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Abstract

Levulinic acid (LA) is a polyfunctional molecule obtained from biomass. Because of its structure,
the United States Department of energy has classified LA as one of the top 12 building block
chemicals. Most commonly, it is valorized through chemical reduction to obtain y-valerolactone
(GVL). It is typically done with molecular hydrogen (Hz) in batch systems, with high Hz pressures
and noble metal catalysts, making it expensive and less applicable. Hence, alternative approaches
such as the catalytic transfer hydrogenation (CTH) through the Meerwein—Ponndorf-Verley
(MPV) reaction using heterogeneous transition metal oxide catalysts have been studied. This uses
organic molecules, such as alcohols, which are capable of acting as a hydride transfer agent (H-
donor), in order to reduce molecules containing carbonyl groups. Studies have reported the batch
liquid-phase CTH of levulinate esters with secondary alcohols, given the stability of the
carbocationic intermediate. Remarkable results have been obtained (in terms of GVL yield) over
ZrO», given the need of a Lewis acid and base pair in order for CTH to take place. However, there
were no studies in the literature reporting the continuous gas-phase CTH of levulinate esters.
Therefore, high surface area ZrO» was tested for the gas-phase CTH of methyl levulinate (ML) at
different temperatures using ethanol, methanol and isopropanol as H-donors. Under optimized
conditions with ethanol (250 °C), the reaction is selective toward the formation of GVL (yield
70%). However, the deposition of heavy compounds over the catalysts surface progressively
blocked Lewis acid sites leading to a progressive change in the chemoselectivity. The in situ
regeneration of the catalyst permitted a partial recovery of the Lewis acid sites and an almost total
recovery of the initial catalytic behavior, proving that the deactivation is reversible. Results
obtained with methanol were not promising (conversion of 35% and GVL yield of 4%). However,
as expected, using isopropanol a complete conversion was achieved with a GVL yield of 80%.
The reaction was also tested using bioethanol derived from agricultural waste. In addition, a
preliminary study was performed for the hydrogenolysis of polyols for the production of
bioethanol. Pd-Fe catalyst was found to be active for the hydrogenolysis of glycerol, being quite
selective towards ethanol (37%).
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1. Introduction

1.1.Green chemistry

Over the last decades, there has been an exponential growth of the world population, which,
consequently, has sprouted an increase of the industrial activity, energy demand, consumption and
waste generation. This situation has created, in addition, an increment on the pollution and
emission generated, which have become society’s biggest challenges. Therefore, there has been an
increase in the public’s awareness towards environmental problems related to the anthropogenic
activities, which has moved governments to stablish more restrictive and binding laws in terms of
emissions of pollutants and environmental and human safety in general. This led to the introduction
of the terms “green” and “sustainable”, and with the issuing of the United States Pollution
Prevention Act of 1990, a platform was set for Paul Anastas were he proposed the term “green
chemistry”, and with John Warner in 1993 developed the twelve principles of Green Chemistry.
Green chemistry and its principles seek to eliminate or minimize the hazards of chemical
feedstock, reagents, solvents and products. It is defined as “the design of chemical products and
processes to reduce or eliminate the use and generation of hazardous substances”' 3. For this

purpose, the 12 principles of green chemistry? are the following:

1. Prevention of waste 8. Reduce Derivatives

2. Atom Economy, maximize material usage 9. Catalysis

3. Less hazardous chemical synthesis 10. Design for degradation

4. Designing safer chemicals 11. Real-time analysis for pollution
5. Safer solvents and auxiliaries prevention

6. Design for energy efficiency 12. Inherently safer chemistry for accident
7. Use of renewable feedstock prevention
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1.2.Renewable feedstock: biomass

As previously mentioned, pollution and waste generation are two of society’s biggest challenges.
The uncontrolled industrial growth has had as main drawbacks the increase in the generation of
wastes and in the emissions related to the use of petrochemical feedstock. Given these issues, the
scientific community has been faced with the challenge of finding a solution to switch from
petrochemical feedstock to renewable, abundant, and economic alternatives. Among them, bio-
based building blocks have become of great interest given their potential as “synthon” for the
production of several other valuable molecules. The majority of the bio-based chemicals identified
as potential building blocks are sugars, sugar-derivatives, and lignin-derivatives.* Lignocellulosic
biomass is a valuable starting material for producing bio-based chemicals at lower prices®®,
because of its abundance. In order to ensure the supply of lignocellulosic biomass, government
have started funding several projects which seek the production and collection of this type of
biomass’. Along this line, the European Union (EU) has stated that 1 billion tons of lignocellulosic
biomass will be produced on an annual basis by 20308. In addition, different biotechnological
advances in the United States of America suggest that 1.3 billion dry tons of this biomass could be

produced without compromising the food security of the population®.

Lignocellulosic biomass is composed by three different biopolymers that are characterized by their

different chemical structure and properties:

e Lignin (15-30wt%): rigid bio-polymer characterized by a complex structure of cross-linked
phenolic compounds which give mechanical chemical resistant to legnocellulose?®.

e Hemicellulose (25-35 wt%): highly branched polymer composed primarily of five-carbon
sugars (mostly xylose). It is chemically bonded to lignin and serves as an interface between
lignin and cellulose.

e Cellulose (35-55wt%): linear polymer of glucose linked by B-1,4 glycosidic bonds.
Hydrogen bonds occur between adjacent cellulose polymers chains leading to a high
crystallinity grade structure that gives structural strength to the plants and that makes

cellulose particularly difficult to be attacked by enzymes*?.
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The valorisation of biomass into energy and chemicals can be performed following three general

strategies: thermochemical, chemical, and biochemical processes. Thermochemical process can be

divided in two:

Pyrolysis: it uses intermediate temperatures (300-600 °C) in the absence of oxygen to
convert the feedstock into bio-oil, bio-char and light gases similar to syngas*?*®. The bio-
oil obtained is usually a dark complex mixture of polar and non-polar compounds
consequence of the fragmentation and depolymerization of not only lignocellulose
biopolymers, but also lipids and proteins in some types of biomass. As previously
mentioned, bio-oil is a complex mixture which is composed of water, phenols, guaiacols,
syringols, nitrogen containing compounds, fatty acids, aldehydes, ketones, sugars,
hydrocarbons, and pyrolytic lignin. Depending on its composition, some bio-oils represent
a promising starting material for the production of several valuable chemicals through
microbial fermentation®*. On the other hand, bio-char is a carbon-rich, fine-grained, porous
substance which contains a high proportion of aromatic carbon, specifically fused aromatic
structures. It can have different forms: amorphous carbon when pyrolysis is performed at
low temperature pyrolysis, and turbostratic (disordered graphitic crystallites dominate)
when operating at high temperatures. Bio-char has multiple uses, however, its most
relevant and studied is its used for soil amendment. It has the ability of not only mitigating
climate change by sequestrating carbon from atmosphere into soil but also of improving
soil properties and enhancing soil fertility by improving moisture, nutrient retention and
microbial activity>18.

Gasification: it consists in treating biomass at high temperature (>700 °C) with low oxygen
levels to produce syngas (Hz2, CO, CO, and CHy4). This can then be used directly as biofuel
or it can be exploited as a chemical intermediate for the production of fuels (e.g. ethanol)

or chemicals (e.g. alcohols, ammonia, others)'%?°,

However, lignocellulose is typically treated and valorised following the chemical and biochemical

processes, which consist on firstly separating lignin, hemicellulose and cellulose by means of
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chemical or fermentation process, which then are broken down into simpler molecules from which

a multiple variety of chemicals can be obtained.

Biochemical: fermentation and anaerobic digestion are the typically used processes, in
which low temperatures are employed and low reaction rates are obtained. Fermentation
uses microorganisms and/or enzymes and anaerobic digestion takes place in the absence of
oxygen and it involves the bacterial breakdown of organic material %°.

Chemical: the most commonly used approaches are hydrolysis and transesterification.
Hydrolysis usually uses mainly inorganic acid such as HCI and H>SO4 to depolymerize
polysaccharides and proteins into their main constituents (e.g. glucose from cellulose and
amino acids from proteins) or derivate chemicals (e.g. levulinic acid from glucose).
Nonetheless, organic acids such as oxalic, acetylsalicylic and salicylic acid have also been
successfully used?'. Transesterification is the most common approach employed for the
production of biodiesel were vegetable oils are converted to methyl or ethyl esters of fatty

acids?

1.3.Levulinic Acid (LA)

As previously mentioned, diverse bio-based platform molecules can be obtained from the

biochemical and chemical treatment of lignocellulose?, some of this can be seen in figure 1. These

molecules are characterised by multiple functional groups and have a high potential to be

transformed into new families of useful chemical molecules. Amongst them, LA is a

polyfunctional molecule containing two valuable functional groups: ketonic and carboxylic.

Because of this particularity, LA has become a molecule of great interested to the scientific

community and it has been successfully used for the synthesis of various organic (bulk)-chemicals;

for this reason the United States Department of energy has classified LA as one of the top 12 most

promising bio-based building block chemicals.?* (figure 2), and it can be obtained from cellulose.
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Figure 2. Top 12 Value Added Chemicals from Biomass.
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In order to obtain LA, firstly, lignocellulose needs to be pretreated due to its complex structure
and recalcitrant nature. In the case of LA production and other bio-based molecules, the
pretreatment is focused in enhancing the accessibility of the cellulose and hemicellulose. This
preptreatments will allow the separation of the three main components of the lignocellulosic
biomass?®. A good pretreatment of the biomass will consist of the following?®: fragmentation of
solids, alteration of the structure, increase contact area between biomass and chemical or

enzymatic reagent and reduction of the degree of crystallinity and polymerization of the cellulose.
This first step can be done through different approaches?>:

e Physical: Fragmentation (hacking, grinding, milling, rolling), microwave radiation,
sonication, pyrolysis.

e Chemical: acid hydrolysis, alkaline pretreatment, oxidation and ozonation, ionic liquids,
solvents, reductive catalytic fractionation.

e Physicochemical: steam explosion, CO2 explosion.

e Biological: bacterial treatment, enzymatic treatment, pickling.

Once cellulose is obtained, it is then broken down to low molecular weight sugars such as glucose
by means of acid hydrolysis. The acid hydrolysis of cellulose takes place via protonation of the
glycosidic oxygen in order to cleave the b-1,4-glycosidic bond into water-soluble cellulose
oligomers and afterwards to glucose. Because of cellulose crystalline structure and its intense intra-
and intermolecular hydrogen bonding, its breakdown in aqueous reaction media is a slow reaction,
therefore its necessary to work at elevated temperatures and employ acid catalysis?’. After this, by
means of isomerization, glucose can yield fructose and after further dehydration (to
hydroxymethylfurfural, HMF) and subsequent rehydration under the same acidic conditions, it can
yield LA with formic acid as the co-product (Scheme 1)?82°. A model has been created in order to
identify which conditions appear to be the optimal to maximize the yield of LA. This model covers
a broad applicable range of conditions for this reaction, including side reactions to humins., and it
has shown that high sulfuric acid concentrations and relatively low operating temperatures (423—
473 K) are the optimal conditions to achieve this®. Nonetheless, several mineral acids have been

6
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used to catalyse this reaction, such as HCI®!, H,S043%3233 and HBr3*. In particular, the used of
H2S04 has been extensively studied given the introduction of the Biofine Technology®*%'. In this
technology the cellulose is firstly hydrolyse to 5-HMF in a plug-flow reactor by reacting with
H>SO4 at 210 - 220 °C and a steam pressure of 2.5 MPa, this way minimizing side reactions. 5-
HMF is then converted into LA in a second reactor at 190 - 200 °C and 1.4 MPa. With this
configuration it is possible to obtain remarkable yields of LA, 0.5 kg LA per kg cellulose.
However, this technology has a major drawback. The presence of H.SO4 represents a problem for
the downstream utilization of LA, since it could have a negative effect in the catalytic activity.
Moreover, the removal of H>SO4 depends on the usage of energy intensive processes that involve
distillation and solvent extraction®**, An alternative to this solution could be the utilization of
heterogenous catalysts. In fact, several solid acid catalyst have been used for the production of LA,
such as TiO02%, acid ion-exchange resins*®#!, transition metal chlorides*?, and zeolites such as
MnOx/ZSM-5*44 However, the results obtained where not very promising, reaching in most of

the cases low yields.

OH
Pretreatment HO o]
/5

Acld hydrolysis HO sol)]e
OH L Qei\ "%,
OH o>\,

’6{’,
S¢

Glucose
HO_ O~ -""OH
Hqu
: OH

Cellulose

o™ N
o] Q (|) mé‘a“o HO
o 0¢ \ ot
HJI\OH + \H/\)J\OH 4& Ho/\@) m Fructose
0 Acid catalyst la
Formic acid Levulinic acid HME

Scheme 1. Acid hydrolysis of cellulose to produce LA?°.

LA is a crystalline white solid that, as previously mentioned, contains valuable functional groups,
a ketone and a carboxylic acid group (Table 1), making it a versatile building block for the
synthesis of various value-added compounds in different industrial activities such as “*(Scheme
2):
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e Food: LA, alkyl levulinates and angelica lactones which are used as flavouring and

e Solvents: tetrahydrofuran and y-valerolactone.

fragrance agents.

e Polymers: different molecules that can be used as building molecules for the production of
plasticizers (1, 4-butandiol and 1,4-pentadiol), resins (acrylic acid and diphenolic acid) and

polymers such as Nylon 6,6.

e Fuels: both for producing fuel additives and substrates for fuel production such as methyl
tetrahydrofuran and 5-nonanone.

e Pharmaceutical: for the production of 5-bromolevulinic acid.

Table 1. Structure and physic-chemical properties of LA

. . Molecular Density Melting Boiling
Chemical Chemical . . .
CAS Weight p Point Point
Structure Formula o o
(9/mol) (9/mL) Q) 4
(0]
WJ\OH CsHsOs 123-76-2 116,112 1,134 30-33 245-246
(0]
PHARMACEUTICAL
HERBICIDES CHEMICAL INTERMEDIATES ANTI.FREEZE AGENTS AGENTS
0 0 0 Q o 0
. _oH A~ 0 .
Ho’LLw”'“\n”LL‘OH HO™ ™"y A HO”L\/ B
0 0 O 0
G—aminalevulinic acid Succinic acid sodium levulinate S-bromolevulinic acid
FOOD, FLAVOURING AND RESINS HO O
FRAGANCE COMPONENETS T
N PLASTICISERS
o] R R
I oo 0 \“\/‘\r \(\ oH
A O —\ P P N e AOH
gg ’_A{O',z:__h.o HO/L\':;‘ HO™ =" “‘”I‘OH /’J“\/” \._/OH HO
ethyl levulinate  c—angelicalactone acrylic acid diphenolic acid 1.4-pentanediol 1. 4-butanedicl
POLYMERS
SOLVENTS FUELS
0
J'L - »H R L S } '_' J"_ T T T T
T ’\IT e e NG H { //{. /E:'O A ’ T/
o 0 0 o 0
Nylon 6,6 (polyamide) tetrahydrofuran  y—valerolactone 5-methyltetrahydrofuran  5-nonanaone

Scheme 2. Potentially interesting derivatives of LA®.
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Three main synthetic routes can be followed to obtain several of the molecules showed in Scheme
2: LA oxidation, esterification and reduction.

From the oxidation of levulinic acid it is possible to obtain compounds such as succinic acid, one
of the top 12 value-added chemicals®* and maleic anhydride (a petrochemical commodity*“®). These
two molecules represent important building block for the synthesis of other added-value chemical
molecules. Nowadays, succinic acid and maleic anhydride are obtained from petrochemicals.
However, given recent studies, switching to a renewable feedstock has become a feasible
alternative. Given that LA has a similar chemical structure to succinic acid, it could act as an
adequate starting point for its production through oxidation. In fact, there are a few studies reported
on the bibliography regarding the catalytic conversion of LA to succinic acid or succinic anhydride
using molecular oxygen. On this line, gas phase catalysed process using V20s at high temperatures
(200-400 °C) is one of the first approaches published on the literature*’. In addition, it has also
been reported the use of Ru-based magnetic nanoparticles as catalyst for the oxidation of LA to
succinic acid using molecular oxygen at 150 °C and 14 bar O, reaching a conversion of 79.3%
and a selectivity of succinic acid of 98.6%*. Moreover, the Baeyer-Villiger approach was
successfully used for the solventless oxidation of LA to succinic acid using H20: in liquid phase,
in which a LA conversion of 48% and a succinic acid yield of 75% were achieved at 90 °C after 6
h*°.

Moreover, esterification of LA yield valuable chemicals, namely the alkyl levulinates, that have
potential applications in the flavouring and fragrance industries and as additives for diesel and
biodiesel fuels'*°. In addition, ethyl levulinate (EL) and butyl levulinate have been studied for
their applicability as green solvents®. Alkyl levulinates are obtained mainly from the esterification
of LA with an alcohol. It is commonly done in liquid-phase using homogenous mineral acids as
catalyst, since it offers a fast conversion and less expensive approach. The most commonly used
homogenous catalysts include sulphuric acid, hydrochloric acid, phosphoric acid, p-
toluenesulfonic acid, and a mixture of these acids!l. It has been reported how both p-
toluenesulfonic acid and sulphuric acid were found to be successful as catalysts for the batch

conversion of LA to EL with ethanol achieving a complete conversion at 120°C during 5 hours of
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reaction®?. Nonetheless, nowadays, studies have been focused on heterogeneous catalysts. On this
line, the use of sulfonated carbon catalyst in the production of EL has been reported to give high
conversion of LA and ester selectivities (both values > 90%)°. It has been observed that the
presence of Bransted acid sites is a desired characteristic of heterogenous catalyst in order to be

successfully active for the esterification of LA %4,

As previously mentioned, LA can also be valorised through its reduction. This will be thoroughly

discussed in the next section, since it is one of the main focuses of this thesis.
1.4.LA dehydration and reduction

Catalytic hydrogenation of LA and its esters, is an essential pathway in the production of angelica
lactones (ALS), y-valerolactone (GVL), 2-methyltetrahydrofuran (MTHF) and 1,4-pentandiol (1,4-
PDO) *°. The reaction can occur either via the hydrogenation of LA to yield 4-hydroxyvaleric acid
followed by cyclization to produce GVL or via acid-catalyzed dehydration of LA to yield o-
angelica lactone (a-AL) and further hydrogenation to GVL®. Furthermore, GVL can undergo

hydrogenation/dehydration to yield 2-MTHF or just hydrogenation to yield 1,4-PDO (scheme 3).

