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Dehydration of sugars to 5-hydroxymethylfurfural (HMF) has recently been under intensive study by a multitude of research
groups. On the other hand, when lignocellulosic biomass is applied as the starting material, very few studies can be found in the
open literature. The direct synthesis of HMF, in line with the idea of “one-pot” synthesis strategy from lignocellulose, is demanding
since the overall process should encompass dissolution, hydrolysis, and dehydration steps in a single processing unit. Ionic liquid-
assisted methods to produce hydroxymethyl-furfural directly from lignocellulosic biomass are reported here together with a short
overview of the most important biofuels. In reality, HMF is not suitable to be used as a single-component fuel as such, and,
consequently, methods to produce HMF derivatives suitable as liquid fuels are reported.

1. Introduction

The demand for renewable energy is expected to significantly
increase from current levels, partially due to the depletion of
fossil fuels and, also, as a result of political decisions aiming
at reduced dependency on fossil resources. Among other ac-
tors, European Union (EU) has announced an ambitious
goal of reaching 20% renewable energy share by 2020 [1].
In fact, the focus on the use of renewable energy is at low
carbon-footprint fuels, resulting in reduced emissions of
greenhouse gases to countermeasure the ever-increasing glo-
bal use of fossil fuels affecting our biosphere [2]. Different
sources of renewable energy such as utilization of wind and
solar power, hydroelectric installations, and geothermal en-
ergy are used today. The use of biomass resources, either for
direct combustion (including thermal processes such as ga-
sification and pyrolysis) or as a source of raw material for var-
ious biological processes (fermentations; enzymatic transfor-
mation; anaerobic bacterial biogas production), as well as
chemical and catalytic processes exist that aim at liquid or

gaseous products. Transport sector stands for approximately
one-third of the world’s primary energy-consumption cur-
rently amounting to about 500 EJ [3]. Since, for example,
electric cars are not ideal for long distance transportation due
to the low energy capacity of even the best batteries of today,
there is a strong need to develop new liquid transportation
fuel mixes. Upon formulation of renewable fuels from bi-
omass, a general central step is to reduce the oxygen con-
tent embedded in the molecular structure of any biomass.
Various liquid biofuels were already used in the beginning
of the era of internal combustion engines (like vegetable oil
in the Diesel and alcohols in the Otto engines) [4, 5]. More
recently, a lot of varieties have been introduced. In order
to mention a few, ethanol in various blends with gasoline;
biodiesel, composed of fatty acid methyl or ethyl esters
(FAME, FAEE) produced from triglycerides and oils; renew-
able diesel fuels stemming from hydrotreatment or catalytic
deoxygenation of fatty acids and their derivatives, are
representative examples. In addition, various esters and
ethers from biomass have been synthesized. More recently,
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the Swedish oil company Preem AB [6] introduced in col-
laboration with another Swedish company, Sunpine AB [7],
a process where Tall oil (a residue from chemical pulping) is
refined to a synthetic, renewable “green diesel” to be blend-
ed with its conventional, fossil counterpart. Also, the Finnish
Neste Oil introduced a few years ago the NExBTL, synthetic
diesel that can be prepared from any oils and fats. Currently
the company is running its third refinery based on this con-
cept in Rotterdam, Netherlands [8]. The critical fuel proper-
ties of many biofuels (e.g., boiling point, corrosivity, water
miscibility, viscosity, and freezing point) are very different.
Since these properties determine the engine performance,
engine alterations are usually required.

The earlier processes to obtain upgraded (bio)fuels gen-
erally involve the use of homogeneous, heterogeneous, or bi-
ological (enzymes, microorganisms, and yeasts) catalysts,
such as strong mineral acids, solid acids, or altered bakers
yeasts which are summarized in [9]. Each and every one of
these processes has its pros and cons in terms of separation is-
sues, corrosivity, recyclability, and cost of operations. There-
fore, new solutions are needed.

