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ABSTRACT: Recently, ionic liquids (ILs) have been applied in

extraction and separation processes due to their chemical and physical ATeS
properties arising from the cations and anions that form these liquids. In
aqueous two-phase systems (ATPSs), ILs can be used as phase formers
and assist in the separation and purification processes of biomolecules,
such as phenolics and terpenes present in clove oil. In this work, the
effect of temperature (288.2, 298.2, and 308.2 K) and the alkyl chain size o
of protic ionic liquid (PIL) anion in ATPSs based on PIL + acetonitrile ﬂ
(ACN) + water at 101.2 kPa is evaluated. The NRTL and UNIQUAC ) @_a_mu,w,
models were used to predict the LLE data. The increase in the pﬁi’ g e
temperature and the alkyl chain compressed the biphasic region of the W Eﬁ\ &p— =
phase diagram. In the proposed systems, partitioning data were obtained Compeae O eers .ﬁfsw.",.m...,
for commercial biomolecules present in clove oil (eugenol, eugenyl

acetate, and a-humulene). Phenolics (eugenol and eugenyl acetate) were partitioned to the PIL-rich phase. In contrast, a-humulene
(terpene) was partitioned into the ACN-rich phase. It was observed that increasing temperature increases or maintains almost
constant the recovery of biomolecules in the bottom phase (Rg) from similar tie-line length (TLL). Additionally, eugenol and
eugenyl acetate can be partially isolated (selectivity: S = 2.17) at 298.2 K. Finally, the highest values achieved for bottom phase
recoveries for the target biomolecules were achieved using ATPS formed by [2HEA][Bu] + ACN + water (TLL &~ 53 and 57.57 <
R < 93.54). PILs can be used as a salting-out agent to form biphasic phase systems with acetonitrile and separate biomolecules
where reasonable recovery rates were verified.

ACN-rich phase

PIL-rich phase

1. INTRODUCTION relevant are eugenol, a-humulene, a caryophyllene, eugenyl
acetate, and minor quantities of carvacrol. f-caryphene and a-

Recent studies show new methods and applications of > :
farnesene are also present.” Different techniques have been

processes in the separation and purification processes of

biomolecules. Aqueous two-phase systems (ATPS) and proposed to fractionate clove oil, such as micellar electrokinetic
liquid—liquid equilibrium (LLE) improve the understanding chromatography and solvent extraction, including acetonitrile—
of biomolecule separation data (phenolic compounds, water.'’

terpenes, and alkaloids), especially in systems based on protic Recently, ATPS formed by acetonitrile, water, and ILs have
ionic liquids (PILs). The scientific community has been been proposed for biomolecule separation.'' ™'* To apply this
suggesting using ionic liquids (ILs) to form ATPS for the system for purification processes, liquid—liquid equilibria
extraction and separation of bioactive components present in should be investigated to develop more efficient methods for
essential oils, natural products, and biomass, enabling the separating components of interest and adjusting to better

replacement of traditional solvents, varying processes, and
promoting sustainability.' ™

The clove essential oil is composed of a complex mixture of
compounds with low molecular weights possessing volatile
compounds such as monoterpenes, sesquiterpenes, and
phenolic hydrocarbons. Due to its antioxidant, antimicrobial,
and anti-inflammatory potential, this oil is primarily used as an
additive in food and medicinal products.” As with other
essential oils, it is also used to produce cosmetic and hygiene
fragrances.” Among the components in clove oil, the most

operational conditions as usual for other liquid—liquid
systems.9 Some factors, such as pH, molecular weight,
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Figure 1. Chemical structure of PIL precursors and target biomolecules
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concentration, and temperature, influence the partitioning of
biomolecules. The temperature affects the composition of
phases and the partition through viscosity and density."*

The spontaneous formation of an ATPS occurs when two
compounds are mixed in water at a particular critical
thermodynamic, such as a specific range of temperature,
pressure, and composition of constituents.”* They are usually
formed by polymer—polymer, salt—salt, or polymer—salt
complexes. Physicochemical and thermodynamic properties
between the phases of the system lead to a different
distribution of the biomolecule of interest in the phases.*
ATPSs are applied in biomolecular separation and purification
processes, such as phenolic compounds, enzymes, alkaloids,
proteins, lignocellulosic biomass pretreatment, and mineral
extraction, used on analytical and industrial scales.'' ™"

Being one of the components in the formation of ATPS, ILs
are low melting point organic salts, usually liquid at
temperatures below 100 °C. These properties generally lead
to low volatility, flammability, and a wide liquid temperature
range.'"'"> Moreover, ILs could be designed for specific
purposes by preselecting diverse combinations of cations and
anions, therefore being called design solvents."> Due to these
features, ILs have been used in different applications in
chemical synthesis, biocatalytic transformation, hydrotropes for
enhancing the solubility of compounds in aqueous solutions,
electrochemistry, analytical, separation and extraction pro-
cesses”'¥'® and as an alternative solvent for separation,
including purification of biocompounds using ATPS.'
However, due to the numerous possible combinations of
anions and cations, relatively few data are available for
thermodynamic properties and phase equilibria.'®

Ionic liquids are classified based on the groups present, such
as protic and aprotic ionic liquids. Aprotic ILs (AILs) comprise
the largest class of ILs and are synthesized by the irreversible
alkylation mechanism of a nucleophile with an electrophile.
Compared to PILs, they are also adjustable and have several
applications, including purification of biomolecules."” Protic
ionic liquids (PILs) are directly produced through the
neutralization process of a Brensted acid and a Brensted
base, forming an ionic liquid through proton transfer in a one-
step synthesis.”” In this work, PILs based on 2-hydroxyethyl-
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amine and short-chain carboxylic acid present low toxicity at
various trophic levels and their potential biodegradability.”"
Low-toxicity systems are generally targeted for biomolecule
purification, such as recent studies in thermoreversible
ATPS.”> These liquids may present disadvantages such as
reversible reaction, depending on the strength of the acid and
the base used, stability depending on the pH value of the
system, and a decrease in ionic conductivity.”

