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ABSTRACT: Liquid−liquid extraction (LLE) can be an effective
strategy for the purification of polyphenols from a fermentation
broth. However, solvents need to be chosen to ensure high
extraction capacity and selectivity. For that purpose, a systematic
study is here presented, where the partition of different
polyphenolsnaringin, naringenin, p-coumaric acid, and trans-
resveratrolwas measured in different solvents and solvent
mixtures and described using the semipredictive NRTL-SAC
model. The minimum average absolute deviation obtained, based
on predicted activity coefficients, was of 40%. With the exception of
naringin, the NRTL-SAC molecular descriptors were estimated
using solubility data already available in the literature. The obtained
results made it possible to propose suitable LLE-based downstream process schemes for two possible purification scenarios: the
recovery of trans-resveratrol and the purification of both naringenin and trans-resveratrol, two similar hydrophobic polyphenols,
both from a fermentation broth containing hydrophilic impurities (e.g., sugars, proteins).

1. INTRODUCTION
Polyphenols are compounds that have interesting health
benefits alongside other diverse (biotechnological) applications
(e.g., colorants, nutraceuticals).1 These molecules are secon-
dary metabolites naturally produced by plants, which can act as
radical scavengers due to the high stabilization provided by
ring aromaticity.2 Over the last years, research on their health
properties has grown considerably,3 with authors studying the
properties of these molecules in the prevention of diseases such
as Alzheimer and several types of cancer.4

Although these compounds are mostly obtained by plant
extraction, there has been a growing interest in their
production using fermentation processes, mainly due to
sustainability issues.5 The fact that the titers achieved for
these molecules are usually low5 demands that efficient
downstream process strategies are developed in order to attain
economic feasibility. One of the possible strategies that might
combine simplicity and lower costs is liquid−liquid extraction
(LLE).
LLE can be a suitable option for the recovery and

purification of polyphenols. Not only can it offer high
flexibility, but it is also adequate when the product of interest
is heat-sensitive and when the feed stream is dilute.6 One of
the critical issues in the design of a LLE process is solvent
selection, which has to provideamong other character-
isticsextraction capacity, selectivity, and a high solute mass
transfer rate.7 For the particular case of polyphenols, there is
no systematic study, to the best knowledge of the authors,
concerning the adequacy of different solvent chemical classes
for the recovery and purification of polyphenols. In order to
perform that study, not only is a reliable thermodynamic
model needed to describe their equilibrium properties, but this

model also needs to have predictive capabilities.8−10 Although
some models have already been applied to describe the
solubility of polyphenols in different solvents (e.g., NRTL-
SAC, MPP-UNIFAC, etc.),11,12 they were scarcely applied to
liquid−liquid equilibrium data. One of the possibilities is using
a model like COSMO-RS,13 but some of the disadvantages,
though, are that its predictive quality is still inferior to other
models such as UNIFAC or NRTL-SAC.14 On the other hand,
group contribution models like UNIFAC are attractive, but a
drawback is that group contribution does not take proximity
effects into account,15 which are likely very important in
molecules with multiple strong functional groups, like
polyphenols.16 Moreover, some chemical groups present in
polyphenols are still not accurately modeled, and the
equilibrium data present in literature is not abundant.12 Due
to all the reasons mentioned above, the NRTL-SAC model17

might be one of the best options available. It is an activity
coefficient model that takes both excess enthalpy and excess
entropy into account and that uses four molecular descriptors
to characterize any molecule (X is a parameter related to
hydrophobicity, Y− and Y+ to polarity, and Z to hydrophilicity)
and only a relative small amount of equilibrium data is needed
to regress those parameters.18 This model has already been
applied to describe solubility of polyphenols, but rarely to
liquid−liquid equilibrium, despite being widely used for that
purpose.7
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In this work, four model polyphenols, naringenin (flavo-
noid), naringin (glycosylated flavonoid), trans-resveratrol
(stilbene), and p-coumaric acid (phenolic acid) (Figure 1),

were selected. Their partition coefficients in different solvents
were predicted using NRTL-SAC and the results compared
with obtained experimental data. The regressed molecular
descriptors were then used to unveil which solvent properties
were desirable (degree of hydrophobicity, polarity, and
hydrogen bonding) for the purification of the studied
polyphenols from a fermentation broth. The obtained results
were ultimately used to suggest possible process configurations
that can be applied to the downstream process of those
compounds in two proposed situations: recovery of trans-
resveratrol from a stream containing hydrophilic components
(including p-coumaric acid) and recovery and purification of
two similar hydrophobic polyphenols, trans-resveratrol and
naringenin, from a fermentation broth.
In the following section, a description of the used materials

and methods is given, including a short description of the
thermodynamic model employed. The main obtained results
and their discussion are presented on section 3, and the
conclusions are included in section 4.