Ionic liquids are promising solvents for lignocellulosic bi-
omass (e.g., wood) capable of dissolving cellulose and oth-
er biomass components [10]. Interesting research efforts are
ongoing to produce, not only sugars, but also HMF directly
from lignocellulose [11–13]. Ionic liquid-assisted dehydra-
tion of sugars and carbohydrates has been of high interest
during recent years and one review article covering this topic
can be found in [14]. The efforts have mainly been concen-
trating on the use of sugars and carbohydrates as starting
materials. However, only few reports can be found on
dehydration of lignocellulose with ionic liquids [11–13, 15].
The process concepts involve several steps (dissolution,
hydrolysis, isomerization, and dehydration) although it
would be beneficial to use only one reactor vessel for the
entire transformation train.

The philosophy of one-pot synthesis is to perform con-
secutive reaction steps in a single-reactor unit. Consequently,
resources and costs can be saved in the form of energy, equip-
ment, and apparatus as well as solvents. Also, separation of
each and every intermediate can thus be avoided [16]. The
challenge is, naturally, to determine the optimum reaction
conditions that facilitate the combination of several reac-
tions. Dehydration of glucose and lignocellulosic material
serves as an example of one-pot synthesis, since in the
former, glucose should first be isomerized followed by de-
hydration of fructose. The latter includes additionally, dis-
solution of cellulose, hemicelluloses, and lignin, followed by
saccharification of cellulose and hemicelluloses to sugars. In
all steps, ionic liquids can serve as the solvent or cosolvent.
Furthermore, upon use of, for example, acidic ionic liquids,
the solvent also acts as a hydrolyzing catalyst [17]. In fact,
sugar transformations for 5-hydroxymethyl furfural (HMF)
esters and ethers have been demonstrated in (acidic) ionic
liquids containing CrCl2 that gives rise to the species respon-
sible for the catalytic acidity [18]. Recently, a novel system
was introduced where the undesired chromium was replaced
by boron compounds [19].

Research in the field of ionic liquid as a reaction me-
dia and as supported ionic liquid catalysts (SILCAs) for
reactions of fine chemical synthesis has been carried out by
the research group. A new family of hydrophobic ionic liq-
uid based on aliquat 336 (tricaprylmethylammonium chlo-
ride) was synthesized. Ionic liquids were further applied in
preparation of SILCAs with Pd metal particles and applied
in the hydrogenation of citral. The main products obtained
during the hydrogenation reaction were citronellal and dihy-
drocitronellal [20]. The applicability of the SILCAs in con-
tinuous hydrogenation of citral has also been proven [21].
Furthermore, Brønsted and Lewis acid-modified supported
ionic liquid catalysts were studied in one-pot synthesis of
menthols from citral. It was reported that the use of acidic
modifiers in supported ionic liquid catalyst enhanced the
selectivity towards menthols [22]. Immobilization of enzyme
lipase together with ionic liquid on active carbon was carried
out. Supported enzyme ionic liquid catalyst was observed to
be active and selective in the asymmetric acylation of 1-phe-
nylethanol with vinyl acetate. Furthermore, it was observed
that the presence of ionic liquid inhibited the catalyst
deactivation during the reaction [23]. Ionic liquid 1-ethyl-
3-methylimidazolium chloride was applied as a solvent for
pretreatment of forest and agricultural residue prior to the
process of enzymatic hydrolysis. Enhancement in the syn-
thesis of simple, mono- and disaccharides was observed after
the pretreatment with ionic liquid. Hence, the concept of
using ionic liquid as a solvent for pretreatment of woody
biomass, prior to enzymatic hydrolysis, offers an interesting
possibility for the production of bioethanol [24].

Ionic liquids can act as a dehydration agent and in water
solutions HMF can easily be rehydrated [25]. In addition,
sugar dehydration process involves complex reaction steps.
Also, HMF can further be transformed, for example, to levu-
linic and formic acids. Ionic liquids can improve the se-
lectivity towards HMF via suppressing the consecutive re-
actions such as formation of levulinic and formic acids,
respectively [26]. One challenge upon production of HMF
is the emergence of polymerization reactions leading to the
formation of insoluble humins, particularly when more con-
centrated sugar solutions are used. On the other hand, rel-
atively concentrated solutions should be used in order to
make the processes economically feasible. To minimize the
amounts of ionic liquids, they can either be used as co-
solvents [13] or applied in an immobilized form as a new
type of heterogeneous catalysts [27, 28].