Table 2. LA main reduction products.

Compound Description

e Three isomeric forms
ALs e Found in grapes, soybean, liquorice.

e Sweet flavor: aromatic and dairy formulations

e 5-carbon cyclic ester
GVL®% e Sweet odour: used in perfumes and food additives

¢ Has high boiling point and low toxicity; suitable as green solvent

1.4-PDOY e Obtained from GVL hydrogenation
| e Potential monomer for biobased plasticizers

10
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e Further hydrogenation of 1,4-PDO or dehydration/hydrogenation of

2-MTHF# G_VL
e Highly flammable: fuel

e Ability of blending up to 70% in gasoline: fuel additive

In particular, GVL has recently attracted lots of attention given its physicochemical properties and
potential fuel applications®®°°, GVL has a low melting point (=31 °C), a high boiling point (207 °C),
a high flash point (96 °C) and a considerably low vapor pressure at high temperatures (3.5 kPa at
80 °C), making it easy and safe to be transported and store. Even though GVL is soluble in water,
it does not react in this medium at low temperatures, making it a stable chemical®®. Moreover,
GVL is considered to be a green, non-toxic and biodegradable solvent®®-! In fact GVL has better
score than tetrahydrofuran (THF) in terms of safety in the CHEM21%? solvent selection guide.
Contrary to THF, GVL has not been reported to form peroxides for a month at 60 °C5. In addition,
as already mentioned, GVL has potential fuel applications. GVL has a similar combustion energy
to that of ethanol (29.7 MJ/kg)®* and according to Horvath et al®®, its performance as a fuel additive
is quite similar. In addition, as mentioned previously, it has a lower vapour pressure than other
oxygenates which are typically used as fuel additives. Moreover, given its biodegradability and
its non-toxic characteristics GVL, is a perfect chemical additive for the food industry®°.

Several scientific publications show the upgrading of both LA and its alkyl levulinates. The use of
alkyl levulinate has become more widespread since the acid-catalysed alcoholysis of carbohydrates
has been shown to give higher yields for alkyl levulinates®®®’. In addition, unlike LA, alkyl
levulinates have lower boiling points and acid-free characteristics, which makes them an easier
alternative starting source for producing GVL. Therefore, the catalytic conversion of alkyl
levulinates appears more feasible from an industrial standpoint, where, according to the literature

the hydrogenation of the ketonic group is considered an important step®®.

11
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Scheme 3. Proposed pathways of LA hydrogenation®.

Currently, catalytic hydrogenation of LA is most commonly done using molecular hydrogen.
Usually, liquid phase systems are used, in which high Hz pressures are employed (> 65 bar) and it
is typically done using homogenous catalysts®®. Homogenous catalysts are known to give high
activities and good selectvities, all while working at low temperatures. In addition, homogeneous
catalysts can be tuned by altering the ligand structure. Most of the catalyst used for the
hydrogenation of LA to produce GVL are based on n transition-metal phosphine complexes®®. Ru
complexes have been found to be effective for the activation of the C-O in carboxylic acids. In
fact, Osakada et al. tested [RuCl2(PPhgz)s] for the reduction of LA and a GVL yield of 99% was
obtained after 24 h of reaction at 180 °C and 12 bar of H.%. Horvath et al. studied the in situ
generation of a Ru catalyst using a combination of Ru(acac)s and phosphine PnBus in the presence
of NH4PFs for LA hydrogenation to GVL at 135 °C, 100 bar of Hz and 8 h of reaction, reaching
quantitative conversion for LA and >99% yield for GVL'. In fact, several studies have reported
the liquid phase hydrogenation of LA to GVL over homogeneous catalyst with noble metals such

as Ru®®.
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Even though the use of homogenous catalyst is known to yield high quantities of GVL, it possess
several disadvantages: high cost of the catalyst, extreme conditions (pressure), and the complexity
that arises from the separation and recovery of the catalyst and purification of the products °.
Therefore, an alternative and more suitable approach for this transformation is offered by the
development of heterogeneous catalysts, which allow enhancing the separation, recovery and
purification steps>>72, This approach has been used at least since the 1930s, with Schuette and
Thomas” using PtO, in diethyl ether, ethanol and acetic acid which enabled a maximum
conversion of 87% after 48 h in a batch system. In the 1940s, Raney Ni was tested at 200°C and
50-60 bar Hz, once again in batch system. These conditions allowed to reach to GVL yield of 94%
after only 3 h’", In the 1950s, Broadbent et al.”® were able to reach a 71% yield for GVL using
solvent free conditions and lower temperature (100°C) during 18h using reduced Re (termed Re
“black”), however, the pressure used was considerably higher: 148 bar. However, more recently,
the use of supported metal catalyst has become more attractive for the conversion of LA to GVL.
On this line, supported Ru, Pt and Re catalysts are the most commonly used and generally have
led to high GVL yields using liquid phase in batch systems. In fact, Manzer’""® screened the
catalytic activity of different metals (Ni, Pd, Rh, Ru, Re, Ir nd Pt) supported on carbon, using 1,4-
dioxane as solvent at 150 °C and 55 bars of Hz. In fact, Ru/C was seen to be the most active,
reaching LA conversions of 80%. Upon further research, conditions were optimized, and a
complete conversion was achieved with GVL selectivity of 95%. Changing the reaction condition
might lead to an improvement of the catalytic activity of the catalyst, however, variations on the
catalytic support might also have great influence not only on the conversion and yields of the desire
products but also on the “harshness” of the reaction conditions. A summary of some of the results

reported in the literature can be seen in table 3.

Noteworthy, the synthesis and study of heterogeneous catalysts have allowed to move towards
continuous fixed bed systems and, moreover, to explore the possibility of working in gas-phase®”’°.
This allows to tackle some of the disadvantages present when working in liquid phase, such as the

recovery of the catalyst or the high Ha pressures.
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Table 3. Summary of literature reports of different heterogeneous catalysts for GVL synthesis.
H, LA GVL GVL _
Temp. ) o ) Reaction setup
Catalyst Pressure conversion Selectivity Yield Ref.
°C and solvents
(bar) (%) (%) (%)
Batch, diethyl
PtO, 25 2-3 - - 87 &
ether
_ Batch, no
Raney Ni 220 50 - - 94 &
solvent
Batch, no
Re "black" 106 148 100 71 71 6
solvent
5 wt% Ir/C 49 97 47
5 wt% Ni/C 2 20 0.4
5 wt% Pd/C 30 90 27
Batch, 1,4-
5 wt% Pt/C 150 55 13 80 10 ) 77
dioxane
5 wt% Rh/C 30 95 28
5 wt% Ru/C 80 90 12
5 wt% Re/C 7 80 10
Raney Ni 18 20 5
5 wt% Pd/C 17 38 6
130 12 Batch, methanol e
5 wt% Ru/C 90 95 86
Urushibara Ni 45 5 2
5 wt%
_ 98 76 75
Ru/SiO,
5 wt%
Ru/TiO;
81 87 71 Batch
(Degussa 130 12 80
ethanol/water
P25)
5 wt%
Ru/TiO> 0 0 0

(Tronox)
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et .
5 wt%
94 80 76
RU/A|203
5 wt% Ru/C 99 89 89
5 wt% Batch, 105 bar
150 145 99 99 99 81
Ru/Al,O3 of scCO2
Batch, no
Ru/C 25 12 100 97.5 97.5
solvent, 50h "
Batch, no
Ru/C 190 12 100 100 100 )
solvent, 45 min
5 wt% Ru/C
and Batch, acid co-
70 30 100 100 100 82
Ambertlyst- catalyst, H20
70
Batch,
5 wt% butyl
levulinate in 2-
2r0; 150 - 99.9 84 84 8
butanol
inert gas (He,
20.6 bar)
5 wt%
) 265 10 100 99.9 99.9 Gas phase S
Cu/SiO,
Dual bed reactor
alongside a
10 wt% Pd/C .
reaction feed of
and 170 - - - 95 84
1-butanol, butyl
5 wt% Ru/C )
levulinate and
butyl formate
Aqueous
1 mol % ) ]
150 - >09 >99 99 reaction mixture 8
AU/ZrO,

containing
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equimolar
amounts of LA
and FA
1:1 molar
mixtures of butyl
1 mol % ]
170 - 98 96 95 levulinate and 8
Au/ZrO, )
butyl-formate in
H.0
CuO/Cr,03 200 - 100 100 100 Gas phase 7
5 wt% Pd/C 100 90 90
5 wt% Ru/C 265 1 100 98.6 98.6 Gas phase 5
5 wt% Pt/C 100 30 30

The gas phase conversion of LA has recently been reported at atmospheric pressure over Ru/C
catalyst using Ho, reaching a complete conversion of LA and a GVL selectivity of 98-99%°’. On
the same line, hydroxyapatite supported Ru catalysts have been tested in the gas phase using H. at
atmospheric pressure, achieving a conversion of LA of 92% and a GVL selectivity of 99.8%¢’.
Even though the use of noble metal catalyst has presented satisfactory results’>"2, it presents an
important disadvantage because of the high cost of the catalyst. Therefore, other non-noble metal
catalysts such as Cu have been studied. The gas phase hydrogenation of LA over Al>Oz and ZrO-
supported Cu at atmospheric pressure using Ho has been reported. Both catalysts gave promising
results, reaching a conversion of LA of 98% and 81%, and a GVL selectivity of 87% and 82%,
respectively®. Nonetheless, most of the published studies in the gas phase configuration still
depend on molecular hydrogen as the reductant source, which makes the process less sustainable®
since H: is still obtained from the steam reforming of fossil carbon, an energetically intensive
procedure®, even though there is also the possibility of obtaining renewable H, from water
splitting. In addition, in these configurations, high pressures are needed given the low solubility of
H> in several organic solvents, making the scale up more difficult and a more expensive and riskier

process®.
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1.4.1. Catalytic Transfer Hydrogenation

Given the several drawbacks previously mentioned, a different approach called the “catalytic
transfer hydrogenation” (CTH) using the Meerwein-Ponndorf-Verley (MPV) mechanism, has
been recently investigated. This approach uses organic molecules, mainly alcohols, which may act
as hydrogen donor in presence of an adequate catalyst containing Lewis acid/base properties.
656891 These systems represent a more sustainable alternative to the usage of molecular hydrogen
given the “friendlier” operating parameters, eliminating the need of working at high pressures and
in the same way avoiding the use of robust reactors. In addition, it allows to perform partial
hydrogenations by just changing the type and strength of the hydrogen donor. Moreover, since the
“role” of hydrogen donor is played by organic molecules such as alcohols, it introduces the
possibility of using bio-alcohols. In this way, the system becomes “greener”, having both reagents

obtained from biomass.

In the MPV mechanism, a six-membered intermediate is formed on the surface of the catalyst and
both the hydroxy! hydrogen and the a-H from the a-C of the alcohol are transferred to the carbonyl
group of the substrate, yielding a new alcohol®. In particular, secondary alcohols, such as
isopropanol, have shown to be more suited for this mechanism because of the stabilizing effect of

the two alkyl groups via inductive electron donation to the a-C.55839293

H. A = Lewis acid site
)O< )CJ)\ B = base site
Ri R, R; Rq R4, Ry, R3, and R4 = H or alkyl groups
R2 R
/. A H
NN N i
H--- +
’ N7
] A Ri™ "Ry R1)J\R2

Scheme 4. Generally accepted mechanism for heterogeneous CTH reaction®®.

Noble metal catalysts have been studied for the transformation of LA to GVL through CTH.
Kuwabhara et al. studied Ru(OH)x/TiO, for the CTH of ML in the liquid phase using isopropanol
as the H-donor. They were able to achieve an almost complete conversion of ML and a GVL yield

of 80%%. On a similar line, Yang et al. studied the CTH of EL using isopropanol over carbon

17



Industria * X
(- Chemisiry 2l Erasmus+

supported Ru catalysts, achieving a GVL yield of 93%. GVL yield was further improved to 99%
by using Raney Ni as catalyst in a batch reactor under very mild reaction conditions (rt to 80°C),
however using a great excess of isopropanol.®® Along a similar line, Ru/C was used for the CTH
of LA using again isopropanol as reducing agent, however in this case microwave irradiation was
used as a heat source in order to shorten the reaction times. In this case, after 30 minutes of reaction
at 160 °C they were able to obtain a complete conversion of LA a GVL yield of 95%, in contrast
to a 30% GVL vyield obtained while using conventional heating technologies. Ethanol was also
tested as H-donor, however even though a high conversion for LA was achieved, no detectable
amount of GVL was observed®. It has been already discussed that using noble metals rends the
system more expensive, and therefore, different metal oxides have been tested as an alternative.
Along this line, CuNiO was tested for the CTH of ML using isopropanol as reducing agent,
obtaining optimal results at 200 °C after just 3 h of reaction (X=98.6, GVL Y=95.8%)%. In another
study®’, given the increased Lewis acidity that CePO4 had given to NizP%, NizP-CePO4 catalysts
were tested for the CTH of LA using isopropanol, ethanol and methanol as H-donor. As observed
in other studies, isopropanol appears to be a more efficient H-donor, allowing to reach a LA
conversion of 99.3% and GVL yield of 90.8% when operating at 200 °C for 1 h of reaction.

It has been reported that efficient MPV reduction can be achieved using catalysts characterised by
both Lewis acid and basic sites. This characteristic allows the simultaneous activation of both the
carbonyl group and the alcohol *°. Therefore, several studies have focused on the use of ZrO and
ZrO; supported catalysts for the CTH of LA and alkyl levulinates®®. On this line, studies have been
conducted for the CTH of EL over ZrO, supported aluminium using different alcohols as hydrogen
donors. As expected, isopropanol gave the best results reaching a EL conversion of 95.5% and a
GVL yield of 83-84%°%8. Zr(OH), was also analysed as catalyst for the CTH with several alcohols,
and once again isopropanol proved to give the best results: EL conversion of 93.6% and a GVL
selectivity of 94-95%'%. Kuwahara et al.®* tested ZrO,/SBA-15 silica catalyst for the CTH of ML
with ethanol, methanol and isopropanol as H-donor. Results once again confirm the higher
efficiency of isopropanol to act as reducing agent, reaching a ML conversion of 99.5% and a yield
for GVL of 91% in contrast with a ML conversion of 98% and a GVL yield of 41% when using
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ethanol. Table 4 shows different results reported in the literature in which ZrO> based catalysts
where tested for CTH of either LA or its esters. In fact, it can be seen that when using primary
alcohols such as ethanol and methanol, the yield obtained for GVL is quite low. Recently, Len et
al.1% proposed a less expensive and easier to synthesize ZrO, based catalyst which could represent
a cost-effective, sustainable, and more efficient material for MPV reduction reactions. They
propose the use of renewable natural sources, such as polyphenols, lignins, porphyrins, phytic acid,
and furan derivatives in order to synthesize these materials. They synthesized a ZrO,-tannin
catalyst for the CTH of EL with isopropanol, and after 14h of reaction at 150 °C, they were able
to obtain a EL conversion of 93% a selectivity for GVL of 96%. Along the same line, Song et al.1%2
synthesized a ZrO; based catalyst containing a phenate group. It has been reported that the presence
of phenate increases the basicity of the catalyst®®, which according to Chia et al.2% could enhance

the activity of the CTH reaction.

Even though the publications shown so far have achieved outstanding results in terms of LA/alkyl
levulinate conversion and GVL yield, most of them have been conducted in a batch system. These
type of systems have several drawbacks, such as the high autogenic pressure due to high
temperature and the extra step of recovery of the catalyst after reaction. Therefore, a gas-phase
configuration would provide a friendlier approach. In addition, most published studies still employ
isopropanol as H-donor, which is known to lead to the formation of the corresponding ketones,
favoring unwanted reactions such as aldol condensations and the formation of heavier
molecules®®3%3, Therefore, the use of simpler alcohols such a methanol and ethanol becomes
highly interesting. When working in the gas-phase, methanol and ethanol’s by-products from H-
transfer are formaldehyde and acetaldehyde, respectively, which are known to be toxic and
carcinogenic. However, formaldehyde easily decomposes to COx and Ha, and the latter can aid in
the reduction of the substrate. In the case of acetaldehyde, it also decomposes, and in addition, it

can be easily separated from the product mixture.
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Table 4. Zirconium based catalysts used for LA/levulinate CTH. ("GVL selectivity)

Temperature Reaction Conversion GVL
Catalyst Substrate Alcohol po ) Yield
(°C) Time (h) (%) (%)
ZrPO10e LA 2-PrOH 170 2 99.8 96.9
Zr-MOFs!’ EL 2-PrOH 200 2 99 92.7
2-PrOH 150 3 99.5 91
ZrO2/SBA-15 ML  EtOH 150 3 98 41
silica
MeOH 90 3 4.7 1.4
2-PrOH 220 4 95.5 83.2
Al-Zr mixed EL  MeOH 220 4 68 3,4
oxides
EtOH 220 4 63 50
2-PrOH 200 1 93.6 94.5"
Zr(OH),41% EL MeOH 200 1 50.1 12.8"
EtOH 200 1 50.9 84.6°
Zr-Betal® LA 2-PrOH 250 10 100 >99
ZrOz-graphene o 2-PrOH 180 3 63.2 58.6
4109
oxide EtOH 180 3 28.3 16.8
Ni/ZrO2!10 ML 2-PrOH 120 20 100 92
Zr-
hydroxybenzoic EL 2-PrOH 150 4 100 94.4
acid'?
ZrO2 - tannin?® EL 2-PrOH 150 14 93 96*
Zr -
lignosulfonate EL 2-PIOH 150 8 9 91*
polyphenolic
polymer*!
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Nonetheless, based on mechanistic studies, it has been reported that a primary alcohol is less
susceptible to undergo hydride shift!®, given that the carbocationic intermediate formed is highly
unstable. However, CTH has been successfully applied on the conversion of biomass-derived
furfural into furfuryl alcohol and 2-methylfuran using methanol as the H-transfer agent and MgO-
based catalysts, both in liquid and gas-phase reactors'®. Pure MgO was shown to reduce furfural
into its corresponding unsaturated alcohol at relatively low reaction temperatures (lower than
350 °C), thus allowing selective H-transfer from methanol to the substrate. For Mg/Fe/O catalyst
the distribution of compounds obtained was different, with 2-methylfuran formation prevailing
when the reaction was carried out between 300 and 400 °C. Both catalysts have proven able of
chemisorbing both methanol and furfural activating the CTH processes. However, the presence of
Fe3* on Mg/Fe/O facilitates the oxidation of methanol to formaldehyde since Fe** can be easily

reduced to Fe?*,

Moreover, ethanol is an attractive H-donor because of its abundance, sustainability, non-toxicity,
and environmentally benign nature, and there are just a few studies were it has been applied to
CTH.893100 Along this line, supercritical ethanol has been proven to work for the gas-phase CTH
of EL in the presence of amorphous ZrO>, achieving an EL conversion of 95.5% and a GVL yield
of 81.5%. However, this results were achieved under harsh reaction conditions, 250°C and 70 bar

of autogenic pressure.!?

