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Abstract: This work studies the partition of phenolic compounds, namely caffeic acid, syringic acid,
vanillic acid, ferulic acid, and vanillin, in aqueous two-phase systems (ATPSs) formed by acetonitrile
and deep eutectic solvents (DESs) based on choline chloride ([Ch]Cl) and carbohydrates (sucrose,
D-glucose, D-mannose, arabinose, and D-xylose). The binodal curves built at 25 °C and 0.1 MPa using
DES were compared with ATPS composed of [Ch]CI and the same carbohydrates. The ability to
form ATPS depends on the number and kind of hydroxyl groups in DES’s hydrogen-bond donor
compound (carbohydrates). ATPS based on DES showed biphasic regions larger than the systems
based on [Ch]Cl and carbohydrates alone due to the larger hydrophilicity of DES. The ATPS were used
to study the partition of the phenolic compounds. For all the systems, the biomolecules preferentially
partitioned to the acetonitrile-rich phase (K > 1), and the best recovery in the top phase ranged
between 53.36% (caffeic acid) and 90.09% (vanillin). According to the remarkable results, DES-based
ATPS can selectively separate ferulic acid and vanillin for the top phase and syringic, caffeic, and
vanillic acids for the bottom phase, achieving a selectivity higher than two.

Keywords: deep eutectic solvents; aqueous two-phase system; partition; phenol compounds

1. Introduction

Phenolic compounds are secondary metabolites of plants with one or more aromatic
rings, which allows their classification into some sub-classes, such as phenolic acids,
flavonoids, stilbenes, and lignans [1]. Phenolic acids, with one carboxylic group, present
two distinct carbon frameworks: the hydroxycinnamic (ferulic and caffeic acids) and
hydroxybenzoic (vanillic and syringic acids) structures [2]. Although the basic skeleton
remains, they differ in the number and position of the hydroxyl groups on the aromatic
ring [3]. The health-promoting benefits of phenolic compounds have attracted industrial
interest due to their biological and pharmacological properties, namely antioxidant [4],
anti-inflammatory [5], and anticarcinogenic activities [6], among others. They are also used
in the food industry as antioxidants, improving color stability and sensory acceptance [7].
Daily, humans consume phenolic acids, which are in the estimated range of 25mgto1lg
depending on the diet [8].

These compounds can be extracted from natural matrixes using processes such
as solvent extraction [9,10], pressurized fluid extraction [11,12], supercritical fluid ex-
traction [13,14], ultrasound-assisted extraction [15,16], and microwave-assisted extrac-
tion [17,18]. In addition, after extraction, purification protocols such as aqueous two-phase
systems have been applied to obtain the target molecule with high purity levels [19,20].
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Aqueous two-phase systems (ATPSs) are systems that have been successfully used
in the extraction, concentration, and purification of different biocompounds such as en-
zymes [21], anthocyanins [22], flavonoids [23], dye [24], antibodies [25,26], and phenolic
compounds [27,28] among others due to their versatility, biocompatibility, high efficiency,
high yield, selectivity, low cost, ease scale-up, and technological simplicity [29]. ATPS are
formed when two soluble compounds are mixed above a critical concentration, creating
two immiscible phases [30].

A wide range of compounds has been used as ATPS constituents. Initially, they
were based on polymer—polymer mixtures [31]. However, the viscosity and high cost led
to the development of new systems constituted of polymer salt [32]. Since 2003, those
ATPS formed of ionic liquid salt [33,34], ionic liquid carbohydrates [35], and ionic liquid
polymers [36] have been used. Recently, the efforts of the literature have been focused on
the use of alcohol salt [37], tetrahydrofuran carbohydrates [38], ethanol ionic liquids [39],
and the application of DES as a constituent of ATPS [40,41].

Organic solvents appeared as a low-cost alternative to form ATPS with low viscosity
that could be easily separated from the target biomolecule [42]. Acetonitrile (ACN) is a
colorless, aprotic, and water-soluble solvent used to prepare ATPS [43]. Industrially, ACN
plays an important role in pharmaceutical, cosmetic, and agrochemical processes [44]. DESs
are a novel set of solvents prepared by mixing two or more cheap and safe compounds,
which can interact with each other through hydrogen bonds and van der Walls forces to
form a eutectic mixture [45-47]. These interactions between the hydrogen-bond donor
(HBD) and hydrogen-bond acceptor (HBA) are the driving force for reducing the melting
point of DES when compared with individual components [48]. Usually, quaternary
ammonium salts are used as HBA (choline chloride, fitic acid, proline, and betaine), while
metallic salts, alcohols, and sugars are employed as HBD [49-51]. Thus, the solvents have
advantages such as a wide range of possible combinations, water compatibility, low vapor
pressure, non-flammability, biocompatibility, and biodegradability [52].

Therefore, the main focus of this study was to determine binodal curves based on DES
(formed by choline chloride and carbohydrates) + acetonitrile + water as an environmentally
friendly and low-cost method for partitioning phenol compounds.

2. Results and Discussion
2.1. Binodal Curves

The binodal curves are shown in molality units. This representation was used to
remove any effects related to the differences in the molecular weight of sugar studied to
interpret the mechanisms responsible at the molecular level for phase separation. In all
the phase diagrams, the two-phase region is above the solubility curve, while the single-
phase region is below. The diagrams displaying a larger area above the binodal curve
(immiscibility region) have a greater ability to form two phases.

The ability to form ATPS composed of ACN + [Ch]Cl or ACN + carbohydrates (D-
glucose, D-mannose, arabinose, D-xylose, and sucrose) has been reported in the literature
by [53,54]. Moreover, it is known that these compounds ([Ch]CI and carbohydrates) can
form DES [52,55], and some DESs have been used in the preparation of ATPS with salts [40],
polymers [56], and ACN [57]. However, no previous report on the formation of ATPS based
on DES formed by [Ch]Cl + carbohydrates and ACN has been reported. Figure 1 depicts
the chemical structure of the compounds used to form DES, then ATPS, and finally, the
phenolic compounds partitioned.

