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Rey Juan Carlos University
● Public university founded in 1996 in Madrid.
● At present it has 35,000 students distributed in 4 campus.
● Energy-related studies offered at URJC:
- Energy Engineering degree.
- Chemical Engineering degree.
- Environmental Engineering degree.
- Environmental Sciences degree.
- Master on Energy Technologies and Resources.
● Biomass related research topics:
- Biodiesel synthesis with novel catalytic systems.
- Glycerol valorization.
- Catalytic pyrolysis of biomass-derived products.
- Biofuels production with fungi.
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IMDEA Energy Institute
● Research Institute founded in 2006 by the Regional Government of
Madrid.
● At present it has about 50 researchers organized in 6 research
units.
● Biomass related research topics:
- Biofuel synthesis by catalytic hydrodeoxygenation of bio-oils.
- Hydrogen production by catalytic decomposition of biogas.
- Development of enzymes for lignocellulose degradation.
- Lipids production with microalgae.
- Technical, economical and environmental assessment of the
biomass conversion routes.
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Fossil fuels versus biofuels

Fig. 1

CO2 cycles for petroleum- and biomass-derived fuels.
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We can consider three general classes of feedstocks derived
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First generation biofuels
● Use easily accessible edible biomass.
● This may have a negative impact on the supply of food for humans
and animals.
● Their extensive and continued production does not seem to be a
sustainable solution, causing deforestation problems in some
regions.
● Therefore, new alternatives for a more sustainable production of
biofuels (and also of chemicals according to the bio-refinery
concept) must be developed.
● They should be based on the use of widely available biomass
feedstocks not employed in the food production.
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Biomass feedstocks
● Polymeric compounds.
● High degree of
functionality.
● High content in
heteroatoms such as N,
P and mainly O.

els.

derived
renewyceride
presendes are

Fig. 2 Chemical structure of biomass feedstocks.

switchgrass, miscanthus, agricultural residues, municipal wastes,
and waste from wood processing. Lignocellulose is comprised
of three different fractions: lignin, hemicellulose, and cellulose.
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Biomass feedstocks: conversion technologies

Fig. 4 Routes for the conversion of biomass into liquid fuels. Red arrows refer to thermal routes, green arrows refer to biological routes, and blue
arrows refer to catalytic routes. Adapted from ref. 25.

from their intrinsic recalcitrance, these feedstocks are characterized by a high degree of chemical and structural complexity,
and, consequently, technologies for the conversion of these
resources into liquid hydrocarbon fuels typically involve
a combination of different processes. The methodology most
commonly used to overcome lignocellulose complexity involves

pretreatment–hydrolysis steps to yield aqueous solutions of C5
and C6 sugars derived from lignocellulose. While gasification and
Confidential
pyrolysis are pure thermal routes in which lignocellulose is
decomposed with temperature under controlled atmosphere,
aqueous-phase processing, in contrast, involves a series of catalytic reactions to selectively convert sugars and important plat-
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Biomass feedstock: lignocellulose
● One of the best sources for alternative biofuels is
lignocellulose.
● This material is the most abundant form of biomass in the
planet.
● It is widely available in the form of:
- Conventional wood
- Waste biomass
- Fast rotation crops
● It is a low cost raw material.
● However, its processing and transformation is complex and
expensive.
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routes to control C–C coupling and oxygen removal, such as
dehydration, aromatization and alkylation over acid zeolite
catalysts, aldol-condensation of alcohols and ketones over
bifunctional catalysts containing metal and basic sites, and
ketonization of carboxylic acids over basic oxides. Fourth, we
briefly consider an approach in which aqueous solutions of sug-

quent chemical/catalytic upgrading (Fischer–Tropsch synthesis,
hydrodeoxygenation) to produce fuel range hydrocarbons. The
second processing option for lignocellulosic biomass is fractionation/hydrolysis, an option by which sugars and lignin are
isolated from lignocellulosic biomass and processed selectively
through either biological or chemical pathways. In general,

Lignocellulose conversion technologies

Fig. 7

Strategies for conversion of lignocellulosic biomass to liquid biofuels by thermochemical and hydrolysis routes.
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The thermochemical route for the conversion of
lignocellulose into biofuels
● It Involves thermochemical processing of lignocelluloses at high
temperature and/or pressures.
● The thermal deconstruction of biomass yields intermediates such
as bio-oils by pyrolysis and synthesis gas by gasification.
● Thermal processing is coupled with the subsequent chemical
catalytic upgrading to produce fuel range hydrocarbons.
● It employs strong conditions, which usually leads to a wide variety
of products.
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The hydrolytic route for the conversion of
lignocellulose into biofuels
●

Lignocellulose must be separated into its components:
- Lignin
- Cellulose
- Hemicellulose
● They are then depolymerized to the corresponding building blocks.
● Mild reaction conditions can be employed.
● A relatively reduced number of products can be obtained with high
selectivity.
● Several of them can be employed as raw materials for the synthesis of
a variety of compounds with applications as chemicals and/or biofuels.
● The former are, therefore, considered platform molecules.
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Lignocellulose composition
● Cellulose: controlled cellulose
depolymerization results in
glucose.
● Lignin: is formed by aromatic
alcohol building blocks.
Controlled lignin
depolymerization is rather
difficult.
● Hemicellulose: it is
depolymerized into a mixture of
different sugars, formed mainly
by pentoses (xylose).
Fig. 4

Lignocellulose composition: cellulose, hemicellulose and lignin.

of processes utilizing lignocellulosic feedstocks.
at present, the cost of cellulosic ethanol is
two times higher than the cost of corn ethanol,
r price being attributed to the complexity of
9

from hemicellulose and cellulose, respectively.14,15 Although
lignin can be isolated, it is not readily amenable to upgrading
strategies. As such, one option for lignin utilization is to burn it
directly for the production of heat and electricity. A report by the
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Sources of triglycerides for the production of biodiesel include
various vegetable oils, waste oil products (e.g., yellow grease, trap
grease), and algal sources.8 Lignocellulosic biomass is the most
abundant class of biomass. While starch and triglycerides are
only present in some crops, lignocellulose contributes structural
integrity to plants and is thus always present. In general, most
energy crops and waste biomass considered for energy production are lignocellulosic feedstocks, with examples including

the most efficient way possible.