Most of the published studies for the CTH of LA and its esters using ZrO2 based catalyst, including
those reported on table 4, have been performed in the liquid phase using batch reactors. However,
recently, there have been many reports of successful CTH of bio-based building blocks in gas-
phase employing continuous fixed-bed systems °>113-115 These types of systems offer the
possibility of working in a wider range of reaction temperatures at atmospheric pressure, in this

way increasing the reactivity and productivity.
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1.5.Bio-ethanol production.

As mentioned previously, there has been a continuously growing attention towards the production
and valorisation of bio-sugars and bio-alcohols that can be obtained from biomasses such as
lignocellulose'*®7, As mentioned in the previous sections, lignocellulose can also be valorized
following a biochemical process; e.g. fermentation of sugarcane for the production of bioethanol
which can be used as bio-fuel as well as feed-stock to produce building block chemicals!?%,

The most established technologies for ethanol production use crops as a starting material. They
utilize substrates such as sugar cane juices and corn-starch (Figure 3 A and B) which can be
converted through hydrolysis into glucose. In addition, lignocellulose can also be used as a
substrate for the production of ethanol; however, it poses a bigger challenge given its complex
structure. Before being capable of undergoing fermentation, lignocellulose needs to be firstly
treated in order for its monomeric components to be released. Firstly, it undergoes either a physical
or chemical pre-treatment in which hexoses and pentoses are released from hemicellulose, and
secondly an enzymatic treatment. Alternatively, it could also undergo acid hydrolysis by chemical

procedures in order to release glucose from cellulose!?®,

Nonetheless, there are still no microorganisms available that can use lignin monomers for ethanol
production, and this is one of the main factors that has prevented the use of lignocellulose for this
purpose. Therefore, currently available technology focuses on the production of ethanol from crops
making it not only food-dependent, but also a slow process due to the relatively slower rate of
biological reactions'®. Moreover, one the main drawbacks related to the use of enzymes is the
limitation of the yield of ethanol due to the biological process. The process usually follows a
reaction mechanism involving the formation of a pyruvate (a C3 sugar) intermediate and its
subsequent decarboxylation. Therefore, the conversion of one mole of pyruvate to ethanol would
release one mole of COy, in this way reducing the carbon atom efficiency!%?°. Because of this, a
non-enzymatic breakdown of large biomass molecules to fuels and small molecules, such as
ethanol, over inorganic-based catalyst materials with enhanced kinetics and productivity is

commercially and industrially attractive 121124,
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Figure 3. Origin of sugars for ethanol production. Arrows represent hydrolysis (only monomers
generated from hydrolysis, represented by dark arrows, can be fermented). G: Glucose, Gal:
galactose, F: fructose, Man: mannose, X: xylose, Ara: arabinose, Other: L-rhamnose, L-fucose,

uronic acidsé.

As mentioned previously, the United States Department of Energy created a list of the top 12 most
promising bio-based building block chemicals, which represent key renewable resources for
modern bio-refineries; these compounds can be subsequently converted to a number of high-value
bio-based chemicals or materials. To this regard, cellulose, hemicellulose and vegetable oils and
fats derived polyols, namely sorbitol (C6 polyol), xylitol (C5polyol) and glycerol (C3 polyol) have
been inserted in the list, and this polyols represent an alternative substrate for the production of
bioethanol?+12°,
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In comparison to fossil feedstocks, polyols obtained from biomass have the particularity of having
amuch higher O/C ratio, and most of the carbons present in the molecules are bonded to a hydroxyl
group. Because of this, a deoxygenative approach could represent a path for the reduction of the
oxygen content, and in this way leading to the production of high added value bio-based

molecules?2125-129

A common and typical approach for the valorization of polyols is the catalytic hydrogenolysis in
which cleavage of a C-C, C-O, C-H or C-OH bond takes places by the addition of H,**°%!, The
main paths followed during the catalytic hydrogenolysis of polyols are dehydration,
decarbonylation, retro-aldol condensations and/or hydrogenation. The catalytic hydrogenolysis of
polyols usually takes place in the presence inorganic hydroxide bases in order to drive the
selectivity toward the desired products. The main products obtained from this are alcohols which
have a shorter chain than the substrate used and molecules of the same chain length, but with a
lower number of OH groups such as hexanediols and pentanediols. In the case of sorbitol, it has
been seen to lead to the production of glycerol, 1,2-propandiol, ethylene glycol, ethanol,
isopropanol, 1-propanol. However, the selectivity will strongly depend on the nature of the catalyst

and the conditions of the reaction 131132,

In the case of the hydrogenolysis of sorbitol, most of the research has been focused on the activity
of Ni, Ru, Cu, Pt and Pd based catalysts!?2127128.131-143 ‘\Mgreover, Ru has been extensively studied
for the hydrogenolysis of glycerol and it showed considerable activity in terms of conversion
133144146 Moreover, copper catalysts represent an interesting alternative for the conversion of
polyols such as sorbitol. This type of catalyst favor C-O cleavage leading to the production of C4-
C6 products?#1143147-150  Besides, also platinum was found very active in hydrogenolysis and

hydro-deoxygenation of sorbitol4144151.152

As far as it goes, the production of bioethanol through catalytic hydrogenolysis of polyols still
represents a big challenge. There are few published studies in which considerable selectivities
towards ethanol are obtained, this using different substrates. Li et al.*> recently investigated the

one-pot direct transformation of cellulose to ethanol over Ru-WOx/HZSM-5. After 20 h, they
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managed to obtain a full conversion and an ethanol yield of 76.8% while working in batch system,
at 235 °C and 30 bar of Hz. The catalyst exhibited a synergistic catalysis: the acid sites in HZSM-
5 aid cellulose hydrolysis, glucose retro-aldol condensation and ethylene glycol dehydration, and
Ru-WOx is active in the hydrogenation step. Previous publication had already showed how
tungsten carbide, W, WO3 and HoWQ4, combined with noble metals (Pd, Pt, Rh, Ru and Ir) or
nickel, were effective for the production of EG®*1%, In addition, Song et al.1? tried a series of Pt
supported catalyst with addition of H2WOs and after 5 h were able to obtain a complete conversion
of cellulose with an ethanol yield of 32% while working in batch system, at 250 °C and 40 bar of
H>. HWO4 was found to be responsible for the cleavage of the C-C bond, particularly the C2-C3
bond in the glucose unit, via retro-aldol fragmentation'®*57-16%_|n addition, sorbitol, glucose, 1,2-
pentanediol, ethylene glycol and glycerol were used as substrates, however results were not
remarkable. On a different line, Liu et al.*®! tested Ni@C combined with phosphoric acid catalysts
for the hydrogenolysis of cellulose. After 3 h of reaction at 200 °C and 55 bar of H. they managed
to reach a conversion of 98% and an ethanol yield of 69.4%. In this case, HsPO4 plays a dual role,
firstly hydrolyzing cellulose to glucose and subsequently coordinating with glucose to form a
cyclic di-ester complex through dehydration of the hydroxy groups in glucose and H3POa. In this
case, the electronic negative surface of Ni@C originating from electron penetration from Ni to the
graphene shells effectively splits the target C-O and C-C bonds for highly selective ethanol
formation under synergistic hydrogenation'®2163, However, ethanol was not detected by using
sorbitol, 1,2-PDO and EG as substrate.

Moreover, several studies have focused on the usage of Pd/FezOs for the hydrogenolysis of
different polyols and also cellulose, reaching remarkable results!?1:122:127,128,136,138,164-167 ' Thagge

results are summarized in table 5.

As it can be seen, Pd/Fe304 gives, in almost all of the cases, high selectivities towards ethanol,
even as the substrate changes. Most relevant is the study from Gumina et al.?’ in which sorbitol
was fully converted giving a selectivity towards ethanol of 63.5%. In this study, different
temperatures were tested for the hydrogenolysis of sorbitol. However, it was seen that high

temperatures were needed in order to push the reaction towards the formation of ethanol. When
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using lower temperatures, the reaction was selective towards the formation of glycerol, 1,2-PDO
and EG. In addition, from tests performed under inert atmosphere the production of H> was
detected, this way indicating the presence of aqueous phase reforming (APR). In addition, no CO
was detected in the gas phase, only Hz and CO,, this way confirming also the presence of water
gas shift reaction (WGS). The presence of hydrogenolysis products implies that the in situ
produced H directly participates in the hydrogenation of the intermediates produced from the
dehydration route'®®. Scheme 5 shows the different reactions that take place in the hydrogenolysis

of sorbitol on Pd/Fez04 catalyst in a batch configuration.

The presence of partially positively charged palladium nanoparticles (average particle size ranging
from 1 to 2 nm) was confirmed*?'1% indicating an intimate and well dispersed interaction between
the Pd nanoparticles and the support. Furthermore, through extended X-ray absorption, the
existence of Pd-Fe bimetallic clusters on the catalyst surface was confirmed (characterized by a
shorter scattering Pd-Fe path of 2.51 A with respect to the Pd-Pd distance of about 2.70 A)21124,
In addition, it has been previously reported that the selective cleavage of C-C or C-O of ethylene
glycol in hydrogen to form ethanol might be achieved through adjusting the electronic properties

of Pd nanoparticles while varying the support!21:124.164,
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Table 5. Reported studies on hydrogenolysis of polyols towards ethanol production using PdFe catalysts. (“includes gas-phase products,
“liquid phase selectivity)

H> Reaction Selectivity (%)™
Substrat Temperature ) Conversion
Catalyst Pressure Time n- ref
e (°C) (%) 1,2-PDO EG EtOH MeOH
(bar) (h) PrOH
20 195 9.7 - - 12* 25" 121
5%Pd/Fes04 24
Cellulose 5 240 100 10 0 58 - 128
Glycerol 120 100 325 <5 315 5 7
EG 13.5%Zn/PdFe 50 250 ” 23 4.4 52.4 164
1,2-PDO 25.7 50 4 22
Glycerol 100 9.3 0.5 70.5 9.6
1,2-PDO 5 240 24 78.7 90 1.4 8.6
EG 5% Pd/Fes04 72.1 - - 28.2 71.8 166
Glycerol 100 9.4 0.2 73 8.1 8.7
5 (He) 240 24
EG 66.2 23.4 76.6 24
Sorbitol 5% Pd/Fes04 100 5.9 - 63.5 -
5 240 24 127
Sorbitol Pd/C 60 20.4 12.4 45.4 -
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Scheme 5. Cascade reactions involved in the sorbitol hydrogenolysis over Pd/FesO4 catalyst!?’,
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2. Experimental
2.1.Materials

Reagents and standards used during the following experiments were analytical grade: acetonitrile
>99.9%, octane 98%, methyl levulinate >98%, y-valerolactone 99%, a-angelica lactone 98%,
ethanol >99.8%, zirconium(lV) oxynitrate hydrate 99%, Zirconyl chloride octahydrate 98%,
titanium(IV) oxysulfate solution 15%, ammonium carbonate >30% (NHs basis), ammonium
hydroxide solution 28-30% (NHs basis), methyl pentanoate 99%, ethyl levulinate 99%,
palladium(l1) nitrate dihydrate 40%, ruthenium(l1l) chloride hydrate 30-40%, cobalt(Il) nitrate
hexahydrate 98%, tetraamine platinum(l1) nitrate 98%, iron(l11) nitrate nonahydrate 98%, pyridine
99.9%, lutidine 99%, glycerol 99.5%, 1,2-propanediol 99.5%, ethylene glycol >99%, all obtained
from Sigma-Aldrich and used as received. Commercial, monoclinic ZrO2 was purchased from
Sigma-Aldrich (CAS: 1314-23-4; Aldrich code: 204994). Biomass-derived ethanol was provided
by Caviro, a leading wine Italian producer group. This bioethanol was a real mixture derived from
agricultural waste (namely from molasses and cereals fermentation) with the following rough
volumetric composition: ethanol 95%, acetic acid 1.3%, ethyl acetate 1.2%, methanol 1.8%,

aldehydes and acetals 0.7%.

2.2.Catalyst Preparation
2.2.1. Levulinic acid upgrading

e Tetragonal ZrO,. catalyst was prepared by the precipitation methodology proposed by
Chuah®®, A solution of ZrO(NOs).-2H20 (Sigma Aldrich) 0.3 M was added dropwise to a
stirred solution of NHsOH 5M at room temperature. Afterwards, the solution was digested
at 100 °C for 20 h under reflux system. The pH of the solution was adjusted to 9 during the
digestion by the addition of NH4OH. The precipitate was separated by filtration and washed
with NHsOH 5 M. Lastly, the filtered sample was dried at 100 °C overnight and then
calcined in air at 500 °C for 12 h with a heating rate of 2.5 °C/min.

e Monoclinic ZrOy: catalyst was prepared by hydrothermal synthesis. A solution was
prepared by adding 3.38 g of ZrO(NOz3).-2H,0 (Sigma Aldrich) to 20 mL of distilled water.
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Afterwards, 6.06 g of urea were added, and the solution was then transferred to an autoclave
with a Teflon inlet. The autoclave was placed inside a furnace with a temperature of 140
°C for 12 h. Afterwards, the precipitate was firstly centrifuged with ethanol, and then with
distilled water. The sample was then dried at 100 °C overnight and then calcined in air at
450 °C for 3 h with a heating rate of 5 °C/min.

Zr/Ti/O mixed oxide: catalyst was prepared following the methodology proposed by
Afanasiev!®®. 50 mL of an aqueous solution of ZrOCl, - 8H,0 0.2 M was slowly added
dropwise to a stirred solution of (NH4)2CO3 0.4M (100 mL). Afterwards, 0.01 mol TiOSO4
dissolved in 100 mL distilled water were rapidly added. The solution was then taken to a
pH of 7 using NH4OH and immediately a precipitate was formed. This was then filtered
and washed until the presence of chloride was no longer detected. The filtered sample was
dried overnight at 100 °C and then calcined at 550 °C for 4 h.

2.2.2. Ethanol through chemo-catalytic approach

All Pd catalyst where prepared by co-precipitation and designed with a nominal Pd loading of 5

wit%.

X/ZrO, (X=Pd, Ru): An aqueous solution of the corresponding precursor (Pd(NO3)2-2H20
or RuClI32-xH20) and ZrO(NOs3)2-2H.O was added dropwise to a stirred solution of
NHsOH 5M at room temperature. Afterwards, the solution was digested at 100 °C for 20 h
under reflux system. The pH of the solution was adjusted to 9 during the digestion by the
addition of NH4OH. The precipitate was separated by filtration and washed with NH4OH
5 M. Lastly, the filtered sample was dried at 60 °C in a vacuum oven overnight, then
calcined in air at 500 °C for 12 h with a heating rate of 2.5 °C/min and lastly reduced under
H> flow at 200-C for 2 h.

5%X/Fe30s (X=Pd, Ru. Pt, Co): An aqueous solution of the corresponding precursor
(Pd(NO3)2-2H20, RuClI3,-xH20, Co(NO3)2:6H20, [Pt(NH3)4](NO3)2) and Fe(NO3)3-9H20
was added dropwise to a stirred solution of NHsOH 5M at room temperature. Afterwards,
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the solution was digested for 3 hours at 80 °C for 3 h under reflux system (room

~

temperature for Pd). The precipitate was separated by filtration and washed with NH4sOH
5 M. Lastly, the filtered sample was dried at 60 °C in a vacuum oven overnight, then
calcined in air at 450 °C for 4 h with a heating rate of 5 °C/min and lastly reduced under
H. flow at 450-C for 2 h.

o 5%X/Fe30s-AC (X=Pd, Ru): A solution of the corresponding precursor (Pd(NO3)2-2H-0,
RuClI32:xH20) and Fe(NO3)3-9H,O was added to CW20 activated carbon from the
company Silcarbon. Impregnation was performed with a slight excess of solution and 20
min of stirring. Afterwards, samples were dried overnight at 100 °C and then calcined in
air at 450 °C for 4 h with a heating rate of 5 °C/min. Finally, they were reduced under H;
flow at 450-C for 2 h.

2.3.Catalyst Characterization

BET specific surface area: surface area of the catalysts was determined by N2 absorption—
desorption at liquid N2 temperature using a Sorpty 1750 Fison instrument. 0.25 g of the sample

was used for the measurement, and the sample was outgassed at 150 °C before N2 absorption.

X-ray diffraction analyses (XRD): XRD powder patterns of the catalysts were recorded with
Ni-filtered Cu Ka radiation (A = 1.54178 A) on a Philips X'Pert vertical diffractometer equipped

with a pulse height analyzer and a secondary curved graphite-crystal monochromator.

Thermogravimetric/differential thermal analyses (TGA/DTA): Using a SDT Q 600
instrument, TG/DT analyses were performed over fresh and spent catalysts. Typically, 10 mg of
the sample were used for the measurement at temperatures from room temperature up to 700 °C,

with a heating rate of 10 °C/min in air.