In this work, we started by evaluating the effect of the DES hydrogen-bond donor on
their phase formation capability. Figure 2 (Table S1 of Supplementary Materials) depicts
the binodal curve of ATPS based on ACN + DES (molar ratio—1:1) + water at 25 °C and 0.1
MPa. In all the ATPS reported in this work, the top phase is rich in ACN, while the bottom
phase is rich in DES.
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Figure 1. Chemical structure of ATPS constituents and phenolic compounds used in this work.
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Figure 2. Binodal curves of ATPS based on ACN + DES (molar ratio 1:1) + water at 25 °C and 0.1 MPa.
DES: (o) [Ch]Cl:Suc, (¢) [Ch]CL:Glc, () [Ch]Cl:Ara, () [Ch]Cl:Man, and (e) [Ch]CL:XyL

The ability of DES to form two-phase systems is expressed by the proximity of the
binodal curve to the origin of the Cartesian axis. The rank of biphasic system formation
using DES ([Ch]Cl:Suc > [Ch]CL:Glc =~ [Ch]Cl:Man > [Ch]Cl:Ara > [Ch]Cl:Xyl) follows the
same order previously observed for ATPS based on carbohydrates, and ionic liquids [34],
ACN [54], or tetrahydrofuran [58]. The DESs employed in this study differ only on the
carbohydrate used as a hydrogen-bond donor. The number of hydroxyl groups present
in the disaccharide (sucrose-Suc) is higher than in monosaccharides (D-glucose—Glc,
arabinose—Ara, D-mannose-Man, and D-xylose—-Xyl), allowing a higher affinity and ability
to form hydrogen bonds between these compounds and water, and consequently, to
promote more intensely the sugaring-out effect and separation of phases [34,54]. The
aldo-hexoses (with five hydroxyl groups), such as Gluc and Man, are more able to form
hydrogen bonds and induce phase separation than aldo-pentoses (with four hydroxyl
groups), namely Ara and Xyl [58]. The difference in the capability to phase separate for
DES based on monosaccharides with an equal number of hydroxyls is related to the number
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of the more-accessible equatorial hydroxyls (Ne-OH): Glu (4.6), Xyl (3.5), Man (3.3), and
Ara (2.6) [59,60]. The Ne-OH has the highest hydration capability, stabilizing the water
structure [61,62].

The effect of the molar ratio between the HBA:HBD ([Ch]Cl:carbohydrate) compounds
of DES preparation was evaluated in the ATPS formation and is reported in Figure 3 and
Tables S2 and S3 of Supplementary Materials), which can also compare the binodal curves
based on ACN + DES with those formed by ACN + carbohydrates and ACN + [Ch]CI [54].

309 g 30 4

o
40 " (a) [Ch]CL:Su o " (b) [Ch]CLGle
25 ] en . ®_1:1;0-12; 0-21 25 1 .E o_1:;0_12 021
e
a0 b ~20
i &
g E% " 2 1
g 15 . =
= b, <
L 4 L
% 10 e a . a 3} 10 a [ a
oo %0, o . [] < [
5 L7 ° . 5 %
N .
0 0

%)
S

[Ch]Cl:Suc, [Ch]CI or Suc (mol kg™)

[Ch]CI:Glc, [Ch]CI or Glc (mol.kg™)

30 4 o
- -
° M . [] o
25 & - (c) [Ch]Cl:Man 25 o . (d) [Ch]Cl:Ara
~ ‘:“: LY ®-1:1;,0-12;, 0-2:] LY o-11;0-12 0-2]
201 @8 % " 20 ] ’!. o "
g i o '] a ° . ]
° o - y] L] L]
g15 LY T, . =159 S ° .
o 5 = % o
Gio] %, o . e %, o -
< .'.o\.'-. 9 q "o i 6 <X ° g " e
%% oo O = .Y e o L]
. o L]
51 .g..o.. u... o . 54 Oou.‘o. LI
0 T 0 T T T T
1 2, 3 4 1 2 3 4
[Ch]Cl:Man, [Ch]CI or Man (mol.kg™) [Ch]Cl:Ara, [Ch]CI or Ara (mol.kg™)
30 ;
L]
251 e . (e) [Ch]CI:Xyl
i L3 ®_11; 012 0-21
L] -
207 8% o L8
[ o9 (]
15 g - .
=] % a
A S
g @
10 % %, R
@ Tl o @ "o
< 5 ] L4 e r "
0

[Ch]CI:Xyl, [Ch]CI or Xyl (molkg™)

Figure 3. Binodal curves of ATPS based on ACN at 25 °C and 0.1 MPa. ACN + [Ch]CI—M [53]; ACN
+ carbohydrates— [54]; (a): [Ch]CL:Su—(e—1:1; e—1:2, and e—2:1); (b): [Ch]CL:Glc (e—1:1; e—1:2,
and e—2:1); (c): [Ch]Cl:Man (e—1:1; e—1:2, and e—2:1); (d) [Ch]Cl:Ara (e—1:1; e—1:2, and e—2:1);
(e) [Ch]CL: Xyl (e—1:1; e—1:2, and e—2:1).

In the systems formed here by DES + ACN + water, the order of ease of phase
formation is as follows: 1:1 < 2:1 < 1:2 (HBA:HBD—[Ch]Cl:carbohydrate). In these sys-
tems, the DES constituents are more hydrophilic (expressed as log kow—[Ch]Cl = —4.66;
Suc = —4.53; Glc = —2.93; Man = —2.93; Ara = —2.94 and Xyl = —2.30) than acetonitrile
(log kow = —0.17) [63]. Therefore, the higher the presence of the hydrophilic component,
the easier the phase separation. Additionally, the formation of DES must provide more
hydrophilicity to the constituent than pure constituents. For this reason, the systems formed
by [Ch]CI or carbohydrates are further away from the axes ([Ch]Cl < carbohydrates < DES)
and consequently, less easily promote phase separation. Farias et al. [56], using aqueous
two-phase systems formed by DES ([Ch]Cl:carbohydrates) and K;HPOy, observed an order
opposite to that found in this work. This inversion is justified, as ACN is more hydrophobic
than K;HPOy, requiring a more hydrophobic constituent than salt.

2.2. Partition of Phenolic Compounds

The application of the ATPS studied was investigated through the partitioning of
theoretical phenolic compounds from their standards, such as caffeic acid (log kow = 1.424),
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ferulic acid (log kow = 1.671), vanillic acid (log kow = 1.324), syringic acid (log kow = 1.129),
and vanillin (log kow = 1.19) [64]. Figure 4 (Tables 54 and S5 of Supplementary Materials)
showed the partition coefficient (K) and recovery in the top phase (Rt).

(a)

[Ch]CI:Xyl [Ch]CL:Gle [Ch]Cl:Man [Ch]Cl:Ara [Ch]Cl:Suc
(b)
[ChICI:Xyl [ChICI:Glc [ChICI:Man [Ch]CI:Ara [Ch]CI:Suc

Figure 4. Partition coefficient (a) and recovery in top phase (b) for ATPS based on ACN + DES
(molar ratio 1:1) + water at 25 °C and 0.1 MPa. BM—caffeic acid, B—syringic acid, —vanillic acid,
B—ferulic acid, and B—vanillin.

