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An overview of the biphasic dehydration of sugars
to 5-hydroxymethylfurfural and furfural: a rational
selection of solvents using COSMO-RS and
selection guides¥}

Jesus Esteban, {22 Andreas J. Vorholt 2 *@ and Walter Leitner (22

The valorization of sugars from lignocellulosic biomass has attracted much interest for the production of
chemicals and fuels. From the dehydration of glucose or fructose and xylose, 5-hydroxymethylfurfural
(5-HMF) and furfural can be obtained, respectively, which are highly praised chemicals used as building
blocks. To increase the productivity of the process avoiding undesired side reactions that furans may
undergo in the reaction phase, many authors follow a liquid—-liquid approach. This way, an in situ extrac-
tion of the dehydration products occurs from the reaction phase (usually aqueous) to an organic solvent
phase. Solvent selection is a matter of interest in Green Chemistry; therefore, careful consideration must
be given to select the most appropriate alternatives in terms of performance, environmental, health and
safety (EHS) impacts and subsequent downstream processing. For performance, the COnductor-like
Screening MOdel for Real Solvents (COSMO-RS) has emerged as a tool to screen among different candi-
dates based on structural information of the molecules. For EHS considerations, different solvent guides
assist in the assessment of the most favourable alternatives. This review provides a comprehensive survey
of the solvents and operational conditions employed in the biphasic dehydration of sugars to 5-HMF and
furfural, followed by an account of the selection guides and methods for the evaluation of solvents,
including COSMO-RS. Finally, to contrast with the most commonly selected solvents, such as methyl iso-
butyl ketone, a rational screening is presented here for the biphasic production of furans based on
COSMO-RS predictions and the assessment of the selection guides. Predictions and further validation of
the distribution coefficients show that ethyl acetate and methyl propionate are promising solvents for the
in situ extraction of 5-HMF and furfural from aqueous media whilst being ranked as recommended green
solvents by most solvent selection guides available in literature.

Energy Information Administration in a 2018 report until 2050
foresee a marked increase in the following decades® if no

The current global scenario for energy and chemicals con-
sumption features the impending exhaustion of fossil
resources and the undeniable threat of global warming as
major challenges to be tackled by mankind. In fact, it has
been reported that in 2018 primary energy consumption grew
at a rate of 2.9% with respect to the previous year, which re-
presents the fastest since 2010 and practically doubles the
1.5% 10-year average rate." Simultaneously, carbon emissions
grew 2% in the same year' and projections made by the US

“Max-Planck-Institut fiir Chemische Energiekonversion, StiftstrafSe 34-36,

45470 Miilheim an der Ruhr, Germany. E-mail: andreas-j.vorholt@cec. mpg.de
Institut fiir Technische und Makromolekulare Chemie, RWTH Aachen University,
Worringerweg 2, 52074 Aachen, Germany

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
€9gc04208¢c

This journal is © The Royal Society of Chemistry 2020

measures are taken. Therefore, current pledges to achieve
carbon neutrality by 2050 reinforce the need to develop strat-
egies to discontinue the use of fossil sources of energy and
steer towards an economy based on the use of renewable
resources.

In the current situation where escalating demands for
energy, bulk chemicals and materials come into play, alterna-
tive sources of feedstock are restlessly sought after. In the last
decades, the biorefinery concept has emerged as an alternative
for the generation of these goods via the sustainable proces-
sing of biomass of diverse nature following chemical, thermo-
chemical, enzymatic or fermentative pathways.>* The most
abundant type of biomass is lignocellulosic biomass, which
can be obtained from dedicated crops or residues or waste
from agricultural or forestry activities as well as food waste,’
the latter being far more preferable to avoid competition with
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food products.®® In addition, the exploitation of such ligno-
cellulosic waste could represent an opportunity for the devel-
opment of economies in rural economies where agricultural
activities prevail.

Lignocellulosic biomass commonly consists of cellulose
(35-50%), hemicellulose (20-35%) and lignin (10-25%) as
major components, with proteins, oils, and ash completing
the remaining fraction.”'® As summarized in Fig. 1, after the
corresponding chemical pretreatment of biomass, the cellulo-
sic and hemicellulosic fractions give rise to the so-called C5
and C6 platforms since they are polymers from whose hydro-
lysis hexoses like glucose or fructose and pentoses like xylose,
most abundantly, can be obtained. Such sugar units are very
attractive platform chemicals from which a number of routes
can originate by direct oxidation,"" hydrothermal processing,'?
fermentative pathways* or by one-pot reactions through
furans,'’ to name a few. Furans originate as a consequence of
the catalytic dehydration of glucose (via fructose) to 5-hydroxy-
methylfurfural (5-HMF) and xylose to furfural-5-HMF occurs in
human diet being formed from the thermal decomposition of
carbohydrates, hence being a good indicator of non-enzymatic
browning and used as a reference for deterioration of food
that has undergone excessive heating or been stored for too
long.™ For its part, furfural is a highly valued solvent that has
been used in the extraction of aromatics from lubricants'>"®
and also as part of the preparation of phenolic resins,"” to
name a couple of examples. Industrially, Swiss-based company
AVA Biochem implemented a facility for the production of 20
ton per year of 5-HMF in 2014 by a hydrothermal carboniz-
ation process.'® Also, more recently GF Biochemicals has
developed a process to produce massively levulinic acid using
5-HMF as an intermediate.'® As for the production of furfural,
Zeitsch describes a number of processes in different states of
exploitation in his comprehensive book. These include batch
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processes like the one by the Quaker Oats Company, reportedly
the oldest one starting in the 1920's, or the Agrifurane (Petrol
Chemie) process. The Quaker Oats Company would later
develop a more modern continuous process, to which other
continuously operated technologies would add, such as the
Escher Wyss, the Rosenlew, the Supratherm (Krupp), the Stake
(Stake Technologies), the Suprayield (Bosch Projects) or the
Voest Alpine processes.>’

Owing to their relevance in synthesis, both of this dehydra-
tion products have been added as outstanding building blocks
for chemicals and fuels to the US Department of Energy’s list
of top value-added chemicals from biomass.>* Indeed, both of
these compounds offer great possibilities considering their
chemical functionality and allow the production of a wide
array of chemicals with very diverse applications. De Vries
et al. reviewed thoroughly the synthetic pathways starting from
5-HMF leading to products with applications as: monomers
for subsequent polymerization, highlighting diols from
5-HMF, 2,5-diformylfuran, 2,5-furandicarboxylic acid or
5-hydroxymethyl-2-furan carboxylic acid; fine chemicals,
including products of interest as pharmaceuticals, agrochem-
icals, flavors and fragrances; and fuel components, such as di-
methylfuran, levulinic acid or methyl tetrahydrofuran.'*
Precisely the latter application constitutes the main interest of
the products deriving from furfural, as several studies have
focused on transformations to products like 2-methyl tetra-
hydrofuran, 2-methylfuran or ethyl levulinate, seen as enhan-
cers properties of interest to fuels, such as research octane
numbers, energy density or specific CO, emissions among
others.”>?

After several years of study, the production of both furans
through the dehydration of sugars or other carbohydrates has
undergone a great degree of development using different sol-
vents for the purpose. The production of 5-HMF has firstly
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Fig. 1 Chemical valorization of lignocellulosic biomass to furans through hydrolysis and dehydration of the hemicellulosic and cellulosic fractions.

been attempted using different reaction media and Lewis and
Bronsted catalysts alike. For example, the isomerization fol-
lowed by dehydration of glucose employing treated TiO,-Cl
catalysts has been reported in an aqueous medium.** Polar
organic solvents like DMSO have also been reported, as was
the case for the same reaction with tin porous coordination
polymers synthesized on polydopamine coated MnO,.>*
Finally, more novel solvents have also acted as reaction media,
including ionic liquids (ILs) like [Emim][Br]| using SnPO as
catalyst®® and different deep eutectic solvents (DESs) based on
different carbohydrates as hydrogen bond donor (HBD) and
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choline chloride as hydrogen bond acceptor (HBA).”” In the
latter case, the DESs acted both as solvent and substrate.

Likewise, the production of furfural by dehydration of
xylose and other pentoses has seen similar possibilities.
Representatively, water has been studied as solvent using AlCl;
as catalyst with formic acid as enhancer,”® y-butyrolactone
with HY zeolite as dehydration agent® and IL [Bmim][PF]
with polymer bound sulfonic acid.*® Nevertheless, maintaining
the corresponding furan in the reaction medium can affect the
yields and selectivities. When dehydration occurs in aqueous
medium, 5-HMF can undergo the undesired ring-opening
rehydration to levulinic and formic acids in addition to self-
condensation in the presence of the catalyst, leading to also
undesired polymerization to humins. The latter can also take
place for furfural, as shown in Fig. 2."* Also, owing to their
sensitivity to water, its generation during the dehydration of
carbohydrates could affect ILs if these are used as solvents.
Moreover, using ILs and DESs as solvents in single-liquid
phase systems would make the eventual separation of 5-HMF
and furfural very energy intensive.

For these reasons, a smart strategy to overcome the low con-
version and selectivity values reported in monophasic systems
is the use of multiphasic alternatives. Particularly, the use of
biphasic systems appears as an attractive option to perform an
in situ extraction as the furans generate. The use of such
systems would have further advantages, such as thermo-
dynamically shifting the reaction towards the products and
concentrating it if the volume of the extracting solvent is kept
low.*"*> This approach has also been used to recover
N-acetylneuraminic acid from the reacting medium in its enzy-
matic production from N-acetyl--mannosamine and sodium
pyruvate®*?* or for the separation of phenyl acetic acid by
Alamine 336, a mixture of amines, from the aqueous enzy-
matic hydrolysis of penillicin G,>**® in both of cases to prevent
enzymatic deactivation.

Green Chem., 2020, 22, 2097-2128 | 2099
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Fig. 2 Undesired rehydration and condensation reactions from 5-hydroxy-
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The selection of solvents is a topic of concern in research
and industrial practice as environmental policies lead to more
and more restrictive regulations, such as REACH in the EU.
This is indeed a driving force for a thoughtful selection for
process-efficient and sustainable solvents in industrial activi-
ties, which has attracted a great deal of attention from che-
mists and chemical engineers alike.>”*® Such choice is a mul-
tidimensional problem that depends on the expected perform-
ance specific to the process subject of study (i.e., “it does the
job”), considerations on how to reuse the solvents and con-
siderations on their greenness in many aspects.’® The latter
comprehends environmental, health and safety (EHS) issues
and life cycle analysis.***"

For the selection of solvents on the basis of their molecular
affinity and dissolution capacity, a series of methods have been
developed. Starting by models relying on a number of solubility
parameters estimated experimentally like those proposed by
Hildebrand,"* Kamlet-Taft** or Hansen,** these techniques have
evolved to more advanced approaches. Such is the case of the
COnductor-like Screening MOdel for Real Solvents (COSMO-RS),
which constitutes a method based on quantum chemical calcu-
lations to predict chemical potentials of molecules in liquids and
therefrom related equilibrium thermodynamic properties of pure
and fluid mixtures can be estimated.*’

For the assessment of the greenness of the solvents, through-
out the years different institutions have elaborated their own
selection guides, which they have made available to the public
in different publications.*>"” Pharmaceutical companies like
Pfizer,*® Astra Zeneca,® Sanofi®® and GlaxoSmithKline®'>*
have released their own guides, which have been updated over
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the years. In addition, the ACS Green Chemistry Institute
Pharmaceutical Roundtable (GCI-PR) and the Innovative
Medicines Initiative (IMI)-CHEM21>* have proposed new tools.
These guides undoubtedly represent a good starting point for
the evaluation of solvents in other applications.

A number of other reviews have covered the topic of the pro-
duction of furans from sugars and other biomass derived
substrates,"""**%57% in a couple of cases addressing specifi-
cally the use of biphasic systems for this purpose.’’??
However, the emphasis of such studies has been put mostly on
catalytic and mechanistic considerations. In an effort to make
a process to obtain green chemicals even greener and better
understand how to achieve this, here we wish to shift the focus
towards the rational selection of solvents to perform the bipha-
sic production both of 5-HMF and furfural. For this reason,
this critical review will give a survey on the solvents employed
for the reaction followed by in situ extraction of these two
furans in liquid-liquid systems. This will be followed by a
screening of solvents based on the COSMO-RS method
taking also into account the EHS criteria to comply with the
principles of Green Chemistry.®® This methodology can even-
tually assist in the selection of solvents in reaction systems
approached in multiphasic environments. Finally, an experi-
mental evaluation of the partition of 5-HMF and furfural in
the most promising alternatives is presented.

