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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 2,5-

dimethyltetrahydrofuran (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 tert-

butyl 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.  

 

 

 

 

 

 

 

 

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]  

Figure 1. 
Graphic representation of the correlation between
global average temperature and atmospheric CO2

concentration from 1880 until 2004.[4] 
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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, 
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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]   

 

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, 

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]  
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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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In combination with various salts boric acid, B(OH)3, was shown to be an ef�cient, 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., H2SO4 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 speci�c 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, H2SO4 and H3PO4 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

Centre for Catalysis and Sustainable Chemistry, Department of
Chemistry, Technical University of Denmark, DK-2800 Kgs. Lyngby,
Denmark. E-mail: ar@kemi.dtu.dk, thomh@kemi.dtu.dk; Tel: (+45) 45
25 22 33
� Electronic supplementary information (ESI) available: Tables with ex-
perimental values reported in the �gures. See DOI: 10.1039/c0gc00355g

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 (pKa = 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 puri�cation. Similarly, all salts applied
for the salting-out experiments were acquired in p.a. quality and
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used as received. Distilled water was used for preparation of all
aqueous solutions.

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 speci�ed 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 speci�ed time under magnetic stirring (420 rpm) at a �xed
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 Product analysis

Reaction samples from the fructose, glucose and sucrose ex-
periments were �ltered through a syringe �lter (VWR, 0.45 mm
PTFE), mixed with an internal standard (i-PrOH) for calibration
and �ltered 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
H2SO4 mobile phase was employed as eluent at 60 �C with a
�ow 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 pro�le 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 yield Product conc.
Initial sugar conc.

Sugar c

= ×100%

oonversion Sugar conc.
Initial sugar conc.

= �
�

�
����

�

�
����×1 1000

100

%

%Product selectivity Product yield
Sugar conversion

= ×

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

3. Results and discussion

3.1 Boric acid

Boric acid, B(OH)3 or H3BO3, acts as a Lewis acid in aqueous
solutions forming tetrahydroxyborate and a proton (or hydro-
nium 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 ef�ciently catalyze the

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 acidi�cation of the
aqueous media and so facilitates the acid catalyzed dehydration
(Scheme 2).

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 con-
verted. 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 �rst 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 �ndings.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
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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 suf�cient time to stabilize before pH
measurements.

HMF yields and selectivities are dif�cult 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 �nd 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. 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

conducted varying the catalyst amount in a 30 wt% fructose
solution in order to investigate how the B(OH)3 concentration
in�uenced 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

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 signi�cant 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).

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).

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
acidi�cation 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 in�uence 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 Rom·an-
Leshkov and Dumesic,16 but also to signi�cantly 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
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Table 1 Dehydration of 30 wt% fructose solutions with boric acid,
various salts and MIBK extractiona

Entry Salt
Fructose
conversion (%)

HMF
yield (%)

HMF
selectivity (%)

R valueb

(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-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.

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
acidi�cation 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 �nd 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 in�uence 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

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 rehy-
dration. The same conclusion was reached by Rom·an-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 in�uence 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

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 extrac-
tion 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.
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Table 2 Dehydration of 30 wt% glucose solutions with and without
boric acid and NaCl and MIBK extraction

Entry Catalyst
Time
(min)

Glucose con-
version (%)

HMF
yield (%)

HMF select-
ivity (%)

1a � 45 <1 0 0
2b B(OH)3 + NaCl 45 8 2 25
3a � 180 13 1 10
4b B(OH)3 + NaCl 180 36 10 27
5a � 300 24 3 13
6b B(OH)3 + NaCl 300 41 14 34

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.

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
signi�cantly higher than experiments with visible humin for-
mation, 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 �ashpoint (-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 dif�cult than the
dehydration of fructose, presumably because the �rst 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

Table 3 Dehydration of 30 wt% sucrose solutions with boric acid, NaCl
and MIBK extractiona

Entry
Time
(min)

Glucose
yield (%)

Fructose
yield (%) HMF yield (%)

HMF select-
ivityb (%)

1 45 40 17 21 64
2 90 40 7 30 70
3 105 39 4 32 70
4 120 38 3 33 70

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.

catalytic B(OH)3-NaCl system. Interestingly, the glucose part
was not converted in any signi�cant 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 ef�cient 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
ef�cient 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 �rst 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 modi�cation 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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a b s t r a c t

The development of biore“neries 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 consider ably different from each other. Furthermore, compared to oil-based re“neries the feedstock

represents a relatively high proportion of the “nal 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 achie vable selectivity, and achie vable

yield.