For the all the system, a 1:1 molar ratio was chosen, this would allow us to better under-
stand the effects of partitioning without any preponderance of one of the DES constituents.
The phenolic compounds partition to the ACN-rich phase (K >> 1) due to the hydrophobic
nature of the biomolecules, which are more compatible with ACN (log kow = —0.17) than
carbohydrates (—4.53 < log k < —2.30) and [Ch]CI (log kow = —4.66) used to prepare the
DES. Cardoso et al. [54] attributed the preferential migration of vanillin to the top phase
to the hydrophobic characteristics of vanillin being compatible with acetonitrile, as well
as reporting values close to the recovery of vanillin in the systems composed of ACN
+ carbohydrates. Le et al. [65] also demonstrated the preferential partition of phenolic
compounds from coffee pulps to the ethanolic phase in the systems formed by ethanol,
water, and (NHy4),SO4. In DES systems, the difference resided only in the carbohydrates
(HBD), so we will analyze its effect. In most cases, the increasing order of the partition
coefficients of phenolic compounds is in accordance with the log kow Suc < Ara < Man <
Glc < Xyl; however, the exception is vanillin. The recoveries for caffeic and syringic acid
in the top phase are less than 50%. However, in the opposite phase of the system, the
recoveries of these compounds were higher than 50%. In contrast, values between 50 and
90% recovery at the top for the other phenol compounds demonstrate the possibility of
carrying out an elective separation.
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To compare the different compounds partitioning, Figure 5 (Tables S6 and S7 of
Supplementary Materials) depicted the partition coefficient and top phase recovery for
the system based on ACN + [Ch]CL:Glc, Glc, or [Ch]Cl at 25 °C and 0.1 MPa. The systems
based on D-glucose were chosen for the comparison due to the highest K and Ry value
for DES-based Glu and has a commercial value (USD 60.30/Kg) lower than that of xylose
(USD 72.10/Kg) in July 2024.

(@)

[Ch]CLGlc Gl [Ch]CI

(b)

[Ch]CL:Gle Gle [Ch]Cl

Figure 5. Partition coefficient (a) and recovery in top phase (b) for ATPS based on ACN + [Ch]CL:Glc
(molar ratio 1:1), Glc, or [Ch]Cl+ water at 25 °C and 0.1 MPa. M—caffeic acid, B—syringic acid,
—vanillic acid, M—ferulic acid and l—vanillin.

The system containing D-glucose as a salting-out agent was observed to be the most
effective, generating higher partition coefficients of phenolic compounds. The decrease
observed with the replacement of Glc by [Ch]Cl may be associated with the higher hy-
drophilicity of [Ch]Cl. The system based on DES [Ch]Cl:Glc presented intermediate par-
tition coefficient values, possibly influenced by [Ch]CIL. The recoveries in the top phase
mostly follow the trend observed for the partition coefficient and varied between 26.71 and
53.36% (caffeic acid), 26.84 and 61.72 (syringic acid), 28.81 and 66.28 (vanillic acid), 60.48
and 83.71 (ferulic acid), and 75.93 and 90.09 (vanillin). It's well known that DES improves
stability, prolongs useful life, in addition to improving antioxidant and anti-inflammatory
properties, among others, due to its network of hydrogen bonds formed by natural origin
products. Therefore, we believe that using DES to recover biocompounds of pharmaceutical
and cosmetic interest is the best way forward. Rosario et al. [66] reported using ACN as
an adjuvant to ATPS based on polyethylene glycol (PEG) and potassium phosphate, in
which extraction efficiencies of around 80% were achieved for the saline phase for phe-
nolic compounds. Claudio et al. [67] also demonstrated the same partitioning behavior
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for phenolic compounds in ATPS composed of ionic liquids based on imidazolium and
potassium phosphate. Lima et al. [68] achieved extraction values of 98% for anthocyanins
from grape skins in systems consisting of [Comim]OAc + potassium phosphate. Meng
et al. [69] showed optimum increases in the solubility of phenolic compounds in systems
consisting of DES (choline chloride + lactic acid or ethylene glycol) + potassium phosphate.

3. Materials and Methods
3.1. Materials

The ATPS studied were composed of monosaccharides such as D-glucose (>99 wt%), D-
mannose (>98 wt%), D-xylose (>98 wt%), arabinose (>99 wt%), and disaccharides (sucrose,
>98 wt%), choline chloride (>98 wt%), and acetonitrile (>99 wt%). The target biomolecules
used in the partition studies were caffeic acid (>98 wt%), syringic acid (>98 wt%), vanillic
acid (>98 wt%), ferulic acid (>99 wt%), and vanillin (>99 wt%). All the chemical compounds
were purchased from Sigma-Aldrich (St. Louis, MO, USA), and ultrapure water was em-
ployed in all the experiments (Ultrapure type 1, water Direct-Q3®UV, Darmstadt, Germany).

3.2. Preparation of Deep Eutectic Solvent

Three molar ratios (1:1, 1:2, and 2:1) of choline chloride (hydrogen-bond accep-
tor) and carbohydrates (hydrogen-bond donors) were used for preparing the DESs D-
(+)glucose:choline chloride ([Ch]Cl:Glc), D(+)-mannose:choline chloride ([Ch]Cl:Man),
D-(+)-xylose:choline chloride ([Ch]Cl:Xyl), L-(+)-arabinose:choline chloride ([Ch]ClAra),
and sucrose:choline chloride ([Ch]Cl:Suc) by the heating method proposed by Dai et al. [70]
with modifications. Briefly, the two-component mixture and sufficient water content for
dissolution were added in a round-bottle flask with a stirring bar and closed with a cap.
The water content of each DES formed was then measured, and this amount of water
was deducted to form the ATPS. The set was heated in a water bath (Marconi MA-127,
Piracicapa, Brazil) until the components dissolved and produced a clear liquid (70-100 °C)
under vigorous agitation—180 rpm (Tecnal TE-0854, Piracicaba, Brazil).

