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1. SUMMARY 

The objective of this research is the study of the synthesis reaction of butyl levulinate (BL) 

from furfuryl alcohol (FA) and 1-butanol (BUT) by using commercial ion-exchange resins as 

catalysts.  There’s two stages in the reaction: a conversion of FA to 2-(butoxymethyl)furan (Bmf) 

and the production of BL from the intermediate mentioned. The main drawback of this reaction is 

the polymerization of FA, producing some insoluble substances as oligomeric products, for 

example, 5-5-dibutoxy-2-pentanone (DBPent), resulting in a drop of selectivity. 

During the last years, the production of BL is being investigated, since interest in the use of 

lignocellulosic biomass for the production of chemicals, fuel or energy increases at the same time 

that global awareness do about fuels resource depletion and the environmental impact causes to 

carry out some industrial processes. So the search for an effective and economical process for 

obtaining this product without bringing about severe changes in the environment is imperative. 

The project will work at a temperature of 100°C using different types of ion-exchange resins 

(macroreticulars and gel-type resins) to carry out a comparison of the selectivity, conversion and 

yield obtained with the use of each of them and give possible explanations of observed facts 

through their individual characteristics (degree of crosslinking, acid capacity and DVB 

percentage). To see the reaction rates varying the catalysts, representations of the evolution of 

Bmf and BL moles produced will be realized. 

 The effect of the temperature in the reaction is studied too, carrying out the reaction at 

temperatures among 80 ºC and 110 ºC. Finally, two different initial molar ratio are used to see the 

effect of this parameter along the reaction course. 

Keywords: butyl levulinate, furfuryl alcohol, ion-exchange resins, etherification. 
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2. RESUM 

L'objectiu d'aquesta investigació és l'estudi de la reacció de síntesi de levulinat de butil (BL) 

a partir d'alcohol furfurílic (FA) i 1-butanol (BUT) mitjançant l'ús de resines d'intercanvi iònic 

comercials com a catalitzadors. Hi ha dues etapes en la reacció: una conversió de FA de 2-

(butoximetil)furan (BMF) i la producció de BL a partir de l'intermedi esmentat. El principal 

inconvenient d'aquesta reacció és la polimerització de FA, produint algunes substàncies 

insolubles com productes oligomèrics com, per exemple, 5-5-dibutoxi-2-pentanona (DBPent), 

resultant en un descens de la selectivitat. 

Durant els últims anys, s'està investigant la producció de BL, ja que actualment l’interès en 

la utilització de biomassa lignocel·lulòsica per a la producció de químics, gasolina o energia 

augmenta al mateix temps que la conscienciació global tant en l’esgotament de recursos en 

combustibles fòssils com en l’impacte ambiental que es provoca al portar a terme segons quins 

processos industrials. Llavors, la recerca d’un procés econòmic i efectiu per a la obtenció d’aquest 

producte sense provocar greus canvis en el medi ambient és imperatiu. 

El projecte treballarà a una temperatura de 100 °C per mitjà de diferents tipus de resines 

d'intercanvi iònic (macroreticulars i resines de tipus gel) per dur a terme una comparació de la 

selectivitat, conversió i el rendiment obtingut amb l'ús de cada un d'ells i donar possibles 

explicacions dels fets observats a través de les seves característiques individuals (grau de 

reticulació, capacitat d'àcid i el percentatge de DVB). Per veure les diferents velocitats de reacció 

que varien amb cada catalitzador, es realitzaran representacions de l'evolució dels mols de Bmf 

i BL produïts. 

 L'efecte de la temperatura en la reacció es va estudiar també, duent a terme la reacció a 

temperatures entre 80 ºC i 110 ºC. Finalment, dos relacions molars inicials diferents s'han utilitzat 

per veure l'efecte d'aquest paràmetre al llarg del curs de la reacció. 

Paraules clau: levulinat de butil, alcohol furfurílic, resina d’intercanvi iònic, eterificació. 
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3. INTRODUCTION 

3.1. USING BIOMASS TO PRODUCE CHEMICALS 

Declining reserves of fossil resources and increasing environmental damage caused by their 

use (such as the increase of global warming) has encouraged investigating new energy sources. 

Ago, fossil energy sources were used because of its abundance and low cost, but the 

environmental concerns and population increase make that source unsustainable, rising prices 

and forcing to find a renewable source. Biomass-derived carbohydrates are abundant (nature 

produces over 150 billion tonnes of biomass per year by photosynthesis, with only 3-4% used by 

humans for food and non-food purposes) and of a reasonable price. Therefore, this type of 

renewable energy source is earning importance, making investigators research for such 

converting this type of material in chemicals used to produce gasoline or other products on an 

industrial scale. 

Biomass allows the production of different platform chemicals, which are capable of reacting 

to become other compounds of interest for use in many applications. Furthermore, in contrast to 

other renewable energy resources, biomass is the only renewable resource of fixed coal, which 

is essential for the production of liquid hydrocarbon fuels and chemicals. 

On the available biomass sources, the most important is lignocellulose, which is mainly 

composed of lignin, cellulose and hemicellulose. Lignin is a three-dimensional polymer formed of 

methoxylated phenylpropane structures (because of that fact is why lignin is regarded as source 

of aromatic molecules). Cellulose and hemicellulose are polymers composed of glucose or 

different carbohydrate units, respectively, and a depolymeration process of them gives sugars 

(xylose, mannose, glucose) from non-edible and widely available renewable sources. Sugars and 

derivatives are of wide applicability due to their variety of use and transformation to important 

commodity or platform chemicals, just like furans or sorbitol, used nowadays to produce alkyl 

levulinates. 

Nowadays, research is focused on trying to find the most suitable path reaction to produce 

alkyl levulinates on an industrial scale. That is, the starting compounds to be used must be 

available on an industrial scale at an economical price and the reaction route must be as short as  
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possible. There are two approaches in the conversion of biomass, the thermochemical and the 

biochemical processes, being the first normally chosen. In the context of this study levulinic acid 

is produced from biomass, to be used, then, to produce levulinic esters and use them as gasoline 

and diesel additives. 

These levulinic esters are suitable candidates as additives to biodiesel transportation fuels. 

Moreover, those bio-based chemicals are not toxic, of a high lubricity, with a stable point of 

flammability and with good conditions of low temperature flow, enabling the replacement of 

current chemicals produced from petro-chemical routes for these alkyl levulinates. 

Another important aspect about this type of organic compounds is their versatility, because of 

the different possible uses that can be given, for example, as a condiment, plastic agent, fragrance 

or substrate for different types of reaction (such as condensation or addition to an ester or keto 

group).  

For all these reasons mentioned above, biodiesel fuel is a good candidate as blender for 

petroleum diesel fuel, as well as having other properties such as biodegradability, miscibility with 

petroleum diesel, increased lubricity, high flash point and it reduces emissions of particulate 

matter, unburned hydrocarbons and CO-upconditions during fully warmed.  

 

 

Figure 1. Biodiesel cycle. 
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3.2. SOME REACTION ROUTES AND ALTERNATIVES TO BUTYL LEVULINATE 

This work deals with the synthesis reaction of BL from butanol and furfuryl alcohol. However, 

there are other routes to reach the same target compound, using the same chemical procedure 

(acid catalysis and previous dehydration process) but starting from other reactants. 

Alkyl levulinates have some functional groups (a ketone group and an ester group). For this 

reason, it is why are worldwide utilized as building blocks for the synthesis of various chemicals 

and drugs. Those levulinates may be obtained by alcoholysis in the presence of acid catalysts as 

well as by direct esterification of levulinic acid or from sugars. 

