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ABSTRACT

Countercurrent and centrifugal partition chromatography are techniques applied in the separation and
isolation of compounds from natural extracts. One of the key design parameters of these processes is
the selection of the biphasic solvent system that provides for the adequate partitioning of the solutes.
To address this challenging task, the fully predictive Conductor-like Screening Model for Real Solvents
(COSMO-RS) and the semi-predictive Non-Random Two-Liquid Segment Activity Coefficient (NRTL-SAC)
model were applied to estimate the partition coefficients (K) of four model phenolic compounds (vanillin,
ferulic acid, (S)-hesperetin and quercetin) in different solvent systems. Complementing the experimental
data collected in the literature, partition coefficients of each solute in binary, or quaternary, solvent sys-
tems were measured at 298.2 K.

Higher deviations from the experimental data were obtained using the predictive COSMO-RS model,
with an average RMSD (root-mean-square deviation) in log(K) of 1.17 of all four solutes (61 data points),
providing a satisfactory quantitative description only for the systems containing vanillin (RSMD = 0.57).
For the NRTL-SAC model, the molecular parameters of the solutes were initially calculated by correlating
a set of K and solubility (x, in mole fraction) data (16 partition coefficients and 44 solubility data points),
for which average RMSD values of 0.07 and 0.41 were obtained in log(K) and log(x), respectively. The
predictions of the remaining log(K) data (45 partition coefficients) resulted in an average RMSD of 0.43,
suggesting that the NRTL-SAC model was a more reliable quantitative solvent screening tool. Depending
on the amount of available solubility and partition data, both models can be valuable alternatives in the
preliminary stages of solvent screening destined to select the optimal mobile and stationary phases for a
given separation.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

ferred between two immiscible liquid phases in contact with each
other [3]. As a first approach, simple solvent partitioning can be

Natural matrices are a recognized source of valuable com-
pounds with diverse structures and functionalities that find numer-
ous applications in the pharmaceutical, food, chemical, and cos-
metics industries [1]. The isolation of the target compounds usu-
ally starts with an extraction step, followed by several fractionation
and purification processes to isolate them from the complex mul-
ticomponent mixtures forming the crude extracts [2]. This work
focuses on separation techniques in which the solutes are trans-
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used to pre-concentrate families of compounds and, then, further
purification can be achieved by chromatographic techniques such
as countercurrent (CCC) and centrifugal partition chromatography
(CPC) [2]. The separation principle of these chromatographic tech-
niques relies on the sample partition between two immiscible sta-
tionary and mobile liquid phases. The main advantages compared
to solid-liquid chromatographic methods are well known, and in-
clude the use of lower amounts of solvents, no loss of components
due to adsorption onto a solid support, lower maintenance costs,
and the possibility of scaling up the process to pilot and industrial
levels [4,5]. Both CPC and CCC techniques have been extensively
applied to medicinal plant and natural product research [6], from
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which relevant examples in the biorefinery context can be high-
lighted: the separation of monosaccharides from hydrolysed sugar
beet pulp [7], the fractionation of phenolic acids [8], and the sepa-
ration and purification of lignocellulosic biomass products (carbo-
hydrates, furans, carboxylic acids and phenols) [9]. In this work,
phenolics present in natural matrices are the target compounds;
thus, vanillin (phenolic aldehyde), ferulic acid (hydroxycinnamic
acid), (S)-hesperetin (flavanone), and quercetin (flavonol) were se-
lected as model compounds.

