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ABSTRACT: Ionic-liquid-based aqueous biphasic systems (ILbased ABS) have been broadly investigated for the separation of
high-value compounds. Nevertheless, the large-scale application of
IL-based ABS is still hampered by the high cost and hazardous
features of most ILs used. Aiming at characterizing novel ABS
composed of ILs with a more acceptable environmental footprint
and enhanced biocompatibility, in this work, ABS formed by
water, cholinium carboxylate ILs ([Ch][CnCO2], with n = 2 to 6),
and K2CO3 were investigated. The respective ternary phase
diagrams, including binodal curves, tie-lines, and critical points,
were determined at (298 ± 1) K and atmospheric pressure. The
capability to form ABS (or of the IL to be salted-out) increased
with the increase of the alkyl chain length of the IL anion up to
cholinium pentanoate; however, for longer anion alkyl chain lengths the ILs self-aggregation led to a decrease of the ILs ability
to form ABS. Furthermore, the liquid−liquid equilibrium data experimentally determined were modeled using the local
composition activity model NRTL (nonrandom two liquid). The extraction performance of these systems was ﬁnally evaluated
with four nitrogenous bases (thymine, adenine, guanine, cytosine). In all studied systems nitrogenous bases preferentially
migrated to the IL-rich phase, with extraction eﬃciencies ranging between 81% and 97% in a single-step. The determined novel
phase diagrams indicate the composition of the mixtures required to use IL-based ABS as separation routes. The extraction
performance evaluation of these systems with nitrogenous bases provides an indication of their possible application to isolate
high-value compounds with biotechnological interest.

■

toxicity if properly designed.13,14 On the basis of these
advantages, several works have described the use of
cholinium-based ILs in the formation of ABS.15−18 However,
cholinium-based ILs tend to be highly hydrophilic and only
form ABS with strong salting-out salts (e.g., K3PO411,13,19 and
K2CO311) or with polymers (e.g., polypropylene glycol (PPG)
400 and 1000,16,17,20,21 polyethylene glycol (PEG) 400, 600
and 1000,22 polyethylene glycol-block-polypropylene glycolpolyethylene glycol21), in which the IL may act as the saltingout species.
With this work we aim to expand the characterization of
ABS formed by cholinium-based ILs and salts, demonstrating
that novel ABS can be formed if combining cholinium
carboxylate ILs and K2CO3 in aqueous media. The respective
ternary phase diagrams, including binodal curves, tie-lines, and
critical points, were determined at (298 ± 1) K and
atmospheric pressure. To infer the possible application of

INTRODUCTION
Ionic-liquid-based aqueous biphasic systems (IL-based ABS)
formed by ILs, inorganic salts, and water were proposed in
2003 by Gutowski et al.1 as promising alternatives over more
conventional ABS constituted by polymers.2 They are usually
less viscous than polymer-based systems and display faster
phase separation rates, which is also promoted by a higher
diﬀerence in the densities of the respective phases.3−5 These
advantages led to intensive research in the past 15 years on ILs
as alternative phase-forming components of ABS.6−10 In
addition to their nonvolatility that has been seen as one of
the more important features, the designer solvent ability of the
ILs, which can be achieved by modifying either the cation or
the anion chemical structure, is one of the most relevant
properties when addressing their use in ABS and separation
processes, although imidazolium-based ILs, most of the time
combined with halogens and [BF4]− as anions, are still the
preferred choice.11
Large eﬀorts have been placed in the past years to synthesize
novel ILs with both an acceptable environmental footprint and
enhanced biocompatibility.12 Among these, ILs comprising the
2-hydroxyethyl-N,N,N-trimethylammonium (cholinium) cation stand out due to their high biodegradability and marginal
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Table 1. IUPAC Name, CAS Number, Supplier, Molecular Weight, and Mass Fraction Purity of All Compounds Used
Compound
IUPAC name
cholinium
hydroxide
propanoic acid
butanoic acid
pentanoic acid
hexanoic acid
heptanoic acid
potassium
carbonate
[Ch][C2O2]
[Ch][C2CO2]
[Ch][C3CO2]
[Ch][C4CO2]
[Ch][C5CO2]
[Ch][C6CO2]
adenine
thymine
cytosine
guanine