Production of furans in biphasic liquid media

The use of biphasic systems has become a strategy to overcome
the problems that the use of single liquid phase systems pose
by extracting the dehydration product and isolating it into a
second liquid phase. Mainly, these issues regard the occur-
rence of the undesired rehydration and polymerization reac-
tions to humins, although the use of biphasic systems could
also favor the reusability of homogeneous catalysts if these are
contained in the reaction medium, to which more substrate
could be added. Moreover, subsequent separation of the
desired product from monophasic systems of high boiling
points, such as DESs and ILs, may become uneconomic. Fig. 3
depicts the general concept of the biphasic operation for the
production of furans. Indeed, the number of publications on
the use of biphasic systems has seen a marked increase in the
last couple of decades, which indicates the trend to shift to
this operation mode.*' The subsequent subsections will cover
the production of 5-HMF and furfural in biphasic systems
from different feedstock making use of assorted catalysts with
particular focus on different solvents used.

Production of 5-hydroxymethylfurfural

The conversion to 5-HMF from hexoses or substrates thereof
composed has been widely studied in the literature. Whilst
there are diverse mechanistic models that describe the reac-
tion," in most cases the production of 5-HMF occurs via de-
hydration of fructose, which releases three water molecules
along the process. This in turn requires prior isomerization
when the selected starting substrate is glucose. In addition, in
the case of polymers like inulin or dimers like cellobiose or

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Concept of a process for the biphasic dehydration featuring the in situ extraction of 5-hydroxymethylfurfural and furfural.

sucrose, hydrolysis to release the hexoses is needed. The tables
in this section present compilations of reports on the conver-
sion to 5-HMF from glucose, fructose and other substrates, fea-
turing the reaction conditions and main results. Although
there is a plethora of works in the literature reporting biphasic
systems, these compilations intend to cover studies performed
with different solvent systems, mentioning more than one
work in cases where the corresponding pair of solvents has
been employed on multiple occasions.

Glucose as substrate for 5-hydroxymethylfurfural in biphasic
systems. Table 1 summarizes the conversion of glucose to
5-HMF, in which it can be noticed that the reaction phase (RP)
is often water, to which solvents of different nature have been
added as extraction phase (EP) for the in situ separation. As
general remarks on the operating conditions, the values of
temperatures employed in many of the works reviewed range
approximately from 120 to 180 C, which makes 150 C a typi-
cally employed average value. Regarding the volumetric ratios
of RP to EP, it can be seen that in the vast majority of the
cases, the latter is used in excess with respect to RP. These
ratios vary mostly from 1:2 to 1:4, being 1:3 the most repre-
sentative value. Finally, the concentration of substrates in the
reaction phase spans widely from as little as 1 or 2% up to
50% and on some occasions even beyond. It is relevant to also
mention that in many studies the authors have used salts,
mainly NaCl, to promote a salting-out effect in the aqueous
phase, whereby these electrolytes dissociate and interact with
the water molecules hence weakening the solubility of 5-HMF
in water. This will result in a higher amount of 5-HMF leaving
the aqueous RP, thus migrating to the EP, which will the distri-
bution coefficient to increase if such magnitude is defined as
the ratio of the mass fraction of the solute in the EP to that in
the RP. Nevertheless, the presence of such components in the
reaction comes with a price to pay, as it can affect the activity

This journal is © The Royal Society of Chemistry 2020

of the catalysts, particularly in the case of heterogeneous cata-
lysts like zeolites. Also, these modifiers would require separ-
ation if the reaction medium is to be recycled, which in prin-
ciple is desirable, adding an additional step that could be det-
rimental to the economy of the process.>

The use of methyl isobutyl ketone (MIBK) has been recur-
rent in literature, starting with one of the first reports, which
used Lewatit SPC-108 in a continuous flow setup operating at
78 °C, a relatively low temperature for this reaction, reaching
yields of 5-HMF of only 9%.°" These yields would much more
recently be improved to 76% with selectivities of 85% using a
heteropolyacid like Ag;PW;,0,, as catalyst at 120 °C with load-
ings of 1 wt%.°* Jiménez-Morales et al. continued with the use
of MIBK as EP obtaining yields of 23% after 150 min operating
at 175 °C using mesoporous materials as catalysts, such as
Ta,O5 or ZrO,~-MCM-41.*%* Also, further studies have been
made using modifiers to enhance the performance of the
reaction with respect to the system in their absence. For
instance, saturation of the aqueous RP with NaCl (35 wt%)
leading to yield increases from 40 to 49% using potash alum
as catalyst gt 140 °C. More interestingly, the use of CaCl, has
been described as an enhancer of the activity in this reaction.
Its use was compared to NaCl and a lean system without
salts in preliminary experiments, obtaining the best results
with CaCl,. Then, with optimized reaction conditions and
y-Al,O; as catalyst, after only 15 minutes of reaction at
175 °C, the conversion reached was 96% with 52% yield.
Reportedly, the interaction between Ca** ions and glucose
favors the formation of a-p-glucopyranose hence avoiding the
isomerization of glucose to fructose prior to dehydration,
which enhances the conversion to 5-HMF.®® The use of this
salt appears to open new possibilities, since this is one of
the few pieces of work found where a different salt to NaCl
was used.

Green Chem., 2020, 22,2097-2128 | 2101
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Tetrahydrofuran (THF) has also extensively been employed
as EP. At the same temperature conditions of 140 °C, practi-
cally complete conversions of glucose were obtained using
phosphates as catalysts, although CrPO, showed a selectivity
to 5-HMF of 63%, significantly higher than that of FePO,,
slightly higher than 23%.°® On the other hand, the use of Cr-§
zeolite at 150 °C showed a somewhat lower conversion of 8§7%,
although the yield reached 72%, resulting in an increased
selectivity of 83%.% In these studies, NaCl has been repeatedly
utilized as modifier saturating the RP. Last, hafnyl phosphates
have provided even higher selectivities of almost 91% for this
reaction operating at 175 °C for 150 min, although in this case
the concentration of NaCl in the aqueous phase was only of
4 wt%.”°

In a study to test the activity of Sn-p zeolites promoted with
HCI, 1-butanol (1-BuOH) was used as the EP. In this study, the
performance of the system was tried with and without NaCl in
the RP, leading to significant differences in the yields of
5-HMF obtained despite achieving similar glucose conver-
sions. Although the temperature and reaction time varied
slightly from one case to another, the use of NaCl (180 °C,
70 min) gave yields of 72% of 5-HMF compared to only 26%
obtained without the modifier (160 °C, 90 min).”*

Sec-butyl phenol has been the EP in a continuous flow
microreactor at 180 °C with phosphate buffer saline catalyzing
the operation, where the conversion observed was almost com-
plete and the yield reached 76%. In this case, the aqueous
phase was used in volumetric excess of 3 to 1.”> The same EP
was used to test nanostructured niobia on carbon prepared by
deposition precipitation, where despite using NaCl to saturate
the RP only a 20% of yield to the product was observed.”?

A study analyzed methyl tetrahydrofuran (MeTHF) to form
the biphasic system performing the dehydration of glucose at
175 °C during 80 minutes with phosphate TiO, as catalyst.
This work compared the performance using MeTHF by itself
and modifying the EP using a volume ratio of 6 to 1 of MeTHF
to N-methyl pyrrolidone (NMP), observing a remarkable
increase of X, from 89.4% to 97.9% and Ys.yr from 58.8%
t0 90.7%.”*

Among other solvents using as EP, dioxane has been pro-
posed as an alternative after comparing the performance of
other solvents including THF, 1-BuOH, MIBK and 1-propanol,
all of which with NaCl (20 wt%). For the reaction, a mixed set
of catalysts consisting of TiO,-ZrO, and Amberlyst 70 were
employed for 3 h at 175 °C to reach complete conversion of
glucose and 86% yield to the product.”® The use of toluene has
also been described in this biphasic reaction using alu-
minium-containing mesoporous TUD-1 as catalyst at 170 °C,
with poor yields of 18% being reported after 6 h.”® Finally,
the microwave-assisted isomerization-dehydration of glucose
was undertaken using an aqueous biphasic system with
y-valerolactone while saturating the aqueous phase with KBr.
For this reaction at 160 °C, after comparison with other metal
halides, CrCl; was used as the isomerization catalyst, while
Amberlyst 38 wet conducted the dehydration step, reaching
almost complete conversion and 74% yield.””

This journal is © The Royal Society of Chemistry 2020
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All of the biphasic systems mentioned above used solely
water, whether or not including salts, as the RP. There are
some examples in literature in which the RP is either modified
with a second solvent or else alternative media like ILs are
used as polar phase. Addition of different proportions of
dimethyl sulfoxide (DMSO) to water is relatively common as
has been reported for several cases. In a very comprehensive
work, Dumesic et al. used different proportions of H,O-DMSO
with different EPs to enhance the dehydration of different
carbohydrates using simply HCI as catalyst. The best results
were obtained using H,O0-DMSO (3:7 w/w)/DCM, reaching
yields of 48% to 5-HMF and H,0-DMSO (5:5 w/w)/MIBK-2-
BuOH (7:3 w/w) obtaining 47%.”® Similarly, a pair of phases
of H,0-DMSO (3 : 1 w/w)/MIBK-1-BuOH (7 : 3 w/w) was used in
a reaction where a modified Cr(m)-containing bifunctional
Brgnsted-Lewis solid acid performed catalysis obtaining 95%
of conversion and 59% yield.*® Additionally, using an organic
structure directing agent free zeolite {3 as catalyst at 180 °C for
30 min in a biphasic system composed of H,O-DMSO (9:1
v/v)/THF, conversion of 80% and selectivity of 75% were
observed.”” A biphasic system consisting of a modified
aqueous phase with acetone as RP and ethyl acetate (EtOAc) as
EP was employed for the synthesis of 5-HMF reaching 50%
yield using mordenites modified with NH,CL*"

Last, one work focuses on the use of [Bmim][Cl] as RP
using different organic solvents as EPs, including glycol
dimethyl ether, THF, methyl tert-butyl ether (MTBE) and
MIBK. Other solvents like cyclohexanone, EtOAc or 1-BuOH
were also unsuccessfully tested for biphasic behavior. In all
cases CrCl; was the catalyst employed and the performance
was similar reaching quantitative conversions of glucose and
yields ranging from 64 to 50% for the mentioned solvents.**

Fructose as substrate for 5-hydroxymethylfurfural in bipha-
sic systems. A compilation of works starting from fructose as
substrate is presented in Table 2. Similarly, the RP is mostly
water for the works analyzed, although a slightly more diverse
range of solvents was found as EPs.

Again, MIBK appears to be the solvent of choice in many
references, starting by what chronologically seems to be the
first work published on the biphasic product of 5-HMF. In this
work, the ion exchange resin Lewatit SPC-108 was the catalyst,
taking the reaction place for 5 h at the relatively low tempera-
ture of 88 °C reaching 36% of yield; other resins tested
showing poorer performance where Lewatit SPC-118, Nafion-H
and Spherosil S.** In the same study, the authors used volu-
metric ratios of 9 to 1 of other EPs to water, including toluene,
butyronitrile, diethylketone, heptane, 2-nitropropane, isopar E,
isopar G, benzonitrile and 2,2'-dichloroethylether. Benzonitrile
and 2,2'-dichloroethylether outperformed the rest at yields of
40 and 42% of 5-HMF, respectively. Nevertheless, the nature of
these two solvents is clearly less green.®® Lewatit SPC-108 was
also used in continuous flow experiments with MIBK as EP
reaching up to 74% yield of 5-HMF, much higher than with
the same setup and conditions using glucose as substrate, as
addressed in Table 1.°" In more recent work, the strongly
acidic resin Diaion PK216 was used in biphasic systems of
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MIBK where the RP was either H,O or mixtures thereof with
DMSO or NMP. When only H,O was used, operation at 90 °C
after 21 h achieved a 60% conversion of glucose with 47%
selectivity to the desired product. It appears that these results
could be improved using H,0-DSMO (5:5 w/w) as RP, reach-
ing yields of 73% with 90% conversion, and even somewhat
further to 83% yield and 98% conversion with H,O-NMP (7: 3
wiw).8*

The use of the heteropolyacid Ag;PW,,0,, catalyst in the
biphasic pair of solvents H,O/MIBK using fructose as substrate
gave similar results to those described above when glucose was
the starting material with yields of 78% after 1 h at 120 °C.®?
In a NaCl saturated biphasic H,O/MIBK system, the use of
potash alum as catalyst gave relatively low conversions of fruc-
tose of 66% at 140 °C and 6 h, although the selectivity to
5-HMF proved excellent being almost complete.®

Dumesic et al. had also tried in a previous study a large set
of different modifications of the RP and EP in experiments
performed with HCI as catalyst. Using the system H,O/MIBK-
2-BuOH (7 : 3 w/w), a conversion of 71% and yield of 42% were
obtained with an initial loading of fructose of 50 wt%. Most
relevantly, when the RP was H,O-DMSO-polyvinylpyrrolidone
(PVP) (5.6:1.4:3 w/w) with MIBK-2-BuOH as EP, the results
were improved to 92% conversion and 71% yield.® Finally, a
similar H,O/MIBK-2-BuOH (7:3 w/w) biphasic medium was
used by the same authors, for which the performance of resin
Amberlyst-70%® and catalysts based on SBA-15 silica®” can be
compared. Similar conversion of about 85% was achieved by
both catalysts, although the yields were better in the case of
the modified SBA-15 at 71%.%”

The use of THF as EP was reported in previous studies for
glucose, which have also extended their efforts to using fruc-
tose as substrate. The performance of the reactive and catalytic
systems was quite similar in the cases of Cr- zeolite and
hafnyl phosphates,®®’° although changing the substrate to
fructose gave much higher yields of 72% compared to only
23% with glucose using FePO, as catalyst under the same
conditions.®®

This comment also applies to the comparison of the micro-
wave-assisted production of 5-HMF in H,O (saturated with
KBr)/y-valerolactone with HCl, where changing to fructose as
starting material improved yields to 84%.””