Ionic liquid-assisted derivatizations of HMF have also
been demonstrated. HMF is not an optimal internal combus-
tion fuel due to its high boiling point. Both hydrogenolysis
and hydrogenation of HMF to dimethylfuran (DMF) and
esterification to corresponding esters have been demon-
strated over supported noble metal catalysts in ionic liquids
[29, 30]. Both reaction products could be used as fuels or fuel
additives [18].

Herein various sample biofuels and their properties
(Section 2), dehydration of sugars and cellulose (Section 3),
dehydration of lignocellulosic material in ionic liquids to
HMF (Section 4) as well as hydrogenation/hydrolysis of



International Journal of Chemical Engineering 3

HMF in ionic liquids [30] and transformation of sugars to
HMF esters [18] (Section 5) are discussed.

2. Petroleum and Diesel Alternatives

Transportation sector is still dependent on liquid fuels,
both in a range of gasoline and diesel. The most common
gasoline type biofuel is bioethanol, which is produced
via acid [9] or enzymatic hydrolysis [9] of biomass fol-
lowed by fermentation. The drawbacks for this fuel are its
water miscibility, low energy content (23 MJ/L) [31, 32]
in comparison to gasoline (35 MJ/L) [32], and low boiling
point. Moreover, corrosion problems, poor engine cold-start
performance, and reduced distance range per tank are all the
result of the use of alcohol-gasoline fuel blends. Still, today
catalytic converters in Otto motor vehicles are designed to
tackle the emissions from burning of gasoline hydrocarbon
mixtures and, consequently, when used in the cars burning
ethanol mixtures, toxic acetaldehyde can be formed [33].
This can also potentially lead to increasing problems with
photochemical smog [34]. Furthermore ethanol is often
produced from edible sources, originating particularly from
sugar cane, although efforts towards the lignocellulosic
bioethanol production are ongoing. In fact, for example, the
Örnsköldsvik biorefinery cluster [35] produces even today
significant amounts of cellulosic ethanol thanks to the fine-
tuned, acidic, sulphite pulping method they use [36].

Interestingly, ethanol can also serve as a feedstock for
other valuable products. One possible candidate which
can also be used as a biofuel is 1-butanol that can be
manufactured from ethanol by applying modern chemical
technology. This type of reactions has been demonstrated
over heterogeneous catalysts in the continuous operating
mode [37–42]. One interest among this type of technology
is that it can be carried out by a simple one-pot synthesis
strategy. The real advantage is gained in energy savings and
easy operation procedures. The reason for seeking ethanol
replacement with butanol is based on the fact that butyl
alcohol has better physicochemical properties than ethanol
and consequently, is suitable to be used as a fuel in traditional
gasoline engines [43]. For instance, the energy content of
butanol (29 MJ/L) is higher than that of ethanol. Butanol
can be used in higher blends with gasoline compared to
ethanol and it is safe due to low evaporation tendency [43].
Moreover, 1-butanol is only slightly miscible with water
which allows the delivery of it by taking advantage of existing
pipelines and storage tanks, which is not the case with
ethyl alcohol. Consequently, it is not surprising that several
companies (e.g., DuPont, BP) have concentrated research
efforts on sustainable 1-butanol production. Looking back
to the history, the first reports on the industrial scale
production of 1-butanol were presented in 1912–1914, which
were based on ABE fermentation process [44]. During
that time, fermentation was based on bacterium Clostridia
acetobutylicum. The outcome was a mixture of ABE (acetone,
butanol, and ethanol). Later on, the production was shifted
towards fossil-based resources resulting in development of
the oxo-process that uses propylene as a feedstock [45].

In terms of sustainability, the old microorganism-based
production technology has gained a lot of attention and,
thus, modern studies have reported interesting results in
this area [43–47]. In conclusion, biobutanol can be straight
manufactured from sugar containing material or by means
of modern chemical reactor technology with ethyl alcohol as
an intermediate.

