The subroutine package named GREGPLUS, was used to minimize
dCpup 1 the objective function S(0), to calculate the credible intervals for each
dr Rit_ya = Ritp noncar = Rorp_ruc = Rinp_sos = Rep._ais an estimated parameter and to produce the normalized parameter covari-
ance matrix.
dc " P . . . . .
2 O R & Ripp o+ Rampsost - Resipais 12) To minimize the .obJectlve. function S(0), GRE.G?ITUS uses successive
4 quadratic programming starting from the user’s initial guesses [62,64].
dc, = .
dlLA R a3 S(0) = (a+b+1)«Injp(9) | a7
where, a is the number of events in response, b is the number of
dCupa responses and [v(0) | is the determinant of the covariance matrix of the
a Ria_na = Ritpa_noncar = Riapa_wuc = Rupa_sosn — Riapa_aiss a4 responses. Each element of this matrix is defined as
dChur N £ ()] Y £
;1’4;," = RuPAypnea + Rupag,e + Rupagosy + Rupa_diss (15) 0;(0) = ZI:[YM fu(9)] [YJ“ £ (0)] (18)
dcC,
djVL = RBP, e T RBHPRc T RBHPssy + RuP_diss + RuPA e T REPARc T RuPAso3 T Reipa_diss 16)

The term [HZ];iq is the concentration of hydrogen at the gas-liquid
interface. The values of this term were determined through Henry’s

constant in GVL solvent He(T) = P;H;]""’w
3 Reactor

k;.a, i.e., volumetric gas to liquid mass transfer coefficient for hydrogen
was expressed as a function of density, viscosity and temperature [19].

[38]. In this study the values of

With Y;, the experimental concentration and f;,(d) the estimated
value for response i and event u; Yj, the experimental concentration and
fiu(0) the estimated value for response j and event u.

The interval estimates for each estimated parameter are calculated
from the final quadratic expansion of the objective function. The pre-
cision of the estimated parameters was evaluated by the marginal
highest posterior density (HPD). The 95% marginal HPD was calculated
by GREGPLUS package.

The modified Arrhenius equation is used to decrease the correlation
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between the pre-exponential factor and the activation energy.

R ),

whereT, is the reference temperature chosen in the considered
experimental temperature range.

During the modeling stage of the seven models, the following con-
stants tended to approach zero during the preliminary iteration:

-the adsorption constants for BHP and HPA on Ru/C for the hydro-
genation steps,

-the activation energy for the cyclization of BHP and HPA over
Amberlite IR-120,

-the adsorption constants for BHP and HPA over Amberlite IR-120 for
the cyclization steps,

-the activation energy for the cyclization of BHP and HPA due to the
acid sites from Ru/C,

-the adsorption constant for BHP and HPA over the acid sites from
Ru/C,

-The equilibrium constant K¢y was also found to be low in model
NCLH2.2.

For that reason, it was deemed reasonable to fix the values of these
estimated parameters to zero. Table 3 shows the regression parameters
for each model:

2
-Sum of Squared Residuals (SSR) (Yju - ﬁu(d))

-Objective function defined by Equation (17) S(0)
-Number of estimated parameters
- Akaike information criterion (AIC) calculated by

19

2
[Yiu — £u(9)]
numberofindependantevent

AIC : numberoﬁndependanlevem-ln<

The AIC value [60] allows including the number of estimated pa-
rameters in the model discrimination. Models with low AIC are the most
reliable.

Table 3 shows that NCLH1.2 and NCLH2.2 yield to low values of SSR,
objective function and AIC. Due to space limitation, the estimated pa-
rameters, normalized covariance matrix and fit of these two models
hereby reported, whereas the results obtained for the rest of the models
analysed are included in the Supplementary Materials (S3). The results
obtained in the present work is in agreement with with our previous
work [29], where we found that NCLH1 was the most probable model
for the hydrogenation of BL.

NCLH12

Table 4 shows the estimated values and the associated credible in-
tervals (HPD%). The credible intervals for Kyz and forkupa_noncat (Tref)
are large due to the difficulty of estimating these values. The difficulty in
estimating Ky is linked to the fact that the hydrogen pressure does not
significantly ~affect the kinetics. The high uncertainty for
knpa_noncat (Tref) is linked to the difficulty to tract HPA due to its high
reactivity. The HPD intervals can be considered as low or medium for
the other estimated parameters showing that the variation of the oper-
ating conditions was significant. Table 4 shows that the rate constant of
LA hydrogenation is higher than the one of BL hydrogenation. The rate
constants of HPA cylization are higher than the ones of BHP cyclization
(Table 4).

Table S3.11 shows the correlation between the estimated parame-
ters. In general, the correlations are low. The significant correlation
between kBL,hyd(TRef) and Kpp» are due to the difficulty to estimate the
adsorption constant, and the strong correlation kBprnoncat(TRef) and

) + 2.Numberofestimatedparameters
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Eagpp_noncar 1S because the non-catalytic cyclization of BHP is relatively
slow.

Fig. S4.1 displays the parity plots for BL, BHP, LA and HPA. NCLH2.1
model can predict BL and LA concentrations very well. The prediction of
BHP and HPA concentrations is slightly lower due to the difficulty of
tracking these intermediates.

Fig. 9 shows the fit of the model to the experimental concentrations
with the 95% Prediction Intervals and the mean estimated values. From
these graphs, one can notice that the model fits the experiments, and
most of the experimental concentrations lie between the intervals. The
intermediate concentrations for Experiment 10 are low due to the
presence of Amberlite IR-120.

NCLH22

Table 5 displays the estimated values and their credible intervals.
During the modeling for this model, it was not possible to estimate Kyy.
and Kp;» for that reason, their values were fixed to zero. The 95% HPD
for kipa_noncat (Tref) is higher due to the high reactivity of HPA. The HPD
intervals for the other parameters can be assumed to be medium or low.
From Table 5, one can notice that the rate constant of LA hydrogenation
is higher than the one of BL. The rate constants of HPA cylization (from
LA dissociation, Ru/C and Amerlite IR-120) are higher than the ones of
BHP cyclization (Table 5).

Table S3.12 shows the correlation between the estimated parame-
ters. One can notice a significant correlation between the following
parameters: kBL_hyd(TRef) and Kc; kBHP_noncat(TRef ) and Eapyp_noncat;
kLA,hyd (TRef ) and Kian and kHPA_noncat (TRef ) and Eagppa_noncat-

Fig. 54.2 shows the parity plot for BL, LA, BHP and HPA. Similar to
Model NCLH1.2, the prediction for BL and LA is better than for the

(20)

intermediates.
Fig. 10 shows the fit of the model to the experimental concentrations
with the 95% prediction. The fitting is similar to the previous model.

4.4. Cross-validation: K-fold

The final stage of the assessment was the cross-validation one. Cross-
validation was used to evaluate the predictability of the models and to
determine the most probable one. The K-fold method was used [61].
Thel4 experiments were divided randomly into 7 folds (Table 6). The
regressions (a.k.a traning) were made on 6 folds and validation (a.k.a
testing) on the remaining fold as illustrated by Table 7.

The kinetic constants are estimated from each regression, and these
estimated constants are used for the validation. To evaluate the pre-
diction capacity of a model the CV k) number is calculated.

CV(K) = (Yi,experimentul - Yi,simu]aled)lz( (21)

7
K=1

~| -

The lower the CV(x), the better the model is predictable. Table 8
shows that CV( number is lower for NCLH1.2 and NCLH2.2. The
standard deviation of CV k) was calculated for each model, and it was
found that the standard deviation was lower for NCLH1.2 and NCLH2.2.
This means that the validation step was similar for each set.

In Supplementary Materials (S5), the estimated values for each
regression set were displayed for NCLH1.2 and NCLH2.2. One can notice
that the estimation was similar for each set compared to the estimation
with the whole experimental data, i.e., the ones displayed in Tables 4
and 6.
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To validate the models by cross-validation, Fig. 11 displays the co-
efficient of determination for the training step, test set and all data (i.e.,
Figs S4.1 and S4.2). One can notice that these values are similar,
meaning that both models are validated.

5. Conclusions

One of the most common routes for the production of GVL is the
hydrogenation of levulinic acid or alkyl levulinates. When alkyl levuli-
nates produced from the alcoholysis of fructose, there is the presence of
levulinic acid is also produced in the system. This paper proposed to
investigate the kinetics of the hydrogenation of butyl levulinate and
levulinic acid in GVL solvent over Ru/C. To increase the kinetics of the
cyclization step, Amberlite IR-120 catalyst was added in the reaction
mixture.

In the first analysis, it was found that the presence of LA can increase
the kinetics of cyclization and Amberlite IR-120 has a significant cata-
lytic effect on this reaction.

In the second step, several kinetic models, via Bayesian inference,
were evaluated for the hydrogenation steps throughout K-fold approach.
Seven kinetic models were evaluated: competitive Langmuir-
Hinshelwood with no dissociation of hydrogen (LH1), competitive
Langmuir-Hinshelwood with dissociation of hydrogen (LH2), non-
competitive Langmuir-Hinshelwood with no dissociation of hydrogen
where LA and BL are in competitive adsorption on the same site but not
hydrogen (NCLH1.1), non-competitive Langmuir-Hinshelwood with no
dissociation of hydrogen where LA, BL and H; are adsorbed on different
sites (NCLH1.2), Eley-Rideal with no adsorption of hydrogen on the
active sites (ER), non-competitive Langmuir-Hinshelwood with disso-
ciation of hydrogen where LA and BL are in competitive adsorption on
the same site but not hydrogen (NCLH2.1), and non-competitive Lang-
muir-Hinshelwood with dissociation of hydrogen where LA, BL and H2
are adsorbed on different sites (NCLH2.2). It was found that NCLH1.2
and NCLH2.2 were the most probable models, and the prediction ca-
pacity of these models was higher compared to the other.

This paper showed the benefit to using such reaction mixture system
for the production of GVL. From an industrial viewpoint, the hydroge-
nation of levulinic acid and alkyl levulinate can be consecutive to the
alcoholysis process. Quantum mechanics calculation could give more
information concerning the adosption mechanism.
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ARTICLE INFO ABSTRACT

Keywords: The development of process flow diagrams requires knowledge of reaction enthalpy for pinch analysis and
Tian-Calvet calorimeter thermal risk assessment. Such information is missing for some biomass processes, such as the production of
RC1 y-valerolactone (GVL) from the hydrogenation of levulinic acid or alkyl levulinate. To fill this gap, this manu-
Hydrogenation

script describes a detailed calorimetric study on the hydrogenation of levulinic acid (LA), methyl levulinate (ML),
ethyl levulinate (EL), propyl levulinate (PrL), butyl levulinate (BL) and pentyl levulinate (PeL) over Ru/C. This
reaction system occurs through a two-step pathway with a domino hydrogenation/cyclization sequence. The
cyclization step (lactonization) was found to be endothermic and was evaluated by a Tian-Calvet C80 micro-
calorimeter, whereas the hydrogenation step was found to be exothermic and was tracked by a RC1 Mettler
Toledo High-Pressure calorimeter. It was verified that reaction enthalpy is independent of reaction temperature
(in the operating conditions used in this work), levulinate concentration and solvent (levulinate, corresponding
alcohol or GVL). It was also found that reaction enthalpy for both steps did not depend linearly on alkyl chain
length.

Levulinate
Levulinic acid

properties are unavailable. Thus, new models need to be developed. It is
crucial to develop accurate thermodynamic models for such processes
without gambling on existing petrochemical thermodynamic models. In
order to make an accurate pinch analysis, the knowledge of reaction
enthalpies is vital and aids in finding the optimum design from an energy
consumption standpoint.

Lignocellulosic biomass raw materials can sustain the chemical in-
dustry because it is not in competition with the alimentary sector. For
two decades, industry and academia have aimed to produce renewable
platform molecules from cellulose or hemicellulose. Among these plat-
form molecules, y-valerolactone (GVL) is a promising one.

