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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. γ-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 γ-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, γ-valerolactone, Amberlyst CH28, 

Hydrogenation. 
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RESUMEN 

La lignocelulosa es una de las materias primas más 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 ácido levulínico (LA) a 

partir de biomasa lignocelulósica. El ácido levulínco está considerado un “platform chemical” para 

producir productos bioquímicos y biocombustibles. La γ-Vlerolactona (GVL) puede ser obtenida 

a partir del ácido levulínco en una reacción directa. 

En este proyecto se ha hecho búsqueda bibliográfica sobre la síntesis de la γ-valerolactona 

a partir del ácido levulínico derivado de biomasa lignocelulósica. Se ha realizado la reacción de 

hidrogenación de ácido levulínco para producir γ-valerolactona en un reactor tubular de lecho fijo 

utilizando una resina bifuncional de intercambio iónico cargada de paladio. Un estudio cinético y 

uno de producción estaban programados, pero no pudieron realizarse debido a que la 

excepcional situación provocada por el coronavirus acortó el proyecto. Sin embargo, la 

instalación se puso a punto y se pudo hacer algún experimento para comprobar que la reacción 

efectivamente tenía lugar con el catalizar elegido. 

Palabras clave: Biomasa, Lignocelulosa, Ácido Levulínico, γ-valerolactona, Amberlyst CH28, 

Hidrogenación. 
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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. 

 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 (Høyer, 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 (Høyer, 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 Gómez and Rodríguez 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 
- 0% pollutant 

emissions 

- Not enough autonomy 
- Electricity obtained from non-renewable 

sources 
- Contaminating batteries 
- Long charging time in front of the quick 

refuel of the gasoline car 

 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 (Fernández, 

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 (Fernández-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): 

• First generation biofuels 

• Second generation biofuels 

• 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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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. 

 

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 ɣ-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 33ºC, so it is usually 

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

 

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) 

 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 
catalysis 

Medium Medium Research 

Heterogeneous metal catalysis Low Medium Research 

Solvolysis High High Research 

Ionic 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 200ºC (higher in the first reactor and lower in the 

second). Formic acid can be discomposed into H2, CO, and CO2 at temperatures near to 200ºC, 

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. 

Ionic 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. 

 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), 

δ-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 0,04-0,1$/lb (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 

lb/year) 

MeTHF Fuel extender, fuel additive 10 000 – 100 000 

DALA Biodegradable herbicide / pesticide 175 - 350 

DPA 
Monomer, substitute for bisphenol A in 

polymer manufacture 
35 

3.2.1. 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. 

3.2.3. 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. Ɣ-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. 

 

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 HCl. Formic acid can be corrosive, but usually, it is internally discomposed into CO2 

and H2. CO2 is easily converted into other valuable chemicals and H2 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. 

 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. 

 

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

4.1.1. 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). 
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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 benefit 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 C6 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. 

4.1.2. 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 α-methylene-γ-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 (ɣ-

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. 

4.1.3. 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 (Horváth et al., 2008) 

 AN-95 gasoline 
90%v/v AN-95 
+ 10%v/v EtOH 

90%v/v AN-95 
+ 10%v/v GVL 

Density (15ºC) [kg/m3] 733,5 737,8 765,8 

Oxidation stability [min] OK OK OK 

Peroxide number [mg/kg] 1,4 1,72   

Vapor pressure (Dry vapor 
pressure equivalent) [kPa] 

54,6 65,1 56,6 

Vapor pressure (Air saturated 
vapor pressure) [kPa] 

63 71 62,2 

Evaporated up to 70ºC [%v/v] 27,2 47,9 24,1 

Evaporated up to 100ºC [%v/v] 52,3 57,3 46,2 

Evaporated up to 150ºC [%v/v] 90 90,7 80 

Final boiling point [ºC max] 181,9 181,6 202,2 

Distillation residue [%v/v] 1 1 0,9 

Gum content blown/mg per 
100mL 

1,6 1,9   

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 
(blending RON) 

97,2 97,4 (105) 97,3 (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%v/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). 

 

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 C8 and C12-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: C9-alkanes are obtained by dehydration and hydrogenation (step 8), branched 

C9-alkanes are obtained by dehydration, isomerization, and hydrogenation (step 9), and C18-

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 C9-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). 

 

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 γ-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 α-

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. 

