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Abstract

Non-renewable feedstock should be replaced with renewable resources in the production of
energy, chemical commodities, and materials to increase sustainability. Biomass, especially 2™
generation biomass sources such as forest residues and agricultural waste are good renewable

candidates for the production of biofuels, materials, and chemicals.

Different compounds can be obtained from biomass, among which, some have been classified
as platform molecules due to the versatile possibilities in their further transformation to values
added products. Among these platform molecules, y-valerolactone (GVL) is a valuable
molecule that may be used as a precursor for high-value materials, as a combustible additive,
and as a non-toxic non-polar solvent with good physical and chemical properties. This thesis is
focused on studying the production of y-valerolactone from alkyl levulinates from a kinetic and
thermodynamic perspective.

The production proceeds via a two-step reaction pathway, which comprises catalytic
hydrogenation of alkyl levulinates followed by an internal cyclization to form GVL. A Ru/C

solid catalyst was used to enhance the hydrogenation of levulinates with molecular hydrogen.

In the first part of the work, the influence of experimental parameters such as hydrogen pressure,
temperature, and initial reactant concentration on the reaction rates and selectivity were
investigated using butyl levulinate as a reference reactant. A mathematical model was proposed
for the reaction Kinetics using Bayesian inference. An autoclave was used to investigate
experimentally the reaction kinetics in isothermal and isobaric conditions. The reactant and
product concentrations were analyzed by GC-FID. It was observed that the cyclization was the
rate limiting step in the GVL production.

In the second part, the hydrogenation of levulinic acid (LA) and butyl levulinate to GVL was
investigated. The motivation comes from the fact that the solvolysis of glucose or fructose to
butyl levulinate also leads to the production of LA as a side product. A sulfonic resin, Amberlite
IR120, was used to accelerate the internal cyclization reaction. A kinetic model considering the
dual catalyst system, Ru/C and Amberlite IR120, was obtained via Bayesian inference. A cross-
validation method, K-fold method, was used to evaluate the predictive ability of the models.
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Risks related to the production of GVL can be understood and evaluated with the help of
thermodynamics. Reaction enthalpy is a key thermodynamic factor in thermal risk assessment,
as it contributes to the severity of risks involved. The values of the reaction enthalpies for both
reaction steps considering five n-alkyl levulinates (from methyl to pentyl levulinates) were
determined. Batch calorimeters operated under isothermal and isobaric conditions were utilized
in the experiments. A Mettler Toledo RC1mx calorimeter was used for the hydrogenation
reaction, while a Tian Calvet C80 microcalorimeter was used for the cyclization reaction. The
influence of parameters such as temperature, alkyl substituent, solvent effect, and initial

concentration on the reaction rates and selectivity was studied for the hydrogenation reaction.

The current work contributes to the production of biomass derived y-valerolactone, a green

platform molecule.
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Résume

L'utilisation de ressources non renouvelables devraient étre remplacées par de ressources
renouvelables pour la production d'énergie et de matériaux, afin d'assurer un approvisionnement
plus stable et plus respectueux de I'environnement. La biomasse, en particulier les sources de
biomasse de deuxiéme génération, notamment les cultures forestieres, les résidus forestiers et
les déchets agricoles, sont de bons candidats renouvelables pour la production de biocarburants,

de matériaux ou de produits chimiques.

Différents composés peuvent étre obtenus a partir de la biomasse, parmi lesquels certains ont
été considérés comme des molécules plateformes, aptes a obtenir plusieurs matériaux a haute
valeur ajoutée. Parmi ces molécules plateformes, la y-valérolactone (GVL) est une molécule
polyvalente qui peut étre utilisée comme précurseur de matériaux a plus grande valeur ajoutée,
comme additif combustible et, ce qui est plus important, comme solvant apolaire non toxique
en raison de ses propriétés physiques et chimiques. Cette these se centre sur I'étude des
méthodes d'obtention de la y-valérolactone a partir de Iévulinates d'alkyle dans un point de vue

cinétique et thermodynamique.

La voie réactionnelle est composée par deux réactions subséquentes, une réaction
d’hydrogénation catalytique des lévulinates d'alkyle suivie d'une cyclisation interne pour
former la GVL. Un catalyseur solide Ru/C et de I'nydrogéne moléculaire ont été utilisées pour

effectuer la réaction d'hydrogénation.

Dans la premiére partie, lI'influence de différentes paramétres expérimentaux, tels que la
pression d'hydrogene, la température et les concentrations initiales sur les vitesses de réaction
et la sélectivite ont été etudiées en utilisant le l1évulinate du butyle comme reactif de référence.
Un modeéle cinétique a été proposé en utilisant I'inference bayésienne. Un autoclave a été utilisé
pour les expériences cinétiques dans des conditions isothermes et isobares et les concentrations
étaient mesurées par GC-FID. Les concentrations ont été utilisées comme observables. 1l a été

observé que I'étape de cyclisation était plus lente, ce qui limitait le rendement en GVL.
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Dans la deuxieme partie, I'nydrogénation de I'acide lévulinique (LA) et du lévulinate du butyle
pour la production de GVL a été étudiée. Cette étude est motivée par le fait que la solvolyse du
glucose ou du fructose en BL conduit également a la production d'acide lévulinique. Une résine
sulfonique, I'Amberlite IR120, a été utilisée pour accélérer la réaction de cyclisation interne.
Un modele cinétique prenant en compte ce double systeme catalytique, Ru/C et Amberlite
IR120, a été obtenu par inférence bayésienne. Une méthode de validation croisée, la méthode
K-fold, a été utilisée pour evaluer la prévisibilité des modeles.

Les risques lies a la production de GVL peuvent étre compris et évalués grace a la
thermodynamique. L'enthalpie de réaction est une constante thermodynamique clé dans
I'évaluation des risques thermiques, car elle contribue a la gravité d'un tel risque. Les valeurs
des enthalpies de réaction pour les deux réactions concernant les cing premiers levulinates de
n-alkyle (de méthyle aux lévulinates de pentyle) ont été estimées. Des calorimeétres discontinues
dans des conditions isothermes et isobariques ont été utilisés. Un calorimétre Mettler Toledo
RC1mx a été utilisé pour la réaction d'hydrogénation, tandis qu'un microcalorimétre Tian Calvet
C80 a été utilisé pour la réaction de cyclisation. L'influence de parametres tels que la
température, le substituant alkyle, I'effet du solvant et la concentration initiale a été étudiée pour

la réaction d'hydrogénation.

Ce travail contribue a la valorisation de la biomasse comme alternative aux sources non

renouvelables dans la production de y-valérolactone, une molécule plate-forme verte.
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Referat

Industriella omstéllningen fran anvandning av fossila ravaror till att producera energi och
material fran fornybara resurser ar nodvandig. Biomassa, sarskilt andra generationens
biomassakallor som till exempel skogsbruksrester och jordbruksavfall &r goda fornybara
alternativ for produktion av biobrénslen, material och kemikalier.

Biomassa ar en kalla for mangsidiga kemiska foreningar, varav en del betraktas som
plattformsmolekyler som &r speciellt lampliga for vidareforadling till produkter med hogt
mervérde. Bland dessa plattformsmolekyler &r y-valerolakton (GVL), som kan anvandas for att
producera material med hogt varde, som en bransletillsats och som ett icke-toxiskt opolart
I6sningsmedel med goda fysikaliska och kemiska egenskaper. Denna avhandling fokuserar pa
att studera metoder for framstillning av y-valerolakton fran alkyllevulinater ur ett kinetiskt och

termodynamiskt perspektiv.

Reaktionen sker i tva stegs genom Kkatalytisk hydrogenering av alkyllevulinater och en
intramolekylér cyklisering for att bilda GVL. En fast Ru/C-katalysator anvandes for att

genomfora hydreringsreaktionen med molekylart véte.

| den forsta delen av avhandlingen undersoktes inverkan av olika parametrar som till exempel
vatetryck, temperatur och initial reaktantkoncentration pa reaktionshastigheten med
butyllevulinat som referensreagens. En matematisk modell foreslogs for reaktionskinetiken
med hjalp av Bayesiansk inferens. En autoklav anvéandes for att utféra de Kkinetiska
experimenten  vid  isotermiska och isobariska  forhallanden.  Reaktant-  och
produktkoncentrationerna analyserades med GC-FID. Det observerades att cykliseringssteget

var langsammare jamfort med hydrogeneringen, vilket begransade GVL utbytet.

| den andra delen undersoktes hydrering av levulinsyra (LA) och butyllevulinat fér produktion
av GVL. Motiveringen for denna undersokning harstammar fran det faktum att solvolys av
glukos eller fruktos leder till produktion av bade butyllevulinat och LA. En
sulfonhartskatalysator, Amberlite 1R120, anvandes for att paskynda den interna
cykliseringsreaktionen. En matematisk modell for reaktionskinetiken, som beaktar bada

reaktionsstegen med katalysatorerna Ru/C och Amberlite 1R120, erholls genom Bayesisk
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inferens. En korsvalideringsmetod, K-fold-metoden, anvandes for att utvardera modellernas

extrapoleringsférmaga.

Termodynamik kan utnyttjas for att estimera och forsta risker relaterade till produktion av GVL.
Reaktionsentalpin &r en viktig termodynamisk konstant i termisk riskbedémning eftersom den
ar vasentlig for att bedoma hur kosekvenserna av en olycka. Reaktionsentalpin bestamdes for
bada reaktionsstegen for fem n-alkyllevulinater (fran metyl- till pentyllevulinat). Satsvis
fungerande kalorimetrar anvandes under isotermiska och isobariska forhallanden. En Mettler
Toledo RC1mx-kalorimeter anvandes for att undersdka hydreringsreaktionen och en Tian
Calvet C80-mikrokalorimeter anvandes for cykliseringsreaktionen. Inverkan av parametrar som
temperatur,  alkylsubstituent,  lésningsmedelseffekt och initialkoncentrationer  pa

reaktionsentalpin undersoktes for hydreringsreaktionen.

Avhandlingen bidrar till 6kad forstaelse i effektivare produktion av y-valerolakton, en gron

plattformmolekyl.
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Chapter 1 - Context of the study

1.1. Introduction

The demand for energy and materials has been steadily growing over the last century. This
increase is related to the growing global population and the development of industries, such as
the agrochemical and plastics sectors. As a result, the demand for these commaodities is directly
translated into increased demand for raw materials. However, the primary raw materials used
for producing energy and products, notably crude oil, and gas, are fossil-based. Fossil-based
materials are limited, practically non-renewable, and cannot sustain the growing demand over
time. Even more importantly, the fossil carbon sinks should not be utilized and let into the

atmosphere. From this premise, a switch to renewable raw materials is imperative.

The use of bio-sourced materials is considered a relevant alternative as a renewable raw material
source for energy and chemicals production. Plants represent 80% of all biomasses in the world,
and around 450 gigatons of carbon is bound to trees (Bar-On et al., 2018). In regard to the use
of biomass, one can classify these resources into different “generations” or groups. Bio-based
materials cultivated for human consumption are considered as 1% generation biomass. The
concurrence with the food industry limits the use of this type of biomass for the production of

energy and materials. Due to this fact, other kinds of biomass should be utilized.

The term 2" generation biomass refers to lignocellulosic biomass, which comprises of virgin
biomass e.g. trees and grass, organic food waste, and agricultural waste which does not compete
with the food industry (Yousuf et al.,, 2020). From these bio-based sources, virgin
lignocellulosic biomass has been considered a viable source to produce materials needed in
energy production and chemical industries. (Inyang et al., 2022)

Several chemical intermediates and products can be obtained from lignocellulosic biomass;
among these compounds, y-valerolactone is a molecule of high interest, given its properties and
uses. This chapter will present relevant information on the general properties of biomass,
specifically lignocellulosic biomass, and on obtaining higher added-value compounds, focusing
more on the platform molecule y-valerolactone (GVL). Then, the properties, applications, and

products obtained from GVL will be described. The elements needed for obtaining GVL via
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the hydrogenation of alkyl levulinates and levulinic acid will be explored from the viewpoints
of catalysts, reaction mechanism and kinetics, and mathematical modeling. Finally, the
objectives of the thesis are described.

1.2. Platform molecules

Chemical compounds can be considered platform molecules if they are suitable as intermediates
for producing several other high-added-value chemicals (Werpy & Petersen, 2004). However,
economic and scale-up factors, such as reasonable production cost, should be taken into account
when considering a chemical compound as a platform molecule (Bomtempo et al., 2017).

When we consider a platform molecule as “green,” one could be alluding directly to the
properties of the raw materials in the production of such molecule or referring to the overall
environmental impact related to the use and production of this material. In the current case, we
define a green platform molecule as originating from sustainably produced biomass which

compounds can be used as a building block to obtain other high-value chemicals.

1.3. Lignocellulosic biomass

Lignocellulosic biomass (LCB) is a complex matrix mainly composed of polysaccharides and
phenolic polymers that constitute the essential part of the woody cell walls of plants. (Yousuf
et al., 2020). LCB can be used as raw material for energy production by combustion or
transformed into combustibles such as synthesis gas by gasification, bio-oils by pyrolysis
processes or to fuels and chemicals feedstocks via liquid phase processing. (Raud et al., 2016)
LCB is highly resistant to mechanical stress and chemical decomposition, known as
recalcitrance. These properties are linked to the different compounds that conform to LCB’s
properties, such as cellulose's crystalline structure and lignin's hydrophobicity (Isikgor & Becer,
2015). Due to these properties, harsh conditions are generally needed for fractionating LCB,
such as strong alkalis and high temperatures. (Démolis et al., 2014; Serrano-Ruiz et al., 2011).

1.3.1. Composition of lignocellulosic biomass

LCB comprises nearly 50% of the world’s biomass (Niju et al., 2020). Compared to food and
agricultural waste, which have highly variable compositions obtained from a mix of different
sources, virgin lignocellulosic biomass is mainly composed of 3 polymers: cellulose (30-50%),
hemicellulose (20-34%), and lignin (21-30%) as seen Figure 1-1 (Deivayanai et al., 2022). LCB
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is mainly considered a sugar-based compound, as sugars represent 70% of LCB (Arevalo-

Gallegos et al., 2017). The study of platform molecules obtained from sugars is the focus in the

current study.
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Figure 1-1 - The main components and structure of lignocellulose. “Gl” represents glucuronic
acid, and “Fer” represents esterification with ferulic acid. Reproduced from (Isikgor & Becer,
2015) with permission from the Royal Society of Chemistry.

1.3.2. Cellulose

Cellulose is a structured crystalline polymer and the major contributor to lignocellulosic
biomass. Cellulose is composed of cellobiose (Deivayanai et al., 2022; Isikgor & Becer, 2015),
a D-glucose-based disaccharide structure tightly linked with hydrogen bonds (Isikgor & Becer,
2015). Two different crystalline forms of cellulose are naturally found: Ta and If cellulose.
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These forms are present in plants and differ in the stacking arrangements of the hydrogen bonds.
For LCB, the Ip form is found in higher proportions (Nishiyama, 2009; Zhang et al., 2017).

Cellulose can also be found in non-crystalline forms, notably paracrystalline or fully amorphous
cellulose. These forms are found in regions close to hemicellulose and are more prone to

depolymerization than crystalline cellulose. (Kulasinski et al., 2014; Zhang et al., 2017).

1.3.3. Hemicellulose

Hemicellulose, compared to cellulose, is a heteropolymer composed of different
monosaccharides, from 6-carbon sugars (hexoses) such as D-glucose, D-galactose, and D-
mannose, and 5-carbon sugars (pentoses) like D-xylose and L-arabinose. (van Maris et al.,
2006). The proportion of 5 and 6-carbon sugars varies with the source, where hardwood
possesses a higher quantity of pentoses than hexoses (Isikgor & Becer, 2015). Acidic forms of
these sugars, notably glucuronic acid and galacturonic acid, can also be found in hemicellulose
(Nechita et al., 2021). As displayed in Figure 1-1 , hemicellulose is present in the outer part of

the microfibrils, surrounding cellulose, and is intertwined with lignin.

1.3.4. Lignin

Lignin is an aromatic polymer composed of phenols, such as p-trans-coumaryl alcohol, trans-
g-coniferyl alcohol, and trans-g-sinapyl alcohol. (Arevalo-Gallegos et al., 2017; Isikgor &
Becer, 2015; van Maris et al., 2006). Lignin can be viewed as the material that adheres cellulose
and hemicellulose together. Given its hydrophobic properties and recalcitrance, difficulties in
processing, lignin has been mainly used as fuel in energy production (van Spronsen et al., 2011,
Vishtal & Kraslawski, n.d.). However, as lignin possesses aromatic compounds in the backbone
structure, it has particular and interesting applications in producing different materials such as
biopolymers (Rajesh Banu et al., 2019). Lignin can be classified based on the sulfur content
into lignosulfonates, with 8.5-3.01%, kraft lignin, 3.0-1.0%, hydrolyzed lignin 1.0-0.0%, and
sulfur-free lignin (Bajwa et al., 2019).

1.3.5. Extraction of LCB compounds

As LCB presents a highly complex structure, the mixture of the main compounds provides good
mechanical and chemical resistance to plants. (Horikawa, 2022; Kulasinski et al., 2014).

Depending on the desired use of LCB, different separation processes are needed. Only size
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reduction and drying processes are required when LCB is used energy production by
combustion, pyrolysis, and gasification. To obtain platform molecules, cellulose,
hemicellulose, and lignin must be separated due to their chemical composition differences.

Cellulose and hemicellulose are treated by hydrolysis to obtain sugars from polysaccharides.
To break down lignin, harsher conditions are needed due to the recalcitrance properties and
poor solubility. Different uses and some possible products obtained from LCB are shown in

Figure 1-2
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e.g. Cereals (Straw, Chaff); Ligno-Cellulosic Biomass (e.g. Reed. Reed Grass );
Forest Biomass (Underwood, Wood), Paper- and Cellulosic Municipal Solid Waste

|
| Lignocellulose (LC) |
|
¥ ¥ [
Lignin Hemicellulose Cellulose
Phenal-palymer | Pantosas, Hmses Glucose palymer
Hydralysis
Matural Binder P|3|‘|t Gum Gellulﬂse— Hydrolysis
= : Kylose Thickeners, Adhesives,
and Adhesives (Pentose) kisiwtpllierty Products
- Emulsifiers, Stabilizers
— Sub-bituminous Kylite Glucose
Coal Sugar Substitube HMF P (Hexosa)
Sulohorf (5-Hydroxymethyl furfural), l,
ulphur-free ‘o : - X
- Solid Fuel Furfural Levulinic Acid Fartaniation
Products
N Softener +
Furan Resins | e « Fuels
&.g. Ethanol
Chemical Products | Lubricants + Drganic Acids
. a.g. Lactic Acid
MNylon & ; Chemicals and + Solvents
Mylon 6,6 Folymers Acatone, Butanol

Figure 1-2 - Lignocellulosic Feedstock Biorefinery (LCF-Biorefinery, Phase 111) Reproduced
with permission from Springer Nature. Licence 5519390807757 (Kamm, 2004)

1.4. Sugars and bio-sourced platform molecules

Cellulose and hemicellulose can be hydrolyzed into sugars as seen in Figure 1-2. Sugars are
polyhydroxy aldehydes or ketones, also known as carbohydrates (Bruice, 2010). Hexoses can
be obtained from cellulose, whereas hemicellulose provides pentoses and hexoses in different
ratios depending on the source. Overall, D-glucose is the most abundant hexose, while xylose

is predominant among pentoses.

Sugars can be processed into higher-value chemicals. Some sugar derivatives have been
identified as highly important platform chemicals by the USA’s Department of Energy (DOE)
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shown in Table 1-1. Platform chemicals or “building blocks™ are defined as key intermediates

in the production of numerous potential chemicals.

Table 1-1 - The top sugar-derived building blocks (Bozell & Petersen, 2010; Werpy &
Petersen, 2004)

Platform chemicals

lactic acid levulinic acid
2,5 furan dicarboxylic acid 3-hydroxybutyrolactone
3 hydroxy propionic acid glycerol
aspartic acid sorbitol
glucaric acid xylitol/arabinitol
glutamic acid furfural
itaconic acid ethanol

1,4 diacids (succinic, fumaric and malic)

o 0 0 0 o
HOY\)J\ HON HOY\‘)L MOH
OH OH OH : O,\)L i
0 0 O OH 0

3 hydroxy propionic

succinic acid fumaric acid malic acid levulinic acid acid
OH OH O
HO
\[(\/\I)'LOH )J\/\l/u\ N Y\[rU\ )—/I/
O OH OH
; ; : : : : : ¢ ; 3 hydroxy
glucaric acid glutamic acid aspartic acid itaconic acid butyrolactone
0 oH 0]
7 Q o O
Q\}O OH HO\/l\/OH " oH He |
OH 7 “on
furfural lactic acid glycerol ethanol 2,5 furan dicarboxylic acid
OH OH
HO OH HO™ ™" oH
OH OH OH OH
xylitol arabinitol

Figure 1-3 — Molecular structure of The Top Sugar-derived Building Blocks. Based on (Bozell
& Petersen, 2010; Werpy & Petersen, 2004)

These building blocks can be obtained by fermentation, hydrolysis, oxidative dehydration,
amination of hexoses and pentoses, and the transesterification of oils in the case of glycerol.
(Werpy & Petersen, 2004).
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According to other references (Isikgor & Becer, 2015; Bozell & Petersen, 2010), other sugar-
derived molecules should be considered as building blocks, such as 5-hydroxymethyl furfural
and ethanol. While ethanol is mainly produced by the fermentation of sugars, 5-HMF can be
obtained from acid dehydration of glucose (Figure 1-4), it is an interesting molecule since the
rehydration of this molecule results in the production of levulinic acid (Alonso et al., 2013;
Herbst & Janiak, 2016)

1.5. Levulinic Acid

0

Jpon

)

levulinic acid

Figure 1-5 - Chemical structure of levulinic acid

Levulinic acid (LA) is a commercially available organic acid and it is considered a promising
platform molecule (Isikgor & Becer, 2015). The global levulinic acid market size in 2021 was
evaluated to $26.35 million dollars, and it is expected to advance at a compound annual growth
rate (CAGR) of 9.78% during 2021-2030 to reach $61.04 million by 2030. (Levulinic Acid
Market Global Industry Growth Forecast to 2030, 2022). LA is a carboxylic acid and it is a

white crystalline substance with a strong, disagreeable odor soluble in water (PubChem
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Compound Summary for CID 11579, Levulinic Acid, 2022). A summary of LA’s chemical and

physical properties can be seen in Table 1-2

Table 1-2 — Physical properties of levulinic acid (PubChem Compound Summary for CID
11579, Levulinic Acid, 2022)

Commercial name Levulinic Acid
IUPAC Name 4-oxopentaoic Acid
CAS # 123-76-2
Molecular weight 116.11
Physical description Pellets or Large Crystals, Liquid
Boiling point 245 - 246°C @ 760 mm Hg
Melting point 30-33°C
Solubility Soluble in water, alcohol, and oil
Density 1.136 — 1.147
Vapor pressure at 25°C (mmHg) 0.011
Dissociation Constant (pKa) 4.64 @ 18°C

LA can be used for the production of several chemicals, in example, levulinic esters and
lactones such as y-valerolactone and angelica lactones (Isikgor & Becer, 2015; Werpy &
Petersen, 2004) and it can be derived from the subsequent processing of LCB, where is directly
obtained by the hydration of furfural or 5-HMF. LA can also be produced by the fermentation
of plant carbohydrates.(Meinita et al., 2021)

Levulinic acid has a variety of industrial and commercial applications. It may be used as a raw
material to make biofuels, polymers, and chemicals. LA is also used in the food industry as
flavorings and as an ingredient in cosmetics (A. Kumar et al., 2020; Werpy & Petersen, 2004).

