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of water and hydrophobic ionic
liquids in the presence of hydrochloric acid†

Valérie Mazan,ab Maria Yu. Boltoeva,*ab Evgeny E. Tereshatovc and Charles M. Folden
IIIc

Previous studies have shown that the presence of nitric acid, the principal solute in various

hydrometallurgical processes, and perchloric acid in the aqueous phase is an important factor for

increased aqueous solubility of hydrophobic ionic liquids. In this study, the effect of hydrochloric acid in

the aqueous phase on the mutual solubility of water and hydrophobic 1,3-dialkylimidazolium- and N,N-

dialkylpyrrolidinium bis(trifluoromethylsulfonyl)imide ionic liquids, [Cnmim][Tf2N] (n ¼ 2, 4, 6, and 8) and

[C3C1pyrr][Tf2N], is examined at room temperature and atmospheric pressure. Hydrochloric acid caused

a considerable increase in the aqueous solubility of all the studied ionic liquids. The amount of water

transferred into the organic phase increases with increasing hydrochloric acid concentration for short

alkyl chain ILs, and the opposite trend was observed for long alkyl chain ILs. The effect of the N–H acid

bis(trifluoromethylsulfonyl)imide, H[Tf2N], and the salts lithium bis(trifluoromethylsulfonyl)imide, Li[Tf2N],

and 1-butyl-3-methylimidazolium chloride, [C4mim]Cl, dissolved in hydrochloric acid solutions on the

mutual solubility of water and the [C4mim][Tf2N] ionic liquid were also investigated. The salting-out

effect is observed and it was shown to be dependent on the nature of the salt, its concentration and the

hydrochloric acid concentration in the aqueous phase. A mathematical model has been developed to

describe the dependence of the ionic liquid cation and anion concentration on the common ion salt

concentration in the aqueous hydrochloric acid phase. This model describes the basic character of ionic

liquid dissolution in the aqueous phase and allows for estimation of solubility product values.
1. Introduction

Ionic liquids (ILs) are a wide class of salts with melting points
lower than 100 �C, and some of them are liquid at room
temperature.1,2 ILs consist entirely of ions, and are oen
asymmetric, with bulky organic cations and organic or inor-
ganic anions. The cationic moieties used for the preparation of
the most-investigated ILs are alkyl-substituted ammonium and
phosphonium, imidazolium, pyridinium, and pyrrolidinium.3,4

Common anionic components of ILs are halides, hexa-
uorophosphate, tetrauoroborate, triuoromethanesulfonate,
and bis(triuoromethanesulfonyl)imide. The physicochemical
properties of ILs such as density, viscosity, miscibility with
other solvents, etc. can be adjusted by the appropriate choice of
the cationic and anionic parts of the IL.5 Moreover, the enor-
mous number of potentially accessible ILs could allow for
selecting specic ILs for each application, and that is why ILs
are oen called “designer solvents”.6,7
sbourg, France. E-mail: maria.boltoeva@
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Ionic liquids can be applied in various chemical elds such
as organic synthesis,8 catalysis,9,10 electrochemistry,11,12 and
separation chemistry,13 particularly solvent extraction.14–16

Hydrophobic ionic liquids are widely considered as a promising
alternative to traditional organic solvents because of their
unique physicochemical properties like high chemical and
thermal stability,17 non-ammability,18,19 very low vapor pres-
sure.20,21 These properties may offer safer and more efficient
ways to extract metallic ions from acidic aqueous solutions.1,22,23

However, the use of ionic liquids could result in complications
for a global extraction process, especially because of: (i) the
modication of some thermophysical and transport properties
of ionic liquid phase, for example, density and viscosity,24,25

aer contact with aqueous solutions; (ii) the mutual solubility
of water and IL and as consequence the pollution of the
aqueous phase with IL ions; (iii) the complex mechanism of
extraction of metallic ions. These issues must be considered
from various points of view prior to the application of ILs for
metal separation: (i) from the technological point of view,
because of possible phase reversal and undesirable presence of
IL component ions in product streams; (ii) from the environ-
mental point of view because of the possible release of ILs in
aquatic systems; and (iii) from the economical point of view
because of the loss of costly ILs. Moreover, the mutual solubility
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Chemical structures of the ionic liquid cations and anion used in
the present work.
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of water and ILs is of key importance because the metal
extraction can be driven by transfer of IL constituent ions into
the aqueous phase.26

