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Xylose  was  converted  into  furfural  operating  in  a medium  containing  the  acidic  ionic  liquid  (AIL)  1-butyl-
3-methylimidazolium  hydrogen  sulfate,  in  the  presence  of toluene  as a co-solvent.  No  catalytic  species
different  from the  AIL  were  needed  for furfural  production  from  xylose.  Operating  at  100–140 ◦C  for
15–480  min  in media  containing  10 g  xylose/100  g AIL  and 2–4  g  toluene/g  (AIL  +  xylose),  most  furfural
generated  in  the AIL  phase  was  transferred  to  the  co-solvent,  limiting  the  losses  caused  by  undesired  side
reactions.  Operating  under  optimal  conditions  (140 ◦C for 240 min  using  4.4  g  toluene/g  initial  AIL phase),
cidic ionic liquid
iphasic system
-Butyl-3-methylimidazolium hydrogen
ulfate
oluene
urfural

xylose  was almost  completely  consumed,  and furfural  was  obtained  at 73.8%  of  the stoichiometric  yield.
© 2015  Published  by  Elsevier  B.V.
ylose

. Introduction

The integral benefit of lignocellulosic materials is needed for
esigning efficient biorefineries. One of the possible ways of get-
ing profit from xylan-containing biomass (such as hardwoods,
traws and many agricultural wastes or byproducts) is the produc-
ion of xylose. This pentose sugar can be easily obtained by mild,
elective, acidic processing of suitable feedstocks by prehydrolysis
r autohydrolysis–posthydrolysis. These technologies also yield a
olid phase enriched in cellulose and lignin, which can be further
rocessed in biorefineries to yield a scope of end products.

Xylose can be employed for multiple purposes (including
iotechnological transformation into solvents, chemicals or fuels;
r chemical modification into a number of compounds, including
urfural). Furfural has been identified as one of the top 30 chem-

cals derived from biomass in a report commissioned by the US
epartment of Energy (Werpy and Petersen, 2004), which was fur-

her updated (Bozell and Petersen, 2010). Even if furfural is directly
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employed in industry (for example, as a solvent, or as an extraction
agent), its role as a platform chemical is gaining importance, since
it can serve as a starting material for the sustainable production of
a number of bio-based chemicals (International Furan Chemicals,
2015), including furan derivatives, green fuels and coupling prod-
ucts.

The conversion of xylose (C5H10O5) into furfural (C5H4O2)
involves the loss of three water molecules (stoichiometric yield,
0.64 g furfural/g xylose). However, the kinetic mechanism is com-
plex and still subjected to debate. In general, in the presence of
an acidic catalyst, xylose can undergo retroaldol fragmentation
reactions, or give intermediates (whose chemical nature is under
discussion) (Antal et al., 1991; Aida et al., 2010; Nimlos et al., 2006).
The intermediates can be decomposed into furfural and/or give
undesired reactions with other compounds present in the medium.
On the other hand, furfural can be decomposed (for example, by
rehydration or resinification reactions).

As a result of the complex kinetic mechanism, the practical fur-
fural yields obtained in a single reaction stage are usually far below
the stoichiometric one. In order to improve the furfural yield, a

number of approaches have been proposed in literature, including
the utilization of non-aqueous media (to avoid rehydration) and/or
biphasic media (in which furfural is transferred to the co-solvent
before undergoing condensation reactions).
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Ionic liquids (ILs) are considered as green reaction media
Harmer and Sun, 2001) owing to characteristics such as non-
olatility, non-toxic character, thermal stability and recyclability,
hich make them attractive media for performing green cat-

lytic reactions (Hallett and Welton, 2011). In particular, a number
f imidazolium-containing ILs has been employed to carry out
he conversion of xylose into furfural, frequently in the pres-
nce of acidic catalysts (including Brönsted acids, Lewis acids,
nd solid acid catalysts) (da Costa Lopes and Bogel-Lukasik, 2015;
akrzewska et al., 2011). Chromium halides have been reported to
ehave as efficient catalysts for furfural production from xylose,
hich proceeds via isomerization of xylose into an intermediate

xylulose), and dehydration of the latter into furfural (Binder et al.,
010).