NH3-CO2-temperature-programmed desorption (TPD): NHs and CO2 TPD measurements
were performed with a POROTEC Chemisorption TPD/R/O 1100 automated system for analysing
the acid/base properties of catalysts. Fresh catalyst was pre-treated in 10 vol.% O in He
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(30mL/min of flow rate) at 500 °C for 1 hour following a heating ramp of 10°C/min, this in order
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to remove adsorbed H20 and CO.. For the post reaction catalyst characterisation, the pre-treatment
was not performed. The samples where then cooled at 40 and 100°C for CO, and NH3 desorptipon
analysis, respectively. The catalyst was then exposed, during 1 h, to the probe molecule with a
flow of 30 mL/min of 10 vol.0% of NH3 or COz in He. Physisorbed molecules were removed by
flushing with He (30mL/min of He) for 10 min before starting recording of the analysis. Lastly,
the temperature-programmed desorption was performed following the desorption with both TCD
and MS, increasing the temperature with a heating rate of 10°C/min from 40/100°C to 500°C in
He (30 mL/min).

Raman Spectroscopy: Raman analyses were carried out using a Renishaw Raman System
RM1000 instrument, equipped with a Leica DLML confocal microscope, with 5x, 20x, and 50x
objectives, video camera, CCD detector, and laser source Argon ion (514 nm) with power 25 mW.
The maximum spatial resolution is 0.5 um, and the spectral resolution is 1 cm™. For each sample,
ten spectra were collected changing the surface position of the laser. The parameters of spectrum
acquisition were generally selected as follows: 8 accumulations, 10 s, 25% of laser power to

prevent sample damage, and 50x objective.

In Situ Diffuse Reflectance Infrared Fourier Transform (DRIFT) Spectroscopy: Spectra were
taken in situ with a Bruker Vertex 70 instrument equipped with a Pike DiffusIR cell attachment.
They were recorded using an MCT detector after 128 scans and with a 4 cm™ resolution in the
region 4000-450 cm™t. The equipment was coupled with a mass spectrometer EcoSys-P from
European Spectrometry Systems. As a general procedure for the determination of the acid sites of
a catalyst, a sample of ZrO, was loaded and pre-treated at 400 °C under a flow of He (8 mL/min)
for 40 min in order to remove any molecules adsorbed onto it. Afterwards, using KBr as
background, spectra were acquired at different temperatures (400-300-200-100-50 °C) while
cooling the sample down to 50 °C. Then, a pulse (2 puL) of the basic probe molecule (pyridine or
dimethyl pyridine) was introduced. IR spectra were acquired at 1 min time intervals in order to
follow the adsorption process. Lastly, the sample was heated until 400 °C (heating rate of 5

°C/min) and spectra were acquired at different temperatures (100-200-300-400 °C).
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Temperature Programmed Reduction: For TPR analysis 50 mg of dry sample were placed into

~

a quartz U-tube, which functions as a fixed bed reactor. This was then placed in a ChemBET
PULSAR TPX - Quantachrome Instruments. In order to ensure a completely dry sample, the U-
tube was heated to 120 °C and kept there for 30 minutes under He-flow. For the TPR measurement
a flow of 5 % H2 in Argon was applied and the Utube was heated from room temperature to 600
°C at a rate of 5 K/min. Hydrogen consumption was detected with a thermal conductivity detector
(TCD).

Transmission electron microscope (TEM) images: images were obtained on a FEI Tecnai F20
TEM operated at a voltage of 200 keV equipped with ahigh-angle annular dark-field detector
(HAADF). Elemental analyses were also performed using an energy-dispersive X-ray

spectrometer from Oxford Instruments equipped with an SEM/STEM.

2.4.CTH Tests
2.4.1. Gas-phase CTH Tests

CTH tests were carried out by the vaporisation of an alcohol/levulinate ester or levulinic acid liquid
mixture (molar ratio 10:1); liquid flow was 0.5 mL/h in a N2 stream. The liquid mixture was fed
by means of a syringe pump (KDScientific Legacy Syringe-infusion Pump) into a stainless-steel
heated line in order to obtain an instant vaporisation. An inlet with the carrier gas (N2) arrives to
this line, and then this line is connected with a tubular glass reactor (length 450 mm, inner diameter
19 mm) containing 1 cm?® of catalyst. Catalyst particles were prepared by pressing the calcined
powder at 10 bar to obtain a pellet, which was then crushed and passed through sieves to obtain
the desired particle size (pellets of 30-60 mesh). The residence time for the catalytic tests was 1 s
and the %mol of the organic mixture was fixed between 8 and 12%. In addition, the reactor was
placed inside a furnace and its inlet and outlet were covered with heating tapes equipped with an
electrical resistance in order to regulate the inlet and outlet temperature. Before every CTH test,
the catalyst was pre-treated inside the reactor for 2 hours at 400°C using 30 mL/min air flow.
Afterwards, the temperatures of both the furnace and heating tapes was set to the desired

temperature (normally 250°C and 230°C, respectively). During the CTH tests, the exit stream was
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condensed using a cold trap filled with 25 mL of acetonitrile in order to collect the heavier products

~

of the reaction. The collected acetonitrile solution was taken and analysed every 50-60 min in order
to monitor the reactivity during the time-on-stream process. Blank tests were performed by feeding
the mixture of ethanol and ML (10:1 molar ratio) into the reactor in the absence of the catalytic
bed under the studied conditions (200-400°C). Only a slight ML conversion of 6% was obtained

at 400°C, due to decomposition.
2.4.2. Liquid-phase CHT Tests

Batch experiments were performed in a stainless steel autoclave (160 mL, 500 rpm) (Parr
Instruments 4560 mini reactor system). The reactor was loaded with 0.3 g of the catalyst which
was thermally previously treated at 400 °C for 2 h under an air flow and then suspended in a 10
wt % alcoholic solution (MeOH, EtOH, 2-PrOH) containing the corresponding H-donor. The
autoclave was then flushed three times with N2 in order to eliminate any trace of air present in the
system. The reactor was then pressurized with 10 bar of N2 and heated to the final reaction
temperature. At the end of the reaction, the system was cooled to room temperature, the pressure
was released and the organic phase was collected for analysis. For the recycling tests, the catalyst
was recovered by filtration thoroughly washed with 2-PrOH and reused under the same reaction

conditions.
2.4.3. Gas-Chromatographic analysis.

In order to quantify the obtained products, the collected acetonitrile solutions (25 mL) were spiked
by adding 20 pL of octane (as external standard) and then analysed by means of a gas-
chromatograph Thermo Focus GC model equipped with a non-polar capillary column Agilent HP-
5 (5% phenyl - 95% methyl siloxane) having dimensions of 25 m x 320 um x 1.05 pm and a flame
ionisation detector (FID). A flow of 1.2 mL/min of N> was used as the carrier. In order to optimise
the separation of our products, the programmed temperature applied was 2 min isotherm at 50°C,
then a 10°C/min temperature increase up to 110°C (the latter maintained for 2 min), and then
20°C/min up to 280°C (the latter for 2 min).
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Each compound was calibrated with respect to the external standard, octane, in order to find the

g
corresponding response factor in the appropriate range of concentrations (5*10-4 to 5*10-2 M for

LA derivatives and 5*10-3 to 2*10-1 M for ethanol).

The alkyl levulinate (e.g. ML) conversion (equation 1) and product yield (e.g. GVL, equation 2)
were calculated using the following equations:

in out
X _ mozreactant B mozreactant 100 (1)
reactant — Jin *
MOLlyreqctant
mozo%duct (2)
Y, — " %100

product = n
molieactant

In addition, carbon balance based on alkyl levulinate was considered as follows:

Y. products yield (3)
Reactant conversion

Y
C

In addition, samples were also analysed by means of GC-MS equipped with a non-polar column
HP-5 (95% dimethylsiloxane and 5% phenyl, 30 m X 320 um, same temperature ramp as reported
for GC-FID analysis), coupled with a mass spectrometer (Agilent Technologies 5973 inert). The
structure of products was assigned by GC-MS and, whenever possible, by comparison with

commercially available samples.

The light, non-condensable compounds obtained by both ethanol decomposition tests and the
reaction performed at 400°C by feeding ML:ethanol (1:10 molar ratio), were analysed using the
same apparatus as described above. The stream of gaseous compounds was fed and monitored on-
line by an Agilent 3000A micro-GC with 3 parallel columns: (a) a PlotQ column, with He carrier,
for the separation of CH4, CO, ethylene, H>O, propylene, and methanol; (b) a OV1 column, with
He carrier, for the separation of CO;, formaldehyde, diethyl ether, H.O, and ethanol; (c) a
Molecular Sieve 5A column, Ar carrier, for the separation of Hz, Oz, N2, CH4, and CO; in this case
a Plot U backflash column was installed to avoid CO2 and H2O poisoning in the third column.
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Yields of each product were calculated by the same method as described in detail by Trevisanut et
al.17°

2.5.Hydrogenolysis of polyols.

Hydrogenolysis reactions were carried out in a 75 mL stainless steel autoclave at a stirring speed
of 500 rpm. The autoclave was loaded with 0.1 g and 15 ml of 4 wt% C6-C2 polyol aqueous
solutions. The reactor was purged three times and subsequently pressurized at the desired H;
pressure and heated at the reaction temperature (250 °C), monitored using a fixed thermocouple
connected to the reactor controller. After 24 h of reaction, the system was cooled down in an ice

bath and the pressure was released carefully and the liquid phase was collected for analysis.
2.5.1. HPLC Analysis

The reactant and products, in the liquid phase, were analysed using an off-line Shimadzu HPLC
equipped with a Phenomenex-Rezex ROA Organic Acid H+ column (eluent: 0.005 M H2SOs,
flow: 0.6 mL/min, dimensions: 300 x 7.8 mm, T: 70 °C, P: 29 bar, t: 30 min).

The conversion and product selectivity in the liquid phase were calculated on the basis of the

following equations:

in out
mozreactant - mozreactant "

in
mOZreactant

100 4)

Xreactant =

out
mozproduct liquid phase

Tout %100 (5)

product liquid phase

Liquid phase selectivity, oguct = 5
mo
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3. Results and Discussion

3.1.Upgrading of levulinic acid and its esters

3.1.1. Catalyst characterization

In order to achieve an efficient MPV reduction, the surface of the catalyst need to contain both
Lewis acid and basic sites due to a synergistic effect®. Accordingly, ZrO. catalyst with a high
surface area was synthesized in order to heighten its catalytic activity for the CTH. The
methodology proposed by Chuah et al.*®® was followed and high surface area tetragonal ZrO, was
obtained with only traces of monoclinic phase

L V¥V Monoclinic

@ Tetragonal

Counts (a.u)

Position [°2Theta|

Figure 4. XRD of synthetic tetragonal ZrO; catalyst (ref code: 00-050-1089).

XRD patterns of the synthesized catalyst are shown in Figure 4. It can be seen that a series of sharp
crystalline peaks occurred at 26 = 28.2°, 30.4°, 35.3°, 50.6°, 60.3°; indicating the presence of a
small amount of monoclinic phase (20 = 28.2°) and mainly tetragonal phase (26 = 30.4°, 35.3°,
50.6°, 60.3°).16817 |n addition, Raman spectra were taken in order to confirm the presence of only
tetragonal phase (143, 270, 315, 457 and 641 cm™). In fact, no bands corresponding to cubic phase
(490, 579, broad bands 595-660 cm™1)!"2-17> where seen in the spectra obtained (figure 5).

After thorough analysis of the synthesis procedure of the catalyst, factors which influence the
appearance of monoclinic face were identified. When in an alkaline medium, hydrous zirconia
undergoes cation exchange!’®. Its isoelectric point is around 6-7, meaning that at higher pH, the

gels are negatively charged. Cations are then attracted to the sphere closest to the primary particles
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and the high temperature (100°C) during digestion increases the rate of collisions between the
particles so that a stabilized network is formed via condensation of hydroxyl groups. Consequently,
according to Chuah'’’, the adsorption of cations, such as NH4", helps to stabilize the surface area.
Furthermore, the presence of these cations also favours tetragonal phase formation. Chuah'”’
explains that this could be due to the decreasing crystallite size with digestion that favours the

tetragonal form. A summary of the characterization of the catalyst is reported in Table 6.

Intensity (a.u.)

Raman Shift (cm™)

Figure 5. Raman spectra of tetragonal ZrO».

TPD analysis (Figure 6) of the fresh catalyst, highlights the bifunctional properties of ZrO. Results
show the presence of basic and acidic sites. In fact, a wide peak was seen centred at around 110°C
for CO2 proving the presence of weak basic sites. Furthermore, the ammonia desorption profile
shows a wide desorption peak from 180 to 450°C, indicating the coexistence of weak, moderate

and strong acid sites®1100-178,

Table 6. Nature, specific surface areas and acid and basic densities of tetragonal ZrO..

Crystalline . . T max . . T max
Catalyst (rSnSZ}A) phase A(CIdmgle/r;fgy desorption B?S'n(;gﬁr?]s;)t y desorption
g (XRD) “‘ (oc) l"l oC
. Wide band
Teg?%ona' 120 te':’r':";'gal 8.14 from 200 1.88 110°C
2 g t0 400°C
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Figure 6. CO, -TPD (left) and NHz3 (right) profiles of synthesized tetragonal ZrO-.

In addition, DRIFT spectroscopy tests with absorbed pyridine as probe molecule were performed
at different temperatures (Figure 7-top). The spectra taken during the desorption showed three

bands at 1443 cm™, 1574 cm™ and 1604 cm™, which correspond to pyridine coordinated species
with Lewis acid sites!’®,

50 °C

100°C 200°C 300°C

400°C  aeseeeans Coordinated Pyridine-L

I B S

1700 1650 1600 1550 1500 1450 1400 1350

Wavenumber (cm-1)

100°C 200°C
400°C  eeeeeeees Cordinated DMP-L. = - = H-Bonded DMP

300°C

1700 1650 1600 1550 1500 1450
Wavelength (cm-1)

Figure 7. DRIFT spectra of absorbed pyridine (top) and DMP (bottom) on tetragonal ZrO».

39



cus’ainable
Industrial
Chemistry

Erasmus+

, pyridine is not a strong enough base to be protonated or to

~

Nonetheless, according to Busca'’®

form hydrogen bonds with weak Bransted sites as the ones that might be present on ZrO.. Hence,
DRIFTs with dimethylpyridine (DMP) were performed (Figure 7-bottom). DMP’s pKa is higher
(6.6), and due to the steric hindrance induced by the two methyl groups, it has a weaker affinity
for Lewis acid sites. Therefore it is commonly used as probe molecule to study Bransted acidity*°.
The spectra obtained at low temperatures (50-300 °C) show the presence of a band at 1602 cm™
that corresponds to H-bonded DMP (weak Bregnsted sites). In addition, also at low temperatures
(50—100 °C) a small band at 1473 cm* was seen, which correspond to protonated DMP. but as
the temperature keeps increasing this band disappears. Nonetheless, these Brgnsted acid sites have

a weak strength that should not represent a drawback for CTH.

3.1.2. Temperature screening for gas-phase CTH of ML using ethanol over tetragonal ZrO;

Firstly, in order to rule out the presence of internal and external diffusional limitations, few specific
tests were conducted. Specifically, by doubling the inlet flow rate and diminishing the amount of
catalyst, this without modifying the contact time. It is important to mention that it was not possible
to increase the flow rate beyond a certain value because of the pressure drop inside the lab-scale
reactor. These tests provided comparable conversions of ML, which allowed to rule out significant
interparticle diffusional limitations. In addition, blank tests were performed by feeding the reactant
mixtures in absence of the catalyst, in the conditions in which the study was conducted. A low
conversion of 6% was detected at 400°C due to the decomposition of ML (mixture with a molar
ratio of ethanol:ML equal to 10); we have also fed AL instead of ML, in this case the conversion

was Zero.

The catalytic activity of the tetragonal ZrO, was firstly tested for the gas-phase CTH of ML using
ethanol as H-donor. Firstly, the temperature effect (in the range 200-400°C) was studied in order
to establish the optimal conditions for the system. Tests were performed by feeding a mixture of
ethanol and ML (ethanol/ML molar ratio = 10) in a stream of nitrogen (% mol organic mixture:
10%) with a 1 s residence time, for 4 h, using always a fresh sample of pre-treated pelletized

catalyst. The ZrO; catalyst was treated in-situ inside the reactor under an air flow (30mL/min) for
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1 h at 400°C in order to clean the surface from adsorbed water and CO». The obtained results are

shown in figure 8.
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Figure 8. Catalytic results obtained in the CTH of ML with ethanol as H-donor over ZrOx.
Reaction conditions: ML:EtOH=1:10 (molar ratio), T: variable, t = 1 s, t = 4h, %mol
N2:ML:EtOH=90.1:0.9:9.

In the selected range of temperatures, the catalyst provides a complete conversion, proving to be
highly active. However, even though at low temperatures such as 200 °C a GVL vyield of around
33% was obtained after approximately 4 hours, high amounts of by-products such as EL and a low
carbon balance (calculated as reported in the experimental section) were seen. As the temperature
increases (250 °C), a higher yield of GVL is obtained (~67%). In addition, a high carbon balance
of around 80% was seen; this behaviour is unexpected given the mild conditions and the use of a
primary alcohol. The main by product obtained at 250 °C was ethyl-GVL, which could derive
from the consecutive hydroxyethylation by acetaldehyde on the more activated a-position of the
GVL ring and the consecutive dehydration and reduction of the obtained intermediate. Noteworthy,
small amounts of EL were also detected at this temperature. This could indicate that ML is
undergoing either transesterification reaction towards EL or the intermediate AL are undergoing

alcoholysis.
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Moreover, the presence ethylpentenoate was detected, but interestingly, no ALs were detected.

This could be either due to their high reactivity towards the formation of GVL and/or other by-
products, or to the possibility of having a different mechanism of reaction that do not undergoes
intramolecular cyclisation to yield ALs but that undergoes reduction of the ketone group. However,
the presence of 4-hydroxypentanoic acid derivatives was never detected under the studied reaction

conditions (see Scheme 6 c).

Moreover, as the temperature was further increased, GVL yield decreased to 18% at 300 °C, and
no GVL was detected at 350 and 400°C. This behaviour could be a consequence of consecutive
reactions occurring on ALs and GVL, which could promote the formation of both heavier
compounds and light, non-condensable compounds that could were not analysable by means of

the off-line gas chromatograph.