2. Lignocellulosic biomass
While attractive as an inexpensive and abundant feedstock,
lignocellulosic biomass must be broken into its constituent
parts to be efficiently processed by specific refining strategies.
Biomass fractionation is a difficult process and has contributed

Chemical platforms and biofuels from lignocellulose

Fig. 3 Biomass-derived feedstocks and platforms for conversion to biofuels.

1494 | Green Chem., 2010, 12, 1493–1513
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Chemical platforms from carbohydrates
Table 1
2004

The DOE top chemical opportunities from carbohydrates,

Succinic, fumaric and malic acids
2,5-Furan dicarboxylic acid
3-Hydroxypropionic acid
Aspartic acid
Glucaric acid
Glutamic acid
Itaconic acid
Levulinic acid
3-Hydroxybutyrolactone
Glycerol
Sorbitol
Xylitol/arabinitol

technology while demonstrating that this technology will lead to
identifiable marketplace products. In 2004, the US Department
of Energy (DOE) released the first of two reports outlining
research needs for biobased products. This publication described
a group of 15 (despite being colloquially known as the DOE
“Top 10” report) target structures that could be produced from
biorefinery carbohydrates.24,25 Its methodology was an effort to

Table 2 Criteria used in evaluatin
from carbohydrates
1.

The compound or technology
the literature. A high level of
broad technology areas and s
biorefinery.
2.
The compound illustrates a br
multiple products. As in the p
valuable technologies are tho
production of several differen
3.
The technology provides direc
petrochemicals. Products reco
provide a valuable interface w
utility.
4.
The technology is applicable t
processes leading to high volu
utility within key industrial se
5.
A compound exhibits strong p
that serve as starting materia
offer important flexibility and
6.
Scaleup of the product or a te
is underway. The impact of a
technology for its production
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7.
The biobased compound is an
prepared at intermediate or co
production improvements or

Chemical platforms from carbohydrates
Table 3

New top chemical opportunities from biorefinery carbohydrates, criteria for their inclusion and resulting technology needs

Compound

Criteria for inclusion

Illustrative general biorefinery technology needs

Ethanol

1, 2, 3, 4, 5, 6, 7, 8, 9

Furans

Furfural: 1, 2, 7, 8, 9

Glycerol and derivatives

HMF: 1, 2, 5, 8
FDCA: 1, 4, 5
1, 2, 3, 4, 5, 6, 7, 8, 9

Selective alcohol dehydrations; improved biochemical production of alcohols from
biomass (rate, yield, titer, product, pH, inhibitor tolerance); engineering of optimal
fermentation organisms
Selective dehydrations of carbohydrates; new catalysts and reaction media for
dehydration; reactive separations; selective oxidations of alcohols; improved oxidation
and dehydration catalysts; catalytic systems for reactions in aqueous solution

Biohydrocarbons

Isoprene: 1, 2, 3, 4, 6, 7

Lactic acid

Biohydrocarbons: 1, 2, 6
1, 2, 4, 7

Succinic acid

1, 2, 5, 6

Hydroxypropionic acid/aldehyde 1, 3, 4, 5

Levulinic acid

1, 2, 3, 5, 6, 8

Sorbitol

1, 2, 3, 4, 5, 6, 7, 8, 9

Xylitol

1, 2, 5, 8, 9

Reactions in aqueous solution; selective reductions and oxidations of polyols;
improved biological conversions of polyols
Improved biohydrocarbon production; engineering of organisms to convert sugars to
hydrocarbons; optimizing rate, yield, titer, product tolerance
Optimization of bioconversion of carbohydrates; bioprocesses with high rate, yield,
titer, product, pH and inhibitor tolerance; engineering of organisms to produce single
materials
Bioconversion of carbohydrates; optimization of yield, rate, titer, separation;
engineering of organisms for optimal production of target
Optimization of bioconversion of carbohydrates; bioprocesses with high rate, yield,
titer, product and inhibitor tolerance; engineering of organisms to produce single
materials; selective dehydrations of alcohols; selective reductions of carbonyl groups,
new selective hydrogenation catalysts; chemical processes in aqueous solution
Selective dehydrations of carbohydrates; improved separations of products; utility of
co-product schemes by biorefinery; improved catalysts for selective carbohydrate
conversion processes
Selective hydrogenolysis of polyols; new catalysts for reduction of carbohydrate
derivatives; selective dehydrations of polyols; comparative assessment of chemical and
biochemical conversion technology; selective bond breaking/bond making
technology for polyols
Selective hydrogenolysis of polyols; new catalysts for reduction of carbohydrate
derivatives; selective dehydrations of polyols; comparative assessment of chemical and
biochemical conversion technology; selective bond breaking/bond making
technology for polyols

the chemical industry. A combination of this potential with the
development of more efficient HMF production and one pot
dehydration/oxidation of sugars to FDCA led to its retention.
Conversely, glutamic acid was included in 2004 because its status
as an existing commercial product suggested high potential as
a source of new, albeit speculative, derivatives. Since glutamic

Overview of the revised top chemical opportunities
from biorefinery carbohydrates
Confidential
The following sections provide a more detailed overview of the
recent technology advances that contributed to identification of
the compounds in Table 3 and the ability of these compounds
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Routes for the conversion of lignocellulose
sugars into chemicals and biofuels
● Fuels from sugars can be obtained by conventional fermentation
resulting mainly in the formation of bioethanol.
BIOCHEMICAL ROUTE
● Alternatively, by means of a number of chemical conversion processes,
fuel-type molecules can be synthesized. They typically involves the use
of different type of catalysts.
CHEMICAL ROUTE
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Routes for the conversion of lignocellulose
sugars into chemicals and biofuels
● The chemical route requires the controlled degradation of natural
polymers and the development of highly selective transformations of
sugars into target molecules.
● Challenges to be faced include the need to selectively convert highly
functionalized molecules and the control of phase effects.
● Approaches to solve these challenges usually involve novel catalytic
materials as well as novel reaction systems.
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Routes for the conversion of cellulose and hemicellulose
● Two main pathways are considered here for the conversion of cellulose
and hemicellulose into chemicals and fuels by means of chemical
transformations.
● The first one involves the selective conversion of cellulose and
hemicellulose into platform molecules.
● The second one pathway comprises a variety of processes for the
aqueous-phase conversion of cellulose and hemicellulose or derived
platforms into liquid hydrocarbons that could be used as transportation
fuels.

