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i. Preface
This thesis was conducted in the period from 1st of June 2008 until 31st of July 2011 at the Department of
Chemistry, Technical University of Denmark (DTU) and has been submitted for PhD candidacy. This thesis
was financed through a PhD scholarship from DTU and was initiated at the Center for Sustainable and
Green Chemistry (CSG) under the supervision of Claus Hviid Christensen. The center was later converted to
the Centre for Catalysis and Sustainable Chemistry (CSC) and the PhD education was resumed under the
supervision of Assoc. Prof. Anders Riisager with Prof. John M. Woodley (DTU Chemical Engineering) as
co-supervisor. Within this period an external stay was conducted from 15th November 2010 to 30th April
2011 at Yale University at the Center for Green Chemistry and Green Engineering at Yale under the
supervision of Dr. Evan Beach and Assistant Prof. Julie B. Zimmerman.
During my PhD study I have interacted with a range of people that I wish to acknowledge:
First, I thank Prof. Anders Riisager for taking over the supervision of my PhD education after Claus’
departure. Prof. Riisager has trusted me with a lot of academic freedom to pursue my own ideas as well as
contributed with valuable inputs, suggestions and ideas, which I greatly appreciate.
Further, I thank Dr. Evan Beach for accepting me in the Center for Green Chemistry and
Green Engineering at Yale on behalf of Prof. Paul Anastas. Through my 5½ months at Yale I got to know
Dr. Beach as an incredible competent researcher who was practically always right about which suggestions
and ideas to pursue.
I want to give a special thanks to PhD student Patrick M. Foley with whom I shared many
fruitful conversations ranging from chemistry to funny nick names in the lab as well as over whiskey and
beer in the company of great music. Patrick and his kind family almost made Connecticut feel like home
during the rough winter where they introduced me to nice dishes such as New England clam chowder,
Borsch and hot tamale pie. I already miss the company of Patrick as friend in and out of the lab.
I am very grateful to the foundations that contributed in making my external research stay at
Yale possible sponsoring the tuition fee and travel expenses. I would therefore like to acknowledge the: Otto
Mønsted Foundation, Oticon Foundation, The Danish Chemical Society Travel Foundation and Reinholdt W.
Jorck og Hustrus Foundation.
Finally, I want to thank my family and friends who have supported me during the whole
process. A special thanks to my girlfriend Laura who’s loving support has been invaluable to my studies.

Thomas Søndergaard Hansen
July 2011, Lyngby
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ii. Abstract
This PhD thesis is entitled “Catalytic Routes to Renewable Polymer Building Blocks – and renewable
chemicals from biomass” and focuses on future challenges related to alternative energy sources, materials
and the environment. Current concerns about fossil fuel depletion and rising global warming have sparked a
profound research effort toward the development of alternative renewable and carbon neutral technologies.
Despite heavy research activities within these areas, still only few technologies within e.g. renewable
chemicals have been implemented on an industrial scale. The work presented herein describes an alternative
chemical platform for the production of chemicals derived from a biomass origin and suited for substitution
of the current petrochemicals.
The molecule 5-hydroxymethylfurfural (HMF) has been identified as a possible platform chemical for the
production of numerous industrially valuable bio-based chemicals. Especially interesting are oxidized
derivatives of HMF, which are suited for polymer production. HMF is derived from the consecutive
dehydration of hexose sugars, a process that has been known for years, however still no industrial production
methods are able to compete with today’s petrochemicals. The thesis is divided into two main sections; HMF
synthesis and synthesis of valuable derivatives from HMF.
Three methods for producing HMF were developed during this PhD study and are shown in chapter 2. The
first method relies on the power of microwaves for efficient control of the reaction parameters in the aqueous
dehydration of fructose to HMF. The second method draws advantage of the synergy between boric acid and
salts for the promotion of HMF synthesis from aqueous fructose, glucose and sucrose solutions. The third
method uses only salts and the inherent promoting effect of hot saline solutions on the dehydration of
aqueous fructose and mixed fructose/glucose solutions.
Two methods for the oxidation of HMF to 2,5-diformylfuran (DFF) and 2,5-furandicarboxylic acid (FDA),
respectively, were also developed during this PhD study and are shown in chapter 3. The first method is a
modification of an existing oxidation protocol relying on CuCl and (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
(TEMPO) radicals for the oxidation of alcohols to aldehydes. The protocol has been modified to afford
excellent DFF yields and to proceed with high selectivity toward DFF in previously non-suited solvents by
introducing nitrogen containing promoters (NCPs). In the second slightly different protocol, HMF is
oxidized to FDA by a combination of CuCl and tert-butyl hydroperoxide.
Although the scope of this thesis was to develop polymer building blocks a leap into alternative fuels
production is rounding-off this thesis with the synthesis of 2,5-dimethylfuran (DMF) and 2,5dimethyltetrahydrofuran (DMTHF) from HMF.
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iii. Dansk resumé
Denne PhD afhandling med titlen “Katalytiske Ruter til Fornybare Polymere Byggestene – og fornybare
kemikalier fra biomasse” omhandler de fremtidige udfordringer relateret til alternative energikilder,
materialer og miljøet. Nuværende bekymringer omkring udtømning af fossile brændstoffer og global
opvarmning har igangsat massiv forskning indenfor udviklingen af alternative og fornybare karbon neutrale
teknologier. På trods af ivrige forskningsaktiviteter indenfor disse områder er der stadig kun få teknologier
indenfor f.eks. fornybare kemikalier som er blevet implementeret i industriel skala. Det arbejde som er
præsenteret i denne afhandling, beskriver en alternativ kemikalieplatform til produktion af kemikalier ud fra
biomasse og som er egnede til erstatning af petrokemikalier.
Molekylet 5-hydroxymethylfurfural (HMF) er blevet identificeret som et muligt platformkemikalie til
produktion af adskillige industrielt værdifulde bio-baserede kemikalier. Især er de oxiderede derivater af
HMF interessante, fordi de er egnede til polymer produktion. HMF kan syntetiseres ved dehydrering af
hexose sukre, hvilket er en proces som har været kendt i årevis. Der eksisterer dog stadig ikke industrielle
produktionsmetoder som er i stand til at konkurrere med de nuværende petrokemikalier. Denne afhandling er
opdelt i to hovedsektioner; HMF syntese og syntese af værdifulde HMF derivater.
Tre metoder til produktion af HMF blev udviklet under dette PhD studie og er alle beskrevet i kapitel 2. Den
første metode beror på mikrobølger til effektiv kontrol af reaktionsparametrene i den vandige dehydrering af
fruktose til HMF. Den anden metode udnytter synergien mellem borsyre og salte til at fremme HMF syntese
fra vandige opløsninger af fruktose, glukose og sakkarose opløsninger. Den tredje metode anvender kun salte
og deres naturligt fremmende effekt i varme saltopløsninger på dehydreringen af vandige fruktose- og
fruktose/glukose opløsninger.
To metoder til at oxidere HMF til henholdsvis 2,5-diformylfuran (DFF) og 2,5-furandikarboxylsyre (FDA)
blev også udviklet under dette PhD studie og er beskrevet i kapitel 3. Den første metode er en modificering
af en eksisterende oxidations protokol baseret på CuCl og (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO)
radikaler til oxidering af alkoholer under dannelse af aldehyder. Ved indførelse af nitrogenindeholdende
promoterer (NCP) er protokollen blevet modificeret, således at fremragende DFF udbytter nu opnås og
reaktionen kan tilmed foregå med høj selektivitet imod DFF i tidligere ikke-egnede opløsningsmidler. I den
anden lignende oxidationsprotokol kan HMF oxideres til FDA ved hjælp af en kombination af CuCl og tertbutyl hydroperoxid.
På trods af, at det primære formål med denne afhandling var at udvikle polymere byggesten, rundes denne
afhandling af med et spring ind i udviklingen af alternative brændstoffer med syntesen af 2,5-dimethylfuran
(DMF) og 2,5-dimethyltetrahydrofuran (DMTHF) ud fra HMF.
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1. Introduction
The future provides several significant challenges if the current growth in economy, human population and
standard of living is going to be continued.[1] Fossil fuel reserves are powering most of our energy demands
today through utilization of oil and coal. However, the limitation of these resources is evident in increasing
oil and gasoline prices guiding the memory back to the global energy crisis in the 1970s.[2] Further, the last
century’s increase in global temperature has sparked a rising concern whether this phenomenon is caused by
human emission of substantial amounts of the CO2 greenhouse gas associated with fossil fuel combustion
(Figure 1).[3,4] One direct consequence is obvious in the fact that the Arctic ice layer never has been thinner
than at present.[5] A warmer global climate results in less ice located on the poles and consequently a higher
sea level. If the sea level is increased significantly, large areas of land are flooded, forcing human and animal
withdrawal from their habitats. Further, some of the oceanic currents are also influenced by the
freezing/melting of water/ice at the poles. Disturbing this balance could result in opaque consequences.
Finally, land areas which are now fertile and suited for production of food crops could turn barren and
expand the areas of desert.

Figure 1.
Graphic representation of the correlation between
global average temperature and atmospheric CO2
concentration from 1880 until 2004.[4]

In order to provide future generations with sufficient energy and materials we need to stop relying on the
limited natural fossil resources and begin to focus our technologies and industries on renewable energy and
materials.[6] More specific, this means to gradually shift from using fossil fuels for the production of energy
and materials and in turn utilize renewable energy and biomass for this purpose.[1,7] This is the only way to
secure the demands of a growing global population if a decrease in growth and living standards is to be
avoided. A small fraction of renewable energy is already harvested from water, wind and solar power.
However, still technology substituting fossil fuels for production of chemicals, pharmaceuticals and
materials lacks behind. Alternatives to especially oil further have the potential of relieving political conflicts
focused in the Middle East, besides dealing with sustainability issues.[8]
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1.1. Renewable resources
Fossil resources such as coal, natural gas and crude oil were fixed from a biomass origin such as dead plant
and animal material eras ago. These resources were created over millions of years and cannot be replaced or
created again within reasonable time – they are therefore considered a limited and non-renewable energy
source. Biomass on the other hand is rapidly grown by the light driven fixation of CO2 from the air and
presently the only renewable carbon source known. Biomass is also considered to be a CO2 neutral resource
because the cycle lifetime between CO2 in the air and CO2 fixated in biomass is relatively short.[9] In
contrary, fossil fuels can be considered more like the awakening of a sleeping giant. The type of biomass that
is suitable for replacing fossil fuels was defined as “The term biomass means any organic matter that is
available on a renewable or recurring basis (excluding old-growth timber), including dedicated energy
crops and trees, agricultural food and feed crop residues, aquatic plants, wood, and wood residues, animal
wastes, and other waste material” by the United States President Bill Clinton in 1999.[10] Already 1st
generation bio-ethanol is produced in large quantities from corn, however the utilization of food and feed
crops for transportation fuels production is controversial. More suitable feedstocks are those comprised of
non-food biomass like wood, excess biomass like corn stover in corn production or even waste materials like
household garbage. Although these types of feedstocks are much desired, they are also significantly more
complex to convert than corn.
1.2. Short introduction to the bio-refinery
A bio-refinery is the industrial unit that in the future is going to convert biomass into a wide range of
commercial products including everyday household chemicals, commodity chemicals for pharmaceuticals
production, gasoline and energy. The concept is analogous to the oil refineries today, which convert and
refine crude oil into a range of products such as gasoline and chemicals. The bio-refineries can be divided
into three main categories; phase I, II and III bio-refineries.[11]
Phase I bio-refinery
The phase I bio-refinery is the most simple of the bio-refineries. It utilizes a single biomass feedstock in a
fixed process and is only capable of producing one major product. This type of bio-refinery is already
operating and has shown to be economical feasible, examples are biodiesel production[12,13] (Figure 2) from
rapeseed oil and 1st generation bio-ethanol from corn.[14] The main disadvantage with this type of bio-refinery
is the inability to adopt the marked supply to the marked demands.
Phase II bio-refinery
The phase II bio-refinery utilizes a single feedstock but has several processing options and thereby capable
of producing several products, which distinguishes it from the phase I bio-refinery. The phase II bio-refinery
can act upon marked demands and switch to produce the most benefiting products. The main disadvantage,
12
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however, is that the bio-refinery is unable to act upon marked supply which influence the price of all possible
products.[11]
Figure 2.
The first company to produce biodiesel in Denmark was Daka
Biodiesel with an industrial unit located between Horsens and
Vejle capable of producing 55 million liter biodiesel pr. year
with the possibility of up-grading to a 100 million liter unit.[12]

Phase III bio-refinery
The phase III bio-refinery is the most sophisticated and can utilize several feedstocks, has several process
streams and therefore can produce a wide variety of products. This bio-refinery type is the only one that can
act upon marked supply and demand, which optimizes the economic feasibility of the plant. If a feedstock is
in short supply and hence expensive, the plant can easily switch to another and maintain full production
without severe influence on the product price. Another advantage is associated with the plant construction.
Because a phase III bio-refinery plant is capable of utilizing several substrates, is it likely that a plant located
in e.g. Brazil with a predominant amount of sugar crane biomass is quite similar to a plant in Finland
utilizing wood or one in North America utilizing mostly corn stover. This is expected to make plant design
and construction easier and cheaper.[11]
One challenge associated with the introduction of bio-refineries is the distance which biomass can be
transported economically. Associated is the relatively high water content of biomass, which has to be
removed prior to processing and probably also prior to transportation. These and other factors suggest small
local bio-refinery production plants as compared to the very large oil refining facilities located around the
world.[15] A further challenge is the implementation of new technologies on an industrial large scale.
Chemical plants have to be of a respectable size and have a decent run time (∼20 years) in order to produce a
good return for investors. The field of bio-refineries is still very young and still struggling in which
directions to speculate. Therefore economical support from the legislators might be necessary in order to
push the process toward sustainable chemicals production within a decent timeframe.[15]
1.3. Chemicals from biomass – the substitution of petrochemicals
There are several options in the construction of a new sustainable chemicals and fuels infrastructure based on
biomass instead of fossil fuels. One option is to gasify biomass to produce synthesis gas (syngas) and build
the same chemical building blocks, as those available from fossil fuels today, from scratch.[16,17] Another
option is to conserve the degree of functionality contained in biomass, typically hydroxyl groups, ethers,
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aromatics, aldehydes and ketones and only partially remove functional groups.[18] Finally, biomass can be
utilized to produce combined heat and power.[19] One of the clear advantages of constructing chemicals from
syngas is that the chemical infrastructure is already implemented and it would not require any further
modifications once the basis chemicals are synthesized. Contrary, bio-based chemicals which can be
obtained by partial removal of functional groups would probably require many processes to adopt new
chemicals similar to the existing.[20] Gratifying, however, these bio-based chemicals are already
functionalized and ready to use or convert further, which saves energy intensive processes of creating
functional groups from alkanes. The possible conversion options from biomass largely depend on which
fraction of the biomass composition that is considered. The major components are cellulose, hemicelluloses
(mostly xylans) and lignin which altogether are termed lignocellulosic biomass. A typical chemical
composition of lignocellulose is 40-60% cellulose, 20-40% hemicellulose and 10-25% lignin. The different
sorts of biomass desired for conversion into value-added products include corn stover with a chemical
composition of 37% cellulose, 21% xylan and 18 % lignin,[21] switch grass with 34% cellulose, 22% xylan
and 17 % lignin[21] and wheat straw with 40% cellulose, 34% hemicelluloses and 20% lignin.[22] Corn stover
and straw are by-products from the production of food materials and switch grass is a tall plant capable of
growing in areas not suitable for normal agriculture. Furthermore, the biomass output of switch grass pr.
hectare pr. year is high and the required energy input low, making switch grass a cheap source of biomass.[23]
The cellulose fraction consists only of glucose units connected by glycosidic bonds. The cellulose structure
is crystalline going amorphous at elevated pressure and temperature.[24] Cellulose is generally considered
very stable but can be de-polymerized, enzymatically[25] or chemically,[26,27] to yield glucose although this is
quite laborious. Hemicellulose consists of various C5 and C6 sugars such as glucose and xylose and is
hydrolyzed more readily than cellulose. However hemicelluloses gives rise to a complex product mixture
consisting of many different sugars which needs purification for further processing into bio-fuels and
chemicals.[28] Finally, lignin is the most complex structure of the three biomass components elucidated here
consisting of highly cross-linked aromatic macromolecules giving rise to a substantially complexity
depending on the biomass source and method of purification (Figure 3).[29]
In 2004 T. Werpy and co-workers presented the results of a screening for the top potential chemical
candidates from sugars and synthesis gas.[30] They identified the top 12 potential chemical platform
molecules for commercialization which can be synthesized from sugars or syngas and subsequently
converted into a large range of derivatives. This report has since its publication served as a rough guideline
for the direction of the research in the field of biomass conversion technologies from a cellulosic origin. One
of these 12 compounds, 2,5-furandicarboxylic acid (FDA), is a potential replacement for the monomer
terephthalic acid, which is widely used in polyester manufacturing. All 12 potential chemical candidates,
structures and application can be found in Appendix A.
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In 2007 J. E. Holladay and co-workers followed up with different options for converting lignin biomass into
useful chemicals, fuels and materials.[29] Unlike the report by Werpy el al.[30] it was hard to elucidate a list of
the best candidates from lignin. Instead, they grouped the opportunities into three categories of: near-term
opportunities, medium-term opportunities and long-term opportunities. The different opportunities were
evaluated based on e.g. technical difficulty, marked and marked risk etc. The report indicated that lignin
could be utilized for power, fuel and syngas on a near term, macromolecules on medium-term whereas
aromatics and miscellaneous monomers only had long-term opportunities.
There is still no similar report evaluating the different opportunities and options from hemicelluloses.

Figure 3. Three major components of lignocellulosic biomass. A fragment of the lignin structure (left) a fragment of cellulose (top
right) and some of the major components of hemicellulose (bottom right).

1.4. The role of catalysis in sustainable development
A catalyst is according to the International Union of Pure and Applied Chemistry (IUPAC) definition[31] “a
substance that increases the rate of a reaction without modifying the overall standard Gibbs energy change
in the reaction”. It does so by lowering the activation energy barrier Ea of a reaction and not the position of
equilibrium. “The catalyst is both a reactant and product of the reaction” meaning that the catalyst can be
modified during the course of a reaction but returns to the initial conformation after the reaction is complete
and is ready for another substrate cycle (Figure 4). In contrast to most catalytic processes, chemical reactions
requiring stoichiometric or even excess amounts of reactants, like in many organic reactions, generate
enormous amounts of waste materials, which have to be processed or sequestered. Handling waste is a highly
time and energy consuming process and should ultimately be avoided or kept to a minimum according to the
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twelve-principles of green chemistry as proposed by Anastas et al.[32] Some instances e.g. in pharmaceuticals
production, chemical manipulations that generate considerable amounts of waste are unavoidable, however,
as novel catalysts and catalytic process are developed many of those can be substituted.[32] Optimizing
catalyst stability, turnover frequency, ease of separation from the reaction mixture, selectivity etc. all aim
toward more sustainable and environment-friendly chemical processes. Furthermore, the unique bio-catalytic
properties of enzymes such as a high stereo selectivity can reduce or eliminate the need of protecting group
chemistry and ease the product purification by only creating a single product. Indeed, interdisciplinary
endeavors in catalysis and bio-catalysis have shown remarkably efficient in waste stream reduction in the
manufacture of fine and specialty chemicals.[32] If the future development and energy requirements are going
to progress in a sustainable fashion, no doubt catalysis will become a very important tool.[33,34,35]

Figure 4. Schematic representation of an un-catalyzed reaction (left) and a catalyzed reaction (right) illustrated by the preorganization of the reactants. ∆G is the same for the two processes, however Ea is lower for the catalyzed reaction which in turn will
proceed faster.

1.5. Aim of thesis
The great challenges associated with the conversion of biomass to renewable fuels and chemicals are too
enormous to comprehend in just one PhD thesis and will probably be the subject of many thesis’ to come.
Every single step from growing a plant to the final product has to be invented from the point of where we are
now and all the technologies and infrastructures have to be efficiently tightened together. Therefore the aim
of this PhD thesis is focused to contribute new knowledge related to an alternative chemical infrastructure
based on 5-hydroxymethylfurfural for the production of renewable chemicals. As a member of a joint
collaboration group called “Bio-Petrochemicals” established by DTU Chemistry, DTU Chemical
Engineering, Novozymes A/S and supported by “The Danish National Advanced Technology Foundation”
the scope of the thesis is especially focused on the development of a new process starting from glucose via 5hydroxymethylfurfural to the potential renewable polymer building block, 2,5-furandicarboxylic acid.
16
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2. 5-Hydroxymethylfurfural (HMF)
5-Hydroxymethylfurfural (HMF) has been known for more than a century[36] but the molecule probably
attracts more attention these days than ever. HMF is a chemical compound, which can be obtained from the
three-fold dehydration of fructose, usually at high temperatures and under acidic conditions. For organic
chemists, usually synthesizing complex molecular structures, it might seem puzzling that HMF can attract so
much academic attention. Despite the apparent simple nature of HMF, it is surprisingly difficult to synthesize
and handle if one is concerned with yield and purification. The primary reason lies in the inherent reactive
nature of a molecule containing both aldehyde and hydroxyl functionalities. The two reactive groups are
attached to a furan-ring, the least aromatic and stable of the common heterocycles, which is e.g. prone to
ring-opening reactions in the acidic environments where HMF normally is synthesized. Moreover, HMF is
usually produced from fructose, which contains a number of reactive hydroxyl groups. In fact, one of the
most predominant challenges in HMF synthesis is to avoid condensations of HMF and fructose resulting in
polymer formation. This results in a dilemma from a process and industrial point of view, because the
reaction should preferably be conducted at high substrate concentrations to give a decent amount of product
and a high space-time-yield. However, these conditions also favor polymer formation where one of the key
tools for avoiding polymer formation is dilution. This chapter will give an introduction to some of the issues
related to the synthesis of HMF and some state-of-the-art results. Finally the chapter will describe three
methods for producing HMF developed during this PhD study that contribute to the general research field of
value-added products produced from a biomass origin.
2.1. HMF synthesis
The acid catalyzed mechanism of HMF formation from fructose has been debated among research scientists
in this field. Two proposed mechanisms predominate, namely one mechanism involving cyclic
intermediates[37] (Scheme 1) and one that proceeds through linear intermediates.[38] The latest article,
elucidating the reaction mechanism in dimethylsulfoxide (DMSO) by Amarasekara et al.[39] supported the
cyclic mechanism by the identification of a key intermediate by means of nuclear magnetic resonance
(NMR) investigations. HMF is however not the only product formed and can be considered as only being an
intermediate when heating fructose in aqueous solutions at elevated temperatures. The many similar
hydroxyl groups of fructose make selective dehydration of fructose toward a single product challenging.
Although HMF often is the main product, Cottier and Descotes[40] have identified about 37 different products
in the dehydration reaction of fructose. Other by-products formed in significant amounts are soluble and
insoluble polymers also called humins, which are formed by the condensation of fructose, HMF and
combinations thereof. The exact structure of the polymers is still under investigation.

17

T. S. Hansen

Catalytic Routes to Renewable Polymer Building Blocks – and renewable chemicals from biomass

2011

Scheme 1.
The reaction mechanism from fructose to
HMF proposed by Antal et al.[37] through
the formation of cyclic intermediates.

Rehydration of HMF is a phenomenon whereby HMF is hydrolyzed to a C1 and a C5 fragment under the
formation of the organic acids formic acid (FA) and levulinic acid (LA) (Scheme 2).[41] The acidity of these
formed acids contributes to the observed autocatalytic behavior of aqueous fructose solutions without
catalysts at elevated temperatures and prolonged reaction times. The formation of LA and FA is, from a
HMF production point of view, an undesired side reaction. However, both are industrially valuable
commodity chemicals so for the total process of producing valuable chemicals from a biomass origin, the
formation of LA and FA could even be commercially advantageous. The production process is then able to
adapt to marked demands and prices in such a way that HMF is produced when the economic output is
favorable and HMF prices are high and vice versa when La and FA are in demand. Further, LA is located
among the top 12 value-added candidates identified by Werpy et al.[30] which will probably increase the price
and demand of LA to more than that of just the bulk chemical today.
The real challenge when dehydrating hexoses to HMF or LA and FA is as previously mentioned the
formation of soluble and insoluble polymers. These polymers are difficult to handle in a production process
line and will eventually have to be removed by filtration, centrifugation and precipitation etc. The polymers
are very sticky in nature meaning they will coat the surfaces of the reactor and eventually clogging up pipes
in flow reactor setups. Finally, the reaction progress and yield are often analyzed by high pressure liquid
chromatography (HPLC) where polymeric products are usually not detected. This means keeping track of the
mass balance is eventually impossible, and often far from 100% is accounted for. The best option of utilizing
the humins is through combustion to heat the energy demanding process.
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Scheme 2.
Mechanism proposed by Horvat et al.[41]
for the formation of levulinic acid and
formic acid from HMF.

Synthesis methods – state-of-the-art
HMF has so far been synthesized in a number of ways and still new methods are being developed towards
optimum product output and economic feasibility. It is beyond the scope of this thesis to give a full review
on all the different methods available for producing HMF. Instead some of the different strategies will be
considered here. These can in general be divided into 5 categories: (1) High boiling organic solvents, (2)
aqueous extraction (3) heterogeneous catalysts, (4) ionic liquids (ILs), and (5) alternative heating methods.
Some of the advantages and potential problems associated with these strategies are also discussed. For
further information on HMF production, following recent reviews by Rosatella et al.,[42] Climent et al.,[43]
Boisen et al.[44] and Corma et al.[45] can be consulted.
In 1987, Musau and Munavu[46] synthesized HMF from fructose (0.025 mol) in the high boiling DMSO
(0.212 mol) without acidic catalysts. They reported a 92% HMF yield which was isolated by column
chromatography after 2 h of reaction at 150 °C. This method stands out because catalysts are not required,
which simplifies the total process. Also DMSO can easily be heated to 150 °C without applying external
pressure due to the high boiling point of this solvent. However, although this result is very impressive the
HMF must be considered as crude which is also recognized in the appearance of the product. The authors
describe the HMF product as being a yellow liquid, but HMF is a colorless crystalline product in its pure
form, which turns liquid in the presence of (trace) impurities. A further challenge with this method is the fact
that DMSO is quite expensive when considering the economic aspect of the process. Finally, DMSO is
extremely difficult to remove completely from the HMF product. Consequently the product maintains the
sulfur odor from DMSO even after successive rounds of different purification methods.[47] Just recently, Caes
and Raines[48] reported HMF synthesis in the DMSO analogue sulfolane. Here an acidic catalyst was needed

19

T. S. Hansen

Catalytic Routes to Renewable Polymer Building Blocks – and renewable chemicals from biomass

2011

in order to obtain good HMF yields at fairly low temperatures. An experiment with fructose (67 mg/g) in
sulfolane with catalytic amounts of HBr (5 wt% based on fructose) was heated to 100 °C and resulted in a
93% HMF yield.
Water is the most desired solvent for many industrial processes due to its non-toxic nature, price and
availability. Water is probably also the best option for the synthesis of HMF from highly concentrated
fructose or glucose if one wants to avoid ionic liquids or high boiling organic solvents. However, one of the
undesired reactions predominately takes place in aqueous media, namely the rehydration of HMF to FA and
LA. In order to avoid this and other side reactions, HMF can be extracted from the aqueous media by
applying an organic solvent to the reaction mixture thereby creating a biphasic system. In the organic solvent
HMF is removed from the acidic and highly reactive carbohydrate containing environment and thereby less
prone to by-product formation and rehydration. So far, the solvent methyl-isobutylketone (MIBK) has
proven most promising due to a high HMF extraction power and a low inherent toxicity. In 2006 RománLeshkov et al.[49] showed that HMF could be synthesized with a 73% selectivity at 75% substrate conversion
when applying MIBK (3 g) to an aqueous solution (1.5 g) containing concentrated fructose (30 wt%) and
HCl (0.25 M) heated to 180 °C for only a short period of time (2.5-3 min.). By the addition of so-called
phase modifiers the HMF selectivity could be enhanced to 85% at 89% fructose conversion. These phase
modifiers work by enhancing the polarity of the aqueous and organic phases, resulting in a more efficient
extraction of HMF. Later in 2009 Román-Leshkov and Dumesic[50] investigated the effect of different
solvent types on the extraction of HMF from aqueous mixtures saturated with different inorganic salts. In
this study, experiments conducted with solvents containing four carbon atoms and NaCl or KCl resulted in
the highest HMF selectivities. A dehydration reaction of concentrated aqueous fructose (30 wt%) saturated
with KCl containing HCl (pH = 0.6) and the organic solvent 2-butanol in the ratio Vorg/Vaq= 3.2 resulted in a
84% HMF selectivity at 89% fructose conversion after 8-15 min. at 180 °C.
One of the main disadvantages related to aqueous systems for the production of HMF is the low selectivities
towards HMF as compared to the high boiling organic solvents and ionic liquids. In addition, only fructose
and not glucose can be converted to HMF in aqueous systems in decent yields. The large amount of
extracting solvent necessary to enhance the HMF selectivity is also an economic drawback. In return a very
benign HMF production can be achieved.[51]
Several heterogeneous acidic catalysts have been explored for the HMF production in aqueous media. This
class of catalysts stands out by their typical ability of recovery and recycling, making heterogeneous
catalysts particular suited for industrial purposes. Rigal and co-workers[52] used highly acidic cationexchange resins with sulfonic groups for the synthesis of HMF from fructose in 1981. The system consisted
of a water-MIBK mixture (1:9) and different catalysts were used in a typical ratio of fructose:catalyst (1:0.6).
Thus, a reaction at 84 °C for 15 h with a Lewatitt resin resulted in a 66% HMF yield. The main advantage
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with this method over others, besides the heterogeneous nature of the catalyst, is the low temperature
required to synthesize HMF in good yields. Moreover, the biphasic mixture makes extraction and
concentration of the resulting HMF fairly easy. HMF is extracted into MIBK, which subsequently can be
removed by evaporation leaving a crude HMF mixture. However, the method also comprises several
disadvantages. Although an initial concentrated aqueous fructose solution (1.2 M) was used, the high
water:MIBK ratio results only in a low output of the system compared with the required size of the reactor.
Further, the relatively high cost of MIBK makes recycling of the organic solvent particular important in
industrial implementations. An additional disadvantage is that these polystyrene based catalysts often only
tolerate moderate temperatures in the range 130-150 °C depending on the degree of branching in the
polymer. This offers only limited flexibility with regard to the temperature of the reaction. Other
heterogeneous catalysts that have previously been employed with success are e.g.; H-form zeolites of the
mordenite type (Si:Al = 11) employed by Moreau et al.[53] in 1996. Reactions conducted in an
aqueous:MIBK (1:5) biphasic mixture containing fructose (0.1g/mL) resulted in a 74% HMF yield at 87%
HMF selectivity after 90 min. at 165 °C. Titanium/zirconium phosphates and pyrophosphates were used by
Benvenuti et al.[54] in 2000. In this study, an experiment with Cubic ZrP2O7 conducted at 100 °C with a
catalyst:substrate loading of (0.6g:1.1g) with an aqueous fructose solution (6 wt%) resulted in 99.8% HMF
selectivity at 44.4% fructose conversion after 30 min. of reaction. Later in 2006, Carniti et al.[55] used niobic
acid (Nb2O5·nH2O) and niobium phosphate (NbOPO4) for the synthesis of HMF in a continuous flow reactor.
Reactions were conducted in the temperature range 90-110 °C with a fructose solution (∼0.3 M) and a varied
substrate feed between 5 and 55 min·g·mL-1 and a pressure between 2-6 bar. Results of up to 30% HMF
selectivity at 80% fructose conversion were reported with this setup. One of the general challenges when
using heterogeneous catalysts is the polymer by-product formation, which is often observed in the catalytic
dehydration of hexoses to HMF. The soluble and insoluble polymers clog up the catalysts active sites leading
to severe catalyst deactivation after only short reaction times. This can also be elucidated from the fairly high
catalyst:substrate ratios used in the examples shown vide supra.
Other synthesis methods involve rather exotic solvents such as ionic liquids (ILs). Like DMSO, these
solvents are high boiling (many ILs have negligible vapor pressures), catalytic in nature and often no further
addition of acidic catalysts is required. Further, some ILs are able to dissolve cellulose and untreated biomass
which opens the opportunity for direct conversion into value-added products without pretreatment. In 2006
Moreau et al.[56] reported the use of 1-H-3-methylimidiazolium chloride ([HMIM]Cl) acting both as the
solvent and catalyst. An excellent HMF yield of 92% was achieved from fructose after 45 min., when
dehydrating fructose (0.12 mol) in the IL (0.6 mol) heated to 90 °C. In 2007 Zhao et al.[57] reported a
modified IL dehydration system composed of 1-ethyl-3-methylimidazolium chloride ([EMIM]Cl] in
combination with CrCl2. This system was able to convert glucose to HMF in high yields, which is a task not
easily achieved and only takes place in ILs to a reasonable extent. An experiment conducted in [EMIM]Cl
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(500 mg) charged with glucose (50 mg) and CrCl2 (6 mol% with respect to glucose) was heated to 100 °C for
3 h and resulted in a ∼70% HMF yield at ∼95% glucose conversion. Contrary, a similar reaction without
CrCl2 did not show any glucose conversion. In 2009 Binder and Raines[58] modified the reaction procedure
further to convert untreated corn stover directly to HMF. By adding CrCl3 (10 mol%) and HCl (10 mol%) to
a DMA-Li/[EMIM]Cl mixture corn stover was converted in a 48% HMF yield after 2 h at 140 °C. The high
solubilizing power of ILs remains one of their greatest advantages but also challenges, as HMF has to be
removed from the ILs, once produced. Extraction of HMF by an organic solvent is possible but can be quite
cumbersome. Further, most ILs are not commercially available or at least very expensive and the “green”
nature of ILs as solvents have been debated mainly due to concerns about the way they are synthesized.[59]
In 2008 Qi et al.[60] reported the use of microwaves as the heating source for HMF synthesis. A fructose (2
wt%) in an acetone:water mixture (7:3 w/w) with an acidic ion-exchange resin in a substrate:catalyst ratio of
1:1 was heated to 150 °C for 10 min. resulting in a 91.7% fructose conversion and a HMF yield of 70.3%.
Furthermore, the acidic ion-exchange resin could be recycled for at least 5 times without losing its catalytic
properties. For comparison, an experiment under similar conditions with sand bath heating only resulted in a
22.1% fructose conversion and 13.9% HMF yield clearly indicating the promoting effect of the microwaves
on the dehydration reaction.
2.2. Introduction to microwave chemistry
The intention with this subsection is to give a short introduction to microwave chemistry for the reader
unfamiliar with this general topic.[61] Experts and others who are frequently dealing with microwave
chemistry may skip this subsection and continue to the description of microwave-assisted HMF synthesis.
The application of microwaves in human activities has evolved enormously ever since Percy L. Spencer
patented a “Method of Treating Foodstuffs” by microwave heating in 1950.[62] This piece of work led the
way for the first household microwave oven in 1954 with a price of several thousand dollars. Today, the
microwave oven is almost present in all private households and can be purchased for a much more affordable
price. Around 30 years later in 1986, two articles were published employing microwave ovens for the first
time as the source of heating for organic chemical reactions.[63,64] These initial efforts on heating chemical
reactions were carried out in microwave ovens made for the cooking of food and did not provide any safety
regulations from potential explosions and overheating. Today, however, special microwave ovens on the
marked are made specific for the use in scientific laboratories and have several safety features such as
pressure and temperature detectors with kill switches if failures are detected. Some instruments also have
special designed cabinets to direct an explosion away from the operator, making science, involving
microwaves very safe and secure.
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Microwaves heat a substance by inducing molecular motion – more specific rotation of molecules (Figure 5).
With wavelengths in the microwave region chemical bonds are not affected because the microwave only
contains very little energy (0.037 kcal/mol) compared to the energy necessary to cleave molecular bonds (80120 kcal/mol). Therefore, chemical compounds are not degraded by the electromagnetic energy and usually
heat is the reason for labile compound degradation during microwave experiments. Usually, electromagnetic
energy with the frequency of 2450 MHz is used in commercial equipment. This frequency is found to be
most efficient in heating compounds with an electric dipole moment and especially water absorbs well.

Figure 5.
Schematic overview of the electromagnetic
spectrum. Generally, energy in the X-ray
region affects inner-shell electrons, whereas
energy in the UV region affects outer-shell
electrons. Charge transfer usually account
for the colorful D-block complexes in the
visible region. Infrared energy causes
vibration excitations whereas microwaves
result in molecular rotation.

Microwave heating is not dependent on thermal conductivity like heating by conduction, because the
microwave directly interacts with the molecules in the reaction vessel. This causes internal superheating in
localized hotspots, whereas conventional heating depends on the heat transfer from the walls of the vessel to
the contents of the vessel (Figure 6). Furthermore, a vessel heated by conventional heating has to be removed
from the source of heating (e.g. oil bath, sand bath, alumina block) in order to cool it down rapidly, whereas
the microwaves can simply be turned off. Some microwave instruments can even be connected to a nitrogen
source and blow N2 gas onto the vessel to remove the remaining latent heat.

Figure 6.
Schematic representation of the two different types of heating mechanisms. The source of
heating is indicated with a red color. A. localized hotspots heat the vessel contents in a
microwave reactor, and B. the walls of a vessel are heated by an external heating source
leading to heating of the vessel contents by thermal conductivity.
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There are mainly two modes of interaction that transfers heat from the microwaves to dipolar molecules.[61]
The first one is dipole rotation, where the molecules try to align the dipoles according to the changing
electric field in the microwave. The resulting rotational motion of the molecule results in an energy transfer
from electric energy in the wave to kinetic and thermal energy in the molecule. The other mode of heating is
ionic conduction, which results when ionic species present in the sample are subjected to the microwaves.
Ionic motion is caused by the applied electric field. The ions try to align charge according to the changing
electric field, which causes a rapid heating. The ionic conductivity increase as the temperature rise,
ultimately leading to a higher energy transfer efficiency.
Microwave heating is often associated with increased reaction rates and sometimes increased reaction yields
and selectivities.[61] The application of microwaves is most effective in slow reactions with a high activation
energy barrier, which is why reaction times often can be reduced from hours to minutes or from days to
hours. Also sometimes, reactions that do not proceed under normal conditions due to a large activation
energy barrier react readily with the application of microwaves. The reason for these observations is found in
the instant nature of heating with microwaves and the large amount of energy that is transferred to the
reactants. Within seconds, sufficient energy to overcome the activation energy barrier (Ea) is transferred to
the reactants from a typical 300 W microwave source. The kinetic relaxation (∼10-5 s) of the molecules is a
significant slower process compared to the microwave cycles (∼10-9 s), which results in a continuous excited
state of the molecules and thereby an induced momentum to overcome the Ea. The enhancing effect of the
microwaves on the rate constant can also be visualized from the Arrhenius equation. The rate constant, k,
depends on the number of collisions with correct geometry (A) and the number of collisions with sufficient
energy. The local hotspots created during the microwave heating, increases the number of collisions with
sufficient energy (second term in the equation) leading to a larger k (Equation 1):
Equation 1.
The Arrhenius equation. A is the number of collisions with the right
geometry. The second term contains the number of collisions with
sufficient energy to react and comprises: the activation energy barrier
(Ea), the gas constant (R) and the reaction temperature (T).