GVL is a versatile molecule used in different sectors, such as fuels or

1. Introduction

The knowledge of reaction enthalpy for chemical processes is
fundamental from a safety and energy optimization standpoint (Dak-
koune et al., 2019; Stoessel, 2008). In process safety, reaction enthalpy
determines the severity of a chemical reaction in the case of thermal
runaway. This thermodynamic property is essential for developing an
efficient process flow diagram to find the optimum operating conditions
to decrease energy consumption.

Biomass valorization represents a challenge in the field of thermo-
dynamics because many biomass compounds physicochemical

Abbreviations: AL, alkyl levulinate; BL, butyl levulinate; BHP, n-butyl 4-hydroxypentanoate; EL, ethyl levulinate; EHP, ethyl 4-hydroxypentanoate; GVL,
y-valerolactone; HPA, 4-hydroxypentanoic acid; LA, levulinic acid; ML, methyl levulinate; MHP, methyl 4-hydroxypentanoate; PeL, pentyl levulinate; PeHL, pentyl 4-
hydroxypentanoate; PrL, propyl levulinate; PrHP, propyl 4-hydroxypentanoate; ROH, co-product of the second reaction (methanol, ethanol, ect); STD, Standard
deviation.
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Nomenclature

Cp Specific heat-capacity [J/(kg.K)].

AHE; Reaction enthalpy [J/mol].

Viig Volume of liquid [L].

Minsert Insert mass [kg].

P Pressure [bar].

Qcso Total energy released or absorbed and measured by C80
[J1.

Qrc1 Total energy released or absorbed and measured by RC1
[J1.

R; Reaction rate i [mol/(L.s)].

hydrogen Ho

Ru/C
Hydrogenation (R1)

(0]
)J\/\H/O\
(0]

4-hydroxypentanoic acid

)V\r
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valerolactone (GVL) (Sigma Aldrich, >99%, CAS: 108-29-2); levulinic
acid (Acros Organics, 99%, CAS: 123-76-2); methyl levulinate (Sigma-
Aldrich, 99%, CAS: 624-45-3); ethyl levulinate (Sigma Aldrich, 99%,
CAS: 539-88-8); n-propyl levulinate (Sigma Aldrich, 95%, CAS:
645-67-0); n-butyl levulinate (Alfa-Aesar, 98%, 2052-15-5); methanol
(Fischer Scientific, 99%, CAS: 67-56-1); ethanol (Carlo Erba, anhy-
drous, 99%, CAS: 64-17-5); n-propanol (Carlo Erba, 99%, 71-23-8); 1-
butanol (Lab Line, 99%, CAS: 71-36-3); 1-pentanol (Carlo Erba, 99%,
CAS: 71-41-0); Ru/activated charcoal (Alfa-Aesar, 5% Ru, powder,
reduced, 50% nominally wet, CAS: 7440-18-8); amberlite IR-120, H
form (Acros Organics) and acetone (Fischer Scientific, 99%, CAS:
67-64-1).

Reaction mixtures with high concentrations on intermediates (all 4-
hydroxyalkyllevulinates) were obtained from the calorimetric experi-

ments described in this article. Propyl levulinate (PrL) and pentyl lev-
Cyclization (R2)

y-valerolactone (GVL)

HO\

4-hydroxypentaonate

Fig. 1. Hydrogenation of levulinic acid (LA) or alkyl levulinate (AL) to y-valerolactone (GVL) over Ru/C.

materials. It is also known to be a suitable solvent because of its low
vapor pressure, high solubility capacity and high flash point values
(Chew et al., 2020; Horvath et al., 2008; Lin et al., 2017; Liu et al., 2020;
Pokorny et al., 2017). GVL has been successfully used as a solvent for the
alcoholysis of fructose (Di Menno Di Bucchianico et al., 2022).

There are different routes for the production of GVL from the hy-
drogenation of levulinic acid or alkyl levulinate: molecular hydrogena-
tion, decomposition of alcohol or formic acid to produce hydrogen
(Kuwahara et al., 2017a; Liu et al., 2019). The most convenient method
is the hydrogenation of levulinic acid (LA) or alkyl levulinates (ALs) over
Ru/C using molecular hydrogen (Fig. 1).

Several investigations have been performed on the choice of catalysts
(Dutta et al., 2019; Kuwahara et al., 2017b; Liguori et al., 2015; Tang
etal., 2014; Yan et al., 2013, 2009; Yang et al., 2014), kinetic modeling
(Capecci et al., 2021a, 2021b; Delgado et al., 2022; Mamun et al., 2017;
Piskun et al., 2016a, 2016b; Wang et al., 2019) and some on physico-
chemical properties (Ariba et al., 2020) or thermal risk assessment
(Casson Moreno et al., 2019; Wang et al., 2020, 2018). To the best of our
knowledge, there are no studies on the evolution of the reaction en-
thalpies for different substituents in different solvents and temperatures.
Such information is crucial to find the optimum process design.

To investigate this, the hydrogenation of levulinic acid (LA), methyl
levulinate (ML), ethyl levulinate (EL), n-propyl levulinate (PrL), n-butyl
levulinate (BL) and n-pentyl levulinate (PeL) were studied over Ru/C.

In the first stage of this work, the influence of substrate concentra-
tion, reaction temperature and solvents were done on the hydrogenation
of butyl levulinate were studied. In the second stage, the reaction en-
thalpies of the different compounds were determined. We developed an
original approach to study the hydrogenation of PrL and PeL because it
was challenging to obtain this compound in high concentration from a
manufacturer.

2. Experimental section
Most of the reagents, used for analytical identification and experi-

ments, were obtained from different providers and used without further
purification: hydrogen gas, Hy (Linde, 99.99%, CAS: 1333-74-0); y

290

ulinate (PeL) were obtained from methyl levulinate and ethyl levulinate
transesterification experiments, respectively (Melchiorre et al., 2020).

2.1. Analytical equipment and methods

Quantitative analysis was performed using gas chromatography (GC)
coupled with a flame ionization detector (GC-FID). GC-FID specs:
(SCION Instruments); low polarity column (Phenomenex, ZB-5, length:
30 m, internal diameter: 0.32 mm, coating width: 0.25 ym composed of
95% dimethyl siloxane and 5% phenyl groups); carrier gas: He
(99.99%), gas flow: 1.2 ML/min; injector temperature, 250 °C; detector
temperature: 250 °C; temperature ramp: 50 °C (2 min) — 20 °C/min -
260 °C; injection volume, 1 pL; split ratio 1:20. All samples were diluted
in acetone prior to GC-FID analysis, and each measurement was repeated
three times.

High-concentrated ML, EL, PrL and BL solutions were used to carry
out calibration curves in the GC-FID. To quantify the intermediates
(MHP, EHP, PrHP, BHP and PeHP), we used the calibration curve of the
corresponding alkyl levulinate, since alkyl levulinate and the corre-
sponding intermediate have similar structure, similar retention time,
similar interaction through the retention column and present the same
shape for the integration peak in the chromatogram.

The calibration curve for pentyl levulinate (PelL) was done by
extrapolation from the calibration curves of ML, EL, PrL and BL.

Analytical identification of compounds was performed by GC-FID,
for store-bought compounds, and for chemicals synthesized in experi-
ments, a gas chromatography coupled with a mass spectrometer (GC-
MS) method was employed. GC-MS Specs GC: System: (Perkin Elmer
Clarus 580); Mass Spectrometer: (SQ8S); Column (Phenomenex ZB-5MS
plus (Length: 30 m, internal diameter: 0,25 mm, internal coating width:
0,25 pm composed of 95% Dimethylpolysiloxane and 5% Phenyl-
Arylene); Carrier gas: He (99.99%), gas flow: 1 ML/min; Injector tem-
perature: 250 °C; Split Ratio: 1/20; Ramp: 50 °C (1 min) — 10 °C/min —
245 °C (1 min); Source Temperature: 150 °C, Transfer line temperature:
170 °C; Ionization mode: EI 70 eV; Identification method: Mode SCAN,
with database NIST 03 from 40 to 600 m/z.
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Fig. 2. Steps performed in RC1 experiments.

2.2. Calorimeters

In order to estimate the reaction enthalpy of both reaction steps, two
different calorimeters were used. The Tian-Calvet C80 micro-
calorimeter was used for the second reaction step, i.e., cyclization; and
the Mettler Toledo RC1mx calorimeter was used for the first reaction
step, i.e., hydrogenation.

In the Tian-Calvet C80 calorimeter, two 12.5 ML cells are used, one
for reference and the other for measurement. The energy flow is
measured by the tension difference between these cells with a resolution
of 0.10 uyW and a sensitivity of 30 pV/mW. Hastelloy reversal mixing
cells were used for all experiments due to their resistance to corrosion.
Each cell has two different compartments to contain different liquids; in
the inner compartment of both cells the same sample is introduced,
while in the annular compartment, a reactive solution (10 mol/m? of
H2SO4 in GVL solvent) is placed on the measurement cell, and high-
concentrated GVL solution is placed in the reference cell. Once tem-
perature and heat flow between the cells are stable, the calorimeter is
allowed to turn 180° back and forth, allowing the mixing of each
separate cells to start the reaction. Experiments in C80 calorimeter were
performed at isothermal conditions.

The Mettler Toledo RC1mx reactor has a split heating and cooling
loop, allowing it to regulate the temperature of the reaction media
quickly. An external cooling system is attached to the calorimeter. The
calorimeter was coupled with an HP100-SS reactor, a Hastelloy C22
metal vessel with 1500 ML capacity and 100 bar tolerance, an overhead
gassing stirrer (internal diameter: 46 mm), a temperature sensor and
calibration heater are in direct contact with the reaction media.

Fig. 2 shows the different steps for experiments carried out in RC1.
The reaction mixture and catalyst were incorporated into the vessel,
which is then closed, and stirring was set to 250 RPM. Afterward, N, was
used to purge the air from the head of the reactor and filled with 5 bars
of Nj. The reaction mixture was then heated to the reaction temperature,
and an initial calibration step was performed to estimate the Cp of the
reaction mixture and the heat transfer coefficient between the reaction
mixture and the heat carrier. Later, the stirrer was stopped for at least

R-OH
O

N S

2 min to let the catalyst settle down at the bottom of the reactor. Ny was
purged with Hy in several washes, and the reactor pressure was set up to
the desired value. Stirring was increased to 1000 RPM to commence the
reaction. We selected 1000 RPM because the effect of mass transfer on
kinetics was negligible at this rotating speed. When the reaction heat
flow reached zero, the reactor was cooled down to 20 °C. The pressure
was removed from the reactor, and a Ny purge was performed. The
pressure was set to 5 bars and the reaction mixture was heated up to the
reaction temperature. After these conditions were reached, a second
calibration step was performed to estimate the Cp and heat transfer
coefficient.

Calorimetric measurements were repeated to be able to evaluate the
standard deviation (STD) of the reaction enthalpy.

2.3. Synthesis and calorimetric study with propyl levulinate and pentyl
levulinate

It is challenging to find a commercial solution for propyl and pentyl
levulinates. Thus, transesterification of methyl levulinate and ethyl
levulinate was performed. According to Melchiorre et al. (Melchiorre
et al, 2020), high yields of PrLL can be obtained from the
trans-esterification of methyl levulinate by acid catalysis. Experiments
were performed in a 300 ML glass batch reactor coupled with a
temperature-regulated water bath, a stirrer, and a cool water condenser.

The solid acidic catalyst used in the experiments was a sulfonated
resin, Amberlite IR 120 Hydrogen form, making the separation stage
easier than a homogeneous catalyst. For the reaction (Fig. 3), high-
concentrated methyl levulinate solution and catalyst were added to
the reactor, then heated up to 80 °C. Separately, a 3:1 ratio of corre-
sponding alcohol was heated to 80 °C and added to the reactor. The
experiment lasted 5 h. Afterward, the reaction mixture and catalyst were
removed and separated. To remove the remaining alcohol from the
levulinates mixture, a rotavapor was used. Setting up at 70 °C and 100
mbar pressure, the alcohols were evaporated and separated. This oper-
ation was repeated until a 1:4 ratio mixture of methyl levulinate: propyl
levulinate was obtained.

