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ABSTRACT: Six biphasic systems containing heptane, ethanol, and either
hydrogen bond donor compounds (HBD), glycerol, ethylene glycol, levulinic
acid, or the corresponding choline chloride-based DES were studied as potential
extracting systems for five natural compounds, namely, quercetin, apigenin,
coumarin, β-ionone, and α-tocopherol. Phase diagrams for all biphasic systems
are reported. It appears that the polarity of the HBD is the most relevant
property driving the phase separation and that choline chloride has only a minor
influence on the phase diagram. Measurements of the partition coefficients for
the five natural compounds mentioned above reveal that the influence of choline
chloride on the partition coefficient of a natural compound is only significant
when the latter is present in both phases. Finally, binodal curves and partition
coefficients were calculated using a conductor-like screening model for real
solvents (COSMO-RS). Calculated and experimental results are in good
agreement, confirming that COSMO-RS is a useful and promising tool for screening such complex biphasic systems to find the most
adequate system for purifying specific natural compounds.
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■ INTRODUCTION

The sustainable development goals and the urge to change
paradigms in the way society grows have impacted all aspects
of life. In the field of chemistry and industrial chemistry, it has
involved intense activity to turn existing processes into more
sustainable ones. This includes an important effort related to
the development of sustainable solvents from renewable
resources, which are nontoxic, safe, environmentally friendly,
that would allow the intensification of a process. In the last 2
decades, the development of new nonvolatile solvents such as
ionic liquids first and, more recently, deep eutectic solvents
(DES) have drawn very strong interest from the chemistry
community.1−3 A DES is based on at least two compounds that
exhibit a very low melting point once mixed together, allowing
the formation of liquid solvents from solid compounds, thus
increasing the number of potential candidates to use in solvent
design and formulation. This, combined with the fact that the
DES precursors could be chosen among nontoxic compounds,
makes DES promising solvents. Their physical−chemical
properties have been intensively studied in the past decade.3−5

Applications to most chemistry fields, such as electrochemistry,
liquid−liquid extraction, chromatographic separation, valuable
compound dissolution, and biomass processing,3,6−8 have also
been reported and confirmed that DES can lead to new
processes exhibiting both high sustainability and applicability
on a pilot and industrial scale. DES have also been used in

mixtures with organic solvents such as ethanol and heptane to
induce phase separation.9 Such DES-based biphasic systems
have been demonstrated to be a promising class of solvents in
centrifugal partition chromatography (CPC) for the prepara-
tive separation of natural compounds.9 Several articles have
reported the phase diagrams of such ternary systems, so-called
DES-based organic biphasic systems (DES-OBS), as opposed
to aqueous biphasic systems (ABS).7,10,11 However, reports are
still scarce.
Because of the number of potential OBS available and the

extreme diversity of extractable natural compounds, exper-
imental studies aiming at finding extracting systems optimized
for the purification of natural compounds can be very tedious
and extremely time consuming. Such limitations had already
been observed for ionic liquids, triggering the development of
modeling tools that would allow the screening of ionic liquids
and their match to target compounds. In particular, the
conductor-like screening model for real solvents (COSMO-
RS) has been the focus of numerous studies.12 This model has
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been used as a tool by numerous research groups because of its
ability to describe general trends in the thermodynamic
properties, such as solubility or partition coefficients, of
systems based on ionic liquids or DES with a semiquantitative
accuracy, allowing the screening of solvents for a given
compound.13−16 So far, such a strategy has scarcely been
reported for the preparative separation of natural compounds
using DES-OBS.11,17,18

The objective of this work is therefore double. First, it aims
at studying the application of biphasic systems based on DES
or simple chemical compounds, such as glycerol, ethylene
glycol, or levulinic acid, as separation systems for various
natural compounds found in the plant material. Second, it aims
at gaining insights into the possibility of modeling and, if
possible, predicting the formation of OBS and the partitioning
of natural compounds therein.
We focused here on organic biphasic systems based on

ethanol−heptane, two classical organic solvents used in
phytochemistry (e.g., extraction of raw materials, compound
purification), and eutectic solvents based on choline chloride
and either glycerol, ethylene glycol, or levulinic acid. Such
systems present advantages in terms of sustainability, as these
three solvents, especially DES, exhibit a low environmental
impact and safety hazard.19 In addition, since DES can be used
as extracting phases of natural compounds from raw materials,
adding ethanol and heptane to the resulting DES containing
the extracts can allow a straightforward purification of the
extracts using commonly accepted organic solvents. Because
such heptane/ethanol/DES systems have previously been
reported in the literature for their application as promising
separating systems in centrifugal partition chromatography
(CPC), the objective here is to critically evaluate the interest of
using DES in such separation systems for natural compounds.
For comparison purposes, homologue organic biphasic

systems without choline chloride were also studied. In all
cases, the phase diagram for such systems was experimentally
measured. Then, the partition coefficient of five ubiquitous
natural compounds classically used as model compounds,17

namely, quercetin, β-ionone, coumarin, apigenin, and α-
tocopherol, between the phases of the reported OBS was
measured. Structures for the natural compounds studied here
are shown in Figure 1. In a second part of the work, modeling
of phase diagrams and the partition coefficients was carried out
using COSMO-RS. The results were then compared to the
experimental data collected in this work and those available in
the literature.