=A∙

E
∙

Most microwave equipment automatically tunes the applied effect to maintain a constant reaction
temperature throughout the reaction. This means that the microwave apparatus is only heating with
maximum effect in the beginning of the reaction when the components in the reaction vessel are heated to
the predefined temperature. In order to keep the effect of the microwaves maximum throughout the reaction,
cooling can be applied simultaneously with heating.
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Microwave heating is generally considered to be an energy efficient method of heating. This is however not
always the case and care must be taken not to automatically consider microwaves as an environment friendly
method, which is sometimes the case in journals. The main energetic advantage of the microwaves compared
with the conventional method of heating is the greatly reduced reaction times necessary to complete a
reaction. If there is no reduction in reaction time, it is not likely that the process will be more energetic
favorable than conventional heating.[65]
2.3. Microwave-assisted HMF synthesis
Microwave-induced organic chemical synthesis, traditionally employed for organometallic synthesis in
particular, has proven to be very efficient in promoting the dehydration of fructose to HMF by greatly
reducing the reaction time and resulting in high selectivity and yield.[60,66] A high input of energy via the
microwave irradiation allows the reaction to overcome the energy barrier for product formation much faster
than by conventional heating and therefore speeds up the reaction significantly.[61] The aqueous, acidcatalyzed dehydration of fructose to HMF is a fairly slow process that can take hours to reach full fructose
conversion. Employing microwaves, however, increases the reaction rate significantly such that full
conversion is reached in a matter of minutes.[60]
A thorough investigation of the reaction parameters in the HCl-catalyzed, microwave-assisted, aqueous
dehydration of fructose to HMF was conducted in this study. To facilitate process intensification, reaction
parameters were optimized with three main goals in mind: (1) the solvent has to be water, (2) the utilization
of HCl catalyst should be minimized and (3) an initial high fructose concentration should be employed.
These conditions differ significantly from those employed in previous described work by Qi et al.[60] who
used an acetone–water system with a heterogeneous acidic ion-exchange resin catalyst. Despite very good
results with this system its industrial utilization could be hampered by generation of a highly elevated
pressure from the acetone component (bp. 56 °C[67]). In addition, optimization of the system was conducted
on a diluted 2 wt% fructose solution, resulting in a corresponding low space-time-yield.
2.3.1. Results and discussion
Dehydration without catalyst
Dehydration of fructose to HMF is, in principle, possible without a catalyst both by conventional heating and
by microwave-assisted heating, though a catalyst is, of course, expected to increase the dehydration rate
significantly. Initial experiments performed here with microwave heating, at 160 °C without catalyst, yielded
only 5% fructose conversion and only 1% HMF, as shown in Figure 7. At lower temperatures, no significant
fructose conversion occurred, whereas a considerable quantity of humins were detected in all reactions above
160 °C, clearly suggesting catalyst promotion to be a prerequisite to make the dehydration selective for HMF
production. At prolonged reaction times or sufficiently high temperatures however, a build-up in LA and FA
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concentrations results in an acidification of the reaction mixture leading to autocatalysis of the dehydration
process. The catalytic properties of the reaction byproducts can thereby render control experiments without a
catalyst misleading. This is clearly seen in Figure 7, where an increasing amount of formed LA and FA from
170 °C to 190 °C induced a dramatic increase in the fructose conversion rate.

Figure 7.
Yield of HMF (♦), FA (▲) and LA (■), HMF
selectivity (∆) and fructose conversion (○) as a function
of temperature in microwave-assisted dehydration of
fructose (5 min reaction time, 300 W, initial fructose
concentration 27 wt%).[51]

pH dependence
To optimize the fructose dehydration towards HMF formation with respect to the required amount of
catalyst, experiments were performed with various amounts of hydrochloric acid, that is, at different initial
pH values (Figure 8). When using a large excess of acid at a corresponding low pH value (1 M HCl, pH 0),
at moderate temperature of 130 °C with 5 min. microwave irradiation, 99% fructose conversion was reached.
Nevertheless, rehydrated FA and LA by-products (as well as humins) were formed in relatively high yields
of 39% and 30%, respectively, compared to only 28% HMF. A maximum HMF yield of 40% was obtained
at a higher pH value of 0.3 (0.5 M HCl) with 70% fructose conversion, while a maximum reaction selectivity
of 56% towards HMF was reached at a pH of 0.6 (0.25 M HCl), though with a lower fructose conversion of
63%.

Figure 8.
Yield of HMF (♦), FA (▲) and LA (■), HMF
selectivity (∆) and fructose conversion (○) as a
function of pH in microwave-assisted
dehydration of fructose (5 min reaction time,
90 W, 130 °C, initial fructose concentration 27
wt%). The pH values were calculated based on
the HCl concentration and does not account for
the acidity of the by-products formed during
the reaction.[51]
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This clearly demonstrates that less acidic conditions are necessary to suppress the acid-promoted by-product
formation. Hence, more benign acidic conditions (pH 2) were employed for the remaining experiments,
corresponding to 0.01 M HCl and 27 wt% fructose solution, with the presence of only catalytic amounts of
acid (0.5 mol % H+).
The effect of microwaves
The use of microwaves for the dehydration revealed, as anticipated, a dramatic effect on the reaction rate in
accordance with previously published results.[60] However, within the possible temperature ranges of the
available apparatus (max. 180 °C for closed pressure tube experiments), no conclusive change was found in
the product distribution compared to analogous reactions carried out in a closed pressure tube using
conventional oil bath heating (Appendix B). The product distribution is more likely dependent on other
factors (such as solvent, temperature, etc.) that were investigated in this study rather than the method of
heating. The primary advantage in the microwave heated system is the increase of reaction rate leading to an
increased space-time-yield in potential industrial applications. In addition, very precise control of reaction
temperature is maintained in the microwave apparatus whereas the conventional heated system has a rather
slow response. Employing this fast temperature control, the microwave apparatus was able to quickly heat
the reaction contents to 200 °C and cool the vessel down, resulting in the best yield reported in a strictly
aqueous media (vide infra) primarily thought to be due to the fast and accurate temperature adjustments. In
contrast, the conventional heated system is rather slow with poor control at elevated temperatures. Indeed,
180 °C was the maximum temperature achievable in this setup. Thus, in this way, both conversion rates and
yields were increased significantly by employing microwaves. The influence of the initially applied
microwave irradiation effect on reaction performance, that is, conversion, yield and selectivity, was further
studied by using varying initial microwave powers of 90 W, 150W and 300 W. Under the tested reaction
conditions, for example, reaction time of 5 min. and temperature of 140 °C or 160 °C, no significant
difference in either conversion or product distribution was found, thus confirming the 90W to be sufficient to
facilitate effective reaction progression (Figure 9 and Figure 10). Hence, conducting the reaction at higher
power is more energy intensive but does not increase conversion, yield or selectivity. As shown in Figure 10,
the microwave-assisted reaction was found to give 48% fructose conversion, 28% HMF yield and 59% HMF
selectivity when performed at 160 °C for 5 min. with an initial fructose concentration of 27 wt% (0.01 M
HCl). The corresponding reaction with conventional heating for 10 min. only gave 29% fructose conversion,
12% HMF yield and 40% HMF selectivity (see Appendix B).
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Figure 9.
Yield of HMF (♦), FA (▲) and LA (■), HMF
selectivity (∆) and fructose conversion (○) as a
function of initial microwave power in dehydration of
fructose (5 min reaction time, 140 °C, 0.01 M HCl,
initial fructose concentration 27 wt%).[51]

Figure 10.
Yield of HMF (♦), FA (▲) and LA (■), HMF
selectivity (∆) and fructose conversion (○) as a function
of initial microwave power in dehydration of fructose (5
min reaction time, 160 °C, 0.01 M HCl, initial fructose
concentration 27 wt%).[51]

Temperature dependence
As already indicated above, the microwave-assisted acid-catalyzed dehydration of fructose to HMF was
highly temperature dependent (Figure 11). Generally, high temperatures promoted the dehydration reaction,
which is also consistent with previously reported work.[68] However, at temperatures above 160–180 °C,
shorter reaction times proved necessary to diminish by-product formation by rehydration and successive
polymerization which otherwise resulted in a significant decrease in HMF selectivity and yield. Hence,
reactions conducted at 200 °C with microwave irradiation for 1 s resulted in 52% fructose conversion and
HMF selectivity and yield of 63% and 33%, respectively. By prolonging the reaction time to 60 s the
fructose conversion further increased to 95% and the HMF yield reached an optimum of 53%, whereas
irradiation for 180 s provided nearly full fructose conversion (>99%) but only gave an HMF yield of 37%
due to the accompanying decrease in HMF selectivity (Figure 12).
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Figure 11.
Yield of HMF (♦), FA (▲) and LA (■),
HMF selectivity (∆) and fructose conversion
(○) as a function of temperature in
microwave-assisted dehydration of fructose
(5 min. reaction time, 90 W, 0.01 M HCl,
initial fructose concentration 27 wt%).[51]

The initial fructose concentration
By-product formation by polymerization of reaction components is one of the main challenges in the
dehydration of highly concentrated aqueous fructose to yield HMF, and clearly the concentrations of this
component are very important for the process. The use of low fructose concentrations reduces polymer
formation, while high initial fructose concentrations are economically desirable from an industrial viewpoint
due to small reactor volumes and improved product work-up.

Figure 12.
Yield of HMF (♦), FA (▲) and LA (■), HMF
selectivity (∆) and fructose conversion (○) as a
function of reaction time in microwave-assisted
dehydration of fructose (300 W, 200 °C, 0.01 M HCl,
initial fructose concentration 27 wt%).[51]

The dehydration reaction was probed at 170 °C with 5 min. of microwave irradiation using initial fructose
concentrations from 2.25 to 45 wt% (Figure 13). In accordance with previously published results,[60] the
highest HMF selectivity (75%) was found using the lowest fructose concentration of 2.25 wt% and the
highest conversion was obtained (80%) with 45 wt% fructose. In contrast, the yields of HMF, FA and LA
remained almost constant, independent of the initial fructose concentration, suggesting that the amount of
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by-products not detected by HPLC analysis (i.e., humins and soluble polymers) prevail at higher fructose
concentrations, as anticipated.

Figure 13.
Yield of HMF (♦), FA (▲) and LA (■), HMF
selectivity (∆) and fructose conversion (○) as a
function of fructose concentration in microwaveassisted dehydration of fructose (5 min. reaction time,
300 W, 170 °C, 0.01 M HCl).[51]

The reaction time
When the microwave-assisted dehydration was performed at a relatively low temperature of 140 °C where
by-product formation was negligible, both fructose conversion and HMF yield increased almost linearly with
reaction time reaching 33% and 17%, respectively, after 20 min. of reaction (Figure 14). Similarly, the HMF
selectivity concurrently increased to 52% most likely due to reversible dimerization of fructose, which
allowed monomeric fructose to be continuously reformed as HMF production progressed. Analogous
findings have also previously been described by, for example, Van Dam et al.[68] and Kuster.[69]

Figure 14.
Yield of HMF (♦), FA (▲) and LA (■), HMF
selectivity (∆) and fructose conversion (○) as a function
of reaction time in microwave-assisted dehydration of
fructose (90 W, 140 °C, 0.01 M HCl, initial fructose
concentration 27 wt%).[51]

2.3.2. Conclusion
The individual influence of several reaction parameters on the HCl-catalyzed microwave-assisted
dehydration of aqueous fructose to HMF was investigated. Combined, the results proved the dehydration
process to be highly dependent on all examined parameters, except the initial power of the applied
microwave irradiation (between 90 and 300 W). Importantly, however, application of microwaves
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significantly improved the rate of fructose conversion, and to some extent the selectivity and yield of HMF
due to improved control of the temperature, compared to conventional heating.[40,49,66,68,70] The most
significant single parameter in the dehydration process was found to be the initial fructose concentration
which was, however, deliberately kept high in most of this study as this is attractive from an industrial
perspective. Thus, only experiments with initial fructose concentrations below 5% resulted in HMF
selectivities higher than 70%. Besides fructose concentration, the temperature, pH and reaction times were
also found to be important parameters for intensification of the dehydration reaction. Hence, the optimal
conditions for HMF production using 27 wt% aqueous fructose solution containing 0.01 M HCl was either
reaction at 200 °C with 1 s irradiation whereby a fructose conversion of 52% (HMF yield of 33%; HMF
selectivity of 63%) was achieved or reaction at 200 °C for 60 s whereby a fructose conversion of 95% (HMF
yield of 53%; HMF selectivity of 55%) was achieved. The reported results are the best fructose to HMF
dehydration results achieved in a purely aqueous media.[40,49,66,68,70] In particular, this has been achieved with
a high initial fructose concentration and a low HCl catalyst concentration. These concentrations are
somewhat different from conditions used in previously reported work, but are practically relevant when
pursuing a commercially viable process with low environmental impact for HMF production. At the cutting
edge of technology development it seems likely that it is only a matter of time before microwave-enhanced
chemical production is routinely possible. Already the equipment for batch and continuous operation is
available from several companies.[71] Clearly the use of microwaves opens new opportunities in temperature
control and adjustment that are not possible by conventional heating.
2.4. Boric acid mediated synthesis of HMF
As opposed to previous reported results[72] a novel[73] method was developed to produce HMF from highly
concentrated aqueous fructose solutions employing only a weak, non-toxic and non-corrosive acid, namely
boric acid (pKa = 9.27, T = 293.15 K)[74] as the dehydration catalyst.[75] Boric acid, B(OH)3 or H3BO3, acts as
a Lewis acid in aqueous solutions forming tetrahydroxyborate and a proton (or hydronium ion) upon reaction
with water. The nature of the boric acid suggests (based on previous published results by Kuster and
Temmink[76]) that it is too weak an acid to efficiently catalyze the dehydration reaction of fructose to HMF.
However, boric acid forms strong chelates with diols and hexoses, e.g. fructose and glucose,[77,78,79] shifting
the equilibrium reactions towards a doubly coordinated borate–hexose complex. This complexation results in
an overall release of protons leading to acidification of the aqueous media and so facilitates the acid
catalyzed dehydration (Scheme 3). In principle, the pH will gradually increase during the HMF dehydration
reaction and return to a value determined by the boric acid-water equilibrium when all sugars are converted.
However, by-product formation of FA and LA by competitive rehydration of HMF during the reaction[40,41]
prevent the pH from increasing. From a downstream HMF processing point of view, this phenomenon could
prove very useful, as the isolation of LA and FA, which are also valuable by-products, results in a HMF
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product solution which is not nearly as acidic compared to using mineral acids. This is likely to make the
overall HMF production process more economically attractive by reducing costs related to both
neutralization and the use of corrosion resistant materials.

Scheme 3.
Equilibria between boric acid and hexoses in
water.[75]

2.4.1. Results and discussion
Titration of fructose and glucose with boric acid
A 1.88 M aqueous solution of fructose and a 1.93 M solution of glucose (both ∼30 wt%) were titrated with
solid B(OH)3 to the point of saturation at room temperature (RT) to monitor the associated pH change as a
function of the B(OH)3 concentration (Figure 15). As reference, pH was measured in a B(OH)3 saturated (50
g L-1) aqueous solution (pH = 3.65). A rapid decrease in pH of the 30 wt% sugar solutions was observed
upon the first boric acid addition which then levelled out as more B(OH)3 was added. The change was more
pronounced for fructose than glucose suggesting a stronger complexation between B(OH)3 and fructose than
with glucose. This is consistent with previous findings.[78]

Figure 15.
Titration of a 1.88 M fructose solution and a 1.93 M
glucose solution (both ∼30 wt%) with solid B(OH)3.
Between additions of boric acid, the system was allowed
sufficient time to stabilize before pH measurements.[75]
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Dehydration of fructose with boric acid
The dehydration of fructose to HMF is known to proceed even without the addition of catalyst at elevated
temperatures and prolonged reaction times.[46] However, when the dehydration of fructose is carried out in an
aqueous environment alone high HMF yields and selectivities are difficult to achieve. One way to overcome
this problem is by employing an organic phase that extracts HMF as it is produced thereby reducing the
rehydration of HMF to FA and LA, as well as humin formation to some extent.[49,50] To separate this inherent
catalytic effect from any effects of the added catalyst, reaction temperature and time was initially
investigated in order to find conditions where the non-catalyzed reaction was negligible. Here it was found,
that reaction of a 30 wt% fructose solution at 150 °C for 45 min. with MIBK as the extracting solvent with a
MIBK:aqueous volume ratio of 4:1 possessed minimal intrinsic activity resulting in only 5% fructose
conversion and 2% HMF yield (Figure 16). Notably, these conditions are, however, still suitable for HMF
production if a dehydration catalyst is added (vide infra). Using the reaction conditions where the intrinsic
conversion to HMF was found to be minimal (i.e. 150 °C, 45 min, MIBK: aqueous volume ratio = 4:1), a set
of experiments were conducted varying the catalyst amount in a 30 wt% fructose solution in order to
investigate how the B(OH)3 concentration influenced the dehydration of highly concentrated fructose
solutions (Figure 16). A clear relation between the B(OH)3 concentration and the fructose conversion was
found, showing an increase in fructose conversion with increasing B(OH)3 concentration. The most
commonly used catalysts for the dehydration process are strong acids, as previously mentioned, so increasing
the amount of the weak Lewis acid B(OH)3 was expected to result in a higher fructose conversion and HMF
yield.

Figure 16.
Dehydration of 30 wt% fructose solutions with varied
B(OH)3 concentrations and MIBK as extracting solvent
(150 °C, 45 min, MIBK:aqueous volume ratio = 4:1).[75]

Synergetic catalytic effect between boric acid and salts
When sugars are dehydrated to HMF in acidic, aqueous-organic systems with dissolved salts, the salts
usually facilitate only a salting-out effect of the formed HMF to the organic phase and no significant
catalytic effect.[50] In accordance with this, only a weak catalytic effect of NaCl was found in the dehydration
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of 30 wt% aqueous fructose solution (Figure 17). The addition of 50 g L-1 NaCl to the reaction mixture
resulted in a HMF yield of 5% at 13% fructose conversion compared to 2% HMF at 5% fructose conversion
without NaCl present. This weak catalytic effect is believed to arise from the slight acidification observed
when salts are added to a concentrated solution of fructose. The dehydration reaction of fructose to HMF is
highly dependent on the pH of the solution, hence a small decrease in pH is expected to have a positive
influence on the rate of fructose conversion and HMF formation. Surprisingly the addition of NaCl in low
concentrations together with B(OH)3 was found not only to increase the HMF yield, due to the salting-out
effect as described by Román-Leshkov and Dumesic,[50] but also to significantly increase the fructose
conversion and HMF yield. Thus, reaction at 150 °C for 45 min. with 50 g L-1 NaCl, 100 g L-1 B(OH)3 and
MIBK as extracting solvent (MIBK: aqueous volume ratio = 4:1) resulted in a fructose conversion of 70%
and 46% HMF yield (Figure 17).

Figure 17.
Dehydration of 30 wt% fructose solutions with MIBK
as extracting solvent and no catalyst or added NaCl
and/or B(OH)3 (150 °C, 45 min, MIBK:aqueous
volume ratio = 4:1).[75]

The synergistic effect of using both B(OH)3 and NaCl is believed to occur as a result of the increased acidity
of aqueous B(OH)3 solutions in combination with salts, suggesting that the salts stabilizes one or more of the
charged intermediates and products shown in Scheme 3. The acidifying effect of different salts on boric acid
has been correlated to the energy of hydration by Shishido[80] and shows an increase in acidity with
increasing hydration energy. As already mentioned, the addition of salt to a concentrated fructose solution
also results in a slight acidification of the solution. Hence, several factors add up in the observed synergy and
complex behavior of NaCl and B(OH)3 in the dehydration of aqueous fructose solutions to HMF. An
experiment was conducted in order to find the highest obtainable HMF yield from a 30 wt% aqueous
fructose solution near full substrate conversion with the NaCl-containing catalytic system. Increasing the
reaction time to 90 min. subsequently resulted in a 92% fructose conversion, a 60% HMF yield and a HMF
selectivity of 65%. A range of other salts, primarily containing alkali or alkaline earth metal cations, were
further employed in the dehydration of fructose in order to investigate the influence of the salts on the
synergistic interplay with B(OH)3 (Table 1).
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Table 1. Dehydration of 30 wt% fructose solutions with boric acid, various salts and MIBK extraction.[a]

Entry Salt

Fructose

HMF

conversion (%) yield (%)

HMF

R value[b]

selectivity (%)

(MIBK:aq)

1

LiCl

69

45

66

1.1

2

LiBr

61

38

62

1.0

3

LiNO3

49

21

42

0.9

4

NaCl

70

46

65

1.0

5

NaBr

60

38

64

0.9

6

NaNO3

49

20

41

0.9

7

Na2SO4

90

41

45

1.7

8

KCl

67

44

65

1.0

9

KBr

63

39

62

0.9

10

KI

56

35

63

0.7

11

KNO3

49

20

40

0.8

12

K2SO4

89

40

46

1.5

13

MgCl2

81

52

65

1.1

14

AlCl3

100

21

21

1.1

15

FeCl3

99

36

36

1.1

[a] Reaction conditions: 100 g/L B(OH)3, 0.87 M salt with respect to the anion, 45 min, 150 °C, MIBK:aqueous volume ratio = 4:1.
[b] The R value is the HMF distribution obtained between the MIBK phase and the aqueous phase, i.e. [HMF]MIBK/[HMF]aq.

A clear relationship between the nature of the anion and the resulting fructose conversion and HMF yield
was observed. Generally, sulfates (entries 7 and 12) resulted in high fructose conversions and a high HMF
distribution in the organic phase but low HMF selectivities and yields. The phase distribution selectivity is
commonly expressed as the R value (calculated as [HMF]org/[HMF]aq), which quantify the extracting power
of the organic solvent. In contrast, the nitrates (entries 3, 6 and 11) resulted in lower fructose conversions,
HMF yields, HMF selectivities and R values compared to the halide salts, which were shown to be superior
when comparing HMF yields and selectivities. The size of the halide anions did not seem to affect the
selectivity towards HMF, whereas the fructose conversion rate decreased in the order: chloride > bromide >
iodide. The nature of the alkali cation did also not seem to have great importance on the dehydration reaction
and only small variations in HMF yields and selectivities within the estimated experiment error were
observed. Similar trends were observed in the control experiments conducted without B(OH)3 in order to test
the activity of the salts alone (results not presented here). Interestingly, the high R values, representing the
distribution of HMF in the organic phase relative to the aqueous phase, observed in experiments with sulfate
salts did not result in correspondingly high relative HMF yields and selectivities, as would be expected when
the mean residence time of HMF in the aqueous solution was reduced due to diminished rehydration. The
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same conclusion was reached by Román-Leshkov and Dumesic[50] in their investigation of fructose
dehydration reactions employing different salts and a strong mineral acid as the dehydration catalyst, thus
suggesting the sulfate anion has some influence on the dehydration reactivity, e.g. shifting the pyranosefuranose equilibrium. In combination, the strong Lewis acidic salts, AlCl3 or FeCl3, and B(OH)3 (entries 14
and 15) resulted in formation of large amounts of polymers and the rehydration products FA and LA,
demonstrating that HMF was no longer the favored product.
Boric acid-salt catalysis with common extracting solvents
Experiments with different organic extraction solvents were conducted with 30 wt% fructose solutions at 150
°C for 45 min. with 100 g L-1 of B(OH)3 catalyst and 50 g L-1 NaCl using an organic:aqueous volume ratio of
4:1. (Figure 18).

Figure 18.
Dehydration of 30 wt% fructose solutions with
organic extraction solvents, 100 g L-1 B(OH)3 and 50
g L-1 NaCl (150 °C, 45 min. unless otherwise
mentioned, organic:aqueous volume ratio = 4:1).[75]

Reactions with THF as extraction solvent were found to be substantially slower than analogous reactions
with MIBK. This could be attributed to an effective decrease in the fructose concentration at elevated
temperatures as a result of miscibility of THF and saline aqueous mixtures, or an increased ability of THF to
extract the produced organic acids compared to MIBK. However, when increasing the reaction time with
THF as extracting solvent comparable HMF yields and selectivities to experiments with MIBK were
obtained. THF is an interesting extraction solvent for the dehydration reaction due to avoidance of humin
formation which, if formed, would impose a severe drawback from a process point of view. Although the
apparent HMF selectivity with THF was not significantly higher than experiments with visible humin
formation, the selectivity was observed to increase with increasing reaction time, most likely due to reversion
of isomeric and dimer forms of fructose. The disadvantage and concern of applying THF is obviously its low
flashpoint (-14 °C), its tendency to form peroxides over time and the relatively high chemical aggressiveness
of THF fumes. Unfortunately, the latter made longer term experiments (>75 min.) impossible with the
available apparatus.
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Dehydration of glucose with boric acid
Despite the ability to selectively form HMF from fructose, boric acid proved ineffective in the dehydration of
glucose to HMF. Thus, dehydration of a 30 wt% glucose solution at 150 °C for 45 min. with 100 g L-1
B(OH)3 and 50 g L-1 NaCl only resulted in 8% glucose conversion and a poor HMF yield of 2% (Table 2,
entry 2). Prolonging the reaction time to 3 h increased the HMF yield somewhat to 10% at 36% glucose
conversion compared to the un-catalyzed reaction which only resulted in 1% HMF yield at 13% glucose
conversion (entries 3 and 4). Further increase of the reaction time to 5 h resulted in a 41% glucose
conversion and 14% HMF yield compared to the un-catalyzed experiment which resulted in a 24% glucose
conversion and 3% HMF yield (entries 5 and 6). Thus, even though the catalytic system performed poorly on
a glucose feedstock, the catalyzed reactions were substantially better than the un-catalyzed ones. The
dehydration of glucose is much more difficult than the dehydration of fructose, presumably because the first
step in the Lobry de Bruyn van Ekenstein transformation[81] of glucose to fructose proceeds rapidly in basic
media, but very slowly in acidic media where HMF production is possible. Furthermore the HMF selectivity
increased over time indicating that some intermediate hexoses formed from glucose were able to revert back
to fructose and dehydrate to HMF.
Table 2. Dehydration of 30 wt% glucose solutions with and without boric acid and NaCl and MIBK extraction.

Entry
1[a]

Catalyst

Time

Glucose

HMF

HMF

(min)

conversion (%)

yield (%)

Selectivity (%)

-

45

<1

0

0

2

[b]

B(OH)3 + NaCl

45

8

2

25

3

[a]

-

180

13

1

10

4[b]

B(OH)3 + NaCl

180

36

10

27

5[a]

-

300

24

3

13

B(OH)3 + NaCl

300

41

14

34

6

[b]

[a] Reaction conditions: 150 °C, MIBK:aqueous volume ratio = 4:1. [b] Reaction conditions: 100 g L-1 B(OH)3, 50 g L-1 NaCl, 150
°C, MIBK:aqueous volume ratio = 4:1.

Dehydration of sucrose with boric acid
The disaccharide sucrose consists of a fructose unit and a glucose unit connected via an α-1,4’-glycosidic
linkage which can be hydrolyzed relatively easily. Indeed, the fructose part of the disaccharide could
selectively be converted into HMF by the catalytic B(OH)3-NaCl system. Interestingly, the glucose part was
not converted in any significant amount and could still be detected after the dehydration reaction. At
prolonged reaction times of 2 h at 150 °C with a 30 wt% aqueous sucrose solution, 94% of the initial fructose
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units were converted resulting in a good HMF yield of 33% from sucrose corresponding to a 70% selectivity
assuming that all HMF originated from fructose (Table 3).[82]
Table 3. Dehydration of 30 wt% sucrose solutions with boric acid, NaCl and MIBK extraction.[a]

Entry

Time

Glucose

Fructose

HMF

HMF

(min)

yield (%)

yield (%)

1

45

40

17

21

64

2

90

40

7

30

70

3

105

39

4

32

70

4

120

38

3

33

70

yield (%) selectivity (%)[b]

[a] Reaction conditions: 100 g L-1 B(OH)3, 50 g L-1 NaCl, 150 °C, MIBK:aqueous volume ratio = 4:1. [b] Selectivity from the
fructose part of sucrose.

2.4.2. Conclusion
The Lewis acid, boric acid B(OH)3, has been shown to be a very efficient catalyst in the dehydration of
highly concentrated aqueous fructose solutions to HMF. This result, combined with desirable properties such
as non-toxicity, low corrosiveness, low acid strength and readily availability, makes B(OH)3 a very attractive
alternative to known catalysts for the process.[44] HMF selectivities and yields were further improved by
employing a combined catalytic system of B(OH)3 and NaCl, which in combination showed a synergistic
effect on the dehydration reaction. Boric acid in combination with NaCl was found to be less efficient for the
dehydration of glucose in water, which is also generally considered to be a more challenging task to achieve.
Hence, only poor HMF yields were accomplished. However, the catalytic system developed here performed
much better than the un-catalyzed reaction and could also be applied for highly concentrated aqueous sucrose
solutions. This study is the first to demonstrate the use of boric acid in the dehydration of sugars to HMF and
to provide a detailed parameter study of the dehydration process for fructose. A simple modification of the
catalytic system by addition of salt was shown to have a synergistic effect of the dehydration of fructose to
HMF allowing good yields and selectivities of HMF to be reached. Since boric acid is a weak Lewis acid,
non-toxic, cheap and already widely used in industrial processes it is desirable from an industrial point of
view compared to other mineral acids such as HCl and H2SO4, which are highly corrosive. This could clearly
make future implementation of B(OH)3 in HMF production attractive compared to other acids.
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2.5. Synthesis of HMF without acid addition
It has been recognized previously that the addition of an acid is a prerequisite to obtain good HMF yields
from the dehydration of fructose in aqueous media. Here, a method for HMF production in the absence of
acid catalysts is presented, which rely only on the inherent catalytic behavior of aqueous hexose solutions at
elevated temperatures in combination with alkali and alkaline earth metal salts (Scheme 4). Furthermore, the
use of mixed feedstocks consisting of glucose and fructose, which is a cheaper alternative to pure aqueous
fructose, has been investigated. HMF showed to be remarkably stable in both aqueous phase as well as the
organic phase after the reaction under these conditions proving the benign nature of dehydrating hexoses
without the use of acids. The reaction conditions presented here are fairly cheap, quite simple and might lead
to a more economical feasible process for the future production of HMF.

Scheme 4.
The fructose conversion to HMF is undergoing
positive feedback from the by-product organic acids
LA and FA.

2.5.1. Results and discussion
Initial experiments were conducted to find the reaction conditions where more than 90% of the initial
fructose was converted. It was decided to use a 50 g L-1 NaCl solution which is well below the point of
saturation and which could potentially be replaced with sea water (NaCl ∼35 g L-1) for the process.
Adjustment of temperature and reaction time would lead to the aimed fructose conversion. MIBK was
utilized to extract produced HMF away from the aqueous phase and thereby prevent soluble polymer and
humins formation and keep rehydration resulting in LA and FA to a minimum in the aqueous media.
Surprisingly, 2 h at 160 °C with a 20 wt% fructose solution containing 50 g L-1 NaCl was sufficient to give a
good result of 75% HMF yield at 94% fructose conversion. Further, HMF showed to be very stable under
these benign conditions. The MIBK and aqueous reaction solutions were left for 28 days both at RT and at 5
°C and periodically analyzed without any detectable loss of HMF.
The influence by the nature of the salt was investigated with various different common alkali and alkaline
earth salts. The fructose concentration was increased to 30 wt% and the different salts were added in the
molar amounts corresponding to 50 g L-1 NaCl (Figure 19).
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Figure 19. Dehydration of aqueous fructose by different salts. Unless otherwise stated the general conditions were: Salt (0.9 M), 160
°C, 2 h, MIBK:aqueous volume ratio = 4.

A clear relation between the nature of the salts and the HMF outcome was elucidated. Especially the anion
showed to play a major influence on product yield and selectivity, while the cation mostly influenced the
fructose conversion. In general the alkali halide salts proved the best and performed approximately equally
well among Li+, Na+ and K+ slightly in favor of KCl which resulted in 70% HMF yield at 98% fructose
conversion after 2 h at 160 °C. The study also showed that alkali sulfate and nitrate salts were particularly
poor in promoting HMF formation from fructose. Despite the SO42- ion was very efficient in salting-out
HMF to the MIBK phase, only poor HMF yields and selectivities were observed. Clearly, this illustrates the
role of the salt to be more complex than merely salting-out HMF to the organic phase.
Fructose is produced industrially by enzymatic conversion of glucose. As a consequence fructose is a fairly
expensive substrate compared with the ∼10 times cheaper glucose. The conversion of glucose to fructose is
mediated by the glucose isomerase enzyme, which only converts about 50% of the glucose to fructose. The
resulting mixture of glucose and fructose is called high fructose corn syrup (HFCS) and typically contains
42% fructose (HFCS 42).[83] Pure crystalline fructose is subsequently purified from the mixture by column
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chromatography and the remaining glucose subjected to another round of isomerization. Unfortunately, the
dehydration reaction of glucose to HMF is very unfavorable in aqueous media, which only results in good
HMF yields if fructose is the substrate. In the search for an alternative and cheaper substrate than pure
fructose, a range of experiments were conducted to investigate whether it was possible to convert only the
fructose fraction of HFCS leaving the glucose relatively intact. Experiments were conducted with 20/20
wt%, 10/10 wt% and 5/5 wt% of glucose/fructose heated to 160 °C for 2 h with 50 g L-1 NaCl (Figure 20).

Figure 20.
Dehydration of glucose/fructose (wt%/wt%)
mixtures. General conditions: NaCl (50 g L-1),
160 °C, 2 h.

Indeed, these conditions showed that 70-80% of the initial glucose remained intact in the product mixture
after 2 h together with ∼30% HMF. Consequently, fructose was converted to HMF while glucose was
relatively inert toward the dehydration reaction. The remaining glucose could subsequently be subjected to
another round of isomerization to fructose for the dehydration into HMF. In this way, laborious and
expensive purification of fructose from HFCS is unnecessary and a cheaper substrate can be utilized for the
process of HMF production. The final product separation can be conducted by MIBK extraction of the
aqueous phase, which quite selectively removes HMF leaving glucose behind in the aqueous phase.
Recycling the glucose containing aqueous phase and several rounds of isomerization to fructose will
eventually result in a final process for converting HFCS to HMF and value-added products (Figure 21). One
major drawback associated with dehydration of glucose/fructose mixtures is the high hexose concentration of
which only the fructose is able to dehydrate to HMF. Consequently, humin formation is abundant. Despite
glucose being inert toward dehydration to HMF it is unfortunately not very inert toward polymerization
reactions.
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Figure 21.
Schematic representation of how
the total process for converting
HFCS to HMF could look like.

2.5.2. Conclusion
This study clearly demonstrates that the addition of acids to aqueous concentrated fructose is not a
prerequisite to obtain good HMF yields, when taking advantage of the inherent reactive nature of hot saline
solutions. Accordingly, a 20 wt% aqueous fructose substrate was heated to 160 °C with 50 g L-1 NaCl
affording 75% HMF at 94% fructose conversion after 2 h of reaction. Several common alkali and alkaline
earth metal salts were also screened in the dehydration of 30 wt% fructose solutions. In general, the results
showed the alkali halide salts to perform the best. The highest observed HMF yields were consequently
observed for NaCl and KCl at ∼70%. Salts containing sulfate and nitrate anions performed significantly
worse in the HMF synthesis from fructose. When taken into account that sulfates resulted in the highest
salting-out effect it was found very plausible that the role of the salt was more intricate than just salting-out
to the organic phase. Finally mixtures of glucose and fructose were dehydrated to HMF in the attempt to
substitute pure fructose for a cheaper substrate in the form of high fructose corn syrup (HFCS).
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3. HMF derivatives
HMF is considered valuable only as a platform compound and is as such not particular applicable by itself. It
is the wide range of possible chemical transformations and products, which makes HMF interesting. HMF
conversion technologies are unfortunately hampered by the high price of HMF caused by the lack of
economical industrial production methods. As a result the synthesis of HMF is significantly more explored in
literature than the subsequent derivatization and utilization. The petrochemicals that these sustainable
chemical building blocks are supposed to replace are incredible cheap due to many years of refining of the
processes, which complicates the implementation of a HMF based chemical platform further. This chapter
will introduce some of the potential chemicals that can be synthesized from HMF and show some state-ofthe-art conversion methods. Finally the chapter will describe the contributions made to the field of HMF
conversion technologies during this PhD study.
Some of the most interesting compounds that can be obtained from HMF are the oxidized derivatives
suitable for polymer production. Mild oxidation of the alcohol functionality results in 2,5-diformylfuran
(DFF), whereas full oxidation of both alcohol and aldehyde results in 2,5-furandicarboxylic acid (FDA). DFF
is a stable crystalline and colorless derivate of HMF and can be used e.g. for the production of various
polyShiff bases and as a monomer for polyacetylations.[84] FDA can potentially replace terephthalic acid
(TPA) which is currently used in very large quantities (∼40 Mt/a)[85] for the production of polyesters.[86,87]
Substituting TPA with a bio-based analogue is therefore a significant step in the overall goal towards the
replacement of petrochemicals.
Although polymer building blocks is the central theme in this thesis, this chapter will also elucidate of some
other interesting compounds which can be obtained from HMF thereby substantiating the concept of a
renewable chemical platform. Except 2,5-bis(hydroxymethyl)furan (BHMF), the reduction of HMF results in
somewhat volatile compounds suitable as fuels, solvents or both. The nature of BHMF suggests usage as a
monomer building block for polyester synthesis, however probably the inherent instable nature of BHMF has
prevented researchers from engaging this possibility further. This challenge might be overcome by protecting
the reactive alcohol groups e.g. in the form of methylethers, but has so far not been explored further. Other
possible transformations of HMF include reductive deoxygenation to produce 2,5-dimethylfuran (DMF) or
further reduction to the 2,5-dimethyltetrahydrofuran (DMTHF) which is a bio-analogue of THF.[88] Both are
potential bio-fuels with a high energy density and a lower volatility than existing fuels on the market today.
HMF can also undergo decarbonylation to form 2-hydroxymethylfuran that under further reduction results in
2-methylfuran, also being a potential bio-fuel (Figure 22).
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Figure 22.
Possible products from
HMF and suggested
applications.