Cellulose
Hemicellulose

Platform
molecules

Liquid
Hydrocarbons
Confidential
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thylfuran

SUGARS
C6
H2
Dehydration

R-‐OH

R-‐COOH

Selective transformation of sugars
towards platform molecules

2-‐Methylfuran
Etherification
Hydrogenation
● Among the different platform
molecules that can be obtained from
Esterification
Hydrogenolysis
5-‐5HMF
cellulose and hemicellulose,
furfural (2-furaldehyde),
hydroxymethylfurfural (5-HMF)
and levulinic acid (LA) are of high
SUGARS
interest for the production of a large
C6 variety of compounds with industrial
Dehydration
Furanics
applications.
Dimethylfuran
H2
H2
R-‐OH
R-‐COOH
HCOOH
● They are featured by
their high reactivity.
H2
Dehydration

Hydrogenation

HFurfural
ydrogenolysis
MTHF

H5-‐
ydrogenation
HMF
Dehydration

thylfuran
H2

Etherification
Esterification
Levulinic	
  Acid

Esterification
H2
HCOOH

Hydrogenatio

R-‐OH
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Selective transformation of sugars
towards platform molecules

View Online

Scheme 9 Biomass-derived platform molecules from dehydration of monosaccharides.

yields >90% using acid resins as catalysts in pure DMSO.84
The advantage of using DMSO as solvent is that it avoids
the formation of levulinic and humic acids; however, the main
disadvantages of DMSO is that it is difficult to separate from
HMF, along with the possible formation of toxic S-containing
by-products. DMSO–acetone (30 : 70 w/w) mixture has also
been used as a solvent in the dehydration of fructose to HMF
using sulfated zirconia as the acid catalyst
under microwave
Confidential
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86
heating. Fructose conversion of 93% with an HMF yield of
72.8% was achieved at 180 ◦ C for 20 min. Levulinic and formic
acids were detected in minor amounts (1.5 and 5% respectively),

thylfuran

Dehydration of hexoses into furan compounds:
5-HMF and derivatives
● Dehydration of hexoses in acid media leads to the formation of 5(hydroxymethyl)furfural (5-HMF).
● This is a significant intermediate for the synthesis of a great variety of
SUGARS
chemicals and biofuels.
C6
● The different strategies of 5-HMF synthesis from hexoses will be next Furanics
2
discussed,Haddressing
also their catalytic R-‐OH
transformation
R-‐COOH into valuable
Dehydration
biofuels and chemicals.

Hydrogenation

Hydrogenolysis

Etherification
Esterification

5-‐HMF
Dehydration

thylfuran
H2

HCOOH

H2
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Synthesis of 5-HMF: Dehydration of hexoses
● Dehydration of hexoses into 5-HMF has been
carried out using different catalysts:
homogenous acids (p-toluenesulfonic acid,
H2SO4 and HCl) as well as heterogeneous
catalysts (ion exchange resins, H-form H2
zeolites, vanadyl phosphate and ZrO2).
● Reaction conditions ranges from temperatures
between 100 and 200 oC using conventional
2-‐Methylfuran
heating (reaction
times up to 48 hours
Hydrogenation
depending on the catalytic system)
as well as
ydrogenolysis
microwave heating operating withHshort
reaction times, usually in the range of minutes.

SUGARS
C6
R-‐OH

Dehydration

Etherif
Esterifi

5-‐HMF
Dehydration

Dimethylfuran

HCOOH

H2
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Synthesis of 5-HMF: Dehydration of hexoses
Solid acid catalysts are more desirable for
this reaction and displays significant
advantages in comparison with liquid acid
catalysts:
● They can be easily separated from the H2
reaction product and then recycled.
● They allow working under higher
temperature, which leads to shorten the
2-‐Methylfuran
reaction time
and to avoid the 5-HMF
Hydrogenation
decomposition due to prolonged reaction
Hydrogenolysis
times.
● Likewise, the tuning of their surface acidity
provides a better control of the 5-HMF
Dimethylfuran
selectivity.
H2

SUGARS
C6
R-‐OH

Dehydration

Etherif
Esterifi

5-‐HMF
Dehydration
HCOOH
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Synthesis of 5-HMF: Dehydration of hexoses
Several reaction media have been used in
the dehydration of hexoses:
● Water media is not a suitable candidate,
since under aqueous acidic conditions
5-HMF rehydrates into side products H2
and undergoes self-condensation to
form both soluble polymers and
insoluble humins.
● In order to 2-‐Methylfuran
minimize these secondary
Hydrogenation
reactions, the use of high-boiling
Hydrogenolysis
organic solvents have been proposed.

SUGARS
C6
R-‐OH

Dehydration

Etherific
Esterific

5-‐HMF
Dehydration

Dimethylfuran

HCOOH

H2
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H

Synthesis of 5-HMF: Dehydration of hexoses
● Pure dimethyl sulfoxide (DMSO) in
presence of acid resins gave a 5-HMF
yield over 90 % starting from fructose,
whereas in water media the yields are
hardly over 60 %.
H2
● Fructose and glucose have been
dehydrated to 5-HMF with selectivities of
89 % and 53 %, respectively, with high
sugar conversions in a system
2-‐Methylfuran
comprised of DMSO, combinedHydrogenation
with an
organic extracting phase (mixture
of
Hydrogenolysis
methyl isobutyl ketone and 2-butanol).

SUGARS
C6
R-‐OH

Dehydration

Etherificat
Esterificat

5-‐HMF
Dehydration

Dimethylfuran
H2

R-‐COO

HCOOH
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H2

Synthesis of 5-HMF: Dehydration of hexoses
Another relatively new system to produce 5HMF involves the use of ionic liquids (ILs).
● Several works have been reported in
literature combining ILs with homogeneous
H2
and heterogeneous catalysts.
● The main drawbacks associated with the
use of ILs are the need of purification steps
for solvent recycling, potential sensitivity to
2-‐Methylfuran
moisture and impurities, as wellHas
their
ydrogenation
high cost, which hinder the commercial
Hydrogenolysis
applications.

