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Abstract: The solid–liquid equilibrium (SLE) behavior and liquid–liquid extraction (LLX) abilities
of deep eutectic solvents (DESs) containing (a) thymol and L-menthol, and (b) trioctylphosphine
oxide (TOPO) and L-menthol were evaluated. The distribution coefficients (KD ) were determined for
the solutes relevant for two biorefinery cases, including formic acid, levulinic acid, furfural, acetic
acid, propionic acid, butyric acid, and L-lactic acid. Overall, for both cases, an increasing KD was
observed for both DESs for acids increasing in size and thus hydrophobicity. Furfural, being the most
hydrophobic, was seen to extract the highest KD (for DES (a) 14.2 ± 2.2 and (b) 4.1 ± 0.3), and the KD
of lactic acid was small, independent of the DESs (DES (a) 0.5 ± 0.07 and DES (b) 0.4 ± 0.05). The
KD of the acids for the TOPO and L-menthol DES were in similar ranges as for traditional TOPOcontaining composite solvents, while for the thymol/L-menthol DES, in the absence of the Lewis base
functionality, a smaller KD was observed. The selectivity of formic acid and levulinic acid separation
was different for the two DESs investigated because of the acid–base interaction of the phosphine
group. The thymol and L-menthol DES was selective towards levulinic acid (Sij = 9.3 ± 0.10, and the
TOPO and L-menthol DES was selective towards FA (Sij = 2.1 ± 0.28).
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1. Introduction
It is estimated that in the chemical industry, about 20 million metric tons of organic
solvents are produced annually [1]. These solvents are essential in chemical processes
in order to facilitate desired outcomes including separations. However, excessive use of
toxic, non-renewable solvents can be detrimental to the environment and have subsequent
adverse consequences for future generations. In line with the global sustainable development goals, defined in the Brundtland Report as “development that meets the needs of the
present without compromising the ability of future generations to meet their own needs”,
solvents should be considered that have a low impact on the environment and society [2].
For this reason, the search to identify newly sustainable, bio-derived, organic solvents is of
the utmost importance.
One promising sustainable feedstock is (lignocellulosic) biomass, in which polymeric sugar chains, e.g., cellulose and hemicellulose, and lignin can be converted into
a great variety of chemicals [3]. This can be done either by hydrolysis [4–7], fermentation [8–10], or combinations thereof (enzymatic hydrolysis) [11,12]. Typical hydrolysis
products [4,7,13] include formic acid, levulinic acid, and furfural, formed via sugars and
5-hydroxymethylfurfural, while products from fermentation can be acetic acid [14,15],
propionic acid [14,15], butyric acid [14,15], and L-lactic acid [14–16], but valeric acid [17],
caproic acid [17], succinic acid [16,18], itaconic acid [16], mandelic acid [16], and alcohols [15] are also known to be produced.
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For the isolation of the produced chemicals, extraction is often proposed, as products
are often available in low concentrations in aqueous media. Hence, in situ reactive extractions using Aliquat 336 and TOPO dissolved in methyloctanoate [19] or trioctylamine
(TOA) in oleyl alcohol [20] are proposed. In addition, membrane-assisted in situ reactive
extraction of carboxylates from fermented wastewater has been applied using TOA in
n-decanol [16]. Both intend to intensify the product formation through the in situ removal
and isolation of products. Commonly used solvents for these applications include nitrogenbased extractants (e.g., TOA and Aliquat 336); phosphorus-based extractants (e.g., TOPO),
which can be diluted in various hydrophobic solvents; and, more recently, ionic liquids [21].
In line with the Sustainable Development Goals, biobased solvents can be used to
either replace traditional diluents while still using traditional extractants, or can completely
replace the traditional extraction system. Several pathways can be chosen to search for
these renewable organic solvents. A great number of organic molecules that may be applied as solvents can be derived, for instance, from biomass [22]. Numerous examples
of bio-derived organic solvents that can replace traditional fossil-based organic solvents
are known. Limonene (derived from citrus peel) has been shown to replace toluene in
the cleaning sector [23] or to break azeotrope in the diisopropyl ether/acetone vapor–
liquid equilibrium [24]; other examples of bio-based solvents are γ-valerolactone [25],
2-methyltetrahydrofuran [26], and dihydrolevoglucosenone (Cyrene) [27,28], among others [3,22].