■ EXPERIMENTAL PROCEDURE
Chemicals. All chemicals including choline chloride (99% purity),

glycerol (99% purity), ethylene glycol (99% purity), levulinic acid
(99% purity), quercetin (99% purity), apigenin (99% purity),
coumarin (99% purity), α-tocopherol (97% purity), β-ionone (99%
purity), as well as ethanol (HPLC grade) and heptane (HPLC grade)
were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France)
and used without further purification.

Preparation of Deep Eutectic Solvents. Three deep eutectic
solvents based on choline chloride, playing the role of a hydrogen
bond acceptor (HBA) mixed with glycerol, ethylene glycol, or
levulinic acid, accordingly, playing the role of a hydrogen bond donor
(HBD) were prepared by mixing both compounds in a vial, under
continuous stirring at 70 °C until no further solid was observed. For
all three DES, the molar ratio of HBA/HBD was set to 1:2, as
extensively reported in the literature.3,18 Typically, 3−5 g of DES was
prepared by weighing each compound with an analytical balance
Pioneer from Ohaus (readability 0.1 mg). For all DES, masses and
mol numbers are given as ±0.5%. Water content for each DES was
measured using a Karl Fisher titrator T50 from Metler Toledo with a
DM143-SC electrode. Values for the water contents of ChCl/LevA,
ChCl/EG, and ChCl/Glyc are 0.8, 0.7, and 0.7% in weight of water,
respectively. Ethylene glycol, glycerol, and levulinic acid contained
below 0.2% in weight of water.

Binodal Curves. The binodal curves of six DES-based or HBD-
based organic biphasic systems (OBS) containing ethanol, heptane,
and either glycerol, ethylene glycol, levulinic acid, or one of the three
DES detailed above were measured. Compositions and abbreviations
for the OBS studied here are collected in Table 1. The system
containing heptane, ethanol, and choline chloride was not studied
because the latter is not soluble enough in heptane and ethanol to
obtain a binodal curve. For each system, the binodal curve separating
domains, where mixtures are monophasic or biphasic, was measured
using the cloud point titration method. To that end, a sample,
typically 1 g, composed of 10% ethanol/90% heptane in mass was
prepared in a vial and sealed with a septum cap. Then, a solution
composed of 90% of the third component and 10% ethanol, prepared
in a sealed vial, was added using a syringe into the sealed vial
containing heptane and ethanol until a cloudy solution was obtained.
After weighing the vial, ethanol was added dropwise using a syringe
until the solution became clear. The vial was then weighed again, and
the subsequent addition of the third component and ethanol was then
added to obtain a cloudy solution again. All experiments were carried
out in facilities with a conditioned temperature of 20 °C. The cloud
points were then plotted on a binary phase diagram represented in
Figure 2.

Density Measurements. Density was measured using a
densimeter DMA 4100N from Anton Paar. Densimeter was calibrated
with air and water prior to experiments. Values were measured in
triplicates and are given as ±0.001 g·cm−3.

Experimental Determination of the Partition Coefficients.
Partition coefficients (KD) of quercetin, apigenin, coumarin, β-ionone,
and α-tocopherol were determined for the OBS mentioned above. To
that end, 2−3 mg of a natural compound was dissolved in 5 g of
ethanol. 5 g of a biphasic system composed with 37.5 wt % heptane,
25 wt % ethanolic natural compound solution, and 37.5 wt % third
component were prepared. Each tube was sealed, vortexed for 1 min,
and allowed to equilibrate overnight. Around 1 mL of upper and
lower phases of each tube were separated using Pasteur pipettes,
diluted 4 times in methanol, and analyzed by HPLC−DAD with the
method described hereafter. For a given natural compound, the
corresponding peak surface (S) was then used to calculate the
partition constant called KD in this manuscript.

K
S

SD
up

low
=

(1)

with up and low referring to the upper and lower phases, respectively.
HPLC Analysis. Chromatographic analysis was performed using an

HPLC Agilent 1200 system equipped with a diode array detectorFigure 1. Structures of natural compounds used in this work.
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(DAD). Compounds were separated on a Luna C18 column
(Phenomenex, 5 μm, 250 × 4.60 mm2) at 25 °C. The mobile
phase at a flow rate of 1 mL·min−1 was composed of three solvents: A,
water + 0.1% formic acid; B, acetonitrile + 0.1% formic acid, and C,
isopropanol. The following mobile phase gradient was used: 0.00−
10.00 min, 35−40% B; 10.01−12.00 min, 40−0% B 0−100% C; and
12.01−18.00 min, 100% C. Then, the column was re-equilibrated
under initial conditions for 10 min.