SUGARS
C6
R-‐OH

Dehydration

Etherificat
Esterificat

5-‐HMF
Dehydration

Dimethylfuran
H2

R-‐COO

HCOOH
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H2

Synthesis of 5-HMF: Dehydration of hexoses
● Dehydration processes are more efficient
and selective towards 5-HMF when
starting from fructose than from glucose.
● However, glucose is more abundant and
H2
readily available.
● Therefore, there is an important incentive
to transform glucose into 5-HMF with high
yields.
2-‐Methylfuran
Hydrogenation

Hydrogenolysis

SUGARS
C6
R-‐OH

Dehydration

Etherificat
Esterificat

5-‐HMF
Dehydration

Dimethylfuran
H2

R-‐COO

HCOOH
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H2

Synthesis of 5-HMF: Dehydration of hexoses

March 2011
9/C0GC00639D

● A new strategy has been developed recently to obtain 5-HMF from
glucose based on the combination of a basic catalyst (Al/Mg hydrotalcite)
and an acid catalyst (Amberlyst-15).
● The basic catalyst is the responsible of the isomerization of glucose into
fructose and the acid catalysts promote the subsequent dehydration toView
5- Online
HMF. The authors reported a 5-HMF selectivity of 76 % with a glucose
conversion of 60 % using this combination of catalytic systems.

Scheme 11 One-pot synthesis of 5-hydroxymethylfurfural (HMF) starting from glucose.
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Synthesis of 5-HMF: Dehydration of hexoses
● The use of polyssacharides, cellulose and
lignocellulose directly as feedstocks for the
production of 5-HMF is quite interesting
from a commercial point of view.
● The processing of these highly
H2
functionalized polysaccharides eliminates
the need of obtaining simple carbohydrate
molecules by acid hydrolysis in a separate
processing
step.
2-‐Methylfuran
ydrogenation
● This approach has been poorlyHdescribed
ydrogenolysis
in literature but there are someHinteresting
works recently published.

SUGARS
C6
R-‐OH

Dehydration

Etherificat
Esterificat

5-‐HMF
Dehydration

Dimethylfuran
H2

R-‐COO

HCOOH
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H2

Synthesis of 5-HMF: Dehydration of hexoses
● It has been described the continuous
production of 5-HMF from simple and
complex carbohydrates using a porous metal
oxide-based catalyst (ZrO2 and TiO2) and
with methyl isobutyl ketone as solvent. H
A2
cellulose conversion of 87 % and 5-HMF
selectivity of 35 % were obtained using this
catalytic system.
2-‐Methylfuran
Hydrogenation

Hydrogenolysis

SUGARS
C6
R-‐OH

Dehydration

Etherifica
Esterifica

5-‐HMF
Dehydration

Dimethylfuran

HCOOH

H2
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H

SUGARS
C6
derivatives:

Synthesis of 5-HMF
H acid
Levulinic
2

Dehydration

● Levulinic acid (LA, 4-oxopentanoic
acid) is an2-‐Methylfuran
important biomass
Hydrogenation
derivative that can be obtained
by
Hydrogenolysis
hydrolysis of 5-HMF.
● LA can be also produced by acid
treatment Dimethylfuran
of lignocellulosic wastes,
such as paper mill sludge, urban
H2
waste paper, and agricultural
residues, through the Biofine
process.
Hydrogenation
MTHF

R-‐OH

R-‐COOH

Etherification
Esterification

5-‐HMF
Hydrolysis

Dehydration
HCOOH

Levulinic	
  Acid
Esterification

H2

Hydrogenation

Hydro

R-‐OH
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SUGARS
derivatives: C6

Synthesis of 5-HMF
H
Levulinic acid

R-‐OH

2

● The biomass feedstock is mixed with sulfuric
acid (1.5–3 wt%) and introduced into a first
reactor (plug flow),
where hydrolysis of the
2-‐Methylfuran
Hydrogenation
carbohydrates to intermediates (5-HMF)
Hydrogenolysis
takes place with a short residence time
(12 s)
to minimize the formation of degradation
products.
Dimethylfuran
● In a second reactor (stirrer tank), the
H2
intermediates are converted into levulinic
acid and formic acid with a residence time
close to 20 min.
● Yields towards levulinic acid are around
Hydrogenation
70-80 %, being the rest of the mass collected
MTHF
as formic acid (20 %)
and a solid residue
(humins).

Dehydration

R-‐COOH

Etherification
Esterification

5-‐HMF
Hydrolysis

Dehydration
HCOOH

Hydrogenation

Levulinic	
  Acid
Esterification

R-‐OH
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SUGARS
C6
H2

Furanics

R-‐OH
R-‐COOH
Synthesis
of
5-HMF derivatives:
Dehydration
γ-valerolactone

Etherification
● Levulinic acid can converted to
γ-valerolactone (GVL) by catalytic
Hydrogenation
Hydrogenolysis
hydrogenation5-‐atHMF
relatively lowEsterification
temperatures (373-543 K) and high

pressures (50-150 bars), using both homogeneous and heterogeneous
catalysts.
Dehydration
HCOOH

H2

Hydrogenation

Levulinic	
  Acid
Esterification

R-‐OH

R

H2

Hydrogenation

γ-‐ Valerolactone
Hydrogenation

R-‐OH
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Synthesis of 5-HMF derivatives:
Levulinic acid and γ-valerolactone

ded by UNIVERSITY REY JUAN CARLOSI - on 23 March 2011
on 04 January 2011 on http://pubs.rsc.org | doi:10.1039/C0GC00639D

● Recently, several works have reported a simple process for the
production of GVL which integrates hydrolysis/dehydration of the
carbohydrates to form LA and the subsequent hydrogenation to
GVL in a single step.
Scheme 11 One-pot synthesis of 5-hydroxymethylfurfural (HMF) starting from glucose.

Scheme 12

One-pot synthesis of GVL from fructose.