1-BuOH and 2-BuOH have also been used as EPs. In a first
attempt, a continuous flow experiment was developed
pumping the biphasic systems through TiO, with a residence
time of only 3 min at temperatures as high as 200 °C; however,
the yield to 5-HMF only reached 18%.% In a scaled-up experi-
ment in a volume of 230 mL at 170 °C with HCI as catalyst, the
authors optimized variables like the stirring speed in the
biphasic system as well as the development of a macrokinetic
model. The results reached a conversion of 92% with 81.7% of
yield after only 25 min, which relates to finding operation con-
ditions were mass transfer limitations are diminished.®® For
its part, 2-BuOH has been the organic medium for the de-
hydration of fructose with niobia, for which high conversions
of 93% were observed with almost complete selectivity after
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reaction at 160 °C for an hour at low loadings of only 0.5%.%
In addition, biphasic media where the EP included 2-BuOH
have been used. A medium H,O-DSMO (4:6 w/w)/MIBK-2-
BuOH (7 : 3 w/w) was used with metal containing silicoalumi-
nophosphate catalysts prepared from attapulgite reaching 74%
of yield to 5-HMF.”" A similar H,O-PVP (10:1 w/w)/MIBK-2-
BuOH (7 : 3 w/w) biphasic system was put to use with EDTA as
catalyst, which showed thermoresponsive behaviour being
soluble in the RP at 160 °C, allowing to obtain yields of up to
89%. In this work, the composition of the loads of the RP and
EP was optimized to the values mentioned before, although no
great difference in performance was observed in any case. This
work shows a very interesting approach as it allows to precipi-
tate the catalyst at room temperature and further separate it
from the RP.”

Last, in some scattered studies, alternative media have been
used as RP, in which one common aspect is that the organic
phases used as EP are in larger excess than the typical ones
observed for aqueous biphasic systems. Fructose conversion in
IL [Bmim][Cl] was made using THF as EP in a mass excess of
20 :1, for which WCl catalyzed the reaction at only 50 °C, the
lowest found for 5-HMF production, obtaining 72% of yield.”
In addition, some works have focused on the use of deep
eutectic solvents (DESs) as reaction media. One interesting
case is the use of eutectic mixtures formed by tetraalkyl
ammonium chloride and alkylamine hydrochloride salts as
well as fructose. In these mixtures, the former salts act as cata-
lyst aided by NaHSO, as co-catalyst, whereas the latter is the
substrate of the reaction. Among the many salts tested, the
system tetraethyl ammonium chloride with fructose as RP and
THF as EP gave the best yield at 83% operating at 120 °C.**
Comparably, a DES system consisting in choline chloride
(ChCl) as HBA and the substrate fructose as HBD in a 5 to
1 molar ratio was tested with acetonitrile as EP. In this case,
complete conversion of fructose was observed with 90%
selectivity with HCI as catalyst after 4 h at 100 °C.°" Finally, a
mixture of ChCl with citric acid as HBD acted simultaneously
as RP and catalyst with EtOAc forming the biphasic system
where the activity was the highest compared to THF, 2-BuOH
and MIBK, reaching yields of 92%.%°

Other substrates for 5-hydroxymethylfurfural production in
biphasic systems. Finally, Table 3 provides a similar summary
for further studies where 5-HMF was obtained as the main
product from other carbohydrate sources from which the
corresponding dehydration can occur. With the exception of
two cases, the rest of the solvents had been used in transform-
ations starting from glucose or fructose, as summarized in the
previous tables. First, a ChCl: oxalic acid deep eutectic solvent
was used as RP with EtOAc as EP to obtain 64% yield of
5-HMF at only 80 °C.”” Also, ethyl butyrate was the extracting
agent in one system with the IL [Bmim][Cl] as RP. For this
case, with a 2 wt% loading of CrCl; at 130 °C for 3 h, a conver-
sion of 83% of microcrystalline cellulose was attained, with
almost equal yields to 5-HMF and glucose.’®

Focusing on aqueous biphasic systems, in their work from
1983, apart from fructose and glucose, Rigal and Gaset tried
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different carbohydrates as feedstock for dehydration reactions
in their continuous setup with Lewatit SPC-108 using MIBK as
EP. Examples are inulin (with a yield of 67%), Jerusalem arti-
choke (73%), monosaccharides like p-mannose (7%),
p-galactose (5%), p-mannose (7%) or r-sorbose (47%) and oli-
gosaccharaides like sucrose (82%), which features a glucose
and a fructose unit, and raffinose (80%), the trisaccharide con-
taining also galactose.®!

Inulin has been converted to 5-HMF in further works. For
instance, the solvent pair H,0/2-BuOH was utilized for the
reaction followed by in situ extraction with loadings of 0.5 wt%
of pretreated niobium pentoxide as catalyst in the RP reaching
54% yield in 140 min®® This substrate has also used in
ChCl: oxalic acid DES as reaction medium and catalyst simul-
taneously with EtOAc as EP in a 1:10 volumetric ratio, reach-
ing 64% of conversion of inulin with full selectivity towards
5-HMF.”” Also, following up on a work previously described,
Dumesic et al. tested variations of the RP and EP for this reac-
tion with inulin as substrate, obtaining the best outcome with
H,0-NMP (4:6 w/w)/MIBK, which gave yields of 69%. In
addition, sucrose was converted to 5-HMF showing this
solvent system the best results at 43% yield, although the con-
version of the substrate was significantly lower, reaching only
58%.%

Cellobiose is the disaccharide consisting of two p-glucose
units linked by a § bond, whereas sucrose is composed of one
unit of glucose and another of fructose, and as such both can
yield 5-HMF from dehydration after hydrolysis. Xu et al
approached their conversion by saturating the aqueous
phase with NaCl as reported in many other works and THF
as EP. Using Cr/p zeolite during 1.5 h at 150 °C, yields of 56
and 70% achieved for cellobiose and
respectively.®

Finally, special mention deserves the work by Cao et al,
where they approached the biphasic dehydration of microcrys-
talline cellulose testing different solvents as EP with water
with NaCl (4 wt%) as RP. The reaction conditions included the
use of hafnyl phosphates at loadings of 3 wt% operating at
190 °C during 4 h. Regardless of the organic solvent used, con-
versions of the substrate reached systematically figures around
90%, whereas the yields were of about 70% for MeTHF,
dioxane, THF and MIBK, slightly higher than those attained
with 1-BuOH and 2-BuOH, below 60%.”°

In addition to these studies, it is relevant to mention that
the use of biphasic systems for the combined production of
5-HMF and furfural starting from alternative carbohydrate sub-
strates, including actual biomass sources, is gaining increasing
attention.” Moreover, an interesting alternative for the pro-
duction of furans in biphasic systems could be the synthesis of
5-chloromethylfurfural (CMF). This compound represents an
alternative to 5-HMF that could be more practical for sub-
sequent synthesis as a precursor of biofuel 5-ethoxymethyl-
furfural and whose separation with organic solvents could be
favourable considering the fact that it is less polar than
5-HMF.*>**° A case of study of the production of CMF is its
biphasic generation from microcrystalline cellulose, corn

were sucrose,
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stover, straw or birch wood using a H,O/dichloroethane
solvent pair modified with LiCL.'°***

Production of furfural

The molecular structure of furfural comprises a furan ring and
an aldehyde functional group and its production mainly takes
place by the dehydration of pentoses. Although the feedstock
for the reaction can be sugars like arabinose or ribose,*® xylose
is by far the most studied substrate for the production of fur-
fural. The reason for this is that xylose constitutes the back-
bone of xylan, a biopolymer of great abundance in nature from
whose hydrolysis such pentose can be obtained.'®> Once the
xylose units have been released, the conversion to furfural
involves the overall release of three water molecules, which
may occur through different mechanisms including enoliza-
tion, B-elimination or via cyclic intermediates, as covered
extensively in a review on the mechanistic aspects of hom-
ogenous catalysts for this reaction.'®® Fig. 4 schematizes the
overall conversion starting from xylan as feedstock.

As in the case of 5-HMF, some studies have put their efforts
on the exploitation of different biomass sources for the pro-
duction of furfural following a biphasic approach. However,
the number of studies is not as numerous as for 5>-HMF. Some
examples of sources for the process would be bamboo, for
which a H,O/MIBK system was employed,'®* wheat straw, per-
forming the in situ extraction with THF '*® or rice straw, which
used 2-PrOH, 1-BuOH, MIBK and THF as EPs.'°® Special
mention deserves the comprehensive work performed by Yang
et al., where they assessed the use of many different biomass
feedstock in a H,O/THF biphasic system, including pinewood,
switchgrass, corn stover or poplar among others.'®” Although
the production of furfural prevailed in these works, the nature
of the biomass and the carbohydrate polymers within their
structure also allowed the generation of 5-HMF. Despite all the
carbohydrate sources that can be used as starting material for
the process, Table 4 focuses on references where the transform-
ation originates from xylose. As in the case of hexoses, in
general the RPs used consisted water, which in some cases were
modified with NaCl to promote the migration of furfural to the
organic solvent. Concerning the rest of the operating conditions,
both the volume ratio of both solvents and the temperature
range appear to be similar to the case of hexoses and the cata-
lyst also have acidic properties as needed for the dehydration.