In the first option, furfuryl alcohol is obtained by hydrogenation of furfural (an important 

biomass feedstock obtained from dehydration of xylan hemicellulose, component of 

lignocellulosic biomass), where the former, reacts with 1-butanol to produce an intermediate, Bmf,  

which in contact with water originates butyl levulinate. Additionally, some byproducts can be 

formed, such as DBPent and humins, which are oligomeric products resulting from the 

polymerization of furfuryl alcohol. To reduce the synthesis of these compounds, an excess of 

butanol is added and ion-exchange resins are used, since the use of mineral acids causes the 

apparition of these humins. 

The solvents formed from furfural have various applications, such as the production of dark 

thermostatic resins resistant to bases, acids and other solvents, for phenolic resins or pigments 

at low solubility or others like those mentioned in the previous sections on the uses of butyl 

levulinate.  

Scheme 1. Butyl levulinate production using furfuryl alcohol. 

 

 

1-butanol Furfuryl alcohol 
2-(butoxymethyl)furan 

Butyl levulinate 
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There is a second path to produce alkyl levulinates. An acid hydrolysis of cellulose and sugars 

results in levulinic acid, a compound that has-been highlighted by the United States Department 

of Energy in 2004 and again in 2010 as a promising building block for chemistry, produced by the 

Biofine process nowadays. This is the main industrial process to obtain levulinic esters, that is, 

by means of the esterification of levulinic acid with alkyl alcohols in the presence of sulfuric acid, 

obtaining a high yield of products. However, acid hydrolysis results in a mixture of compounds in 

solution of very difficult separation, such as levulinic acid, water, formic acid, furans (5-

hydroxymethylfurfuraland furfural) or polymers. Moreover, levulinic acid is of high cost and that is 

why, at present, full of researchers are investigating how to produce alkyl levulinates 

economically. 

Levulinic acid ester is produced from glucose or fructose by acid catalyzed dehydration 

esterification via 5-(hydroxymethyl)furfural and levulinic acid in alcoholic medium. Levulinic 

acid/based solvents may have application for the realization of synthetic fibers, pesticides, textiles 

and coatings, among others. These solvents do not show a high risk of ecotoxicity, for which it is 

used both in food industry and pharmaceutical and also treated as biodegradable compounds, so 

that means a great incentive for use as substitutes for traditional chemicals due to the 

environmental concern at present. 

 

Scheme 2. Different routes to produce butyl levulinate. 
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As before mentioned, other possible compounds for the synthesis of alkyl levulinates, used 

in other studies, are sugars, just like mono or disaccharides (glucose or fructose, for example), 

obtained through acid hydrolysis of polysaccharides. Due to this chemical process, an 

intermediate is obtained, the 5-(hydroxymethyl)furfural, that reacts with water to form levulinic 

acid and, through the previous route, form an alkyl levulinate. An advantage of these routes is the 

low production of byproducts, as well as milder conditions. 

 

3.3. ION-EXCHANGE RESINS 

Ion-exchange resins are polymers capable of exchanging specific ions within de polymer with 

ions in a solution that is passed through them. That ability is also seen in natural systems such 

as soils and living cells. Synthetic resins are primarily used for purifying water, but also have some 

various applications as separating out some inorganics and organics elements. 

Those catalyst materials are insoluble substances (acid or bases which have insoluble salts) 

containing loosely held ions which are able to be exchanged with other ions in solutions which 

come in contact with them. That process takes place without any physical alteration to the catalyst. 

The presence of salts in the resin enables them to exchange either positively or negatively 

charged ions. So may natural substances such as proteins, cellulose, living cells or soil particles, 

exhibit ion-exchange properties, making an important function in nature. 

Synthetic ion-exchange materials based on coal and phenolic resins were first introduced for 

industrial use during the year 1930. Years later, some catalysts were developed consisting of 

polystyrene (PS) and divinilbenzene (DVB) with sulfonic groups to form cation exchangers or 

amine groups to form anion exchangers. These two kinds of resin are still the most commonly 

used resins today. 

The resins are prepared as spherical beads of 0.5 to 1.0 mm in diameter. These appear solid 

even under the microscope, but on a molecular scale the structure is quite open. That fact makes 

the possibility of making an intimate contact with the exchange sites of the crosslinked polymer 

and a chemical solution. 

 Some of the studies that have made a comparison between the results of this etherification 

reaction and publications that have emerged over the years on this subject, have concluded that 

the use of homogeneous catalysis provides greater conversions that the use of an heterogeneous  
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catalyst. Even so, it is not used due to some drawbacks, such as the danger in handling these 

substances, the corrosion which causes to the equipment, pollution (because of the solid waste 

that is created from the subsequent neutralization acid used) and problems in their separation, 

disposal and regeneration because of its corrosive and toxic nature.  

 

Figure 2. Polystyrene-divinylbenzene resin expanded view. 

Furthermore, the use of mineral acids favors the reaction pathway that results in the humins. 

For the reasons mentioned above, the use of acid catalysts as substitutes for mineral acids has 

been growing over the recent years, due to the existence of the globally environmental concern. 

All this makes the heterogeneous catalysis interesting, in which acidic or basic groups are 

attached to insoluble solid structures in the reaction medium, enabling they simple separation by 

mechanical methods. However, it has to be considered that the presence of the resins in the 

mixture may influence the catalytic effect of them due to the constraint of accessibility of the 

reactants to the active centers and to the interaction of the polymer chains with reagents, solvent 

and catalytic groups, affecting the kinetics of the reaction that takes place. 
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Ion-exchange resins in its acid form, contains -SO3H groups, anchored in a polymeric 

structure of polystyrene (PS) with a certain percentage of divinilbenzene (DVB) (which varies 

depending on the type of resin), the last acting as crosslinking agent, benefiting the link between 

the polymer chains. They are able to present a quasi-homogeneous behavior in an aqueous 

medium or quasi-heterogeneous in a nonpolar gaseous or liquid medium. When the medium is 

aqueous or of a high polarity, the polymer chains are separated, the catalyst spheres swell, thus 

facilitating access of the reactants to the -SO3H groups. But, when the medium is apolar, a 

significant separation does not occur in the polymer chains, thus limiting the catalytic capacity of 

the resin in a few superficially acid groups. 

Resins are classified, according to its acid activity, as non-sulfonated and over-sulfonated 

resins, by its pore size in macroporous/macroreticular and microporous/gel-type and, finally, by 

the percentage of divinylbenzene, which is closely related to the degree of crosslinking, in high, 

medium and low. 

The degree of crosslinking affects various parameters of the resins, such as flexibility, the 

melting point, the viscosity or the ion-exchange capacity. For example, low cross-link densities 

decrease the viscosities, whereas high cross-link densities can cause materials to become very 

rigid. Furthermore, the effect of crosslinking makes ion-exchange capacity decrease, prolonging 

the time needed to accomplish the process but, indeed, improves the robustness of the resin. 

Generally, porosity is inversely related to the DVB cross-linking. For example, a high 

percentage of DVB would mean a high degree of crosslinking of the polymer, therefore, the resin, 

in contact with a polar medium, will not swell that much than another with a smaller percentage, 

and then, pores would not suffer a big change in size neither. 

Scheme 3. Polymerization and swelling of a polystyrene-divinylbenzene resin. 
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According to the pore size, the two possible kinds of catalyst have a few differences between 

them: 

Macroporous or macroreticular resin: Those catalysts are made from a rigid and tough 

material, with a lower capacity than microporous resins. A positive point face to the other type of 

resin is the longer operating life they have and the fact that they are be able to effect separations 

that gel-type catalyst couldn’t perform. In the catalyst regeneration process, high-molecular-

weight ions can be more completely removed from solution and more completely eluted from the 

resin. In addition, the open structure allows application with tough copolymers which would be too 

dense for use microporous resins.  