1.6. Alkyl levulinates

Alkyl levulinates (AL) belong to the group of esters. ALs are generally obtained by Fisher
esterification in which an alkyl alcohol and levulinic acid react in the presence of an acid
(Fernandes et al., 2012). ALs can also be obtained from different alcohols and LCB derived
molecules (Démolis et al., 2014). The main precursors for AL production are displayed in

Figure 1-6. ALs can be obtained through acid solvolysis processing of cellulose and alcoholysis
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of furfuryl alcohol (Di Menno Di Bucchianico et al., 2022; Yamada et al., 2015; Démolis et al.,
2014; Fernandes et al., 2012) as well as shorter substituent AL and the desired alkyl alcohol by
Fischer transesterification displayed in Figure 1-7 (Melchiorre et al., 2020),

cellulose
OH
OH
N glucose
levulinic acid i T
OH
\ O
o
(o]

o]
/ alkyl levulinate 1
OH OH
\ ! \ fructose
2

O OH
furfuryl alcohol

furfural "V'Ose

Figure 1-6 - Synthesis of alkyl levulinates from various biomass reactants. Reprinted with
permission from (Démolis et al., 2014),. Copyright 2014, American Chemical society.

o) o
AAWO + ROH —-7&" /k/\_ro R a
-MeOH
0 0
ML LAE
O O
M/OH + ROH _;;t'- MO\R b)
-H,O
0 o
LA

Figure 1-7 - Transesterification of methyl levulinate (a) and esterification of levulinic acid (b)
(ML: methyl levulinate, LAE: levulinic acid ester) Reprinted from(Melchiorre et al., 2020)
with permission of Elsevier 5519410053276

Alkyl levulinates are typically regarded to be ecologically beneficial and biodegradable
compounds with a low toxicity profile. Compared to levulinic acid, levulinic acid esters have
lower acidity and higher vapor pressures. Levulinic acid has been linked to corrosion in metal
reactors. Compared to levulinic acid, alkyl levulinates present lower solubilities in polar

compounds. The lowest chain length n-alkyl levulinates are displayed in Figure 1-8.
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Figure 1-8 — n-alkyl levulinates up to 5 chain carbon substituents.

These levulinates were used in the development of this thesis: methyl levulinate, ethyl
levulinate, n-butyl levulinate, n-propyl levulinate and n-pentyl levulinate. Some of their
properties are summarized in Table 1-3. The properties of each alkyl levulinate mainly differ
by the length of their alkyl substituent. Shorter substituent chain levulinates are more accessible
due to the availability of short-chain alcohols produced from LCB processing; as such, the
properties of shorter substituent AL have been further evaluated in the literature. Short-chain
alcohols, lower than six carbons, can be obtained from the catalytic reforming of CO, with
hydrogen, in the case of methanol, and by fermentation processes from LCB derivates,
especially sugars, for up to 5 carbon alcohols (Birgen et al., 2019). This work focuses on the
hydrogenation of n-alkyl substituents for levulinates, however, other substituent levulinates
would be possible to obtain such as the case of branched alkyl levulinates (i.e., iso-propyl

levulinate, sec-butyl levulinate) or aromatic levulinates, (i.e., benzyl levulinate).

Table 1-3 - Physical properties of alkyl levulinates studied (N-Amyl Levulinate | CI0H1803 |
ChemSpider, n.d.; PubChem, n.d.; Registration Dossier - ECHA, n.d.)

Commercial Methyl Ethyl Propyl Butyl Pentyl
name Levulinate Levulinate Levulinate Levulinate Levulinate
IUPAC methyl 4- ethyl 4- n-propyl 4- n-butyl 4- n-pentyl 4-
Name oxopentanoate oxopentanoate oxopentanoate oxopentanoate oxopentanoate
Molecular
CsH1003 C7H1203 CsH1403 CoH1603 C10H1803
Formula
CAS # 624-45-3 539-88-8 645-67-0 2052-15-5 20279-49-6
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Molecular

weight 130.14 144.17 158.20 172.22 186.25
(g/mol)
colorless
Colorless colorless to transparent
) o ) o colorless or colorless or
Physical liquid; Mild pale yellow liquid with a
o o straw-colored  straw-colored
description caramelly liquid with sweet o o
liquid liquid
aroma apple odor caramelly
odor
Boiling
point at 760 193-195 205.85 220 - 221 237.50 265 - 268
mmHg (°C)
Melting
point at 760 -24 -60 - - -
mmHg (°C)
Solubility
in water
1.186e+005 4.566e+004 1.508e+004 4.940e+003 1.61E+003
(mg/L @ 25
OC)
Vapor
pressure at
0.408 0.2490 0.1100 0.038 0.0305
25°C
(mmHg)
Relative
densityto  1.049-1.055 1.009-1.014 0.989-0.995 0.967 - 0.977 0.959
water

An interesting molecule obtained from alkyl levulinates is y-valerolactone (GVL), which can

be obtained mainly by the hydrogenation of alkyl levulinates or angelica lactones. GVL

possesses many uses and interesting properties which are discussed in the next section.
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1.7. Gamma-valerolactone: a green platform molecule
~r
gamma valerolactone

Figure 1-9 - Structure of y-valerolactone

Gamma valerolactone (GVL), y-valerolactone, belongs to the family of lactones, cyclic esters
that can be formed by the internal esterification of hydroxy acids (Bruice, 2010). It is a bio-
based platform molecule derived from renewable resources, such as plant materials or
microorganisms and it can also be found in fruits. GVL is a clear, colorless liquid at standard
conditions, 25°C and 1 atm pressure, with a pleasant, fruity odor. Some general physical

properties of GVL are shown in Table 1-4.

GVL is considered a green platform molecule since it is obtained from renewable resources and

has a reduced environmental footprint compared to standard petrochemical-based
compounds.(Kerkel et al., 2021). Since GVL is biodegradable and has a low toxicity profile, it

may be considered a safe and sustainable alternative.

Table 1-4 - Physical properties of y-valerolactone (Alonso et al., 2013; Havasi et al., 2016;
Kerkel et al., 2021)

Commercial name

Gamma Valerolactone

IUPAC Name 5-methyloxolan-2-one
Molecular Formula (g/mol) CsHsO2
CAS # 108-29-2
Molecular weight 100.12
Physical description colorless to a pale-yellow clear liquid
Boiling point at 760 mmHg (°C) 207 - 208
Melting point (°C) -31
Flashpoint (°C) 96
Solubility in water Soluble
Vapor pressure at 25°C (mmHg) 0.235
Relative density to water 1.047 - 1.054
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GVL is miscible in water and does not form an azeotrope; as such, separation processes for a
water-GVL mixture are viable by distillation (Havasi et al., 2016). Other separation methods
have been observed. After a delignification process using GVL as a solvent, an organic/aqueous
biphasic system is obtained, the inclusion of NaCl improved the migration of GVL from the
aqueous phase into the organic phase, allowing for better separation of GVL from water
(Tabasso et al., 2016). It has also been observed that water tends to open the lactone ring of
GVL into 4-hydroxyvaleric acid (4-HVA) in highly acidic conditions, while in basic conditions,
salts of 4-HVA are formed. (Wong et al., 2017)

1.8. GVL applications

GVL has several possible applications, such as a solvent, a chemical intermediary (platform
molecule), a fuel additive, and as a component of personal care products and fragrances (Alonso
et al., 2013; Shokri et al., 2022; K. Yan et al., 2015). These applications are shown below.

1.8.1. Solvent

Since GVL possesses different desirable properties, such as being liquid at a broad temperature
range (-31 to 207 °C), having a high flash point (96°C), low toxicity, low vapor pressure, and
being soluble in water, it can be used as a suitable solvent for different applications. For
example, a binary mixture of GVL-water has been used to improve the solubilization of LCB
derivates, such as lignin and hemicellulose, Figure 1-10 (Shokri et al., 2022; Tabasso et al.,
2016; Xue et al., 2016; Alonso et al., 2013; Di Menno Di Bucchianico et al., 2022), GVL has
also been used for the solubilization of plastics in recycling processes (W. Chen et al., 2021),
for the preparation of membranes (Rasool & Vankelecom, 2019), and as a cleaning agent in
various paint and coating formulations as well as a solubilizer in cosmetics, pharmaceuticals,

or agrochemicals (Kerkel et al., 2021).
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Figure 1-10 — Lignocellulosic biomass-derived products obtained using GVL as solvent.
Reproduced from (Alonso et al., 2013)nwith permission from the Royal Society of Chemistry

1.8.2. Synthesis of chemical compounds

GVL can be used as a precursor for obtaining many interesting compounds, hence its
consideration as a platform molecule. Being a lactone, GVL can undergo ring-opening
reactions, such as nucleophilic addition. Figure 1-11 and Figure 1-12 display the main
compounds obtained from GVL (Alonso et al., 2013; Chalid et al., 2012; Isikgor & Becer,

2015). These compounds are used in the production of polymers or used as fuel additives.
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Figure 1-11 - Ring opening of GVL as a new versatile route to produce polymer precursors
Reproduced from (Isikgor & Becer, 2015) with permission from the Royal Society of

Chemistry.
o]
on \/\ OH
OH )\/\/OH
butene
[¢]
adipic acid “ 1.4 pentanediol
]
O | (}
\/\)L — 4 il
OH —~—_ o
7 v | 2-methyltetrahydrofuran
~
0

3-pentenoic acid
/ gamma Valelulrluvue ~
~_
V\)L / o 4&
4-pentenoic acid
o alpha-methylene-gamma-valerolactone
\/\)]\OR \/\)J\
‘OH

pentanoic acid

Alkylpentenoate

Figure 1-12 — Representation of the leading products obtained from GVL. Synthesized from
(Alonso et al., 2013; Chalid et al., 2012; Isikgor & Becer, 2015)
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1.8.3. Fuel additive

The use of GVL in a mixture of diesel and biodiesel has been found to reduce CO emissions and
smoke production in diesel motors Figure 1-13. (Bereczky et al., 2014). Nevertheless, GVL is
poorly soluble in long-chained acyclic hydrocarbons, limiting the dosage used in diesel mixtures.
However, no solubilization difficulties have been observed for gasoline (Bereczky et al., 2014;
Bruno et al., 2010; Falcchi Corréa et al., 2019).
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Figure 1-13 - Emitted smoke concentration at full load as a function of engine speed.
(Bereczky et al., 2014) Public licence CCCN 4.0

1.9. Production methods

In the production of GVL from LCB, GVL has been mainly obtained via the hydrogenation of
levulinic acid and alkyl levulinates, as shown in Figure 1-14. Although Figure 1-14 shows the
main pathway to obtain GVL from LCB, the reaction pathway from AL or LA produces
different intermediates which must be taken into account, such as angelica lactones and pseudo-
levulinic acid. (A. Kumar et al., 2020; Tabanelli et al., 2019).

GVL can also be synthesized from other non-bio-sourced, and bio-sourced molecules e.g.
through the hydroalkoxylation or intramolecular additions of carboxylic acids with unsaturated
hydrocarbons Figure 1-15 (C.-G. Yang et al., 2005; Zhou et al., 2007), oxidative cyclization of
diols (Jung et al., 2002), or by reduction of oxiranes using methyl metal compounds, Figure

1-16 (Mitani et al., 1990). However, these reactions require certain conditions, costly special
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catalysts, or other complex molecules to obtain GVL, which would present more challenges

than the LCB route shown in Figure 1-14.
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Figure 1-14 - Fractionation of lignocellulosic biomass and reaction pathways to produce
GVL from hemicellulose and cellulose. Reproduced from (Alonso et al., 2013) with
permission from the Royal Society of Chemistry
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Figure 1-15 - Intramolecular Hydroalkoxylation of olefins. Reprinted with permission from
(C.-G. Yang et al., 2005). Copyright 2005, American Chemical Society.
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Figure 1-16 — Reaction of epoxide with (MeLi)CuBr(PBus) complex. Adapted with permission
from (Mitani et al., 1990), Copyright 1990, American Chemical Society.
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1.10. Reaction pathways

The estimated reaction pathways for the production of GVL from LA are shown in Figure 1-17,
where two reaction pathways are viable with two reaction steps, hydrogenation and
cyclization/lactonization. These pathways differ by the order in which hydrogenation or
cyclization steps take place. The precursors for GVL can be 4-hydroxyvaleric acid (4-HVA) or
the a-P angelica lactones (Putrakumar et al., 2015). These reaction pathways are also equivalent
and applicable to alkyl levulinates. Depending on the reaction conditions, such as acidity and

the presence of specific catalysts, one of these reaction paths would be performed faster.
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gamma valerolactone

levulinic acid .
4-hydroxyvaleric acid
2 (0] = 0]
=
I
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Figure 1-17 - Reaction scheme: Reaction pathway of hydrogenation of LA to GVL Reprinted
from (Putrakumar et al., 2015) with permission from Elsevier.

1.10.1. Hydrogenation

This reaction step can be performed in liquid or vapor phases with the help of different catalysts.
Based on the source of hydrogen, three methods have been described in the literature:
hydrogenation by molecular hydrogen, catalytic transfer hydrogenation (CTH), and

hydrogenation by in situ generation of hydrogen.

Catalytic transfer hydrogenation (CTH)

Catalytic transfer hydrogenation is thought to be based on the Meerwein-Schmidt-Ponndorf-
Verley (MSPV) reduction of carbonyl groups into alcohols (Polshettiwar & Varma, 2009). In
this mechanism, an alcohol group-containing molecule is oxidated by “donating” hydrogen to

the carbonyl group. Figure 1-18.
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Figure 1-18 - Catalytic transfer hydrogenation of levulinic acid (1, R1 = H) and its esters (1,
R1 = CxH2x+1) to y-valerolactone (5) using a secondary alcohol as the hydrogen donor (2,
R2 = CyH2x+1). Used with permission of Royal Society of Chemistry, from (Chia &
Dumesic, 2011), permission conveyed through Copyright Clearance Center, Inc.

Secondary alcohols have been more often used as hydrogen donors compared to primary
alcohols, with which low selectivities have been observed (Chia & Dumesic, 2011). Other LCB-
derived molecules have also been used as hydrogen donors, such as hydroxy-ethyl-furan,

glyceraldehyde and ethyl lactate. (Assary et al., 2013).

In situ hydrogen production

Another hydrogen source is in situ hydrogen production. The decarboxylation of formic acid
(FA) into molecular hydrogen and carbon dioxide, known as dehydrogenation (He & Li, 2016)
is a good example of this method. Differently from transfer hydrogenation, the decomposition
of formic acid releases molecular hydrogen that would be available for the hydrogenation
reaction as seen in Figure 1-19. This reaction can be performed with the use of noble metal
catalysts such as Pt and Pd. (Feng et al., 2018).
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Figure 1-19 — y-valerolactone production from levulinic acid with formic acid as a hydrogen
source. Used with permission of Royal Society of Chemistry from (Ruppert et al., 2016);
permission conveyed through Copyright Clearance Center, Inc.

However, FA decomposition can also undergo dehydration producing CO and water, Figure
1-20. The selectivity to dehydration or decarboxylation is highly influenced by the operating
conditions and the solvent used. (Chauhan et al., 2022; Goddard et al., 1992; He & Li, 2016).
Catalyst poisoning by CO has been observed with this method, where the CO molecule binds
strongly onto the active surface of the catalyst, limiting the available sites for the hydrogenation
reaction Figure 1-21 (Assary et al., 2013; Dey & Dhal, 2020; Ruppert et al., 2016; S. Xu et al.,
2020).

Dehydration Decarboxylation

X

formic acid

H0 + CO -—————

H, + CO,

OH 0

Figure 1-20 - Decomposition reactions for formic acid. Reproduced from (Goddard et al.,
1992), with the permission of AIP Publishing.
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Figure 1-21 — Graphic representation of deactivation of rhodium and ruthenium catalysts by
contacting with poisoning compounds. Reproduced from (Dey & Dhal, 2020) with permission
from Springer

The use of high-temperature water (HTW) has also been found to enable the hydrogenation of
levulinic acid. This method relies on a surface reaction with Zinc reducing water generating
molecular hydrogen and ZnO in batch conditions. This hydrogen is then available to perform
the hydrogenation reaction obtaining 4-HVA (Zhong et al., 2017).

Molecular hydrogen (H>)

H—H HO—R
0 OH 0
o, N, o 2 o o
M R Ru/C M( R
0 Hydrogenation (R1) 0 Cyclization (R2)
AL/LA 4-Hydroxy AL / 4 Hydroxy LA Gamma Valerolactone (GVL)

R = (H) = Levulinic Acid (LA)
R = (Methyl, Ethyl, n-Propyl or Butyl) = Alkyl Levulinate (AL)

Figure 1-22 - Production of GVL by hydrogenation of alkyl levulinates and levulinic acid with
molecular hydrogen.

Molecular hydrogen has been used as a source for hydrogenation reactions. In the literature,
several references have used this source for the hydrogenation of levulinic acid and its esters
(Abdelrahman et al., 2014; Bonrath et al., 2016; Kasar et al., 2019). Molecular hydrogen can
be obtained from fossil-based sources such as steam reforming of natural gas and coal
gasification., but it can also be obtained from non-fossil-based sources such as water
electrolysis and biomass conversion (R. Kumar et al., 2022; Registration Dossier - ECHA, n.d.).

The use of this hydrogen source requires high pressures to increase the availability of this
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reagent in the bulk of the reaction media and, in some cases, the adsorption on heterogeneous

catalyst surfaces.

Each hydrogen source has different advantages and disadvantages. Transfer hydrogenation
avoids using high pressures, but costly separation methods are required downstream to remove
the hydrogen donor’s products. Formic acid decomposition can also produce CO, which needs
to be considered for some catalytic systems as it can cause catalyst deactivation. Water as a
hydrogen donor requires high-temperature conditions, over 200°C. Molecular hydrogen
requires high pressures, for which safety measures need to be considered, but molecular

hydrogen produced can be obtained from non-renewable sources.

1.10.2. Cyclization / Lactonization

Following the reaction paths in Figure 1-17, two paths of cyclization are possible. The
cyclization or lactonization reaction is considered an internal Fischer esterification reaction.
Here a hydroxyl group and a carboxylic/ester group within the molecule react forming the
lactone. This reaction has been catalyzed by the presence of acidic conditions, as seen in Figure
1-23.
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Figure 1-23 - Classic mechanism for acid-catalyzed Fisher esterification. Reprinted from
(Vafaeezadeh & Fattahi, 2015) with permission of Elsevier.
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In this case, y-valerolactone can be obtained from the intermediates produced in the
hydrogenation step, hydroxy alkyl levulinates or 4-hydroxyvaleric acid. Alkyl alcohol or water
are byproducts obtained for each intermediate. This is a reaction known as dehydration, for 4-

hydroxyvaleric acid, and de-alcoholization in the case of hydroxy alkyl levulinates.

Enol Cyclization

The ketone group in levulinic acid and its esters can undergo isomerization. The ketone group
rearranges into a carbon-carbon double bond and a hydroxyl group, to form a structure known
as an enol (Figure 1-24) (Bruice, 2010). This isomerization allows the cyclization reaction due

to the presence of hydroxy group and the ester/carboxylic groups.

o OH
OH XN OH
(0] (o)
levulinic acid (keto form) levulinic acid (enol form)

Figure 1-24 - Levulinic acid keto and enol forms. Representation made from (Bruice, 2010)

Both, keto and enol forms, can coexist in a mixture. Nevertheless, the ratio of enol-keto form
present is influenced on the structure of the molecule and the acid/base conditions of the
solution. Commonly, the keto form would be more stable for aliphatic compounds and enols
form would be more predominant for aromatic compounds (Bruice, 2010). Once the enol form
is present, a dehydration/dealcoholizing reaction would be plausible where a-angelica lactone

and water or alcohol are obtained (Lomate et al., 2018).

1.11. Catalysis

In general, catalysis is the process by which a material called a catalyst accelerates a chemical
reaction without being consumed. As catalysts operate by giving an alternate pathway for the
reaction to occur which requires a lower activation energy, so the reaction is faster. Catalysts
can be classified by their physical structure, such as the physical state of matter, solid, liquid,
and gaseous and their miscibility in the reaction media, such as homogeneous (one phase with
the reaction media) or heterogeneous (different phases with the reaction media).
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The kinetics in homogeneous catalytic systems is faster compared to heterogeneous systems
due to mass transfer limitations but the use of homogeneous catalysts requires costly separation
operations after production. As such, the use of heterogeneous catalysts has been preferred over
homogeneous systems. Within this thesis, heterogeneous catalysts will be considered as

catalytically active material dispersed on a solid support.