Me-OH
€ 0

|
(@)
“Me
(@)

methyl levulinate

-

O
O

alkyl levulinate

Fig. 3. Methyl levulinate (ML) transesterification into other levulinates.
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Fig. 4. Normalized heat-flow rates by the initial intermediate concentration for the cyclization of MHP, BHP and EHP and with 10 mol/m?® of H,S0, in GVL solvent

at 60 °C versus time for C80 experiments.

For the obtention of pentyl levulinate (n-PeL), the same procedure
was used successfully, EL was used instead of ML. Harsher conditions
were used in the rotavapor to remove the alcohols remaining from the
transesterification, notably 110 °C and 50 mbar. A 1:4 ratio mixture of
ethyl levulinate: pentyl levulinate was also obtained.

3. Results and discussion
This section is divided into five different sections:

o -Enthalpy of cyclization for the intermediates from ML, EL and BL
hydrogenation, the motivation to first discuss the cyclization
enthalpy is because its calculation is more straightforward (one
step), and the knowledge of its value is mandatory to calculate the
hydrogenation enthalpy.

e -Influence of reaction temperatures, initial BL concentrations, sol-
vent effect and catalyst loading on the BL hydrogenation enthalpy.
The aim is to know the influence of these parameters on the reaction
enthalpy.

e -Influence of levulinate substituents by studying the hydrogenation
of LA, ML, EL and BL.

e -Determination of hydrogenation and cyclization enthalpies for the
chemical systems: ML/PrL and EL/PeL

3.1. Calorimetric study of the cyclization reaction

After the hydrogenation of highly-concentrated solutions of ML, EL
and BL, the remaining solutions were kept. These solutions were highly
concentrated in intermediates methyl 4-hydroxypentanoate (MHP),
ethyl 4-hydroxypentanoate (EHP) and butyl 4-hydroxypentanoate
(BHP), respectively. Experiments in C80 micro-calorimeter were per-
formed with these solutions to evaluate the second reaction enthalpy, i.
e., the cyclization. This approach was not made with 4-hydroxypenta-
noic acid (HPA), intermediate of LA hydrogenation, because HPA is
not stable for a long period. It is essential to stress that this study was
done without Ru/C, which catalyzed the hydrogenation step. In this
study, a small amount of sulfuric acid was added to accelerate the rate of
cyclization to obtain a neat signal (Fig. 4).

By using the Tian-Calvet calorimeter Setaram C80 (Jogunola et al.,
2017; Zheng et al., 2016), the reaction enthalpy of cyclization was
calculated as

Qmea:uredbyC 80

AHy, =

(€8]

Nintermediate,0 —Mintermediate final

where, Qmeasured by cso is the energy released or absorbed by the chemical
system and measured by the micro-calorimeter C80, and the interme-
diate concentrations (MHP, EHP, BHP) were measured by GC.
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Table 1
Operating conditions for the cyclization experiments in C80 in isothermal
conditions.

Substrate  Initial Final substrate  Qcso T AHR,  STD
substrate concentration ) ©“Q)  (kJ/ kJ/
concentration  (mol/m®) mol)  mol)
(mol/m>)

MHP 1945 291 -31.07 60 9.39 0.00

EHP 1142 140 -13.53 60 6.51 0.52

BHP 1407 248 -14.77 60 6.40 0.69

Table 1 shows the reaction enthalpy of cyclization for MHP, EHP and
BHP and their experimental standard deviation values. Cyclization is an
endothermic reaction, and the values are similar for EHP and BHP. The
cyclization enthalpy for MHP is higher than EHP. The standard deviation
values are low, showing the high repeatability of the experimental sys-
tem. Fig. 4 shows that the cyclization of MHP is faster and absorbs more
heat than the other levulinates. The normalized heat-flow rate is

heat—flow rate due to chemical reaction[mW)]

expressed as Initial concentration of hydroxyalkyl levulinates[mol /m3]*

3.2. Calorimetric study of the hydrogenation of BL

The effect of reaction temperature, substrate concentration or sol-
vents on the enthalpy of hydrogenation (AHg,) was evaluated for the
hydrogenation of BL in RC1 calorimeter. All experiments were con-
ducted in isothermal conditions without withdrawing samples during
the reaction. In this study, the catalyst Ru/C was used, except in Section
3.2.1.

The enthalpy of hydrogenation was expressed as (Wang et al., 2020):

_ Orar + (nGVL,,,U,, - ncvzo) * AHy,

(2

AHy

nSuberate,,,,M, - nSubstrareg

where, Qgc1is the total energy released or absorbed during the reaction
and evaluated by RC1, ngy;, is the number of moles of GVL in the reaction
mixture and Ngpgrae iS the number of moles of levulinate in the reaction
mixture and AH}'?_’2 is the enthalpy of cyclization. Eq. (2) was used to
estimate the enthalpy of hydrogenation. The values of AH , obtained in
Section 3.1 were found to be less sensitive to solvent or temperature and
were used in Eq. (2). Also, the value of the second reaction enthalpy
(cyclization) was found to be ca. four times lower than the first one
(hydrogenation). Thus, the AHE2 values from Section 3.1 were used in

Eq. (2).

3.2.1. Hydrogenation in the absence of Ru/C in RC1
The hydrogenation in the absence of the Ru/C catalyst, named blank
experiment, was studied in RC1. Fig. 5 shows the evolution of the heat-
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Fig. 5. Evolution of heat-flow rate for BL hydrogenation at 130 °C, 35 bars of hydrogen and with an initial BL concentration of 2032 mol/m?® in GVL solvent.
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Fig. 6. Heat-flow rate evolution for the hydrogenation of BL in GVL solvent at different temperatures over Ru/C.
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Fig. 7. BL concentration effect on heat-flow rate at isothermal and isobaric conditions: at130°C and hydrogen pressure of 35 bars over Ru/C.

flow rate in the absence of the Ru/C catalyst. One can notice that the
heat-flow rate is negligible compared to the ones performed in the
presence of the catalyst (Figs. 6-8). In the first stage, the heat-flow rate
decreases due to the temperature difference between the vapor and
liquid phases, then there is a slight exothermic phenomenon due to the
heat of mixing (Fig. 5). The analysis of the liquid phase at the end of the
experiment shows that there was no BL conversion. Fig. 5 shows that the
heat of mixing and solubilization could be neglected.

3.2.2. Effect of temperature
The effect of temperature on the enthalpy of hydrogenation was

293

evaluated for the hydrogenation of BL in GVL solvent. Table 2 summa-
rizes the values obtained from GC analysis and RC1 calorimeter. Con-
trary to cyclization, hydrogenation is exothermic. Reaction enthalpy
was evaluated from Eq. (2). One can notice that reaction enthalpy
evaluated at 100 °C and 130 °C are similar within the range — 36.56
(—35.27 t0 1.29) < AHy,; < —33.98 (-35.27 +1.29) kJ/mol. Thus, the
temperature does not affect the enthalpy of hydrogenation for this sys-
tem in the studied temperature range. Fig. 6 shows the evolution of the
heat-flow rate due to chemical reaction released during the hydroge-
nation of BL. Fig. 6 confirms that the kinetics are faster at the higher
reaction temperature.
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Table 2
GC and RC1 results for experiments in isothermal conditions at different temperatures

and isobaric conditions: 100 °C and 35 bar of hydrogen over Ru/C.

for the hydrogenation of BL in GVL solvent at 35 bars of hydrogen.

Temperature  Total Cat. mass Ru/C including 50% of [BL]o (mol/ [BL]final (mol/ [GVL]o [GVL]final AHR, (kJ/ Standard deviation for AHY;
[(9) mass water m?%) m®) (mol/ (mol/m®  mol) (kJ/mol)
(kg) (kg) m>)
130 0.551 0.006 2050 10 6661 8607 -35.58 0.86
100 0.551 0.006 2043 13 7049 8142 -35.27 1.29

Table 3
GC and RC1 results for experiments in isothermal conditions at different initial BL concentrations for the hydrogenation of BL in GVL solvent at 35 bar of hydrogen.
Temperature  Total Cat. mass Ru/C including 50% of [BL]o (mol/ [BL]ginar (mol/ [GVL]o [GVL]Final AHR, (kJ/ Standard deviation for AHR
QO mass water m3) m3) (mol/ (mol/m>) mol) (kJ/mol)
(kg) (kg) m’)
130 0.552 0.006 1059 11 8806 9297 -36.12 -
130 0.551 0.006 2050 10 6661 8607 -35.58 0.86
130 0.551 0.006 5693 10 0 2140 -34.18 -

Table 4

GC and RC1 results for experiments in isothermal and isobaric conditions for the hydrogenation of BL in GVL solvent and in butanol solvent at 100 °C and 35 bar of

hydrogen.
Solvent  Temperature  Total Cat. Ru/C mass including [BL]o (mol/ [BL]final (mol/ [GVL]o [GVL]inal AHR, (kJ/ Standard deviation for AHE |
(o) mass 50% of water m?) m?) (mol/ (mol/m®)  mol) (kJ/mol)
(kg) (kg) m®)
GVL 100 0.551 0.006 2043 13 7049 8142 -35.27 1.29
BuOH 100 0.532 0.006 2180 4 13 1656 -37.96 0.40

3.2.3. Effect of initial BL concentration
The initial concentration of BL could affect the enthalpy of hydro-

genation. Table 3 shows that the reaction enthalpy slightly decreases
when BL concentration increases. Nevertheless, this slight change can be
neglected and is within measurement uncertainty. Surprisingly, the

initial concentration of BL does not affect the maximum heat-flow rate
value (Fig. 7). However, increasing the initial BL concentration slows
down the heat-flow rate decrease, which might be due to BL competitive

adsorption on the catalyst surface.

Table 5
GC and RC1 results for experiments in isothermal conditions for the hydrogenation of substrates at 130 °C and 35 bar of hydrogen.
Subst. Solvent  Total Cat. mass Ru/C Temperature [Subst.]o [Subst.]gnal [GVL]o [GVLIina AHR, (kJ/ Standard deviation
mass including 50% of ({9} (mol/m3) (mol/m®) (mol/m®) (mol/m®) mol) for AHE, (kJ/mol)
(kg) water
(kg)
LA GVL 0.550 0.006 130 806 0 9296 10,504 -49.73 * 1.81
ML GVL 0.610 0.006 130 2238 24 7964 8948 -36.84 0.83
EL GVL 0.550 0.006 130 2164 9 7762 9128 -26.17 0.04
BL GVL 0.551 0.006 130 2050 10 6661 8607 -35.58 0.86
ML ML 0.550 0.006 130 7894 11 0 2387 -35.64 1.46
EL EL 0.550 0.006 130 6589 3450 13 1337 -25.17 0.68
BL BL 0.551 0.006 130 5693 10 0 2140 -34.18 -

*it is not the true reaction enthalpy because the second reaction was not estimated
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Fig. 9. Effect of substrates on the normalized heat-flow rate of hydrogenation at 130 °C and 35 bar of hydrogen over Ru/C.
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Fig. 10. Effect of substrates on the normalized heat-flow rate of hydrogenation at 130 °C and 35 bar of hydrogen over Ru/C.

3.2.4. Effect of solvents

The effect of the solvent was measured on the reaction enthalpy of
the hydrogenation of BL. Table 4 shows that hydrogenation of BL is
slightly more exothermic in butanol solvent, but this aspect can be
neglected. The reaction enthalpy in butanol or GVL solvent is slightly
higher compared to the hydrogenation enthalpy of BL in BL solvent
(Table 4). However, Fig. 8 shows that the heat-flow rate due to chemical
reaction is slower in butanol solvent. Due to the low value of the
enthalpy of cyclization, the heat-flow rate is mainly governed by hy-
drogenation. Thus, the kinetics of hydrogenation is slower in butanol
solvent, which was confirmed by a previous study (Capecci et al.,
2021a).

3.3. Effect of substrates on the hydrogenation enthalpy

In Section 3.2, we have demonstrated that the dependence of the
enthalpy of BL hydrogenation is negligible toward reaction temperature,
substrate concentration, and solvent conditions. This dependency study
was vital to compare the hydrogenation enthalpy of ML, BL, EL or LA.
Even if the initial substrate concentrations are similar, the reaction
environment can be different due to the different molar masses.