Several biomass utilizing production technologies exist
for liquid biofuels in the diesel range. Sample technologies
comprise of hydrotreatment [48], hydrodeoxygenation [49],
catalytic deoxygenation, and transesterification of triglyc-
erides to diesel-like biofuels [50, 51]. Unfortunately, the
raw materials used are frequently edible or occupy land
needed for the cultivation of food. The benefit of diesel-
like fuel is that it has chemically similar structure as the
current petroleum-based diesel, whereas FAME contains
oxygen. Producing diesel range biofuel from lignocellulose
and agricultural waste is ethically more mature than to use
edible resources in fuel production.

5-hydroxymethyl furfural can be produced from sugars
and lignocelluloses via dissolution and dehydration (see
Sections 3 and 4). Nevertheless, it is an intermediate, having
a boiling point too high (179◦C) to be used directly as
a transportation fuel. Thus, it should be derivatized to
other compounds, such as furan derivatives, particularly
dimethylfuran (DMF), which is a suitable compound for
gasoline-range fuel [52]. The boiling point of DMF is 92–
94◦C and its energy density is 31.5 MJ/L [31, 32]. DMF can
be produced by hydrogenolysis/hydrogenation of HMF [48].

5-hydroxymethyl furfural can also be transformed to
diesel-type fuels [48]. HMF esters [18, 53] have been
proven to be suitable fuel or fuel-additive candidates, like
5-ethoxymethylfurfural (EMF) [18, 54]. HMF esters are
considered as relatively stable [18] and, consequently can be
used as such or further derivatized.

3. Ionic Liquids in the Dehydration of
Sugars and Cellulose

Ionic liquids are a subclass of molten salt materials that can
be applied as solvents for species which are challenging to
be dissolved in classical, molecular solvents. Some ionic
liquids, for example [C4MIM][Cl] and [C2MIM][Cl] with
high hydrogen bond basicity, have been found as efficient
solvents and depolymerization agents for cellulose [55] to
produce sugars. Consequently, they have also been applied in
the dehydration of biomass to HMF [56]. Ionic liquids have
certain benefits when applied as solvents in the production
of HMF: for example, due to their relatively high viscosity,
the further side reactions of HMF can be suppressed in ionic
liquids [27].

Challenges of using ionic liquids in large-scale applica-
tions include drawbacks such as frequently encountered (and
unknown) toxicity as well as difficult separation and reuse.
Ecotoxicological evaluation of [C2MIM][Cl] and some other
ionic liquids has been performed [57]. One possibility to
reduce the amount of ionic liquid needed is to apply it in an
immobilized form, in line with the so-called “SILCA”
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Figure 1: The structure of supported ionic liquid catalyst used in the dehydration of glucose to HMF, adapted from [28].

(Supported Ionic Liquid Catalyst) concept. The benefits of
this concept are an easy catalyst separation and reuse. The
authors have been developing the SILCA concept and applied
it successfully in hydrogenation of unsaturated aldehydes and
dehydration of glucose [22, 28].

3.1. Dehydration of Sugars. The easiest dehydration of sugars
to HMF occurs for fructose, a pentose readily available in
multiton scale. When the starting material is glucose, a
cheaper sugar than fructose [13], an isomerization (epimer-
ization) step from glucose to fructose is needed prior to
the acid catalyzed dehydration. Efficient isomerization cat-
alysts are, for example, CrCl3 and CrCl2 [13]. Glucose iso-
merization to fructose has been proposed to proceed via
enediolate intermediate with the latter catalyst, when the
glucose ring is opened and two of its oxygen species are
interacting with a hexa-coordinated chromium(II) complex
[13].

3.1.1. Homogeneous Catalysis. The best yields of HMF from
glucose and fructose are achieved with homogeneous ionic
liquid catalyst systems where ionic liquid is either catalyst or
solvent [17, 56, 58]. Glucose has been efficiently converted
to HMF in a homogeneous ionic liquid catalyst system con-
taining Lewis acids (metal chlorides), whereas acidic ionic
liquids have demonstrated to efficiently dehydrate fructose
[56, 58].

