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We show the effective conversion of xylose into furfural, with a selectivity >90 mol%, in an aqueous—
organic three-solvent system, which is composed of an apolar aromatic solvent, a polar organic solvent
and acidic water and helps in catalyzing the formation of furfural. We couple this with a pre-extraction
step of xylose as a boronic diester into a promising integrated process for valorising a diluted xylose
hydrolysate. This process promises facile recovery of furfural and good recycling of all solvent com-
ponents. The use of the boronic diester was found to be irrelevant for obtaining high selectivity, as its
hydrolysis under the reaction conditions is fast. Surprisingly, the >90 mol% selectivity requires the three-
solvent system to transition from biphasic to monophasic under the reaction conditions. Phenylboronic
acid (PBA) used to extract xylose was found to be instrumental to this transition; PBA-lean media
(<20 mM PBA) remain biphasic under the reaction conditions and deliver only 70 mol% selectivity. Water
partial pressure measurements across the phase transition temperature confirm the occurrence of the
phase transition. The increase of the apolar nature of the reaction medium when transitioning from bipha-
sic to monophasic operation, reached upon mixing of the aromatic solvent with the water—polar organic
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phase, is likely responsible for the improved selectivity. The presence of an aromatic solvent in the
mixture is important, probably due to its interaction with PBA that is instrumental to achieving the phase
transition. A 1:1:1 toluene-sulfolane—water (pH = 1) mixture and [PBA] > 20 mM resulted in the highest

rsc.li/greenchem observed xylose-to-furfural selectivity (95 mol%).

organic solvent in the process.®** A common strategy to

improve the efficiency of xylose dehydration is to perform the
reaction in a biphasic system,® "> with the aim to extract fur-

Introduction

Furfural is among the top value-added chemicals that could

serve as renewable carbon sources for energy and chemical
production.* Furfural is currently produced by acid-catalysed
dehydration of xylose present in lignocellulosic biomass."™*
The xylose-to-furfural selectivity is, however, severely limited
by side-reactions, in particular the formation of solid humic
by-products, observed consistently under several reaction
conditions.'™®

To address these problems and to enhance the production
of furfural, various studies have introduced the use of an
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fural as soon as it is formed and thereby to protect it from
degradation."™'* Accordingly, the xylose-to-furfural selectivity
is increased to 65-70 mol%, which is a significant improve-
ment over the 50 mol% observed when xylose is dehydrated in
water.'?

Alternatively, the reaction can be performed under mono-
phasic conditions, using polar aprotic solvents (e.g., DMSO
and sulfolane), optionally with limited amounts of water, deli-
vering furfural with a selectivity of up to 80-85 mol%."*>" An
explanation for this improved selectivity is that aprotic organic
solvents suppress the formation of acyclic sugar, which is
more prone to degradation, while the limited amount of water
directly interacts with the sugar influencing the mechanism of
dehydration.'®'” However, this approach requires xylose to be
recovered from the dilute aqueous feed, which severely
increases the cost of the sugar."”” Additionally, these solvents
cannot be considered green, due to their detrimental effect on
human health and hazard to the environment, and their separ-
ation from water streams requires a high energy input.*>
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In the context of fructose dehydration to hydroxymethyl-
furfural (HMF) under biphasic conditions, Roman-Leshkov
and Dumesic introduced the use of a polar organic solvent
(e.g. 1-butanol) that gave a monophasic system under the reac-
tion conditions.'®> However, the mutual solubility of water and
the organic solvent at higher temperatures resulted in the for-
mation of more degradation products, possibly due to
rehydration."”

Here, we study the use of a three-solvent mixture, using
water (with an acid to induce the reaction), an apolar, aromatic
organic solvent, and a polar aprotic solvent, in the conversion
of xylose to furfural, with the aim to integrate this step into a
process with a pre-extraction step of xylose as a boronic diester
(Fig. 1). In a previous study,>® we have reported the extraction
of xylose from an acidic aqueous feed into an organic aromatic
solvent as a boronic diester (PBA,X) and its conversion under
biphasic conditions. In the present study, upon adding a
third, polar aprotic, solvent, we observed a temperature-depen-
dent switching from biphasic to monophasic in the presence
of phenylboronic acid (PBA), and we found a simultaneous
strong effect on the xylose-to-furfural selectivity. We explore
the conditions under which this phase transition occurs and
try to rationalize its effect on the selectivity. Based on these
findings, we provide a concept of an integrated process that
benefits from both the diester extraction and the highly selec-
tive monophasic conversion and allows the separation of the
solvents from the aqueous waste stream and the recycling of
both solvents and additives.
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Results and discussion

Selectivity switch in the dehydration of xylose to furfural in a
three-solvent system