Table 5 shows that the hydrogenation enthalpies of ML, EL and BL in
GVL and alkyl levulinate solvents are similar. One can notice that the
hydrogenation enthalpy for ML and BL are similar, i.e., within the range
— 37 to — 34 kJ/mol. The hydrogenation of EL is less exothermic, i.e.,
— 26.17 kJ/mol. By neglecting the enthalpy of HPA cyclization, thus the
enthalpy of LA hydrogenation was found to be the highest, — 49.73 kJ/
mol. Table 5 shows no linear correlation between the alkyl chain length
and the reaction enthalpy values.

Figs. 9 and 10 show that the heat-flow release normalized by the
initial concentration of substrate during the hydrogenation is more
significant for ML substrate than EL or BL. Due to corrosion issues, the
hydrogenation of LA was performed at a lower concentration. One can
observe that the normalized heat-flow rate with LA is the highest. The
normalized heat-flow rate for EL hydrogenation is lower than for BL.
According to Wang et al. (Wang et al., 2019), the kinetics of EL hydro-
genation is faster than that of BL. However, the hydrogenation of EL is
less exothermic than for BL, explaining the lowest normalized heat-flow
rate for EL.

The same trend was observed for the hydrogenation of a high-
concentrated (pure) solution of alkyl levulinate (Fig. 10). The normal-
ized heat-flow rate released evolves in the following order: ML>BL>EL.

Table 6
GC and RC1 results for experiments in isothermal conditions for the hydrogenation of EL-BL mixture in GVL solvent at 130 °C and 35 bar of hydrogen.
Total mass Cat. mass of Ru/C* [BL] [BL] [EL] [EL] [GVL] Initial (mol/L) [GVL] Final Heat
(kg) (kg) Initial Final (mol/1) Initial Final (mol/L) (mol/L) released (kJ)
1/L, 1/L
(mol/L) (mol/L) Measured Estimated from Eq. (3)
0.551 0.006 1768 474 1999 491 3381 4669 -46.48 -44.39
0.550 0.006 1817 51 2172 54 3620 5109 -63.16 -62.30

* Including 50% of water
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Operating conditions for the cyclization experiment in C80 in isothermal conditions at 60 °C and 10 mol/m® of H,SO4 in GVL solvent.

Subst. [MHP]o [MHP]nat [PrHP], [PrHP]gnat Q_C80 AHg‘lfmm prizp (kJ/mol) Standard deviation for
(mol/m?) (mol/m?%) (mol/m?) (mol/m?) (@) AH o6 prgp (KJ/mol)
MHP & PrHP 23 63 107 31 -6.645 15.96 2.91
Table 8

GC and RC1 results for experiments at isothermal conditions for the hydrogenation of substrates at 130 °C, 35 bar of hydrogen, reaction mass of 0.550 kg and catalyst

mass of 0.006 kg (containing 50 wt% of water).

Temperature [ML], [ML]fina1 [PrL]y [PrL]¢inal [GVL]o [GVL]final [PrOH], [PrOH]final AHZ‘.Umm Pl Standard deviation for
°C) (mol/m®  (mol/m%) (mol/m®  (mol/m>) (mol/ (mol/m®  (mol/m%) (mol/m*) (kJ/mol) AHE ¢ pm, (KJ/mol)
m®)
130 604 160 1766 611 5875 6686 338 672 -36.60 6.80

3.4. Calorimetric study of mixed levulinate solution hydrogenation

3.4.1. Hydrogenation of BL/EL
In this section, we wanted to verify if the total energy released during
the hydrogenation of two levulinates can be expressed by Eq. (3).

Orc1 = ("BLW,, - ”BLO) * AHR.](BL) + (nBuOH/,,‘,,, - nBuOHg)
* Ao + (Mo, — Newy) * Aaen) + (nEomH;, — nEon, )
* AHRo(Er) 3

Table 6 confirmed the linear addition of total reaction enthalpy, i.e.,
Eq. (3). The heat released measured is similar to the one estimated from
Eq. (3). Thus, this approach can be applied to estimate the reaction
enthalpies for PrL and PeL.

3.4.2. Hydrogenation of the mixture ML/PrL

Hydrogenation of a PrL. and ML reaction mixture obtained from ML
transesterification, was carried out in RC1 calorimeter. Thus the total
energy due to the chemical reaction can be expressed as

f— — m —
Orer = (nM’-ﬁnul "M’-n) * AHR yroman, + (”Prl‘/m: ”Prln)

m
* AHR oot = (P10t — Mpcoin,)
m m
* AHR s omprip — (nMeOH/m: - ”MeOHn) * AHR > ommp 4

Due to the low boiling point of methanol, it is challenging to track its
concentration. Hence, the difference (nMeOHﬁnul —Numeon, ) can be expressed
as:

(5)

(”Me()Hﬁ,m, - nMeOHo) = ("GVLﬂ,,,‘, - nGVLg) - (nPrOHﬁ,,(,I - nPrOHn)

At the end of the RC1 experiment, the reaction mixture was
concentrated in PrHP and MPH. This reaction mixture was used in C80
micro-calorimeter to access the reaction enthalpy of PrHP cyclization.
The total energy due to cyclization in C80 can be expressed as

m
* AHg o ommp

(6)

In Egs. (3) and (5), reaction enthalpies calculated previously
(AHE grom mpp @nd AHR g, 1) Were used to determine the enthalpies for

- m
QC80 = (nPVHP/i,(uI - nPVHPo) * AHR.menu"rHP + (nMHPﬂrml - nMHP")

the hydrogenation of PrL. Tables 7 and 8 show the reaction enthalpy
values calculated from the experimental data obtained with RC1 and
C80 for the ML and PrL reaction mixture hydrogenation. The reaction

Table 9

enthalpy of PrL hydrogenation is of the same order of magnitude as for
ML and BL. However, the cyclization enthalpy for PrHP is more endo-
thermic than the others.

3.4.3. Hydrogenation of the mixture EL/PeL

A reaction mixture constituted of EL and PeL, obtained from the
transesterification of EL by pentanol, was used to estimate the hydro-
genation and cyclization enthalpies of pentyl levulinate (PeL).

The method for the estimation of the hydrogenation and cyclization
enthalpies were the same as the method described previously. As seen in
Tables 9 and 10, the hydrogenation enthalpy for PeL follows the trend as
the other levulinates, but the cyclization enthalpy is similar to that of
PrHP.

4. Conclusions

The knowledge of reaction enthalpy is vital in chemical processes to
assess thermal risks and perform pinch analysis on process flow dia-
grams. In the case of biomass valorization, such information is still often
missing from databases. To fill this gap, the current study utilized two
types of calorimeters to evaluate reaction enthalpies for the production
of GVL from the hydrogenation of alkyl levulinates or levulinic acid over
Ru/C. Setaram C80 micro-calorimeter was used to evaluate the enthalpy
of cyclization and RC1 Mettler Toledo to evaluate the enthalpy of
hydrogenation.

It is commonly assumed that reaction temperature, reactant con-
centrations or solvent do not significantly affect the reaction enthalpy
value. To verify this statement, hydrogenation of butyl levulinate was
performed at different temperatures, initial BL concentrations and in
different solvents: BL, butanol or GVL. From these experiments, it was
confirmed that the enthalpy of hydrogenation was independent from
these operating conditions.

A calorimetric study of propyl levulinate hydrogenation over Ru/C
was also performed to evaluate the influence of chain length on the
reaction enthalpy. In the first stage, propyl levulinate was prepared from
the transesterification of methyl levulinate leading to a reaction mixture
of methyl and propyl levulinates.

This study shows that the enthalpy of hydrogenation of LA, ML, EL,
PrL, BL and PeL were exothermic and were equal to — 49.73 kJ/mol,
— 36.84 kJ/mol, — 26.17 kJ/mol, — 36.60 kJ/mol, — 35.58 kJ/mol
and — 38.61 kJ/mol, respectively. The enthalpy of cyclization was
found to be endothermic, and were equal to 9.39 kJ/mol, 6.51 kJ/mol,

Operating conditions for the cyclization experiment in C80 in isothermal conditions at 60 °C and 10 mol/m® of H,SO4 in GVL solvent.

Substituent. [EtOH]o [EtOH]fpa1 [PeOH], [PeOH]Ifjpa1 Q._C80 AHg >Cyclization Enthalpy for PeHP STD AHg ;Cyclization
(mol/m>) (mol/ m®) (mol/ m®) (mol/ m®) [6)) (kJ/mol) Enthalpy for PeHP
(kJ/mol)
EHP & PeHP 254 376 661 887 -7.587 13.33
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GC and RCI results for experiments at isothermal conditions for the hydrogenation of substrates at 130 °C, 35 bar of hydrogen, reaction mass of 0.550 kg and

0.0063 kg of Ru/C (containing 50 wt% of water).

[EL]nitial [EL]fina1 (mol/ [PeLlmitiat  [PeL]final (mol/ [GVLImitial ~ [GVLlfinat ~ [PeOHlmitiat ~ [P€OHlfina ~ AHR: STD AHg,Hydrogenation of
(mol/ m®) (mol/ m®) m®) (mol/ m®) (mol/ m®) (mol/ m%) (mol/ m®) Hydrogenation Pel
m3) of PeL (kJ/mol)
(kJ/mol)
909 259 224 665 4046 5122 31 911 -38.612 1.05

15.96 kJ/mol, 6.40 kJ/mol and 13.33 kJ/mol for MHP, EHP, PrHP, BHP
and PeHP respectively. One can conclude that there is no linear corre-
lation between reaction enthalpy and alkyl chain length for both reac-
tion steps, hydrogenation and cyclization.

A further investigation of this study could be to evaluate the reaction
enthalpies with different solid catalysts, noble and non-noble metals.
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ARTICLE INFO ABSTRACT

Keywords:
Kinetic modeling
Gamma valerolactone

The use of lignocellulosic biomass as raw materials for the production of biofuels is increasing. There are several
potential processes valorizing these raw materials, but the shift from lab-scale to industrial scale requires the
development of reliable and robust kinetic models. Usually, these models are developed in isothermal mode,

](;Z‘llsrlilrl:lziette limiting their use for thermal risk assessment or pinch analysis. We developed and assessed several kinetic
A diabaticry models for the hydrogenation of butyl levulinate to y-valerolactone over Ru/C in different thermal modes, i.e.,

isothermal, isoperibolic and adiabatic modes. The reaction calorimeter Mettler-Toledo RC1 was used to perform
kinetic experiments. Bayesian inference was used during the regression stage to calculate the credible intervals.
The validation stage was done by a holdout method. From the regression and validation stage, we found that the
non-competitive Langmuir Hinshelwood with hydrogen non-dissociation and dissociation were the most reliable

models. These models can predict the kinetics of this reaction system in different thermal modes.

1. Introduction

Our dependency on fossil raw materials is very high in the modern
society. Over 80% of the world’s primary energy consumption in the
energy sector was from fossil raw materials in 2020 [1].

The use of lignocellulosic biomass (LCB) for biofuel production is
seen as a better alternative to fossil fuel because of its global availability,
lower environmental impact, and cost [2-6]. Besides, such raw mate-
rials are not in competition with the alimentary sector, avoiding the
dilemma of food versus fuel [7,8]. The sugar parts of LCB, i.e., cellulose
and hemicellulose, are mainly used to produce chemicals, materials or
fuels. The valorization of these polymers of sugar can lead to several
platform molecules and their derivatives, such as succinic acid, furfural,
5-HMF, levulinic acid, glycerol, etc. [9-12].

The chemical y-valerolactone (GVL), produced from the hydroge-
nation of levulinic acid or ester levulinate, is also considered as a plat-
form molecule [13,14]. Hydrogenation of bio-based carboxylic acids,
esters or related compounds is considered a step toward a sustainable
and carbon-neutral process [15]. In fine chemistry, GVL is considered an
excellent aprotic solvent [16-21] because of its low vapor pressure, high
flash point, and potential to increase acid activity [22-26]. In polymer
science, GVL is a promising starting material for producing greener

* Corresponding author.
E-mail address: sebastien.leveneur@insa-rouen.fr (S. Leveneur).

https://doi.org/10.1016/].fuel.2023.128792

monomers [27-30].

