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ARTICLE INFO ABSTRACT

Keywords: 2,5-furandicarboxylic acid (FDCA) is one of the most promising sugar-derived building blocks aimed to produce

FDCA greener polymers, such as the 100 % recyclable bioplastic polyethylene furanoate (PEF). One incipient field of

Polar aprotic solvents research is the development of liquid-liquid biphasic systems for FDCA production from 5-hydroxymethylfurfu-

Elils):.‘r?;ilcﬁ?;tems ral (HMF) to increase selectivity and minimize undesirable by-product formation. In this work, we first per-

Solubility formed an assessment of potential organic green solvents to form biphasic systems considering operability, along
with safety, health, and environmental implications. This analysis guided the selection of eight organic solvents
in which the solubility of FDCA was measured: cyclohexanone, diethyl ether, isobutyl acetate, methyl isobutyl
ketone, methyl ethyl ketone, methoxycyclopentane, tert-butylmethyl ether, and octan-1-ol. The results revealed
the superior performance of cyclohexanone as a solvent for the organic phase/water FDCA distribution owing to
its higher FDCA solubility (1.364 g/L at 293.15 K). Thus, the FDCA distribution coefficient (Kppcs) between
water and cyclohexanone was examined at several temperatures (293.15-313.15 K) and various initial aqueous
concentrations to gain deeper insight into the thermodynamics of the phase transfer process and the influence of
PpH on FDCA distribution between water and cyclohexanone. The resulting enthalpy and entropy of transfer were
—~15.3 &= 1.0 kJ mol~! and —44.9 &+ 4.6 J K ! mol’l, thus the highest value of Kppca (4.83) was obtained at
293.15 K, together with a very high separation factor (81.5) which shows the great potential of cyclohexanone to
extract FDCA from aqueous solutions.

1. Introduction

The increasing demand for the production of chemicals and fuels is
still dominated by the use of fossil-based feedstocks. This necessitates
the substitution by renewable resources to tackle their scarcity together
with the environmental impacts derived from their use, such as esca-
lating carbon emissions and pollution. In this context, lignocellulosic
biomass appears as a plentiful resource in nature, from whose frac-
tionation lignin (15-25 %), hemicellulose (23-32 %) and cellulose
(38-50 %) can be derived [1]. The latter two fractions provide oppor-
tunities to obtain hexoses, such as glucose, from whose isomerisation
and subsequent dehydration, 5-hydroxymethylfurfural (HMF) can be
obtained [2]. This precursor can be converted into the valuable building
block 2,5-furandicarboxylic acid (FDCA), included in the US Department
of Energy’s top priority chemicals for the establishment of biorefineries
[3], by multiple chemocatalytic routes as well as enzymatic oxidation or
starting from methoxymethylfurfural [4-6]. FDCA is attracting
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increasing attention in recent years owing to it being a monomer for the
production of polyethylene furanoate (PEF), a potential replacement for
fossil-based polyethylene terephthalate. In addition to being a platform
for bioplastics, it is known to be a starting material for both the pro-
duction of fungicides and the production of active pharmaceutical in-
gredients with anaesthetic properties, and has been used as a corrosion
inhibitor, among other applications [7].

The production of HMF, the main FDCA precursor, has shifted to the
use of biphasic systems to mitigate the generation of undesired by-
products [8,9]. Owing to this, there is a significant amount of works
studying the corresponding HMF partitioning and its modelling, where
the benchmark solvent for extraction is methyl isobutyl ketone (MIBK)
[10-13]. From HMF as starting material, the use of multiphase systems
is becoming attractive also for the production of FDCA owing to the
possibility of conducting the in situ separation of the product from the
reaction medium. One example is the FDCA synthesis using a cascade
enzymatic reaction in a biphasic HyO/ethyl acetate system, where the
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product precipitates owing to the limited solubility in both solvents,
although this will be dependent on the concentrations obtained. [14].
Another example presents the oxidation in the presence of a Ru-based
catalyst in a biphasic system with i-octane as the initial HMF-bearing
solvent [15]. In agreement with the two examples above, FDCA was
obtained from HMF by precipitation from the aqueous phase in another
biphasic system, which in the latter case was formed by the y-valer-
olactone co-produced together with FDCA and a NayCOs-saturated
aqueous phase [16]. In the last example, HMF was first synthesized from
fructose using a biphasic approach with methyl tetrahydrofuran as
extracting agent; subsequently, this non-polar phase was fed into an
electrochemical cell to conduct its oxidation to FDCA by back extraction
into an aqueous solution of KOH, where the product preferentially re-
mains [17].