In designing such processes, a crucial and time-consuming
task is the selection of the optimum biphasic solvent system.
It usually demands the experimental measurements of parti-
tion coefficients or relying on literature data for similar sepa-
ration problems [10]. The number of possible combinations is
almost infinite, but a few traditional families of solvent sys-
tems can be named, covering a wide range of polarities, as re-
cently reviewed by Liu et al. [11]: Ito system [12] (hexane/ethyl
acetate/methanol/1-butanol/water), Arizona system [13,14] (hep-
tane/ethyl acetate/methanol/water), or HEMWat system [15] (hex-
ane/ethyl acetate/methanol/water). Wozniak and Garrard [16] or-
ganized an extensive database by classifying 2594 solvent sys-
tems used for natural product purifications, dividing the solvents
into 7 types and the solutes into 21 classes. Water, ethyl acetate,
methanol, and hexane were the most used solvents, followed by
1-butanol and chloroform. Overall, alkane-based solvent systems
(alkane is the primary water-immiscible solvent in the system, as
defined by the authors) were the most commonly used, consider-
ing all classes of solutes, including flavonoids, phenolic acids, and
phenol derivatives studied here [16]. A similar conclusion regard-
ing flavonoids was also reported by Costa and Leitdo [17], suggest-
ing the HEMWat solvent system as a first approach for the sepa-
ration of samples containing free flavonoids, and the more polar
ternary system composed of ethyl acetate/butanol/water, for the
isolation of glycosylated flavonoids. Besides these traditional bipha-
sic systems, a more sustainable alternative to alkane-based solvent
systems was proposed in the literature. Faure et al. [18,19] stud-
ied a green version of the Arizona system, in which the less toxic
ethanol replaced methanol, and limonene, a biorenewable cycloter-
pene, replaced heptane, and reported the physico-chemical prop-
erties, and chemical composition, of the modified biphasic solvent
systems.

Thus, the main aim of this work was to test thermodynamic
tools and find rational procedures to support the design of these
chromatographic processes, to purify and fractionate phenolic com-
pounds present in natural matrices, while reducing the experimen-
tal efforts, especially in the preliminary stages.

An in-depth literature review on the solubility and partition co-
efficients data was carried for the selected systems. Complement-
ing the information, the partition coefficients of the four solutes in
four binary biphasic systems (1-octanol/water, ethyl acetate/water,
1-butanol/water, and heptane/methanol), and in two quaternary
systems (mixture N of the Arizona system composed of equal vol-
umes of the four solvents, both in the original and green versions)
were experimentally measured at 298.2 K. The 1-octanol/water
partition coefficient was measured as it is a well-known parameter
for the characterization of the lipophilicity of a given solute. The
other binary solvent systems are representatives of the polarity ex-
tremes of the Arizona system and the ethyl acetate/butanol/water
ternary system. Mixture N is the middle biphasic system of the Ari-
zona system.

Finally, the fully predictive Conductor-like Screening Model for
Real Solvents (COSMO-RS) model [20], and the semi-predictive
Non-random Two-Liquid Segment Activity Coefficient (NRTL-SAC)
model [21] were applied to the description of the partition coef-
ficients and their abilities to represent the experimental data dis-
cussed.
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Table 1
Mass purity (%), CAS number, and source of the organic compounds used in this
work.

Compound Mass purity (%)? CAS number  Source
trans-Ferulic acid >99.9 537-73-5 Alfa Aesar
(S)-Hesperetin > 98.0 520-33-2 Cayman Chemicals
Quercetin > 95.0 117-39-5 Sigma-Aldrich
Vanillin > 99.0 121-33-5 Sigma-Aldrich
Methanol >99.9 67-56-1 J. T. Baker
Ethanol > 99.8 64-17-5 Fisher
1-Butanol > 99,5 71-36-3 Sigma-Aldrich
1-Octanol > 99.0 111-87-5 Carlo Erba
Ethyl acetate > 99.9 141-78-6 Carlo Erba
Heptane > 99.0 142-82-5 Honeywell
(R)-(+)-Limonene > 97.0 5989-27-5 Sigma-Aldrich

3 The purity was obtained in the certificate of analysis issued by the manufac-
turer.

2. Material and methods
2.1. Chemicals

The solutes and organic solvents were used as received from
the supplier and stored at room temperature. To avoid wa-
ter contamination, all the solids were kept in desiccators. The
mass purity and source of the organic compounds are listed
in Table 1. The water used was ultrapure quality (resistivity of
18.2 MQecm, free particles < 0.22 um and total organic carbon
< 5 ugedm3),

2.2. Partition coefficient experiments

The partition coefficients were measured by the conventional
analytical shake-flask method, which has been extensively ap-
plied to assess the distribution of biomolecules in biphasic sys-
tems [22,23] and provides accurate results for moderate log(K) val-
ues (typically in the range between —3 and 3) [24,25]. First, a
sample of around 7 mg (model ABT 100-5 M, Kern, + 0.01 mg)
of the solute was dissolved in one of the solvents of the bipha-
sic system, ensuring that its maximum concentration in each
phase was lower than 0.01 mol/L in all the studied systems
[25].