When aiming for a process to convert xylose from biomass
into furfural, the extraction of xylose from an acidic aqueous
hydrolysate will deliver a toluene phase containing PBA,X.>?
This extraction allows one to naturally consider a biphasic
system to convert xylose upon back-extraction into acidic
water, but the xylose-to-furfural selectivity under biphasic con-
ditions is typically only about 70%."" We therefore considered
adapting the solvent to convert the back-extracted xylose. We
started with a solution of PBA,X in toluene in the present
study. However, it has to be noted that choosing the diester as
the starting material is not an essential element to provide the
selectivity observed in this process. As we will show, (i) the
hydrolysis of the diester in a solvent mixture that contains
water is fast compared to the conversion of released xylose
into furfural and (ii) it is free PBA (not its ester) that provides
control over the temperature-induced biphasic to monophasic
transition that in turn provides the high selectivity. Many
experiments were therefore conducted by simply adding xylose
to the water phase and PBA to toluene before mixing the sol-
vents, to allow, for example, variation of the xylose-PBA ratio.
Performing the hydrolysis and conversion of PBA,X in a
1:1:1 toluene-sulfolane-water (water at pH = 1, 97 mM of
PBA,X in the reaction mixture) system led to an unexpectedly
high furfural selectivity of approx. 95 mol% at full xylose con-

Fig. 1 Conceptual representation of the solvent composition of the system and its phase behaviour, during the preparation of a boronic ester feed
(of xylose and PBA) in an aromatic solvent, PBA-induced transition to a monophase at the reaction temperature, and separation of the produced fur-

fural during work-up.
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Fig. 2 Relative concentrations (in mol% of the starting total xylose con-
centration of 97 mM) of furfural, xylose and unconverted PBA,X, and the
selectivity toward furfural vs. time. Reaction performed in a 1:1:1
toluene—sulfolane—water (pH = 1) system at 180 °C. Values calculated
from NMR analysis of aqueous and toluene phases at r.t. (lines are to
guide the eye).

version, after approx. 3.5 h (Fig. 2). At room temperature, the
mixture was biphasic, with toluene forming the organic phase
using the sulfolane-water mixture as the polar aqueous phase.
However, at the reaction temperature (180 °C), formation of a
single phase was observed. In contrast, operation in 1:1
toluene-water (pH 1), which is biphasic at the reaction temp-
erature, resulted in only 70 mol% selectivity.""

To understand the origin of the high furfural selectivity in
the former case, the progress of the reaction was followed in
time (Fig. 2), showing a fast (<30 min) release of the sugar
from its boronate ester and partitioning into the aqueous
phase (upon analysis at room temperature at which the mix-
tures are always biphasic), followed by a slower conversion of
the released xylose into furfural (Fig. S17).

Remarkably, the xylose-to-furfural selectivity remained
>90 mol% over the entire course of the reaction until full con-
version. The fast hydrolysis of the boronate ester form of the
xylose, PBA,X, into xylose in water, which is practically com-
plete within the first 30 min, indicates that the use of PBA,X
as the starting material is not essential to achieve the observed
selectivity. Indeed, performing the reaction in the same
solvent mixture, but starting from free xylose in water (pH = 1)
and PBA in toluene (with a xylose concentration in the system
of 97 mM and a PBA concentration of 194 mM), gave the exact
same furfural selectivity.

In contrast, performing the reaction starting from free
xylose in water (pH = 1), using the same solvent system and
experimental conditions, but in the absence of PBA, gave only
a 70 mol% yield of furfural, comparable to the selectivity
obtained under commonly applied water-toluene biphasic
conditions."* This suggests that PBA, originating from the
hydrolysis of PBA,X, is an essential component to obtain the
high selectivity, even though ester formation is not.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Xylose-to-furfural selectivity (mol%) vs. PBA concentration (mM)
in the reaction mixture; reaction performed at 180 °C for 3—-4 h (full
conversion achieved in all cases) in a 1:1:1 toluene-sulfolane—water
(pH = 1) solvent system with free xylose (97 mM in the reaction mixture)
and free PBA at varying concentrations. The horizontal line at approx.
70 mol% represents the selectivity obtained at a PBA concentration of
0 mM.

To investigate the effect of the reaction medium and the
role of PBA in it, the xylose dehydration reaction was per-
formed at a constant xylose concentration and using the same
experimental conditions and solvent system. PBA was added to
the toluene phase reaching concentrations in the reaction
mixture that varied from 0 to 233 mM (Fig. 3). While the final
furfural selectivity was always close to 70 mol% at [PBA] <
20 mM in the reaction mixture, it increased markedly and in a
stepwise manner to >90 mol% at PBA concentrations in the
reaction mixture above 20 mM.