In the energy field, GVL cannot be used directly as a fuel [31], but it
can be used as an additive fuel [32-35]. GVL is a promising feedstock for
producing hydrocarbon fuels [31,36-42] or pentanoic biofuels [43].

From a safety, cost and environmental standpoint, determining the
best operating conditions for the production of GVL is vital [44-46]. The
literature proposes several routes for producing GVL by hydrogenating
raw lignocellulosic biomass, cellulose, glucose or fructose [47]. These
different routes require the hydrogenation of levulinic acid or alkyl
levulinates, and there are three different hydrogenation options:

-use of molecular hydrogen [34,48-65].

-in situ FA decomposition producing hydrogen [66-74].

-Meerwein-Ponndorf-Verley reaction involving the use of alcohol for
hydrogen transfer [75-82].

The use of molecular hydrogen and ruthenium-based catalyst is the
most efficient system to produce GVL. Developing such a process at an
industrial scale requires reliable and robust kinetic models. Such models
are essential to optimize the operating cost to get the highest GVL yield.
There are several models for the hydrogenation of levulinates or levu-
linic acid [52,53,57,64,83-87]. These models were developed using
experiments performed in isothermal mode, and could limit their
application to pinch analysis or process safety.

Generally speaking, the development of kinetic models in different

Received 8 March 2023; Received in revised form 9 May 2023; Accepted 23 May 2023
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Nomenclature

Cp Specific heat capacity [J.kg71.K™1]

Ea Activation energy [J .mol’l]

Siu(&) Estimated concentration or temperature
He Henry’s coefficient [mol.m3.bar 1]

k Rate constant

Ki Adsorption rate of specie i [m3.mol 1]
ki.a Volumetric mass transfer coefficient [s~]

(ki.@)modifiea Modified volumetric mass transfer coefficient
[(Pa-s-K~1)°-5(Pa-s-kg'-m~3)>5.s71]

m Mass [kg]

P Pressure [bar]

R; Reaction rate i [mol.m 3.s71]

R Gas constant [J.mol 1K ]

T Temperature [K]

UA Global heat transfer coefficient [W.K™']

[0(&) | Determinant of the covariance matrix of responses

Y; Experimental concentration of specie i or temperature

Greek letters

Wcat. Catalyst loading [kg.m*B]
Hiiq Liquid viscosity [Pa-s]
Piiq Mass density [kg-m~>]

Subscripts and superscripts
Liq Liquid phase

Ref Reference
o Initial
* Interfacial value

Abbreviations

AIC Akaike information criterion

BL Butyl levulinate

BHP Butyl 4-hydroxypentanoate

BuOH  Butanol

ER Eley-Rideal kinetic model with no adsorption of hydrogen

GC Gas chromatography

GVL y-valerolactone

HPD Highest Posterior Density

LH1 Langmuir-Hinshelwood kinetic model with molecular
adsorption of hydrogen

LH2 Langmuir-Hinshelwood kinetic model with hydrogen
dissociation

NCLH1 Non-competitive Langmuir-Hinshelwood kinetic model
with no dissociation of hydrogen

NCLH2 Non-competitive Langmuir-Hinshelwood kinetic model
with hydrogen dissociation

ODEs Ordinary differential equation system

OF (£)  Objective function

RKMC  Redlich-Kwong-Mathias-Copeman equation of state

Ru/C Ruthenium on activated carbon

thermal modes, e.g., isothermal, adiabatic, isoperibolic, or dynamic
modes, is quite seldom in the literature.

In adiabatic mode, one can only use the reaction temperature as an
observable [88-90] allowing to obtain reliable models for thermal risk
assessment [91]. It is impossible to withdraw samples during the reac-
tion; otherwise, the reaction temperature signal is perturbed. Hence,
kinetic models only developed in adiabatic mode are limited for thermal
risk assessment.

In isoperibolic mode, for some chemical systems, it is possible to
track the reaction temperature and withdraw some samples to track the
concentration in the liquid phase [92-94], allowing the development of
reliable kinetic models considering concentration and temperature as
observables.

There is a need to have kinetic models developed in different thermal
modes to improve their reliability and robustness and to be used uni-
versally for process safety, process intensification, and cost evaluation.
To do that, one must carry out different experiments in isothermal
conditions to track the species concentration and in non-isothermal
conditions (isoperibolic and adiabatic modes) to track the reaction
temperature.

To the best of the authors’ knowledge, such an approach is highly
seldom in the literature [94]. In this study, we developed kinetic models
for the hydrogenation of butyl levulinate into GVL over Ru/C in three
thermal modes: isothermal, isoperibolic and adiabatic. A high concen-
trated solution of BL was used to perform experiments. The state-of-the-
art reaction calorimeter Mettler-Toledo RC1 was used to perform ex-
periments in different thermal modes. The developed models were
validated to assess their reliability and select the most reliable ones.
Butyl levulinate was chosen because it is gaining a lot of interest as a
platform molecule and can be used in different areas [16,95].

2. Experimental section
2.1. Chemicals

Chemicals used during this research for analytical and experimental
purposes were purchased from different providers and used without
further purification: n-Butyl levulinate (n-BL), acquired from Alfa Aesar
with a purity >98%, CAS: 2052-15-5. Hydrogen gas (Hy), acquired from
Linde group with a purity >99.99%, CAS: 1333-74-0. y-Valerolactone
(GVL), acquired from Sigma Aldrich with a purity >99%, CAS: 108-29-2.
1-Butanol (BuOH), acquired from LabLine with a purity >99%, CAS: 71-
36-3. Ruthenium on activated carbon (Ru/C), acquired from Alfa Aesar,
5% of ruthenium powder, reduced, 50% nominally wet, CAS: 7440-18-8.
Acetone, acquired from Fischer Scientific with a purity >99%, CAS: 67-
64-1.

2.2. Analytical system

Gas chromatography coupled with a flame ionization detector (GC-
FID) technique was applied to quantify the amount of chemicals in
samples. GC-FID equipment is from Scion Instruments supplier. GC-FID
was equipped with a low polarity column (Phenomenex, ZB-5)
composed of 95% dimethyl siloxane and 5% of phenyl groups. Col-
umn dimensions: length: 30 m, internal diameter: 0.32mm, coating
width: 0.25 um.

Helium (99.99%) was used as carrier gas at a constant flow rate of
1.2 mL/min. The temperature of the injector and the detector were set at
250 °C. The oven temperature ramp was set to 50 °C (1 min) — 20 °C/min
— 200 °C (1 min). Samples were diluted in acetone to be analyzed, the
injection volume was 1 pL and the split ratio was 20:1.

2.3. RCI reactor

To develop a robust kinetic model for GVL production from n-BL,
different experiments were performed in the Mettler-Toledo RC1mx
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Fig. 1. RC1mx Calorimeter installation.

Table 1

Experimental matrix for gas-liquid mass transfer measurement.
Run moBL (kg) Tro (K) P (bar)
1_MT 0.520 373.15 25
2_MT 0.520 373.15 25
3_MT 0.520 413.15 25
4_MT 0.520 433.15 25

calorimeter, considering isothermal and non-isothermal conditions.

The RC1lmx is a high-performance calorimeter with a heating and
cooling loop system, allowing us to have a very accurate temperature
control of the reaction media. The RC1mx vessel is made of Hastelloy
C22 metal one, with a 1.8 L capacity and 100 bar of tolerance. A gas inlet
and outlet system are connected to the vessel to control the pressure. A
PID automatically controls this system. The RClmx is also equipped
with a calibration heater that evaluates the heat capacity (Cp) and the
reaction media’s global heat transfer coefficient (UA). Fig. 1 represents
the RC1mx installation.

2.4. Determination of the global heat transfer

The global heat transfer UA plays a fundamental role in the energy
balance to characterize the transfer between the heat carrier and reac-
tion temperature. Thus, it is vital to measure it correctly. This value was
determined by electrical calibration [92,96,97]. Calibration experi-
ments were performed without catalysts, and a highly concentrated
solution of BL, i.e., weight percentage higher than 98%, was used
initially. We varied the temperature and rotating speed to be able to
draw the Wilson plot.

2.5. Gas-liquid mass transfer measurement

Table 1 shows the experimental matrix for mass transfer study. These
experiments were performed in the absence of catalyst to avoid chemical
reactions. The Redlich-Kwong-Mathias-Copeman (RKMC) equation of
state was used to quantify the number of moles of hydrogen into the gas

phase. According to Nasrifar, the RKMC equation is more accurate and
robust [98].

2.6. Kinetic modeling

Parameter estimation, simulation and curve fitting were performed
using the commercial software Athena Visual Studio V.14.2 [99].
Athena Visual Studio uses a Bayesian framework more suitable for
multi-response parameter estimation than the classical nonlinear least
squares method [100,101]. Indeed, Bayesian inference requires calcu-
lating the determinant criterion [102].

The following observables were used for the parameter estimation
stage: BL, BHP, GVL and reaction temperatures. Only two samples were
withdrawn for experiments performed in isoperibolic or adiabatic con-
ditions: at the beginning and the end of the reaction. Several samples
were withdrawn for isothermal kinetic experiments, and the reaction
temperature was constant.

The ODEs, obtained from material and energy balances, were inte-
grated by the DDAPLUS solver, a modified Newton algorithm [103]. The
GREGPLUS subroutine package was used to minimize the objective
function OF(¢) and to calculate the highest probability density HPD, i.e.,
credible intervals, of the estimated parameters and the normalized
covariance matrix.

GREGPLUS uses successive quadratic programming starting from our
initial guess values to minimize OF({) [99].

OF(§) = (a+b+1)nlo(¢) | €]
where a is the number of events in response, b is the number of responses

and |v(¢) | is the determinant of the covariance matrix of the responses.
Each element of the covariance matrix of the responses is

00(&) = 3 0¥~ Ful®) ] e —fa(0)] @

where, ®, is the weight factor, Yj, the experimental concentration or
temperature and f; (£) the estimated value for response i and event u; Yj,
the experimental concentration and f;,(£) the estimated value for
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Table 2
Experimental matrix for regression with initial conditions.
Run P moBL moGVL mgRu Cpo UAy [BL]o [BHP]o [GVL]o [BuOH], Tro Thermal
(bar)  (kg) (kg) (kg) J-kg 'K WK™ (mol-m~) (mol-m~%) (mol-m~) (mol-m~) ®) mode
1 35 0.415 0.105 0.005 2736 17 4712 0 2082 29 393 isothermal
2 35 0.500 0.000 0.007 2736 19 5929 0 28 65 423 isothermal
3 35 0.500 0.000 0.007 2736 19 9 2222 3909 2883 432 isothermal
4 15 0.117 0.402 0.004 2736 17 1359 2 8198 8 403 isothermal
5 20 0.520 0.000 0.006 3131 17 6105 0 4 3 394 isothermal
1 22 0.500 0.000 0.005 2755 18 6114 0 0 0 412 isoperibolic
2 30 0.400 0.100 0.005 2773 17 4963 0 2079 0 392 isoperibolic
3 30 0.420 0.100 0.005 2646 17 4713 1 1853 31 403 isoperibolic
4 35 0.420 0.100 0.008 3131 17 5090 1 2040 3 393 isoperibolic
1 36 0.520 0.000 0.006 2751 17 5816 0 0 0 393 adiabatic
2 35 0.520 0.000 0.006 2789 15 6056 0 3 53 373 adiabatic
3 25 0.520 0.000 0.005 2704 15 5360 0 0 0 373 adiabatic
4 35 0.420 0.100 0.007 2624 15 4553 0 1786 31 373 adiabatic
5 25 0.520 0.000 0.006 2705 16 5635 0 20 37 383 adiabatic
6 30 0.350 0.170 0.008 2705 17 4223 4 3384 25 403 adiabatic
7 25 0.400 0.120 0.005 3131 18 4681 10 2337 30 413 adiabatic
8 20 0.520 0.000 0.004 3131 17 6339 0 8 62 403 adiabatic
Table 3
Experimental matrix with initial conditions for validation.
Run P moBL moGVL moRu Cpo UAy [BL]o [BHP], [GVL]o [BuOH], Tro Thermal
(bar)  (kg) (kg) (kg) Jkg LK) WK (mol-m~%) (mol-m~3%) (mol-m~%) (mol-m~%) (K) mode
6 38 0.415 0.105 0.005 2736 17 1050 2202 3482 1356 403 isothermal
7 35 0.415 0.105 0.005 2736 15 5059 0 2092 0 373 isothermal
8 20 0.520 0.000 0.006 2736 16 5756 0 4 34 384 isothermal
5 35 0.520 0.000 0.007 2788 15 5857 0 0 0 373 isoperibolic
6 35 0.420 0.100 0.008 2728 16 4984 1 1993 33 383 isoperibolic
9 OH
H,yC
OBu H Rue_ OBu + BuOH
H.C + 7
3 HyC o \
o o] \o
BL BHP GVL

Fig. 2. Reaction pathway for the hydrogenation of BL over Ru/C.

response j and event u.

