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ABSTRACT: An integrated platform for furfural production and
separation from xylans using an acidic aqueous biphasic system
(AcABS) is described here. The AcABS is composed of the ionic
liquid (IL) tributyltetradecylphosphonium chloride ([P444(14)]Cl)
and hydrochloric acid (HCl), the latter acting both as a catalyst and
phase-forming agent. Furfural is produced in the AcABS biphasic
regime under microwave irradiation, being continuously extracted to
the IL-rich phase. Operating conditions (reaction time, temperature,
HCl and IL wt %, and solid/liquid ratio) were initially screened to
identify the most relevant parameters affecting furfural production,
being optimized using a response surface methodology approach. A
maximum furfural yield of 78.8% and an extraction efficiency to the
IL-rich phase of 85.5% were attained in 1 min in the microwave
reactor, at 140 °C and 0.05 S/L ratio, with the ABS formed by 30 wt
% IL and 6.5 wt % HCl. Three reaction cycles were performed by reusing the IL, in which 78.0% of furfural could be recovered from
the IL-rich phase in all the reaction cycles, without compromising the furfural yield and extraction efficiency. This work demonstrates
the potential of acidic-based aqueous biphasic systems as one-step production−separation strategies of high-value platform
chemicals, paving the way toward sustainable development within biorefineries.
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■ INTRODUCTION

Lignocellulosic biomass is identified as one of the most
promising feedstocks to produce chemicals, fuels, and
materials. This feedstock is generated in relevant amounts
worldwide (1.1 × 1011 tons/year) and consists of all nonedible
plant material.1 The use of the lignocellulosic material in a
biorefinery context represents an alternative to the use of fossil
resources, a goal that has been encouraged by the European
Union. It is estimated that 30% of all chemicals will be derived
from biomass by 2030.2 From these chemicals, the US
Department of Energy (DOE) identified 12 of higher
importance in the industrial context, furfural being among
them.3

Furfural can be obtained from hemicellulose fractions from
multiple lignocellulosic biomass sources. Hemicellulose
fractions correspond to 20−35% of total biomass and
frequently are underused when compared with the cellulose
fraction.4 Furfural is produced through the dehydration of
xylose in acidic media and is a precursor of other relevant
chemicals, such as furfuryl alcohol, 2-methyltetrahydrofuran
(2-Me-THF), furan, and tetrahydrofuran (THF), which have
applications spanning from chemical to cosmetic and
pharmaceutical industries.5 Since the first reports on furfural

production in 1921 by Quaker Oats,6 furfural has been
produced from pure xylose,7,8 xylans,9,10 and whole bio-
mass.11,12

Currently, furfural is mainly produced from agricultural
wastes, such as corn cobs and sugar cane bagasse.5 Acidic
medium is necessary for furfural production; hence, homoge-
neous catalysts, with H2SO4 or HCl, or heterogeneous
catalysts, using aluminum sulfate (Al2(SO4)3)

10 or tin
tetrachloride (SnCl4),

9 are commonly used in aqueous
media. These conditions, allied with harsh temperatures
(170−240 °C), are applied industrially, with the highest
yield reported thus far being 83% with a pentosan feed.6

Based on the obtained results, furfural production needs to
be optimized, both by improving the green credentials
associated to the harsh conditions currently applied and by
increasing its yield and facilitating furfural recovery. In this
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regard, biphasic systems represent an opportunity to increase
the process efficiency by allowing the continuous removal of
furfural from the reaction media, thus improving furfural yields
by hampering secondary degradation reactions.13 For this
purpose, conventional solvents, such as methyl isobutyl
ketone14 and THF,15 have been used, as well as greener
alternatives such as γ-valerolactone (γVL)10,12 and 2-
methyltetrahydrofuran (2-Me-THF).9,16

Microwave-assisted heating is another option to decrease the
reaction time necessary to improve furfural yields, thus
decreasing the energetic input.10,15,17 For example, Yang et
al.15 obtained 64.0% furfural yield using microwave heating and
a H2O-THF biphasic system containing NaCl and AlCl3·6H2O
at 140 °C.15 In a recent work published by our team,17

microwave heating was applied to produce furfural, directly
from xylans, using different deep eutectic solvents (DESs) as
reaction media and catalysts; in this work, outstanding results
were obtained (75% furfural yield in 2.5 min). Additionally, the
use of biobased solvents such as γVL and 2-Me-THF allowed
the DES solvent reuse for at least three times.17