Then, the solution was transferred to a graduated glass tube
along with predefined volumetric proportions of the other sol-
vents, resulting in a total volume of 14 ml. The tubes were man-
ually inverted at room temperature for five minutes (around 100
times), as recommended by Leo et al. [26], before being placed in
a thermostatic equipment (Eppendorf ThermoMixer C) under con-
tinuous agitation (300 rpm) at (298.2 + 0.5) K for at least 5 h.
Finally, the tubes were allowed to rest overnight (at least 15 h) to
ensure complete phase separation. All the shake-flask experiments
were prepared in duplicate.

As recommended by the OECD [25], in the case of the octanol-
water binary systems, the solvents were pre-saturated before im-
plementing the procedure above to avoid the micelle formation.
Then to ensure the complete phase separation, the tubes were cen-
trifuged at 1500 rpm and 298 K for 40 min (5800 series, Eppen-
dorf).

The concentration of the solutes in each phase was determined
by UV-Vis spectroscopy (model V-730, Jasco). An adequate volume
was collected from each phase using all-glass syringes and diluted
in either pure ethanol or a mixture of ethanol-water (wt% 50:50).
For each solute, calibration curves were built using at least seven
standard solutions (R? > 0.999) at the wavelength of maximum
absorbance (Table S1 of Supporting Information). At least two in-
dependent samples from each phase were analyzed.
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3. Theory
3.1. The partition coefficients

The partition coefficient of a nonelectrolyte organic solute in a
biphasic solvent system (P,) is related to the activity coefficients at
infinite dilution ;> of species I by the following expression de-
rived from equilibrium thermodynamics [27,28]:

ﬁ B ylloc

P = = DX 0 1
1 XII Yoo 1= (1)

where the superscripts u and [ stand for the immiscible upper and
lower phases, respectively, and x; is the mole fraction of the same
compound I. In this work, the activity coefficients at infinite di-
lution were estimated by the COSMO-RS and NRTL-SAC models.
Since the partition coefficients are typically reported as the ratio
of molar concentrations, the values calculated though Eq. (1) can
be converted using the approximate relation:

n I
CLjm1XY
n
2jm1 XY

where ¢ corresponds to the molar concentration, v; is the molar
volume of pure component j, and n is the number of compounds.

For the calculation of the partition coefficients, the phase com-
positions of each biphasic system are required, and the data used
in this work are shown in Table S2 of SI [29-31].

u
K= T -n
C

(2)

3.2. The COSMO-RS model

The COSMO-RS model (Conductor like Screening Model for Real
Solvents) is a fully predictive model based on quantum chemistry
that calculates the chemical potential of all components in a liquid
mixture only through ab initio calculations [20,32,33]. The activity
coefficients of the solutes in the different mixtures were estimated
based on the chemical potential, and the partition of a solute be-
tween the two liquid phases was calculated using Eq. (1) and (2).
The details for COSMO-RS calculations can be found in our pre-
vious work [34]. In brief, prior to the COSMO-RS calculation, the
geometry of the solute and solvents were optimized using TUR-
BOMOLE V7.3 2018 software program package using density func-
tional theory level and utilizing the BP functional B88-p86 with
a triple- ¢ valence polarized basis set (TZVP) and the resolution
of identity standard (RI) approximation. Then, the activity coef-
ficient of the solute in the liquid mixture was determined us-
ing COSMOthermX software and by applying the parameterization
BP_TZVP_C30_1801 [35].