MIBK has also been extensively used for the biphasic pro-
duction of furfural. When using potash alum for 6 h at 190 °C,
55% yield to furfural was obtained®® and even higher yields of
68% could be reached at slightly lower temperatures and half
of the time with lignin-derived sulphated carbon catalysts.'*®

H v o
H O_ OH acid catalyst o |
—» (OH H/ ——>» *
hydrolysis ol H  dehydration \ /

H OH

xylose

Hemicellulose (xylan)

furfural

Fig. 4 Scheme of the conversion to furfural starting from xylan
through its hydrolysis to xylose and further dehydration.
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However, when a solid acid catalyst generically denoted as SO,/
TiO,-ZrO,/La** was put to use, the H,O/MIBK biphasic system
gave poor yields below 1%, reason for which the RP and EP were
altered further in this study. Using H,O-DMF (8 : 2 w/w)/MIBK-2-
BuOH (7 : 3 w/w) and H,0-DMSO (8 : 2 w/w)/MIBK-2-BuOH (7 : 3
w/w) led to improving the performance slightly up to 8 and 11%
approximately, although a much greater increase was observed
when the RP consisted of H,0-1,3-dimethyl-2-imidazolidone (8: 2
w/w) with the mentioned EP. With this solvent pair, almost com-
plete conversion of xylose was reached with 53.5% yield to fur-
fural after 12 h at 180 °C, for which a kinetic study was per-
formed.'® Last, on the use of MIBK as organic solvent, saturation
of the aqueous phase with NaCl led to an excellent performance
of 86% yield with CrPO, after 1 h at 160 °C. This study compared
the performance of THF, which obtained a similar 88%, with
linear alcohols 1-BuOH and 2-BuOH, both reaching significantly
lower yields in the same conditions."*°

Cyclopentyl methyl ether (CPME) is an emerging solvent
that can be obtained from the etherification of biobased cyclo-
pentanol, which can be produced from furfural.'*® To the best
of our knowledge, CPME remains to be reported for the bipha-
sic production of 5-HMF, although it appears recurrently for
the transformation of xylose to furfural. For example, different
catalysts based on niobia supported on silica-zirconia were
tested in an aqueous biphasic system at 130 °C for 6 h, reach-
ing quantitative conversion of xylose with 58% yield to furfural
with CPME as solvent as compared to 1-PrOH (50%) and
y-valerolactone (48%).""" These yields were improved by Len
et al. operating at higher temperatures of 190 °C during only
1 h in the microwave-assisted reaction with sulfonated carbon-
based catalysts prepared from Miscanthus x giganteus."*?
Subsequently, performance was even better reaching 69%
yields using sulfonated sporollenin implementing also the
modification of the RP with 8.8 wt%. NaCl; in this study, xylan
was also used as carbohydrate attaining yields to furfural of
37%.'" Finally, a recent study reported on the use of the H,O/
CPME system for this reaction in the absence of any catalyst.
The authors claim that an autocatalytic effect takes place when
operating with microwaves at 190 °C during 3 h, reporting
complete conversion of xylose with 78% selectivity; the
authors also reported the use of MeTHF and isophorone as EP
under the same conditions with lower performance. In
addition, birch hydrolysate was employed as substrate with
similar conversions and yields of 68% after only 1.5 h."*

The biphasic dehydration of xylose with toluene as EP has
been reported with different zeolites, where MOR-type M-20
(SiO, : Al,03 = 20:1) achieved 42% yield to furfural and 79%
conversion of xylose after 3 h at 190 °C in a screw-stirred auto-
clave.""® Recently, a loading of 2.5 wt% of terephthalic acid
obtained from waste polyethylene terephthalate has provided
good results as catalyst in H,O/toluene medium leading to
71% yields at 190 °C in 3 h, which was higher than when butyl
acetate was the extracting agent in comparable reaction con-
ditions, reaching 60%.''® Aqueous biphasic systems of H,O
with toluene and MeTHF were used with loadings of 1.5 wt%
of CrPO, at 160 °C in 1 h, obtaining better results with the

This journal is © The Royal Society of Chemistry 2020
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latter (82% yield with better selectivities) than with toluene
(71% yield)."*® In an uncommon manner, the latter solvent
was used in volumetric defect with respect to water saturated
in NaCl in one study, in which xylose was transformed utilizing
sulphated tin ion-exchanged montmorillonites as catalysts,
reaching yields of almost 80% at 160 °C for 1 h. The use of
this systems was extended to the valorization of xylan, obtain-
ing 74% of yield.""” Finally, THF was employed with NaCl-satu-
rated water to perform the microwave-assisted catalytic de-
hydration of xylose and xylan with AICl;, attaining at 140 °C
and 45 min yields of 80% and 64%, respectively."®”

Other than solvents that are regularly liquid at ambient
conditions, in situ extraction of furfural was attempted
with supercritical CO,, for which pressurization at 20 MPa at
150 °C was needed to achieve 88% conversion and 52% of
yield with a 10 wt% loading of Amberlyst 70.'*> One last note
goes to a study where Eucaliptus urophydis as source of
biomass was dehydrated to furfural using a DES and MIBK as
biphasic system. In this case, ChCl: oxalic acid (2:1) was the
RP, where AICl; was used as catalyst at 140 °C during
90 minutes reaching a 70.3% yield to furfural in addition to
18.7% yield to 5-HMF.""?

Tools and resources for the selection
of solvents
Green solvent selection guides

Owing to the unceasing and ever growing pressure of regu-
lations and legislative constraints, the utilization of cleaner
and green chemicals is a must in current activities in chem-
istry both in industry and research. Regulations like that con-
cerning the Registration, Evaluation, Authorization and
Restriction of Chemicals (REACH, EC 1907/2006) and the
Integrated Pollution Prevention and Control (IPPC, EC 1/2008)
have been adopted within the EU frame."?°

The use of solvents is ubiquitous in chemical applications
and, despite the possibility of reutilization by means of separ-
ation processes, the volume used during the corresponding
operations usually amounts to several times the mass of the
actual product to be synthesized or isolated. Subsequently, the
use of solvents that comply with the principles of Green
Chemistry®”'*" is more than desired. The definition of a green
solvent can entail many implications, since it can be con-
sidered that not only EHS parameters should be taken into
account, but also material and energy demands involved in
their production, usually accounted for by means of life cycle
assessments with software and databases.’”"?>'** Merely
based on EHS considerations as criteria for the selection, more
computer-aided tools have been developed. In 2000
Hungerbiihler et al. developed an automated method for the
assessment EHS performance in the early design stages by
considering up to 11 effect categories; this method resorted to
databases and closed data gaps by means of quantitative struc-
ture activity relationships (QSAR)."** Other more recent
examples are the tool developed by Slater and Savelski, which

2110 | Green Chem., 2020, 22, 2097-2128
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considered acute toxicity or biodegradation among a total of
12 categories'®® or the Paris III software, which implements a
EHS evaluation for the comparison and eventual substitution
of solvents based on 8 environmental impact parameters, 8
physicochemical properties and 10 chemical family classifi-
cations and the use of the Toxicity Estimation Software Tool of
the EPA as database.'*®

In spite of the efforts mentioned above, in the spirit of pro-
viding bodies of information of easy use regarding EHS criteria
and LCA considerations, a series of guides have appeared
based on quick color-coded (green, amber and red) classifi-
cation. These have been developed by different institutions,
mainly pharmaceutical companies, to establish preferences of
use according to their own practice and policies. One remark-
able aspect of most of these guides is that they present separ-
ate scoring systems for EHS and LCA items, as opposed to
some of the software tools, which give a lumped scored. This
can lead to somewhat misleading averages, such as in the use
of dipolar aprotic solvents, safe to use but with considerable
toxicity.*® A brief summary of these guides is presented in
Table 5 summarizing their most relevant features concerning
the amount of solvents tested and EHS and LCA parameters
considered as well as the denomination of their conclusion for
recommendation.

Although not chronologically the first, Pfizer published a
guide for medicinal chemists dealing with 39 classical sol-
vents, which they classified into three categories (preferred,
usable or unpreferred). Their analysis was based on three
general areas, namely: worker safety, process safety and
environmental and regulatory considerations, which could
correspond to health, safety and environment.*® AstraZeneca
developed their own guidelines considering originally a set of
up to 10 EHS parameters in total, although they would further
update their tool with properties relevant to their actual use in
practice, including physicochemical and solvent properties.*®
GlaxoSmithKline has performed a continuous effort of devel-
oping and updating their solvent selection guides, from their
first version in 1999 where the four areas waste, impact, health
and safety were featured® to more recent versions, where LCA
assessments have been included to an increasing number of
chemicals as well as regulatory flags and a more detailed
breakdown of the EHS areas.’™>>'?” The ACS Green Chemistry
Institute created the Pharmaceutical Roundtable (GCI-PR) also
published their guide'*® along with resources on their website
based on the original AstraZeneca tool."*® The company Sanofi
made an effort for up to 96 substances, where they included
further detail in the scores by integrating the solvent limits for
pharmaceuticals following the International Conference on
Harmonization (ICH).>® Owing to their recurrent use as refer-
ence, in 2014 Prat et al. published a short survey on these
solvent selection guides, in which the pool of 51 solvents in
the guides evaluated at that time were classified into the cat-
egories of recommended, problematic, hazardous and highly
hazardous according to the assessment provided in the orig-
inal guides. Despite not trying to create a universal guide, they
tried to systematize the evaluation in AstraZeneca’s, GCI-PR’s
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and GSK’s guides giving numerical values from the EHS evalu-
ation and hence propose an overall ranking of solvents."’

Finally, Innovative Medicines Initiative (IMI)-CHEM21 origi-
nated as a collaborative effort among different companies and
public institutions. Even though the previous guides include a
good number of common solvents in industrial practice, new
chemicals are becoming increasingly available for use, especially
those derived from biobased sources or from transformations
thereof. In their efforts to develop the application of more sus-
tainable chemical methodologies, in a publication of 2016 the
CHEM21 guide provides an outstanding spreadsheet-based tool
as ESIT that allows obtaining EHS scores based on H3XX and
H4XX statements, which can normally be retrieved from the
REACH database of registered substances."*® Despite these state-
ments not being given to chemicals whose toxicological data are
not available, which in turn means that this tool will assign a
default score for these cases,”" this tool appears to be very com-
prehensive and user-friendly as only a few pieces of information
that are easily available are needed.

In addition to these helpful and convenient guides, there
are other tools that allow estimating different magnitudes
related to persistence, bioaccumulation and toxicity (PBT). As
was addressed in a recent review for the selection of solvents
in biphasic enzymatic processes, the generation of aqueous
waste streams with low levels of organic solvents should be
considered.” For this reason, these authors decided to
include in their compilation of solvents an evaluation of PBT,
for which they used the criteria described by the New
Chemicals Program of the EPA,"** to which an online assess-
ment tool named PBT profiler is associated. This tool appears
to feature a series of predictive methods for the estimation of a
number of items, such as bioconcentration factors or toxicity to
fish, which had already been implemented in the Estimation
Program Interface (EPI Suite TM), also developed by EPA."*?
Nevertheless, as of August 2019, the site for the PBT profiler
appears to be unavailable to the public, although EPI Suite TM
is still online. More recently, the Laboratory of Environmental
Chemistry and Toxicology of the Mario Negri Institute of
Pharmacology has developed the VEGA application. This appli-
cation implements models from different previous projects (5
from CAESAR, 2 from EPA’s Toxicity Estimation Software Tool, 1
from DEMETRA and 3 from EPI Suite TM) and 18 developed by
the Laboratory to estimate different PBT parameters.'** These
tools are based on quantitative structure activity relationships,
for which the input required is the structure of the molecule,
usually given in SMILES format.

Methodologies for solvent selection. The COSMO-RS method

Throughout the years a number of methods have appeared to
better understand and predict the solvation capacity of chemi-
cal compounds and, subsequently, be able to predict the
ability of solvents to perform properly for the desired purpose,
including reaction or separation processes.

This exploratory work has undergone developments as the
models to describe these phenomena became more complex
and included more parameters. In 1965, Reichardt reviewed
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several empirical paramaters to describe the polarity of sol-
vents with associated polarity scales in most cases. These para-
meters included the Y-values (a quantitative measure of the
ionizing power of a solvent), X-values (proportional to the
polarity of the solvent taking glacial acetic acid as reference),
Q-values (an empirical parameter of the polarity of the
solvent), Z-values (a direct empirical measure of the solvation
behavior of a solvent towards 1-ethyl-4-methoxycarbonylpyridi-
nium iodide, a dye used as reference), R and S-values (which
relate to the free enthalpy of reactions of substituted benzene
derivatives accounting for the kinetic effects taking place when
the solvent for the reaction is changed). Finally, Reichard
himself developed the E(T)-values, which represents a measure
of the ionizing power of a solvent based on the maximum
wavenumber of the longest wavelength electronic absorption
band of pyridinium N-phenolbetaine, taking as reference sub-
stance.'®® The latter parameter constitutes a joint measure of
polarity and acidity. Other efforts include the Hildebrand solu-
bility parameter (§), which is an estimate of the degree of inter-
action between solvents and solutes, in which compounds with
similar § values are more likely to have mutual miscibility. § is
calculated as a function of the cohesive energy density of the
solvent, which corresponds to the energy required to remove a
unit volume of molecules from the surrounding molecules to
infinite separation (i.e., ideal gas state). This parameter gives
better results when nonpolar and slightly dipolar interactions
occur, but fails to predict the solubility when polar interactions
such as hydrogen bonding (HB) prevail."*® Afterwards, Hansen
presented further work suggesting that the cohesion of a sub-
stance takes places as result of the combination of three inter-
molecular interactions, explaining each with a different para-
meter, namely: London dispersion forces (J4), polar interactions
related to Keesom forces (6;,), and HB (). The so-called Hansen
solubility parameter (6y;) results from the square root of the
sum of the squares.”® Later, the Kamlet-Taft solvatochromic
scale was put forward, whose parameters are the HBD capacity
(o), the HBA ability () and last the dipolarity-polarizability of
the compound (n*).**'*”'3% Table 6 summarizes the essential
information of these models.