■ MODELING PROCEDURE
Molecule Description. In this work, COSMO-RS was

used in order to predict the liquid−liquid equilibrium (binodal
curves) of organic biphasic systems and the partition
coefficients of natural compounds. All thermodynamics
calculations were performed using the software package
COSMOtherm,20 which implements COSMO-RS with the
BP_TZVP_20.ctd parametrization.
The σ-profiles of water, heptane, ethanol, glycerol, and

ethylene glycol were available in the database of COSMO-
therm and were used as is. The geometry and charge density of
the remaining molecules were optimized in this work using the
COSMO-BP-TZVP template included in the TmoleX
(TURBOMOLE v7.1) software package.21 Because quercetin,
apigenin, and coumarin are planar molecules, with only alcohol
groups being able to rotate freely, only one conformer was
optimized for each molecule. Despite the presence of large
alkyl chains, β-ionone and α-tocopherol were also described
using only one conformer, corresponding to fully elongated
alkyl chains. Nevertheless, in the case of α-tocopherol, a
second conformer with a contracted alkyl chain was also used
for comparison purposes (see the text for details).
In agreement with previous studies,22,23 choline chloride was

described as a neutral ion pair with the chloride anion

interacting simultaneously with the hydroxyl group and two
methyl groups of the choline cation.23,24

Modeling of Binodal Curves. When two immiscible
liquid phases, generically α and β, are at equilibrium, the
activity of each component is the same in both phases25

x xi i i iγ γ· = ·α α β β
(2)

where xα and xi
β are the mole fractions of generic component i

in both immiscible phases and γi
α and γi

β are the corresponding
activity coefficients. Thus, eq 1 is the main criterion for liquid−
liquid equilibrium. The software package COSMOtherm uses a
fine mole fraction grid to search for liquid−liquid equilibrium
points by evaluating the activity of each component in the
system, using the model COSMO-RS, and verifying if eq 1
holds. In the case of ternary and quaternary systems, such as
the ones studied in this work, the well-established tangent
plane criterion is also calculated to ensure that Gibbs energy
minima found are global, rather than local extrema.26,27

Prediction of Partition Coefficients. The partition
coefficient of a solute at infinite dilution (KD

o ) between two
immiscible liquid phases at equilibrium, generically α and β,
defined as the solute molar concentration ratio between the
phases α and β, is rigorously described by the following
expression

K
RT

v
v

expD
o s,

o
s,
oi

k
jjjjjj

y

{
zzzzzz

μ μ
=

−
·α β α

β (3)

where μs,α
o and μs,β

o are the infinite dilution chemical potential
of the solute in phases α and β, vα and vβ are the molar volume
of phases α and β, T is the absolute temperature of the system,
and R is the ideal gas constant. In this work, COSMO-RS was
used to calculate the infinite dilution chemical potential of the
solutes in the immiscible phases that comprise the organic
biphasic systems studied. The composition of each immiscible
phase (solute-free basis) was calculated as per the previous
section. The infinite dilution chemical potentials obtained in
this way, combined with eq 2, allowed for the estimation of the
partition coefficient of the solutes.
In addition, phase compositions for 10 g of each biphasic

system presented here containing 0.001 or 0.002 g of natural
compounds were calculated using COS0MO-RS. Partition
coefficients were then obtained as the ratio of the upper phase
and lower concentration of this compound. In all cases,
partition coefficients were found to agree within 0.1% to those
obtained using eq 2.

■ RESULTS AND DISCUSSION
Binodal Curve Measurements. The results are presented

in Figure 2 by plotting the wt % of heptane as a function of the
wt % of DES, glycerol, ethylene glycol, or levulinic acid,
accordingly. It is worth noting that this representation should
be considered, in the case of DES-based OBS, as pseudo-

Table 1. Compositions of the Six DES-Based Organic Biphasic System

abbreviation solvent 1 solvent 2 solvent 3

H/E/Ch:Glyc heptane ethanol choline chloride/glycerol (1:2)
H/E/Ch:EG heptane ethanol choline chloride/ethylene glycol (1:2)
H/E/Ch:LevA heptane ethanol choline chloride/levulinic acid (1:2)
H/E/Glyc heptane ethanol glycerol
H/E/EG heptane ethanol ethylene glycol
H/E/LevA heptane ethanol levulinic acid

Figure 2. Experimental binodal curves obtained for all six systems
studied here. Yellow triangle: H/E/LevA; blue square: H/E/EG;
black star: H/E/Glyc; light blue circle: H/E/Ch:LevA; orange
diamond: H/E/Ch:EG; and green dash: H/E/Ch:Glyc.
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ternary systems. As suggested previously and in agreement
with results detailed later in the manuscript, the DES used here
are based on hydrophilic compounds, remaining mostly
associated and remaining predominantly in the lower polar
phase. In our study, this representation was used for clarity and
to simplify the comparison between the biphasic domains of
organic biphasic systems.
As expected, because of the hydrophilicity of the DES and