3.3. The NRTL-SAC model

The NRTL-SAC model, proposed by Chen and Song [21], has
been widely employed to describe solubilities of biomolecules and
pharmaceutical ingredients in pure and mixed solvents [21,36-49],
and much less frequently to describe partition coefficients [28,50-
52]. The model describes the activity coefficient of a solute I (y;)
in a solution as the sum of two contributions:

Inyr=Iny +Inyf (3)

where ¥ and yR represent the combinatorial and the residual
terms of the activity coefficient of the solute, respectively. The
complete set of equations for the calculation of these parame-
ters are given elsewhere [21,48]. Briefly, the model proposes four
conceptual segment descriptors to describe each molecule: X (hy-
drophobicity), Y- (polar repulsive), Y+ (polar attractive) and Z (hy-
drophilicity). These parameters have already been reported for all
the solvents studied in this work, with the exception of limonene,
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[21,48,49] and the solutes ferulic acid [47], quercetin [49] and hes-
peretin [37].

The activity coefficients obtained by the NRTL-SAC model were
not only used to describe the partition coefficients, but also the
solubility of the solutes in different solvents, in order to have a
more robust dataset to estimate the missing parameters. According
to classical thermodynamics, giving a set of reasonable assump-
tions, the solubility of a solid solute in a liquid mixture can be
calculated by [53]:

L AWH[ Tay  AG T Ty
Inx = - (1—T>— p <1+lnT— T)- ny  (4)

where ApH and T are the melting enthalpy and temperature of
the solute, respectively; R is the ideal gas constant; and ACj is the
difference between the molar heat capacity of the solute in the
liquid and solid phases. This heat capacity term is often negligible
[54] and Eq. (4) can be reduced to:

AnH T
e (1 —7) — Iy (5)

The melting temperatures and enthalpies of the solutes used in
this work were collected from the open literature [47,49,55-57],
and are listed in Table S3 of SI.

Inx; =

4. Results and discussion
4.1. Experimental partition coefficients

The experimental partition coefficients of ferulic acid, (S)-
hesperetin, quercetin, and vanillin in 4 binary biphasic sys-
tems (heptane/methanol, 1-butanol/water, 1-octanol/water, and
ethyl acetate/water), and in the two quaternary biphasic sys-
tems Arizona N (water/methanol/ethyl acetate/heptane, in the pro-
portion 1/1/1/1) and green Arizona N (water/ethanol/ethyl ac-
etate/limonene, in the proportion 1/1/1/1) are presented in Table 2,
together with experimental literature data obtained at 298.2 4+ 3 K.
In some cases, the experiments were reported at room tempera-
ture, but were included here for comparison purposes.

As mentioned before, each log(K) measured in this work is the
average of two independent shake-flask measurements. The overall
consistency of the measurements is checked by the low standard
deviations observed in Table 2, with 2.8% average for the coeffi-
cient of variation. In addition, the total amount of solid placed in
the tubes was compared to the values calculated from the material
balance, using the measured concentrations in each phase, result-
ing in global average relative deviations of 4.3%.

The partition coefficients obtained in this work present absolute
deviations (in log units) from the average literature value of lower
than 0.3 (a reference value taken from [25]), with the exception of
quercetin in methanol/heptane and 1-butanol/water biphasic sys-
tems. In the octanol/water system, the log(K) values from the lit-
erature are more scattered, presenting a standard deviation higher
than 0.3 for ferulic acid, (S)-hesperetin and quercetin. In particu-
lar, the octanol/water partition coefficient for quercetin reported
by Marlot [58] is considerably lower than the other data avail-
able in the open literature, which is not expected due to the hy-
drophobic nature of quercetin [70,71]. It is worth mentioning that
a pre-saturation step of the phases, preferably through continu-
ous stirring [72], is highly recommended prior to the determina-
tion of octanol-water partition coefficients through the shake-flask
method [22,25,72]. Tests performed with (S)-hesperetin showed
that this pre-saturation step was not necessary for the other bi-
nary solvent systems (deviations in log(K) of 4+ 0.01).

To the best of our knowledge, the log(K) of all the studied so-
lutes in the green Arizona N system are reported here for the first
time. In general, replacing methanol and heptane by ethanol and
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Table 2
Experimental log(K) values obtained in this work and found in the literature for the selected biphasic systems.