CASRN

molecular weight (g·
mol−1)

supplier

mass fraction purity
(wt %)

2-hydroxyethyl(trimethyl)azanium; hydroxide

123-41-1

Sigma-Aldrich

121.18

46a

propanoic acid
butanoic acid
pentanoic acid
hexanoic acid
heptanoic acid
dipotassium;carbonate

79-09-4
107-92-6
109-52-4
142-62-1
111-14-8
584-08-7

Acros Organics
Acros Organics
Riedel-de Haen
Sigma-Aldrich
Acros Organics
Sigma-Aldrich

74.08
88.11
102.13
116.16
130.19
138.21

99a
99a
99a
99.5a
99a
>99a

2-hydroxyethyl(trimethyl)azanium; acetate
2-hydroxy-N,N,N-trimethylethan-1-aminium
propionate
2-hydroxy-N,N,N-trimethylethan-1-aminium
butyrate
2-hydroxy-N,N,N-trimethylethan-1-aminium
pentanoate
2-hydroxy-N,N,N-trimethylethan-1-aminium
hexanoate
2-hydroxy-N,N,N-trimethylethan-1-aminium
heptanoate
7H-purin-6-amine
5-methyl-1H-pyrimidine-2,4-dione
6-amino-1H-pyrimidin-2-one
2-amino-1,7-dihydropurin-6-one

14586-35-7
n.a.

Iolitec
synthesized in
work
synthesized in
work
synthesized in
work
synthesized in
work
synthesized in
work
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

this

163.21
177.24

>99a
>97b

this

191.27

>97b

this

205.30

>97b

this

219.33

>97b

this

233.36

>97b

135.13
126.11
111.10
151.13

99a
99a
99a
98a

n.a.
n.a.
n.a.
n.a.
73-24-5
65-71-4
71-30-7
73-40-5

a

Reported by the supplier. bDetermined by 1H and 13C nuclear magnetic ressonance; n.a., not available.

Figure 1. Chemical structures of cholinium-based ILs and nitrogenous bases investigated.

these systems in separation processes, their extraction
performance for four nitrogenous bases, namely thymine,

adenine, guanine, and cytosine, was then evaluated. These
nitrogenous bases are constituents of nucleotides of deoxyB
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This equation was adopted in this work since it is the most
used and requires a lower number of adjustable parameters to
correlate the experimental data when compared with other
alternatives.3 Furthermore, this equation allows the direct
determination of the tie-lines (TLs) through a mathematical
approach (mass balance and lever-arm rule), as proposed by
Merchuk et al.28 Accordingly, ternary mixtures composed of IL
+ K2CO3 + water chosen at the biphasic region were
gravimetrically prepared (u(m) = 10−4 g) and vigorously
agitated. After stirring, the system was allowed to equilibrate
for at least 12 h at (298 ± 1) K aiming at the complete
separation of the coexisting phases. At this point, both phases
were carefully separated and individually weighed. At the
conditions used in this work, all systems present the IL-rich
phase at the top phase while the salt-rich phase corresponds to
the bottom phase.
Each TL was determined through a mathematical approach
(mass balance and lever-arm rule), applying a system of six eqs
(eqs 2 to 7). Equations 2 and 3 correspond to the description
of the binodal curve given by eq 1, yet describing the top and
bottom phases, respectively; eqs 4 and 5 correspond to the
lever-arm rule; and eqs 6 and 7 correspond to the mass balance
of the two ABS phase-forming components, namely the IL and
salt. Equations 1 to 5 were previously proposed by Merchuk et
al.,28 whereas eqs 6 and 7 are the salt and IL mass balance
added to improve the TL data accuracy. The system of
equations used for the TLs determination has four unknown
parameters ([IL]T, [IL]B, [salt]T, [salt]B) and is deﬁned as
follows:

ribonucleic acid (DNA), with their separation being relevant in
the biotechnology ﬁeld.23,24 However, DNA puriﬁcation is
usually carried out by liquid−liquid extraction involving phenol
and chloroform,25 motivating the development of alternative
cost-eﬀective technologies for their puriﬁcation and for which
the data gathered in this work can provide some insights.