Concerning the use of AlLs and PILs, studies reveal the
possibility of using AILs to recover antioxidant compounds
(including eugenol) and fractionation of essential oils."**
However, there are no studies by building phase diagrams
(including binodal curves, tie lines, and partition) that
demonstrate the use of ATPS based on PILs and acetonitrile
for the separation of the components of essential oils, such as
clove oil and their biomolecules, for example, eugenol, eugenyl
acetate, and a-humulene. Acetonitrile (ACN) was chosen
because it is a solvent used to extract compounds of industrial
interest for applications in cosmetics, pharmaceuticals, and
essential oils. It is very significant in the extraction of
biomolecules. This solvent enables yields similar or superior
to those of traditional solvents. Acetonitrile is entirely soluble
in water; however, it forms a biphasic system with water in the
presence of the same solutes as carbohydrates or ionic
liquids.”

The main goal of this work is to construct phase diagrams
formed by ACN + PIL (cation: 2-hydroxyethylammonium—
2HEA; and anions: acetate, propanoate, butanoate, or
pentanoate) at three different temperatures (288.2, 298.2,
and 308.2 K) under atmospheric pressure (101.3 kPa),
investigate the correlation of liquid—liquid equilibrium data
with  NRTL (non-random two-liquid) and UNIQUAC
(Universal Quasichemical) models, and apply the ATPSs
formed in the partitioning of biomolecules commonly found in
clove oil such as eugenol, eugenyl acetate, and a-humulene.

2. MATERIALS AND METHODS

2.1. Material. PILs were synthesized using 2-hydroxyethy-
lamine—[2HEA] (purity = 99%) and different organic acids
such as acetic acid (purity >99%), propionic acid (purity
>99%), butanoic acid (purity >99%), and pentanoic acid

https://doi.org/10.1021/acs.iecr.4c03157
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https://pubs.acs.org/doi/10.1021/acs.iecr.4c03157?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c03157?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c03157?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c03157?fig=fig1&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c03157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

(purity >99%). The phase diagrams were built using PIL and
acetonitrile (purity >99.9%). The commercial biomolecules
from clove oil, such as eugenol (purity = 99%), eugenyl acetate
(purity >98%), and a-humulene (purity >96%) were used.
Figure 1 depicts the chemical structure of the compounds, and
Table 1 shows their characteristics. Ultrapure water that was

Table 1. Chemical Characteristics of the Compounds Used
in This Work

molar mass
compounds (g mol™) CAS number supplier
2- 61.08 141-43-5 Sigma-Aldrich
hydroxyethylamine

acetic acid 60.05 64—19-7 Sigma-Aldrich
propionic acid 74.09 79—-09—4 Sigma-Aldrich
butanoic acid 88.11 107-92—-6 Sigma-Aldrich
pentanoic acid 102.13 109—-52—4 Sigma-Aldrich
acetonitrile 41.05 75—05—-8 Merck

eugenol 164.20 97-53-0 Sigma-Aldrich
eugenyl acetate 206.24 93-28-7 Sigma-Aldrich
a-humulene 204.35 6753—98—6  Sigma-Aldrich

double-distilled, passed through a reverse osmosis system, and
further purified by Milli-Q Plus 185 water purification
apparatus (Millipore, Bedford, MA) was used in all experi-
ments.

2.2, PIL Synthesis. Five PILs were synthesized by a simple
acid—base neutralization reaction described by Alvarez et al.*®
The 2-hydroxyethylamine was placed in a three-necked flask of
glass equipped with a reflux condenser. The organic acid was
added dropwise to the flask at 298.2 K under stirring with a
magnetic bar. The synthesis was carried out in an inert
atmosphere using nitrogen gas. The reaction occurs stoichio-
metrically in a 1:1 molar ratio and is exothermic. 1 mol of each
reactant was used in each reaction. The reaction is complete
when the heat release ceases. After the reaction was finished,
the liquids were placed under constant agitation in a rotary
evaporator under a moderate vacaum (50 kPa) at 318.2 K for
144 h and further under a high vacaum (20 Pa) at 323.2 for 48
h to eliminate residual reactants and excess water excess. NMR
confirms the formation and purity of the PILs. The water
content was measured using a Mettler Toledo V20 volumetric
Karl Fischer titrator (Columbus, Ohio) before each experiment
and was considered in the calculation. The synthesized PIL
were 2-hidroxylethylammonium acetate, [2HEA][Ac], 2-
hidroxylethylammonium propanoate, [2HEA][Pr], 2-hidrox-
ylethylammonium butanoate, [2HEA][Bu], and 2-hidroxyle-
thylammonium pentanoate—[2HEA][Pe].

