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SUMMARY

Lignocellulose is one of the most abundant raw materials on earth. It can be found in plants,
forest wastes among others, and several products widely used can be obtained from it. Some
industrial processes are implemented with this aim. Biofine process allows the production of
levulinic acid (LA) from lignocellulosic biomass. Levulinic acid is considered a platform chemical
to produce several biochemicals and biofuels. y-Valerolactone (GVL) can be obtained from
levulinic acid in a single reaction.

In this project, some research about GVL synthesis from lignocellulosic biomass-derived
levulinic acid has been done. The reaction of levulinic acid hydrogenation catalysed by a
bifunctional ion-exchange resin loaded with palladium to produce y-valerolactone has been
carried out in a tubular fixed bed reactor. Kinetic and production studies were programmed but
couldn't be performed because the exceptional coronavirus scenario cut short the project.
However, the facilities were set up and some previous runs of the reaction were done to check if
the reaction took place with the catalyst chosen.

Keywords: Biomass, Lignocellulose, Levulinic Acid, y-valerolactone, Amberlyst CH28,
Hydrogenation.
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RESUMEN

La lignocelulosa es una de las materias primas mas abundantes en el planeta. Se puede
encontrar, entre otros, en plantas o restos forestales, y a partir de ella pueden obtenerse varios
productos ampliamente usados. Con ese objetivo, algunos procesos industriales ya han sido
implementados. Uno de ellos es el proceso Biofine, que permite producir acido levulinico (LA) a
partir de biomasa lignocelul6sica. El acido levulinco esta considerado un “platform chemical” para
producir productos bioquimicos y biocombustibles. La y-Vlerolactona (GVL) puede ser obtenida
a partir del acido levulinco en una reaccion directa.

En este proyecto se ha hecho busqueda bibliografica sobre la sintesis de la y-valerolactona
a partir del acido levulinico derivado de biomasa lignocelulésica. Se ha realizado la reaccion de
hidrogenacién de acido levulinco para producir y-valerolactona en un reactor tubular de lecho fijo
utilizando una resina bifuncional de intercambio iénico cargada de paladio. Un estudio cinético y
uno de produccion estaban programados, pero no pudieron realizarse debido a que la
excepcional situacion provocada por el coronavirus acorté el proyecto. Sin embargo, la
instalacion se puso a punto y se pudo hacer alglin experimento para comprobar que la reaccién
efectivamente tenia lugar con el catalizar elegido.

Palabras clave: Biomasa, Lignocelulosa, Acido Levulinico, y-valerolactona, Amberlyst CH28,
Hidrogenacion.
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1. INTRODUCTION

Petroleum is a very important raw material used mainly in the production of fuel oils,
commodities, and fine chemicals. Some decades ago, experts started to announce that the
exhaustion of petroleum would be soon, because of the high international demand in front of the
slow generation. It is not clear when the sources will be ended. There have been several theories
about in which year the production of petroleum would be maximum, like Hubbert peak theory, in
which M. King Hubbert estimated in 1956 that in the best-case scenario the peak oil production
for the United States would be reached in 1970 (Black, 2014). By this year, technologies were
improved, and new sources were explored, so the production greatly surpassed the amount
estimated. It is also true that the production decrease since that year, but very slowly, so besides
the fact that the production was higher than predicted, the slow decrease of the curve involves
that the exhaustion was not as soon as expected. Since that year, the global peak has been
estimated and surpassed again. It might make us thought about if the petroleum really will be
exhausted someday. But besides the exhaustion, there is an issue that nowadays compels the
most to replace petroleum: the combustion of petroleum products is harmful to the environment.

In general terms, the consumption of fossils fuels has been stabilised, but in the transportation
sector, which is the most petroleum demandant, the requirement is increasing, and with the
development of the society, it is supposed to continue rising, as seen in Figure 1. Therefore, it is
necessary to find alternatives to reduce the use of petroleum sources.
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Figure 1 Oil consumption by sector in the world(International Energy Agency, n.d.)

The main challenge nowadays is replacing fossils fuels economy by one based on renewable
sources that provide economic, social, and environmental benefits. In 2002, a substitution of 25%
of fossil fuels with renewable sources in 30 years was intended (Willke and Vorlop, 2004).
However, in 2017, biofuels only represented 3% of the energy consumed in the transportation
sector (International Energy Agency, n.d.). Some suggestions have already been tried, and some
of them have already been implemented. Two of the most developed alternatives to replace
petroleum in the transport sector are electric cars and biomass.

1.1. ELECTRIC VEHICLE

The electric car is one of the most promising alternatives to avoid fossil fuels. In the 19th
century, even before the gasoline car was invented, a prototype was already developed to replace
steam vehicles. Between the 1880s and 1920s, the electric car experimented a development
period very intensive and build up the basis of the electric car we know nowadays. The battery
they used at the beginning was a lead-acid battery. The batteries were improving while electric
cars, so in 1901, the nickel-iron battery was developed, and allowed to store 40% more energy
than the lead-acid battery (Hoyer, 2008). Electric cars started to be commercialised at the
beginning of the XX century. At that moment, the autonomy that those cars had was enough to
move around the city, but the high cost of the used batteries made the electric cars only available
for a few rich people. Some years later, used cars fell in disuse because of the connections
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between cities improved, and the electric car couldn’t travel big distances. Several upgrades were
introduced during the XX century in electric cars, such fast battery swapping systems or using the
electric drive motor himself as a generator to recharge the battery in certain moments of driving,
known also as regenerative braking technologies. In a few years, the hybrid car combined both
gasoline and electric motor, and permit travelling out of the cities with no worries about the battery,
but it was unaffordable and didn’t go further. Electric cars have been in a continuous up and down,
especially depending on the availability of gasoline, related to social aspects, like wars. In general
terms, only in the period of a gasoline shortage, the electric car has been more used. During the
second half of the XX century, environmental awareness becomes more important, and the
discussion about renewable and non-renewable sources to produce energy became a general
interest, mainly in the transportation sector. The issue of petroleum exhaustion and the high levels
of air pollution on account of vehicle emissions among others, bring into focus the electric vehicle
again. Many governments promote initiatives to stimulate the use of the electric car and
introduced restrictions to reduce those levels of pollution. But even though electric cars have been
improved, the same problems that those types of vehicles had at the beginning, are still
detrimental to reach the objective of developing an electric car able to compete with gasoline and
diesel cars. The autonomy achieved in the electric cars nowadays is about 350 km at the most
but it is not enough to travel long distances, and the convenience of refuelling an oil car in front
of having to recharge a battery beside the price, still makes difficult the change. Hybrid cars can
overcome the limitations of autonomy because they combine both energy sources, electricity, and
fuel. During urban driving, hybrid cars use the electric motor (with several stops that allows the
battery to be auto-recharged if the car uses regenerative braking technologies) with no pollutant
emission, but during extra-urban driving, when the electric motor has been discharged the fuel
combustion is necessary, and due to the hybrid car is heavier than a similar conventional model,
the consumption is higher (INSIA-UPM, 2019). So, if they are used in urban areas, they are a
good alternative, but if they are mostly used in interurban areas, the problem not only is not solved
with those cars but can worsen. Moreover, the electricity used both in electric and hybrid cars
often come from nuclear or fossil sources (Hayer, 2008), so it may be nonsense. It is also
important to be aware that increasing the affordable distance without having to recharge involves
that batteries must be bigger. In most of the electric vehicles produced nowadays, the battery
used is made from rare earth elements (Lopez Gémez and Rodriguez Largo, 2019). Those
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elements, apart from being difficult to obtain, are difficult to be recovered, so it is a pending matter
knowing how to do it, considering that it has only been tried on a small scale. So, when all batteries
used in the vehicles need to be removed, if there is no way to recycle them, it will be
unsustainable. Hence, although electricity is one of the most hopeful alternatives to solve the
fossil fuel issue, it is not the complete solution, at least as we know them today. Table 1
summarises the most important advantages and disadvantages of the electric vehicles nowadays.

Table 1 Advantages and disadvantages of electric vehicles

Advantages Disadvantages
- Can avoid fossil fuels |- Not enough autonomy
- 0% pollutant - Electricity obtained from non-renewable
emissions sources

- Contaminating batteries
- Long charging time in front of the quick
refuel of the gasoline car

1.2. BIOMASS

Biomass consists of materials that are or have been part of a living organism. In terms of
energy, organic material related to plants is included. There are many ways to convert biomass
into energy, so it could replace petroleum in different processes. Biomass is suitable to produce
biofuel and the fact that its raw material is biological, and it is quick to regrow, makes it a good
alternative for fuel oil. One of the principal advantages of using biofuels from the biomass is that
the CO2 produced with the biofuel combustion had been previously absorbed by plants in the
growing process, avoiding neat CO2 emissions that cause the greenhouse effect (Fernandez,
2003). The energy produced from the biomass can be considered renewable because its energy
contents come from solar energy fixed by photosynthesis. As seen in Table 2, the carbohydrate
structure of biomass makes it more oxygenated compared with fossil fuels. Since 2005 in Spain,
commercial gasoline must have less than 5% of sulphur (Ferndndez-Feal et al., 2009) to reduce
the environmental effects of pollutant emission, so it is important to consider that biomass has
less than 1% of nitrogen, sulphur, and chlorine.
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Table 2 Biomass composition (Jenkins M. et al., 1998)

Component wt% of dry matter
Oxygen 30-40
Carbon 30-60
Hydrogen 5-6
Nitrogen, Sulphur, Chlorine <1

Depending on the origin of the biomass and the technology used to produce the biofuel, they
can be called (Aro, 2016):

e  First generation biofuels
e  Second generation biofuels
e  Third generation biofuels

First generation biofuels are obtained from edible biomass, like sugar, oils, and cellulose.
Crop plants are grown to produce biofuel, but since they use food crop plants that can be destined
to the food supply chain, it poses an ethical problem. Hence, although the first generation fuels
can replace fossil fuels, another alternative should be considered.

Second generation fuels are those which come from feedstocks of lignocellulosic non-food
material. Lignocellulosic is a component found in straw, crop plants grown in marginal lands, and
even in forest waste. Food crop plants can also be used as well, but only once they are no longer
useful for the food sector. By using this type of biomass, the ethical problem caused by using
edible biomass is solved. In 2007, in Spain, 25.584.000 tons of municipal solid waste was
collected, and as shown in Figure 2, 44% was organic waste. Nowadays, the principal waste
management is letting them in landfills, so if part of the organic fraction could be used to produce
second generation biofuels, it would suppose that these residues that are underutilized could be
worthy again. But second generation biofuels only would be able to displace, at most, a third of
the petroleum consumed by the transportation sector (Serrano-Ruiz and Dumesic, 2010).
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Municipal Solid Waste's Composition

12,3 = Organic

0,71

3,4 \

= Carton-Paper
Plastic

= Glass

= Ferric Metals
Non Ferric Metals

= Wood

= Others

Figure 2 Municipal Solid Waste collected in Spain in 2007 (Grau and Farré, 2011)

Moreover, because of the treatments needed to convert lignocellulosic biomass into liquid
biofuels are more difficult than the ones requested in the process of first generation biofuels, the
production costs are higher.

Third generation biofuels are produced by algal biomass. They are still being invested, and
by this moment, algae are not being used to produce biofuel on a large scale.

Even biomass is a promising alternative, some issues can hinder its extended use. One
aspect that must be considered is that not all biomass has the same properties, because
depending on where it comes from, its composition is different. In Table 2, the typical composition
of biomass is shown. It could pose a problem at the design of the production process. It is also
important, that its availability is not constant, and logistics may suppose an increase in the
processes cost. Furthermore, if all the petroleum requirements were covered by biomass, it would
be unsustainable and soon the biomass would be exhausted.