Solvent system Ferulic acid (S)-Hesperetin Quercetin Vanillin

Heptane/methanol -2.12 £ 0.01° —2.20 + 0.01° —3.01 + 0.03? —1.48 + 0.02°
-1.91" [58] —2.54" [58] —1.26" 58]

1- 1.48 + 0.02% 2.27 £ 0.01° 242 + 0.10° 1.19 + 0.01?

Butanol/water 1.45° [58] 1.71° [58] 1.15" [58]

1.15%4 [59]

1- 1.32 + 0.01? 2.39% £+ 0.01° 2.21 £ 0.10° 1.29 + 0.01?

Octanol/water 1.08" [58] 1.50" [60] 0.99" 58] 0.92° [58]
1.77° [61] 2.15 £ 0.43>¢ [62] 1.82 + 0.32"¢ [63] 1.19 £ 0.06" [64]
1.69 + 0.01¢ [61] 2.26 + 0.09" [65] 2.45" [61] 1.17° [66]

3.15 + 0.019 [61] 1.22¢ [67]
Ethyl 1.57 + 0.02° 2.34 + 0.01° 2.33 + 0.01° 1.43 + 0.022
acetate/water 1.53" [58] 2.33 [58] 1.36" [58]
1.34%4 [59]

Arizona —0.96 + 0.02° —-0.40° + 0.04° —0.89 + 0.05° —-0.56 + 0.03?

N —-0.90" [58] —-0.93" [58] —-0.47" [58]
—0.90¢ [68] —0.82¢ [68] —0.46¢ [68]

—0.89¢ [69]
Green Arizona N -0.42 + 0.01° 0.15 + 0.01? —-0.23 + 0.02° —0.18 + 0.03?

2 Measured in this work. Temperature and pressure standard uncertainties are u(T) = 0.50 K and u'(p) = 0.05, respectively. Standard

deviations are placed after the minus-plus sign.
b Obtained by the shake-flask method.
¢ Measured at room temperature.
Experimentally determined by reversed phase HPLC analysis.

d
¢ Experimentally measured by a slow equilibrium method through an octanol drop apparatus.
f

Obtained by countercurrent chromatography (CCC).

limonene, respectively, increases the log(K) values of the phenolic
compounds between 0.3 (vanillin) and 0.7 (quercetin) log units. In
fact, the substitution of methanol by ethanol increases the alco-
hol content in the upper phase, and since the phenolic compounds
are typically soluble in alcohols, an increase in the partition coef-
ficient is expected. The presence of limonene instead of heptane
also increases the overall polarity of the green Arizona in compar-
ison with the original system [19], leading to higher log(K).

The observed log(K) of the solutes in the studied or-
ganic/aqueous biphasic binary systems are higher than 1, indicat-
ing that the studied phenolic compounds present a more lipophilic
character, particularly for quercetin and (S)-hesperetin (log(K) >
2). On the other hand, the negative log(K) obtained for the hep-
tane/methanol systems reflects the poor affinity of the phenolic
compounds towards hydrocarbon organic solvents. For the original
and green versions of the Arizona N system, the obtained log(K)
values are negative, except for (S)-hesperetin in the green Arizona
N system. For an optimal CCC separation, log(K) should vary be-
tween —0.4 and 0.4 [15]. Our results show that the green version
(of intermediate polarity) is an adequate solvent system for the
separation of the studied phenolic compounds. In the case of the
Arizona family, a more polar solvent system between A (ethyl ac-
etate/water) and N should be selected.

4.2. Thermodynamic modeling

4.2.1. COSMO-RS model

The partition coefficients predicted with the COSMO-RS model
are compared with the experimental values measured in this work
in Figure S1. To quantify the deviations, the root-mean square de-
viations (RMSD) were calculated for each solute as follows:

5 (log K - logki™)”
n

RMSD = (6)

where superscripts "exp" and "calc" mean the experimental and
calculated values, respectively, n is the total number of data points
and i covers all the solvent systems. As can be seen, RMSD from
the experimental data measured in this work for vanillin, ferulic

acid, quercetin and (S)-hesperetin were respectively of 0.48, 0.78,
1.06 and 1.52 (6 data points for each solute), respectively.