In the past few years, growing attention has been paid to the
tilization of acidic ionic liquids (AILs) owing to their ability to act
s both a reaction media and a catalyst (Brandt et al., 2011). It can
e noted that AILs utilization allows simpler operational schemes,
ince no stages of catalyst recovery have to be implemented, and
ther possible issues related to the catalysts (for example, environ-
ental hazards) are avoided.

This work deals with the production of furfural from xylose
perating in biphasic media made up of a Brönsted AIL (1-butyl-
-methylimidazolium hydrogen sulfate, denoted [bmim][HSO4])
nd an organic co-solvent (toluene). The effects of the major
xperimental variables (temperature, reaction time and solvent
o co-solvent volume ratio) were assessed in order to define the
perational conditions leading to the optimal furfural yield.

. Materials and methods

.1. Materials and reaction in biphasic media

The chemical products employed and their suppliers were as
ollows: [bmim][HSO4], xylose, formic acid, and furfural were pur-
hased from Sigma–Aldrich, and toluene from Riedel-de Haën. All
roducts were used as received.

Experiments were carried out in sealed, stirred glass tubes
mmersed in a thermostatized bath at 100–140 ◦C. The tubes were
repared by mixing [bmim][HSO4], xylose and toluene at the
esired proportions (xylose to [bmim][HSO4] mass ratio = 1:10;
oluene to ([bmim][HSO4] + xylose) mass ratio in the range
:1–4:1), and immersed in the bath. Zero time was  set when
ylose was completely dissolved in [bmim][HSO4]. The reaction
as stopped at the desired reaction time (in the range 15–480 min)

y cooling in an ice bath, and the phases were recovered using a sep-
ratory funnel. Samples from the AIL and co-solvent phases were
mmediatly diluted with distilled water at the desired proportions
10 g water/g AIL phase and 6 g water/g co-solvent, respectively),
omogenized, filtered through 0.45 �m nylon membranes and
ssayed for composition.

.2. Analytical methods

Diluted samples from the AIL and co-solvent phases were
ssayed by HPLC for furfural, xylose and organic acids using an Agi-
ent 1100 instrument fitted with refractive index (RI) and diode
rray (DA) detectors, and with an Aminex HPX-87H column (Bio-
ad, Life Science Group, Hercules, CA). Operation was carried out
sing the following conditions: mobile phase, 5 mM H2SO4; flow,

.6 mL/min; temperature, 50 ◦C. All compounds were analyzed
rom the signal of the RI detector. Additionally, organic acids and
urfural were also assayed using the signal from the DA detector
wavelengths: 210 nm for organic acids and 280 nm for furans).
Fig. 1. Chromatograms recorded with the IR and DAD detectors in representative
experiments.

Fig. 1 shows representative chromatograms recorded with the DAD
and IR detectors.

3. Results and discussion

3.1. Effects of temperature and time on xylose consumption and
product generation

Preliminary experiments (data not shown) were performed in
absence of toluene, to assess the catalytic activity of the AIL. Total
xylose consumption was observed under a broad range of exper-
imental conditions below 140 ◦C, but the xylose conversion into
furfural was always below 37%, confirming the importance of unde-
sired side reactions leading to non-productive consumption of
substrate and/or intermediates. In order to improve the experi-
mental results, the reaction was carried out in the presence of
toluene, which presents a favorable partition coefficient for furfural
respect to [bmim][HSO4]. Immiscible solvents have been employed
as extracting agents for furfural from a variety of different reaction
media, including ionic liquids. In particular, toluene has been used
to improve the furfural yields from xylose obtained in media con-
taining acid-catalyzed 1-butyl-3-methylimidazolium chloride and
1-ethyl-3-methylimidazolium chloride (Lima et al., 2009,2011).
A preliminary set of experiments of furfural production in the
system xylose/[bmim][HSO4]/toluene was  carried out at 100 ◦C
for 30–240 min  using 2 g toluene/g (AIL + xylose) (see Table 1).
A preliminary analysis of results confirmed the suitability of
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Table  1
Experimental data regarding xylose (X) consumption and generation of formic acid (FA) and furfural (F) in toluente (T) and IL phases

a) Experiments performed at 100 ◦C

Concentration, g/kg dissolution Relative F amount Conversion (%)