2. MATERIALS AND METHODS
2.1. Chemicals. For the preparation of all the solutions,

Milli-Q grade water was used. The polyphenol trans-resveratrol
≥98% was obtained from Olon S.P.A (Italy) for Evolva.
Naringenin (natural (U.S.), 98%, lot #MKBW8466 V),
naringin (≥95% (HPLC), lot #BCBM4171 V), and p-
coumaric acid ≥98% (lot #BCBR8319 V) were purchased
from Sigma-Aldrich. The used organic solvents are indicated in
Table 1.
2.2. Partition Coefficient Determination. The partition

coefficient of the used compounds was determined by the
shake-flask method,19 at the constant temperature of 25 °C.
The experiments were performed in 15 mL Falcon tubes, using

a liquid volume between 9 and 10 mL. The phase ratios were
selected based on a preliminary guess of the partition
coefficient, and, in most instances, a 1:1 ratio was used. The
tubes were shaken for 90 min in a Sartorius Certomat BS-1 at
320 rpm (kinetic experiments were performed in order to
check this was time enough to achieve equilibrium). Afterward,
the tubes were centrifuged at 4000 rpm and 25 °C for 3 min.
Samples were then taken from both phases and analyzed by
UHPLC.
For the experiments with p-coumaric acid, due to its acidic

character which might influence partition, the aqueous phase
consisted of a 10 mM HCl aqueous solution in order to ensure
that the molecule would be in its neutral form.

2.3. Polyphenol Determination by UHPLC. The
quantification of p-coumaric acid, trans-resveratrol, and
naringenin was carried out by UHPLC (Ultimate 3000,
Thermo Scientific, USA) in a C18 column (Acquity UPLC
HSS column, 1.8 μm, 2.1 mm × 100 mm Waters, Milford,
USA). Mobile phase A consisted of 10% formic acid in Milli-Q
water and mobile phase B of 10% formic acid in acetonitrile.
Every run was performed in isocratic mode, with the mobile
phase containing 33.5% B and 66.5% A and flowing at 0.30
mL/min. The detection of p-coumaric acid was performed at
340 nm, trans-resveratrol at 304 nm, naringenin at 289 nm, and
naringin at 283 nm.

2.4. The NRTL-SAC Model. The NRTL-SAC model is an
excess Gibbs energy model, based on the polymer NRTL
model. The activity coefficient of a given compound is taken to
be the sum of a combinatorial (enthalpic) contribution and a
residual (entropic) contribution:

ln( ) ln( ) ln( )i i i
C Rγ γ γ= + (1)

The main difference from the original model is that instead
of modeling the van der Waals interactions on a per molecule
basis, the molecules are represented by four conceptual
segments: X, Y+, Y−, and Z. Each of these segments represents
the hydrophobic, polar, and hydrophilic character of each
molecule, and the interaction energies between each segment
are predefined.17 The full mathematical treatment of this
model can be found elsewhere.17

In this work, the four parameters (X, Y+, Y−, and Z) were
regressed using solid−liquid equilibrium (SLE) data, available
in the literature.20−26 To relate the activity coefficient of the
molecule in solution (γi) to its solubility, a simplified equation
of the solid−liquid equilibrium relation was used:27,28
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Using the previous equation to describe solid−liquid
equilibrium carries some approximations, among them the
following:29

• The melting temperature of a given compound is close
enough to its triple point temperature.

• The solvent is insoluble in the crystal lattice.
• The difference between the liquid and the solid heat

capacities is considered negligible when compared to the
fusion enthalpy.

• It is assumed that the solid−liquid transition occurs at a
defined temperature point (the triple point temper-
ature).

As most of the above-mentioned approximations are not far
from reality, eq 2 has been applied before to the description of

Figure 1. Chemical structure of the polyphenols studied in this work.