Phase change of the three-solvent mixture as a function of PBA
concentration and temperature

The sharp selectivity transition observed above triggered us to
investigate the phase behaviour of the reaction mixture as a
function of PBA concentration and reaction temperature.
Visual observation of the number of phases of the reaction
mixtures was performed, and the xylose-to-furfural selectivity
was assessed (Fig. 4). Datapoints were found distributed over
those with biphasic and monophasic behaviour, and a divid-
ing line became apparent. Complementary experiments in
glass capillaries containing the solvent-PBA mixtures (without
xylose) indeed showed that the 1:1:1 toluene-sulfolane-water
(pH = 1) system transitions from biphasic to monophasic,
depending on the temperature and the PBA concentration
(Fig. S2, Videos S1 and S2f). Furthermore, these experiments
showed no partial mixing prior to the phase transition from
biphasic to monophasic. The transition itself is very fast and
occurs in a 2-3 s time interval. After the transition, the single
phase is clear and does not cause diffraction of light, which is
a good indication that the single phase is not an emulsion.

Green Chem., 2021, 23, 8079-8088 | 8081
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Fig. 4 Determination (by visual inspection) of the phase behaviour of
the 1:1:1 toluene-sulfolane—water (pH = 1) three-solvent system as a
function of the PBA concentration in the reaction mixture and the reac-
tion temperature, in the absence of xylose. The markers represent
experimental points at which the number of phases was determined,
with the solid and open symbols indicating monophasic and biphasic
conditions at the observation temperature, respectively. For the data
points with a small error bar for the temperature, the determination of
the transition was achieved applying a gradual temperature variation to
the mixture in glass capillaries (as described in the ESI}). In all other
cases, the transition temperature was determined at a larger scale using
pressure-resistant vials, with no gradual temperature variation, hence
the larger error bars. The dashed line serves as a guide to the eye, indi-
cating the transition in phase behaviour.

Upon cooling, the monophasic system turns back to biphasic
at the same transition temperature.

Apparently, the higher the PBA concentration, the lower the
temperature needed to transition from biphasic to monopha-
sic. All points in Fig. 4 that correspond to monophasic oper-
ation (above the dashed line) gave xylose-to-furfural selectiv-
ities ranging from 89% to 96%, while the reactions under
biphasic operation (below the line) gave selectivities between
65% and 73% (Table S17f). In neither regime, we observed a
dependence of the selectivity on the PBA concentration. Thus,
we conclude that the step in the selectivity graph observed in
Fig. 3 coincides with the conversion from a two-phase to a
one-phase reaction mixture, which can be viewed in Fig. 4 as
going horizontally from left to right at a reaction temperature
of 180 °C.

We found indications that an increase in the temperature
promotes the uptake of PBA in the aqueous-organic phase
just before reaching the phase switching temperature. The
relative concentrations of boronic acid in the two phases,
prior to the phase transition, appear to be strongly tempera-
ture-dependent. The partitioning as a function of tempera-
ture was investigated using a coloured analogue of PBA,
10-bromoanthracene-9-boronic acid (BBA), which allowed us
to visualize the relative concentrations from the colour inten-
sity (Fig. S31). This analysis shows that there is a drastic
increase in the boronic acid concentration in the aqueous
phase at 7> 150 °C. For PBA, the uptake in the water-organic

8082 | Green Chem., 2021, 23, 8079-8088
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solvent is probably already enhanced at a lower temperature
because PBA is less hydrophobic than the coloured derivative,
which is supported by the fact that some PBA can already be
observed in the water phase at room temperature, whereas
the coloured one cannot. PBA in itself can be seen as an
amphiphile, having an aromatic moiety that interacts well
with the aromatic organic solvent and a polar and ionizable
headgroup that interacts well with water and polar solvents.
The promoted dissolution of boronic acid in the aqueous
phase at elevated temperatures is in part due to the increased
importance of entropy in the partitioning but may also indi-
cate an improved interaction with the water-organic mixture.
This improved interaction in turn might promote the
observed biphasic-to-monophasic transition. From the
observed independence of the selectivity on the PBA concen-
tration under monophasic operation mentioned before, we
conclude that PBA itself is present in too low amounts to
affect the overall solvent polarity, so that its role is primarily
in effectuating the phase transition.

