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Abstract: The addition of alkali metal halide salts to acidic deep eutectic solvents is here reported
as an effective way of boosting xylan conversion into furfural. These salts promote an increase in
xylose dehydration due to the cation and anion interactions with the solvent being a promising
alternative to the use of harsh operational conditions. Several alkali metal halides were used as
additives in the DES composed of cholinium chloride and malic acid ([Ch]Cl:Mal) in a molar ratio of
1:3, with 5 wt.% of water. These mixtures were then used as both solvent and catalyst to produce
furfural directly from xylan through microwave-assisted reactions. Preliminary assays were carried
out at 150 and 130 ◦ C to gauge the effect of the different salts in furfural yields. A Response Surface
Methodology was then applied to optimize the operational conditions. After an optimization of the
different operating conditions, a maximum furfural yield of 89.46 ± 0.33% was achieved using 8.19%
of lithium bromide in [Ch]Cl:Mal, 1:3; 5 wt.% water, at 157.3 ◦ C and 1.74 min of reaction time. The
used deep eutectic solvent and salt were recovered and reused three times, with 79.7% yield in the
third cycle, and the furfural and solvent integrity confirmed.
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1. Introduction
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The interest in alternative and renewable sources of chemicals, materials and energy
has been growing in recent years. This trend is mostly due to the environmental impact
associated with the overuse of petrochemical-derived products, notably CO2 emission and
global warming [1], although instability in oil prices and supply might also be challenging
in the long term. These arguments led to an increased interest in plant biomass to supply
society with commodities previously attained from petroleum-based sources [2]. It is
estimated that at least 30% of all chemicals should be derived from renewable resources
by 2050 [3]. From the different chemicals that can be obtained from renewable resources,
furfural is among the most relevant, with a world market of around 300,000 tons per
year, while being identified by the US Department of Energy (DOE) as one of the top
12 value-added chemicals attained from biomass [4]. This compound is a precursor of
other essential chemicals that are intermediates and/or solvents in industry, such as 2methyltetrahydrofuran (2-Me-THF), furan, tetrahydrofuran (THF) and 2-methylfuran [5].
Furfural is produced from the dehydration of pentoses, and particularly from xylose
dehydration in acidic media. Pentoses, in addition, are produced through the hydrolysis
of hemicelluloses, which are amongst the most abundant components of lignocellulosic
biomass (15–30 wt.%) [3,6]. Xylose is normally produced from one of the most common
hemicelluloses, viz xylans [3,6]. Currently, furfural is mainly produced from agricultural
wastes, such as corn cobs and sugar cane bagasse [6]. Most processes are carried out in
aqueous media with homogeneous acidic catalysts, such as H2 SO4 [7] and HCl [8], or
heterogeneous catalysts, such as aluminium sulphate (Al2 (SO4 )3 ) [9] or tin tetrachloride
(SnCl4 ) [10]. Numerous studies have focused on the production of furfural [11]; however,
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selectivity and solubility issues are bottlenecks that have limited the industrialization of
the developed processes. These issues are mainly attributed to the nature of the catalysts. Acidic catalysts can cause the formation of side products such as humins, resulting
from furfural condensation, while heterogeneous catalysts display low accessibility to
biomass [5].
To diminish the rate and occurrence of side reactions, biphasic systems are frequently
applied. Furfural is thus produced in aqueous media and continuously extracted to an
organic phase to which it has a higher affinity [12]. Solvents such as methyl isobutyl ketone
(MIBK) [13] and THF [14] have been used as the extracting phase. More recently, bio-based
solvents have been used for the same purpose, such as, for example, γ-valerolactone (GVL)
and 2-Me-THF [9,10,15–17]. Some solvents, such as GVL and dimethyl sulfoxide (DMSO),
have been shown to suppress condensation reactions [18,19].