A macroporous resin is a macroreticular resin with more than 20% crosslinkage, with pore 

diameters up to several hundred Angstroms, with a surface area about 500 m2/g or higher, 

generally higher crosslinking than gel-type resins and, therefore, exhibit little volume change. 

Therefore, the oxidation stability improves.  

Some of the drawbacks we can consider are the poorer regeneration efficiencies, lower 

capacities, higher regeneration costs and that at similar crosslinkages, macroporous resins have 

greater exposure to potential oxidants than gel resins due to their greater porosity and surface 

area.  

The sponge-like structure of macroreticular resins offers superior physical and chemical 

properties to those available with conventional gel-type resins.  

 

Microporous or gel-type resin: With pores diameters typically up to 10 or 15 Ångstroms, in 

a non-swelling medium, that is, where environmental conditions do not allow the polymer chains 

to separate easily, not exposing the inner of the catalyst, such kind of resins of flexible polymeric 

chains can become ineffective. That’s because of the small pore size because, if swelling does 

not occur, the pores are too small for the reactants to access their active centers. Particularly, in 

nonpolar media, where gel-type resins do not perform satisfactorily because of their inaccessibility 

to the reactants, it does not cause swelling of the pores and therefore, being too small to allow 

access to the active sites of reactants, macroporous resins could be used as a better option than 

microporous, because of the sponge-like structure that offers superior physical and chemical 

properties to those available with conventional gel-type resins.  
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The studied reaction can be carried out catalyzed or without catalyst, but the absence in the 

use of an acid catalyst causes a reaction rate too slow. Some papers showed that the most 

important feature of the catalyst for a better development of the reaction is the accessibility of 

furfuryl alcohol to the acid sites whereas the acid strength seems not to play an important role[8]. 

Depending on the size of the pores, between the two types of existing resins, the gel-type 

present more accessibility to their active centers to 1-butanol that to furfuryl alcohol, a less polar 

compound, fact that encourages alternative reaction pathways producing the undesired 

oligomeric products[15]. 

However, disordered mesoporous catalysts have a wide distribution of pore sizes and a low 

surface area while ordered mesoporous catalysts are more beneficial, due to a better distribution 

of pore size, greater surface area and a high pore volume, causing a greater number of active 

sites and increasing the rate of mass transfer of reactants and products within the pores. In this 

study, some reactions have been developed with specific resin sizes and, because of the similar 

data obtained and the results of some other authors, it is considered that the rate of mass transfer 

is not important versus the reaction rate, being the last as the controlling stage of the system. 

 

3.4. STATE OF ART OF THE FURFURYL ALCOHOL ETHERIFICATION REACTION 

The reaction of alcoholysis of furfuryl alcohol, occurs in two steps: the conversion of reactant 

occurs, reacting with the alcohol, to produce an intermediate (typically 2-(alcoxymethyl)furan)[8], 

which undergoes a transformation by the addition of alkyls groups, generating other alcohol, 

which then reacts with water to produce the levulinate alkyl.  

This reaction produces the polymerization[33] of the furfuryl alcohol giving, as a result, high 

molecular mass compounds, such as oligomeric products, called humins (insoluble organic 

products in water at all pH's, that comprise about 50% of the organic matter in soils), causing a 

decrease in reaction selectivity and yield. In addition, various byproducts were formed by non-

sequential reactions, probably produced from furfuryl alcohol and it’s intermediate. One of the 

most widespread hypothesis about the alcoholysis reaction that occurs is the succession of 

furfuryl alcohol dehydration to α-angelica lactone, subsequently attacked by alcohols to form alkyl 

levulinates. 
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The field of study where it is found more information on the production of these compounds 

is in the reaction carried out from levulinic acid by homogeneous catalysis[13], that is, using mineral 

acids as catalyst (just like sulfuric acid), delivering a high product performance to be obtained. 

Because of the various drawbacks pertaining to use of these acids mentioned in previous 

sections, they have now being replaced by solid catalysts. Most papers that have used resins, 

they were synthesized themselves, with few recreations of the process of obtaining alkyl 

levulinates from mostly commercial catalysts as used in this study: the Amberlyst and DOWEX. 

These investigations are currently published (due to the emergence of a consciousness for 

environmental issues) and show very good results, with a selectivity and conversion almost 100 

%, at temperatures above 100 °C temperatures. For this investigation, it is trying to find a process 

the more economical as it could, so lower temperatures and low cost catalysts available on the 

market were applied. That objective fixed will affect the parameters mentioned, the selectivity and 

the conversion, decreasing considerably in comparison from other publications on which they 

have used synthesized catalyst or higher temperatures. 

4. OBJECTIVES 

The main objective of this work is to study the influence of some operation conditions on the 

synthesis reaction of butyl levulinate from furfuryl acohol and 1-butanol using ion-exchange resins 

as catalyst. Reactant conversion, selectivity of the reaction and yield to BL will be followed. Mainly, 

this study is focused on the points listed below: 

- Type of catalyst: Watching the influence of the percentage of divinylbenzene (factor that 

modifies the degree of crosslinking), sulfonation and pores sizes of the commercial ion-exchange 

resins used.  

- Initial molar ratio: Varying the initial molar ratio in the reaction to see its effects. Two FA-

BUT ratios were chosen: 1:4 and 1:8, with mass values of 15,19 g FA and 45,91 g BUT for the 

first ratio mentioned and 8,39 g FA and 50,68 g BUT for the second one. 

-Temperature: Consider the differences obtained in the same procedure to conduct different 

temperatures: 110ºC, 100ºC, 90ºC and 80ºC.  
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5. EXPERIMENTAL 

5.1. REAGENTS AND CATALYSTS USED 

Some chemicals, as resins, compounds and other substances, were necessary to carry out 

the experiments seen in the present work. Those materials are presented below:  

Water: provided by the faculty of physics and chemistry of UB, Milli-Q type. 

Butyl levulinate and furfuryl alcohol: provided by Sigma Aldrich, 98 % purity each. 

1-butanol: provided by Across Organics, 99.5 % purity. 

Whereas the 1-butanol and furfuryl alcohol were involved as reactants in the reaction process, 

these, along with water and butyl levulinate, were used to perform the calibration of the gas 

chromatograph. 

Various gases were useful for the realization of the investigation: 

Nitrogen: Inert gas used to pressurize the reactor or return the sample to it. Its purity is 

99.9995 %, supplied by the company Abello Linde. 

Helium gas: used as mobile phase in gas chromatography. Its purity is 99.998 %, supplied 

by the company Abello Linde. 

Compressed air: auxiliary gas applied to set on some valves inside the chromatograph. 

In the presented work, various acidic ion-exchange resins of different types and 

characteristics were used. 

 

The following tables showed each resin types used, classified according to the previously 

mentioned properties: 
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Table 1. Catalysts characteristics. 

Catalyst Structure %DVB Sulfonation H+ (eq/g) Tmax (ºC) 

A15 Macroreticular 20 Monosulfonated 4,81 120 

A16 Macroreticular 12 Monosulfonated 4,8 130 

A31 Gel-type 4 Monosulfonated 4,84 130 

A35 Macroreticular 20 Oversulfonated 5,32 150 

A36 Macroreticular 12 Oversulfonated 5,4 150 

A39 Macroreticular 8 Monosulfonated 4,81 130 

A70 Macroreticular 8 Monosulfonated 2,65 190 

A121 Gel-type 2 Monosulfonated 4,8 130 

DOWEX 50x2 Gel-type 2 Monosulfonated 5,06 150 

DOWEX 50x4 Gel-type 4 Monosulfonated 4,95 150 

DOWEX 50x8 Gel-type 8 Monosulfonated 4,83 150 

 

Table 2. BET and ISEC measures. 