HBD compounds used here, the two extremities of the binodal
curves imply that upon forming two phases, one phase will be
predominantly composed of heptane, while the other one will
be mostly composed of ethanol and DES or HBD, accordingly.
Among all three OBS not containing choline chloride, levulinic
acid yields the smallest biphasic domain and DES Ch:Glyc the
largest biphasic domain. Ethylene glycol leads to a binodal
curve closer to that obtained using levulinic acid. The most
visible difference in these biphasic regions is observed at low
concentrations of the HBD compound. In the case of glycerol,
an additional difference with levulinic acid or ethylene glycol
systems can be observed. At concentrations of glycerol
typically above 50 wt %, the binodal curve asymptote is
lower by a few wt % than those obtained for levulinic acid and
ethylene glycol. Even though this difference is small, it implies
an increased separation of glycerol and ethanol from heptane.
The increase in the size of the biphasic region can be related

to the number of polar groups, such as hydroxyl, on ethanol,
levulinic acid, ethylene glycol, and glycerol and thus to the
relative polarity of these solvents. Ethanol, embedding one
−OH group and exhibiting a relative polarity of 0.654, is
miscible with heptane. But as ethanol is replaced with a more
polar compound such as ethylene glycol or glycerol, exhibiting
relative polarities of 0.790 and 0.812, respectively,28

interactions between polar compounds and heptane become
less favorable, yielding a larger biphasic domain.
The addition of choline chloride also increases the size of

the biphasic region. Its influence on the size is, however,
smaller than that of the HBD compound when levulinic acid is
replaced with glycerol, for instance. According to our results,
the sizes of biphasic regions appear to follow the following
trend

EH/ /LevA H/E/Ch: LevA H/E/EG H/E/Ch

: EG H/E/Glyc H/E/Ch: Glyc

< ∼ <
< <

It appears that the influence of choline chloride on the binodal
curves is not as significant as could have been initially
envisaged. Because the HBD compounds studied here suffice
to trigger a phase separation and because, except for levulinic
acid, binodal curves are generally close to each other, these
results suggest that, in the cases described here, DES are not as
critical as initially thought for forming such biphasic systems.

Binodal Curve Modeling. Comparison between exper-
imental and calculated curves are plotted in Figure 3.
Calculated plots are also shown in Figure S1 of the Supporting
Information file.
The calculated curves reveal that systems with choline

chloride yield binodal curves slightly below those not
containing choline chloride. Second, binodal curves are similar
whatever the HBD compound. This shows that COSMO-RS is
not able to capture the influence of the HBD on the phase
diagram of OBS, and only a small influence of choline chloride
on the phase diagram. Generally, it describes a solubility
decrease of heptane in the polar phase due to the presence of
an additional polar compound. Second, whatever the system

Figure 3. Binodal points calculated using COSMO-RS. (A) H/E/LevA; (B) H/E/Ch:LevA; (C) H/E/EG; (D) H/E/Ch:EG; (E) H/E/Glyc; and
(F) H/E/Ch:Glyc. Black lines: calculated data; blue and orange points: experimental data; black diamonds: tie-lines obtained starting from 30/50/
20; black circles: tie-lines obtained starting from 30/40/30; black triangles: tie-lines obtained starting from 37.5/25/37.5; and black squares: tie-
lines obtained starting from 30/20/50.
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used, the binodal curves converge toward the same point on
the y-axis, namely, 36 wt % heptane. This is due to the fact that
COSMO-RS does not accurately describe the mutual
miscibility of ethanol and heptane. Despite their different
polarities, heptane and ethanol are fully miscible solvents.
COSMO-RS, however, predicts this binary system to be only
partly miscible, with a large miscibility gap. The mutual
solubilities of ethanol and heptane calculated by COSMO-RS
are 9 wt % ethanol in heptane and 36 wt % heptane in ethanol.
This explains why, as shown in Figure 3, for a given system,

the calculated binodal curves differ significantly from the
experiment below 20 wt % HBD or DES. At higher
concentrations, the results are good for all systems, except
for H/E/Glyc, and to a lesser extent H/E/Ch:Glyc. It also
appears that calculations lead to binodal curves generally
located below the experimental ones. The predicted biphasic
domains are therefore overestimated, in line with the
underestimated miscibility predicted between ethanol and
heptane. This explains why the lowest discrepancies observed
between experimental and calculated curves are found for the
two systems containing glycerol. Because H/E/Glyc and H/E/
Ch:Glyc are the systems exhibiting experimentally the largest
biphasic domain, calculated binodal curves are closer to the
experimental ones on the left-hand side of the diagram. It
should be noted, though, that the binodal curve obtained with
COSMO-RS crosses the experimental curve at about
approximately 30 wt % glycerol. Above this concentration,
the calculated curve is above the experimental one, which will
result in a somehow less accurate description of the phase
compositions of the biphasic mixtures, as discussed later in the
text.
These results reveal that COSMO-RS should be used with

care for describing systems containing low concentrations of
heptane and DES or HBD. For example, a mixture of 30/50/
20 for H/E/LevA is monophasic, whereas COSMO-RS
predicts a biphasic system, as shown in Figure 3. Under such
conditions, modeling these systems using COSMO-RS should
be avoided. For mixtures located further in the biphasic
domain, such as those with compositions 37.5, 25, and 37.5 wt
% of heptane, ethanol, and HBD or DES, accordingly,
calculations appear to be reliable. Tie-lines calculated using
COSMO-RS results in phases with compositions located in a
region of the diagram where calculated and experimental
curves overlap, suggesting a good description of such systems.

These mixtures, used to study the extraction of natural
compounds, will be detailed in the following section.