© 2009 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Keywords: Biore“neries; Glucose isomerase; 5-Hydroxymethylfurfural; 2,5-Furandicarboxylic acid

applications (as a feedstock for sorbitol and high fructose corn
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 cur-
rently an existing infrastructure based on the use of the seven
established platform chemicals (toluene; benzene; xylene; 1,3-
butadiene; 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 biore“nery it
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0263-8762/$ … see front matter © 2009 The Institution of Chemical Engineers
doi: 10.1016/j.cherd.2009.06.010
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 speci“c example with a de“ned start-
ing and endpoint: the production of 5-hydroxymethylfurfural
(HMF) or 2,5-furandicarboxylic acid (FDA) from glucose or fruc-
tose. Greatest value is obtained by going the whole way from
glucose to FDA. However even in this small reaction path-
way there are many alternative technologies. Some can be
integrated together, some give the required yield and selectiv-
ity, some are dif“cult to implement and others are untested
at scale. This illustrates very well the challenge that design
engineers face. To date glucose “nds its major use in food
4 June 2009

syrup). The possibility of non-food products like HMF or FDA
implies the use of other technologies not governed by the strict

. Published by Elsevier B.V. All rights reserved.
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ood regulations. Nevertheless all the potential technologies
whether approved for food or non-food production) need to be
ble to overcome the pH and temperature instability and lim-

ted solubility in organic solvents. It is because of the nature
f glucose therefore that one obvious starting point is to use
nzymatic catalysis (water based and under mild conditions).
n this paper we will review the alternative technologies and
outes from glucose to FDA, and discuss some of the limita-
ions and challenges.

. Biomass as a raw material for
iore“neries

ature is producing vast amounts of biomass driven by sun-
ight via photosynthesis:

CO2 + nH2O � (CH2O)n + nO2

owever, utilization of biomass for producing chemicals and
uels is still in its infancy with only 3.5% being used for food
r non-food purposes. Plant biomass consists mainly of car-
ohydrates, lignin, protein and fats. Out of an estimated 170
illion metric tons of biomass produced every year roughly
5% are in the form of carbohydrates which makes biomass
arbohydrates the most abundant renewable resource ( Röper,
002). Together with their amenability towards enzymatic pro-
esses this makes carbohydrates the center of attention when
ooking for new and greener feedstocks to replace petroleum
or producing commodity chemicals as well as fuels. In plant
iomass most of the carbohydrates are stored as sugar poly-
ers such as starch, cellulose or hemicellulose.

Starch is the second largest biomass produced on earth and
ommonly found in vegetables, such as corn, wheat, rice, pota-
oes and beans. The total world production in 2004 was 60
illion tons of which more than 70% came from corn. Starch

onsists of chains of glucose molecules, which are linked
ogether by � -1,4 and � -1,6 glycosidic bonds. The two major
arts of starch are amylose (20…30%), essentially linear � -1,4
lucan chains and amylopectin (70…80%), a branched molecule
ontaining 4…5% � -1,6 linkages.

Starch is industrially hydrolyzed to glucose by the three
nzymes: � -amylase, glucoamylase, and pullulanase ( Schäfer
t al., 2007 ). Bacterial � -amylases (EC 3.2.1.1) catalyze the
ydrolysis of internal � -1,4 glycosidic bonds. This reduces
he viscosity, which is necessary for further processing. Glu-
oamylase (EC 3.2.1.3) is an exo-amylase that is added to the
artly hydrolyzed starch after liquefaction. Glucose units are
emoved in a stepwise manner from the non-reducing end
f the molecule. The third enzyme is pullulanase (EC 3.2.1.41).
ndustrially used pullulanases are heat stable enzymes, which
ct simultaneously with glucoamaylase during sacchari“ca-
ion. Pullulanases catalyze the hydrolysis of the � -1,6 linkages
n amylopectin, and especially in partially hydrolysed amy-
opectin. Typical process conditions for production of glucose

rom starch are given in Table 1 .