3.3. Binodal Curve

The liquid-liquid equilibrium phase diagrams were built using the cloud-point [71]
method and different combinations of constituents (ACN + [CH]CI + water, ACN + carbo-
hydrates + water, and ACN + DES + water) at 25 °C at 0.10 MPa. Stock solutions of DES
(80 wt%) and ACN (80 wt%) were previously prepared and used for the binodal curve
determination. The ACN aqueous solution was drop-wise added to the DES aqueous
solution under constant magnetic stirring (Tecnal TE-085, Piracicaba, Brazil) until the visual
detection of the formation of a cloudy solution (biphasic region), followed by the drop-wise
addition of ultrapure water until to observe a clear and limpid solution (monophasic area).
The procedure was repeated several times in order to obtain enough points for the binodal
curve, which was determined gravimetrically—deviation & 10~ g (Shimadzu AUW220D,
Kyoto, Japan). The binodal curves for the systems composed of ACN + [Ch]C] + water
and ACN + carbohydrates + water at 25 °C and 0.10 MPa were previously reported in the
literature [53,54].

3.4. Partition of Phenolic Compounds on ATPS

A common mixing point for all the studied ATPS was chosen for the different binodal
curves (ACN—30 wt%, DES or carbohydrate, or [Ch]JCl—30 wt% and water 40 wt%)
and used for the study of the phenolic compounds partition. The ATPS was prepared in
centrifuge tubes (15 mL) by weighing the suitable amount of each constituent of the system
and the phenolic compounds (23 mg-L~!). The system was vigorously stirred (Tecnal TE-
062, Piracicaba, Brazil) and centrifuged at 3000 rpm and 25 °C for 10 min (Hettich Universal
320R, Kirchlengern, Germany). In order to reach the thermodynamic equilibrium, the
tubes were left in a thermostatic bath at 25 °C for at least 4 h (Marconi MA-127, Piracicapa,
Brazil). The top and bottom phases were carefully separated using a long needle syringe
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and a pipette, respectively. The volume of each phase was initially determined, and the
concentration of phenolic compounds was measured. At least three independent replicates
were prepared to determine each parameter’s averages and standard deviations.

The phenolic compounds concentrations were measured in each phase using a spec-
trophotometer (Varian Cary 50 Bio UV-Vis, Palo Alto, CA, USA) at 317 nm (caffeic acid),
271 nm (syringic acid), 316 nm (ferulic acid), 257 nm (vanillic acid), and 280 nm (vanillin).
The calibration curves were previously established using different concentrations of tar-
get biomolecules, applying either water (calibration curve) or the corresponding phase
being analyzed (partitioning process) as a blank solution, which corresponds to the system
without the target biomolecules, i.e., only ACN + DES + water.

The partition coefficient (K) was determined as the ratio between the biomolecule
concentration in the top and bottom phases (Equation (1)).

_Cr

K=
Cp

1)
where C represents the phenolic compound concentration and the subscripts T and B
represent the top and the bottom phase, respectively.

The phenolic compounds recovery in the top phase was assessed as follows (Equa-
tion (2)):
B 100
14 1/(K x Ry)

where Ry is the volumetric ratio between the volumes of the top and bottom phases.
The selectivity (S) of the systems was determined by the ratio between the partition
coefficients of two biomolecules (i and j) under study (Equation (3)).

Rt 2)

S=_1 3)

4. Conclusions

Aqueous two-phase system formed by acetonitrile + deep eutectic solvents + water
at 25 °C and 0.1 MPa. The DES used in this study was based on choline chloride ([Ch]CI)
and carbohydrates (sucrose, D-glucose, D-mannose, arabinose, and D-xylose). The ability of
phase-forming components to form ATPS follows a trend in relation to the number and
type of hydroxyls present in the DES-forming carbohydrate, which are the driving forces
for phase separation. The higher molar quantity of carbohydrates (1:2) and [Ch]CI (2:1)
in the DES, when compared with the molar ratio 1:1, provides the largest area of phase
separation, also resulting from the hydrophilic-hydrophobic balance and possibilities of
forming hydrogen bonds with the water in the system. The ATPS were used to study the
partition of the phenolic compounds. Due to their hydrophobic compatibility, the phenolic
compounds migrated to the top phase (ACN-rich phase). However, one can selectively
separate ferulic acid and vanillin for the top phase (Rt > 60% and S > 2.05) from caffeic,
syringic, and vanillic acids for the bottom phase (Rt < 50% and S < 1.96). According to
these results, these novel ATPS can be proposed as alternative and economically attractive
platforms to recover phenolic compounds from real matrices.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29184383/s1, Table S1: Experimental binodal mass
fraction data for the system composed of DES 1:1 (1) + ACN (2) + water (3) at 25 °C and 0.1 MPa;
Table S2: Experimental binodal mass fraction data for the system composed of DES 1:2 (1) + ACN (2)
+ water (3) at 25 °C and 0.1 MPa; Table S3: Experimental binodal mass fraction data for the system
composed of DES 2:1 (1) + ACN (2) + water (3) at 25 °C and 0.1 MPa; Table S4: Partition coefficients
(K) of different biomolecules using ATPS based on DES + ACN + water at 25 °C and 0.10 MPa;
Table S5: Top recovery (Rt) of different biomolecules using ATPS based on DES + ACN + water at
25 °C and 0.10 MPa; Table Sé: Partition coefficients (K) of different biomolecules using ATPS based
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on [Ch]CL:Glc, Glucose, or [CH]CI + ACN + water at 25 °C and 0.10 MPa; Table S7: Top recovery (Rt)
of different biomolecules using ATPS based on [Ch]CL:Glc, Glucose, or [CH]CI + ACN + water at
25 °C and 0.10 MPa.

Author Contributions: Conceptualization, ASL. and RLS,; methodology, IN.S. and L.C.VR;;
software, L.C.V.R; validation, ES.B. and C.M.ES,; formal analysis, LN.S.; investigation, I.N.S.; data
curation, A.S.L; writing—original draft preparation, LN.S.; writing—review and editing, AS.L.and
FE.S.B.; visualization, CM.ES.; supervision, ASL.and RLS,; project administration, ASL; funding
acquisition, A.S.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The authors thank CNPq for the scholarship of A.S.L. (306073/2023-4), and
CAPES and Fundacao de Amparo a Pesquisa e Inovacao Tecnologica do Estado de Sergipe—FAPITEC
for scholarship of I.N. Souza. Buarque, F.S. acknowledge the scholarship grant from FAPER]: E-
26/204.344/2021.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Li, AN, Li, S; Zhang, Y.J.; Xu, X.R.; Chen, YM.; Li, H.B. Resources and biological activities of natural polyphenols. Nutrients
2014, 6, 6020-6047. [CrossRef] [PubMed]