With the aim to get insight into the interactions between
the three different solvents in the system and in particular
about the solubilization of the water in it, we looked for event-
ual anomalies in the water partial pressure as the system tran-
sitions from a biphase to a monophase. These initial measure-
ments cannot fully explain the impact of the phase switch on
the conversion selectivity and their molecular origins. So more
detailed studies are encouraged, and these should preferably
be carried out under operating conditions. To this end, we
analysed the water partial pressure at a 1:1:1 mixture of
1-methylnaphthalene, sulfolane and water (pH = 1) containing
PBA at various concentrations (at 0, 23 and 117 mM in the
mixture) and at temperatures ranging between 170 and 190 °C
(Fig. S4 and Table S2t). 1-Methylnaphthalene was used instead
of toluene because its lower vapour pressure will not signifi-
cantly mask eventual changes in the water partial pressure. A
statistically significant difference in the water partial pressures
between the cases with and without PBA developed once the
temperature exceeded 180 °C, and the systems that contained
PBA showed a slightly higher water partial pressure (Fig. S4
and Table S27). These data are in agreement with the occur-
rence of a transition to the monophase at 180 °C, and it indi-
cates that the monophasic mixture accommodates water less
well than the polar aqueous phase under biphasic conditions.
Qualitatively, the poorer accommodation of water in the mono-
phasic case is in agreement with the mixture that has to hold
the water possessing a higher extent of organic solvent (com-
paring water in sulfolane to water in sulfolane plus 1-methyl-
naphthalene under biphasic and monophasic conditions,
respectively).

Effects of water contents and solvent composition

To further characterize the effects of solvent composition on
the system, experiments were performed with the aqueous
phase (at pH = 1), but varying the polar and apolar organic sol-
vents to compose the final three-solvent system, at a constant

This journal is © The Royal Society of Chemistry 2021
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Table 1 Xylose-to-furfural selectivity at full xylose conversion in various 1:1:1 apolar—polar—aqueous three-solvent systems (180 °C, pH = 1). In all
cases, the reaction was stopped at a time point shortly after full xylose conversion. The solvent polarity of the polar solvent is represented here by

the water—octanol partition coefficient (—log P)

Apolar solvent Polar solvent —log P Number of phases at the reaction T (°C) Selectivity (mol%) t (h)
Toluene DMSO 1.35 1 90 3
Toluene Sulfolane 0.77 1 95 3.5
Toluene Dioxane 0.42 2 60 3
Toluene GVL 0.27 2 65 4
Nitrobenzene DMSO 1.35 1 95 2
1-Methylnaphthalene DMSO 1.35 1 87 3
1-Methylnaphthalene Sulfolane 0.77 1 89 3.5

reaction temperature of 180 °C (Table 1; full xylose conversion
was always achieved).

The behaviour of the different solvent mixtures containing
toluene and a polar organic solvent shows a clear qualitative
difference at room temperature and at the reaction tempera-
ture (Fig. S5 and Table S37t). All these systems are biphasic at
room temperature; however, the relative volumes of the two
phases differ from system to system. Dioxane partitions
equally between water and toluene, y-valerolactone (GVL)
mixes exclusively with toluene, and DMSO and sulfolane mix
exclusively with water. This behaviour relates well to the rela-
tive polarities of the organic solvents expressed e.g., in terms
of water-octanol partition coefficient log P (Table 1).

The choice of the polar solvent shows to be a crucial vari-
able, with high selectivities obtained in the case of the most
polar solvents, DMSO and sulfolane, and lower selectivities
obtained in the case of the less polar ones, dioxane and GVL.
When maintaining the polar organic solvent sufficiently
polar, changing the aromatic counterpart did not seem to
affect the final selectivity as much. These results further
underline the results shown above that the crucial element
influencing the xylose-to-furfural selectivity is the presence of
a polar organic solvent in combination with an aromatic one
so that a three-solvent mixture is obtained that transitions to
a monophase at the reaction temperature, which is indeed
observed in the case of DMSO and sulfolane, but not in the
case of dioxane and GVL (Table S37). The case of 1-methyl-
naphthalene-sulfolane-water (pH = 1) is specifically valuable
as it allows easy distillation of furfural from the solvent
mixture (specifically, 1-methylnaphthalene and sulfolane,
obtained after phase separation achieved by cooling the reac-
tion mixture), and it will be discussed in the process concept
below.

These results relate well with the literature, in which most
organic solvents and solvent mixtures show to favour high fur-
fural selectivity."®™"® Comparing different solvent systems for
xylose dehydration shows that fully organic (monophasic) and
mostly organic transient monophasic conditions perform
better than traditional biphasic conditions. Specifically, using
a 1:1 mixture of water and 1-butanol, which is monophasic
above 125 °C, for performing xylose dehydration to furfural
results in an approx. 8 mol% selectivity improvement from tra-
ditional biphasic conditions (Table S4f). Closest to our

This journal is © The Royal Society of Chemistry 2021

finding, Roman-Leshkov and Dumesic showed that, also in the
case of fructose dehydration to HMF, an improvement in
selectivity was observed when using a water/1-butanol
system.'®> Overall, the comparison shows that the three-solvent
system proposed in this work gives a better furfural selectivity
at milder temperatures than any of the systems reported
earlier."®%%*