Cellulose is a glucose polymer consisting of linear chains
f glucopyranose units linked together via � -1,4 glucosidic

Table 1 … Process conditions for production of glucose from starch.

Process Temperature ( � C) Dry sub

Jet cooking/dextrinization 105/95
Sacchari“cation 60
7 ( 2 0 0 9 ) 1318…1327 1319

bonds. Unlike starch, cellulose is a crystalline material where
inter- and intra-molecular hydrogen bonding gives rise to the
very stable cellulose “ber. Hemicellulose is a polysaccharide
consisting of short highly branched chains of different car-
bohydrate units, including “ve- as well as six-carbon units
(e.g. xyloses, galactose, glucose, mannose and arabinose).
Hemicelluloses are much easier to hydrolyze than cellu-
lose. The structured portion of biomass, such as straw, corn
stover, grasses and wood, is made of lignocellulose com-
posed mainly of cellulose (30…60%), hemicellulose (20…40%)
and lignin (10…30%). Both cellulose and hemicellulose con-
sist of carbohydrate components whereas lignin is a highly
branched aromatic polymer.

Currently, there is intensive research on the use of lig-
nocellulosic raw material as a biomass source for producing
chemicals and fuels (as exempli“ed by many of the other
articles in this special edition). However this research still
faces considerable challenges due to lignocellulose being
remarkably r esistant towards hydrolysis and enzymatic attack
(Peters, 2007). Energy demanding thermal pre-treatment of lig-
nocellulose is necessary in order to break up the extremely
stable cellulose…hemicellulose…lignin composites prior to
adding cellulose-hydrolyzing enzymes and the current sit-
uation does not allow the ef“cient 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 lignocellu-
lose into chemicals. Moreover, glucose is one of the most
abundant monosaccharides in biomass, accessible by enzy-
matic 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 mate-
rial/building block.

3. Glucos e … a biore“nery building block

Fermentation of polymer building blocks is already under
commercial introduction. For example, Cargill produces lac-
tic 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). 1,3-
propandiol is marketed by DuPont Tate & Lyle BioProducts
for Sorona TM 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. Polyhydrox-
yalkanoate (PHA) is marketed by Telles, a J/V between ADM
and Metabolix. Roquette, the French starch producer, has com-
mercialized 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 under-
way, the technology has certain drawbacks such as loss of
carbon as CO 2, low yields and dif“cult recovery of the products

stance content (%) pH Process time (h)

30…35 5.2…5.6 0.1/1…2
30…35 4.3…4.5 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 functional-
ity is the dehydration reaction. This facilitates the removal of
some of the functional groups in carbohydrates and allows the
formation of de“ned building blocks. Triple dehydration of glu-
cose 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 plat-
form chemicals identi“ed 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 dehydra-
tion of glucose to HMF as an example of the need to ef“ciently
combine enzymatic aqueous processes with inorganic het-
erogeneous 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 pro-
cessed food products formed in the thermal decomposition
of carbohydrates. Interestingly, HMF can be chemically con-
verted 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 oxi-
dized compounds can also be used as polymer building blocks

Fig. 1 … HMF as a precursor for a rang
n 8 7 ( 2 0 0 9 ) 1318…1327

although these are more dif“cult to produce selectively. FDA is
a chemically very stable compound. Its only current uses are
in small amounts in “re 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 “nd 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 deacti-
vate the heterogeneous catalysts.

In spite of all the research carried out within this area an
ef“cient way of producing HMF or its corresponding dicar-
boxylic acid, FDA, still remains to be found. Traditionally,
chemists have been struggling with “nding an inexpensive
way of producing pure HMF. Given the immense “eld of its

application, it is interesting that relatively few of the listed
reviews have described the challenges that might be faced in

e of commercial chemicals.
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Table 2 … Typical reaction conditions for immobilized glucose isomerase.

Process Temperature ( � C) Dry substance content (%) pH Process time (h)
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Isomerization 50…60

biore“nery manufacturing HMF or its derivatives. The most
ikely biore“nery scenario will not be restricted to one product
ut make a series of high and low value products (including
uel). This allows the biore“nery to shift focus from one prod-
ct to another if the market changes. In the case of HMF or
DA production this means that producing purely HMF or FDA

s not the ultimate target and side-streams producing other
aluable products besides HMF or FDA can actually be of ben-
“t. One potential by-product of value is levulinic acid. This is
ormed via a rehydration of HMF to give levulininc acid along
ith formic acid. Both of these molecules are valuable prod-
cts that are potentially worth isolating as side streams. In
his respect the goal of completely selective dehydration may
n the future be misplaced.