Lately, there has been an increasing interest in studying the solubility
of furanic compounds owing to their relevance in the development of
biorefineries [18,19]. In the case of FDCA, there is a body of information
on its solubility in different solvents, namely water, methanol, aceto-
nitrile, acetic acid, ethyl acetate, MIBK, 1-butanol, and isobutanol, 1,4-
dioxane, tetrahydrofuran, 2-dimethoxyethane and diethylene glycol
dimethyl ether [20,21] as well as some aqueous binary mixtures based
on acetic acid [20,22], dioxane [23], methanol [22], ethanol [22] and
acetonitrile [20]. However, there is a knowledge gap in the information
regarding its distribution in biphasic systems, not to mention the
possible influence that pH might exert on said equilibrium considering
the ionizable nature of the dicarboxylic acid. With an eye on the prin-
ciples of Green Chemistry to attain more sustainable reaction and sep-
aration processes [24], it is relevant to evaluate the FDCA distribution in
more solvents to make a selection among alternatives that provide ad-
vantageous distribution coefficients whilst possibly showing a favour-
able safety, health, and environmental (SHE) profile. For this, the
CHEMZ21 guide provides a quick tool to assess their profile and envisage
more sustainable processes [25].

Thus, it is of paramount importance to identify efficient biphasic
systems for application in chemical reaction for the production of FDCA
starting from different biomass substrates. For this reason, this work
aims to study the solubility of this chemical in water and a selection of
organic solvents as well as its distribution in the corresponding biphasic
systems. An analysis of the effect of temperature, concentration and pH
is presented here as well as insights into the phenomena associated with
FDCA distribution considering the high relevance of these variables.

2. Experimental section
2.1. Materials

Deionized water (Milli-Q, pH: 6.5, conductivity: 1.3 uS em™!) and
eight organic solvents were considered for the determination of FDCA
solubility and preparation of biphasic systems. The specifications of
FDCA and these organic solvents are collected in Table 1. In addition,
acetonitrile (Fisher Chemicals, 99.9 wt%), ethanol, and butan-1-ol
(Merck Life Science, 99.5 wt%) were used for sample preparation and
analysis with HPLC, and GC-FID. All chemicals were used as received

Table 1
Chemicals used for distribution in biphasic systems.
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without further purification.

2.2. Solubility measurements

Solubilities were measured for FDCA in water and several organic
solvents. A saturated solution was prepared by adding approximately 80
mg of FDCA and 4 mL of solvent in an Eppendorf tube. An Eppendorf
Thermomixer C with a 15 mL SmartBlock was used to mix the samples
under vigorous shaking (1000 rpm) with the temperature control set at
298.15 K (£0.5 K) for at least 2.5 h. Preliminary experiments demon-
strated that this time was sufficient to reach the equilibrium state. Then,
the samples were centrifuged at 2000 rpm for 4 min and placed in a
jacketed thermostatic bath in static conditions for at least 16 h. A Julabo
F25-MC circulator bath with an external Pt-100 sensor was used to
ensure thermostatic conditions at the same equilibrium temperature
during sample resting (temperature stability controlled by PID to +
0.01 K). Eventually, an aliquot of the supernatant (~0.5 mL) was
collected with a micropipette and transferred to a volumetric flask,
weighed with a Sartorius analytical balance (BCE224i-1S, accuracy +
0.01 mg), and diluted in acetonitrile for quantification of the FDCA
content using high-performance liquid chromatography (HPLC, Agilent
1260 Infinity II). A Zorbax Extend-C18 chromatographic column (3.0
mm x 150 mm, 5 pm, Agilent) and diode array detector (1yy = 265 nm)
were used. As mobile phase, a water/acetonitrile mixture (75:25 vol%,
0.7 ml min!) was found to provide optimal results for FDCA analysis.
Every experiment was conducted in triplicate to ensure reproducibility,
and the mean solubility value is reported with its associated standard
deviation. In addition, each sample was analysed 3 times with relative
deviations lower than 1 %. A set of validation experiments was per-
formed to determine the solubility of FDCA in water, 1.72 + 0.02 g L' at
313.15 K, which is in very good agreement (<1.0 %) with the result
reported by Zhang et al. [20].