In the field of alternative solvents for furfural production,
some studies resorting to ionic liquids (ILs) have been
found.18−21 ILs are low-temperature melting salts, which can
be liquid at room temperature, and emerged as viable
alternatives to volatile organic solvents. Due to their ionic
nature, most ILs present negligible vapor pressure, chemical
and thermal stability, and extended solvation ability.
Furthermore, most of their biological and physicochemical
properties can be tailored by varying the cation and anion
chemical structure.22 The IL 1-butyl-3-methylimidazolium
hydrogen sulfate was used due to its acidic character to
produce furfural from wheat straw, with a 30.7% (w/w)
furfural yield obtained at 161 °C and for 104.5 min.18

Similarly, the IL 1-ethyl-3-methylimidazolium hydrogen sulfate
allowed a yield of furfural from xylose of 84% yield at 100 °C
and 6 h.19 On the other hand, with a different cation from the
previous example, the IL 1-ethyl-3-methylimidazolium bro-
mide was applied in conjunction with SnCl4 as a catalyst and
the addition of water to obtain furfural from xylans, achieving
57.3% yield at 130 °C for 60 min.21 All these studies present
high relevance; however, the yields attained and long reaction
times are not competitive enough to justify the replacement of
the strong acidic catalysts and the use of biphasic systems to
avoid furfural degradation.
Here, we envisioned the combined use of ILs, acidic

catalysts, and biphasic systems to produce furfural by applying
aqueous biphasic systems (ABSs) composed of ILs and acids.
ABSs composed of ILs were originally proposed by Rogers and
co-workers, as highlighted in Ventura et al. review,22 revealing
that an ABS could be prepared by mixing hydrophilic ILs and
inorganic salts in aqueous solution. Given the large number of
water-miscible ILs and phase-forming components of ABSs
(salts, polymers, carbohydrates, and amino acids), it is possible
to design tailored systems allowing selective and enhanced
separations.23 Liquid−liquid extraction processes offer tech-
nological simplicity and are of low cost, coupled to the fact that
ABSs are mostly composed of water (ca. 70%), thus
representing a greener alternative to organic-based biphasic
systems.24 ABSs have been used in catalysis, mainly in the
separation of the reaction products from the reagents, shifting
the reaction toward the products, and allowing the recycling of
the catalysts applied.25,26 Moreover, these systems can be
thermo- or pH-reversible, allowing the process to occur in the

monophasic regime followed by the separation step by forming
the biphasic system.24,27 Although strong salting-out species
are required to create ABSs formed by ILs with high hydrogen-
bond basicity, Schaeffer et al.28 demonstrated that temper-
ature-responsive AcABSs can be created with the IL
tributyltetradecyl phosphonium chloride ([P444(14)]Cl). The
lower critical phase transition temperature can be tuned
according to the desired application by selecting the acid and
IL concentration.28 This system seems quite promising for
applications requiring acidic catalysts, further taking advantage
of its biphasic nature to create integrated reaction−separation
processes. Due to the biphasic system characteristics, we have
applied it for the integrated production of furfural directly from
xylans. Furfural yield and extraction efficiency (EE %) to the
IL-rich phase were optimized by varying temperature, HCl and
IL wt %, time of reaction, and solid/liquid ratio (weight xylan/
weight reaction media) under microwave-assisted reactions.
The addition of salts and their effect on furfural separation
were also evaluated. Moreover, the furfural recovery from the
IL-rich phase and solvent recycle were appraised.

■ EXPERIMENTAL SECTION
Chemicals. Commercial beechwood xylan29 (9.39 wt % humidity)

was purchased from Apolo Scientific (UK). Furfural (purity >99%)
was purchased from Sigma-Aldrich (USA). Tributyltetradecylphos-
phonium chloride [([P444(14)]Cl), 95% purity] was purchased from
Iolitec (Germany), and its water content was measured through a
Metrohm Karl Fisher coulometer and taken into account for the
reaction setup. Sodium chloride (NaCl, 99.5% purity) was purchased
from Fluka.