Ionic liquids (ILs) are alternative solvents often used to replace organic counterparts
as reaction media. These neoteric solvents are low-temperature melting salts due to their
ionic nature present negligible vapor pressure, outstanding chemical and thermal stability,
and extended solvation ability [20]. ILs have been shown to display an important role
in the synergistic transformation of biomass into chemicals [5]. In particular, ILs have
shown promising results in the dehydration of furfural, either as reaction media [21]
or as catalysts [22]. For example, Serrano-Ruiz et al. [22] designed ILs based on pyridinium/tetraethylammonium cations and functionalized them with butyl sulfonic acid
groups and two different anions, namely tetrafluoroborate [BF4 ]− and methyl sulfonate
[MeSO3 ]− [22]. These ILs were then used as catalysts for furfural production from xylose
in different organic solvents achieving a maximum yield of 85% with THF at 80 ◦ C for
1 h. Similarly, deep eutectic solvents (DES), composed of a hydrogen bond acceptor (HBA)
and a hydrogen bond donor (HBD) [23], are a new class of alternative solvents that have
been applied in the transformation of biomass into added-value chemicals [24]. DES are
mixtures of two or more compounds that form an eutectic mixture strongly deviating
from ideality, thus presenting a significant decrease in the melting temperature. These
compounds also have a “designer solvent” character enabled by the proper selection of
HBAs and HBDs [25,26]. They can be easily prepared by simply mixing, at appropriate
ratio, the compounds required to create the desired eutectic mixture [24], and may display
low toxicity if properly designed [27]. Recently, and due to the presented characteristics,
some works have been published comprising the use of DES in furfural production [28–31].
DES composed of cholinium chloride ([Ch]Cl) and oxalic acid combined with Lewis acid
catalysts, such as AlCl3 ·6H2 O, has been applied combined with methyl isobutyl ketone
(MIBK) in a biphasic system to convert xylans into furfural. This process resulted in 55.5%
yield of furfural at 100 ◦ C relative to the pristine xylans [28]. This same DES was applied
in an aqueous solution (16.4 wt.% water) to transform palm oil fronds with ultra sounds
(3 min), leading to a furfural yield of 56.5% at 120 ◦ C for 60 min [29]. A biphasic system
composed of an aqueous solution of [Ch]Cl:ethylene glycol with acetone allowed a furfural
yield of 75% in the following conditions: 180 ◦ C, 30 min, using 1.5 (w/v)% AlCl3 as a
catalyst [30].
The topic of DES for furfural production has also been breached by our team [31]. In
our work, microwave heating was applied with the DES composed of [Ch]Cl and malic
acid, using xylan as substrate. A maximum furfural yield of 75.0% was achieved with
only 2.5 min of reaction time by using the DES as both solvent and catalyst. In this work,
bio-based solvents such as GVL and 2-Me-THF were used to boost yield, facilitate furfural
production and to reuse the DES reaction media [31].
An interesting facet of the production of furfural is the role of alkali metal halides.
It has been shown that the addition of these salts to solvents such as water and polar
aprotic solvents can increase furfural yields [32,33]. Alkali metal halides have been used
mostly with biphasic systems to increase the “salting-out” effect and thus increase furfural
separation from the reaction media. Nonetheless, they also play an important role in the
kinetics of xylose dehydration in acidic media [32,33]. Enslow et al. [32] found that the
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rate of xylose consumption is affected by both the nature of the cation and anion. Mellmer
et al. [33] observed a similar trend in the increase in 5-hydroxymethylfurfural (HMF) yield
when adding chloride ions to aprotic solvents such as GVL [33].
Considering that the use of alkali metal halides represents an effective way to increase
furfural yields, in the present study, a selection of alkali metal halides were applied to the
process we have previously optimized in deep eutectic solvents [31]. To the best of our
knowledge the use of these alkali metal halides has not been studied with DES and could
be an alternative to the use of harsher temperatures while decreasing the reaction times.
2. Results and Discussion
2.1. Metal Halide Selection and Screening
Considering that the use of alkali metal halides represents an effective way to increase
furfural yields, in the present study, a selection of alkali metal halides, namely sodium
chloride (NaCl), sodium bromide (NaBr), sodium iodide (NaI), potassium chloride (KCl),
potassium bromide (KBr), potassium iodide (KI), lithium chloride (LiCl) and lithium
bromide (LiBr), were applied to the process we have previously optimized [31], comprising
the DES constituted by [Ch]Cl and malic acid, to address the possibility of further increasing
the attained yields and without the need of using GVL as additive.