 

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

(Fu et al., 2016) hydrogenated LA to produce GVL using as a catalyst Ni/Al2O3. 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 180ºC. They filled the 

reactor with 1g of LA, 0,1g of Ni/Al2O3 (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 150ºC to 180ºC 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 180ºC, H2 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 350ºC, 20bar, and 250mL/min of reducing gas (10%v/v H2 + 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 

H2 feed rate [mL/min] 30 

Temperature [ºC] 90 

H2 pressure [bar] 45 

WHSV [gfeed/gcat·h] 30 

Time on stream [h] 6 

They measured the liquid temperature at the reactor exit, and when it was 85ºC, 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 150ºC, increasing the H2 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 

Ru/ɣ-Al2O3 0,3 31 31 

Ru/ɣ-Al2O4 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 150ºC and 35bar, with a WSHV about 4,8h-1 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 400ºC, 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, 2,2g 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 [ºC] 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 70ºC 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 176μL 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 H2 at different flow rates 

operating at 70ºC. It was shown that with 0,15mL/min of LA solution and 1mLl/min and 5bar of 

H2, 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 

 (Fu et al., 
2016) 

(Piskun et 
al., 2018) 

 
(Moreno-Marrodan 
and Barbaro, 2014) 

Catalyst used Ni/Al2O3 (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 [ºC] 180 90 150 70 

H2 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., 
2016) 

(Serrano-Ruiz 
et al., 2010) 

(Moreno-Marrodan and 
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 [ºC] 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 

H2 feed [mL/min] 30  1 1,5 

WHSV [h-1] 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.  



Levulinic Acid upgrade to ɣ-valerolactone by hydrogenation by using a bifunctional catalyst. 35 

 

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 130ºC, 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 36m2/g 

Total Pore Volume 0,20cc/g 

Average Pore Diameter 260Å 

Concentration of Acid Sites 4,8eq/kg 

Water Retention Capacity 52-58% 

Palladium Load in Dry basis 0,70% 

Particle Diameter 850-1050μm 

Density 790g/L 

Maximum Operating Temperature 403K 

LHSV Suggested 0,5-5h-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 100ºC 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 (130ºC) is much 

lower than the temperatures that lead to AL formation (300-350ºC), so it won’t be a problem for 

us. 

The fabricant recommends reducing the Pd making circulate H2 and deionised water for 16h 

through the catalytic bed. The H2 will reduce the Pd and the water will solubilise the H2 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. 

 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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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. 

 

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 

180ºC), a 6-port valve, a pressure regulator, two temperature sensors, one in the reactor and 

another in the Hot Box, and a pressure sensor. 

 

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 H2 and N2 (it will be used even it is not involved in the reaction), 

and H2 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 H2 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 N2 is in the laboratory and the H2 is 

in the roof of the Faculty, in a properly conditioned room. 

 SUBSTANCES 

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

α-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. Its 

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. 

ɣ-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 Abelló 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 Abelló 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. 

 EXPERIMENTAL  

7.3.1. 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 (1mL 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. 

7.3.4. 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%v/v, 

100mL/min H2, 210ºC, 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 7,5 

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 H2O and 30mL/min of N2 (to ensure the 

equipment as will be explained later) when the control was working properly, we started to feed 

10mL/min of H2. In the beginning, we couldn’t feed the reactor with more than 10mL/min of H2, 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 130ºC and 20bar and after a few hours, we started to inject samples 

to the chromatograph. Then we fixed the problem with the H2 feed, so we repeated the experiment 

increasing the H2 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 H2O 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 0 0 50 50 

RP1 0 0 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 H2 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-1). 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 H2. About gas flow, since we consider that 1/10 of the H2 is absorbed, the molar flow should 

be 10 times bigger to be sure that there is enough to react. Hence, the H2 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 H2 + 50 mL/min N2), but we didn’t try it. We use the same temperature 130ºC 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 H2 or 14mL H2 + 50mL N2 

Temperature (ºC) 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 H2 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 H2 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 H2 (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 H2) 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). 

 

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 5mL 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 130ºC, 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 H2 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 H2 at 130ºC and 20bar, 

after 2h of reaction, we found that GVL is formed in good selectivity. 
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ACRONYMS 

AL:  α-angelica lactone 

DALA: δ-aminolevulinic acid 

DPA: Diphenolic acid 

GVL: ɣ-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 1: MICROACTIVITY REACTOR PI&D 
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APPENDIX 2: INFORMATION ABOUT SUBSTANCES
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ACETONE 
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α-ANGELICA LACTONE
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ɣ-VALEROLACTONE
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HYDROGEN 
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LEVULINIC ACID
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NITROGEN 
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SILICON CARBIDE 
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VALERIC ACID 
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APPENDIX 3: CHROMATOGRAPH MODE 
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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 H20 + 1mL valeric acid + 1mL GVL + 1mL LA) + 2mL valeric 

acid. To determinate valeric acid using Model 1. Manual injection. 

Chromatogram 5: H2O + 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. 

  



90 Gutiérrez Campos, Eva 

CHROMATOGRAM 1: RETENTION TIME DETERMINATION 
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CHROMATOGRAM 2: RETENTION TIME DETERMINATION 
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CHROMATOGRAM 3: RETENTION TIME DETERMINATION 
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CHROMATOGRAM 4: RETENTION TIME DETERMINATION 
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CHROMATOGRAM 5: RETENTION TIME DETERMINATION 
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CHROMATOGRAM 6: RETENTION TIME DETERMINATION 
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CHROMATOGRAM 7: RETENTION TIME DETERMINATION 
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CHROMATOGRAM 8: RETENTION TIME DETERMINATION 
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CHROMATOGRAM 9: GVL NOT CLEARLY DETECTED 
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CHROMATOGRAM 10: GVL DETECTED 

 





 

 