The synthesis of HMF is based on the acid-catalyzed
riple dehydration of C6-sugar monomers, mainly glucose and
ructose. However, various polysaccharides have also been
eported as HMF sources ( Rapp, 1987). The most convenient
ethod for the preparation of HMF is by dehydration of fruc-

ose. When starting from ketohexoses (such as fructose) the
ehydration reaction proceeds more ef“ciently and selec-
ively. This can be explained by aldohexoses (such as glucose)
nly being able to enolyze to a low degree which is consid-
red the limiting step in the production of HMF from glucose.
owever, glucose is the favored source of HMF due to the

ower cost of glucose compared to fructose. Fructose may be
btained by enzyme or acid-catalyzed hydrolysis of sucrose
nd inulin or by the isomerization of glucose to fructose. Inulin

s a linear � -2,1 linked fructose polymer which is terminated
y a single glucose unit. It is found as a food reserve in a
umber of plants including Jerusalem artichoke and chicory.
ndustrially fructose is produced from glucose by the enzyme
lucose isomerase (EC 5.3.1.5). The equilibrium conversion
nder industrial conditions is 50% making chromatographic
eparation necessary in order to obtain the industrial product
f 55% fructose, which has sweetness similar to sucrose. Glu-
ose isomerase is used industrially as an immobilized enzyme
ith typical reaction conditions as shown in Table 2 .

Commercial immobilized glucose isomerase preparations
sed in a packed column have half-lives between 100 and
00 days. Most columns therefore last for more than 1 year
nd productivities are typically around 15 tons of syrup dry
ubstance/kg immobilized enzyme.

. Case studies

.1. Case 1: conversion of glucose/fructose to HMF

o date most of the work regarding the acid-catalyzed con-
ersion of fructose, and to a less extent glucose, into HMF
as been carried out in aqueous reaction media. Obviously
ater being very abundant and non-hazardous is the pre-

erred solvent of choice when exploring green and sustainable
hemistry. Furthermore water is a good solvent for dissolving
he monosaccharide substrates (fructose and glucose) as well

s the product, HMF. However the dehydration of fructose to
ield HMF in aqueous media is hampered by a competitive
ehydration process resulting in the by-products levulinic acid
40…50 7…8 0.3…3

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

4.1.1. Aqueous media
Several mineral acids such as HCl, H 2SO4 and H 3PO4 have
been employed in the homogeneous catalyzed dehydration of
fructose to yield HMF ( Newth, 1951; Mednick, 1962; Román-
Leshkov 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 heteroge-
neous catalysts such as niobic acid (Nb 2O5·nH2O) and niobium
phosphate (NbOPO 4) have been reported to have an intermedi-
ate 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 reac-
tion time increases, the selectivity drops fast which is thought
to be due to the formation of polymeric by-products. Addi-
tionally, titanium oxides (TiO 2), zirconium oxides (ZrO 2) and
H-form zeolites catalyze the dehydration reaction ( Moreau et
al., 1996). Especially interesting is the direct conversion of glu-
cose to HMF which can be enhanced up to 5-fold compared
to the hydrothermal dehydration, by employing an � -TiO 2

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 selec-
tivity 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 suf“cient to overcome the activation energy bar-
rier, when simultaneously applying the effect of microwave
heating ( Qi et al., 2008 ).

4.1.2. Modi“ed aqueous media and two-phase systems
Phase modi“ers 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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Fig. 2 … Oxidation of HMF to DFF and FDA.

nd that it catalyzes the isomerization of � -glucopyranose
o fructofuranose, which is subsequently dehydrated to HMF
Zhao et al., 2007 ). Bao et al. (2008) concluded that ionic liquids
ith a Lewis acid moiety were more ef“cient than those with a
rønsted acid counterpart when dehydrating fructose. These

onic liquids were also successfully immobilized on silica, giv-
ng a yield of up to 70% from fructose to HMF and completely
etained their catalytic activity after “ve reaction cycles ( Bao
t al., 2008 ).