3.1.2. Supported Ionic Liquid Catalysis. Supported ionic liq-
uid catalysts consist of a catalytically active species residing
in a thin layer of ionic liquid which is immobilized on a
solid support material. The catalytically active species can
be, for example, solid metal nanoparticles, homogeneous
catalyst (metal complexes) in ionic liquid or, for example,
enzymes in ionic liquid [23, 59, 60]. These kind of catalysts
are mentioned with different terms in scientific literature,

such as SILCA [59], SCILL (supported catalyst with ionic liq-
uid layer) [61], SCIL (supported catalyst with ionic liquid)
[62], or SILPC (supported ionic liquid phase catalyst) [63].

The ionic liquid acts as a reaction environment and it can
have a positive influence on the chemical properties of the
catalysts. By varying ionic liquids, it is possible to influence
the concentrations of compounds and intermediates on the
surface of the solid catalyst [60].

Immobilization of ionic liquids can be achieved by dif-
ferent techniques, such as simple impregnation, grafting, sol-
gel method, or polymerization [59, 63–65]. The catalyst that
contains an ionic modifier (Lewis acid modifier or alkaline
modifier) in an ionic liquid layer immobilized on a solid
support has been successfully used in glucose dehydration
reactions (Figure 1) [28].

Open literature introduces one example of fructose de-
hydration taking advantage of an immobilized ionic liq-
uid catalyst. The use of 1-triethoxy(silylpropyl)-3-methyl-
imidazolium hydrogen sulfate ionic liquid supported on
silica nanoparticles was demonstrated to act as a catalyst in
fructose dehydration (Figure 2) [27]. Maximally, 63% yield
of HMF was achieved at close to complete conversion of
fructose at 150◦C. The bulk solvent used was DMSO. Further,
the catalyst used in the reaction at 130◦C could be reused in
seven consecutive experiments.

3.2. Dehydration of Cellulose. The dehydration reaction be-
comes more complex when the starting material is cellulose
or lignocellulose, since both dissolution of the raw material
and its hydrolysis must occur in order to obtain sugars.
For this purpose, both ionic liquids, (such as [C4MIM][Cl]
and [C2MIM][Cl]) and conventional solvents (e.g., N,N-
dimethylacetamide (DMA-LiCl)) have been used (Figure 3).
One challenge in the utilization of ionic liquids is often
their high price. Thus, reuse of ionic liquids or their use as
a cosolvents represent viable means of cost reduction [13].
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When DMA-LiCl was used as a solvent for cellulose, the role
of the addition of [C2MIM][Cl] was to promote the dis-
solution of cellulose via bringing more lose chloride groups
into the system, that, consequently, were proposed to interact
with the hydroxyl groups of cellulose [13]. Furthermore, the
system became less viscous when the ionic liquid was diluted
with another solvent.

4. Synthesis of 5-Hydroxymethylfurfural from
Lignocellulosic Materials

Only a few publications dealing with the synthesis of HMF
directly from lignocellulosic biomass can be found [11, 13].
The raw materials investigated were corn stover [13], wheat
[12] and rice straw [11], corn stalk [11], and pine wood [11].
Agricultural waste, such as wheat and rice straw, corn stalk,
and stover, all contain different amounts of cellulose, hemi-
celluloses, and lignin. For example, wheat straw contains
42 wt-% cellulose and 26 wt-% hemicelluloses [66], whereas
rice straw contains only 32 wt-% cellulose in addition to
24 wt-% hemicelluloses and 13 wt-% lignin [67]. Corn stalk
contains about 3 wt-% lignin but is rich in cellulose and
hemicelluloses (29 wt-% and 28 wt-%, resp.) [68]. Corn
stover contains 34 wt-% cellulose, whereas cellulose content
of pine sawdust is around 40 wt-% [15]. Thus, due to their
lower cellulose content, it is expected that corn stover and
stalk are easier to convert to HMF than pine or wheat straw.