CH;CH,0OH  CH,CHO

o (0] (@]
-CH;OH 0 o N\ /
a) \H/\)J\O/ -~ /‘\J> \ /‘\J§

CHs;CH,0H  CH;0H

] (0]
b) \H/\)J\O/ v \H/\)J\O/\
0] (0]

ML EL

CH3CH,0H CH3;CHO

(0]
E i CH30H
O
methyl 4-hydroxypentanoate GVL

Scheme 6. GVL formation through CTH of ML with ethanol as H-donor. a) intramolecular
cyclisation of ML to yield ALs and reduction to GVL,; b) transesterification reaction; c) reduction

of the ketone to the hydroxyacid and cyclisation.

In order to quantify the possibly formation of heavier compounds on the surface of the catalyst,
thermogravimetric analyses were performed to the post-reaction catalysts. Table 7 shows that in

all cases the percentage was below 4% (increasing with temperature). This means that the
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formation of heavy carbonaceous material on the surface of the catalyst was not the main

~

contributor to the low carbon balance. Instead, the light, non-condensable compounds were the
ones that most probably made the main contribution to the lower carbon balance observed.

Table 7. Thermogravimetric analysis (TGA) of the spent tetragonal ZrO performed under flow

of air.

Reaction temperature Weight loss Max Desorption Temperature

Reaction time (min)

(°C) (%) (°C)
250 240 2.28 323
300 240 251 355
350 240 3.34 352
400 240 2.79 387

In order to analyse this theory, catalytic tests were designed and performed to identify and quantify
the light, non-condensable compounds. Initially, two tests were performed by feeding a solution
of 10 mol% of ethanol at 250 and 400° C in order to identify the compounds that were related only
to the decomposition of ethanol over the catalyst. Strangely, at 250°C (the apparent best conditions
for the CHT of ML to yield GVL), ethanol decomposition was around 5% and the main products
were water, diethyl ether (DEE), and 1-butene.

On the other hand, the test performed at 400°C (figure 9) (conditions in which no GVL was
detected) showed rather different results. Firstly, ethanol had a complete and steady conversion
during the entire time of the reaction, meaning that no important deactivation of the catalyst is
occurring. In this case, DEE was detected only in traces and the main product was ethylene (yield
55%), this way proving the effectiveness of the acid sites for the promotion of ethanol dehydration.
Moreover, the presence of hydrogen indicates the ability of the catalyst to produce acetaldehyde,
which can rapidly undergo aldol condensation to yield C4 molecules. However, this intermediate
aldol can undergo decarboxylation, this way explaining the formation of CO. and propylene in

equimolar amounts. In addition, butadiene was also seen with an 8% vyield, by means of the
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Lebedev reaction. Lastly, 1-butene was detected in small quantities, which could be explained

from the formation of 1-butanol (not detected) via the Guerbet pathway and its rapid dehydration.
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Figure 9. Ethanol decomposition over ZrO; at 400°C, t = 1 s, %mol N2:EtOH=89:11. Ethanol
conversion is shown on the secondary vertical axis (right side), yields of the main products are
shown on the left. Yields refer to inlet ethanol and on C atoms; Ha yield refers to inlet ethanol and

on H atoms.

In addition, a third test was performed in order to identify the light non condensable compounds
obtained from the CTH of ML with ethanol. For this, a mixture of EtOH:ML (10:1) was fed to the
reactor at 400°C (figure 10) and in order to avoid blockages in the columns of the micro-GC, the
“heavy” compounds were condensed in acetonitrile. In this case, ethylene, propylene, and
butadiene were formed with 40%, 18%, and 12% yields, respectively; other products detected were
hydrogen, CO», and butenes. An increase in the formation of C3 and C4 unsaturated compounds
can be seen. In addition, an increase in the amount of CO> was detected. This behaviour could be

related to the decomposition of some of the reaction intermediates (such as ALs and GVL) by
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decarboxylation. With these results, an overall reaction scheme of ethanol decomposition was

proposed (Scheme 7).

—#—Ethylene —e—(CO02 ——Propylene = —*—Butenes —8—acetaldehyde

DEE —&—Butadiene —e—H2 ——CO ——X EtOH
100

Yields (%)
Ethanol conversion (%)

0 50 100 150 200 250 300
Time on stream (min)

Figure 10. Light products obtained in the ML CTH with ethanol as H-donor over ZrO,. Reaction
conditions: ML:EtOH=1:10 (molar ratio), T: 400°C, t=1 s, %emol N2:ML:EtOH=89:1:10. Ethanol
conversion value is shown on the secondary vertical axis (right side), the yields of main products
are shown on the left (yields were calculated referring to ethanol only). Considering the
condensation of the heavy compounds in acetonitrile it was not possible to evaluate the carbon

balance.

The results obtained so far strongly suggest that in fact high surface area tetragonal ZrO> has the
ability of activating ethanol, a primary alcohol, to act as an H-donor in CTH reactions. Most studies
published so far have shown only the activation of secondary alcohols such as isopropanol, this is
due to the stability of the intermediate that is formed from isopropanol during the reaction.
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Scheme 7. Proposed reaction pathways for ethanol decomposition over ZrO: catalyst.
3.1.3. CTH of ML using ethanol over monoclinic ZrO-
In order to confront the catalytic activity of the different crystalline phases in which ZrO> can be

found, catalytic tests were performed using a commercial, monoclinic, low SSA (3 m?/g) ZrO
(CAS: 1314-23-4; Aldrich code: 204994). Results obtained can be seen in figure 12.

Counts (a.u)

Position |[°2Theta|

Figure 11. XRD of commercial ZrO; catalyst (Baddeleyite ref code. 00-007-0343).

In comparison to the tetragonal high surface area ZrO», the commercial monoclinic ZrO shows a
low activity. At 250 °C and 300 °C ML reaches a conversion of 28% and 30% and the GVL yield

reaches 4% and 5%, respectively. However, it’s important to mention that in both cases ALs were
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detected, even if in small quantities. This confirms that in fact ALs are the main intermediates of
the reaction (scheme 6 a). Moreover, EL was also detected in both tests, this time in higher amounts,
once again suggesting that either ML is undergoing transesterification with ethanol or that ALs
might be undergoing alcoholysis. As the temperature increase to 400 °C, the conversion of ML

also increases, reaching a value of 96%. In addition, GVL yield reaches a value of 23% and ALs
yield reaches a value of 6%.

W Alfa-Angelica Lactone B Beta-Angelica lactone GVL
ethyl levulinate = Others BConversion
Carbon Balance
100 1
& ]
~ 80 ]
= ]
E 60 A
2 ]
£ 40 1
E.d 4
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S 20 ] % %
© ]
0 ] ST — — —Ered — el
250°C 300°C 400°C

Reaction temperature (°C)

Figure 12. Catalytic results obtained in the CTH of ML with ethanol as H-donor over commercial
monoclinic ZrOz. Reaction conditions: ML:EtOH=1:10 (molar ratio), T: variable, T =1 s, t =
4h, %mol N2:ML:EtOH=90.1:0.9:9.

Nonetheless, the difference in catalytic activity of this samples is mainly due to the different
surface areas, and a direct influence of the crystalline phase cannot be ignored. Because of this, a
high surface area monoclinic ZrO, was synthetized. A modified version of the procedure
(hydrothermal) reported by Cheng et al. was followed!8!, The catalyst obtained had mainly
monoclinic phase, but most importantly, as seen in table 8, it had a high surface area, this way
allowing to make a comparative analysis between the two crystalline phases and understand its
influence in the catalytic activity.
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Figure 13. XRD of synthesized monoclinic ZrO; catalyst (Baddeleyite ref code. 00-024-1165).

In addition, TPD analysis (figure 14) where conducted on the monoclinic ZrO, and it was evident
how this catalyst has a higher basic and acid density in accordance with the literature'®?, Indeed,
monoclinic zirconia shows a lower coordination state of both Zr** and O? atoms over the surface
compared to the tetragonal phase. Just like the tetragonal ZrO,, the ammonia desorption profile
showed a wide desorption peak from 180 to 450°C, indicating the coexistence of weak, moderate
and strong acid sites®1®178 In the case of CO, desorption profile, again one wide peak was
observed, however this time the peak was centred around 140°C, indicating stronger basic sites.
Moreover, table 8 shows how the basic density of monoclinic ZrO: is around 4 times higher than
the one present in tetragonal ZrO.. This big difference might promote a different catalytic activity
than the one obtained with a tetragonal phase.

Table 8. Nature, specific surface areas and acid and basic densities monoclinic ZrOo.

Crystalline . . T max . . T max
Catalyst (rSnSZ;A) phase A(cndmg;e/rrﬁgy desorption B?S:](;S?rr:]s;)t y desorption
g (XRD) H (oc) U— oC
Monoclinic Mainl Wide band Wide band
0 117 monoclﬁr’]ic 8.47 from 200 7.71 from 130
2 to 400°C to 350°C
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Figure 14. CO, -TPD (left) and NHs (right) profiles of synthesized monoclinic ZrOa.
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Figure 15. Catalytic results obtained in the CTH of ML with ethanol as H-donor over synthetized
tetragonal and monoclinc ZrO,. Reaction conditions: ML:EtOH=1:10 (molar ratio), T: 250 °C, t
=15, t=4h, %mol N2:ML:EtOH=90.1:0.9:9.

Monoclinic ZrO2 was then tested under the previously optimized conditions (250 °C) for the CTH
of ML with ethanol. The results obtained were similar to those obtained while using tetragonal
ZrO; (figure 15). However, GVL yield reached a lower value when using monoclinic ZrO; in
comparison to that obtained when using tetragonal ZrO,, 45% and 67% respectively. In addition,
monoclinic ZrO> yielded higher amount of EL, once again suggesting either the transesterification
of ML or the alcoholysis of ALs. Noteworthy, while using monoclinic ZrO,, ALs were seen in
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small quantities, this way hinting that the mechanism of reaction indeed follows an intramolecular

~

cyclization of ML to form ALs that then undergo CTH to yield GVL. This way, once again,
discarding the possibility of another mechanism of reaction through the reduction of the ketonic

group as mentioned previously.
3.1.4. CTH of alkyl levulinates using methanol and isopropanol as H-donor.

In order to perform a thorough study of the tetragonal high surface area ZrO. and its use in CTH
reactions, the catalyst was also tested for the CTH of different alkyl levulinates (EL) using both
primary (methanol) and secondary alcohols (isopropanol). These tests were performed under the
best conditions observed with ML and ethanol. Results can be seen in figure 16.

It can be seen that, just as with ethanol, tetragonal ZrO; provides a complete conversion of ML
and a high yield for GVL (80%) when isopropanol is used as H-donor. The reaction follows a

similar behaviour as with ethanol, GVL vyield is limited by two consecutive reactions:

I.  Alcoholysis of GVL which yields propyl pentenoate
ii.  Consecutive reduction/dehydration of GVL to 2-methyltetrahydrofuran (2-MTHF), seen

only in small quantities (yield <5%).

Nonetheless, isopropanol provides a more stable catalytic activity. This behaviour might be a
consequence of either the higher steric hindrance of the secondary alcohol, which hinders the
transesterification of ML and/or the alcoholysis of ALs, or the higher reactivity of isopropanol
might limit parasite reactions which could promote the formation of heavy carbonaceous material
on the surface of the catalyst. Just as expected and as reported in the literature, isopropanol has
proven to be a more active H-donor for the CTH of ML.

When using methanol as H-donor, a completely different behaviour was seen, in which ML
conversion reaches an average value of 35%, providing a very low GVL yield (4%) and a high
carbon loss. These results could lead to think that an equilibrium limitation could be present during
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the reaction of intramolecular cyclisation of ML to form ALs in the presence of an excess of

methanol.

However, in order to further properly explain the poor reactivity of methanol, it is necessary to
take into consideration the results obtained from the CTH of EL. In this case, the CTH of EL with
methanol shows a higher reactivity compared to ML (90% and 35% of average conversion
respectively). This behaviour might be due to an increased efficiency of ethyl as leaving group
during the intramolecular cyclization of EL to form ALs (detected only in small quantities) and
most probably to the transesterification of EL with methanol to form ML. It can be seen that
methanol is the least active alcohol for CTH of alkyl levulinates, which can be confirmed, again,
from the high quantities of ML detected from either the transesterification of EL with methanol or

the alcoholysis of ALs.

Analysing the results obtained from the CTH of EL with ethanol, provides further evidence of the
higher reactivity of EL, and in addition allows further confirmation of the absence of an
equilibrium limitation for the intramolecular cyclization. In fact, a similar result to that obtained

with ML was obtained; a complete conversion of EL, being GVL and ethyl-GVL the main products.

Lastly, Figure 16 shows that when using isopropanol as H-donor for the CTH of EL a similar
behaviour to that of ML is obtained, reaching a complete conversion of the alkyl levulinate with
GVL and propyl pentenoate as the main products. However, the yield for GVL was lower and
there was a higher carbon loss.
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Figure 16. Catalytic results obtained in the CTH of ML and EL with different alcohols as H-donor

over tetragonal ZrO; in the gas-phase. Reaction conditions: (EL or ML):EtOH=1:10 (molar ratio),

T:250°C,t=1s, %mol N2: (EL or ML):(alcohol)=90.1:0.9:9.
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To further understand the catalyst deactivation and the poor carbon balance obtained in some of

~

the catalytic tests, TGA analyses were conducted the post-reaction catalysts (table 9). Results show
that when using methanol as H-donor, a higher amount of carbonaceous material is deposited on
the surface of the catalyst, which has a direct effect on the carbon balance. This could be a
consequence of the formation of formaldehyde from the dehydrogenation of methanol, which
could promote the oligomerization of ALs, leading to catalyst deactivation. On the other hand, the
similar weight loss observed using isopropanol as H-donor for the reduction of both ML and EL
confirm that the increased reactivity of the substrate (EL) together with the high reactivity of this
secondary alcohol promote the formation of undetectable light compounds finally lowering both
the C-balance and GVL yield.

Table 9. TGA of the spent tetragonal ZrO> performed under flow of air.

Alkyl levulinate | H-donor Time'(‘r’r:‘i'r‘:’)”eam Wei(%;t) lost AC(Cr‘:]g}fr:?rgO”
EL 2-PrOH 314 3.03 0.00135
EL EtOH 301 3.13 0.00164
EL MeOH 328 4.00 0.00088
ML 2-ProH 327 3.20 0.00098
ML EtOH 320 3.05 0.00130
ML MeOH 332 7.66 0.00246

As it was performed for ethanol, tests were conducted in order to identify and quantify the light,
non-condensable compounds that might be formed due do the decomposition of methanol and
isopropanol. For this reason, a dedicated test was performed by feeding only the alcohol over the
catalyst and analysing the outlet stream with an on-line micro-GC. In the case of methanol, the
conversion was close to 78% for the entire time of the reaction (ca. 3h). Dimethyl ether (DME)
and water were the main products obtained, with yields of around 60% and 25% respectively, and
small amounts of CO and Hz were also detected, around 4% vyield for both, both product of the
decomposition of formaldehyde which was not detected.
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Figure 17. Methanol decomposition over ZrO, at 400°C, t = 1 s, %mol N2:MeOH=85:15.
Methanol conversion (green) is shown on the secondary vertical axis (right side), yields of the
main products are shown on the left. Yields refer to inlet methanol and on C atoms; H2 and H20

yield refers to inlet methanol and on H atoms.

The main reaction involved in the decomposition of methanol are the following:

2 CH30H — CH3OCH; +H-0 (5)
CH3;OH — CH.0 + H; (6)
CH,O — CO + H> (7)

The low quantities of H2 and CO detected allow to confirm again the poor role that ZrO- plays in

activating methanol to act as H-donor.

In the case of isopropanol (figure 18), during the first 50 minutes on stream, the conversion is
complete. However, as time passes by, the conversion slightly decreases till a constant value of
98%. This means that the catalyst slightly deactivates with time and it could be related to the
deposition of heavy carbonaceous material formed due to consecutive reactions such aldol
condensation of acetone®839, In fact, small amounts of acetone were detected, and interestingly,
its yield increases as the conversion of isopropanol starts to decrease. In addition, small quantities

of H, were detected, consequence of the dehydrogenation of isopropanol to yield acetone. The
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main product observed was propylene (yield 70%) this way demonstrating the effectiveness of the

acid sites for the promotion of dehydration. In addition, small quantities of CH4 and CO. where

observe, and this might come from acetone’s consecutive reactions such as aldolic condensations.
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Figure 18. Isopropanol decomposition over ZrOz at 400°C, T = 1 s, %mol N2:i-PrOH=91:9.
Isopropanol conversion (green) is shown on the secondary vertical axis (right side), yields of the
main products are shown on the left. Yields refer to inlet isopropanol and on C atoms; H: yield

refers to inlet isopropanol and on H atoms.
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3.1.5. Catalyst stability test in the gas-phase CTH of alkyl levulinates

~

Even though isopropanol appeared to be the most efficient H-donor in the gas-phase CTH of alkyl
levulinates, the results obtained with ethanol show, for the first time, a successful activation of
ethanol, a primary alcohol, for the gas-phase CTH of alkyl levulinates. Because of this, the stability
of the catalyst was studied by performing a deactivation test, increasing the time on stream. Figure
19 shows that during the first 300 minutes of reaction, a steady complete conversion was achieved,
with a high carbon balance (92%) and with a high yield and selectivity towards GVL (maximum
value of 71%), as it has already been observed in figure 8. However, at longer reaction times, the
catalyst appears to suffer a progressive deactivation, providing a slightly lower conversion of ML
(92%). Noteworthy is the fact that, as soon as the conversion starts to decrease, the yield of the
intermediate ALs, which were previously not detected, starts to increase, once again providing

evidence that they seem to be the intermediates of the reaction.

In addition, a shift on the chemoselectivity of the reaction starts to occur with the catalyst
deactivation. In fact, a progressive increase in the selectivity towards EL was observed with a
contemporaneous decrease of GVL. This phenomenon could be the effect of possible changes in
the active sites of the catalyst, which could favour either the transesterification of ML with ethanol,
or the alcoholysis of ALs to yield EL.