1,3-Dialkylimidazolium bis(triuoromethylsulfonyl)imide
ionic liquids are the most studied ILs as solvents for the
extraction of metals. These ILs are hydrophobic but somewhat
hygroscopic and slightly soluble in water. In our previous
works,26,27 the mutual solubility of 1-butyl- and 1-decyl-3-
methylimidazolium bis(triuoromethylsulfonyl)imide ILs and
water in the presence of nitric, perchloric, and hydrochloric
acids was investigated. It was shown that these mineral acids
widely used in solvent extraction are an important factor for
increased solubility of the studied ionic liquids. Nevertheless,
the experimental data on the behavior of biphasic systems
composed of IL and hydrochloric acid solutions are limited and
fragmentary.27,28 There are no data on the IL anion solubility as
a function of hydrochloric acid concentration, the impact of
cation alkyl side chain length and the presence of various
organic and inorganic solutes in both phases on the solubility of
ILs. However, a number of recent studies have reported the
extraction of metals such as gold, platinum, iridium and thal-
lium from hydrochloric acid media into pure ILs.2,29,30 To
understand the mechanism of extraction in this kind of IL-
based systems, the study of mutual solubility of water and IL
in the presence of hydrochloric acid is mandatory.

This paper reports the study of biphasic systems composed
of aqueous hydrochloric acid solutions (concentrations from
0 to 10.5 M) and hydrophobic bis(triuoromethanesulfonyl)
imide-based ILs composed of four 1-alkyl-3-
methylimidazolium cations with 2, 4, 6, and 8 carbons in the
alkyl chain and also the N-propyl-N-methylpyrrolidinium
cation. The determination of the equilibrium concentration of
the entities, namely H2O, in the ionic liquid phase, and cations
and anions of ILs and hydrochloric acid in the aqueous phase,
as a function of the solutes dissolved in the aqueous phase was
carried out. The results obtained in this work give some insights
into the behavior of IL-based extraction systems in contact with
aqueous hydrochloric acid solutions.

2. Experimental section
2.1. Chemical products

High purity grade (99.5%) ionic liquids, 1-alkyl-3-
methylimidazolium bis(triuoromethanesulfonyl)imide (hence-
forth indicated as [Cnmim][Tf2N], where n ¼ 2, 4, 6, and 8), N-
propyl-N-methylpyrrolidinium bis(triuoromethanesulfonyl)
imide ([C3C1pyrr][Tf2N]), and salts, 1-butyl-3-methylimidazolium
chloride ([C4mim]Cl, >99%) and lithium bis(tri-
uoromethanesulfonyl)imide (Li[Tf2N], >99%), were purchased
from Solvionic (Toulouse, France). The N–H acid bis(tri-
uoromethylsulfonyl)imide (H[Tf2N], >95%) was purchased from
Sigma Aldrich. Fig. 1 shows the chemical structures of ILs used in
the present study.

Selected physico-chemical properties of the ILs studied in
this work (solubility of water, aqueous solubility, cation
hydrophobicity, density, viscosity, and interfacial tension
between IL and water) are provided in Table 1.
This journal is © The Royal Society of Chemistry 2016
Deuterium oxide (deuterated water, D2O, Eurisotop) and
deuterium chloride (deutero-hydrochloric acid, DCl, 35 wt% in
D2O) of analytical grade (purchased from Sigma Aldrich) were of
99 at% purity of deuterium. Dihydrated sodium citrate (99%)
and maleic acid (99.9%) were purchased from Merck, and
sodium triuoroacetate (98%) was purchased from Alfa Aesar.
All reagents were used without further purication. Deionized
water (ELGA PURELAB DV25) with a resistivity of 18.2 MU cm
was used for preparing the aqueous solutions, except for the
NMR samples.
2.2. Sample preparation