A screening was made using the different halide salts, added in a fixed concentration
(10 wt.%) to the previously established best conditions for furfural production: [Ch]Cl:MA
(1:3, molar ratio) with 5 wt.% of added water, at 150 ◦ C for 2.5 min with microwave heating
and solid–liquid (S/L ratio) of 0.05 [31]. The results obtained in these initial assays are
presented in Figure 1. Furfural yields are affected, positively or negatively, with extreme
values being observed with the addition of NaBr (up to 92.8% yield) and with the addition
of NaCl (down to 43.3%) when compared with the reference conditions (no halide salt
added, 62.0%). Overall, the addition of salts such as NaBr, NaI, KI and LiBr allow an
increase in the furfural yield when compared with the reference conditions (no halide
salt added). The mechanism for furfural production from xylan is initiated by the acidic
hydrolysis of this compound into xylose. From there, the dehydration of xylose into
furfural can occur in one of two ways: by ring opening to form the acyclic isomer of xylose
followed by dehydration or by direct dehydration of either α- or β-xylopyranose. In this
sense, Enslow et al. [32] have proposed an explanation for the role of metal halides in the
dehydration taking place either at C2 (predominant) or C1, as depicted in Figure 2, for
xylose dehydration in the C2 position. In the proposed mechanism, the metal cation is
responsible for increasing the C–O–H and C–O–C bond lengths, through the interaction
with the hydroxyl groups, and lowering the energy necessary to break such C–O bonds.
Moreover, and as depicted in Figure 2, a reactive carbocation in C2 is formed after the
loss of water that is stabilized by the formation of a halide. The use of metal cations with
strong kosmotropic character will hinder the rehydration of this carbocation while the
halide anions interact with electronegative regions of xylose, thus stabilizing the formed
carbocation [32]. Nonetheless, the results reported here are not completely in line with the
mentioned work [32] as in that case the xylose consumption was affected by the salt cation
in the following order: no salt < K+ < Na+ < Li+ .
In the present study, although NaBr outperforms KI, the salts containing Li+ do not
enable higher furfural yields when compared with the maximum results attained for
each cation. On the other hand, when comparing the anions studied, amongst the salts
comprising Na+ and Li+ , Br– allows the best results; in the case of K+ , the best results
are attained in combination with I− . The latter result is in agreement with the work
by Enslow and co-workers [32], which revealed increased xylose consumption in the
following order: no salt < Cl− < Br– < I– . However, in that study [32], the assays were
conducted with water as solvent. In these conditions, it was found that the halide salts were
able to decrease water activity and therefore increase xylose dehydration rate. This was
explained by the ability of the cations and anions to interact with water and thus reduce
the water–water interactions [32]. In our system, water is present in low concentration
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(5.0 wt.%) and the effect of salt ions will mainly occur through the interaction with the DES
components. The anions will mainly interact with the hydrogen-bond acceptor, that is,
cholinium ion, whereas the cation will mainly interact with the chloride anion in the DES.
These interactions then affect the xylose solvation and dehydration. Based on these overall
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It is important to note that in the assays using LiCl and LiBr we observed the
formation of considerable amounts of insoluble side products. This could potentially
mean that the reaction time was too long or the operating conditions too harsh, leading to
the formation of side products in the cases in which xylose is dehydrated faster. Therefore,
and to gage the behavior of the different salts in more detail, new assays were performed
at a lower temperature of 130 °C, the results obtained being provided in Figure 3.

Molecules 2021, 26, 7374

5 of 12

It is important to note that in the assays using LiCl and LiBr we observed the formation
of considerable amounts of insoluble side products. This could potentially mean that the
reaction time was too long or the operating conditions too harsh, leading to the formation
of side products in the cases in which xylose is dehydrated faster. Therefore, and to gage
Molecules 2021, 26, x FOR PEER REVIEW
the behavior of the different salts in more detail, new assays were performed6atof a13lower
temperature of 130 ◦ C, the results obtained being provided in Figure 3.