■

EXPERIMENTAL SECTION
Materials. The investigated cholinium-based ILs comprise
anions derived from carboxylic acids, namely cholinium acetate
([Ch][C2O2]), cholinium propanoate ([Ch][C2CO2]), cholinium butanoate ([Ch][C3CO2]), cholinium pentanoate
([Ch][C4CO2]), cholinium hexanoate ([Ch][C5CO2]), and
cholinium heptanoate ([Ch][C6CO2]). [Ch][C2O2] was
supplied by Iolitec (>99 wt %). The remaining ILs were
synthesized by us following a protocol previously described.15
The obtained ILs were dried under high vacuum (1 Pa),
moderate temperature (313 K), and continuous stirring for at
least 72 h. All ILs synthesized showed high purity (>97 wt %),
conﬁrmed by 1H and 13C NMR (spectra given in the
Supporting Information). The required precursors, namely
cholinium hydroxide solution (46 wt %, Sigma-Aldrich),
propanoic (99 wt %, Acros Organics), butanoic (99 wt %,
Acros Organics), pentanoic (99 wt %, Riedel-de Haen),
hexanoic (99.5 wt %, Sigma-Aldrich), and heptanoic acids (99
wt %, Acros Organics), were commercially acquired. The ILbased ABS studied in this work were prepared with potassium
carbonate, K2CO3 (>99 wt %), purchased from Sigma−
Aldrich. For the extraction studies, DNA nitrogenous bases
were investigated, namely thymine (99 wt %), adenine (99 wt
%), guanine (98 wt %), and cytosine (99 wt %), all acquired
from Sigma−Aldrich. The water used was double distilled,
passed by a reverse osmosis system and further treated with a
Milli-Q plus 185 water puriﬁcation apparatus. The IUPAC
name, CAS number, supplier, molecular weight and mass
fraction purity of all compounds used are reported in Table 1.
The chemical structures of the investigated ILs and nitrogenous bases are given in Figure 1.
Phase Diagrams and NRTL Modeling. The binodal data
were determined through the cloud point titration method at T
= (298 ± 1) K and atmospheric pressure. The experimental
method used follows the one previously described.26,27 An
aqueous solution of K2CO3 at 50 wt % and aqueous solutions
of the diﬀerent ILs at 60 wt % were prepared and used for the
determination of the binodal curves. The repetitive dropwise
addition of the salt aqueous solution into the aqueous solutions
of each IL was carried out until the detection of a cloudy
(biphasic) solution, followed by the dropwise addition of
ultrapure water until the observation of a limpid solution
(monophasic region). All additions were made under
continuous stirring. The binodal curves were determined by
the weight quantiﬁcation of all components added (u(m) =
10−4 g), in which the weight mass fractions corresponding to
the cloud and limpid points were used to describe each binodal
curve. The experimental solubility curves were correlated using
eq 1:28
[IL] = A exp[(B[salt]0.5 ) − (C[salt]3 )]

3
[IL]T = A exp[(B[salt]0.5
T ) − (C[salt]T )]

(2)

3
[IL]B = A exp[(B[salt]0.5
B ) − (C[salt]B )]

(3)

[salt]T =

[IL]M
1−α
−
[IL]B
α
α

(4)

[salt]B =

[salt]M
1−α
−
·[salt]B
α
α

(5)

IL
mM
= m T[IL]T + mB[IL]B

(6)

salt
mM
= m T ·[salt]T + mB ·[salt]B

(7)

where m is the mass of component i (IL or salt) and the
subscripts M, T, and B designate, respectively, the initial
mixture, the top and bottom phases. The value α is the ratio
between the mass of the top phase and the total mass of the
mixture experimentally determined. Finally, the tie-line length
(TLL) was determined through the application of the
following equation:
TLL =

([salt]T − [salt]B )2 + ([IL]T − [IL]B )2

(8)