 BET 
mesures 

   ISEC 
mesures 

  

Catalyst dp (nm) Vg 
(cm3/g) 

Vsp 
(cm3/g) 

Sg 
(m2/g) 

Vg 
(cm3/g) 

Sg 
(m2/g) 

dp (nm) 

A15 31,8 0,328 0,765 42,01 0,616 192 16,1 

A16 29,7 0,013 1,129 1,69 0,188 46 10,3 

A31 15,3 0,00033 1,904 0,1 0 0 0 

A35 23,6 0,21 0,504 28,9 0,72 199 15,0 

A36 27 0,143 0,61 21 0,259 68 9,1 

A39 17,6 0,00029 1,624 0,09 0,155 56 7,9 

A70 22 0 1,257 0,02 0,22 66 8,1 

A121 32,9 0,00035 3,236 0,02 0 0 0 

DOWEX 50x2 0 0 2,657 1,32 0 0 0 

DOWEX 50x4 0 0 1,84 0,0296 0 0 0 

DOWEX 50x8 0 0 1,25 0,23 0 0 0 
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5.2. EXPERIMENTAL DEVICE 

The equipment used can be divided into two parts: the reactor with the process controller and 

the gas chromatograph (GC). 

The reactor used (from Autoclave Engineers, mini-reactor series) is of stainless steel, of a 

nominal volume of 100 mL with operating conditions limit of 2900 psi pressure and a temperature 

of 600 F. The reactor is composed of various supplements: a filter for sampling, a stirrer, a 

thermocouple to measure the temperature inside the reactor, a rupture disk if an unexpected 

pressure increase takes place, a pressure relief valve to release pressure and return part of the 

sample into the reactor, a catalyst injector and a purge stream system. 

The figure below shows a diagram of the whole experimental system: 

 

                                                   Figure 3. Experimental device scheme. 
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In the next figure all the elements mentioned can be appreciated:  

Figure 4. Reactor and valves sytem. 

The gas chromatograph performs the separation and detection of the compounds present in 

the sample obtained from the mixture in the reactor. Samples can be taken semi-automatically 

through a filter, which is in contact with the mixture, or by manual injection with a needle. 

After taking the sample, it travels through the chromatograph column, which will carry out the 

separation of compounds. The separation is done by passing the mobile phase (helium in this 

case) through the column, which contains the stationary phase. The mobile phase only aims to  

V1 V2 V3 

V4 
V5 

V7 

Reactor with 

heating mantle 

V8 

V6 
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elute the sample and transport it to the detector whereas the stationary phase (in this case, an 

inert solid) has the function of adsorbing analytes, retaining them to his subsequent separation 

and reaching the detector at different times. The times are characteristic for each compound 

although, at similar interactions to the stationary phase, it can produce the arrival of them at the 

same time, overlapping the peaks. The use of a solid as stationary phase has limited application 

because of semipermanent retention of polar molecules and obtaining queues peaks due to non-

linear adsorption. However, it may be used for the separation of gaseous molecules of low 

molecular weight. This column, which is located inside a temperature-controlled oven, is 

connected to an injector and a detector from different ends. 

The detector is the responsible to identify the presence of these compounds when they leave 

the column, relating the amount of compound detected with an electrical signal and displaying it 

on a chromatogram. By calibration, it is possible to relate the percentage of the area appeared 

in the peaks in the chromatogram with the mass fraction of the compound in solution. There are 

several types of detectors (FID, TCD, NPD, FPD ...). In this case, it is working with TCD 

(thermal conductivity detector), which is a technique used to analyze inorganic gases and small 

hydrocarbon molecules based on the comparison of thermal conductivities between two gas 

streams and the reference shows where, in this case, the first will be helium. TCD detector was 

chosen because it permits the detection and quantification of water. 

5.3. EXPERIMENTAL PROCEDURE 

5.3.1. CATALYST PRETREATMENT 

At the beginning, the catalyst contains a percentage of water of about 60 %. This amount of 

water is problematic because it decreases the catalytic activity of the resin due to the hindrance 

of other substances to get into their pores. In addition, if after pretreatment is not dry enough, it is 

possible to originate errors in the measurement of water production in the reaction studied. 

Therefore, to prevent all the mentioned problems, the water content of the resins has to be 

eliminated. The drying procedure is as follows: first, most of the free water contained in the 

catalyst is removed at room temperature for a day and then, the resin is placed for two hours in 

an atmospheric oven at 110 °C. Finally, the catalyst is located   into a vacuum oven at 100°C for  
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at least 14h. Final content in the resin beads after vacuum-drying was 3-5%wt. (analyzed by Karl-

Fischer titration in our laboratory). 

Figure 5. Example of a dried ion-exchange resin. 

5.3.2. STARTUP AND PROCESS 

To carry out the experiment, the GC must be at BUL_VALV_PONA.M operating method to 

reach the appropriate temperatures and pressures for each of its components. The way to start 

each experiment, after having introduced the mixture of reactants necessary to the reactor and 

the reactor placed in the autoclave position, is as follows, according to the figure showed: 

1. Direction valve V5 to make nitrogen circulates within the reactor and open valve V4 to 

a pressure of 40 bar inside the reactor (corresponding to the work pressure). 

2. Once this value is reached, close the valve V4 and wait a few seconds to see if 

pressure inside the reactor gets lower, which would mean that there is a leakage and 

system must be dismantled. 

3. If there is not any leakage, the valve V6 is opened to eject the nitrogen introduced 

before. Then, the heating procedure of reactor starts with the aid of a heating mantle 

and connecting the stirring at 500 rpm. The heating time is about 25 minutes, with a 

setpoint of 150 °C, in order to prevent an out of control of the temperature rising. 

4. Reached the desired temperature, open valve V4 to reach the desired pressure and 

keep it open throughout the experiment. 
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5. Subsequently, the valve V7 is opened to take a sample of the reactor content and wait 

about 7 minutes to ensure the filling of the chromatograph loop. 

6. After that, the method starts and must wait 30 seconds for the sample to circulate into 

the chromatograph and, in order to return the sample that has not been introduced into 

the chromatograph, change the direction of the valve V5, open the valve V6 over 20 

bar, close that valve and the valve V7 and proceed to purge the system by changing 

the direction of the valve V8 repeatedly until the content of output is as clean as 

possible. Once this is done, put valves V8 and V5 to the starting position at the 

beginning of the experiment. 

7. Points 5 and 6 are repeated periodically until the end of the experiment (6 hours). 

8. Once the experiment ends, the reactor is depressurized as mentioned in point 3, the 

position of the set point temperature gets the value of 0 °C to reduce the temperature 

of the heating mantle gradually and displaces the reactor of its working position. 
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6. RESULTS AND DISCUSSION 

6.1. DESCRIPTION OF AN EXPERIMENT 

Several experiments have been planned to check the influence of the initial molar ratio, 

temperature and the characteristics of the catalyst on the reaction. With this objective, the Gas 

Chromatograph was calibrated to relate compounds mass fractions with the percentage of the 

areas of each compound in the sample taken. Thanks to that information, the conversion of the 

data obtained into mass fractions and those, in moles of each compound in the mixture of the 

reactor, could take place. That allows the possibility to calculate the necessary data of conversion 

of furfuryl alcohol, selectivity and yield to the desired product.  