A modified Arrhenius equation was used to decrease the correlation
between the pre-exponential factor and the activation energy by line-
arizing the original Arrhenius equation as

(%)

where, T, is the reference temperature chosen in the considered
experimental temperature range.

Table 2 shows the experimental matrix for the regression and Table 3
shows the experimental matrix for the validation stage.

E,
R- Trﬂf

K(T) = exp |In(k(T,s) ) + 3

3. Results and discussion
3.1. Kinetics

The global kinetics for the hydrogenation of BL is a two-step reaction
(Fig. 2).

The hydrogenation of the carbonyl group can take different routes, as
illustrated in a previous article of our group [104]. In this work we
considered five kinetic models to determine the most reliable, these
kinetic models are described below:

e Eley-Rideal (ER1): This kinetic model considers that only BL is
adsorbed into active sites of the catalyst, and then molecular
hydrogen collides directly to the adsorbed BL.
Langmuir Hinshelwood with molecular adsorption of Hy (LH1): This
kinetic model considers that all reactants, BL and molecular
hydrogen, are adsorbed into the active sites of the catalyst without
dissociation, then the chemical reaction takes place between adsor-
bed molecules.
e Langmuir Hinshelwood with hydrogen dissociation (LH2): As LH1
this kinetic model considers that all reactants, BL and molecular
hydrogen, are adsorbed into the active sites of the catalyst. However,
in this case, molecular hydrogen is dissociated into atomic hydrogen;
then the chemical reaction takes place between adsorbed BL and
adsorbed atomic hydrogen.

Non-competitive Langmuir Hinshelwood with molecular adsorption

of Hy (NCLH1): This kinetic model considers that there is no

competition between the reactants for the active sites of the catalyst,
so that it is considered that BL and molecular hydrogen are adsorbed
in different actives sites. Chemical reaction occurs between adsorbed

BL and adsorbed molecular hydrogen without dissociation.

e Non-competitive Langmuir Hinshelwood with hydrogen dissociation
(NCLH2): As NCLH1 this kinetic model consider that there is no
competition between the reactants. BL and molecular hydrogen are
adsorbed into different actives sites, then the adsorbed molecular
hydrogen is dissociated into atomic hydrogen. The chemical reaction
occurs between adsorbed BL and adsorbed atomic hydrogen.
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Table 4
Kinetic expression for the different mechanisms for the hydrogenation step.

Fuel 350 (2023) 128792

Kinetic model

Rate expression

Eley-Rideal with no adsorption of hydrogen (ER1)

Langmuir Hinshelwood with molecular adsorption of Hy (LH1)

Langmuir Hinshelwood with hydrogen dissociation (LH2)

Non-competitive Langmuir Hinshelwood with no dissociation of hydrogen (NCLH1)

Non-competitive Langmuir Hinshelwood with hydrogen dissociation (NCLH2)

k1:[H2)-Kp+[BL]-0ca.
(Kpr+[BL] + Kpup+[BHP] + 1)
k1Kuz-[Ha)-Kpr[BL]-0car.
(Kp-[Ha] + Kpy-[BL] + Kpyp-[BHP] + 1)?
k1-Ky-[Hz)-K;-Kpy - [BL]-0cqr.
(v/Ku[Hz] + Kpy[BL] + Kpp+[BHP] + Ki-Kpy +[BL]- /Ky [H2] + 1 )2
k1 -Kuz-[Hz] Kpi*[BL]

(1 + Kuz-(Ha]) (1 + Ko -[BHP] + Ky [BL])
k1 -K-Ke-Kgp[Ha) [BL]-wca

Ka-Hz] +1  Kgpo-[BL] + Kc-+/Kn-[Ha]-Kgp + - [BL] + Kgypr -[BHP] + 1

@Cat.

Table 5
Kinetic factors and estimated parameters.

Models Kinetic factors Estimated parameters
ER1 E,
exp (1n(Kaw) +1n(Ks (Trg) ) +5 o ( ) ) (). s (To) ) 7 a0 1K)
ref
LH1 E,
exp (In(Kiiz) +1n(Kae) +n (ks (Tre) T In(Kpp2), In(Kp). (ks ( ,ef) )> g and In(Kpp)
T R-Tys
LH2 Eal
exp(ln Ky) +In(Kp) +In(K;) +In (k1 (Tref) ) + T (1 - ) ) In(Ky),In(Kpe). In(K;), In (k1 (Trer) ), RTo . and In(Kgup)
e
NCLH1 E,
exp(In(Kirz) + (K ) + In(ks (Try) In(Kizz) In(Kpy ) In(Kpp ). In (K (Treg) ) and -
R Tr ' ReTrer
NCLH2 En E,
exp (ln Ky) + In(Kp ) + In(Kc) + In(k (Treyr) ) Ry (1 — ;ff) ) In(Ky), In(Kpr ), In(Kppp ), In(Ke ), In(ky (Te) ) and R.;ief
Table 7
012 Estimated values at T,ef = 398.15 K and statistical data for NCLH1.
0.11 Units Estimate HPD HPD%
y=2,727x + 0,038 ..
1 —1
0.10 y = 2,494 + 0,035 In(ky (Trer) ) mol. kg_dry basis RuC™ 5.34 0.12 2.17
In(kz (Trs) ) s -10.19 0.03 0.28
500 Y= 250000031 Ea - 9.25 073 7.92
g y =2,199x + 0,030 oT-373,15K R-Tyy -
= 0.08 ° Eq 8.09 0.59 7.27
= T=393,15K Ry
2 0.07 L) T=413,15K In(Ky) m3mol ! —-2.91 0.26 8.93
.o a1k In(Kpy ) m3-mol ! 0.011 -
0.06 ¢ R In(Kppp» ) m3-mol ! 7.961 -
0.05
0.04 Table 8
0.005 0.01 0.015 0.02 0.025 0.03 Normalized parameter covariance matrix for NCLHI1.
N2/ (min?7) n(ki(Trg))  In(ka(Tny)) Eq Ea In(Kp)
R-T, R-T,
Fig. 3. Wilson plot. il il
(ki (Ty)) 1
In(kz (Tref) ) 0.07 1
Ea -0.163 —0.047 1
Table 6 R-Try
AIC values for each observable and model. Eay —0.086 —0.671 —0.059 1
Ry
AIC Number of parameters to estimate ln(Ig;) _0.981 _0.071 0.123 0.081 1
BL BHP GVL Tr
ER1 2529 2010 2151 36 R i . . . .
LH1 2498 2008 2131 117 we applied linearization on the rate constant, and kinetic factors are
LH2 2500 2010 2133 118 displayed in Table 5.

NCLH1 2520 1993 2139 54
NCLH2 2508 2056 2161 38

0N ®NO

Table 4 shows the rate expression for the different possible reaction
mechanisms.

The kinetic expression for the second reaction step, i.e., the cycli-
zation step, was expressed as

Rcyciizaion = ko [BHP] Q)

3.2. Material and energy balances

Due to the vigorous stirring, ideal hydrodynamics was assumed in
the RC1 reactor. Material balances for different compounds in the liquid
phase leads to:

dCp
dt

= - RH\!dmgenmion (5)
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Fig. 4. Fit of the NCLH1 model to isothermal experimental data for Run 1.
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Fig. 5. Fit of the NCLH1 model to isoperibolic experimental data for Run 2.



W.N.V. Salcedo et al.

Fuel 350 (2023) 128792
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Fig. 6. Fit of the NCLH2 model to adiabatic experimental data for Run 6.
diH), study was carried out to estimate the volumetric gas-to-liquid mass
- lig _ k.a- ([Hz];q — [H,] h.q) — Ruyarogenation 6) transfer coefficient for hydrogen. A similar methodology applied in a
previous study of our group was used [57] to estimate this mass transfer
dCypp coefficient by taking into account density and viscosity of the reaction
ar Rsyarogenarion = Reyetizaion @ mixture [24]. For the sake of clarity, this information was added in
Supplementary Material (S1). The value of He(T) can change with
dCpuon = Resutioi ®) temperature and chemical composition, the results from Capecci et al.
dr yelanon were used [54].
dC. The heat balance equation for the liquid phase leads to
G
dtVL = RCycIization (9)
dTx _ (—Rua “AH tyarogenation”V — Reyetizarion Mg cyctization” V) + UA(T) — Tg) + @-(Tay — Tr) 10
dt mR'CPR + minsert'cpinsert + mcaralysr'cpcmalysr

The term [Hz];.q is hydrogen concentration at the gas-liquid interface.
This value depends on temperature and was determined through Hen-

ry’s constant: He(T) = 2t

PH, Reactor

[54]. A separate mass transfer coefficient

The term a-(Tqmp — Tr) represents the heat loss with the surroundings.
The term UA-(T; — Tg) is the heat flow rate exchanged with the heat
carrier, and UA is the global heat transfer, T; and Tr are the jacket and
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Fig. 7. Parity plots from regression stage (model NCLH1).
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Fig. 8. Parity plots from validation stage (model NCLH1).

reaction temperatures. The term mg-Cpr +Minsert*CPinsert +Meatatyst*CPeatalyst
represents the thermal inertia, where Mjyert-CPinsere s €qual to 52J K7L
according to the manufacturer, Cpg was evaluated based on the evolution
of chemical composition and temperature [24] and Cp.qqy Was found
based on the article of Lu et al. [105]. Reaction enthalpies for hydroge-
nation AHR pydrogenation and cyclization AHp, cyclizaion Were the ones calcu-
lated by Wang et al. [46].

3.3. Calibration results (Wilson plot)

In order to verify the thin wall approximation between the heat
carrier and reaction mixture and to predict the UA values with reaction
temperature, UA value was calculated at different temperatures and
rotating speeds in the absence of reaction, i.e., Wilson plot [97]. Fig. 3
shows the linearity between 1/UA and N~%3, confirming the thin wall
approximation.

3.4. Gas-liquid mass transfer results

In these experiments, rates of hydrogenation and cyclization are
equal to zero, thus one should integrate Eq. (6) to estimate the k;a value.
The volumetric mass transfer coefficient was expressed as [57]:

T 05 » 025
kia = (kia)podifiea 4 |5
odified Hiig Hiig

The constant (k;@),,4.¢ Was calculated from experiments shown in
Table 1 as described in Supplementary Material (S1). From Table S1.1,
one can notice that the calculated value of (k;a),,qy,4 fOT €ach run is very
similar. The average value of (kia),,,gmq Was found to be 2.25.10°°
(Pa-s- K 1)5(Pa-skg 1 m3)%2.s7! and the standard deviation was
equal to 0.14 (Pa-s-K’l)O's(Pa-s-kg’l~m’3)°'25-s’1. This value was found
to be similar than the one of Wang et al. [57].

an

3.5. Kinetic modeling

3.5.1. Regression

The five models were tested during the regression (ER1, LH1, LH2,
NCLH1 and NCLH2). The Akaike information criterion (AIC) was used to
evaluate the most reliable models, and it was calculated as
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[Yi — fu(®)]”

number of independantevent

AIC: number of independant event~ln<

This criterion penalizes models with numerous parameters to esti-
mate. Table 6 shows the values for each observable.

Table 6 shows that NCLH1 and NCLH2 are the most reliable model by
considering the AIC for all observables. Indeed, NCLH1 and NCLH2
models present a good compromise between the lowest AIC values for Tr
and medium AIC values for BL, BHP and GVL.