Table 1. List of Solvents Used for the Experiments
Performed in This Work

solvent supplier purity

heptane Sigma-Aldrich anhydrous ≥99% (GC)
acetonitrile Sigma-Aldrich HPLC Plus ≥99.9%
isobutyl acetate Fluka Puriss ≈99%
butyl acetate Fluka Purum ≥98.5%
MTBE Fluka anhydrous 99.8%
1-octanol Sigma-Aldrich ACS reagent ≥99%
HCl 37% w/w Sigma-Aldrich ACS reagent 37%
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the solid−liquid equilibrium of polyphenols and found
adequate.28 For the case of naringin, however, one was
confronted with a particular problem: some literature mentions
that it is able to crystallize30 (e.g., in water, as an octahydrate
and with a melting temperature of 83 °C); another study
suggests that it does not solidify in a crystalline structure and
does not have a defined melting point.31 In both cases, the
approximations contained in eq 2 may no longer be valid
(either the water of hydration is not taken into account or
there is no defined melting point). Owing to that, two
approaches were followed in this case: in one of them, an
equation with the same structure as eq 2 was used, but leaving
the melting temperature and enthalpy as regressing parame-
ters; in the other one, the relation between the liquid−liquid
partition coefficient and the activity coefficient of the molecule
in the aqueous and organic phases was used instead:19
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where P is the volume-based partition coefficient, V̅org the
molar volume of the organic phase, and V̅aq is the molar
volume of the aqueous phase. Thus, the liquid−liquid
equilibrium data obtained in this work for naringin was, in
this last approach, not predicted using the NRTL-SAC model.
Instead, it was only used for the purpose of parameter
estimation.

3. RESULTS AND DISCUSSION

3.1. Model Validation Using SLE Data and Solvent
Screening for LLE. The analyzed molecules in this work were
selected from different polyphenol chemical classes. In that
way, different downstream processes could be pictured, and a
more general overview of the NRTL-SAC model prediction
capabilities could be obtained. Both naringenin and naringin
are flavonoids, although naringin has two additional sugar
moieties, rendering it more hydrophilic. The molecule trans-
resveratrol is a hydrophobic stilbenoid, while p-coumaric acid
is a phenolic acid.
As previously mentioned, the data used for the regressed

parameters for the NRTL-SAC model was obtained from
different solid−liquid equilibrium data sets, which are available
in the literature. The used references are described in Table A1
in the Appendix.
For the case of p-coumaric acid, being a weak acid, it is

important to confirm that, in the solubility measurements, its
main molecular form is the neutral form. Otherwise, two
different molecules should be taken into account in the
thermodynamic model. Given the pKa of p-coumaric acid to be
4.6,32 it was checked that for the measured solubility in water,
the neutral species would account for 97% of the total
concentration. Thus, it is considered that the estimated NRTL-
SAC parameters are specified for the neutral molecule.
In order to apply eq 2, melting properties of the considered

polyphenols are needed. This data is provided in Table 2. For
naringin, and as previously mentioned, the melting enthalpy
and melting temperature were added as regressing parameters,
an approach suggested in previous work.33

3.2. Parameter Determination for NRTL-SAC. For the
parameter determination, the following objective function was
used:12

min ln( ) ln( )
X Y Y Z i

i i, , ,

mod exp 2∑ γ γ[ − ]
− +

(4)

In the previous equation, X, Y+, Y−, and Z are the molecular
descriptors used by NRTL-SAC, γi

mod is the activity coefficient
predicted by the model, and γi

exp the experimental activity
coefficient, obtained using SLE data and by applying eq 2.
The needed parameters for the employed solvents were

taken from the original NRTL-SAC paper.17 However,
whenever updated parameters were present in other sources,34

those were used instead.
In order to check the applicability of the NRTL-SAC model

for describing the measured solubility data, its predictions were
compared with the experimental measurements. In Table 3, the

regressed molecular descriptors are indicated, together with the
percentage absolute average deviation (% AAD) (eq 5)
associated with the determined activity coefficients:

N
%AAD 100

1

i

N

i i
1

mod exp∑ γ γ= · | − |
= (5)

This previous parameter measures how distant, on average,
the predicted activity coefficients are from the experimentally
determined ones.
The correlation between experimental data and the

predictions made by the NRTL-SAC model are also graphi-
cally represented in Figure 2.
As depicted in the Figure 2, and also corroborated by the

obtained % AAD values, the NRTL-SAC was able to describe
the observed data satisfactorily for most of the cases. The
obtained average deviation values are also in line with similar
studies.35

3.3. Liquid−Liquid Extraction Experiments. In order to
prove that the predictions made by NRTL-SAC are
concordant with the experimental values, liquid−liquid

Table 2. Chemical Properties of the Targeted Polyphenolsa

polyphenol Mw (g mol−1) Tm (K) ΔHm (kJ mol−1) ref

trans-resveratrol 228.25 541.3 30.6 20
p-coumaric acid 164.15 494.35 34.3 21
naringenin 272.26 523.15 39.8 25
naringinb 580.54 432.3 58.1 this work
aThe melting temperature and the melting enthalpy were used to
obtain the activity coefficient of each polyphenol in solution, using eq
2. bFor this case, the melting temperature and enthalpy were not
measured, but rather estimated from SLE data, using eq 2.