As mentioned before, the amount of biomass is not boundless. Figure 3 compares the energy
consumption and supply in the world since 1990 to 2017. Oil and biofuel are represented, and the
supply of both is always over the consumption. If consumption grows, the supply grows too, so
the theories about the exhaustion of petroleum are again questioned. When more production is
required and the infrastructure or sources are not enough, the industry invests to find new ways
to supply it. According to the graphic, it is also evident, that the supply of biofuels is much lower
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than oil consumption, so, with the accessible technologies, biomass available is far from being
able to replace the demand of fossil fuels of the world.

Energy supply and consumption
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4.000.000 //
GOJ 3.000.000 / Oilsupply
)
=4 2.000.000 0il Consumption
Biofuel Supply
1.000.000

e Biofuel Consumption
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Figure 3 Energy supply and consumption of the world (International Energy Agency, n.d.)

Since biomass available can't supply biofuel enough to forget fossil fuels, a reliable alternative
is combining both. Some biomass derivates can be used as additives to gasoline. Levulinic acid
(LA) is one of them. It is a product derived from cellulose and can be obtained easily from
lignocellulosic biomass. LA and its derivates can be useful in very different fields, so it is
considered a worthwhile platform chemical to be investigated. Due to its reasonable price and its
potential uses in the biorefinery industry, LA is one of the top 12 most promising building blocks
according to the United States Department of Energy (Pileidis and Titirici, 2016). By
hydrogenation of LA, it is possible to obtain y-valerolactone (GVL), an intermediate that has been
considered a good blending of ethanol in gasoline (10%v/v) (Alonso et al., 2010). The percentage
of blending is important considering that European standards allow only 5%v/v ethanol blends
(Serrano-Ruiz and Dumesic, 2010), so it could be interesting to continue investigating GVL.
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2. OBJECTIVES

This project aimed to upgrade LA to GVL by hydrogenation catalysed by a bifunctional ion-

exchange resin loaded with palladium. The objectives were:

Update bibliography related to reactions, primary and secondary ones, useful catalysts, and
conditions.

Setting up an existing experimental installation.

Checking the viability of the catalyst, its activity, and its selectivity.

Establishing the experimental operation conditions

Perform a preliminary kinetic study

Due to the situation caused by the COVID-19 pandemic and facing the impossibility of doing all

experimental work, the project has been adapted.
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3. LEVULINIC ACID

4-Oxopentanoic acid, also known as levulinic acid, is a crystalline keto acid derived from
cellulose. Its reactivity is relatively high, so it is promising to be an intermediate to other valuable
products. It is soluble in water and polar organic solvents. Its melting point is 33°C, so it is usually

solid at room temperature but can turn into a liquid with not much heating.
(o]

OH

e}

Figure 4 Levulinic Acid

Before processes to obtain LA from biomass were developed, it was obtained by a chemical
process with many bottlenecks such as the high cost of raw materials, the low yields reached
because of undesirable side reactions, and difficulties related to recovery product and catalyst.
Therefore, even it was valuable, not only as a product but also as a precursor to other products
as it will be seen later, it was not enough profitable. Since its production from biomass is available,
LA has reduced the production cost making its commercialization easier and becoming a reliable
platform chemical for fossil fuel substitution.

The different intermediates and products that can be obtained from lignocellulosic raw
material are shown in Figure 5.
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Figure 5 Products from lignocellulose (Rackemann and Doherty, 2011)

3.1. LEVULINIC ACID FROM LIGNOCELLULOSIC BIOMASS

Lignocellulose is a structural element of plants, both edible and inedible. Non-food
lignocellulose can be obtained from agricultural residues, forest waste, agriculture residues, or
municipal paper waste. The three main components of lignocellulose are cellulose (38-50%),
lignin (15-30%), and hemicellulose (23-32%) (Pileidis and Titirici, 2016). It is abundant and cheap
and has widespread worldwide availability.

Table 3 LA production technologies (Morone et al., 2015)

Technology Energy Requirement Cost Technology Status

Biofine Process High Medium Semi-commercial

Homogeneous catalysis Medium High Semi-commercial
Heterogeneous'solid acid Medium Medium Research

catalysis

Heterogeneous metal catalysis Low Medium Research
Solvolysis High High Research
lonic liquid High High Research
Supercritical fluids High High Research
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There are different technologies to obtain LA from lignocellulosic biomass as seen in Table
3, but only the Biofine process is used at a semi-commercial scale.

LA can be obtained from lignocellulose by Biofine process using homogeneous catalysis, in
ranges of 0,42-0,595kg LA/kg cellulose (Hayes et al., 2006). Conversion of lignocellulosic
biomass into LA needs a pretreatment. The lignin that covers cellulose and hemicellulose must
be removed to allow them to react. This pretreatment usually consists of the breakdown of
lignocellulosic biomass complex, removing lignin in a way that can be reused, decrystallising the
cellulose fibers, and reducing the mass transport limitation for catalysts. Depending on which type
of biomass is been treated, this pretreatment will be easier or more difficult, increasing the cost.
Pretreatment supposes around 20% of the total production cost (Morone et al., 2015), so it is
important to choose the most efficient treatment. Biofine process consists of a tubular plug-flow
reactor fed with the lignocellulosic biomass (hexose sugars) mixed with a mineral acid aqueous
solution like diluted sulphuric acid (Galletti et al., 2012). Steam is also injected into this first reactor
to hydrolyse the biomass feedstock for a short time (few seconds). The outflow of this reactor with
the product formed in this reaction (HMF, 5-hydroxy methyl furfural) is fed to a continuously stirred
tank reactor, where it is hydrolysed for 15 to 30 minutes. The second reactor gives LA as a product
(around 60% conversion of cellulose (Bozell et al., 2000)), and formic acid as a by-product. If
there is hemicellulose in the raw material, furfural is also obtained as a by-product. Formic acid
and furfural are recovered from the second reactor from the vapor stream, whereas LA is removed
as a liquid and filtered to separate it from the humins formed. The process is operated in
continuous and at temperatures close to 200°C (higher in the first reactor and lower in the
second). Formic acid can be discomposed into Hz, CO, and CO: at temperatures near to 200°C,
so it might not be in the proportion expected. Figure 6 shows the Biofine process flowchart.
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Figure 6 Biofine process (Girisuta and Heeres, 2017)

Although the Biofine process is the nearest process to be industrialized due to its high yields,
the recovery of LA from the solution resultant is not easy and the humins obtained (not big amount
due to the reactor and the conditions are already designed to avoid them as much as possible)
pose a clog problem to the system. Moreover, the energy and water requirements are high.

Homogeneous acid catalysts catalyse the hydrolysis reaction. The LA yield can vary
depending on the acid used, the reactor design, operating conditions, and the pretreatment done
to lignocellulosic biomass. In order to get the highest LA yields, these factors must be optimised,
and the optimal conditions will be different according to biomass composition. Therefore, scaling
this method from laboratory to industrial plant has been limited. Apart from scalation limitations, it
has other problems such as the recovery of the catalyst and environmental and corrosion issues
caused by the acid.

The advantages of using heterogeneous acid catalysts (acid and metal) in front of
homogenous ones are the easier recovery of the catalyst and avoiding corrosion problems despite
the higher selectivity. But the use of this technology needs to much research since LA has strong
adsorption on the catalyst and this decreases the LA yields (Morone et al., 2015).

Another technology available to LA from lignocellulosic biomass is solvolysis. It has been
tested with water or organic solvents, but it already needs to be more investigated to find the ideal
solvent which increases the yield with no environmental impact. This technology consists on using
the solvent as a reactant. It must be in higher proportion in front of the other reactant, so it involves
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large volumes of the solvent and complicates the recovery of LA. In contrast, the pretreatment of
biomass needed in other technologies is not necessary.

lonic liquids are liquid salts than can be used as a solvent and as a catalyst. In the LA
production, they act as a catalyst. They are worthy because of their thermostability, the easier
separation from the product, their low vapor pressure, and the mild reaction temperatures. This
technology has been studied mostly in the production of HMF, but the same can be applied to LA
production. However, those liquids are expensive and need to be purified, which is not easy and
limits their industrial use.

Supercritical fluids are another type of solvents with acidic and basic properties that favour
the product recovery avoiding by-products formation. On the other hand, this technology needs
high pressure, so the equipment and the operational costs are high.

3.2. LEVULINIC ACID DERIVATES

It is considered a platform chemical useful in different areas. Its derivates can replace lots of
chemicals that come from oil. In Figure 7, there are some of them. Although many of these
products are not convenient to be commercialised on a large scale, because of the production
cost, LA has become a reliable alternative to produce biofuel and fuel additives from a renewable
source.
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Figure 7 LA products (Rackemann and Doherty, 2011)

The three most developed products converted from LA are methyltetrahydrofuran (MeTHF),
d-aminolevulinic acid (DALA), and diphenolic acid (DPA). These three products, specially MeTHF
and its precursor GVL would permit the expansion of the LA market. Furthermore, economic
experts predicted that depending on the scale of the operations the production costs could be
down to 0,04-0,18/Ib (Bozell et al., 2000), so it would help to its expansion.

Table 4 Potential LA market (Bozell et al., 2000)

Product Use Potential LA Market (million
Ib/year)
MeTHF Fuel extender, fuel additive 10 000 - 100 000
DALA Biodegradable herbicide / pesticide 175 - 350
DPA Monomer, substitute for bisphenol A in 35
polymer manufacture
3.241. MeTHF

MeTHF most extended use is as a transportation fuel extender because it is miscible with
gasoline and hydrophobic. It can be used to reduce other components in gasoline to meet the fuel
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requirements stipulated to recover environmental issues, without any adverse functioning. The
percentage of blending in a gasoline mixture is not great (around 1%v/v) (Bozell et al., 2000) but
considering the amount of gasoline used in the world, this little percentage of blending might result
in a big demand of MeTHF at the end of the year. In Table 4, the potential market of each of the
three most interesting products derivate from LA is shown, and MeTHF is considerably high.
Obtaining MeTHF directly from LA is difficult, but it can be easily derivate from GVL. More about
MeTHF will be explained later, in the chapter dedicated to GVL and its uses.

3.2.2. DALA

DALA is a product widely used as an herbicide with high activity towards dicotyledonous
weeds and little activity toward monocotyledonous. The activity is comparable to other commercial
herbicides with the advantage that it is completely biodegradable. It is also used as an insecticide.
It has also been found that DALA is suitable as a component in photodynamic therapy as a
treatment of cancer.

There are several routes to the synthesis of DALA from LA at a laboratory scale, but they are
not convenient to be introduced at a large scale. Some approaches have been tested but with
many issues. The most common is a multistep process in which the first steps provide relatively
low yields, and by producing DALA, a large amount of wastes is also produced. Even though, in
general none of these approaches are feasible due to the multiple steps needed, the high cost of
the raw material and the toxicity of the intermediates involved in the processes.

3.23. DPA

DPA is commonly used in the production of materials such as polymers. Its applications are
similar to other products but DPA was more expensive, so it was less commercialised. Since LA
is reducing its production cost, DPA is becoming a suitable material to produce polymers from a
renewable source and to replace products like bisphenol A, which is forbidden because it is
dangerous for human health.

There is some research about other possible uses of DPA like fire retardants or non-toxic
marine coating. Other possible applications of DPA are paints, medicines, and adhesives among
others (Bozell et al., 2000).
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4. Y-VALEROLACTONE

GVL is a cyclic ester with 5 atoms in the ring. In ambient conditions, it is a colourless stable
liquid with a high boiling point. It discomposes neither with time nor in the presence of water or
oxygen. It has been considered non-toxic and its main risk is flammability, but its volatility is low
and makes the flammability risk of GVL at ambient conditions low. It doesn’t form peroxides in air.