For the sake of clarity, modeling results using NCLH1 model are
displayed, and the others are in Supplementary Material (S2). Table 7
shows the value of the estimated parameters and the statistical values.
The model can estimate the kinetic constants with low credible intervals.
However, the estimation of adsorption constants is more challenging
due to the difficulty to estimate such thermodynamic constants.

Correlation between the majority of estimated parameters are lower
than 0.90 in absolute value, thus one can consider that the estimated
parameters are not correlated [106] (Table 8.). This absence of corre-
lation shows that the parameters are well identified. The parameter
In(ky(Trf) ) and In(Ky) are strongly correlated, due to the difficulty to
correctly track the hydrogenation rate.

Figs. 4-6 show the fit of the model to experimental data in different
thermal modes for NCLH1 model. Generally, the model fits well the
experimental data in these modes as it is confirmed with the parity plot
(Fig. 7). In isothermal mode, experimental temperatures were not
considered in the objective function, because the reaction temperature is
stable along the reaction course. For adiabatic and isoperibolic experi-
ments, we measured concentrations at the beginning and at the end of
the reaction.

3.5.2. Validation stage

A holdout validation method was used. The estimated kinetic and
thermodynamic constants obtained from the regression stage were used
to predict the kinetic profile by using initial experimental conditions
from Table 3. Fig. 8 show parity plots for the validation experiments for
NCLH1, showing the good prediction capacity of NCLH1. NCLH1 can
correctly predict BL and GVL concentrations, as well as reaction tem-
perature. This model is less accurate for BHP concentration.

4. Conclusions

There is a need to develop reliable and robust kinetic models to
scaleup, optimize process production, energy consumption and pro-
duction, cost production and for thermal risk assessment. Traditionally,
these types of kinetic models are developed in isothermal conditions
without considering the energy balance. Thus, such models are limited
for energy optimization or thermal risk assessment.

In this work, we developed and assessed 5 kinetic models in different
thermal modes, i.e., isothermal, adiabatic and isoperibolic one. We
applied this approach for the production of y-valerolactone from the
hydrogenation of butyl levulinate. To the best of the authors’ knowl-
edge, it is the first time that kinetic model are done in different thermal
modes. Such models can provide crucial information in process opti-
mization, scaleup, energy recovery for pinch analysis and thermal risk
assessment.

Kinetic experiments were performed by using high concentrated
solution of BL in the RC1 calorimeter using three thermal modes
(isothermal, isoperibolic and adiabatic). For the regression stage, we
varied the initial temperature from 383 to 430K, catalyst loading from
6.5 to 13.5kg/m> and hydrogen pressure from 15 to 35 bar. We were
able to estimate kinetic constants for 5 kinetic models: Eley-Rideal with
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) + 2.Numberofestimatedparameters 12)

no adsorption of hydrogen (ER1), Langmuir Hinshelwood with molec-
ular adsorption of Hy (LH1), Langmuir Hinshelwood with hydrogen
dissociation (LH2), Non-competitive Langmuir Hinshelwood with no
dissociation of hydrogen (NCLH1) and Non-competitive Langmuir
Hinshelwood with hydrogen dissociation (NCLH2). From the AIC cri-
terion, we found that NCLH1 and NCLH2 models were the most reliable
model. A validation stage was done using a holdout method, and
confirmed the reliability of NCLH1 model.

A continuation of this work could be the determination of these
constants from quantum mechanics method.
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levulinates and can present some risk of thermal runaway. To the best of our knowledge, no studies
evaluate the thermal stability of this production in a continuous reactor. We simulated the thermal
behavior of the hydrogenation of butyl levulinate over Ru/C in a continuous stirred-tank reactor and
performed a sensitivity analysis. The kinetic and thermodynamic constants from Wang et al.’s articles
were used. We found that the risk of thermal stability is low for this chemical system.

Keywords: simulation; GVL; thermal stability; hydrogenation

1. Introduction

The shift from fossil raw materials to renewable raw materials in the chemical industry
is mandatory to make this industry sustainable and decrease its negative environmental
impact. Among renewable raw materials, lignocellulosic biomass (LCB), that is not in
competition with the food sector, is an excellent candidate because it could avoid the
dilemma of food versus fuel that led to the alimentary crisis in the late 2000s. Even if there
is divergence on the role of biofuel production in explaining the food shortage [1,2], non-
food-use raw materials for chemical, biofuel, or material production should be favored [3].

LCB is available worldwide and can be obtained from agricultural wastes, such as
maize stover, straw, wheat straw, sugarcane bagasse, rice husk, etc.; forestry residues
including remaining wood harvestings, such as roots, branches, and leaves; dedicated
crops on marginal land that is not suitable for food growth (e.g., miscanthus, switchgrass,
eucalyptus, etc.); and the paper industry [4,5].

LCB consists of three main elements: cellulose and hemicellulose, which are polymers
of sugars, and lignin, a polymer of aromatic compounds. The percentage of these three
elements varies with species, location, and seasons, making it challenging to develop the
same pretreatment or valorization process for all LCB raw materials. Nevertheless, these
raw materials can lead to the production of fuels, materials, and chemicals.

The sugar fraction valorization can produce valuable platform molecules or building
blocks such as levulinic acid/levulinate, furfural, GVL, HMF, etc. [3,6,7]. The potential
use of GVL in fuels, materials, and chemicals is enormous [8-13]. GVL was found to be a
suitable solvent for the dissolution of lignin, hemicellulose, cellulose, or fructose [14-19].
GVL can reduce CO exhaust, unburned fuel, and smoke [20]. GVL updated to hydrocarbons
can be a temporary solution for jet fuels [21]. The valorization of GVL into alpha methylene
can lead to an excellent substitute for acrylate [22,23].

GVL is produced from the hydrogenation of levulinic acid or alkyl levulinates. There
are three main approaches: molecular hydrogen, catalytic transfer hydrogenation via the
use of alcohol, or the in situ decomposition of formic acid [24-26]. The most common
approach is using molecular hydrogen over Ru on activated carbon.

Processes 2023, 11, 237. https:/ /doi.org/10.3390/pr11010237
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There are two types of catalytic systems in GVL production: homogeneous and
heterogeneous. The advantage of homogeneous systems is their high catalytic perfor-
mance [27,28]. However, separation processes need to be implemented to separate the
catalyst from the final products, while heterogeneous catalysts are easy to remove and can
be recycled [29,30].

In heterogeneous systems, the most common catalysts for GVL production from
levulinic acid and alkyl levulinates are ruthenium (Ru), thodium (Rh), palladium (Pd),
platinum (Pt), gold (Au), and rhenium (Re) in which the noble metal Ru exhibits a high
selectivity [8]. Manzer studied the hydrogenation of levulinic acid over a series of metal cat-
alysts (I, Rh, Pd, Ru, Pt, Re, and Ni) supported on carbon (metal loading was equal to 5%)
wherein a 5 wt.% Ru/C catalyst had the highest performance in terms of conversion and
selectivity [23]. The catalytic activity of Ru/C and some other solid catalysts show promising
results for the hydrogenation of butyl levulinate [31-34].

We have demonstrated that the hydrogenation of levulinic acid or alkyl levulinates
presents some risk of thermal runaway when the thermal mode is adiabatic and in batch
conditions [35,36]. One way to decrease the thermal risk is to work in continuous mode
in a steady-state regime [37]. Nevertheless, one needs to assess the thermal stability of
such continuous reactor [38,39]. In the literature we can find studies about thermal stability,
dynamic stability, and sensitivity assessments in continuous reactors for reactions such as
the hydrolysis of acetic anhydride, polystyrene production in CSTRs, and light-cycle oil
hydrotreatment [40-43]. To the best of our knowledge, such a study has not been conducted
for the continuous production of GVL.

In this paper, we focused on evaluating the thermal stability of GVL production from
butyl levulinate over Ru/C and included a sensitivity approach. We modeled the thermal
behavior of an ideal continuous stirred-tank reactor (CSTR) and used the kinetic and
thermodynamic constants from Wang et al. [35,44]. A CSTR was chosen because its mixing
is more efficient than other continuous reactors, which is vital for a gas-liquid—solid system.

2. Materials and Methods
2.1. Kinetics

Wang et al. showed that the hydrogenation of BL over Ru/C is a two-step reaction
(Figure 1). BHP stands for butyl 4-hydroxypentanoate, and it is an intermediate. They
performed this study by using GVL as a solvent.

OH
o. CH, Hydrogenation Cyclization /\/\
H3CM( N~ N > " CJ\A[(O\/\/CH34> e + e OH
3 3 \
0
o) o
BHP

o

BL GVL Butanol
Figure 1. Reaction scheme for BL hydrogenation.

The rate expression for the hydrogenation step is derived as follows:
Ry = k1-[BL] i [Ha]Lig-WRusc M
The rate expression for the cyclization is:
Ry = ko:[BHP] 2)

where wg,, /¢ is the catalyst loading in kg /L.
The kinetic and thermodynamic constants from the articles of Wang et al. [35,44] were
used (Table 1).
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Table 1. Kinetic and thermodynamic constants.

Values Units
ki (T = 403.15 K) 3.09-107° m®-mol~1-kg~1-s7!
Ea; 9.68 kJ-mol~!
AHg; —38.66 KJ-mol 1
k; (T = 403.15 K) 1.88-1074 571
Eay 10.25 kJ-mol~!
AHg, 6.50 kJ-mol~!

2.2. Mass and Energy Balances

In this study, the flow distribution was assumed to be ideal. Thus, the material balance
for a compound j can be written:

ac;, C;, —-GC;
7; — Jin - Jout +Zl Uj,iRi (3)

where i represents the reaction index, 7 is the space-time, v;; represents the stoichiometry
coefficient of compound j in reaction 7, and Ri is the reaction rate.

In a previous study by our group [44], we showed that the kinetics of hydrogen
mass transfer from the gas to the liquid phase can be considered fast when GVL is the
solvent. Thus, the hydrogen concentration in the liquid phase (reaction mixture) can be
assumed to be constant. The solubility of hydrogen in GVL solvent was calculated from
the following relationships:

—AH 1 1
Gz = P He(Tey =15 enp (== (- ) ) @

where Py, is the hydrogen pressure in the reactor, He (TRe = 373.151() = 1.86 mol-m 3 -bar !

is Henry’s constant at 373.15 K, and AHg,;. = 5936.8 J-mol ! is the enthalpy of solubiliza-
tion [44].
For an ideal CSTR, the energy balance of the reactionary phase can be written as:

R R C;. Cp.

[(6Cr) i+ (0Cr) ) 7 = %(Tin ~T,)+ Ua(T. — T,) = Y, RidH; (5)
where p is the volumic mass, Cp is the specific heat capacity, T, is the reactionary media
temperature, T¢ is the temperature of the heat carrier in the jacket, Ua is the global heat
transfer coefficient, ins represents the reactor insert, and AH; is the enthalpy of reaction i.
Data for heat capacities and volumetric mass were found in the literature [45,46].

The flow distribution of the heat carrier fluid is ideal; thus, the energy balance is:

A dT; _ PCCPC

pccpcg (TCO - Tc) + ua(Tr - Tc> (6)

Tc

where p. and ¢ p, are the volumic mass and heat capacity of the heat carrier, and T, is the
heat carrier temperature at the inlet.

Figure 2 is a schematic representation of the reactor setup.

In this study, we will consider the steady-state regime; thus, Equations (3), (5),

and (6) become:
dl.  dTr oy 4G —1 -1
o= g —OKsTland — = 0mol-L s @)
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Figure 2. Reactor setup.

2.3. Operating Conditions

The simulation was performed under isobaric conditions within a reaction temperature
range of 300-600 K. Table 2 shows the operating conditions used during the simulation.
The inlet concentrations, catalyst loading, and temperature were in the same ranges as the
ones from Wang et al. [44].

Table 2. Operating conditions used in this study.

Inlet Parameters Values Units
Car, 4840 mol-m~3
CBHPO 0 mol-m—3
Covi, 2080 mol-m—3
CBuOHO 0 mol-m~3
weat 10 kg-nf3
T, 300 to 600 K
T; 333.15 K
Py, 25 bar
T 2000 S
Ua 17,000 W-m—3.K"!