 

 

Figure 6. Example of the evolution of FA, BL and BL mole. 

Figure 6 shows the evolution of the mole profiles of a model experiment: A39, T = 80 °C and 

ratio 1:8. What is shown is the decreasing of FA due to various reactions happening 

simultaneously (both oligomeric and the main reaction) while the BL moles are taking place. As  
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an intermediate, Bmf moles were initially formed and, the less FA moles are about to react, the 

less quantity of intermediate is produced during the reaction.  

 

Figure 7. FA, BUT, BL and products obtained in the reaction respectively. 

Once the reaction finished, the mass balance was accomplished within 10%. As shown in 

figure 7, products obtained are darker than the BL colour. The reason of that difference is the 

oligomeric products formed in the mixture apart from the BL.  

Other assays were performed with the aim to see how reaction varies changing some 

experimental conditions. In all experiments, the stirring speed was set to 500 rpm and the 

pressure to 40 bars to maintain the compounds in liquid state inside the reactor.  

In previous experiments the effect of the initial amount of catalyst was checked. Initially, two 

grams of resin was used, but the reaction was almost complete during the initial heating period of 

the reactor. Using 2 grams of the catalyst A39 at a temperature of 100 ºC with an initial molar 

ratio of 1:8, the full conversion is achieved in about 1 hour, whereas using 1 gram, the complete 

conversion is reached in 3 hours. Thus, for all experiments, 1 gram of resin was used to assess 

the evolution of reactants into products along 6 hours. 

Finally, some experiments were conducted with the aim to compare the performance of a 

resin with the commercial distribution of particle diameters, and some sieved fractions of it. The 

catalysts used are commercial and were not sieved in most cases owing to, carrying out a 

comparison between the process with sieved resins (diameter comprised between 0.63 and 0.4) 

and not sieved, a significant change was not seen in the final results. That comparison was made 

using A39 at a temperature of 100 ºC and an initial molar ratio of 1:8, obtaining results inside the 

replications made for the A39 resin.   
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In addition, according to some papers, the variation in the size of commercial resins used 

seems not to influence the reaction rate. Therefore, at the fixed stirring and using the resins 

mentioned, internal mass transfer resistance can be negligible. 

In addition, due to lack of Bmf, its calibration has been realised with BL, using Bmf common 

area percentages during the reaction. 

Here are the formulas used to calculate the necessary data: 

To calculate the conversions: 

𝑋𝑗(𝑡) =  
𝑛𝑗

0 − 𝑛𝑗(𝑡)

𝑛𝑗
0                                                           (1) 

 

With furfuryl alcohol as a reactant: 

𝑋𝐹𝐴(𝑡) =
𝑛𝐹𝐴

0  − 𝑛𝐹𝐴(𝑡)

𝑛𝐹𝐴
0                                                   (2) 

The selectivity could be found as: 

 

𝑆𝑗
𝑘 (𝑡) =  

𝑀𝑜𝑙𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝑘

𝑀𝑜𝑙𝑒 𝑜𝑓 𝑗 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
=  

𝑛𝑘(𝑡)

𝑛𝑗
0 − 𝑛𝑗(𝑡)

                         (3) 

 

Knowing that the reactions have a stoichiometry of 1:1 in both productions of Bmf and BL, nk 

= nBL = nBmf, thus: 

𝑆𝐹𝐴
𝐵𝐿 (𝑡) =  

𝑛𝐵𝐿(𝑡)

𝑛𝐹𝐴
0  − 𝑛𝐹𝐴(𝑡)

                                                   (4) 

 

𝑆𝐹𝐴
𝐵𝑚𝑓

 (𝑡) =  
𝑛𝐵𝑚𝑓(𝑡)

𝑛𝐹𝐴
0  − 𝑛𝐹𝐴(𝑡)

                                                 (5) 

 

Where total selectivity is calculated as the sum of the two selectivity because, once FA is 

turned into Bmf, will be a matter of time for it to react producing BL: 

 

𝑆𝐵𝐿(𝑡) = 𝑆𝐹𝐴
𝐵𝑚𝑓

 (𝑡) + 𝑆𝐹𝐴
𝐵𝐿 (𝑡)                                         (6) 

 

Yield is calculated taking into account the BL selectivity: 

 

              𝑌𝑗
𝑘(𝑡) = 𝑌𝐹𝐴

𝐵𝐿(𝑡) = 𝑋𝐹𝐴(𝑡) · 𝑆𝐵𝐿(𝑡)                                     (7) 
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6.2. CATALYST SCREENING 

 Different catalysts were used at the same conditions of temperature (100 °C) and initial molar 

ratio (1:8) to see the differences in the results due to the characteristics of each of them. 

As shown in table 3, the catalyst which best performs in selectivity is A16 along with A70, 

although neither of these comes to a complete conversion. The one which gets the best results 

reaching a total conversion is A39. That’s why it has been used to study the effects of other 

variables such as temperature or initial molar ratio. 

Gel-type resins are those that provide a lower yield and selectivity in the reaction, although in 

all cases, except of DOWEX 50x8 and A31, full conversion is reached, which in many 

macroreticular catalysts does not happen. A possible explanation for this could be that, this kind 

of resin, may enhance reactions that produce humins apart from the main reaction. Otherwise, 

the sum of selectivity calculated in the table presented should be unity. As it is not, the existence 

of these unwanted products, not detected by GC, is confirmed. To determine the experimental 

error, several replications were done for A39 and A35. In table 3, the error for each parameter is 

shown, considering similar values for the rest of the ion-exchange resins.  

Table 3. Experiments results for each catalyst at t = 6 h. 

Catalyst XFA 𝒀𝑭𝑨
𝑩𝑳 𝑺𝑭𝑨

𝑩𝒎𝒇  𝑺𝑭𝑨
𝑩𝑳  𝑺𝑩𝑳 

A15 1,00 0,51  0,09  0,51  0,60  

A16 0,70 0,39 0,15 0,56 0,71 

A31 0,26 0,03 0,34 0,12 0,45 

A35 1,00±0,00 0,40±0,02 0,14±0,01 0,40±0,02 0,54±0,02 

A36 0,27 0,09 0,28  0,35  0,63 

A39 1,00±0,00 0,57±0,03 0,04±0,04 0,57±0,04 0,61±0,03 

A70 0,93 0,48 0,13 0,51 0,65 

A121 1,00 0,50 0,03 0,50 0,53 

DOWEX 50x2 1,00 0,47 0,05 0,47 0,52 

DOWEX 50x4 1,00 0,20 0,25 0,20 0,44 

DOWEX 50x8 0,00 0,00 0,00 0,00 0,00 
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Figure 8. Evolution of FA conversion. 

Figure 8 shows that most resins reach a complete or almost complete conversion in a time 

less than 3 hours. Some exceptions are DOWEX 50x8, A16, A70, A39, A36 and A31 (the last two 

nearly overlapping), where no reaction occurs in the first catalyst mentioned. A39 reach full 

conversion in a time of 5 hours, while A70 doesn’t reach that maximum value at any time, but the 

conversion is almost complete at 6 hours. 

Furthermore, the catalyst which faster gets full conversion is A121, followed by DOWEX 50x2, 

DOWEX 50x4 and the two that come to similar time, A39 and A15. 

The catalyst A121 is the gel-type resin of lower %DVB and H+/Vsp ratio, characteristics that 

beneficiates the reactant conversion. It has very similar properties than DOWEX 50x2, followed 

by DOWEX 50x4 which duplicates the parameters values of both catalysts. The last DOWEX 

mentioned has practically the same properties as A31. Nevertheless, very different results in this 

section (although selectivity are almost the same) are obtained for each resin. The only variation 

between them is in pore diameter, where A31 has a value of 15 nm while the other is almost 0. 