NMR evaluated the PIL’s purity. The NMR spectra were
acquired at 293.2 K on a Bruker Avance III 500 spectrometer
operating at 11.75 T (500 MHz for 'H). Approximately 30.00
mg of the samples and 470 yL of D,0 were added into 2 mL
centrifuge tubes (yielding 155 to 495 mmol-L™" solutions).
After being stirred until complete dissolution, the solutions
were transferred to S mm NMR tubes. To quantify the ionic
liquid content in the samples, maleic acid was used as an
external standard in five independently prepared solutions in a
concentration range of 95 to 578 mmol-L™". The probe was
properly tuned and matched. The magnetic field was optimized
(shimming) before each acquisition. The acquisition parame-
ters were 4 and 200 scans (NS), 64 and 32,000 data points
(TD), spectral windows (SWs) of 20 and 237 ppm, and
acquisition times (AQs) of 1.65 and 1.1 s for '"H and °C,
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respectively. A relaxation delay of 2.0 s was used for *C. For
'H, this delay was set at 60 s for the maleic acid standard and
varied from 20 to 40 s for the samples to achieve virtually
complete longitudinal relaxation. The pulse length was
manually calibrated to optimal 90° excitation, and the
acquisitions started after S min of temperature stabilization
at 20 °C. Each sample was analyzed in triplicate. As an internal
reference, all '"H NMR chemical shifts are given in & (ppm)
related to the TMSP-d, signal at 6 0.00. The spectra were
acquired, processed, and analyzed by using Bruker TopSpin
software. NMR signals that did not overlap with impurities
were chosen for quantification. The assessment of peak shape
and variations in peak areas about the stoichiometry of the
molecule detected impurity overlap. The signal-to-noise ratio
was always higher than 2000 for the signals used in the
quantification.

2.3. Phase Diagrams. Solubility data for the ternary
mixture were determined using the cloud point method
reported by Kaul”” The transition point between the
homogeneous and heterogeneous zones was determined
visually. The binodal curves were performed for three
temperatures: 288.2, 298.2, and 3082 K, controlled by a
water jacket connected to a thermostatic bath. The
experimental data were gravimetrically determined using an
analytical balance (Shimadzu AX200, Kyoto-Japan). The
measurement uncertainty was +0.1 K for temperature and
+0.001 g for mass.

Briefly, ACN aqueous solution (80 wt %) was added
dropwise to PILs aqueous solution (60—80 wt %) until the
visual detection of a turbidity (biphasic region). Afterward,
water was added dropwise into the system until a clear, limpid
solution (monophasic region) was obtained. The procedure
was repeated several times under constant magnetic stirring
until the nonformation of turbidity. The vial was closed with a
septum and a cap to prevent evaporation and stirred by using a
magnetic bar. Each component was added to the vial by using a
syringe through the septum. The experimental data were
adjusted to the equation proposed by Merchuk et al.”* (eq 1).

[PIL] = A X exp{(B x [ACN]*®) — (C x [ACNT’)}
(1)

where [PIL] and [ACN] are mass fractions of protic ionic
liquids and acetonitrile, respectively. A, B, and C are constants
obtained by regression of the experimental data.

The tie lines (TL) were determined from compositions in
the biphasic region for each system, weighing each
component’s known mass and adding it to glass tubes with a
stopper. The mixtures contained in the tubes were vigorously
stirred and centrifuged at 4000 rpm for S min for separation
and then brought to rest for 24 h at a controlled temperature
with an uncertainty of +0.1 K, allowing equilibrium to be
reached and phase separation to be achieved. After
equilibration, the top and bottom phases were weighed
separately. The phases were removed by using a syringe. The
TL determination was then accomplished by solving the
folzlé)wing system of four eqs 2—S, as proposed by Merchuk et
al.

[PIL]; = A X exp{(B X [ACN]}*) — (C X [ACN]})}

(2)
[PIL]; = A X exp{(B X [ACN]Y’) — (C X [ACNI]})}

3)

https://doi.org/10.1021/acs.iecr.4c03157
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_ ([PIL]y _(l—a)
[PIL]), _( » ) — | x [PIL], @

[ACN], = ([ACN]M) B (1 -~ a) « [ACN];
a a (5)

where the subscripts M, T, and B correspond to the mixture
point and the top and bottom phases, respectively. The value
of a is the ratio of the top phase’s mass to the mixture’s total
mass.

The tie-line length (TLL) was determined by using eq 6.
The accuracy of the TLL was determined by comparing the
slopes for the different mixing points (tie-line slope, TLS) (eq
7), which must have similar values, demonstrating the
parallelism between them.

TLL = /(IACN]; — [ACN], ) + ([PIL}; — [PIL],)’
©)
Lg — ([ACNI; — [ACNI,)
([PIL]T — [PIL]B) (7)

2.4. Thermodynamic Modeling. Liquid-liquid equili-
brium data for water + PIL + acetonitrile systems were
correlated with NRTL and UNIQUAC. The required
interaction parameters (A, Ay By B a;) were calculated
using regression in a Fortran routine named TML-LLE.”” The
procedure is based on the modified simplex method using
regression and minimization of an objective function, as shown

ineq 8

M N-1

2P0

Tcal 2

B,cal\2
1]lc ]

B,exp
+ (xz;k = X(

(8)

where M and N are the numbers of components and tie lines in
the data set k; superscripts T and B refer to the top and bottom
phases in equilibrium, respectively; exp and cal correspond to
experimental and calculated data, respectively; and x is the
molar fraction.

Structural parameters r and q for ILs were calculated using
eqs 9 and 10, as proposed by Santiago et al.’* Volume and area
were generated through quantum calculations using density
functional theory (GGA VWN-BP)®' using Materials Studio
software.