0
Figure 8 GVL

When GVLS is produced from cellulose, the intermediates obtained (glucose, HMF, LA, and
formic acid) are miscible with water. This makes the biodegradability of GVL easy. Another benefit
of obtaining GVL from cellulose is that almost all dangerous, halogenated, or phosphorous
compounds produced in its synthesis from chemicals are not produced. Chlorine is the only
compound that can remain. Chlorine is involved in the reaction when the production of LA is
catalysed by HCI. Formic acid can be corrosive, but usually, it is internally discomposed into COz
and Hz. COz is easily converted into other valuable chemicals and Hz can be used in the
hydrogenation of LA to obtain GVL. The commercialization of GVL is not widely extended due to
its production cost. Nevertheless, with the improvement of LA production, it is expected that GVL
production would be more affordable.

4. GVL USES

As said before, GVL is one of the most promising products obtained from lignocellulosic
biomass since its possibilities to displace petroleum derivates such as gasoline, fuel additives, or
polymer precursors. It has excellent properties as a solvent, and it is a good precursor for high-
value chemicals and fuels. Besides the uses related to fuels, its sweet and herbaceous smell
makes it appreciate in the production of perfumes, and it is widely used as a food additive. In
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Figure 9, there are represented different products that can be derivate from GVL and its obtention
pathways. Some of its most promising uses are explained below.

1,4 Pentanendiol o -methylene-y-valerolactone ™ Polymers
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Y
MeTHF

Dimethyl adipate

/ Gasoline o \ |

Gasoline blender Methyl pentenoate
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N

Green solvent

Pentenoic acid

N

N

Butene Pentanoic acid > 5-Nonanone
/ \ | / \
Cy. alkanes Aromatics Valeric esters C, alkanes C g -Cy7 alkanes
Jet fuel Fuel additive Biodiesel Diesel fuel / Diesel fuel
gasoline

Figure 9 GVL derivates (Alonso et al., 2013)

41.1. GVL as a solvent

GVL can be used as a solvent, and precursor to other green solvents, in processes of
obtention of different valuable chemicals from lignocellulosic biomass. Figure 10 shows some of
these products obtained using GVL as a solvent, and the most relevant are explained below. After
studying GVL, Phillip G. Jessop concluded that it has advantages in front of other common
solvents (Jessop, 2011).



Levulinic Acid upgrade to y-valerolactone by hydrogenation by using a bifunctional catalyst. 21

Formic acid Furfural o Furfuryl alcohol
o o o OH

~F 0

It \/ L

Acetic acid
\ o

Hemicellulose

Soluble lignin |« Cellulose o
Lignin

LA

2,5-furandicarboxylic acid
0 0 OH  HMF o 2,5-dimethylfuran

o | o
-

o}
HO \ / OH \ /
Figure 10 Lignocellulosic derivates obtained using GVL as a solvent (Alonso et al., 2013)

GVL can be used as a solvent in the production of HMF, GVL, and LA from fructose with
advantages. In the production of GVL, GVL is used to dilute LA with the main bengfit that the
product and the solvent don’t need to be separated since they are both GVL. When the solvent is
used in the production of LA or HMF, some aspects must be considered, especially product
purification. Even though, some research has been done and has found that there are processes
where the product and the solvent don't need to be separated, for example, the production of 2,5
dimethylfuran from HMF can be done without separating GVL, which can be separated from the
final product easier. Even some solutions have been proposed, the catalyst separation is still an
issue that needs to be fixed.

It also has been used in the production of HMF from Cs sugars. The main advantage is that
high yields can be obtained using a monophasic system and solid acid catalyst thus mixing,
separating phases and, catalyst recovery issues are solved.

GVL can also be used as a solvent to convert hemicellulose into furfural. It solubilised the
degradation products formed, and the reaction is faster. It also reduces furfural degradation,
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increasing furfural yield in monophasic systems. In this case, the separation between GVL and
the products can be easily made by distillation.

Using GVL to deconstruct biomass makes it easier to produce LA from cellulose. The reaction
time and the catalyst needed decrease, and the furfural generated becomes more stable. The
furfural is converted into furfuryl alcohol by hydrogenation while LA is converted into GVL. The
furfuryl alcohol is later converted into LA catalysed by an acid catalyst and hydrogenated again
into GVL. This process improves the use of lignocellulosic biomass in GVL production and doesn't
need a separation step.

41.2. GVL to produce polymers

Biopolymers are those polymers made from biomass totally or partially. The research of
biopolymers is increasing because of the different material properties of these polymers
compared with the ones derived from petroleum. Moreover, the process to produce polymers from
biomass is more suitable.

Starting from GVL, different ways to produce polymers have been studied. One of them is the
ring-opening of GVL to methyl pentenoates with yields of around 98% (Yan et al., 2015). The
difference between its volatility and that of GVL makes the separation easy. Methyl pentenoates
can be converted into different nylon precursors. By adding formaldehyde to GVL, it is possible
to produce a-methylene-y-valerolactone with selectivities over 95% (Manzer, 2004), which is a
monomer with similar properties to methyl methacrylate but with improved thermal stability. These
two routes are represented in Figure 9.

It is also being studied GVL ring-opening with amine compounds. The products obtained (y-
hydroxy-amides when the reaction takes place at mild conditions) can be used to produce a green
polymer. Figure 11 shows different polymer precursors obtained by this method. By condensation
of GVL and different monomers, new polyurethanes can be obtained. Because of the differences
in the chemical structure of polyurethanes precursors, the range of thermal properties of the final
products is wide. So, by varying the structure of the amines, it is possible to produce many
promising polymers.
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Figure 11 Polymer precursors from GVL (Yan et al., 2015)

Anyway, for the moment, the synthesis of polymers derived from biomass is just being studied
at laboratories with low yields, thus more research is needed to decide which processes are
suitable to produce on a large scale.

41.3. GVL uses related to fuels

GVL can be used as a liquid fuel but due to its high water solubility, it has not been tested as
a pure fuel. Whereas it is a profitable additive to petroleum fuels. It has been proved that for
mixtures with the same percentage of GVL or ethanol (10%v/v), the one with GVL has lower vapor
pressure than the one with ethanol, improving the combustion at similar octane numbers. Table
5 shows some properties of this 95 octane gasoline the two blended gasolines. Although GVL is
interesting mostly as a fuel additive, it can also be converted into other products interesting as
fuels. Some GVL derivates with theses uses are explained below.
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Table 5 Properties of 90% 95 octane gasoline and 10% EtOH or GVL (Horvath et al., 2008)

AN-95 gasoline 90%v/v AN-95 | 90%v/v AN-95
& +10%v/v EtOH | + 10%v/v GVL
Density (152C) [kg/m?3] 733,5 737,8 765,8
Oxidation stability [min] OK OK OK
Peroxide number [mg/kg] 1,4 1,72
Vapor pressu.re (Dry vapor 546 65,1 56,6
pressure equivalent) [kPa]
Vapor pressure (Air saturated 63 71 62,2
vapor pressure) [kPa]
Evaporated up to 70°C [%v/v] 27,2 47,9 24,1
Evaporated up to 1002C [%v/v] 52,3 57,3 46,2
Evaporated up to 150°C [%V/V] 90 90,7 80
Final boiling point [2C max] 181,9 181,6 202,2
Distillation residue [%v/V] 1 1 0,9
Gum content blown/mg per
100mL 16 19
Existent gum washed/mg per
100mL 0,5 0,8 0,8
Copper strip 1A 1A 2a
Motor octane number 88,8 89,3 89,2
Research octane number
97,2 97,4 (105 97,3 (105
(blending RON) ! 4(105) 3(105)

MeTHF

By using MeTHF as a fuel additive, some limitations related to the transport sector such as
blending limits, low energy density, or corrosive problems that other products cause can be
partially overcome. As an example, the 10%vi/v of blending with ethanol achieved with GVL can
be upgraded up to 70%v/v (Alonso et al., 2010). The mileage from fuels blended with MeTHF is
similar to petroleum fuels due to its properties, so there are no disadvantages in that aspect.
Moreover, blending MeTHF with ethanol in gasoline helps to reduce the vapor pressure of
ethanol.

MeTHF is obtained by hydrogenation of GVL and the subsequent dehydration (Figure 12),
and high yield up to 90% can be reached (Yan et al., 2015). The main challenges related to its
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production is the yield of coke when a heterogeneous catalyst is used and find the reaction
parameters that optimize the process.

MeTHF can also be converted into fuels and its solubility makes it suitable to replace solvents
to obtain higher reaction temperatures or easier product separation. Even MeTHF and GVL
cannot be used as jet or diesel fuels, their limitations can be solved with some processes that are
being studied and will be explained later (hydrocarbon fuels).

GVL 1,4-pentanendiol MeTHF
OH

0 +H, -H,0 °
0 — —_—
OH

Figure 12 MeTHF from GVL (Yan et al., 2015)

Hydrocarbon fuels

There are several ways to produce liquid hydrocarbon fuels from GVL, but two of them are
the most common and will be explained referring to Figure 13, where the different steps are
numerated from 1 to 10.

The first one consists on produce pentanoic acid (step 1) and then butenes (step 2). By
oligomerization and hydrogenation of these butenes Cs and Ciz-alkenes are obtained (steps 3
and 4).

The other route upgrades GVL producing pentanoic acid through ring-opening on acid sites
and hydrogenation on metal sites (step 5). Acid pentanoic is ketonised to 5-nonanone (step 6)
which is then hydrogenated to produce 5-nonanol (step 7). From 5-nonanol 3 different products
can be obtained: Co-alkanes are obtained by dehydration and hydrogenation (step 8), branched
Co-alkanes are obtained by dehydration, isomerization, and hydrogenation (step 9), and C1s-
alkanes are obtained by dehydration, oligomerization, and hydrogenation (step 10). It is important
to know that the most important steps to achieve high yields of final products are the obtention of
pentanoic acid and 5-nonanone (steps 5 and 6). Nonane can be produced by hydrogenation of a
mixture of linear Ce-alkanes and can be used as an additive to diesel fuel or converted into
gasoline. In Figure 9, the uses of these products are shown.

Even the advantages, the production of alkanes still requires being studied in order to find
how to increase the yields and reduce the needed steps.
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Figure 13 Hydrocarbon fuel from GVL (Serrano-Ruiz and Dumesic, 2010)

Valeric esters

Valeric esters are promising to use them as oxygenating fuel components for gasoline and
diesel fuels. Long carbon chain esters are suitable for diesel while short carbon chain esters are
used in gasoline blending. The ignition properties and flow characteristics of valeric esters are
compatible with diesel fuel and producing biofuels from valeric esters improves biofuel
performance compared with biofuels produced from other alternatives proposed such as ethanol,
GVL or MeTHF (Zhou et al., 2018).

(_NL Pentenoic acid Pentanoic acid Valeric ester
R OH

Figure 14 Valeric esters from GVL (Yan et al., 2015)

Starting from GVL, the synthesis of valeric esters consists on ring-opening GVL to pentenoic
acid and then hydrogenating it to pentanoic acid which is esterified with alcohols or glycols to
produce the corresponding valeric ester in presence of a bifunctional acid-metal catalyst (Figure
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14). It has been proved that with the right catalyst and conditions, it is possible to obtain yields of
90% of pentanoic acid continuously for more than 1500h (Alonso et al., 2013).