2. Stalikas, C.D. Extraction, separation, and detection methods for phenolic acids and flavonoids. J. Sep. Sci. 2007, 30, 3268-3295.
[CrossRef] [PubMed]

3.  Kim, K.H; Tsao, R;; Yang, R.; Cui, S.W. Phenolic acid profiles and antioxidant activities of wheat bran extracts and the effect of
hydrolysis conditions. Food Chem. 2006, 95, 466—473. [CrossRef]

4. Jeszka-Skowron, M.; Krawczyk, M.; Zgota-Grzeskowiak, A. Determination of antioxidant activity, rutin, quercetin, phenolic acids
and trace elements in tea infusions: Influence of citric acid addition on extraction of metals. J. Food Compos. Anal. 2015, 40, 70-77.
[CrossRef]

5. Kang, J.; Thakali, KM.; Jensen, G.S.; Wu, X. Phenolic acids of the two major blueberry species in the us market and their
antioxidant and anti-inflammatory activities. Plant Foods Hum. Nutr. 2015, 70, 56-62. [CrossRef] [PubMed]

6. Roleira, EML.E; Tavares-da-Silva, E.J.; Varela, C.L.; Costa, S.C.; Silva, T.; Garrido, J.; Borges, F. Plant derived and dietary phenolic
antioxidants: Anticancer properties. Food Chem. 2015, 183, 235-258. [CrossRef]

7. Albuquerque, B.R.; Heleno, S.A; Oliveira, B.; Barros, L.; Ferreira, I.C.ER. Phenolic compounds: Current industrial applications,
limitations and future challenges. Food Funct. 2021, 12, 14-29. [CrossRef]

8. Clifford, M.N. Chlorogenic acids and other cinnamates—Nature, occurrence and dietary burden. J. Sci. Food Agric. 1999, 79,
362-372. [CrossRef]

9. Milagros, A.L.; Argimiro, R.; Miguel, R.; Tangil, S. The effects of solvents on the phenolic contents and antioxidant activity of
Stypocaulon scoparium algae extracts. Food Chem. 2011, 125, 1104-1109.

10. Redha, A.A. Review on extraction of phenolic compounds from natural sources using green deep eutectic solvents. . Agric. Food
Chem. 2021, 69, 878-912. [CrossRef]

11.  Setyaningsih, W.; Saputro, L.E.; Palma, M.; Barroso, C.G. Pressurized liquid extraction of phenolic compounds from rice (Oryza
sativa) grains. Food Chem. 2016, 192, 452-459. [CrossRef]

12.  Silva, L.C.; Souza, M.C,; Sumere, B.R; Silva, L.G.S.; Cunha, D.T.; Barbero, G.E; Bezerra, RM.N.; Rostagno, M.A. Simultaneous
extraction and separation of bioactive compounds from apple pomace using pressurized liquids coupled on-line with solid-phase
extraction. Food Chem. 2020, 318, 126450. [CrossRef] [PubMed]

13.  Walters, M.; Ribeiro, A.P.L.; Hosseinian, F.; Tsopmo, A. Phenolic acids, avenanthramides, and antioxidant activity of oats defatted
with hexane or supercritical fluid. J. Cereal Sci. 2018, 79, 21-26. [CrossRef]

14. Buelvas-Puello, L.M.; Franco-Arnedo, G.; Martinez-Correa, H.A.; Ballesteros-Vivas, D.; Sanchez-Camargo, A.D.P.; Miranda-
Lasprilla, D.; Narvaez-Cuenca, C.-E.; Parada-Alfonso, F. Supercritical fluid extraction of phenolic compounds from mango
(Mangifera indica L.) seed kernels and their application as an antioxidant in an edible oil. Molecules 2021, 26, 7516. [CrossRef]

15. Dahmoune, F.; Spigno, G.; Moussi, K.; Remini, H.; Cherbal, A.; Madani, K. Pistacia lentiscus leaves as a source of phenolic com-
pounds: Microwave-assisted extraction optimized and compared with ultrasound-assisted and conventional solvent extraction.
Ind. Crops Prod. 2014, 61, 31-40. [CrossRef]

16. Yusoff, M.; Taher, ZM.; Rahmat, Z.; Chu, L.S. A review of ultrasound-assisted extraction for plant bioactive compounds: Phenolics,

flavonoids, thymols, saponins and proteins. Food Res. Int. 2022, 157, 111268. [CrossRef]


https://doi.org/10.3390/nu6126020
https://www.ncbi.nlm.nih.gov/pubmed/25533011
https://doi.org/10.1002/jssc.200700261
https://www.ncbi.nlm.nih.gov/pubmed/18069740
https://doi.org/10.1016/j.foodchem.2005.01.032
https://doi.org/10.1016/j.jfca.2014.12.015
https://doi.org/10.1007/s11130-014-0461-6
https://www.ncbi.nlm.nih.gov/pubmed/25535004
https://doi.org/10.1016/j.foodchem.2015.03.039
https://doi.org/10.1039/D0FO02324H
https://doi.org/10.1002/(SICI)1097-0010(19990301)79:3%3C362::AID-JSFA256%3E3.0.CO;2-D
https://doi.org/10.1021/acs.jafc.0c06641
https://doi.org/10.1016/j.foodchem.2015.06.102
https://doi.org/10.1016/j.foodchem.2020.126450
https://www.ncbi.nlm.nih.gov/pubmed/32151921
https://doi.org/10.1016/j.jcs.2017.09.010
https://doi.org/10.3390/molecules26247516
https://doi.org/10.1016/j.indcrop.2014.06.035
https://doi.org/10.1016/j.foodres.2022.111268

Molecules 2024, 29, 4383 10 of 12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Pinela, J.; Prieto, M.A.; Carvalho, A.M.; Barreiro, M.E,; Oliveira, M.B.P.P,; Barros, L.; Ferreira, I.C.ER. Microwave-assisted
extraction of phenolic acids and flavonoids and production of antioxidant ingredients from tomato: A nutraceutical-oriented
optimization study. Sep. Purif. Technol. 2016, 164, 114-124. [CrossRef]

Tomasi, T.; Santos, S.C.R.; Boaventura, R.A.R.; Botelho, C.M.S. Optimization of microwave-assisted extraction of phenolic
compounds from chestnut processing waste using response surface methodology. J. Clean. Prod. 2023, 395, 136452. [CrossRef]
Michalkiewicz, A.; Biesaga, M.; Pyrzynska, K. Solid-phase extraction procedure for determination of phenolic acids and some
flavonols in honey. J. Chromatogr. A 2008, 1187, 18-24. [CrossRef]