Table 6 Summary of methods for the prediction of solubility and their
basis

Model Parameters Ref.
Reichard’s 1 (E(T)): a measure of both polarity 135
parameter and acidity together, although it is

not dependent on polarizability
Hildebrandt 1 (8): numerical estimate of the 136

solubility parameter  degree of interaction between
solvents and solutes

Hansen solubility 3 (4, 6 and 6y): for London dis- 44

parameters persion forces, polar interactions

related to Keesom forces and HB
Kamlet-Taft 3 (o, B, and 7*): for hydrogen bond 43, 137
parameters donor ability (acidity), hydrogen and 138

bond acceptor ability (basicity) and
polarizability
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Despite the importance of the aforementioned empirical
models, owing to the outstanding advances in computational
chemistry, more advanced predictive methodologies have been
put to use more recently. Such is the case of the COnductor-
like Screening MOdel for Real Solvents (COSMO-RS), a well-
known quantum chemistry-based method to predict the
thermodynamic equilibria of fluids and liquid mixtures devel-
oped by Klamt."***% In this method, first quantum chemical
COSMO calculations are performed to obtain the screening
charge densities ¢ on the molecular surface, for which a prior
step of geometry optimization of the molecular structure is
needed. Then, the chemical potentials of each chemical
species is computed using a statistical thermodynamic
approach, for which an integration of the so-called o-profile is
performed. This o-profile, obtained from geometry optimiz-
ation, represents a histogram of charge density distribution
around the molecular surface, which can be envisioned as
molecular descriptors, for they also provide relevant infor-
mation about the interaction energies of the species in solu-
tion, such as hydrogen bonding, van der Waals forces and
misfit and electrostatic interactions. The computed chemical
potentials are then the foundation for the subsequent calcu-
lation of key thermodynamic properties, such as activity coeffi-
cients, solubilities or gas-liquid and liquid-liquid equilibria (LLE).
Remarkably, unlike the empirical models described in Table 6,
COSMO-RS does not require experimental data for specific method
adjustments, thereby allowing the estimation of properties solely
from the structure of the chemicals, which makes it highly versatile
for solvent design changing structural information.'***3*™*! This
method has been successfully applied in a wide array of case
studies in process chemistry apart from identifying solvents for
5-HMF extraction.'*> One example is the screening of solvents for
the extraction of artemisinin in a range of conventional and
novel solvents, such as organic carbonates.'*® Similarly to the
case of the biphasic dehydration of sugars with in situ extraction
of furans subject of this review, COSMO-RS has also previously
been used for the screening of solvents in aqueous biphasic
system in the enzymatic production of (R)-3,3',5,5-tetramethoxy-
benzoin.'** Another case is the estimation of the partition ratio
of Biphephos ligand in different pairs of solvents for the selec-
tion of thermomorphic solvent systems in which to recycle mole-
cular catalysts in the hydroformylation of olefins.'*® In addition
to these LL-based systems with molecular solvents, this method
has also proven successful in predictions in alternative media,
like the solubility of gases like CO, in ILs**® or the extraction of
linalool from terpenes in ChCl-based DESs."*’

Use of COSMO-RS and methodology
for the selection of green solvents

Computational details

The COSMO-RS method has been used through its implemen-
tation in the COSMOthermX software, version C30, release 18.0.0
at the corresponding parameterization BP_TZVP_C30_1800. As
input files, the COSMO files included in COSMODbase (v.17) were
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used, which have undergone geometry optimization and calcu-
lation of the screening charge density for all conformers.'*®

Comparison with values reported in literature

In the present work, first a comparison is made between
results present in literature and those predicted by the
COSMO-RS. This validation is made on the basis of the distri-
bution coefficient (R), defined as the ratio of the mass fraction
(w) of the solute (furans in this case) in the EP (organic
solvent) to that in the RP (aqueous), as appears in eqn (1).

= % (1)
w?upran

These calculations in the COSMOtherm software were made
as LLE of ternary or multinary systems, as appropriate, to
which compositions of the overall feed must be entered.

In non-reactive systems where LLE were measured, to
compare COSMO-RS predictions with experimental results in
which the literature only provides LLE data corresponding to
the composition of the tie-lines but not to that of the feed, the
latter was estimated using an image digitizer tool incorporated
in OriginPro 9.1.0."° As a measure of the deviation of the
COSMO-RS prediction to the reported values, the residual
mean square deviation is computed, as defined in eqn (2) for
ternary systems:*>%*>!

2
B wQOSMO-RS)

rmsd = XN: Z Z <wyk GIJ;J (2)

where N is the total number of tie-lines and the subscripts i, j
and k correspond to the component, phase and tie-line,
respectively.

In references where distribution coefficients were measured
after performing a reaction, the composition of the feed for
was determined from the experimental data supplied in each
individual reference and transformed to molar fraction.

Methodology and workflow for the selection of green solvents

Regarding the methodology for the selection of solvents, the
COSMO-RS method has been used as the basis for the work-
flow followed during the evaluation of organic solvents for the
separation of 5-HMF and furfural from an aqueous reacting
phase, for which a schematic representation is shown in
Fig. 5. This workflow has some common points with that
described in a previous work'** and consists of the following
steps:

1. Given the wide pool of chemicals assessed in the solvent
selection guides described in section 3.1 and the great interest
that they have awakened over the years since their publication,
the solvents therein included will serve as a basis for the selec-
tion of an EP for the in situ extraction of 5-HMF and furfural
from aqueous systems.*®>%31>4128 1y addition, our pool of sol-
vents also includes the compounds featured in a list of green
solvents included in a previous work dealing with the useful-
ness of COSMO-RS as an approach to build a panorama of sol-
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Action

Starting pool of solvents

Description

Solvents included in solvent selection guides and
Panorama of sustainable solvents using the
COSMO-RS approach (Moity et al., 2012)

Check for

Discard &

miscibility gap
with H,0

----------------- Binary LLE calculations at 25 °C and 150 °C
solvent

Quick screening for solubility of

e Screening for multiple solvents

Estimate probability of solubility (Yara Varén et al.,
2016; Gonzalez-Miquel et al., 2019) from solvent
screening and compare with reference solvent MIBK

Discard
solvent

solubility than
reference?,

Ternary LLE calculations at 25 “C and 150 °C:
{H,0 + 5-HMF + solvent}
{H,0 + furfural + solvent}

Calculation of LLE and hence
partition coefficients

EP
Wruran
___________ R = Yuran

Ranking of solvents

Note: Blue font for COSMO-RS actions

T

Weuran
777777777777 Rank the solvents based on R and compare with
clasiification as green solvents according to the guides

Fig. 5 Workflow followed for the evaluation of solvents for the extrac-
tion of furans from an aqueous phase with organic solvents using
COSMO-RS.

132 11 this refer-

vents based on their structural characteristics.
ence, the authors use this method to classify a list of green sol-
vents (mainly biobased or acceptable for pharmaceutical appli-
cations) into a series of clusters depending on their polarity
rather than molecular functionality as in the other lists. For
this classification, they apply principal component analysis to
the o-profiles obtained by COSMO-RS, which can be envisaged
as a molecular descriptor of the density charge around the
surface of the molecule.’”® Table S1in the ESIt includes the
pool of 176 solvents classified by functionality.

2. To discard solvents from further evaluation, binary LLE
are calculated in COSMO-RS to check for the presence of a
miscibility gap of solvents with water. The candidates showing
such behavior are able to conform biphasic systems.

3. With the candidates showing limited miscibility with
water a solvent screening is performed, whereby the relative
solubility between the solute of interest (5-HMF or furfural)
and the solvents is calculated. The solubility of a compound
can be calculated following eqn (3):

pure

exp((u]™ — oM™ — AGj fusion ))

RT

log, (%) = log;, (3)

where x*"“is the chemical potential of all pure compounds j,

/4.701”‘“ is the chemical potential of j at infinite dilution and
AG; tusion 15 the free energy of fusion, which is zero for liquid
solutes'® at the temperature of interest, but also a major
source of errors for solids given the difficulty of measuring it
directly."*® In the case of solid solutes being present, a relative
screening option is available in COSMOtherm, which avoids
errors by neglecting AG; fusion- Thus, it provides with a relative
solubility ranking where the values differ by a shift, hence

Green Chem., 2020, 22,2097-2128 | 2113


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9gc04208c

Open Access Article. Published on 14 February 2020. Downloaded on 11/1/2025 10:08:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical Review

representing trends in solubility rather than absolute solubility
values. In COSMOtherm, a value of log;,(x;) = 0 means that the
solute compound is completely miscible with solvent."”® A
value of 0 is set to the compounds showing the best solubility,
whilst the other solvents would show values relative to the
best. This would mean in turn that solvents with values of
logio(x;) = —1 would give relative solubilities 10 times lower
than the best. This circumstance has been used in literature
both for solid and liquid solutes to refer to these values of
log0(x;) in terms of a normalized solubility estimate, referred
to as probability of solubility in previous works.'****¢ This
magnitude would be defined as:

P(O/O ) =100 - (1010310 (xj)) (4)

where a value of log;,(x;) = 0 represents a 100% probability of
solubility.

4. To filter among the remaining candidates, a threshold
value is selected, that being the predicted probability of solubi-
lity for MIBK, the most utilized solvent for the biphasic pro-
duction of 5-HMF and furfural according to the literature
survey presented in previous sections.

5. With the candidates that pass through the previous sieve
showing potential for the in situ separation of furans,
COSMO-RS predictions of the LLE of the ternary systems con-
sisting of {H,O + furan + solvent} are made.

To compute these LLE, different compositions of feeds
were given as input based on the amounts of 5-HMF and fur-
fural that could be obtained from different initial concen-
trations of sugars (1 wt%, 5 wt%, 10 wt%, 25 wt% and 50 wt%
referred to the aqueous phase) as substrates assuming com-
plete conversion with 100% selectivity to furans. Additionally,
a volume ratio of 3 to 1 between the solvent and aqueous
phase was assumed, with the corresponding mass ratios being
calculated based on densities. For example, for a biphasic
system of water and MIBK with a feed containing 1% of fruc-
tose, the composition of the feed would be: wy o = 0.2930;
Ws.pmr = 0.0021; Wyppk = 0.7049. The COSMO-RS predictions
were made at 298.15 and 423.15 K to have a reference at room
temperature and a representative temperature from all the
works surveyed.

With these results, partition coefficients are calculated fol-
lowing eqn (1), which will be the basis for the solvent ranking
in terms of predicted performance in extracting the products
from the RP. In previous work, in search for less computation-
ally expensive calculations given the large size of their pool of
solvents, the partition coefficient was predicted with
COSMO-RS by calculating at infinite and non-infinite
dilutions, avoiding the calculation of more time consuming
LLE."*?

6. Finally, the top performing solvents in terms of R are pre-
sented together with a compilation of the assessments of the
different solvent guides existing in literature. The CHEM21
solvent selection tool was employed in cases where this guide
had not presented an assessment previously.>*

214 | Green Chem., 2020, 22, 2097-2128

View Article Online

Green Chemistry

Overview of the distribution of furans
in biphasic systems in literature and
comparison with COSMO-RS
predictions

Most of the works dedicated to the biphasic production of
furans from sugars report on the activity of catalysts in terms
of conversion of substrate and yields to product (and inher-
ently selectivity) without paying much attention to the distri-
bution of the products between the EP and RP. Considering
that the biphasic strategy intends to separate the products to
prevent undesired side reactions, evaluating the distribution
coefficient could be a key element to enhance the selectivity of
a catalyst in the process.

As the number of studies on this topic has increased
throughout the last years, more investigations have included
data on the distribution of the products between the RP and
the EP. Some efforts have focused on the evaluation of the LLE
present in different ternary systems, whereas others have
directly reported the distribution of the furans in reactive
systems after a certain time of reaction.

Distribution of furans in reactive systems

Fig. 6 and 7 show parity plots in which predictions of the dis-
tribution coefficients obtained with COSMO-RS versus data in
literature when the samples were obtained from reacting
systems. For the COSMO-RS predictions, the ternary or multin-
ary LLE was computed, whereas from experimental data
obtained in literature, calculations were made as appropriate
to obtain R as a ratio of mass fractions in each phase.