As catalysts directly influence the reaction pathway, operational conditions, conversion, and
selectivity, the choice of catalyst is quite important. In the literature, several catalysts have been
explored for the obtention of GVL from levulinic acid and alkyl levulinates, focusing more on

the hydrogenation reaction step.

1.11.1. Noble metals

The use of noble metals as catalytically active surfaces on different supports has been greatly
explored in the literature. Noble metals such as Au, Pt, Pd, Rh, Ir, Re, Ag and Ru have shown
good reactivity in hydrogenation reactions, however, selectivity and conversion vary among the
studied metals (Abdelrahman et al., 2014; Alonso et al., 2013; Bonrath et al., 2016; B. Chen et
al., 2018; Dutta et al., 2019; Feng et al., 2018; Li et al., 2017; Lomate et al., 2018; Luo et al.,
2013; Tabanelli et al., 2019; Tan et al., 2016). For example, the use of Pt has been observed to
produce 1,4 pentanediol, a product obtained from the hydrogenation of GVL (Mizugaki et al.,
2015). Some relevant noble metal catalytic systems used in alkyl levulinates and levulinic acid
hydrogenation, summarized by R. Xu et al, are displayed in Table 1-5.

Table 1-5 - Preparation of GVL catalyzed by noble metal catalysts. Used with permission of
WILEY - VCH VERLAG GMBH & CO. KGAA, from (R. Xu et al., 2020) permission conveyed
through Copyright Clearance Center, Inc.

T i Yield
Catalyst Substrate Solvent H> sources GVL Ref.
[°C1 [h] [%]
5% Ru/ZrO; + (Huang et
Cellulose  2-Propanol - 180 1.2 51.2
Al>(SO04)3 al., 2018)
Ethyl (Tukacs et
5% Ru/C ) H20 10 MPaH, 100 3.6 52.6
levulinate al., 2019)
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Ethyl (Shen et al.,
CNT-Ru-1 ) methanol 3MPaH, 60 6
levulinate 2019)
ZSM+AU/ZrO; furfural 2-Propanol - 120 24 775
(Zhu et al.,
2016)
AU/ZrO,+ZSM-5  furfural 2-Propanol — 120 30 804
) _ formic (Feng et al.,
5% Ru/C LA triethylamine ) 160 3 80.75
acid 2018)
) ) 4.5 MPa (Piskun et
Ru/TiO2 LA dioxane 150 4
H2 al., 2018)
) (Tanetal.,
2% RU/TiO> LA H20 4MPaH, 130 05 99.9
2015)
) ) (Luo et al.,
1% Ru-Pd/TiO> LA dioxane 4MPaH, 200 05 99
2015)
(Sudhakar et
Ru/HAP LA H20 — 275 48 88.8
al., 2016)
r-Ru-NHz-y- (Tan et al.,
LA H20 4MPaH, 25 13 99.1
AlzO3 2016)
Ru-NHC 1.2 MPa (Tay et al.,
LA H20 130 2.7 96
complexes H2 2016)
(Molleti et
Ru/OMS LA — 3MPaH, 100 1 99.8
al., 2018)
(Xiao et al.,
Ru/FLG LA H20 4MPaH, 25 12 99.7
2016)
_ 4.5 MPa (Y. Yang et
Ru-Ni/Meso-C LA - 150 2 96
Ho al., 2014)
formic (Verma et
AgPd g-C3N4 LA H20 ) 50 12 98
acid al., 2016)
) ) (Luoetal.,
Au-Pd/TiO> LA dioxane 4MPaH, 200 5 975
2015)
) (Feng et al.,
Pd@UiO-66-NH: LA H20 2MPaH, 140 2 982 2020)
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5% Pd/AIMCM- (A. Wang et

LA octane 6 MPaH, 240 10 885
41 al., 2018)
(K. Yan et
Pd/MCM-41 LA H20 6 MPaH, 240 10 96.3
al., 2014)
. Qi &
H2SO4+Shvo formic .
LA — ) 100 2 55 Horvath,
catalyst acid
2012)

1.11.2. Non-noble metals

The use of non-noble metals has been noticeable in the production of GVL from levulinic acid
and alkyl levulinates. In the literature, several researchers have focused on the use of non-noble
metals in the catalytic transfer hydrogenation from secondary alcohols. Common non noble
catalysts are Ni, Cu, Fe, Co, Zr and Sn where good selectivities and conversions were observed.
(Dutta et al., 2019; R. Xu et al., 2020).

Among the different noble metals, Ru has been observed to present a better catalytic effect,
presenting a higher selectivity to GVL (Hsiao et al., 2021). From the non-noble metals, Fe/Ni
have shown better conversions for this reactive system. Although the use of non-noble catalytic
systems is preferred for the lower cost for production, the catalytic effect of these non-noble
catalysts is much lower, requiring a higher mass of catalyst per reactive media and the
requirements to reduce catalysts beforehand. For the estimation of the kinetics in the production
of GVL from levulinic acid and alkyl levulinates, the use of a commercially available Ru

catalyst was chosen.

1.12. Mathematical modeling

In the development of mass balances and kinetic equations that would describe the reaction
system, high-order differential equations are commonly present. The differential order of these
equations is directly linked to the complexity of the reaction system estimated, considerations
such as reactions involved, reversibility, reaction mechanisms or mass and thermal transfer. In
addition, these equations possess crucial parameters, such as activation energy or rate constants,

that can be difficult to determine.
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A kinetic model can be considered as the ensemble of equations and parameters used to describe
the reaction mechanism of a reaction system. To solve these equations and determine these
parameters, different mathematical approaches are needed. Computational software is used for
this task. The structure of the kinetic models can lead to a high correlation between some
parameters which can lead to uncertainties, which can be assessed by the use of probability

determination methods.

1.12.1. Bayesian inference

An interesting method to evaluate parameter reliability for kinetic models and to evaluate the
probability of the obtained values is Bayesian inference. Bayesian inference is based on an a
priori estimation of parameters, estimating a likelihood or probability distribution that the
model would predict such value at different conditions and later estimating the posterior
probability to infer an updated value of the parameter. Bayes theorem can be seen in equation
(1), (Matera et al., 2019).

P(D|6) - P(6)

PO ==y (1)

“Where D represents the observed data (typically a vector of dimensionality > 1), and 0
represents a vector of all the parameters that would be required to simulate the data (e.g.,
activation energies, preexponential factors, adsorbate interaction terms, etc.)”. (Matera et al.,
2019)

1.13. Objectives

Based on an extensive literature study, the production of GVL has been studied in a broad range
of experimental conditions. levulinic acid being the most common substrate (Alonso et al.,
2013; Hengst et al., 2015; Kluson & Cerveny, 1995; Zhou et al., 2007). The hydrogenation of
different levulinates into GVL has not gained as much attention, even though there are very
potential alternatives. The current thesis is focused on the production of GVL by the

hydrogenation of different levulinates with emphasis on the following aspects:
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e Study of the kinetics of isothermal hydrogenation of butyl levulinate: Use of Bayesian
inference and the effect of levulinic acid on reaction mixture and the effect of a dual catalyst
system.

e Calorimetric study of alkyl levulinates hydrogenation: Method development and correlation

between enthalpy and chain length.

In Chapter 3 - , a Bayesian inference approach was used to evaluate and compare different
kinetic model expressions for producing GVL by hydrogenation of BL under isothermal
conditions. Given that the overall reaction proceeds in two consecutive steps, hydrogenation,
and cyclization, the evaluation for both reaction steps was considered (Y. Wang et al., 2018).
Isothermal experiments were carried out in a Parr batch reactor by taking samples to follow the
concentration profiles of the reagents and products as a function of time. The model fitting and

kinetic parameters estimation for each kinetic model was performed with Athena Visual Studio.

In Chapter 4 - , we evaluate different kinetic models for BL hydrogenation in the presence of
LA and an acidic catalyst. These experiments investigated the effect of LA concentration on
BL hydrogenation and cyclization kinetics (Capecci, Wang, Delgado, et al., 2021). The
experiments were performed in an isothermal mode with a Parr batch reactor and samples were
taken to observe the concentration profiles of reagents, intermediates, and products as a function
of time. Athena Visual Studio was used to estimate the kinetic parameters, model fitting and
simulations. Finally, a cross-validation method, K fold, was used to estimate the predictive
power of the models by making a regression from several experiments and using it to predict

experimental data.

In Chapter 5 - , we focused on determining reaction enthalpies for different alkyl levulinates
and levulinic acid to observe the possible effect of the substituent chain length on these
properties. The isothermal hydrogenation of levulinic acid (LA), methyl levulinate (ML), ethyl
levulinate (EL), n-propyl levulinate (n-PrL), and n-butyl levulinate (n-BL) to produce GVL was
performed in a 1.6 L calorimeter, Mettler Toledo RC1Mx. Here the overall energy released in
the reaction system was observed. Since the second reaction step also occurs in the RC1MXx
calorimeter, a micro-calorimeter, Setaram C80 tian-Calvet, was used to measure the heat flow
on the cyclization reaction. The reaction enthalpies can be obtained by observing the change in

concentrations and the heat flows in the calorimeters.
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Chapter 2 - Materials and Equipments

2.1. Materials

Table 2-1 shows the reagents and materials used for analytical identification and experiments.
Most were obtained from different providers and used without further purification. Other

chemicals were synthesized.

Table 2-1 - Materials bought for analysis and experiments.

Material Purity CAS # Provider
Hydrogen gas (H;) 99.99% v/iv.  1333-74-0 Linde
vy valerolactone (GVL) 99% wit 108-29-2 Sigma Aldrich
Levulinic acid (LA) 99% wt 123-76-2 Acros Organics
Methyl levulinate (ML) 99% wt 624-45-3 Sigma-Aldrich
Ethyl levulinate (EL) 99% wit 539-88-8 Sigma-Aldrich
n-Propyl levulinate (PrL)® 95% wit 645-67-0 Sigma-Aldrich
n-Butyl levulinate (BL) 98% wit 2052-15-5 Alfa-Aesar
Methanol (MeOH) 99% wit 67-56-1 Fischer Scientific
Ethanol (EtOH) 99% wt 64-17-5 Carlo Erba
1-Propanol (PrOH) 99% wt 71-23-8 Carlo Erba
1-Butanol (BuOH) 99% wt 71-36-3 Lab Line
1-Pentanol (PeOH) 99% wt 71-41-0 Carlo Erba
Acetone 99% wt 67-64-1 Carlo Erba
Furfural 99% wt 98-01-1 Sigma Aldrich
*Ru/C? 5% Ru 7440-18-8 Alfa-Aesar
*Amberlite IR-120° - 67-64-1 Acros Organics
* Catalyst

aPowder, reduced, 50% nominally wet
b Jon-exchange resin, H-Form

¢ Sample bought for analysis.
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Some intermediates used were obtained from experiments since they were not stable: methyl
4-hydroxy pentanoate (MHP), ethyl 4-hydroxy pentanoate (EHP), n-propyl 4-hydroxy
pentanoate (PrHP), n-butyl 4-hydroxy pentanoate (BHP), n-pentyl hydroxy pentanoate (PeHP).
According to Melchiorre et al, longer chain alkyl levulinates can be obtained from the
transesterification of methyl levulinate in the presence of acidic catalysts, as such, propyl

levulinate and pentyl levulinate were obtained by this method (Melchiorre et al., 2020)
2.2. Equipment
2.2.1. Kinetic experiments

Parr Autoclave

A high-pressure 300 mL autoclave reactor from Parr was used in the experiments. To regulate
temperature, the reactor was equipped with an electric heating jacket and an internal water-
cooling coil. A gas entrainment stirrer was used to improve the gas dispersion in the liquid
phase. A Pl-controller was used to regulate the temperature and stirring conditions. A schematic

representation of the experimental setup is displayed in Figure 2-1.

Cold water
inlet
Gas outlet

resenvoir

Cooling coil

Batch Parr
reactor

Figure 2-1 — Scheme of the experimental setup for kinetic experiments by autoclave. (Capecci,
Wang, Delgado, et al., 2021)
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2.2.2. Calorimetry

Mettler Toledo RC1Mx Calorimeter

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 a HP100-SS reactor, a Hastelloy C22 metal
vessel with 1500mL capacity and 100 bar pressure tolerance, an overhead gassing stirrer
(internal diameter: 46mm), a temperature sensor and a calibration heater in direct contact with
the reaction media.( Figure 2-2). Calibration of the reactor is performed by inducing a known
amount of energy via a heating rod to estimate the transfer coefficient between the reaction

media and the heating fluid.

Heating

Cooling

Reactor

Figure 2-2 - Mettler Toledo RC1 Mx calorimeter. Picture of reactor (left) and schema of
heating mechanism (right) from Mettler Toledo.

Tian Calvet — C80 calorimeter

The Tian Calvet microcalorimeter, shown in Figure 2-3, is used for the estimation of the
cyclization reaction enthalpies. The equipment measures the heat signal by comparing the
tension difference between two 12.5 mL cells, one with the reaction mixture and another as the
reference. The reference cell must be filled with a mixture with similar thermodynamical
properties but without chemical reactions. The equipment has a resolution of 0.10 uW and a
sensitivity of 30 pvV/mW. Hastelloy reversal mixing cells were used for all experiments due to

their corrosion resistance Figure 2-4().
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Figure 2-3 - Tian Calvet C80 micro-calorimeter. Picture (left) and schema for cells (right)
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Figure 2-4 - Hastelloy reversal mixing cells in C80 microcalorimeter.

2.2.3. Transesterification

Batch Reactor

A 300 mL jacketed batch reactor coupled with a paddle agitator, thermocouple and a condenser
were used for the transesterification reactions. Water was used as heat carrier in the jacket

connected to a thermostat.
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Figure 2-5 - Batch reactor used for transesterification reactions.
Rotavapor

An IKA RV 10 digital V-C rotavapor was used to separate the levulinates obtained in
transesterification reactions from the remaining alcohols. A mineral oil, 47100, was used as

heating media to attain temperatures higher than water’s boiling point.

Figure 2-6 - IKA RV 10 digital rotavapor.
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2.2.4. Analytical equipment

Gas chromatography — Flame lonization Detector

Samples were analyzed by gas chromatography (GC) supplied by Scion Instruments. A Bruker
Scion GC436 gas chromatography device. The GC was equipped with a flame ionization
detector (FID) and a low polarity capillary column, ZB-5. This column is comprised by 95%
dimethylpolysiloxane and 5% phenyl groups and is 30m in length, 0.32 mm in diameter, and
has a 0.25 um internal film coating. Helium (99.99%) was employed as the carrier gas, with a

constant flow rate of 1.2 mL/min.

Figure 2-7 - GC FID used for experiments.

In Chapter 3 -, the injector and detector were both run at 270°C. The following sequence was
used to set the oven temperature: 35°C (3 min) with 15°C min ramping to 300°C. The split ratio
was 30:1, and the injection volume was 0.2 pL. Internal standards were set up using furfural,
and acetone was used as a solvent to dilute the samples from the experiments. For experiments
in Chapter 4 -, the injector and detector temperature were set to 250°C, the temperature ramp
was of 50°C (2 min) — 20°C/min — 260°C, the injection volume, 1pL and the split ratio 1:20
using acetone as solvent. For Chapter 5 - the injector and detector temperature were set to
250°C, the temperature ramp was 1 min (50°C) — 7,5 min (20°C.min-1) — 1 min (200°C), and

methanol was used as solvent to observe propanol peaks. Figure 2-8.
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Figure 2-8 — Chromatogram on GC-FID with methanol as solvent. From left to right: methanol,
ethanol, n-propanol, n-butanol, n-pentanol, y-valerolactone, and alkyl levulinates (methyl,
ethyl, n-propyl and n-butyl levulinate) studied.

Gas chromatography — Mass spectrometer

For chemicals synthesized in experiments, a gas chromatography coupled with 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 um composed of 95%
Dimethylpolysiloxane and 5% Phenyl-Arylene); Carrier gas: He (99.99%), gas flow: 1 mL/min;
Injector temperature: 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; lonization mode: El
70eV; Identification method: Mode SCAN, with database NIST 03 from 40 to 600 m/z.

2.2.5. Catalyst characterization

Nitrogen Physisorption

The determination of the surface area for the Ru/C catalyst was performed in a Micrometrics
3Flex, shown in Figure 2-9 left. The equipment is used for microporous and mesoporous
measurements and allows the measurement of three samples simultaneously. A Micromeritics

VacPrep 061 Sample Degas System, Figure 2-9 right, was used for ex-situ pretreatment,
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removing the adsorbed gases on the catalyst surface in vacuo at 180°C. Adsorption-desorption

isotherms and pore volume distribution graphs are shown in Figure 2-10.

Figure 2-9 - Micrometrics 3 Flex used (left) and VacPrep 061 sample degasser system (right)

The determination of the surface area was performed where a surface area of 915 m2/g and a
mean pore size radius of around 6.0 A were obtained after 18 hours of measurement. Surface
area (Dubinin), DFT pore size and micropore volume were obtained. These values are

summarized on Table 2-2.

Table 2-2 - Surface area and pore size volume values of Ru/C catalyst

Textural Properties 5% Ru/C
BET Specific Surface Area (m2/g) 952
Micropore Volume (cm?3/g) 0.259
Mesopore Volume (cm3/g) 0.962
Main Pore Size (A) 6.0
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2.3. Reaction pathway

From the different possibilities observed for the hydrogenation and cyclization reactions, we
have focused on the reaction system describing a molecular hydrogenation of alkyl levulinates
or levulinic acid to obtain hydroxy valerates, followed by the cyclization reaction into the
production of y-valerolactone and the side products as shown in Figure 2-11. This reaction
pathway is used over the cyclization of alkyl levulinates or levulinic acid into angelica lactones

as the analytical results of the experiments performed showed no presence of angelica lactones.

H—H HO—R

(0] OH O
)K/\’(O\ #v /K/\ro\ #» )O§
R Ru/C R
O Hydrogenation (R1) O Cyclization (R2)
AL/LA 4-Hydroxy AL / 4 Hydroxy LA Gamma Valerolactone (GVL)

R = (H) = Levulinic Acid (LA)
R = (Methyl, Ethyl. n-Propyl or Butyl) = Alkyl Levulinate (AL)

Figure 2-11 - Reaction scheme of Hydrogenation of alkyl levulinates into GVL

For the kinetic experiments, GVL was used as a solvent based on the fact that all reagents and
products generated in the reactions were soluble in the mixture. In the work of Capecci et al,
(Capecci, Wang, Casson Moreno, et al., 2021), the use of GVL as solvent provided better yields
of GVL compared to using of butanol or pure reagent as solvents. For the calorimetric studies,
GVL was also used as solvent when needed.

In the presence of a heterogeneous catalyst, the selectivity for the hydrogenation of the ketone
group over the ester group is linked to different factors, such as the surface of the dispersed
metal on the catalyst, the choice of metal, the support and operational conditions (Maki-Arvela
et al., 2005). Based on the intrinsic properties of the functional groups, the mesomeric effect
(resonance) would support the ketone group to be more easily reduced than the ester group. The
carboxylic oxygen in the ester group, increases the electrophilic property of the group. (Bruice,
2010)

An acidic environment is favorable for the cyclization reaction of the intermediates, as found
in the literature. Here, the available protons attack the carboxylic group in the ester by
protonation, thus creating a substituent able to react with the hydroxyl group by nucleophilic
attack. The hydroxyl group is generated by the hydrogenation of the carbonyl group in the
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hydrogenation step (Siengalewicz et al., 2014; Thompson & Wolfrom, 1957; Vafaeezadeh &
Fattahi, 2015). This is expected given that the lactonization/cyclization reaction is considered
as an internal Fischer esterification. Authors such as Piskun and Brenna, have also observed
that the presence of acidic environments improves the cyclization step. (Brenna et al., 2017;
Piskun et al., 2016)
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Chapter 3 - Bayesian statistic evaluation for
Kinetic models on butyl levulinate
hydrogenation to y-valerolactone

Part of this chapter is adapted from the post print of the following articles: J. Delgado et al.,
“Bayesian Statistics to Elucidate the Kinetics of y-Valerolactone from n-Butyl Levulinate
Hydrogenation over Ru/C.” Industrial & Engineering Chemistry Research 2021 60 (31), 11725-
11736 DOI: 10.1021/acs.iecr.1c02107

Further permissions related to the material excerpted should be directed to ACS Publications.

Copyright © 2020 American Chemical Society.

3.1. Introduction

The development and estimation of a kinetic model that is able to describe the generation of y-
valerolactone (GVL) from alkyl levulinates (AL) was explored in this chapter. The use of Power
law relationships to describe the production of GVL has been reported in literature. The use of
Bayesian inference to evaluate the different parameters in the modeling of the system is
explored in this chapter. The aim is to predict the behavior of reaction kinetics, observe the

different factors that affect the generation of GVL and optimize the experimental conditions .

GVL can be obtained from different sources and methods already explored in the Context of
the study, here we focus on the production of GVL by direct hydrogenation of alkyl levulinates.
The use of alkyl levulinates is preferred over to levulinic acid to avoid corrosion issues related
to using high concentrations of levulinic acid. In the experimental section, butyl levulinate (BL)

was chosen over other levulinates due to its high vapor pressure.
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3.2. Experimental procedure

In each experiment, the reagents were introduced into the Parr reactor, Figure 2-1, and then it
was tightly closed. A vacuum pump was used to remove the gases in the head of the reactor up
until 50 mbars. Stirring was then set to 400 rpm and temperature was increased to the desired
value. Once the temperature was reached, stirring was stopped for 2 minutes. Hydrogen was
allowed into the reactor from a reservoir through a pressure regulator. Stirring was then set to
1000 rpm and samples were taken in pre-determined time intervals. The samples were filtered

to remove the solid catalyst prior to the analysis.