V X N,
r =
Viw 9)
A X N,
q = ——
Ay (10)

where V and A are volume and area, respectively, calculated
after minimizing energy for optimizing geometry, and N, is
Avogadro’s number. Vi, and Ay are the van der Waals
volume and area of a methylene segment equal to 15.17 cm®
mol™" and 2.5 X 10° cm? mol™’, respectively.

The root-mean-square deviation (RMSD) (eq 11) was used
for a comparison between the experimental and calculated
data.
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RMSD = 100

\/2 ZN 1[(xl;fl'cexp
(11)

2.5. Target Biomolecules Partitioning. Different ATPSs
based on PILs + ACN + water were used to investigate the
partitioning of commercial biomolecules in clove oil, such as
eugenol, eugenyl acetate, and a-humulene. Three mixing
points were performed (A, 15 wt % PIL + 47 wt % ACN + 38
wt % water; B, 15 wt % PIL + 42 wt % ACN + 43 wt % water;
and C, 15 wt % PIL + 38 wt % ACN + 47 wt % water) at
different temperatures. The systems were prepared in tubes
(15 mL), in which the target biomolecule was separately
dissolved in ACN to have a final concentration of 45 mg L™
eugenol, 35 mg L™ eugenyl acetate, and 8 mg L™" a-humulene
in the system. Afterward, the appropriate amounts of PIL and
water were added. Each tube was carefully closed to prevent
evaporation of acetonitrile, manually homogenized, and
centrifuged at 2000 rpm for 10 min, followed by an
equilibrium in a thermostatic bath (ABC Labor, Sao Bernardo
do Campo-SP, Brazil) at different temperatures during at least
24 h. The bottom phase was first separated using a syringe with
a long needle, followed by harvesting the top phase using a
glass pipette. The volumes and concentrations of target
biomolecules in each corresponding phase were measured for
all ATPS. Three independent experimental assays were carried
out, with the results presented as the average of three
independent measurements with associated standard devia-
tions.

The concentrations of each biomolecule in the coexistent
phases were determined through ultraviolet (UV) spectrosco-
py (Shimadzu UV-3600 Plus, Kyoto, Japan) at wavelengths of
279 nm (eugenol), 272 nm (eugenyl acetate), and 203 nm (a-
humulene). The calibration curves (Figure S1, Supporting
Information) were determined using each standard biomole-
cule at different concentrations as a blank solution of either
water (calibration curve) or the corresponding phase being
analyzed (partitioning process). The final absorbance result is
reported as the average of three independent findings.

The partition coefficients (K) were determined for each
investigated system through the ratio between the concen-
tration of biomolecule in the top (Cr) and bottom phase (Cg),
as described in eq 12.

T,cal B,
t;kca) + (xzjkexp

2MN

B, cal
2]

(12)

The recovery percentage in the bottom phase (Rp) was
calculated according to eq 13.

100

Rg= ————
1+ Ry XK

(13)
where Ry is the ratio between the top (V) and the bottom
(V) volume of the phase. The volumes of the phases depicted
in eq 13 were determined more precisely using the mass of
each phase and the density measured in an Anton Paar DSA
5000 M analyzer, accurate to 0.005 kg m™>

The selectivity of the biomolecule (S) was calculated by
using the ratio between the partition coeflicients of two
different target biomolecules and used to evaluate the
separation performance of the biomolecules from each other

(eq 14).

https://doi.org/10.1021/acs.iecr.4c03157
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where subscripts i and j represent two different biomolecules.

2.6. Computational Analysis. Sigma profiles were
depicted using JCOSMO.” The geometry optimization of
ATPS constituents and target biomolecules was performed
using the continuum solvation COSMO model with semi-
empirical quantum calculations through MOPAC/AMI1.%
After optimization, the screening charge distributions on the
molecular surface (o-profile) were calculated.

3. RESULTS AND DISCUSSION

3.1. Protic lonic Liquid Characterization. The studied
PILs in the present paper were characterized by 'H and *C
NMR analyses, whose NMR spectra of the synthesized liquids
are shown in Figure 2 for [2HEA][Ac] to illustrate the analysis
and the other one in Figures S2—S4 of Supporting
Information. For all of the ionic liquids investigated, the 2-
hydroxyethylammonium group was characterized by two
methylene groups presenting triplet signals at 6 3.14 and ¢
3.82 due to the attachment to the N and O atoms, respectively.

The methyl group in all structures confirmed the acetate
group at § 1.92 (s, H-2) in '"H NMR spectra. In the same way,
the propanoate group was confirmed by the methyl group at §
1.06 (t, H-3) and the methylene group at 5 2.18 (g, H-2). The
butanoate group was confirmed by the methyl group at § 0.90
(t, H-4) and two methylene groups at § 1.56 (sex, H-3) and
2.16 (t, H-2). The last presents the typical chemical shift of
carboxyl hydrogens. Similar results for [2HEA][Bu] were
determined by Alcantara et al.** The methyl group confirmed
the pentanoate group at § 0.89 (¢, H-S) and three methylene
groups at § 1.30 (sex, H-4), § 1.53 (qui, H-3), and 5 2.18 (¢, H-
2). The last one has the typical chemical shift of a carboxyl
hydrogens. The '*C NMR spectra also presented signals close
to 6 185 for carboxyl carbons from ester groups and close to &
60 for the carbinolic carbons of the 2-hydroxyethylammonium
groups.

The signal areas indicated that the samples contain
equimolar amounts of the cation and anion constituents of
the ionic liquid intended in the synthesis. In addition to the
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was observed, reinforcing the synthesis’s success. All of the
samples presented an ionic liquid content equal to or greater
than 98.0% on a dried basis (Table S1, Supporting
Information). The water content of the IL after the synthesis
and rotary evaporation steps is reported in Table SI. The
values determined for the water content, in mass fraction, were
consistently lower than 0.63%.