To ascertain the reliability of the TLs determined by the
application of eqs 1 to 7 and to address the possibility of ion
exchange in the investigated systems, the IL cation ([Ch]+)
and anion ([CnCO2]−) in the IL-(top)-rich phase were
quantiﬁed by 1H NMR (Bruker AMX 300), operating at 300
MHz, by integrating the peak area of the analyte with that of a
reference. Benzene was used as an external standard, the
solution of which was gravimetrically prepared in a DMSO
sealed capillary, and further validated against several standards.
The 1H NMR peak corresponding to the hydrogens of the
three methyl groups of the cholinium was used to quantify the

(1)

where IL and salt represent the IL and salt weight fraction
percentages, respectively, and A, B, and C are constants
obtained by regression.
C
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Figure 2. Orthogonal phase diagram representation for the ABS formed by IL + K2CO3 + water at (298 ± 1) K and atmospheric pressure. The
solid lines represent the ﬁtting by eq 1.

where τij are the i−j interactions parameters, αij is related to the
nonrandomness of the mixture, and the common value of 0.3
was taken as default for all systems.
The estimation of the critical point of the studied systems
was determined using the following equation,37

IL cation while the hydrogens from the last carbon of the alkyl
chain of the anion were used to quantify the IL anion (cf.
NMR spectra given in the Supporting Information). Two
mixture compositions of each ABS comprising [Ch][C2CO2],
[Ch][C3CO2], or [Ch][C4CO2], corresponding to the same
mixture compositions used and where eqs 1 to 7 were applied,
were prepared and the IL cation and anion quantiﬁed at the ILrich phase. These three ILs were selected since the ABS
formed by [Ch][C2CO2] + K2CO3 + water has the smallest
biphasic region whereas [Ch][C4CO2] + K2CO3 + water has
the largest biphasic region, with the binodal curve of the
system comprising [Ch][C3CO2] falling between.
The liquid−liquid equilibrium data experimentally determined was modeled using the local composition activity model
nonrandom two-liquid (NRTL).29 The NRTL model is known
to be robust and ﬂexible enough for modeling both ternary
LLE data and binary subsystems using a common parameter
setthe binary interaction parameters τij. Several works have
shown the adequacy of using the NRTL model to describe
organic−IL binary mixtures, as well as salt−IL or polymer−salt
ABS.30−36 However, determining these parameters set by
ﬁtting the model to ternary experimental TLs may lead to poor
descriptions of the binary subsystems. To the best of our
knowledge no binary interaction parameters exist for the
studied binary subsystems.
Aiming at minimizing the loss of the model parameters
physical meaning, NRTL parameters were optimized by the
simultaneous regression of the following equations to all the
experimental data available (ﬁve ternary systems and three tielines per system) using the objective function OF:
xiTγi T = xiBγi B

[IL] = D + E[K 2CO3]

were D and E are the ﬁtting parameters.
Extraction of Nitrogenous Bases. From the phase
diagrams determined in this work, ternary mixture compositions which lead to the formation of two-phase systems were
chosen to carry out the extraction of nitrogenous bases. To
avoid discrepancies that may result from diﬀerences in
composition between the two phases, all extraction studies
were performed at a similar TLL (ca. 56 ± 2). Aqueous
solutions of thymine, adenine, and cytosine were prepared at a
concentration of 0.80 mg·mL−1 and added according to the
water content in each ABS, resulting in a concentration ranging
between 0.34 and 0.38 mg·mL−1 in the overall system. For the
guanine extraction, and due to its low water-solubility, 1 mg of
the nitrogenous base was added directly to each ABS, resulting
in a concentration around 0.5 mg·mL−1 in the overall system.
Each mixture was vigorously stirred, centrifuged for 30 min at
(298 ± 1) K to reach the nitrogenous bases equilibrium and
partition between the coexisting phases. After, a careful
separation of the phases was performed, and each nitrogenous
base in each phase was quantiﬁed by UV-spectroscopy, using a
BioTeck Synergy HT microplate reader at a wavelength of 260
nm, using calibration curves previously established. At least
three independent ABS were prepared, and three samples of
each phase were quantiﬁed. Control or “blank” solutions at the
same mixture point used for the extraction studies (with no
nitrogenous bases added) were used in all systems.
The percentage extraction eﬃciencies of each ABS to each
nitrogenous base, EE%, are deﬁned as the percentage ratio
between the amount of each nitrogenous base in the IL-rich
aqueous phase and that in the total mixture, according to eq
14:

(9)

ÄÅ
ÉÑ
ÅÅ x G i
∑m τmjGmjxm yzzÑÑÑÑ
ÅÅ i ij jj
jjτ −
zzÑÑ
ln(γi) =
+ ∑ ÅÅÅ
zzÑÑ
Å ∑k Gkjxk jj ij
∑
∑k Gkixk
G
x
kj
k
k
j Å
ÅÇ
k
{ÑÑÖ
∑j τjiGjixj

(10)

Gij = exp( −αijτij)
OF =

(11)

2
∑ ∑ ∑ (xpexp, n,k − xpcalc
, n , k)
p

n

k

(13)

EE NB% =

(12)
D

IL
wNB
IL
wNB

salt
+ wNB

100
(14)
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salt
where wIL
NB and wNB are the total weight of each nitrogen base
(NB) in the IL-rich and in the salt-rich aqueous phases,
respectively.
The pH of each ABS phase was measured at (298 ± 1) K
using a Mettler Toledo S47 Seven MultiTM dual meter pH
instrument.

was previously reported for the IL cation eﬀect in ABS
formation.41
Three mixture compositions at the biphasic region of each
ABS were prepared, and eqs 1 to 7 were applied to determine
the respective TLs, along with their respective length (TLLs),
which are reported in Table 3. The critical points determined
for the studied systems are reported in Figure 3. The IL cation
and anion in the IL-rich phase of diﬀerent TLs were quantiﬁed
by 1H NMR to address the reliability of applying eqs 1 to 7
since ion exchange may occur. The results obtained are given
in the Supporting Information. Although two salts are used in
the investigated ABS, the results obtained demonstrate that the
IL cation and anion at the IL-rich phase exist in a ratio of 1:1,
proving that ion exchange in these systems does not exist or, if
it exists, it is of low signiﬁcance and below the detection limit
of the analytical technique. These results conﬁrm the reliability
of the TLs given in Table 3.
Even though there are several ions in solution, ion exchange
between the salt and IL ions in the ABS investigated appear to
be not relevant since the diﬀerent ions will have a low
probability to create diﬀerent ion pairs (the salt used is
composed of high-charge density ions, whereas the IL is
constituted by low-charge density ions). Previous works
addressed this possibility.42,43 It should be however remarked
that ion exchange is more signiﬁcant when dealing with ILs
mixtures.44
The NRTL activity coeﬃcient model was applied to the TL
data aiming at proposing binary interaction parameters capable
of describing the systems under study. The determination of
the binary interaction parameters by ﬁtting the model only to
ternary experimental LLE data may lead to poor descriptions
of the binary subsystems. Aiming at minimizing the loss of the
model parameters physical meaning, the NRTL parameters
were optimized by simultaneously regressing all the experimental data (ﬁve ternary systems and three tie-lines per
system) using the objective function given by eq 12. To the
best of our knowledge no binary interaction parameters exist
for the studied binary subsystems using the NRTL activity
coeﬃcient model. As depicted in Figure 3, the set of optimized
binary interaction parameters allows an excellent description of
the experimental data with a %AAD (average absolute
deviation) of 5.57 × 10−4, calculated as