An experimental matrix was followed to study systematically the effect of different parameters
in the reaction system. Temperature, hydrostatic pressure, reagent concentration, and catalyst
loading were varied in the experiments. To better observe the effect of temperature in the
cyclization reaction step, a mixture of highly concentrated intermediate without solid catalyst

was studied. The experimental matrix is presented in Table 3-1

Table 3-1 - Experimental matrix for kinetic experiments

Ex H, press.  Temp Mcat™ [BL]o [Intermlo  [GVL]o [BuOH]Jo

P bar K g mol/L mol/L mol/L mol/L
1 23.4 403.15 2.80 1.834 0 6.833 0

2 23.3 413.15 2.80 0.866 0 8.831 0

3 22.3 423.15 1.80 0.807 0 8.515 0

4 22.3 407.15 2.80 0.839 0 8.877 0

5 22.3 427.15 2.80 0.619 0 8.827 0

6 20.3 403.15 2.80 0.868 0 8.755 0

7 23.8 373.20 0.50 1.821 0 6.851 0

8 23.3 423.15 0.00 0.059 1.586 6.884 0.189
9 16.3 373.15 0.50 1.893 0 6.719 0
10 11.4 373.15 0.50 1.821 0 6.675 0
11 5.2 393.15 1.00 1.885 0 6.720 0
12 23.7 413.15 0.00 0.056 1411 7.120 0.168

*(50%wt moisture)

3.3. Experimental results

The concentrations of BL and the intermediate were used to the reactions progress. The

conversion of BL and BHP as a function of time was used to compare the experimental results.
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[BL] [BHP]
51, 2 o

al., 2019), mass transfer limitations are negligeable for this reaction system either under the

Conversions were expressed as . According to the work of Wang (Y. Wang et

employed conditions. No mass transfer limitations were observed in the current work. The
consumption of hydrogen would be interesting to track as the reaction progresses in order to
better discriminate the proposed models. However, a better pressure regulator would be needed

to quantify the exact volume of gases injected into the reactor.

3.3.1. Effect of temperature

The effect of temperature on the kinetics was studied comparing experiments at 403.15K,
413.15K and 423.15K, data from experiments 2, 5 and 6. The results are displayed in Figure
3-1. From these graphs, one can observe an increase of kinetics with an increase of temperature
for both reaction steps. It can be clearly seen that the hydrogenation step is very rapid, while

the cyclization step is much slower.

1.20 T 423.15K
1.00 A. T 413.15K
xT_403.15 K
0.80 -
=3
@ 0.60
= X
@ 0.40
X
0.20
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58| Page



1.20

T 423.15K
1.00 B. T 413.15K
o T 403.15K
080 | W ag
| *
2. 0.60 | N .
T 0.40 ¢ ¢
o
0.20
0.00
0 100 200 300 400 500

Time/min

Figure 3-1 - Temperature effect on BL(A) and BHP (B) conversion at 20 bars. Experiments 2,
5, and 6.

3.3.2. Effect of pressure

The effect of the hydrostatic pressure in the reactor is displayed in Figure 3-3 for 11.4, 16.3 and
23.8 bars comparing experiments 7, 9, and 10. As observed for similar conditions and reactive
systems, higher hydrogen pressure is expected to increase the availability of this molecule in
the liquid phase and onto the surface of the catalyst which would then increase the kinetics of
the hydrogenation step (Brunner, 1985; Capecci, Wang, Casson Moreno, et al., 2021; Grilc &
Likozar, 2017; Y. Wang et al., 2019). As seen from the figure, this behavior is observed. The
experiments were limited, below 25 bars, for a great increase of hydrogen pressure could affect
the selectivity of the reaction by further hydrogenation of GVL into other products, such as 1,4
pentanediol. (Bababrik et al., 2017).

From Figure 3-3, one might observe an apparent stagnation on the concentrations of BHP after
2h. One would compare the effect of catalyst loading for this matter as for higher catalyst
loading and same pressures, 23 bar H2 and 100°C, the reaction is able to continue, lowering
BHP concentration. The presence of acidic sites on the catalyst’s support would influence this
behavior. Another possible cause would be an increase in acidic conditions due to hydrogen
dissociation on the catalyst surface, being able to donate protons and allow the cyclization

reaction.

According to Grilc et al., an increase of pressure would proportionally increase hydrogen
solubility for a binary mixture of levulinic acid — H2 (Grilc & Likozar, 2017). This behavior
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would suggest that hydrogen solubility on LA would follow Henry’s law where the
concentration of hydrogen would be proportional to the gas pressure. As such, reaction rate

would be increased for higher hydrogen pressure.

VLE for a binary system H,-LA Bioe

a) 0.06

0.05
0.04

—
600

350

Figure 3-2 - The effect of temperature and total pressure on the vapor—liquid equilibria for a
binary system hydrogen—levulinic acid; equilibrium mole fraction of H2 in the liquid phase.
Used with permission of Elsevier Science & Technology Journals, from (Grilc & Likozar,
2017) permission conveyed through Copyright Clearance Center, Inc
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Figure 3-3 - Hydrostatic pressure effect in BL (A) and BHP (B) at 100°C with a Ru catalyst
loading of 0.5g. Experiments 7, 9, and 10.

3.3.3. Catalyst loading

It would be expected to observe a faster conversion of the compounds when the catalyst loading
IS increased, given that the number of available sites for the reaction increases however, besides
conversion, selectivity is also an important issue and increased catalyst load has been observed
in some cases to negatively affect the selectivity of LA hydrogenation to GVL to further

hydrogenation of GVL into side products such as 1,4 pentanediol (Upare et al., 2011).

The effect of catalysts concentration on the reaction kinetics was studied with two different
catalyst amounts, 1.8 g and 2.8 g. The results are displayed in Figure 3 4. An increase of the
catalyst loading indicates that the kinetics are improved for the hydrogenation and the

cyclization step. Only GVL and butanol were observed as products.
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Figure 3-4 - Catalyst loading effect on BL (1) and BHP (B) at 150°C and 20 bars. Experiments
3and 5.

3.4. Kinetic models

As shown before, the reaction pathway for the production of GVL from BL by hydrogenation
comprises of two reaction steps, hydrogenation of the ketone group to produce an intermediate,
butyl hydroxy pentanoate (BHP), which then undergoes cyclization with the alkyl carboxylic
group. No other compounds or secondary reactions were observed in the analysis of the

samples, the modeling of this reaction system is focused solely on these two reaction steps.

Mechanistically based models is explored to describe the kinetics. Compared to power law
expressions, which have been used for evaluating and modelling kinetics for this reaction

system (Y. Wang et al., 2019), mechanistic based models consider the interactions of the
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catalyst surface with the reagents. The estimated reaction models are based on variations of the

Langmuir Hinshelwood and Eley-Rideal reaction mechanisms expressions.

For the hydrogenation step, different reaction pathways are considered. The models differ in
how the reactants interact with each other and with the catalyst surface. Here, we explore the
possibility of non-competitive and competitive adsorption of reactants and the hydrogen
dissociation on the catalyst surface according to the Langmuir Hinshelwood mechanism.
Moreover, we explore the possibility of hydrogen reacting without adsorption on the catalyst

surface according to the Eley-Rideal mechanism. Figure 3-5.

Carbon

Figure 3-5 — Schema for hydrogenation step adsorption models based on Langmuir
Hinshelwood non-competitive mechanism with (1) and without (2) dissociation of hydrogen;
competitive with (3) and without (4) dissociation of hydrogen and (5) Eley-Rideal
mechanisms.(Sites for adsorption: * and *)

As shown by Piskun et al. (Piskun et al., 2016), the presence of acidic sites influences positively
the kinetics of the cyclization reaction. The possibility of a catalyzed and non-catalyzed
reaction pathway for the cyclization reaction is considered. This consideration assumes that the

activated carbon support possesses low but not negligeable acidity.

For the hydrogenation step, the considered rate expressions are expressed in Table 3-2, where
the terms Kgi, Kn2, KH, Kz, Kzupr and Ky are adsorption constants for the corresponding
compound. The term Kj and Kc are equilibrium constants for the active sites and the term wcq,

refers to the catalyst loading (mass on dried basis per reaction volume).
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Table 3-2 - Rate expressions for the hydrogenation step of the reaction system.

MODELS

Rate expression (R)

Langmuir Hinshelwood
with molecular
adsorption of Hz (LH1)

Langmuir Hinshelwood
with hydrogen
dissociation (LH2)

Eley-Rideal with no
adsorption of hydrogen
(ER1)

Non-competitive
Langmuir Hinshelwood
with no dissociation of
hydrogen (NCLH1)

Non-competitive
Langmuir Hinshelwood
with hydrogen
dissociation (NCLH2)

ki * Kyp * [Hy] * Ky, * [BL] * wcqr.
(Kyz * [H2] + Kpy, * [BL] + Kgyp * [BHP] + 1)2

fey * Ky * [Hp] * K; * Kpy, * [BL] * wcqe.

(\/ Ky * [Hy] + Kpy, * [BL] + Kggp * [BHP] + K; * Kpy, * [BL] * /Ky * [H,] + 1)2

ky * [Hy] * Kpy, * [BL] * Wcat,
(Kpy * [BL] + Kgyp * [BHP] + 1)

ki * Ky * [H,] Kpp~ * [BL]

* * Wcat.
(1+ Ky, * [Hy]) (1 + Kgypr * [BHP] + Kpy» * [BL])

ki * Ky * K¢ * Kgpr * [Hy]

VK *[H] +1

" [BL] * Weat,
Kgpr.[BL] + Ko.+/Ky * [Hy]. Kgpr. [BL]. +Kgypr. [BHP] + 1

The derivation of these rate expressions can be found in the supporting information for the

referred article (Capecci, Wang, Delgado, et al., 2021), however, the derivation of NCLH1

model is presented below as an example. In this model, hydrogen and BL are adsorbed on

different sites and there’s no dissociation of hydrogen Figure 3-5:

e BL + "(vacant site) = "BL

e H, + *(vacant site) = *H, (No dissociation)
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e "BL+*H, — "BHP + *(vacant site) (4)
e "BHP — BHP + "(vacant site) (5)

e BHP — GVL + BuOH (6)

We observe the adsorption of the species on the active sites in equations (2 ) and ( 3), the
hydrogenation reaction of the ketone group into the intermediate in equation ( 4 ) and the

desorption of the intermediate ( 5) to enable the cyclization step in the liquid phase ( 6).

The adsorption and desorption steps are considered to be rapid and in equilibrium (Murzin &
Salmi, 2005). Thus, we can assume that the following equilibria are valid and can be expressed

by the following adsorption constants:

0+pL

[ KBLI\ = [BL].GA ( 7 )
— 9H2
e Ky = TR (8)
o Kupon = —DoBHP_
BHP™ ™ [BHPp].64 (9)

Where, 6. refers to the coverage or fraction of available active sites for BL species, and 8.,
refers to the fraction of sites occupied by BL species.

Reaction ( 4 ) is assumed to be as the rate determining step in the hydrogenation step, given
that the adsorption and desorption steps are considered rapid. These assumptions allow us to
express the overall rate as:

R=ky* O+, * Orpp * Wear, = ky * Ky, * [Hp] * 6, % Kppn % [BL] % 0n x wcge,  (10)

The ratio of the different available active sites leads to the following:

[ ] 1 :0ABL+9ABHP+9A (11)

L] 1=9H2+9* (12)
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From the adsorption constant, equations ( 8 ) and ( 9 ); and material balances of active sites,
equations (11 )and (12)(10):

* O = (13)
e f.= L
" 7 Kpu+[BLI+Kpupr+[BHP]+1 (14)
And after introduction to the rate equation ( 10 ), we obtain the rate equation:
1
* Ry =k * Kip * [Hp] * s Kopy * [BL] (15)

1
*
(1+Kpupr*[BHP]+Kppax[BL]) ~  CAb:

In the cyclization step, there were two different reaction pathways considered, a catalytic
pathway ( 17 ) by the presence of acid sites in the solid catalyst and a non-catalytic ( 16 )
pathway. These reactions are considered to be of first order as the concentrations of the
intermediates would not follow a constant rate of consumption, taking from the experimental
data:

b RZ,non—cat. = kz,non—cat. * [BHP] (16)

® R2,Heterogeneous = kZ,Heterogeneous * [BHP] * Weat. (]_7)

Based on these assumptions, 10 different overall models were considered for the kinetics. The

tested models are depicted in Table 3-3:
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Table 3-3 - Tested models for the hydrogenation of BL to GVL

Hydrogenation step Cyclization step
LH1 LH2 ER1 NCLH1 NCLH2 Non-catalyzed Heterogeneous
catalyst
Model 1 X X
Model 2 X X X
Model 3 X X
Model 4 X X X
Model 5 X X
Model 6 X X X
Model 7 X X
Model 8 X X X
Model 9 X X
Model 10 X X X

3.5. Material balances

Based on the changes in concentrations, material balances were derived for the reaction system.
Isothermal and isobaric conditions were used in the experiments. The material balances in the

batch reactor are expressed as follows:

a ot
It i kL.a * ([HZ]liq - [Hz]liq) - Rl
c 20
;:P = R1 - Rz,non—cat - RZ,Heterogeneous ( )
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dCBuOH ( 21 )

dt = Rz,non—cat + RZ,Heterogeneous
dCep (22)
dt - Rz,non—cat + RZ,Heterogeneous

Equation ( 18 ) displays the changes of hydrogen dissolved in the liquid phase. Here, [H,]j;,
refers to the hydrogen concentration at the gas-liquid interphase, and [H,];;, is the hydrogen
concentration in the liquid phase, estimated by Henry’s constant in GVL(Y. Wang et al., 2019).
The volumetric gas to liquid mass transfer coefficient, k;.a, was expressed as a function of
density, viscosity and temperature according to the findings of Wang et al. (Y. Wang et al.,
2019)

3.6. Bayesian statistical method

The concentrations of BL and BHP were used as observables during the reaction to estimate
the parameters described in the kinetic models. The parameter estimation was evaluateded via
Bayesian inference, given that the use of this approach has shown better results compared to
the non-linear least squares method. (Kopyscinski et al., 2012; Stewart et al., 1992). To perform
these tasks, the commercial program Athena Visual Studio was used. (Stewart & Caracotsios,
2008)

To solve the ordinary differential equations, ODEs, expressed in the mass balances, a solver
known as DDAPLUS was used. This solver is incorporated in Athena Visual Studio to solve
nonlinear initial-value problems comprising of stiff implicit systems. For the parameter
estimation, a package GREGPLUS was used, which estimates the model parameters, their
inference intervals and covariance, using single-response or multi-response data. (Stewart &
Caracotsios, 2008)

The estimation was performed by calculating the probability of each model (M,,) being able to
describe the experimental values (), within the error range (%) (Stewart & Caracotsios, 2008).

This probability is known as the posterior distribution, expressed in equation ( 23 ):
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L(Y: ZlMa)) ) p(Ma))
C (23)

p(Mw|Y;Z) =

In equation ( 23 ), the term L(Y, };|M,,) represents the likelihood function. The likelihood
function evaluates the probability of the model ( M, ) to generate the experimental
concentrations (Y) using a parameter vector (d). This equation is normalized with a constant C.
The experimental results provide information to estimate the probability of the model p(M,,),
known as the prior distribution. The boundary conditions are set and known for the different

parameters and the experiments are replicated to evaluate the error space.

The normalized posterior probabilities are allowed to discriminate between the different
models, so that the best fitting model would be determined. The probabilities were obtained

with equation ( 24 ):

p(M|Y, %) * 100

R W TN (24)

The package GREGPLUS performs the minimization of the objective function S(a), shown in
equation (25) and it also allows to calculate the maximum posterior probability density for the
estimated parameters ¢ and the values of the posterior distribution for the tested models.

(AthenaVisual, Inc., n.d.; Computer-Aided Modeling of Reactive Systems | Wiley, n.d.)

S@=mn+m+1)-Inv@d)| (25)
= (26)
Uij(a) = Z[Ylu - fiu(fw a)] ’ [Y]u - f}'u(fwa)]
u=1

In equation ( 25 ), the objective function S(ad) the number of events in response (n), the number
of responses (m) and the determinant of the covariance matrix of the responses (|v(d)|) are
used. The elements in the covariance matrix were obtained with equation ( 26 ), where the
covariances between the experimental (Y) and estimated concentrations ( f;,,(&,,0d)) are

calculated. Here, Yiy corresponds to the experimental concentration and f;,,(&,,0) to the
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estimated value for the response i and event u; Yju the experimental concentration and fj,, (&, )

the estimated value for response j and event u.

To evaluate the precision of the estimated parameters, the marginal highest posterior density
(HPD) was used. GREGPLUS allowed to calculate the 95% HPD.

The parameters to estimate, d, are the activation energies, the rate constants, and the adsorption
constants shown in Table 3-2. To decrease the correlation between the pre-exponential factor
and the activation energy, the modified Arrhenius equation was used:

b1 1 (27)
ki(Tr) = ki(Trer) - exp —7<ﬂ‘T f>

In equation ( 27 ), the reference temperature (T,..r) Was set to 403.15K considering the

experimental temperature range.

The Akaike information Criterion (AIC) was used to observe the effect of the number of
estimated parameters in the model ( 28 ). Based on this criterion, the model with the lower AIC
would be more reliable (McDonald et al., 2018).

AIC = Number of independent events
“In ([Yju — fiu(C&w 6)]2/number of independent event) + 2 (28)

- Number of estimated parameters

3.7. Modeling results

From preliminary results of the modeling, the adsorption constant of the intermediate BHP and
the activation energy for the cyclization step always approached the value 0, and that the value
of Kgpprand Eay, heterogeneous Were set to zero. It was also observed that the cyclization reaction,

catalyzed by the Ru/C, did not show any dependance with temperature.

The results of the posterior probability for each model are shown in Table 3-4.
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Table 3-4 - Modeling results from Bayesian statistics

Objective Posterior Posterior Number of
Model function probability probability share estimated AIC
S(d) Loguop(Mi|Y,2) mw(Mi|Y,Z) in% parameters
1 6497.91 -1.25 10" 0.08 6 4.27 10"
2 6430.30 -1.22 10" 31.80 7 4.16 10"
3 6451.40 -1.25 10" 0.06 7 4.26 10"
4 6386.27 -1.22 10" 22.26 7 4.1510"
5 6647.54 -1.27 10" 0.00 4 4.42 10"
6 6602.22 -1.26 10*2 0.01 5 4.3510"
7 6464.54 -1.25 10" 0.09 6 4.26 10"
8 6417.32 -1.22 10%? 41.35 6 415 10"
9 8114.67 -1.50 10*? 0.00 1 5.77 10%2
10 6434.52 -1.2310%? 4.35 5 419 10"3

From this table, the normalized posterior probability share denotes that the models 2, 4 and 8

are the more probable models to accurately describe experimental data as they display the

lowest AIC values. It Is good to notice that these models consider the catalyzed path for the

cyclization reaction. The estimated parameters, covariance matrix and parity plots are shown in

the sections below.

3.7.1. Model 4 — LH2 with catalyzed cyclization step

In Table 3-5, the estimated values of parameters are displayed for Model 4. It can be seen that

the estimation was not quite accurate, as the higher posterior density (HPD) intervals for
k1(Trer), Knz and Kge are higher than 100%.

Table 3-5 - Estimated values at Tref (403.15K) and statistical data for Model 4.

Bayesian approach
Parameters Units Estimated HPD Intervals %

ki(Tref) mol/m3/s/kg_dry basis cat 40.4 >100%
Ea, J/mol 3.05 10+4 12.88
Ky, m3/mol 29.0 >100%
Kg; m3/mol 4.3110-3 >100%

Ki - nd nd
ky get(Tref) m3/s/kg_dry basis cat 3.67 10-6 24.19
k3 non-cat (TTef) 1/s 2.20 10-5 17.46
Ea; non-cat J/mol 2.86 10-4 43.83
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Parity plots for this model are shown in Figure 3-6 and the covariances are shown in Table 3-6.
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Figure 3-6 - Parity Plots for Model 4

From the parity plots Figure 3-6 one can see that the predicted values display an overestimation
for the concentrations for BL and a high dispersion for BHP. This would be due to the
uncertainty of the estimation of parameters estimated, the adsorption constants are not possible

to define, meaning that the model might not describe the adsorption mechanism.

Table 3-6 - Normalized parameter covariance matrix for Model 4

kl (Tref) Eal KHZ KBL KBHP Ki kZ,Het (Tref) EaZ,Het k2,non—cat (TT EaZ,non—cat

ki(Tref) 1
Ea, 0.585 1
Ky, -0.998 -0.567 1
Kg., -0.999 -0.569 0.995 1
KBHP - - - - -
Ki nd nd nd nd nd nd
ko nee(Tref) 0.018 0.014 -0.016 -0.019 - nd 1
Ea; et - - - - - nd - -
ks non-cac(Tref) -0.076 -0.066 0.073 0.079 - nd -0.641 0.000 1
Ea; non—cat 0.092 0.081 -0.088 -0.095 - nd 0.501 0.000 -0.670 1

From the covariance matrix, one can observe a high correlation between the rate constant
k1(Tref), and adsorption constants for hydrogen and BL (Kn2 and KgL). This could imply that
the determination of the adsorption constants is difficult given the available kinetic data or other

rate mechanisms should be explored.

From these results, Model 4 displays significant uncertainties in the parameter estimations and

other models should be explored.
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3.7.2. Model 2 — LH1 with catalyzed cyclization step

The values of the estimated parameters and HPD intervals are shown in Table 3-7. The HPD

intervals are more reliable compared to Model 4, but some uncertainty is observed for the

adsorption constant for BL and the rate constant.