Several processes to produce valeric esters are at the begging of research and they aim to
reduce the metal content of the catalyst without worsening the selectivity.
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5. HYDROGENATION OF LA TO PRODUCE GVL

GVL can be produced by hydrogenation and dehydration of LA. If LA is hydrogenated first, 4-
hydroxypentanoic acid, also known as y-hydroxyvaleric acid, is formed as an unstable
intermediate which is then ring-closed by intramolecular esterification and loses water molecule
spontaneously, forming GVL. The hydrogenation is catalysed by a metal-catalyst while the
esterification is acid-catalysed. If LA dehydration takes place first, the intermediate formed is o-
angelica lactone (AL) which is hydrogenated into GVL. This second pathway also needs an acid
and a metal functionality and GVL yields achieved are lower than with the first one because of
the formation of coke from AL catalysed by the acid present. AL is formed at temperatures around
573-623K (Serrano-Ruiz et al., 2010) and can be avoided by working at mild temperatures or by
using a non-acid catalyst. It is interesting to perform the reaction under the first pathway due to
the coke formed in the second one can be deposited on the acid surfaces of the catalyst avoiding
its good performance. In our process, the operating temperature must be below 403K as will be
seen (Chapter 6), so AL formation won't take place. Figure 15 illustrates both processes and the
upgrading of GVL to 5-nonanol.

4-hydroxypentanoic Acid

Pentanoic Acid
OH
OH
H,

d H,0
>/ OH y Hy o
o] GVL >/
H,0
CO,

S-nonanone

o S
V\/I\/\/ :

S-nonanol

Figure 15 Reaction pathway from LA to 5-nonanol (Serrano-Ruiz et al., 2010),(Alonso et al., 2010)
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5.1. EXPERIMENTS REPORTED

(Fu et al., 2016) hydrogenated LA to produce GVL using as a catalyst Ni/Al20s. They first
perform some experiments to determine the more suitable Ni load and solvent for this reaction.
They tried with water and dioxane as a solvent and with loads between 10% and 40%. They
conclude that the best results were obtained with 40% of Ni load using dioxane as a solvent. They
operate in a 100mL batch reactor with a stirring speed of 1000rpm, at 180°C. They filled the
reactor with 1g of LA, 0,1g of Ni/Al203 (40%), and 40mL of dioxane at 3MPa hydrogen. They let
the reaction proceed during 2h. Then they filtered and washed the reaction mixture and diluted
with deionised water to 250mL. They analysed the composition using an HPLC (High
Performance Liquid Chromatography). The LA conversion reached was 100% with 99,2% of
selectivity to GVL. They also studied the influence of the temperature, the pressure, and the S/C
(substrate/catalyst) ratio. Rising temperature from 150°C to 180°C increased the LA conversion
without modifying the GVL selectivity. They found that LA conversion grew when the pressure
changed from 1MPa to 2MPa, but at 3MPa or high, it remained approximately constant. S/C ratio
had an important influence, by raising from 10 to 100, the LA conversion dropped from 80% to
20% (experiment conditions 180°C, Hz pressure 3MPa, LA load 1g, and reaction time 1h). GVL
selectivity also decreased, but not as much as LA conversion. Ni has been used by many
researchers due to its high activity in the upgrading of LA into GVL and its high selectivity towards
GVL (Dutta et al., 2019)

(Piskun et al., 2016) studied the reaction on different Ru based catalysts. They used
deionised water as a solvent an operate in a packed bed reactor with a catalyst load of 2g. They
carried out the experiments at the bench conditions shown in Table 6. They reduced the catalyst
(Ru/C 5wt%) for 4h at 350°C, 20bar, and 250mL/min of reducing gas (10%v/v Hz + 90%v/v N2)
and determined that for the same conditions the conversion dropped from 95% to 75% if the
catalyst was previously reduced, so they didn’t activate it before their experiments.
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Table 6 Bench Conditions
LA inlet concentration [mol/L] 1,1-1,2

LA feed rate [mL/min] 1
Hz feed rate [mL/min] 30
Temperature [°C] 90
H2 pressure [bar] 45
WHSV [greed/geat'h] 30
Time on stream [h] 6

They measured the liquid temperature at the reactor exit, and when it was 85°C, they
considered the reaction started. Every 15min samples of the reaction mixture were analysed by
H MNR (proton nuclear magnetic resonance) to determine the composition. It was observed that
after 1-2h the reaction reached the steady-state, and the conversion achieved for every catalyst
is summarised in Table 7. They also studied the influence of the LA feed concentration (with Ru/C
5wt% and bench conditions Table 6) and observed that for LA concentrations between 0,1 and
0,5M, LA conversion was 100%, whereas for 11,2M (pure LA) LA conversion was only 5%. They
carried out other experiments to improve LA conversion at 11,2M LA concentration: they modified
some of the bench conditions increasing the temperature to 150°C, increasing the Hz feed rate to
120mL/min and using 5g of catalyst instead of 2g, and LA conversion achieved was 52% in front
of the 5% reached with bench conditions.

Table 7 Ru catalysts

Catalyst Ru loading [wt%] LA conversion [%)] GVL selectivity [%]
Ru/C 0,5 92 78
Ru/C 2 96 63
Ru/C 5 98 83
Ruly-Al203 0,3 31 31
Ru/y-Al,04 0,5 26 62
Ru/TiO2 1 26 54

(Serrano-Ruiz et al., 2010) also studied the hydrogenation of LA into GVL on Ru/C (5wt%)
at 150°C and 35bar, with a WSHV about 4,8h-! and an aqueous solution 50wt% of LA. They
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obtained 90% of LA conversion and 96% of GVL selectivity. The deactivation of the catalyst was
also studied, and they observed that after 106h of reaction LA conversion only decreased from
90% to 68%, and after re-hydrogenated for 2h at 400°C, the activity of the catalyst was partially
recovered, reaching initial conversion of 83% when the catalyst was reused.

(Piskun et al., 2018) tested the reaction with different supported Ru catalysts using water or
dioxane as a solvent and found that Ru/TiO2 had the best performance. Parr batch autoclave
reactors were used for their experiments. They considered the reaction had started once the
reactor reached the temperature desired. The experiments where LA was diluted with water were
in a 100mL reactor, using 2,9g of LA in 40mL of deionised water and the composition of the
resultant mixture was analysed by H NMR. In those where the solvent was dioxane the reactor
volume was 50mL, 2,29 of LA were diluted in 28mL of solvent and the analysis of the composition
of the reaction mixture was using a gas chromatograph. The experimental conditions of the
experiments are shown in Table 8. After 6h, in the reaction with water, full conversion of LA was
obtained with 89% selectivity to GVL and 4-hydroxypentanoic was also formed as a by-product.
Whereas the reaction with dioxane almost reached full conversion after 4h but with 100% GVL
selectivity.

Table 8 Reaction conditions with Ru/TiO2 catalyst in batch

Solvent
Water Dioxane
LA feed concentration [LA] 0,63 0,64
Solvent intake [mL] 40 28
Temperature [°C] 90 150
Hydrogen pressure [bar] 45 45
Catalyst intake [g] 0,06 0,06
LA/Ru molar ratio 4350 3200
Stirring rate [rpm] 2000 1250
Reaction time [h] 4 4

(Moreno-Marrodan and Barbaro, 2014) used bifunctional metal/acid heterogeneous catalyst
to perform the reaction in a continuous reactor. They immobilized Ru nanoparticle onto a sulfonic
ion exchange resin (DOWEX 50WX2-100 gel-type resin). They used a gas chromatograph to
analyse the reaction mixture compositions.
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They first operated in a batch reactor (25mL) stirred at 150rpm with LA concentration 0,43M
in water, 60mg of catalyst (loaded with 0,68wt% Ru), and S/C molar ratio of 420. They carried out
different experiments to analyse the influence of temperature and H2 pressure and found that in
those conditions, at 70°C and 5bar after 7h, full conversion was achieved with more than 99%
GVL selectivity. They also experimented with non-acid support to observe the positive contribution
of acidic resin; at the same conditions mentioned before, with non-acid support the LA conversion
after 4h was 16,2% in front of the 79,5% using a bifunctional catalyst.

Then they used a 176yL reactor and packed 40,1mg of the same catalyst used at the batch
reactor experiment. The LA feed was 0,02M in concurrent flow with Hz at different flow rates
operating at 70°C. It was shown that with 0,15mL/min of LA solution and 1mLI/min and 5bar of
Ha, GVL selectivity was almost 100% and LA conversion higher than 90%. They found that
conversion could be raised to 100% keeping the selectivity by decreasing the solution flow rate
to 0,10mL/min (0,7mL/min H2 at 4,8bar) or by increasing the hydrogen flow rate to 1,5mL/min at
5,3bar (0,15mL/min LA solution).

To conclude two tables summarise the experiments reported above. Table 9 for experiments
performed in a batch reactor and Table 10 for the ones performed under continuous flow.

Table 9 Batch reactor experiments

(Fuetal., (Piskun et (Moreno-Marrodan
2016) al., 2018) and Barbaro, 2014)
Catalyst used Ni/Al20s (40%) | Ru/TiO2 | Ru/TiO2 | Ru@DOWEX (0,68%)
Catalyst load [g] 0,1 0,06 0,06 0,06
Solvent Dioxane Water Dioxane Water
Reactor volume [mL] 100 100 50 25
Stirring rate [rpm)] 1000 2000 1250 150
Temperature [2C] 180 90 150 70
Ha2 Pressure [bar] 30 45 45 5
LA concentration [M] 0,22 0,63 0,64 0,43
LA feed [g] 1g 2,9g 2,2g
S/C molar ratio - 4350 3200 420
Time [h] 2 6 4 7
LA conversion [%] 100 100 =100 100
GVL selectivity [%] 99,2 89 100 <99
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Table 10 Experiments under continuous flow

(Piskun et al., | (Serrano-Ruiz (Moreno-Marrodan and
2016) et al., 2010) Barbaro, 2014)
Catalyst used Ru/C (5wt%) | Ru/C (5wt%) Ru@DOWEX (0,68wt%)
Catalyst load [g] 2 - 0,0401
Solvent Water Water Water
Reactor Packed bed Packed bed Packed bed concurrent
Temperature [2C] 90 150 70 70
Pressure [bar] 45 35 5 5,3
LA concentration [M] 1,1 4,6 0,02 0,02
LA feed [mL/min] 1 - 0,15 0,15
H: feed [mL/min] 30 1 1,5
WHSV [h?] 30 4,8 - -
Time [h] 6 - - -
LA conversion [%] 92 90 95 100
GVL selectivity [%] 78 96 =100 =100

Moreno and Marrodan used a bifunctional metal/acid heterogeneous catalyst as said before and
by their experiment, we can conclude that using this type of catalyst for the hydrogenation of LA
into GVL provides many advantages like for example the metal load compared to other catalyst
types can be lower. Moreover, the reaction can be performed with almost 100% yield under mild
temperature and pressure which means that the energy consumption decreases.

Therefore, we have chosen as a catalyst for this project a bifunctional metal/acid ion-exchange

resin doped with palladium, which has been widely used in hydrogenation reactions, but not in
the obtention of GVL from LA.
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6. CATALYST

The catalyst used in this project was an AMBERYIST CH28 Polymeric Catalyst. It is bead-
form, macroporous, sulfonic acid palladium-doped resin. It is specifically suitable for the
hydrogenation process at mild temperature, particularly, the hydrogenation of acetone to produce
methyl isobutyl ketone (MIBK), since by using palladium as a catalyst, the formation of higher
condensation products is avoided. The maximum operating temperature permitted is 130°C, so it
is important to design the experiment accordingly. Product Data Sheet is attached in Appendix
2, but in Table 11 there are some of its properties.

Table 11 AMBERLYST CH28 properties (Dupont de Nemours)

Surface Area 36m?/g
Total Pore Volume 0,20cclg
Average Pore Diameter 260A
Concentration of Acid Sites 4,8eq/kg
Water Retention Capacity 52-58%
Palladium Load in Dry basis 0,70%
Particle Diameter 850-1050pum
Density 790g/L
Maximum Operating Temperature 403K
LHSV Suggested 0,5-5h1
6.1. ACTIVATION

This type of catalyst needs to be activated before being used for the reaction desired. Activate
the catalyst means to reduce the catalytic precursor to its metallic form. There are several papers
about the use of AMBERLYST CH28 in the synthesis of MIBK from acetone, but only a few about
the hydrogenation of LA into GVL. The activation procedure selected would be based on MIBK
reaction works, because they are explained with more detail, and it is expected that the catalyst
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activation is effective, in a similar way, for both reactions, considering that experimental conditions
will be also very similar.