One-pot synthesis of HMF, starting from 10 wt-% corn
stover, in N,N-dimethylacetamide and 10 wt-% LiCl has been
demonstrated [13]. The catalytic system contained 10 mol-
% of CrCl3 coupled with [C2MIM][Cl], and 10 mol-% of
HCl. The temperature was 140◦C, at which conditions the
reaction took 5 hours to be completed. The maximum yield

of HMF was 48 mol-% since also 34 mol-% of furfural was
obtained starting from xylan [13]. The authors’ assessment
was that, in this system, the role of chloride ions was to
form hydrogen bonds between hydroxyl groups of cellulose
thus enabling the disruption of its inter- and intramolecular
hydrogen bonds. However, other opinions exist about how
ionic liquids are dissolving cellulose. In essence, it was
proposed that small ions capable of hydrogen bonding as well
as the delocalization ability of the positive charge within the
cation of ionic liquids can assist in the dissolution process
[69]. In a recent publication [70], hydrogen-bonding basic
media (ionic liquids) were observed to break intra- and
intermolecular hydrogen bonds in crystalline cellulose.

Chromium in CrCl3 catalyzes the isomerization of glu-
cose to fructose, which is an intermediate step in the for-
mation of hydroxymethylfurfural [56]. High HMF yield, on
the level of furfural, can be obtained in the industrial process
starting from hemicelluloses [71]. The yields of HMF and
furfural, respectively, from rice straw were 47% and 23%
when [C4MIM][Cl] and CrCl3 as a precatalyst were used
under microwave heating, for 3 h. In reality, the CrCl3 and
the anion, Cl−, interact upon which a complex equilibria of
mixed chromium chloride anions are formed. In addition,
very similar yields were achieved with corn stalk as the raw
material resulting in HMF and furfural yields of 45% and
23%, respectively [11]. Further, upon transformation of pine
wood, the highest yield of HMF (52%) was achieved under
microwave heating for 3 h in [C4MIM][Cl] using CrCl3 as
the catalyst [11]. At the same time, 31% of furfural was
produced. The furfural yield was lower than expected and
performing an additional experiment with furfural in a
microwave oven revealed that it partially degrades to humins
under microwave conditions. On the other hand, only about
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19% yield of HMF was achieved from pine sawdust, at 140◦C
and 5 h, when using 33 mol-% CrCl3 as a catalyst in 15 wt-
%[C2MIM][Cl]. The lower HMF yield, compared to that
achieved for corn stover (see above), can be explained by the
higher cellulose content in the former one. Unfortunately,
no direct comparative results for the transformation of corn
stover were available. The results were, however, promising
since it was stated that lignin or proteins in biomass did not
interfere with the process. Any residual fractions could at
least be burnt to energy, in order to improve the overall
economy of the process. On the other hand, the toxicity
and relatively high amount of chromium are still challeng-
ing when considering any potential large-scale application.
Furthermore, after neutralization of the supernatant reaction
mixture containing HMF, it could be hydrogenolyzed and
hydrogenated in the second step to DMF. In this demon-
stration, ionic liquid was not used as a solvent, although
principally it could be used (see Section 5). For improved
feasibility, the solvent and ionic liquid recycling issues still
need to be resolved.

5. Synthesis of HMF Derivatives in Ionic Liquids

As already discussed, pure HMF is not directly suited as a fuel
(see Section 2). Therefore, various HMF transformations
have been introduced. Hydrogenolysis [30] and esterification
[18] are representative examples.

5.1. Synthesis of Dimethylfuran. Various supported noble
metal catalysts were applied in the hydrogenolysis of HMF.
Since these catalysts are easily poisoned by acids used in the
dehydration step in HMF synthesis, a neutralization step is
needed. Thus, a two-step method for the production of DMF
from glucose has been proposed (Figure 4) [30]. Initially, as
a result of glucose dehydration, hydroxymethylfurfural was
obtained when 12-molybdophosphoric acid (H3PMo12O40)
was applied as the catalyst in a [C2MIM][Cl] ionic liquid-
acetonitrile dual-solvent system. 90 mol-% HMF selectivity,
at 66 mol-% glucose conversion was achieved at 120◦C and
3 h. As the second step, hydrogenation and hydrogenolysis of