Table 3. Regressed Molecular Descriptor Parameters for the
NRTL-SAC Modela

polyphenol X Y− Y+ Z
% AAD in γ
(SLE data) ref

trans-
resveratrol

0.427 1.768 3.057 0.000 44.2 this
work

p-coumaric
acid

0.545 1.777 1.871 0.75 33.5 this
work

naringenin 0.674 1.271 1.53 0.000 94.6 this
work

naringin 0.190 0.000 2.016 0.748 49.3 this
work

aIt is also included the average absolute deviation between the
experimentally determined activity coefficient and the one determined
by NRTL-SAC.
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extraction experiments were performed and the obtained
partition coefficients compared to those obtained from NRTL-
SAC. From the analysis of the results obtained (see Figure 3),
it was observed that for the case of naringin, although the
model could describe the SLE data quite well (Table 3), the
predictions for the LLE experiments were, in most of the cases,
significantly higher than the experimental points. A possible
explanation is related to the approximations contained in eq 2
to the specific case of naringin. In some literature, this
compound is said to crystallize in water as an octahydrate and

in other solvents as a dihydrate.30 However, for the solid−
liquid equilibrium relation in eq 2 to be valid, the energies of
each dehydration step might have to be included.36 In a
different study, naringin has been observed not to have a
defined melting point, possibly associated with having an
amorphous rather than a crystalline form.31 In this work, two
approaches were followed in order to regress the molecular
descriptor parameter for naringin: in the first one, the SLE data
set available in the literature (indicated in Table A1) was used
for the parameter estimation (first row in Table 4). In the
other one, the same parameters were regressed, but using only
the obtained liquid−liquid partition data in this work (second
row in Table 4).

The overall performance of the NRTL-SAC model in
describing the obtained partition data is indicated in Figure 3.
As shown in Figure 3, the naringin molecule was the one

where the NRTL-SAC model had the worst performance,
except when a different set of parameters was used, based on

Figure 2. Comparison between experimental SLE data and
predictions by NRTL-SAC, after having regressed the parameters
for each polyphenol.

Figure 3. Determined partition coefficients of the four different polyphenols considered in this work. The partition was measured in four different
solvents, for which the NRTL-SAC parameters were already determined. The vertical bars are the obtained experimental values, and the lines
connected by squares are the NRTL-SAC model predictions. Numbers were included in the graphic in order to reference each experimental
condition throughout this article.

Table 4. Regressed Molecular Descriptor Parameters for
Naringin Using the NRTL-SAC Modela

polyphenol X Y− Y+ Z

naringin 0.190 0.000 2.016 0.748
naringinb 0.000 1.462 0.000 0.238

aDue to the difficulty associated with describing the solid−liquid
equilibrium data for the molecule, a new set of parameters was
estimated, using only liquid−liquid partition data. bThe parameters
for this molecule were estimated using only LLE data.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.8b00613
Ind. Eng. Chem. Res. 2018, 57, 9210−9221

9213

http://dx.doi.org/10.1021/acs.iecr.8b00613


the obtained LLE data. In all of the remaining situations, the
predictions were in line with the experiments.
The partition coefficients of trans-resveratrol and naringenin

were not only measured in pure solvents but also in different
mixtures of heptane−isobutyl acetate (Figure 4). The goal with
these experiments was to observe if by varying the amount of
organic polar solvent (isobutyl acetate) to a hydrophobic
solvent (heptane), the partition coefficient of two highly
hydrophobic polyphenols could be fine-tuned. In this case as
well, the NRTL-SAC is able to model the results almost
quantitatively for every data point.
Like for the SLE predictions, the overall performance of the

NRTL-SAC model was compared with the experimental
liquid−liquid partition data. In Figure 5a, the results are
shown when the parameters of naringin were obtained from
SLE data. In Figure 5b, the parameters of naringin were
obtained using only LLE data.