2.4. Thermal Stability Criterion

To assess the stationary thermal stability, the van Heerden criterion was calculated
during the course of the reaction. The van Heerden criterion is a stability-based criterion
defined as [47-49]:

AQRemoval > AQGenerated (8)
dt dt
where Qgremovar is the amount of energy exchange between the reactionary media and the
heat carrier fluid, and Qgeperateq is the amount of energy released during the reaction.
The van Heerden criterion is necessary to satisfy stationary stability and states that
the energy removed from a reactionary system must be higher than the energy generated
by the system.

% and dQGii%”f""’ were calculated from the material and energy balances.



Processes 2023, 11, 237

50f13

2.5. Simulation and Parametric Sensitivity

MATLAB R2021b software was used to make the simulation and to solve the math-
ematical equations presented during thermal analysis. The ODE15s routine was used to
solve stiff differential equations. The FSOLVE routine was used to solve the system of
nonlinear equations and the energy and mass balance in the steady-state regime. The EIG
routine was used to calculate the eigenvalues and eigenvectors of the Jacobian matrix.

Parametric sensitivity analysis studies the relationship between the system behavior
according to changes in the inlet parameters. As mentioned by Varma et al. [50], if a slight
variation in the input parameter values can lead to a significant change, then the chemical
system is qualified as sensitive.

The parametric sensitivity is defined as follows:

dy
N
5(v.9) = 25 ©)
For a dynamic system, we have that:
ds (?, <l>) S d f
B ()4 w

Solving the expression above for S (;, cp) in the steady state, we obtain:

as(y,¢
(dt) —0 (11)
afi
- - 7
5(¥.¢) = ]1‘12; thdf;: ; (12)
T

To compare the sensitivity of one output variable according to different parameters,
we can define the normalized parametric sensitivity as follows:

Su(y, 9;) = *‘*], (13)

3. Results and Discussion
3.1. Effect of Space-Time on Conversion

Figure 3 shows the effect of temperature on BL conversion at different space-times. As
the reaction temperature and space-time increase, the BL conversion increases. A space-
time value of 2000 s was found to be a good compromise between time and conversion
since the space-time increase does not significantly improve the conversion. We can realize
from Figure 3, comparing the space-times equal to 2000 s and 10,000 s, that the difference
in the BL conversion is less than 15%, while space-time is multiplied by a factor of 5.

3.2. Comparison of Heat Flow Rate Exchange Due to Chemical Reactions

By solving the energy balance in the reactionary medium, one obtains:

Y, RibH; ok ]Z} =l (T~ T)) (14)

Figure 4 shows the heat flow rates due to chemical reactions in the temperature range
of 300-600 K. We plotted the heat flow rate generated in watts per cubic meters for different
space-times from 100 s to 10,000 s. Based on the results presented in Figure 4, we can
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conclude that the energy release per unit of time per unit of volume decreases if we increase
the space-time. Such results are expected for an ideal CSTR.

BL Conversion vs Tr

100 ‘ | | T [—
| 77 /»/”»/,,,, _
,,/’ B
| /// - —7=100s |
= . // —
= - =
S 60 7/// e ~ 77:2:0005 |
‘» g B
g : 7=10,000 s |-
C ,..“/" »,»,»u»
O : ‘7
: 40 i ,,,.,/' l/» 7
g T
i ./‘/ ”/ ]
30r / ’ .J”N“'l 7
20 - 1/ _
10 ,,,, _
0 | | ‘ I I
300 350 400 450 500 550 -

Tr (K)

Figure 3. BL conversion as a function of T for different space-times.

10 X 10° Heat Generated vs Tr
9r /}/"i
8r ol |
c';-‘\ 7 L /,’/ |
E ' Qgoyt 71005
5—» 6 - /’/ g :7=500s -
= e gen
o] rd q :7=1,000s
= gen
g °f e q. :7=2,000s
2 S gen
(‘B 4t /// gen’ 7=5,000s | |
-.g // Agen’ T =10,000 s
T 3r // I —
2t e — T ]
N — |
0 = — L — 1 I
300 350 400 450 500 550 600

Tr (K)
Figure 4. Heat flow as a function of T, for different space-times.

Figure 5 represents the application of the van Heerden criterion to determine if the
reactionary system is stable from the thermal point of view operating at a steady-state
regime. This criterion solves the energy balance and determines if T, is related to T, by a
one-to-one function (injective function). When the one-to-one function relates T, and T¢,
there is no multiplicity of steady states; consequently, the system is stable.
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600 Steady-states Operating Points

550

500

Tr (K)
N
[$2]
o

400
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300
250 300 350 400 450 500 550 600 650

Te (K)
Figure 5. Reactor temperature vs. jacket temperature.

From Figure 5, we can realize that T, and T; are related by a one-to-one function in the
range 300 K < T, < 600 K. Thus, we can conclude that there is no multiplicity of steady-states
and also that the reactionary system can stably operate in a steady-state regime.

3.3. Parametric Sensitivity

In this part, we evaluate the parametric sensitivity of the BL concentration in the outlet
flow, the GVL concentration in the outlet flow, and the reactor temperature. We decided to
focus on these three variables since they represent the main reagent, the main product, and
the variable linked to thermal stability.

The parameters considered for this evaluation were Cpg,, khydr kcyc, Ua, T, wcy, and Tj,.

Figure 6 shows the normalized parametric sensitivity of the BL concentration in the
outlet flow as a function of the reaction temperature. From Figure 6, we can notice that
the final BL concentration is more sensitive to the inlet BL concentration, space-time, and
catalyst loading. This means that variations in these parameters significantly change the
final BL concentration.

Normalized Sensitivity of C

T T T T
10 i
05 CBLO
’ khyd
k
cyc
Ua
0 — - =
WCat
— 'in
05 = *
A —— - —
| | | | |
300 350 400 450 500 550 600

Tr (K)
Figure 6. Parametric sensitivity for the outlet BL concentration.

Figure 7 represents the normalized parametric sensitivity of the GVL concentration in
the outlet flow as a function of the reaction temperature. Based on the results, we found
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that the GVL concentration is more sensitive to variations in the inlet BL concentration, the
space-time, and the cyclization rate constant. If any of these parameters increase, then the
GVL production also increases. From Figure 7, we can also realize that GVL's sensitivity to
these parameters gains importance as we increase the reaction temperature.

Normalized Sensitivity of C

GVL
: I | | T T
05 CBLo ,,
. 1 o khyd
2 m k
S 04r :
® I Ua
% il /',":Ti'fi"; - I - T |
cg — :;;:»'" wcal
g o2 —— B
E ”l/v,
© ~
< 01 7
| - [ S—
N : —=0
-0.1 | I I ‘ I
300 350 400 450 500 550 o

Tr (K)

Figure 7. Parametric sensitivity for the outlet GVL concentration.

Figure 8 represents the normalized parametric sensitivity of the reaction temperature
in the range of temperatures from 300 K to 600 K. Figure 8 shows how sensitive the reaction
temperature is to the operating parameters. We found that reaction temperature is more
sensitive to variations in the inlet temperature, the inlet BL concentration, space-time, and
the heat transfer coefficient. Based on these results, we can conclude that the inlet BL
concentration, the hydrogenation and cyclization rate constants, the heat transfer Ua, the
space-time T, the catalyst loading wg,, ¢, and the inlet temperature T;, have a low impact
on the reaction temperature within the temperature range of 300-600 K. This low influence
explains the low risk of thermal instability for this reaction in a CSTR.

Normalized Sensitivity of T

0.06 ~ T T T T T 5
T C
0.05 | — o]
T hyd

2 0041 T Kove | ]

E= I Ua

2 003} T H

o)

% 0.02 | Weat | |

E T

D R in

e 001 — — e T

© _———

x 0r ':;:;:;:_;?"":’/A -
001 1
_002 | | | | | |

300 350 400 450 500 550 600
Tr (K)

Figure 8. Results: Parametric sensitivity for the reactor temperature (T;).
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3.4. Dynamic Thermal Stability

In this part, we seek to evaluate the dynamic response of the system to perturba-
tions near stationary conditions. For this purpose, we applied the linear dynamic model
of perturbation.

Considering our dynamical model:

dy;
l = filyr,y2, - Yn, P, t) (15)

where y; represents the variables of the system, and ¢ represents the other parameters.

vi = Cpr, Ceup, Covr, Couom, Ty, T¢ (16)

Let us define a small perturbation (x;) on the whole set of variables as follows:

Xi =VYi—VYis 17)
Therefore:

Yi = Yis T X (18)
Now we can define the perturbed dynamical model as follows:

d(yi,s + xi)

it = fi(]/l,s +X1,Y2s + X2, -, Yns + Xn, ¢, t) (19)

As we have an interest in making a linear analysis, we used the 1st-order Taylor
expansion of the perturbed dynamical model to obtain:

d(yis +xi) . afi afi ofi
dt - fl (yl,sr yz,sr sy yn,S + Xn, (P/ t) + a]/ X1 + ay X2 + - ayn (20)
Under stationary conditions:
d (]/ is T Xi ) o
= 0 (21)
fi (}/1,s, Y2,5/ - Yns + Xu, P, t) =0 (22)
Therefore, the linear model of perturbation under stationary conditions is:
dx; _ (9fi ofi ofi
dt (8%) ar (ay e oy )" >

Developing the linear model of perturbation under stationary conditions for a system
with n variables, we have:

X1

- () () (32)

L= () =+ (3 ﬂ) ot (3) (24)
= (3, (3, (2,

In a matrix formalism, we can define the linear dynamical model of perturbation
as follows:

X=]-X
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where
. iz, df . dA
1 ‘ at dy1 dyn
X=|:0X=: =] - (25)
dxn dfn . dfn
o at a1 g

Solving the linear system leads to these solutions for all the perturbations around the
stationary point:

n
=Y ﬂm'ul,m'e/\mt
m=1

n
Xi= Y ap-U et (26)
m=1

n
Xn = ) ‘Zrn'l/[n,m'e)\miE
m=1
where U; is the ith eigenvector of | associated to the eigenvalue A;. The condition of
asymptotic stability is:
vk tlim xp=0 (27)
— 00

This leads to the following:
A e C- §Re()\i) <0 (28)

To evaluate the dynamic thermal stability, we defined the Jacobian matrix of the
dynamic model in the range of temperature of 300 K to 600 K and calculated the eigenvalues
of the Jacobian matrix for each temperature value. The eigenvalues are plotted in Figure 9.

1 X 1073 Eigenvalues
i T T T
* A
¥ Agup
05 * /\GVL 1
ABuoH
= * /\Tr
E |
051 =
-1 I I I I I I
-9 -6 -5 4 -3 -2 -1 0
Re()) %1073

Figure 9. Dynamic Stability—Eigenvalues.

Figure 9 shows the eigenvalues obtained from the Jacobian matrix of the reactionary
system in the range of temperature from 300 K to 600 K. This Jacobian matrix was generated
from the material and energy balances. It is considered that there are dynamic thermal in-
stabilities in the system when there are eigenvalues whose real parts are positive (Re(A) > 0).
From Figure 9, we can conclude that the CSTR reactor is dynamically stable in the tempera-
ture range of 300 K to 600 K since the real parts of all eigenvalues are negative. Visualizing
the eigenvalues also helps to identify which variable is responsible for instabilities when
the system is not dynamically stable.
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4. Conclusions

This article deals with the safety production of GVL from the hydrogenation of butyl
levulinate over Ru/C in a continuous stirred-tank reactor (CSTR) in a steady-state regime.
The kinetic and thermodynamic constants determined from Wang et al.’s articles were used
to simulate the thermal behavior in a CSTR. The van Heerden criterion showed that the
risk of thermal instability is low for this reaction system with the operating conditions used
in this study.

The sensitivity analysis demonstrated that the kinetic constants, global heat transfer,
inlet concentrations, space-time, inlet temperature, and catalyst loading have a low impact
on the reaction temperature. Nevertheless, the inlet concentration of BL, space-time, and
cyclization rate constant have a non-negligible impact on the outlet concentration of GVL.

A continuation of this study could be the study of thermal stability during the transient
phase and for non-ideal flow in continuous reactors.
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