An interesting area of solvent development was initiated by Abbot et al. [29] in
2003. They described interesting solvent properties for binary mixtures between urea
and several ammonium salts that are liquid at room temperature. These mixtures were
eventually named deep eutectic solvents (DES) [30]. Since then, these DESs have been used
in extractive distillation [31], liquid–liquid systems [26,32,33], solid–liquid systems [34–36],
and biomass fractionations [37,38], to name a few. These DESs are a promising option, as
they can liquefy otherwise solid extractants (e.g., TOPO) [39] and extend the availability of
possible extractant combinations [40], as was recently shown for desulfurization [41].
Four main types of DESs were first distinguished [42]: (I) a quaternary ammonium salt
with a metal chloride, (II) a quaternary ammonium salt with a metal chloride hydrate, (III) a
quaternary ammonium salt with a hydrogen bond donor, and (IV) a metal chloride hydrate
with a hydrogen bond donor. Most DESs contain ionic species and strong hydrogen bonds
are present. This makes many DESs quite hygroscopic [43], and this limits their applicability in biorefinery applications where aqueous streams are common. Hence, hydrophobic
DESs were sought after when extractions from aqueous streams are aimed at and found
by, among others, van Osch et al. [44], who used high-molecular weight carboxylic acids;
Gilmore et al. [45] and Schaeffer et al. [46], who used trioctylphosphine oxide (TOPO);
Cañadas et al. [47] who used high-molecular amines; and Abranches et al. [48], who
demonstrated an unusually strong interaction between aromatic and aliphatic hydroxyl
groups and defined this as a type V non-ionic DES. The hydrophobic DESs described by
van Osch et al. [44] have been studied in liquid–liquid extractions [44,49,50], and hydrophobic DESs, in general, have been applied to remove riboflavin [51], chlorophenols [52],
caffeine [53], tryptophan [53], vanillin [53], isophthalic acid [53], platinum group and transition metals [45,46], phenolic antioxidants [47], and polycyclic aromatic hydrocarbons [54]
from water.
In this work, a type V DES based on L-menthol and thymol, as shown by Abranches
et al. [48], or a TOPO and L-menthol DES, inspired by Gilmore et al. [45] and Schaeffer
et al. [46], was applied to two bio refinery-relevant liquid–liquid extractions. Case I is the
hydrolysis of lignocellulosic materials followed by an acid-catalyzed conversion of hexose
and pentose sugars, which produces platform chemicals, such as levulinic acid, formic
acid, and furfural [5,6,55]. The separation case involves the separation of formic acid and
levulinic acid. Case II is the fermentation of wastewater, which produced volatile fatty acids
such as acetic acid, propionic acid, and butyric acid, as well as lactic acid [14,56,57]. These
acids then needed to be removed from the fermented wastewater and be fractionated, which
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was investigated through liquid–liquid extraction (LLX) with the two DESs. Before the
extraction assessments, the solid–liquid equilibria (SLE) were determined to establish the
eutectic behavior of this type of V DES. The SLE of the thymol/L-menthol was reproduced
and validated against the results published by Abranches et al. [48]. This validated our
measurement technique for the new system of TOPO andL-menthol. The toxicity of the
extraction agents is of course important, and DESs are not necessarily less toxic than their
constituents [58], although this will not be further examined in this work.
2. Materials and Methods
2.1. Materials
Chemicals, if not otherwise specified, were used as received without any additional
purification. Thymol (≥98.5%), trioctylphosphine oxide (99%), L-menthol (≥99%), propionic acid (≥99.5%), furfural (99%), acetic acid (≥99%), formic acid (≥96%), and butyric
acid (≥99%) were obtained from Sigma Aldrich, while levulinic acid (98+%) was purchased
from Acros. Crystalline L-lactic acid was kindly supplied by Corbion.
2.2. Experimental and Analytical Methods
2.2.1. Melt Point Determination (Cloud Point)
The cloud point method was applied to determine the melting point of the pre-defined
mixtures of thymol or TOPO and L-menthol. The cloud point was the analog to the
well-known dew point at which condensation occurred in the gas–liquid phase transition,
although in this case, transparent liquid became cloudy as the liquid–solid phase transition
occurred [59]. Each pre-defined mixture was mixed in 10 mL capped glass vials using an
analytical balance with an accuracy of 0.5 mg. Each sample was placed in a temperaturecontrolled shaking water bath for at least 1 h at 50 ◦ C to obtain a homogeneous liquid
mixture. Each sample was cooled and solidified over at least 16 h at −20 ◦ C, after which, at
an increase of 0.4 ◦ C/min, the cloud point was manually checked. Each determination was
done in duplo, and the error bars displayed in the results corresponded to the standard
deviation over the two measurements.