Table 3-7 - Estimated values at Tref 403.15K and statistical data for Model 2

Bayesian approach

Parameters Units Estimated . I;: ervals
ky(Tref) mol/s/kg_dry basis cat 3.57 68.18
Ea, J/mol 33094.04 13.42
Ky m3/mol 0.0439 29.65
Kg,, m3/mol 2.78 10* 80.23
ko pet (Tref) m3/s/kg_dry basis cat 3.72 10° 23.80
k2 non—cat(Tref) 1/s 2.1510° 18.14
Ea; non-cat J/mol 3.07 10* 43.12

The parity plots for this model can be seen in Figure 3-7 and Table 3-8 shows the covariance

matrix for the estimated parameters.
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Figure 3-7 - Parity plots for Model 2
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From Figure 3-7, one can observe that the over estimation of BL concentration is still noticeable

and that the dispersion in BHP concentration is slightly reduced but still relevant. This

improvement in the predictability would not also be related to a higher confidence in the

parameter estimations but also for the initial assumptions in the model where molecular

adsorption of hydrogen on the catalyst would be more probable.
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Table 3-8 - Normalized parameter covariance matrix for Model 2

° ki(Tref)  Ea, Kuz  Kp,  Kpup Komet(Tref) Eazuer Konon-cat(Tref) Eaznon—cat
ky(Tref) 1
Ea, 0.655 1
Ky -0.867 -0.555 1
K, -0.992 -0.574 0.849 1
Kpup
ko pee(Tref) 0.032 0022 -0.019 -0.034 - 1
Eaz pet
K3 non—cat (TTef) -0.111 -0.086 0.079 0.115 - -0.646 0.000 1

0.132 0.103 -0.094 -0.138 - 0.517 0.000 -0.704 1

Eaz,non—cat

3.7.3. Model 8 — NCLH1 with catalyzed cyclization step

The results for the parameter estimation of Model 8 are shown in Table 3-9. Based on the HPD
intervals; it can be noticed that the uncertainty of the estimated parameters in Model 8 is lower

compared to the previous models.

Table 3-9 - Estimated values at Tref=403.15K and statistical data for Model 8

Bayesian approach
Parameters Units Estimated HPD Intervals %
3 -
ks (Tyep) mol/m /s/légt_dry basis 0.711 5979
Ea, J/mol 29472.46 14.69
Ky, m3/mol 0.264 39.59
Kgr m3/mol 3.94 10 63.86
ko pet (Tref) md/s/kg_dry basis cat 3.67 10 24.05
k2 non—cat (Tref) 1/s 2.2010°% 9.38
Ea; non-cat J/mol 28661.77 43.65

Parity plots for Model 8 are displayed in Figure 3-8. It can be noticed that the parity plots for
models 2, 4 and 8 have similar behavior, as such, one cannot discriminate which model better

fits the data by parity plots only.
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Figure 3-8 - Parity plots for Model 8.

The covariance matrix for Model 8 is displayed in Table 3-10. Model 8 presents lower
correlation between the estimated parameters than the other evaluated models. However, a

strong relationship between the adsorption constant for BL and the rate constant is still present.

Table 3-10 - Normalized parameter covariance matrix for Model 8

ki(Tref) Ea, Ky Kp, Kpup  kenee(Tref) Eay et Komon-cat(TTef) Eaz non—cat

ki(Tref) 1

Ea, 0.718 1

Ky, -0.435 -0.410 1

Kz, -0.979  -0.608 0.295 1

Kpnp - - - - -

kapec(Tref) 0.031 0.022 0.001 -0.036 - 1
Ea; pet - - - - - - -
kanon-cae(Tref)  -0.106  -0.085 0.021 0.112 - -0.641 - 1

Ea; non—cat 0.130 0.104 -0.025 -0.137 - 0.502 - -0.673 1

The fit of the model to experimental data (Runs 5, 7, 8, 9 and 11) for Model 8 are shown in
Figure 3-9. Here, a good fitting of the predicted values is observed for BL. However,

overestimation on the concentration of BHP is noticeable.
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Figure 3-9 - Fit of Model 8 (Non-competitive Langmuir-Hinshelwood with no dissociation of
Hydrogen) to the experimental data.

All three models presented significant correlation between the hydrogenation kinetic constant
and the adsorption constants. The estimation of these parameters from kinetic experiments was
difficult for models 2 and 4, as high posterior density intervals were obtained making the
confidence on the estimation less reliable. The obtention of these parameters from solely kinetic
experiment is difficult and quantum calculation such as DFT is needed. The estimation of BHP
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is troublesome for the models, which would be based on the pressure effect on the cyclization

reaction.

Taking from these factors, the more fitting model would be model 8 as it better estimates the
experimental data, as observed from the parity plots, has a more reliable estimation of
parameters from the lower HPD intervals and lower correlation between the estimated
constants. Meaning that a Langmuir Hinshelwood model with no competition for adsorption

sites and molecular adsorption of hydrogen would be more probable to represent the Kinetics.

3.8. Conclusions

An experimental study on the hydrogenation of butyl levulinate over heterogeneous catalyst
was performed. Model fits and discrimination of various mechanistically based models was
performed with Bayesian inference with Athena Visual Studio. The reaction system comprised
two reaction steps, hydrogenation of BL, and cyclization of BHP to obtain GVL. Ten Kinetic
models were derived and evaluated, based on the mechanistic approaches from Langmuir
Hinshelwood and Eley-Rideal with and without hydrogen dissociation on adsorption. Also, the
influence of solid catalyst on the cyclization reaction was considered. Bayesian inference was

used to estimate the different kinetic parameters and their intervals of confidence.

The evaluation of the kinetic models was performed considering the AIC and the model
posterior probability, where the more probable model to correctly describe the reaction kinetics
was the non-competitive Langmuir Hinshelwood Hydrogenation with molecular adsorption of

hydrogen and catalytic effect of the Ru/C catalyst over the cyclization step.
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Chapter 4 - Kinetic model assessment for
butyl levulinate and levulinic acid
hydrogenation over dual catalysts

Part of this chapter is adapted from the post print of the following articles: J. Delgado et al.,
“Kinetic model assessment for the synthesis of y-valerolactone from n-butyl levulinate and
levulinic acid hydrogenation over the synergy effect of dual catalysts Ru/C and Amberlite IR-
120.” Chemical Engineering Journal, vol. 430, p. 133053, Feb. 2022, DOI:
10.1016/j.cej.2021.133053.

Further permissions related to the Mass retrieved should be directed to Elsevier. Copyright ©
2021 Elsevier B.V.

4.1. Introduction

In the production of alkyl levulinates from fructose alcoholysis, levulinic acid (LA) is generated
as a side product at equilibrium with the levulinate shown in Figure 4-1 (Démolis et al., 2014;
Di Menno Di Bucchianico et al., 2022; Ramirez et al., 2021). Given that GVL can be obtained
from the hydrogenation of LA (Hsiao et al., 2021), Figure 2-11, a combination of BL-LA as a
reagent mixture would be plausible to use. The effect of LA on the kinetics of the hydrogenation

of BL is explored in this chapter.
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Figure 4-1 - Reaction scheme for butyl levulinate production from fructose alcoholysis
(Ramirez et al., 2021; Démolis et al., 2014; Di Menno Di Bucchianico et al., 2022)

According to the literature and mentioned in previous chapters, an acidic environment is
favorable for the cyclization reaction as the reaction is considered as a Fischer esterification
(Russo et al., 2020; Piskun et al., 2016; Abdelrahman et al., 2014). The presence of hydrogen
ions, formed from the dissociation of levulinic acid, would improve the kinetics of the
cyclization reaction between the hydroxyl group and the ester group of the hydroxy-valerates
formed from BL and LA hydrogenation. To improve the kinetics of this reaction, an acidic solid
catalyst Amberlite IR-120, was added. Amberlite IR-120 is a cation exchange resin with
sulphonic groups that showed great catalytic activity for esterification reactions (Russo et al.,
2020). Using a heterogeneous catalyst over a homogeneous catalyst allows an easier separation

process from the product mixture.

This chapter also explores a method to assess the predictive power of the different proposed
models, known as the K-fold method (Slotboom et al., 2020). In the K-fold method, different
sets of experiments are first used in the regression and other data is then used to compare the

model prediction.

4.2. Experimental procedure

An experimental matrix was developed to better observe the influence of different parameters
on the reaction kinetics. A set of fourteen experiments were performed, and their initial
conditions are shown in Table 4-1. The reaction in focus were butyl levulinate's hydrogenation
and cyclization of the formed intermediates to obtain GVL. GVL was used as a solvent in all

the experiments, and they were performed under isothermal and isobaric conditions.

The studied parameters were temperature, hydrostatic pressure, initial concentrations of

reagents, and catalyst loading. The presence of levulinic acid and Amberlite IR120 in the
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reaction mixture and their influence on the kinetics were also studied. Since the sulfonic groups

in Amberlite can leach at 120°C, experiments performed with this catalyst were kept below this

temperature threshold.

Table 4-1 - Experimental matrix

mcat_Ru
RUN Pressure Temp 9(55% mr%%taA moGVL moBL moLA BLo GVLo LAo
bar K V\{elght (dried)* g* g* g mol/L* mol/L* mol/L*

moisture)*
1 20.6 40415 0.500 0 83 27 15 1.27 7.70 1.11
2 20 403.15 0.500 0 83 42 0 191 631  0.00
3 20.6 404.15  0.500 0 83 27 15 125 6.61 1.03
4 22 383.15 0.500 0 83 27 15 1.25 6.61 1.03
5 10.9 403.15 0.500 0 83 27 15 1.35 7.17 1.03
6 215 402.15 0.500 0 83 22 20 106 6.83 1.37
7 21.4 37415 0.500 0 83 27 15 1.45 6.61 1.30
8 21.6 37315 1.000 0 83 27 15 131 6.84 1.08
9 217 383.15 1.500 0 83 22 20 0.88 5.95 0.72
10 213 38515 1.500 10.48 83 22 20 109 6.82 1.39
11 9.7 375.15 1.200 10.00 83 22 25 1.12 6.77 1.60
12 95 41415 1.000 0 83 27 10 1.42 7.43 0.58
13 105 39115 1.200 10.00 83 22 25 1.06 6.59 1.71
14 154 39415 1.200 6.00 83 30 15 1.34 6.52 1.15

*Values used in kg and mol/m? for modeling stages.

Experiments were performed in a Parr stirred autoclave shown in Figure 2-1. In an experiment,

the reactor was filled with the reagents and the catalysts and then closed. The gases in the reactor

were evacuated with a vacuum pump until a pressure of 50 mbar was reachred. The stirring was

then set to 400 rpm and the heating was initiated. Hydrogen was then passed from the

pressurized tank into a reservoir. From the reservoir, the gas was dosed into the reactor at the
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desired pressure through a pressure gauge. When the reactor reached the desired temperature,
the stirring was stopped for two minutes. Hydrogen was allowed to flow into the reactor and an
initial sample was taken. Stirring was set to 1000 rpm and samples were taken at predetermined
times and analyzed with GC-FID (Figure 2-7). The experiments were performed under isobaric
and isothermal conditions. The samples were analyzed three times in order to calculate the
uncertainty in the concentration measurement, replicate measurements and their standard

deviation was then calculated.

4.3. Experimental results

The effect of different parameters on the reaction kinetics is shown in this section. All
experiments contain butyl levulinate as the main initial reagent and GVL as the solvent
(Capecci, Wang, Casson Moreno, et al., 2021; Capecci, Wang, Delgado, et al., 2021). The
studied parameters were temperature, hydrogen hydrostatic pressure, catalyst loading, and

initial concentration of levulinic acid.

Estimated ratios of concentrations were used as observables to compare and evaluate the effect
of all parameters. These ratios were obtained from the reagent's highest concentration. In the
hydrogenation step, the ratios of [BL]/[BL]o and [LA]/[LA]o were used, and for the cyclization
step, the ratios [BHP]/[BL]o and [HPA]/[LA]o were used. As previously mentioned, each
sample was measured three times, and their average standard deviations were found lower than
3.64%.

4.3.1. Effect of temperature

The effect of temperature on the kinetics was evaluated by comparing experiments 3 and 4 in
Table 4-1. The results for these experiments are shown in Figure 4-2. In the hydrogenation step,
the consumption rate of BL and LA increased with temperature an increase in the kinetics.
Regarding the cyclization step, an increase in temperature correlates to the consumption of

intermediates, which is more noticeable for HPA.
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Figure 4-2 - Effect of Temperature: Comparison between exp 3&4. Hydrogenation and
Cyclization reaction steps. (P:20bar, 0.5g Ru/C, 0Og Amberlite)

4.3.2. Effect of hydrogen hydrostatic pressure

The influence of hydrogen pressure on the kinetics can be seen in Figure 4-3. Increasing the
hydrostatic pressure, increases the kinetics for the hydrogenation reaction step. Consequently,
this also increases the intermediates concentrations (BHP and HPA) as one can notice a faster

accumulation of BHP and HPA.
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Figure 4-3 - Effect of pressure: Comparison between exp 3&5. Hydrogenation and
Cyclization reaction steps.(0.5g Ru/C, 0g Amberlite)

4.3.3. Effect of ruthenium catalyst loading

Figure 4-4 displays the effect of Ru/C loading on the kinetics. From the results, one can observe
that the increase in Ru/C catalyst loading increases the hydrogenation kinetics. Regarding the
cyclization step, an increase in intermediate concentration was observed. This increase would

be correlated to the acceleration in the kinetics of the hydrogenation step.
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Figure 4-4 - Effect of Ru/C loadings: Comparison between exp 7&8. Hydrogenation and
Cyclization reaction steps. (T: 403.15K, P: 20 bar, 0g Amberlite)

4.3.4. Effect of Amberlite IR120 loading

The influence of Amberlite IR120 on the reaction Kinetics is displayed in Figure 4-5. For the

hydrogenation step, one can see that the impact of this catalyst on the kinetics is negligeable.

However, the kinetics in the cyclization step is significantly influenced. The concentration of

BHP was noticeably lower in the presence of the catalyst, and the HPA concentration was not

detected in the analysis. It can be concluded that the presence of this acidic catalyst improves

the conversion of the intermediates to the product, GVL. According to the manufacturer,

Amberlite is able to exchange up to > 1.80 eq/L of protons.
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Figure 4-5 - Effect of Amberlite IR120 concentration on the kinetics: Comparison between
exp 9&10. Hydrogenation and Cyclization reaction steps.(T: 403.15K, P:20 bar, 0.5g Ru/C)

4.3.5. Effect of levulinic acid (LA) concentration

When levulinic acid dissociates in the reaction mixture, protons are formed. These protons
should catalyze the second reaction step i.e. the GVL production (Tejero et al., 2016). Figure
4-6 displays that the kinetics of BL hydrogenation are very similar with the different LA
concentrations. One can observe that the kinetics of LA hydrogenation is somewhat faster when
the concentration of LA is higher. A noticeable observation is that the increase in LA

concentration accelerates the cyclization of the intermediates BHP and HPA.
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Figure 4-6 - Effect of LA concentration: Comparison between exp 3&6. Hydrogenation and
Cyclization reaction steps. (T:403.15K, P:20 Bar, 0.5g Ru/C, 0g, Amberlite)

4.4. Kinetic modeling

Several reaction mechanisms are possible for the hydrogenation and cyclization steps in the
overall reaction to produce GVL from BL and LA. Based on the possible reaction mechanisms,
several mathematical models can be derived for explaining the kinetics. As mentioned in
Chapter 3 -, it was observed that the surface reaction for the hydrogenation of BL would follow
a non-competitive Langmuir-Hinshelwood kinetic model with no dissociation of molecular
hydrogen. In the case where hydrogen does not dissociate, the carbonyl carbon would be
hydrogenated first, and a subsequent hydrogenation on the oxygen would occur. From this
result, one would infer that there are two kinds of ruthenium sites for the adsorption of
molecules. In this mechanism, different adsorption sites exist in the catalyst where the hydrogen
molecule and the carbonyl group can adhere without interfering with one another. In our
previous work, it was observed that even the Ru/C catalyst could improve the kinetics of the

cyclization step.
86|Page



Both reagents (BL and LA) were thought to follow similar reaction pathways in this reaction
system, where BL and LA are first hydrogenated to produce the intermediates (BHP and HPA)
which then form the GVL, butanol and water. The presence of levulinic acid as a reagent and
alcohols produced in the reaction system would be a plausible environment to allow the
esterification of LA as a side reaction (Tejero et al., 2016). However, based on the experimental

results, this side reaction is not favored, given the fast conversion of LA into HPA,

4.4.1. Rate expressions for the hydrogenation step

Seven kinetic models were evaluated for the hydrogenation step:

Mechanistic expressions for compound adsorption and desorption. These mechanisms were
expressed based on Langmuir Hinshelwood and Eley-Rideal surface mechanism models. These
mechanisms were considered as they have been used to describe adsorption mechanism in
liquid-solid-gas phase systems and the initial assumption fast adsorption-desorption at the

catalyst surface.

(LH1) Competitive Langmuir-Hinshelwood with no dissociation of hydrogen.
(LH2) Competitive Langmuir-Hinshelwood with dissociation of hydrogen.
(NCLH1.1) Non-competitive Langmuir-Hinshelwood with no dissociation of
Hydrogen. LA and BL are in competitive adsorption on the same site.
hydrogen adsorbs in a different site.
(NCLH1.2) Non-competitive Langmuir-Hinshelwood with no dissociation of
Hydrogen. LA, BL, and H2 are adsorbed on different sites.
(ER) Eley-Rideal with no adsorption of hydrogen on the active sites.
(NCLH2.1) Non-competitive Langmuir-Hinshelwood with dissociation of hydrogen.
LA and BL are in competitive adsorption on the same site. Hydrogen
adsorbs in a different site.
(NCLH2.2).  Non-competitive Langmuir-Hinshelwood with dissociation of hydrogen.
LA, BL, and H2 are adsorbed on different sites.

The rate expressions for the reaction system in an NCLHZ1.2 scenario are derived below. In this
case, BL, LA, and molecular Hydrogen are adsorbed in different sites. These sites are denoted

as”, %, and *, respectively:

Estimated reaction mechanism steps in an NCLHZ1.2 kinetic model:
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1) Adsorption of species on the catalytic sites:

e BL+ "(vacant site) = "BL (29)
e LA+ °(vacant site) = °LA (30)
e H, + *(vacant site) = *H, (31)

2) Hydrogenation reaction step of adsorbed compounds:

e "BL+*H, — "BHP + *(vacant site) (32)
0 * 0 * . ( 33 )
e °LA+*H, — "HPA + *(vacant site)
3) Desorption of intermediates obtained:
e "BHP — BHP + "(vacant site) (34)
e °HPA — HPA + °(vacant site) (35)
4) Cyclization reaction step of intermediates producing GVL.:
e BHP — GVL + BuOH (36)
(37)

e HPA — GVL+ H,0

It is considered that the adsorption and desorption steps are fast. Such an assumption is

observed for heterogeneous reactions (Murzin & Salmi, 2005). Thus, we obtain the following:

O
* Kpn = [BL]B.;A (38)
o K, — Bor4 (39)
LAO ™ 11416,
)
° KHz = W18, (40)
o Kpypr = —=BHP (41)
BHP [BHP].0»
o K _ _bonpra (42)
HPAO ™ [ypal.6,
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Here, 6. refers to the coverage or fraction of available active sites for BL species, and 8.5,
refers to the fraction of sites occupied by BL species. Given that the adsorption and desorption
steps are estimated to be very fast, the hydrogenation reactions ( 4 ) are considered rate-
determining steps. These steps are considered direct reactions, given the non-reversibility

observed in the performed experiments.

From the adsorption constants, the reaction rates for the hydrogenation of BL and LA would be

expressed as follows:

Rpp hya = kg n * 9*H2 * Onpl, * Weqt, (43)
= kg p * Ky, * [Hp] * 6, * Kppn * [BL] * On * weqy.

Ria nya = kpan* 9*H2 * 0oy 4 * Wear, (44)
= kLA_h * Kyp * [Hy] * 6, % Kpa0 * [LA] * 0y * wcqe,

From these equations, w,; refers to the dry weight of the Ru/C catalyst. Given that the
coverage or fraction of empty active sites cannot be directly measured, the rate equations are

expressed as a function of kinetic constants and concentrations.

Mass balances on the different active sites lead to the following:

[ ] 1 = QI\BL + QABHP + 9/\ (45)
* 1="00La+ Ooupa+ 6o (46)
o 1:9H2+9* (47)

By substitution and rearrangements of the adsorption constant equations (8), (9), and (42 );

with the mass balances of active sites equations ( 11), (46 ), and ( 12 ), we get equations:

(48)

(49)

- Kppr*[BL]+Kgypr*[BHP]+1

89 |Page



1
* b= Kpa-*[LAl+K pip a=*[HPA]+1 (50)

From these equations, we can express the rate of the hydrogenation reaction to be

1
b RBL_hyd = kpp, n * Kyz * [H] * (Ko Hy]) * Knpy * [BL] *

1 (51)

*
(1+Kpp~*[BLI+Kpypr+[BHP]) At

1
® Rianya = Kian * Kyp * [Hp] * YT Kopa * [LA] *

1 (52)

*
(14K an*[LA]+Kgpar*[HPA]) Cat.

By expressing kg, y * Ky * Kapy @S kBL_hyd, and kpa n * Kpo * Kopa @S kpg pyq, We Obtain

the rate equations :

1
® Rpi hya = Kpi_nya * [Hz] ErTR I [BL] *

1 (53)

* Weat,

(1+Kpp~*[BL]+Kpyp~*[BHP])

1
® Risnya = Kpanya * [Hz] * T [LA] *

1 (54)
* Weat.