Fan, D,; Jia, L.; Xiang, H.; Peng, M.; Li, H.; Shi, S. Synthesis and characterization of hollow porous molecular imprinted polymers
for the selective extraction and determination of caffeic acid in fruit samples. Food Chem. 2017, 224, 32-36. [CrossRef]

Buarque, E.S.; Carniel, A ; Ribeiro, B.D.; Coelho, M.A.Z. Selective enzymes separation from the fermentation broth of Yarrowia
lipolytica using aqueous two-phase system based on quaternary ammonium compounds. Sep. Purif. Technol. 2023, 324, 124539.
[CrossRef]

Sang, J.; Dang, K.K.; Ma, Q.; Li, B.; Huang, Y.Y,; Li, C.Q. Partition Behaviors of Different Polar Anthocyanins in Aqueous
Two-Phase Systems and Extraction of Anthocyanins from Nitraria tangutorun Bobr. and Lycium ruthenicum Murr. Food Anal.
Methods 2018, 11, 980-991. [CrossRef]

He, F; Li, D.; Wang, D.; Deng, M. Extraction and purification of quercitrin, hyperoside, rutin, and afzelin from Zanthoxylum
Bungeanum maxim leaves using an aqueous two-phase system. J. Food Sci. 2016, 81, C1593-C1602. [CrossRef]

Jorge, AM.; Athira, KK.; Alves, M.B.; Gardas, R.L.; Pereira, ].F. Textile dyes effluents: A current scenario and the use of aqueous
biphasic systems for the recovery of dyes. |. Water Proces. Eng. 2023, 55, 104125. [CrossRef]

Campos-Pinto, I.; Espitia-Saloma, E.; Rosa, S.A.S.L.; Rito-Palomares, M.; Aguilar, O.; Arévalo-Rodriguez, M.; Aires-Barros, M.R,;
Azevedo, A M. Integration of cell harvest with affinity-enhanced purification of monoclonal antibodies using aqueous two-phase
systems with a dual tag ligand. Sep. Purif. Technol. 2017, 173, 129-134. [CrossRef]

Leite, A.C.L.; Nascimento, T.P.; Cunha, M.N.C.; Mehari, Y.; Berger, E.; Scheich, D.; Lingg, N.; Jungbauer, A. Purification of
secretory IgA monoclonal antibodies enriched fraction directly from cell culture medium using aqueous two-phase systems. Int.
J. Biol. Macromol. 2024, 275, 133581. [CrossRef]

Almeida, M.R,; Passos, H.; Pereira, M.M.; Lima, A.S.; Coutinho, J.A.P,; Freire, M.G. Ionic liquids as additives to enhance the
extraction of antioxidants in aqueous two-phase systems. Sep. Purif. Technol. 2014, 128, 1-10. [CrossRef]

Santos, A.; Gomes, P.G.C.; Buarque, FS.; Soares, C.M.E; Bjerk, T.R.; Lima, A.S. Novel strategy for extraction and partitioning of
phenol compounds from industrial residue of seriguela (Spondia purpurea L.) using aqueous two-phase systems. Food Bioprod.
Process 2023, 141, 219-229. [CrossRef]

Rito-Palomares, M. Practical application of aqueous two-phase partition to process development for the recovery of biological
products. J. Chromatogr. B 2004, 807, 3-11. [CrossRef]

Garza-Madrid, M.; Rito-Palomares, M.; Serna-Saldivar, S.O.; Benavides, J. Potential of aqueous two-phase systems constructed on
flexible devices: Human serum albumin as proof of concept. Process Biochem. 2010, 45, 1082-1087. [CrossRef]

Diamond, A.D.; Hsu, J.T. Protein partitioning in PEG/dextran aqueous two-phase systems. AIChE ]. 1990, 36, 1017-1024.
[CrossRef]

Zafarani-Moattar, M.T.; Sadeghi, R. Phase diagram data for several PPG + salt aquous biphasic system at 25 °C. J. Chem. Eng.
Data 2001, 50, 947-950. [CrossRef]

Gutowski, K.E.; Broker, G.A.; Willauer, H.D.; Huddleston, ].G.; Swatloski, R.P.; Holbrey, ].D.; Rogers, R.D. Controlling the aqueous
miscibility of ionic liquids: Aqueous biphasic systems of water-miscible ionic liquids and water-structuring salts for recycle,
metathesis, and separations. J. Am. Chem. Soc. 2003, 125, 6632-6633. [CrossRef] [PubMed]

Freire, M.G.; Louros, C.L.S.; Rebelo, L.P.N.; Coutinho, ].A.P. Aqueous biphasic systems composed of a water-stable ionic liquid +
carbohydrates and their applications. Green. Chem. 2011, 13, 1536-1545. [CrossRef]

Chen, Y.; Meng, Y.; Zhang, S.; Zhang, Y.; Liu, X.; Yang, J. Liquid-liquid equilibria of aqueous biphasic systems composed of
1-butyl-3-methyl imidazolium tetrafluoroborate + sucrose/maltose + water. J. Chem. Eng. Data 2010, 55, 3612-3616. [CrossRef]
Claudio, A.EM.; Freire, M.G.; Freire, C.S.R,; Silvestre, A.].D.; Coutinho, J.A.P. Extraction of vanillin using ionic-liquid-based
aqueous two-phase systems. Sep. Purif. Technol. 2010, 75, 39-47. [CrossRef]

Xi, J.; Zhou, X.; Wang, Y.; Wei, S. Short-chain alcohol/salt-based aqueous two-phase system as a novel solvent for extraction of
plant active ingredients: A review. Trends Food Sci. Technol. 2023, 138, 74-84. [CrossRef]

Sousa, K.M.; Maciel, G.E.; Buarque, ES.; Santos, A.J.; Marques, M.N.; Cavalcanti, E.B.; Lima, AS. Novel phase diagrams of
aqueous two-phase systems based on tetrahydrofuran+ carbohydrates+ water: Equilibrium data and partitioning experiments.
Fluid. Phase Equilibria 2017, 433, 1-9. [CrossRef]

Buarque, ES.; Guimaraes, D.E.; Soares, C.M.; Souza, R.L.; Pereira, M.M.; Lima, A.S. Ethanolic two-phase system formed by
polypropylene glycol, ethylene glycol and/or ionic liquid (phase-forming or adjuvant) as a platform to phase separation and
partitioning study. J. Mol. Lig. 2021, 344, 117702. [CrossRef]