The water content and the apolar nature of the phase in
which the dehydration takes place appear to affect the xylose-
to-furfural selectivity, as has also been reported for related
systems. For instance, molecular dynamics simulations on the
interaction of sugars (e.g., glucose) in progressively more
organic solvent mixtures of water with DMSO, THF and DMF
reveal that these solvents compete with water in forming the
first solvation shell around the sugar, even when added in rela-
tively low amounts (<40-50 v%).>®> This promotes the dehydra-
tion of sugars by altering the relative stability of initial and
transition states.'®'®**?7 In addition, high amounts of a polar
organic co-solvent are reported to form water-rich local
domains, influencing the energy barrier for the reaction.”®
These findings agree qualitatively with our high selectivity
observed when increasing the fraction of organic solvent after
the transition to the monophase. On the other hand, it is
difficult to rationalize solely by the water content why our
monophasic operation, with one-third water in the mixture,
performs also better than in a polar-organic solvent/mixture
with less water. Yet, selectivity is also and foremost controlled
by the good solubilization and protection of the produced fur-
fural and by suppression of the formation of humins.''
Possibly we operate under more apolar conditions, by merging
not only more water but also a more apolar organic solvent
into the mixture, than is achieved in the polar-organic case.
Such an enhanced apolar character of the phase in which the
dehydration occurs would favour solubilization and stabiliz-
ation of furfural, as well as a concomitantly better suppression
of the formation of acyclic sugar, both leading to a better
selectivity. Furthermore, control experiments show that per-
forming the reaction in monophasic 1:1 DMSO-water or sul-
folane-water systems, without the aromatic solvent but with
the same initial PBA,X concentration, leads to lower xylose-to-
furfural selectivities (Table S47), confirming that the apolar
nature of the mixture is important as well, not just the water
content in it.

Green Chem., 2021, 23, 8079-8088 | 8083
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Conceptual integration of xylose extraction and monophasic
conversion into a furfural manufacturing process

The three-solvent xylose-to-furfural conversion can be com-
bined with a xylose-boronate ester extraction approach, to
convert the diluted xylose hydrolysate to furfural at a high
yield and with low energy demand.>® For the purpose of this
study, a hydrolysate stream containing 4-5 wt% of xylose is
chosen, as encountered in the industrial processing of
biomass. Operating at a higher xylose concentration is not
favourable because it requires reconcentration of the xylose
syrup and results in a lower xylose-to-furfural selectivity
(Fig. S6 and Table S57).

In the first step, xylose is extracted as the boronate diester
by contacting the hydrolysate with a 1-methylnaphthalene
(MN)/PBA solution. The resulting organic/boronate diester
solution is mixed with an acidic sulfolane/water solution and
heated to the reaction temperature to hydrolyse the ester and
convert the released xylose into furfural. Sulfolane is chosen
over DMSO due to its higher stability at high temperatures.®
The reactor effluent is then cooled to allow phase separation
into an MN/PBA/furfural organic phase and a sulfolane/water/
furfural phase. Furfural is separated from the organic phase by
means of distillation, resulting in a furfural distillate, i.e., the
desired product stream, and an MN/PBA bottom stream, which
is to be recycled to the xylose extraction column. The sulfo-
lane/water phase is sent to a distillation column to remove the
unrecovered furfural before recycling it to the dehydration
reactor. Indeed, much of the unextracted furfural can be dis-
tilled off as heterogeneous azeotrope with water that spon-
taneously splits into a water phase containing 8 wt% furfural
and a furfural phase containing 6 wt% water."”*° It is worth
noting that this scheme does not require deep furfural recovery
from the aqueous phase since some furfural can be recycled
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back to the dehydration step. The water product stream will
need to be recycled to balance the water consumed to hydro-
lyze PBA,X to free xylose (Fig. 5).

The viability of this process concept will depend on the
efficiency in closing the two recycle streams. Most critically, it
will not allow significant losses of MN, PBA and sulfolane in
the clean hydrolysate. To this end, it will not allow significant
slip of sulfolane into the MN/PBA phase of the decanter, as
eventual sulfolane contamination will likely end up in the
clean hydrolysate stream. If the losses of sulfolane, MN and
PBA are not negligible, we may need to consider a small finish-
ing step, e.g., by adsorption, to further purify the clean hydro-
lysate and recover the lost sulfolane, MN and PBA. We note
that the sequence of xylose extraction followed by dehydration
allows leaving a number of hydrolysis by-products in the
hydrolysate and, thereby, produces furfural with much higher
purity. Boric acid has indeed been shown to extract xylose with
high selectivity and leave behind most of the hexose impurities
and acetic acid that are also formed during the hydrolysis step,
limiting the efforts in the purification of both the reagent and
product stream.>**!