The effect of the last parameter seems to be more important, as there is not too much variation 

in the ratio shown between DOWEX 50x2 and A121 (with 2 %DVB) or between DOWEX 50x4 

and A31 (4 %DVB), where DOWEX have an almost unappreciable diameter. 
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In macroreticulars type, the results are less obvious: at similar pore size or %DVB, in some 

cases give better results the ones whose have a higher H+/Vsp ratio, other cases are the ones 

whose has a smaller ratio, and the other way around. Generally, it seems that at quite high values 

of %DVB, the faster to get a complete conversion. Although other parameters are affecting it, it 

appears to be an optimal in their values because of the large variation of the data obtained. 

Although A31 and A36 give very similar conversions, their characteristics are so different in 

H+/Vsp ratio and %DVB, surpassing to A31 in both aspects. 

The conversion would also be explained with the same argument for A15 and A16: the two of 

the same resin type, similar acid capacity but of varied %DVB. For the same reason, DOWEX 

50x8 does not react because of its high %DVB. However, A39 and A15, whose give very similar 

results, have a very different %DVB, being higher for the last mentioned. Nevertheless, the H+/Vsp 

ratio and the pore diameter is favourable for A39, possibly offsetting the difference in %DVB. 

Finally, A35 and A70 differ in all parameters. As A35 has higher features values, gives better 

conversion results. 

To appreciate the reaction rate for each kind of catalyst, is important to see how Bmf moles 

changes along the time of the reaction: 

 

 

Figure 9. Evolution of Bmf mole. 
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In the graphic above, different behaviour in the evolution of Bmf moles are represented. All of 

them have the same similitude, despite of that the reaction rate varies for each catalyst, showing 

different forms. For example, in DOWEX 50x2 or A121, the curve only decrease, whereas in A31 

or A36 is only increasing. Initially, the amount of Bmf increases as it is produced, until FA has 

completely reacted and, therefore, the intermediate compound is not produced anymore, 

decreasing his mole quantity, reacting with water to produce BL. 

Because of the difference in reaction rate in the use of certain catalysts, this trend is not 

appreciated significantly, since in some cases, at the reactor preheating stage, almost all FA has 

undergone a complete conversion. 

In gel-type resins, a similar behaviour than in the previous section is appreciated. High %DVB 

and low pore size are the better characteristics to achieve a high rate of intermediate production. 

In this kind of catalyst, the reaction rate for the formation of Bmf is so low, seeing in most cases 

only an increase in the number of moles, except of A121 and DOWEX 50x2, of similar properties 

but of very different pore diameters (with a very low value for the DOWEX). In addition, even 

though the trend is a decrease of these moles, in DOWEX 50x4 these moles remain constant. 

One cause could be the deactivation of the catalyst due to the adsorption of humins, thus keeping 

off the access to the catalytic centers. 

For macroreticular resins, the rate is higher, although some are not that much, as in the case 

of A36 or A16. It is appreciated again the possibility of the presence of some optimal parameters 

values due to so different results. For example, in the ones of a high reaction rate, the first has a 

rather high %DVB and H+/Vsp ratio and, between the second one (A39) and the third one (A70), 

all of them with the same %DVB, gives better results a higher ratio. Furthermore, comparing the 

third one with A35, although the above mentioned parameters are much more favourable for the 

last mentioned, A70 gives better results. A similar case occurs between A35 and A15 that, 

although having the same %DVB, the last, which has less H+/Vsp value, gets better data. 

Even if the reaction rate to produce this intermediate is so important to the global reaction, 

the main objective in this study is to get the most BL mole as it could.  
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Figure 10. Evolution of BL mole. 

In figure 10 it is shown that BL moles produced are quite similar in some resins, but also there 

are different cases. The catalysts that produced a higher BL mole are A39, A15 and A121 whereas 

A36, A31 and DOWEX 50x8 are the least (the last gives no amount of BL). 

The parameters seem to influence in the same way as they do in previous sections. In gel-

type, a low %DVB benefits BL production, while the pore diameter and the H+/Vsp ratio decrease 

it. 

The conclusion for macroreticulars catalyst results it is similar too, suggesting the presence 

of an optimal in %DVB, H+/Vsp and pore diameter. 

At similar and equal %DVB and pore diameter, for example, between A70 and A39, a high 

H+/Vsp ratio give plenty of BL mole, whilst between A16 and A36 it is found the opposite. 

Although A35 or A16 initially produces a higher amount of BL, reaction rate decreases during 

the course of the process. Even though at similar diameters and higher %DVB, that which has a 

lower H+/Vsp ratio is benefited (both A70 and A35). 

The resins curve of DOWEX 50x2 and A121 are very similar because of their characteristics, 

which A121 has a much larger pore diameter, which seems to have no importance in front of 

%DVB. It is appreciate comparing A31 and DOWEX 50x4, ion-exchange resins of similar  
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characteristics but of a higher pore diameter in the DOWEX. This fact implies that, as long as 

%DVB increases, other factors take more at considering. 

DOWEX 50x4 curve increases at the beginning of the reaction but remains almost constant 

for the rest of time, both in production of BL and Bmf, possibly because a deactivation of the 

catalyst due to the adsorption of humins. The same happens with A31 and A36, but in these cases 

BL is been producing over the time. One possible explanation could be a very low reaction rate 

in the use of these catalysts. 

The figures that follows exhibit some variables that could influence the selectivity of each ion-

exchange resin used. Nevertheless, selectivity is not the most important parameter to take into 

account, because some of the catalyst shown have a high selectivity but, during a 6 hours, are 

only capable to produce a very low BL mole. 

 

 

Figure 11. Variation of catalyst selectivity with volume of the swollen phase. 

The representation above shows that, for macroreticulars catalyst, there seems to be an 

optimal about 1 cm3/g, which is where the catalyst with higher selectivity is found, the A16, whilst 

others increase their selectivity as long as they approach to this value. 

For gel-type resins, it appears that selectivity is proportional to the Vsp, increasing as it does, 

does not reacting to values close to 1 cm3/g. 
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Figure 12. Variation of catalyst selectivity with acid capacity. 

At high and similar acid capacity, very different results for all resins, ranging from a value of 

selectivity of 0,7 to 0,45 or even 0. In addition, for very low acid capacity as A70, the selectivity is 

one of the highest. This parameter seems to have no significant importance in the reaction and 

does not seem to be many differences between macroreticulars and gel-type resins. 

 

 

Figure 13. Variation of catalyst selectivity with number of sulfonic groups per volume of swollen gel-phase. 

As the number of sulfonic groups per volume of swollen gel-phase are reduced, the selectivity 

of the gel-type resins increases. That is, for this kind of catalyst, the effect of this parameter is  
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inversely proportional to the selectivity. When this ratio is lower, the greater the selectivity of the 

reaction is due to a more appropriate sulfonic groups concentration.  

In macroreticulars catalyst does not seem to have any significant effect. All of their selectivity 

remain quite similar for very different values. However, at high values seem to suffer a decrease 

in selectivity. 

 

 

Figure 14. Variation of catalyst selectivity with divinylbenzene percentage. 

As crosslinkage agent, DVB influence in the swelling of the pores of the catalyst. If the 

percentage in the resin is so high, there will be more cross-linking among polymer chains, making 

it more rigid. When it happens, it will be more difficult to the catalyst to swell. Therefore, pores get 

smaller, keeping away the reactants of the internal sulfonic groups, interacting only with those 

located over the surface. 