Li, N.; Wang, Y;; Xu, K,; Huang, Y.; Wen, Q.; Ding, X. Development of green betaine-based deep eutectic solvent aqueous
two-phase system for the extraction of protein. Talanta 2016, 152, 23-32. [CrossRef]

Zhao, R.T; Pei, D.; Yu, PL.; Wei, ].T.; Wang, N.L.; Di, D.L.; Liu, YYW. Aqueous two-phase systems based on deep eutectic solvents
and their application in green separation processes. . Sep. Sci. 2020, 43, 348-359. [CrossRef] [PubMed]


https://doi.org/10.1016/j.seppur.2016.03.030
https://doi.org/10.1016/j.jclepro.2023.136452
https://doi.org/10.1016/j.chroma.2008.02.001
https://doi.org/10.1016/j.foodchem.2016.12.042
https://doi.org/10.1016/j.seppur.2023.124539
https://doi.org/10.1007/s12161-017-1071-3
https://doi.org/10.1111/1750-3841.13331
https://doi.org/10.1016/j.jwpe.2023.104125
https://doi.org/10.1016/j.seppur.2016.09.017
https://doi.org/10.1016/j.ijbiomac.2024.133581
https://doi.org/10.1016/j.seppur.2014.03.004
https://doi.org/10.1016/j.fbp.2023.08.011
https://doi.org/10.1016/j.jchromb.2004.01.008
https://doi.org/10.1016/j.procbio.2010.03.026
https://doi.org/10.1002/aic.690360707
https://doi.org/10.1021/je049570v
https://doi.org/10.1021/ja0351802
https://www.ncbi.nlm.nih.gov/pubmed/12769563
https://doi.org/10.1039/c1gc15110j
https://doi.org/10.1021/je100212p
https://doi.org/10.1016/j.seppur.2010.07.007
https://doi.org/10.1016/j.tifs.2023.06.001
https://doi.org/10.1016/j.fluid.2016.11.001
https://doi.org/10.1016/j.molliq.2021.117702
https://doi.org/10.1016/j.talanta.2016.01.042
https://doi.org/10.1002/jssc.201900991
https://www.ncbi.nlm.nih.gov/pubmed/31701666

Molecules 2024, 29, 4383 11 of 12

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Ooi, CW,; Tey, B.T.; Hii, S.L.; Kamal, SM.M.; Lan, ].C.W.; Ariff, A; Ling, T.C. Purification of lipase derived from Burkholderia
pseudomallei with alcohol/salt-based aqueous two-phase systems. Process Biochern. 2009, 44, 1083-1087. [CrossRef]
Nemati-Kande, E.; Shekaari, H. Salting-out effect of sodium, potassium, carbonate, sulfite, tartrate and thiosulfate ions on aqueous
mixtures of acetonitrile or 1-methyl-2-pyrrolidone: A liquid-liquid equilibrium study. Fluid. Phase Equilibr 2013, 360, 357-366.
[CrossRef]

Tripodi, A.; Bahadori, E.; Cespi, D.; Passarini, F.; Cavani, F.; Tabanelli, T.; Rossetti, I. Acetonitrile from bioethanol ammoxidation:
Process design from the grass-roots and life cycle analysis. ACS Sustain. Chem. Eng. 2018, 6, 5441-5451. [CrossRef]

Zhang, H.; Wang, Y.; Zhou, Y.; Xu, K;; Li, N.; Wen, Q.; Yang, Q. Aqueous biphasic systems containing PEG-based deep eutectic
solvents for high-performance partitioning of RNA. Talanta 2017, 170, 266-274. [CrossRef] [PubMed]

Zhang, H.; Wang, Y.; Zhou, Y.; Chen, J.; Wei, X.; Xu, P. Aqueous biphasic systems formed by deep eutectic solvent and new-type
salts for the high-performance extraction of pigments. Talanta 2018, 181, 210-216. [CrossRef]

Jhong, H.R.; Wong, D.S.H.; Wan, C.C.; Wang, Y.Y.; Wei, T.C. A novel deep eutectic solvent-based ionic liquid used as electrolyte
for dye-sensitized solar cells. Electrochem. Commun. 2009, 11, 209-211. [CrossRef]

Abbott, A.P; Capper, G.; Davies, D.L.; Rasheed, R.K.; Tambyrajah, V. Novel solvent properties of choline chloride/urea mixtures.
Chem. Commun. 2003, 1, 70-71. [CrossRef]

Dai, Y.; Van Spronsen, J.; Witkamp, G.J.; Verpoorte, R.; Choi, Y.H. Natural deep eutectic solvents as new potential for green
technology. Anal. Chim. Acta 2013, 766, 61-68. [CrossRef]

Garcia, G.; Aparicio, S.; Ullah, R.; Atilhan, M. Deep Eutectic Solvents: Physicochemical Properties and Gas Separation Applications.
Energy Fuels 2015, 29, 2616-2644. [CrossRef]

Florindo, C.; Oliveira, E.S.; Rebelo, L.P.N.; Fernandes, A.M.; Marrucho, I.M. Insights into the synthesis and properties of deep
eutectic solvents based on choline chloride and carboxylic acids. ACS Sustain. Chem. Eng. 2014, 2, 2416-2425. [CrossRef]
Santos, PL.; Santos, L.N.S.; Ventura, S.P.M.; Souza, R.L.; Coutinho, J.A.P.; Soares, CM.E,; Lima, A.S. Recovery of capsaicin from
Capsicum frutescens by applying aqueous two-phase systems based on acetonitrile and cholinium-based ionic liquids. Chem.
Eng. Res. Des. 2016, 112, 103-112. [CrossRef]

Cardoso, G.B.; Mourdo, T.; Pereira, EM.; Freire, M.G.; Fricks, A.T.; Soares, C.M.F,; Lima, A.S. Aqueous two-phase systems based
on acetonitrile and carbohydrates and their application to the extraction of vanillin. Sep. Purif. Technol. 2013, 104, 106-113.
[CrossRef]

Paiva, A.; Craveiro, R.; Aroso, I.; Martins, M.; Reis, R.L.; Duarte, A.R.C. Natural deep eutectic solvents — solvents for the 21st
century. ACS Sustain. Chem. Eng. 2014, 2, 1063-1071. [CrossRef]