ILs were accurately dried under vacuum prior to use following
a previously published procedure.38 The content of residual
water was less than 0.03 wt% aer drying [Cnmim][Tf2N] (n¼ 2,
4, 6, or 8) and [C3C1pyrr][Tf2N]. The deutero-hydrochloric acid
solutions were prepared by diluting concentrated DCl with
deuterium oxide to the desired concentration. Li[Tf2N] and
[C4mim]Cl salts were dried under reduced pressure at room
temperature for 4 h. The solutions of Li[Tf2N] and [C4mim]Cl
were obtained by exact weighing of a calculated amount of
solid followed by dissolving in a volumetric ask with 1 M or
5 M DCl in D2O. An analytical balance (Sartorius, BP
2215 model) with an accuracy of �0.1 mg was used for weigh-
ing the components. The concentration of stock salt solutions
was close to 1 M; these solutions were then diluted with 1 M or
5 M DCl in D2O. The partition experiments were carried out by
a standard liquid–liquid extraction technique. Generally, equal
volumes of IL and aqueous phase (0.8 mL) were placed into
Eppendorf centrifugation tubes (2 mL). The corresponding IL
masses were calculated using the known densities (Table 1)
and were taken precisely by weighing. The aqueous acidic
solution was added into the tube by an Eppendorf Research
precision pipette. The biphasic samples were vigorously mixed
for 1 h at 1500 rpm on a mechanical shaker (IKA vibrax VXR
basic) at room temperature (23 � 2 �C). Aer a given shaking
time, the samples were centrifuged for 2 min at 3000 rpm
(Micro Star 12, VWR) in order to promote phase separation.
Then, aliquots of the equilibrium organic and aqueous phases
were taken for further analysis. The experiments were generally
repeated twice.
RSC Adv., 2016, 6, 56260–56270 | 56261
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Table 1 Solubility of water in ILs, solubility of ILs in pure water, cation hydrophobicity, density, viscosity, and interfacial tension at 25 �C of the ILs
studied in this work

Ionic liquid
Solubility
H2O in IL (M)

Solubility
IL in H2O (mM)

Cation hydrophobicity,31

log k0,c
Density32

(dry, g cm�3)
Viscosity
(mPa s)

Interfacial
tension33 (mN m�1)

[C2mim][Tf2N] 1.60 (ref. 34) 42 (ref. 35) 0.22 1.52 34.40 (ref. 36) 9.85
[C3C1pyrr][Tf2N] 0.96 (ref. 37) 26 (ref. 2) <0.57 1.40a 71.23a —
[C4mim][Tf2N] 1.20 (ref. 34) 16 (ref. 26) 0.67 1.44 51.82 (ref. 24) 13.20
[C6mim][Tf2N] 0.79 (ref. 34) 5 (ref. 35) 1.2 1.36 70.26 (ref. 36) 14.82
[C8mim][Tf2N] 0.63 (ref. 34) 2.5 (ref. 28) 1.9 1.31 104.00a 15.79

a Data from the supplier.
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For all biphasic systems studied in this work, the ionic liquid
was the denser phase and no inversion of phases was observed
aer shaking. The extraction systems were always biphasic.

In this work, the ionic liquid phase is notated as “IL” and
hydrochloric acid phase as “aq”. The initial and equilibrium
concentrations of species in each phase are denoted as “init”
and “eq”, respectively.
2.3. NMR measurements

For all NMR measurements in the present work, solutions of
deutero-hydrochloric acid in deuterated water were prepared.
The substitution of hydrogen atoms by deuterium in hydro-
chloric acid and water should not result in a signicant change
of the studied chemical behavior of these compounds.

The experimental protocol for quantitative uorine (19F) and
proton (1H) nuclear magnetic resonance (NMR) measurements
of [Cnmim][Tf2N] component ions in aqueous nitric acid solu-
tions was described in detail in our previous article.26 However,
the 1H NMRmeasurements procedure needed to be adapted for
the present study. In the case of [C3C1pyrr

+] cations, the CH3

group (dH 3.03 ppm) and pyrrolidinium ring (dH 2.20 ppm)
proton signals overlap with sodium citrate (dH 2.4 ppm to 2.8
ppm) proton signals, and that can lead to errors in quantitative
measurements (see Fig. S1 and Table S1 in the ESI†). The
sodium citrate salt is generally used as an internal standard for
[Cnmim+] cations.26 Thus, another internal standard, which
provides a good proton resolution, namely maleic acid (dH 6.4
ppm), was chosen for the determination of [C3C1pyrr

+]
concentration in the aqueous DCl solutions. The detection
limits for [Cnmim+], [C3C1pyrr