2.3. Distribution coefficients

To determine the solvent-water distribution coefficient for FDCA,
first, FDCA aqueous solutions were prepared below the saturation limit
at concentrations of 0.05, 0.2, 0.5, 0.7, and 0.90 g L. Then, 4 mL of the
aqueous solution and 4 mL of organic solvent were added to an
Eppendorf tube, agitated, and left overnight for phase splitting, and the
FDCA content was quantified following the same procedure previously
described for the solubility measurements, except that the aqueous
samples were collected using a glass syringe with a 12 cm long needle to
avoid contamination at the aqueous-organic interface. The distribution
coefficient of FDCA (Kppca) was calculated with Equation (1), as the
ratio of equilibrium mass fraction concentrations of FDCA between the
organic (Wgs,) and aqueous (Wghc,) phases. In addition, the water
partition coefficient (Kyqer) is given in Equation (2) as a function of
Wyaer and wig . which correspond to the mass fraction of the organic
phase in water and that of water in the organic phase, respectively.
Finally, the FDCA separation factor (Sppca) was determined combining
Equations (1) and (2) [26]:

Chemical name Abbrv. CAS No. Source Purity (mass)
2,5-furandicarboxylic acid FDCA 3238-40-2 Indagoo Chemicals 0.997
cyclohexanone ONE 108-94-1 Merck Life Science 0.990
tert-butyl methyl ether TBME 1634-04-4 Merck Life Science 0.998
diethyl ether DEE 60-29-7 Merck Life Science 0.990
isobutyl acetate i-BuOAc 110-19-0 Merck Life Science 0.980
methyl ethyl ketone MEK 78-93-3 Merck Life Science 0.990
methyl isobutyl ketone MIBK 108-10-1 Thermo Scientific 0.995
methoxycyclopentane CPME 5614-37-9 Tokyo Chemical Industry 0.995
octan-1-ol 1-OcOH 111-87-5 Thermo Scientific 0.990
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The mutual solvent solubility was assessed in each phase for the best-
performing solvent to verify that mutual solvent saturation was ach-
ieved. The solubility of the organic solvent in the aqueous phase was
determined using a gas chromatograph with a flame ionization detector
(GC-FID-2010, Shimadzu) coupled to an autosampler (AOC-20S) and an
auto-injector (AOC-20i) and equipped with an HP-5 column (30 m x
0.32 mm, Agilent). Ethanol was used to dilute the samples (dilution
factor: 100) and butanol as the internal standard (0.4 g LY. A Karl
Fischer 899 Coulometer was used to determine the water content in the
organic phase using a specific reagent for water quantification in ke-
tones (Hydranal Coulomat AK, Honeywell Fluka). A sens-ion + MM150
pH meter (accuracy + 0.01 pH units) from Hach was used to measure
the pH of aqueous phases.

3. Results and discussion

3.1. Rational selection of extraction solvents for the biphasic FDCA
production

The identification of biphasic systems for the catalytic production of
FDCA from HMF represents a considerable challenge. First, with regards
to the use in reaction with in situ extraction, practical considerations
must be considered for meaningful operation. The selected organic
solvent for extraction must show (a) as little miscibility with water as
possible, (b) chemical stability against oxidation, and (c) thermal sta-
bility at the reaction temperature, typically around 393-413 K [7].
Logically, the organic solvent must also show a high affinity for FDCA to
enhance its separation efficiency, which is a major challenge for the
design of biphasic systems for FDCA. For instance, in a similar study, a
positive correlation was observed between the HMF partition and the
water solubility in the organic phase within a homologous series of
solvents [27]. A similar behaviour can be expected for FDCA.