Methods for converting HMF – state-of-the-art
Leupold et al.[89] patented a process for the oxidation of HMF to FDA in 1990 by metals in the platinum
group and O2 in aqueous media. A large scale oxidation reaction consisting of HMF (162 g), water (1460 g)
and a commercial available Pt/C catalyst with a 5% Pt loading (81 g) was heated to 70 °C under an O2
atmosphere (80 L/h) for 2.5 h with continuous pH adjustment (7-7.5) by the addition of aq. NaOH (30%).
The resulting FDA was found as the disodium salt in a 91% yield. Advantages with this process are among
others; the reaction proceeded in water, a high product yield was obtained and the stoichiometric oxidant was
O2. A clear disadvantage is the low substrate:catalyst ratio, especially when using the expensive Pt/C
catalyst. In 1997, van Deurzen et al.[90] elegantly combined the fields of catalysis and bio-catalysis for the
oxidation of HMF to FDA. An aqueous citrate buffer (0.1 M, 25 mL, pH = 5) was charged with HMF (50
mM), the enzyme chloroperoxidase (200 μL) and 1 eq. H2O2 slowly added over 2 h. The subsequent analysis
of the reaction revealed an 89% HMF conversion with 59% selectivity towards FDA. Although this method
is elegant, enzymes do restrict the conditions where the reaction can be performed, they are expensive and
quite difficult to recycle. Partenheimer and Grushin[91] made a contribution to HMF oxidation in 2001 by
using a homogeneous metal-bromide (Co/Mn/Br/Zr) catalyst in combination with air. An oxidation reaction
of HMF (0.768 M) by the Co/Mn/Br/Zr catalyst ([Co] = 20.5 mM) in acetic acid resulted in a 60% FDA
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yield after 3 h at 125 °C and an air pressure of 70 bar. These rather harsh conditions represent the main
disadvantage associated with this process. Also the utilization of Co has become increasingly undesired over
the last decade or so for use in industrial processes due to its inherent toxicity.
In 2008, Taarning and co-workers[92] oxidized HMF in methanol (MeOH) with an Au/TiO2 catalyst and O2 to
the methylester of FDA, furan-2,5-dimethylcarboxylate (FDMC) in high yields. HMF (0.5 g) and 1 wt%
Au/TiO2 (0.25 g) in MeOH (12.65 mL) was added 30 wt% NaOMe (0.06 mL) and the reaction was heated to
130 °C in an autoclave with a 4 bar O2 pressure. After 3 h a 98% FDMC yield was obtained. FDMC
possesses several advantages over FDA by the ease of purification and handling. FDA is insoluble in most
solvents, which makes it hard to recover from a reaction employing heterogeneous catalysts. Further,
heterogeneous catalysts might be covered by FDA precipitation, thereby deactivating the catalyst. Contrary,
FDMC is readily soluble in e.g. MeOH and can be isolated by sublimation to nice colorless crystals.[92]
Ma and co-workers[93] showed in 2010 that HMF could be oxidized to DFF in very good yields with O2 (0.1
MPa) and a catalytic oxidation system consisting of Cu(NO3)2 and VOSO4 (1:1). A reaction with HMF (10
mmol) and a catalyst:substrate ratio of 0.02 in acetonitrile (MeCN) (5 mL) resulted in 99% HMF conversion
with 99% selectivity towards DFF after 1.5 h at 80 °C. The oxidation system was also capable of oxidizing
HMF to DFF at RT although the reaction needed significant longer reaction times to reach a similar substrate
conversion (48 h). In another study by the same research group, Du and co-workers[94] showed that it is also
possible to oxidize HMF to maleic anhydride (MA) with molecular oxygen in good yields. A reaction
mixture containing HMF (2.5 mmol) and a VO(acac)2 catalyst in MeCN added 1% acetic acid (5 mL) was
reacted for 4 h at 90 °C under a 1.0 MPa O2 pressure. A 52% MA yield was obtained along with 14% of the
dialdehyde DFF. Generally, MeCN showed to be the most suited solvent for both of the oxidation reactions,
but also acetic acid also performed well in the synthesis of MA.
In 2010, Thananatthanachon and Rauchfuss[95] reported the conversion of HMF to DMF in formic acid. HMF
(5 g), FA (15.2 mL) and H2SO4 (0.28 mL) were heated to reflux in THF (100 mL) for 15 h with Pd/C (8 g)
resulting in a rather crude yellow DMF product in 69% yield. Although most of the Pd/C catalyst could be
recovered (7.84 g), the low substrate:catalyst ratio is a clear disadvantage of the reaction. Purification of the
product was also not conducted; the THF solvent was simply removed and the residual DMF analyzed by
NMR. In its pure form DMF is a colorless liquid whereas the yellow liquid obtained here indicate the
presence of impurities.
Just recently, Geilen et al.[96] demonstrated that HMF could be decarbonylated in 2-methyltetrahydrofuran
(2-MTHF) to furfuryl alcohol in high yields. A reaction mixture consisting of HMF (1 mmol), the catalyst
[IrCl(cod)]2 (25 μmol), PCy3 (100 μmol) and CO2 (50 bar) was heated to 220 °C in 2-MTHF (4 mL) for 12 h.
The fairly vigorous conditions gratifyingly resulted in a 96% furfuryl alcohol selectivity at 98% HMF
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conversion. Additionally, the Ir catalyst was recollected (86%) and recycled in a similar experiment without
loss of activity.
3.1. Conversion of HMF to 2,5-diformylfuran (DFF) and 2,5-furandicarboxylic acid (FDA)
Here, the oxidation of HMF to DFF by CuCl and TEMPO radicals has been investigated. The study led
to the highest DFF yield reported for this catalytic system. A number of nitrogen containing promoters
(NCPs) has been screened to find a versatile catalyst system that allow the oxidation reaction to proceed
in several common organic solvents with a catalytic amount of NCP. In particular, the oxidation system
has been found capable of oxidizing HMF to DFF in MIBK efficiently. MIBK is one of the most
promising solvents used to extract HMF formed by aqueous dehydration of hexoses (e.g. fructose or
glucose)[49] and could thus enable integration of the process to obtain DFF from hexoses. Additionally,
the catalytic system has been modified from homogeneous to partly heterogeneous by immobilizing
TEMPO on silica (i-TEMPO). Finally, the catalytic oxidation of HMF to FDA has been investigated
using a modified oxidation system comprised of CuCl[97] and tert-butyl hydroperoxide (t-BuOOH). This
catalyst system resulted in moderate to good FDA yields at high HMF concentrations. Both of the
introduced oxidation protocols are benign and benefit from not using expensive noble metals (e.g. Pt, Pd
or Ru), do not require the addition of strong base and do not generate large quantities of toxic metal
waste (Scheme 5).

Scheme 5.
The pathway from hexoses to the oxidized HMF
adducts 2,5-furandicarboxylic acid (FDA) and
2,5-diformylfuran (DFF).

3.1.1. Results and discussion
Solvent effect
An initial reaction was set up employing the most simple reaction conditions required for the reaction to
proceed, i.e. HMF (1 mmol), TEMPO (0.1 mmol), CuCl (0.1 mmol), MeCN (5 mL), ambient air pressure
and RT. The reaction was observed to proceed with a high selectivity (97%) toward DFF with a HMF
conversion of 42% after 24 h (Table 4, Entry 1). Increasing the reaction time to 48 h only resulted in a HMF
conversion of 48%, clearly indicating that the reaction rate decreased significantly at longer reaction time.
Full substrate conversion could not be achieved under these conditions. An experiment using dioxygen, O2,
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as the stoichiometric oxidant was conducted and proved to enhance the DFF yield to 67% after 24 h at 75%
HMF conversion (Table 4, Entry 2). Also here, the reaction stalled and 48 h of reaction resulted in a DFF
yield of 58% at 77% HMF conversion indicative of a slight degradation of DFF at prolonged exposure to
oxygen under these conditions. Substituting the solvent to acetone (Me2CO), MIBK, MeOH or water (H2O)
resulted in a dramatic decrease in the HMF conversion and DFF selectivities (except for MeOH), signifying
the importance of a nitrogen-containing solvent (Table 4, Entries 3-6). The lower activity of the Cu catalyst
system in other solvents than MeCN might be explained by a weaker solvent–Cu interaction, also suggested
by Gamez et al.[98] Oxidation in MIBK would be attractive as this solvent is preferentially used to extract
HMF during fructose dehydration and could possibly eliminate the need to change solvent and integrate the
two processes. The least suitable solvent identified in this study, for the oxidation of HMF to DFF, was
ironically water, which is normally the most desirable solvent (vide supra). Water as the solvent could
potentially lead to a sustainable, benign and possibly economical viable process, but only 10% DFF yield,
28% HMF conversion and a sparing 35% DFF selectivity was obtained (Table 4, Entry 6). Another nitrogen
containing solvent, namely benzonitrile (PhCN), was also investigated as solvent for the oxidation. Here, a
high DFF selectivity of 93% was obtained, but only at a rather low HMF conversion of 27% (Table 4, Entry
7).
Table 4. Results of the Cu/TEMPO mediated oxidation of HMF to DFF.[a]

Entry

DFF yield

DFF selectivity

HMF conversion

(%)

(%)

(%)

MeCN

42

97

44

MeCN

67

89

75

3

Me2CO

14

56

25

4

MIBK

10

62

16

5

MeOH

14

≥99

14

6

H2O

10

35

28

7

PhCN

25

93

27

1
2

[b]

Solvent

[a] Reaction conditions: 24 h, RT, HMF (1 mmol), TEMPO (0.1 mmol), CuCl (0.1 mmol), solvent (5 mL) and ∼1 bar pressure of air.
[b] ∼1 bar pressure of O2.

Nitrogen containing promoters (NCPs)
The oxidation of HMF to DFF by the Cu/TEMPO catalyst system performed poorly in other solvents than
MeCN (Table 4), clearly indicating the importance of a nitrogen containing solvent, ligand or promoter.
Several nitrogen containing compounds have previously been reported to enhance the activity of the
Cu/TEMPO oxidation system in the oxidation of, e.g. benzylalcohol to benzaldehyde.[98] Here, CuBr2,
TEMPO, t-BuOK and bidentate nitrogen ligand were used in equimolar amounts in a MeCN:water (2:1)
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mixture at RT with air as the stoichiometric oxidant and afforded benzaldehyde in very high yields. 2,2’bipyridine (bipy) and substituted bipy adducts were further found to perform the best in the study by Gamez
et al. who explained this intricate promoting effect by a ligand mode of action.[98] In this study, the oxidation
of HMF to DFF was also examined with bipy using an amount corresponding to a molar ratio of
n(bipy):n(CuCl) ∼ 0.25-2 with O2 as the stoichiometric oxidant at ambient pressure (Figure 23).

Figure 23.
The oxidation of HMF to DFF as a function of
n(bipy):n(Cu) ratio with Cu/TEMPO in MeCN.
Reaction conditions: HMF (1 mmol), TEMPO
(0.1 mmol), CuCl (0.1 mmol), 24 h, RT and ∼1
bar O2.

The addition of bipy in small amounts was found to increase the HMF conversion and the DFF yield
markedly. However, this was accompanied by a slight decrease in the DFF selectivity. Surprisingly,
only bipy amounts corresponding to n(bipy):n(Cu) ratios <1 were found to have a promoting effect on
the oxidation, whereas ratios >1 resulted in a drastic decrease in both DFF selectivity and DFF yield.
This trend might be a consequence of the availability of Cu to the substrate, but is most likely a
consequence of several factors discussed vide infra.
Previous work recognize that Cu/TEMPO oxidations proceed best in MeCN.[93,98] It was also investigated if
the presence of catalytic amounts of bipy in the alternative solvents Me2CO, MIBK, MeOH and H2O, could
compensate for the lacking performance of the Cu/TEMPO system in these solvents (Figure 24). The ability
to change solvents for oxidation reactions is generally highly valuable, and would render the reaction more
versatile. The addition of small amounts of bipy (n(bipy):n(Cu) ∼ 0.25) proved to efficiently enhance the
catalytic performance of the oxidation system in other solvents than MeCN. The HMF conversion and DFF
yield were both increased in Me2CO, MIBK and MeOH to levels similar to those observed with MeCN.
Enhancement was, however, not observed with water as the solvent, where the reaction was practically
unaffected by the presence of bipy.
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Figure 24.
The oxidation of HMF to DFF in different
solvents by the Cu/TEMPO catalyst system
with/without bipy. Reaction conditions: HMF (1
mmol), TEMPO (0.1 mmol), CuCl (0.1 mmol),
24 h, RT, ∼1 bar air, and n(bipy):n(Cu) ∼ 0.25
(when bipy was used).

In Me2CO the DFF yield was increased from 14 to 45% using air as the stoichiometric oxidant. In MIBK the
DFF yield was increased from 10 to 49% and in MeOH the yield was increased from 14 to 38%. The DFF
selectivities were also significantly increased in Me2CO and MIBK with bipy. Only in MeOH was the DFF
selectivity found to be similar to experiments conducted in MeCN, namely ≥95%. Despite of the beneficial
effect of bipy on the DFF yield and HMF conversion in MeCN, using catalytic amounts of the compound
was associated with a slight decrease in the DFF selectivity (Table 5, entries 1-4). The physical parameters of
temperature and mixing were investigated in order to study the effect on the performance of the system.
When the mixing was increased from 450 to 1100 rpm a surprising gradual decrease in the HMF conversion,
from 63% at 450 rpm to 57% at 750 rpm and 45% at 1100 rpm (Table 5, entries 5-6) was found. Thus, the
reaction was clearly not limited by gas-liquid mass transport. Contrary, an increase in temperature from RT
to 40 and 50 °C was found to increase the DFF yield and selectivity along with an increased HMF
conversion when using air as the stoichiometric oxidant (Table 5, entries 7-8). Thus, at 50 °C a DFF
selectivity of 92% was obtained at 97% HMF conversion. Higher temperatures of 60 and 70 °C were found
to decrease the HMF conversion significantly (results not shown). The high selectivity of the oxidation
system without bipy could be reestablished under these conditions, however, full HMF conversion could not
be achieved when using air as oxidant.
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Table 5. Results of the Cu/TEMPO mediated oxidation of HMF to DFF.[a]

Entry

Oxidant

NCP [b]

DFF yield

DFF selectivity

HMF conversion.

(%)

(%)

(%)

1

Air

bipy

49

79

63

2

Air

-

42

97

44

3

O2

bipy

87

87

100

4

O2

-

67

89

75

[c]

Air

bipy

45

79

57

6[d]

Air

bipy

38

85

45

7[e]

Air

bipy

85

91

93

[f]

Air

bipy

90

92

97

5

8

[a] Reaction conditions: HMF (1 mmol), TEMPO (0.1 mmol), CuCl (0.1 mmol), 24 h, RT unless otherwise mentioned, 450 rpm
unless otherwise mentioned and stoichiometric oxidant shown in table. [b] 0.03 mmol bipy; [c] 750 rpm; [d] 1100 rpm; [e] 40 °C; [f]
50 °C.

The oxidation of HMF to DFF at 50 °C was followed over a 24 h period of time (Figure 25). The results
showed that 53% of the initial HMF was converted within the first 30 min., whereafter the rate of the
reaction slowed down significantly until 97% HMF conversion was reached after 1440 min. Similarly,
the DFF selectivity increased gradually from 77 to 92% in the 30-1440 min. period. The increase in DFF
selectivity over time suggested formation of an intermediate which was converted slower to DFF than
the HMF was consumed. Such an intermediate could, however, not be detected by HPLC or gas
chromatography – mass spectroscopy (GC-MS).

Figure 25.
The oxidation of HMF to DFF by Cu/TEMPO at
50 °C with bipy and air as the stoichiometric
oxidant as function of time. Reaction conditions:
HMF (1 mmol), TEMPO (0.1 mmol), CuCl (0.1
mmol), MeCN (5 ml), ∼1 bar air and bipy (0.03
mmol).
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Nitrogen containing compounds other than bipy were tested in order to investigate the importance of the
nature of the compound and to find the one best suited for the oxidation of HMF to DFF. Also, a NCP
which did not influence the selectivity negatively like bipy was desired. In the screening, a range of
compounds were chosen which incorporated two or more nitrogen atoms and with structural/chemical
similarities to bipy. N,N-dimethylaminopyridine (DMAP) is commonly used as a nucleophilic catalyst in
organic reactions and contains a pyridine group like bipy as well as a tertiary amino group. The other
compounds used; ethylendiamine (EDA), bis(aminoethyl)amine (BAEA) and tris(aminoethyl)amine
(TAEA) are amines with different denticity (κ = 2-4) (Figure 26).

Figure 26.
Nitrogen containing promoters (NCPs)

The initial test reactions were conducted with air as the stoichiometric oxidant in MeCN at RT and were
compared to the oxidation using bipy (Figure 27). The tests showed that all the NCPs resulted in higher DFF
selectivities than bipy with BAEA and DMAP performing the best with 98 and 96%, respectively. TAEA
also showed an increased DFF selectivity, but somewhat at the expense of HMF conversion. Under these
conditions, however, the differences between the NCPs were found to be quite subtle.

Figure 27.
Screening of NCPs in the oxidation of HMF to
DFF in MeCN with air. Reaction conditions:
HMF (1 mmol), TEMPO (0.1 mmol), CuCl (0.1
mmol), MeCN (5 ml), ∼1 bar air, NCP (0.03
mmol) except PhCN (0.06 mmol), 24 h and RT.
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The same compounds were tested employing O2 as the stoichiometric oxidant with a similar oxidation
protocol (Figure 28). In these experiments, the NCPs were differentiated to a higher degree and EDA, BAEA
and DMAP were found to be superior to bipy with selectivities of 97, 95 and 95%, respectively, compared to
87% for bipy. The DFF yields using EDA, BAEA and DMAP all ended at an impressive 95% after 24 h,
which is the highest reported DFF yield obtained with this oxidation system. TAEA resulted only in a 68%
DFF yield, but still showed a higher DFF selectivity than bipy at RT (Figure 28).

Figure 28.
Screening of NCPs in the oxidation of HMF to
DFF in MeCN with O2. Reaction conditions: HMF
(1 mmol), TEMPO (0.1 mmol), CuCl (0.1 mmol),
MeCN (5 ml), ∼1 bar O2, NCP (0.03 mmol), 24 h
and RT.

The final reaction series were conducted in MIBK to investigate which NCP performed the best in a solvent
other than MeCN. The three compounds performing the best in MeCN, namely EDA, BAEA and DMAP,
were selected and the study was conducted at RT with O2 as the stoichiometric oxidant (Figure 29).
Experiments with bipy resulted here in the highest HMF conversion (85%) and experiments with BAEA
resulted in the lowest (11%). Hence, the addition of BAEA to the MIBK system clearly inhibited the
oxidation reaction compared to the control experiment without any NCP added. DMAP and EDA showed a
significant enhancement of the DFF selectivity compared to bipy and resulted in >99 and 94%, respectively,
versus 86% for bipy (Figure 29). Comparably, Carlini et al.[99] achieved a 50% DFF selectivity at 98% HMF
conversion in MIBK with their VOPO4·2H2O catalyst at 80 °C.
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Figure 29.
Screening of NCPs in the oxidation of HMF to DFF
in MIBK with O2. Reaction conditions: HMF (1
mmol), TEMPO (0.1 mmol), CuCl (0.1 mmol),
MeCN (5 ml), ∼1 bar O2, NCP (0.03 mmol), 24 h
and RT.

i-TEMPO
TEMPO immobilized on silica (i-TEMPO) with a 1.3% TEMPO loading was used in an attempt to make the
oxidation of HMF to DFF partly heterogeneous. The reaction, however, showed a quite different mode of
progression and the optimized conditions for the oxidation with TEMPO in solution did not work quite as
well with i-TEMPO. The reaction was found practically not to proceed without the addition of a NCP and the
highest observed HMF conversion was 7% with air at 50 °C (Figure 30). The DFF selectivity increased as
the reaction temperature was increased from RT to 50 °C with both air and O2 as the stoichiometric oxidant,
as also seen for homogeneous TEMPO (vide supra).

Figure 30.
Oxidation of HMF to DFF with the Cu/i-TEMPO
catalyst system. Reaction conditions: HMF (1 mmol),
i-TEMPO (18 mg, 0.01 mmol TEMPO), CuCl (0.1
mmol), MeCN (5 ml), ∼1 bar pressure, bipy (0.03
mmol where stated), 24 h and RT (unless otherwise
mentioned).

Consequently, experiments with air and O2 in presence of bipy at 50 °C resulted in DFF selectivity of 96 and
97%, respectively. The HMF conversion and DFF yield were also increased when using air as oxidant and
changed from 39 and 33% to 49 and 47%, respectively. In contrast, the opposite trend was observed in
experiments with O2 where HMF conversion decreased from 70 to 59% and the accompanying DFF yield
from 64 to 58%. It is unclear why opposing trends were observed for the HMF conversion when heating the
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oxidation reaction with air and O2, respectively. However, it seems likely to be correlated with the way
TEMPO or Cu is inactivated over time.
A screening of the NCPs previously used in the homogeneous TEMPO study (Figure 26) revealed bipy
to be the best suited candidate for reactions with i-TEMPO (Table 6, entry 1). DMAP also proved a high
selectivity towards DFF but at lower HMF conversion (Table 6, entry 4). BAEA and TAEA showed to
perform significantly worse than the other compounds and resulted in only 3 and 6% DFF, respectively
(Table 6, entry 2 and 3). None of the experiments with i-TEMPO accomplished full substrate conversion
over a 24 h period of time. Notably, the net quantity of used TEMPO was lower for i-TEMPO (0.01
mmol) than experiments with TEMPO in solution (0.1 mmol). However, doubling the initial i-TEMPO
amount did not increase the HMF conversion or DFF yield over 24 h (results not shown).
Table 6. Cu/i-TEMPO catalyzed oxidation of HMF to DFF.[a]

Entry

NCP

DFF yield DFF selectivity HMF conversion
(%)

(%)

(%)

bipy

58

97

59

2[b]

BAEA

3

64

5

3[b]

TAEA

6

52

11

4

DMAP

42

≥99

42

1

[a] Reaction conditions: HMF (1 mmol), i-TEMPO (18 mg, 0.01 mmol TEMPO), CuCl (0.1 mmol), MeCN (5 mL), ∼1 bar O2,
NCP (0.03 mmol), 50 °C and 24 h. [b] Me2CO instead of MeCN.

Gamez et al. have suggested that TEMPO is inactivated when applied in Cu-catalyzed oxidations, but
first toward the end of the reaction.[98] In line with this, attempts to reuse the heterogeneous i-TEMPO
catalyst have so far proven unsuccessful. Upon reuse, the HMF conversion was decreased significantly
to about 20 % of the initial run, clearly indicative of severe deactivation. Thus, recycling of the iTEMPO catalyst remains an unsolved issue.
The reaction mechanism
Gamez et al.[98] have proposed a general reaction mechanism for the N-ligand – Cu/TEMPO catalyzed
oxidation of alcohols. In this mechanism, bipy is coordinated to the Cu(I) center, which is subsequently
oxidized to Cu(II) by TEMPO. HMF is then coordinated to Cu(II) through the alcohol group under the
abstraction of a proton followed by coordination of Cu(II) and TEMPO. Proton/electron rearrangement
formed DFF and reformed the Cu(I) – bipy complex by a radical mechanism. TEMPO was finally
regenerated by O2 oxidation (Scheme 6). In the work by Gamez et al. t-BuOK was used in catalytic
amounts to facilitate the deprotonation of the alcohol group. Interestingly, about a four-fold
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intensification of the oxidation efficiency was found when bipy was employed and further a three-fold
when t-BuOK was applied.[98]

Scheme 6. Proposed mechanism for the Cu/TEMPO mediated oxidation of HMF to DFF (modified from Gamez et al.[98]).

The oxidation of HMF to DFF was here conducted without the addition of t-BuOK, because both HMF
and DFF are somewhat labile toward strong basic conditions for extended periods of time. Further, the
production of the substrate, HMF, from carbohydrates or a biomass source is usually only facilitated
under acidic conditions, which would lead to an undesired change from acidic to alkaline conditions for
a combined process from biomass to DFF. DMAP, which showed the best catalytic enhancement of the
oxidation system, is a monodentate ligand and thus expected to coordinate weaker to the Cu(I)/Cu(II)
centers than bipy which acts a bidentate ligand. Moreover, since the NCPs were present in substoichiometric amounts related to Cu, it is unlikely that the ligand alone accounted for this enhancement.
It was more plausible that the NCPs also facilitated the proton transfer from HMF to TEMPO similar to
t-BuOK in the study by Gamez and co-workers where a significant increase was also observed in the
product yield.[98] The necessity of having NCP present in experiments with i-TEMPO further suggested
that the NCPs function was more than simply coordination to the Cu metal center due to the apparent
dependence on the TEMPO species provided.
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Oxidation of HMF to FDA
The first attempts to oxidize HMF to FDA were conducted under reaction conditions similar to those
employed by Mannam et al.[100] in a general protocol for the oxidation of alcohols, i.e. with MeCN as the
solvent of choice, CuCl as the oxidation catalyst and t-BuOOH as the stoichiometric oxidant at RT (Figure
31). Contrary to the DFF synthesis by the Cu/TEMPO oxidation system, TEMPO is not needed for the
oxidation with Cu/t-BuOOH. However, the optimum parameters for this oxidation were also found
inadequate in promoting the analogous oxidation to FDA. Thus, analyzed samples of the reaction mixture
after 1 h of reaction revealed a mixture of HMF, DFF, 5-(hydroxymethyl)furan-2-carboxylic acid
(HMFCA)[101] and FDA. These reaction intermediates were slowly converted to form 50% FDA yield after a
period of 48 h (Table 7, entry 3).

Figure 31.
During the HMF oxidation the reaction
solution was first colorless (a.) but
changed quickly via yellow (b.) into dark
brown (c.) upon t-BuOOH addition and
eventually bright green over time (d.).

MeCN was substituted for other solvents such as Me2CO (Table 7, entries 4 and 5), ethylacetate
(EtOAc) (Table 7, entries 6 and 7) and water (Table 7, entry 8). Water was, like in the oxidation of
HMF to DFF, particular desired since its use would generate the most benign and eco-friendly reaction
system. Mannam et al.[100] have reported EtOAc to be almost as good a solvent as MeCN for the
oxidation of p-methoxybenzyl alcohol to the corresponding acid adduct. However, EtOAc proved to be a
poor solvent in the oxidation of HMF with the reaction conditions employed here. The reaction was also
clearly hampered by the presence of water (Table 7, entries 8-10) and HMFCA was usually observed as
the main product.
The performance of the CuCl/t-BuOOH catalyst system was also examined in combination with nitrogen
containing solvents and NCPs to investigate if such additives had similar promoting characteristics on
the FDA synthesis as found for the DFF synthesis (vide supra). Both systems proved less suited for the
oxidation of HMF to FDA as compared to the experiments without using pyridine as solvent or MeCN
with catalytic amounts of bipy (Table 7, entries 11 and 12).
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Table 7. Cu(I) catalyzed oxidation of HMF to FDA with different solvents, co-catalysts and stoichiometric oxidants.[a]

Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16[d]
17[e]

Reaction
time (h)
4
24
48
24
48
24
48
48
48
48
48
48
4
24
48
24
2[f]

Solvent

Co-catalyst

FDA yield (%)

MeCN
MeCN
MeCN
Me2CO
Me2CO
EtOAc
EtOAc
H2O
H2O:MeCN (1:1)
H2O:MeCN (1:3)
Pyridine
MeCN
MeCN
MeCN
MeCN
MeCN
MeCN

bipy[b]
LiBr[c]
LiBr[c]
LiBr[c]
-

21
42
50
23
33
6
8
3
12
31
19
5
26
36
43
<1
1

[a] Reaction conditions: HMF (1 mmol), CuCl (0.1 mmol), MeCN (2 mL), t-BuOOH (3.6 eq.) unless otherwise mentioned, 450 rpm,
RT. [b] 0.2 mmol; [c] ∼5 mg, i.e. catalytic amounts; [d] H2O2 oxidant (3.6 eq); [e] mCPBA oxidant (3.6 eq.); [f] Reaction time where
the highest FDA yield was observed. FDA was degraded again at increased reaction times.

The addition of catalytic amounts of halide salts such as LiBr[102] (which might be a residue from the
dehydration reaction of hexoses to HMF if using salting-out systems[75,50]) were found to increase the
rate of HMF formation during the first 6 h of reaction. After 48 h, the reaction yields of FDA were,
however, slightly lower than those obtained without added salts (Table 7, entries 13-15). This effect was
found for both catalytic and stoichiometric amounts of added salts. Other peroxides such as H2O2 and
m-chloroperoxybenzoic acid (mCPBA) were not found useful in the CuCl-catalyzed oxidation of HMF
to FDA (Table 7, entries 16 and 17) as only traces of FDA was formed. Increasing the reaction
temperature to 35 °C or 40 °C resulted in an increased reaction rate, as expected, but did not result in
improved reaction yields of FDA compared to the corresponding experiment performed at RT (results
not shown). Successive additions of CuCl catalyst (portions of ∼10 mg, 10 mol%) after 2, 4 and 6 h to
the reaction mixture were found to increase the FDA yield to 48 and 54% after 24 and 48 h of reaction,
respectively. Combined additions of both CuCl and t-BuOOH (portions of 0.3 mL, 5.5 M, 1.7 mmol)
after 2, 4 and 6 h further increased the FDA yield to 56% after 24 h of reaction and 64% after 48 h of
reaction. These results indicate that the Cu catalyst was deactivated during the oxidation reaction. The
active oxidation metal specie was probably Cu(II) resulting from the oxidation of Cu(I) by t-BuOOH
followed by homolytic cleavage of the hydroperoxide, as also suggested by Mannam et al.[100] Thus, the
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oxidation of Cu(I) to Cu(II) did not hamper the catalytic performance. In order to confirm this, an
experiment using CuCl2 was also conducted in MeCN. As expected, CuCl2 showed to be almost as
efficient an oxidation catalyst as CuCl and resulted in 45 % FDA after 48 h of reaction (50% with
CuCl). In summary, the oxidation of HMF to FDA seemed significantly more difficult to achieve than
the oxidation to DFF, which might be associated with a low solubility of FDA in MeCN. Hence, it is
likely that product saturation resulted in FDA precipitation onto the Cu(I) catalyst, or as FDA-Cu salt,
which could account for the observed inhibition.
3.1.2. Conclusion
In this study, the Cu(I) catalyzed oxidation of HMF with air/O2 (with TEMPO) or t-BuOOH as the
stoichiometric oxidants was investigated along with the oxidative performance in different solvents and
with nitrogen containing promoters (NCPs). Oxidation of HMF in MeCN showed a high selectivity
towards DFF (97%) at moderate conversions. Using dioxygen as the terminal oxidant under identical
reaction conditions increased the HMF conversion and DFF yield, though a lower DFF selectivity was
obtained. To enhance both substrate conversion and DFF selectivity, several NCPs were added. DMAP
(N,N-dimethylpyridine) proved most efficient and resulted in 95% DFF yield after 24 h in MeCN at RT
with O2 as the oxidant. Further, DMAP efficiently enhanced performance of the oxidation system in
other solvents than MeCN like, e.g. MIBK, where a yield of 74% DFF and a selectivity >99% were
achieved. MIBK is commonly used as solvent to extract HMF from the aqueous phase in the synthesis
from fructose, thus it could prove particular interesting to develop an efficient oxidation protocol with
this solvent. Reactions without NCPs proceeded generally poorly in other solvents than MeCN (except
in MeOH in terms of DFF selectivity).
A Cu/i-TEMPO catalyst system was found to be practically incapable of oxidizing HMF to DFF without
the presence of a NCP. Here, bipy was found to provide the highest DFF yield while DMAP gave the
highest DFF selectivity, albeit at a significantly lower HMF conversion. Unfortunately, recovering and
reuse of the i-TEMPO catalyst proved very challenging and resulted in a significant activity loss (about
80%) when reused after only one reaction run.
In addition to the synthesis of DFF by oxidation of HMF it was also demonstrated for the first time that
oxidation of HMF into the renewable terephthalic acid substitute FDA can be achieved in fair to good
yields by using the oxidation pair CuCl/t-BuOOH in MeCN. The FDA yield reached 64% under
optimized reaction conditions by successive additions of CuCl and t-BuOOH with a highly concentrated
initial substrate solution. Since FDA is sparingly soluble in the reaction media such an oxidation
approach might facilitate effective separation of the product. This feature will likely be of significant
importance for future implementation of a HMF oxidation protocol into an integrated process, where
carbohydrates (e.g. fructose) are converted via HMF into the renewable plastic monomer FDA.
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3.2. Active metal oxides derived from hydrotalcite-like structures for the conversion of HMF
Hydrotalcites (HTs) are mineral hydroxycarbonates of magnesium and aluminum also commonly referred to
as anionic clays with the exact formula, [Mg6Al2(OH)16CO3•4H2O]. They were first discovered in Sweden
in the 19th century as a mineral that could be crushed to a white talc-like powder.[103] Calcination of the
mineral results in collapse of the HT structure (Figure 32) and formation of an amorphous porous metal
oxide (PMO) material with a high surface area. In combination with basic properties and heat stability, the
PMOs are well suited for catalysis purposes. Further, the HT structure can be doped with a number of metals
such as; Cu2+, Ni2+, Fe3+, Ga3+ etc.[103,104,105,106,107] by substituting a fraction of the Mg or Al.

Figure 32.
Schematic
representation
of
the
hydrotalcite structure. Brucite like sheets
are separated by the gallery spacing where
the anions and water molecules
predominately are located.

These modified hydrotalcite structures are called hydrotalcite-like (not being true hydrotalcites) and probably
comprise one of the most interesting features about HTs in catalytic chemistry. Co-precipitation is one of the
most common and reliable methods for preparing HTs and hydrotalcite-like compounds (HTC) doped with
active metals, which becomes imbedded in the HT structure/lattice. HT catalysts synthesized by this
procedure might also be less prone toward leaching in liquid phase reactions, as compared to impregnation or
deposition onto HTs where the active metals resides “on top” of the supporting material (Figure 33). The
nature of the active metals that can be accommodated by HT lattice depends largely on the size of the M(II)
and M(III) ions. Di- or trivalent cations are likely to fit into the brucite-like layers of the HT lattice if they
have approximately the same ionic radii as Mg2+ or Al3+, respectively, and are able to adopt an octahedral
configuration. The ratio between the cations and anions has to be right in order to obtain pure HT structures.
The relationship; 0.2 ≤ M(III)/[M(II)+M(III)] ≤ 0.4 applies to the ratio between the cations, whereas
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1/n ≤ A-n/M(III) ≤ 1 applies to the anion.[103] For the synthesis of a HTC structure doped with an active M(II)
or M(III) metal the ratio; [Ma(II)+Mb(II)]/M(III) = 3 or M(II)/[Ma(III)+Mb(III)] = 3, respectively, is common.
The most commonly incorporated anion in HTs is CO32-, which can easily be removed by calcination. Other
anions can also be incorporated into the HT structure, but might be hampered by the competitive
incorporation of CO32- caused by solution uptake of CO2 from the air.[103]
PMOs prepared from the corresponding HTCs doped with active metals, have previously been used for
various purposes, e.g. the partial oxidation of methane to syngas by a Rh-doped PMO,[108] reduction of
crotonaldehyde to crotyl alcohol by an Au containing PMO[109] and reduction of a lignin model compound
with Cu-doped PMOs,[110] just to mention a few.

Figure 33. Schematic representation of three different modes for preparing HTs and HTCs with active metals.
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3.2.1. Synthesis and characterization of hydrotalcite-like structures and porous metal oxides
In a recent publication, Barta et al.[111] reported the use of a Cu-doped PMO made from a corresponding
HTC precursor to break down lignin by hydrogen transfer from supercritical methanol. The catalyst worked
in a dual-function, catalyzing both the reforming of methanol to H2 and the reduction of ether linkages and
unsaturated carbon double bonds in the lignin. Inspired by this, a series of known and novel HTCs and
corresponding PMOs were synthesized for the purpose of catalytic conversion of biomass to commercial
valuable chemical compounds. All of the synthesized catalysts contained Cu as the active metal and were
intended for use in supercritical methanol to get a hydrogen transfer reduction.
A Cu-doped HTC and corresponding PMO like the ones employed by Barta et al. were synthesized
according to the literature procedure.[111] In this structure, 20 mol% of the Mg2+ ion was exchanged by Cu2+
with a ratio of 3:1 of M(II)/M(III). The Cu2+ ion is a good replacement for Mg2+ in the HT structure based on
the ionic radii in the octahedral coordination state (Cu2+ = 73 pm and Mg2+ = 72 pm).[112] The HTC was then
calcined for 24 h at 460 °C resulting in the catalytic active Cu-PMO and the catalytic activity was
investigated by the reduction of 2,3-dihydrobenzofuran (DHBF). The activity of the catalyst was evaluated
based on comparison with literature results[110] and showed to be significantly less active. Following,
different parameters were investigated in the catalyst synthesis in order to obtain a more active catalyst. First,
all metal salts were exchanged from chlorides to nitrates and acetates. The latter can be removed by
calcination, whereas chloride might stick around in the catalysts structure leading to deactivation. Second,
the reaction temperature was increased from 60 °C to 65-70 °C. Temperatures higher than 70 °C for
extended periods of time lead to decomposition of the HTC structure, which was clearly observed by a
change in suspension color from blue to gray. In the temperature range 65-70 °C gray/black precipitation
evident of decomposition was observed only on the thermometer lowered into the suspension. Further, the
addition of the aqueous metal salt solution was increased from 1 h to 4-6 h and finally the suspension was
allowed to concentrate by evaporation of water during the course of reaction. This modified procedure
(Experimental description) resulted in a Cu-PMO catalyst (BET surface area: 142 m2/g) (Figure 34) that was
∼5 times more active in the reduction of DHBF than the one synthesized according to the literature
procedure.[111] The HTC precursor was analyzed by powder X-ray diffraction (PXRD) and showed
reflections characteristic of HT structures (Figure 35). Weak CuO and MgO reflections were observed in the
corresponding near amorphous and active Cu-PMO catalyst.[113]

Figure 34.
Picture of the blue Cu-doped
HTC
(left)
and
the
corresponding green Cu-PMO
(right).
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Figure 35.
PXRD of Cu-doped HTC (top, blue) showing
reflections characteristic for HT structures and the
corresponding calcined Cu-PMO (bottom, green)
showing weak reflections assigned to CuO and MgO.

Infrared spectroscopy (FT-IR) measurements were also conducted (Figure 36).The main absorptions in the
Cu-doped HTC were; 3500 cm-1 and attributed to the OH stretch in the lattice. The shoulder occurring
around 3000 cm-1 is generally assigned to OH stretch in H2O. The absorbance at 1360 cm-1 is assigned to
CO32- and the shoulder at 1600 cm-1 is corresponding to OH bent in H2O. The corresponding Cu-PMO
compound is characterized by the absence of the strong absorbance at 3500 and 1370 cm-1 caused by the
collapse of the HTC structure and absence of CO32-. Instead relatively weak absorbances were observed
(Figure 36). Although IR generally is a far less conclusive method for the elucidation of solid structures than
PXRD, it is a very useful method for supporting other data.