■

RESULTS
Phase Diagrams and NRTL Modeling. Novel ternary
phase diagrams for ﬁve ILs ([Ch][C2CO2], [Ch][C3CO2],
[Ch][C4CO2], [Ch][C5CO2], and [Ch][C6CO2]) + K2CO3 +
water were determined at (298 ± 1) K and atmospheric
pressure. Although [Ch][C2O2] was also tested, this IL does
not form ABS with K2CO3 due to its higher hydrophilicity,
thus requiring stronger salting-out species to induce phase
separation. The experimental weight fraction data of each
phase diagram are reported in the Supporting Information,
whereas the respective phase diagrams are displayed in Figure
2. The phase diagrams are represented in an orthogonal
representation in which the water content corresponds to the
diﬀerence needed to reach 100 wt %. The ﬁtting of the
experimental data by eq 1 is also shown in Figure 2. The
regression parameters were estimated by the least-squares
regression method, and their values and corresponding
standard deviations (σ) are provided in Table 2. The solubility
Table 2. Adjusted Parameters and Respective Standard
Deviations (σ) Obtained by Fitting of the Experimental
Data by eq 1
IL
[Ch]
[C2CO2]
[Ch]
[C3CO2]
[Ch]
[C4CO2]
[Ch]
[C5CO2]
[Ch]
[C6CO2]

A ±σ

B ±σ

105 (C ± σ)

−0.225 ± 0.004

1.49 ± 0.09

105.5 ± 7.6

−0.237 ± 0.019

1.91 ± 0.11

102.0 ± 10.3

−0.232 ± 0.026

2.17 ± 0.14

(101.9 ± 4.8) × 10−6

−0.205 ± 0.002

2.19 ± 0.04

(100.0 ± 6.4) × 10−6

−0.184 ± 0.002

2.41 ± 0.04

−6

(106.6 ± 8.7) × 10

curves are presented in both weight fraction and molality units.
The latter representation is used to better understand the
impact of each IL on the phase diagram behavior, avoiding
diﬀerences that would result from diﬀerent molecular weights,
and particularly relevant regarding the eﬀect of the ILs selfaggregation when dealing with ILs with longer alkyl side chains
at the anion.
Phase diagrams shown in Figure 2 with a larger area above
the solubility curve display higher ability to form two phases,
that is, required lower amounts of salt or IL to create twophase systems. Accordingly, the ability of cholinium-ILs to
form ABS at (298 ± 1) K at 2.0 mol·kg−1 follows the rank:
[Ch][C4CO2] > [Ch][C3CO2] ≈ [Ch][C5CO2] ≈ [Ch][C6CO2] > [Ch][C2CO2]. Although this order shows that the
capability to form ABS (or of the IL to be salted-out) increases
with the increase of the alkyl chain length of the IL anion, this
is only observed up to cholinium pentanoate; for higher anion
alkyl chain lengths the self-aggregation of the ILs occurs,
decreasing their ability to create ABS.38,39 This trend in ABS
formation is in agreement with what has been recently
observed for cholinium-based ILs + K2HPO4 ABS and seems
to be independent of the salt used.40 Moreover, the same trend

N

%AAD =

∑
i

w%exp − w%calc
w%exp

100/N

The IL-rich phase nonideality is governed by the IL and water
interactions while at the salt-rich phase the nonideality of the
ABS is governed by the water and salt interactionsas
demonstrated by the activity coeﬃcients given in the
Supporting Information and the binary interaction parameters
depicted in Figure 3. The nonideality observed is a clear
indication that upon mixing of the three components the
interactions that the salt establishes with water compete with
those present in the IL + water binary system, promoting
liquid−liquid equilibrium.
Extraction of Nitrogenous Bases. The preferential
migration of biomolecules in ABS may be dependent on
speciﬁc interactions or on their aﬃnity for a given phase
according to the coexisting phases polarities, which can be
achieved by changing the IL used in the ABS. The eﬀect of the
cholinium-based IL ([Ch][C2CO2], [Ch][C3CO2], [Ch][C4CO2], [Ch][C5CO2], and [Ch][C6CO2]) in the partitionE
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Table 3. Weight Fraction Compositions (wt%) of the Initial Mixture (M), TL Data Given by the Compositions of the Top (T,
IL-Rich) and Bottom (B, Salt-Rich) Phases, and TLLs of the ABS Composed of Water + Cholinium-Based ILs + K2CO3 at
(298 ± 1) K and Atmospheric Pressure (0.1 MPa).a̲
weight fraction composition/wt %
IL

[IL]T

[salt]T

[IL]M

[salt]M

[IL]B

[salt]B

TLL

[Ch][C2CO2]