3.2. Phase Diagram. The effect of temperature (288.2,
298.2, and 308.2 + 1 K) and the alkyl chain size of PIL anion
([2HEA][Ac], [2HEA][Pr], [2HEA][Bu], and [2HEA][Pe])
with a common cation (2-hydroxyethylamonium—[2HEA])
were evaluated for systems based on PIL + ACN + water at
atmospheric pressure (101.2 kPa + 0.1 kPa). The experimental
binodal data for all ATPS systems are shown in Tables S2—S5.

Initially, the influence of temperature was studied on the
phase diagram, which is a complex phenomenon of different
interactions among the system constituents.” Increasing the
temperature compressed the biphasic region of the phase
diagram, as illustrated in Figure 3. According to Zafarani-
Mottar and Hamzehzadeh,>® the solubility of IL decreasing or
the phase-forming ability for a system based on [C,mim]Br
and tripotassium citrate with temperature increasing is
responsible for the reduction of biphasic area, as observed in
this work. At the same time, Han et al.*’ attributed the
observation to the instability of the hydration layer around the
ionic liquid. This behavior indicates an endothermic character
of the phase separation process.”® On the other hand,
traditional ATPSs based on polymers and salt have no
significant effect using temperatures below 312.2 K, as
observed by Silva et al.”” using triblock copolymer and salts.

The effect of the ionic liquid on phase separation was
attributed to the anion since all protic ionic liquids share the
same cation (2-hydroxyethylammonium)—[2HEA]*. The
increase in the alkyl chain, and consequently, the hydro-
phobicity based on the logarithm of the octanol—water
coefficient (logK,,) decreases the phase separation in the
order [2HEA][Ac] (-=3.00) > [2HEA][Pr] (-2.52) >
[2HEA][Bu] (-1.53) > [2HEA][Pe] (—0.99), as shown
Figure 4. PILs act as a salting-out agent, and as ACN has more
hydrophobic characteristics than PILs (log K, = —0.17), more
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Figure 3. Phase diagrams for PIL ([2HEA][Ac], [2HEA][Pr], [2HEA][Bu], and [2HEA][Pe]) + water + ACN in mass fraction at different

temperatures.

hydrophilic PILs separate the phases more easily. This
observation corroborates the results of Placido et al.''
Moreover, the increase in the alkyl chain of the anion increases
the solubility of PIL in organic solvent, making phase
separation difficult.*’

All binodal curves were fitted by the correlation of Merchuk
et al,”® and the regression of the minimum square estimated
the regression parameter and coefficient of determination (R?),
and the standard deviations (o) were also determined, as
shown in Table 2. Three TLs were determined to complete the
phase diagram; the composition of the TL, their TLL,
constituent composition, and TLS are presented in Tables
S6—S9 in the Supporting Information.

R? values are between 0.9827 and 0.9988, indicating a good
fitting of the experimental data, and 6 < 0.0136, demonstrating
a low deviation from the experimental and calculated values.
The composition equilibrium data confirmed the water content
in the bottom phase is higher than in the top phase. For the
same system and temperature, it is observed that the TLSs are
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similar, indicating that the TLSs are parallel and, therefore, well
determined.

To compare the binodal curves between this work and those
published by Placido et al,,'" the systems based on [2HEA]-
[Bu] at 298.2 K were randomly chosen. The binodal curves are
pretty similar, and TLS values are practically constant,
denoting the accuracy of the determinations (Figure SS).
Binodal curves and experimental equilibrium data fitted by eq
1 for the systems (PIL + acetonitrile + water) are shown in the
Supporting Information (Figures S6—S9).

3.3. Dissociation of the IL lons. In this work, ionic
liquids were considered as a pseudocomponent, including the
cation and the anion, and their dissociation products (amine
and acid) were not considered present in the phases, as
determining this degree of dissociation is not straightforward.
As the ionic liquids are formed from weak acids, the question
of how to evaluate the degree of dissociation that the ionic
liquid has, or if the acid or the amine should also be considered
as a system component, arises. In order to investigate if the
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Figure 4. Phase diagrams for PIL + ACN + water in mass fraction at different temperatures.

pseudocomponent hypothesis is reasonable and how to test if
it was possible to determine the difference between the ions
and their dissociation products, we enriched a [2HEA][Bu]
sample with their reagents in unreacted forms, butanoic acid,
or monoethanolamine in separate tests, and '"H NMR signals
from these reagents were indistinguishable from the respective
ionic liquid counterions. On the other hand, an amount of the
ionic liquid was put in contact with deuterated oxide +
deuterated acetonitrile; the phases were separated, and the
spectra of each phase were recorded. We noticed that the
counterion ratio maintained the stoichiometry of the ionic
liquid after the partition process in the aqueous phase (Figure
S, bottom), while in the acetonitrile fraction (Figure S, top),
the amount of 2HEA decreased by around 20%. Future
investigation is warranted to better understand this decrease in
the acetonitrile phase. However, the fact that the anion and
cation from the ionic liquids were equally partitioned in the
aqueous phase supports the hypothesis that they exist as a
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compound rather than merely a mixture of reagents. Similar
results were reported by Buarque et al,,'> who used FTIR and
demonstrated that both salts partition equally in the two
phases in an aqueous biphasic system with double protic ionic
liquids; therefore, the system could be considered a
pseudoternary system.