Partition in the decanter. The product work-up section is
dictated by the behaviour of the liquid/liquid split of the
different components (Table 2). The phase separation was
found to develop swiftly (Video S2t). The distribution of the
main components (produced furfural, the three solvents and
PBA) in the three-solvent system was analysed by preparing an
MN solution of furfural (350 mM) and PBA (590 mM) to model
the reaction effluent. 1 mL of this solution was then contacted
with 2 mL of a 1:1 (v/v) mixture of water (pH = 1) and sulfo-
lane. Accordingly, about 40% of the furfural was found in the
MN-rich phase together with minor amounts of sulfolane (7%
on intake) and water. The water/sulfolane phase contained
then the remaining 60% of the furfural, together with modest

FURFURAL

Dehydration

HYDROLYSATE |
(XYLOSE-RICH)

SULFOLANE/H20/H*

MN/PBA/FUR

HYDROLYSATE
'—1*') (XYLOSE-FREE)

MN/PBA

Fig. 5 Conceptual process for the two-step furfural production based on the integration of xylose extraction as the boronate diester from an acidic
hydrolysate followed by conversion of xylose into furfural in a highly efficient monophasic three-solvent mixture.
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Table 2 Partitioning of the various system components and losses ina 1:1:1 (v/v/v) MN/sulfolane/water (pH = 1) solvent system

Component [Conc.Jyats“ (MM) [Cone.Jyn (MM) Wt%uwat-s Wt% N Kq“[X] Prnot”
Furfural 103 mM 144 mM 0.88 wt% 1.3 wt% 0.72 1.43
Water 27.6 M 92 mM° 44 wt% 0.15 wt%* 300 601
Sulfolane 51M 370 mM 54 wt% 4.0 wt% 27.3 13.8
PBA 125 mM 340 mM 1.3 wt% 3.7 wt% 0.37 0.74
MN 3 mM 7.0 M 0.04 wt% 91 wt% 0.0004 0.0009

“Water/organic partition, as the volume of the polar phase is double the apolar one; this value implies a dilution. ? This water/organic partition
factor considers the amounts (in mmol) in the phases and not the concentrations, correcting for the fact that the polar phase is twice the volume
of the apolar one. ¢ A non-negligible amount of water is dispersed in the MN phase.

amounts of PBA and negligible amounts of MN that will even-
tually build-up to steady-state in the recycle loop. These two
phases need to be worked up to recover the furfural, recycle
the sulfolane and MN/PBA, and eliminate excess water formed
by the dehydration reaction.

Furfural recovery. Considering atmospheric boiling, furfural
could easily be distilled off from the MN/PBA phase. This can
be visualized by evaluating the distillation resistance of a
specific species from a certain solvent.>' The distillation resis-
tance from 1-methylnaphthalene, taking into account the wt%
of furfural in the phase, is 2 = 0.0157 °C™'. Taking into
account the evaluated wt% of water mentioned in Table 2, the
distillation resistance grows to £ = 0.0167 °C™". These distilla-
tion resistances are negligible, as industrial distillation trains
can typically work up to 2 = 10-15 °C™".>* The entrainment of
some sulfolane (4 wt%) in the MN/PBA phase should not affect
the distillation since sulfolane also has a higher boiling point
than furfural.

Recovering furfural from the aqueous/sulfolane phase is
more challenging. However, much could be distilled off as an
azeotrope with water, likely together with excess water which
boils just a few degrees higher than the water/furfural azeo-
trope." Alternatively, furfural could be extracted by repurposing
the clean MN/PBA. Control experiments showed that 5 extrac-
tions of the polar phase with a clean aromatic phase (MN)
resulted in an approx. 90 mol% recovery of furfural (Fig. S77).
Furfural will be recovered to the extent that is economically
attractive, and the remaining fraction will be recycled to the
dehydration reactor.

MN/PBA recycle. The MN/PBA that comes out from the fur-
fural distillation column as the bottom stream can be directly
recycled to the extraction column. There, the hydrolysate could
extract, dissolve and entrain some of the MN, PBA and sulfo-
lane present in the recycle stream. The loss of MN and PBA
will be negligible, considering their low solubility limits in
water (0.003 wt% and 1 wt%, respectively). Minor amounts of
sulfolane will likely be extracted by the hydrolysate, consider-
ing the high water/MN partition coefficient provided in
Table 2. If economically critical, the sulfolane and PBA lost in
the hydrolysate could be recovered by adsorption over a bed of
active carbon. Of course, the boronic acid of choice could still
be modified to lower its solubility in water and, thereby, its
loss in the hydrolysate.

This journal is © The Royal Society of Chemistry 2021

Sulfolane recycle. Recycling most of the sulfolane does not
present significant challenges. Once most of the furfural is dis-
tilled off together with excess water, the sulfolane/water (pH =
1) bottom stream can be directly recycled to the dehydration
reactor. Small amounts of furfural and MN will not affect the
reaction operation and will eventually build up to a steady
state.