60

Furfural Yield (%)

50
40
30
20
10
0
[Ch]Cl:MA, [Ch]Cl:MA, [Ch]Cl:MA, [Ch]Cl:MA, [Ch]Cl:MA, [Ch]Cl:MA, [Ch]Cl:MA, [Ch]Cl:MA, [Ch]Cl:MA
10 wt.%
10 wt.% 10 wt.% NaI 10 wt.% KCl 10 wt.% KBr 10 wt.% KI 10 wt.% LiCl 10 wt.% LiBr
NaCl
NaBr
3. Screening
the different
halide
salts
addedatat10
10wt.%
wt.% to
to [Ch]Cl:MA
5 wt.%
H2O.
reactions
FigureFigure
3. Screening
of theofdifferent
halide
salts
added
[Ch]Cl:MA(1:3),
(1:3),containing
containing
5 wt.%
HThe
2 O. The reactions
occurred at◦ 130 °C for 2.5 min with microwave heating. The last bar corresponds to the reference DES with no halide salt
occurred
at 130 C for 2.5 min with microwave heating. The last bar corresponds to the reference DES with no halide salt
added.
added.
At lower temperatures, Li+ salts outperform those with both K+ and Na+, with K+ salts
The results
obtained
reveal
lower temperatures
an alteration
in the halide
allowing
a slightly
higher
yield that
whenatcompared
with salts comprising
Na+, following
the salts
effect
over
furfural
yields
takes
place.
Furthermore,
for
most
of
the
investigated
DES,
cation hydrogen-bond acidity. This trend is the opposite to what is observed in thelower
yields
are obtained
lower
temperatures,
including
a pronounced
seen with
literature
[32]. Asatfor
the anion
effect, at lower
temperatures,
I− saltsdecrease
do not allow
for the
−
−
higher DES.
furfural
yieldsassays,
when compared
and Bryield
counterparts.
Interestingly,
the with
reference
In these
an increasetoinClfurfural
up to 49.9%
was achieved
attained
two
anions
are very similar,
in agreement
withThese
the furfural
additionyields
of LiCl,
whilewith
the these
lowest
value
corresponds
to the being
DES reference
(7.7%).
the
literature
[32].
The
positive
effect
of
the
addition
of
catalytic
amounts
of
chloride
saltswhich
results reveal the catalytic effect of the different halide salts at lower temperatures,
for
furans
production
was
also
observed
in
the
work
of
Mellmer
et
al.
[33]
regarding
the
is more noticeable when compared with the reference.
production of 5-hydroxymethylfurfural
(5-HMF). It was revealed that the+chloride anions
+
+
At lower temperatures, Li salts outperform those with both K and Na , with K+
stabilize the protonated transition states in the reactions, resulting in a tenfold increase
in
salts allowing a slightly higher yield when compared with salts comprising Na+ , following
reactivity in aprotic solvents as GVL. The high concentration of the aprotic solvent is
the responsible
cation hydrogen-bond
acidity. This trend is the opposite to what
is observed in the
for the formation of hydrophilic environments near the
reactive hydroxyl
− salts do not allow for
literature
[32].
As
for
the
anion
effect,
at
lower
temperatures,
I
group, stabilizing both the proton and chloride anions, and promoting fructose
−
higher
furfural[33].
yields
when
to Cl−
and Br
Interestingly,
dehydration
Overall,
thecompared
attained results
suggest
that counterparts.
the halide salt cation
effect is the
furfural
attained
with these
two anions
are very parameters
similar, being
agreement
more yields
susceptible
to variations
in different
experimental
and in
solvents
used, with
the whereas
literaturethe
[32].
Theanions
positive
effectseems
of thetoaddition
catalytic
amounts
ofwith
chloride
halide
impact
be of a of
more
universal
nature
less salts
effects taking
for synergetic
furans production
wasplace.
also observed in the work of Mellmer et al. [33] regarding the
To further
optimize furfural production
yields,
two revealed
of the best
performing
salts,
production
of 5-hydroxymethylfurfural
(5-HMF).