As indicated by the plots depicted in Figure 5, the NRTL-
SAC predictions show a quite strong correlation with the
experimental data, except for the case of naringin. However,
the NRTL-SAC model itself is probably not the reason, but
rather the possible simplified description of naringin solid−
liquid equilibrium as previously mentioned. Either those details
could be incorporated in a more complex thermodynamic
model or the molecular descriptors of naringin (and possibly
other glycosylated polyphenols) may be fitted to experimental
LLE data, as it was performed in Figure 5b. The average
relative error for the situation depicted in Figure 5a was 56%
(35% when discarding naringin) and 40% when naringin
parameters were regressed using LLE data (Figure 5b).
The information obtained up until this point, together with

the newly regressed NRTL-SAC parameters, was used to
propose possible scenarios for the recovery and purification of
the considered polyphenols.

Figure 4. Partition coefficients of trans-resveratrol and naringenin in different mixtures of isobutyl acetate−heptane. The experimental values (solid
squares) are compared with the predictions by NRTL-SAC (solid line). Numbers were included in the graphic in order to reference each
experimental condition throughout this article.

Figure 5. Comparison between experimental LLE data and the predictions made by NRTL-SAC. In graphic (a), all the points were predicted using
the molecular descriptors of naringin, when regressed using SLE data. In graphic (b), the naringin data points were predicted by using the
molecular descriptors when regressed with the LLE data. Numbers were included in the graphic in order to reference each experimental condition
throughout this article.
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3.4. Process Design for Liquid−Liquid Extraction of
Hydrophobic Polyphenols. At this stage, it is important to
determine the desired log P values for the different
polyphenols, so that liquid−liquid extraction occurs as desired.
For the recovery of hydrophobic polyphenols from a
fermentation broth, the preferred log P values should be larger
than 0. The reason is that, if the stream is going to be
concentrated, the minimum solvent/aqueous feed ratio is 1:1.
Moreover, the solvent stream should be able to extract the
polyphenols (recovery depending on the number of stages)
while leaving sugars, proteins, and organic acids behind, due to
their low partition toward organic solvents. Because for those
compounds the log P is lower than 0, purification is obtained if
log P ≥ 0 for the hydrophobic polyphenol. This statement is
supported by obtained partition experimental data of glucose
and proteins in a fermentation broth of C. glutamicum (data
not shown) and on octanol/water partition data of organic
acids present in the literature.37

If purification of closely related polyphenols is intended
(e.g., trans-resveratrol and naringenin), the log P values have to
meet more specific criteria. First of all, if the log P is too large
for both of them, even after one stage of extraction, complete
recovery of both compounds can be achieved as indicated by
the Kremser equation.7

In the following equations, Vr stands for solvent/aqueous
feed volume ratio, Pi is the partition coefficient (volume based)
of compound i, N is the number of column stages, and Puri is
the purity of compound i.
Assuming that the feed stream includes compounds 1 and 2

at 50% purity each and if both partition coefficients are so large
that VrP1 and VrP2 become too large
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So, in the end, no purification occurs, as the purity of
compound 1 remains at 50%. The ideal situation is when VrP1
> 1 and VrP2 ≈ 0. Considering that maximum concentration
factor is desired, that solubility of organic solvents in water is in
the order of 50 g/L, and their density is on the order of 0.8 g/
mL, Vr should be equal or larger than 0.0625. This is
equivalent to saying that the feed stream should not be
concentrated more than 16 times.
Assuming that the feed stream contains two compounds

with 50% purity each and that the target is at least 70% purity,
the log P of the impurity should be 0 < log P ≤ 0.83, and the
log P for the desired compound has to be at least 0.4 units
higher. This information was obtained using the Kremser
equation.
In Figure 6, and based on the regressed parameters for

NRTL-SAC, the partition coefficients of the studied
polyphenols were predicted for a wide list of solvents present
in the NRTL-SAC model database. For the case of p-coumaric
acid, being a weak acid (pKa = 4.6), it is important to
understand how the partition coefficient might vary with pH
since, in some cases of interest, fermentations can occur at a
pH considerably higher than its pKa (e.g., pH 7). Since the