T (◦C) t (min) X FA Ftotal In IL phase In T phase X F

100 30 24.67 0.00 1.92 1.30 0.62 75.33 3.00
100  60 15.23 0.47 2.49 1.05 1.45 84.77 3.90
100  120 17.49 0.37 5.12 1.65 3.46 82.51 7.99
100  180 13.63 0.54 4.66 1.77 2.89 86.37 7.27
100  240 16.01 0.69 6.73 2.25 4.48 83.99 10.51

120  30 11.34 0.00 4.55 1.85 2.70 88.66 7.11
120  60 8.17 0.78 6.76 2.13 4.63 91.83 10.56
120  120 4.31 0.41 11.96 3.47 8.49 95.70 18.69
120  180 5.91 0.61 17.82 5.10 12.72 94.09 27.84
120  240 6.91 0.86 25.75 7.67 18.08 93.09 40.23
120  480 2.26 0.00 29.76 8.05 21.71 97.74 46.51

140  15 23.45 0.00 13.18 3.39 8.30 76.55 17.30
140  30 4.22 0.00 14.71 3.13 11.58 95.78 22.98
140  60 3.69 0.00 28.52 7.94 20.58 96.31 44.57
140  120 0.50 0.65 34.83 9.54 25.30 99.50 54.43

 10.16 29.39 99.64 61.80
 11.37 24.81 98.96 56.54
 8.22 30.31 98.99 59.69
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140  240 0.36 0.88 39.55
140  360 1.04 0.75 36.18
140  480 1.01 0.13 38.54

oluene as an agent for furfural extraction, as well as the ability
f ([bmim][HSO4]) to keep its catalytic activity in the presence of
he co-solvent. Formic acid (FA) was the only organic acid found
n the media, always at low concentrations (0–0.88 g/kg solution),
evealing the limited importance of this type of furfural-consuming
eactions under the conditions tested. Operating at 100 ◦C, 84% of
he initial xylose was consumed after 240 min, but just 10.5% of the
nitial substrate was converted into furfural. Under these condi-
ions, most furfural appeared in the co-solvent phase (6.73 g/kg, in
omparison with 2.25 g/kg in the AIL phase). Keeping in mind the
xpected kinetic pattern (which includes the formation of inter-
ediates from xylose, formation of furfural from intermediates,

nd multiple undesired side-reactions consuming substrate, inter-
ediates and/or furfural), it can be concluded that the operational

onditions were not severe enough, in a way that the results did not
how if the substrate was preferently converted into intermediates
r into condensation products. Operating at 120 ◦C (see Table 1),
ear 90% xylose consumption took place after 30 min, conditions
nder which the xylose conversion into furfural was just 7.1%. After
80 min, the xylose consumption increased up to near 98%, whereas
he xylose conversion into furfural boosted up to 46.5%. Consider-
ng the behavior of the system between along this period, it can
e seen that the incremental xylose conversion into furfural was
uch higher than the incremental xylose consumption, confirm-

ng the presence of important amounts of reaction intermediates
n the media during the early reaction stages (enabling the gener-
tion of considerable amounts of furfural when most xylose was
onsumed). This finding reveals that the limited furfural concen-
rations achieved in the experiment at 100 ◦C were due, at least in
art, to incomplete conversion of intermediates into furfural.