The phase formation was then tested using only the amine
or the corresponding acid. A single phase was formed for any
proportion of the components in the systems for all tested
mixtures containing amine (2-hydroxyethylamine) + water +
acetonitrile and acids (acetic, propanoic, butanoic, and
pentanoic) + water + acetonitrile. This indicated that the
ionic liquid (cation + anion) is the salting-out agent forming
two phases in the acetonitrile—water system.

3.4. Liquid—Liquid Equilibrium Modeling. The exper-
imental data of tie lines were correlated through the
thermodynamic models NRTL and UNIQUAC. Each model’s
binary interaction parameters were estimated and arranged in
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Table 2. Correlations Parameters of Merchuk Equation to Describe the Experimental Binodal Data for the System PIL + ACN
+ Water at 288.2, 298.2, and 308.2 K and 0.1 MPa®, Correlation Coefficients (R?), and Standard Deviation ()"

parameters
288.15 K
PIL A B C R* c
[2HEA][Ac] 16.98 + 2.70 —10.77 + 0.38 —3.94 + 0.92 0.9911 0.0066
[2HEA][Pr] 7.68 + 0.44 —7.85 + 0.13 —0.59 + 0.35 0.9971 0.0040
[2HEA][Bu] 48.70 + 9.43 —10.19 + 0.37 —2.59 + 0.33 0.9940 0.0062
[2HEA][Pe] 3.37 £ 0.14 —3.56 + 0.09 1.61 + 0.13 0.9988 0.0072
298.15 K
PIL A B C R? c
[2HEA][Ac] 7.70 £ 0.57 —8.14 + 0.19 —1.80 + 0.39 0.9974 0.0056
[2HEA][Pr] 105.5 + 12.64 —11.92 + 0.36 —3.28 + 0.43 0.9968 0.0084
[2HEA][Bu] 18.89 + 2.34 —7.37 + 024 —0.69 + 0.26 0.9966 0.0089
[2HEA][Pe] 2.10 + 0.06 —2.44 + 0.06 1.84 + 0.07 0.9984 0.0073
308.15 K
PIL A B C R? c
[2HEA][Ac] 5.14 + 0.70 —7.00 + 0.31 —-1.13 + 0.76 0.9827 0.0090
[2HEA][Pr] 4.51 + 0.28 —5.59 + 0.14 0.39 + 0.29 0.9918 0.0110
[2HEA][Bu] 742 + 146 —5.35 + 0.37 —0.09 + 0.43 0.9869 0.0136
[2HEA][Pe] 2.14 + 0.09 —2.30 + 0.08 1.61 + 0.09 0.9988 0.0067

“Expanded uncertainties for 0.98% confidence are U(T) = 1 K and U(p) = 10 kPa. b = \/ (Z

N (W

o1 ~ ] , where wy is the mass fraction of

PIL experimental and calculated by eq 1. N represents the number of data points in the binodal curve.

Table 3 (data for the NRTL model with a nonrandomness
parameter « = 0.2) and Table 4 (for the UNIQUAC model).
Structural parameters related to the volume and area of each
component of the system (r and q) used in the UNIQUAC
model are shown in the Supporting Information (Table S10).

The experimental and calculated tie lines are shown in
Figure 6 for [2HEA][Ac] at different temperatures. The
Supporting Information contains the tie lines for other liquids
at different temperatures (Figures S10—S12). RMSD values
from the NRTL model were smaller for all systems than those
obtained from the UNIQUAC model. The RMSD values
obtained by the NRTL and UNIQUAC models were lower
than 3.0 and 5.3%, respectively. RMSD (eq 11) expressed as
(%) for each system is shown in Table S11 in the Supporting
Information. The obtained results show both models’ ability to
correlate the studied systems’ liquid—liquid equilibrium data.
However, the NRTL model better describes the behavior.
Some studies, such as Sosa et al,,*' demonstrate that the NRTL
thermodynamic model can correlate and predict the behavior
of data for ATPS satisfactorily. The larger deviation of
UNIQUAC is due to the complexity of the model.

3.5. Partitioning of Target Biomolecules. The exper-
imental data of target biomolecules (eugenol, eugenyl acetate,
and a-humulene) at 288.2 or 298.2 K and 101.2 kPa are shown
in Table S12 of the Supporting Material.

For the temperature of 308.2 K, experimental data of target
biomolecules were not carried out because, with increasing
temperature, there is a reduction of phase-forming ability for
the system due to the solubility of IL decreasing, thus
interfering with the separation. Furthermore, the process will
include higher energy requirements and operating costs at
308.2 K than at the other studied temperatures.

For all cases, the top phase corresponded to the ACN-rich
phase (ACN: logK,, = —0.17) with more hydrophobic
characteristics than the bottom phase or PIL-rich phase (PIL
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anion: —3.00 < log K, < —0.99; anion PIL—2-hydroxyetha-
nolammonium: Log K, = —3.42). According to Log K,,, the
target biomolecules have hydrophobic characteristics of
eugenol (2.611), eugenyl acetate (2.521), and a-humulene
(4.878). Therefore, they should preferentially migrate to the
top phase, as occurs for a-humulene (1.038 < K < 3.176).
However, eugenol (0.160 < K < 1.088) and eugenyl acetate
(0.550 < K < 1.307) preferentially migrate to the bottom
phase. This modification is probably associated with the
donation and acceptance of hydrogen bonds, that is, the
interactions between the target biomolecules and the systems
constituents, about which we found little information in the
literature.”” In this sense, the quantum chemistry approach can
predict, through the chemical potentials of each molecule, the
thermodynamic properties of the mixture and expressed as a o-
profile, that is, the screening of charges on the surface of the
molecules.”**