After 10 hours of reaction, the catalyst was regenerated in-situ by feeding a flow of 30 mL/min of
air at 400°C for 2 hours, and then it was used once again for the CTH of ML with ethanol at 250°C.
Figure 19 shows that an almost complete recovery of the initial behaviour was achieved, this
suggests that the deactivation is probably due to the deposition of heavier carbonaceous

compounds on the surface of the catalyst which might block the active sites in ZrO..
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Figure 19. Catalytic results obtained in the CTH of ML using ethanol as H-donor over tetragonal
ZrOz. Reaction conditions: ML:EtOH=1:10 (molar ratio), T: 250°C, t = 1 s, %mol
N2:ML:EtOH=90.1:0.9:9.

The stability of monoclinic ZrO2 was also studied by increasing the time on stream, results can be
seen in figure 20. The catalytic behaviour observed is quite similar to the one obtained when using
tetragonal ZrOy; it can be seen a maximum value in the yield of GVL after 200 minutes of reaction
(63%), faster than with tetragonal ZrO.. However, after this, a sudden drop in both ML conversion
and GVL yield was observed. Following the same trend as seen when using tetragonal ZrO,, as
the catalyst experiences a progressive deactivation, a change in the chemo-selectivity of the
reaction is observed. A continuous decrease in GVL yield is seen whit a simultaneous increase in
the yield of EL. In this case, the yield of GVL and EL are equal when 250 minutes on stream have
passed. While using tetragonal ZrO, this only occurs after 430 minutes on stream. In addition, as
already seen in figure 19, as soon as the monoclinic ZrO; starts to deactivate, the yield in ALs
increases. In this case, the yield for ALs is higher to that obtained while using tetragonal ZrO..
This and the fact that the catalyst has a faster and higher deactivation, could be due the formation
of heavy carbonaceous material in the surface of the catalyst. In fact, it has been known that when
ALs lactones are in contact with catalyst with strong acidity and basicity, they tend to form
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oligomers*®-18 and as previously mentioned, monoclinic ZrO2 has a higher basic and acid density
than tetragonal ZrO:. In addition, only small amounts of ethyl pentenoate related to consecutive
reactions over GVL were observed. This again probably related the deposition of heavy

carbonaceous material on the surface of the catalyst that might be blocking the active sites.
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Figure 20. Catalytic results obtained in the CTH of ML using ethanol as H-donor over synthesized

monoclinic ZrO,. Reaction conditions: ML:EtOH=1:10 (molar ratio), T: 250°C, t = 1 s, %mol
N2:ML:EtOH=90.1:0.9:9.

This difference in behaviour can be explained due to a difference in acid and basic density
presented in the monoclinic ZrO». In fact, as seen in table 8, monoclinic ZrOz has both a higher
acid and basic density. The basic sites firstly favour the intramolecular cyclization of ML to yield
ALs that then, through the acid sites, appear to be polymerizing forming heavy carbonaceous
material on the surface of the catalyst, favouring a faster deactivation of monoclinic ZrO». For this,
thermogravimetric analyses were performed on the spent catalysts. Indeed, as seen on table 10,

monoclinic ZrO; appears to form higher amount of carbonaceous material on the surface of the
catalyst.
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Table 10. TGA of the spent monoclinic and tetragonal ZrO; performed under flow of air.
Time-on-stream Weight lost Accumulation
Catalyst ) _
(min) (%) (mg/min)
Tetragonal ZrO> 630 2.3 0.098
Monoclinic ZrO» 580 54 0.168

As stablished by Zhao et al., one of the main differences between monoclinic and tetragonal ZrO-
is the coordination of the cations and anions in the structure. In fact, in monoclinic ZrO,, zZr*
cations are heptacoordinated and O? anion are either tri- or tetracoordinated. In contrast, in a
tetragonal crystalline phase, Zr** cations are octacoordinated and O2% anion are only
tetracoordinated®8187. These variation in structural arrangements and coordination of the cations
provides different coordinatively unsaturated surface sites which lead to diverse acidic and basic
properties!®2, which has already been demonstrated from CO2 and NHz TPD analyses. Moreover,
these differences in structure also affect the distribution of the hydroxy groups*. In fact, previous
studies have shown the different forms of coordination of the hydroxy groups with the unsaturated
centres in the surface of the catalysts; both mono- and multi-coordinated for monoclinic ZrO; and

only multi-coordinated for tetragonal ZrO,'’.

Figure 21. Coordination polyhedral for Zr** and unit cells in monoclinic (left) and tetragonal (right)
ZrO,. Zr**: small circles, oxygen: large circles; tricoordinated O%: spotted, tetracoordinated O

lined)e8,
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According to Albuquerque et al., coordinatively unsaturated cations are responsible for Lewis

~

acidity and because of this, the existence of different surface Zr** sites induced by the presence of
different types of O anions becomes plausible!®?. In fact, it has been reported that the tri- and
tetracoordinated O anions on monoclinic ZrO- produce two different surface sites of Zr**, and
correspondingly only one type in tetragonal ZrOz, this way offering a possible explanation for the

slightly higher acidity in monoclinic ZrQ,86-18

Monoclinic ZrO was also regenerated in-situ by feeding a flow of 30 mL/min of air at 400°C for
2 hours, and used once again for the CTH of ML with ethanol at 250°C. Once again, an almost
complete recovery of the initial catalytic behaviour was obtained. These results agree with has
been previously stated regarding the deposition of carbonaceous material in the surface of the

catalyst.
3.1.6. Deactivation studies

Even though high conversion, high GVL yields and good selectivity are achieved during the first
300 min of reaction while working with ethanol as H-donor and ML as substrate, the particularity
of the contemporaneous chemo-selectivity change and deactivation of the catalyst is present. In
order to understand this behaviour, characterization of fresh and spent tetragonal ZrO, by means

of both ex-situ and in-situ techniques was performed.

It has been already mentioned that ethanol is an attractive H-donor given its abundance,
sustainability, and environmentally benign nature, it has been rarely applied to perform
CTH®393112 | fact, this has been, in part, attributed to the catalyst deactivation caused by the
alcohol dehydrogenation product. It has been reported that acetaldehyde easily suffers metal
mediated decarboxylation, this way generating catalytically inactive metal carbonyl species
(Scheme 8)*#°,

H
[ mtco
CHj

0 H o

X, — A
(M] * H,c” H [MT >CH,
Scheme 8. Formation of carbonyl species over transition metal catalysts.
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Considering this situation, a catalytic test feeding a lower excess of ethanol with respect to ML
(ethanol:ML molar ratio of 4) was performed to identify if in fact limiting the amount of ethanol
could affect the deactivation rate (Figure 22). Curiously, the results obtained showed a much faster
deactivation, this way demonstrating that under the optimized conditions, ethanol and the in-situ
formed acetaldehyde are not the main responsible for this event.
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Figure 22. Catalytic results obtained in the ML reduction via H-transfer with ethanol over

tetragonal ZrO,. Reaction conditions: ML:EtOH=1:4 (molar ratio), T: 250°C, t = 1 s, %mol
N2:ML:EtOH=91:1.8:7.2.

It could be assumed that ML attaches to the active sites and rapidly react to form ALs. However,
ALs are detected only in small quantities (<5%). This might be due to the lack of reducing agent
(ethanol), which hinders the reduction of the doble bond in ALs. Instead, they quickly react through

condensation pathways to form oligomers that could block the active sites of the catalyst, this way
explaining the faster deactivation83185,
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In order to have a broader understanding of what happens on the surface of the tetragonal ZrO;

after reaction and after regeneration,

(] ¥ Monoclinic o
several characterizations  were

performed. Firstly, XRD and BET

analyses were conducted on the

@ Tetragonal

Counts (a.u.)

spent and regenerated catalyst in

order to identify any changes in the

0 10 20 30 40 50 60 70 crystalline phase and specific
Position

Figure 23. XRD of spent tetragonal ZrO; catalyst (ref surface area that might have

code: 00-050-1089), occurred during the reaction. In fact,

after BET, it was determined that
the specific surface area of tetragonal ZrO- had changed from 120 to 84 m?/g after the CTH of ML
with ethanol as H-donor. This is most likely due to the deposition of heavy carbonaceous material
on the surface of the catalyst which led to a decrease in the specific surface area. On the other hand,
figure 23 shows X-ray diffraction patterns of the spent catalyst, and it can be clearly seen that there
are no noticeable changes to the crystalline structure of the catalyst. In addition, BET measurement
was performed on the regenerated catalyst, and no significant change in the specific surface area

was observed in comparison to the fresh catalyst.

Moreover, the spent and regenerated tetragonal ZrO. were characterized by means of DRIFTSs.
Figure 24 (A and B) shows the DRIFT spectra obtained from the pyridine absorption of the spent
and the fresh catalyst, and it can be seen that the spent catalyst has lost the bands corresponding to
the coordination of pyridine with Lewis acid sites. However, figure 24 C shows that after treating
the catalyst for regeneration, a partial recovery of the active sites is achieved, this way evidencing
how the loss of the sites is taking place due to the deposition of heavy carbonaceous materials.
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Figure 24. DRIFT spectra of adsorbed pyridine on the fresh, spent, and regenerated tetragonal
ZrO2. A) Spent and fresh ZrO., B) Spent ZrO,, C) Fresh and regenerated ZrO».

In addition, TPD analyses were performed in order to analyse the acid and basic density of the
spent and regenerated tetragonal ZrO.. In the case of NH3-TPD, they confirm the results already
seen from DRIFT analyses. The spent catalyst showed to have a complete loss of its acid sites
while the regenerated showed a partial recovery, reaching an acid density of 6.154 umol/m? as
seen on table 11 and figure 25. In the case of CO.-TPD the spent catalyst was firstly treated with
He at 500 °C for 1 hour. Interestingly, it can be seen in figure 27 that a non-neglectable amount of
CO:z is released while treating the spent catalyst in an inert atmosphere. This CO2 could be formed

from the decarboxylation of heavy compounds that might have been deposited in the surface of

the catalyst during the reaction.
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Table 11. Nature, specific surface areas and acid densities spent and regenerated tetragonal ZrO-.
. Acid density T max
2
Catalyst SSA (m4/g) Crystalline phase (XRD) (umol/m?) desorption (°C)
Spent ZrO, 80 Mainly tetragonal 0.008 160 °C
. Wide band from
Regenerated ZrO, 120 Mainly tetragonal 6.154 200 to 400°C
——MS 17 Fresh —MS 17 Regenerate MS 17 Spent
0.37
0.27
E
3 017
=
0.07 .
003 I ]
0 100 200 300 400 500

Temperature (°C)
Figure 25. NH3-TPD on spent, regenerated and fresh tetragonal ZrO».

As mentioned previously, ALs are known to form oligomers in presence of amphoteric catalyst,
but moreover, they have been seen to form polymers containing carboxylic groups'*°, which could

be the responsible for the release of CO, seen in figure 26.

This phenomenon does not allow for the basic density of the spent catalyst to be analysed by means
of CO2-TPD. In addition, besides CO., there was also a release of a CO, which might also come
from these heavy carbonaceous compounds formed in the surface of the catalyst. After pre-
treatment in He, the catalyst was exposed to a flow of CO; for 1 hour at 40 °C. Physiosorbed
molecules were removed by flushing with He for 60 min before starting with the temperature-
programmed desorption. Interestingly, during the desorption, the basic density of the catalyst was
1.39 umol/m?, quite similar to that of the fresh catalyst (1.88 pumol/m?), this way demonstrating
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that a partial recovery of the basic sites can be achieved by thermally treating the spent catalyst

also in an inert atmosphere.

—MS 18 —MS 28 MS 44

1
CO, released: 5.41 pmol/m?

MS signal (a.u.)

0 100 200 300 400 500
Temperature (°C)

Figure26. He pre-treatment for CO2-TPD on spent tetragonal ZrO;.

In order to further improve the performance of tetragonal ZrO; or limit its deactivation rate, a test
was conducted in which water was co-fed with ML and ethanol. Surprisingly, the obtained results
(Figure 27) showed that water actually has a detrimental effect on the desired CTH reaction, both
decreasing GVL yield, favoring the formation of EL and promoting a faster deactivation of the

catalyst.

A probable explanation could be that water might promote the formation of Brgnsted acid sites
and according to Kon et al.'®!, the products of levulinic acid hydrogenation depend on the type of
acid sites on the surface of the catalyst. When the catalyst contains mainly Brgnsted acid sites, the
formation of pentanoate from the GVL alcoholisys and the formation of levulinates from the
alcoholysis of ALs are the most favored reactions. In the case the catalyst contains mainly Lewis
sites, the formation of GVL through the CTH mechanism is the most favored reaction. Nonetheless,
another possible explanation could be that water might also be promoting the hydrolysis of the

levulinate ester, forming LA, which tends to adsorb strongly to the surface of the catalysts.
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Figure 27. Catalytic results obtained in the CTH of ML with ethanol as H-donor over tetragonal
ZrO,. Reaction conditions: ML:EtOH:H20=1:10:5 (molar ratio), T: 250°C, © = 1 s, %mol
N2:ML:EtOH:H>0=87.8:0.8:7.6:3.8.

As mentioned previously, tetragonal ZrO; is characterized by the presence of mainly Lewis acid
sites, which, according to the literature should favor the formation of GVL. However, the results
obtained while co-feeding water suggest that the formation of Brensted acid sites could occur
during reaction due to the dissociative adsorption of water as one of the reaction co-products®?,
making water partly responsible of the change in chemo-selectivity and the deactivation of the
catalyst. In order to study this hypothesis, a sample of the fresh catalyst was exposed to a stream
of water vapor for 3 hours at 250°C, and then it was analyzed by means of DRIFT spectroscopy
with absorbed pyridine (Figure 28). A noticeable decrease in the intensity of one of the two main
bands corresponding to Lewis acid sites (1604 cm™) was clearly seen. In addition, a small band at
1540 cm! (attributable to Brensted sites) appeared when the catalyst was exposed to the stream of
water vapour. Nonetheless, as mentioned previously, Brgnsted sites that might be present on ZrO>
are quite weak which makes them difficult to be detected by the adsorption of pyridine!’®. Because
of this, it is necessary to perform the analysis using DMP as probe molecule. However, weak
Bransted acid sites were already detected in the fresh tetragonal ZrO,. Therefore, it was not

possible to identify the formation of new sites.
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Figure 28. DRIFT spectra of absorbed pyridine on the fresh and water-exposed tetragonal ZrO,
catalyst.

3.1.7. Liquid-phase CTH tests

In order to do a comparative analysis and understand the advantages in terms of conversion and
selectivity of the gas-phase CTH of alkyl levulinates with alcohols, the reactions previously
performed in the gas-phase were reproduce using a batch liquid phase system. Results can be seen
in Figure 29. In this case, it can be seen how the results using methanol as H-donor in the liquid-
phase are in agreement with the ones from gas-phase tests. Methanol is once again not active as
H-donor for CTH of ML for yielding GVL, reaching a conversion of less than 5% and a yield for
GVL of approximately 1%. In the case of the CTH of EL with methanol, a higher conversion is
achieved (25%) providing a high selectivity (79%) towards the transesterification of EL to yield

ML. In this case, only traces of GVL were seen.

When using ethanol as H-donor in the liquid-phase, the results obtained are not as remarkable as
those obtained on the gas-phase. ML shows a conversion of 22%, being selectivity once again
towards the transesterification reaction of ML into EL and showing a low selectivity towards GVL.

On the other hand, EL conversion was 12% with a good selectivity towards GVL.
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Figure 29. Catalytic results obtained in the CTH of ML and EL with different alcohols as H-donor
over ZrO2 under batch conditions. Reaction conditions: 40 mL solution of ML or EL (10 wt %),

T: 250 °C, 0.30 g of ZrO- catalyst, reaction time 8 h, N2 pressure 10 bar, stirring 500 rpm.

As expected, and in agreement with the CTH test in the gas-phase, isopropanol is the most active
as H-donor for the CTH, reaching higher conversions and providing a higher selectivity towards
GVL. In this case ML and EL were converted (21% and 31%, respectively) quite selectively into
GVL with a higher yield (17% and 27%, respectively) after 8 h at 250 °C. In this case, the higher

reactivity of EL maybe attributed to an increased efficiency of ethyl as leaving group®..

In this case, while using isopropanol as H-donor, traces of propyl-GVL were also detected,
indicating that also in this case tetragonal ZrO. can promote the alkylation of ALs. In addition, a
significant amount of isopropyl levulinate was observed, which was not detected on the gas-phase

CTH tests. This might be occurring via two different reaction pathways:
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i.  Transesterification of ML and EL with isopropanol.

ii.  As previously discussed, the alcoholysis of ALs.

However, due to the higher steric hindrance of the isopropyl group, there is lower probability for
the transesterification reaction to take place.

In addition, the effect of reaction time on the liquid-phase CTH of EL with isopropanol as H-donor
was also analysed. Figure 30 shows the progressive increase of GVL yield at higher reaction time,
reaching the highest value of 70% after 24 h.

100 1
. ]
5 80 1
= ] . .
& 60 _ E Conversion
E ] BEGVL
2 ]
g 40 - Hisopropyl GVL
=
2 : L o
8 20 isopropyl levulinate
] M other
O ] IXrm.

8h 16h 24h
Reaction Time (min)

Figure 30. Reaction time effect in the liquid-phase CTH of EL with isopropanol as H-donor under
batch conditions. Reaction conditions: 40 mL solution of EL (10 wt %), T: 250 °C, 0.30 g of ZrO>
catalyst, N2 pressure 10 bar, stirring 500 rpm.

In addition, the reusability and stability of catalysts under liquid phase and batch conditions was
also studied. For this, five consecutive recycling tests at 250 °C for 24 h were performed. As shown
in figure 31 the selectivity of the reaction does not suffer any changes when recycling the catalyst.
However, a significant reduction of the activity was seen, reaching a conversion of EL of 31%.
The spent catalyst was regenerate by being exposed to an air flow at 400 °C for 2 h and was
afterwards reused for another test. The initial catalytic activity was recovered, reaching an EL
conversion of 84% and a GVL yield of 60%. These results suggest that the decrease in activity
could be a consequence of the deposition of heavy carbonaceous material on the surface of the

catalyst.
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Figure 31. Reusability tests of the ZrO; catalyst in the liquid-phase CTH of EL with isopropanol
as H-donor in batch conditions. Reaction conditions: 40 mL solution of EL (10 wt %), T: 250 °C,
0.30 g of ZrO- catalyst, reaction time 24 h, N2 pressure 10 bar, stirring 500 rpm.