41.71
46.44
48.75
41.50
43.01
45.80
39.70
44.28
48.78
43.50
46.85
51.06
37.02
43.59
46.21

16.44
13.61
12.31
13.84
13.01
11.53
14.39
11.86
9.61
14.64
12.78
10.57
19.39
15.08
13.22

26.01
26.10
26.23
26.12
25.77
26.27
25.61
25.83
26.51
26.36
25.99
26.00
29.88
30.09
29.80

29.73
31.06
31.93
26.07
27.22
28.06
26.04
27.21
27.86
27.85
28.87
30.29
25.14
26.19
27.34

4.79
3.35
2.57
4.92
3.46
2.34
3.19
2.26
1.84
3.15
2.64
1.75
1.94
1.18
0.70

47.67
50.56
52.54
42.90
45.61
48.31
44.57
46.84
48.08
45.76
46.88
49.37
47.49
50.00
52.37

48.36
56.76
61.24
46.72
51.25
56.93
47.38
54.67
60.69
50.96
55.82
62.75
44.96
54.94
60.03

[Ch][C3CO2]

[Ch][C4CO2]

[Ch][C5CO2]

[Ch][C6CO2]

a

The combined standard uncertainty for the weight fraction ur(w) is 0.01, the standard uncertainty for the temperature u(T) is 1 K, and the
standard uncertainty for pressure u(p) is 10 kPa.

guanine, and cytosine as a function of pH46 are provided in the
Supporting Information. According to the pH values of the ILand K2CO3-rich phases, the nitrogenous bases thymine,
adenine, and cytosine have a charge of −1, while guanine
has a charge of −2, and thus could interact with the IL
cholinium cation. However, since signiﬁcant diﬀerences in the
extraction eﬃciencies occur between nitrogenous bases with
the same charge and no signiﬁcant changes are observed with
diﬀerent ILs, which will have an impact through diﬀerent
cation−anion interaction strengths, it seems that electrostatic
interactions between the IL cation and each base do not play a
relevant role.
To the best of our knowledge, no studies on the use of ILbased ABS to extract nitrogenous bases of nucleotides from
DNA have been reported in the literature; however, some
works reporting on the use of ABS for the extraction of DNA
can be found in the literature.47−49 Huang and Huang49 used
ABS composed of the 1-butyl-3-methylimidazolium tetraﬂuoroborate and KH2PO4 for extracting yeast DNA. Moreover, Xu
et al.48 applied ABS formed by ILs or deep eutectic solvents to
extract DNA, with a maximum extraction eﬃciency of 99.6%.
In this work, similar extraction eﬃciencies were attained for
nitrogenous bases from DNA while using cholinium-based ILs,
reinforcing the need of studying additional ABS composed of
more biocompatible and low cost ILs as alternative separation
platforms.
Aiming at developing sustainable separation processes, the
recovery of the studied nitrogenous bases from the IL-rich is
mandatory and can be carried out using diﬀerent strategies.
Because of the low water solubility of nitrogenous bases in
water and taking into account the hydrotropic phenomenon
aﬀorded by ILs, the addition of water may lead to the
nitrogenous bases precipitation, as proposed by Ferreira et al.50
and Cláudio et al.51 The back-extraction of the nitrogenous
bases from the IL-rich phase using organic solvents where
nitrogenous bases are more soluble is also a possible strategy,
as carried out by Cláudio et al.52 Finally, the recovery of the
nitrogenous bases by solid-phase extraction using eﬀective