ATPS constituents and target biomolecules have a nonpolar
character since the most prominent peaks are between —0.01
and 0.01 e-A™* and therefore a weak interaction with water
(Figure S13 of the Supporting Material). These compounds
also present peaks in the hydrogen bond acceptance region
(sigma >0.01), except a-humulene and acetonitrile, indicating
the interaction of eugenol and eugenyl acetate with PIL, and
consequently with the bottom phase and justifying their
preferential migration to PIL-rich phase. Moreover, Placido et
al.'" identified that aromatic groups of biomolecules, such as
the alkaloids caffeine, theobromine, and theophylline, with the
alkyl chain of PIL anions, such as the interactions of the rings,
were also present in eugenol and eugenyl acetate and PIL.

In most cases, the temperature increase from 288.2 to 298.2
K increased or maintained almost constant recovery of
biomolecules in the bottom phase, which can be attributed
to the increased solubility of biomolecules in the PIL-rich
phase (Figure 7). According to Martins et al,”> the molar
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Table 3. NRTL (a,-j = 0.20) Parameters Fitted for the System PIL ([2HEA][Ac], [2HEA][Pr], [2HEA][Bu], and
[2HEaA][Pe]) + Water + Acetonitrile at 288.2, 298.2, and 308.2 K

i—j A/K
[2HEA][Ac]—water —85,523
[2HEA][Ac]—acetonitrile 13,311
water—acetonitrile 1957.1
[2HEA][Pr]—water 6747.7
[2HEA][Pr]—acetonitrile —3067.6
[2HEA][Bu]—water —12281
[2HEA][Bu]—acetonitrile —27,508
[2HEA][Pe]—water —19145
[2HEA][Pe]—acetonitrile 1330.7

A;/K B;/K B;/K
2895.4 301.95 —17.493
11,432 —47.664 —29.739
4219.7 —5.5478 —13.481
27.175 —4.7203 —7.5143
8347.1 6.5817 —20.479
—7607.8 67.920 19.423
2.17 X 10° 90.895 —728.12
8903 59.812 —32.491
—4686.3 —5.1046 17.652

fraction of eugenol in water increases monotonically from 2.28
X 107 (298.2 K) to 3.12 X 107* (323.2 K). Santos et al.*® also
observed that temperature plays a vital role in the partitioning
and recovery of biomolecules because studying the partitioning
of biomolecules, the highest migration of caffeine to the
alcohol-rich phase was found in systems using potassium salts
as a salting-out agent.

Moreover, we studied the behavior of bottom phase
recovery of target biomolecules with different PIL anions
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(alkyl chain sizes from 2 to S carbons) at the temperatures
studied. It is known that the partition behavior is due to
competing interactions (hydrogen bonds, dispersive interac-
tions, and 7—7 interactions) between the compounds present
in the system.”” The increase in the alkyl chain size of the PIL
anion leads to an increase in hydrophobicity and, con-
sequently, an increase in the recovery of a-humulene in the
acetonitrile-rich phase. The a-humulene is a contaminant in
the bottom phase, so lower recovery values are preferable

https://doi.org/10.1021/acs.iecr.4c03157
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Table 4. UNIQUAC Parameters Fitted for the System PIL ([2HEA][Ac], [2HEA][Pr], [2HEA][Bu], and [2HEA][Pe]) +

Water + Acetonitrile at 288.2, 298.2, and 308.2 K

i—j Aﬁ/K
[2HEA][Ac]—water —5259.0
[2HEA][Ac]—acetonitrile —556.98
water—acetonitrile —5933.7
[2HEA][Pr]—water —=5137.5
[2HEA][Pr]—acetonitrile —470.37
[2HEA][Bu]—water —361.55
[2HEA][Bu]—acetonitrile —613.63
[2HEA][Pe]—water 1667.0
[2HEA][Pe]—acetonitrile —227.83

Ay/K B,/K B,/K
-715.12 18.313 027761
252.02 0.0021 1.5742
93.885 23.827 ~1.7201
—654.02 20380 0.28551
440.41 0.0184 12260
~1796.6 72152 42690
2607.3 0.0326 —4.4011
594.62 —3.7024 7.8022
23293 —0.5710 —4.5585
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Figure 6. Liquid—liquid equilibrium data for the system [2HEA][Ac] + water + acetonitrile, in mass fraction at 288.2 K (a), 298.2 K, (b) and 308.2
K (c). @—black solid lines (experimental); (A, red dashed lines) (NRTL); and, (M, bule dot lines) (UNIQUAC).

because the goal is to understand the behavior of each
biomolecule in the system phases to assist in the deterpenation.
However, eugenol and eugenyl acetate have their bottom phase
recovery reduced from acetate to propanoate, from which the
systems formed by butanoate and pentanoate have a
background recovery similar to that of the shorter alkyl
chain. This result is probably due to the hydrophilic—
hydrophobic balance between the cations and anions of PILs.