Fig. 6 depicts the comparison of distribution coefficients of
5-HMF obtained by different authors under different tempera-
ture conditions ranging from 90 to 180 °C,%>7>7#8%85 55 gum-
marized in the legend. The X-axis shows the experimental
values of R as reported in literature from a number of different
works for different multicomponent biphasic systems. For its
part, the Y-axis gives the distribution coefficient calculated
from COSMO-RS predictions of LLE for the same multicompo-
nent systems at the temperature stated in the corresponding
reference. Therefore, in the parity plot presented in Fig. 6,
COSMO-RS would most ideally predict the partition of 5-HMF
in the cases where the data points lie the closest to the diag-
onal line. Some values are well predicted, such as those of the
H,0-DMSO/MIBK and H,0-DMSO/MIBK-2-BuOH biphasic
systems, or even some values of H,O/DCM or H,O/MIBK.
Nevertheless, there appears to be a tendency of COSMO-RS to
overestimate the presence of 5-HMF in the organic phase,
thereby increasing R.

Likewise, figure displays the displays the similarity between
COSMO-RS predictions of the distribution coefficient of fur-
fural and that obtained in individual experiments at 170 and
190 °C.”®'* In this case, not as many solvent systems have
been studied as in the previous case. Multinary systems of
H,O-DMSO/DCM and H,O-DMSO/MIBK-2BuOH  were
reported, where the COSMO-RS predicted R is overestimated

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Comparison of partition ratios of furfural reported in literature
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and COSMO-RS predictions in systems where reaction was performed.

Note: When several values are present in the corresponding articles, those obtained from the best conditions in terms of yield were represented.

with respect to the experimental value, particularly in the case
of the latter system. Another study tried different solvent to
water volume ratios and analyzed the distribution of the
product. When THF and cyclopentyl methyl ether (CPME) were
used as extracting agents, the predictions were quite accurate,
although there was an increasing tendency to underestimate R
as the organic to volume ratio increased. This is even more
clear in the case of isophorone being used as the organic
solvent, in whose case R was always very underestimated,
being the relative difference using different organic to water
volume ratios more remarkable than in the previous two
cases.'™*

Apart from errors either from the experimental side or from
the model predictions, it has to be taken into account that in
these reacting systems the systems do not only contain 5-HMF
as a solute unless complete conversion and selectivity are
achieved. This in turn means that the presence of unreacted
sugars or undesired side-products like levulinic or formic acid
might affect the distribution coefficients. For instance, the

This journal is © The Royal Society of Chemistry 2020

sugars in the medium can cause a salting-out effect of the
furans, although they do not appear to show a significant
effect on the relative ranking of distribution coefficients
among solvents.'*> Therefore, the presence of these com-
pounds could potentially represent a source of error in the
deviation of the predictions although not affecting a relative
screening of solvents.

Distribution of furans in systems. Measurements of LLE

It has only been recently that the detailed analysis of LLE of
ternary systems {H,O + furan + solvent} has been undertaken.
A common element of all of these studies is the fact that the
equilibrium studies were performed at temperatures much
lower than those of interest for the catalytic chemical reaction
(25 to 70 °C), obviously owing to experimental limitations
derived from the boiling points of the compounds involved.
Figure presents R calculated from the data given in the
corresponding reference’”'*® and from the COSMO-RS predic-
tions as a function of the mass fraction of 5-HMF in the

Green Chem., 2020, 22,2097-2128 | 2115
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organic phase. First, much like in the case of reacting systems
described above, there appears to be generally an overestima-
tion of the COSMO-RS predicted R with respect to the experi-
mental values. In addition, COSMO-RS does not predict sig-
nificant changes of this magnitude with respect to wE¥ .
which are clearly observed experimentally in the cases of
2-BuOH and 1-pentanol.’*”**® The full ternary diagrams com-
paring the experimental results and COSMO-RS predictions
are in Fig. S1 in the ESI.T These diagrams show that the predic-
tions of the LLE fall in relatively good agreement in terms of
tendency, although significant deviations can be observed for
cases like {H,O + 5-HMF + MIBK}, especially at 298.15 K. The
residual mean squared deviations were calculated with eqn (2)
and presented by the corresponding ternary diagram, falling
these errors between 2.85% and 9.93%, which corresponds to
the aforementioned case.

In a study with COSMO-RS predictions, the distribution
ratio of 5-HMF has been computed at 25 °C from the partition
coefficient calculation functionality in COSMOtherm rather
than the computation of the LLE.'**> In this case, the
COSMO-RS-predicted distribution coefficients were also overes-
timated with respect to their own experimental measurements
with 2-MeTHF, MIBK and 2-BuOH. In the case of 1-BuOH the
overestimation of R was less significant, although their experi-
mental values appear to be somewhat lower (ranging from 1.88
to 1.53) than those observed in a LLE study providing the full
composition of the (ranging from 3 to 2,
approximately).*®

On the other hand, after screening, o-propylphenol and
o-isopropylphenol appear to give the best results, achieving
distribution coefficients of 9.47 and 9.29, respectively, which
turned out to be underestimated after experimental verifica-
tion (11.47 and 11.97, respectively). These authors also ana-
lyzed the effect of adding fructose and its effect on the par-
tition ratios, observing increases due to salting-out effects.
This seems to suggest that keeping a continuous feed of sub-
strate could enhance the performance of the process.
Nevertheless, the biphasic nature of the system could also be

system
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Fig. 8 Comparison of distribution coefficients obtained in LLE studies in literature

tion of 5-HMF in the organic solvent phase.
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affected in some cases forming stable emulsions in some
cases or single liquid phases systems."*?

In a similar fashion, Fig. 9 shows the distribution coeffi-
cients calculated from experimental®®®'®® and COSMO-RS sti-
mations. Overall, it can be seen that the values of this magni-
tude are significantly higher than those of 5-HMF; however,
and most importantly, it can be seen that the values predicted
by COSMO-RS are clearly underestimated, with a much higher
relative difference than was observed in figure, where some
values of experimental and predicted values even overlapped.
Fig. S21 presents the ternary diagrams of the LLE studied
experimentally and the COSMO-RS predictions, where it can
be seen that, although the compositions of the water-rich
phases are in good agreement with experimental values, gener-
ally the mass fraction of furfural in the solvent-rich phase is
predicted clearly below the experimental values by COSMO-RS.
In the case of furfural predictions, the rmsd values show devi-
ations between 4.74% and 9.45% when 2-MeTHF was the
organic solvent and between 3.33% and 4.70% for CPME, which
are more or less of the same order of magnitude as the predic-
tions for LLE with 5-HMF. However, the error in the predictions
of the equilibria with isophorone as extracting agent is signifi-
cantly higher and ranges between 20 and 25% approximately,
mostly due to an underestimation of the furfural solubility in
the isophorone-rich as well as an overestimation of the mass
fraction of water therein. Last, in spite of the potential oper-
ational issues that the use of salts to promote the salting-out
effect of furans to the EP entail, it is also worth mentioning that
Sadowski, Smirnova and co-workers have investigated the equili-
bria considering the use of salts like chlorides, nitrates or meth-
oxides. First, they studied the applicability of COSMO-RS to
predict the equilibrium of a H,O/MIBK system in the presence
of these salts.'®* COSMO-RS does not use system-specific para-
meters for electrolytes, which led them to extend the model
using an extension developed for monoatomic electrolytes.'®*
On the other hand, the results were described with good agree-
ment with their ePC-SAFT model,"®" and was subsequently
applied with success to the system {H,O + 5-HMF + 1-BuOH}.'®

—u— MIBK at T=298.15 K
{Zhang et al., 2018)

--m-- MIBK at T=298.15 K
COSMO-RS

—e— MIBK at T=333.15 K
{Zhang et al., 2018)

- MIBK at T=333.15 K
COSMO-RS

—A— 1BuOH at T=298.15 K
{Zhang et al., 2018)
1BuOH at T=298.15 K
COSMO-RS
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—v— 1BuOH at T=333.15 K
(Zhang et al., 2018)
1BuOH at T=333.15 K
COSMO-RS

—— 2BuOH at T=333.15 K
(Zhang et al., 2018)
2BuOH at T=333.15 K
COSMO-RS

—4— 2PentOH at T=298.15 K
(Dalmolin et al., 2017)

-~ 2PentOH at T=298.15 K
COSMO-RS

and COSMO-RS predictions as a function of the mass frac-
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{M&annistd et al., 2017)
® 2-MeTHF at 323.15K
COSMO-RS
—A—2-MeTHF at 343.15 K
{Maannistd et al., 2017)
4-2-MeTHF at 343.16 K
COSMO-RS
—v—CPME at 298.15 K
{M3annistd et al., 2017)
v CPME at 298.15 K
COSMO-RS
—+—CPME at 323.15 K
{Maannisto et al., 2017)

—<4—CPME at 343.15 K
(Maannistd et al., 2017)
«  CPME at 343.15 K
COSMO-RS
—»—isopharone at 303.15 K
(Ershova et al., 2018)
» Isophorone at 303.15 K
COSMO-RS
—e—isophorone at 32315 K
(Ershova et al., 2018)
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(Ershova et al., 2018)
* Isophorone at 34315 K
COSMO-RS
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Fig. 9 Distribution coefficients obtained in LLE studies in literature
in the organic solvent phase.

Towards a rational selection of green
solvents for the biphasic dehydration
of sugars

Following a workflow for the selection of solvents

Given the wide pool of chemicals assessed in the solvent selec-
tion guides described above,*®%>">*128 the great interest they
have awakened since their publication and their ample com-
mercial availability, the solvents therein included will serve as
a basis for the selection of an EP for the in situ extraction of
5-HMF and furfural from aqueous systems. In addition, the list
of novel bio-based solvents and solvents acceptable for
pharmaceutical applications included in the panorama of sus-
tainable solvents devised using the COSMO-RS approach by
Aubry et al.'>® was added. This includes examples of novel sol-
vents derived from renewable resources like solketal, glycerol
carbonate or triacetin from glycerol'®*'®* or a large number of
esters derived from fatty acids of different chain length and
saturation degrees to mention a few. The entire combination
results in a starting pool of 177 solvents from the merged com-
bination of these lists. The complete list is presented in
Table S17 classified by solvent family.

As first step, the binary LLE of water with each of these
potential candidates was predicted to select solvents that
would form biphasic systems in operation. As discussed in
section 5.2, some authors have studied the equilibria at 25 °C
or at temperatures much lower than those at which the de-
hydration of sugars usually take place. The importance of the
biphasic system does not only lie on the separation of the
phases after operation for recycling of the solvent phase, but
also during reaction, where the presence of two phases is
deliberately desired. Therefore, the prediction of miscibility
gaps were originally predicted with COSMO-RS at 25 °C and
150 °C, the latter being a typical reaction temperature.
Table S1 in the ESI} compiles the computed compositions of
the water and solvent-rich phases where a miscibility gap is
predicted. By doing this, thermoresponsive or thermomorphic
behaviour of systems can be foreseen, whereby the mutual

This journal is © The Royal Society of Chemistry 2020

159,160

1,0 COSMO-RS

and COSMO-RS predictions as a function of the mass fraction of furfural

solubility of the systems changes with temperature allowing
the operation in a single liquid phase system. Such behavior
helps to overcome possible mass transfer limitations once
these upper (or lower in some cases) critical solution tempera-
tures are exceeded and has seen application in other chemical
reactions."*>'°*'%® For the case at hand, miscibility gaps at
both temperatures were predicted for a total of 128 solvents.
Interestingly, 11 cases showed different miscibility behaviors
at the lowest temperature and not at the highest. Propylene
carbonate and nitromethane show miscibility with water at
25 °C but not at 150 °C, which could be indicative of an exist-
ing upper critical solution temperature; on the other hand, a
total of 9 solvents (see Table S11) show the opposite behavior
and could present lower critical solution points. In any case,
the existence of these temperatures should always be validated.

Second, a solvent screening was conducted, in which the
relative solubilities were estimated and the probability of solu-
bility subsequently calculated according to eqn (4) following
the explanations given elsewhere.">*°® Table S21 gives a
detailed account of both magnitudes for 5-HMF and furfural
at 25 and 150 °C. As a reference for further filtering, the prob-
ability of solubility for MIBK at 150 °C was selected due to the
fact that this is the most recurrent solvent for these two bipha-
sic systems.