Jose A. Trejo et al activated the catalyst in a packed bed reactor where the reaction took
place, making circulate hydrogen at 100°C and 20bar (Trejo et al., 2010). Whereas W. Nicol and
E. L. du Toit didn’t reduce the palladium previously. The catalyst was activated by allowing
acetone (3,3mL/min) and hydrogen (330mL/min), which are the reactants of the reaction that
would be catalysed, at 30bar flow through the catalyst bed for 4h. Then, reaction conditions were
implemented, and experiments went on. It was checked that after 4h no more reduction of Pd
took place, so the catalyst could be considered activated (Nicol and Du Toit, 2004). Both of them
activated AMBERLYST CH28 before performing the obtention of MIBK from acetone.

It has been reported that the catalyst deactivation is caused by polar compounds like water,
due to their strong affinity towards acid catalytic sites. When water molecules are in a non-polar
environment, they absorb on the resin surface and cover the catalytic sites inhibiting the sulfonic
acid groups of the catalyst. Talwalkar and Mahajani tested the activity of the AMBERLYST CH28
in the reaction of MIBK production from acetone and found that the deactivation is reversible.
Once the catalyst had been used, it was separated and dried in an oven for 3h and then re-used;
the performance was almost the same (Talwalkar and Mahajani, 2006). It is important to point out
that the deactivation caused by water is relatively slow. For the hydrogenation of LA into GVL,
another possible factor that leads to the deactivation of the catalyst may be the formation of coke
from AL (as explained before) but the maximum temperature our catalyst tolerate (130°C) is much
lower than the temperatures that lead to AL formation (300-350°C), so it won't be a problem for
us.

The fabricant recommends reducing the Pd making circulate Hz and deionised water for 16h
through the catalytic bed. The H2 will reduce the Pd and the water will solubilise the Hz2 and swell
the catalyst.
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7. EXPERIMENTAL DESIGN

The objectives of this project were at the beginning making a kinetic study and found the
optimal conditions to maximise the production of GVL from LA using AMBERLYST CH28. We
prepared and proved the equipment. We did some experiments to have an idea about in which
conditions the reaction should be, but when we were going to start with the kinetic study
experiments, the laboratories of the University were closed due to the pandemic, so we couldn't
carry out the experiments.

7.1. FACILITIES

The equipment available to be used was the Microactivity Reactor and a gas chromatograph.
Both are controlled by a computer equipped with the corresponding software. In addition,
Microactivity Reactor has a touch screen from where it can be controlled. In Figure 16, the facility
is shown. On the left side, Microactivity Reactor, in the middle there is the chromatograph and,
the computer is on the right side.
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as Chromatograph

Figure 16 Equipment

Microactivity Reactor consists of a tubular fixed bed reactor, where the catalyst is set inside,
upon a porous plat (Figure 17). The flow was thought to be up to down, but in our case, the flow
will be ascendant. The reasons will be explained later. The gas reactants are feed to the reactor
passing through a shut-off valve and measured by a mass flow controller. Liquid reactants are
dosed by HPLC alternative positive displacement pump located over the Microactivity Reactor
(streams ranging 0,01-5mL/min, and pressure up to 600bar), and introduced into the system
through a low dead check-vale. Liquid and gas are connected inside the Hot Box in a 3-port valve.

Porous plate

Figure 17 Reactor and porous plate
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The Hot Box (Figure 18) has several devices inside: the tubular reactor with an electric
heating jacket, an electric forced convection heater (to keep the Hot Box at temperatures up to
180°C), a 6-port valve, a pressure regulator, two temperature sensors, one in the reactor and

another in the Hot Box, and a pressure sensor.

Reactor
lemperature .i.
=

ISensor

Reactor with its|
heating jacket

Figure 18 Hot Box

Once the liquid and the gas streams have been mixed in the 3-port valve, they go through the
6-port valve, where depending on which configurations have been set on the computer, leads the
flow to the reactor or directly out of the hot box (by-passing the reactor). The flow passes through
the reactor and then it returned into the 6-port valve again to go out of the Hot Box into the liquid-
gas separator deposit located at the back of the Microactivity Reactor (Figure 19, the deposit is
located at the bottom, at the caved area). This element is thought to cool the products mixture (by
a Peltier cell) to condensate and separate the liquids from the gas. Since it has a calibrated level
sensor, it will also provide the liquid level of the deposit in real-time. From the computer, it is
possible to set the liquid level desired by opening or closing a valve located at the liquid outlet.
As the gases of our reaction are Hz and N2 (it will be used even it is not involved in the reaction),
and Hz is dangerous, they will be led by a tube into a gas extractor after being returned into the
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Hot Box to measure the pressure and regulate the opening of a servo valve to maintain the
pressure at the desired value. The liquid current is sent to the gas chromatograph, where
vaporised and injected to be analysed. The PI&D and some other layouts are attached in
Appendix 1.

Figure 19 Back of Microactivity-Reactor

All the parameters can be configurated from the computer and some of them from the touch
screen too. The Microactivity Reactor also has 4 displays in which are shown the setpoint and the
value of the Hot Box temperature, the reactor temperature, the pressure, and the liquid level of
the deposit. In the front of the Microactivity Reactor, there are also two manual valves to regulate
the gas flow, one for Hz2 and one for N2. Although they can be partially open, we will use them
always completely open or closed and we will regulate the flow from the computer or the touch
screen.

The chromatograph is connected to the system, so the samples are injected just by ordering
it from the computer, but also, samples can be injected manually. The method used can be seen
in Appendix 3 (Model 2). At the laboratory, also a mass spectrometer is available, but it was
being used, so we just used it for punctual analysis to compare results from our chromatograph.
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The liquid reactants are settled over the equipment in bottles connected to the pump as can
be seen in Figure 16. Gas reactants are in gas bottles. The Nz is in the laboratory and the Hz is
in the roof of the Faculty, in a properly conditioned room.

7.2. SUBSTANCES
Acetone: we used to clean the needle and to calibrate the chromatograph.

a-angelica lactone: reaction intermediate. It is used to calibrate the chromatograph and by
comparison, see if it is formed or not. It is not dangerous, and it is bough to Sigma Aldrich. lts
purity is 98%.

AMBERLYST CH28: catalyst. It has already been talked about before (chapter 6). It is gently
supplied by Dupont.

Deionized water: solvent to prepare the aqueous solution of LA that will feed the reactor. It
is deionised tap water.

y-valerolactone: product. It has already been talked about before (chapter 4). It is not
hazardous. It is bough to Sigma Aldrich. Its purity is 99%.

Hydrogen: reactant. It comes to the reactor from the high-pressure line. It is important to be
aware that it is very inflammable. It is high purity hydrogen 5.0 (more than 99,999%) bought in a
high-pressure bottle to Abell6 Linde.

Levulinic Acid: raw material, one of the reactants. It is irritant, so it must be treated carefully.
As said before (chapter 3), it is solid at room temperature, but easily turned into liquid. It is slightly
yellowy. Its purity is higher than 98%. It is bought to Acros Organics.

Nitrogen: it is used to adjust the pressure and to test the system to assure that there are no
escapes before opening the hydrogen valve due to it is not dangerous and it doesn’t react with
the other substances. It is also high purity nitrogen 5.0 (more than 99,999%) bought in a high-
pressure bottle to Abelld Linde.

Silicon Carbide powder, coarse, 46 grit: inert to mix with the catalyst. It is a carcinogen, so
it should be treated with gloves and with a face mask. It is bought to Alfa Aesar.

Valeric Acid (Pentanoic Acid): possible product. Its purity is higher than 99%. It was bought
to Sigma Aldrich.
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4-hydroxypentanoic acid: intermediate. It is not available, so to be detected, the mass
spectrometer must be used.

More information about the substances is attached in Appendix 2.

7.3. EXPERIMENTAL

7.31. Equipment set up

The first thing we did was preparing the equipment. As mentioned before, Microactivity
Reactor had been used in other processes and the installation was not suitable for our reaction,
so some changes were done. The flow direction was thought to be a descendant, to avoid the
fluidization of the bed. But some problems can appear with this configuration such as compaction
of the bed which involves extremely high-pressure drop and the segregation of bed particles which
means the creation of regions without the catalyst. Since our flow velocities are considerably low
the fluidization won't be possible, therefore we decided that the stream should ascend through
the bed, improving the contact.

7.3.2. Determinate retention times

Then before starting to operate with the Microactivity Reactor, we prepare some samples with
liquid compounds involved in our reaction to analyse them at the chromatograph. This analysis
would be useful to determine the retention time of the substances. Every sample (1mL) had the
same composition (1TmL GVL, 1mL LA, 1mL valeric acid, and 5mL H20) and we added 2 mL of
one of them to every sample and injected 1mL of the solution resultant to the chromatograph.
Chromatograms show an area for each substance and that area is proportional to the mass of
that compound in the mixture. So, since we had one substance in a higher proportion than the
others, it would be represented with a bigger area, and the retention time of the substance would
be determined. Apart from adding the reaction substances, we also added acetone to some
samples, because as we clean the needle with acetone, some can be detected when we inject
samples manually to the chromatograph. We included valeric acid because it was possible to
obtain it if we continue to the obtention of 5-nonanol. We also analyse a sample with AL in order
to can detect it in case it was formed. The results of these chromatograms are attached in Annex
4 (chromatograms 1-7), and the retention time of each substance is in Table 12.
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Table 12 Retention times

Retention time [min]
H20 3,70
Acetone 4,51
AL 7,89
Valeric Acid 8,31
GVL 8,56
LA 9,34
7.3.3. Feed solution

We also prepared the aqueous solution of LA that would be fed to the reactor. We prepared
500mL of a 50%v/v solution (250mL deionised water + 250mL LA). With 500mL we could perform
more than one experiment. We needed to heat the LA bottle in a heated bath to turn it liquid.

7.34. Test SiC reactivity

The reactor was loaded with a mixture of catalyst and SiC. Introducing SiC particles, with a
smaller diameter increased the pressure drop, but it helps to approach the flow to a plug flow
reactor and makes the bed more isothermal. Since the catalyst is expensive, even the energy
requirements are quite bigger due to the increase in the pressure drop, the reduction of the
amount of catalyst makes this decision worthy. SiC is also expensive, but it is inert, so it can be
recovered and use it for more than one experiment. To be sure that SiC is inert and does not
catalyse the reaction, we loaded the reactor with it (5mL) and operate (0,5mL/min LA 50%uv/v,
100mL/min Hz, 210°C, 15bar). We injected a sample into the chromatograph after a few hours of
operation and no product was detected(Appendix 4, chromatogram 8), so as it was expected,
SiC is inert.

7.3.5. Catalyst preparation

Before filling the reactor with the catalyst, it must be washed with deionised water to remove
the powder (the tiny particles would increase the pressure drop of the bed). Then we dried the
catalyst, first letting it in a piece of filter paper and then in an oven for some hours. It is important
to eliminate all the moisture as possible from the catalyst, because when the water with hydrogen
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goes through the bed during the activation, if the catalyst has already water in it, the hydrogen
won't arrive at all the Pd. During this step, we measure the volume and weight of the dry and wet
catalyst to determine the density and the expansion accurately. The results are in Table 13.