The model seems to overestimate the hydrophobicity of the
studied molecules, by over predicting log(K) in the binary or-
ganic/aqueous biphasic systems, more significantly in the ethyl ac-
etate/water biphasic system. Furthermore, in the quaternary sol-
vent mixtures (system Arizona N and green Arizona N), the model
erroneously predicts that the solutes will preferably partition to
the upper phase, though it is able to qualitatively predict the
change in log(K) when moving from the classical to the green ver-
sion of the Arizona systems for all solutes.

To achieve a more comprehensive overview of the quality of
the predictions, a literature review on the partition coefficients of
the selected solutes in biphasic systems composed of water and
organic solvents was carried out, aiming to cover a wide polarity
range as in the case of the Arizona and HEMWat solvent systems.
A comparison between the experimental data (collected in the lit-
erature and measured in this work) and COSMO-RS results is sum-
marized in Fig. 1. The detailed information can be found in Table
S4 of SI.

Considering all the available data points, the average RMSD
obtained for the systems containing the flavonoid aglycones, (S)-
hesperetin (6 data points measured in this work) and quercetin
(16 data points), were 1.52 and 1.74, respectively. Lower RMSD
were obtained for the partition coefficients of the less structurally
complex ferulic acid (RSMD = 0.96, 13 data points) and vanillin
molecules (RSMD = 0.57, 26 data points). Considering the addi-
tional available data points for quercetin, ferulic acid, and vanillin,
the average RMSD increased when compared to the values ob-
tained using only the data measured in this work. Values of RMSD
lower than 0.5 have been considered acceptable [23,73,74], but
were not consistently obtained in this work with COSMO-RS.

4.2.2. NRTL-SAC model

In previous works, Ren and co-workers [28,50-52] proposed
a procedure to optimize the NRTL-SAC solute descriptors for a
given solvent system family (e.g, HEMWat, Arizona) based on
the fitting of a minimal set of experimental partition coefficient
data. The authors suggested the inclusion of log(K) data measured
for the same solvent family but with different global composi-
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Table 3

The NRTL-SAC molecular parameters and RMSD obtained in the correlation.

Journal of Chromatography A 1666 (2022) 462859

Compound X Y- Y+ V4 RMSD in log(x) RMSD in log(K)
Ferulic acid 0.530 0.000 0.793 1.029 0.48 0.04
(S)-Hesperetin 0.769 0.000 0.627 1.211 0.24 0.07
Quercetin 0.798 0.000 0.874 1.633 0.36 0.06
Vanillin 0.456 0.000 0.631 0.662 0.33 0.10
6 PLs ment Z represents molecular surfaces capable of hydrogen bond-
5t o L ing and X accounts for the hydrophobic contribution, which are
41 o ’/”,/ expected contributions in the studied solutes. All the other sur-
3 ':'d:,f)",/' face interactions are lumped in the polar segments (Y- and Y+)
2t o [38].
Lr &f{s,-:t, -’ As shown in Table 3, some trends can be identified in the NRTL-
B or o +|:|,Eb",/' SAC segment parameters of the solutes. The hydrophilic segment Z
§D i L '3,,"‘4;" increases in the order: vanillin < ferulic acid < (S)-hesperetin <
s ={ ks HEemlicacid quercetin, which is consistent with the increase of the total num-
3 L e . © (S)-Hesperetin ber of hydrogen bond donor and acceptor sites available in the
i ,,/,,/ + Vanillin molecules (presented in Table S7 of SI). The hydrophobic segment
6 ,/',,/ Quercetin X is associated with the molecular surface area averse to hydrogen
e e > o o ) bonding. As can be seen, X increases with the number of carbon

7 6 -5 4 3 2 1 0 1 2 3 4 5 6
log(Kexp)

Fig. 1. Comparison between the experimental (collected in the literature and mea-
sured in this work) and the predicted partition coefficients using the COSMO-RS
model. The dashed lines correspond to log(K) & 0.5.

tions (e.g., HEMWat 1/9/1/9, 1/1/1/1, 9/1/9/1) in the correlation
set. In this work, an alternative approach is suggested as only
log(K) obtained in the binary solvent systems measured in this
work (heptane/methanol, 1-butanol/water, 1-octanol/water, ethyl
acetate/water) were included in the correlation set in combination
with solubility data in pure solvents (44 data points in total) avail-
able in the literature [37,47,75-81].