Table 4 One-pot synthesis of 5-(hydroxymethyl)furfural (HMF) from
mono- and disaccharides using HT and Amberlyst-15a
Substrate

Conversion (%) HMF selectivity (%)

Monosaccharide Fructoseb
Glucosec
Disaccharide
Sucrosed
Cellobiosed

>99
73
58
52

a

76
58
93
67

Reaction conditions: Substrate (0.1 g), HT (0.1 g), Amberlyst-15 (0.1

(TFA) catalyzes the dehydration of the sugar to HMF, which
is subsequently transformed to levulinic acid. Hydrogenation of
the later compound on the Ru catalyst gives 4-hydroxypentanoic
acid, which easily cyclizes to GVL. Reactions were performed in
water at 180 ◦ C in the presence of hydrogen or formic acid as the
hydrogen source (Scheme 12). The highest Confidential
yield of GVL (52%)
34
was obtained using formic acid and starting from D-fructose
after 16 h reaction, the major by-products being insoluble solids

thylfuran

SUGARS
C6
H2

Catalytic transformation Dofehydration
5-HMF and
derivatives into oxygenated biofuels

R-‐OH

R-‐COOH

2-‐Methylfuran
● The catalytic upgrading ofHthese
platform molecules (5-HMF, LA and Etherification
ydrogenation
GVL) into second generation biofuels, maintaining the carbon skeletonEsterification
Hydrogenolysis
5-‐HMF
integrity, is currently of great interest.
SUGARS
● This alternative could avoid theCenergy losses and CO2 emissions
6
Dehydration
typically
occurring in the production of ethanol
by fermentation.
Furanics
Dimethylfuran
H2
H2
R-‐OH R-‐COOH
HCOOH
H2
Dehydration

Hydrogenation

HFurfural
ydrogenolysis
MTHF

H5-‐
ydrogenation
HMF
Dehydration

thylfuran
H2

Etherification
Esterification

Levulinic	
  Acid

Esterification
H2
HCOOH

Hydrogenatio

R-‐OH
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Methylfuran

Catalytic transformation of 5-HMF into
oxygenated biofuels
● 5-Alkoxymethylfurfural ethers and esters can be produced by
reacting a glucose-containing starting material with an alcohol or an
organic acid in the presence of an acid catalyst.
● These compounds are named as Furanics compounds. Their high
energy density makes them very interesting biofuels. For instance, the
energy density of ethoxymethylfurfural (EMF) is 8.7 kWh/L, which is
similar to that of gasoline (8.8 kWh/L).
SUGARS
C6
H2
Dehydration

Hydrogenation

Hydrogenolysis

R-‐OH

Etherification
Esterification

5-‐HMF
Dehydration

methylfuran
H2

R-‐COOH

Furanics

HCOOH

H2
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Catalytic transformation of 5-HMF into
oxygenated biofuels
● The catalytic hydrogenation/hydrogenolysis of 5-HMF leads to 2,5dimethylfuran (DMF) and 2-methylfuran (2-MF)
● Both compounds show high octane number, limited
oxygen content and
SUGARS
SUGARS
good miscibility with gasoline.
C6
H2

C6

H2

R-‐OH

Dehydration

R-‐OH R-‐COOH

Dehydration

2-‐Methylfuran

2-‐Methylfuran

Hydrogenation

Hydrogenolysis
Hydrogenation

Hydrogenolysis

Dimethylfuran

Dimethylfuran

H2

H2

Etherification
Esterification

5-‐HMF

Dehydration

F

Etherification
Esterification

5-‐HMF
Dehydration

R-‐COOH

Fura

H2

HCOOH

HCOOH
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Hydrogenation

γ-‐ Valer

Catalytic transformation of LA
and GVL
SUGARS
C
into oxygenated biofuels
6

Fura

H2

R-‐OH R-‐COOH
D
ehydration
converted by hydrogenation, yielding

● Levulinic acid (LA) can be also
methyltetrahydrofuran (MTHF).
● MTHF can
be blended up to 70% with gasoline without modification of
2-‐Methylfuran
Etherification
Hydrogenation
current internal combustion
engines.
Esterification
Hydrogenolysis
5-‐HMF
● The lower heating value of MTHF compared with gasoline is
compensated by its higher specific gravity.
Dehydration

Dimethylfuran

HCOOH

H2

Hydrogenation
MTHF

Levulinic	
  Acid
Esterification

H2

Hydrogenation

Hydrogenation

R-‐OH
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2-‐Methylfuran

Hydrogenation

Hydrogenolysis

Etherification
Esterification

5-‐HMF

Catalytic transformation of LA
into
Dehydration
Dimethylfuran
oxygenated biofuels
H2
● Esters of LA (levulinates) can be produced by
reaction either with methanol or ethanol.
Hydrogenation
● LA esters are quite similar to the biodiesel fatty
acid methyl esters (FAME),
MTHF but they do not have
their principal drawbacks (cold flow properties
and gum formation). The addition of ethyl or
methyl levulinate to FAME would be expected to
alleviate these problems.
● Levulinates are free of sulphur

HCOOH

Hydrogena

Levulinic	
  Acid
Esterification

R-‐OH

R

Levulinates
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Catalytic transformation of GVL into
oxygenated biofuels
● GVL can be hydrogenated to yield valeric acid and
subsequently esterified with alcohols leading to alkyl
valerate esters (“valeric biofuels”).
● Gasoline blended with 10-20 % of ethylvalerate
(EV) comply with the European gasoline standards.
● EV blends show an improvement of some gasoline
properties (increase of octane number and lowering
of aromatics, olefins and S contents).
● EV also offers the advantages of having higher
energy density and lower blending volatility than
ethanol.
!
!
"#$%&'!()!!!"#$%&'(")'$*%'+)",#-$."/'"('"012%/3$%,'4."(#%5&'()"6'789:;'+53$(")6'6"5%-#5%<!
!
!

Confidential

40

!

Catalytic transformation of 5-HMF and
derivatives into oxygenated biofuels

!
!
"#$%&'!()!!!"#$%&'(")'$*%'+)",#-$."/'"('"012%/3$%,'4."(#%5&'()"6'789:;'+53$(")6'6"5%-#5%<!

!

Figure 1. Routes for the production of oxygenated biofuels from 5-HMF.
!
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!
4"@* '#2&(#!%5*
OH* !",)/* :%* ,2%/* ?"@* E@"/,!&'"#* "?* (!@1)'!* (!'/* (#/* 2,!!'#'!* (!'/* $'(* "9'/(&'$%
A#*.@"/,!&'"#*
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?(;')1*)(!&"#%2*
"?* !<%;'!()*
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OH*'#&"*
'2* ()2"*
V,'
E@"!%22%23*
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&"*?@";*
%#&%@*
(* )(@D%
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2")$%#&*;(@G%&5*(2*&<%2%*!";E",#/2*;(1*:%*!"#$%@&%/*'#&"*(#()"D2*"?*07;%&<1)E1@@")'/'#"#%
5-HMF can
be oxidized
with
air using
Au/%@'$%/*
supported
catalysts
form 2,5-&"* %#&%@* '#&
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#%L*E")1%2&%@23*
Furandicarboxylic
acid (2,5-FDCA) and their dimethyl ester (DMFD).
+";E)%&%*@%/,!&'"#*"?*OH*)%(/2*&"*Q5P7E%#&(#%/'")5*L<'!<*!",)/*:%*,2%/*?"@*&<%*E@"/
!
These compounds
are able to replace terephthalic, isophthalic, and adipic
#%L*E")1%2&%@23*
!
acids in the manufacture
of polyamides, polyesters and polyurethanes.
!
!