(1+KLA/\*[LA]+KHPA/\*[HPA])

The rate expressions for the hydrogenation step for all the considered reactions mechanisms,
are shown in Table 4-2. The derivation of the rate expressions is presented in the supplementary

information of the referenced article (Delgado et al., 2022).
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Table 4-2 - Rate expressions for hydrogenation steps

MODELS Rate expression for BL, RaL, Hyd Rate expression for LA, Ria, Hyd
ky * [Hp] * [BL] * wcqr, key * [Hp] * [LA] * wcqr,
(LH1) (e 2 ]+ Kay + [BLL + Ko « [BHP])Z (a2 U + Koy [BLL + o [BHP])Z
+Kpa * [LA] + Kypa * [HPA] + 1 +Kpq * [LA] + Kypa * [HPA] + 1
ky * [Hp] * [BL] * wcqr, key * [Hp] * [LA] * wcqr.,
(LH2) (KH *[[Ho] + Kpy * [BL] + Kpp * [BHP] + K; » [BL] */ [H2]>2 <\/KH * [Ho] + Kpy * [BL] + Kgup * [BHP] + K; * [BL] [H2]>2
+K; 4 * [LA] + Kypy * [HPA] + Ky * [LA] * \/[H,] + 1 +Kp 4 * [LA] + Kypa * [HPA] + Kip * [LA] % \/[H,] + 1
ky * [Ha] * [BL] * w¢qr, ky  [Hp] * [LA] * wcqr.
(ER1) (Foe [BLT + Kaup * [BHP] + Ky * [LA]) (o [BLT + Kzrp * [BHP] )
+HPA = [HPA] + 1 +K; 4 * [LA] + HPA = [HPA] + 1
ky x [H,] N ky * [H,] .
(1 + Ky * [Hz]) (1 + Kyz * [Ho])
(NCLHll) [BL] * wcqe. [LA] * wea.
(1 + Kgyp * [BHP] + Kp; * [BL]) (1 + Kgyp * [BHP] + Kp;, * [BL])
+Kppa * [HPA] + K5 * [LA] +Kypa * [HPA] + K * [LA]
ky x [H,] N ky = [H,] .
(1 + Ky * [H]) (1 + Kyz * [Ho])
(NCLH1.2)
[BL] * Weat. [LA] * Weat,
(1 + Kpup * [BHP] + Kp, = [BL]) (1 + Kppa * [HPA] + Ky 4 * [LA]D
ky * [H,] N ky x [H,] .
Ky *+/[H] +1 VEKy * [H] +1
(NCLHZ].) [BL] * wcar. [LA] * wcqe.
(KB’L- [BL] + K¢1.y/[H,]- [BL]. +Kgyp. [BHP] + Ky 4. [LA]> (KBL- [BL] + Kcy1.+/[Hz]. [BL). +Kppp. [BHP] + K 4. [LA]>
+Kcz.A[[Hy]. [LA] + Kypa. [HPA] + 1 +KcpoAJ[Ho]. [LA] + Kypa. [HPA] + 1
key * [H,] N ky * [H,] .
Ky x/[Ha] +1 Ky * [H] +1
(NCLHZZ) [BL] * Weat. [LA] * Weqt,
(K. [BL1 + K1 \TH1 [BLL. +Kppp. [BHP] +1) (Kua- (LA + Kege THo1. [LA) + Kypa. [HPA] + 1)

4.4.2. Rate expressions for the cyclization step

Four reaction pathways were considered to affect this reaction step independently from each

other. The pathways are:

e Non-catalytic cyclization of intermediate.

e Reaction catalyzed by the acid sites on the support of Ru/C.
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e Reaction catalyzed by the acidic groups on Amberlite IR120.

e Reaction catalyzed by the protons from the dissociation of levulinic acid.
The rate equations for the cyclization steps are shown below:

Non-catalytic pathway:

RBHP_noncat = kBHP_noncat ' [BHP] ( 55 )
b RHPA_noncat = kHPA_noncat - [HPA] ( 56 )

Catalytic cyclization due to active sites in Ru/C:

1
(KanpalHPAl+Kapnp BHPI+1) " Cat.RUC (57)

*  Rpyp ruc = kpur_ruc [BHP] -

1
(KenpalHPAl+Kapnp BHPI+1) CCatRuc (58)

*  Ryparuc = Kupa_ruc " [HPA] -

Catalytic cyclization due to Amberlite IR-120:

1
.
(Kso3H-HpA'[HPAl+Kso3p—pup[BHP]+1) " Cat-Amb ( 59 )

b RBHP_SOSH = kBHP_SO3H ’ [BHP] '

1
"W
(Ksoan-mpalHPAl+Kso3—pup [BHP]+1)  COtRUC ( 60 )

® RHPA_SOSH = kHPA_SO3H - [HPA] -
Catalytic cyclization due to LA dissociation:

*  Rpyp_aiss = kpup_aiss - [BHP] - [LA] (61)

®  Rupa giss = Knpa_aiss " [HPA] - [LA] (62)

4.5. Material balances

The mass balances for the various compounds in the liquid phase are presented below,
considering the reaction rates for the hydrogenation and cyclization reaction steps. Given the

operating circumstances for the tests, it is assumed that the reaction occurs in the liquid phase.
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Furthermore, given the applied turbulence and the results displayed by Wang (Y. Wang et al.,
2019), internal and external mass transfer limitations may be regarded as negligible.

The mass balances in the liquid phase can be expressed as:

dCpr, _

hd T _RBL_hyd (63)
. % = ky.a * ([Hy1}iq — [H2)uiq) — Rei_nya — Ria nya (64)
J dC;;th = Rpi_nya — Reup_noncat — Rerp_ruc — RBup_so3n — Reup_diss (65)
o dcz# = Rpup_noncat + Reup_ruc + Rpup_sozn + Reup_aiss (66)
. dgiA = —Ri4 nya (67)
J dCstPA = Rpa nya — Rupanoncat — Rupa_ruc — Rupa_sosn — Rupa_aiss (68)
¢ % = Rupanoncar + Rupagyc T Rupasosy T Rupa_aiss (69)
° % = RtProncar T RBHPRuc t RBHPs03n + RBup_diss + RuPaoncar T

(70)

RHPARuC + RHPASO3H + RHPA_diSS

Equation ( 64 ) expresses the mass balance for the dissolved hydrogen gas in the liquid bulk,

[H;]1iq- The term [H,];;, corresponds to the concentration of hydrogen in the liquid-gas

interphase, obtained by Henry's constant in GVL (Y. Wang et al., 2019).

[HZ];‘iq ( 71 )

He(T) =
PHZ,Reactor
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In equation ( 64 ), the term k;. a corresponds to the gas-to-liquid mass transfer coefficient for
hydrogen. The values of k;.a were expressed as a function of parameters such as density,

temperature, and viscosity. (Y. Wang et al., 2019)

4.6. Modeling

To estimate the multi-response parameters from rate equations in Table 4-2 and equations ( 55
) along with the mass balances in equations ( 63 ) and ( 70 ), the method of nonlinear squares
is commonly used (Kopyscinski et al., 2012; Stewart et al., 1992). However, the Bayesian
framework approach has been considered a better option for this task (Kopyscinski et al., 2012;
Stewart et al., 1992). In the Bayesian approach, the determinant criterion is used (Van Boekel,
1996). The commercial software, Athena Visual Studio, was used for parameter estimation and
simulation via Bayesian statistics in this study. (Caracotsios & Stewart, 1985; AthenaVisual,

Inc., n.d.).

The concentrations of the reagents (BL and LA) and the intermediates (BHP and HPA) were
used as observables in the parameter estimation. The differential equations obtained in material
balances ( 63) and ( 70 ) were solved with DDAPLUS, a solver integrated into Athena Visual
Studio. DDAPLUS is a modified Newton algorithm, where the first-order derivatives are
approximated by a fixed leading coefficient backward difference method (Caracotsios &
Stewart, 1985). Here the constants in the differential equations are fixed for each iteration, and

the values obtained in the estimated equations are compared with the previous values.

Since the leading coefficients are fixed for each iteration, a sub-routine is needed to recalculate
these parameters and improve the accuracy of the estimation for these values; this was
performed by minimizing the objective function ( 72 ). Athena Visual Studio possesses a
subroutine package called GREGPLUS; this subroutine is used for this minimization process
and also allows us to calculate the credible intervals for the parameters and obtain the

normalized parameter covariance matrix.

In order to minimize the objective function ( 72 ), one starts with initial values added to the
subroutine package; the package will then use successive quadratic programming to minimize
the function (Caracotsios & Stewart, 1985; Stewart et al., 1992).
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S@=@(@+b+1)-Inlv@d)| (72)

In equation ( 72 ), a is considered as the number of events in the response, b is considered as
the number of responses observed, and |v(@)| is the determinant of the covariance matrix of
the responses. Each element of this matrix is defined by the sum of covariances between the

experimental and estimated simulation for each observable:

n

05 (0) = D Wi = fau @] [ = fu)] (73)

u=1

In this equation, “ Y” corresponds to the experimental concentration values, and “f(8)”

corresponds to the estimated values for each corresponding response (i, j) in each event “u”.

The credible intervals for each parameter were obtained using the quadratic expansion equation
( 72 ). The subroutine package, GREGPLUS, allowed us to calculate the precision of the
parameters using the 95% marginal highest posterior density (HPD).

The modified Arrhenius equation was used to reduce the correlation between the activation

energy and the pre-exponential factor in the kinetic constants.

E, (1 1
k(Tr) = k(Trer) - exp (— 7 (ﬁ - Tﬁf)) (74)

In the Arrhenius equation ( 74 ), T,..s is the temperature selected as a reference for a given

temperature span; R is the ideal gas constant.

Within the initial iteration in the modeling of the different kinetic models, it was observed that
some constants tended approach the value of zero. The modeling was conducted after setting

the following constants values to zero.

e The adsorption constants for BHP and HPA:
o In the hydrogenation steps over Ru/C,
o Over the acid sites on Ru/C,

o Over Amberlite IR-120 for the cyclization steps.
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e The activation energy for the cyclization of BHP and HPA:
o Over Amberlite IR-120
o Over the acid sites in Ru/C.
e The equilibrium constant Kcz, present in LA hydrogenation, given that it was low for the
model NCLH2.2.

To compare the different models, Table 4-3 shows the regression parameters calculated for each

kinetic model; these values, help in determining the best fitting models:

2
e Sum of Squared Residuals (SSR) (Yju — fju(a))

e Minimized objective function defined by Equation ( 72 ): S(9)
e Number of estimated parameters.

e Akaike information criterion (AIC)

The AIC considers the number of fixed parameters, giving a more extensive scope into selecting
the best fitting model. This criterion correlates the fit of the model to the number of independent
events and the complexity of each model by the amount of fixed estimated parameters
(McDonald et al., 2018). According to this criterion, the model with a lower AIC value is
considered more reliable.

AIC = Numb ind dent t-l
umber of independent even n(number of independent event

2
[Yu — fu(@)] )

(75)
+ 2 - Number of estimated parameters

1468 independent events were considered in the estimation of the kinetic models.

Table 4-3 - Regression parameters for each model

Objective ~ Number of estimated

SSR . AIC
function parameters
LH1 11693900 24125 19 13224.9
LH2 11665200 24127 19 13221.3
NCLH1.1 11697000 24154 19 13225.3
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NCLH1.2 10757800 23987 19 13102.4

ER1 11685300 24153 19 13223.8
NCLH2.1 11773600 24142 17 13230.9
NCLH2.2 10443600 23940 18 13056.9

From Table 4-3, one would note that the models with lower SSR values, minimized values for
the objective functions, and AIC number were the NCLH1.2 and NCLH2.2 models. From this
observation, one would estimate that these models would better explain the experimental data.
The values of the estimated parameters, their fit, and the normalized covariance matrix for each

model are shown below:

4.6.1. Modeling results: Non-competitive Langmuir Hinshelwood 1.2

The estimated values and the associated credible intervals (HPD%) for this model are shown in
Table 4-4. The credible intervals for most of the estimated parameters are considered small or
medium, which implies that the selected changes in the operating conditions were significant
to assess these parameters. However, for two parameters, Ky, and kHPA_noncat(TRef)i their
credible intervals were relatively higher compared to the other parameters. This difference is
linked to the uncertainty of measurement due to the low effect of Hydrogen pressure in the

kinetics (Ky,) and to the difficulty in tracking HPA in the experiments given its reactivity

(kHPA_noncat (TR ef ) ) '

Table 4-4 also shows that the rate constants for the reaction steps for BL, hydrogenation of BL,
and cyclization of BHP, are lower than that for LA, hydrogenation of LA, and cyclization of
HPA.
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Table 4-4 - Estimated Values at Tref = 392.72 K and statistical Data for NCLH1.2

Parameters Units Estimates HPD%
3 -l o1 H
Parl kg nya(Teey) M MO R g?l—dry basis 3.11E-06 14,57
Par2 Eagy nya J.mol*? 3.62E+04 7.43
Par3 Ky m3.mol? 7.36E-04 >100%
Par4 Kg» m3.mol* 9.14E-04 29.02
Par5 Kgyp» m?®.mol* Fixed to zero -
Par6  kpup caramp(Trer) ™ kg_dry basis Amb™ 4.17E-05 49.21
Par7 Eagyp cat amp J.mol? Fixed to zero -
Par8  kpup noncar(Trer) st 5.78E-05 30.35
Par9 Eagup noncat J.mol? 8.67E+04 32.38
3 -1 o1 :

Parl0  kuasya(Trey) O 'SR{J g?l—dry basis 8.08E-06 12.03
Parll Eays nya J.mol* 4.65E+04 6.47
Par12 Ky m3.mol* 1.75E-03 15.80
Parl3 Kypar m3.mol? Fixed to zero -
Parld  Kpps car amp(Trer) S kg_dry basis Amb? 4.84E-04 49.37
Parl5 Eayipa cat amb J.mol*? Fixed to zero -
Parl6  kypa noncat(Tres) st 1.12E-06 >100%
Par17 EQupa noncat J.mol* 4.22E+05 23.87
Parl8 Kgup—sozn mS3.mol* Fixed to zero -
Par19 Kypa—sosn mS3.mol* Fixed to zero -
Par20  kgup ruc(Trer) s, kg_dry basis RuC™ 2.43E-05 16.96
Par21 Eagyp ruc J.mol? Fixed to zero -
Par22  kupa ruc(Trer) s, kg_dry basis RuC™ 5.80E-05 7.69
Par23 Eaypa ruc J.mol? Fixed to zero -
Par24 Kagip mS3.mol* Fixed to zero -
Par25 Kanpa mS3.mol* Fixed to zero -
Par26  kgup aiss(Trer) m3.mol*.s? 1.70E-06 16.83
Par27 Eagup. aiss J.mol* 1.06E+05 13.31
Par28  kupa_aiss(Trer) m3.mol*.s? 4.73E-06 6.99
Par29 EQupa_aiss J.mol* 6.78E+04 7.96

The correlations between the parameters are shown in Table 4-5. It is observed that

ksL nya (TRef) and K z,~ have a noticeable correlation linked to the estimation of the adsorption

constant. Another correlation is between kBHP_noncat(TRef) and Eagyp noncar» Which would

be linked to the slower speed observed in the non-catalytic cyclization pathway.
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Figure 4-7 shows the parity plots for BL, LA, BHP, and HPA in the NCLH1.2 model. The
figure shows that this model gives a good prediction of the reactant concentrations (BL and
LA), while it was less reliable for the intermediates (BHP and HPA).
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Figure 4-7 - Parity plots for the NCLH1.2 model
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Table 4-5 - Normalized parameter covariance matrix for Model NCLH1.2.

Parl Par2 Par3 Pard Par6 Par8 Par9 Parl0 | Parll | Parl2 | Parl4 | Parl6é | Parl7 | Par20 | Par22 | Par26 | Par27 | Par28 | Par29
Parl 1.000
Par2 0.170 { 1.000
Par3 0.453 { 0.069 { 1.000
Par4 0.834 { 0.160 | -0.072 { 1.000
Par6 0.029 { 0.001 { 0.021 | 0.017 { 1.000
Par8 -0.005 { 0.112 { -0.070 { 0.035 i 0.005 | 1.000
Par9 -0.028 { -0.175 { 0.049 | -0.066 { -0.005 | -0.932 { 1.000
Par10 0.237 { 0.061 { 0.644 | -0.127 { 0.002 | -0.013 { 0.017 { 1.000
Par11 0.013 { 0.095 { 0.039 | -0.021 { -0.006 | -0.033 { 0.070 { 0.060 | 1.000
Parl2 | -0.002 | 0.025 i 0.114 | -0.081 | -0.009 { 0.022 | -0.011 | 0.783 { -0.127 | 1.000
Parl4 | 0.006 | 0.001 i{ 0.016 | -0.003 | 0.000 { 0.000 ;| 0.000 { 0.012 { 0.005 { -0.006 | 1.000
Parl6 | -0.009 | -0.013 { -0.033 { 0.012 { 0.002 { 0.012 | -0.024 { -0.019 |{ -0.311 | 0.067 | -0.002 { 1.000
Parl7 0.021 ; 0.009 : 0.051 ; -0.008 ; 0.000 ; -0.012 ; 0.018 ; 0.015; 0.210 ; -0.060 { 0.002 { -0.948 { 1.000
Par20 0.061 { 0.074 { 0.052 | 0.066 { 0.002 | -0.728 { 0.593 { 0.067 | -0.014 { 0.059 { 0.000 { 0.006 | -0.003 { 1.000
Par22 0.096 { 0.029 { 0.187 { 0.002 { 0.005 | -0.043 { 0.046 { 0.113 | 0.234 { 0.099 { -0.005 | -0.314 { 0.256 | 0.013 { 1.000
Par26 0.102 { -0.083 | -0.123 | 0.140 { -0.044 | -0.085 { 0.084 { 0.170 | 0.261 { 0.166 { 0.006 | -0.085 { 0.046 { -0.123 | -0.065 { 1.000
Par27 0.112 { 0.327 { 0.088 | 0.096 { -0.011 | 0.129 { -0.245 { 0.217 | 0.392 { 0.130 { 0.005 | -0.118 | 0.077 { 0.133 | 0.080 { 0.328 | 1.000
par28 | -0.188 | -0.006 i -0.261 | -0.082 | -0.019 { 0.059 i -0.031 { 0.305 { 0.189 | 0.377 { 0.005 i -0.165 { 0.078 { 0.001 { -0.368 | 0.381 { 0.187 | 1.000
Par29 0.009 { 0.053 { 0.046 | -0.027 { -0.005 | -0.030 { 0.061 { 0.140 | 0.764 { 0.042 { 0.000 | -0.442 { 0.295 | -0.004 { 0.398 { 0.207 | 0.310 { 0.292 { 1.000




Figure 4-8 shows the fits of the model to experimental data, along with the predicted intervals
and the mean values of these estimated observables. One can observe that the experimental data
lies within the margins of the predicted values of the model, implying a good fit. However, due

to the catalytic effect of Amberlite IR-120, the concentrations of the intermediates were quite

low.

Figure 4-8 - Fit of Model NCLH1.2 to the experimental concentrations with prediction

intervals.
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4.6.2. Modeling results: Non-competitive Langmuir Hinshelwood 2.2

Table 4-6 shows the values for the estimated parameters and their credible intervals. In the case
of kupa noncat (Trer ), the credible interval was higher than the other parameters, given the high
reactivity of HPA. The 95% HPD credible intervals for most parameters were considered low
or average. The estimation of K. and K 5,~ was not successful, hence, their values were set to
zero. One can observe that BL's hydrogenation rate constant is lower than that of LA. Also, the
cyclization rate constants for BHP reaction routes (Ru/C, Amberlite IR-120, and LA

dissociation) are lower compared to the rate constants for HPA.
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Table 4-6 - Estimated Values at Tref = 392.72 K and Statistical Data for NCLH2.2

Parameters Units Estimates HPD%
3 -1 -1
Parl Ky nya(Trer) m 'rE;’;iSfR'u ‘ég_’l—dry 3.02E-06 11.42
Par2 Eag; nya J.mol*? 3.69E+04 7.17
Par3 Ky mé.mol* Fixed to zero -
Par4 K m3.mol* Fixed to zero -
Par5 Kgyp m2.mol* Fixed to zero -
Par6  Kpup car amp(Trer) S kg_dry basis_Amb™ 4.36E-05 48.29
Par7 Eagyp cat amp J.mol? Fixed to zero -
Par8  kpup noncat(Tres) st 5.93E-05 30.40
Par9 Edgup noncat J.mol ™ 7.78E+04 35.92
3 -1 -1

Parl0  kya nya(Trey) m "S;);isz'u ‘é‘%’l—dry 7.75E-06 9.17
Parll Eapg nyq J.mol* 4.61E+04 6.51
Par12 K40 m3.mol* 1.69E-03 15.86
Parl3 Kypae m3.mol? Fixed to zero -
Parld  kipa cac amp(Trer) S kg_dry basis_Amb? 4.79E-04 49.34
Par15 Eaypa cat amb J.mol? Fixed to zero -
Parlé  kupa noncat(Trer) st 1.25E-06 >100%
Parl7 Eaypa noncat J.mol? 4.15E+05 24.08
Parl8 Kgup—sosn m3.mol* Fixed to zero -
Parl9 Kypa—sosn m3.mol* Fixed to zero -
Par20  kpup ruc(Trer) S kg_dry basis_RuC 2.41E-05 17.61
Par21 Eagyp puc J.mol* Fixed to zero -
Par22  kypa puc(Trey) S kg_dry basis_RuC™ 5.74E-05 7.61
Par23 Eaypa puc J.mol* Fixed to zero -
Par24 Kapnp m3.mol* Fixed to zero -
Par25 Kanpa m3.mol* Fixed to zero -
Par26 Kc m®2.mol-32 1.59E-04 25.39
Par27 Kc2 m%2.mol-*? Fixed to zero -
Par28  kpup aiss(Trer) mé.molt.s? 1.69E-06 16.19
Par29 Eagup aiss J.mol* 1.09E+05 12.83
Par30  kypa aiss(Tres) mé.mol™.s? 4.73E-06 6.71
Par31 EQupa aiss J.mol* 6.70E+04 8.01
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Table 4-7 - Normalized parameter covariance matrix for Model NCLH2.2

Parl Par2 Par6 Par8 Par9 | Parl0 | Parll | Parl2 | Parl4 | Parl6 | Parl7 | Par20 | Par22 | Par26 | Par28 | Par29 | Par30 | Par31l
Parl | 1.000
Par2 | 0.190 | 1.000
Par6 | 0.026 | 0.002 | 1.000
Par8 | 0.113 | 0.165 | 0.011 | 1.000
Par9 | -0.163 | -0.234 | -0.011 | -0.931 | 1.000
Parl0 | -0.074 | 0.025 | -0.017 | 0.035 | -0.007 | 1.000
Parll | -0.012 | 0.081 | -0.008 | -0.044 | 0.083 | 0.040 | 1.000
Parl2 | -0.062 | 0.021 | -0.013 | 0.025 | -0.009 | 0.933 | -0.139 | 1.000
Parl4 | -0.002 | 0.000 | 0.000 | 0.001 | -0.001 | 0.002 | 0.005 | -0.008 | 1.000
Parl6 | 0.009 | -0.007 | 0.003 | 0.014 | -0.027 | 0.006 | -0.300 | 0.073 | -0.001 | 1.000
Parl7 | -0.005 | 0.003 | -0.001 | -0.011 | 0.019 | -0.026 | 0.196 | -0.066 | 0.001 | -0.946 | 1.000
Par20 | -0.020 | 0.019 | -0.001 | -0.768 | 0.635 | 0.044 | -0.001 | 0.051 | -0.001 | 0.002 | -0.002 | 1.000
Par22 | -0.002 | 0.010 | 0.001 | -0.035 | 0.042 | -0.009 | 0.229 | 0.079 | -0.008 | -0.308 | 0.242 | 0.010 | 1.000
Par26 | 0.970 | 0.209 | 0.023 | 0.117 | -0.174 | -0.102 | -0.027 | -0.077 | -0.002 | 0.013 | -0.007 | 0.006 | 0.000 | 1.000
Par28 | 0.142 | -0.110 | -0.045 | -0.106 | 0.109 | 0.342 | 0.273 | 0.193 | 0.008 | -0.089 | 0.049 | -0.106 | -0.043 | 0.088 | 1.000
Par29 | 0.137 | 0.356 | -0.007 | 0.211 | -0.329 | 0.207 | 0.375 | 0.121 | 0.003 | -0.106 | 0.064 | 0.058 | 0.061 | 0.167 | 0.265 | 1.000
Par30 | -0.064 | 0.017 | -0.016 | 0.036 | -0.009 | 0.639 | 0.202 | 0.423 | 0.009 | -0.176 | 0.087 | 0.015 | -0.335 | -0.090 | 0.376 | 0.214 | 1.000
Par3l | -0.024 | 0.039 | -0.008 | -0.040 | 0.074 | 0.139 | 0.762 | 0.030 | -0.001 | -0.431 | 0.277 | 0.007 | 0.394 | -0.037 | 0.219 | 0.294 | 0.315 | 1.000




Table 4-7 displays the covariance matrix for the NCLH2.2 model, highlighting the correlations

between the estimated parameters. From the table, one can notice that some parameters present

a significant correlation: kg, pya(Trer) With K¢; kpa nya(Trer) With Kiao; ksup noncar(Tres)

With EaBHP_noncat; and kHPA_noncat (TRef) With EaHPA_noncat-

As the previous model, the correlations between the non-catalytic cyclization constants,
kup noncat (Trer )aNd Kipa noncar (Tres ), With their activation energies is linked to slow speed
compared to the faster catalytic pathways. The difficulties to estimate the adsorption constants,

K-and K; 4, would indicate the high correlation with the hydrogenation constants.