Figure 6. Predictions from NRTL-SAC for the partition coefficients of each polyphenol considered in this work. Each plot aims to compare the
partition of two polyphenols that could be present in the same stream and that would have to be purified.
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performed experiments for p-coumaric acid were performed at
low pH, the partition coefficient at higher pH values (pH >
pKa + 2) was calculated by assuming that the deprotonated
species p-coumarate does not partition to the organic phase:
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In the previous equation, D is the partition coefficient of the
weak acid p-coumaric acid that depends on pH. On the other
hand, P is the partition coefficient of the neutral species.
Four hypothetical situations were considered. The first one

considers a possible purification of trans-resveratrol and p-
coumaric acid from a stream containing both compounds at
low pH (approximately below 4, where most p-coumaric acid is
in its protonated form). The second situation is equivalent but
at pH 7, where p-coumaric acid should be mostly
deprotonated. The remaining two cases represent a hypo-
thetical separation between naringenin and naringin (a
glycosylated and nonglycosylated polyphenol) and between
naringenin and trans-resveratrol (two hydrophobic polyphe-
nols), respectively.

Based on the results presented in Figure 6, one can expect
the purification between naringenin and trans-resveratrol to be
the most difficult one, as they have very similar partition
profiles, the major difference being when heptane is used.
Another important case to mention is naringin. Because it
exhibits negative log P values for the considered solvents, it
might be easy to purify naringin from naringenin but not to
recover naringin from the remaining broth components such as
sugars and proteins. As previously mentioned, a log P value
lower than zero is not desired because that means that the flow
rate of extract phase would need to be larger than the one for
the aqueous stream. Since that would lead to dilution of a
possibly already dilute feed stream (considering the current
low titers in fermentation), other recovery methods, based on
adsorption, for example, would probably be a better option.
Taking into account the previous discussion, two purifica-

tion cases will be analyzed in more depth in the following
section. In the first case, the recovery of a hydrophobic
polyphenol recovery from a typical fermentation broth
(containing hydrophilic compounds as impurities) will be
considered. Next, the recovery and purification of two similar
hydrophobic polyphenolsnaringenin and trans-resveratrol
from a fermentation broth will also be tackled.

3.4.1. LLE Process Design for the Recovery of trans-
Resveratrol. In this section, three different scenarios will be
given for the recovery of trans-resveratrol from a hypothetical
fermentation broth containing other, hydrophilic molecules:
sugars, proteins, and organic acids (pKa ≈ 4.5). As indicated in
the previous section, the goal is to use a solvent to which the
hydrophobic polyphenol can partition with log P ≥ 0. For that,

Figure 7. Conceptual downstream process train for the recovery of trans-resveratrol, a hydrophobic polyphenol, from a fermentation broth
containing hydrophilic impurities. The clarified stream goes through a LLE step, where the polyphenol is preferentially extracted. Afterward, the
desired compound is crystallized, filtered, washed, and dried to obtain the final formulation. The solvent used for the extraction, ethyl acetate, is
distilled and recycled to the extraction column.
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and as shown in Figure 6, almost any oxygenated organic
solvent could meet the purpose.
3.4.1.1. First Scenario: Liquid Extraction with Organic

Solvent. In the first scenario, a liquid−liquid extraction step is
performed with ethyl acetate (Figure 7). The raffinate stream
should contain the unextracted hydrophilic molecules, while
the extract stream should carry the purified and concentrated
trans-resveratrol. Because the solubility of this polyphenol in
ethyl acetate is relatively high, it should be concentrated in a
multiple effect evaporator, before obtaining enough super-
saturation to be crystallized. While the obtained crystals are
filtered, washed with cold water, and dried, the evaporated
solvent is directed to a series of two distillation columns, where
ethyl acetate is recovered and recycled to the extraction
column.
3.4.1.2. Second Scenario: Using an Antisolvent for

Precipitation. In the second proposed scenario, a similar
strategy to the one depicted in Figure 7 is proposed. The
hydrophobic polyphenol is first extracted using an organic
solvent, and the solution is then concentrated near solubility
limit by evaporation. The solvent evaporated in this step is also
recycled back to the process. The difference, in this case, is that
depending on the solvent used in the LLE step (if it can be
made miscible with water or not), heptane or water can be
added as an antisolvent to make the polyphenol precipitate.
This could reduce the amount of energy spent in evaporating
the organic solvent (ethyl acetate in the previous case). As in
the previous case, the organic solvents would be recycled back
to the process by distillation.
3.4.1.3. Third Scenario: Liquid Extraction with Switchable