Reaction Assays and Furfural Quantification. Reactions under
conventional heating were initially carried out in a Radleys Tech
carousel in closed glass vials, under controlled temperature and fixed
stirring at 400 rpm. The following conditions were tested:
concentrations of the IL (20 wt %) and HCl (2, 5, and 10 wt %),
temperature (110 and 120 °C), solid/liquid (S/L) ratio (weight
xylan/weight reaction media) ratio of 0.05, and reaction time (2, 4, or
8 h). Overall, low furfural yields were obtained, justifying the
following studied microwave-assisted reactions. The microwave-
assisted reactions were carried out in a Monowave 300 microwave
synthesis reactor from Anton Paar (Austria). The different conditions
tested can be found in Table S1. A solid/liquid (S/L) ratio (weight
xylan/weight reaction media) of 0.05, with 150 mg of xylans and 3 g
of ABS phase-forming components [HCl, water, and [P444(14)]Cl],
was weighted in appropriate sealed glass vials. The selected mixture
ratios for the ABS and biphasic region formation were previously
selected according with the tie lines established in the literature.28

The vials (10 mL) were then placed in the microwave reactor at a
fixed stirring of 600 rpm and removed after the reaction was
completed. The system was allowed to reach a temperature of 50 °C,
whereas a 2 min interval was fixed for the equipment to reach the
desired operating temperature. The power pulse was not controlled;
however, it was maintained in the range of 300−350 W. The following
reaction conditions were then investigated to appraise the most
appropriate range of parameters to improve furfural yield: temper-
ature (from 110 to 150 °C), HCl concentrations (from 5 to 10 wt %),
IL concentrations (from 20 to 40 wt %), and time (from 1 to 5 min).
The different conditions studied are given in detail in Table S1. The
top (IL-rich phase) and bottom phases (aqueous phase) were
separated with a syringe and weighted. Both phases were then diluted
appropriately with deionized water and filtered through a nylon
Whatman filter of 0.45 μm pores into appropriate high-performance
liquid chromatography (HPLC) glass vials.

Furfural Quantification. Furfural quantification was carried out
by HPLC-DAD (Shimadzu, model PROMINENCE). HPLC analyses
were performed with an analytical C18 reverse-phase column (250 ×
4.60 mm), Kinetex 5 μm C18 100 Å, from Phenomenex. The column
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oven and the autosampler were operated at a controlled temperature
of 35 °C, and the mobile phase consisted of 20% methanol and 80%
ultrapure water. The separation was performed in the isocratic mode,
at a flow rate of 0.8 mL min−1 and an injection volume of 10 μL.
Furfural detection was carried out at 268 nm with a diode array
detector (DAD). Calibration curves were established with pure
furfural aqueous standards. Each sample was analyzed at least in
duplicate.
Furfural yield is expressed in moles of furfural relative to the

number of moles of xylose present in the xylan sample used, according
to eq 1

= ×furfural yield (%)
mol of furfural

mol of xylan
100

(1)

The furfural EE (EE %) to the IL-rich phase was calculated
according to eq 2

=
‐

×EE%
furfural concentration in the IL rich phase (mol/mol %)

furfural concentration in the overall mixture (mol/mol %)
100

(2)

The distribution factor (D) of furfural between both phases of
ABSs was calculated according to eq 3

=
‐
‐

D
furfural concentration in the IL rich phase (mol/mol %)

furfural concentration in the HCl rich phase (mol/mol %)
(3)

Reaction Condition OptimizationResponse Surface
Methodology. A response surface methodology (RSM) was applied
to simultaneously analyze various factors (HCl concentration, IL
concentration, and temperature) and to identify the most significant
parameters and their interaction, which could lead to an enhanced
furfural production and EE to the IL-rich phase. A detailed
description of the 23 factorial planning used is provided in eqs S1
and S2. The obtained results were statistically analyzed with a
confidence level of 95%. Student’s t-test was used to check the
statistical significance of the adjusted data. The adequacy of the model
was determined by evaluating the lack of fit, the regression coefficient,
and the F-value obtained from the analysis of variance (ANOVA) that
was generated. Statsoft Statistica 10.0 software was used for all

statistical analyses and representing the response surfaces and contour
plots. From the interpretation of the RSM, it was then possible to
evaluate the best parameters for maximum furfural production and
higher distribution factor (D) described through the equations
mentioned above. These conditions were then tested to validate the
model. After reaction, the top (IL-rich phase) and bottom (aqueous)
phases were separated and furfural was quantified as described before.