For the screening of 5-HMF, Fig. 10 presents a summarized
version of the complete screening shown in Table S21 and
Fig. S31 highlighting only the best and the worst candidates
for each family of compounds for the probability of solubility.
With a set reference value of 51.4% for MIBK, 50 solvents
(including MIBK) show at least as good prospects as the refer-
ence, being all the aromatic and aliphatic hydrocarbons dis-
missed as well as most of the halogenated. For the rest of the
families of compounds, some esters, alcohols, ketones and
ethers, organic carbonates and bases could be promising.
From Fig. 10, it can be seen that in principle an alcohol like
furfuryl alcohol, a dipolar aprotic compound like hexamethyl-
phosphoramide or a base like pyridine show a very good
chance to dissolve 5-HMF and therefore make it to the follow-
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Fig. 10 Probability of solubility of 5-HMF in different solvents at 150 °C
as predicted from the relative solvent screening by COSMO-RS: selec-
tion of solvents showing the best and worst probability of solubility for
each solvent family. Refer to Fig. S4 and Table S21 for the complete
screening.

ing step of the decision-making process. On the other hand,
halogenated compounds like perfluorooctane or an aliphatic
hydrocarbon like pentane show the worst probabilities, hence
being dismissed for further consideration together with others
showing worse prospects than reference MIBK.

An analogous analysis has been made for furfural.
Considering the entire set of data contained in Table S2 and
Fig. S4,7 in this case, only 57 candidates showed a probability
of dissolving furfural of 69.7%, which corresponds to MIBK.
As in the case of 5-HMF, the solvents that made this cut
showed similar trends in behaviour as a function of the family
to which they belong, which is understandable considering the
similarity between 5-HMF and furfural. As an exception, halo-
genated compounds showed generally better predicted results
for furfural. For the case of furfural, Fig. 11 shows a summar-
ized set of the best and worst solvents per family of com-
pounds scrutinized in this step. Among the alcohols, benzyl
alcohol appears to show a very high probability of solubility as
methyl acetate do for esters, hexamethyl-
phosphoramide for dipolar aprotics, dichloromethane for
halogenated or tetramethylurea for bases.

The remaining solvents were individually evaluated in
COSMO-RS for predictions of the LLE {H,O + furan + solvent}
and from the compositions, the distribution coefficients were
computed. The equilibria were calculated at 25 and 150 °C for
feed compositions corresponding to different concentrations
of the substrates, as detailed in section 4.3. The results are
available in Tables S3 and S4 (see ESIt) for 5-HMF and fur-
fural, respectively.

well as
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Fig. 11 Probability of solubility of furfural in different solvents at 150 °C
as predicted from the relative solvent screening by COSMO-RS: selec-
tion of solvents showing the best and worst probability of solubility for
each family. Refer to Fig. S4 and Table S2} for the complete screening.

In these tables, it can be observed that an increase of temp-
erature does not always promote higher distribution coeffi-
cients neither in 5-HMF or furfural, as the trends can vary. For
instance, the predicted distribution coefficient of 5-HMF when
2,4,6-collidine is employed as solvent to extract from an
aqueous phase declines from 3.31 at 25 °C to 2.51 at 150 °C.
However, when ethyl succinate is used, R acquires a value of
1.08 at 25 °C and almost double it to 2.07 at 150 °C. There also
examples for the case of furfural as solute. When furfuryl
alcohol is used as organic phase to separate furfural, R
decreases from 8.37 at 25 °C to 2.53 at 150 °C. On the other
hand, when furfural is separated with 3-methoxy-3-methyl-
butanol from water, R increases from 2.68 at 25 °C to 4.39 at
150 °C. This changes in the tendency are caused by the
different relative effects of temperature on the solubility (or
more precisely said, the mass fraction) of the solutes 5-HMF or
furfural in each of the solvents (water and organic solvent).
The overall effect of temperature on the partition will be deter-
mined by whether the mass fraction of the solute increases
more in the aqueous or in the solvent phase as the tempera-
ture increases or decreases.

These results highlight the need for predictions at several
temperature conditions and subsequent validation. Other
results that remark the need for validation owing to the effect
of variables would be the prediction of equilibria with
different mass fractions of 5-HMF or furfural. For instance,
water and methyl acetate were predicted to show a miscibility
gap at 25 °C; however, even little additions of 5-HMF or fur-
fural to the system could lead to the presence of a single liquid
phase, as seen in the predictions of Tables S3 and S4.t This is

This journal is © The Royal Society of Chemistry 2020
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in agreement with data in literature, where the existence of
two phases in water and methyl acetate could disappear with
concentrations of methanol of about 5 wt%.'®® However, at
150 C the distribution of 5-HMF in two phases occurs until
high concentrations of 5-HMF are present.

To finally establish a ranking based on the extraction ability
of these solvents for application in the biphasic dehydration of
sugars, the compositions corresponding to feeds of 1 wt% of
fructose (or glucose) and xylose were selected, which can be
seen highlighted in Tables S3 and S4.}

The top 15 solvent candidates for the in situ extraction of
5-HMF are listed in Table 7, where it can be seen that
COSMO-RS predicts the highest distribution coefficient using
EtOAc, followed closely by benzyl alcohol and then slightly
below by dichloromethane and methyl propionate in the 4™
position. These four solvents are alternatives classified differ-
ently in the CHEM21 guide:>* EtOAc and methyl propionate
are recommended, benzyl alcohol is problematic and dichloro-
methane is hazardous, all of which agrees with classification
following other guides. In the case of methyl propionate, only
the GSK guide® provided an evaluation of this compound
rating it as with “some known issues”, which is the reason why
the CHEM21 spreadsheet®® was used with the aid of data from
the REACH database,"*® for which a full registration is avail-
able. From the CHEM21 evaluation, methyl propionate was
ranked as recommended only giving a score of 5 in terms of
safety. In this list also other solvents used commonly for this
process can be found, such as the isomers of butanol, which
obviously show a similar predicted performance. Additionally,
some ethers are shown, which are classified as hazardous and
do not show a miscibility gap with water at the two reference
temperatures, subsequently not making them entirely useful
for separation after reaction at room temperature. While THF
is known to be largely miscible with water, COSMO-RS pre-
dicted a miscibility gap both at 25 and 150 °C. Indeed, as
reported in Tables 1-4, this compound has been repeatedly
used for the process under scrutiny, whereby large concen-
trations of NaCl were present in the reacting aqueous phase
supporting phase separation. The LLE between H,0 and THF
has been assessed in the presence of 5-HMF and LiCl, NaCl
and KCl most recently."”® Finally, MIBK is also included in
this list for reference, although its predicted value of R of 3.01
is somewhat lower than the top candidates, which ranks it the
28™ among the pool of solvents.

A large starting set of solvents was used for a screening for
the extraction of 5-HMF at 25 °C, which gave 2-phenyl-
1,1,1,3,3,3-hexafluoro-2-propanol as compound showing the
best predicted performance. Manual selection up to 110 sol-
vents was made using their availability in commercial suppli-
ers as criterion, many of which were based on phenol, amine
derivatives or N-based heterocycles.'**> The authors proposed
o-propylphenol and o-isopropylphenol from their crafted list,
subsequently validating the predicted distribution coefficients
with acceptable agreement, as mentioned in section 5.2.'**
However, these compounds do not comply greatly with EHS
criteria and, furthermore, show boiling points of 220 and

This journal is © The Royal Society of Chemistry 2020

Table 7 Top 15 candidates and their scores in different solvent selection guides for the in situ extraction of 5-HMF in the aqueous biphasic dehydration of hexoses ranked based on the distri-

bution coefficient predicted by COSMO-RS. Note: MIBK included for reference

Score in solvent selection guides

CHEM21

ACS GCI-PR

GSK Sanofi

Pfizer

Ranking by default

Misc. gap at 25 & 150 °C?

R*

BP (°C)

CAS

Solvent

Rank

View Article Online

Critical Review

0.7049. > Computed as the arithmetic
139 when present; otherwise, directly from
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230 °C, respectively, which would make subsequent down-
stream separation energy intensive. For all these reasons, the
likely identification of uncommon but still potentially hazar-
dous solvents makes it reasonable to start the screening
process from a pool of well-known and commonly used
alternatives incorporating solvents with prospects of being
benign.'>

Likewise, Table 8 presents the 15 top candidates for the sep-
aration of furfural at the representative temperature of reaction
of 150 °C. In this case, the predictions for DCM make it the
best prospect, but up to the top 4 solvents the candidates are
halogenated or aromatic, which make them unfavourable for
use according to their classification in the solvent guides
either being hazardous or problematic. In the 5™ and 7™ posi-
tion appear methyl propionate and EtOAc, respectively, which
makes them promising green solvents for the separation of fur-
fural as in the case of 5-HMF. With similar predicted values of
R, n-propyl acetate and isopropyl acetate qualify as rec-
ommended and slightly below is MIBK, the reference solvent
for this process. The rest of this shortlisted candidates show
either problematic or hazardous behaviour.

Fig. 12 shows a radar plot featuring a selection of the top
10 solvents based on the distribution coefficients predicted by
COSMO-RS from Tables 7 and 8. The axes show EHS scores
(the higher the score the worse for its selection) as well as the
recommendation by CHEM21. In addition, variables of oper-
ational relevance are included, such as whether there is a mis-
cibility gap at 25 and 150 °C, the boiling point as a measure of
the potential for recycling of the solvent (the higher the
boiling point the higher the energy expense for distillation)
and the distribution coefficients of 5-HMF and furfural in the
aqueous biphasic systems. In the radar plot it can be observed
that EtOAc and methyl propionate are in the outermost part of
the graphs for most of the variables considered. Thus, from
the screening shown, it appears that these two solvents could
be promising alternatives in this multiparameter problem.

The use of EtOAc has previously been acknowledged,
although not to extract the products from a strictly aqueous
phase: it has been described its use to separate 5-HMF from
reacting media consisting of H,O-acetone®' or DESs like
ChCl : citric acid®® or ChCl:oxalic acid.®” In this cases, the
conversion of the corresponding substrates attained were high
and the selectivities ranged from 50 to 98%. On the other
hand, after extensive literature research, to the best of our
knowledge, methyl propionate remains to be reported for the
biphasic production of 5-HMF and furfural. The purpose of
using solvents that may enhance separation of the products
while the reaction takes place is to increase the overall pro-
ductivity of the process, in terms of conversion and selectivity.
Whilst their magnitudes are obviously dependent on the cata-
lysts used in each case, the use of this solvent may open new
alternatives from aqueous phases. Regarding engineering
aspects for scale-up, for EtOAc, at room temperature, the
density is 0.894 g cm™ and the viscosity is 0.426 cP'”* and for
methyl propionate these values are 0.915 g cm > and 0.456
cP,'”?> which make them favourable for operations like stirring
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Table 8 Top 15 candidates and their scores in different solvent selection guides for the in situ extraction of furfural in the aqueous biphasic dehydration of xylose ranked according to the distri-

bution coefficient predicted by COSMO-RS

Score in solvent selection guides
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Fig. 12 Radar plot of the EHS, COSMO-RS predicted partition coefficients and operational considerations of selected top candidates.

of the biphasic dispersion upon reaction or pumping. Also,
the boiling point of EtOAc is only 77.1 °C and that of methyl
propionate is 79.8 °C, which undoubtedly help downstream
processing in terms of energy expense when separating the
products from the solvent and recycling the latter to the
process.

Experimental comparison with COSMO-RS predictions and
other reported values

Considering the predictions shown by COSMO-RS for EtOAc
and methyl propionate, an experimental assessment of the dis-
tribution coefficients of 5-HMF and furfural was made at 25
and 150 °C.

The selected concentrations of 5-HMF were 0.7 wt% and
7 wt% in the aqueous phase, which correspond to the
maximum theoretical concentrations that could be obtained
from a solution of 1 wt% and 10 wt% of fructose, respectively.
Similarly, the concentrations of furfural were 0.64 wt% and
6.4 wt%, which relate to the maximum concentrations that
could be reached from starting aqueous solutions of 1 wt%
and 10 wt% of xylose. The details of the experimental pro-
cedure for the determination of the distribution coefficient
can be found in section S1 of the ESL{ Table 9 shows the
values of the distribution coefficients obtained experimentally
as well as COSMO-RS predictions.