The optimization procedure was carried out using the Isqnonlin
function (MATLAB R2020b) based on the nonlinear least-squares
curve fitting analysis and the following objective function (F):

F = Z (aiexp _ aicalc)2 (7)
1

where q; represents the properties used in the correlation set (x;
and K;) for the solvent system i and the superscripts "exp" and
"calc" mean the experimental and calculated values, respectively.
The NRTL-SAC segment descriptors and the RMSD values obtained
in the correlation step are presented in Table 3. The molecular
parameters of the solvents were already available in the litera-
ture, except for limonene. For that compound, the parameters were
estimated using partition data from literature of limonene in 1-
octanol/water [82] and hexane/acetonitrile [83] biphasic systems,
with RMSD of 0.27 (Table S6). As in the case of other hydrophobic
solvents (alkanes and aromatics) [48], limonene was represented
only by the hydrophobic segment (X = 0.965), as reported in Table
S5.

The NRTL-SAC segment descriptors obtained in this work are
considerably different from the values reported in previous works
for ferulic acid [47], hesperetin [37] and quercetin [49], which were
fitted using mostly solubility data in water and in pure organic po-
lar solvents. From our experience [36,45,47], the robustness of the
model descriptors is associated with the chemical diversity of sol-
vent systems used in the correlation step, and differences in the
fitted parameters were expected since partition coefficients in less
polar biphasic solvent systems (e.g., heptane/methanol) were in-
cluded in the data set. As defined by Chen and Song [21], seg-

atoms of the solutes, except when comparing the values of (S)-
hesperetin (X = 0.769; 16 carbons) and quercetin (X = 0.798; 15
carbons), which are quite similar. Regarding the polar segments,
the fitted parameters suggest that no significant polar attractive
(Y-= 0) and moderate polar repulsive (0 < Y+ < 1) regions are
observed in the molecular surfaces of the solutes.

In Fig. 2, the big picture of the correlation step is shown,
where partition coefficients (a) and solubilities (b) calculated by
the NRTL-SAC are presented as function of the experimental data.
The values used in the construction of Fig. 2 are listed in Tables S6
and S8 of the SI

Satisfactory correlation results (RMSD < 0.5) were obtained in
log(K), presenting maximum RMSD of 0.10 (vanillin). The RMSD
values obtained in the correlation of the partition coefficients of
binary solvent systems are within the same order of magnitude of
the RMSD found by Ren et al. [28,50] using log(K) of quaternary
solvent systems. Larger deviations are observed in the correlation
of the solubility data, in particular for ferulic acid (RMSD = 0.48,
20 data points) and quercetin (RMSD = 0.36, 10 data points). As
discussed in previous works [36,47], the quality of the solubility
calculations is associated with the accuracy of the melting prop-
erties of the solutes, which are unknown for some phenolic com-
pounds due to their thermal decomposition before melting [84,85].

To test the predictive capability of the model, the parti-
tion coefficients in other binary and quaternary solvent systems
(45 data points) measured in this work and found in literature
[58,59,68,69,86-98], were calculated and the prediction results are
shown in Fig. 3 and summarized in Table S9.