Table 13 Dry and wet catalyst properties

Dry Wet

Weight [g] 2,74 5,42
Volume [mL] 3,5 75
Density [g/mL] 0,78 0,72

We took a sample of the catalyst to an external laboratory to know more about it, but when
we had to stop because of the university closure, the results hadn’t arrived.

7.3.6. Trial Experiments

Before planning the conditions to study the reaction, we had been doing some experiments
to get familiarised with the equipment and to know if the reaction took place in different conditions.
At first, we didn’t know the amount of catalyst to load. Finally, we found that (as will be explained
later) with 1g of catalyst and 0,5mL of SiC everything worked so we continued with that load
volume. We started feeding the reactor with 0,5mL/min of H20 and 30mL/min of N2 (o ensure the
equipment as will be explained later) when the control was working properly, we started to feed
10mL/min of Hz. In the beginning, we couldn’t feed the reactor with more than 10mL/min of Hz, so
we had to continue with the N2 feed to keep the pressure value. We replace the water stream by
0,2mL/min of LA solution at 130°C and 20bar and after a few hours, we started to inject samples
to the chromatograph. Then we fixed the problem with the Hz feed, so we repeated the experiment
increasing the Hz flow from 10mL/min to 150mL/min and without keeping the N2 feed.

7.3.7. Experiments

Each experiment is thought to be developed during a day, in about the 10h that the laboratory
is available because the equipment must be stopped during the night and started the next day.
Hence the times had to be adapted and all the steps should be well planned and carried out
nimbly.
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Load the reactor: The reactor is a tubular reactor of about 5mL. According to the catalyst
expansion that we had determined when we prepared it (Table 13), we decided that the bed
would be formed by 1g of dry catalyst (1,27mL of the dry catalyst which means about 2,7mL of
wet catalyst) and 0,5mL of SiC. The total volume of the bed once the catalyst has retained the
water is 3,2mL approximately. It is less than the volume of the bed, but we did some trials and
realised that if we filled the bed with more volume of catalyst or SiC, the pressure drop was too
high, and the bed expanded too much, so the system collapsed. It must be loaded from the upper
hole due to in the lower part, the porous plate is placed to support the bed.

Set the reactor: Once the reactor is loaded, it has to be assembled into the Hot Box. It is hard
work because all the joints must be well tightened to avoid leaks.

Ensure the equipment: When the reactor is placed, Microactivity Reactor can be switched on.

Firstly, we open the H20 and N2 valves (0,5mL/min H20 and 100mL/min N2) to reach a pressure
of 30bar and drag possible rests from previous runs. We check all the joints to be sure that there
are no leaks. While this test is being done, we also set the parameters of control (Table 14)
according to the Microactivity Reactor user's manual and let time to the controllers stabilise the
controlled parameters near to setpoint values. Once the controllers are regulating the pressure,
temperatures (reactor and Hot Box), and liquid level, and everything is with no leaks, we change
the water feed to LA solution and go through the next step.

Table 14 Control parameters

Liquid Level Pressure T. Hot Box T. Reactor

Set point 4 20 120 110
P 200 200 15 60

I 15 15 350 400

D 50 50
RP1 0 0
MH1 70 90 95 30
ML1 0 0 0 0

SLH 10 100 200 120
SLL 2,5 0 0 0

Catalyst activation: Although the fabricant made a recommendation to activate AMBERLYST
CH28, we couldn't afford the 16h of activation that this process involves. We didn’t know if using
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water and Hz as recommended, for a shorter time the catalyst would be active. We didn’t know
flow rates values either. Therefore, we decided to follow the activation performed by Nicol and Du
Troit because they found that in 4h it was activated, and that time was suitable for our experiment.
However, we had to adjust some of their conditions. They activated AMBERLYST CH28 to
synthesize MIBK in 2004 (Nicol and Du Toit, 2004). Their reactor was considerably bigger, so
they used more catalyst (49,5mL of wet catalyst) than us. Our reactor is smaller, but we decided
to conserve approximately the same LHSV that they used (4h-"). Considering that we load our
reactor with 1g of catalyst, the feed flow needed is 0,18mL/min. As mentioned before (Chapter
6), they used the reaction reactants to activate the catalyst, in our reaction, they are LA 50%v/v
and Hz. About gas flow, since we consider that 1/10 of the Hz is absorbed, the molar flow should
be 10 times bigger to be sure that there is enough to react. Hence, the Hz feed required is
14mL/min. We had problems with the pressure, we needed to use at least 50mL/min so we aren’t
able to conserve the ratio gas flow/liquid flow (they used 100 and our is about 277) and even
though, we couldn’t reach 30bar, we operate at 20bar. A possible solution to conserve the ratio
and pressure is feeding the reactor with the H2 needed and add N2 until the pressure is 30bar
(14mL/min Hz + 50 mL/min N2), but we didn't try it. We use the same temperature 130°C since it
is the maximum operating temperature allowed by the catalyst. To sum up, all the conditions are
tabulated in Table 15.

Table 15 Catalyst activation

Feed stream Aqueous solution LA 50%v/v + H2
Catalyst dry weight (g) 1
Wet Catalyst volume (mL) 2,74
Volume of solid inert (mL) 0,5
LHSV (mL feed/(mL cat-h)) 3,95
Liquid volumetric flow rate (mL/min) 0,18
Gas volumetric flow rate (mL/min) 50mL Hz or 14mL Hz + 50mL N2
Temperature (°C) 130
Pressure (bar) 20bar or add N2 until 30bar
Activation time (h) 4

Reaction: The time of this step would be about 4 hours. If we could have done everything as
we expected before the pandemic, we would have designed different experiments with different
reaction conditions to analyse the results and do the kinetic study and if we had time, the
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production study. To perform the kinetic study, the first thing to do is study the reaction rate varying
the flow velocity to determine the dependence between the flow velocity and the mass external
transfer (MET). Then with the flow velocity fixed, the particle size will be varied to find the
dependence between the particle diameter and the mass internal transfer (MIT). Once a diameter
and a flow velocity are determined to be sure that MIT and MET don’t control, we have to carry
out different runs with different LA and Hz concentrations at different temperatures until the
steady-state is reached. We will work in a differential regime to obtain reaction rates at different
temperatures and adjust a kinetic model.

Stop: To stop the reaction system, the Hz is replaced by N2 and the LA solution by water to
drag all the fluid that rest in the system. The valve which controls the liquid level of the deposit
must be opened. After a few minutes, the feed can be closed, and Microactivity Reactor switched
off.

Clean: The reactor is removed from the Hot Box and emptied washing it with water recovering
and separating the catalyst and the inert. The inert can be used in another run and once the
deactivation of the catalyst is tested, we have to decide if it can be prepared again to be used in
another run or not.

Notes: As has been mentioned, assembling and removing the reactor is hard and takes time,
so to take more profit of the day, it is better to once the experiment of the day is finished, clean
and prepare the facility so that the next day the first step can be ensure the equipment.

7.3.8. Results

We couldn't carry out the important experiments because of the pandemic, but we could do
some trials where GVL was detected by the gas chromatograph. The first time we detected GVL
was when we used 10mL/min of Hz (the first trial experiment explained). Even though, the peaks
of the chromatogram were superposed, so it was not clear. This chromatogram can be seen in
Appendix 4 (chromatogram 9). With the second experiment (150mL/min Hz) the peak was clear.
Figure 20 corresponds to this last chromatogram, and by comparing the retention times, we can
conclude that GVL had been produced. We can’t know the amount produced, because we didn’t
have time to calibrate the chromatograph to associate areas with volume or mass composition,
but the area was enough to suppose that GVL was in a good proportion. We also can determine,
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that by the time we analysed the sample, any by-product was formed, so selectivity to GVL is

100%. This chromatogram is attached in Appendix 4 (chromatogram 10).
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Figure 20 Chromatogram
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8. CONCLUSIONS

The exhaustion of petroleum has created the necessity to research to find alternatives to end
up with petroleum dependence. Moreover, the environmental problems associated to its derived
products must be fixed so the aim is to find renewable sources able to replace oil as a raw
material. Petroleum consumption is stabilised in almost all the sectors but not in transportation,
where it is still increasing. Since transportation is where the most amount of oil is used, it is
important to find alternatives. Electric cars have been proposed since a long time ago, but there
is much research to be done before they can displace gasoline and diesel cars. Biomass is
another alternative that is gaining more importance due to its abundance in the world and its
renewable nature. From biomass, many petrochemical products can be replaced with similar
properties and more advantages such as fewer environmental hazards. However, biomass can
only partially replace petroleum uses with the technology available.

GVL is lignocellulosic biomass-derived that can be produced from LA, which is considered
one of the most promising products due to its wide application areas as a product or as an
intermediate to other products. The fact that lignocellulose comes from non-edible biomass avoids
the ethical problem posed by using food crop plants in areas not related to alimentation.

At first, GVL was not suitable to be produced at industrial scale because it was too expensive
to be produced, but while LA production technologies are improving (Biofine process is the closest
to be industrialised), GVL production costs are considerably lower, so its commercialization is
becoming feasible at a competitive price compared to petroleum-derived products. The principal
uses of GVL are related to fuels: as a biofuel, as a precursor to other hydrocarbon fuels, or as an
additive. Moreover, it is suitable to produce other petrochemical derivates such as polymers or
use it as a solvent to several biomass derivates production processes.

The reaction to produce GVL from LA has two possible pathways. The first and desired
consists of hydrogenation catalysed by a metal catalyst followed by internal esterification
catalysed by an acid catalyst. The second pathway involves dehydration of LA to produce AL and
the subsequent hydrogenation to obtain GVL. AL causes problems such as lower GVL yields and
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depositions on the acid sites of the catalyst avoiding its good performance. But with mild operation
conditions, AL formation doesn’t take place, so the desired pathway is followed.

We operate in a tubular reactor of about 5SmL loaded with 1g of dry catalyst and 0,5mL of SiC
(inert). We used a bifunctional catalyst loaded with Pd (AMBERLYST CH28) which needs to be
reduced before the reaction. We made the activation at 130°C, which is the maximum temperature
the catalyst can tolerate, using an aqueous solution of LA 50%v/v at 0,18mL/min and 50mL/min
of Hz at 20bar for 4h. We couldn’t carry out the kinetic and production studies, but we did some
runs and operating with 0,2mL/min of the LA solution and 150mL/min H2z at 130°C and 20bar,
after 2h of reaction, we found that GVL is formed in good selectivity.
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ACRONYMS

AL: a-angelica lactone
DALA: d-aminolevulinic acid
DPA: Diphenolic acid

GVL: y-valerolactone

HMF: Hydroxymethylfurfural
LA: Levulinic acid

LHSV: Liquid hourly space velocity, ratio of liquid volume flow per hour (mL/h) to catalyst
volume (mL)

MET: Mass external transfer
MeTHF:  Methyltetrahydrofuran
MIBK: 4-methyl-2-pentanone / methyl isobutyl ketone
MIT: Mass internal transfer

WHSV:  Weight hourly space velocity, ratio of weight feed flow per hour (g/h) to catalyst
weight (g)
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APPENDIX 2: INFORMATION ABOUT SUBSTANCES

«DUPONT>

Product Data Sheet

AMBERLYST™ CH28 Polymeric Catalyst
Industrial-grade, Palladium-doped, Strongly Acidic Catalyst

Description AMBERLYST™ CH28 Polymeric Catalyst is a bead-form, macroporous, sulfonic
acid, palladium-doped resin developed particularly for heterogeneous catalysis.

This catalyst is especially suitable for the production of methy isobutyl ketone
(MIBK) from acetone. In this case, the hydrogenation reaction, catalyzed by the
palladium that is loaded on the resin, prevents the formation of higher
condensation products.