5611

The highest values achieved for bottom phase recoveries for
the target biomolecules were achieved using [2HEA][Bu].
Dias et al.”’ studied the partitioning of lignin in systems
formed by PILs + acetone + water and observed that the
increase in the alkyl chain could favor interactions between
PILs and target biomolecules, increasing migration to the
bottom phase, to the detriment of the characteristic hydro-
phobicity of these molecules. This trend was also observed in

https://doi.org/10.1021/acs.iecr.4c03157
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Figure 7. Effect of temperature (blue box solid, 288.2 K; brown box solid, 298.2 K) on the biomolecule recovery in the bottom phase (a, eugenol;
b, eugenyl acetate; ¢, a-humulene) using an aqueous two-phase system formed by protic ionic liquids ([2HEA][Ac]: TLL ~ $8; [2HEA][Pr]: TLL
~ 52; [2HEA][Bu]: TLL ~ 53, and [2HEA][Pe]: TLL ~ S3) + acetonitrile and water at 101.2 kPa.

this study for the eugenol and eugenyl acetate molecules,
corroborating the results presented.

Figure 8 depicts the selectivity results of all target
biomolecules on the ATPS based on [2HEA][Bu] + ACN +
water due to the best recovery in the bottom phase. Increasing
the temperature allows for better separation of biomolecules. It
is still possible to observe that a-humulene can be easily
separated (2.93 < S < 6.83) from eugenol and eugenyl acetate
in both studied temperatures. Additionally, eugenol and
eugenyl acetate can be partially isolated (S = 2.17) at 298.2
K. Buarque et al.'* also reported the possibility of selective
separation of compounds such as hormones in PIL-based
ATPS.

5612

To illustrate the enrichment of the target biomolecules
studied here in one of the phases, we present a conceptual
process diagram formed by different steps (Figure 9): (a)
extraction of clove oil containing eugenol, eugenyl acetate, and
a-humulene using acetonitrile; (b) separation of target
biomolecules using the systems presented in this work; and
(¢) recycling and reuse of the phases formed using antisolvent
as an alternative to enhance the sustainable character of the
process. Acetonitrile, present as the majority constituent of the
top phase, has a boiling point of 82 °C. In contrast, a-
humulene, a biomolecule that preferentially migrates to the
ACN-rich phase, has a boiling point of 106 °C. Therefore, the
target biomolecule can be separated, and the ACN can be
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288.2K
EUG EAC HUM Selectivity Values
K 0.527 0.422 1.542 S<1.0
EUG 0.527 S=1.0
EAC 0.422 1.0>S>3.0
HUM 1.542 S$>3.0
2982 K
EUG EAC HUM
K
EUG 0.190
EAC 0.413
HUM 1.298 0.32

Figure 8. Selectivity of target biomolecules present in clove oil (eugenol, EUG; eugenyl acetate, EAC; and a-humulene, HUM) using an aqueous
two-phase system based on [2HEA][Bu] + ACN + water at different temperatures.

Recovered ACN

—
) —»  Pervaporation > a-humulene
ACN-rich phase
R, =67.84%
Clove a-humulene
v Reugenolg 8.15%
a - ~ Reugcn)laccla‘c =6.16%
iy — —
€ 3 >
PIL-rich phase
Extraction T Ry humutene = 32.16%
R eygenoi= 91.85%
Clove Oil Reugen\lateme =03.84% N Water Eugenol +
Addition > Eugenyl acetate
H — 4
: Water
Pervaporation

Aqueous PIL
Solution

Figure 9. Conceptual flowchart of isolating active biomolecules from clove oil using an aqueous two-phase system based on [2HEA][Bu] + ACN +

water at 298.2 K and atmospheric pressure.

recycled for the extraction process or the composition of new
systems. Eugenol and eugenyl acetate are insoluble in water.
Therefore, they can be separated by adding water as an
antisolvent and forming two liquid phases. This way, the excess
water added can be distilled to return to the system, and the
aqueous PIL solution can be reused to replenish the ATPS.

4. CONCLUSIONS

Liquid—liquid equilibrium data for the ternary systems PIL +
acetonitrile + water at 288.2, 298.2, and 308.2 K were obtained
experimentally. The experimental binodal data were obtained
satisfactorily to study ionic liquids’ behavior as salting-out
components in the acetonitrile—water mixture. The effects of
temperature and the alkyl chain size of the PIL anion were
observed in the behavior of the phase diagram. Thus, the
increase in the alkyl chain decreases the phase separation in the
order [2HEA][Ac] > [2HEA][Pr] > [2HEA][Bu] > [2HEA]-
[Pe] and decreases as the temperature increases. The
phenomena reported in this work are considered to be
analyzed by Log K,,, and by the interaction between the PIL-
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water and water-ACN. The PIL studies showed greater affinity
for the water-rich phase, demonstrating a hydrophilic character
at all temperatures investigated. The NRTL and UNIQUAC
models correlated the experimental data. The results indicate
that the NRTL and UNIQUAC models can be used for the
prediction of LLE data for the PIL + acetonitrile + water
system, presenting root-mean-square deviations (RMSD)
always lower than 3.0 and 5.3%, respectively, considering
each separate and global system. However, the NRTL model
better describes the behavior.

The partition of the biomolecules was studied at 288.2 and
298.2 K, and the results indicated that eugenol and eugenyl
acetate preferred the bottom phase or PIL-rich phase and that
a-humulene migrated to the top phase or ACN-rich phase.
The study also sought to understand, through computational
analysis, the polar character of the system constituents to
evaluate possible interactions. The temperature increase from
288.2 to 298.2 K increased the recovery of biomolecules in the
bottom phase, mainly for phenolics (eugenol and eugenyl
acetate). The system formed with [2HEA][Bu] showed greater
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selectivity for separating target biomolecules. It was also
possible to observe that a-humulene can be easily separated
from eugenol and eugenyl acetate in both studied temperatures
(S > 1), assisting in deterpenation. Therefore, the presented
results can be used for the isolation and purification of the
commercial biomolecules present in clove oil.
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