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

DA has been identi“ed by the U.S. Department of Energy
DOE) biomass program as one of the 12 chemicals that in the
uture can be used as a feedstock from biomass in biore“ner-
es (Werpy and Petersen, 2004 ). Due to the presence of the
wo carboxylic acid groups, FDA is considered to be a biore-
ewable building block to form polymers from biomass and
herefore become an alternative to terephthalic, isophthalic
nd adipic acids, which are all produced from fossil fuels. Sug-
rs in the form of mono- and disaccharides are easily available
rom biomass. The hexose type monosaccharides such as glu-
ose and fructose can be catalytically dehydrated into HMF
Corma et al., 2007; Gallezot, 2007; Moreau et al., 2004 ). HMF
an then be oxidized into FDA using a variety of routes and
eaction types with stochiometric amount of oxidants. Most of
hem are described in a review by Lewkowski (2001) , including
lectrochemical oxidation, use of barium and potassium per-
anganates, nitric acid and chromium trioxide. In this section
e will focus on the recently reported catalytic routes for the
xidation of HMF into FDA.

.2.1. Oxidation of HMF to DFF
hough production of FDA from HMF has been of great interest

ecently, there are few papers on catalytic aerobic oxidation of
MF. In the catalytic route to form FDA the partially oxidized

ntermediate 2,5-diformylfuran (DFF) is often observed ( Fig. 2).
The dialdehyde is a useful product to form other deriva-

ives, and a number of studies have reported on the selective
ormation of DFF. Thus, Halliday et al. (2003) reported oxida-
ion of HMF to DFF using an in situ reaction protocol where

MF was directly generated from fructose and not isolated.
ence, using ion-exchange resins and, then, VOP-type cata-

ysts the authors obtained DFF with a maximum yield of 45%
7 ( 2 0 0 9 ) 1318…1327 1323

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 cata-
lysts (Zr, Nb, Cr, Fe modi“ed) as such or using a TiO 2 support
at 75…200� C and 1 MPa. However, the reported yields were
low (H 20: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 selectiv-
ity 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.

4.2.2. Oxidation of HMF to FDA
The above-described DFF may either be used as a valuable by-
product 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 conver-
sion 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 sub-
sequent oxidation of HMF in a MIBK/water mixture using solid
acids for fructose transformation and PtBi-catalyst encap-
sulated 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 “rst 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 met-
als revealed catalytic activities, only Pt supported on Al 2O3

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
operation a

Catalyst b Temp. Fructose
concentration

Solvent media c Highest
yield

Reference

B Hetero. 80 � C 3…4% (w/w) Water, MIBK 41% Carlini et al. (2005)
B Homo. 170 � C 10% (w/w) Water, DMSO, MIBK, 2-butanol, DCM 87% Chheda et al. (2007)
B Homo. 90 � C 3…50% (w/w) HMIM+ClŠ 92% Moreau et al. (2006)
B Hetero. 165 � C 10% (w/w) Water, MIBK 69% Moreau et al. (1996)
B Hetero. 80 � C 6% (w/w) Water 42% Carlini et al. (2004)

3% (w/w) 59%
B Homo. 180 � C 30% (w/w) Water, DMSO, PVP, MIBK, 2-butanol 76% Román-Leshkov et al. (2006)

50% (w/w) 71%
B Hetero. 90 � C 10% (w/w) Water, DMSO, PVP, MIBK, 2-butanol 59% Román-Leshkov et al. (2006)

30% (w/w) 54%
B Hetero. 110 � C 6…10% (w/w) Water 31% Carlini et al. (1999)
B 100 � C 6…10% (w/w) Water, MIBK 74%
C 85 � C 10…20% (w/w) Water 26%
B Hetero. 100 � C 6% (w/w) Water 85% Benvenuti et al. (2000)
C Hetero. 165 � C 0.5…3.5% (w/w) Water, MIBK … Rivalier et al. (1995)

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

€ 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 indus-
trial application ( Carlini et al., 1999 ).