Applications ¢ Hydrogenation (MIBK)
Typical Properties Physical Properties
Copolymer Styrene-divinylbenzene
Matrix Macroporous
Type Strong acid cation
Functional Group Sulfonic acid
Physical Form Gray, opaque, spherical beads
Nitrogen BET
Surface Area 36 m?/g
Total Pore Volume 0.20 cclg
Average Pore Diameter 260 A
Chemical Properties
lonic Form as Shipped H*
Concentration of Acid Sites * 24.80 eg/kg
>1.60 eq/L
Water Retention Capacity 52 — 58%
Palladium Load
Dry basis 20.70%
Wet basis 2249
Particle Size §
Particle Diameter 850 — 1050 pm
Uniformity Coefficient <140
<710 ym <20%
> 1180 ym <15.0%
Shrinkage (in solvent)
Acetone 14%
MIBK 19%
Density
Shipping Weight 790 gL

* Dry Weight Capacity > 4.80 eq/kg; Total Exchange Capacity (on a water-wet basis) = 1.60 eq/L
§ For additional particle size information, please refer to the Particle Size Distribution Cross Reference Chart
(Form No. 177-01775).

Page 10of 3 Form No. 177-03100, Rev. 2
June 2019
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Suggested
Operating
Conditions

Hydraulic
Characteristics

Page 2 of 3

Maximum Operating Temperature

130°C (265°F)

Bed Depth, min.

1000 mm (3.3 ft)

Pressure Drop, max.

1 bar (15 psig) across the bed

Flowrates
Linear Hourly Space Velocity (LHSV)
Backwash

05-5h"
See Figure 1

Estimated bed expansion of AMBERLYST™ CH28 Polymeric Catalyst as a function
of backwash flowrate and temperature is shown in Figure 1.

Estimated pressure drop for AMBERLYST™ CH28 as a function of service flowrate
and temperature is shown in Figure 2. These pressure drop expectations are valid
at the start of the service run with clean water and a well-classified bed.

Figure 1: Backwash Expansion
Temperature = 10 — 90°C (50 — 194°F)

Figure 2: Pressure Drop

Temperature = 10 — 90°C (50 — 194°F)

0T w0
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Product DuPont has a fundamental concern for all who make, distribute, and use its products,

Stewardship and for the environment in which we live. This concern is the basis for our product
stewardship philosophy by which we assess the safety, health, and environmental
information on our products and then take appropriate steps to protect employee and
public health and our environment. The success of our product stewardship program
rests with each and every individual involved with DuPont products—from the initial
concept and research, to manufacture, use, sale, disposal, and recycle of each product.

Customer Notice DuPont strongly encourages its customers to review both their manufacturing processes
and their applications of DuPont products from the standpoint of human health and
environmental quality to ensure that DuPont products are not used in ways for which
they are not intended or tested. DuPont personnel are available to answer your
questions and to provide reasonable technical support. DuPont product literature,
including safety data sheets, should be consulted prior to use of DuPont products.
Current safety data sheets are available from DuPont.

Please be aware of the following:

o WARNING: Oxidizing agents such as nitric acid attack organic ion exchange
resins under certain conditions. This could lead to anything from slight resin
degradation to a violent exothermic reaction (explosion). Before using strong
oxidizing agents, consult sources knowledgeable in handling such materials.

Have a question? Contact us at: Allinformation set forth herein is for informational purposes only. This information is general information and may differ from
that based on actual conditions. Customer is responsible for determining whether products and the information in this document
www.dupont.comiwater/contact-us are appropriate for Customer's use and for ensuring that Customer's workplace and disposal practices are in compliance with

applicable laws and other government enactments. The product shown in this literature may not be available for sale and/or
available in all geographies where DuPont is represented. The claims made may not have been approved for use in all
countries. Please note that physical properties may vary depending on certain conditions and while operating conditions stated
in this document are intended to lengthen product lifespan and/or improve product performance, it will ulimately depend on
actual circumstances and is in no event a guarantee of achieving any specific results. DuPont assumes no obligation or liability
for the information in this document. References to “DuPont’ or the “Company” mean the DuPont legal entity selling the
products to Customer unless otherwise expressly noted. NO WARRANTIES ARE GIVEN; ALL IMPLIED WARRANTIES OF
MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE ARE EXPRESSLY EXCLUDED. No freedom from
infringement of any patent or trademark owned by DuPont or others is to be inferred.

DuPont™, the DuPont Oval Logo, and all products, unless otherwise noted, denoted with ™, ** or ® are trademarks, service
marks or registered trademarks of affiliates of DuPont de Nemours, Inc. © 2019 DuPont de Nemours, Inc. Al rights reserved.

«DUPONT»

Page 3 of 3 Form No. 177-03100, Rev. 2
June 2019
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Levulinic Acid upgrade to y-valerolactone by hydrogenation by using a bifunctional catalyst.
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Levulinic Acid upgrade to y-valerolactone by hydrogenation by using a bifunctional catalyst.
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Levulinic Acid upgrade to y-valerolactone by hydrogenation by using a bifunctional catalyst.
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SILICON CARBIDE
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Levulinic Acid upgrade to y-valerolactone by hydrogenation by using a bifunctional catalyst.
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APPENDIX 3: CHROMATOGRAPH MODE

Model 1 (30 °C ramp)
Oven:
Oven Ramp °C/min Next °C Hold (min)
Initial 50 3
Rampl 30 250 10
Ramp2 5 g
Post Run 50 0.00
Set point 50 °C M n 250 °C
Equilibration 3 min
300
250 250
250
(o)
3
=200
e
=
B 150
g
£ 100
2 50 50
50
0
0 2 4 6 10 12 14 16 18 20
Time (min)
Aux:
Ramps °C/min Next °C Hold (min)
Initial 100 0.00
Rampl 0.0
Ramp2
Ramp3

Set point 100 °C

Not changeable
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Model 1 (30 °C ramp)

Columns:
Flow mL/min? mL/min Hold (min)
Initial 1.0 0.00
Rampl
Ramp2
Post
Set point
Pressure 2.272 bar
Flow 1.0 mL/min
Average Velocity 25 cm/sec
Inlets:
Mode split
On/Off Set point
On Heater 200 °C
On Pressure 2.272 bar
On Total Flow 103 mL/min
split Ratio 100.0/1 [ split Flow 99.9ml/min |
On/off
On GasSaver l 15.0 mL/min J 2.00 min |

Not changeable
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Model 2 (25 °C ramp)

Oven:
Oven Ramp °C/min Next °C Hold (min)
Initial 50 2
Rampl 25 250 10
Ramp2 i i
Post Run 50 0.00
Set point 50 °C Maximun 250 °C
Equilibration 3 min
300
250 250
250
o
<
o 200
S
% 150
e
2
£ 100
2 50 50
50
0
0 2 6 10 12 14 16 18 20
Time (min)
Aux:
Ramps °C/min Next °C Hold (min)
Initial 100 0.00
Rampl 0.0
Ramp2

Set point 100 °C

Not changeable
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Model 2 (25 °C ramp)

Columns:
Flow mL/min? mL/min Hold (min)
Initial 1.0 0.00
Rampl
Ramp2
Post
Set point
Pressure 2.272 bar
Flow 1.0 mL/min
Average Velocity 25 cm/sec
Inlets:
Mode split
On/Off Set point
On Heater 200 °C
On Pressure 2.272 bar
On Total Flow 103 mL/min
split Ratio 100.0/1 [ split Flow 99.9ml/min |
On/off
On GasSaver ‘ 15.0 mL/min | 2.00 min [

Not changeable
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APPENDIX 4. CHROMATOGRAMS

Chromatogram 1: 1mL (5mL H20 + 1mL valeric acid + 1mL GVL + 1mL LA) + some acetone
wastes. To determinate H20 using Model 1. Manual injection.

Chromatogram 2: 1mL (5mL H20 + 1mL valeric acid + 1mL GVL + 1mL LA) + 2mL GVL. To
determinate GVL using Model 1. Manual injection.

Chromatogram 3: 1mL (5mL H20 + 1mL valeric acid + 1mL GVL + 1mL LA) + 2mL LA. To
determinate LA using Model 1. Manual injection.

Chromatogram 4: 1mL (5mL Hz0 + 1mL valeric acid + 1mL GVL + 1mL LA) + 2mL valeric
acid. To determinate valeric acid using Model 1. Manual injection.

Chromatogram 5: H20 + Acetone in bigger proportion. To determinate Acetone using Model
1. Manual injection.

Chromatogram 6: 1mL (5mL H20 + 1mL valeric acid + 1mL GVL + 1mL LA) using Model 2.
We changed the model, so since we know in which order each peak appears, we can determine
their retention times with this Model. Manual injection.

Chromatogram 7: 0,5mL H20 +0,5mL AL To determinate AL using Model 2. Manual injection.
Chromatogram 8: Analysis to check if SiC was inert. Manual injection.

Chromatogram 9: In this chromatogram GVL was detected but not clearly. Direct injection.
Chromatogram 10: In this chromatogram GVL was detected. Manual injection.
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CHROMATOGRAM 1: RETENTION TIME DETERMINATION

Data File C:\HPCHEM\1\DATA\PROVES\DEFAULTF.D

Injection Date : 2/3/2020 6:01:26 PM

Sample Name : prova 00 Location
Acg. Operator : Hazael Inj
Acg. Instrument : 6890 Inj Volume
Method : C:\HPCHEM\1\METHODS\HAZAELl .M

Last changed : 1/31/2020 12:21:26 PM

: Vial 1
t 1

: Manually

Sample Name: prova_ 00

TCD1A, (PROVES\DEFAULTF.D)

25uv y
L ¥

+

100

80

9.010

70

9720

8.755

u

N
~
o
3
S

Area Percent Report

Sorted By : Signal
Multiplier H 1.0000
Dilution : 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: TCD1 A,

Peak RetTime Type Width Area Height Area
# [min] [min] [25 uV*s] [25 uV] %
-

1 3.741 PB 0.0494 954.57471 314.75403 63.76568
2 4.491 BB 0.0203 119.90174 91.41809 8.00945
3 8.755 BP 0.0881 129.07419 18.12426 8.62217
4 9.010 vp 0.0403 160.57225 54.68895 10.72624
5 9.720 BP 0.0697 132.88109 24.72276 8.87647

Totals : 1497.00397 503.70809

Results obtained with enhanced integrator

*** End of Report ***

6890 2/3/2020 6:33:17 PM Hazael

Page 1 of 1
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CHROMATOGRAM 2: RETENTION TIME DETERMINATION

Data File C:\HPCHEM\1\DATA\PROVES\DEFAULTF.D

Injection Date 2/4/2020 10:54:03 AM

Sample Name : prova_00 Location
Acg. Operator Hazael Inj
Acg. Instrument 6890 Inj Volume

Method C:\HPCHEM\1\METHODS\HAZAEL1 .M
Last changed 1/31/2020 12:21:26 PM

& Vial: 1
1
: Manually

Sample Name: prova_ 00

TCD1A, (PROVES\DEFAULTF.D)
25uV7]

138 \
136
134

1324

13+

128+
126+
124+

122+

Area Percent Report

Sorted By Signal
Multiplier 1.0000
Dilution 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: TCD1 A,

Peak RetTime Type Width Area Height
# [min] [min] [25 uV*s] [25 uV] %
= = Seioy (S

0.0256 203.30949 121.14644 19.79118
0.0406 30.63721 1031772 2.98238
0.0705 753.98151 138.49271 73.39639
0.0490 39.34506 11.18729 3.83005

1027.27327 281.14416

Totals

Results obtained with enhanced integrator!