+] and [Tf2N
�] ions were in the
Table 2 The uncertainties of the experimental techniques used in this
work

Phase Entity Technique Uncertainty, %

Aqueous [H+] Acid–base titration 2
[Cl�] Argentometry 2
[Li+] ICP-AES 5
[Cnmim+],
[C3C1pyrr

+]
Quantitative 1H NMR 10

[Tf2N
�] Quantitative 19F NMR 5

Ionic liquid H2O Karl-Fisher 5

56262 | RSC Adv., 2016, 6, 56260–56270
range of 1–2 mM. Also, it is known that the longitudinal relax-
ation time (T1) depends on the physicochemical properties of
the samples such as viscosity, density, mineral acid nature, and
ionic strength.39 Therefore, T1 relaxation times were measured
for the aqueous phases prepared by contacting ILs with D2O or
10 M DCl. Then, the T1 values obtained were applied for all
samples characterized in this work in order to provide the
optimal analytical conditions for the NMR quantitative
measurements in DCl media.

2.4. Other analytical protocols

The chloride anion concentration in the aqueous phase was
measured by the Mohr method.40 The protons' aqueous
concentration was determined by acid–base titration (SCHOTT
instrument Titroline easy) using NaOH standard solutions
(Carlo Erba). The total water content in the ionic liquid phase
was determined by the coulometric Karl-Fisher technique
(Hydranal®-Coulomat E, Fluka). The performance of the Karl-
Fisher titrator (Toledo 32 Coulometer) was tested using a stan-
dard solution (Hydranal®-Water Standard, Fluka), containing
1000 or 10 000 ppm of water. The aqueous lithium ion
concentration was measured by an inductively coupled plasma
atomic emission spectrometer (ICP-AES, Varian 720ES).

2.5. Uncertainty of the measurements

The uncertainties of the experimental techniques used in this
work are presented in Table 2.

3. Results and discussion
3.1. Mutual solubility of water and IL in the presence of
H[Tf2N] acid

First, the simplest case of a liquid–liquid system with a hydro-
phobic IL and an aqueous acidic phase was explored. The N–H
acid bis(triuoromethylsulfonyl)imide, H[Tf2N], was used for
acidifying the aqueous phase. This acid possesses a common
anionic part with the [Tf2N]-based ILs studied in this work. The
maximum aqueous concentration of H[Tf2N] acid was limited to
2 M because the biphasic system with [C4mim][Tf2N] ionic
liquid becomes monophasic when H[Tf2N] concentration is
greater than 3 M.27

Fig. 2 shows the experimental results on the water solubility
in the hydrophobic [C4mim][Tf2N] and [C8mim][Tf2N] ionic
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 The effect of aqueous H[Tf2N] concentration on the water
solubility in the [C4mim][Tf2N] and [C8mim][Tf2N] ionic liquids. The
solid lines are drawn to guide the eye.
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liquids as a function of the initial H[Tf2N] concentration in
the aqueous phase. The equilibrium water amounts in
[C4mim][Tf2N] and [C8mim][Tf2N] when the H[Tf2N] concen-
tration is equal to 0 M are 0.94 and 0.58 M, respectively. These
values are close to those observed in earlier studies (see Table
1). As shown in Fig. 2, the H2O equilibrium concentration in
[C4mim][Tf2N] and [C8mim][Tf2N] increases with the introduc-
tion of H[Tf2N] acid into the aqueous phase.

Fig. 3 shows the equilibrium aqueous concentrations of
[Cnmim+] (n ¼ 4 and 8) cations as a function of the aqueous
H[Tf2N] concentration. The addition of H[Tf2N] acid up to ca.
1 M results in lower aqueous solubilities of IL cations as
compared with pure water. On the other hand, the concentra-
tion of [Cnmim+] (n ¼ 4 and 8) cations rises gradually with
increasing concentration of H[Tf2N] above ca. 0.5 M. This
Fig. 3 The effect of the aqueous H[Tf2N] concentration on the
equilibrium aqueous concentration of [Cnmim+] (n ¼ 4 and 8). The
lines are drawn to guide the eye.