Figure 36.
FT-IR spectra of the Cu-doped HTC (blue) and the Cu-PMO
(green)

Three compounds with Cu in combination with another active metal were synthesized by the optimized
procedure (Experimental description) and characterized. The goal was to synthesize novel HTC structures
and corresponding PMOs in the search for interesting catalytic properties.
The first compound incorporated Cu2+ in combination with Mn2+, which based on ionic radii (83 pm
assuming a high spin octahedral complex) is also suited for substitution of Mg2+ and incorporation into HT
structures. This HTC combination (CuMn-HTC/PMO) was new at the time of synthesis, but a new
publication by Aguilera et al.[114] describes the synthesis of a HTC with the same metal combination. The
two compounds differ in the metal ratios of the M(II) cations, where a 80:10:10 of Mg:Cu:Mn was used here,
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whereas Aguilera et al. employed a Cu/Mn ratio in the range of 0.05 to 0.5 and Mn+Cu/Mg = 0.36. The HTC
that was obtained here had a light brown color as opposed to the Cu-doped HTC (blue) and the
corresponding PMO (BET surface area: 190 m2/g) had a darker brown color (Figure 37) as opposed to the
green Cu- PMO (Figure 34).

Figure 37.
Picture of the light brown CuMn-doped
HTC (left) and the corresponding dark
brown CuMn-PMO (right).

The HTC, incorporating 10% Cu and 10% Mn of the M(II) ion, was analyzed by PXRD and showed a clean
HT structure as opposed to Aguilera et al. who identified reflections assigned to MnCO3 besides the
reflections typical for HT compounds (Figure 38). The PXRD spectrum here, also indicate that no other
oxidized Mn-species were incorporated in the HTC structure by the absence of MnO, MnO2, Mn2O3 and
Mn3O4 reflections.[115,116] FT-IR measurements showed absorptions characteristics similar to those (Figure
39) observed for the Cu-doped HTC and Cu-PMO (Figure 36).

Figure 38.
PXRD of CuMn-doped HTC (top, blue) showing reflections
characteristic for HT structures and the corresponding
calcined Cu-PMO (bottom, green).

In a second compound series, both a fraction of M(II) and M(III) were substituted for active metals in the
form of Cu2+ and Cr3+ (CuCr-HTC/PMO). 20% of the Mg2+ was exchanged for Cu2+ and 10% of Al3+ was
exchanged for Cr3+. Based on the ionic radius of Cr3+ (62 pm compared with 54 pm for Al3+) the metal
should be compatible with the HT structure and incorporate well in the HT lattice. HTC structures composed
of Cu2+, Zn2+ and Cr3+ are known,[117] but the combination with Cu2+,Mg2+, Cr3+ and Al3+ has not previously
been reported. The Cr3+ changed the color of the synthesis suspension to blue-grayish, which should not be
confused with the decomposition color of Cu-doped HTC structures, which is a darker gray. Both PXRD and
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FT-IR confirmed a HT structure, along with the corresponding PMO (BET surface area: 113 m2/g), and both
were similar to the spectra obtained of the Cu-doped HTC/PMO and CuMn-HTC/PMO (Appendix C).

Figure 39.
FT-IR spectra of the CuMn-doped HTC (blue) and the CuMnPMO (green)

The last HTC and PMO incorporated the Cu2+ in combination with La3+ (CuLa-HTC/PMO), which is a
combination of active metals that has not been described previously in literature. 20% of Mg2+ was
exchanged for Cu2+ and 10% of Al3+ was exchanged for La3+. Among the different HTC metal combinations
used here, the incorporation of La3+ in a HT structure would be the most difficult based on the ionic radius
(103 pm with an octahedral coordination geometry).[118] The radius of La3+ is almost double that of Al3+
which suggested only a low affinity of La3+ for the HT structure. This is also readily recognized in the PXRD
by the presence of several phases (Figure 40). Besides reflections from the HTC structure, reflections
assigned to La2CO3 and La2(CO3)(OH)2 phases were also identified (marked with *). Similar reflections were
also observed for the La/MgAl HTC synthesized by Bîrjega et al.[119] Two shoulders on the absorbance
assigned to hydrotalcite CO32- observed in the FT-IR spectrum also indicated the presence several carbonate
species (Appendix C). PXRD of the corresponding CuLa-PMO (BET surface area: 161 m2/g) showed
collapse of the HTC structure however the resulting near amorphous compound showed reflections assigned
to La2O2CO3 (marked with ∆).[119]
Figure 40.
PXRD of CuLa-doped HTC (top, blue)
showing reflections characteristic of HT
structures and the corresponding calcined
CuLa-PMO (bottom, green). Asterisk (*)
indicate reflections assigned to a La2CO3
and La2(CO3)(OH)2 phases. Reflections
assigned to La2O2CO3 are identified in the
CuLa-PMO (marked with ∆).
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3.2.2. Conversion of HMF over a porous metal oxide catalyst
The active reduction catalyst Cu-PMO was investigated for the conversion of HMF toward industrial
valuable chemicals and fuels. The goal was to cleave C-O bonds to obtain DMF and further reduce this to
obtain THF-adducts in a tunable fashion. Based on the previous observations showing that the Cu-PMO was
quite powerful in the cleavage of ether-linkages and reduction of unsaturated C-C bonds[110,111] DMF and
THF-adducts were anticipated as the main-products in the hydrogen transfer reduction from supercritical
methanol.
3.2.2.1. Results and discussion
Catalytic runs were conducted in 10 mL stainless steel bombs (SwagelokTM) charged with Cu-PMO (100 mg)
and HMF (100 mg) in MeOH (3 mL) and were typical heated to 300 °C by insertion into a preheated
aluminum block. Usually three main products were observed: DMF, DMTHF and 2-hexanol, which were
identified by GC and GC-MS and quantified by GC-FID using calibration curves of the pure compounds and
an internal standard (Scheme 7).

Scheme 7.
Proposed reaction pathway from HMF to
the three main products DMF, DMTHF and
2-hexanol.

Despite mainly three products were formed, several reaction intermediates were identified by GC-MS
especially in the earlier stages of the reaction (Scheme 8). These intermediates were, however, converted to
the main products during the course of the reaction. Based on the observed intermediates is it likely that the
reaction proceeds by rapid reduction of the aldehyde group in HMF followed by hydrogenolysis of the
hydroxyl functionalities. Subsequent reduction of the furan ring of DMF results in the formation of cis and
trans DMTHF while ring-opening of furan via hydrogenolysis and hydrogenation leads to 2-hexanol.
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Scheme 8.
Proposed reaction pathway from HMF to
DMF, DMTHF and 2-hexanol based on the
identification of intermediates by GC-MS.

Experiments illuminating the product distribution as a function of time showed that the DMF yield peaked
after only 30 min. All HMF was consumed after 45 minutes resulting in a colorless product mixture
consisting of DMF (34%), DMTHF (8%) and 2-hexanol (2%) (Figure 41). Prolonged reaction times gave full
conversion of DMF to DMTHF and 2-hexanol where the yield of the latter reached its maximum after 300
min. After 720 minutes, the DMF yield was <1% and DMTHF was observed as the major product in a 38%
yield and 2-hexanol in 15% yield (Figure 42).

Figure 41.
Picture of reaction mixtures: Control
experiment with Mg:Al PMO (left).
Reduction of HMF as function of time
with the Cu-PMO at 300 °C after 15 min
(2nd from left), 30 min (middle), 45 min
(2nd from right) and 2 h (right).

After thorough investigation of the reaction, it seemed that 2-hexanol did not arise from the ring-opening of
DMTHF, but rather surprisingly from DMF. Experiments using DMF and DMTHF as substrates were
conducted and the results supported this observation. After 5h at 300 °C with the Cu-PMO catalyst (100 mg),
61% of the initial DMF (0.8 mmol) was converted to DMTHF (23%) and 2-hexanol (8%). Experiments
conducted under similar conditions with DMTHF (0.8 mmol) resulted only in <1% 2-hexanol.
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Figure 42.
The conversion of HMF to DMF, DMTHF and 2hexanol over the Cu-PMO as a function of time.
Conditions: HMF (100 mg, 0.8 mmol), Cu-PMO
(100 mg), MeOH (3 mL), 300 °C. Each point on the
graph corresponds to one separate experiment.

The three quantified products did not fully account for the consumed starting material in terms of mass
balance. The intermediate compounds identified in the early stages of the reaction could also not be
quantified, as pure reference compounds were not available. Besides these, a series of volatile unidentified
side-products were found during GC analysis, although present in low quantities (Appendix D). It is likely
that these compounds arise from reactions of main products or by-products with supercritical methanol. It is
also possible that a fraction of the fairly volatile products were lost during the depressurization of the steel
bombs, although the use of an internal standard should account for this. To confirm that there were no sideproducts originating from the inherent reactivity of HMF in the form of high-boiling condensation products,
a reaction mixture obtained after 2 h[120] was evaporated at reduced pressure. Indeed, >98% of the products
were volatile. In contrast, a control experiment conducted with a Mg/Al PMO (Mg:Al 3:1) that did not
contain any Cu, resulted in <1% DMF while neither DMTHF nor 2-hexanol were detected. However, a
substantial amount of high-boiling compounds was found in the form of a brownish tar-like residue. A blank
reaction with HMF in supercritical methanol in the absence of catalyst resulted in a similar product mixture.
A rapid deoxygenation of HMF was most likely the main reason why undesired side-reactions such as
polymerizations and condensations were suppressed in the presence of Cu-PMO.
The two diastereomeric isomers of DMTHF, namely the cis- and trans-DMTHF isomers, have distinct
physical properties, e.g. boiling points.[121] Consequently, the isomers diverge sufficiently to be clearly
distinguished by NMR experiments (Appendix D) and quantified separately by GC-FID when using a long
column (≥30 m). The cis-DMTHF isomer was favored in all experiments over the trans-DMTHF isomer,
which is likely due to steric reasons. During the reduction, addition of the second H2 molecule occurring to
the same face as the first would result in less steric hindrance, whereas the methyl group hampers the
formation of the trans-DMTHF (Scheme 9). A molar ratio of ∼7:1 (cis:trans) was observed after 45 min. at

67

T. S. Hansen

Catalytic Routes to Renewable Polymer Building Blocks – and renewable chemicals from biomass

2011

300 °C which slowly changed to only ∼3:1 after 720 min. Slow isomerization of the cis and trans isomers
toward a racemic mixture caused by the basic catalyst might be a plausible explanation to this observation.

Scheme 9.
Proposed mechanism explaining the preferential
formation of the cis-DMTHF isomer over the transDMTHF.

Experiments investigating how reaction temperatures influenced the reduction of HMF to DMF showed
conversion was possible at temperatures as low as the supercritical point of MeOH (240 oC). DMTHF and 2hexanol were only formed at higher temperatures. Hence, at 240 °C the HMF conversion reached 74% after
45 min. resulting in 20% yield of DMF, but virtually no DMTHF or 2-hexanol were formed. This was the
only experiment that did not result in full HMF conversion after 45 min. Above 280 °C significant amounts
of DMTHF and 2-hexanol were formed with a maximal yield at 320 °C of 11 and 6% respectively (Table 8).
Table 8. Reduction of HMF at varying temperature.[a]

Entry

Temp.

DMF yield

DMTHF yield

(%)

(%)

cis:trans ratio

2-hexanol yield
(%)

1

320

32

11

6.5

6

2

310

36

8

6.2

2

3

300

34

8

6.8

2

4

290

40

5

6.8

1

5

280

35

3

6.6

1

6

270

31

2

6.4

<1

7

260

26

<1

N.a.

0

8

240

20

<1

N.a.

0

[a] General conditions: HMF (100 mg, 0.8 mmol), Cu-PMO (100 mg), MeOH (3 mL), 45 min.

Initial experiments were conducted only with a low substrate:catalyst ratio (1:1). The substrate capacity of
the system was therefore investigated at 300 °C by keeping the Cu-PMO catalyst (100 mg) and MeOH (3
mL) amounts constant and increasing the substrate amount and reaction time (Figure 43). Gratifying,
experiments revealed that the HMF to catalyst ratio could be increased significantly compared to the initial
experiments. Although the total yield of the three main products decreased with increasing HMF amount
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(when compared at 45 min.), yields became comparable after extended reaction times. The total yield of the
three products went from 44 % with a 100 mg HMF loading to 27% at 300 mg after 45 min. Maximum total
yield of 61% was obtained after 2 h using 100 mg substrate. This value decreased to 44% at 200 mg HMF
loading and 31% at 500 mg HMF loading. Subjecting 500 mg HMF to 5 h reaction time gave a slightly
higher total yield of 34%. The system was capable of converting up to 1000 mg HMF in 5 hours, but
unfortunately decomposition products of HMF here covered the bottom of the reactor and the catalyst
(Figure 43).

Figure 43.
Experiments conducted with varying substrate to
catalyst ratio’s at different reaction times. General
conditions: Cu-PMO (100 mg), MeOH (3 mL) at 300
°C.

The reaction system was also capable of converting crude HMF synthesized by dehydration of fructose as
described in subsection 2.4. A fructose dehydration reaction mixture was extracted with MIBK as the only
method of purification. After subsequent removal of the solvent in vacuo a brown sticky material was
obtained. 0.5 g of this crude HMF material was suspended in 3 mL MeOH and reacted for 5 h at 300 °C with
100 mg Cu-PMO. Excitingly, the reaction proceeded and resulted in DMF (12% yield) along with other
unidentified volatile products. Notably, the conversion from fructose to crude HMF used here was not
optimized.
3.2.3. Conclusion
Optimization of the synthetic procedure leading to Cu-doped hydrotalcite-like compounds (HTCs) resulted
in a ∼5 times more active corresponding Cu-PMO catalyst when compared with the literature procedure.[111]
Three HTCs incorporating two different transition-metals, CuMn, CuCr and CuLa, were synthesized
according to the optimized synthetic procedure and converted into the corresponding PMOs.
Characterization revealed pure HT phases for the Cu, CuMn and CuCr-doped HTC structures. Only CuLa
showed other phases present besides the HT. These findings were also somewhat anticipated based on the
ion-radii of the incorporated active metals.
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The inexpensive Cu-PMO catalyst was capable of converting HMF into valuable and interesting chemicals
in supercritical MeOH. HMF was completely converted to volatile compounds in only 45 min, without the
formation of higher boiling side products. Thus, a reduction reaction of HMF at 300 °C for 2 hours resulted
in 61% total yield of three main products: DMF, DMTHF and 2-hexanol. Further, the reaction conditions
proved tunable such that either DMF or DMTHF and 2-hexanol could be obtained as the major reaction
products. This is highly desired from industrial application purposes as the process is flexible and can be
altered to e.g. fit marked demands. Interestingly, both the fructose dehydration (subsection 2.4) as well as the
catalytic HMF conversion method described in this study can be performed utilizing inexpensive and
environment-friendly materials (boric acid and earth abundant metals). A combination of these two novel
routes would facilitate a simple two-step production of DMF or DMTHF and 2-hexanol directly from the
biomass derived fructose. The powerful Cu-PMO catalyst system was also able to convert a tar-like slurry
containing HMF into DMF, which could ultimately eliminate one of the major challenges in the chemical
infrastructure based on HMF, namely purification.
At present, only the Cu-PMO has showed efficient conversion of HMF toward industrially valuable
compounds. Testing of the other three compounds CuMn-PMO, CuCr-PMO and CuLa-PMO for conversion
of various biomass derived compounds is still ongoing and mainly conducted by Dr. Katalin Barta at Yale
University.
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4. Concluding remarks and future perspectives
The aim of this PhD thesis has been to contribute new knowledge to the field of sustainable and renewable
chemicals technologies with focus on the development of an alternative chemical infrastructure based on 5hydroxymehtylfurfural. Several new methods for the synthesis of HMF and subsequent conversion options
have been developed and presented herein.
Chapter 2 showed how HMF could be synthesized from a fructose feedstock by using microwaves, boric
acid in synergy with salts and finally the synthesis of HMF without the addition of acids. In chapter 3 several
options for converting HMF into interesting and valuable chemicals were explored. HMF was oxidized to
2,5-diformylfuran by CuCl in combination with TEMPO and 2,5-furandicarboxylic acid was synthesized
with CuCl and t-BuOOH. Both are interesting building blocks for the production of polymers from bio-based
chemicals. Finally, HMF was converted to 2,5-dimethylfuran and 2,5-dimethyltetrahydrofuran over a
multifunctional cupper containing porous metal oxide catalyst derived from a hydrotalcite-like precursor.
Both compounds are interesting as fuels and might be good alternatives to the fossil transportation fuels used
today.
The primary objective of the Bio-petrochemicals project group was to develop a novel method for the
synthesis of HMF. That objective was completed in May 2010 with the submission of a patent application
entitled “A method of producing 5-hydroxymethylfurfural”. Some of the results leading to the patent
application have been described in this thesis and can be found in the subsection about HMF synthesis
without addition of acids.
Although the results presented in the PhD thesis have contributed new knowledge to the field of sustainable
and renewable chemistry, it is unlikely that they alone will solve the major environmental and energy
challenges we are facing. Only time will tell whether a chemical infrastructure involving HMF and
derivatives is economically feasible and can be implemented in large industrial scale. However, this PhD
thesis will hopefully inspire other scientists to continue the development toward alternative chemicals and
renewable technologies for the substitution of fossil fuels.
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5. Experimental description
5.1. Materials
Fructose (99%), glucose (≥99.5%), levulinic acid (98%), formic acid (99.8%), B(OH)3 (99.8%), methylisobutylketone (≥99.0%), tetrahydrofuran (99.9%), CuCl (97%), tert-butyl hydroperoxide (purum, ∼5.5 M in
decane over molecular sieves 4Å), m-chloroperoxybenzoic acid (≤77%), hydrogen peroxide solution (puriss,
35% stabilized), acetonitrile (99.9%), acetone (semiconductor grade MOS PURANALTM, Honeywell 17921),
ethylacetate (puriss), pyridine (≥99.9%), benzonitrile (99%), 2,2,6,6-tetramethyl-piperidin-1-oxyl (98%),
immobilized TEMPO on SiO2 (1.34%, 39.5 mmol/g), Mg(CH3COO)2•4H2O (≥99.0%), Cu(NO3)2•2.5H2O
(98%), Mn(NO3)2•4H2O (≥97.0%) and HCl (≥37%, p.a.) were purchased from Sigma–Aldrich, 5Hydroxymethylfurfural

was purchased from SAFC (>99%) or Sigma–Aldrich (99%), N,N-

dimethylaminopyridine (98%) and ethylendiamine (≥99.0%) were purchased from Fluka. 2,2’-Bipyridine
(99.5%) was purchased from Merck, Al(NO3)3•9H2O (98.7%) and Na2CO3•H2O (100.2%) were from J. T.
Baker, NaOH (98.6%) was purchased from Mallinckrodt Chemicals, Cr(NO3)3•9H2O (99%) was from Acros
Organics and sucrose (99%), Mg(NO3)2•6H2O (98.0-102.0%) and La(NO3)3•6H2O (99.0%) from Alfa Aesar.
All chemicals were used as received. Similarly, all salts applied for the salting-out experiments were
acquired in p.a. quality and used as received. Deionized water was used for the preparation of aqueous
solutions in the microwave-assisted dehydration reactions, whereas distilled water was used for preparation
of all remainder aqueous solutions.
MeOH (99.8%, anhydrous) used as reaction medium for the reduction of HMF was from Acros Organics,
MeOH (99.9%) used for washing of PMO catalysts was from Merck. Otherwise, MeOH (99.6%) was from
Sigma-Aldrich.
5.2. Synthesis of HMF and derivatives
Microwave-assisted HMF synthesis
The microwave-assisted fructose dehydration was performed using a microwave reactor vessel (pressure
limit: 20 bar) charged with an aqueous fructose solution (30 wt%, 2.7 mL, 5.3 mmol), an aqueous HCl
solution (0.10 M, 0.3 mL, 0.03 mmol) and a magnetic stirrer. After being sealed with a cap, the vessel
containing the mixture was mounted in a microwave apparatus (Biotage Emrys Creator, Personal Chemistry,
effect range 90–300 W) and heated for a specified reaction time (reaction times refers to the time the reaction
was held at a fixed terminal temperature) with preset power supply under magnetic stirring. After the
reaction, the vessel was purged externally with nitrogen to allow rapid cooling to 50 °C before being
removed from the chamber. Finally, the vessel was further cooled to room temperature, decapped and a
sample was taken for analysis. For comparison, dehydration of fructose was also performed by conventional
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heating of a sealed pressure-stable glass tube (Ace, pressure limit: 20 bar) charged with an aqueous fructose
solution (30 wt%, 2.7 mL, 5.3 mmol), an aqueous HCl solution (0.10 M, 0.3 mL, 0.03 mmol) and a magnetic
stirrer. Here the tube with the reaction mixture was placed in a preheated oil bath employed with a
temperature controller (VWR, VT-5) for a specified time under stirring at a fixed temperature (reaction times
were measured after a stable oil bath temperature had been reached). After the reaction, the tube was
removed from the oil bath and cooled to RT before a sample was taken for analysis. (See Appendix B for
further experimental description).
Boric acid mediated synthesis of HMF
As a general procedure the dehydration of fructose, glucose or sucrose was performed in a sealed pressure
stable glass tube (Ace, pressure limit: 20 bar) charged with an aqueous solution of the sugar (30 wt%, 3.0
mL, 5.7 mmol), a specified mass of solid B(OH)3 and a magnet. In experiments with organic solvent
extraction, these were used in the volume ratio 4:1 (org:aq). The tube with the reaction mixture was placed in
a preheated oil bath for a specified time under magnetic stirring (420 rpm) at a fixed temperature. After the
reaction, the tube was removed from the oil bath and cooled to RT before a sample was taken for HPLC
analysis.
Synthesis of HMF without acid addition
As a general procedure the dehydration of fructose, glucose or mixtures hereof was performed in a sealed
pressure stable glass tube (Ace, pressure limit: 20 bar) charged with an aqueous solution of the sugar, solid
NaCl (50 g/L) and a magnet. Experiments with organic solvent extraction used the volume ratio 4:1 (org:aq).
The tube with the reaction mixture was placed in a preheated oil bath for a specified time under magnetic
stirring (420 rpm) at a fixed temperature. After the reaction, the tube was removed from the oil bath and
cooled to RT before a sample was taken for HPLC analysis.
HMF to DFF oxidation procedure
All experiments were carried out in one-necked flasks equipped with a condenser. The condenser was
left open in experiments using air as the oxidant and equipped with a balloon containing pure O2 in
experiments using O2 as the oxidant. In a general procedure, HMF (125 mg, 1 mmol), CuCl (10 mg, 0.1
mmol) and TEMPO (17 mg, 0.1 mmol) were dissolved in solvent (5 mL). The reaction mixture was
stirred magnetically (450 rpm) for 24 h and the reaction volume subsequently adjusted. Samples were
collected periodically and analyzed via HPLC.
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HMF to FDA oxidation procedure
The oxidation reactions were conducted in one-necked flasks equipped with a condenser. HMF (125 mg, 1
mmol), and CuCl (10 mg, 0.1 mmol) were dissolved in the solvent (2 mL). Subsequently, tert-butyl
hydroperoxide solution (0.64 g, 1.3 mL, 7.2 mmol) was added slowly via syringe over a period of 15 min.
under constant magnetic stirring (450 rpm). Upon addition (exothermic) the reaction mixture quickly
changed from colorless to dark brown to finally end up as a grass green solution/suspension. The reaction
was left for a specified time and samples collected periodically for HPLC analysis.
Reduction of HMF
In a typical experiment, HMF (100 mg, 0.8 mmol), Cu-PMO (100 mg) and MeOH (3 mL) along with an
internal standard (decane, 5 μL, 25 μmol) were placed in a stainless steel bomb (Swagelok TM, 10 mL) and
heated to 300 °C for a specified time. After the reaction, the stainless steel bomb was rapidly cooled in an ice
bath. The bomb was then carefully opened and the contents were filtered through a glass filter funnel and the
filter washed with MeOH (10 mL). Finally, the liquid was analyzed by GC-FID and GC-MS.
5.3. Modified synthetic procedures to hydrotalcite-like compounds and conversion to corresponding
porous metal oxides
The percentages refer to the amount (mol%) of Mg2+ (M(II)), Al3+ (M(III)) or both that is exchanged for an
active metal.
Cu-HTC and PMO – (20%)
The Cu-doped HTC was synthesized by slowly adding aliquots (10 mL) of an aqueous solution containing
Al(NO)3•9H2O (18.8 g, 0.05 mol), Mg(CH3COO)2•4H2O (25.7 g, 0.12 mol) and Cu(NO3)2•2.5H2O (7.0 g,
0.03 mol) in demineralized water (300 mL) along with aliquots of 1 M NaOH (10 mL, total volume ∼400
mL) over a period of 4 h to an aqueous solution of Na2CO3•H2O (6.2 g, 0.05 mol) in demineralized water
(375 mL) preheated to 65 °C under magnetic stirring. The addition was conducted so the pH after the NaOH
addition was kept relatively constant at pH~10. Subsequently, the mixture was left stirring for 2 days in an
open flask and then sealed and left for 1 additional day. The total volume was reduced to about half. The
resulting light blue slurry was collected by vacuum filtration and the filter washed with water (∼1.5 L) while
periodically re-suspending the filter cake in the water to easy the filtering. The resulting filter cake was
subsequently re-suspended in 2 M warm aqueous Na2CO3•H2O (62 g, 250 mL) and left overnight before
harvesting the Cu-doped HTC by vacuum filtration followed by washing with demineralized water (∼2.5 L).
The resulting blue compound was dried over night in an oven at 100 °C, finely mortared and then calcined at
460 °C for 24 h in air to yield the final product Cu-PMO.
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CuMn-HTC and PMO (10%/10%)
The CuMn-HTC was synthesized by slowly adding aliquots (10 mL) of an aqueous solution containing
Al(NO)3•9H2O (18.8 g, 0.05 mol), Mg(NO3)2•6H2O (30.8 g, 0.12 mol), Cu(NO3)2•2.5H2O (3.5 g, 0.015 mol)
and Mn(NO3)2•4H2O (3.8 g, 0.015 mol) in demineralized water (300 mL) along with aliquots of 1 M NaOH
(10 mL, total volume ∼400 mL) over a period of 5½ h to an aqueous solution of Na2CO3•H2O (6.2 g, 0.05
mol) in demineralized water (375 mL) preheated to 65 °C under magnetic stirring. The addition was
conducted so the pH after the NaOH addition was kept relatively constant at pH~10. Subsequently, the
mixture was left stirring for 2 days in an open flask and then sealed and left for 1 additional day. The total
volume was reduced to about half. The resulting dark brown slurry was collected by vacuum filtration and
the filter washed with water (∼1.5 L) while periodically re-suspending the filter cake in the water to easy the
filtering. The resulting filter cake was subsequently re-suspended in 2 M warm aqueous Na2CO3•H2O (62 g,
250 mL) and left overnight before harvesting the CuMn-HTC by vacuum filtration followed by washing with
demineralized water (∼2.5 L). The resulting brown compound was dried over night in an oven at 100 °C,
finely mortared and then calcined at 460 °C for 24 h in air to yield the final product CuMn-PMO.
CuLa-HTC and PMO (20%/10%)
The CuLa-HTC was synthesized by slowly adding aliquots (10 mL) of an aqueous solution containing
Al(NO)3•9H2O (16.9 g, 0.045 mol), Mg(NO3)2•6H2O (30.8 g, 0.12 mol), Cu(NO3)2•2.5H2O (6.8 g, 0.03 mol)
and La(NO3)3•6H2O (2.2 g, 0.005 mol) in demineralized water (300 mL) along with aliquots of 1 M NaOH
(10 mL, total volume ∼400 mL) over a period of 4 h to an aqueous solution of Na2CO3•H2O (6.2 g, 0.05 mol)
in demineralized water (375 mL) preheated to 65 °C under magnetic stirring. The addition was conducted so
the pH after the NaOH addition was kept relatively constant at pH~10. Subsequently, the mixture was left
stirring for 3 days in an open flask and then sealed and left for 1 additional day. The total volume was
reduced to about half. The resulting blue slurry was collected by vacuum filtration and the filter washed with
water (∼1.5 L) while periodically re-suspending the filter cake in the water to easy the filtering. The resulting
filter cake was subsequently re-suspended in 2 M warm aqueous Na2CO3•H2O (62 g, 250 mL) and left
overnight before harvesting the CuLa-HTC by vacuum filtration followed by washing with demineralized
water (∼2.5 L). The resulting blue compound was dried over night in an oven at 100 °C, finely mortared and
then calcined at 460 °C for 24 h in air to yield the final product CuLa-PMO.
CuCr-HTC and PMO (20%/10%)
The CuCr-HTC was synthesized by slowly adding aliquots (10 mL) of an aqueous solution containing
Al(NO)3•9H2O (16.9 g, 0.045 mol), Mg(NO3)2•6H2O (30.8 g, 0.12 mol), Cu(NO3)2•2.5H2O (6.8 g, 0.03 mol)
and Cr(NO3)3•9H2O (2.0 g, 0.005 mol) in demineralized water (300 mL) along with aliquots of 1 M NaOH
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(10 mL, total volume ∼400 mL) over a period of 4 h to an aqueous solution of Na2CO3•H2O (6.2 g, 0.05 mol)
in demineralized water (375 mL) preheated to 65 °C under magnetic stirring. The addition was conducted so
the pH after the NaOH addition was kept relatively constant at pH~10. Subsequently, the mixture was left
stirring for 2 days in an open flask and then sealed and left for 1 additional day. The total volume was
reduced to about half. The resulting blue-grayish slurry was collected by vacuum filtration and the filter
washed with water (∼1.5 L) while periodically re-suspending the filter cake in the water to easy the filtering.
The resulting filter cake was subsequently re-suspended in 2 M warm aqueous Na2CO3•H2O (62 g, 250 mL)
and left overnight before harvesting the CuCr-HTC by vacuum filtration followed by washing with
demineralized water (∼2.5 L). The resulting blue-grayish compound was dried over night in an oven at 100
°C, finely mortared and then calcined at 460 °C for 24 h in air to yield the final product CuCr-PMO.
Calcination conditions
Calcination was conducted in an oven with an open air inlet in the top. The calcination temperature was 460
°C which was reached as fast as possible. The temperature was kept constant for 24 h.
5.4. Analysis
Nuclear magnetic resonance
NMR experiments were conducted on a Brucker Avance 500 MHz spectrometer running Topspin 1.3 with a
broadband observe probe or on a Varian Mercury 300 MHz with an AutoSw probe.
Gas chromatography
Gas chromatography – flame ionization detector (GC-FID) measurements were made on a Shimadzu GC
2010 plus instrument equipped with a Shimadzu SHRIX-5MS column (30 m, 0.25 mmID, 0.25 μm) and a
Shimadzu AOC-20i auto injector. The carrier gas was helium with a total flow of 30.9 mL/min. The
temperature program for analysis was: 30 °C kept for 6.5 min, 15 °C/min to 50 °C kept for 0.5 min, 20
°C/min to 100 °C and 35 °C/min to 300 °C kept for 5 min.
Gas chromatography – mass spectroscopy
Gas chromatography – mass spectroscopy (GC-MS) measurements were made on a Agilent 6850 GC system
equipped with an Agilent DB-5 (15 m, 0.32 mmID, 0.25 μm) column and an Agilent 5975c VL MSD mass
unit.
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HPLC
Samples of reaction products were filtered through a syringe filter (VWR, 0.45 μm PTFE) prior to analysis
by high pressure liquid chromatography (HPLC, Agilent 1200 series, Bio-Rad Aminex HPX-87H, 300 mm ×
7.8 mm pre-packed column). A 0.005 M H2SO4 mobile phase was employed as eluent at 60 °C with a flow
rate of 0.6 mL/min. Concentrations of products were determined from calibration curves obtained with
reference samples, while product yields (%), product selectivities (%) and fructose conversions (%) were
based on the initial concentration of fructose and calculated as:
Product yield

= (product concentration / initial fructose concentration) × 100 %

Fructose conversion

= (1 – (fructose concentration / initial fructose concentration)) × 100 %

Product selectivity

= (Product yield / fructose conversion) × 100 %

Powder X-ray diffraction
Powder X-ray diffraction experiments were made on a Bruker D8-focus X-ray diffractometer equipped with
a Cu line-focus sealed tube, divergent beam geometer and NaI scintillation detector. Measurements were
made with a 40 kV, 40 mA beam in the range 2ϴ from 3 to 80° locked couple scan type, a step size of 0.05°
and a scan speed of 10 s. The Cu-PMO compound was measured with a scan speed of 5 s.
Infrared Spectroscopy
Fourier Transformed infrared spectroscopy (FT-IR) measurements were conducted on a Thermo Scientific
Nicolet 6700 FT-IR instrument with a Thermo Scientific Smart Orbit, diamond 30.000 to 200 cm-1
accessory.
Boric acid mediated synthesis of HMF – Product analysis
Reaction samples from the fructose, glucose and sucrose experiments were mixed with an internal standard
(i-PrOH) for calibration and filtered again, prior to analysis by high pressure liquid chromatography (HPLC).
During sucrose analysis the substrate was hydrolyzed to glucose and fructose on the HPLC column resulting
in a poor elution profile on the HPLC chromatogram. Thus, in order to analyze experiments with sucrose, an
aqueous 30 wt% solution was hydrolyzed at 50 °C for 6 h in 0.05 M HCl and subsequently analyzed via
HPLC. The resulting amount of glucose and fructose was used to determine the initial amount of sucrose.
Conversion of HMF to DFF and FDA – Product analysis
Samples of reaction products were diluted in water (DFF) or 1 M NaOH (FDA) and filtered through a
syringe filter (VWR, 0.45 μm PTFE) prior to analysis by HPLC. The calibration was controlled for drift
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by applying a standard solution of reference compounds of known concentration prior to every HPLC
run.
Isolation of DFF
DFF was purified by column chromatography (50 mL SiO2, 2 cm Ø, eluent: EtOAc/CH2Cl2 1:1), where a
colorless band (Rf = 0.6) was collected and the solvent removed in vacuo resulting in a white crystalline
compound (101.6 mg, 0.82 mmol, isolated yield: 83%, yield by HPLC: 88%).
1

H NMR

(300 MHz, CDCl3) δ 7.29 (s, 2H), 9.80 (s, 2H); 13C NMR (75 MHz, CDCl3) δ 119.29 (2C),

154.12 (2C), 179.18 (2C).
5.5. A general word on mass balances
The mass balance did not always add up to 100%. In HMF synthesis experiments this was predominantly
due to formation of soluble and insoluble polymers (humins) but also due to formation of other unidentified
products during the dehydration process. In the synthesis of HMF derivatives mass balances below 100%
were similar caused by the formation of unidentified products and products which were not quantified due to
the lack of pure standard compounds.
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6. Glossary

2-MTHF
Ac
acac
BAEA
BET
BHMF
bipy
Bu
cod
COSY
CSC
CSG
DFF
DHBF
DMA
DMAP
DMF
DMSO
DMTHF
DTU
EDA
EMIM
Eq.
Et
EtOAc
FA
FDA
FDMC
FID
FT
GC
HFCS
HMF
HMFCA
HMIM
HPLC
HT
HTC
Humins
i-TEMPO
IL
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2-Methyltetrahydrofuran
Acetate
Acetylacetonate ion
Bis(aminoethyl)amine
Brunauer, Emmett, Teller
2,5-Bis(hydroxymethyl)furan
2,2’-Bipyridine
Butyl
1,5-Cyclooctadiene
Correlation spectroscopy
Centre for Catalysis and Sustainable Chemistry
Center for Sustainable and Green Chemistry
2,5-Diformylfuran
2,3-Dihydrobenzofuran
Dimethylacetamide
N,N-dimethylaminopyridine
2,5-Dimethylfuran
Dimethylsulfoxide
2,5-Dimethyltetrahydrofuran
Technical University of Denmark
Ethylendiamine
1-Ethyl-3-methylimidazolium
Equivalent
Ethyl
Ethylacetate
Formic acid
2,5-Furandicarboxylic acid
Furan-2,5-dimethylcarboxylate
Flame ionization detector
Fourier transformed
Gas chromatography
High fructose corn syrup
5-Hydroxymethylfurfural
5-(Hydroxymethyl)furan-2-carboxylic acid
1-H-3-methylimidazolium
High pressure liquid chromatography
Hydrotalcite
Hydrotalcite-like compound
Soluble and insoluble polymers created in the dehydration of hexoses to HMF
Immobilized (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
Ionic liquid
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IR
IUPAC
LA
M
MA
mCPBA
Me
Me2CO
MeCN
MeOH
min.
MS
NCP
NMR
PCy3
Petrochemicals
Ph
PhD
PMO
PXRD
rpm
RT
Space-time-yield
Syngas
t
TAEA
TEMPO
THF
TPA
wt%
Ø
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Infrared
International Union of Pure and Applied Chemistry
Levulinic acid
Metal
Maleic anhydride
m-chloroperoxybenzoic acid
Methyl
Acetone
Acetonitrile
Methanol
Minutes
Mass spectroscopy
Nitrogen containing promoter
Nuclear magnetic resonance
Tricyclohexylphosphine
Chemicals derived from fossil fuels
Phenyl
Doctor of Philosophy
Porous metal oxide
Powder X-ray diffraction
Rounds per minute
Room temperature
Refers to the mass of product formed per reactor volume and time
Synthesis gas
Tert
Tris(aminoethyl)amine
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
Tetrahydrofuran
Terephthalic acid
Weight percent
Diameter
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7. Scientific contributions

International articles
(1) Process integration for the conversion of glucose to 2,5-furandicarboxylic acid
A. Boisen, T. B. Christensen, W. Fu, Y. Y. Gorbanev, T. S. Hansen, J. S. Jensen, S. K. Klitgaard, S.
Pedersen, A. Riisager, T. Ståhlberg, J. M. Woodley, Chem. Ing. Res. Des. 2009, 87, 1318-1327.

(2) Efficient microwave-assisted synthesis of 5-hydroxymethylfurfural from concentrated aqueous fructose
T. S Hansen, J. M. Woodley, A. Riisager, Carbohydr. Res. 2009, 344, 2568-2572.

(3) Synergy of boric acid and added salts in the catalytic dehydration of hexoses to 5-hydroxymehtylfurfural
in water
T. S. Hansen, J. Mielby, A. Riisager, Green Chem. 2011, 13, 109-114.

(4) Cu mediated oxidation of 5-hydroxymethylfurfural to 2,5-diformylfuran and 2,5-furandicarboxylic acid
T. S. Hansen, A. Riisager, Submitted

(5) One-Pot Reduction of 5-Hydroxymethylfurfural via Hydrogen Transfer from Supercritical Methanol
T. S. Hansen, K. Barta, P. Anastas, P. C. Ford, A. Riisager, Submitted

National articles
(6) Kemikalier fra biomasse – når plast gror på træerne
A. Boisen, T. S. Hansen, J. S. Jensen, A. Riisager, J. M. Woodley, S. Pedersen, Dansk Kemi 2009, 90, nr. 4.
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Conferences – Oral presentations
(7) Production of HMF from Aqueous Fructose – A Microwave Study
T. S. Hansen, Astrid Boisen, J. M. Woodley, S. Pedersen, A. Riisager, 21st North American Chemical
Society Meeting, 2009, San Francisco, California, USA.