To balance the FDCA extraction performance and mutual solvent and
water solubilities, we mostly focused our attention on polar aprotic
solvents like ethers, esters, and ketones in addition to long-chain alco-
hols, and evaluated their mutual solubilities. Subsequently, a group of
eight organic solvents was chosen to perform the experiments, namely,
TBME, DEE, CPME, i-BuOAc, ONE, MEK, MIBK, and 1-OcOH. The
mutual solubilities of water in the organic phase (wi5,,) and the organic
phase in the aqueous one (Wi%,,..) are collected in Table 2, along with
the water partition ratio (Kyqer). As can be seen, except for MEK, the

Table 2
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solubility of all other selected organic solvents in water is low
Wi . <0.1) and the solubility of water in the organic phase is also
rather poor (w,5,. < 0.06). Because the amount of water in the organic
phase cannot be neglected for downstream processing, i-BuOAc
Wye,. = 0.014 at 298 K) was preferred over other esters such as methyl
Wye,. = 0.080 at 298 K), ethyl (Wi, = 0.030 at 298 K) and isopropyl
esters (Wo5. = 0.019 at 298 K); and 1-OcOH (w53, = 0.046 at 298 K)
over other shorter chain alcohols [28-30]. Moreover, MIBK was selected
as a benchmark because it is usually considered an example of a green
solvent that can be potentially obtained from biomass feedstock [31].
Finally, cyclohexanone was chosen among the group of solvent for
further investigation because this cyclic compound was reported to
provide higher HMF extraction efficiency [27,32].

In addition, the framework for the use of chemicals is becoming more
and more restrictive, with regulations in place, such as the Registration,
Evaluation, Authorization, and Restriction of Chemicals (REACH EC
1907/2006) and Integrated Pollution Prevention and Control (IPPC, EC
1/2008) [33,34]. For this reason, it is of paramount importance to
consider the SHE profile of the organic solvents. For this purpose, the
CHEM21 solvent selection guide provides a helpful and user-friendly
tool to classify the SHE profile of solvents [25]. This methodology bal-
ances the solvent physicochemical properties, namely: boiling point,
flash point, and autoignition temperature, and the European GHS/CLP
regulation to score each SHE criterion between 1 and 10 (being 10 the
highest hazard in each category), and ranks the solvent as recom-
mended, problematic or hazardous by default. Table 2 shows the
breakdown of the score of each of the SHE criteria of the eight organic
solvents selected in this work and their classification as per the CHEM21
guide [25]. As a result, the use of DEE and TBME should be discouraged
despite their low water affinity, yet TBME can indeed be potentially
synthesised from biomass feedstock [31]. The rest of the solvents are
ranked as recommended, except CPME which is classified as problem-
atic. Other compounds such as alkylated or halogenated phenols were
reported to yield high performance for HMF extraction; however, they
were not considered in this work due to their poor SHE profiles mostly
falling within the hazardous category (e.g. chlorophenols, o-propyl-
phenol, or o-isopropylphenol, to mention a few) [27,35]. This highlights
the need to direct the screening when considering the use of safer sol-
vents to attain greener processes.

3.2. FDCA solubility in water and organic solvents

The experimental solubility of FDCA in water and in the eight
organic solvents selected in this work at 298.15 K is plotted in Fig. 1a,
with the full dataset and corresponding errors compiled in Table S1. As
can be seen, the solubility was very low in i-BuOAg, in three of the ethers
(DEE, TBME, and CPME) as well as in MIBK. In contrast, FDCA solubility
was higher in MEK, 1-OcOH, and cyclohexanone, showing values of
0.814, 1.024 and 1.364 g L, respectively. The latter was the only

Mutual phase solubilities and water partition ratio (Kyaer) at ~293.15 K, breakdown of the score of each of the Safety, Health, and Environment (SHE) criteria and

CHEM21 classification for the eight solvents selected.