Figure 4-9 shows the parity plots for BL, LA, BHP, and HPA. As noted in model NCLH1.2,
the prediction of the observables for the reactants is better than those of the intermediates. A
relatively high dispersion is still observed in the estimation of the intermediates. The parity
plots of this model compared to the NCLH1.2 model shows a better predictability on the
concentrations for BL, LA, BHP, and HPA.
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Figure 4-9 - Parity plots for concentrations with the NCHL2.2 modeling results.

200

Figure 4-10 shows the model’s fit to the experimental data and the 95% confidence interval.

Comparing the fit of this model to the NCLH1.2 model, the concentrations estimations are

similar but the estimation of the concentrations for the intermediates is slightly better for this

model. This model estimates narrower prediction intervals compared to the previous model.

Figure 4-10 - Fit of Model NCLH2.2 with prediction intervals to the experimental
concentrations.
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Comparing both models, the results are similar even if the NCLH2.2 model might have a

slightly better fitting to the experimental data. A method to estimate the reliability of the models

is needed, as the results obtained might not be enough for discern the better model.
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4.7. Cross-validation: K-fold method

An approach to evaluate which model would be the most reliable to describe the experimental
data is cross-validation (Slotboom et al., 2020). Here, the experiments were randomly arranged
in 7 groups (folds) of 2 experiments each. In this method, six folds are used to perform a
regression of each model, then the obtained model is used to predict the remaining fold. These

folds are presented in Table 4-9

Table 4-8 - Distribution of the 14 experiments in the seven folds

FOLD EXPERIMENTS

10
Fold 1

11

14
Fold 2

9

8
Fold 3

1

13
Fold 4

7

12
Fold 5

2

6
Fold 6

4

5
Fold 7

3
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Table 4-9 - 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

The Kkinetic constants in every set were estimated from the regression, and these values were
compared with the model in the validation step. The fit of each model was obtained by the

average of the sum of least squares CV(:

7
2
) Z (Yi,experimental - Yi,simulated)K ( 76 )

K=1

N -

CV(K) =

As in the AIC, models with the lower CV,,value have better fits to experimental data. The

results are shown in Table 4-10, where the CV and standard deviation indicate that the more
repeatable models are indeed the NCLH1.2 and NCLH2.2 models. The standard deviation
results show that the models had a similar result in the validation steps.

Table 4-10 - CV()and standard deviation for each model

CV) SD(CVk))/%
LH1 3586 050 99.88
LH2 3 656 893 93.19
NCLH1.1 3635269 94.19
NCLH1.2 2168016 28.66
ER1 3595 498 95.09
NCLH2.1 3690 655 92.00
NCLH2.2 1978294 27.47
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The estimated values of the parameters in each regression are displayed in the supplementary
data in (Delgado et al., 2022), for the NCLH1.2 and NCLH2.2 models. The values obtained for
each parameter from the regressions in the cross-validation were similar to those obtained

without segmenting the data into sets shown in Table 4-4 and Table 4-6.

To validate the models, the coefficients of determination for each step of the cross-validation,
namely the training, the set, and all data, are compared and shown in Figure 4-11. Since the

results are similar, the models can be considered validated.

Figure 4-11 - Coefficient of determinations for training, test, and all for the different models.
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4.8. Conclusions and perspectives

This chapter explored the production of GVL by the hydrogenation of BL in the presence of
LA and a dual catalytic system consisting of Ru/C and Amberlite IR-120 catalysts.

As levulinic acid is generated as a side product during the production of alkyl levulinates from,
via fructose alcoholysis, the effect of this compound in the hydrogenation of BL was also
studied. An acidic catalyst, Amberlite IR-120, was also incorporated into the reaction mixture
to improve the kinetics in the secondary step in the reaction scheme i.e., the cyclization reaction.
It was observed that the kinetics in the cyclization reaction step was increased in the presence
of levulinic acid, and Amberlite IR120.
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Bayesian inference and K-fold cross-validation methods were used for the evaluation and
assessment of the modeling results. Seven kinetic models were tested, and the results were
evaluated via Bayesian statistics and cross validation. These models considered the effect of
acid sites in both catalysts, the protons liberated in the dissociation of LA and the possibility of
a non-catalyzed reaction pathway in the cyclization reaction. The seven models compared
different mechanisms for the hydrogenation reaction step and the models with the best fit where
the non-competitive Langmuir Hinshelwood catalytic models with different adsorptive sites for
BL, LA, and hydrogen. Either model with and without dissociation of hydrogen (NCLH1.2 and
NCLH2.2) produced good results which are in coherence with the previous results in Chapter
3-.

The results show that the hydrogenation of alkyl levulinates with levulinic acid would be
possible from the alcoholysis process. The adsorption mechanism should be better explored in

further research.
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Chapter 5 - Substituent effect on Reaction
Enthalpies for the hydrogenation of alkyl
levulinates into y-valerolactone

Part of this chapter is adapted from the following article: J. Delgado et al., “Reaction enthalpies
for the hydrogenation of alky!l levulinates and levulinic acid on Ru/C— influence of experimental
conditions and alkyl chain length”, Process Safety and Environmental Protection, Vol 171,
2023, Pages 289-298, ISSN 0957-5820, https://doi.org/10.1016/j.psep.2023.01.025.

Further permissions related to the material excerpted should be directed to Elsevier. Copyright
© 2023 Elsevier.

5.1. Introduction

Understanding the reaction enthalpies for chemical processes is essential for safety and energy
optimization (Dakkoune et al., 2019; Stoessel, 2008). In terms of process safety, the enthalpy
of a chemical reaction influences the severity of a thermal runaway. In addition, this
thermodynamic feature is essential for generating effective process flow diagrams in order to

identify the optimal operating conditions and enhance energy management.

Biomass valorization poses a challenge in the field of thermodynamics and process safety, as
the physicochemical properties of a large number of biomass molecules are not yet known. As
existing petrochemical thermodynamic models may not effectively explain biomass-based
processes, new thermodynamic models must be generated. Hence, it is essential to obtain
correct thermodynamic data and models for these processes. Knowledge of reaction enthalpies
is essential for performing an accurate pinch analysis and assists in determining the optimal

design in terms of energy usage.
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Although several studies have been performed on the choice of catalysts (Dutta et al., 2019;
Kuwabhara et al., 2017; Liguori et al., 2015; Tang et al., 2014; K. Yan et al., 2013; Z. P. Yan et
al., 2009; Y. Yang et al., 2014), kinetic modeling (Capecci, Wang, Casson Moreno, et al., 2021;
Capecci, Wang, Delgado, et al., 2021; Delgado et al., 2022; Mamun et al., 2017; Piskun et al.,
2016; Y. Wang et al., 2019), and some on the physicochemical properties (Ariba et al., 2020;
Lomba et al., 2011) or thermal risk assessment . to the best of our knowledge, there are no
studies on the evolution of the reaction enthalpies for different substituents in different solvents
and temperatures. Such information is crucial to find the optimum process design as well as the
best starting materials.

In this Chapter, we focus on the estimation of reaction enthalpies of the production of GVL
from the hydrogenation of alkyl levulinates and/or levulinic acid. The influence of different
factors on reaction enthalpies, notably the substrate concentration, temperature, and solvent
effect, are explored for butyl levulinate as a reference molecule, given that this molecule has
higher vapor pressures than other shorter substituent levulinates (Ariba et al., 2020). In the
following step, the methodology and calculation of reaction enthalpies for various alkyl
levulinates, namely methyl levulinate (ML), ethyl levulinate (EL), n-propyl levulinate (PrL),

n-butyl levulinate (BL), and n-pentyl levulinate (PeL) were explored.

Reaction enthalpies were evaluated with the aid of calorimeters, reactors able to track small
thermal changes in reaction media. The energy released or absorbed by the reactive media is
correlated to the difference of internal energy between the reagents and products, and their
physical properties such as heat capacity. Heat of reaction can be obtained by performing an
energy balance of the reaction system knowing the thermal properties of the reactive media, the
amount of heat transferred through the vessel and the conversion of the reagents. The
temperature signal read by the calorimeter allows to determine the heat flow generated by the
reaction, which is then converted to the amount of energy transferred per mass or reactive

media. This principle is the basis for this Chapter. (Y. Wang et al., 2018)
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5.2. Calorimetry

A difference between the enthalpies or energies of the reagents and products is observed
whenever a reaction occurs. As the reaction occurs, heat is absorbed from the environment or
released. Reaction Calorimeters are thermally well insulated reactors. In calorimetry, the heat
transfer is measured between the reactive media and a heating/cooling fluid in an outer jacket

of the reactor or into sensors.

5.2.1. Calorimetry measurements

In order to estimate the reaction enthalpies 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.

-
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Figure 5-1 - Procedure to estimate hydrogenation and cyclization enthalpies for alkyl
levulinates and levulinic acid.

From Figure 5-1, the procedure is as follows, an initial hydrogenation reaction is performed in
the RC1, from which the 4-hydroxyalkyl valerate concentrated product is used as a reagent for
the C80 calorimeter. Energy exchange is measured by the calorimeters. The concentrations of
both products, cyclization, and hydrogenation, is measured before and after the reactions are

performed, in order to estimate the difference of moles for the alkyl levulinate and the 4-
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hydroxyalkyl levulinates. With the difference of moles and the heat measurement from the C80
reactor, the cyclization enthalpy is measured and subsequently used for the estimation of the
hydrogenation enthalpy. This method is required since the the RC1 measures the total energy

released by the hydrogenation and the cyclization.

Cyclization enthalpy — C80 Calorimeter

In the C80 microcalorimeter, the cells have two different compartments, an inner and annular
compartment. In an experiment, the inner compartment of both cells was filled with the sample
to analyze. In the annular compartment of the measurement cell, a reactive solution (0.01 mol/L
of H2SO4 in GVL solvent) was placed while pure GVL solution was placed in the annular
compartment of the reference cell Figure 2-3. H2SOs is used to accelerate the cyclization
reaction rate. The cells were then introduced into the calorimeter and the operating conditions
were set. Once temperature and heat flow between the cells were stable enough, the calorimeter
was set to turn 180° periodically, allowing the mixing of the compartments in each cell and start

the reaction. All experiments in C80 calorimeter were performed under isothermal conditions.

117|Page



Production of y-valerolactone, a green platform molecule

Hydrogenation enthalpy - RC1 Calorimeter

1) Nitrogen 2) Calibration 3) Hydrogen 4 ) Reaction 5) Nitrogen 6) Calibration

Purge (U-Cp-U) Purge « R: 1000 rpm Purge (U-Cp-U)

+ R: 250 rpm « R: 250 rom «R:0rpm * T: Reaction T + R: 250 rpm + R: 250 rpm

. T: 20°C s bar”Nz - Wait for 2 min (100 - 130 °C) . T:20°C « P: 5 bar N2

« Leaks : . before purging + P: 35 bar « U: @ reaction T
validation (5 *U: @ Reaction T - T:reaction T + Reaction heat « Cp: (AT: 3K)

* Cp: (AT: 3K) determination

*«U: @ reaction T +
3K

bar) «U: @ reaction T +
3K

Figure 5-2 — Experimental procedure in RC1 experiments.

Figure 5-2 shows the different steps for experiments carried out in RC1. In an experiment, the
reactive media and catalyst were incorporated into the vessel, which was then closed. Later on,

stirring was set to 250 rpm.

In step 1, N2 was used to purge the air from the head of the reactor and filled with 5 bars of Na.
The reaction mixture was then heated to the reaction temperature and an initial calibration (step
2) was performed to estimate the Cp of the reaction mixture and the heat transfer coefficient

between reaction mixture and heat-carrier in the reactor’s jacket.

The stirrer was then stopped, and the mixture was let to rest for at least two minutes so that the
catalyst settled on the bottom of the vessel. This step is crucial because it reduces the possible
interaction of Hz with the catalyst, delaying the start of the reaction in the next step where the
head of the reactor is purged with H: several times (step 3). When the reactor pressure reached

the desired value, stirring was increased to 1000 rpm to initiate the hydrogenation reaction (step
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4) and measure the heat transfer in the system. The reactor stirring is limited to 1200 rpm in the

RC1 to reduce mechanical risks of the equipment.

Once the reaction heat flow stopped completely, the reactor was cooled down to 20°C. The
pressure was removed from the reactor, and a N2 purge was performed (step 5). The pressure
was set to 5 bars of N2 and the reaction mixture was heated up to the reaction temperature used
in step 4. After these conditions were met, a second calibration (step 6) was performed to
estimate the Cp and heat transfer coefficient of the product mixture. The product was then
cooled down and the pressure was let out from the reactor.

5.2.2. Synthesis of n-propyl levulinate and n-pentyl levulinate by

transesterification:

n-propyl levulinate and n-pentyl levulinate were synthesized for research purposes via
transesterification as it was not as readily available as other levulinates from the suppliers.
According to (Melchiorre et al., 2020), high yields of longer chain levulinates can be obtained
from the trans-esterification of ML in the presence of an acid catalyst. A scheme for n-PrL
production from transesterification is shown in Figure 5-3. The synthesis was performed in a
300mL glass batch reactor coupled to a temperature-regulated water bath, a stirrer, and a water

condenser. Figure 2-5

n-Pr—OH Me—OH
O \
o) / o)
)‘\/\’( “Me )‘\/\H/ n-Pr
methyl levulinate n-propyl levulinate

Figure 5-3 — Transesterification of methyl levulinate (ML) into propyl levulinate (n-PrL).

The solid acidic catalyst (Figure 5-4), used in the experiments was a sulphonated resin,
Amberlite IR 120 Hydrogen form. This catalyst has been reported to be a high performance and

relatively low-cost catalyst (Russo et al., 2020).
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Figure 5-4 - Amberlite IR120 H form, normal picture of catalyst (left) and SEM image at
500um (right, with permission from (Gawad, 2019))

For the reaction in Figure 5-3, pure methyl levulinate solution and Amberlite were added to the
reactor and heated to 80°C. Separately, a 3:1 ratio of corresponding alcohol was heated to 80°C
and added to the reactor. The experiment lasted for 5 hours after which the product mixture and
catalyst were removed and separated. To remove the remaining alcohol from the levulinates
mixture, a rotavapor was used (the alcohols were evaporated and separated at 70°C and
100mbar pressure). This operation was repeated until a 1:4 mixture of methyl levulinate: propyl
levulinate was obtained. The same method was used for the production of n-pentyl levulinate

from the use of ethyl levulinate as reagent.

5.3. Experimental results

The reaction enthalpies were determined in different conditions to observe the influence of
different parameters on it. For the hydrogenation of BL, the following parameters were varied:
temperature, initial concentration, and solvent. The main goal of the experiments was to study,
the effect of the different substituents on the reaction enthalpies at fixed conditions. The

reaction mixture consisted of levulinates (ML,EL, PrL, BL, PeL) and levulinic acid (LA).

The hydrogenation enthalpy was measured using the heat signal from the RC1 calorimeter,
however, once the hydrogenation reaction took place and intermediates were formed, the
cyclization reaction was also started. At this point, the signal in the RC1 included the heat of

both reactions and they cannot be directly distinguished from each other. In order to isolate and

120|Page



measure the reaction enthalpy of the cyclization step, the C80 microcalorimeter was used. The

cyclization enthalpy was measured before obtaining the values for the hydrogenation enthalpy.

5.3.1. Cyclization reactions

After performing the hydrogenation of solvent free ML, EL and BL in the RC1, the solutions
were stored in a refrigerator. These solutions were highly concentrated in the intermediates
MHP, EHP and BHP, which enabled the evaluation of the reaction enthalpy of the cyclization
in the calorimetry experiments in the C80 micro-calorimeter. Unfortunately, this approach was
not possible for HPA, which is the intermediate of LA hydrogenation, given that HPA was not

stable enough.

The reaction enthalpy of cyclization, when using the Tian-Calvet calorimeter C80, can be

calculated as:

AHR,z — Qmeasured by €80 ( 77 )

Nintermediate,0 _nlntermediate,final

where, Qmeasurea by cso 1S the energy released or absorbed by the chemical system and

determined by the micro-calorimeter C80, and the intermediate concentrations (MHP, EHP,
BHP) were analyzed by GC.

Table 5-1. Operating conditions and experimental results for the cyclization experiments in
C80 calorimeter in isothermal conditions.

Initial substrate Final substrate Qcso T AHpg, STD
Substrate concentration concentration
(mol/L) (mol/L) ) (°C)  (kJ/mol) (kI/mol)
MHP 1.945 0.291 -31.07 60 9.39 0.003
EHP 1.142 0.140 -13.53 60 6.51 0.52
BHP 1.407 0.248 -14.77 60 6.40 0.69

121|Page



Production of y-valerolactone, a green platform molecule

Table 5-1 shows the reaction enthalpy of cyclization for MHP, EHP and BHP as well as their
experimental standard deviations. The standard deviation values are low, showing the good
repeatability of the experiments. Cyclization is an endothermic reaction, and the values are
similar to the ones obtained for EHP and BHP. The cyclization enthalpy for MHP is higher than
for EHP showing that the cyclization of MHP is faster and it absorbs more heat than the other

levulinates.

As presented in Figure 5-5, the normalized heat-flow rate ( 78 ) vs time was used to compare

experiments.

heat — flow rate due to chemical reaction [mW|

Qw

~ linitial concentration of hydroxyalkyl levulinates [mol/L] (78)
0.0 10.0 20.0 30.0 40.0 50.0 60.0

0.00
g -2.00
IS
£
S -4.00
E
>
S -6.00
=
k=)
§ -8.00 —— BHP (60°C)
T
=]
N -10.00 EHP (60°C)
E
S
Z -12.00 MHP (60°C)

-14.00 . .
Time (min)

Figure 5-5 - Heat-flow rate normalized by the initial intermediate concentration for the
cyclization of MHP, BHP and EHP and with 0.01 mol/L of H2SO4 in GVL solvent at 60°C
versus time.
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5.3.2. Hydrogenation reactions

Calorimetric study for BL

The effect of reaction temperature, substrate concentration and solvents on the enthalpy of
hydrogenation (AHg 1) of BL were investigated. All experiments were carried out in isothermal

conditions without withdrawing any samples during the reaction.

The enthalpy of hydrogenation was expressed as (Y. Wang et al., 2020):

Qrc1 + (nGVL final nGVLo) * AHg » (79)
AHR,l =

nSubstrateﬁnal — Nsubstrateq

where, QgciS the total energy released or absorbed during the reaction and evaluated by RC1
MX, ngy.is the number of moles of GVL in the reaction mixture, ng,pstrate 1S the number of
moles of levulinate in the reaction mixture, and AHp, , is the enthalpy of cyclization. The values
of AHg , shown in Table 5-1 were found to be less sensitive to solvent or temperature. Also,
the values for the cyclization reaction enthalpy were found to be around four times lower than
the hydrogenation step.

Hydrogenation in the absence of Ru/C catalyst

The hydrogenation in the absence of Ru/C catalyst i.e., a blank experiment, was performed in
RCL1. Figure 5-6 shows the evolution of the heat-flow rate in the absence of the catalyst. In the
first stage, the heat-flow rate decreases due to the temperature difference between the gaseous
and liquid phase, then a slight exothermic phenomenon, due to the heat of solubilization of H>
can be seen. One can notice that the heat-flow rate is negligeable compared to experiments
performed in the presence of the Ru/C catalyst, Figure 5-7. As such, the heat of mixing and heat
of solubilization could be neglected. The concentration of BL did not change, and no other

products were observed in the analytical results.