3.1.8. Mechanistic studies

With the aim of gaining some insight into the mechanism of the reaction and to identify the key
intermediates, tests were carried out by changing the contact time (Figure 32). All the tests
performed showed high conversions of ML (80-100%). Moreover, at low contact times, the
presence of small quantities of ALs is detected, which disappear when increasing the contact time.
These results provide more evidence that in fact ALs are the intermediate products in CTH of ML
with ethanol to yield GVL. In addition, when using low contact times (0.3-0.5 s), the main product
obtained is EL. As the contact time is increased, the amount of EL decreases and the selectivity
toward GVL increases. This could be a consequence of a complex reaction pathway that involves
the reactivity of different alkyl levulinates. The transesterification of ML and the alcoholysis of

ALs yield EL which, as discussed previously, has a higher reactivity compared to ML itself.

Moreover, as previously mentioned, as the contact time increases, EL yield decreases reaching a
value <5%. At the same time, there is an increase of GVL and the emergence of ethyl pentenoate,

product of the alcoholysis of GVL.
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Figure 32. Catalytic results obtained in the CTH of ML with ethanol as H-donor over tetragonal
ZrO; in the gas-phase, varying the contact time over. Reaction conditions: EL:EtOH=1:10 (molar
ratio), T: 250 °C, t = variable, t = 100 min, mol % N2:EL:EtOH=90.1:0.9:9.

The reaction mechanism was also studied by feeding the reaction intermediates and products under
the previously optimized conditions for the gas-phase CTH (250°C, t = 1s, ethanol as H-donor).
In particular, a-AL and GVL were fed to the reactor instead of the alkyl levulinates; the results are
reported in Figure 33 and 34 respectively. The catalytic behavior obtained from the test performed
with a-AL was comparable to the one observed during the experiment performed with ML. During
the first 300 minutes of reaction, the a-AL conversion was complete, yielding mainly GVL and
ethyl GVL. In addition, the previously mentioned change in chemo-selectivity was also observed.
This phenomenon suggests that the mechanism of reaction followed for the formation of EL is that
of the alcoholysis of ALs. These results strongly imply, once again, that in fact ALs are the key
intermediate in the gas-phase CTH of ML with ethanol and that tetragonal ZrO: is able to promote

the rapidly cyclisation of ML.

In addition, a test feeding GVL instead of the alkyl levulinate was performed in order to investigate
the stability of the target product at the reaction conditions previously optimized. The results
shown in figure 34 underline that GVL is not completely stable under these conditions and that it

can undergo to consecutive reactions (with an average conversion of 40%) to yield ethyl
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pentenoate as main detected product. This compound most probably is formed due to the ring
opening of GVL to produce ethyl 4-hydroxypentanoate (not detected) that can then undergo
dehydration to ethyl pentenoate. Moreover, a low carbon balance is obtained, which could indicate
the formation of light, non-condensable compounds and heavy carbonaceous materials due to
consecutive reactions. No formation of ethyl GVL was observed, suggesting that is not formed by

the (hydroxy)alkylation of acetaldehyde on GVL but rather on the double bond of AL.
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Figure 33. Catalytic results obtained in the CTH of a-AL with ethanol as H-donor over tetragonal
ZrO,. Reaction conditions: a-AL:EtOH=1:10 (molar ratio), T: 250°C, t = 1 s, %mol N2:o-
AL:EtOH=90.1:0.9:9.0.

Collecting all the information of the previous tests, a reaction mechanism has been proposed
(scheme 8). Considering the deactivation studies previously discussed and the catalytic results
obtained so far, it could be plausible that the basic sites are maintained throughout the reaction,
this way explaining the high ML conversion during the entire time on stream. On the other hand,
the formation of heavy carbonaceous material, most probably due to the oligomerization of ALSs,

poison the Lewis acid sites which are necessary for the CTH to take place.
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Figure 34. Catalytic results obtained by feeding GVL and ethanol over tetragonal ZrO,. Reaction
conditions: GVL:EtOH=1:10 (molar ratio), T: 250°C, t =1 s, %mol N2:GVL:EtOH=90.1:0.9:9.0.
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A real bioethanol mixture (see Experimental for the composition) was tested as H-donor for the

3.1.9. Bioethanol as H-donor.

gas-phase CTH of ML over tetragonal ZrO; at the conditions previously studied and optimized.
As it can be seen in figure 35, the use of bioethanol gave a slightly less satisfactory performance
compared to that of pure ethanol. This behavior might be a consequence of the impurities present
in the sample of bio-ethanol (i.e. acetic acid, aldehydes and acetals) which could have led to the
formation of heavy carbonaceous materials on the surface of the catalyst, promoting a faster

deactivation of the catalyst and decreasing the maximum obtained yield for GVL.
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Figure 35. Catalytic results obtained in the ML reduction via H-transfer with ethanol over

tetragonal ZrO». Reaction conditions: ML:Bio-EtOH=1:10 (molar ratio), T: 250°C, t =1 s, %mol
N2:ML:EtOH=90.1:0.9:9.

Nonetheless, the possibility to directly use bioethanol as H-donor for the CTH of ML provides a
window for the further improvement of the sustainability of the overall process, in this way having
both the main reagents coming from renewable feedstock.

3.1.10. Levulinic acid gas-phase CTH

Given the satisfactory results obtained for the CTH of ML with ethanol as H-donor in the gas-
phase over ZrO», the use of levulinic acid (LA) as substrate was tested. As previously mentioned,
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the acid characteristics of LA and its high boiling point make it a challenging substrate. Moreover,

\,\'

because of the Teflon seals used in the inlet of the reactor, the maximum temperature at which it
is possible to vaporize the reactants is limited to a value of 230 © C, which is not adequate for LA
as a substrate since its boiling point is 245-246°C. This restriction is a limiting factor for the setup
of the reaction system since the effective vaporization of the reactant mixture could be limited,
leading to deposition of organic residues inside the inlet line and risking their occlusion. Therefore,
modifications were performed to the setup of the reagent supply. The reaction mixture was directly
introduced inside the reactor by means of high precision infusion pump, through a capillary which
end is placed directly inside the core of the reactor, just a few centimetre over the catalyst bed

inside the oven, in this way obtaining a perfect vaporization.

Catalytic tests were performed at the previously optimized conditions (250°C) and with increasing
temperature in order to study the effect of temperature on LA reactivity. In figure 36 can be seen
that when working at 250 °C, a GVL yield of around 50% was achieved during the first 250
minutes of reaction. However, when working with LA at 250°C, the change in chemo-selectivity
can be observed earlier than when working with ML. Moreover, ALSs are seen in higher amounts.
The catalytic behaviour obtained is similar to the one seen in figure 27, where ML is used as
substrate and water is co-fed. This behaviour suggests that in fact water could promote the
hydrolysis of ML to produce LA. On the other hand, as temperature is increased to 275°C, the
change in chemo-selectivity is no longer observed. In addition, it seems that, after the first 200
min of reactions, GVL yield reaches a steady value of approximately 50% with a steady carbon
balance of around 70%. In this case, no ALs were seen. When further increasing the temperature
to 300°C, a continuous increase of GVL yield is seen with the time on stream, with a correspond
increase in the carbon balance. In this case, a stable yield of ethyl pentenoate ethyl pentanoate of

around 10% and 2% respectively.

The catalytic tests performed with LA were analysed by means of GC using a non-polar column,
which is not suitable for the quantification of acids such as LA. And in fact, because of this it was

not possible to adequately determine the conversion of LA in the different tests. Hence, an
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adequate analytical method (most probably by means of HPLC) needs to be designed in order to

properly determine the conversion of LA in the previously discussed tests.
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Figure 36. Catalytic results obtained in the CTH of LA using ethanol as H-donor over tetragonal

ZrOy. Reaction conditions: LA:EtOH=1:10 (molar ratio), T =1 s, %mol N2:LA:EtOH=90.1:0.9:9;
A) T:250°C, B) T:275°C, C) T:300°C.

3.1.11. Catalyst improvement

In order to improve the performance of the catalyst, it was decided to synthesize a mixed oxide

which could have a higher Lewis acid strength, this way seeking to avoid the deactivation of the
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catalyst. Therefore, TiO2-ZrO> mixed oxide was synthesized following the methodology proposed
by Afanasiev®,

X-ray diffraction analysis shows that the

—

catalyst obtained after calcination at 550°C

for 4 h gave an amorphous solid.

Counts (a.u)

Therefore, further characterization such
as SEM-EDX still needs to be performed.

T r T B A | H
0 30 S0 a0 so o 70 gp Moreover, NH3-TPD analysis shows that
Position

Figure 37. XRD of synthesized T1/Z1/O catalyst.

the catalyst obtained has an acid density

of 15.88 pmol/m?, even higher than
tetragonal or monoclinic ZrO,. However, it has a really low basic density.

Tablel2. Nature, specific surface areas and acid and basic densities of Ti/Zr/O.

Crystalline . . T max . . T max
SSA Acid density . Basic density .
Catalyst 5 phase 9 desorption 9 desorption
(m4/g) (XRD) (umol/m?) (°C) (umol/m?) oC
Synthesized Wide band
yTi 0 125  Amorphous 15.88 from 200 0.03 -
to 400°C
0.6
e, 0.45
= i
£ ]
E 03 1
; E
E -
= ]
= 0.15 1
: - —
0 100 200 300 400 500

Temperature (°C)

Figure 38. NHz -TPD profile of synthesized Ti/Zr/O.

77



Cus’ainable
Industrial
(L Chemistry

Erasmus+

In order to understand the catalytic behaviour of Ti/Zr/O for the CTH of ML with ethanol as H-
donor, tests were performed at different temperatures by feeding a mixture of ethanol and ML
(ethanol/ML molar ratio = 10) in a stream of nitrogen (% mol organic mixture: 10%) witha 1 s
residence time, for 4.5 h, using always a fresh sample of pre-treated catalyst (figure 39). The
catalyst was treated in-situ inside the reactor under an air flow (30 mL/min) for 1 h at 400°C in

order to clean the surface from adsorbed water and CO».

BConversion Y/C GVL Ethyl levulinate Ethyl GVL  BOthers  BEthyl penten/anoate

100
80 1
60

40

Conversion/Yield (%)

20

.
%
/
.
|
|
|
|
-
_

FA ,
200 °C 250 °C 300 °C
Temperature

Figure 39. Catalytic results obtained in the CTH of ML using ethanol as H-donor over Ti/Zr/O in
the gas-phase. Reaction conditions: ML:EtOH=1:10 (molar ratio), t = 45 h, T = 1 s, %mol
N2:ML:EtOH=90.1:0.9:9.

In the chosen range of temperatures, the catalyst provides an almost complete conversion,
demonstrating to be quite active. Interestingly, at 200 °C the catalyst provided not only an almost
complete conversion of ML (98%), but also a good selectivity towards GVL, reaching a yield of
approximately 60%. In addition, a good carbon balance was obtained, and the main by-products
where EL and ethyl pentenoates. These last ones, as previously explained, might come from further
ring opening of GVL to produce ethyl 4-hydroxypentanoate (not detected) that can then undergo

dehydration to ethyl pentenoate. These results are of value since they have showed that by
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introducing TiOz in the structure of the catalyst (ZrO.) the operating temperature can be decreased

~

from 250 to 200 °C obtaining similar results.

Moreover, as the temperature is further increase to 250 °C, GVL yield decreases to around 25%
and the amount of detected ethyl penten/anoates increased to a value of 65%. This means that
under these conditions Ti/Zr/O is too active for the proposed reaction, leading to consecutive
reactions over GVL. The same behaviour is seen when further increasing the temperature to 300 °C.
However, in this case the carbon balance is affected by the high temperatures, decreasing to a value
of 65%. This is most probably due to both the formation of heavy carbonaceous material on the
surface of the catalyst and the formation of light non-condensable products that can be formed
from consecutive reactions over GVL as previously seen. In fact, table 13 shows TGA analysis
performed on the spent Ti/Zr/O, and it can be seen that as the reaction temperature increases, the
amount of heavy carbonaceous material accumulated on the surface of the catalyst increases.
Therefore, it can be concluded that the increment of the carbon loss as the reaction temperature
increases is mainly due to the formation of heavy carbonaceous material on the surface of the

catalyst.

Table 13. TGA of the spent TiZrO4 performed under flow of air.

Reaction temperature Weight loss Max Desorption Temperature

Reaction time (min)

°C) (%) (°C)
200 270 4.14 310
250 270 5.05 380
300 270 8.23 376

Given the remarkable activity obtained while working at 250 °C, it was decided to modify the
contact time in order to see if it was possible to limit the activity of the catalyst and avoiding
consecutive reactions over GVL. Hence, a test using a lower contact time was performed and

results can be seen in figure 42.
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Figure 40. Catalytic results obtained in the CTH of ML using ethanol as H-donor over TiZrOa in
the gas-phase. Reaction conditions: ML:EtOH=1:10 (molar ratio), T = 250 °C, T = 0.3 s, %mol
N2:ML:EtOH=90.1:0.9:9.

In fact, when lowering the contact time to 0.3 s (figure 40), the amount of pentenoates coming
from consecutive reaction undergone by GVL was limited. It can be seen that during the first 100
minutes of reactions, the main products is still the pentenoates. However, as time passes, the yield
for ethyl pentenoates starts to decrease, and GVL starts to increase until it reaches a maximum
value of 56% yield at 270 minutes. Moreover, as GVL yield starts to increase, ML conversion
starts to decrease until it appears to reach a steady value around 90%. Just as when ZrO- is used,
when the catalyst starts to deactivate both the yield for EL and ALSs starts to increase. As previously
discussed, this might be due to the deposition of heavy carbonaceous material on the surface of
the catalyst which block the active sites for CTH to take place, therefore a decrease in GVL yield

starts to occur, instead the alcoholysis of ALs takes place, producing EL.
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3.2.Bio-ethanol: hydrogenolysis of polyols
3.2.1. Catalytic tests.

Following the trend of the so far published studies on the production of ethanol from the
hydrogenolysis of polyols, a Pd/FesOs catalyst was synthesized following a co-precipitation
methodology. In addition, Pd/ZrO> was also synthesized by co-precipitation and was tested for the

hydrogenolysis of polyols.

It was decided to firstly start testing the catalysts for the simplest form of diols, EG and 1,2-PDO.
Results are summarized in table 14. It can be clearly seen that Pd/FesO4 was found to be active for
the hydrogenolysis of 1,2-PDO and EG, confirming what has already been reported so far in the
literature®*®*¥ In addition, Pd/ZrO, was found to be mildly active, reaching a conversion of 26%

and a selectivity for ethanol of 30%.

Table 14. Conversion of 1,2-PDO and EG promoted by Pd supported catalyst. Reaction conditions:
0.1 g catalyst; 15 ml aqueous solution (4 wt%), 5 bar Hz, 250 °C, 24 h. “in addition 1-propanol.

Substrate Catalyst Conversion Ethanol selectivity

(%) (%)

Pd/ZrO, 26 0

1,2-PDO Pd/C 17 49
Pd/Fes04 81 50*

Pd/ZrO, 27 5

EG Pd/C 16 74
Pd/Fes04 49 76

Moreover, it was decided to substitute Pd with different metals (Ru, Co and Pt) in order to see if a
similar or an enhanced activity could be obtained. Results can be seen in table 15. It can be seen
that Ru appears to be the only active metal towards the conversion of 1,2-PDO giving a high
selectivity towards the production of ethanol. This means that Ru was able to activate mainly the

dehydrogenation/decarbonylation of 1,2-PDO and only in small part the dehydration
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/hydrogentation. Moreover, no activity was seen when using EG as substrate. This could mean that

~

the hydrogenlysis of glycerol could be oriented mainly toward the production of EG and on the
other hand, to a lower extend, towards the production of 1,2-PDO that could mainly react to

produce ethanol.

In addition, Ru/ZrO, was synthesized and tested for the hydrogenolysis of both EG and 1,2-PDO.
However, in this case HPLC results showed no peaks after reaction implying a complete
conversion of the substrate with no detectable products. Noteworthy, during the reaction, a slight
pressure increase of around 5 bar was observed. In fact, the post reaction liquid had a turbid
consistency and the filtration of the sample for analysis was particularly difficult. This was

probably due to a polymerization of the substrate.

Table 15. Conversion of1,2-PDO and EG promoted by X/Fez04 (X = Ru, Co, Pt). Conditions: 0.1
g catalyst; 15 ml aqueous solution (4 wt%), 5 bar Hz, 250 °C, 24 h. “In addition 1-propanol.

Substrate Catalyst Conversion Ethanol selectivity

(%) (%)

Ru/Fe304 42 77

1,2-PDO Pt/ FesO4 32 10"
Co/ Fes04 0 0
Ru/ FesO4 2 0
EG Pt/ FesOs 2 0
Co/ Fes04 0 0

In addition to the co-precipitated Pd/Fe;O. and Ru/Fesz0a, an additional synthesis was carried out
following the activated carbon route (denominated Pd/Fe;O.-AC and Ru/Fe304-AC) proposed by
Schwickardi et al.1® These last catalysts, Pd/Fe3Os, Ru/FesO4 and Pd/ZrO; were then tested for
the hydrogenolysis of glycerol in order to further understand their behaviour. Results can be seen

in figure 41.
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With Pd/Fe304 and Pd/Fe304-AC a conversion of 99% and 83% was achieved and selectivity for
ethanol of 37% and 28%, respectively. Besides ethanol, the other products obtained were EG, 1,2-

~

PDO and 1-propanol. These results confirm what was already stated in the literaturg!?2127:128.138,165,
Pd/Fes04 has the ability of promoting dehydration/hydrogenation of glycerol to yield 1,2-PDO
which then suffers both of dehydration/hydrogenation and dehydrogenation/decarbonylation to
yield 1-propanol and ethanol, respectively. Even though it was expected for the catalyst
synthesized through the activated carbon route to be more active, this was not the case. In fact,
glycerol conversion and ethanol selectivity were lower, but a higher selectivity was achieved for
1,2-PDO, implying that the catalyst was not as active for the dehydration/hydrogenation of 1,2-
PDO. Moreover, a higher selectivity towards EG was achieved, meaning that in comparison to
Pd/Fe304, the catalyst through the activated carbon route was more able to promote the

dehydrogenation/decarbonylation of glycerol.