In gel-type resins, the less the crosslinking they have, the better the selectivity results are. In 

macroreticular resins, it appears to be an optimal around A16 and A36 %DVB values. Comparing 

the resins that have the same %DVB, it could be seen that, all of which give a better selectivity 

have a lower acid capacity or H+/Vsp ratio than his pertinent partner, except for DOWEX 50x8. 

As %DVB is related to the accessibility of reactants to active sites, it makes sense to think 

that these results could be produced because too much swelling can cause a greater reaction 

rate in the production of BL and others byproducts.  

At both kind of catalysts, an increasing in the pores could mean a large increase in the access 

of unwanted reactants to produce humins, which are larger molecules.  
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In macroreticular resins, the optimal means the border between this change in the access of 

reactants of higher volume values whereas in the microporous only means a drop in accessibility. 

 

 

Figure 15. Variation of catalyst selectivity with pore diameter. 

A large pore diameter allows the introduction of reactants inside the catalyst, facilitating their 

interaction with sulfonic groups. According to figure 15, for most ion-exchange resins, an increase 

of this parameter benefits selectivity, with the exception of DOWEX 50x2, with a much lower 

diameter than the rest, but giving a similar selectivity as A31 and A35. One explanation could be 

that, being microporous, the lower %DVB than A31 causes the effects mentioned in figure 14, 

which also explain why A121 is the gel-type resin which gives more selectivity with a much large 

diameter. The difference between the resins A16 and A15 are due to the existence of an optimal 

in %DVB, while the contrast in acid capacity between A16 and A36 is what makes the difference 

between their selectivity. These two factors also influence the results among A35 and A70. 

 

6.3. TEMPERATURE INFLUENCE 

As mentioned, the effect of temperature on the reaction is also studied. A39 has been used 

for this purpose as it has achieved the higher values of selectivity of all who have reached full 

conversion of FA. The studied temperatures were 110 ºC, 100 ºC, 90 ºC and 80 ºC, with an initial 

molar ratio of 1:8. 
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The figures show the collected data: 

 

 

Figure 16. Evolution of FA conversion changing temperatures. 

    The conversion curves at a temperature of 80 ºC and 90 ºC are so similar, but when the reaction 

works at 90 ºC, the difference between them are significant. Full conversion is more rapidly 

achieved with an increasing of temperature, probably due to better reaction rate to produce BL 

than oligomeric products. 

In figure 17, at higher temperatures, all the Bmf mole curve it’s not seen, due to a higher 

reaction rate, whereas at 80 ºC or even at 90 ºC, a great quantity of Bmf moles produced can be 

appreciated. As far as the temperature is increased during the preheating, the stage where Bmf 

moles only fall to produce BL, is already reached.  
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Figure 17. Evolution of Bmf mole changing temperatures. 

 

 

Figure 18. Evolution of BL mole changing temperatures. 

As temperature decreases, so does the selectivity (fewer BL moles are obtained), producing 

a larger amount of unwanted products. Therefore, BL moles obtained drop along the temperature 

reduction. 
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6.3. INITIAL MOLAR RATIO INFLUENCE 

In addition, the effect of the initial ratio of the reactants it is also taken into account. 

Experiments were accomplished with a FA-BUT ratio of 1:4 and 1:8, for a time reaction of 6 hours 

at a temperature of 100 ºC. 

The following figures show the differences between the two ratios, using A39: 

  

 

Figure 19. Evolution of FA conversion changing initial molar ratio. 

Working in a 1:4 ratio, the initial FA moles are higher than in 1:8 ratio. At t = 0h, the conversion 

of FA in the lower ratio is almost half of the value obtained in 1:8 ratio. That’s means the initial 

molar ratio definitely influence the reaction, accelerating the production of the intermediate and 

so does with BL.  
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Figure 20. Evolution of Bmf mole changing initial molar ratio. 

When the ratio is higher, there’s a small quantitiy of FA about to react. Therefore, because of 

the depletion of the limiting reactant, the production of Bmf decrease while the BL moles continue 

increasing, showing a decline in Bmf moles. 

 

 

Figure 21. Evolution of BL mole changing initial molar ratio. 
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Results indicate an improvement in selectivity (0,46 and 0,61 for ratios of 1:4 and 1:8, 

respectively), as well as they do in conversion and yield, using the higher ratio. That is because 

excess of BUT limits the polymerization reaction of FA, decreasing the concentration of the limiting 

reactant, preventing excessive formation of oligomeric products. 

Also, as it can be seen, the production of BL moles is higher in 1:8 ratio, the opposite in the 

case of Bmf. According to better reaction rate producing BL, the moles of the intermediate 

decrease at the beginning of the representation for the upper ratio. That is because of the 

depletion of the reactant. The response to 1:4 ratio is quite different: the reaction rate to produce 

BL moles is lower and full conversion is not reached, remaining FA moles to react. That increase 

these moles, keeping almost constant due to the low rate. 
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7. CONCLUSIONS 

The present work shows the results of all the experiments performed to appreciate how some 

variables influence in various aspects of the reaction studied.  

The use of acidic ion-exchange resins improves the reaction rate to produce BL, although 

other byproducts were formed, such as oligomeric products because of FA polymerization. 

The conversion of FA to Bmf is produced in half of the cases in a time less than 3 hours. In 

the rest of the catalysts used, full conversion does not take place. The ion-exchange resin which 

gives a better BL moles production is the macroreticular type A39, with a complete conversion at 

a time of 5 hours. Despite of this result, it is not the one with a high selectivity. A16 confers the 

best selectivity with a value of 0,71 (in spite of not to reach a complete conversion) in front of 0,61 

of A39.  

Nevertheless, gel-type resins give the worst results, with a very low selectivity, being the 

DOWEX 50x8 useless in this reaction. 

In addition, acid capacity and pore diameter seems not to influence significantly in the reaction 

course, whereas %DVB, the volume of the swollen phase of the catalyst and the number of 

sulfonic groups per volume of swollen gel-phase makes some difference between each catalyst. 

For macroreticular resins, in all cases an optimal value can be appreciated. In gel-type resins, 

it is found an increase in selectivity and reaction rate for high values of Vsp but the opposite 

happens for high values of %DVB and H+/Vsp ratio.  

As expected, an increasing in temperature assure better selectivity, conversions and yield 

results, with a rather difference between the higher temperature and the lower used. Changing 

the initial molar ratio, uppers ratios improved all the aspects studied. 
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9. ACRONYMS 

FA: furfuryl alcohol. 

BUT: 1-butanol. 

Bmf: 2-(butoxymethyl)furan. 

BL: butyl levulinate. 

DBPent: 5-5-dibutoxy-2-pentanone. 

Hmf: 5-(hydroxymethyl)furfural. 

dp: pore diameter (nm). 

%DVB: divinylbenzene percentage. 

H+: acid capacity (eq/g). 

ISEC: Inverse Steric Exclusion Chromatography. 

BET: Brunauer, Emmett and Teller. 

PS: polystyrene. 

GC: Gas Chromatograph. 

TCD: Thermal Conductivity Detector. 

Tmax: maximum temperature (ºC). 

Sg: mesoporous surface area (m2/g). 

Vg: pore volume (cm3/g). 

Vsp: volume of the swollen phase (cm3/g). 

j: reactant. 

k: product. 

Xj: conversion of reactant j. 

𝑌𝑗
𝑘 : yield of reactant j to product k. 

𝑆𝑗
𝑘: selectivity of reactant j to product k. 
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𝑆𝑘: total selectivity to product k. 

ni: moles of the compound i. 
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APPENDIX 1: CHROMATOGRAPHIC ANALYSIS 

Table 4. Retention time of the substances detected by GC. 