Catalytic transformation of 5-HMF into chemicals

●
●
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+";E)%&%*@%/,!&'"#*"?*OH*)%(/2*&"*Q5P7E%#&(#%/'")5*L<'!<*!",)/*
transformation
of 5-HMF into chemicals
#%L*E")1%2&%@23*
#%L*E")1%2&%@23*
! !
! !

● 2,5-Furandicarboxaldehyde (2,5DFF) can be obtained also by
oxidation of 5-HMF.
● In particular air-oxidation over
vanadium oxide catalysts in presence
of different solvents has shown
interesting results.
● 2,5-DFF is a versatile compound: it
has various useful applications as a
monomer and as a starting material
for the synthesis of pharmaceuticals,
fungicides and new polymeric
materials.

! !
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● 2,5-BHMF is used in the manufacture of polyurethane foams, and 2,5")1%2&%@23*
!

Catalytic transformation of 5-HMF into chemicals

BHTHF can be used as an alkyl diol in the preparation of polyesters and
as coating solvents.
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Catalytic
transformation of 5-HMF into chemicals
#%L*E")1%2&%@23*
#%L*E")1%2&%@23*
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!!

● 5,5-(oxy-bis(methylene))bis-2furfural (OBMF) can be obtained
by etherification of 5-HMF.
● This compound is an interesting
precursor for the preparation of
imine-based polymers and antiviral
precursors.

!!
"#$%&'!()!!M",&%2*?"@*&<%*E@"/,!&'"#*"?*$(),(:)%*!<%;'!()2*?@";*67IC4*E)(&?"@;*;")
"#$%&'!()!!M",&%2*?"@*&<%*E@"/,!&'"#*"?*$(),(:)%*!<%;'!()2*?@";*67IC4*E)(&?"@;*;
!!
!!

Confidential

45

!!
A#*
&<%*
"&<%@*
<(#/5*
&<%*
?(;')1*
"?*
!<%;'!()*
!";E",#/2*
($(')(:)%*
?@";*
OH*
()2"*
V
A#*
&<%*
"&<%@*
<(#/5*
&<%*
?(;')1*
"?*
!<%;'!()*
!";E",#/2*
($(')(:)%*
?@";*
OH*
'2*'2*
()2"*
V,
4"@*'#2&(#!%5*
'#2&(#!%5*OH*
OH*!",)/*
!",)/*:%*
:%*,2%/*
,2%/*?"@*
?"@*E@"/,!&'"#*
E@"/,!&'"#*"?*
"?*(!@1)'!*
(!@1)'!*(!'/*
(!'/*(#/*
(#/*2,!!'#'!*
2,!!'#'!*(!'/*
(!'/*$'(
$
4"@*
E@"!%22%23*.@"/,!&'"#*
.@"/,!&'"#*"?*
"?*OH*
OH*/%@'$%/*
/%@'$%/*)(!&"#%2*
)(!&"#%2*"??%@2*
"??%@2*&<%*
&<%*"EE"@&,#'&1*
"EE"@&,#'&1*&"*
&"*%#&%@*
%#&%@*'#
E@"!%22%23*
2")$%#&*;(@G%&5*(2*&<%2%*!";E",#/2*;(1*:%*!"#$%@&%/*'#&"*(#()"D2*"?*07;%&<1)E1
2")$%#&*;(@G%&5*(2*&<%2%*!";E",#/2*;(1*:%*!"#$%@&%/*'#&"*(#()"D2*"?*07;%&<1)E1@
+";E)%&%*@%/,!&'"#*"?*OH*)%(/2*&"*Q5P7E%#&(#%/'")5*L<'!<*!",)/*:%*,2%/*?"@*&<%*E@
+";E)%&%*@%/,!&'"#*"?*OH*)%(/2*&"*Q5P7E%#&(#%/'")5*L<'!<*!",)/*:%*,2%/*?"@*&<%*E@"
Catalytic
transformation of 5-HMF into chemicals
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!!
● Although
! ! homogenous catalysts have

been reported, such as NaOH and ptoluenesulfonic, the large amount of
wastes, which is formed from acid and
base neutralization, is an important
drawback.
● Recently, the use of micro- and
mesoporous aluminosilicates with
Brönsted and Lewis sites has been
reported. This is the case of Al-MCM-41
that working with trifluorotoluene as
solvent at 100 oC gave a 99 % OBMF
yield in just 1 hour of reaction.
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Figure 2. Routes for the production of valuable chemicals from 5-HMF.
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Catalytic transformation of LA into chemicals
● The family tree of
chemical
compounds
available from LA
is also quite
broad.

Fig. 8 Formation and transformations of levulinic acid.

xylose consumers, and being better able to maintain the redox
balance necessary for high yield xylitol production.185,186 Xylose
concentrations of up to 38 g L-1 were observed in batch systems
using engineered E. coli expressing xylose reductase from
C. boidinii.187 An issue in biochemical and chemical production

of sorbitol to light alkanes via aqueous phase reforming.191
Pt/Al2 O3 is the preferred catalyst
for the transformation, and
Confidential
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promotes conversion of sorbitol into hexane at 50% selectivity.
The remainder of the sugar is converted to lighter materials
(Fig. 9). The bifunctional catalyst induces several reactions.

Dehydration of pentoses into furans:
synthesis of furfural and derivatives
● Hemicellulose is an heterogeneous polymer of pentoses (xylose,
arabinose), hexoses (mannose, glucose, galactose) and sugar acids.
● Hemicellulose accounts for more than 80 wt% of leaves, although is
present in lower amounts (30-40%) in woody biomass.
● In contrast with cellulose, hemicellulose can be easily hydrolyzed with
dilute acids under moderate conditions, yielding a mixture of sugars.
Among them, xylose is one of the most abundant.
● In a similar way to the formation 5-HMF from hexoses, dehydration of
pentoses results in the production of furfural, which has been proposed
as a viable platform chemical to be integrated in biorefineries.
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Synthesis of furfural: dehydration of xylose
● Furfural is usually obtained from agricultural raw materials rich in
pentoses.
● Furfural can be used as a raw material for the synthesis of several nonpetroleum derived chemicals such as furfuryl alcohol and
tetrahydrofuran (THF).