With the optimized conditions defined (HCl and IL contents and
temperature), the effect of replacing HCl by NaCl was studied in the
following concentrations: 2.0, 3.5, and 5.0 wt %. The effect of the S/L
ratio was finally evaluated by testing three different ratio (0.05, 0.10,
and 0.15) under the optimized conditions. The reactions were carried
out in the microwave reactor and analyzed as described above.

Furfural Recovery and IL Recycling. Furfural was recovered
from the IL-rich phase of the ABS by fractional distillation, in which
first water was recovered, followed by furfural (pure furfural
atmospheric boiling point ≈169 °C).30 The recovered furfural yield
was determined gravimetrically. The sample was then redissolved in
water, diluted, and filtered through a nylon Whatman filter of 0.45 μm
pores into appropriate HPLC glass vials. The recovered IL was used
in three more cycles of xylan conversion to furfural. The recovered
furfural and IL samples were analyzed by 1H and 13C NMR, whose
spectra were recorded using a Bruker AVANCE 300 at 300.13 and
75.47 MHz, respectively, using deuterated water as the solvent and
trimethylsilyl propanoic acid as the internal reference.

■ RESULTS AND DISCUSSION

Process Optimization. Furfural production assays in the
AcABS formed by [P444(14)]Cl and HCl were initially carried
out with conventional heating; however, due to dissatisfactory
furfural yields (<25.0%), associated with the low energy input,
microwave-assisted reactions were conducted to increase
furfural yield and to reduce the reaction time, which in turn
translates into lower furfural degradation. Microwave-assisted
reactions were initially conducted in a selected range of
temperatures, time, and HCl and IL wt % (Table S1). It should
be remarked that the IL and HCl wt % were planned taking
into account previously reported AcABS phase diagrams.28

Figure 1. Response surface (top) and contour plots (bottom) of the furfural yield using a biphasic system with [P444(14)]Cl with the combined
effects of (i) temperature and IL wt %; (ii) IL and HCl wt %; and (iii) IL wt % and temperature.
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The system was thus operated in the biphasic region, being
driven by the reaction temperature. Furfural is extracted to the
IL-rich phase due to the establishment of hydrophobic
interactions with furfural partition being promoted by the
salting-out effect of HCl. Moreover, the log Kow of furfural is
0.46, meaning that it preferentially enriches in more hydro-
phobic phases. On the other hand, there is the formation of
extensive apolar domains in the IL-rich phase due to the
amphiphilic nature of [P444(14)]Cl, which may be beneficial to
the extraction of furfural. Additionally, due to the viscosity of
the IL-rich phase, the system does not revert to a monophasic
regime upon cooling, being stable unless vigorously mixed. In
the conducted assays, xylan was completely converted in
furfural and side products such as humins. These side products
were insoluble in the aqueous phase and did not migrate to the
IL (top) phase, being collected at the bottom of the reaction
vessel. Based on these preliminary assays, whose results are
depicted and commented in Figures S1 and S2, it was possible
to identify the most appropriate ranges for these parameters to
further optimize the reaction conditions and to improve
furfural yield and EE to the IL-rich phase by an RSM. These
initial assays also showcased the importance of the different
operating conditions, with the IL wt % being crucial in furfural
yield and for an increase in the EE to the IL-rich phase. On the
other hand, the HCl wt % and temperature must be carefully
defined since harsh conditions lead to furfural degradation, a
trend already observed in other studies.17 Finally, these initial
assays revealed that shorter reaction times are ideal to reduce
furfural degradation since high temperatures are required to
achieve high yields. Based on these results, the time was fixed
at 1 min, whereas the parameters IL concentration (IL, wt %),
temperature (T, °C), and HCl concentration (HCl, wt %)
were further optimized by RSM. A 23 (3 factors and 2 levels)
factorial planning was carried out, described in detail in Table
S2. This methodology allows the optimization of the
relationship between the response [furfural yield and
distribution factor (D)] and the independent variables/
conditions [temperature (°C), IL concentration (wt %), and
HCl concentration (wt %)]. The influence of these three
variables on furfural yield is illustrated in Figure 1 and in the
Pareto chart in Figure S3. Variance analysis (ANOVA) was
used to estimate the statistical significance of the variables and
their interactions. The experimental points used in the factorial