Phase Compositions for Biphasic Mixtures. As a next
step toward using such systems in the partitioning of natural
compounds, mass ratios and phase compositions for selected
biphasic mixtures were studied. To that end, OBS mixtures
with compositions 30/40/30 and 37.5/25/37.5 were inves-
tigated here. The former was studied for comparison purposes
with the literature. The latter was used to form a biphasic
system used for separating natural compounds. The mass ratio
of upper vs. lower phases were also measured according to the
following equation.

R
m

mP
Up

Low
=

(4)

where mUp and mLow stand for the masses of upper and lower
phases, respectively. Values for the masses of each phase and
for Rp are presented in Table 2. Densities for each phase of the
OBS studied here were also measured. Density values are
collected in Table 3.
For mixture 30/40/30 of H/E/ChCl:LevA, the masses of

upper and lower phases and the mass ratio are lower than for
the one obtained for 37.5/25/37.5. This result was expected
since the apolar compound, heptane, represents only 30% of
the mixtures. For the latter and except for systems containing
glycerol, experimental values for RP are close, ranging from
0.54 to 0.58. Whatever the nature of HBD or DES, masses of
the upper phases are similar, ranging from 3.5 to 3.7 g, close to
the mass of heptane present in the system. It is worth noting
that these masses are below the ones used for heptane in these
mixtures. On the contrary, for glycerol-based systems, the
amount of upper phase is 3.9 g, a value above that of heptane
in the mixture. Considering these results for all systems, they
further suggest that the influence of choline chloride is not very
significant on the properties of the phases formed upon mixing
heptane, ethanol, and a DES compared to the systems with just
the HBD homologue. On the contrary, glycerol has a notable
influence on the phase composition of these systems.
The experimental RP value for H/E/ChCl:LevA with

composition 30/40/30 is almost identical to values calculated
according to the data from a previous report.7 Results for
systems 37.5/25/37.5 reveal that OBS containing ethylene
glycol or levulinic acid yield very close biphasic systems, with
an upper phase twice as low as the lower phase. On the

Table 2. Masses of Upper and Lower Phases and Mass Ratio RP for the OBS Studied in This Worka

H/E/Ch:LevA H/E/Ch:LevA H/E/Ch:EG H/E/Ch:Glyc H/E/LevA H/E/EG H/E/Glyc

30/40/30 37.5/25/37.5 37.5/25/37.5 37.5/25/37.5 37.5/25/37.5 37.5/25/37.5 37.5/25/37.5

exp. calc. exp. calc. exp. calc. exp. calc. exp. calc. exp. calc. exp. calc.

mUp 2.5 2.6 3.7 3.6 3.6 3.7 3.8 3.7 3.3 3.4 3.5 3.47 3.9 3.46
mDown 7.5 7.4 6.3 6.4 6.4 6.3 6.2 6.3 6.6 6.6 6.5 6.53 6.1 6.54
RP 0.33 (0.33b) 0.35 0.58 0.57 0.56 0.58 0.62 0.58 0.50 0.51 0.55 0.53 0.64 0.53

aMasses given for a total of 10 g of mixture. bMass ratio calculated according to ref 6.

Table 3. Experimental Values for the Densities of Upper and Lower Phases in OBS Reported here with a 37.5/25/37.5 Mixture
Composition

heptane/ethanol/Ch:LevA heptane/ethanol/Ch:EG heptane/ethanol/Ch:Glyc heptane/ethanol/LevA heptane/ethanol/EG heptane/ethanol/Glyc

ρ/g·cm−3 ρ/g·cm−3 ρ/g·cm−3 ρ/g·cm−3 ρ/g·cm−3 ρ/g·cm−3

upper phase 0.689 0.687 0.693 0.689 0.686 0.689

lower phase 0.985 0.977 1.030 0.969 0.956 1.040
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contrary, OBS based on glycerol and Ch:Glyc exhibit a larger
upper phase, hence a higher RP value.
Previous studies have shown that the upper phase of OBS,

based on several DES, exhibited an upper phase composed
mostly of heptane.10 Density values for the upper phases of all
systems presented here range between 0.686 and 0.693 g·
mL−1. These values are very close to the density of pure
heptane (0.684 g·cm−3), further indicating these phases to be
close to pure heptane. Other values are similar to data reported
for other systems based on heptane, ethanol, and DES.7

The phase composition of all seven mixtures described in
Table 2 was then calculated using COSMO-RS. The calculated
mass values for the upper and lower phases and RP are
presented in Table 2. The detailed compositions of each phase
are collected in Table 3, and the corresponding calculated tie-
lines have been plotted in Figure 3.
The calculations for H/E/Ch:LevA with composition 30/

40/30 lead to an RP value and masses of phases very close to
experimental data. All systems with composition 37.5/25/37.5
are described similarly. The mass of each phase and the
resulting RP value are very close, whatever the DES or HBD
used here. For systems based on ethylene glycol and levulinic
acid, calculated values agree within 4% of the experimental
ones. For systems H/E/Glyc and H/E/Ch:Glyc, in line with
our previous observations, the discrepancy is typically 15%
lower than the experimental values. This discrepancy is
explained by the difference observed between the right-hand
side of the experimental and predicted binodal curves, as
shown in Figure 3.
The detailed phase compositions calculated using COSMO-