Figure

!
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Routes for the production of valuable chemicals
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from furfural.
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Synthesis of furfural: dehydration of xylose
● Currently furfural is produced in a dehydration process using biomass
pretreated with sulfuric acid and hot steam.
● In this process, furfural must be removed to avoid further reaction
dehydration to solid carbonaceous by-products (humins).

!
"#$%&'!()!!"#$%&'!(#)!%*&!+)#,$-%.#/!#(!012$132&!-*&4.-12'!()#4!($)($)125!
!
!
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Synthesis of furfural: dehydration of xylose
● When employing pure xylose solutions, biphasic reactors has proved to
be very effective for the selective production of furfural.
● A biphasic reactor using methyl-butyl ketone and acidified water can
achieve 85% furfural yield, while the treatment of the pure aqueous
solution results in a yield of only 30%.
● Furfural is dissolved in the organic phase, which avoids the formation of
undesired carbonaceous compounds.
● The use of microwave heating increased slightly the efficiency of the
process, while the addition of salts to the aqueous solution promoted the
extraction of furfural.
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Synthesis of furfural: dehydration of xylose
● Dehydration of xylose into furfural has been also studied using a large
variety of heterogeneous catalysts from supported heteropolyacids to
ion exchange resins.
● In general, the selectivity of the dehydration is moderate.
● Although all type of acidic sites catalyze dehydration of C5 sugars,
Brønsted acidity enhances the selectivity to furfural. In contrast, Lewis
centers decrease the yield of furfural as it promotes formation of humins.
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Synthesis of furfural: dehydration of xylose
● Biphasic systems also provide better results when using heterogeneous
catalysts. Thus, treatment of xylose in a toluene–water mixture at 160oC
using modified acidic zirconia catalysts gave a 45% selectivity towards
furfural at 95% conversion.

!
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Catalytic transformation of furfural into chemicals
● The main product prepared from furfural
with industrial relevance is furfuryl
alcohol (FFA), which is obtained by
catalytic hydrogenation.
● This product is widely used for polymers
and fine chemicals production.
● The production of FFA is expected to
increase on average at a rate of 5%
annually during next years.
!
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Catalytic transformation of furfural into chemicals
● The best results have been obtained
using copper based catalysts.
● Copper chromite was traditionally
used for this process but new
formulations have been developed
due to the toxicity of chromium.
● Remarkable selectivity to FFA can
be also obtained using amorphous
metallic alloys in ethanol solutions.
This is the case of Ni-P-B alloys.
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Catalytic transformation of furfural into chemicals
● Tetrahydrofuran (THF) can be also produced by decarbonylation
of furfural to furan followed by catalytic hydrogenation.
● This compound can be employed in the synthesis of Nylon 6,6.
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Aqueous-phase conversion of sugars and derivatives
into liquid hydrocarbons for transportation fuels
● In the last years, new routes for the transformation of a variety of
biomass derivatives, such as sugars, into liquid hydrocarbons in
aqueous media and using different catalysts have been proposed.
● The fundamental advantage of these routes, in comparison with
traditional gasification and pyrolysis processes for the transformation of
biomass, is the use of mild reaction conditions, which allows for a better
control of the selectivity towards the targeted products.
● However, catalytic treatments of aqueous solutions are relatively
complex, they require a series of pretreatments of the biomass and
produces lignin residues, which should be energetically valorized by
combustion.
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Aqueous-phase conversion of sugars and derivatives
into liquid hydrocarbons for transportation fuels
● The production of hydrocarbons from biomass derivatives implies
profound chemical transformations, in order to decrease the functionality
provided by the high oxygen content of these products.
● Another significant limitation is that sugars molecules are formed by five
or six carbon atoms, but liquid hydrocarbons for transportation fuels
have a larger chain (up to C20 for diesel).
● Consequently, very efficient catalysts for deoxygenation and
oligomerization processes in aqueous solutions must be developed.
● In addition, two aspects are crucial to ensure the economic feasibility of
the aqueous phase route:
(i) reduction of the number of processing steps
(ii) deoxygenation should proceed with minimal consumption of
hydrogen from external sources.
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Conversion of HMF and furfural into
hydrocarbon biofuels
● Furfural and HMF can be used
as feedstocks for the production
of n-alkanes by means of
successive reactions of
dehydration, hydrogenation and
aldol-condensation.
● Aldol condensation reactions are
essential for obtaining
hydrocarbons with longer chain.
● The carbonyl group in the furan
molecules reacts with other
carbonyl-containing molecule,
such as acetone, which can be
also obtained from biomassderived sources.

0,<3*)$!7++I#4)"2+<#.+);"+0.#!41)*#'+#<+;
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Conversion of HMF and furfural into hydrocarbon fuels
● The bulky compounds generated from aldol condensation present a
reduced polarity, and consequently they are separated spontaneously
from water solutions.
● This fact can be further promoted using biphasic reactors. The organic
phase accumulates the products of the condensation, shifting the
equilibrium.
● Due to the complexity of this process, it is necessary to use bifunctional
catalysts formed by both a metal with hydrogenation activity and a
support with base sites.
● In this respect, the use of the water-stable Pd/MgO–ZrO2 catalyst has
provided an overall carbon yield of about 80%.
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Figure 4.
+ Routes for the production of hydrocarbons from HMF in aqueous solution.
+
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Aqueous phase reforming of sugars
● One of the main drawbacks of the synthesis of hydrocarbons from
biomass feedstocks is the need of consuming large amounts of
hydrogen.
● This fact is detrimental for the overall CO2 emission balance of the
process because hydrogen is produced at present mainly by natural gas
reforming, and it also contributes to increment the operation costs.
● In order to decrease the demand of hydrogen, an alternative is the
catalytic reforming of oxygenated chemicals from sugars in liquid water
under moderate temperature conditions.
● This process is known as Aqueous Phase Reforming (APR), and it
allows large quantities of hydrogen to be generated in liquid phase.
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Aqueous phase reforming of sugars

conditions, resulting also in very low amounts of carbon monoxide.
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Aqueous phase reforming of sugars
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7. Summary

Aqueous phase processing of biomass

G.W. Huber, J.A. Dumesic / Catalysis Today 111 (2006) 119–132

131

The inherent complexity
of this process with
multiple steps and
multiphasic processes
makes this route difficult
to be implemented at
commercial scale.