Chemical Wt ot Wier Kuater Ref. Boiling Flash Worst H4xx S H E Classification
Point (°C) point (°C) H3xx By default Revised [25]
MEK 0.276 0.112 0.155 [36] 80 -6 H319 None 5 3 3 Recommended
MIBK 0.020 0.021 0.022 [37] 117 13 H319 None 4 2 3 Recommended
ONE 0.097 0.054 0.059 [36] 156 43 H332 None 3 2 5 Recommended Problematic
DEE 0.069 0.013 0.014 [38] 34 —45 H302 None 10 3 7 Hazardous Highly hazardous
TBME 0.042 0.013 0.013 [36] 55 —28 H315 None 8 3 5 Hazardous
CPME 0.013 0.007 0.007 [39] 118 18 H336 None 4 2 3 Recommended
i-BuOAc 0.008 0.013 0.013 [28] 106 -1 H302 H412 7 2 5 Problematic
1-OcOH 0.001 0.050 0.050 [40] 195 81 H319 H412 1 2 5 Recommended

* H302: Harmful if swallowed, H315: Causes skin irritation, H319: Causes serious eye irritation, H332: Harmful if inhaled, H336: May cause drowsiness or dizziness.

" H412: Harmful to aquatic life with long lasting effects.
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Fig. 1. a) Experimental solubility of FDCA in water and the eight organic solvents tested at 298.15 K. Error bars represent the standard deviation (STD) from
triplicate measurements. b) Comparison of FDCA solubility in cyclohexanone (blue bar) and other organic solvents with limited water miscibility (black bars, [20]) at
313.15 K. Solvent solubility in water (red circles) obtained from IUPAC-NIST Solubility Data Series.

compound tested that exhibited higher FDCA solubility than water.

In addition, the FDCA solubility in cyclohexanone was also measured
at 313.15 K for comparison with that reported in other organic solvents
with limited water miscibility (Fig. 1b). Other available FDCA solubility
data in organic solvents have been disregarded since these cannot form
biphasic systems due to their full miscibility in water (namely, meth-
anol, acetonitrile, acetic acid, 1,4-dioxane, and 1,2-dimethoxyethane
[20,21]). As expected, the solubility of FDCA in cyclohexanone was

lower than that in C4 alcohols like i-butanol (2.83 g L1at313.15 K) and
1-butanol (4.53 g L1 at 313.15 K) [20] due to cyclohexanone being
unable to form hydrogen bonds with the carboxylic groups of the FDCA
molecule, but it proved higher than in other aprotic solvents, such as
MIBK and ethyl acetate. With regards to the use of solvents for opera-
bility in the biphasic production of FDCA by HMF oxidation, C,4 alcohols
may undergo conversion to 1-butanal [41] or other oxidation products
[42]. Therefore, despite the lower ability to solubilize FDCA,
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cyclohexanone was selected for the assessment of more detailed distri-
bution experiments in subsequent sections due to its inertness in liquid
oxidative environments.

3.3. FDCA distribution in water/cyclohexanone biphasic systems

The distribution coefficient of FDCA between water and cyclohexa-
none, as per equation (1), was determined at temperatures ranging be-
tween 293.15 and 323.15 K starting from several aqueous solutions
containing FDCA concentrations between 0.05 and 0.90 g L, for
experimental operability below the saturation limit in water at room
temperature (1.06 g/ L1 at 298.15 K). Furthermore, the mutual solu-
bilities of cyclohexanone and MIBK (the reference solvent) with water at
298.15 K (Table S2) were successfully validated with data provided in
the NIST solubility data series [37], as well as the solubility of cyclo-
hexanone in water at different temperatures: 293.15, 303.15 and
313.15 K (Table S3).

The resulting FDCA distribution coefficients are plotted in Fig. 2 as a
function of the measured equilibrium concentrations of FDCA in the
aqueous phase (Cf,f,mveq). As can be seen, there is a strong influence of
the aqueous FDCA concentration on the distribution coefficient, which
increased at higher concentrations. This effect is attributed to the in-
fluence of pH on the transfer of FDCA from the aqueous to the organic
phase. At lower pH values, the dissociation of FDCA is hindered and its
migration to cyclohexanone in molecular form is favored. In this sense,
Figure S1 shows how the pH values decreased, as expected, with
increasing equilibrium concentration of FDCA in the aqueous phase and,
to a much lesser extent, at higher temperatures. It is worth noting that
the experimental pH values obtained consistently fell within the disso-
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measured at 313.15 K (1.91 + 0.06 and 1.72 + 0.02 g L'}, respectively),
hence implying a higher increase of FDCA solubility in water (61.7 %)
than in cyclohexanone (40.0 %) on increasing the temperature from
298.15 to 313.15 K. This agrees well with the decreasing trend of Krpca
(Equation (1) with temperature observed in Fig. 2. The FDCA distribu-
tion between water and cyclohexanone is related to the thermodynamic
change of the Gibbs energy of transfer (A,G) from the aqueous to the
organic phase (Equation (4) [44].