(8) Chemicals from Biomass – A New Chemical Infrastructure
T. S. Hansen, A. Riisager, Træf for Organisk Kemi Studerende XI, 2010, Aarhus.

(9) Synthesis of 5-hydroxymethylfurfural and derivatives
T. S. Hansen, A. Riisager, 241st American Chemical Society Meeting, 2011, Anaheim, California, USA.

Conferences – Poster presentations
(10) Catalytic Conversion of Biomass – A New Chemical Infrastructure
T. S. Hansen, J. M. Woodley, A. Riisager, EuropaCat IX, 2009, Salamanca, Spain.

(11) Oxidation of 5-Hydroxymethylfurfural with homogeneous Cu(I) catalysts
T. S. Hansen, A. Riisager, 14th Nordic Symposium on Catalysis, 2010, Marienlyst, Denmark.

Patent
(12) A method of producing 5-hydroxymethylfurfural
S. Pedersen, T. B. Christensen, A. Boisen, V. W. Jürgensen, T.S. Hansen, S. Kegnæs, A. Riisager, J. M.
Woodley, W. Fu, 2010, Pending.
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Appendix A
Chemical
Succinic, fumaric and
malic acids

Structure(s)

Suggested applications
Fibers (lycra)

2,5-Furandicarboxylic
acid

Polyesters (Bottles) and
polyamides (nylons)

3-hydroxypropionic acid

Sorona fiber, contact
lenses and diapers

Aspartic acid

Salts for chelating agent
and sweeteners

Glucaric acid

Solvents,
Kevlar

Glutamic acid

Polyesters
polyamides

Itaconic acid

Co-polymer
an new
polymer opportunities

Levulinic acid

Solvents and polymers

3-Hydroxybutyrolactone

Solvents and precursor
for pharma compounds

Glycerol

Oral
care
products,
antifreeze and polyesters

Sorbitol

PET like polymers and
antifreeze

Xylitol/arabinitol

Sweeteners
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Appendix B
Detailed operation description of the microwave apparatus
A typical microwave experiment (300 s) at 150 °C was performed in a heavy duty pressure stable (max.
pressure 20 bar) microwave reactor (10 mL) capped with an aluminium cap (20 mm Ø) with a PTFE septum.
After mounting the glass reactor in the microwave apparatus (Biotage Emrys Creator, Personal Chemistry,
max. effect 300 W) the blast-safe lid was closed and the experiment was started. A pre-stirring time of 15 s
was set to ensure a homogeneous mixture when the heating was initiated. Irradiation (90 W) began and the
microwave power was continuous automatically adjusted to give the selected temperature which was
monitored and controlled via the apparatus IR temperature detector. When the preset temperature was
reached the experiment time was activated and initiated a countdown. After the preset time, N2 gas was
purged via a N2 inlet system onto the glass reactor to cool it down to 50 °C (apparatus “safe-to-handle”
temperature) as fast as possible. When the “safe” temperature was reached and the apparatus blast-safe lid
opened the glass reactor could be removed and cooled further to room temperature. Before de-capping the
glass reactor, the contents of the glass reactor were mixed thoroughly in order to remove water droplets at the
glass wall, which would effectively make the HPLC sample mixture more concentrated than the actual
reaction mixture.
Remarks on reaction time
The reaction times given in the paper refers to the time where the reaction was held a fixed terminal
temperature. The dehydration reaction was completely unaffected at temperatures below 100 oC with the
conditions employed here, however the reaction started at temperatures above 100 oC but below the terminal
temperature chosen. Since the specific starting point of the reaction was not known, it was decided to state
all reaction times as the time the reaction temperature was held fixed, which does not include the heating and
cooling ramp (Figure B1).

Figure B1.
Typical microwave temperature (°C) profile
as function of time (s).

96

T. S. Hansen

Catalytic Routes to Renewable Polymer Building Blocks – and renewable chemicals from biomass

2011

Remarks on the microwave power
The microwave power reported in the work refers to the initial microwave power employed to heat the
reaction mixture to the preset temperature. After this temperature was reached the microwave power was
varied to keep the reaction at constant temperature, and was more or less the same for all the reactions,
independent of the initial microwave power (Figure B2).

Figure B2.
Typical microwave power (W) profile as function
of time (s).

Control experiment without microwaves
The majority of the reported microwave experiments were conducted with a reaction time of 5 min, while the
conventional oil bath heated system was far less precise and also had long temperature equilibration times.
For these reasons reaction times below 10 min. were not useful for comparison (Figure B3). In most
experiments the HMF selectivity and yield was above that of the conventional heated systems. However, the
imprecise temperature of the oil baths renders these data inconclusive for the direct comparison of product
distribution.
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Figure B3. Yield of HMF (♦), FA (▲ ) and LA (■ ), HMF selectivity (∆) and fructose conversion (○) as a function of reaction time
(min.) in an oil bath heated dehydration of fructose (0.01 M HCl, 160 °C, initial fructose concentration 27 wt%).
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The microwave pressure profile
A typical microwave pressure profile as a function of reaction time (s) is displayed below (Figure B4).

Figure B4.
Typical microwave pressure (bar) profile as
function of time (s).
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Appendix C

PXRD and FT-IR of CuCr-HTC and CuCr-PMO

Figure C1.
Picture of the light blue CuCr-doped HTC (left) and
the corresponding dark green CuCr-PMO (right).

Figure C2.
PXRD of CuCr-doped HTC (top, blue) showing
reflections characteristic for HT structures and the
corresponding calcined CuCr-PMO (bottom, green).

Figure C3.
FT-IR spectra of the CuCr-doped HTC (blue) and the
CuCr-PMO (green).
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FT-IR of CuLa-HTC and CuLa-PMO

Figure C4.
Picture of the light blue CuLa-doped HTC (left) and
the corresponding green CuLa-PMO (right).

Figure C5.
FT-IR spectra of the CuLa-doped HTC (blue) and
the CuLa-PMO (green).

100

T. S. Hansen

Catalytic Routes to Renewable Polymer Building Blocks – and renewable chemicals from biomass

2011

Appendix D

Figure D1. 2D COSY NMR of the product mixture (CDCl3, 500 MHz).

Figure D2. Downfield 1H NMR of the product mixture (CDCl3, 500 MHz).
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Figure D3. Upfield 1H NMR of the product mixture (CDCl3, 500 MHz).

Figure D4. Typical GC-FID elution profile of a reaction mixture. Conditions of the shown experiment: 300 °C, 2 h, 100 mg CuPMO and 100 mg HMF in 3 mL MeOH.
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a b s t r a c t
Studies on the HCl-catalysed microwave-assisted dehydration of highly concentrated aqueous fructose
(27 wt %) to 5-hydroxymethylfurfural (HMF) revealed a signiﬁcant increase in the fructose conversion
rate over the conventional heated systems. Water, being the most benign solvent and therefore ideal
for green and sustainable chemistry, normally is a poor solvent for the dehydration process resulting
in low HMF selectivities and yields. However, reaction at 200 °C with microwave irradiation with a short
reaction time of only 1 s resulted in good HMF selectivity of 63% and fructose conversion of 52%, while
prolonged irradiation for 60 s (or more) resulted in nearly full fructose conversion (95%) but lower
HMF yield (53%). Decreasing the fructose concentration signiﬁcantly improved the HMF selectivity, but
possibly made the production route less attractive from an industrial point of view due to the resultant
low throughput.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
In recent years, considerable effort has been put into the development of alternatives to the fossil-based industry of today.1–5
Decreasing fossil fuel reserves call for the development of a new,
long term, environmentally friendly and sustainable chemical
source. One possibility could be provided by biomass,6 which is
abundant in most parts of the world as a product of the light-induced ﬁxation of CO2 in plants and algae via photosynthesis. A high
number of functional groups, often hydroxyl groups, render carbohydrate biomass particularly suitable for the production of ﬁne
chemicals used in, for example, pharmaceuticals, plastics, rubbers
and other polymeric materials, which typically contains functional
groups of –OH or derivatives thereof. However, the number of hydroxyl groups often also results in non-selective conversions of
carbohydrates, as many side reactions are possible.7,8
One interesting compound that is obtainable directly from the
acid-catalysed dehydration of hexoses is 5-hydroxymethylfurfural
(HMF).9,10 This furan-based compound could potentially be utilised
as a platform compound11 for further processing into commercially
valuable chemicals and thereby replacing a range of chemicals that
are presently obtained from fossil-based sources. HMF has been
known for more than a century and is produced by use of catalysts
such as mineral acids,10,12 acidic ion-exchange resins,13 H-zeo* Corresponding author. Tel.: +45 45252233.
E-mail address: ar@kemi.dtu.dk (A. Riisager).
0008-6215/$ - see front matter Ó 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carres.2009.09.036

lites,14 and with the solvent acting as catalyst, for example, in ionic
liquids.15 Environmental concerns favour water as a solvent for the
reaction, but water is unfortunately not very selective for the production of HMF and many by-products comprising insoluble polymeric compounds (i.e., humins) and soluble polymers are often
formed.16 Additionally, levulinic acid (LA) and formic acid (FA)
are typically also obtained from rehydration of HMF (Scheme 1)
by a still poorly understood reaction mechanism, though Horvat
et al.17 have proposed a mechanism involving intermediates based
on 13C NMR measurements.
In order to minimise by-product formation, two-liquid phase
systems enabling extraction of HMF as it is produced have also
been developed.12,18 However, from a practical point of view these
reaction systems require large volumes of extracting solvent, thus
making them less attractive—and possibly uneconomical—on an
industrial scale. Additionally, high-boiling solvents such as
dimethylsulfoxide (DMSO) have also been utilised and shown to
be very effective in promoting the HMF formation. However, here
removal of the solvent from the product mixture has proved quite
difﬁcult.19
Microwave-induced organic synthesis, traditionally employed
for organometallic synthesis in particular, has proven to be very
efﬁcient in promoting the dehydration of fructose to HMF by
greatly reducing the reaction time and resulting in high selectivity
and yield.20,21 A high input of energy via the microwave irradiation
allows the reaction to overcome the energy barrier for product formation much faster than by conventional heating and therefore
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purged externally with nitrogen to allow rapid cooling to 50 °C before being removed from the chamber. Finally, the vessel was further cooled to room temperature, decapped and a sample was
taken for analysis. For comparison, dehydration of fructose was
also performed by conventional heating of a sealed pressure-stable
glass tube (Ace, pressure limit: 20 bar) charged with an aqueous
fructose solution (30 wt %, 2.7 mL, 5.3 mmol), an aqueous HCl solution (0.10 M 0.3 mL, 0.03 mmol) and a magnetic stirrer. Here the
tube with the reaction mixture was placed in a preheated oil bath
employed with a temperature controller (VWR, VT-5) for a speciﬁed time under stirring at a ﬁxed temperature (reaction times
were measured after a stable oil bath temperature had been
reached). After the reaction, the tube was removed from the oil
bath and cooled to room temperature before a sample was taken
for analysis.
2.3. Product analysis

Scheme 1. Acid-catalysed synthesis of HMF from fructose and possible byproducts.

speeds up the reaction signiﬁcantly.22 The aqueous, acid-catalysed
dehydration of fructose to HMF is a fairly slow process that can
take hours to reach full fructose conversion. Employing microwaves, however, increases the reaction rate signiﬁcantly such that
full conversion is reached in a matter of minutes.20
In this work, we report a thorough investigation of the reaction
parameters in the HCl-catalysed, microwave-assisted, aqueous
dehydration of fructose to HMF. To facilitate process intensiﬁcation, reaction parameters were optimised with three main goals
in mind: (1) the solvent has to be water, (2) the utilisation of HCl
catalyst should be minimised and (3) an initial high fructose concentration should be employed. These conditions differ signiﬁcantly from those employed in recent work by Qi et al.20 who
used an acetone–water system with a heterogeneous acidic ion-exchange resin catalyst. Despite very good results with this system
its industrial utilisation could be hampered by generation of a
highly elevated pressure from the acetone component (bp
56 °C23). In addition, optimisation of the system was conducted
on a diluted 2 wt % fructose solution, resulting in a corresponding
low space-time-yield.
2. Experimental
2.1. Materials
Fructose (99%), 5-hydroxymethylfurfural (99%), levulinic acid
(98%), formic acid (99.8%) and HCl (P37%, p.a.) were purchased
from Sigma–Aldrich and were used without further puriﬁcation.
Deionized water was used for the preparation of aqueous solutions.
2.2. Dehydration of fructose to HMF
The microwave-assisted fructose dehydration was performed
using a microwave reactor vessel (pressure limit: 20 bar) charged
with an aqueous fructose solution (30 wt %, 2.7 mL, 5.3 mmol), an
aqueous HCl solution (0.10 M 0.3 mL, 0.03 mmol) and a magnetic
stirrer. After being sealed with a cap, the vessel containing the mixture was mounted in a microwave apparatus (Biotage Emrys Creator, Personal Chemistry, effect range 90–300 W) and heated for a
speciﬁed reaction time (reaction times refers to the time the reaction was held at a ﬁxed terminal temperature) with preset power
supply under magnetic stirring. After the reaction, the vessel was

Samples of reaction products were ﬁltered through a syringe ﬁlter (VWR, 0.45 lm PTFE) prior to analysis by high pressure liquid
chromatography (HPLC, Agilent 1200 series, Bio-Rad Aminex
HPX-87H, 300 mm  7.8 mm pre-packed column). A 0.005 M
H2SO4 mobile phase was employed as eluent at 60 °C with a ﬂowrate of 0.6 mL/min. Concentrations of products were determined
from calibration curves obtained with reference samples, while
product yields (%), product selectivities (%) and fructose conversions (%) were based on the initial concentration of fructose and
calculated as:

Product conc
 100%
Initial fructose conc


Fructose conc
 100%
Fructose conversion ¼ 1 
Initial fructose conc

Product yield ¼

Product selectivity ¼

Product yield
 100%
Fructose conversion

3. Results and discussion
3.1. Dehydration without catalyst
Dehydration of fructose to HMF is, in principle, possible without
a catalyst both by conventional heating and by microwave-assisted
heating, though a catalyst is, of course, expected to increase the
dehydration rate signiﬁcantly. Initial experiments performed here
with microwave heating, at 160 °C without catalyst, yielded only
5% fructose conversion and only 1% HMF, as shown in Figure 1.
At lower temperatures, no signiﬁcant fructose conversion occurred
whereas a considerable quantity of humins were detected in all
reactions above 160 °C, clearly suggesting catalyst promotion to
be a prerequisite to make the dehydration selective for HMF
production.
At prolonged reaction times or sufﬁciently high temperatures
however, a build-up in LA and FA concentrations results in an acidiﬁcation of the reaction mixture leading to autocatalysis of the
dehydration process. The catalytic properties of the reaction byproducts can thereby render control experiments without a catalyst misleading. This is clearly seen in Figure 1, where an increasing
amount of formed LA and FA from 170 °C to 190 °C induced a dramatic increase in the fructose conversion rate.
3.2. pH dependence
To optimise the fructose dehydration towards HMF formation
with respect to the required amount of catalyst, experiments were
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Figure 1. Yield of HMF (), FA (N) and LA (j), HMF selectivity ( ) and fructose
conversion ( ) as a function of temperature in microwave-assisted dehydration of
fructose (5 min reaction time, 300 W, initial fructose concentration 27 wt %).

performed with various amounts of hydrochloric acid, that is, at
different initial pH values (Fig. 2).
When using a large excess of acid at a corresponding low pH value (1 M HCl, pH 0), at moderate temperature of 130 °C with 5 min
microwave irradiation, 99% fructose conversion was reached. Nevertheless, rehydrated FA and LA by-products (as well as humins)
were formed in relatively high yields of 39% and 30%, respectively,
compared to only 28% HMF. A maximum HMF yield of 40% was obtained at a higher pH value of 0.3 (0.5 M HCl) with 70% fructose
conversion, while a maximum reaction selectivity of 56% towards
HMF was reached at a pH of 0.6 (0.25 M HCl), though with a lower
fructose conversion of 63%. This clearly demonstrates that less
acidic conditions are necessary to suppress the acid-promoted
by-product formation. Hence, more benign acidic conditions (pH
2) were employed for the remaining experiments, corresponding
to 0.01 M HCl and 27 wt % fructose solution, with the presence of
only catalytic amounts of acid (0.5 mol % H+).
3.3. The effect of microwaves
The use of microwaves for the dehydration revealed, as anticipated, a dramatic effect on the reaction rate in accordance with

previously published results.20 However, within the temperature
ranges that we were able to test (max. 180 °C for closed pressure
tube experiments), no conclusive change was found in the product
distribution compared to analogous reactions carried out in a
closed pressure tube using conventional oil bath heating (see Supplementary data). The product distribution is more likely dependent on other factors (such as solvent, temperature, etc.) that
were investigated in this study rather than the method of heating.
The primary advantage in the microwave heated system is the increase of reaction rate leading to an increased space-time-yield in
potential industrial applications. In addition, very precise control
of reaction temperature is maintained in the microwave apparatus
whereas the conventional heated system has a rather slow response. Employing this fast temperature control, the microwave
apparatus was able to quickly heat the reaction contents to
200 °C and cool the vessel down, resulting in the best yield reported in a strictly aqueous media (vide infra) primarily thought
to be due to the fast and accurate temperature adjustments. In contrast, the conventional heated system is rather slow with poor control at elevated temperatures. Indeed, 180 °C was the maximum
temperature achievable in this setup. Thus, in this way, both conversion rates and yields were increased signiﬁcantly by employing
microwaves.
The inﬂuence of the initially applied microwave irradiation effect on reaction performance, that is, conversion, yield and selectivity, was further studied by using varying initial microwave
powers of 90 W, 150 W and 300 W. Under the tested reaction conditions, for example, reaction time of 5 min and temperature of
140 °C or 160 °C, no signiﬁcant difference in either conversion or
product distribution was found, thus conﬁrming the 90 W to be
sufﬁcient to facilitate effective reaction progression (Figs. 3 and
4). Hence, conducting the reaction at higher power is more energy
intensive but does not increase conversion, yield or selectivity. As
shown in Figures 3 and 4, the microwave-assisted reaction was
found to give 48% fructose conversion, 28% HMF yield and 59%
HMF selectivity when performed at 160 °C for 5 min. with an initial
fructose concentration of 27 wt % (0.01 M HCl). The corresponding
reaction with conventional heating for 10 min only gave 29% fructose conversion, 12% HMF yield and 40% HMF selectivity (see Supplementary data).
3.4. Temperature dependence
As already indicated above, the microwave-assisted acid-catalysed dehydration of fructose to HMF was highly temperature
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Figure 2. Yield of HMF (), FA (N) and LA (j), HMF selectivity ( ) and fructose
conversion ( ) as a function of pH in microwave-assisted dehydration of fructose
(5 min reaction time, 90 W, 130 °C, initial fructose concentration 27 wt %). The pH
values were calculated based on the HCl concentration and does not account for the
acidity of the by-products formed during the reaction.
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Figure 3. Yield of HMF (), FA (N) and LA (j), HMF selectivity ( ) and fructose
conversion ( ) as a function of initial microwave power in dehydration of fructose
(5 min reaction time, 140 °C, 0.01 M HCl, initial fructose concentration 27 wt %).
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Figure 4. Yield of HMF (), FA (N) and LA (j), HMF selectivity ( ) and fructose
conversion ( ) as a function of initial microwave power in dehydration of fructose
(5 min reaction time, 160 °C, 0.01 M HCl, initial fructose concentration 27 wt %).

Figure 6. Yield of HMF (), FA (N) and LA (j), HMF selectivity ( ) and fructose
conversion ( ) as a function of reaction time in microwave-assisted dehydration of
fructose (300 W, 200 °C, 0.01 M HCl, initial fructose concentration 27 wt %).

dependent (Fig. 5). Generally, high temperatures promoted the
dehydration reaction as also reported previously.24 However, at
temperatures above 160–180 °C, shorter reaction times proved
necessary to diminish by-product formation by rehydration and
successive polymerization which otherwise resulted in a signiﬁcant decrease in HMF selectivity and yield. Hence, reactions conducted at 200 °C with microwave irradiation for 1 s resulted in
52% fructose conversion and HMF selectivity and yield of 63%
and 33%, respectively. By prolonging the reaction time to 60 s the
fructose conversion further increased to 95% and the HMF yield
reached an optimum of 53%, whereas irradiation for 180 s provided
nearly full fructose conversion (>99%) but only gave an HMF yield
of 37% due to the accompanying decrease in HMF selectivity
(Fig. 6).

able from an industrial viewpoint due to small reactor volumes
and improved product work-up.
We have investigated the dehydration reaction at 170 °C with
5 min of microwave irradiation using initial fructose concentrations from 2.25 to 45 wt % (Fig. 7).
In accordance with previously published results,20 the highest
HMF selectivity (75%) was found using the lowest fructose concentration of 2.25 wt % and the highest conversion was obtained (80%)
with 45 wt % fructose. In contrast, the yields of HMF, FA and LA remained almost constant, independent of the initial fructose concentration, suggesting that the amount of by-products not
detected by HPLC analysis (i.e., humins and soluble polymers) prevail at higher fructose concentrations, as anticipated.
3.6. The effect of the reaction time

3.5. The effect of the initial fructose concentration
By-product formation by polymerization of reaction components is one of the main challenges in the dehydration of highly
concentrated aqueous fructose to yield HMF, and clearly the concentrations of this component are very important for the process.
The use of low fructose concentrations reduces polymer formation,
while high initial fructose concentrations are economically desir-

60

When the microwave-assisted dehydration was performed at a
relatively low temperature of 140 °C where by-product formation
was negligible, both fructose conversion and HMF yield increased
almost linearly with reaction time reaching 33% and 17%, respectively, after 20 min of reaction (Fig. 8). Similarly, the HMF selectivity concurrently increased to 52% most likely due to reversible
dimerisation of fructose, which allowed monomeric fructose to
be continuously reformed as HMF production progressed. Analo-
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Figure 5. Yield of HMF (), FA (N) and LA (j), HMF selectivity ( ) and fructose
conversion ( ) as a function of temperature in microwave-assisted dehydration of
fructose (5 min. reaction time, 90 W, 0.01 M HCl, initial fructose concentration
27 wt %).
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Figure 7. Yield of HMF (), FA (N) and LA (j), HMF selectivity ( ) and fructose
conversion ( ) as a function of fructose concentration in microwave-assisted
dehydration of fructose (5 min. reaction time, 300 W, 170 °C, 0.01 M HCl).
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conversion ( ) as a function of reaction time in microwave-assisted dehydration of
fructose (90 W, 140 °C, 0.01 M HCl, initial fructose concentration 27 wt %).

gous ﬁndings have also previously been described by, for example,
Van Dam et al.24 and Kuster.25
4. Conclusion
We have investigated the individual inﬂuence of several reaction parameters on the HCl-catalysed microwave-assisted dehydration of aqueous fructose to HMF. Combined, the results
proved the dehydration process to be highly dependent on all
examined parameters, except the initial power of the applied
microwave irradiation (between 90 and 300 W). Importantly, however, application of microwaves signiﬁcantly improved the rate of
fructose conversion, and to some extent the selectivity and yield of
HMF due to improved control of the temperature, compared to
conventional heating.12,16,21,24,26 The most signiﬁcant single
parameter in the dehydration process was found to be the initial
fructose concentration which was, however, deliberately kept high
in most of this study as this is attractive from an industrial perspective. Thus, only in experiments with initial fructose concentrations below 5% could HMF selectivities higher than 70% be realized.
Besides fructose concentration, the temperature, pH and reaction
times were also found to be important parameters for intensiﬁcation of the dehydration reaction. Hence, the optimal conditions for
HMF production using 27 wt % aqueous fructose solution containing 0.01 M HCl was either reaction at 200 °C with 1 s irradiation
whereby a fructose conversion of 52% (HMF yield of 33%; HMF
selectivity of 63%) was achieved or reaction at 200 °C for 60 s
whereby a fructose conversion of 95% (HMF yield of 53%; HMF
selectivity of 55%) was achieved.
The reported results are, to our knowledge, the best fructose to
HMF dehydration results achieved in a purely aqueous media.12,16,21,24,26 In particular, this has been achieved with a high initial fructose concentration and a low HCl catalyst concentration.
These concentrations are somewhat different from conditions used

in previously reported work, but are practically relevant when pursuing a commercially viable process with low environmental impact for HMF production. At the cutting edge of technology
development it seems likely that it is only a matter of time before
microwave-enhanced chemical production is routinely possible.
Already the equipment for batch and continuous operation is available from several companies.27 Clearly the use of microwaves
opens new opportunities in temperature control and adjustment
that are not possible by conventional heating.
Acknowledgements
We thank Professor Jan O. Jeppesen and Professor Poul Nielsen,
Department of Physics and Chemistry, University of Southern Denmark for use of their microwave equipment in this study. The work
was supported by The Danish National Advanced Technology
Foundation and Novozymes A/S.
Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.carres.2009.09.036.
References
1. Christensen, C. H.; Rass-Hansen, J.; Marsden, C. C.; Taarning, E.; Egeblad, K.
ChemSusChem 2008, 1, 283–289.
2. Ragauskas, A. J.; Williams, C. K.; Davison, B. H.; Britovsek, G.; Cairney, J.; Eckert,
C. A.; Frederick, W. J., Jr.; Hallett, J. P.; Leak, D. J.; Liotta, C. L.; Mielenz, J. R.;
Murphy, R.; Templer, R.; Tschaplinski, T. Science 2006, 311, 484–489.
3. Román-Leshkov, Y.; Barrett, C. J.; Liu, Z. Y.; Dumesic, J. A. Nature 2007, 447,
982–985.
4. Mascal, M.; Nikitin, E. B. Angew. Chem., Int. Ed. 2008, 47, 7924–7926.
5. Yong, G.; Zhang, Y.; Ying, J. Y. Angew. Chem., Int. Ed. 2008, 47, 9345–9348.
6. Werpy, T.; Petersen, G. Top Value Added Chemicals from Biomass, Vol. 1, 2004, 1–
67; available at: http://www.osti.gov/bridge.
7. Bicker, M.; Hirth, J.; Vogle, H. Green Chem. 2003, 5, 280–284.
8. Schlaf, M. Dalton Trans. 2006, 4645–4653.
9. Newth, F. H. Adv. Carbohydr. Chem. 1951, 6, 83–106.
10. Mednick, M. L. J. Org. Chem. 1962, 27, 398–403.
11. Corma, A.; Iborra, S.; Velty, A. Chem. Rev. 2007, 107, 2411–2502.
12. Román-Leshkov, Y.; Chheda, J. N.; Dumesic, J. A. Science 2006, 312, 1933–1937.
13. Rigal, L.; Gaset, A.; Gorrichon, J.-P. Ind. Eng. Chem. Prod. Res. Dev. 1981, 20, 719–
721.
14. Moreau, C.; Durand, R.; Razigade, S.; Duhamet, J.; Faugeras, P.; Rivalier, P.; Ros,
P.; Avignon, G. Appl. Catal., A 1996, 145, 211–224.
15. Zhao, H.; Holladay, J. E.; Brown, H.; Zhang, Z. C. Science 2007, 316, 1597–1600.
16. Cottier, L.; Descotes, G. Trends Heterocycl. Chem. 1991, 2, 233–248.
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Detailed operation description of the microwave apparatus
A typical microwave experiment (300 s) at 150 °C was performed in a heavy duty pressure stable
(max. pressure 20 bar) microwave reactor (10 mL) capped with an aluminium cap (20 mm Ø)
with a PTFE septum. After mounting the glass reactor in the microwave apparatus (Biotage
Emrys Creator, Personal Chemistry, max. effect 300 W) the blast-safe lid was closed and the
experiment was started. A pre-stirring time of 15 s was set to ensure a homogeneous mixture
when the heating was initiated.

Irradiation (90 W) began and the microwave power was

continuous automatically adjusted to give the selected temperature which was monitored and
controlled via the apparatus IR temperature detector. When the preset temperature was reached
the experiment time was activated and initiated a countdown. After the preset time, N 2 gas was
purged via a N 2 inlet system onto the glass reactor to cool it down to 50 °C (apparatus “safe-tohandle” temperature) as fast as possible. When the “safe” temperature was reached and the
apparatus blast-safe lid opened the glass reactor could be removed and cooled further to room
temperature. Before de-capping the glass reactor, the contents of the glass reactor were mixed
thoroughly in order to remove water droplets at the glass wall, which would effectively make the
HPLC sample mixture more concentrated than the actual reaction mixture.

S1

Remarks on reaction time
The reaction times given in the paper refers to the time where the reaction was held a fixed
terminal temperature. The dehydration reaction was completely unaffected at temperatures below
100 oC with the conditions employed here, however the reaction started at temperatures above
100 oC but below the terminal temperature chosen. Since the specific starting point of the
reaction was not known, we decided to state all reaction times as the time the reaction
temperature was held fixed, which does not include the heating and cooling ramp (Fig. S1).

Fig. S1 Typical microwave temperature (°C) profile as function of time (s).

Remarks on the microwave power
The microwave power reported in the work refers to the initial microwave power employed to
heat the reaction mixture to the preset temperature. After this temperature was reached the
microwave power was varied to keep the reaction at constant temperature, and was more or less
the same for all the reactions, independent of the initial microwave power (Fig. S2).

Fig. S2 Typical microwave power (W) profile as function of time (s).

S2

Control experiment without microwaves
The majority of the reported microwave experiments were conducted with a reaction time of 5
min, while the conventional oil bath heated system was far less precise and also had long
temperature equilibration times. For these reasons reaction times below 10 min was not useful for
comparison (Fig. S3). In most of our experiments the HMF selectivity and yield is above that of
the conventional heated systems. However, we find that the imprecise temperature of the oil
baths renders these data inconclusive for the direct comparison of product distribution.
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Fig. S3 Yield of HMF (♦), FA (▲) and LA (■), HMF selectivity (∆) and fructose conversion (○)
as a function of reaction time (min) in an oil bath heated dehydration of fructose (0.01 M HCl,
160 °C, initial fructose concentration 27 wt%).

The microwave pressure profile:
A typical microwave pressure profile as a function of reaction time (s) is displayed below (Fig.
S4).

S3

Fig. S4 Typical microwave pressure (bar) profile as function of time (s).
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In combination with various salts boric acid, B(OH)3 , was shown to be an efﬁcient, weak Lewis
acid catalyst in the aqueous dehydration of fructose to 5-hydroxymethylfurfural (HMF) due to
strong complexation between the boron atom and the hexoses. In the dehydration of a highly
concentrated aqueous fructose solution (30 wt%), a HMF yield of 60% was achieved at 92%
fructose conversion and a HMF selectivity of 65% with 100 g L-1 B(OH)3 and 50 g L-1 sodium
chloride in the aqueous phase and methyl-isobutylketone (MIBK) as extracting solvent.
Furthermore, the dehydration of glucose resulted in a yield of 14% HMF at 41% glucose
conversion after 5 h at similar conditions. These results are highly competitive with currently
reported aqueous HMF dehydration systems. In combination with the non-corrosive and
non-toxic nature of the boric acid, compared to other well known homogeneous catalysts
applicable for the dehydration process (e.g., H2 SO4 and HCl), clearly, the boric acid-salt mixture is
a very attractive catalyst system.

1.

Introduction

Development of novel CO2 neutral and sustainable synthetic
strategies to supply fuel and chemicals are necessary as a
response to the ongoing concern about the climate changing
along with depletion of fossil fuel reserves. Such demands can
be met by a shift from the petrochemical industry to one based
on biomass as the carbon source.1–6
An attractive compound that is obtainable directly from the
dehydration of carbohydrates, such as fructose and glucose,
is 5-hydroxymethylfurfural (HMF). The molecule constitutes
a platform compound that can be converted into a wide
range of industrially important chemicals.7,8 In this context, the
oxidation product of HMF, 2,5-furandicarboxylic acid (FDA),
is of speciﬁc interest as it can potentially replace terephthalic
acid in polyester manufacturing (Scheme 1).9
Currently the most successful efforts to produce HMF have
been done in ionic liquids,10–12 high-boiling organic solvents
(e.g. dimethylsulfoxide, DMSO),13,14 by using strong and highly
corrosive mineral acids such as HCl, H2 SO4 and H3 PO4 with an
organic solvent to extract the HMF as it is produced in a two
phase system5,15–17 or by employing microwaves as the heating
source.18–20
Herein, we report our results from the development of a
novel21 method to produce HMF from highly concentrated
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Scheme 1 The reaction path from D-fructose to a terephthalic acid
polyester analogue of 2,5-furandicarboxylic acid (FDA).

aqueous fructose solutions employing only a weak, non-toxic
and non-corrosive acid, namely boric acid (pK a = 9.27, T =
293.15 K)22 as the dehydration catalyst.

2. Experimental
2.1 Materials
Fructose (99%), glucose (≥99.5%), B(OH)3 (99.8%), levulinic
acid (98%), formic acid (99.8%), methyl-isobutylketone (MIBK)
(≥99.0%), and tetrahydrofuran (THF) (99.9%) were purchased
from Sigma-Aldrich. 5-Hydroxymethylfurfural (>99%) was
purchased from SAFC and sucrose (99%) from Alfa Aesar and
all used without further puriﬁcation. Similarly, all salts applied
for the salting-out experiments were acquired in p.a. quality and
Green Chem., 2011, 13, 109–114 | 109
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used as received. Distilled water was used for preparation of all
aqueous solutions.
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2.2

Dehydration of sugars to HMF

As a general procedure the dehydration of fructose, glucose or
sucrose was performed in a sealed pressure stable glass tube
(Ace, pressure limit: 20 bar) charged with an aqueous solution
of the sugar (30 wt%, 3.0 mL, 5.7 mmol), a speciﬁed mass of
solid B(OH)3 and a magnet. In experiments with organic solvent
extraction, these were used in the volume ratio 4 : 1 (org : aq). The
tube with the reaction mixture was placed in a preheated oil bath
for a speciﬁed time under magnetic stirring (420 rpm) at a ﬁxed
temperature. After the reaction, the tube was removed from the
oil bath and cooled to room temperature before a sample was
taken for analysis.
2.3

dehydration reaction of fructose to HMF. However, boric acid
forms strong chelates with diols and hexoses, e.g. fructose and
glucose,24–26 shifting the equilibrium reactions towards a doubly
coordinated borate–hexose complex. This complexation results
in an overall release of protons leading to acidiﬁcation of the
aqueous media and so facilitates the acid catalyzed dehydration
(Scheme 2).

Product analysis

Reaction samples from the fructose, glucose and sucrose experiments were ﬁltered through a syringe ﬁlter (VWR, 0.45 mm
PTFE), mixed with an internal standard (i-PrOH) for calibration
and ﬁltered again, prior to analysis by high pressure liquid
chromatography (HPLC, Agilent 1200 series, Bio-Rad Aminex
HPX-87H, 300 mm ¥ 7.8 mm pre-packed column). A 0.005 M
H2 SO4 mobile phase was employed as eluent at 60 ◦ C with a
ﬂow rate of 0.6 mL min-1 .
During sucrose analysis the substrate was hydrolyzed to
glucose and fructose on the HPLC column resulting in a poor
elution proﬁle on the HPLC chromatogram. Thus, in order to
analyze experiments with sucrose, an aqueous 30 wt% solution
was hydrolyzed at 50 ◦ C for 6 h in 0.05 M HCl and subsequently
analyzed via HPLC. The resulting amount of glucose and
fructose was used to determine the initial amount of sucrose.
Concentrations of products were determined from calibration
curves obtained with reference samples and corrected with an
internal standard, while product yields (%), product selectivities
(%) and fructose conversions (%) were based on the initial
concentration of sugars and calculated as:

Product conc.
×100%
Initial sugar conc.
⎛
Sugar conc. ⎞⎟
⎟⎟×1000%
Sugar conversion = ⎜⎜⎜1 −
⎝ Initial sugar conc. ⎟⎠
Product yield =

Product selectivity =

Product yield
×100%
Sugar conversion

The mass balances did not add up to 100% due to formation
of insoluble polymers (humins), soluble polymers and other
unidentiﬁed products during the dehydration process.

3.

Results and discussion

3.1

Boric acid

Boric acid, B(OH)3 or H3 BO3 , acts as a Lewis acid in aqueous
solutions forming tetrahydroxyborate and a proton (or hydronium ion) upon reaction with water. The nature of the boric
acid suggests (based on previous published results by Kuster and
Temmink23 ) that it is too weak an acid to efﬁciently catalyze the
110 | Green Chem., 2011, 13, 109–114

Scheme 2

Equilibria between boric acid and hexoses in water.

In principle, the pH will gradually increase during the HMF
dehydration reaction and return to a value determined by
the boric acid-water equilibrium when all sugars are converted. However, by-product formation of formic acid (FA)
and levulinic acid (LA) by competitive rehydration of HMF
during the reaction27,28 prevent the pH from increasing. From a
downstream HMF processing point of view, this phenomenon
could prove very useful, as the isolation of LA and FA, which
are also valuable by-products, results in a HMF product solution
which is not nearly as acidic compared to using mineral acids.
This is likely to make the overall HMF production process
more economically attractive by reducing costs related to both
neutralization and the use of corrosion resistant materials.
3.2 Titration of fructose and glucose with boric acid
A 1.88 M aqueous solution of fructose and a 1.93 M solution
of glucose (both ~30 wt%) were titrated with solid B(OH)3 to
the point of saturation at room temperature to monitor the
associated pH change as a function of the B(OH)3 concentration
(Fig. 1). As reference, pH was measured in a B(OH)3 saturated
(50 g L-1 ) aqueous solution (pH = 3.65).
A rapid decrease in pH in the 30 wt% sugar solutions
was observed upon the ﬁrst boric acid addition which then
levelled out as more B(OH)3 was added. The change was more
pronounced for fructose than glucose suggesting a stronger
complexation between B(OH)3 and fructose than with glucose,
in accordance with previous ﬁndings.25
3.3 Dehydration of fructose with boric acid
The dehydration of fructose to HMF is known to proceed even
without the addition of catalyst at elevated temperatures and
prolonged reaction times.14 However, when the dehydration of
fructose is carried out in an aqueous environment alone high
This journal is © The Royal Society of Chemistry 2011
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conducted varying the catalyst amount in a 30 wt% fructose
solution in order to investigate how the B(OH)3 concentration
inﬂuenced the dehydration of highly concentrated fructose
solutions (Fig. 2).
A clear relation between the B(OH)3 concentration and the
fructose conversion was found, showing an increase in fructose
conversion with increasing B(OH)3 concentration. The most
commonly used catalysts for the dehydration process are strong
acids, as previously mentioned, so increasing the amount of
the weak Lewis acid B(OH)3 was expected to result in a higher
fructose conversion and HMF yield.
3.4 Synergetic catalytic effect between boric acid and salts

Fig. 1 Titration of a 1.88 M fructose solution and a 1.93 M glucose
solution (both ~30 wt%) with solid B(OH)3 . Between additions of boric
acid, the system was allowed sufﬁcient time to stabilize before pH
measurements.