Fig. 15. Self-sustaining biomass-refinery for conversion of biomass into liquid alkanes using aqueous-phase processing.
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cleavage and water-gas shift reactions, or it can be co-fed to the
reactor with the aqueous sorbitol reactant.
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Conversion of levulinic acid platform into
hydrocarbon fuels
● LA is first transformed into GVL.This process can achieve very high yields
(96 %) when operating at about 150 oC and high pressure (35 bars) using
non-acidic catalysts, such as Ru/C, for avoiding coke formation.
● Subsequently, aqueous solutions of GVL can be upgraded to liquid
hydrocarbon fuels by following either of these two pathways: the C9 route
and the C4 route.
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Conversion of levulinic acid platform into
hydrocarbon fuels
● In the C9 route, GVL is first transformed into pentanoic acid by means of
ring-opening (on acid sites) and hydrogenation reactions (on metal sites).
● Pentanoic acid is subsequently ketonized to 5-nonanone.
● Optimal results (90% yield) can be obtained by using a dual catalyst bed
with Pd/Nb2O5 for the formation of the acid and Ce0.5Zr0.5 O2 for the
ketonization. 5-Nonanone spontaneously separates from water, being
subsequently hydrogenated into the corresponding alcohol.
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Conversion of levulinic acid platform into
hydrocarbon fuels

● The C9 alcohol can be further
transformed via hydrogenation/
dehydration over the Pd/Nb2O5
catalyst into n-nonane.
● Alternatively, the 5-nonanol can
be upgraded using acid
catalysts into a number of
hydrocarbons, including
different isomers and long
!
chain alkanes obtained by
"#$%&'!()!!"#$%&%!'(!)$%!*+'#%,,!('+!)$%!#-)-./)0#!#'12%+,0'1!'(!.%23.010#!-#04!01)'!.05304!
oligomerization.
$/4+'#-+6'1!(3%.,7!
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!
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Conversion of levulinic acid platform into
hydrocarbon fuels
● More recently, a promising route to
upgrade aqueous solutions of GVL
into jet fuels through the formation
of C4 alkenes has been developed.
The process is based on a dual
reactor system.
● In the first catalytic reactor, the
GVL feed undergoes
decarboxylation at relatively
elevated pressures over a silica/
alumina catalyst, producing a gas
stream composed of butene
isomers and CO2.
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Conversion of levulinic acid platform into
hydrocarbon fuels
● In a second reactor connected in series,
the gaseous butene stream is passed
over an acidic catalyst (H-ZSM5,
Amberlyst 70) that promotes
oligomerization reactions, yielding a
distribution of alkenes with a maximum
contribution for C12.
● In order to avoid the poisoning of the
acidic sites, water must be removed
before the second stage.
● The maximum overall yield to C8+
alkenes reaches 75%.
● It can be considered a very promising
process with low hydrogen consumption.
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Conversion of levulinic acid platform into
hydrocarbon fuels
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process for the production of liquid hydrocarbon transportation fuels. The recovered xylose fraction, the insoluble lignin
fraction and the solid humins (i.e., insoluble polymerization
products formed during cellulose deconstruction) are sent to
a boiler/turbogenerator for the production of process heat and
electricity.
Future outlook
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Fig. 6 shows a schematic flowsheet of our cascade process
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Future outlook: chemical platforms
● The feasibility of transforming carbohydrates into valuable compounds by
dehydration coupled to oxidation, hydrogenation and acid/base catalyzed
reactions has been clearly evidenced in recent years.
● In order to improve these processes is important to avoid costly
separation and purification steps, which could be achieved by the
conversion of the raw materials in one-pot reactions.
● The design of novel multifunctional catalysts, suitable to work efficiently in
water or biphasic media, is a field that offers a great potential for novel
developments in the future.
● Among the different platform molecules that can be obtained, furfural, 5HMF and levulinic acid present a high potential for the production of
industrial solvents, polymers and fuels additives.
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Future outlook: hydrocarbon fuels
● Recent works have shown the interest of new routes for the catalytically
transformation of some biomass derivatives in aqueous phase into liquid
hydrocarbons.
● The fundamental advantage of these routes is the use of mild reaction
conditions, which provides a better control of selectivity.
● Thereby, very efficient catalysts for deoxygenation and oligomerization
processes in aqueous solutions must be developed.
● In addition, two aspects are crucial to ensure the economic feasibility of
the aqueous phase route: (i) reduction of the number of processing steps
and (ii) deoxygenation with minimal consumption of hydrogen from an
external source.
● In all cases, in addition to technical and economical feasibility of the new
processes, sustainability and environmental impact are essential factors
to take into account.
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biomass-derived reactant
C6 O6 H14 þ 6H2 ! C6 H14 þ 6H2 O

(2)

C6 O6 H14 þ 6H2 O ! 6CO2 þ 13H2

(3)

19
36
42
C6 O6 H14 ! C6 H14 þ CO2 þ H2 O
13
13
13

(4)

Fig. 6 shows the essential features of the bi-functional
reaction scheme for production of alkanes from sorbitol.
Hydrogen is produced on the metal by cleavage of C–C bonds
followed by the water-gas shift reaction. Dehydrated species
such as ring compounds (e.g., isosorbide) or enolic species are

The selectivities for production of various alkanes by APR
depend on the relative rates of C–C bond cleavage,
dehydration and hydrogenation reactions. The selectivities
for production of alkanes can be varied by changing the
catalyst composition, the reaction conditions, and modifying
the reactor design [18]. In addition, these selectivities can be
modified by co-feeding H2 with the aqueous sorbitol feed,
leading to a process in which sorbitol can be converted to
alkanes and water without the formation of CO2 (since H2 is
supplied externally and need not be produced as an
intermediate in the process). As another variation, the
production of alkanes can be accomplished by replacing the
solid acid with a mineral acid (such as HCl) that is co-fed with
the aqueous sorbitol reactant.

Production of alkanes from sorbitol

Fig. 6. Reaction pathways for production of alkanes from sorbitol over catalysts with metal and acidic components. (Figure adapted from [18].)
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