ArG = — RTInKppca ()]

Thus, considering the relationship between the Gibbs energy and the
molar enthalpy (A,H) and entropy (A.S) of transfer, the InKppca can be
expressed as

—AyH A4S
RT R

InKppea = )
Figure S2 shows the van’t Hoff plot, which reveals a fairly constant in-
fluence of temperature on Kgpca regardless of the initial FDCA concen-
tration, as depicted by the parallel lines for each of the concentrations
tested. The average values of A,H and A,S are —15.3 4 1.0 kJ mol !
and —44.9 = 4.6 J K~ ! mol™}, respectively, which are indicative of an
exothermic process. Similar values have been reported for the extraction

Table 3
Molar Gibbs energy of transfer of FDCA in biphasic systems at different tem-
peratures and initial FDCA concentrations in the aqueous phase (Cghey o)-

T Cibeao ®L7

0.05 0.2 0.5 0.7 0.9
ciation constants of FDCA in water reported in the ECHA dossier for -
FDCA (pk,; = 2.3, pky, = 3.5) [43]. AyG (kJ mol™)
. s . 293.15 0.37 ~1.45 ~2.86 -3.22 ~3.67
On the other hand, Fig. 2 also shows a significant temperature in- 298 15 0.63 104 I 300 345
fluence on the FDCA distribution between water and cyclohexanone 313.15 1.42 _0.60 _2.03 _2.35 _2.79
because temperature affects FDCA solubility in each phase differently. 323.15 1.95 -0.17 -1.61 -1.91 -2.35
To verify this, the FDCA solubility in cyclohexanone and water were also
5 " 203.15K
=] = 298.15K
g = 313.15K
i = 323.15K
4-
A L
< ’
o 3 +
o %
v
5 ) e
1 _ 7///_,
0 T T T T T T T T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30

caq,eq (g L-1)

Fig. 2. Distribution coefficients of FDCA in biphasic systems with cyclohexanone as a function of equilibrium concentration in the aqueous phase and temperature.
Error bars represent the standard deviation. The initial FDCA concentrations in water were, from left to right, 0.05, 0.2, 0.5, 0.7 and 0.9 g L1, respectively.
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of organic compounds in 1-OcOH/water systems (e.g., vanillin, vanillic
acid, and protocatechuic acid) [44,45]. The Gibbs energies of transfer of
FDCA are compiled in Table 3, where the mass transfer process between
the two liquid phases takes place spontaneously. The process is favoured
in the highest concentration range and at low temperatures, whereas in
dilute systems (0.05 g L) the process is no longer spontaneous in
accordance with the Kppca values less than unity and positive A,G re-
ported in Fig. 2 and Table 3, respectively. This trend responds to a
general behaviour of organic ionizable species, such as oxalic, o-
phthalic, isophthalic or salicylic acid, as reported by Disdier et al. [46].

Overall, Fig. 3 shows the calculated separation factor of FDCA as a
function of temperature for the most concentrated initial aqueous so-
lutions (0.9 g L'l), which ranged between 81.5 at 293.15 K, and 33.1 at
323.15 K. These separation factors are representative of the preference
of cyclohexanone for FDCA with respect to water.

3.4. Outlook for the cascade production of FDCA from fructose in
biphasic systems

As covered in the introduction, considerable efforts have been put
into the use of biphasic systems to yield HMF from biomass-derived
sugars. However, the purification of HMF and its stability proves very
challenging owing to its high degradation rate by conversion to humins,
which is accelerated by the high temperatures required [47]. For this
reason, there is an increasing amount of work that approaches the
production of furan derivatives by one-pot or cascade reactions that
allow obtaining compounds with higher stability that can potentially be
used as end products. One example is the production of biofuel additives
dimethyl furan and dimethyl tetrahydrofuran from fructose by dehy-
dration to HMF and subsequent hydrogenation in an ionic liquid (IL)-
based biphasic system [C4C;im][Cl]/THF. Here the former reaction
occurs due to the intrinsic acidity of the IL, whereas the latter is cata-
lyzed by a Ru/C catalyst [48]. In another attempt to obtain stable furans,
a biphasic system consisting of aqueous NaOH and furfural granted the
aldol condensation of HMF with acetone in the former phase, followed
by the hydrogenation of this product in the organic phase thanks to Pd,
Pt, and Ni-based carbon nanotube catalysts [49].