When sugars are dehydrated to HMF in acidic, aqueous-organic
systems with dissolved salts, the salts usually facilitate only a
salting-out effect of the formed HMF to the organic phase and
no signiﬁcant catalytic effect.16 In accordance with this, only a
weak catalytic effect of NaCl was found in the dehydration of
30 wt% aqueous fructose solution (Fig. 3).

HMF yields and selectivities are difﬁcult to achieve. One way to
overcome this problem is by employing an organic phase that
extracts HMF as it is produced thereby reducing the rehydration
of HMF to FA and LA, as well as humin formation to some
extent.15,16 To separate this inherent catalytic effect from any
effects of the added catalyst, reaction temperature and time
was initially investigated in order to ﬁnd conditions where the
non-catalyzed reaction was negligible. Here it was found, that
reaction of a 30 wt% fructose solution at 150 ◦ C for 45 min with
MIBK as the extracting solvent with a MIBK : aqueous volume
ratio of 4 : 1 possessed minimal intrinsic activity resulting in only
5% fructose conversion and 2% HMF yield (Fig. 2). Notably,
these conditions are, however, still suitable for HMF production
if a dehydration catalyst is added (vide infra).
Fig. 3 Dehydration of 30 wt% fructose solutions with MIBK as
extracting solvent and no catalyst or added NaCl and/or B(OH)3
(150 ◦ C, 45 min, MIBK : aqueous volume ratio = 4 : 1).

Fig. 2 Dehydration of 30 wt% fructose solutions with varied B(OH)3
concentrations and MIBK as extracting solvent (150 ◦ C, 45 min,
MIBK : aqueous volume ratio = 4 : 1).

Using the reaction conditions where the intrinsic conversion
to HMF was found to be minimal (i.e. 150 ◦ C, 45 min,
MIBK : aqueous volume ratio = 4 : 1), a set of experiments were
This journal is © The Royal Society of Chemistry 2011

The addition of 50 g L-1 NaCl to the reaction mixture resulted
in a HMF yield of 5% at 13% fructose conversion compared
to 2% HMF at 5% fructose conversion without NaCl present.
This weak catalytic effect is believed to arise from the slight
acidiﬁcation observed when salts are added to a concentrated
solution of fructose. The dehydration reaction of fructose to
HMF is highly dependent on the pH in solution, hence a small
decrease in pH is expected to have a positive inﬂuence on the
rate of fructose conversion and HMF formation.
Surprisingly the addition of NaCl in low concentrations
together with B(OH)3 was found not only to increase the HMF
yield, due to the salting-out effect as described by RománLeshkov and Dumesic,16 but also to signiﬁcantly increase the
fructose conversion and HMF yield. Thus, reaction at 150 ◦ C
for 45 min with 50 g L-1 NaCl, 100 g L-1 B(OH)3 and MIBK as
extracting solvent (MIBK : aqueous volume ratio = 4 : 1) resulted
in a fructose conversion of 70% and 46% HMF yield (Fig.
3). The synergistic effect of using both B(OH)3 and NaCl is
believed to occur as a result of the increased acidity of aqueous
Green Chem., 2011, 13, 109–114 | 111
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Table 1 Dehydration of 30 wt% fructose solutions with boric acid,
various salts and MIBK extractiona

Entry Salt

Fructose
HMF
HMF
R valueb
conversion (%) yield (%) selectivity (%) (MIBK : aq)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

69
61
49
70
60
49
90
67
63
56
49
89
81
100
99

LiCl
LiBr
LiNO3
NaCl
NaBr
NaNO3
Na2 SO4
KCl
KBr
KI
KNO3
K2 SO4
MgCl2
AlCl3
FeCl3

45
38
21
46
38
20
41
44
39
35
20
40
52
21
36

66
62
42
65
64
41
45
65
62
63
40
46
65
21
36

1.1
1.0
0.9
1.0
0.9
0.9
1.7
1.0
0.9
0.7
0.8
1.5
1.1
1.1
1.1

Reaction conditions: 100 g L-1 B(OH)3 , 0.87 M salt with respect to the
anion, 45 min, 150 ◦ C, MIBK : aqueous volume ratio = 4 : 1. b The R
value is the HMF distribution obtained between the MIBK phase and
the aqueous phase, i.e. [HMF]MIBK /[HMF]aq .

a

variations in HMF yields and selectivities within the estimated
experiment error were observed. Similar trends were observed
in the control experiments conducted without B(OH)3 in order
to test the activity of the salts alone (results not presented here).
Interestingly, the high R values, representing the distribution
of HMF in the organic phase relative to the aqueous phase,
observed in experiments with sulfate salts did not result in
correspondingly high relative HMF yields and selectivities, as
would be expected when the mean residence time of HMF
in the aqueous solution was reduced due to diminished rehydration. The same conclusion was reached by Román-Leshkov
and Dumesic16 in their investigation of fructose dehydration
reactions employing different salts and a strong mineral acid as
the dehydration catalyst, thus suggesting the sulfate anion has
some inﬂuence on the dehydration reactivity, e.g. shifting the
pyranose-furanose equilibrium.
In combination, the strong Lewis acidic salts, AlCl3 or FeCl3 ,
and B(OH)3 (entries 14 and 15) resulted in formation of large
amounts of polymers and the rehydration products FA and LA,
demonstrating that HMF was no longer the favored product.
3.5 Boric acid-salt catalysis with common extracting solvents

B(OH)3 solutions in combination with salts, suggesting that the
salts stabilizes one or more of the charged intermediates and
products shown in Scheme 2. The acidifying effect of different
salts on boric acid has been correlated to the energy of hydration
by Shishido29 and shows an increase in acidity with increasing
hydration energy. As already mentioned, the addition of salt
to a concentrated fructose solution also results in a slight
acidiﬁcation of the solution. Hence, several factors add up in the
observed synergy and complex behavior of NaCl and B(OH)3 in
the dehydration of aqueous fructose solutions to HMF.
An experiment was conducted in order to ﬁnd the highest
obtainable HMF yield from a 30 wt% aqueous fructose solution
near full substrate conversion with the NaCl-containing catalytic
system. Increasing the reaction time to 90 min subsequently
resulted in a 92% fructose conversion, a 60% HMF yield and a
HMF selectivity of 65%.
A range of other salts, primarily containing alkali or alkaline
earth metal cations, were further employed in the dehydration
of fructose in order to investigate the inﬂuence of the salts on
the synergistic interplay with B(OH)3 (Table 1).
A clear relationship between the nature of the anion and
the resulting fructose conversion and HMF yield was observed.
Generally, sulfates (entries 7 and 12) resulted in high fructose
conversions and a high HMF distribution in the organic phase
but low HMF selectivities and yields. The phase distribution
selectivity is commonly expressed as the R value (calculated
as [HMF]org /[HMF]aq ), which quantify the extracting power of
the organic solvent. In contrast, the nitrates (entries 3, 6 and
11) resulted in lower fructose conversions, HMF yields, HMF
selectivities and R values compared to the halide salts, which
were shown to be superior when comparing HMF yields and
selectivities. The size of the halide anions did not seem to affect
the selectivity towards HMF, whereas the fructose conversion
rate decreased in the order: chloride > bromide > iodide.
The nature of the alkali cation did also not seem to have
great importance on the dehydration reaction and only small
112 | Green Chem., 2011, 13, 109–114

Experiments with different organic extraction solvents were
conducted with 30 wt% fructose solutions at 150 ◦ C for 45 min
with 100 g L-1 of B(OH)3 catalyst and 50 g L-1 NaCl using an
organic : aqueous volume ratio of 4 : 1. (Fig. 4).

Fig. 4 Dehydration of 30 wt% fructose solutions with organic extraction solvents, 100 g L-1 B(OH)3 and 50 g L-1 NaCl (150 ◦ C, 45 min unless
otherwise mentioned, organic : aqueous volume ratio = 4 : 1).

Reactions with THF as extraction solvent were found to
be substantially slower than analogous reactions with MIBK.
This could be attributed to an effective decrease in the fructose
concentration at elevated temperatures as a result of miscibility
of THF and saline aqueous mixtures, or an increased ability
of THF to extract the produced organic acids compared to
MIBK. However, when increasing the reaction time with THF
as extracting solvent comparable HMF yields and selectivities
to experiments with MIBK were obtained.
This journal is © The Royal Society of Chemistry 2011
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Table 2 Dehydration of 30 wt% glucose solutions with and without
boric acid and NaCl and MIBK extraction

Entry Catalyst
1a
2b
3a
4b
5a
6b

Time Glucose con- HMF
HMF select(min) version (%) yield (%) ivity (%)

—
45
B(OH)3 + NaCl 45
—
180
B(OH)3 + NaCl 180
—
300
B(OH)3 + NaCl 300

<1
8
13
36
24
41

0
2
1
10
3
14

0
25
10
27
13
34

Reaction conditions: 150 ◦ C, MIBK : aqueous volume ratio = 4 : 1.
Reaction conditions: 100 g L-1 B(OH)3 , 50 g L-1 NaCl, 150 ◦ C,
MIBK : aqueous volume ratio = 4 : 1.
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a

Table 3 Dehydration of 30 wt% sucrose solutions with boric acid, NaCl
and MIBK extractiona
Time
Entry (min)

Glucose Fructose
HMF selectyield (%) yield (%) HMF yield (%) ivityb (%)

1
2
3
4

40
40
39
38

45
90
105
120

17
7
4
3

21
30
32
33

64
70
70
70

Reaction conditions: 100 g L-1 B(OH)3 , 50 g L-1 NaCl, 150 ◦ C,
MIBK : aqueous volume ratio = 4 : 1. b Selectivity from the fructose part
of sucrose.

a

b

THF is an interesting extraction solvent for the dehydration
reaction due to avoidance of humin formation which, if formed,
would impose a severe drawback from a process point of view.
Although the apparent HMF selectivity with THF was not
signiﬁcantly higher than experiments with visible humin formation, the selectivity was observed to increase with increasing
reaction time, most likely due to reversion of isomeric and dimer
forms of fructose. The disadvantage and concern of applying
THF is obviously its low ﬂashpoint (-14 ◦ C), its tendency
to form peroxides over time and the relatively high chemical
aggressiveness of THF fumes. Unfortunately, the latter made
longer term experiments (>75 min) impossible with our available
apparatus.
3.6

Dehydration of glucose with boric acid

Despite the ability to selectively form HMF from fructose, boric
acid proved ineffective in the dehydration of glucose to HMF.
Thus, dehydration of a 30 wt% glucose solution at 150 ◦ C for 45
min with 100 g L-1 B(OH)3 and 50 g L-1 NaCl only resulted in
8% glucose conversion and a poor HMF yield of 2% (Table 2,
entry 2). Prolonging the reaction time to 3 h increased the HMF
yield somewhat to 10% at 36% glucose conversion compared to
the un-catalyzed reaction which only resulted in 1% HMF yield
at 13% glucose conversion (entries 3 and 4). Further increase of
the reaction time to 5 h resulted in a 41% glucose conversion and
14% HMF yield compared to the un-catalyzed experiment which
resulted in a 24% glucose conversion and 3% HMF yield (entries
5 and 6). Thus, even though the catalytic system performed
poorly on a glucose feedstock, the catalyzed reactions were
substantially better than the un-catalyzed ones.
The dehydration of glucose is much more difﬁcult than the
dehydration of fructose, presumably because the ﬁrst step in
the Lobry de Bruyn-van Ekenstein transformation30 of glucose
to fructose proceeds rapidly in basic media, but very slowly in
acidic media where HMF production is possible. Furthermore
the HMF selectivity increased over time indicating that some
intermediate hexoses formed from glucose were able to revert
back to fructose and dehydrate to HMF.
3.7

Dehydration of sucrose with boric acid

The disaccharide sucrose consists of a fructose unit and a glucose
unit connected via an a-1,4¢-glycosidic linkage which can be
hydrolyzed relatively easily. Indeed, the fructose part of the
disaccharide could selectively be converted into HMF by the
This journal is © The Royal Society of Chemistry 2011

catalytic B(OH)3 -NaCl system. Interestingly, the glucose part
was not converted in any signiﬁcant amount and could still be
detected after the dehydration reaction. At prolonged reaction
times of 2 h at 150 ◦ C with a 30 wt% aqueous sucrose solution,
94% of the initial fructose units were converted resulting in
a good HMF yield of 33% from sucrose corresponding to a
70% selectivity assuming that all HMF originated from fructose
(Table 3).31

4. Conclusions
In this work, we have shown that the Lewis acid, boric acid
B(OH)3 , is a very efﬁcient catalyst in the dehydration of highly
concentrated aqueous fructose solutions to HMF. This result,
combined with desirable properties such as non-toxicity, low
corrosiveness, low acid strength and readily availability, makes
B(OH)3 a very attractive alternative to known catalysts for the
process.32 HMF selectivities and yields were further improved
by employing a combined catalytic system of B(OH)3 and
NaCl, which in combination showed a synergistic effect on the
dehydration reaction.
Boric acid in combination with NaCl was found to be less
efﬁcient for the dehydration of glucose in water, which is also
generally considered to be a more challenging task to achieve.
Hence, only poor HMF yields were accomplished. However,
the catalytic system developed here performed much better than
the un-catalyzed reaction and could also be applied for highly
concentrated aqueous sucrose solutions.
This study is, to the best of our knowledge, the ﬁrst to
demonstrate the use of boric acid in the dehydration of sugars
to HMF and to provide a detailed parameter study of the
dehydration process for fructose. A simple modiﬁcation of
the catalytic system by addition of salt was shown to have a
synergistic effect of the dehydration of fructose to HMF allowing
good yields and selectivities of HMF to be reached.
Since boric acid is a weak Lewis acid, non-toxic, cheap and
already widely used in industrial processes it is desirable from an
industrial point of view compared to other mineral acids such as
HCl and H2 SO4 , which are highly corrosive. This could clearly
make future implementation of B(OH)3 in HMF production
attractive compared to other acids.
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Figure 1 is based on following experimental values:
B(OH)3 (g/L)
pH fructose
pH glucose

0
4.93
5.67

2.5
2.37
3.42

5
2.19
3.22

7.5
2.08
3.13

10
2.0
3.04

15
1.89
2.93

20
1.83
2.84

30
1.72
2.68

40
1.6
2.55

50
1.54
2.52

Figure 2 is based on following experimental values:
B(OH)3 (g/L)
HMF yield (%)
Fructose conversion (%)

0
2
5

50
17
38

100
21
43

150
25
49

200
28
53

Figure 3 is based on following experimental values:
Entry

No catalyst

HMF yield (%)
Fructose conversion (%)

2
5

NaCl
(50 g/L)
5
13

B(OH)3
(100 g/L)
21
43

NaCl (50 g/L)
B(OH)3 (100 g/L)
46
70

Figure 4 is based on following experimental values:
Extracting solvent

MIBK

HMF yield (%)
Fructose conversion (%)
HMF selectivity (%)

46
70
65

MIBK:2-BuOH
(7:3)
50
72
70

2-BuOH

THF

37
59
63

34
54
63

THF
(60 min)
38
63
60

THF
(75 min)
51
75
67
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a b s t r a c t
The development of bioreﬁneries means that a key feedstock for many new processes will be sugars in various forms,
such as glucose or fructose. From these feedstocks a range of chemicals can be synthesized using heterogeneous
catalysis, immobilized enzymes, homogeneous catalysts, soluble enzymes, fermentations or combinations thereof.
This presents a particularly interesting process integration challenge since the optimal conditions for each conversion
step will be considerably different from each other. Furthermore, compared to oil-based reﬁneries the feedstock
represents a relatively high proportion of the ﬁnal product value and therefore yield and selectivity in these steps
are of crucial importance. In this paper using the conversion of glucose to 2,5-furandicarboxylic acid and associated
products as an example, alternative routes will be compared with respect to achievable selectivity, and achievable
yield.
© 2009 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
Keywords: Bioreﬁneries; Glucose isomerase; 5-Hydroxymethylfurfural; 2,5-Furandicarboxylic acid

1.

Introduction

While the increasing cost of oil is driving particular interest
in the production of new fuels from biomass there is little
doubt that today of equal importance is the production of
chemicals from biomass. Indeed for the supply of fuels in the
future there are many potential sources aside from biomass.
In a world with limited (or very expensive) oil it is less clear
where the chemicals of the future will originate. There is currently an existing infrastructure based on the use of the seven
established platform chemicals (toluene; benzene; xylene; 1,3butadiene; propylene; ethene; methane). In the short term one
could consider if we can use the same infrastructure and just
create the seven chemicals from alternative sources. However
in the longer term it will be necessary to devise new processes
based on a different set of platform chemicals. One group will
be based around glucose (the hydrolytic product of starch and
therefore readily available from biomass). In a bioreﬁnery it

∗

will be necessary to develop a structure which can manage
a range of feedstocks, a range of technologies and a range of
products. This presents a considerable challenge for design
and optimization as well as process integration. In order to
illustrate the complexity and the challenge that lies ahead
we have studied one speciﬁc example with a deﬁned starting and endpoint: the production of 5-hydroxymethylfurfural
(HMF) or 2,5-furandicarboxylic acid (FDA) from glucose or fructose. Greatest value is obtained by going the whole way from
glucose to FDA. However even in this small reaction pathway there are many alternative technologies. Some can be
integrated together, some give the required yield and selectivity, some are difﬁcult to implement and others are untested
at scale. This illustrates very well the challenge that design
engineers face. To date glucose ﬁnds its major use in food
applications (as a feedstock for sorbitol and high fructose corn
syrup). The possibility of non-food products like HMF or FDA
implies the use of other technologies not governed by the strict
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food regulations. Nevertheless all the potential technologies
(whether approved for food or non-food production) need to be
able to overcome the pH and temperature instability and limited solubility in organic solvents. It is because of the nature
of glucose therefore that one obvious starting point is to use
enzymatic catalysis (water based and under mild conditions).
In this paper we will review the alternative technologies and
routes from glucose to FDA, and discuss some of the limitations and challenges.

2.
Biomass as a raw material for
bioreﬁneries
Nature is producing vast amounts of biomass driven by sunlight via photosynthesis:
nCO2 + nH2 O → (CH2 O)n + nO2
However, utilization of biomass for producing chemicals and
fuels is still in its infancy with only 3.5% being used for food
or non-food purposes. Plant biomass consists mainly of carbohydrates, lignin, protein and fats. Out of an estimated 170
billion metric tons of biomass produced every year roughly
75% are in the form of carbohydrates which makes biomass
carbohydrates the most abundant renewable resource (Röper,
2002). Together with their amenability towards enzymatic processes this makes carbohydrates the center of attention when
looking for new and greener feedstocks to replace petroleum
for producing commodity chemicals as well as fuels. In plant
biomass most of the carbohydrates are stored as sugar polymers such as starch, cellulose or hemicellulose.
Starch is the second largest biomass produced on earth and
commonly found in vegetables, such as corn, wheat, rice, potatoes and beans. The total world production in 2004 was 60
million tons of which more than 70% came from corn. Starch
consists of chains of glucose molecules, which are linked
together by ␣-1,4 and ␣-1,6 glycosidic bonds. The two major
parts of starch are amylose (20–30%), essentially linear ␣-1,4
glucan chains and amylopectin (70–80%), a branched molecule
containing 4–5% ␣-1,6 linkages.
Starch is industrially hydrolyzed to glucose by the three
enzymes: ␣-amylase, glucoamylase, and pullulanase (Schäfer
et al., 2007). Bacterial ␣-amylases (EC 3.2.1.1) catalyze the
hydrolysis of internal ␣-1,4 glycosidic bonds. This reduces
the viscosity, which is necessary for further processing. Glucoamylase (EC 3.2.1.3) is an exo-amylase that is added to the
partly hydrolyzed starch after liquefaction. Glucose units are
removed in a stepwise manner from the non-reducing end
of the molecule. The third enzyme is pullulanase (EC 3.2.1.41).
Industrially used pullulanases are heat stable enzymes, which
act simultaneously with glucoamaylase during sacchariﬁcation. Pullulanases catalyze the hydrolysis of the ␣-1,6 linkages
in amylopectin, and especially in partially hydrolysed amylopectin. Typical process conditions for production of glucose
from starch are given in Table 1.
Cellulose is a glucose polymer consisting of linear chains
of glucopyranose units linked together via ␤-1,4 glucosidic

bonds. Unlike starch, cellulose is a crystalline material where
inter- and intra-molecular hydrogen bonding gives rise to the
very stable cellulose ﬁber. Hemicellulose is a polysaccharide
consisting of short highly branched chains of different carbohydrate units, including ﬁve- as well as six-carbon units
(e.g. xyloses, galactose, glucose, mannose and arabinose).
Hemicelluloses are much easier to hydrolyze than cellulose. The structured portion of biomass, such as straw, corn
stover, grasses and wood, is made of lignocellulose composed mainly of cellulose (30–60%), hemicellulose (20–40%)
and lignin (10–30%). Both cellulose and hemicellulose consist of carbohydrate components whereas lignin is a highly
branched aromatic polymer.
Currently, there is intensive research on the use of lignocellulosic raw material as a biomass source for producing
chemicals and fuels (as exempliﬁed by many of the other
articles in this special edition). However this research still
faces considerable challenges due to lignocellulose being
remarkably resistant towards hydrolysis and enzymatic attack
(Peters, 2007). Energy demanding thermal pre-treatment of lignocellulose is necessary in order to break up the extremely
stable cellulose–hemicellulose–lignin composites prior to
adding cellulose-hydrolyzing enzymes and the current situation does not allow the efﬁcient use of lignocellulosic
materials. Nevertheless, there is little doubt given the great
abundance of lignocellulose that in the future this will become
an attractive option. It is therefore important to continue to
develop processes that can economically convert lignocellulose into chemicals. Moreover, glucose is one of the most
abundant monosaccharides in biomass, accessible by enzymatic or chemical hydrolysis from starch, sugar or cellulose.
Furthermore, a range of chemical products can be obtained
from glucose which gives it a key position as a basic raw material/building block.

3.

Glucose – a bioreﬁnery building block

Fermentation of polymer building blocks is already under
commercial introduction. For example, Cargill produces lactic acid by fermentation and products based on polylactic
acid are being introduced to the market. Several companies
focus on succinic acid as a polymer building block, but also as
a potential raw material for chemicals (e.g. butanediol). 1,3propandiol is marketed by DuPont Tate & Lyle BioProducts
for SoronaTM polytrimethylene terephthalate (PTT) polyester.
Likewise Cargill is working on developing 3-hydroxypropionic
acid (3-HP). 3-HP is a potential raw material for existing
chemicals such as propanediol and acrylic acid. Polyhydroxyalkanoate (PHA) is marketed by Telles, a J/V between ADM
and Metabolix. Roquette, the French starch producer, has commercialized isosorbide, a derivative of sorbitol. Isosorbide is
used as a co-monomer for high temperature polyethylene
terephthalate. However, even if commercialization of polymer
building blocks made by fermentation is commercially underway, the technology has certain drawbacks such as loss of
carbon as CO2 , low yields and difﬁcult recovery of the products

Table 1 – Process conditions for production of glucose from starch.
Process
Jet cooking/dextrinization
Sacchariﬁcation

Temperature (◦ C)
105/95
60

Dry substance content (%)
30–35
30–35

pH

Process time (h)

5.2–5.6
4.3–4.5

0.1/1–2
25–50
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from the fermentation broth. The technology presented here
(combined chemical and enzymatic catalysis from glucose)
has the potential to overcome these problems and represents
a promising next generation technology.
One chemical transformation (besides fermentations) of
carbohydrate monomers for the degradation of functionality is the dehydration reaction. This facilitates the removal of
some of the functional groups in carbohydrates and allows the
formation of deﬁned building blocks. Triple dehydration of glucose yields HMF—a building block molecule that subsequently
can be transformed into a multitude of bio-based chemicals.
By a subsequent hydration reaction or an oxidation, HMF can
be converted into levulininc acid or FDA, respectively. Both
of these molecules are on the list of the 12 bio-based platform chemicals identiﬁed as being of highest potential to be
converted into new families of useful molecules (Werpy and
Petersen, 2004). In the following we will focus on the dehydration of glucose to HMF as an example of the need to efﬁciently
combine enzymatic aqueous processes with inorganic heterogeneous catalytic processes that have so far mainly been
developed for running reactions within the petrochemical
industry.
HMF is in itself a rather unstable molecule. It can be found
in natural products such as honey and a variety of heat processed food products formed in the thermal decomposition
of carbohydrates. Interestingly, HMF can be chemically converted into a range of other valuable chemicals. The oxidation
of HMF is of particular interest. Here, the ultimate objective
is to obtain FDA as suggested by Schiwek et al. (1991). The
diacid can be used as a replacement for terephthalic acid in the
production of polyethylene terephthalate and polybutylene
terephthalate (Gandini and Belgacem, 1997; Kunz, 1993) which
was recently reviewed by Moreau et al. (2004). The partially oxidized compounds can also be used as polymer building blocks

although these are more difﬁcult to produce selectively. FDA is
a chemically very stable compound. Its only current uses are
in small amounts in ﬁre foams and in medicine where it can
be used to remove kidney stones.
Several extensive reviews describing the chemistry of HMF
and its derivatives have been reported (see Fig. 1). The most
recent review focuses on chemical transformation of biomass
to a variety of chemicals with particular emphasis on the
dehydration of monosaccharides giving either furfural (from
pentoses) or HMF from hexoses, respectively (Corma et al.,
2007). Moreau et al. (2004) described the recent catalytic
advances in substituted furans from biomass and focused
especially on the ensuing polymers and their properties. A
review by Lewkowski (2001) on the chemistry of HMF and its
derivatives also appeared recently. Two other relevant reviews
are from Cottier and Descotes (1991) and Kuster (1990).
The mechanism for the dehydration of fructose to HMF has
been interpreted to proceed via two different routes; either
via acyclic compounds or cyclic compounds (Haworth and
Jones, 1944; Kuster, 1990; Van Dam et al., 1986; Antal et al.,
1990). Besides HMF, the acid-catalyzed dehydration can lead to
several other by-products such as insoluble polymers, called
humins or humic acids. In an industrial process it is very
important to ﬁnd the right process conditions that avoid the
formation of humins as these, besides lowering the selectivity
of the reaction, potentially can clog up your reactor or deactivate the heterogeneous catalysts.
In spite of all the research carried out within this area an
efﬁcient way of producing HMF or its corresponding dicarboxylic acid, FDA, still remains to be found. Traditionally,
chemists have been struggling with ﬁnding an inexpensive
way of producing pure HMF. Given the immense ﬁeld of its
application, it is interesting that relatively few of the listed
reviews have described the challenges that might be faced in

Fig. 1 – HMF as a precursor for a range of commercial chemicals.
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Table 2 – Typical reaction conditions for immobilized glucose isomerase.
Process
Isomerization

Temperature (◦ C)

Dry substance content (%)

50–60

a bioreﬁnery manufacturing HMF or its derivatives. The most
likely bioreﬁnery scenario will not be restricted to one product
but make a series of high and low value products (including
fuel). This allows the bioreﬁnery to shift focus from one product to another if the market changes. In the case of HMF or
FDA production this means that producing purely HMF or FDA
is not the ultimate target and side-streams producing other
valuable products besides HMF or FDA can actually be of beneﬁt. One potential by-product of value is levulinic acid. This is
formed via a rehydration of HMF to give levulininc acid along
with formic acid. Both of these molecules are valuable products that are potentially worth isolating as side streams. In
this respect the goal of completely selective dehydration may
in the future be misplaced.
The synthesis of HMF is based on the acid-catalyzed
triple dehydration of C6-sugar monomers, mainly glucose and
fructose. However, various polysaccharides have also been
reported as HMF sources (Rapp, 1987). The most convenient
method for the preparation of HMF is by dehydration of fructose. When starting from ketohexoses (such as fructose) the
dehydration reaction proceeds more efﬁciently and selectively. This can be explained by aldohexoses (such as glucose)
only being able to enolyze to a low degree which is considered the limiting step in the production of HMF from glucose.
However, glucose is the favored source of HMF due to the
lower cost of glucose compared to fructose. Fructose may be
obtained by enzyme or acid-catalyzed hydrolysis of sucrose
and inulin or by the isomerization of glucose to fructose. Inulin
is a linear ␤-2,1 linked fructose polymer which is terminated
by a single glucose unit. It is found as a food reserve in a
number of plants including Jerusalem artichoke and chicory.
Industrially fructose is produced from glucose by the enzyme
glucose isomerase (EC 5.3.1.5). The equilibrium conversion
under industrial conditions is 50% making chromatographic
separation necessary in order to obtain the industrial product
of 55% fructose, which has sweetness similar to sucrose. Glucose isomerase is used industrially as an immobilized enzyme
with typical reaction conditions as shown in Table 2.
Commercial immobilized glucose isomerase preparations
used in a packed column have half-lives between 100 and
200 days. Most columns therefore last for more than 1 year
and productivities are typically around 15 tons of syrup dry
substance/kg immobilized enzyme.

4.

Case studies

4.1.

Case 1: conversion of glucose/fructose to HMF

To date most of the work regarding the acid-catalyzed conversion of fructose, and to a less extent glucose, into HMF
has been carried out in aqueous reaction media. Obviously
water being very abundant and non-hazardous is the preferred solvent of choice when exploring green and sustainable
chemistry. Furthermore water is a good solvent for dissolving
the monosaccharide substrates (fructose and glucose) as well
as the product, HMF. However the dehydration of fructose to
yield HMF in aqueous media is hampered by a competitive
rehydration process resulting in the by-products levulinic acid

40–50

pH
7–8

Process time (h)
0.3–3

and formic acid. In addition soluble and insoluble polymerization products (humins), that are thought to arise from the
self- and cross-polymerization of HMF, fructose and other byproducts seem to be more pronounced in an aqueous reaction
medium than an organic one (Van Dam et al., 1986). Nevertheless, several interesting papers have been published on the
dehydration of fructose into HMF. The conversion of glucose
into HMF is more difﬁcult and as a result there are only a few
publications on this process.

4.1.1.

Aqueous media

Several mineral acids such as HCl, H2 SO4 and H3 PO4 have
been employed in the homogeneous catalyzed dehydration of
fructose to yield HMF (Newth, 1951; Mednick, 1962; RománLeshkov et al., 2006). So far, however, the yield and selectivity
of reactions carried out in aqueous reaction media are not
comparable to those observed in aprotic high-boiling organic
solvents such as DMSO where the solvent also serves as
the catalyst (Musau and Munavu, 1987). Despite high yields
and selectivity, the cost of removing high-boiling solvents
makes these solvents unsuitable for industrial and large-scale
processes. Heterogeneous catalysts have, due to separation
and recycling considerations, drawn more attention than
homogenous catalysts. The use of various acidic heterogeneous catalysts such as niobic acid (Nb2 O5 ·nH2 O) and niobium
phosphate (NbOPO4 ) have been reported to have an intermediate selectivity of about 30% for the production of HMF at about
80% conversion of fructose (Carniti et al., 2006). Zirconium and
titanium phosphates/pyrophosphates have been shown to
have a very high selectivity of up to 100% at 100 ◦ C in a period of
18 min for the formation of HMF in water. However as the reaction time increases, the selectivity drops fast which is thought
to be due to the formation of polymeric by-products. Additionally, titanium oxides (TiO2 ), zirconium oxides (ZrO2 ) and
H-form zeolites catalyze the dehydration reaction (Moreau et
al., 1996). Especially interesting is the direct conversion of glucose to HMF which can be enhanced up to 5-fold compared
to the hydrothermal dehydration, by employing an ␣-TiO2
at 200 ◦ C (Watanabe et al., 2005a,b). The main disadvantage
with these catalysts seems to be the high temperature needed
in order for the reaction to proceed without limited selectivity and conversion rates. Highly acidic cation-exchange
resins such as those derivatized with sulfonic acid groups are
also effective catalysts, providing the acidity of mineral acids
together with the advantages of the heterogeneous catalysts
(Rigal et al., 1981). These, often polystyrene based resins, can
only tolerate temperatures up to around 130 ◦ C, which reduces
the range of their application. However this temperature range
seems to be sufﬁcient to overcome the activation energy barrier, when simultaneously applying the effect of microwave
heating (Qi et al., 2008).

4.1.2.

Modiﬁed aqueous media and two-phase systems

Phase modiﬁers have within the last couple of years proved
very effective in promoting the conversion of fructose to HMF.
Polar organic solvents that are miscible with water are added
in order to increase the rate of the reaction to HMF and reduce
the rate of the rehydration process forming by-products (Van
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Dam et al., 1986). Commonly employed aqueous phase modiﬁers are acetone, DMSO and polyethylene glycol (PEG) (Qi et
al., 2008; Chheda et al., 2007; Van Dam et al., 1986). A further
modiﬁcation of the aqueous phase system is the introduction
of a second immiscible phase to create a two-phase reaction
system. An organic phase extracts the HMF from the aqueous
phase as it is produced and consequently reduces the formation of rehydration and polymeric by-products. Even with an
initial concentration of fructose as high as 50 wt%, remarkable results with selectivity of 77% and a conversion of 90% at
180 ◦ C with HCl as the catalyst have been reported. In comparison similar conditions in water resulted only in a selectivity
of 28% and a conversion of 51% (Román-Leshkov et al., 2006).

4.1.3.

Non-aqueous organic solvents

Until now, the best results for the dehydration of fructose to
HMF have been made in high-boiling organic solvents. The low
concentration of water prevents the rehydration of HMF to levulinic acid and formic acid. Iodine catalyzes the dehydration
of the fructose part of sucrose in anhydrous DMF at 100 ◦ C.
Glucose is unaffected under the same conditions (Bonner et
al., 1960). High selectivity has also been obtained when using
PEG-600 as a solvent together with catalytic HCl. With the
acid present a 1:1 solution of fructose and PEG-600 can be
obtained at 85 ◦ C (Kuster and Laurens, 1977). The ﬁrst really
high yields were reported by Nakamura and Morikawa (1980)
using a strongly acidic ion-exchange resin as the catalyst in
DMSO at 80 ◦ C. These conditions gave a yield of 90% after
8 h. The rate of the reaction was strongly affected by the type
of resin used (Nakamura and Morikawa, 1980). Quantitative
yields, without the use of a catalyst, were reported soon after
in DMSO at 100 ◦ C for 16 h (Brown et al., 1982). Good results
were also obtained during an investigation of the optimum
fructose concentration in DMSO. With 8.5 molar equivalents
of DMSO with respect to fructose, a yield of 92% was obtained
at 150 ◦ C without any catalyst after 2 h (Musau and Munavu,
1987).
None of the above examples are suitable for production
on a large-scale. High-boiling aprotic solvents such as DMSO,
DMF and NMP are all miscible with water as well as many
other common organic solvents. This makes separation of the
desired products very difﬁcult. Furthermore, both DMF and
NMP are considered to be teratogenic.

4.1.4.

Supercritical/subcritical solvents

Since the best results for the dehydration of hexoses to HMF
have been in high-boiling organic solvents, the use of lowboiling solvents in their sub- or supercritical state would be
an interesting alternative. Subcritical water has emerged in
recent years as a feasible alternative to organic solvents at
larger scale. Its unique intrinsic acidic and basic properties,
makes it particularly interesting as a reaction medium for the
dehydration of carbohydrates. When glucose is dehydrated in
pure subcritical water, HMF is formed with greater selectivity
than when using sulfuric acid or sodium hydroxide as catalysts under the same pressures and temperatures (Simkovic
et al., 1987). Watanabe et al. (2005a) explored the use of different TiO2 and ZrO2 catalysts in highly compressed water. The
anatase-TiO2 catalyst showed both basic and acidic properties
and catalyzed the conversion of glucose to HMF. Yields were
only about 20%, but the selectivity was more than 90%. The
basic properties of the catalyst were thought to catalyze the
isomerization of glucose to fructose, whereas the acidic properties were thought to catalyze the dehydration (Watanabe et

al., 2005b). Yields of up to 50% were obtained when using fructose as the starting sugar and different zirconium phosphates
as catalysts in subcritical water. No rehydration products
were observed, yet the highest selectivity was not more than
61%. By-products were humins and furaldehyde (Asghari and
Yoshida, 2006). Interesting results have recently been reported
on the catalytic effect of H3 PO4 , H2 SO4 and HCl in the direct
conversion of glucose to HMF in water at 523 K. It was concluded that the weakest acid, H3 PO4 , was the best catalyst for
the conversion of glucose into HMF and the strongest acid,
HCl, was the best catalyst for the conversion of HMF to levulinic acid. The best yield for HMF was 40% (Takeuchi et al.,
2008). More extensive studies on the kinetics of the dehydration of d-glucose and d-fructose in sub- and supercritical water
have been made as well as the behavior of HMF under similar
conditions (Kabyemela et al., 1999; Asghari and Yoshida, 2007;
Chuntanapum et al., 2008).
Nevertheless, the overall results from sub- and supercritical water have so far been unsatisfactory in terms of yields.
Bicker et al. (2003) explored other low-boiling solvents such
as acetone, methanol and acetic acid. An acetone/water mixture at 180 ◦ C and 20 MPa gave 99% conversion of fructose
and a selectivity of 77% to HMF. This excellent result was
explained by the structural similarities between acetone and
DMSO, which would promote the furanoid form of fructose
and hence favor the formation of HMF. The authors also propose a continuous process for the reaction (Bicker et al., 2003,
2005).

4.1.5.

Ionic liquids

Another attractive alternative to high-boiling organic solvents
is the use of ionic liquids. Their unique physical properties
such as negligible vapor pressure and non-ﬂammability make
them particularly suitable as solvents for large-scale production. There is a possibility to design and functionalize the
ions of the ionic liquid, giving them ability to work both as
solvent and reagent for certain reactions. There are several
examples of ionic liquids that have the ability to solubilize natural polymers such as cellulose, starch and chitin. This opens
an excellent opportunity to convert crude biomass into ﬁne
chemicals (Liu et al., 2005; El Seoud et al., 2007).
The ﬁrst dehydrations of fructose and glucose with the help
of ionic liquids date back 25 years. Fructose was dehydrated
in the presence of pyridinium chloride to HMF in high purity
with 70% yield. The corresponding result for glucose was only
5% (Fayet and Gelas, 1983). In 1-butyl-3-methylimidazolium
tetraﬂuoroborate and 1-butyl-3-methylimidazolium hexaﬂuorophosphate, yields up to 80% from fructose were obtained
using DMSO as a co-solvent and Amberlyst-15 resin as the
catalyst. The DMSO helped to solubilize the starting fructose
and the reaction was faster than in DMSO alone. Performing
the reaction in 1-butyl-3-methylimidazolium tetraﬂuoroborate alone gave a yield of 50% within 3 h (Lansalot-Matras
and Moreau, 2003). The best results so far from fructose were
made by using the acidic 1-H-3-methylimidazolium chloride
as reaction medium. This acted both as solvent and catalyst giving a yield of 92% after 15–45 min at 90 ◦ C. There was
no sign of HMF decomposition and glucose remained completely unreacted (Moreau et al., 2006). Recently remarkably
good results were found using the ionic liquid 1-ethyl-3methylimidazolium chloride together with CrCl2 , giving a total
yield of 70% HMF directly from glucose and virtually no levulinic acid. The authors propose that the actual catalytic
specie is the CrCl3 − ion formed together with the solvent
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based on fructose (Halliday et al., 2003). Carlini et al. (2005)
reported that HMF, as a starting reagent or produced one pot
from fructose, was oxidized to the corresponding dialdehyde
in water with methylisobutylketone (MIBK), as well as pure
organic solvents, with vanadyl phosphate (VPO) based catalysts (Zr, Nb, Cr, Fe modiﬁed) as such or using a TiO2 support
at 75–200 ◦ C and 1 MPa. However, the reported yields were
low (H2 0:MIBK = 0:30–5:30, HMF conversion 3–10%, selectivity
to DFF 100–60%, respectively). Considering the oxidation as a
stand-alone reaction and changing the solvents to less polar
ones (benzene, toluene) better conversion rates and selectivity were obtained, and using MIBK as a solvent lead to 98%
conversion with 50% selectivity. However, in DMF the results
are even better (at 150 ◦ C) giving 84% conversion and 97%
selectivity.
Fig. 2 – Oxidation of HMF to DFF and FDA.
and that it catalyzes the isomerization of ␤-glucopyranose
to fructofuranose, which is subsequently dehydrated to HMF
(Zhao et al., 2007). Bao et al. (2008) concluded that ionic liquids
with a Lewis acid moiety were more efﬁcient than those with a
Brønsted acid counterpart when dehydrating fructose. These
ionic liquids were also successfully immobilized on silica, giving a yield of up to 70% from fructose to HMF and completely
retained their catalytic activity after ﬁve reaction cycles (Bao
et al., 2008).