ing of DNA nitrogenous bases, namely thymine, adenine,
guanine, and cytosine, in ABS formed by water + IL + K2CO3
was evaluated at (298 ± 1) K at a common TLL (ca. 56 ± 2).
The mixture compositions, respective phases’ compositions,
and TLLs are presented in Table 3. The extraction eﬃciencies
(EENB%) of nitrogenous bases with diﬀerent ABS are shown in
Figure 4, the detailed results of which are given in the
Supporting Information.
In all systems, DNA nitrogenous bases preferentially migrate
to the most hydrophobic phase, that is, the IL-rich phase, with
extraction eﬃciencies ranging between 81% and 97% achieved
in a single-step. These values support the salting-out eﬀect
exerted by K2CO3 and/or the preferential aﬃnity of the
studied DNA nitrogenous bases to the IL-rich phase (low
water content; cf. Table 3). When the respective standard
deviations are taken into account, there are no signiﬁcant
diﬀerences on the extraction eﬃciencies by each IL-based ABS
to the same nitrogenous base. Since all extraction experiments
were carried out at a similar TLL, where the diﬀerences
between the coexisting phase’s compositions are kept equal,
this trend reﬂects the absence of speciﬁc interactions arising
from the IL alkyl side chain length increase and the studied
nitrogenous bases.
The extraction eﬃciencies of most studied ABS to each
DNA nitrogenous base, as displayed in Figure 4 and taking into
account the associated standard deviations, decrease in the
following order: adenine > thymine > cytosine > guanine. This
ranking correlates with the logarithm of the octanol−water
partition coeﬃcients (log(Kow)) of the investigated nitrogenous bases (adenine, −0.05; thymine, −0.62; cytosine,
−1.48; and guanine, −1.77),45 where the most hydrophobic
bases partition in a more extensive way to the IL-rich phase.
These results are in agreement with the discussion provided
abovethe studied bases preferentially partition to the most
hydrophobic (IL-rich) phase.
The studied nitrogen bases suﬀer speciation according to the
ABS pH values. The pH values of both top and bottom phases
are given in the Supporting Information, and range between
11.8 and 12.4. The dissociation curves of thymine, adenine,
F
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Figure 3. Phase diagrams for the studied ternary systems, optimized NRTL binary interaction parameters, and IL critical concentration: (Solid
lines) ﬁtting by eq 1; (red dotted lines) critical point estimation determined by eq 13; (black empty circles) experimental TLs; (red stars) TLs
obtained from the NRTL ﬁtting.

Figure 4. Extraction eﬃciencies of each ABS to nitrogenous bases (EENB%) at (298 ± 1) K.
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cartridges, as those identiﬁed by Czarnecka et al.,53 may be
used as an eﬀective recovery approach.
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CONCLUSIONS
In this work, novel ternary phase diagrams for ABS composed
of water, cholinium-based ILs, and K2CO3 at (298 ± 1) K and
atmospheric pressure were determined. In addition to each
binodal curve, TLs and critical points have been determined,
and the NRTL model was applied. The capability to form ABS
(or of the IL to be salted-out) increases with the increase of
the alkyl chain length of the IL anion up to cholinium
pentanoate; nevertheless, for longer anion alkyl chain lengths,
the self-aggregation of the ILs leads to a decrease of their
ability to form ABS. The set of optimized binary interaction
parameters allowed an excellent description of the experimental data by the NRTL model, with a %AAD of 5.57 ×
10−4. Furthermore, it is shown that the IL-rich phase
nonideality is governed by the IL and water interactions,
while at the salt-rich phase the nonideality is governed by the
water and salt interactions.
After the characterization of the studied ABS they were
ﬁnally evaluated, at a ﬁxed TLL (56 ± 2), for the extraction of
nitrogenous bases. The systems investigated allow extraction
eﬃciencies ranging from 81% to 97% to the IL-rich phase in a
single-step. Taking into account the respective standard
deviations, no signiﬁcant diﬀerences on the extraction
eﬃciencies by each IL-based ABS to the same nitrogenous
base were found, reinforcing the absence of speciﬁc
interactions arising from the IL alkyl side chain length increase
and the studied nitrogenous bases since all experiments were
carried out at a similar TLL. On the other hand, more
signiﬁcant diﬀerences are seen when addressing the same ILbased ABS to extract diﬀerent bases. In general, it was found
that the most hydrophobic bases partition in a more extensive
way to the IL-rich phase, following the respective octanol−
water partition coeﬃcients.
The novel set of results here presented contribute to a better
characterization of IL-based ABS composed of cholinium
carboxylate ILs and salts, while foreseeing their application in
the separation of value-added compounds.
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