Solvent. The last, third scenario, is also a small modification to
the first one. For that reason, the same Figure 7 can be taken as
a reference. In this case, the extraction is performed with a
“green” solvent such as an ionic liquid or a switchable solvent.
Assuming that this solvent might have a high boiling point, the
preliminary concentration step by evaporation is skipped. The
polyphenol is instead precipitated by adding water as
antisolvent. For the recovery, instead of using distillation the
used solvent would first be made immiscible with water either
by adding CO2 in the case of the switchable solvent or by
adding an additive or changing the temperature for the case of
the ionic liquid. The two phases would then be separated, for
example, by centrifugation, before recycling them back to the
process.
3.4.2. LLE Process Design for the Recovery and

Purification of trans-Resveratrol and Naringenin. As
previously mentioned, for the goal of purification, the objective
is to have a large selectivity (log P difference of minimum 0.4)
but also to have a relatively low partition coefficient for one of
the compounds (0 < log P ≤ 0.83).
One of the advantages of the NRTL-SAC model is that it

represents each molecule to be composed of different
segments: hydrophobic (X), polar (Y− and Y+), and hydro-
philic (Z). Due to that, it was investigated which value
combination of X, Y−, Y+, and Z for a hypothetical solvent
would lead to an optimal purification scenario, where optimal
is defined as meeting the following constraints:

P P0 (log ) 0.83 (log ) 1.231 2< ≤ ∧ ≥ (9)

Or the other way around:

P P0 (log ) 0.83 (log ) 1.232 1< ≤ ∧ ≥ (10)

For each of the molecular descriptors, their value was varied
from 0 to 1 in 0.1 intervals, and the log P value evaluated. The
result is present in Figure 8.

As it is possible to verify, the predictions made by the
NRTL-SAC model suggest using either a purely hydrophobic
solvent (e.g., hexane) or a relatively hydrophilic solvent. The
issue with the latter is that a solvent with high hydrophilic
character will not be able to form two phases with a water-
based fermentation broth. Thus, that hypothesis was
disregarded. Because not always will a solvent with the desired
hydrophobicity exist or be suitable (hexane, for example, has
carcinogenic effects), one possible strategy for purification is to
use a hydrophobic solvent such as heptane together with an
organic polar solvent (e.g., octyl acetate, methyl ethyl ketone)
in order to adjust the partition coefficient of the desired
molecule. This was demonstrated in the experimental data
shown previously, where the partition coefficients of both
naringenin and trans-resveratrol were obtained for different
heptane/isobutyl acetate mixtures.
Another way of fine-tuning the desired solvent character-

istics for the purification of this polyphenols is to use ionic
liquids. For that reason, the possible applicability of ionic
liquids to the extraction of the polyphenols studied in this work
was also examined. However, due to the relatively small
database of NRTL-SAC parameters available in the literature,38

only some ionic liquids were considered. Those were, from the
indicated reference, the ones that NRTL-SAC predicted to
form a biphasic mixture with water. Their associated molecular
descriptors are indicated in Table A2 in the Appendix.
As it is possible to observe in Figure 9, the application of the

examined ionic liquids seems to be only suitable for a possible
purification scenario of p-coumaric acid and trans-resveratrol.
For the other hypothetical purification steps, and as suggested
by Figure 8, the applied solvents do not show sufficient
hydrophobicity. For that reason, NRTL-SAC predicts hydro-
phobic polyphenols to have a log P value of equal to or larger
than 1, which can make the purification task too challenging
since purification may not be obtained (polyphenols are
coextracted). Nonetheless, it is important to reinforce the idea

Figure 8. Prediction made by NRTL-SAC for the set of molecular
descriptors that would make the optimal solvent for the purification of
naringenin from trans-resveratrol.
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that a very small set of ionic liquids were here evaluated due to
the lack of sufficient parameters for the NRTL-SAC model.
Similarly to the previously proposed polyphenol recovery

scenarios, a possible purification sequence for polyphenols
such as trans-resveratrol and naringenin is indicated in Figure
10. The suggested downstream process can be made almost
completely similar to the previously indicated one (Figure 7),
the only modification being the addition of another liquid−
liquid extraction column, where a second organic solvent is
used. The idea behind this strategy is first to use a solvent that
is able to extract the most hydrophobic polyphenol, naringenin
(e.g., 0.2 molar fraction ethyl acetate in heptane), while leaving
the less hydrophobic, trans-resveratrol, behind. The latter
would be extracted using a more polar solvent mixture (e.g.,
0.6 molar fraction ethyl acetate in heptane).