RS, as presented in Table 4, reveal that, whatever the OBS
studied, the upper heptane-rich phase is depleted in DES or
HBD. Such a result is in agreement with the phase
composition of system H/E/(ChCl:LevA) with compositions
30/40/30 reported in the literature.7 The upper phase was
reportedly composed of 90 wt % heptane and 10 wt % ethanol,
while the lower phase was reported to be 10, 50, and 40 wt %
for heptane, ethanol, and DES, respectively. In this work, the
upper phase is composed of 97 and 3 wt % heptane and
ethanol, respectively. The discrepancy observed for the upper
phase composition is due to the miscibility gap predicted by
COSMO-RS between ethanol and heptane. The compositions

of the lower phase calculated here are 6.8, 52.8, and 40.6 wt %,
respectively, values that are in good agreement with the
experimental values mentioned above. For all systems with
compositions 37.5/25/37.5 studied here, phase compositions
are very close, implying once again that COSMO-RS predicts a
small influence of choline chloride on the OBS composition.
Interestingly, considering that hardly any DES is present in

the heptane-rich phase and that only a few wt % heptane are
present in the lower phase, these results also reveal that such
OBS can very well be regarded as a mixture of two immiscible
compounds, heptane and a DES/HBD. Such results are in line
with previous reports dealing with the phase diagrams of
similar H/E/DES systems and to our calculations since no
noticeable amount of HBD or DES was found in the upper
phase. The values for the densities of the upper phases further
confirm this statement. Considering such a biphasic system
based on heptane and either a DES or a HBD, ethanol will
partition preferentially to the polar phase. The higher the
polarity, the more ethanol will be present in the lower phase. In
such systems, ethanol can thus be considered as a co-solvent of
DES or HBD compound.
Overall, and despite the discrepancy in mass ratios observed

for glycerol-based systems, these results confirm that COSMO-
RS can be used for the description of the biphasic systems with
compositions 37.5/25/37.5. They also confirm that DES are
not mandatory to form such biphasic systems.

Partition of Natural Compounds Using DES-Based
and HBD-Based OBS. Five natural compounds (quercetin,
coumarin, apigenin, β-ionone, and α-tocopherol), representa-
tives of major families of compounds occurring in the plant
kingdom (polyphenol, terpenoid, vitamin), have been used
here as model compounds for their varying polarities,
functional groups, structures, and bioactivities. They are
usually used as model compounds for studying the purification
of natural compounds.10,11,29

All six OBS mentioned in this manuscript were used with
initial mixture compositions 37.5/25/37.5 wt % in heptane,
ethanol, and DES or HBD, accordingly. Experimental partition
coefficients for these five natural compounds in the different
organic biphasic systems studied were measured and are
reported in Table 5. It appears that for a given OBS, KD values
for the five natural compounds follow the following trend:

Table 4. Compositions in wt % of Heptane, Ethanol, and the Third Solvent for Each Phase of Selected Organic Biphasic
Systems Calculated Using COSMO-RS

H/E/(Ch:LevA) H/E/(Ch:LevA) H/E/(Ch:EG) H/E/(Ch:Glyc) H/E/LevA H/E/ EG H/E/Glyc

30/40/30 37.5/25/37.5 37.5/25/37.5 37.5/25/37.5 37.5/25/37.5 37.5/25/37.5 37.5/25/37.5

up low up low up low up low up low up low up low

heptane/wt % 97.3 6.8 98.2 2.9 98.7 2.1 98.5 2.3 98.9 6.2 99.3 4.7 99.1 5.0
ethanol/wt % 2.7 52.8 1.8 38.2 1.2 38.7 1.5 38.5 1 37.2 0.7 37.9 0.9 37.7
DES or HBD/wt % 0.0 40.6 0.0 58.9 0.0 59.2 0.0 59.2 0.1 56.6 0.0 57.4 0.0 57.3

Table 5. Experimental Partition Coefficients (KD) of Various Natural Compounds toward Several DES-Based or HBD-Based
Organic Biphasic Systems

H/E/LevA H/E/EG H/E/Glyc H/E/Ch:LevA H/E/Ch:EG H/E/Ch:Glyc

log KD SD log KD SD log KD SD log KD SD log KD SD log KD SD

quercetin −3 −3 −3 −3 −3 −3
apigenin −3.10 0.20 −2.91 0.02 −1.98 0.004 −3.11 0.02 −2.91 0.06 −2.01 0.01
coumarin −1.49 0.02 −1.19 0.03 −0.81 0.02 −1.29 0.03 −1.19 0.03 −0.78 0.04
β-ionone −0.24 0.03 0.21 0.03 0.59 0.01 0.24 0.02 0.54 0.03 0.84 0.04
α-tocopheŕol 0.74 0.03 1.38 0.006 2.04 0.005 1.9 0.02 1.49 0.06 2.00 0.04
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quercetin < apigenin < coumarin < β-ionone < α-tocopherol.
For the three systems based on DES, values obtained here for
β-ionone are in agreement with those previously reported in
the literature.10,18 Values for tocopherol are in line with results
obtained previously for other OBS with either different DES or
compositions.10,18