Farias, F.O.; Sosa, EH.B.; Igarashi-Mafra, L.; Coutinho, J.A.P.; Mafra, M.R. Study of the pseudo-ternary aqueous two-phase
systems of deep eutectic solvent (choline chloride:sugars)+ KyHPO4+ water. Fluid. Phase Equilibr 2017, 448, 143-151. [CrossRef]
Moradi, M.; Mohammadian, M.; Pazuki, G.; Shahriari, S. Partitioning of crocin in a novel aqueous two-phase system composed of
a deep eutectic solvent and acetonitrile. J. Chem. Eng. Data 2022, 67, 1205-1213. [CrossRef]

Buarque, ES.; Monteiro, S.5.A.; Ribeiro, B.D. Choline chloride-based deep eutectic solvent as an inhibitor of metalloproteases
(collagenase and elastase) in cosmetic formulation. 3 Biotech. 2023, 13, 219. [CrossRef]

Uedaira, H.; Ikura, M.; Uedaira, H. Natural-abundance oxygn-17 magnetic relaxation in aqueous solutions of carbohydrates. Bull.
Chem. Soc. Jpn. 1989, 62, 1-4. [CrossRef]

Lii, C.Y,; Lai, M.F,; Liu, K.F. Factors influencing the retrogradation of two rice starches in low-molecular-weight saccharide
solutions. J. Cereal Sci. 1998, 28, 175-185. [CrossRef]

Uedaira, H.; Ishimura, M.; Tsuda, S.; Uedaira, H. Hydration of oligosaccharides. Bull. Chem. Soc. Jpn. 1990, 63, 3376-3379.
[CrossRef]

Galema, S.A.; Blandamer, M.].; Engberts, ].B.F.N. Stereochemical aspects of the hydration of carbohydrates, Kinetic medium
effects of monosaccharides on a water catalyzed hydrolysis reaction. J. Am. Chem. Soc. 1990, 112, 9666-9668. [CrossRef]
Chemspider. Available online: http://www.chemspider.com (accessed on 11 June 2024).

PubChem. Available online: https://pubchem.ncbi.nlm.nih.gov (accessed on 11 June 2024).

Le, PH.; Ho, L.T.T,; Le, D.H.T.; Nguyen, V. Purification of coffee polyphenols extracted from coffee pulps (Coffee arabica L.) using
aqueous two-phase system. Molecules 2023, 28, 5922. [CrossRef] [PubMed]

Rosério, R.L.; Farias, F.O.; Mafra, M.R.; Soares, C.M.; Passos, H.; Coutinho, J.A.; Lima, A.S. Acetonitrile as adjuvant to tune
polyethylene glycol+ K3PO,4 aqueous two-phase systems and its effect on phenolic compounds partition. Sep. Purif. Technol. 2019,
223, 41-48. [CrossRef]

Claudio, A.EM.; Ferreira, A.M.; Freire, C.S,; Silvestre, A J.; Freire, M.G.; Coutinho, J.A. Optimization of the gallic acid extraction
using ionic-liquid-based aqueous two-phase systems. Sep. Purif. Technol. 2012, 97, 142-149. [CrossRef]

Lima, A.S.; Soares, C.M.E; Paltram, R.; Halbwirth, H.; Bica, K. Extraction and consecutive purification of anthocyanins from
grape pomace using ionic liquid solutions. Fluid. Phase Equilibria 2017, 451, 68-78. [CrossRef]

Meng, X.; Nalatambi, S.; Mahaindran, A.; Tee, L.H.; Chua, B.L.; Oh, K.S.; Lam, W.H. Characterization of choline chloride-based
deep eutectic solvent for anthocyanin extraction via aqueous two-phase system: Physicochemical properties and liquid-liquid
equilibrium phase diagram. Asia-Pac. |. Chem. Eng. 2023, 18, €2990. [CrossRef]

Dai, Y.; Witkamp, G.J.; Verpoorte, R.; Choi, Y.H. Natural deep eutectic solvents as a new extraction media for phenolic metabolites
in Carthamus tinctorius L. Anal. Chem. 2013, 85, 6272-6278. [CrossRef]


https://doi.org/10.1016/j.procbio.2009.05.008
https://doi.org/10.1016/j.fluid.2013.09.028
https://doi.org/10.1021/acssuschemeng.8b00215
https://doi.org/10.1016/j.talanta.2017.04.018
https://www.ncbi.nlm.nih.gov/pubmed/28501169
https://doi.org/10.1016/j.talanta.2018.01.014
https://doi.org/10.1016/j.elecom.2008.11.001
https://doi.org/10.1039/b210714g
https://doi.org/10.1016/j.aca.2012.12.019
https://doi.org/10.1021/ef5028873
https://doi.org/10.1021/sc500439w
https://doi.org/10.1016/j.cherd.2016.02.031
https://doi.org/10.1016/j.seppur.2012.11.001
https://doi.org/10.1021/sc500096j
https://doi.org/10.1016/j.fluid.2017.05.018
https://doi.org/10.1021/acs.jced.2c00027
https://doi.org/10.1007/s13205-023-03602-2
https://doi.org/10.1246/bcsj.62.1
https://doi.org/10.1006/jcrs.1998.0198
https://doi.org/10.1246/bcsj.63.3376
https://doi.org/10.1021/ja00182a050
http://www.chemspider.com
https://pubchem.ncbi.nlm.nih.gov
https://doi.org/10.3390/molecules28155922
https://www.ncbi.nlm.nih.gov/pubmed/37570892
https://doi.org/10.1016/j.seppur.2019.04.062
https://doi.org/10.1016/j.seppur.2012.02.036
https://doi.org/10.1016/j.fluid.2017.08.006
https://doi.org/10.1002/apj.2990
https://doi.org/10.1021/ac400432p

Molecules 2024, 29, 4383 12 of 12

70. Albertsson, P.A.; Tjerneld, F. Aqueous two-phase separations. In Separation Processes in Biotechnology; Asenjo, J.A., Ed.; Marcel
Dekker: New York, NY, USA, 1990; pp. 287-317.

71. Buarque, ES.; Lima, T.5.P; Carniel, A.; Ribeiro, B.D.; Coelho, M.A.; Souza, R.L.; Soares, C.M.; Pereira, M.M.; Lima, A.S. Hormones
Concentration in an Aqueous Two-Phase System: Experimental and Computational Analysis. Chem. Eng. Technol. 2024, 47,
716-721. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/ceat.202300374

	Introduction 
	Results and Discussion 
	Binodal Curves 
	Partition of Phenolic Compounds 

	Materials and Methods 
	Materials 
	Preparation of Deep Eutectic Solvent 
	Binodal Curve 
	Partition of Phenolic Compounds on ATPS 

	Conclusions 
	References