4. CONCLUSIONS

In this work, it was shown that the NRTL-SAC model could be
applied to the description of liquid−liquid equilibrium data of
complex molecules like polyphenols. Moreover, by only relying
on pre-existent solubility data to regress the needed
parameters, satisfactory predictions of the log P value were
obtained (30% absolute average deviation), proving that the
model is robust despite using a relatively small amount of data.
The major exception occurred with naringin (56% AAD, when
taking it into account), whose log P values were consistently
overpredicted. The proposed explanation relies on the fact that
the used solid-equilibrium equation is not applicable to
amorphous substances but rather to compounds with a defined
melting point. Moreover, different naringin solvates (different

hydrates) might exist in the solid phase, depending on the
solvent where solubility was measured.
The molecular descriptors (X, Y−, Y+, and Z) obtained for

the four polyphenols considered in this study, together with
the Kremser equation, allowed to define and find suitable
solvents or solvent mixtures for applying liquid−liquid
extraction to the recovery and purification of those molecules.
Although the purification of naringin from a water-based
fermentation broth was not studied in detail, the obtained
liquid−liquid equilibrium results suggested that reverse-phase
adsorption might be a more suitable alternative since its
polarity is more similar to the remaining broth components
than the other considered polyphenols.
Concerning the three remaining polyphenols (trans-resver-

atrol, naringin, and p-coumaric acid), two case studies were
addressed in this study. The first one concerned the recovery
of trans-resveratrol from a fermentation broth containing
hydrophilic molecules, namely p-coumaric acid. By relying on
NRTL-SAC, it was shown that, at neutral pH, almost any polar
organic solvent would be able to purify trans-resveratrol while
leaving p-coumaric acid behind (taken as the most challenging
molecule to be removed). The second scenario dealt with the
purification of both naringenin and trans-resveratrol from the
same fermentation broth. In this case, the biggest challenged
relied on the fact that both molecules are similar and highly
hydrophobic. Thus, a binary solvent mixture which would
combine a hydrophobic solvent (e.g., heptane) with a polar
organic solvent (e.g., isobutyl acetate) was found to be one of
the possible ways to fine-tune the partition value of each
molecule in order to achieve separation.

Figure 9. Predictions from NRTL-SAC for the partition coefficients of each polyphenol considered in this work. Each plot aims to compare the
partition of two polyphenols that could be present in the same stream and that would have to be purified. The NRTL-SAC parameters for the
considered ionic liquids are indicated in Table A2 in the Appendix.
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The proposed conceptual downstream process designs for
the two previously mentioned case studies had in consideration
the possible usage of green solvents as ionic liquids or
switchable solvents. Their advantages, like using CO2 to
promote phase-splitting in water or the fact that ionic liquids
are considered “designer” solvents, are highly desired proper-
ties for the design of a liquid−liquid extraction process. Not
only do they present such advantagesamong othersbut by
using NRTL-SAC, the proper ionic liquid may now be
developed with the right combination of hydrophobic−polar−
hydrophilic character. Nonetheless, the lack of the needed
parameters for NRTL-SAC in literature made it impossible not
only to scan a wide database of solvents but also to find ionic
liquids that would present better properties (regarding
extraction capacity and selectivity) than the considered organic
solvents.

■ APPENDIX
Literature data regarding the regressed parameters for the
NRTL-SAC model are provided in Table A1. Associated
molecular descriptors are indicated in Table A2.
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Figure 10. Conceptual downstream process train for the recovery and purification of two similar polyphenols (e.g., trans-resveratrol and
naringenin) from a fermentation broth. The clarified stream goes through a first LLE step, where naringenin is preferentially extracted by a
relatively hydrophobic stream (0.2 molar fraction ethyl acetate in heptane). Connected to it, there is another LLE step where trans-resveratrol,
present in the “raffinate 1” stream, is recovered by using a more polar solvent mixture (0.6 molar fraction ethyl acetate in heptane). After liquid
extraction is complete, both compounds are crystallized, filtered, washed, and dried to obtain the final formulation. The organic solvents are
recovered by using distillation and then recycled to the different extraction columns.
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■ ABBREVIATIONS
NRTL-SAC = nonrandom two-liquid segment activity
coefficient
MPP-UNIFAC = modified polyphenol UNIFAC
LLE = liquid−liquid extraction
SLE = solid−liquid equilibrium
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