hydroxymethylfurfural were performed over Pd/C catalysts.
Prior to the second step, the reaction mixture was cooled
down to 50◦C and neutralized with sodium carbonate. The
salt, Na3PMo12O40, together with the humins were centri-
fuged and the supernatant containing HMF was loaded into
an autoclave. Palladium on active carbon (Pd/C) was applied
as a catalyst in the hydrogenation/hydrolysis. Furthermore,
the hydrogenation reaction of intermediates from HMF, such
as methylfuran (MF), 5-methylfurfural alcohol (MFA), and
2,5-dihydroxymethylfuran (DHMF) was separately studied
(Figure 5). In this way it was possible to determine the
comparative rates of each step. The reactions were performed
under 62 bars of hydrogen, at 120◦C, using 50 : 1 reactant-to-
metal ratio. Furthermore, the initial amount of the reactant
was 1 mmol in 46 mmol of the mixture. Thus, the com-
plete procedure comprises of dehydration, neutralization,
and separation of solids, followed by hydrogenation and
hydrogenolysis. Still, the recycling issues for both the ionic
liquid as well as the catalyst should be resolved.

It was revealed from the mechanistic studies that DHMF
acts as an inhibitor upon formation of MFA. MF was the
main product after 60 min reaction time (selectivity 36%, at
47% conversion HMF). The corresponding selectivity to
DMF was 32%. Furthermore, DMHF and MFA rapidly de-
hydrate and could only be found in the reaction mixture in
minor amounts.

5.2. Esterification of HMF. One-pot synthesis, combining
the sugars-to-HMF and HMF esterification steps, has been
reported to occur in ionic liquids. In these cases ionic liquids
act either as inert solvents or as both solvent and acid catalyst,
in combination with CrCl3 as an isomerization catalyst [18].

Esterification of HMF with propionic acid has been stud-
ied both starting from glucose and fructose as a reactant.
At relatively mild reaction conditions (100◦C), both pure
1-ethyl-3-methylimidazolium chloride and its mixture with
3-methylimidazolium bis(trifluoromethanesulfonyl)imide
were applied as solvent. Although, the latter ionic liquid
is not an excellent solvent for carbohydrates, it helps to
lower the viscosity of the solution in contrast to the system
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containing only the former ionic liquid. Much higher yields
of HMF (49 mol-%) and some 5-(propionyloxy)methyl fur-
fural (PMF) (3 mol-%) were achieved after 3 h under the
same reaction conditions when starting from fructose in-
stead of glucose (Figure 6). The reason is clear: when starting
from fructose, no isomerization (epimerization) step is re-
quired.

In the esterification of HMF originating from either
fructose or glucose, with acetic acid, very high yield of 5-ace-
toxymethyl furfural (AMF) was achieved (75 mol-% in 3 h
reaction time). At the same time, about 20 mol% of HMF
was present in the reaction mixture without its further

esterification. On the other hand, if the isomerization step
is needed, the corresponding yields of AMF and HMF were
only 9 mol-% and 2 mol-%, respectively.

6. Conclusions

There is a clear call to develop new technologies aiming at
especially liquid biofuels suitable as transportation fuels. Bi-
oethanol is today produced in large scale, but due to its poor
qualities in comparison with, for example, gasoline, new pro-
cesses aiming at upgraded transportation fuels are needed.
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In addition, also other liquid biofuels based on vegetable oils
and lignocellulosic biomass have been developed. The main
drawback upon the use of several raw materials, particularly
vegetable oils, is their competition with the food supply.
Thus, lignocellulosic biomass should be the favoured as a raw
material for liquid biofuels of future.

Ionic liquid- assisted sugar dehydration, starting either
from fructose or glucose, has been intensively reported in lit-
erature. Besides efficient dehydration and solubilization ca-
pability, also isomerization functionality is needed for hex-
oses.

One-pot synthesis of HMF directly from biomass in
ionic liquid systems has been successfully demonstrated. The
best molar yields of HMF obtained from corn stover so far
reached 48%. In the case of microwave heating and pine
wood as a raw material, slightly higher HMF yield (52%)
could be achieved. The plausible reason for this is the efficient
heating of ionic liquids in a microwave field resulting in a
more complete transformation of biomass.

The various HMF-derivatives open up an avenue for
next-generation transportation fuels. Besides various esters
and ethers, dimethylfurfural, a hydrogenation product of
HMF, is of interest, since it is directly applicable in trans-
portation fuel applications.
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