The application of such a process concept promises the pro-
duction of furfural with a selectivity approx. 20 mol% higher
than the traditional industrial approaches, thus providing less
waste."” A preliminary economic analysis, which is detailed in
the ESI{ and follows the approach presented in the literature,
suggests that the increase from 70 to 95 mol% selectivity in
furfural provides sufficient economic room to pay for the
increased complexity of the process proposed here. Based on
premises detailed in the ESI,f particularly biomass and fur-
fural market prices of $80 (+20) and $1400 (+200)/¢, the selecti-
vity increase more than doubles the room for conversion cost -
i.e. investment, energy, and chemicals - from 161 (+140) $/¢ to
385 (£162) $/t, i.e., an increase by 224 (x22) $/t. Although sim-
plistic, such analysis shows sufficient economic potential to
warrant further research and develop a detailed economic
assessment.

This process concept attempts to minimize the production
of waste from feed and chemicals, which is a key aspect of
green chemistry.>® Hence, it focuses on maximizing furfural
selectivity and maximizing the recycling of all chemicals, sol-
vents and PBA. The common solvents investigated here for
proof-of-concept do not need to be the definitive ones. Now
that the chemistry has been unraveled, future research should
indeed refine the solvent selection by exploring greener sol-
vents that are, for example, bio-based and, preferably, bio-
degradable, while being inert under the present reaction con-
ditions and providing comparable (or better) furfural selecti-
vity and recycling.

Alternative process concept. Instead of the two-step process
shown in Fig. 5, one could envisage integrating the extraction
and dehydration steps by contacting the hydrolysate with MN/
BPA/sulfolane and eventually additional acid at the reaction
temperature, where the total stream would form a single phase
(Fig. S8f). However, the two-step extraction-dehydration
process offers several advantages over such a one-step process.
First, it will likely show lower losses of sulfolane, since sulfo-
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lane does not directly contact the hydrolysate. Hence, it does
not rely on the arguably challenging recovery of sulfolane from
the hydrolysate. Second, it will be less prone to build-up unde-
sired components, because the MN/PBA extraction will likely
leave many of them in the clean hydrolysate.* Third, it may
result in lower acid consumption and lower salt production
since the acid load needed for dehydration does not contact
the hydrolysate and, thereby, is less likely to be purged via the
clean hydrolysate. Interestingly, these advantages can be mate-
rialized without needing more equipment. This process
indeed requires three main separation units, with the decan-
ters being excluded considering their relatively low cost.

Further development of the process concept described in
Fig. 5 is the subject of future research. Such development
needs to go beyond simple demonstration of the chemistry at a
larger scale. It needs to prove the various separation steps,
prove the closure of all recycles without detrimental build-up
of impurities, unravel the scaling rules to design the major
pieces of equipment, and much more. A small part of it, e.g,
on the xylose extraction section, might be already available,*
but the rest is clearly outside the scope of the present proof-of-
concept.

Conclusions

In this work, we have demonstrated the possibility to convert a
xylose-diboronate ester, the product of xylose extraction, to fur-
fural with >90 mol% yield by applying a three-solvent system
that forms a single phase at the reaction temperature.
Obtaining a single phase appeared to be essential to obtain
high selectivity, and its occurrence is dependent on the PBA
concentration and temperature. The interaction between PBA
and the aromatic solvent is a likely trigger for the phase tran-
sition. Although not fully clear, we think that the increased
apolar nature of the solvent mixture in which the dehydration
occurs, achieved in monophasic operation, contributes to the
observed improved selectivity. We show that high selectivities,
at and above approx. 90 mol%, become feasible with a variety
of solvent combinations and PBA concentrations. Specifically,
the highest xylose-to-furfural selectivity (95 mol%) is obtained
in a 1:1:1 sulfolane-toluene-water (pH = 1) system, using a
PBA diester of xylose as the starting compound. The reaction
conditions allow the use of solvents that ease the furfural
recovery by splitting into two liquid phases upon cooling and
allow easy distillation of furfural from the media.