*** End of Report ***

6890 2/4/2020 11:27:30 AM Hazael

Page 1 of 1
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CHROMATOGRAM 3: RETENTION TIME DETERMINATION

Data File C:\HPCHEM\1\DATA\PROVES\DEFAULTF.D

Sample Name: prova_ 00

2/4/2020 11:44:47 AM
: prova 00

Hazael

6890

Injection Date
Sample Name
Acg. Operator
Acg. Instrument
Method C:\HPCHEM\1\METHODS\HAZAEL1 .M
Last changed 1/31/2020 12:21:26 PM

Location
Inj
Inj Volume

: Vial 1
1

: Manually

TCD1A, (PROVES\DEFAULTF.D)
25uv 5

80

70

980

LY

40

20

Area Percent Report

Sorted By
Multiplier 1.0000
Dilution 3 1.0000
Use Multiplier & Dilution Factor with ISTDs

Signal

Signal 1: TCD1 A,
Peak RetTime Type Width Area Height Area
# [min] [min] [25 uV*s] [25 uV] %
--|- —== |- -=—-|

1 3.755 BB 0.0269 295.20587 173.44112 26.47749
2 8.634 MM 0.1037 48.68378 7.82558 4.36653
3 8.829 MM 0.0204 2..33513 1.90843 0.20944
4 8.980 MM 0.0312 55.00384 29.42020 4.93338
5 9.914 MM 0.1651 713.70306 72.06453 64.01317

Totals 1114.93169 284.65986

Results obtained with enhanced integrator

*** End of Report ***

6890 2/4/2020 12:16:20 PM Hazael

Page 1 of 1
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CHROMATOGRAM 4: RETENTION TIME DETERMINATION

Data File C:\HPCHEM\1\DATA\PROVES\DEFAULTF.D Sample Name: prova_ 00
Injection Date 2/4/2020 12:30:53 PM
Sample Name : prova_00 Location : Vial 1
Acg. Operator Hazael Inj : 1
Acg. Instrument 6890 Inj Volume : Manually
Method C:\HPCHEM\1\METHODS\HAZAEL1 .M
Last changed 1/31/2020 12:21:26 PM
TCD1A, (PROVES\DEFAULTF.D)
25uV4
154
|
148 I
146 |
b |
|
144+
142
14“,M\L I — Llnsirob IR
\ ! s " b T
b e i I l
138 b A
136
134+
—— T —T — T — —— T —
2. 4 6 8 10 12 14 16 18 min
Area Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution - 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: TCD1 A,
Peak RetTime Type Width Area Height Area
[25 uV] %

# [min] [min] [25 uV*s]
= = SR

0.0255 231.55998 138.75214 30.05592
0.1628 464.24411 47.51657 60.25776
0.0258 34.47752 22.62854 4.47510
0.0474 40.14885 11.89692 5.21122
Totals 770.43046 220.79417
Results obtained with enhanced integrator!

*** End of Report ***

6890 2/4/2020 12:56:46 PM Hazael

Page 1 of 1




94

Gutiérrez Campos, Eva

CHROMATOGRAM 5: RETENTION TIME DETERMINATION

Data File C:\HPCHEM\1\DATA\PROVES\DEFAULTF.D

Sample Name: prova_ 00

Injection Date

2/4/2020 6:11:32 PM

Sample Name prova_00 Location : Vial 1
Acg. Operator Hazael Inj : 1
Acg. Instrument 6890 Inj Volume : Manually
Method C:\HPCHEM\1\METHODS\HAZAEL1 .M
Last changed 1/31/2020 12:21:26 PM
TCD1A, (PROVES\DEFAULTF.D)
250V 3
~
q
18
174
164
15+
14 /
| .
U
— T — T — —— — — T —
4 6 8 10 12 14 16 18 min|
Area Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: TCD1 A,

Peak RetTime Type

# [min]
T

1 3.739 PB
2 4.513 BB

Totals

Width Area Height Area
[min] [25 uV*s] [25 uV] %
=== -—=1
0.0301 10.30991 5.21668 1.39362
0.0247 729.48181 455.99722 98.60638
739.79172 461.21390

Results obtained with enhanced integrator!

6890 2/4/2020 6:44:23 PM Hazael

*** End of Report ***

Page 1 of 1
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CHROMATOGRAM 6: RETENTION TIME DETERMINATION

Data File C:\HPCHEM\1\DATA\PROVES\DEFAULTF.D

Injection

Date

2/4/2020 6:48:11 PM

Sample Name: prova_ 00

Sample Name : prova_00 Location : Vial 1
Acg. Operator Hazael Inj : 1
Acg. Instrument 6890 Inj Volume : Manually
Acg. Method C:\HPCHEM\1\METHODS\HAZAEL1 .M
Last changed 2/4/2020 6:43:17 PM by Hazael
(modified after loading)
Analysis Method C:\HPCHEM\1\METHODS\HAZAEL1 .M
Last changed : 1/31/2020 12:21:26 PM
TCD1A, (PROVES\DEFAULTF.D)
\g
250V _| &8 ﬁ
] o d
1554
1 |
|
4 |
|
|
15 |
] |
I
\ (1
] | | |
| |
145+ |
] |
1 |
1 | I
14
i k ca " : by
135 T T T T T T T
25 5 75 10 125 15 17.5 min|
Area Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: TCD1 A,

Peak RetTime Type

# [mi

Totals

Results

n]

Width Area Height Area
[min] [25 uv*s] [25 uV] B

0.0333 566.24115 271.69885 58.85077
0.0840 112.65189 16.63539 11.70817
0.0398 153.48227 52.97942 15.95177
0.0728 129.78906 22.34443 13.48928

962.16437 363.65808

obtained with enhanced integrator!

*** End of Report ***

6890 2/4/2020 7:17:14 PM Hazael
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Gutiérrez Campos, Eva

CHROMATOGRAM 7: RETENTION TIME DETERMINATION

Data File C:\HPCHEM\1\DATA\PROVES\DEFAULTF.D

Sample Name: prova_ 00

Injection Date

2/5/2020 11:18:10 AM

Sample Name : prova_00 Location : Vial 1
Acg. Operator Hazael Inj : 1
Acg. Instrument 6890 Inj Volume : Manually
Method C:\HPCHEM\1\METHODS\HAZAEL1 .M
Last changed 2/4/2020 7:24:10 PM by Hazael
TCD1A, (PROVES\DEFAULTF.D)
25uv
100
90
$®
o \(§>
80 5 &
oo
70 %(_;\"f
La
3 8l
60 = of
50
40
30
20
= e
T T T N T e e e - —— g —
25 5 75 10 125 15 17.5 min|
Area Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 3 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: TCD1 A,
Peak RetTime Type Width Area Height Area
# [min] [min] [25 uV*s] [25 uV] %
-1 === === ==
1 3.704 BB 0.0277 81.42216 43.85721 8.62594
2 7.886 MM 0.0400 219.59993 91.49799 23.26462
3 8.399 MM 0.1678 445.97214 44.29177 47.24670
4 8.570 MM 0.0534 196.92805 61.43054 20.86274
Totals 943.92228 241.07750

Results obtained with enhanced integrator

*** End of Report ***

6890 2/5/2020 11:49:28 AM Hazael
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Levulinic Acid upgrade to y-valerolactone by hydrogenation by using a bifunctional catalyst. 97

CHROMATOGRAM 8: RETENTION TIME DETERMINATION

Data File C:\HPCHEM\1\DATA\PROVES\DEFAULTF.D Sample Name: prova_ 00

Injection Date : 3/11/2020 3:04:38 PM

Sample Name : prova 00 Location : Vial 1
Acg. Operator : Hazael Inj :

Acg. Instrument : 6890 Inj Volume : Manually
Acg. Method : C:\HPCHEM\1\METHODS\HAZAELl .M

Last changed : 3/6/2020 5:55:32 PM by Hazael

Analysis Method : C:\HPCHEM\1\METHODS\LA INJ V.M

Last changed : 3/5/2020 7:03:47 PM by Hazael

Method for feeding the chromatograph with a sample from the reactor with the valve

TCD1A, (PROVES\DEFAULTF.D)
25uV g
300
250
200+
150
4 <
o
100 =
] 8
1 «:
<
50—
| ol
0= T T T T T T T
25 5 75 10 125 15 17.5 min|
Area Percent Report
Sorted By 8 Signal
Multiplier H 1.0000
Dilution : 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: TCD1 A,
Peak RetTime Type Width Area Height Area
# [min] [min] [25 uV*s] [25 uV] B

e I R -=mmmmoee |=mmemmmmm ==mmoe- \
1 3.849 PB 0.1380 3583.06030 331.82379 77.39686
2 4.382 PB 0.0304 76.74263 40.02055 1.65770
3 9.614 BP 0.1458 969.66187 83.31431 20.94544

Totals : 4629.46480 455.15865

Results obtained with enhanced integrator!

*** End of Report ***

6890 3/11/2020 3:36:44 PM Hazael Page 1 of 1
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Gutiérrez Campos, Eva

CHROMATOGRAM 9: GVL NOT CLEARLY DETECTED

Data File C:

\HPCHEM\1\DATA\ PROVES\DEFAULTF.D

Injection Date : 3/4/2020 7:12:53 PM

Sample Name : prova 00 Location
Acg. Operator : Hazael Inj
Acqg. Instrument : 6890 Inj Volume
Acg. Method : C:\HPCHEM\1\METHODS\LA INJ V.M

Last changed : 3/4/2020 4:40:00 PM by Hazael

(modified after loading)

Analysis Method : C:\HPCHEM\1\METHODS\LA INJ V.M
Last changed : 2/25/2020 7:55:51 PM by Hazael
Method for feeding the chromatograph with a sample from the reactor with the valve

: Vial 1
: 1

External

Sample Name: prova_ 00

TCD1A, (PROVES\DEFAULTF.D)
25uv 3 N
u ﬂ N Qvgs’;
q q S
22 5
W

214

20

19+

184

17

N
16 3
< |pe®
3 P
15 &
14 Jrpteeee—
T T T T T T T
25 5 7.5 10 125 15 17.5 minj
Area Percent Report
Sorted By H Signal
Multiplier H 1.0000
Dilution 2 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: TCD1 A,
Peak RetTime Type Width Area Height Area
# [min] [min] [25 uv*s] [25 uV] %

1

3

Totals

.760 PB 0.0294 15:79759 8.21768 24.81128

3
2 8.631 MM 0.3314 16.81810 8.45877e-1 26.41407
9

.227 MM 0.0637 31.05531 8.12949 48.77465

63.67100 17.19305

Results obtained with enhanced integrator!

*** End of Report ***

6890 3/4/2020 7:39:12 PM Hazael
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CHROMATOGRAM 10: GVL DETECTED

Data File C:\HPCHEM\1\DATA\PROVES\DEFAULTF.D

Injection Date : 3/6/2020 2:11:37 PM

Sample Name: prova_ 00

Sample Name : prova_00 Location : Vial 1
Acg. Operator : Hazael Inj 1
Acg. Instrument : 6890 Inj Volume : Manually
Method : C:\HPCHEM\1\METHODS\HAZAELl .M
Last changed : 2/4/2020 7:24:10 PM by Hazael
TCD1A, (PROVES\DEFAULTF.D)
25uV | 3
d
] q
80—
70+
60—
] N
] >
50 g 4v
1 pe
40|
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20
L T T T T T T T
2 4 6 8 10 12 14 min
Area Percent Report
Sorted By H Signal
Multiplier g 1.0000
Dilution - 1.0000
Use Multiplier & Dilution Factor with ISTDs
Signal 1: TCD1 A,
Peak RetTime Type Width Area Height Area

# [min] [min] [25 uV*s] [25 uV] %
i ‘ ‘ = g
1 3.299 BB 0.0301 335.80566 169.52103 38.83411

2 8.554 PP 0.0529 280.40302 72.84313 32.42710
8 9.403 MM 0.1294 248.50958 32.00077 28.73879
Totals : 864.71826 274.36493

Results obtained with enhanced integrator!

**+ End of Report ***

6890 3/6/2020 4:33:02 PM Hazael
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