planning, the model equation, the furfural yield obtained
experimentally and the respective calculated values, and the
correlation coefficients obtained, as well as all the statistical
analyses, are shown in Tables S2−S5.
As suggested by the preliminary screening assays, furfural

yield increases with temperature (at a fixed reaction time of 1
min), with the maximum yield being located between 140 and
150 °C, as seen in Figure 1i,iii. Regarding the interaction of
this parameter with HCl wt %, it is important to note that a
reverse relationship is observed, meaning that with increasing
HCl wt %, lower temperatures are preferred, while at lower
HCl wt %, higher temperatures are required for xylan
hydrolysis and conversion to occur. On the other hand,
furfural yield increases with both the IL and HCl wt %, as seen
in Figure 1ii, with the maximum yield being localized between
6 and 7 wt % HCl and more than 20 wt % IL.
Despite the results of the RSM, it should be taken into

account that a biphasic system is conditioned by its phase
diagram, and as such, a critical and practical analysis of the best
conditions needs to take this into account. Therefore, due to
the conditions necessary to achieve a biphasic system and
furfural degradation that can occur due to either high
temperatures or harsh acidic conditions, the RSM approach
in this study allowed us to understand the tendencies and
general behavior of the three parameters analyzed but cannot
give an optimal point for the reaction conditions to maximize
the furfural yield.
The RSM approach was also applied to the same

independent variables but by changing the response to the
distribution factor (D) (Figure S4), which refers to the ratio
between furfural amount in the top phase (IL-rich) and
bottom phase (HCl-rich). This analysis revealed the most
important parameters to ensure a good partition of furfural to
the IL-rich phase, which in turn contributes to avoid furfural
degradation. The IL wt % is the determining factor to achieve a
high distribution factor (Figure S5). This behavior is related to
an increase in the phase volume, thus preventing the phase
saturation with furfural. Nevertheless, factors such as temper-
ature and the relationship between temperature and HCl wt %
are also relevant to maximize furfural distribution to the top
phase (Figure S5). This last factor, the relationship between
temperature and HCl wt %, is quite interesting since it
highlights the conditions necessary for the biphasic region to

Figure 2. Furfural yield (bars) and EE (dots) under the optimal reaction conditions estimated by the RSM approach: 30 wt % LI + 6.5 wt % HCl
and 40 wt % LI + 4.5 wt % HCl, at 140 °C (blue) and 150 °C (orange).
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occur. In the presence of lower HCl wt %, higher temperatures
are required to achieve the biphasic system, whereas at higher
HCl wt %, the best separation occurs at lower temperatures,
which in part is due to furfural degradation at higher
temperatures when HCl wt % values are high.
Through both RSM approaches, it was possible to define the

optimal conditions to produce furfural from xylans in AcABSs.
The analysis of values obtained in the optimization shows that
there is a relationship between the IL wt % and HCl wt % and
the two best conditions were identified: 40 wt % IL + 4.5 wt %
HCl or 30 wt % IL + 6.5 wt % HCl. On the other hand,
temperatures of 140 and 150 °C revealed to be the most
adequate to increase furfural production. With the goal of
better understanding and validating the estimated optimal
point for maximum furfural yield, the best conditions
determined by the RSM approach were applied in new
experimental assays, whose results are depicted in Figure 2.
As shown in Figure 2, the increase in temperature from 140

up to 150 °C causes a decrease in furfural yield (from 78.8 to
64.0% of furfural yield for the ABS composed of 30 wt % IL).
This is most likely due to the undesired rehydration and
polymerization reactions of humins that may occur under
harsh reaction conditions, namely, by increasing temperature.31

On the other hand, at 140 °C, the assays with 30 wt % IL, and
therefore 6.5 wt % HCl, outperform the assays carried out with
40 wt % IL (78.8% vs 73.9% of furfural yield), which is ideal
since the use of lower IL amounts decreases the process costs.
Interestingly, at the optimal combination of IL/HCl, the
system moves away from the micellar regime to a bicontinuous
one. Therefore, the solution under monophasic conditions is
already structured by the existence of the percolating water
network within the IL domain. With an increase in
temperature, the water molecules are expulsed from the
water channels as these decrease in diameter, contributing to
the dehydration step of furfural production. Moreover, the best
IL concentration (30 wt %) also corresponds to the most
temperature-responsive composition of the IL/HCl/H2O
phase diagram. An increase in IL wt % results in a decrease
in the thermal responsiveness of this system due to an
overstructuration of the solution as we move from salt-in-water
to water-in-salt regimes.28 However, not using ABSs and under
continuous production−separation, the importance of ILs in