Compound Retention time (min) 

BUT 8,432 

FA 10,363 

H2O 4,616 

Bmf 11,693 

BL 12,236 

N2 4,408 

DBPent 14,069 

 

The calibration of the intermediate Bmf and BL are the same because of the lack of the 

intermediate compound.  In the BL calibration, current % area of Bmf are been used. 

 

Table 5. Vials used for the calibration. 

  BL  BUT  FA  H2O 

Vials %Mass %Area %Mass %Area %Mass %Area %Mass %Area 

1 

 

 

2 

 

 

3 

 

 

4 

 

 

11,120 

11,120 

11,120 

1,364 

1,364 

1,364 

0,000 

0,000 

0,000 

44,000 

44,000 

44,000 

8,614 

8,371 

8,466 

3,707 

3,905 

3,824 

0,000 

0,000 

0,000 

38,263 

38,574 

38,881 

88,880 

88,880 

88,880 

93,288 

93,288 

93,288 

71,590 

71,590 

71,590 

56,000 

56,000 

56,000 

91,386 

91,629 

91,534 

95,353 

95,165 

95,204 

79,644 

79,576 

79,324 

61,737 

61,426 

61,119 

0,000 

0,000 

0,000 

5,111 

5,111 

5,111 

15,926 

15,926 

15,926 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,940 

0,930 

0,973 

20,360 

20,424 

20,676 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 
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5 

 

 

6 

 

 

7 

 

 

8 

 

 

9 

 

 

10 

 

 

11 

 

 

12 

 

 

13 

 

 

14 

 

 

15 

 

 

16 

 

 

17 

 

 

1,582 

1,582 

1,582 

8,663 

8,663 

8,663 

12,915 

12,915 

12,915 

16,213 

16,213 

16,213 

19,045 

19,045 

19,045 

21,050 

21,050 

21,050 

21,050 

21,050 

21,050 

13,715 

13,715 

13,715 

10,825 

10,825 

10,825 

3,680 

3,680 

3,680 

0,000 

0,000 

0,000 

4,725 

4,725 

4,725 

4,503 

4,503 

4,503 

1,249 

1,270 

1,216 

6,921 

6,910 

6,918 

10,413 

10,605 

10,431 

13,050 

13,334 

13,328 

15,625 

15,525 

15,716 

17,523 

17,463 

17,398 

17,528 

17,477 

17,615 

10,977 

11,080 

11,025 

8,753 

8,955 

8,826 

2,613 

2,708 

2,655 

0,000 

0,000 

0,000 

4,120 

4,003 

4,005 

3,504 

3,487 

3,503 

78,095 

78,095 

78,095 

81,879 

81,879 

81,879 

81,296 

81,296 

81,296 

79,461 

79,461 

79,461 

78,261 

78,261 

78,261 

71,141 

71,141 

71,141 

73,993 

73,993 

73,993 

78,577 

78,577 

78,577 

71,590 

71,590 

71,590 

0,000 

0,000 

   0,000 

85,841 

85,841 

85,841 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

82,228 

81,900 

82,072 

84,854 

84,892 

84,856 

84,444 

84,261 

84,467 

82,671 

82,944 

82,661 

81,664 

81,861 

81,758 

75,245 

75,348 

75,416 

77,404 

77,490 

77,366 

81,613 

81,562 

81,643 

74,492 

74,282 

74,550 

0,000 

0,000 

0,000 

88,772 

88,758 

88,717 

0,000 

0,000 

0,000 

0,000 

0,000 

0,000 

20,323 

20,323 

20,323 

8,154 

8,154 

8,154 

4,595 

4,595 

4,595 

3,068 

3,068 

3,068 

1,633 

1,633 

1,633 

7,041 

7,041 

7,041 

3,567 

3,567 

3,567 

5,518 

5,518 

5,518 

15,926 

15,926 

15,926 

95,587 

95,587 

95,587 

14,159 

14,159 

14,159 

94,468 

94,468 

94,468 

94,974 

94,974 

94,974 

16,556 

16,831 

16,679 

6,511 

6,509 

6,504 

3,673 

3,653 

3,650 

2,456 

2,465 

2,453 

1,303 

1,302 

1,293 

6,108 

6,103 

6,147 

3,162 

3,172 

3,182 

4,626 

4,609 

4,625 

13,397 

13,487 

13,410 

97,748 

  97,651 

97,643 

11,283 

11,242 

11,228 

96,702 

96,700 

96,613 

97,175 

97,150 

97,165 

0,000 

0,000 

0,000 

1,305 

1,305 

1,305 

1,194 

1,194 

1,194 

1,258 

1,258 

1,258 

1,061 

1,061 

1,061 

0,767 

0,767 

0,767 

1,389 

1,389 

1,389 

2,190 

2,190 

2,190 

1,660 

1,660 

1,660 

0,733 

0,733 

0,733 

0,000 

0,000 

0,000 

0,832 

0,832 

0,832 

0,526 

0,526 

0,526 

0,000 

0,000 

0,000 

1,714 

1,689 

1,721 

1,471 

1,481 

1,452 

1,542 

1,539 

1,558 

1,324 

1,312 

1,316 

0,484 

0,472 

0,464 

1,856 

1,861 

1,887 

2,736 

2,748 

2,755 

3,287 

3,275 

3,285 

0,725 

0,720 

0,723 

0,000 

0,000 

0,000 

1,023 

1,005 

1,013 

0,541 

0,532 

0,532 
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Table 6. %Average area of BL obtained after making replicas of the vials. 

Vials %Mass %Area 1 %Area 2 %Area 3  %Average 
area 

 

1 11,12 8,614 8,371 8,466 8,484 ± 0,139 

2 1,364 3,707 3,905 3,824 3,812 ± 0,113 

3 0,000 0,000 0,000 0,000 0,000 ± 0,000 

4 44,000 38,263 38,574 38,881 38,573 ± 0,350 

5 1,582 1,249 1,270 1,216 1,245 ± 0,031 

6 8,663 6,921 6,910 6,918 6,916 ± 0,006 

7 12,915 10,413 10,605 10,431 10,483 ± 0,120 

8 16,213 13,050 13,334 13,328 13,237 ± 0,184 

9 19,045 15,625 15,525 15,716 15,622 ± 0,108 

10 21,050 17,523 17,463 17,398 17,461 ± 0,071 

11 21,050 17,528 17,477 17,615 17,540 ± 0,079 

12 13,715 10,977 11,080 11,025 11,027 ± 0,058 

13 10,825 8,753 8,955 8,826 8,845 ± 0,116 

14 3,680 2,613 2,708 2,655 2,659 ± 0,054 

15 0,000 0,000 0,000 0,000 0,000 ± 0,000 

16 4,725 4,120 4,003 4,005 4,043 ± 0,076 

17 4,503 3,504 3,487 3,503 3,498 ± 0,011 

 

Table 7. Equation of the calibration of each compound, where y is %mass and x is %area. 

Compound Equation R2 

BUT y = (1,0692±0,001)x – (8,9256±0,0098) 0,9982 

FA y = (1,2156±0,0015)x 0,9980 

H2O y = (0,7967±0,0081)x 0,9743 

Bmf y = (1,2276±0,0019)x 0,9973 

BL y = (1,2276±0,0019)x 0,9973 
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22. Calibration of BUT. 

 

Figure 23. Calibration of FA 

 

Figure 24. Calibration of BL 
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APPENDIX 2: SAFETY DATA SHEETS 

 

Now, some information about the dangerous substances used in the present work are shown: 

 

 Furfuryl alcohol information: 
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1-Butanol information: 
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