This journal is © The Royal Society of Chemistry 2016
complex solubility behavior of ILs could be explained by two
contradictory effects of the H[Tf2N] acid. On the one hand, the
dissolving of H[Tf2N] (which has the same anion as the IL) in
the aqueous phase decreases the aqueous IL solubility in
accordance with Le Châtelier's principle. On the other hand, the
acid protons tend to lower the interfacial tension and increase
the IL solubility in the aqueous phase.

This salting-in effect of acidic protons, i.e., increasing IL
solubility, was previously observed for various IL-based biphasic
systems in the presence of mineral acids in the aqueous
phase.26,27,41

In biphasic systems containing water and an IL, the amounts
of IL cations and anions passed into the aqueous phase are
equal (Fig. 4a).32 We suggest that as a result of the contact of the
IL phase with the acidic solutions, higher but also equal
amounts of IL cations and anions are initially transferred to the
aqueous phase (Fig. 4b).

Table 3 shows the change of the [H+] and [Tf2N
�] concen-

trations in the aqueous phase, i.e., the difference between the
added H[Tf2N] and the equilibrium aqueous concentrations of
[H+] and [Tf2N

�]. It can be seen, the equilibrium concentrations
of [H+] and [Tf2N

�] ions are lower than the initial ones when
H[Tf2N] was added to the aqueous phase. This result can be
explained by transfer of some amount of acidic protons and
[Tf2N

�] anions into the bulk IL phase. The data in Table 3
suggest, especially in the case of [C4mim][Tf2N] and for rela-
tively high aqueous concentrations of H[Tf2N], that the extrac-
tion of [H+][Tf2N

�] species occurs in the studied liquid–liquid
systems (Fig. 4b):

H[Tf2N]aq 4 H[Tf2N]IL (1)

It is evident that the amount of H[Tf2N] in associated form
increases with the concentration of H[Tf2N] acid in the aqueous
phase. For instance, 12% of [Tf2N

�] anions are protonated in 0.1
M H[Tf2N], while in 2.11 M H[Tf2N] this value is 75%. This issue
explains the higher values of [H+] and [Tf2N

�] distributed
between the aqueous and IL phases with increasing concen-
tration of H[Tf2N]aq,init (Table 3).

Finally, we suggest that the water solubility in the
imidazolium-based ILs, [C4mim][Tf2N] and [C8mim][Tf2N], is
Fig. 4 Schematic representation of IL dissolution in pure water (a) and
possible mechanism for the dissolution of IL in the aqueous HCl
solution (b). See the main text for a discussion.

RSC Adv., 2016, 6, 56260–56270 | 56263
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Table 3 The effect of the aqueous H[Tf2N] concentration on the equilibrium concentrations of [H+] and [Tf2N
�] in the aqueous phase

H[Tf2N]aq,init, M

[C4mim][Tf2N] [C8mim][Tf2N]

[H+]aq,init �
[H+]aq,eq (mM)

[Tf2N
�]aq,init �

[Tf2N
�]aq,eq (mM)

[H+]aq,init �
[H+]aq,eq (mM)

[Tf2N
�]aq,init �

[Tf2N
�]aq,eq (mM)

0.0 0.0 �16.0 � 0.8 0 �2.0 � 0.1
0.10 n.s.a 10.0 � 0.7 n.s.a 13.0 � 0.9
0.52 26.0 � 0.7 48 � 3 5.0 � 0.1 27.0 � 1.9
0.77 59.0 � 1.6 69 � 5 15.0 � 0.4 26.0 � 1.8
1.03 96.0 � 2.7 94 � 7 33.0 � 0.9 12.0 � 0.8
2.11 301 � 9 309 � 22 127 � 4 113 � 8

a Not signicant value.
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associated with H[Tf2N] formed in the aqueous phase and then
extracted into the IL phase. It is well known that the extraction
of acid is accompanied by extraction of water in traditional
solvent extraction.42 Moreover, Katase et al.43 showed that the
presence of H[Tf2N] in the hydrophobic IL, trimethyl-n-hex-
ylammonium bis(triuoromethylsulfonyl)amide, leads to
a signicant rise of water content absorbed from the ambient
air as compared with neat IL. Besides, Stoyanov et al.44

reported that H[Tf2N] forms mono- and dihydrated species,
(CF3SO2)2NH$H2O and (CF3SO2)2NH$(H2O)2 in organic
solvents, such as 1,2-dichloroethane, benzene and tetrachlo-
ride. Therefore, the water uptake in ILs from the aqueous acidic
phase is probably proportional to the amount of extracted
hydrated H[Tf2N].
Fig. 5 Equilibrium D2O content in [Cnmim][Tf2N] (n ¼ 2, 4, 6, and 8)
and [C3C1pyrr][Tf2N] ionic liquids as a function of initial aqueous DCl
concentration. The solid lines are drawn to guide the eye.
3.2. Mutual solubility of water and IL in the presence of HCl
acid

The IL-based biphasic system in the presence of hydrochloric
acid in the aqueous phase is considered in this section.