It was
that
the chloride
anions
namely
LiBr
and
NaBr,
were
selected
and
applied
at
two
different
temperatures
and
stabilize the protonated transition states in the reactions, resulting in a tenfold increase
variable reaction
timessolvents
under microwave
heating.
The
respective results
areaprotic
displayed
in
in reactivity
in aprotic
as GVL. The
high
concentration
of the
solvent
is
Figure
4.
The
results
obtained
for
these
assays
highlight
the
higher
catalytic
capability
of
responsible for the formation of hydrophilic environments near the reactive hydroxyl group,
LiBr at lower temperatures, with this salt outperforming NaBr in the assays carried out at
stabilizing both the proton and chloride anions, and promoting fructose dehydration [33].
130 °C. Additionally, at higher temperatures, LiBr allows higher yields at lower reaction
Overall, the attained results suggest that the halide salt cation effect is more susceptible
times. For reaction times of 2.0 and 2.5 min, the yields attained with LiBr decrease and the
to variations
insurpass
different
experimental
parameters and
used,
whereas
the halide
NaBr results
these
values. This phenomenon
may solvents
be due to the
reaction’s
kinetics,
anions
impact
seems
to
be
of
a
more
universal
nature
with
less
synergetic
effects
taking
which are expected to be faster than LiBr is when compared with NaBr. This behavior is
+
place.
in line with the literature [32], in which the Li cation has a higher influence on the rate of
xylose dehydration rate when compared with Na+ while also increasing the selectivity of
the reaction towards furfural [32]. This increase in the reaction rate with the addition of
LiBr results in a higher yield at lower reaction times; however, it also results in a decrease

Molecules 2021, 26, 7374

6 of 12

To further optimize furfural production yields, two of the best performing salts,
namely LiBr and NaBr, were selected and applied at two different temperatures and
variable reaction times under microwave heating. The respective results are displayed in
Figure 4. The results obtained for these assays highlight the higher catalytic capability of
LiBr at lower temperatures, with this salt outperforming NaBr in the assays carried out at
130 ◦ C. Additionally, at higher temperatures, LiBr allows higher yields at lower reaction
times. For reaction times of 2.0 and 2.5 min, the yields attained with LiBr decrease and
the NaBr results surpass these values. This phenomenon may be due to the reaction’s
kinetics, which are expected to be faster than LiBr is when compared with NaBr. This
behavior is in line with the literature [32], in which the Li+ cation has a higher influence
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Varithree variables on furfural yield is illustrated in Figure 5, and in the Pareto chart given in
Figure S1. Variance analysis (ANOVA) was applied 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, the correlation coeﬃcients obtained, as well as all the
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ance analysis (ANOVA) was applied 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,
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the correlation coefficients obtained, as well as all the statistical analyses are provided in
Tables S2 and S3.
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results exceed even the performance of the DES in conjunction with GVL (75.0%) [31],
9 of 13
while also having a faster reaction kinetic (1.74 vs. 2.5 min).
The yield values here achieved are higher than other previously established industrial
processes, e.g., those utilized by companies such as Quaker Oats (<50%) and Dupont (61–
84%)
[36], while
using milder
conditions
andafter
a faster
reaction
time. These
results highlight
the
industrial
processes
will only
be possible
attempts
of scaling
up, technoeconomic
the potential
of the developed
analysis
and life-cycle
assessmentprocess;
studies.however, a fair comparison with the industrial
processes will only be possible after attempts of scaling up, technoeconomic analysis and
life-cycle
assessment
studies.
2.3.
Furfural,
Reaction Media
and Catalyst Recovery and Reuse
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3. Materials and Methods
3. Materials and Methods
3.1. Chemicals
3.1. Chemicals
Cholinium chloride ([Ch]Cl) (≥99% purity), furfural (≥99 % purity) and sodium
Cholinium
chloride
(≥99% purity),
(≥99 % purity)
andDL-Malic
sodium
iodide (NaI, 99%
purtiy)([Ch]Cl)
were supplied
by Sigmafurfural
(Ronkonkoma,
NY, USA).
iodide
(NaI,
99%
purtiy)
were
supplied
by
Sigma
(Ronkonkoma,
NY,
USA).