First, it can be seen that COSMO-RS clearly overestimates
the values of R for the case of 5-HMF at both temperatures and
concentrations. This is in agreement with the data compiled in
Fig. 6 and 8, where it was shown that this predictive method
overall also calculated distribution coefficients in excess of the
actual experimental values for a number of different ternary

This journal is © The Royal Society of Chemistry 2020

and multinary systems both in reacting and non-reacting con-
ditions. The distribution coefficients of methyl propionate at
150 °C at concentrations of 5-HMF of 0.7 wt% and 7 wt% were
1.41 and 1.42, respectively, whereas for EtOAc these values
were 1.80 and 1.60. Comparing with other solvent systems in
reacting conditions shown in Fig. 6, methyl propionate
appears to have similar values of R compared to H,O/THF at
175 °C”® or H,0-DMSO/MIBK-2-BuOH at 180 °C.%> For its
part, EtOAc could perform better than these two, although the
binary system H,O/MIBK at 120 °C has shown values of this
coefficient exceeding 2.5 in the past.®> The comparison was
made at similar temperatures to those reported in Fig. 6, and
it appears that methyl propionate and EtOAc could perform
better than many alternatives in reacting conditions. As for
non-reacting binary systems (i.e., LLE experiments), the distri-
bution coefficients of 5-HMF at 0.7 wt% and 7 wt% predicted
at 25 °C were of 1.34 and 1.38 using methyl propionate,
respectively, and 1.64 and 1.56 with EtOAc. The experimental
values of ws e in the organic solvent phase ranged between
0.002 and 0.020 approximately for both solvents. In compari-
son with the values reported in literature at such low values of
Ws.pymr at the same temperatures (see Fig. 8), methyl propio-
nate and EtOAc show higher distribution coefficients than
MIBK, which contrasts the observations in reacting systems.
On the other hand, 2-pentanol and 1-BuOH appear to show
higher values of R.

In the case of furfural, from the data in Table 9 it is inferred
that COSMO-RS underestimates the partition between water
and organic solvents as was also seen in Fig. 7 and 9 for other
biphasic systems. At 150 °C and initial concentrations of fur-
fural in the aqueous phase of 0.64 wt% and 6.4 wt%, the

Green Chem., 2020, 22,2097-2128 | 2121
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= 5 b values of R obtained in our assessment were of 8.05 and 6.92
E g E for methyl propionate and 7.41 and 8.36 in the case of EtOAc.
b 8132838 Contrasting with the values in Fig. 7 for reacting batches,
O Clnrwewr ¥ it can be seen that both methyl propionate and EtOAc
QS 32 show better values of R than H,0-DMSO/MIBK-2-BuOH and
s Ei & H,0-DMSO/DCM at 170 °C ”® or H,O/MeTHF and H,0/CPME
5 ~ g g at 190 °C."™ On the contrary, the use of isophorone at
ﬁ % = "o f 190 °C as EP gives similar distribution coefficients ranging
° Tl Elzezae s between 7 and 9,''* thus being comparable to the two pro-
2 E posed solvents.

E - :. Similar to the comment with 5-HMF, a comparison is estab-
%’ g.‘ § lished with values obtained in literature in inert conditions
° 2l owma ? (Fig. 9). At low mass fractions of furfural in the organic phase
o SlFagn o (ours ranged between 0.002 and 0.025) and temperatures of
s £ 25 °C methyl propionate showed values of R of 8.47 (at
'§. - ; 0.64 wt%) and 9.08 (at 6.4 wt%), whereas EtOAc reached 8.07
s .| E 3 (at 0.64 wt%) and 8.50 (at 6.4 wt%). These values are higher
E‘ E B qg) ? than those reached with CPME (5.88 at wg,, = 0.099 in the
g & 5 E NN E organic-rich phase) or 2-MeTHF at the same temperature (8.04
£ Elelad|szans at wg,, = 0.084 in the organic-rich phase).'®® On the other
.S z. hand, the use of isophorone as EP at a close temperature of
3 2 g 30 °C gave distribution coefficients of 13.89 at wg,, = 0.111 in
2 %‘ f the solvent phase.™®

= Zlcogue & As for the effect of temperature in the COSMO-RS
T O|wedaa % predictions and the experimental values, it seems that for
% i, 5-HMF an increase in temperature has a slight positive
£ G % effect on the distribution coefficient with both solvents. For
g g S furfural, the increase from 25 to 150 °C shows declining values
% o E ”o of R in both cases. This means that in the case of 5-HMF its
o b Q| o0 = . . . . .

o E S- “ERe mass fraction increases more in the extracting phase in com-
2 o parison to the aqueous phase as temperature increases.
,-é " § Conversely, a rise in temperature causes the opposite effect for
% oog ? furfural.

g s 2 Anyhow, it appears that the screening using COSMO-RS pre-
:% é i § S:; § :é dictions gives the absolute best solvents neither for the distri-
@ o bution of 5-HMF nor furfural in aqueous biphasic systems.
-% _ § The predictions, however, seem to behave following the same
g § ? trends in terms of relative values of the predictions vs. the
";’;— . % § & actual values of the distribution coefficient in both cases,
(“3.‘ E E g t2zg o which makes this method a useful tool.

= Bl Sl B | aaas %

8 Qw5 Insights into the interaction of 5-HMF and furfural with the

9 _ § 5 extracting solvents

g § 0 E 0 § ”Oﬁ; Last, as a way to give further insights into the relative affinity
2 £ EH of the solutes with each of the solvent phases, COSMO-RS can
% B P supply with relevant qualitative information. Fig. 13 depicts
= § "33 N the o-profiles and the o-surfaces of H,0, as the phase originally
% S E § containing 5-HMF and furfural, as well as EtOAc and methyl
(%— i %’ Hre propionate as the most promising extraction solvents. Whilst
5 5 2 ::j the o-surface is a visual representation of the screening charge
ol & g :4% £ around a molecule, the o-profiles can be envisaged as a histo-
g ;% § .S é'g" gram that describes the 3D polarized charge distribution,
a s .§ g % g § hence showing the amount of surface segment type of a given
o 5 3 j: g S polarity."”® The o-profile histograms can be split into three
2 o g < B £ 2 regions: HBD (o < —0.0082 e A™2), non-polar region (—0.0082 e
<8 als & 3 A™ < 6 < 0.0082 e A™?) and HBA region (¢ > 0.0082 e
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Fig. 13 o-Profiles and COSMO surfaces of the most stable conformers
of water, 5-hydroxymethylfurfural, furfural, ethyl acetate and methyl
propionate.

A7%) 1471737175 The nature of the interaction among the com-

ponents can be described qualitatively according to these
plots.

First, it can be seen that the o-profile of H,O is approxi-
mately bimodal, showing maxima in the regions close to ¢ ~
—0.015 e A2 and 6 ~ +0.015 e A~2, which relate strongly to its
HBD and HBA capacities, respectively. At the same time, there
is a decline of the charge density for the non-polar region, as
expected from this compound. On the other hand, the two
candidates EtOAc and methyl propionate exhibit prominent
peaks in the non-polar region and another smaller peak at ¢ ~
+0.012 e A™2, which corresponds to hydrogen bond accepting
capacity of the carboxyl oxygen of the esters. For their part, the
solutes 5-HMF and furfural both show quite wide non-polar
regions of similar intensities similar to those of EtOAc and
methyl propionate. Additionally, the two furans also show
peaks at o ~ +0.012 e A% ascribable to the carbonyl moiety
present. The higher resemblance of the o-profiles of 5-HMF
and furfural to those of methyl propionate and EtOAc than to
that of water can well explain the tendency of these solutes to
migrate from water to the organic extracting agents. This in
turn showcases the fact that the distribution coefficients are
greater than 1.

Additionally, unlike furfural, 5-HMF presents charge
density in the HBD region, which is caused by the hydroxyl
moiety that 5-HMF possesses. The existence of this region
causes 5-HMF to exhibit a higher degree of interaction with
H,O than furfural. This explains why in general the distri-
bution coefficients for 5-HMF are lower than those for furfural
as seen in Tables 7 and 8.

This journal is © The Royal Society of Chemistry 2020
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Conclusions and outlook

5-HMF and furfural can be produced following a biphasic
approach to prevent undesired reactions in the reacting phase,
usually aqueous, where rehydration of the products or self-
polymerization to humins may occur. The catalysts used are
Bronsted or Lewis acids that will promote dehydration. Mostly,
the temperatures applied lie between 120 and 180 °C and the
volume ratio of extraction to reaction phase between 2:1 to
4:1. The reaction phase consists of water (or less commonly,
mixtures of water with compounds like DMSO), sometimes
saturated with salts like NaCl to promote the migration of
5-HMF and furfural to the extraction phase. Among the
organic solvents used as extractive phases, MIBK and
1-butanol can be highlighted as common solvents that have
been reported to extract both furans, with the addition of
CPME in the case of furfural.

Motivated by the importance of solvent selection in chemi-
cal reactions and multiphase operations, scientific and indus-
trial efforts resort to selection guides (Pfizer, GlaxoSmithKline,
Sanofi, ACS Green Chemistry-Pharmaceutical Roundtable and
CHEM21) and different tools. The COnductor-like Screening
MOdel for Realistic Solvents (COSMO-RS) is based on
quantum chemistry and allows making computational predic-
tions of thermodynamic properties from information of the
molecular structure. This method is used here to screen sol-
vents that offer a high distribution coefficient of 5-HMF and
furfural with respect to water as reaction medium. To under-
stand its accuracy, a comparison between experimental and
predicted distribution coefficients was made. For 5-HMF, the
distribution coefficient predictions are generally higher than
experimental values in literature both when the reaction took
place and in inert systems. The errors in the predictions of
ternary equilibria {H,O + 5-HMF + solvent} were between 3 and
10% with solvents like MIBK, 1-BuOH or 1-pentanol. On the
contrary, for furfural the overall tendency was for COSMO-RS
to overestimate the distribution coefficient. In this case, the
errors in LLE predictions were of the same order of magnitude
with 2-MeTHF and CPME as solvents, although they reached
values up to 20 to 25% with isophorone.

A workflow based on the use of COSMO-RS is proposed to
screen solvents. It starts by compiling a pool of 177 solvents
obtained from the solvent selection guides and a list of bio-
based and other adequate solvents for pharmaceutical appli-
cations proposed for evaluation with the COSMO-RS
method.' After filtering predicting miscibility gaps with
water (139 candidates), multiple screening assessment taking
MIBK as reference (50 solvents for 5-HMF and 57 for furfural)
and computation of LLE, a ranking of the top 15 solvent candi-
dates for 5-HMF and furfural is proposed along with the rec-
ommendation of the selection guides. It can be said that
overall short chain esters can be viewed as promising solvents
for this operation with a marked green profile, followed by
alcohols like benzyl alcohol or the isomers of butanol. On the
other hand, although the predictions for the separation of
halogenated solvents are favourable, their EHS profiles are not
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ideal. Thus, taking into consideration these factors as well as
the boiling points as a measure of their recyclability by distilla-
tion, EtOAc and methyl propionate appear to give the best
prospects.

Validation of the distribution coefficients of 5-HMF and fur-
fural were at 25 and 150 °C confirmed that the distribution
coefficients of the latter are significantly higher than those of
the former. In addition, it corroborated the trends explored in
the survey relating to COSMO-RS overpredicting the values of R
in the case of 5-HMF and underpredicting in the case of fur-
fural. Comparing with other solvent systems in literature, in
many cases methyl propionate and EtOAc showed better parti-
tioning of 5-HMF and furfural from aqueous media. However,
in some cases other alternatives have shown better results,
such as the use of 2-pentanol or 1-BuOH for 5-HMF or isophor-
one for furfural. This makes it necessary to continue further
validation work of more COSMO-RS predictions shown in this
critical review prior to scaled-up efforts. In addition, predic-
tions and validation of more complex systems should be given
to approach realistic conditions, such as those featuring
sugars and/or by-products of the reaction like levulinic or
formic acid. Subsequently, understanding of the engineering
aspects will be needed for eventual reactor and mixing designs
associated with multiphase systems,"”® including the study of
reaction kinetics, mass transfer coefficients and behaviour of
the dispersion formed upon agitation.

This critical review has mostly focused on the use of mole-
cular solvents, although this methodology provides a tool for
screening alternative media as extracting phases. For example,
work has recently been reported on the use of hydrophobic
(deep) eutectic solvents'””'”® to extract furans from reacting
media. The use of COSMO-RS could be beneficial to predict
the effect of changing hydrogen bond donors and acceptors,
thereby allowing tuning the composition of the solvent for
improved extraction performance.

Finally, the use of COSMO-RS here evidences the fact that
this tool has opened many doors for the selection of solvents
and could open more for the screening of entrainers in com-
bined operations for process intensification, including reac-
tions followed by in situ extractions,*® reactive extractions or
reactive distillations, to name a few.
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