Unlike in the previous two examples, only two monophasic systems
have been studied for the cascade reaction from sugars to FDCA. An
aqueous medium in the presence of Pd/CC and KyCO3 was reported
starting fructose [50]. In addition, the IL [C4C;im][Cl] was used on two
occasions to provide the acidity for the fructose dehydration step (and
isomerization when glucose is used as starting material), using MnO,

KFDCA
sFDCA

293.15

298.15 313.15
Temperature (K)

323.15

Fig. 3. Distribution coefficients Kppca (bars) and separation factor of FDCA
Srpca (circles) in biphasic systems with cyclohexanone as a function of tem-
perature. Initial equilibrium concentration in the aqueous phase is 0.9 g L.
Mutual phase solubility obtained from reference [36].
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[26] or Fe — Zr — O [51] as oxidation catalysts. As can be seen, the
cascade production of FDCA from sugars is still in an early stage of
development and there is a lack of effort using biphasic systems. The
concept is presented in Fig. 4, in which the dehydration from the sugar
to HMF would take place in the aqueous phase. Then, its in situ extrac-
tion to the organic phase would occur before its subsequent oxidation to
FDCA.

By using this approach, the advantage is that the final product can be
kept in a phase separated from the one where the substrate is fed. This
requires identifying an organic solvent that shows a high distribution
coefficient both for HMF and FDCA, in the latter case to prevent back
extraction. In previous work, Esteban et al. [32] identified cyclohexa-
none as a promising solvent to enable the partition of HMF in biphasic
systems, reaching a value of K% = 3.66 at 298.15 K using an initial
concentration of HMF in the aqueous phase of 1 % wt. When MIBK was
used as solvent, this value reached only KMEK — 1.24. The same applies
to the FDCA distribution coefficient between water and MIBK, which
was also measured and found to be less than unity in the present work
and 5-times lower than that obtained with cyclohexanone, for instance
KONE, = 2.92 and KMIZK = 0.62 at 313.15 K and Cj, o = 0.9 g L. This
translates into FDCA having a preference to remain in the aqueous phase
rather than migrating to MIBK.

All in all, considering the high distribution coefficients observed in
this work, together with the recommended SHE profile, cyclohexanone
is a very promising solvent to perform the cascade conversion starting
from sugars to FDCA through HMF as intermediate. This comparison
leaves MIBK as a less attractive alternative despite it being the bench-
mark solvent for the reaction with in situ extraction to yield HMF from
the same substrate [8].

4. Conclusions

This work addresses the study of FDCA distribution between
organic/aqueous phases with the aim of exploring the potential of
cascade biphasic reactions for its synthesis from sugars. To this end, an
initial solubility study of FDCA was conducted in eight different organic
solvents: cyclohexanone, diethyl ether, isobutyl acetate, methyl isobutyl
ketone, methyl ethyl ketone, methoxycyclopentane, tert-butylmethyl
ether, and octan-1-ol, which provided novel data. Cyclohexanone is
identified here as a good candidate for such biphasic systems, reaching a
solubility of FDCA of 1.364 g L' at 298.15 K. Cyclohexanone shows
several advantages, such as being considered as a non-problematic sol-
vent by CHEM21 in terms of its safety, health and environmental profile
in addition to showing a low predisposition to oxidation, hence making
it inert in the oxidative conversion of HMF to FDCA.

An in-depth study at different initial concentrations of FDCA starting
from the aqueous phase and at different temperatures (0.05 — 0.9 g L'}
reveals that the behavior of FDCA as an acid proton-releasing species
affects the distribution between phases, favoring the migration of FDCA
to the organic phase at higher FDCA initial concentrations. Regarding
temperature, as an exothermic process, the distribution is favored at
lower temperatures (S%%%As K_—g1.5, S%%%As K= 33.1).
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