2.2.2. Liquid–Liquid Extraction Experiments
Each liquid–liquid extraction (LLX) experiment was conducted in a 10 mL capped
glass vial after all components in both phases were weighed on an analytical scale with
an accuracy of 0.5 mg. The biphasic systems in the vials were shaken rigorously using a
vortex mixer and were consecutively shaken in a shaking bath for at least 20 h at a constant
temperature of 25 ± 0.02 ◦ C. The mass of the aqueous phase was kept constant at 3 g,
with a solvent to feed ratio of 1 on a mass basis. The aqueous phase contained 1 wt.% of
formic acid, levulinic acid, furfural, acetic acid, propionic acid, butyric acid, or L-lactic
acid. The solvent (DES) phase was kept either at a 1:1 molar ratio, which is a 1:1.04 weight
ratio for the thymol and L-menthol DES, or a 1:3 molar ratio, which is a 1:1.2 weight ratio
for the TOPO and L-menthol DES. The color and turbidity of each biphasic aqueous DES
mixture was compared before, during, and after each experiment to detect any instability.
Furthermore, based on the HPLC analyses of the aqueous phases after extraction, it was
additionally confirmed that the DES was stable.
2.2.3. HPLC
The aqueous phase concentrations of each solute were determined with HPLC using
an Agilent 1200 series apparatus, equipped with a Hi-Plex-H column (300 × 7.7 mm) and
a refractive index detector (RID) at 55 ◦ C. A 5 mM aqueous sulphuric acid solution was
applied as the eluent at a flow rate of 0.6 mL/min. The injection volume was 10 µL and the
column oven was isothermally operated at 65 ◦ C. No detectable peaks were found for the
thymol, TOPO, and L-menthol, and so no unidentified peaks were found, indicating a very
low, negligable, solubility of these compounds, and the stability of all compounds in the
biphasic aqueous DES mixture.
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2.2.4. Karl Fischer Titration
The water content of the DES was analyzed with Karl Fischer Titration using a 787 KF
Titrino 730 TiStand of Metrohm. A methanol/dichloromethane (volumetric ratio of 3:1)
solution and HYDRANAL® were used as the titrant. Water contents of ~0.5 wt.% were
determined in the thymol and L-menthol, and TOPO and L-menthol DESs.
2.2.5. Definitions
The liquid–liquid extractions for each of the solutes using the DES were evaluated
according to their distribution coefficients (KD ), as defined in Equation (1),
K D,i = [ xi ] DES /[ xi ] aq

(1)

where [xi ] represents the concentration (mol/L) of each solute in either the DES phase or
aqueous phase. Although in this work, only extractions were done with single solutes,
these experiments indicate the preference of the DESs when individual distributions are
compared, and in the comparison of two solutes, the selectivity (Sij ), as in Equation (2),
was applied,
Sij = K D,i /K D,j
(2)
where Sij is the ratio between the distribution coefficients of compounds i and j.
The DES phase concentrations were determined using the mass balance, and taking
into account the mass of water leached into the organic phase.
2.3. Modeling
The solid–liquid equilibrium of this eutectic mixture can be described by Equation (3),
Ln( xi γi ) = ∆m H/R (1/Tm − 1/T )

(3)

where xi is the mole fraction of solute i and γi is the activity coefficient of this solute
in the liquid phase. T is the absolute temperature, while Tm and ∆m H are the melting
temperature and the melting enthalpy of the same pure solute, respectively. Lately, R is the
universal gas constant [60]. However, this is not the complete equilibrium description, as
the contribution of the heat capacities is neglected [61]. Setting the γi to unity allows for a
direct determination of the ideal solid–liquid phase equilibrium. However, this is not the
case for most mixtures and the γi needs to be determined. This can be done experimentally
by correlating the phase envelop or it can be predicted [62].
The prediction of γi can be done using the software package COSMO-RS, which
is an abbreviation for the conductor-like screening model for real solvents [63]. This
model combines initial quantum mechanical calculations with statistical thermodynamics
to predict, among others, phase diagrams [64,65]. These phase diagram calculations
were performed in the associated software package COSMOthermX C30_1705, with a
density functional theory (DFT) with a Becke and Pedrew (BP86) functional level of theory
and triple-ζ valence polarized (TZVP) basis set. The required σ-profiles required for
the calculation were determined in TURBOMOLE, from the associated software package
COSMOconf. Here, geometric optimizations were performed to distinguished one or
multiple sets of conformers with similar energies. Manually, the ∆m H and Tm of L-menthol
(12.89 kJ/mol; 315.7 K) [48], thymol (22.01 kJ/mol; 323.5 K) [48], and TOPO (53.5 kJ/mol;
326.4 K) [39] were added to be able to predict the solid–liquid equilibria (SLE) of the
chosen DESs.