acidic media toward furfural production was demonstrated in
several studies;18,20,32 additionally, it was shown that hydrogen-
bond acidic ILs promote the production of furfural when
compared with the hydrogen-bond basic IL.33 These results
point to a contributing role of the IL wt % to the furfural yields
as confirmed by the yields attained. Regarding the EE % of
furfural to the top (IL-rich) phase, it is generally maintained
throughout the assays (85.9 ± 2.23%). The results observed
are also in line with the Pareto chart results (Figure S3), which
reveal that the HCl wt % is the parameter that influences the
furfural yield the most, followed closely by the temperature.
Both parameters are the primary factors ruling the furfural
production, acting as the catalyst, and providing energy,
whereas the IL plays an important key role in isolating furfural
from the bottom phase and preventing its degradation. Overall,
the best results (furfural yield of 78.8% and EE % to the IL-rich
phase of 85.5%) were achieved with 1 min microwave-assisted
reaction carried out in the ABS formed by 30 wt % IL + 6.5 wt
% HCl at 140 °C.
To better understand the HCl catalytic versus phase-forming

component effect, the addition of NaCl or the substitution of
HCl by this salt was also investigated, and results are presented
in Figure S6. These experiments were conducted because NaCl
can as well act as an ABS phase-forming agent with the studied
IL,15,28,31,34 further increasing the salting-out effect and furfural
extraction to the top phase. The results obtained show that the
substitution of HCl by NaCl (in the range of 5 wt %) causes a
decrease in furfural yield, which is easily explained due to the
loss in acidity of the system and thus the catalytic effect. On
the other hand, the addition of NaCl to the system, keeping
the same HCl wt % (Figure S7), does not have a relevant
salting-out effect to increase the furfural EE to the top phase.
Accordingly, the best results obtained prevail with the AcABS
formed by 30 wt % IL + 6.5 wt % HCl at 140 °C.
Finally, after optimizing the previously discussed parameters,

various S/L (weight xylan/weight reaction media) ratios were
tested. The obtained results are depicted in Figure 3. In
general, the higher the S/L ratio, the lower the furfural yield.
This behavior is expected since by increasing the amount of
xylans, the mass transfer is hindered.34,35 On the other hand,
the solvent-phase saturation may be achieved earlier, which will
lead to an increase in furfural degradation with more side

Figure 3. Furfural yield (bars) and EE (dots) under the optimal reaction conditions (140 °C, ABSs formed by 30 wt % IL + 6.5 wt % HCl) at
different S/L ratios.
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reactions occurring. Overall, the best results obtained prevail
with the ABS formed by 30 wt % IL + 6.5 wt % HCl at 140 °C,
at an S/L ratio of 0.05, achieving a furfural yield of 78.8% with
an EE to the top phase of 85.5%. To the best of our
knowledge, this furfural yield is the highest achieved up to date
in such a short time.36−38 The furfural yield achieved has
surpassed other studies published using biphasic systems, such
as the work of Peleteiro et al.38 in which xylose was used in a
biphasic system composed of the IL 1-butyl-3-methylimidazo-
lium hydrogen sulfate and toluene, achieving 73.8% yield at
140 °C for 240 min.38 The developed process is thus faster,
utilizes xylan, and does not require the use of organic solvents
such as toluene. Moreover, the results attained are comparable
to the biphasic system composed of γ-valerolactone/water used
by Yang et al.10 In this process, the catalyst Al2(SO4)3 was used
in a microwave-assisted reaction occurring at 130 °C for 30
min. This work achieved a furfural yield of 87.8%;10 however,
this developed system has a higher energetic input than the
one developed in the current work due to the higher reaction
time. The results attained here by us also surpass previous
results achieved by our team using DESs. The yields attained in
both studies are similar, the yield achieved in this work being
slightly higher (78.8% vs 75.0%). Nonetheless, the developed
process is faster, resulting in an overall energetic saving.
Likewise, the developed process has the advantage of being a
one-step process combining furfural production and separa-
tion, without the need of utilizing additional organic solvents,
revealing the advantages in using liquid−liquid biphasic
systems.17