DL-Malic
acid (MA, 99.5% purity) was obtained from Panreac (Barcelona, Spain) was obtained acid
from
(MA,
purity)
wasCommercial
obtained from
Panreac
(Barcelona,
Spain)
was obtained
from
Acros99.5%
Organics
(USA).
beechwood
xylan
(9.39 wt.%
humidity)
was purchased
Acros
Organics
(USA).
Commercial
beechwood
xylan
(9.3999.5%
wt.%
humidity)
was
from Apollo
Scientific
(Stockport,
UK). Sodium
chloride
(NaCl,
purity)
and sodium
purchased
from
Apollo
Scientific
(Stockport,
UK).
Sodium
chloride
(NaCl,
99.5%
purity)
bromide (NaBr, 99% purity) were purchased from Fluka, Charlotte, NC, USA. Lithium
and sodium bromide (NaBr, 99% purity) were purchased from Fluka, Charlotte, NC, USA.
Lithium Chloride (LiCl, 99% purity) gas attained from Merk and lithium bromide (LiBr,
99% purity) was attained from BDH Chemicals, Dubai, UAE. Potassium iodide (KI, 99.7
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Chloride (LiCl, 99% purity) gas attained from Merk and lithium bromide (LiBr, 99% purity)
was attained from BDH Chemicals, Dubai, UAE. Potassium iodide (KI, 99.7 % purity) was
purchased from Normapur (Radnor, PA, USA) and potassium chloride (KCl, 99.5% purity)
was purchased from Chem Lab (Zedelgem, Belgium).
3.2. DES Preparation and Catalyst Addition
[Ch]Cl was used as the hydrogen bond acceptor (HBA) and malic acid (MA), as
hydrogen bond donor (HBD). The water content of all the compounds was measured
through a Metrohm 831 Karl Fisher coulometer. The DES was prepared by the weight
measurement of the HBA and HBD at the desired molar ratio in sealed glass vials and the
mixtures were then heated up to 70 ◦ C and stirred for at least 1 h until a transparent liquid
was formed. Mixtures were cooled down to room temperature and kept in sealed glass
vials up until use. The water (5 wt.%) and the different salts were later added to the DES
and stirred until complete homogenization/dissolution.
3.3. Xylan Hydrolysis and Dehydration to Furfural
Microwave-assisted reactions were utilized to produce furfural from xylans. Microwave irradiation was utilized since it is extremely advantageous when compared with
conventional heating due to the extremely rapid heating of the reaction media. Moreover, it has been reported that it can increase the yields of carbohydrates dehydration
reactions [38]. The microwave-assisted reactions were carried out in a Monowave 300
microwave synthesis reactor from Anton Paar (Graz, Austria). Heating was applied as
fast as possible, with a heating time always below 1 min. The xylan/DES weight ratio
was fixed at 0.05 in accordance with previous optimization [31]. The xylan and DES/salt
mixtures were weighted and prepared in sealed vials (10 mL). Then, vials were placed in
the microwave reactor at fixed stirring of 600 rpm. The reactions were carried out at 130 or
150 ◦ C, and after the established reaction time (2.5 min) the samples were left to cool down,
then diluted appropriately with deionized water and filtered through a nylon Whatman
filter of 0.45 µm pore into appropriate HPLC glass vials. Triplicates were carried out in all
assays.
3.4. Process Optimization through Response Surface Methodology
A RSM was applied to simultaneously analyze various factors (temperature, time
and LiBr wt.%) and to identify the most significant parameters and their interaction, with
the main goal of optimizing and promoting high furfural yields. A detailed description
of the 23 factorial planning used is provided in the Supplementary Materials Equations
(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. The 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. The
attained conditions were then tested to validate the model.
3.5. Furfural Recovery and DES and Salt Recycling
Furfural was recovered from the DES media by direct distillation under reduced
pressure. The distilled furfural was recovered, weighed and the furfural yield calculated.