4.2.
FDA

Case 2: HMF oxidation to 2,5-diformylfuran and

FDA has been identiﬁed by the U.S. Department of Energy
(DOE) biomass program as one of the 12 chemicals that in the
future can be used as a feedstock from biomass in bioreﬁneries (Werpy and Petersen, 2004). Due to the presence of the
two carboxylic acid groups, FDA is considered to be a biorenewable building block to form polymers from biomass and
therefore become an alternative to terephthalic, isophthalic
and adipic acids, which are all produced from fossil fuels. Sugars in the form of mono- and disaccharides are easily available
from biomass. The hexose type monosaccharides such as glucose and fructose can be catalytically dehydrated into HMF
(Corma et al., 2007; Gallezot, 2007; Moreau et al., 2004). HMF
can then be oxidized into FDA using a variety of routes and
reaction types with stochiometric amount of oxidants. Most of
them are described in a review by Lewkowski (2001), including
electrochemical oxidation, use of barium and potassium permanganates, nitric acid and chromium trioxide. In this section
we will focus on the recently reported catalytic routes for the
oxidation of HMF into FDA.

4.2.1.

Oxidation of HMF to DFF

Though production of FDA from HMF has been of great interest
recently, there are few papers on catalytic aerobic oxidation of
HMF. In the catalytic route to form FDA the partially oxidized
intermediate 2,5-diformylfuran (DFF) is often observed (Fig. 2).
The dialdehyde is a useful product to form other derivatives, and a number of studies have reported on the selective
formation of DFF. Thus, Halliday et al. (2003) reported oxidation of HMF to DFF using an in situ reaction protocol where
HMF was directly generated from fructose and not isolated.
Hence, using ion-exchange resins and, then, VOP-type catalysts the authors obtained DFF with a maximum yield of 45%

4.2.2.

Oxidation of HMF to FDA

The above-described DFF may either be used as a valuable byproduct or as an intermediate for obtaining FDA. On the other
hand, catalytic reactions leading to the formation of FDA are
also reported.
Partenheimer and Grushin (2000) obtained DFF from HMF
using metal bromide catalysts (Co/Mn/Zr/Br). The reactions
were carried out in acetic acid at atmospheric pressure and
also at 70 bar; the yields were 57% and 63% with the conversion of HMF 98% and 92%, respectively. Cobalt as a catalyst
was also used by Ribeiro and Schuchardt (2003). Using cobalt
acetylacetonate as a bi-functional acidic and redox catalyst
encapsulated in silica in an autoclave at 160 ◦ C, they obtained
FDA, from fructose via HMF formation, with 99% selectivity to
FDA at 72% conversion of fructose. By in situ oxidation of HMF
to FDA starting from fructose, Kröger et al. (2000) described a
way of producing FDA via acid-catalyzed formation and subsequent oxidation of HMF in a MIBK/water mixture using solid
acids for fructose transformation and PtBi-catalyst encapsulated in silicone and swollen in MIBK. The reaction was
carried out in a reactor divided with a PTFE-membrane in
order to prevent the oxidation of fructose. However, though
in principle the integration process has been described, the
yields remain quite low. The resulting yield of FDA was 25%
based on fructose. In the oxidation of HMF to FDA the use
of noble metals was ﬁrst studied by Vinke et al. (1991). Here,
mainly Pd, Pt, Ru supported on different carriers were used as
the aerobic oxidation catalysts. Although all the noble metals revealed catalytic activities, only Pt supported on Al2 O3
remained stable and active and gave quantitative yields of
FDA. The reactions were carried out in water at pH 9 using
a reaction temperature of 60 ◦ C and a partial oxygen pressure
of 0.2.

4.2.3.

Oxidation of HMF to FDA derivatives

A new approach to the oxidation of HMF has been reported
recently by Taarning et al. (2008) using methanol as both
solvent and reagent. They performed a reaction with a gold
nanoparticle catalyst in an autoclave at 130 ◦ C and 4 bars of
dioxygen, and obtaining FDA with 98% yield (according to GC
analysis) and 60% isolated yield after sublimation.

5.

Process technology

Table 3 indicates some of the key features of possible routes for
the conversion of fructose to HMF. A number of observations
can be made:
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Table 3 – Key features of possible routes for the conversion of fructose to HMF.
Mode of
operationa

Catalystb

Temp.

B
B
B
B
B

Hetero.
Homo.
Homo.
Hetero.
Hetero.

80 ◦ C
170 ◦ C
90 ◦ C
165 ◦ C
80 ◦ C

B

Homo.

180 ◦ C

B

Hetero.

90 ◦ C

B
B
C
B
C

Hetero.

110 ◦ C
100 ◦ C
85 ◦ C
100 ◦ C
165 ◦ C

a
b
c

Hetero.
Hetero.

Fructose
concentration
3–4% (w/w)
10% (w/w)
3–50% (w/w)
10% (w/w)
6% (w/w)
3% (w/w)
30% (w/w)
50% (w/w)
10% (w/w)
30% (w/w)
6–10% (w/w)
6–10% (w/w)
10–20% (w/w)
6% (w/w)
0.5–3.5% (w/w)

Solvent mediac

Highest
yield

Water, MIBK
Water, DMSO, MIBK, 2-butanol, DCM
HMIM+ Cl−
Water, MIBK
Water
Water, DMSO, PVP, MIBK, 2-butanol
Water, DMSO, PVP, MIBK, 2-butanol
Water
Water, MIBK
Water
Water
Water, MIBK

41%
87%
92%
69%
42%
59%
76%
71%
59%
54%
31%
74%
26%
85%
–

Reference
Carlini et al. (2005)
Chheda et al. (2007)
Moreau et al. (2006)
Moreau et al. (1996)
Carlini et al. (2004)
Román-Leshkov et al. (2006)
Román-Leshkov et al. (2006)
Carlini et al. (1999)

Benvenuti et al. (2000)
Rivalier et al. (1995)

Process is continuous (C) or batch (B).
Catalyst is homogenous (homo.) or heterogenous (hetero.).
Solent media are: methylisobutylketone (MIBK), dimethyl sulfoxide (DMSO), poly(1-vinyl-2-pyrrolidinone) (PVP), dicholormethane (DCM), and
1-H-3-methyl imidazolium chloride (HMIM+ Cl− ).

• Catalyst type
A variety of catalysts like mineral and organic acids,
salts, and solid acid catalysts such as ion-exchange resins
and zeolites have been used in the dehydration reaction.
The homogeneous acid-catalyzed processes are frequently
associated with low selectivity (30–50%) for HMF at a
relatively high conversion (50–70%) (Carlini et al., 1999).
Moreover, problems related to separation and recycling of
the mineral acid as well as of plant corrosion are expected.
Thus, recent research has been based on heterogeneous
acid catalysts which have considerable potential for industrial application (Carlini et al., 1999).
• Mode of operation
The dehydration process has mostly been studied in batch
operated reactors. Few researchers have examined a continuous process. One exception is the work reported by Kuster
and Laurens (1977), who developed a continuous homogeneous catalyzed process for dehydration of fructose to HMF
by using a tube reactor with polyethyleneglycol-600 as the
solvent. Dehydration of fructose in a continuous stirred tank
reactor with phosphoric acid and MIBK as a solvent was also
reported by Kuster and van der Steen (1977).
• Media
The dehydration of hexoses and pentoses has been studied
in water, organic solvents, biphasic systems, ionic liquids,
and near- and supercritical water. The most convenient
solvent for dehydration of fructose to HMF is water. However, water is the reactant in the reverse reaction. Moreover,
with the presence of water, HMF decomposes to levulinic
acid, formic acid and humins. Organic solvents are thus
introduced to improve the dehydration reaction by shifting
the equilibrium and suppressing HMF hydrolysis. Relatively
high yields were reported for the use of DMSO with ionexchange catalysts (Nakamura and Morikawa, 1980; Rigal
and Gaset, 1985) and quantitative yields of HMF were also
reported by heating fructose in the absence of catalyst
(Brown et al., 1982; Musau and Munavu, 1987). In spite of
the advantages of using DMSO, the difﬁculties of separation limit its application. Moreover, possible toxic sulfur
containing by-products from decomposition of DMSO may
cause a risk to health and the environment (Moreau et

al., 2004). A biphasic reactor system has been developed
to suppress HMF degradation by using organic solvent to
separate HMF immediately from the reaction medium as
it forms. Consequently some work has been carried out
to ﬁnd the proper extraction solvent. Amongst the solvents reported, MIBK is the most commonly used solvent
for extraction of HMF. Due to its relatively low-boiling
point, it is relatively easy to separate HMF from MIBK.
In general, poor HMF partitioning in the organic solvents
leads to the use of large amounts of solvent. Puriﬁcation of the diluted HMF product thus causes large energy
expenditure in the subsequent process (Chheda et al.,
2007).

5.1.

New technology

Román-Leshkov et al. (2006) developed a cost-effective
method to produce HMF using a biphasic batch reactor system with phase modiﬁers. They obtained d-fructose to HMF in
high yields (>80%) at high fructose concentrations (10–50 wt%)
and delivered the product in a separation-friendly solvent.
In the biphasic reactor system, DMSO and/or poly(1-vinyl-2pyrrolidinone) (PVP) were added as modiﬁers to suppress the
formation of dehydration by-products in the aqueous phase
with HCl as the acid catalyst. The product was continuously
extracted into an organic phase MIBK modiﬁed with 2-butanol
to enhance partitioning from the reactive aqueous solution. In
this study, they reported an improvement in selectivity from
60 to 75% by adding small amounts of aqueous phase modiﬁers (such as DMSO and PVP) in the biphasic reactor system.
Additionally, by optimizing the partitioning of HMF product
into the organic phase, the process not only minimized the
degradation of HMF in the aqueous phase, but also achieved
efﬁcient product recovery.
Zhao et al. (2007) used a metal chloride catalyst in an ionic
liquid for the dehydration of HMF. In this reaction, the only
water present in the system was from the dehydration of fructose to HMF reaction, which indicated that the conditions for
HMF degradation to levulinic and formic acids were not met.
By using this metal chloride in ionic liquid, the reaction could
take place at reduced temperature, 80 ◦ C for fructose dehy-

chemical engineering research and design 8 7 ( 2 0 0 9 ) 1318–1327

dration, and 100 ◦ C for glucose. 90% yield was achieved from
fructose and 70% yield from glucose.
Bicker et al. (2003) reported the use of benign solvents such
as acetone, methanol or acetic acid in a sustainable process
outline. They reported the dehydration of d-fructose to HMF
in sub- and supercritical acetone/water mixtures. The use of
this reaction media resulted in higher yields of HMF (77%
selectivity, 99% conversion). No solid impurities (humins) were
formed. The authors also claimed the potential for a technical process based on this low-boiling point solvent, whereby a
price for HMF of about 2 Euro/kg could be achieved if fructose
was available at a price of around 0.5 Euro/kg.
However all these new technology approaches for making
HMF from fructose have been carried out at a small scale. On
a larger scale Rapp has reported yields of ∼2.5 kg HMF from
aqueous dehydration of fructose (Rapp, 1987). The production
of HMF, close to a kg scale, has also been reported using DMSO
as the reaction media (M’Bazoa et al., 1990). Nevertheless since
high selectivity is crucial for implementing this reaction on an
industrial scale, the recent research has been highly focused
on alternative routes for improving the selectivity of the dehydration reaction.

5.2.

Process implementation, integration and scale-up

In order to comply with the demands of efﬁcient and speciﬁc conversions of the chemical reactants in a bioreﬁnery
with a minimum of economic cost, a special focus on process implementation, integration and scale-up must be paid.
The development of combined biological and chemical catalytic reactions without intermediate recovery steps has
the potential to become an important future direction for
carrying out sustainable organic syntheses (Hailes et al.,
2007).
The synthesis of a variety of important chemical building
blocks involves multistep reactions often catalyzed by a chemical or biological catalyst. In many cases, the optimal operating
conditions are rather different for the individual steps of such
synthesis reactions. However, it could prove favorable if such
reaction steps are combined or integrated, allowing them to
occur concurrently, in proximity to one another, and at or
close to their respective optimal operating conditions. Also
from an engineering point of view, integration of unit operations could contribute to among other things simpler design,
less equipment and less piping (Koolen, 1998). Furthermore,
integration could reduce operating time and costs as well as
consumption of chemicals and use of energy (Bruggink et al.,
2003). An important aspect of process integration is the different working condition for the individual reactions. When
the aim is to match different reactions involving enzymes,
important factors such as enzyme stabilities, reaction rates,
reaction media (e.g. pH, temperature, pressure) and reactor
design must be considered. Tools to aid integration of different
processes include reactor compartmentalization (Fournier et
al., 1996; Byers et al., 1993; de Jong et al., 2008; Chen et al., 1997),
medium engineering (Bao et al., 2008; Zhao et al., 2007), ISPR
(Freeman et al., 1993; Woodley et al., 2008), optimized reactor
designs (Stankiewicz and Moulijn, 2003) and multifunctional
catalysts (Bruggink et al., 2003).
The conversion of glucose to FDA involves three steps, each
with different optimal physical and chemical parameters like
pH, temperature and pressure. Furthermore, the catalysts are
of different nature with a bio-catalyst (enzyme) in the isomerization of glucose to fructose and a number of potential

1325

chemical catalysts of both heterogeneous and homogeneous
nature in the following dehydration and oxidation reactions.
While the potential for integration exists, it is only via an
economic evaluation that such options can be further considered. A valuable process implementation tool to achieve both
qualitative and quantitative understanding of the reaction
processes and their potential for improvement is mathematical modeling. A good model should facilitate knowledge and
understanding of the chemical reactions and include in a
quantitative manner the most important physical and chemical governing parameters. As more is understood about the
alternative synthetic routes to FDA, the appropriate modeling
tools will also need to be developed.

6.

Future outlook

With the implementation of bioreﬁneries and increased interest in biofuel it is clear that the associated sugar-based
chemistry will provide a rich variety of chemical products
as building blocks for higher value molecules. The extent to
which this happens depends on two factors. First the economics of the bioreﬁnery will act as a driver in many cases
to provide a means to develop higher value products alongside fuel. Ultimately the value of each product tree will need
to be evaluated alongside the associated cost of implementing
additional technology. Secondly it is clear that new technology and improved catalytic methods are required to produce
high value building blocks such as FDA. Some of the more
promising routes lie in new media such as ionic liquids but
it is also clear that far higher selectivities are required. In
this respect enzyme based catalysis will have a particular and
likely expanding role in the future development of bioreﬁnery
technology. Finally, the implementation of new technology for
bioreﬁneries must be evaluated within the context of green
chemistry and the necessary environmental requirements.
For example the selection of organic solvents and catalysts
must adhere to the criteria for sustainable processing. This is
essential in order to ensure that new processes use sustainable processing methods as well as making use of sustainable
resources.
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One-Pot Reduction of 5Hydroxymethylfurfural via Hydrogen
Transfer from Supercritical Methanol
Thomas S. Hansen,[a],[b] Katalin Barta*,[b] Paul Anastas[b]
Peter C. Ford[c] and Anders Riisager*[a]
Obtaining transportation fuels and chemicals from renewable
feedstocks is highly desired since the availability of fossil fuels is
limited and they release large quantities of CO2 when
combusted.[1-3] One key platform compound identified for the
is
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hydroxymethylfurfural (HMF) which can be readily obtained from
hexose sugars.[5-7] Among several options, HMF can be oxidized
to monomeric building blocks that serve as precursors for
polymer synthesis.[8,9] It can also undergo reductive
deoxygenation to 2,5-dimethylfuran (DMF)[10] or more extensive
reduction to 2,5-dimethyltetrahydrofuran (DMTHF). Both of these
products have high energy density and low volatility which makes
them suitable fuel replacements or additives.[10,11] DMTHF could
further serve as potential solvent substitute for tetrahydrofuran
(THF).[7] Although this approach is attractive, selective
transformation of HMF to its reduced counterparts remains a
challenge as it requires a series of particular chemical
transformations, involving C-O bond cleavage. Moreover
formation of undesired side products from the reactive HMF
molecule should be prevented. Recent efforts towards selective
conversion of HMF involve both heterogeneous[10] and
homogeneous[12] catalysts.
Porous metal oxides (PMOs) derived from hydrotalcite-like
precursors have been successfully used in a variety of chemical
transformations, such as reductions, and can be conveniently
doped with suitable metal-ions, for example Cu2+, Ni2+, Fe3+, Ga3+
etc.[13-17] Previously, Cu-doped PMOs have proven promising in
the one step – one pot depolymerization of organosolv lignin[18] by
extensive deoxygenation/hydrogenation in supercritical MeOH
(Sc-MeOH).[19,20] In this paper we apply a similar approach for the
reductive deoxygenation of HMF to DMF and DMTHF by in-situ
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generated hydrogen over a multifunctional Cu-PMO catalyst.
A 20 mol% copper-doped hydrotalcite-like compound (HTC)
was synthesized by co-precipitation of a mixture of Al(NO3)3,
Mg(CH3COO)2 and Cu(NO3)2 with Na2CO3 and NaOH using 3:1
molar ratio of M2+ with respect to M3+. The blue colored HTC
turned green during calcination (460 °C) for 24 h resulting in the
active porous Cu-PMO catalyst (BET surface area: 142 m2/g).
The HTC catalyst precursor was analyzed by powder X-ray
diffraction (PXRD) (Figure 1) and infrared spectroscopy
(Supporting Information, Figure S4 and Figure S5). PXRD
revealed a highly ordered crystalline structure with distinct
hydrotalcite features consistent with the literature.[21] After
calcination, a porous near-amorphous material was identified by
the lack of any characteristic HTC reflections and the appearance
of weak MgO and CuO reflections (Figure 1).[21]

Figure 1. PXRD of Cu-doped HTC (top) and the corresponding calcined CuPMO (bottom).

Catalytic runs were carried out in a 10 mL stainless steel
bomb containing Cu-PMO (100 mg) and HMF (100 mg) in MeOH
(3 mL) at 300 °C. Three main products were observed: DMF,
DMTHF and 2-hexanol (Scheme 1). These compounds were
quantified by GC-FID using calibration curves of the pure
compounds and an internal standard.[22]

Scheme 1. Proposed reaction pathway from HMF to the three main products
DMF, DMTHF and 2-hexanol.

Several intermediates were identified by GC-MS especially in the
earlier stages of the reaction (Supporting Information, Scheme
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S1). These intermediates were converted to the main products
over time. Based on these intermediates we hypothesize that the
reaction proceeds by rapid reduction of the aldehyde group in
HMF followed by hydrogenolysis of the hydroxyl functionalities.
Subsequent reduction of the furan ring of DMF results in the
formation of cis and trans DMTHF while ring-opening of furan via
hydrogenolysis and hydrogenation leads to 2-hexanol.
Experiments elucidating the product distribution as a function of
time revealed that the DMF yield peaked after only 30 min. All
HMF was consumed in 45 minutes resulting in a product mixture
consisting of 34% DMF, 8% DMTHF and 2% 2-hexanol.
Prolonged reaction times gave full conversion of DMF to DMTHF
and 2-hexanol where yield of the latter reached its maximum after
300 min. After 720 minutes, the DMF yield was <1% and DMTHF
was observed as the major product in a 38% yield and 2-hexanol
in 15% yield (Figure 2). Surprisingly, 2-hexanol did not seem to
arise from the ring-opening of DMTHF but rather from DMF.
Experiments using DMF and DMTHF as substrates supported
this observation (Supporting Information, Table S1). The three
quantified products did not fully account for the consumed starting
material in terms of mass balance. A series of volatile sideproducts were also found during GC analysis, although present in
low quantities. Likely sources of these compounds are reactions
of main products or by-products with supercritical methanol. It is
also possible that a fraction of the fairly volatile products were lost
during the depressurization of the steel bombs, although the use
of an internal standard should account for these differences. To
confirm that there were no side-products originating from the
inherent reactivity of HMF, a reaction mixture obtained after 2 h[23]
was evaporated at reduced pressure. Indeed, >98 % of the
products were volatile. In contrast, a control experiment
conducted with a Mg/Al PMO (Mg:Al 3:1) not containing any Cu,
resulted in <1% DMF while neither DMTHF nor 2-hexanol were
detected. However, a significant amount of high-boiling
compounds was found (Supporting Information, Table S2) in the
form of a brownish tar-like residue. A blank reaction with HMF in
supercritical methanol in the absence of catalyst resulted in a
similar product mixture. Most likely, rapid deoxygenation of HMF
was the main reason why undesired side-reactions such as
polymerizations and condensations were suppressed in the
presence of Cu-doped PMO.

The cis- and trans-DMTHF isomers have distinct physical
properties, e.g. boiling points.[24] Consequently, the isomers could
be distinguished by NMR experiments (Supporting Information,
Figure S6 to S8) and quantified separately by GC-FID. The cisDMTHF isomer was favored in all experiments over the transDMTHF isomer, which can be explained by steric reasons. During
the reduction, addition of the second H2 molecule occurring to the
same face as the first would result in less sterical hindrance,
whereas the methyl group restricts the formation of the transDMTHF (Scheme 2). A molar ratio of 7:1 (cis:trans) was
observed after 45 min at 300 °C which slowly changed to only
3:1 after 720 min. This might be due to isomerization caused by
the basic catalyst.

Scheme 2. Proposed mechanism for the preferential formation of the cisDMTHF isomer over the trans-DMTHF isomer.

Experiments probing the effect of reaction temperature showed
that HMF was converted to DMF at temperatures as low as the
supercritical point of MeOH (240 oC), whereas DMTHF and 2hexanol were only formed at higher temperatures. Thus, at
240 °C HMF conversion reached 74% after 45 min resulting in
20% yield of DMF, but virtually no DMTHF or 2-hexanol were
formed. This was the only experiment that did not result in full
HMF conversion after 45 min. Above 280 °C significant amounts
of DMTHF and 2-hexanol were formed with a maximal yield at
320 °C of 11 and 6% respectively (Table 1).

Table 1. Reduction of HMF at varying temperature
Entry[a]

Temp.
(°C)

DMF yield
(%)

DMTHF
yield (%)

cis:trans
ratio

2-hexanol
yield (%)

1

320

32

11

6.5

6

2

310

36

8

6.2

2

3

300

34

8

6.8

2

4

290

40

5

6.8

1

5

280

35

3

6.6

1

6

270

31

2

6.4

>1

7

260

26

>1

N.a

0

8

240

20

>1

N.a

0

[a] General conditions: HMF (100 mg, 0.8 mmol), Cu-PMO
(100 mg), MeOH (3 mL), 45 min.

Figure 2. The conversion of HMF to DMF, DMTHF and 2-hexanol over the CuPMO as a function of time. Conditions: HMF (100 mg, 0.8 mmol), Cu-PMO (100
mg), MeOH (3 mL), 300 °C. Each point on the graph corresponds to a separate
experiment.

The substrate capacity of the system was additionally
investigated at 300 °C with the Cu-PMO catalyst (100 mg) and
MeOH (3 mL) by varying the substrate amount and reaction time
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(Figure 3). Here, experiments revealed that the HMF to catalyst
ratio could be increased significantly compared to the initial
experiments. Although the total yield of the three main products
decreased with increasing HMF amount (when compared at 45
min), yields became comparable at longer reaction times. The
total yield of the three products went from 44 % with a 100 mg
substrate loading to 27 % at 300 mg after 45 min. Maximum total
yield of 61% was obtained after 2 h using 100 mg substrate. This
value decreased to 44% at 200 mg HMF loading and 31% at 500
mg HMF loading. Subjecting 500 mg HMF to 5 h reaction time
gave a slightly higher total yield of 34 %. The system proved
capable of converting up to 1000 mg HMF in 5 hours, though
decomposition products of HMF here covered the bottom of the
reactor and the catalyst (Figure 3).

catalyst system was even able to convert a tar-like slurry
containing HMF. This could ultimately eliminate one of the major
challenges in the chemical infrastructure based on HMF, namely
purification.

Experimental Section
PMO synthesis
The hydrotalcite-like compound (HTC) was synthesized by slowly
adding aliquots (10 mL) of an aqueous solution containing
Al(NO)3•9H2O (18.8 g, 0.05 mol), Mg(CH3COO)2•4H2O (25.7 g, 0.12
mol) and Cu(NO3)2•2.5H2O (7.0 g, 0.03 mol) in demineralized water
(300 mL) along with aliquots of 1M NaOH (10 mL) over a period of 4 h
to an aqueous solution of Na2CO3•H2O (6.2 g, 0.05 mol) in
demineralized water (375 mL) preheated to 65 °C and under vigorous
stirring. The addition was conducted so the pH after the NaOH
addition was kept relatively constant at pH~10. Subsequently, the
mixture was left stirring for 3 days. The resulting light blue slurry was
collected by vacuum filtration and the solids were washed with water
(~1.5 L). The filter cake was then re-suspended in 2M warm aqueous
Na2CO3•H2O (62 g, 250 mL) and left overnight before harvesting the
Cu-doped hydrotalcite-like compound by vacuum filtration followed by
washing with demineralized water (~2.5 L). The resulting blue
compound was dried over night in an oven at 100 °C and then
calcined at 460 °C for 24 h in air to yield the final Cu-PMO.
Reduction of HMF

Figure 3. Experiments with different substrate to catalyst ratio’s at different

In a typical experiment, HMF (100 mg, 0.8 mmol), Cu-PMO (100 mg)
and MeOH (3 mL) along with an internal standard (decane, 5 μL, 25
TM
μmol) were placed in a stainless steel bomb (Swagelok , 10 mL)
and heated to 300 °C for a specified time. After the reaction, the
stainless steel bomb was rapidly cooled in an ice bath. The bomb was
then carefully opened and the contents were filtered through a glass
filter funnel and the filter washed with MeOH (10 mL). Finally, the
liquid was analyzed by GC-FID and GC-MS.

reaction times. General conditions: HMF (100 mg), MeOH (3 mL) at 300 °C.

Finally, we converted crude HMF synthesized by dehydration of
fructose as described in literature.[25] The reaction mixture was
extracted with MIBK as the only method of purification, resulting
in a brown sticky material after removal of the solvent in vacuo. A
slurry containing 0.5 g of this crude HMF material in 3 mL MeOH
was reacted for 5 h at 300 °C with 100 mg Cu-PMO. Impressively,
the reaction proceeded and resulted in DMF (12% yield) besides
other unidentified volatile products even though the conversion
from fructose to HMF was not optimized,
In conclusion, we have shown that inexpensive Cu-doped
PMOs obtained by the calcination of a hydrotalcite-like precursor
was capable of converting HMF into valuable and interesting
chemicals in supercritical MeOH, thus paving a new direction
toward a renewable chemical industry. Complete conversion of
HMF to volatile compounds could be achieved in only 45 min,
without the formation of higher boiling side products. Reduction of
HMF at 300 °C for 2 hours resulted in 61% total yield of three
main products: DMF, DMTHF and 2-hexanol. The reaction
conditions were tunable and offer a degree of flexibility to the
process such that either DMF or DMTHF and 2-hexanol could be
obtained as the major reaction products. Notably, both the
fructose dehydration[25] as well as the catalytic HMF conversion
method described in this study can be performed utilizing
inexpensive and environment-friendly materials (boric acid and
earth abundant metals). Thus combination of these two novel
routes would enable a simple two-step production of DMF or
DMTHF and 2-hexanol directly from fructose. The Cu-PMO

Further experimental description, characterization and analysis
results are available in the supporting information.
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1.1 Analysis
Gas chromatography
Gas chromatography – flame ionization detector (GC-FID) measurements were made on a Shimadzu GC
2010 plus instrument equipped with a Shimadzu SHRIX-5MS column (30 m, 0.25 mmID, 0.25 um) and a
Shimadzu AOC-20i auto injector. The carrier gas was helium with a total flow of 30.9 ml/min. The
temperature program for analysis was: 30 °C kept for 6.5 min, 15 °C/min to 50 °C kept for 0.5 min, 20
°C/min to 100 °C and 35 °C/min to 300 °C kept for 5 min.
Powder x-ray diffraction
Powder X-ray diffraction experiments were made on a Bruker D8-focus x-ray diffractometer equipped with
a Cu line-focus sealed tube, divergent beam geometer and NaI scintillation detector. Measurements were
made with a 40 kV, 40 mA beam in the range 2ϴ from 3 to 80° locked couple scan type, a step size of 0.05°
and a scan speed of 10 s. The Cu-PMO compound was measured with a scan speed of 5 s.
Infrared spectroscopy
Fourier transformed infrared spectroscopy (FT-IR) measurements were conducted on a Thermo Scientific
Nicolet 6700 FT-IR instrument with a Thermo Scientific Smart Orbit, diamond 30.000 to 200 cm-1 accessory.
Nuclear magnetic resonance
NMR experiments were conducted on a Brucker Avance 500 MHz spectrometer running Topspin 1.3 with a
broadband observe probe.

1.2 Experimental
Calcination
Calcination was conducted in an oven with an open air inlet in the top. The calcination temperature was
460 °C which was reached as fast as possible. The temperature was kept constant for 24 h.
Materials
5-hydroxymethylfurfural (99 %), Mg(CH 3 COO) 2 • 4H 2 O (≥99.0%), Cu(NO 3 ) 2 •2.5H 2 O (98%) were purchased
from Sigma Aldrich, MeOH (99.8 %, anhydrous) used as reaction medium were from Acros, MeOH (99.9 %)
used for washing the catalyst were from Merck, Al(NO 3 ) 3 •9H 2 O (98.7 %), Na 2 CO 3 •H 2 O (100.2 %) were
from J. T. Baker and NaOH (98.6 %) were purchased from Mallinckrodt Chemicals. All chemicals were used
as received without further purification.
Catalyst synthesis
The hydrotalcite-like compound (HTC) was synthesized by slowly adding aliquots (10 mL) of an aqueous
solution containing Al(NO) 3 •9H 2 O (18.8 g, 0.05 mol), Mg(CH 3 COO) 2 •4H 2 O (25.7 g, 0.12 mol) and
Cu(NO 3 ) 2 •2.5H 2 O (7.0 g, 0.03 mol) in demineralized water (300 mL) along with aliquots of 1M NaOH (10
mL, total volume ∼400 mL) over a period of 4 h to an aqueous solution of Na 2 CO 3 •H 2 O (6.2 g, 0.05 mol) in
S2

demineralized water (375 mL) preheated to 65 °C under magnetic stirring. The addition was conducted so
the pH after the NaOH addition was kept relatively constant at pH~10. Subsequently, the mixture was left
stirring for 2 days in an open flask and subsequently sealed and left for 1 additional day. The total volume
was reduced to about half. The resulting light blue slurry was collected by vacuum filtration and the filter
washed with water (∼1.5 L) while periodically re-suspending the filter cake in the water to easy the filtering.
The resulting filter cake was subsequently re-suspended in 2M warm aqueous Na 2 CO 3 •H 2 O (62 g, 250 mL)
and left overnight before harvesting the Cu-doped hydrotalcite-like compound by vacuum filtration
followed by washing with demineralized water (∼2.5 L). The resulting blue compound was dried over night
in an oven at 100 °C, finely mortared and then calcined at 460 °C for 24 h in air to yield the final product CuPMO. (Figure S1).

Figure S1. Picture of the blue Cu-doped HTC (left) and the corresponding green Cu-PMO (right).
Reactor setup
The SwagelokTM reactors were made of stainless steel and had an internal volume of about 10 mL (Figure
S2). They were mounted in a preheated aluminum block for a specified time and subsequently removed
and placed in an ice bath. When cooled they were mounted in a clamp before carefully opening with an
adjustable wrench.

Figure S2. Picture of the SwagelokTM stainless steel reactor. An American quarter is placed in the bottom of
the picture to allow visual scale comparison.
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1.3 Typical GC-FID elution profile

Figure S3. Typical GC-FID elution profile of a reaction mixture. Conditions of the shown experiment: 300 °C,
2 h, 100 mg Cu-PMO and 100 mg HMF in 3 mL MeOH.

1.4 IR spectroscopy measurements
The main absorptions are; 3500 cm-1 which is attributed to the OH stretch in the lattice. The shoulder
occurring around 3000 cm-1 is generally assigned to OH stretch in H 2 O. The absorbance at 1360 cm-1 is
assigned to CO 3 2- and the shoulder at 1600 cm-1 is corresponding to OH bent in H 2 O (Figure S4). i
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Figure S4. FT-IR spectrum of the Cu-doped HTC.

The corresponding Cu-PMO compound is characterized by the absence of the strong absorbance at 3500
and 1370 cm-1 caused by the collapse of the HTC structure and absence of CO 2 . Instead relatively weak
absorbances are observed (Figure S5).
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Figure S5. FT-IR spectrum of Cu-PMO.

1.5 Intermediates identified by GC-MS and proposed reaction pathway
Besides the three main products of the reaction, several reaction intermediates were identified based on
GS-MS which was correlated with possible intermediates from HMF to DMF and DMTHF. Three
intermediates that were consistently observed had molar masses of 140 g/mol, 126 g/mol and 112 g/mol.
These could correspond to; methylether of HMF, methylfurfuryl alcohol and the methylfurfuryl alcohol
methylether, respectively. These products are plausible reduction products along the reaction pathway
from HMF to DMF and DMTHF (Scheme S1).
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Scheme S1. Proposed reaction pathway from HMF to DMF and DMTHF based on the identification of
intermediates by GC-MS.

1.6 DMF and DMTHF as substrates
DMF and DMTHF were utilized as substrates in the reaction to investigate which one converted to 2hexanol. DMF (85 μL, 0.8 mmol) was dissolved in MeOH (3 mL), the Cu-PMO (100 mg) catalyst was added
and the reactor closed and heated for 5 h. Similarly, DMTHF (96 μL, 0.8 mmol) was dissolved in MeOH (3
mL), the Cu-PMO (100 mg) catalyst was added and the reactor closed and heated to 300 °C for 5 h (Table
S1).
Table S1. Results of utilizing DMF and DMTHF as substrates.
Substrate
DMF
DMTHF

DMF yield (%)
39
0

DMTHF yield (%)
23
80

2-Hexanol yield (%)
8
<1

Total yield (%)
70
81

The experiments resulted in 61 % DMF conversion which was mainly into DMTHF (23%) and 2-hexanol (8%)
after 5 h at 300 °C. The corresponding experiment with DMTHF surprisingly only showed 20% DMTHF
conversion of which <1% was converted into 2-hexanol. Based on these findings we propose that 2-hexanol
mainly originated from DMF rather than DMTHF.

1.7 Volatility experiments
In order to confirm that no higher boiling side products were produced from the reduction of HMF, a
reaction mixture after 2 h reduction at 300 °C with HMF (100 mg) and Cu-PMO (100 mg) was subjected to
reduced pressure over a prolonged period of time at 80 °C. For comparison an experiment with a PMO that
did not contain any Cu was conducted under otherwise similar reaction conditions (Table S2).
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Table S2. Results of volatility experiments
Catalyst
Cu-PMO
Mg:Al PMO without Cu

Residual weight in the flask (mg)
1.6
55.5

Clearly, as Table S2 indicates, there was a correlation between the volatility of the products and the
presence/absence of Cu. This was also observed visually as the reaction with the Cu-PMO resulted in a
colorless solution whereas the reaction with Mg:Al PMO resulted in a yellow reaction solution which turned
to a brownish tar-like compound upon removal of the solvent.

1.8 NMR measurements – the cis-DMTHF:trans-DMTHF ratio
According to the GC measurements there were a distinct difference in the formed amount of cis-DMTHF
and trans-DMTHF products in most experiments. 1D and 2D 1H NMR experiments were conducted on a
sample containing a few drops of reaction mixture in CDCl 3 . These data were compared with previous
studies ii on the DMTHF isomers and showed that cis-DMTHF was favored over trans-DMTHF (Figure S6,
Figure S7 and Figure S8).

Figure S6. 2D COSY NMR of the product mixture.
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Figure S7. Down field 1H NMR of the product mixture.

Figure S8. Up field 1H NMR of the product mixture.
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1.9 Pictures of reaction mixture

Figure S9. Picture of reaction mixtures: Control experiment with Mg:Al PMO (left). Reduction of HMF as
function of time with the Cu-PMO at 300 °C after 15 min (2nd from left), 30 min (middle), 45 min (2nd from
right) and 2 h (right).

Figure S10. Pictures of crude HMF (0.5 g) in MeOH (3 mL) (left) and the reaction mixture after 5 h at 300 °C
with the Cu-PMO (right).
i
ii
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The renewable chemical building block 5-hydroxymethylfurfural (HMF) was oxidized to 2,5diformylfuran by an oxidation system consisting of the radial 2,2,6,6-tetramethyl-piperidin-1-oxyl
(TEMPO) and CuCl. The system was optimized by exploring several reaction conditions and by
employing nitrogen containing promoters (NCPs) to obtain excellent yields. By using NCPs it was
possible to apply various traditional solvents, e.g. acetone, methanol and methyl-isobutylketone for
the reaction. The later can be used as extraction solvent for HMF synthesis in aqueous media and
thus integrate the two processes. Additionally, TEMPO immobilized on silica (i-TEMPO) was used
to make the oxidation reaction partly heterogeneous, which could possible prove valuable for
industrial implementation. In a further study, HMF was oxidized to 2,5-furandicarboxylic acid by a
modified oxidation protocol consisting of CuCl and t-BuOOH.