The geometric optimizations confirmed a total of 6, 4, and 10 conformers for Lmenthol, thymol, and TOPO, respectively. For the final solid–liquid equilibrium (SLE), the
combination of conformer sets with the strongest interactions was deemed to be the most
likely, and this result is shown.
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and L-menthol DESs were in line with traditional physical solvents, such as n-octanol (e.g.,
and allowed for an increase in the distribution coefficient. The values of the thymol and
KD,Fur = 3.2) [55], methyl isobutyl ketone (e.g., KD,Fur = 6.9) [55], and ethyl acetate [21],
L-menthol DESs were in line with traditional physical solvents, such as n-octanol (e.g.,
hence no advancement was seen compared with traditional physical solventa, other than
KD,Fur = 3.2) [55], methyl isobutyl ketone (e.g., KD,Fur = 6.9) [55], and ethyl acetate [21], hence
for the application of (a mixture of) biobased chemicals.
The TOPO and L-menthol DES induced overall higher KD values, which was a consequence of the basic phosphine oxide group and the hydrophobicity of the three alkyl
tails. L-lactic acid had a KD of 0.52 ± 0.07 and 0.40 ± 0.05 for the thymol and L-menthol.
and TOPO and L-menthol DESs, respectively, which was lower than the propionic acid
which contains an equally large hydrocarbon backbone. The additional hydroxyl group
of L-lactic acid, not only allows it to interact more strongly with water, but it is also pre-
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dominantly present at room temperature as a dimer [71], and was therefore less able to
form hydrogen bond bridges with both DESs, which consequently lowered the distribution
coefficients. The acetic acid results for TOPO and L-menthol were similar to the TOPO
results with other diluents reviewed in [21]. The results were comparable with those for
both heptane–hexanol and for a hydrocarbon mixture called Chevron 25, all compared
at 45 wt.% TOPO, as reported in [21], which agreed with the 1:3 mol ratio of TOPO to
L-menthol. Thus, the application of DESs for the extraction of these biobased chemicals is
a method for the utilization of extractants. Without the use of at least one extract either as a
hydrogen bond donor or acceptor, the performance of the DES is comparable to traditional
physical solvents, while with an extractant as the DES constituent, results similar to the
results from traditional diluents may be expected.
4. Conclusions
This work shows the solid–liquid equilibria of type V non-ionic deep eutectic solvents
containing thymol and L-menthol, and trioctylphosphine oxide (TOPO) and L-menthol.
An equimolar thymol and L-menthol DES and a 1:3 molar ratio of TOPO and L-menthol
DES were applied in a liquid-liquid extraction operation in two bio refinery-relevant cases
that entailed solutes of formic acid, levulinic acid, furfural, acetic acid, propionic acid,
butyric acid, and L-lactic acid. Furfural was extracted to the greatest extend because of
its hydrophobic nature. The selectivity between formic acid and levulinic acid could be
altered by the choice of DES, as the thymol and L-menthol DES induced a selectivity of
levulinic acid over formic acid of Sij = 9.3 ± 0.10, while the TOPO and L-menthol DES
induced a selectivity of formic acid over levulinic acid of Sij = 2.1 ± 0.28. The distribution
coefficient of the carboxylic acids increased as a function of their molecular weight, which
is a measure of the relative apolar regions. L-Lactic acid was extracted more easily than
formic acid, because of the larger hydrocarbon backbone; however, it was extracted less
than other carboxylic acids because of the water affinity of and dimer formation with the
additional hydroxyl function groups.
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Nomenclature
BP86
COSMO-RS
Cyrene
∆m H
DES
DFT
Fur
γi
KD
LLX
R
Sij
SLE
T
Tm
TOPO
TZVP
xi

Becke and Pedrew functional level of theory
Conductor-like screening model for real solvents
Dihydrolevoglucosenone
Melting enthalpy (kJ mol−1 )
Deep eutectic solvent
Density functional theory
Furfural
Activity coefficient of compound i
Distribution coefficient (-)
Liquid–liquid extraction
Universal gas constant (8.3145 J mol−1 K−1 )
Selectivity of compound i over j
Solid–liquid equilbrium
Absolute temperature
Melting temperature
trioctylphosphine oxide
triple-ζ valence polarized basis set
Molar fraction of compound i
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