€ Mode of operation
The dehydration process has mostly been studied in batch
operated reactors. Few researchers have examined a contin-
uous process. One exception is the work reported by Kuster
and Laurens (1977) , who developed a continuous homoge-
neous 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. How-
ever, 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 ion-
exchange 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 dif“culties of separa-

tion 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 “nd the proper extraction solvent. Amongst the sol-
vents 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. Puri“ca-
tion 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 sys-
tem with phase modi“ers. 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-2-
pyrrolidinone) (PVP) were added as modi“ers 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 modi“ed 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 modi-
“ers (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
ef“cient 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 fruc-
tose 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-
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ration, and 100 � C for glucose. 90% yield was achieved from
ructose and 70% yield from glucose.

Bicker et al. (2003) reported the use of benign solvents such
s acetone, methanol or acetic acid in a sustainable process
utline. They reported the dehydration of d-fructose to HMF

n sub- and supercritical acetone/water mixtures. The use of
his reaction media resulted in higher yields of HMF (77%
electivity, 99% conversion). No solid impurities (humins) were
ormed. The authors also claimed the potential for a techni-
al process based on this low-boiling point solvent, whereby a
rice for HMF of about 2 Euro/kg could be achieved if fructose
as available at a price of around 0.5 Euro/kg.

However all these new technology approaches for making
MF from fructose have been carried out at a small scale. On
larger scale Rapp has reported yields of � 2.5 kg HMF from

queous dehydration of fructose ( Rapp, 1987). The production
f HMF, close to a kg scale, has also been reported using DMSO
s the reaction media ( M•Bazoa et al., 1990 ). Nevertheless since
igh selectivity is crucial for implementing this reaction on an

ndustrial scale, the recent research has been highly focused
n alternative routes for improving the selectivity of the dehy-
ration reaction.

.2. Process implementation, integration and scale-up

n order to comply with the demands of ef“cient and spe-
i“c conversions of the chemical reactants in a biore“nery
ith a minimum of economic cost, a special focus on pro-
ess implementation, integration and scale-up must be paid.
he development of combined biological and chemical cat-
lytic reactions without intermediate recovery steps has
he potential to become an important future direction for
arrying out sustainable organic syntheses ( Hailes et al.,
007).

The synthesis of a variety of important chemical building
locks involves multistep reactions often catalyzed by a chem-

cal or biological catalyst. In many cases, the optimal operating
onditions are rather different for the individual steps of such
ynthesis reactions. However, it could prove favorable if such
eaction steps are combined or integrated, allowing them to
ccur concurrently, in proximity to one another, and at or
lose to their respective optimal operating conditions. Also
rom an engineering point of view, integration of unit oper-
tions could contribute to among other things simpler design,

ess equipment and less piping ( Koolen, 1998 ). Furthermore,
ntegration could reduce operating time and costs as well as
onsumption of chemicals and use of energy ( Bruggink et al.,
003). An important aspect of process integration is the dif-
erent working condition for the individual reactions. When
he aim is to match different reactions involving enzymes,
mportant factors such as enzyme stabilities, reaction rates,
eaction media (e.g. pH, temperature, pressure) and reactor
esign must be considered. Tools to aid integration of different
rocesses include reactor compartmentalization ( Fournier et
l., 1996; Byers et al., 1993; de Jong et al., 2008; Chen et al., 1997 ),
edium engineering ( Bao et al., 2008; Zhao et al., 2007 ), ISPR

Freeman et al., 1993; Woodley et al., 2008 ), optimized reactor
esigns ( Stankiewicz and Moulijn, 2003 ) and multifunctional
atalysts ( Bruggink et al., 2003 ).

The conversion of glucose to FDA involves three steps, each
ith different optimal physical and chemical parameters like

H, temperature and pressure. Furthermore, the catalysts are
f different nature with a bio-catalyst (enzyme) in the iso-
erization of glucose to fructose and a number of potential
7 ( 2 0 0 9 ) 1318…1327 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 consid-
ered. A valuable process implementation tool to achieve both
qualitative and quantitative understanding of the reaction
processes and their potential for improvement is mathemat-
ical modeling. A good model should facilitate knowledge and
understanding of the chemical reactions and include in a
quantitative manner the most important physical and chem-
ical 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 biore“neries and increased inter-
est 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 eco-
nomics of the biore“nery will act as a driver in many cases
to provide a means to develop higher value products along-
side 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 technol-
ogy 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 biore“nery
technology. Finally, the implementation of new technology for
biore“neries 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 sustain-
able processing methods as well as making use of sustainable
resources.
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