When using Pd/ZrOz, glycerol conversion reached 54% and a 25% selectivity for ethanol was
achieved. Once again, the by-products obtained were EG, 1,2-PDO and 1-propanol. Even though
the conversion reached was lower, it appears that Pd/ZrO- has a similar behaviour to Pd/FezOs-
AC, as it seems to also promote to a greater extent than Pd/Fe3Os the

dehydrogenation/decarbonylation of glycerol to yield EG.

When using Ru/FesOs for the hydrogenolysis of glycerol, contrary to what was expected, it was
more active towards the dehydration/hydrogentation to yield 1,2-PDO, and just in part towards the
deydration/decarbonilation to yield EG. In this case, the catalyst does not seem to be active enough
to be able to continue with the reaction and move towards the production of ethanol. However,
small quantities of 1-propanol derived from the dehydration/hydrogentation of 1,2-PDO were
detected. Along the same line, Ru/Fe30s-AC was tested for the hydrogenolysis of glycerol,
however, once again HPLC analysis showed no peaks after reaction implying a complete
conversion of the substrate with no detectable products. Just as for Ru/ZrO2, a slight pressure
increase of around 5 bar was observed during reaction and the post reaction solutions has a turbid

consistency, which once again could be due to the polymerization of the substrate.
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Figure 41. Catalytic results obtained in the hydrogenolysis of glycerol promoted by Pd and Ru
supported catalyst, selectivities reported. Reaction conditions: 0.1 g catalyst; 15 ml aqueous
solution (4 wt%), 5 bar H», 250 °C, 24 h.

With the results obtained, and what has been reported in literature, a reaction scheme for the
hydrogenolysis of glycerol can be proposed (scheme 10). The main reactions involved are
dehydration/hydrogenation and dehydrogenation/decarbonylation. However, the gas-phase

products were not analysed in order to confirm APR and WGS.
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Scheme 10. Path followed during hydrogenolysis of glycerol over Pd supported catalysts.

According to Mauriello et al.**8% in the reaction path that leads to 1,2-PDO, firstly, two adjacent
alcoholic groups of glycerol adsorb onto PdFe bimetallic sites to then lead to the breakage of the
C-OH bond promoted by Pd. Subsequently, due to the instability of the formed enol,
hydroxyacetone is formed, which is then hydrogenated to 1,2-PDO. On the other hand, the
formation of EG is obtained though the dissociation of a primary alcoholic groups proceeding by
C—H bond breaking promoted by Pd sites, forming glyceraldehyde. This then undergoes C-CO
breaking leading to formation of EG and CO. This can be seen in scheme 11.

OH
OH OH OH
o ——
\ (0] -~
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\
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= e -
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1
1
Fe Pd Pd Pd Fe Pd Pd Pd—Fe

Scheme 11. |Initial steps in the hydrogenolysis of glycerol over Pd-Fe catalyst;

dehydration/hydrogenation and dehydrogenation/decarbonylation routes.
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As seen in the previous section, Pd/Fe3Os, Ru/Fe3Os4, Pd/ZrO; synthesized following a co-

~

3.2.2. Catalyst characterization

precipitation methodology, were found to be active for the hydrogenolysis of different polyols. In
addition, Pd/Fes04 synthesized following the activated carbon route (denominated Pd/Fe304-AC)
was found to be active for hydrogenolysis of glycerol. The activated carbon route methodology
proposed by y Schwickardi et al.*3 relies on impregnating with a highly concentrated metal salt
solutions a sample of activated carbon, which is then calcinated in order to burn off the carbon.
According to the literature, given the high porosity of the activated carbons, this methodology
allows to obtain high-surface-area materials with a small-particle-size and a good metal
distribution. Specific surface area, metal loading and mean particle size can be seen in table 16.

Table 16. Main characteristics of synthesized catalysts. (Metal loading and mean particle size from
TEM)

Catalyst Seer(M%Q) dn (nm)
Pd/Fe304 41 15
Pd/Fes04-AC 40 7.2
Pd/ZrO, 222 -
RU/F6304 18 50.9

XRD analyses of the synthesized catalysts are shown in figure 42. XRD for Pd/FesO4 showed
diffraction patterns characteristic of Fe3Oas. In addition, a diffraction signal at 20 = 44.5° was
observed, which corresponds to Fe (0)**4. No diffraction signals were detected for Pd, hinting that
the metal was well distributed along the support and the particle size of the metal was indeed quite
small. In the case of Pd/Fe304-AC, the diffraction patterns obtained are basically the same as those
for Pd/Fe3z04, showing diffraction patterns characteristic of FezOs and in addition the diffraction
signal at 20 = 44.5° and an additional one at 20 = 65° corresponding to Fe®. Moreover, in this case
a small diffraction signal can be seen between 40° and 41° and according to the literature, this
might be either correlated to the diffraction peaks of Pd that appears at 40.01° or the one for PdFe
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appearing at 40.79°.1?* These results together with BET analyses suggest, so far, that the activated

carbon route was not able to provide a smaller particle size and a higher specific surface area.

Pd/Fe304 Pd/Fe304-AC — — =Pd ------- PdFe .®Fe <~ Fe,0, *PdorPdFe :
v | 1
| |
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Figure 42. XRD for Pd/Fe3O4 synthesized catalysts.

Along this line, figure 43 and figure 44 show the particle size distribution of Pd/Fe3O4 and
Pd/Fe304-AC, respectively. In fact, the activated carbon route was not able to promote a smaller
mean particle size for Pd, reaching a value of 7.2 nm while Pd/FesO4 synthesized by co-
precipitation method gave a value of 1.5 nm. This strange behaviour might be due to the excess of
water used during the synthesis procedure, which might block the pores of the activated carbon
this way making it harder for Pd to be evenly distributed along the pores of the activate carbon. In
fact, EDX maps show a significant difference in the distribution of Pd over the catalyst. Catalyst
synthesized through a traditional co-precipitation methodology shows well distributed Pd
nanoparticles (figure 43 C). On the other hand, the activated carbon route methodology did not
provide a uniform distribution of the Pd nanoparticles (figure 44 C).
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Figure 43. Particle size distribution A), high resolution TEM images B), and EDX maps C) of
Pd/Fe304 catalyst.
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Figure 44. Particle size distribution A), high resolution TEM images B), and EDX maps C) of
Pd/Fes0s-AC catalyst.

RWFe304 - Ru .Fe: Inthe case of the XRD for Ru/FesO4

' (figure 45), only the diffraction

patterns related to Fe® were seen. This
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completely reduced to Fe® and, since no
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Figure 45. XRD for synthesized RwFe;0, catalysts.  npanoparticles.

In order to further analyse the material and confirm if in fact a good particle distribution was
achieved during the synthesis, TEM analyses were also performed for the Ru/FesO4 catalyst. Even
89



Cus’ainable
Industrial

— Chemistry
LLy=nemisin

Erasmus+

though the diffractogram in figure 45 could indicate the presence of nanoparticles and a good
distribution, figure 46 shows that the mean particle size of the Ru particles was higher than
expected, reaching a value of 50.9 nm. However, the EDX maps shown in figure 46 C) do confirm

a good distribution of the particles of Ru along the surface of the catalyst.
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Figure 46. Particle size distribution A), high resolution TEM images B), and EDX maps C) of
Ru/Fes04 catalyst.

According to the literature, reduction of pure Fe,O3 samples is observed at about 340 °C21:166
however hydrogen TPR for Pd/FezO4 (figure 47 left) shows two peaks at around 80 and 150 °C,
and another broad peak around 600 °C. First peak corresponds to the reduction of Pd?* to Pd° and
the second peak to the reduction of Fe.Os to FesOs. Lastly, the broad peak corresponds to the
further reduction of FesO4 to Fe®. These results suggest that the presence of Pd under the pre-
reduction/pre-treatment conditions seems to promote the reduction of Fe»Osz towards Fe3Oas,
shifting its reduction to lower temperatures*?-1%. Moreover, according to Bhogeswararao et al.*®®,

PdO reduces at around 25 °C in Hz atmosphere and tends to form B-PdH. These hydrides

90



Cuslainable
§Lhemistn 2ol Erasmus+

decompose at higher temperatures and show a negative peak. However, H>-TPR did not show any
negative peaks which could have been attributed to the decomposition of B-PdH. In fact, this

suggests that a possible metal-support interaction might be taking place, such as the formation of

PdFe bimetallic nanoparticles?%122:19
g g
& &
£ £
= =
0 200 400 600 0 200 400 600 800

Temperature (°C) Temperature (°C)

Figure 47. TPR analyses for Pd/Fe3O4 (left) and Ru/Fe3Ox4 (right).

H>-TPR for Ru/FesO4 (figure 47 right) appears to show two peaks, the first one around 200 °C and
the second one broad starting at around 500 °C. According to the literature, the first peak is actually
composed by two different peaks; a first one at 207 °C which appears to be related the reduction
of Ru oxide to Ru® and a second one at 250 °C related to the reduction of Fe,O3 to FesOa. Instead,
the second broad peak is related to both the reduction of Fe3Oa to Fe® at around 500 °C. According
to the literature, after exposing the catalyst to further reduction cycles, the peak related to the
reduction of Ru oxide to Ru® disappears. Because of this, it is suggested that the reduced Ru

becomes part of a bimetallic nanoparticle which remains dispersed in the support'®’.

In addition, given the high stability of ZrO2and the optimized synthesis established in the previous
sections of this manuscript, it was decided to test it as a support. This catalyst was synthetized
following a co-precipitation methodology. As seen on figure 48, the material obtained is a highly
amorphous catalyst. The XRD diffractogram shows two broad reflexes instead of the two main
diffraction signals related to tetragonal ZrO». The signal on the left corresponds to tetragonal ZrO;
with Miller index (111) and the broad shoulder on right is related to the (220) crystal plane also
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present in tetragonal ZrO,'%. Nonetheless, further characterization such TEM and EDX maps still

needs to be performed.

Z1r02 ¥ Monoclinic ZrO, ® Tetragonal ZrO,
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Figure 48. XRD for Pd/ZrO2 synthesized catalysts.
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The results obtained are a promising starting point for the gas-phase CTH of alkyl levulinates with

~

4. Conclusions

alcohols over heterogeneous catalysts. And in fact, these results were published, for the first time,

in two different articles!®%2%,

A high surface (120m?/g) tetragonal ZrO, was synthesize by means of coprecipitation and the
result was an amphoteric material containing Lewis acid and basic sites. It was then tested, and it
was proven to be a suitable catalyst for the CTH of ML with ethanol as H-donor in the gas-phase.
Tests performed with ethanol at different temperatures, provided a complete conversion of ML in
all of the cases. As the temperature increased, GVL yield started to decrease, with a corresponding
decrease in the carbon balance. This carbon loss was found to be mainly due to the formation of
light compounds such as C3 and C4 unsaturated compounds. The main by-products observed were
ethyl GVL and ethyl pentenoate, generated from the hydroxyalkylation of ALs by acetaldehyde
(followed by dehydration of the intermediate and reduction of the double bond) and the alcoholysis
of GVL, respectively. It was found that the optimized temperature for the reaction was 250°C,
reaching a complete conversion of ML and a GVL yield of 67%. In addition, tests performed with
EL as substrate confirm the absence of an equilibrium limitation for the intramolecular cyclization.
A complete conversion of the ester was achieved, and both GVL and ethyl-GVL were the main

products.

In addition, in order to compre the catalytic activity of the different crystalline phases, commercial
monoclinic ZrO, was tested at different temperatures, however, the results obtained where not
optimal. ML conversion was around 30% when working at 250 and 300 °C, with a low carbon
balance, and low vyields for GVL (>5%). When increasing the temperature to 400 °C ML
conversion increased to 96%, however, carbon balance was still poor and GVL yield was 23%.
Nonetheless, this comparison is not accurate given the low surface area of the commercial
monoclinic ZrO2 (3 m?/g). Therefore, a high surface (117 m?/g) monoclinic ZrO, was synthesized
and, surprisingly, the result was a catalyst having a much higher basic density than tetragonal ZrOx.
It was then tested for the CTH of ML with ethanol as H-donor in the gas-phase at the previously
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optimized conditions (250 °C). The results obtained were quite similar to those using tetragonal

~

ZrO2, however GLV vyield reached a lower value (45%) and it yielded higher amount of EL. In
addition, and noteworthy, ALs were seen in small quantities.

The catalytic tests performed using methanol and isopropanol as H-donor over tetragonal ZrO-

lead to conclude the following:

e When using methanol as H-donor ML conversion reached a value of 35%, with low GVL
yield (4%) and high carbon loss. EL shows a higher reactivity (conversion of 90%),
however, is due to the transesterification of EL with methanol to form ML. Therefore,
demonstrating that methanol is the least active alcohol for the CTH of alkyl levulinates.

e Isopropanol, on the other, is an excellent H-donor, achieving complete conversions of both
ML and EL and high yields of GVL (80% and 50%, respectively). No ethyl GVL is formed
since no hydroxyalkylating agent such as acetaldehyde is formed. Noteworthy, no
isopropyl levulinate was detected, probably due to the higher steric hindrance of the

secondary alcohol, which limits the transesterification.

The stability test at the optimized conditions in the gas-phase configuration (250°C and EtOH)
using tetragonal ZrO, showed that the reaction is selective towards GVL for at least 300 min
(yields of around 70%). After this, a progressive change in chemo-selectivity was seen. Moreover,
when using monoclinic ZrO,, the catalytic behaviour was quite similar, however the maximum
yield for GVL (63%) was achieved faster, after 200 min. However, after this a sudden drop in both
ML conversion and GVL yield was observed, followed by a change in chemo-selectivity of the
reaction. With monoclinic ZrO., the yield of GVL and EL are equal when 250 minutes on stream
have passed, while when using tetragonal ZrO,, this only occurs after 430 minutes on stream. This
difference in behaviour appears to be a consequence of the different acid and basic density

presented in the catalysts.

Moreover, the characterization of the post reaction catalyst (tetragonal ZrO,) showed the

deposition of heavy compounds over the catalyst and a progressive loss of Lewis acid sites are
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responsible of this progressive change in chemo-selectivity. In addition, the catalyst was

~

successfully regenerated in situ. An almost complete recovery of the initial catalytic behaviour
was achieved and DRIFT analyses with absorbed pyridine showed that a partial recovery of its

Lewis acid sites was achieved.

The results obtained when using methanol as H-donor in the liquid-phase were in agreement with
the ones from gas-phase tests, reaching a conversion of less than 5% and a yield for GVL of less
than 1%. When using EL as substrate a higher conversion is achieved (25%), however, this is
mainly due to the transesterification of EL to yield ML, only traces of GVL were detected. When
using ethanol, the results are not comparable to those of the gas-phase. Indeed, a modest ML
conversion of 22% was achieved and the selectivity of the reaction is once again oriented towards
the formation of EL. On the other hand, starting from EL the conversion value was lower compared
with ML (around 12%), but the transformation was selective towards GVL. Lastly, when using
isopropanol, once again it was proven to be the most active as H-donor for CTH, reaching higher
conversions and providing a higher selectivity towards GVL. ML and EL were converted (21%
and 31%, respectively) quite selectively into GVL reaching higher yields (17% and 27%,
respectively) after 8 h at 250 °C.

After testing the reusability and stability of catalysts in the liquid-phase configuration, it was seen
that the selectivity of the reaction did not suffer any changes after recycling. However, there was
a significant reduction of the activity. The spent catalyst was successfully regenerated achieving

to recover the initial catalytic behaviour.

Moreover, the results obtained in the liquid-phase configuration lead to conclude that the gas-
phase approach allows us to obtained better results in terms of productivity and GVL selectivity.
In addition, it also allows us to work with a lower excess of alcohol and still obtain remarkable

results in terms of conversion of the alkyl levulinates and GVL yield.
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Catalytic tests performed by feeding the intermediate, a-AL, and main product, GVL, gave an

~

insight of the overall reaction mechanism. In addition, it was possible to confirm that a change in
chemoselectivity promoted side reactions such as the alcoholysis of ALs to EL.

In addition, a true sample of bio-ethanol was used as H-donor in the CTH of ML in the has-phase.
A similar catalytic behaviour to that observed using pure ethanol was obtained. However,
deactivation was seen earlier and at a faster rate, indicating the possible role played by impurities

on the deactivation of the catalyst.

Moreover, the CTH of LA with ethanol provided remarkable results, achieving high yields in GVL.
However, the same change in the chemo-selectivity (from GVL to EL) was observed at 250 °C.
Nonetheless, increasing the reaction temperature, these phenomena were limited, reaching a steady
GVL yield of around 50 %.

To try to improve the catalytic performance of the catalyst, Ti/Zr/O mixed oxide was synthesized
and tested for the CTH of ML with ethanol. In this case the catalyst obtained had an acid density
much higher than both tetragonal and monoclinic ZrO,. However, the basic density was quite low,
and it was not possible to quantify it by means of CO,-TPD. Test conducted at different
temperatures allowed a complete ML conversion in all of the cases. Interestingly, when working
at 200 °C a high yield was achieved for GVL (60%), showing a similar behaviour to that obtained
when using ZrO; at 250 °C. As the temperature increases, consecutive reaction over GVL start to
occur, yielding high quantities of ethyl pentenoates.

Lastly, as reported in the literature, Pd/FesO4 was found to be active for the liquid-phase
hydrogenolysis of 1,2-PDO, EG and glycerol, being selective for the production of ethanol. In
addition, Pd/ZrO2 was also found to be active for glycerol hydrogenolysis, reaching a conversion
of 54% and an ethanol selectivity of 25%. Other products obtained where EG, 1,2-PDO and 1-
propanol confirming that dehydration/hydrogenation and dehydrogenation/decarbonylation are the
main reaction involved in the process. Moreover, substituting Pd with Ru over FesO4 was found

to be also active for the hydrogenolysis of 1,2-PDO reaching a conversion of 42% and a selectivity
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towards ethanol of 77%. However, when used for the hydrogenolysis of glycerol, the products
obtained were 1,2-PDO corresponding to the dehydration/hydrogenation, low quantities of 1-
propanol from further dehydration/hydrogenation of 1,2-PDO and low selectivity towards EG
from the dehydrogenation/decarbonylation, but no ethanol was detected.
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