123 |Page



Production of y-valerolactone, a green platform molecule

15.0
10.0
5.0

0.0

-5.0

-10.0

Heat flow rate/W

-15.0
-20.0

-25.0 . .
Time (min)

Figure 5-6 - Evolution of heat-flow rate for BL hydrogenation at 130°C, 35 bars of hydrogen
and with an initial BL concentration of 2.03 mol/L in GVL solvent.

Effect of Temperature

The effect of temperature on the enthalpy of hydrogenation was evaluated for the hydrogenation
of BL in GVL solvent. Table 5-2 summarizes the values obtained from GC analysis and RC1

calorimeter. Contrary to cyclization, hydrogenation is exothermic.

One can notice that reaction enthalpy evaluated at 100°C and 130°C are similar with a range of
2.57kJ/mol in all experiments. Thus, the temperature does not significantly affect the
hydrogenation enthalpy for this system in the studied temperature range. Generally, for great
increases of temperature, enthalpy may change since it has a direct dependance to temperature
from Kirchhoff's Law, correlating enthalpy with temperature and heat capacity. Also, one could
assume that the heat capacity does not strongly depend on temperature between 100°C and
130°C as it was found that the heat capacity had a mean value of 2.313 J/g*K with a 0.04437

J/g*K standard deviation taking in account the values measured in the calibration steps.
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Figure 5-7 shows the evolution of the heat-flow due to chemical reaction released during the

hydrogenation of BL. The results are presented in Figure 5-7, which shows that the kinetics is

faster at a higher temperature.

Table 5-2. GC and RC1 results for experiments in isothermal conditions at different
temperatures for the hydrogenation of BL in GVL solvent at 35 bars of hydrogen.

Total Cat. [BL] [BL] [GVL] [GVL] STD
Temperature o _ . _ AHg,
mass mass* initial final initial final AHp 4
(°C) (kd/mol)
(9) (@9 (mol/L) (mol/L) (mol/L) (mol/L) (kJ/mol)

130 551.0 6.3 2050 0.010 6.661  8.607 -35.58 0.86
100 551.0 6.3 2.043  0.013 7.049 8.142 -35.27 1.29
*Including 50% of water
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Figure 5-7 - Heat-flow rate evolution for the hydrogenation of BL in GVL solvent at different
temperatures.

Effect of initial concentration

The initial concentration of BL could not affect the enthalpy of hydrogenation. Table 5-3 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, Figure 5-8.

However, increasing the initial BL concentration slows the heat-flow rate decrease, which
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might be due to overall increased heat release, and more time would be required to convert BL
as more reagent per catalyst mass is present.

Table 5-3. GC and RC1 results for experiments in isothermal conditions at different initial BL
concentrations for the hydrogenation of BL in GVL solvent at 35 bars of hydrogen.

Standard
Total Cat. [BL] [BL] [GVL] [GVL] .
Temperature o ) - _ AHp,  deviation
mass Mass initial final initial final
(°C) (ki/mol) for AHg
(@99 *(@ (mol/L) (mol/L) (mol/L) (mol/L)
(kJ/mol)

130 5520 63 106 0001 881 930  -36.12  -**
130 5510 63 205 0001  6.66 861  -3558 (.86
130  551.0 63 569  0.001 0 214  -34.18

*Including 50% of water
**performed once
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Figure 5-8. BL concentration effect on heat-flow rate at isothermal and isobaric conditions:
at130°C and hydrogen pressure of 35 bars.
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Effect of solvents

The effect of the solvent on the reaction enthalpy of the hydrogenation of BL was studied. The
results in Table 5-4 shows that hydrogenation of BL is slightly more exothermic in butanol
compared to GVL, but this aspect can be neglected as the difference between the reactions
enthalpies is quite low. The reaction enthalpy in butanol or GVL solvent is slightly higher
compared to the hydrogenation enthalpy of BL in BL solvent (Table 5-4). However, Figure 5-9
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 the
hydrogenation. Thus, the kinetics of hydrogenation can be concluded to be slower in butanol
solvent, which complies with the results reported by Capecci et al in 2021 (Capecci, Wang,

Casson Moreno, et al., 2021).

Table 5-4. 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.

Standard
Total Cat. [BL] [BL] [GVL] [GVL]

T
Solvent o mass Mass* initial final initial final
(9) (@9 (mol/L) (mol/L) (mol/L) (mol/L)

AHp,;  deviation
(kJ/mol)  for AHg 4

(kd/mol)
GVL 100 551.0 6.3 2.043 0.013 7.049 8.142 -35.27 1.29
BuOH 100 5320 6.3 2.180  0.004 0.013 1.656 -37.96 0.40

*Including 50% of water
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Figure 5-9. Solvent effect on the heat-flow rate of BL hydrogenation at isothermal and
isobaric conditions: 100 °C and 35 bar of hydrogen.

Effect of substituent

From the previous results, it can be concluded that the dependance of the enthalpy of BL
hydrogenation on reaction temperature, substrate concentration and solvent conditions is very
week or negligible. This information is vital in comparing 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 changing the solvent-reagent ratio, as the
mass ratios of reagent to solvent varies to attain the comparable molar concentration and total

reaction media mass.

The results in Table 5-5 show the hydrogenation enthalpies for ML, EL and BL in GVL and
alkyl levulinate solvent. One can notice that the hydrogenation enthalpy for ML and BL are
similar, i.e., within the range -36.84 to -34.18 kJ/mol. The hydrogenation of EL is less
exothermic, i.e., -25.17 kJ/mol. It should be noted that in the hydrogenation of pure EL, a
conversion of 60% was obtained at 3h, compared to other levulinates where total conversion

was achieved at the same time. This behavior was not expected as different kinetics were
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observed in the work of Wang et al. (Y. Wang et al., 2019). By neglecting the enthalpy of HPA

cyclization, a minimum value for the LA hydrogenation enthalpy was found to be -49.73

kJ/mol, which was higher compared to the levulinates. Table 5-5 shows that there is no linear

correlation between the alkyl chain length and the reaction enthalpy values.

Table 5-5. GC and RC1 results for experiments in isothermal conditions for the
hydrogenation of substrates at 130°C and 35 bar of hydrogen.

[GVL]

Total °Cat. [Subst] [Subst] [GVL] ) STD
Sub Solve o ) o final  AHp,

mass Mass Initial Final initial R1
st. nt (mol/L  (kJ/mol)

(9) (9) (mol/L) (mol/L) (mol/L) (kJ/mol)
LA GVL 0550 0.006 130 806 0 9296 10504 -49.73* 181
ML GVL 0.610 0.006 130 2238 24 7964 8948 -36.84 0.83
EL GVL 0550 0.006 130 2164 9 7762 9128  -26.17 0.04
BL GVL 0551 0.006 130 2050 10 6661 8607 -35.58 0.86
ML ML 0550 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 0551 0.006 130 5693 10 0 2140 -34.18 -

2 Including 50% of water

b Not the true reaction enthalpy because second reaction was not estimated
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Figure 5-10. Effect of substituent on the normalized heat-flow rate of hydrogenation at 130°C
and 35 bars of hydrogen for substrates in GVL.

Figure 5-11 show that the heat-flow release normalized by the initial concentration of substrate
during the hydrogenation is more significant for ML and BL than for EL. 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 BL. According to Wang et al. (Y. Wang et al., 2019), the kinetics
of EL hydrogenation should be faster than for BL. However, the hydrogenation of EL
experiments showed a different result. EL hydrogenation experiments were repeated twice, and
the same trend was observed, where low conversion was observed. EL hydrogenation is less

exothermic than BL explaining the lowest normalized heat-flow rate for EL.
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Figure 5-11. Effect of substituent on the normalized heat-flow rate of hydrogenation at 130°C
and 35 bars of hydrogen for pure substrates.
Reaction enthalpies in mixtures

To evaluate the possible synergistic effect on the energy release for the hydrogenation of a
levulinates mixture, experiments containing EL/BL in GVL as solvent were performed. The
mixing enthalpies and interactions between the reagents would influence the enthalpy of
reaction. From the hydrogenation enthalpies obtained previously, one could estimate the heat

released from a reactive mixture consisting of 2 levulinates using equation ( 80 ):

Qrc1 = (nBLfinal - nBLo) * AHp 1 (p1) t+ (nBuOH final nBuOHO) * AHp 5 (L)

+ (nELfinal - nELO) * AHp 1 (g1) + (nEtOH final nEtOHo) (80)

* AHp 5 (51)

As seen in Table 5-6, no synergistic effect was observed for this reaction mixture. These

additional properties were applied to estimate the reaction enthalpies of PrL and PeL system.
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Table 5-6. 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.

Heat
Released (kJ)

Total Cat. [BL] [BL] [EL] [EL] [GVL] [GVL]
mass Mass* Initial  Final Initial  Final Initial Final
(9) (@0 (mol/L) (mol/l) (mol/L) (mol/L) (mol/L) (mol/L) observed estimated

551 6.30 1.768 0474 1999 0491 3.381 4.669 -46.48  -44.39
550 6.30 1.817 0.051 2172 0.054 3.620 5.109 -63.16  -62.30

* Including 50% of water

5.3.3. Hydrogenation and cyclization of propyl and pentyl levulinate

Hydrogenation of synthesized n-PrL-ML and n-PelL-EL mixtures were carried out in RC1
calorimeter. As an example, for a n-PrL-ML mixture, the total energy due to chemical reaction

can be calculated, as shown in Equation ( 81 ):

Qrc1 = (nMLfinal - nMLo) * AHR 1 frommL + (nPrLfinal - nPrLO) (81)

*AHR 1 frompri — (nPTOH Final nPrOHO) * AHR 3 from prup

- (nMeOH final nMeOH(,) * AHg 5 from MHP

Due to the low boiling point of methanol, it is challenging to measure accurately its

concentration from the liquid phase. Hence, the difference (nMeOHﬁnal — Nyeon,) Was

expressed as the following material balance where M corresponds to the molar mass of each

compound:

(nMeOH Final nMeOHo)

_ (ngyL fFinal Nevr,) (Mprow final — NproH,) (82)
- MeOH

MGVL Mn—PrOH
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At the end of the RC1 experiment, the reaction mixture was concentrated in intermediates,
namely MHP and PrHP. This reaction mixture was used in the C80 micro-calorimeter to assess
the reaction enthalpy of the intermediate’s cyclization. The total energy due to cyclization in
C80 can be expressed as:

_ 83
Qcso = (nPrHP Final nPrHPO) * AHR 3 from prap + (nMHP Final nMHPO) (83)

* AHR 5 from MHP

In Equations (82 ) and ( 83 ), the reaction enthalpies calculated previously (AHg ; from mup @and

AHpg 1 from m1) Were used to determine the ones for the hydrogenation of n-PrL.

Table 5-7 - Operating conditions for the cyclization experiment in C80 in isothermal
conditions at 60 °C and 0.01 mol/L of H,S0,4 in GVL solvent.

Standard
Subst [MHPlo  [MHPJtina  [PrHPlo  [PrHPJfinai Q_C80 AHE; fromprup deviation for
m
(mol/m®)  (mol/m® (mol/m® (mol/m®)  (J) (kJ/mol) AHg,5 from prip
(kJ/mol)
MHP
& 23 63 107 31 -6.645 15.96 291
PrHP

Table 5-8 - GC and RC1 results for experiments at isothermal conditions for the
hydrogenation of substrates at 130°C, 35 bar of hydrogen, reaction mass of 550 g and 6.3 g
of Ru/C

STD

AHR,l AHR‘]_
[ML] [ML]  [PrL] [PrL] [GVL] [GVL] [PrOH] [PrOH]
Enthalpy  Enthalpy

Initial final Initial final 0 final Initial final

(molll)  (mollL) (mol/L) (moliL) (molL) (molL) (molL) (mowty oo T
(kJ/mol) PrL
(kJ/mol)

0.604 0.160 1.766 0.611 5875 6.686 0.338 0.672 -36.60 6.80
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Table 5-7 and Table 5-8 show the reaction enthalpy values calculated from RC1 and C80 for
the hydrogenation of n-PrL reaction mixtures. The reaction enthalpy of n-PrL hydrogenation is
of the same order of magnitude as for ML and BL. However, the cyclization enthalpy for PrHP

is more endothermic than for the other levulinates.

A reaction mixture constituted of EL and PeL, obtained from the transesterification of EL by
pentanol, was used to estimate the hydrogenation 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 Table 5-9 and Table 5-10, the
hydrogenation enthalpy for n-PeL follows the trend as the other levulinates, but the cyclization

enthalpy is similar to that of n-PrHP.

Table 5-9 - Operating conditions for the cyclization experiment in C80 in isothermal
conditions at 60 °C and 10 mol/m3 of H2SO4 in GVL solvent.

AHR,Z
STD AHpg,
) [PeOH]0 ) Cyclization
) [EtOH]0 [EtOH]final [PeOH]final Q_C80 Cyclization
Substituent. (mol/ Enthalpy for
(mol/m3)  (mol/ m3) (mol/ m3) ) Enthalpy for PeHP
m3) PeHP
(kJ/mol)
(kJ/mol)
EHP & PeHP 254 376 661 887 -7.587 13.33

Table 5-10 - 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
0.0063 kg of Ru/C (containing 50 wt% of water).

AHg,
[EL]Init [EL]fin [PeL]Init [PeL]fi . [GVLIf . ) ' STD AHg
] ] [GVL]Init [PeOH]Init [PeOH]fi Hydrogenat
ial al ial nal . nal . Hydrogenation of
ial ial nal ion
(mol/ (mol/ (mol/ (mol/ (mol/ PeL
(mol/ m3) (mol/ m3)  (mol/ m3) of PeL
m3) m3) m3) m3) m3) (kJ/mol)
(kJ/mol)
909 259 224 665 4046 5122 31 911 -38.612 1.05
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5.4. Conclusions

In this Chapter, the study of the reaction enthalpies for the hydrogenation and subsequent
cyclization of alkyl levulinates and levulinic acid for the production of y-valerolactone was
explored. Different alkyl levulinates and levulinic acid were used to observe the possible effect
of the alkyl substituent on the reaction enthalpies. Parameters such as concentration, solvent
effect and temperature were evaluated for the hydrogenation of BL in order to estimate their

possible effect on the hydrogenation reaction enthalpy.
The following tables summarize the obtained results:

Table 5-11 - Mean values for hydrogenation reaction enthalpies for LA and AL between 100
and 130 °C at 35 bar of Hydrogen

_ STD
) Hydrogenation )
Substituent Hydrogenation
enthalpy (kJ/mol)
enthalpy (kJ/mol)
H -49.73 * 1.31
Me -36.84 1.19
Et -26.17 0.36
n-Pr -36.60 6.00
n-Bu -35.58 1.01
n-Pe -38.61 1.05

*Estimated without cyclization enthalpy

Table 5-12 - Mean values for cyclization reaction enthalpies for AL at 60°C

Cyclization o
) STD Cyclization
Substituent Enthalpy
Enthalpy (kJ/mol)
(kJ/mol)
Me 9.39 0.003
Et 6.52 0.49
n-Pr 15.96 0.30
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n-Bu 6.40 0.69
n-Pe 13.33 -

From these results, one could estimate that the hydrogenation enthalpies of the different
levulinates shows an approximated value around -35 kJ/mol. Where the most peculiar value
obtained corresponds to EL, with the lowest hydrogenation enthalpy and a lower conversion.
Levulinic acid would possess the highest value for the hydrogenation without considering the
cyclization enthalpy. In the case of the cyclization enthalpies, a clear correlation was not
observed. As the different values show, an explicit correlation linking the reaction enthalpies
with their substituent was not found. The difference of these results implies that there might be
other factors affecting these properties. Nevertheless, these values would be used for future
reference to perform the pinch analysis and look for the better operating conditions of this

reaction system,
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General conclusions and perspectives

The production of y-valerolactone (GVL) is very relevant given that this chemical compound
can be versatility used as a platform molecule and it can be obtained from renewable biomass,
posing as an interesting alternative for fossil based non-renewable sources. Among the possible
ways to obtain GVL, the hydrogenation of levulinic acid or alkyl levulinates can be considered
as one of the most viable pathways, as such, the study of these reaction’s kinetics and estimation

of thermodynamic properties, notably reaction enthalpies, were performed.

From the experimental results, the most probable reaction path for the explored catalytic
systems in this work was a hydrogenation reaction step followed by a cyclization/lactonization

reaction step producing GVL.

In the first step, the kinetics of the hydrogenation of butyl levulinate in GVL as solvent over
Ru/C catalyst was explored using an autoclave under isothermal and isobaric conditions. Butyl
levulinate was chosen as the main reagent due to its low vapor pressure and to avoid the risk of

corrosion observed with levulinic acid.

Different kinetic models were proposed and evaluated to estimate the most probable reaction
mechanism. Bayesian inference was used to estimate the best fitting model and the Akaike
information criterion (AIC) to validate the results. The most probable reaction mechanism
based on the modeling is a non-competitive Langmuir Hinshelwood adsorption of hydrogen
without dissociation for the hydrogenation reaction step and the catalytic effect of the catalysts

support in the cyclization reaction step.

A different kinetic study was also performed to evaluate the effect of levulinic acid as an
impurity present in the reaction mixture in the production of alkyl levulinates. The reaction
system comprised levulinic acid and butyl levulinate as reagents, GVL as a solvent, and a dual

catalytic system: Ru/C and a sulphonic resin, Amberlite IR120. Amberlite IR120 was included
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to increase the kinetics of the cyclization reaction step. It was observed that the presence of LA

and the sulfonic resin improved the kinetics of the cyclization reaction step.

Bayesian inference was used to identify the better fitting model and the K-fold method, along
with the AIC, were used to validate the model estimations. K-fold method allowed to compare
the predictive power of the models. Seven kinetic models were evaluated where the two most
probable ones were NCLH1.2 and NCLH2.2. These models considered a Langmuir-
Hinshelwood non-competitive adsorption of BL, LA, and hydrogen on different sites, differing
in the dissociation of hydrogen on the Ru/C catalyst for the hydrogenation step. The cyclization
step considered the dissociation of levulinic acid and the presence of acid sites in the amberlite
IR120 catalyst.

The reaction enthalpies for the hydrogenation of levulinic acid and some substituted n-alkyl
levulinates using molecular hydrogen with a Ru/C catalyst were evaluated. These values are
relevant to estimate the thermal risks related in the production of GVL and perform pinch
analysis on process flow diagrams. Two types of calorimeters were used; a Tian-Calvet micro
calorimeter (Setaram C80) was used in the estimation of cyclization enthalpies while an RC1mx

calorimeter (Mettler Toledo) was used for the hydrogenation enthalpy measurement.

Enthalpy measurements were performed for levulinic acid, methyl levulinate, ethyl levulinate,
n-propyl levulinate, n-butyl levulinate and n-pentyl levulinate. It was found that the reaction
enthalpies for hydrogenation were exothermic and 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, 15.96
kJ/mol, 6.40 kJ/mol and 13.33 kJ/mol for MHP, EHP, PrHP, BHP and PeHP respectively. No

relationship for the alkyl chain length and the reaction enthalpies obtained was found.

The effect of solvent, temperature, and initial concentrations was observed for the
hydrogenation of butyl levulinate. It was found that the hydrogenation reaction enthalpy was
independent from these operating conditions. Reaction mixtures comprising two levulinates
were evaluated to observe a possible synergistic effect on the hydrogenation enthalpies. No
synergistic effect was found.
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To conclude, the production of y-valerolactone from the hydrogenation of butyl levulinate over
Ru/C was thoroughly investigated from a kinetic and thermodynamic standpoint. The use of
Ru/C and Amberlite IR-120 catalysts in tandem allows the increase in the kinetics of the two-
reaction steps: hydrogenation and cyclization. A methodology was developed to measure the

reaction enthalpy of these two steps.

Based on our work, one can develop a continuous process using both catalysts for the
hydrogenation of butyl levulinate into y-valerolactone. One can evaluate the robustness of the
different developed kinetic models by testing different thermal modes such as isoperibolic

and/or adiabatic ones.

Quantum mechanics such as DFT could contribute the unravel the reaction mechanism and

verify the reliability of the estimated adsorption constants.
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Notations

Nomenclature

D; molecular diffusion coefficient of j [m2.s™]
Ea; activation energy of reaction i [J.mol]

H, Henry’s coefficient [mol.m™.bar?]

AH,,, dissolution enthalpy [J.mol]

k; Rate constant of reaction i

kia volumetric mass transfer coefficient [s?]

0.5 0.25
(kL@)moairiea modified volumetric mass transfer coefficient [(%) .(k;jj_s) .5‘1]

7 rate of formation or disappearance of compound j [mol.m= .s%]
P pressure [bar]

R; reaction rate i [mol.m=.s]

R gas constant [J.K.mol™]

R? coefficient of explanation [%]

T temperature [K]

Vinotar molar volume [cm?®.mol™]

w; weight percent

Vi experimental observable

Vi observable simulated by the model
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AH g’ll-
Viig
Minsert

P

Qcso
Qrc1

Greek Letters

Weqt

Abbreviations

mean value of the experimental observables

Specific heat-capacity [J/(kg.K)]

Reaction enthalpy [J/mol]

Volume of liquid [L]

Insert mass [kg]

Pressure [bar]

Total energy released or absorbed and measured by C80 [J]

Total energy released or absorbed and measured by RC1 [J]

sensitivity factor of a reaction series to steric effects
liquid viscosity [Pa.s]

mass density [kg.m=]

objective function

catalyst loading [kg_dried basis.m™]

AL alkyl levulinate
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AHP alkyl 4-hydroxypentanonate
BL butyl levulinate
BHP n-butyl 4-hydroxypentanoate

BuOH n-butanol

EL ethyl levulinate

EHP ethyl 4-hydroxypentanoate

EtOH ethanol

GVL y-valerolactone

HPA 4-hydroxypentanoic acid

LA levulinic acid

ML methyl levulinate

MHP methyl 4-hydroxypentanoate

MeOH methanol

PeL pentyl levulinate

PeHP pentyl 4-hydroxypentanoate
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PeOH n-pentanol

PrL propyl levulinate

PrHP propyl 4-hydroxypentanoate

PrOH n-propanol

ROH R alkyl substituent alcohol (methanol, ethanol...)

STD standard deviation
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