Furfural Recovery and IL Recycle. The final step of any
reaction is the recovery of the generated product. Moreover, to
develop a sustainable process, the evaluation of solvent
recyclability is also crucial. In this sense, the IL-rich phase
(top phase) enriched in furfural was separated from the
bottom phase and subjected to a fractional distillation under
reduced pressure to recover residual acidic water and furfural
(atmospheric boiling point of pure furfural ≈169 °C).30 After
the successful recovery of furfural and the IL, the solvent was
reused in a following reaction for furfural production for two
more times, in which an average of 78.06 ± 2.62% of furfural is
recovered from the IL-rich phase. Figure 4 shows the furfural

yield and EE for three consecutive recycling steps of the IL. As
observed, there is a slight decrease in furfural yield by applying
the recycled IL, from 78.8 to 69.9%. On the other hand, the EE
of furfural to the IL-rich phase (86.7 ± 2.62%) is not affected
with the IL recycle. The 1H and 13C NMR spectra (Figures S8
and S9) of the pure and recovered IL after three reaction cycles
do not show any significant contamination, confirming the
stability of the IL throughout the process. Furthermore, the
purity of recovered furfural was confirmed by the 1H and 13C
NMR spectra and HPLC chromatogram given in Figures S10
and S11, respectively.
Therefore, although some optimization procedures could be

further investigated to improve the furfural yield with the
reused IL, the proposed furfural and IL recovery scheme seems
to be appropriate to fulfill sustainable credentials and avoid the
use of the commonly applied harsh conditions to produce
furfural from biomass.

■ CONCLUSIONS
In this work, a new process for an integrated furfural
production (from xylans) and separation was developed by
employing acidic-based ABSs formed by [P444(14)]Cl and HCl,
in which HCl acts as both the catalyst and phase-forming
agent. Several operating conditions were screened and further
optimized by an RSM to optimize furfural yield. The HCl
content and temperature are the parameters that influence
furfural yield the most, revealing the relevance of avoiding
furfural degradation. On the other hand, the IL concentration
is crucial for furfural extraction to the IL-rich phase and thus
prevents saturation of the bottom phase which in turn can lead
to secondary reactions and reducing furfural yield. The IL and
HCl wt % are also highly dependent since certain wt % values
must be fulfilled to achieve a biphasic system.
Under the optimized conditions, a maximum 78.8% furfural

yield was achieved under the following conditions: 1 min of
microwave-assisted reaction time, AcABSs formed by 30 wt %
IL + 6.5 wt % HCl, at 140 °C, and 0.05 S/L ratio. To the best
of our knowledge, this furfural yield is the highest achieved up
to date in such a short period of time. Moreover, the process
developed takes advantage of the IL negligible volatility,
allowing us to directly distil furfural from this phase, without
the need of a back-extraction step applying further organic
solvents. A simple fractionated distillation under reduced
pressure allowed us to recover ca. 78.06% of furfural from the
IL-rich phase, while allowing the IL reuse in the following
reaction cycles. NMR analysis was performed, confirming the
nondegradation of both the recovered furfural and IL solvent.
Furthermore, the yields and recovery values achieved highlight
the potential of the investigated system to be integrated in
industrial biomass fractionation plants to valorize pentosan
feeds. This is conceivable through an integrated process
allowing the fractionation of biomass by lignin and hemi-
cellulose extraction. Then, the hemicellulose fraction should
proceed exclusively for furfural production. This can be
achievable by adapting the developed process to a continuous
one with the continuous furfural distillation from the reaction
mixture. Although the direct use of whole biomass could be
studied, it should be remarked that selectivity may be an issue
due to the presence of different furans, such as 5-HMF and
furfural, whereas the presence of lignin may also hinder furfural
extraction to the top phase. In summary, in this work, it is
shown that acidic-based ABSs are sustainable and effective
alternatives to conventional methods that use higher reaction

Figure 4. Furfural yield (bars), for the top phase (IL-rich) (blue) and
bottom phase (HCl-rich) (yellow) and EE (dots) in the different
reaction cycles using the reused IL under microwave-assisted
conditions (1 min of reaction time, at 140 °C, with the ABS
composed of 30 wt % IL + 6.5 wt % HCl, and a 0.05 S/L ratio).
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times, harsher operating conditions, and nonrecyclable
catalysts and solvents to produce furfural from biomass.
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