The recovered furfural was then redissolved in water, diluted and filtered through a nylon
Whatman filter of 0.45 µm pore into HPLC glass vials. The recovered DES-based solvent
was used in at least three more cycles of xylan conversion to verify the solvent recyclability
on the furfural production yield.
The solvents stability was evaluated through 1 H and 13 C NMR. The obtained furfural
was compared with a reference sample of furfural by 1 H and 13 C NMR. The 1 H NMR and
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13 C

NMR spectra were recorded using a Bruker Avance 300 at 300.13 MHz and 75.47 MHz,
respectively, using deuterated water as solvent and trimethylsilyl propanoic acid (TMSP)
as internal reference.
3.6. Furfural Quantification

The quantification of furfural in each sample was carried out by HPLC-DAD (Shimadzu, Kyoto, Japan, model PROMINENCE). HPLC analyses were performed with an
analytical C18 reverse-phase column (250 mm length × 4.60 mm internal diameter), Kinetex
5 µm C18 100 Å, from Phenomenex, Torrance, CA, USA. The mobile phase consisted of 20%
of methanol and 80% of ultra-pure water. The separation was performed in 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). Each sample was analyzed at
least in duplicate. The column oven and the autosampler were operated at a controlled
temperature of 35 ◦ C. Calibration curves were established with pure furfural dissolved in
water. Furfural yield is expressed in moles of furfural in relation to the number of moles of
xylose present in the xylan sample used.
4. Conclusions
In this work the addition of metal halide salts to the acidic-based DES [Ch]Cl:MA
(1:3) + 5 wt.% H2 O was investigated as a strategy to increase furfural yield directly from
xylans. A screening of different salts was initially conducted in fixed conditions allowing
the study and comparison of different anions (Cl− , Br− , I− ) and cations (Na+ , K+ , Li+ ).
From the conducted screening, LiBr allows the fastest and higher furfural yields, and was
thus selected to be used in further optimization using a Response Surface Methodology
approach.
The addition of halide salts is here shown to be an easy way of increasing furfural
yield by boosting the performance of pre-existing systems. To the best of our knowledge,
an 89.5 ± 0.3% furfural yield is the highest yield reported up to date in such a short time
(1.74) and moderate temperature (157.3) of reaction.
The maximum furfural yield obtained experimentally in presence of LiBr under the
optimized conditions was 89.5 ± 0.3%. The attained yield surpasses the yield attained
in previous works using the same DES (75.0%) [31], with and without the addition of
co-solvent γ-valerolactone, while also having a faster reaction kinetic (1.74 min vs. 2.5 min).
Finally, the reaction media (DES + LiBr) can be reused at least three times (79.7% yield in
the third cycle) without a major loss of yield. The obtained furfural is of high purity and
the recovered DES maintains its integrity, further supporting the efficacy of the developed
process.
The addition of halide salts is here shown to be an easy way of increasing furfural
yields by boosting the performance of pre-existing systems. To the best of our knowledge,
an 89.5 ± 0.3% furfural yield is the highest yield reported to date in such short reaction
time. This is thus a promising system that offers several advantages when compared with
other industrial processes, such as shorter reaction times and milder operating conditions.
Nonetheless, the next steps for the development of a fully realized system that could
compete with other established methodologies require the scale-up validation and its effect
on the furfural yield, recovery and solvent reuse, as well as the need for carrying out
technoeconomic analysis and life cycle assessment studies.
Supplementary Materials: The following are available online, Equation (S1): Response surface
methodology polynomial equation; Equation (S2): Distance of the axial points to the central point;
Table S1: 23 factorial planning; Table S2: Coded levels of independents variables used in the first and
second factorial planning; Table S3: Regression coefficients of the predicted second-order polynomial
model from factorial planning for the dependable variable of furfural yield; Figure S1: Pareto chart
for the standardized main effects in the factorial planning for furfural yield optimization. Vertical
line indicates the statistical significance of the effects; Figure S2: 1 H and 13 C NMR of the recovered
furfural; Figure S3: 1 H and 13 C NMR the pure and recovered [Ch]Cl:Malic Acid (1:3).
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