A conceptual process design for furfural production, based
on these findings, a further analysis of the various losses and
a preliminary economic analysis have been presented. This
approach is potentially preferable to conventional biphasic
systems (due to the high selectivity) and to the alternative
monophasic organic operation (due to the minimal distillation
duties required). The produced furfural can be recovered from
the system with negligible losses of the solvents in the product
and waste streams, and thus this process design minimizes
waste and maximizes the recyclability. Additional research is

8086 | Green Chem.,, 2021, 23, 8079-8088
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needed to validate the process concept and deliver the infor-
mation needed for designing the major pieces of equipment,
with the possibility of implementing the use of bio-based and
fully biodegradable solvent alternatives.**

Experimental

Chemicals

p-(+)-Xylose (>99%), D,O (99.9% atom D), toluene-dg (99%
atom D), dioxane (99.8%), 3-(trimethylsilyl)propionic-2,2,3,3-d,
acid sodium salt (TMSP, 98% atom D), dimethylsulfoxide
(DMSO, 99%), sulfolane (99%), 10-bromoanthracene-9-boronic
acid (BBA, 99%), y-valerolactone (GVL, 99%), nitrobenzene
(99%), 1-butanol (98%), and 1-methylnaphthalene (98%) were
purchased from Sigma-Aldrich, while phenylboronic acid
(PBA, 99%) and tetramethylsilane were obtained from Alfa
Aesar. PBA,X was obtained as described previously.**

Methods and equipment

All chemicals were used without further purification. "H-NMR
spectra were recorded using a 400 MHz Bruker spectrometer in
a 1:1 H,0/D,0 mixture with TMSP as the internal standard in
the case of the aqueous phases or in a 1:1 mixture of toluene
and toluene-dg with dioxane and tetramethylsilane as internal
standards in the case of the organic phases. These mixtures
are composed of equal volumes (250 pL) of the sample and the
deuterated solvent, containing the standard. In all cases, the
reactions were performed using a heating mantle, stirring with
a magnetic stirrer at 1000 rpm.

Xylose conversion to furfural

A 1:1:1 v/v/v solvent mixture (each solvent 2 mL) of an aro-
matic  solvent (toluene, nitrobenzene, or 1-methyl-
naphthalene), a polar organic solvent (DMSO, sulfolane, GVL,
or dioxane) and water (pH = 1 from added H,SO,), containing
a total concentration of xylose of 97 mM (either in its free form
or as the PBA diester), was heated between 150 °C and 205 °C,
for the reaction times varying between 0.5 and 16 h. In the
case of the experiments performed with free xylose as a start-
ing material, PBA was also added to the mixture, at concen-
trations between 0 mM and 667 mM. To ensure maximum
comparability between all the various experiments, the same
total amount of solution (6 mL) was used at all times.
Alternatively, 2 mL of an aqueous xylose solution (350 mM, pH
= 1 from H,SO,) was mixed with 2 mL of a polar organic
solvent (1-butanol, DMSO, sulfolane) and heated at tempera-
tures between 180 °C and 200 °C between 3 and 5 h. Prior to
the "H-NMR spectroscopy analysis, all the reactions were
stopped and cooled to r.t.

Determination of the phase behaviour of the three-solvent
system

A pyrex capillary tube was filled with equal volumes of a PBA
solution in toluene (from 6 mM to 750 mM), sulfolane and
water (pH = 1 from H,S0O,) for a total volume of approx. 1 mL.

This journal is © The Royal Society of Chemistry 2021
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The capillary was sealed with a blowtorch (oxyacetylene flame),
cooled to room temperature and then put into an oven, where
the temperature was accurately controlled (from 25 °C to
220 °C). The observed transition from a biphase to a mono-
phase was photographed and filmed (Fig. S2, Videos S1 and
S21). Alternatively, the same solvent mixture, for a total volume
of 6 mL, was placed in a high pressure-proof hard glass vessel
(ACE Glass Incorporated) and heated using a heating mantle
(from 140 °C to 210 °C). In this case, the assessment of the
phase behaviour is less precise and resulted in a wider range
of temperatures for the transition to occur.

Colorimetric analysis of the BBA concentration

5 mL of various solutions with BBA concentrations between
0.6 M and 2.6 M, both in MN and in a 1:1 sulfolane-water
(pH = 1) mixture, were heated up to 180 °C. A 1:1:1 solvent
mixture (each solvent, 2 mL) of 1-methylnaphthalene, sulfo-
lane, and water (pH = 1) containing 0.5 M of BBA was heated
between 25 and 180 °C. Photographs of these solutions were
taken, at the mentioned temperature using the integrated
camera of a smartphone and analysed using Image], as
described in the ESI.{

Evaluation of the partial vapour pressure of water

Three different 1:1:1 solvent mixtures (each solvent, 25 mL)
of 1-methylnaphthalene, sulfolane, and water (pH = 1) con-
taining 0 mM, 23 mM or 117 mM PBA were heated from 25 °C
to 190 °C in a 200 mL autoclave reactor, equipped with a
pressure sensor and two thermocouples (one to measure the
temperature of the liquid phase and the other to measure the
temperature of the gas phase). Temperature and pressure were
monitored continuously in a time window between 3 and 5 h.
All measurements were performed in triplicate. The obtained
data were analysed using MatLab, as described in the ESI.{
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