Looking for further improvements in furfural production, new
xperiments were performed at 140 ◦C (see Table 1). The results
onfirmed the major experimental trends described above: more
han 76 and 95% of the initial xylose was consumed after 15 and
0 min, respectively, with limited furfural generation (17.3 and
3% conversion, respectively); whereas prolonging the reaction
p to 240 min  resulted in almost complete substrate consump-
ion and improved furfural generation (61.8% xylose conversion

nto furfural), a finding that confirms the production of furfural
rom reaction intermediates. Longer reaction times resulted in
ecreased furfural concentrations, owing to the comparatively
igher incidence of furfural-consuming reactions. Since the formic
Fig. 2. Dependence of the xylose conversion into furfural on the relative amount of
toluene present in IL and co-solvent phases.

acid concentration remained low even under these operational con-
ditions, the furfural consumption can be ascribed to resinification
reactions (leading to the production of humins and/or precipitates,
a fact evidenced by the darkening of the reaction media).

3.2. Effect of the relative amount of co-solvent

On the basis of the furfural yield increase obtained when the
reaction media was supplemented with 2 g toluene/g (AIL + initial
xylose), additional experiments were performed with increased
amounts of co-solvent (2.42 or 4.4 g toluene/g initial AIL phase).
In these experiments, temperature and reaction time were fixed
in the optimal values determined above (140 ◦C and 240 min). The
results (see Fig. 2) show that furfural was mainly present in the
organic phase, and that the furfural yield increased with the toluene

charge. Using the highest toluene proportion assayed, the xylose
conversion into furfural reached 73.8% of the stoichiometric value.

Extensive literature has been reported on the production of fur-
fural from commercial xylose, xylan or xylan-containing biomass
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formation of 5- hydroxymethylfurfural- A promising biomass- derived building
block. Chem Rev. 111, 397–417.
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sing ionic liquids; and providing an exhaustive overview on this
ide topic is out of our scope. Although the literature results are

ifficult to compare owing to differences in the experimental pro-
ocols (and particularly, in the substrate charge, which is has a
trong influence on furfural yield), some representative data are
ummarized in the next sentences. Furfural has been produced
rom pure xylose using alkylimidazolium ionic liquids (such as
-ethyl-3-methylimidazolium chloride, denoted [emim]Cl, or 1-
utyl 3-methylimidazolium chloride, denoted [bmim]Cl) catalyzed
ith acids, leading to furfural yields in the range 10.3–82.2% (Lima

t al., 2009; Sievers et al., 2009; Peleteiro et al., 2014; Zhang et al.,
013; Wu et al., 2014), even if it has to be remarked that the latter
esult (considerably higher than the average) was obtained oper-
ting at a very low substrate charge (38.3 mg  xylose/2 g of ionic
iquid) (Zhang et al., 2013). Alternatively, the catalytic ability of
elected AIL may  avoid the utilization of externally-added cata-
ysts, facilitating the recovery and recycling of chemicals. Following
his approach, Lima et al. (2009) achieved 62% xylose conversion
nto furfural in [emim]HSO4. Interesting results have been reported
or biphasic systems: for example, furfural was produced from
ylose at 44% yield in [bmim]Cl–toluene using H2SO4 as a cata-

yst; whereas (in an approach related to the one presented in this
tudy, but based on a different AIL), the dehydration of commer-
ial xylose into furfural in [emim]HSO4–toluene was performed at
3–84% furfural yield (Lima et al., 2009).

. Conclusions

The conversion of xylose into furfural using the acidic ionic
iquid 1-butyl-3-methylimidazolium hydrogen sulfate as both a
eaction medium and a catalyst resulted in product yields below
7%. The results were significantly improved when toluene was

ncorporated to the reaction media as a co-solvent, since the
urfural generated in the AIL phase was transferred to the co-
olvent, limiting the importance of undesired side reactions taking
lace in the AIL phase. Under conditions of intermediate sever-

ty, a significant part of the substrate was converted into reaction
ntermediates, which reacted further to yield furfural. The high-
st furfural yield (corresponding to 73.8% of the stoichiometric
mount) was obtained operating at 140 ◦C for 240 min  using 4.4 g
o-solvent/g initial AIL phase.
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