1. Introduction
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Future demand for sustainable technologies has recently
initiated profound research efforts in this field.1 In this
context, biomass – as a renewable feedstock – has been
suggested to substitute fossil-based transportation fuels. 2-4 A
more rational approach is to make value added chemicals
from biomass, 5 since fuels for the transportation sector can be
substituted by alternative carbon free resources whereas
carbon containing chemicals cannot.6
A valuable compound that can be obtained relatively easy
from biomass feedstocks is 5-hydroxymethylfurfural (HMF),
which is formed by the consecutive dehydration of hexoses,
e.g. fructose.7-9 This compound may function as a bio-based
precursor for many industrial valuable chemicals and thus
potentially replace numerous chemicals with a fossil
origin.5,10 Accordingly, the production of HMF has received
immense attention during the last decade.
Surprisingly, synthesis of the compounds 2,5-diformylfuran
(DFF)11-16 and 2,5-furandicarboxylic acid (FDA),17-20 which
are derived directly from HMF, has so far received only
limited attention despite being recognized as top value added
chemicals obtainable from biomass.21 DFF is a crystalline
stable derivative of HMF that can be used e.g. for the
production of various polySchiff bases as well as a monomer
for polyacetylations.22 So far DFF has primarily been
synthesized by using vanadium based catalysts. Carlini et al.
oxidized HMF to DFF by using a heterogeneous catalyst
based on VOPO4·2H2O in dimethylsulfoxide (DMSO) at 150
°C resulting in 97% DFF selectivity at 84% HMF
conversion. 13 Navarro et al. obtained 99% DFF selectivity at
77% HMF conversion with vanadium acetylacetonate
immobilized on poly(4-vinylpyridine) crosslinked with
divinylbenzene in trifluorotoluene.14 Recently, Ma et al.
reported a Cu(NO3)2/VOSO4 system which was able to form
DFF in 99% selectively at 99% HMF conversion in
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acetonitrile (MeCN) after 48 h. 15 Cottier et al. achieved a 65%
DFF yield in MeCN using CuCl and molecular oxygen to
oxidize HMF to DFF facilitated by 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) radicals.11 Finally, DFF has also
been synthesized electrochemically in fair yields.23,24
The fully oxidized HMF adduct, FDA, can potentially replace
the monomer terephthalic acid (TPA) which is currently used
in very large quantities (40 Mt/a)25 in the production of
polyesters.26 One reason for the moderate level of attention
until date could be that selective, low-waste synthetic
pathways from HMF are hard to accomplish. Traditional
oxidation of HMF to FDA can be achieved by using strong,
stoichiometric oxidation reagents such as, e.g. chromate
(CrO42-), dichromate (Cr2O72-) or permanganate (MnO4-) salts.
However, these oxidants are highly toxic and all leave a large
amount of undesirable metal waste once used.
In this work, we have investigated the oxidation of HMF to
DFF by CuCl and TEMPO radicals and reached, to our
knowledge, the highest reported DFF yield for this catalytic
system. We have screened a number of nitrogen containing
promoters (NCPs) to find a versatile catalyst system that
allow the oxidation reaction to proceed in several common
organic solvents with a catalytic amount of NCP. In
particular, we have found that the oxidation system is capable
of oxidizing HMF to DFF in methyl-isobutylketone (MIBK)
efficiently. MIBK is one of the most promising solvents used
to extract HMF formed by aqueous dehydration of hexoses
(e.g. fructose or glucose)7 and could thus enable integration of
the process to obtain DFF from hexoses. Additionally, we
have modified the catalytic system from homogeneous to
partly heterogeneous by immobilizing TEMPO on silica (iTEMPO). Finally, we have investigated the catalytic oxidation
of HMF to FDA using a modified oxidation system comprised
of CuCl27 and tert-butylhydroperoxide (t-BuOOH). This
catalyst system resulted in moderate to good FDA yields at
high HMF concentrations. Both of the introduced oxidation
Journal Name, [year], [vol], 00–00 | 1

protocols are benign and benefit from not using expensive
noble metals (e.g. Pt, Pd or Ru), do not require the addition of
strong base and do not generate large quantities of toxic metal
waste (Scheme 1).
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15 min under constant magnetic stirring (450 rpm). Upon
addition (exothermic) the reaction mixture quickly changed
from colorless to dark brown to finally end up as a grass green
solution/suspension. The reaction was left for a specified time
and samples collected periodically for HPLC analysis.
2.4 Product analysis
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2.5 Product isolation

Scheme 1. The pathway from hexoses to the oxidized HMF
adducts 2,5-furandicarboxylic acid (FDA) and 2,5-diformylfuran
(DFF).

2. Experimental
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2.1 Materials
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HMF (>99%) was purchased from SAFC while CuCl (97%), tertbutyl hydroperoxide (purum, 5.5 M in decane over molecular
sieves 4Å), m-chloroperoxybenzoic acid (77%), hydrogen
peroxide solution (puriss, 35% stabilized), acetonitrile (99.9%),
acetone (semiconductor grade MOS PURANALTM, Honeywell
17921), ethyl acetate (puriss), pyridine (≥99.9%), benzonitrile
(99%), methyl-isobutylketone (≥99.0%), methanol (99.6%),
2,2,6,6-tetramethyl-piperidin-1-oxyl (98%) and immobilized
TEMPO on SiO2 (1.34%, 39.5 mmol/g) were purchased from
Sigma Aldrich. N,N-dimethylaminopyridine (98%) and
ethylendiamine (≥99.0%) were purchased from Fluka. 2,2’Bipyridine (99.5%) was purchased from Merck. All reagents
were used without further purification. Demineralized water was
distilled prior to use.
2.2 HMF to DFF oxidation procedure
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All experiments were carried out in one-necked flasks
equipped with a condenser. The condenser was left open in
experiments using air as the oxidant and equipped with a
balloon containing pure O2 in experiments using O2 as the
oxidant. In a general procedure, HMF (125 mg, 1 mmol),
CuCl (10 mg, 0.1 mmol) and TEMPO (17 mg, 0.1 mmol) were
dissolved in solvent (5 mL). The reaction mixture was stirred
magnetically (450 rpm) for 24 h and the reaction volume
subsequently adjusted. Samples were collected periodically
and analyzed via HPLC.

The oxidation reactions were conducted in one-necked flasks
equipped with a condenser. HMF (125 mg, 1 mmol), and CuCl
(10 mg, 0.1 mmol) were dissolved in the solvent (2 mL).
Subsequently, tert-butylhydroperoxide solution (0.64 g, 1.3
mL, 7.2 mmol) was added slowly via syringe over a period of
2 | Journal Name, [year], [vol], 00–00

DFF was purified by column chromatography (50 mL SiO2, 2 cm
Ø, eluent: EtOAc/CH2Cl2 1:1), where a colorless band (Rf = 0.6)
was collected and the solvent removed in vacuo resulting in a
white crystalline compound (101.6 mg, 0.82 mmol, isolated yield:
83%, yield by HPLC: 88%).
1
H NMR (300 MHz, CDCl3) δ 7.29 (s, 2H), 9.80 (s, 2H); 13C
NMR (75 MHz, CDCl3) δ 119.29 (2C), 154.12 (2C), 179.18 (2C).

3. Results and discussion
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2.3 HMF to FDA oxidation procedure
40

Samples of reaction products were diluted in water (DFF) or 1
M NaOH (FDA) and filtered through a syringe filter (VWR,
0.45 μm PTFE) prior to analysis by high pressure liquid
chromatography (HPLC, Agilent 1200 series, Bio-Rad
Aminex HPX-87H, 300 mm × 7.8 mm pre-packed column). A
0.005 M H2SO4 mobile phase was employed as eluent at 60
°C with a flow rate of 0.6 mL/min. Concentrations of products
were determined from calibration curves obtained with
reference samples. The calibration was controlled for drift by
applying a standard solution of reference compounds of
known concentration prior to every HPLC run.

95

3.1 Solvent effect
An initial reaction was set up employing the most simple reaction
conditions required for the reaction to proceed, i.e. HMF (1
mmol), TEMPO (0.1 mmol), CuCl (0.1 mmol), MeCN (5 ml),
ambient air pressure and room temperature (RT). The reaction
was observed to proceed with a high selectivity of 97% toward
DFF with a HMF conversion of 42% after 24 h (Table 1, Entry
1). Increasing the reaction time to 48 h only resulted in a HMF
conversion of 48%, clearly indicating that the reaction rate
decreased significantly at longer reaction time. Full substrate
conversion could not be achieved under these conditions. An
experiment using dioxygen, O2, as the stoichiometric oxidant was
conducted and proved to enhance the DFF yield to 67% after 24 h
at 75% HMF conversion (Table 1, Entry 2). Also here, the
reaction stalled and 48 h of reaction resulted in a DFF yield of
58% at 77% HMF conversion indicative of a slight degradation of
DFF at prolonged exposure to oxygen under these conditions.
Substituting the solvent to acetone (Me2CO), MIBK, methanol
(MeOH) or water (H2O) resulted in a dramatic decrease in the
HMF conversion and DFF selectivities (except for MeOH),
signifying the importance of a nitrogen-containing solvent (Table
1, Entries 3-6). The lower activity of the Cu catalyst system in
other solvents than MeCN might be explained by a weaker
solvent–Cu interaction, as also suggested by Gamez et al.28
Oxidation in MIBK would be attractive as this solvent is
preferentially used to extract HMF during fructose dehydration
and could possibly eliminate the need to change solvent and
integrate the two processes. The solvent which was used in this

This journal is © The Royal Society of Chemistry [year]
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study least suitable for the oxidation of HMF to DFF was the
otherwise desirable water. Using water as the solvent would
ultimately lead to a sustainable, benign and possibly economical
viable process, but only 10% DFF yield, 28% HMF conversion
and a sparing 35% DFF selectivity was obtained (Table 1, Entry
6). Another nitrogen containing solvent, namely benzonitrile
(PhCN), was also investigated as solvent for the oxidation. Here,
a high DFF selectivity of 93% was obtained, but only at a rather
low HMF conversion of 27% (Table 1, Entry 7).
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Table 1. Results of the Cu/TEMPO mediated oxidation of HMF
to DFF.[a]
Entry Solvent
DFF
DFF selec. (%)
HMF conv.
yield (%)
(%)
1
MeCN
42
97
44
2[b]
MeCN
67
89
75
3
Me2CO
14
56
25
4
MIBK
10
62
16
5
MeOH
14
≥99
14
6
H2O
10
35
28
7
PhCN
25
93
27
[a] Reaction conditions: 24 h, RT, HMF (1 mmol), TEMPO
(0.1 mmol), CuCl (0.1 mmol), solvent (5 ml) and 1 bar
pressure of air. [b] 1 bar pressure of O2.
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3.2 Nitrogen containing promoters (NCPs)
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The oxidation of HMF to DFF by the Cu/TEMPO catalyst system
performed poorly in other solvents than MeCN (Table 1), clearly
indicating the importance of a nitrogen containing solvent, ligand
or promoter. Several nitrogen containing compounds have
previously been reported to enhance the activity of the
Cu/TEMPO oxidation system in the oxidation of, e.g.
benzylalcohol to benzaldehyde.28 Here, CuBr2, TEMPO, t-BuOK
and bidentate nitrogen ligand were used in equimolar amounts in
a MeCN:water (2:1) mixture at RT with air as the stoichiometric
oxidant and afforded benzaldehyde in very high yields. 2,2’bipyridine (bipy) and substituted bipy adducts were further found
to perform the best in the study by Gamez et al. who explained
this intricate promoting effect by a ligand mode of action.28 In
this study, the oxidation of HMF to DFF was also examined with
bipy using an amount corresponding to a molar ratio of
n(bipy):n(CuCl)  0.25-2 with O2 as the stoichiometric oxidant at
ambient pressure (Figure 1).
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Figure 1. The oxidation of HMF to DFF as a function of
n(bipy):n(Cu) ratio with Cu/TEMPO in MeCN. Reaction
conditions: HMF (1 mmol), TEMPO (0.1 mmol), CuCl (0.1
mmol), 24 h, RT and 1 bar O2.
The addition of bipy in small amounts was found to increase
the HMF conversion and the DFF yield markedly. However,
this was accompanied by a slight decrease in the DFF
selectivity. Surprisingly, only bipy amounts corresponding to
n(bipy):n(Cu) ratios < 1 were found to have a promoting
effect on the oxidation, whereas ratios > 1 resulted in a drastic
decrease in both DFF selectivity and DFF yield. This trend
might be a consequence of the availability of Cu to the
substrate, but is most likely a consequence of several factors
discussed vide infra (section 3.4).
Previous work recognize that Cu/TEMPO oxidations
progresses best in MeCN. 15,28 We also investigated if the
presence of catalytic amounts of bipy in the alternative
solvents Me2CO, MIBK, MeOH and H2O, could compensate
for the lacking performance of the Cu/TEMPO system in these
solvents (Figure 2). Being able to alter solvents for oxidation
reactions is generally highly valuable, and would render the
reaction more versatile.

60

Figure 2. The oxidation of HMF to DFF in different solvents
This journal is © The Royal Society of Chemistry [year]
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by the Cu/TEMPO catalyst system with/without bipy.
Reaction conditions: HMF (1 mmol), TEMPO (0.1 mmol),
CuCl (0.1 mmol), 24 h, RT, 1 bar air, and n(bipy):n(Cu) 
0.25 (when bipy was used).
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The addition of small amounts of bipy (n(bipy):n(Cu)  0.25)
proved to efficiently enhance the catalytic performance of the
oxidation system in other solvents than MeCN. The HMF
conversion and DFF yield were both increased in Me2CO,
MIBK and MeOH to levels similar to that observed with
MeCN. No enhancement was, however, observed with water
as the solvent where the reaction was practically unaffected
by the presence of bipy. In Me2CO the DFF yield was
increased from 14 to 45% using air as the stoichiometric
oxidant. In MIBK the DFF yield was increased from 10 to
49% and in MeOH the yield was increased from 14 to 38%.
The DFF selectivities were also significantly increased in
Me2CO and MIBK with bipy. Only in MeOH was the DFF
selectivity found to be similar to experiments conducted in
MeCN, namely ≥ 95%. Despite of the beneficial effect of bipy
on the DFF yield and HMF conversion in MeCN, using
catalytic amounts of the compound was associated with a
slight decrease in the DFF selectivity (Table 2, entries 1-4).
The physical parameters of temperature and mixing were
investigated in order to study the effect on the performance of
the system. When the mixing was increased from 450 to 1100
rpm a surprising gradual decrease in the HMF conversion,
from 63% at 450 rpm to 57% at 750 rpm and 45% at 1100 rpm
(Table 2, entries 5-6) was found. Thus, the reaction was
clearly not limited by gas-liquid mass transport. Contrary, an
increase in temperature from RT to 40 and 50 °C was found to
increase the DFF yield and selectivity along with an increased
HMF conversion when using air as the stoichiometric oxidant
(Table 2, entries 7-8). Thus, at 50 °C a DFF selectivity of 92%
was obtained at 97% HMF conversion.
Table 2. Results of the Cu/TEMPO mediated oxidation of
HMF to DFF.[a]
Entry
Oxi- NCP [b] DFF yield
DFF
HMF
dant
(%)
selec. (%) conv. (%)
1
Air
bipy
49
79
63
2
Air
42
97
44
3
O2
bipy
87
87
100
4
O2
67
89
75
5[c]
Air
bipy
45
79
57
6[d]
Air
bipy
38
85
45
7[e]
Air
bipy
85
91
93
8[f]
Air
bipy
90
92
97
[a] Reaction conditions: HMF (1 mmol), TEMPO (0.1 mmol),
CuCl (0.1 mmol), 24 h, RT unless otherwise mentioned, 450 rpm
unless otherwise mentioned and stoichiometric oxidant shown in
table. [b] 0.03 mmol bipy; [c] 750 rpm; [d] 1100 rpm; [e] 40 °C;
[f] 50 °C.
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reestablished under these conditions, however, full HMF
conversion could not be achieved when using air as oxidant.
The oxidation of HMF to DFF at 50 °C was followed over a
24 h period of time (Figure 3). The results showed that 53% of
the initial HMF was converted within the first 30 min., where
after the rate of the reaction slowed down significantly until
97% HMF conversion was reached after 1440 min. Similarly,
the DFF selectivity increased gradually from 77 to 92% in the
30-1440 min period. The increase in DFF selectivity over time
suggested formation of an intermediate which was converted
slower to DFF than the HMF was consumed. Such an
intermediate could, however, not be detected by HPLC or GCMS.

Figure 3. The oxidation of HMF to DFF by Cu/TEMPO at 50
°C with bipy and air as the stoichiometric oxidant as function
of time. Reaction conditions: HMF (1 mmol), TEMPO (0.1
mmol), CuCl (0.1 mmol), MeCN (5 ml), 1 bar air and bipy
(0.03 mmol).
Other nitrogen containing compounds than bipy were tested in
order to investigate the importance of the nature of the
compound and to find the one best suited for the oxidation of
HMF to DFF. Also, a NCP which did not influence the
selectivity negatively like bipy was desired. In the screening,
a range of compounds were chosen which incorporated two or
more nitrogen atoms and with structural/chemical similarities
to bipy (Scheme 2). N,N-dimethylaminopyridine (DMAP)
which is commonly used as a nucleophilic catalyst in organic
reactions, contained a pyridine group like bipy as well as a
tertiary amino group. The other compounds used;
ethylendiamine (EDA), bis(aminoethyl)amine (BAEA) and
tris(aminoethyl)amine (TAEA) were amines with different
denticity (κ = 2 – 4) (Scheme 2).

Higher temperatures of 60 and 70 °C were found to decrease
the HMF conversion significantly (results not shown). The
high selectivity of the oxidation system without bipy could be
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Scheme 2. Nitrogen containing promoters (NCPs).
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The initial test reactions were conducted with air as the
stoichiometric oxidant in MeCN at RT and were compared to
the oxidation using bipy (Figure 4). The tests showed that all
the NCPs resulted in higher DFF selectivities than bipy with
BAEA and DMAP performing the best with 98 and 96%,
respectively. TAEA also showed an increased DFF selectivity,
but somewhat at the expense of HMF conversion. Under these
conditions, however, the differences between the NCPs were
found to be quite subtle.
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Figure 5. Screening of NCPs in the oxidation of HMF to DFF
in MeCN with O2. Reaction conditions: HMF (1 mmol),
TEMPO (0.1 mmol), CuCl (0.1 mmol), MeCN (5 ml), 1 bar
O2, NCP (0.03 mmol), 24 h and RT.
The final test reactions were conducted in MIBK to
investigate which NCP performed the best in a solvent other
than MeCN. The three compounds performing the best in
MeCN, namely EDA, BAEA and DMAP, were selected and
the study was conducted at RT with O2 as the stoichiometric
oxidant (Figure 6). Experiments with bipy resulted here in the
highest HMF conversion (85%) and experiments with BAEA
resulted in the lowest (11%). Hence, the addition of BAEA to
the MIBK system clearly inhibited the oxidation reaction
compared to the control experiment without any NCP added.
DMAP and EDA showed a significant enhancement of the
DFF selectivity compared to bipy and resulted in >99 and
94%, respectively, contra 86% for bipy (Figure 6).
Comparably, Carlini et al.13 achieved a 50% DFF selectivity
at 98% HMF conversion in MIBK with their VOPO4·2H2O
catalyst at 80 °C.
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Figure 4. Screening of NCPs in the oxidation of HMF to DFF
in MeCN with air. Reaction conditions: HMF (1 mmol),
TEMPO (0.1 mmol), CuCl (0.1 mmol), MeCN (5 ml), 1 bar
air, NCP (0.03 mmol) except PhCN (0.06 mmol), 24 h and
RT.
The same compounds were tested employing O2 as the
stoichiometric oxidant with a similar oxidation protocol
(Figure 5). In these experiments, the NCPs were differentiated
to a higher degree and EDA, BAEA and DMAP were found to
be superior to bipy with selectivities of 97, 95 and 95%,
respectively, compared to 87% for bipy. The DFF yields using
EDA, BAEA and DMAP all ended at an impressive 95% after
24 h, which to our knowledge is the highest reported DFF
yield obtained with this oxidation system. TAEA resulted only
in a 68% DFF yield, but still showed a higher DFF selectivity
than bipy at RT (Figure 5).

This journal is © The Royal Society of Chemistry [year]
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Figure 6. Screening of NCPs in the oxidation of HMF to DFF
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in MIBK with O2. Reaction conditions: HMF (1 mmol),
TEMPO (0.1 mmol), CuCl (0.1 mmol), MeCN (5 ml), 1 bar
O2, NCP (0.03 mmol), 24 h and RT.
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3.3 i-TEMPO
TEMPO immobilized on silica (i-TEMPO) with a 1.3%
TEMPO loading was used in an attempt to make the oxidation
of HMF to DFF partly heterogeneous. The reaction, however,
showed a quite different mode of progression and the
optimized conditions for the oxidation with TEMPO in
solution did not work quite as well with i-TEMPO. The
reaction was found practically not to proceed without the
addition of a NCP and the highest observed HMF conversion
was 7% with air at 50 °C (Figure 7). The DFF selectivity
increased as the reaction temperature was increased from RT
to 50 °C with both air and O2 as the stoichiometric oxidant, as
also seen for homogeneous TEMPO (vide supra).
Consequently, experiments with air and O2 in presence of bipy
at 50 °C resulted in DFF selectivity of 96 and 97%,
respectively. The HMF conversion and DFF yield were also
increased when using air as oxidant and changed from 39 and
33% to 49 and 47%, respectively. In contrast, the opposite
trend was observed in experiments with O2 where HMF
conversion decreased from 70 to 59% and the accompanying
DFF yield from 64 to 58%. It is unclear why opposing trends
were observed for the HMF conversion when heating the
oxidation reaction with air and O2, respectively. However, we
speculate that the way TEMPO or Cu is inactivated over time
might be related.

50

lower HMF conversion (Table 3, entry 4). BAEA and TAEA
showed to perform significantly worse than the other
compounds and resulted in only 3 and 6% DFF, respectively
(Table 3, entry 2 and 3). No experiments with i-TEMPO
accomplished full substrate conversion over a 24 h period of
time. Notably, the net quantity of used TEMPO was lower for
i-TEMPO (0.01 mmol) than experiments with TEMPO in
solution (0.1 mmol). However, doubling the initial i-TEMPO
amount did not increase the HMF conversion or DFF yield
over 24 h (results not shown).
Table 3. Cu/i-TEMPO catalyzed oxidation of HMF to DFF.[a]
Entry
NCP
DFF yield
DFF selec.
HMF conv.
(%)
(%)
(%)
1
bipy
58
97
59
2[b]
BAEA
3
64
5
3[b]
TAEA
6
52
11
4
DMAP
42
≥99
42
[a] Reaction conditions: HMF (1 mmol), i-TEMPO (18 mg,
0.01 mmol TEMPO), CuCl (0.1 mmol), MeCN (5 mL), 1 bar
O2, NCP (0.03 mmol), 50 °C and 24 h.[b] Me 2CO instead of
MeCN.
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Gamez et al. have suggested that TEMPO is inactivated when
applied in Cu-catalyzed oxidations, but first toward the end of
the reaction.28 In line with this, our attempts to reuse the
heterogeneous i-TEMPO catalyst have so far proven
unsuccessful. Upon reuse, the HMF conversion was decreased
significantly to about 20 % of the initial run, clearly indicative
of severe deactivation. Thus, recycling of the i-TEMPO
catalyst remains an unsolved issue.
3.4 The reaction mechanism
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Figure 7. Oxidation of HMF to DFF with the Cu/i-TEMPO
catalyst system. Reaction conditions: HMF (1 mmol), iTEMPO (18 mg, 0.01 mmol TEMPO), CuCl (0.1 mmol),
MeCN (5 ml), 1 bar pressure, bipy (0.03 mmol where
stated), 24 h and RT (unless otherwise mentioned).
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A screening of the NCPs previously used in the homogeneous
TEMPO study (Scheme 2) revealed bipy to be the best suited
candidate for reactions with i-TEMPO (Table 3, entry 1).
DMAP also proved a high selectivity towards DFF but at
6 | Journal Name, [year], [vol], 00–00

Gamez et al.28 have proposed a general reaction mechanism
for the N-ligand – Cu/TEMPO catalyzed oxidation of
alcohols. In this mechanism, bipy is coordinated to the Cu(I)
center, which is subsequently oxidized to Cu(II) by TEMPO.
HMF is then coordinated to Cu(II) through the alcohol group
under the abstraction of a proton followed by coordination of
Cu(II) and TEMPO. Proton/electron rearrangement formed
DFF and reformed the Cu(I) – bipy complex by a radical
mechanism. TEMPO was finally regenerated by O2 oxidation
(mechanism shown in supporting information). In the work by
Gamez et al. t-BuOK was used in catalytic amounts to
facilitate the deprotonation of the alcohol group. Interestingly,
about a four-fold intensification of the oxidation efficiency
was found when bipy was employed and further a three-fold
when t-BuOK was applied.28
The oxidation of HMF to DFF in our work was conducted
without the addition of t-BuOK, because both HMF and DFF
are somewhat labile toward strong basic conditions for
extended periods of time. Further, the production of the
substrate, HMF, from carbohydrates or a biomass source is
usually only facilitated under acidic conditions, which would
lead to an undesired change from acidic to alkaline conditions
for a combined process from biomass to DFF. DMAP, which
showed the best catalytic enhancement of the oxidation
system, is a monodentate ligand and thus expected to
This journal is © The Royal Society of Chemistry [year]
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coordinate weaker to the Cu(I)/Cu(II) centers than bipy which
acts a bidentate ligand. Further, since the NCPs were present
in sub-stoichiometric amounts related to Cu, it is unlikely that
the ligand alone accounted for this enhancement. It was more
plausible that the NCPs also facilitated the proton transfer
from HMF to TEMPO similar to t-BuOK in the study by
Gamez and co-workers where a significant increase was also
observed in the product yield.28 The necessity of having NCP
present in experiments with i-TEMPO further suggested that
the NCPs function was more than simply coordination to the
Cu metal center due to the apparent dependence on the
TEMPO species provided.
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Table 4. Cu(I) catalyzed oxidation of HMF to FDA with
different solvents, co-catalysts and stoichiometric oxidants.[a]
Entry Reaction
Solvent
CoFDA yield
time (h)
catalyst
(%)
1
4
MeCN
21
2
24
MeCN
42
3
48
MeCN
50
4
24
Me2CO
23
5
48
Me2CO
33
6
24
EtOAc
6
7
48
EtOAc
8
8
48
H2O
3
9
48
H2O:MeCN (1:1)
12
10
48
H2O:MeCN (1:3)
31
11
48
Pyridine
19
12
48
MeCN
bipy[b]
5
13
4
MeCN
LiBr[c]
26
14
24
MeCN
LiBr[c]
36
15
48
MeCN
LiBr[c]
43
16[d]
24
MeCN
<1
17[e]
2[f]
MeCN
1

3.5 Oxidation of HMF to FDA
15

20

25

also examined in combination with nitrogen containing
solvents and NCPs to investigate if such additives had similar
promoting characteristics on the FDA synthesis as found for
the DFF synthesis (vide supra). Both systems proved less
suited for the oxidation of HMF to FDA as compared to the
experiments without using pyridine as solvent or MeCN with
catalytic amounts of bipy (Table 4, entries 11 and 12).

The first attempts to oxidize HMF to FDA were conducted
under reaction conditions similar to those employed by
Mannam et al.29 in a general protocol for the oxidation of
alcohols, i.e. with MeCN as the solvent of choice, CuCl as the
oxidation catalyst and t-BuOOH as the stoichiometric oxidant
at room temperature (Figure 8). Contrary to the DFF synthesis
by the Cu/TEMPO oxidation system, TEMPO is not needed
for the oxidation with Cu/t-BuOOH. However, the optimum
parameters for this oxidation were also found inadequate in
promoting the analogous oxidation to FDA. Thus, analyzed
samples of the reaction mixture after 1 h of reaction revealed
a mixture of HMF, DFF, 5-(hydroxymethyl)furan-2carboxylic acid (HMFCA)30 and FDA. These reaction
intermediates were slowly converted to form 50% FDA yield
after a period of 48 h (Table 4, entry 3).

[a] Reaction conditions: HMF (1 mmol), CuCl (0.1 mmol),
MeCN (2 ml), t-BuOOH (3.6 eq) unless otherwise mentioned,
450 rpm, RT. [b] 0.2 mmol; [c] 5 mg, i.e. catalytic amounts; [d]
H2O2 oxidant (3.6 eq); [e] mCPBA oxidant (3.6 eq); [f] Reaction
time where the highest FDA yield was observed. FDA was
degraded again at increased reaction times.
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Figure 8. During the HMF oxidation the reaction solution was
first colorless (left) but changed quickly into dark brown upon tBuOOH addition (middle) and eventually bright green over time
(right).
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MeCN was substituted for other solvents such as Me 2CO
(Table 4, entries 4 and 5), ethylacetate (EtOAc) (Table 4,
entries 6 and 7) and water (Table 4, entry 8). Water was, like
in the oxidation of HMF to DFF, desired in particular since its
use would generate the most benign and eco-friendly reaction
system. Mannam et al.29 have reported EtOAc to be almost as
good a solvent as MeCN for the oxidation of p-methoxybenzyl
alcohol to the corresponding acid adduct. However, EtOAc
proved to be a poor solvent in the oxidation of HMF with the
reaction conditions employed here. The reaction was also
clearly hampered by the presence of water (Table 4, entries 810) and HMFCA was usually observed as the main product.
The performance of the CuCl/t-BuOOH catalyst system was

This journal is © The Royal Society of Chemistry [year]
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The addition of catalytic amounts of halide salts such as
LiBr31 (which might be a residue from the dehydration
reaction of hexoses to HMF if using salting-out systems32,33)
were found to increase the rate of HMF formation during the
first 6 h of reaction. After 48 h, the reaction yields of FDA
were, however, slightly lower than those obtained without
added salts (Table 4, entries 13-15). This effect was found for
both catalytic and stoichiometric amounts of added salts.
Other peroxides such as hydrogenperoxide (H2O2) and mchloroperoxybenzoic acid (mCPBA) were not found useful in
the CuCl-catalyzed oxidation of HMF to FDA (Table 4,
entries 16 and 17) as only traces of FDA was formed.
Increasing the reaction temperature to 35 °C or 40 °C resulted
in an increased reaction rate, as expected, but did not result in
improved reaction yields of FDA compared to the
corresponding experiment performed at room temperature
(results not shown).
Successive additions of CuCl catalyst (portions of 10 mg, 10
mol%) after 2, 4 and 6 h to the reaction mixture were found to
increase the FDA yield to 48 and 54% after 24 and 48 h of
reaction, respectively. Combined additions of both CuCl and
t-BuOOH (portions of 0.3 ml, 5.5 M, 1.7 mmol) after 2, 4 and
6 h further increased the FDA yield to 56% after 24 h of

Journal Name, [year], [vol], 00–00 | 7
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reaction and 64% after 48 h of reaction. These results indicate
that the Cu catalyst was deactivated during the oxidation
reaction. The active oxidation metal specie was probably
Cu(II) resulting from the oxidation of Cu(I) by t-BuOOH
followed by homolytic cleavage of the hydroperoxide, as also
suggested by Mannam et al.29 Thus, the oxidation of Cu(I) to
Cu(II) did not hamper the catalytic performance. In order to
confirm this an experiment using CuCl2 was also conducted in
MeCN. As expected, CuCl2 showed to be almost as efficient
an oxidation catalyst as CuCl and resulted in 45 % FDA after
48 h of reaction (50% with CuCl). In summary, the oxidation
of HMF to FDA seemed significantly more difficult to
achieve than the oxidation to DFF, which might be associated
with a low solubility of FDA in MeCN. Hence, it is likely that
product saturation resulted in FDA precipitation onto the
Cu(I) catalyst, or as FDA-Cu salt, which could account for the
observed inhibition.
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Notes and references
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Conclusions
In this study, we have investigated the Cu(I) catalyzed
oxidation of HMF with air/O2 (with TEMPO) or t-BuOOH as
the stoichiometric oxidants, respectively, in different solvents
and with nitrogen containing promoters (NCPs). Oxidation of
HMF in MeCN showed a high selectivity toward DFF (97%)
at moderate conversions. Using dioxygen as the terminal
oxidant under identical reaction conditions increased the HMF
conversion and DFF yield, though a lower DFF selectivity
was obtained. To enhance both substrate conversion and DFF
selectivity, several NCPs were added. DMAP (N,Ndimethylpyridine) proved most efficient and resulted in 95%
DFF yield after 24 h in MeCN at RT with O2 as the oxidant.
Further, DMAP efficiently enhanced performance of the
oxidation system in other solvents than MeCN like, e.g.
MIBK, where a yield of 74% DFF and a selectivity >99%
were achieved. MIBK is commonly used as solvent to extract
HMF from the aqueous phase in the synthesis from fructose,
thus it could prove particular interesting to develop an
efficient oxidation protocol with this solvent. Reactions
without NCPs proceeded generally poorly in other solvents
than MeCN (except in MeOH in terms of DFF selectivity).
A Cu/i-TEMPO catalyst system was found to be practically
incapable of oxidizing HMF to DFF without the presence of a
NCP. Here, bipy was found to provide the highest DFF yield
while DMAP gave the highest DFF selectivity, albeit at a
significantly lower HMF conversion. Unfortunately,
recovering and reuse of the i-TEMPO catalyst proved very
challenging and resulted in a significant activity loss (about
80%) when reused after only one reaction run.
In addition to the synthesis of DFF by oxidation of HMF we
have also demonstrated for the first time (as far as we are
aware), that oxidation of HMF into the renewable terephthalic
acid substitute FDA can be achieved in fair to good yields by
using the oxidation pair CuCl/t-BuOOH in MeCN. The FDA
yield reached 64% under optimized reaction conditions by
successive additions of CuCl and t-BuOOH with a highly
concentrated initial substrate solution. Since FDA is sparingly
soluble in the reaction media such an oxidation approach
might facilitate effective separation of the product. This

feature will most likely be of significant importance for future
implementation of a HMF oxidation protocol into an
integrated process, where carbohydrates (e.g. fructose) are
converted via HMF into the renewable plastic monomer FDA.
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1. HPLC Measurements
Sample analysis was made on a Agilent 1200 series HPLC instrument equipped with a Bio-Rad
Aminex HPX-87H, 300 mm × 7.8 mm pre-packed column. A 0.005 M H2SO4 aqueous mobile
phase was employed as eluent at 60 °C with a flowrate of 0.6 mL/min. The instrument was
equipped with three modes of detection; UV at 260 nm, UV at 284 nm and a refractive index.
These were used in combination to quantify the compound concentrations which were determined
by calibration curves obtained by using pure standard compounds of known concentration. The
calibration was regularly checked for drifting by analysis of a stock solution containing four
compounds of known concentration. The elution times of selected compounds are shown vide infra
(Table SI1) along with a typical elution profile of the HMF oxidation to DFF with UV 284 nm
detection(Figure SI1).
Entry Elution time / min Compound Detection method
14.3
FDA
UV 260 nm
1
19.2
HMFCA
UV 260 nm
2
20.7
MeCN
RI
3
28.9
HMF
UV 284 nm
4
35.5
DFF
UV 284 nm
5
Table SI1. The elution times of selected compounds.
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Figure SI1. Typical HPLC elution diagram of HMF oxidation to DFF (MWD 284 nm).

2. Instrument setup
The oxidation reactions were carried out in a 10 ml round necked flask equipped with a small
magnet. Molecular O2 (where stated) was delivered by a balloon through a septum and the
atmosphere above the reaction flask was vented for 30 seconds. In reactions using air as the
source of oxidant, the reaction flask was simply left open to the atmosphere. A VWR combined
heating/stirring plate equipped with a VWR VT-5 temperature controller was used to supply heat
and rotation. A magnet rotation of 450 rpm was used for all experiments unless else is stated. The
reaction flasks were mounted with a condenser if the reactions were heated above room
temperature and the total volume adjusted before sampling (Figure SI2).

Figure SI2. Picture of the reaction setup when using molecular O2 via balloon.
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3. NMR of DFF
NMR experiments were conducted on a Varian 300 MHz instrument.
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Figure SI3. 1H NMR of purified DFF in CDCl3 with a magnetic field strength of 300 MHz at room
temperature.
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Figure SI4. 13C NMR of purified DFF in CDCl3 at room temperature.

4. Mechanism proposed by Gamez et al.
The mechanism has been modified to suit the oxidation of HMF as opposed to a general
mechanism for the oxidation of alcohols represented by Gamez et al (Scheme SI1).i

S4

Scheme SI1. Mechanism for the oxidation of alcohols to aldehydes (modified for HMF) proposed
by Gamez et al.

5. Values in figures
Figure 1 is based on following values:
n(bipy)/n(Cu) DFF yield (%) HMF conversion (%) DFF selectivity (%)
69
75
89
0
87
100
87
0.27
84
100
84
0.49
59
84
70
0.93
36
58
61
1.97
Figure 2 is based on following values:
Entry
DFF yield (%) HMF conversion (%) DFF selectivity (%)
42
44
97
MeCN
14
25
56
Me2CO
45
49
92
Me2CO/bipy
10
16
62
MIBK
49
56
87
MIBK/bipy
14
14
≥99
MeOH
37
38
98
MeOH/bipy
10
28
35
H2O
12
31
38
H2O/bipy
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Figure 3 is based on following values:
Time (min) DFF yield (%) HMF yield (%) HMF conversion (%) DFF selectivity (%)
0
100
0
0
40
47
53
77
30
51
35
65
78
60
60
27
73
82
90
68
19
81
85
150
72
16
84
86
210
77
14
86
89
270
78
12
88
89
330
81
11
89
91
390
82
10
90
91
450
85
9
91
94
510
90
3
97
92
1440
Figure 4 is based on following values:
Time (min) 1/[HMF] (M-1)
1027
0
2163
30
2949
60
3811
90
5288
150
6481
210
7502
270
8596
330
9560
390
10598
450
11539
510
36858
1440
Figure 5 is based on following values:
Entry DFF yield (%) HMF conversion (%) DFF selectivity (%)
42
44
97
none
30
33
89
PhCN
49
62
79
bipy
56
62
90
EDA
59
60
98
BAEA
41
48
85
TAEA
52
54
96
DMAP

Figure 6 is based on following values:
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Entry DFF yield (%) HMF conversion (%) DFF selectivity (%)
67
75
89
none
87
100
87
bipy
95
98
97
EDA
95
100
95
BAEA
68
75
91
TAEA
95
100
95
DMAP
Figure 7 is based on following values:
Entry DFF yield (%) HMF conversion (%) DFF selectivity (%)
31
33
94
none
73
85
86
bipy
68
73
94
EDA
6
11
55
BAEA
74
75
≥99
DMAP
Figure 8 is based on following values:
Entry
DFF yield (%) HMF conversion (%) DFF selectivity (%)
1
5
22
Air
2
7
29
Air/50 °C
33
39
84
Air/bipy
47
49
96
Air/bipy/50 °C
2
5
35
O2
4
5
83
O2/50 °C
64
70
92
O2/bipy
58
59
97
O2/bipy/50 °C
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