In general, the NRTL-SAC model provides better predictions
than COSMO-RS, presenting RMSD of 0.28 for ferulic acid (9 data
points), 0.02 for (S)-hesperetin (2 data points), 0.73 for quercetin
(12 data points) and 0.20 for vanillin (22 data points). Most of the
predicted values (87%) are distributed within the log(K) + 0.5 re-
gions demarked in Fig. 3, with a few outliers for quercetin (hep-
tane/acetonitrile, methyl-tert-butyl ether/water, 2-butanone /water,
Arizona Q and Arizona Y) and another for ferulic acid (Arizona Y).
The volumetric proportions of heptane, ethyl acetate, methanol and
water in the Arizona Q and Y systems are 3:2:3:2 and 19:1:19:1,
respectively. For vanillin, the NRTL-SAC predictions are in excellent
agreement with the experimental data for a large variety of sol-
vent systems, including some which are structurally different from
those used in the correlation step, such as dichloromethane/water,
toluene/water and methyl isobutyl ketone/water.
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Fig. 2. Comparison between the experimental and correlated data using the NRTL-SAC model: a) partition coefficients; b) solubilities.
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As discussed before, the search for an appropriate solvent sys-
tem for a specific CCC separation is a laborious task [52], and the
use of computational tools for narrowing the number of exper-
iments is welcome. To illustrate the predictive capability of the
NRTL-SAC and COSMO-RS models, the log(K) of the studied phe-
nolic compounds in the conventional and green versions of the
Arizona solvent system are presented in Fig. 4 and Figure S2, re-
spectively.

This family of solvents was selected as an example because
it covers a large polarity range from the most polar ethyl ac-
etate/water biphasic system (system A) to the least polar hep-
tane/methanol (system Z) and it is widely applied in countercur-
rent chromatographic techniques. As expected, both models can
capture the decrease in log(K), though much larger deviations are
obtained with the COSMO-RS model, as shown and discussed be-
fore. Better results are obtained with the NRTL-SAC model, partic-
ularly in the solvent systems richer in water, underpredicting the
values in the more apolar systems. This situation is more evident
for quercetin.
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Fig. 4. Log(K) values as a function of the conventional Arizona solvent systems:
open symbols - experimental data; filled circles connected by solid lines - NRTL-SAC
model; filled circles connected by dashed lines - COSMO-RS model. Color codes:
black - ferulic acid; green - hesperetin; red - vanillin; yellow - quercetin. Lines
are guides for the eyes.

5. Conclusions

The experimental partition coefficients of ferulic acid, (S)-
hesperetin, quercetin, and vanillin were measured, at 298 K, in
six biphasic solvent systems. To our knowledge, the data ob-
tained in the green Arizona N system composed of water/ethyl ac-
etate/ethanol/limonene and for (S)-hesperetin (flavanone) in five
biphasic systems are reported for the first time. The remaining
data measured in this work present absolute deviations (in log
units) from the average literature value lower than 0.3, with some
exceptions. Higher deviations are obtained for the water/1-octanol
system and/or when log(K) > 2, stressing the importance of report-
ing and evaluating this scarce experimental information, which is
essential for developing modeling tools. These experimental data
were added to the literature database comprising 61 data points in
total.

The COSMO-RS model resulted in global RMSD in log(K) of 1.17,
which can be considered acceptable given its fully predictive char-
acter. In general, it is able to describe the partition coefficient dif-
ferences between the biphasic systems qualitatively. Better results
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are found for the solutes with lower molecular weight, vanillin
and ferulic acid, for which RMSD of 0.57 and 0.96 were obtained,
respectively. Improving considerably the description of the exper-
imental data, the semi-empirical NRTL-SAC model was applied.
Global RMSDs values of 0.07 and 0.41 were obtained for the corre-
lated log(K) and solubility data, respectively, and a global RMSD of
0.43 for the predictions in log(K).

The results suggest applying the COSMO-RS model for prelimi-
nary solvent screening, mainly when no experimental information
is available for the solvents and/or solutes under study, such as in
the case of limonene or other less conventional green solvents. If
a few experimental data sets (solubility, partition, etc.) are avail-
able in a diverse group of solvents, a more quantitative description
of the partition coefficients can be achieved using the NRTL-SAC
model. It can generate very good estimates of the partition coef-
ficients change in a series of systems, as demonstrated here with
the Arizona family, being a significant contribution when selecting
biphasic liquid systems for partition chromatography.
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