Comparison with the octanol−water partition (Kow) values
for these compounds, collected in Table 6, reveals that the

trend in KD obtained here differs somehow from that in Kow.
Compounds partitioning preferentially to the heptane phase,
such as β-ionone and α-tocopherol, do follow Kow values. But
compounds that partition preferentially to the ethanol-rich
phase exhibit KD values that follow an opposite trend to Kow.
For hydrophobic compounds, such as β-ionone or α-
tocopherol, hydrophobicity is the driving force of the partition
because they hardly interact with the lower phase. For
compounds exhibiting several hydrogen bonding groups, on
the contrary, partition does not appear to be simply driven by
their hydrophobicity. Additional interactions, related to the
presence of several hydroxyl and carbonyl groups of the natural
compounds, interacting with the DES compounds must be
taken into account. The ability of DES to interact with and
dissolve such compounds has been reported previously.30−33

For example, quercetin is hardly soluble in water but exhibits
significant solubility in several DES. This explains why
quercetin or apigenin, despite their high Kow values, exhibits
a low KD value.
For a given natural compound, the lowest and highest KD

values are obtained with H/E/LevA and H/E/Ch:Glyc,
respectively. This is in agreement with the increase in polarity
of HBD and DES discussed previously. It also appears that
without any choline chloride, increasing the polarity of the
HBD by moving from levulinic acid to ethylene glycol and
glycerol, for instance, leads to an increase in KD values. A
similar observation can be done in the presence of choline
chloride. Compared to systems containing an HBD only, the
addition of choline chloride does not significantly affect the
partitioning of compounds when these are found predom-
inantly in one of the two phases (e.g., quercetin, apigenin, or α-

tocopherol). Therefore, there seems to be no significant
advantage of using a DES on the partition of these
biomolecules compared to that of using just the HBD. On
the contrary, when a natural compound is present in both
phases, such as β-ionone exhibiting KD values typically ranging
between 0.1 and 10, the influence of choline chloride is more
noticeable. For instance, log10 KD for β-ionone increases from
−0.24 to 0.24 upon addition of choline chloride to levulinic
acid, an effect similar to replacing levulinic acid with ethylene
glycol. Again, the highest KD value for β-ionone is obtained
with H/E/Ch:Glyc. This value is nearly twice as high as that
obtained for H/E/Glyc. The ability to finely tune KD values of
compounds that are expected to partition between the two
phases is very useful in specific purification applications, such
as centrifuge partition chromatography.
Overall, one common expectation in using ternary mixtures

to yield an OBS is that the third component of the OBS
(glycerol, ethylene glycol, DES, etc.) is expected to have an
influence on both the phase diagrams and the partitioning of
natural compounds. This study gives more precise insights into
the extraction capabilities of OBS. The nature of the HBD has
the most relevant influence on the whole extraction system,
that is, on the phase diagram and on the KD values. The
presence of a DES, however, makes possible a fine-tuning of
the partition of compounds, exhibiting moderate hydrophobic
properties. This significantly simplifies the potential applica-
tions of these sustainable purification systems.

Modeling the Partition of Natural Compounds. The
partition of the five natural compounds studied here was
modeled using COSMO-RS, as detailed in the Experimental
Procedure. Calculations were carried out using the composi-
tion of both phases, as given in Table 2 and the experimental
density values reported in Table 4. The results are given in
Table 7. A comparison between the calculated and
experimental KD values is plotted in Figure 4 on a logarithmic
scale.
For the same OBS, the trend in KD values with respect to the

natural compound is in agreement with that observed
experimentally. The results presented in Table 5 and Figure
4 show that COSMO-RS provides, in most cases, a good
prediction of the partition coefficients observed experimentally.
Quercetin and apigenin, which were experimentally found to
partition quantitatively toward the lower phase, are correctly
predicted. Calculated values for the log(KD) for quercetin and
apigenin range between −4 and −6. Values for apigenin appear
to be 1 order of magnitude higher than those calculated for
quercetin, implying that apigenin interactions with the
constituents of the lower phase are slightly less favorable
than those of quercetin. Calculated values for apigenin are
generally lower, up to 2 orders of magnitude than the
experimental ones. It should, however, be emphasized that

Table 6. Octanol−Water Partition Coefficient for Selected
Natural Compounds

log Kow

coumarin 1.41c

quercetin 1.82a

apigenin 2.20b, 2.90a

β-ionone 3.77c

α-tocopherol 12.00c

aTaken from ref 34. bTaken from ref 35. cTaken from ref 11.

Table 7. Calculated Values for the Logarithm of Partition Coefficients (logKD) for Various Natural Compounds toward
Several Organic Biphasic Systems

H/E/LevA H/E/EG H/E/Glyc H/E/Ch:LevA H/E/Ch:EG H/E/Ch:Glyc

log KD log KD log KD log KD log KD log KD

quercetin −3.67 −5.52 −5.55 −5.29 −6.40 −6.36
apigenin −3.69 −4.86 −4.95 −4.50 −5.24 −5.28
coumarin −1.51 −1.18 −1.22 −1.08 −0.98 −1.01
β-ionone −0.51 −0.14 −0.28 0.63 0.87 0.62
α-tocopherol 1.86 2.14 1.89 2.95 3.19 2.93
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such differences in KD values are related to very small values
for the concentrations of quercetin and coumarin in a lower
phase. From an experimental point of view, this corresponds to
very small peak surfaces on a chromatogram for which the
experimental uncertainty would be large, while from a
calculation point of view, this corresponds to very small
variations of the chemical potential.
The increase in partition toward the upper phases observed

when changing from coumarin to β-ionone and α-tocopherol is
also well described. Partition of coumarin in the OBS studied is
accurately described with calculated values for log(KD) of
coumarin ranging from −1.20 to −0.91, corresponding to KD
values differing from the experimental ones by no more than a
factor of 2. Even though all values calculated here are close,
one can observe a slight influence of choline chloride on the
partition constant. For the same HBD compound, the addition
of choline chloride to the system leads to a small but
systematic increase in the partition coefficient of coumarin. In
the case of β-ionone, experimental and calculated values for KD
agree within a factor of 3. Strikingly, COSMO-RS succeeds at
calculating a negative value for log(KD) with H/E/LevA as
opposed to a positive value calculated with H/E/Ch:LevA.
Again, for the same HBD, the presence of choline chloride
leads to an increase in the KD value of β-ionone.
Values for log KD of α-tocopherol obtained using COSMO-

RS are all above 1.8, implying a quantitative partition of this
natural compound toward the heptane-rich phase. The
calculated results are in relatively good agreement, though
systematically overestimated, with the experimental values. In
the best case, namely, for H/E/Glyc, the calculated KD value
for tocopherol is only 50% higher than the experimental one.
In the worst case, the discrepancy is above one order of
magnitude for system H/E/Ch:EG. Previous results dealing
with the separation of various tocopherols using similar OBS to
those studied here and calculating the partition coefficients
using COSMO-RS led to the same observation as ours,
namely, that COSMO-RS is overestimating the extraction of α-
tocopherol toward the heptane-rich phase.10,11 The values for
the partition coefficients reported in the literature and
calculated using COSMO-RS were always above 100, which
is similar to our results. It is worth noting that these results
were obtained assuming the presence of ten different
conformers of the same molecule, whereas we have only
described one conformer exhibiting a fully elongated chain.

Overall, COSMO-RS succeeds at describing the partition of
natural compounds. The trend in values for KD depending on
the nature of the extracting OBS used, namely, the nature of
the HBD or DES, are generally well described.

■ CONCLUSIONS

Organic biphasic systems based on heptane, ethanol, and a
choice of six different third components (glycerol, ethylene
glycol, levulinic acid, and the corresponding choline chloride-
based DES) were studied. It appears that the binodal curves of
these systems are not significantly different, suggesting that
these systems have a similar behavior and that the influence of
choline chloride on the formation of biphasic systems is not
significant. The modeling of binodal curves, in spite of
COSMO-RS falsely predicting an immiscibility gap between
ethanol and heptane, is quite satisfactory, albeit this leads to
the biphasic region being somewhat overpredicted.
The partition of five natural compounds (quercetin,

apigenin, coumarin, β-ionone, and α-tocopherol) from differ-
ent relevant families, exhibiting significantly different structures
and solubilities, was measured for all OBS studied here. The
same HBD compound results show that the addition of choline
chloride in the system yields higher KD values for compounds
that are present in both phases. In any case, the increase in KD
observed when choline chloride is present is similar to that
obtained by simply changing HBD.
The interest in using choline chloride in such alternate

systems for separating compounds is therefore questionable for
compounds partitioning largely in one of the two phases.
Instead of using a four-compound biphasic system, choosing
the specific ternary compound that will exhibit adequate
properties, such as polarity, to finely tune the partitioning of
natural compounds seems relevant. Only when that specific
HBD compound is chosen, should choline chloride be
considered, whenever a further increase in the KD value of a
given natural compound is required. These considerations are
of course valid as far as the DES is hydrophilic and partitions
are predominantly in the polar phase. Using a more
hydrophobic HBA compound, for instance, a tetraalkylammo-
nium salt with long alkyl chains might change the general
picture drawn here.
Finally, this work demonstrates the potential of COSMO-RS

as a tool for predicting the partition coefficients of natural
compounds and, therefore, for screening and selecting biphasic

Figure 4. Comparison between experimental and calculated values for log(KD) of several natural compounds. Yellow: H/E/LevA; blue: H/E/EG;
gray: H/E/Glyc; light blue: H/E/Ch:LevA; orange: H/E/Ch:EG; green: H/E/Ch:Glyc; full color: experimental; dashed color: calculated.
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solvent systems. COSMO-RS can successfully predict phase
diagrams, as well as the specific phase compositions of mixtures
leading to the formation of two immiscible phases. Moreover,
the partition of complex natural compounds toward organic
biphasic systems with very different chemical structures is well
predicted by COSMO-RS.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01628.

Experimental data points for binodal curves; binodal
curves; and HPLC chromatograms (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Nicolas Papaiconomou − Université Côte d’Azur, CNRS,
Institut de Chimie de Nice, UMR 7272, 06108 Nice, France;
orcid.org/0000-0002-7434-2527; Phone: +33 4 89 15

01 41; Email: nicolas.papaiconomou@univ-cotedazur.fr
Thomas Michel − Université Côte d’Azur, CNRS, Institut de
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