The experimental data on the solubility of water in
[Cnmim][Tf2N] (n ¼ 2, 4, 6 or 8) and [C3C1pyrr][Tf2N] ionic
liquids as a function of the initial aqueous hydrochloric acid
concentration ([DCl]aq,init) are shown in Fig. 5.

Our experimental data on the water solubility in
[Cnmim][Tf2N] (n ¼ 2–8) equilibrated with pure water and in
[C4mim][Tf2N] equilibrated with HCl solutions are in agree-
ment with those obtained previously.45,46 It is interesting to
note that the addition of HCl acid to the aqueous phase results
in lower water content in [Cnmim][Tf2N] (n ¼ 4 and 8) as
compared to H[Tf2N] acid.

As shown in Fig. 5, the water solubility in the studied set of
[Tf2N

�]-based ILs at a given DCl concentration decreases in
order [C2mim][Tf2N] > [C3C1pyrr][Tf2N] > [C4mim][Tf2N] >
[C6mim][Tf2N] > [C8mim][Tf2N]. This trend evidently correlates
with the hydrophobicity of the studied ILs (Table 1). For the
[Cnmim][Tf2N] ionic liquids, it is known that their hydropho-
bicity increases with elongation of the cation alkyl chain.31 So,
the water uptake into [C2mim][Tf2N] equilibrated with 7.1 M
DCl is 2.2 M, which decreases to 1.0 M into [C4mim][Tf2N], to
0.48 M into [C6mim][Tf2N], and to 0.32 M into [C8mim][Tf2N],
while the [Cnmim+] hydrophobicities are 0.22, 0.67, 1.2, and 1.9,
respectively, for n ¼ 2, 4, 6 or 8.31 The same decreasing trend of
56264 | RSC Adv., 2016, 6, 56260–56270
water solubility with increasing of alkyl chain length was
observed in previous studies on the biphasic systems composed
of dialkylimidazolium-based ILs [Cnmim][Tf2N] (n ¼ 2–8) and
water,34,44–46 [Cnmim][PF6] (n ¼ 4, 6, 8) and water,37 [Cnmim]
[Tf2N] (n ¼ 2, 4, 6, 8, 10) and DCl (pH ¼ 0.5–7),35 [Cnmim][Tf2N]
(n ¼ 4 and 10) and HNO3.47

From the data in Fig. 5, it is apparent that the increase of
aqueous DCl concentration leads to the continual and signi-
cant rise of equilibrium water content in [C2mim][Tf2N] and
[C3C1pyrr][Tf2N], while it remains almost constant in the
[C4mim][Tf2N] ionic liquid. Surprisingly, the presence of 0–8 M
DCl in the aqueous phase results in a slight decline of
equilibrium H2O concentration in [C6mim][Tf2N] and
[C8mim][Tf2N]. These ndings indicate that the effect of HCl
acid on the water solubility in [Cnmim][Tf2N] differs from that of
HNO3. Our previous study has showed that the presence of
nitric acid increases the water content in [C4mim][Tf2N] and in
[C10mim][Tf2N] ionic liquids.47

The increase of the water content in ILs contacted with
aqueous DCl solutions is probably caused by the extraction of
hydrated H[Tf2N] species as previously discussed for IL-based
This journal is © The Royal Society of Chemistry 2016
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biphasic systems with aqueous H[Tf2N] solutions (Fig. 4b).
However, the effect of DCl presence on the water solubility in
long alkyl chain ILs (n ¼ 6 and 8), is not fully understood yet.

Fig. 6 shows the dependency of the equilibrium water
content as a function of the number of carbon atoms on the
longer alkyl side chain of the cation at different aqueous DCl
concentrations for the set of [Cnmim][Tf2N] (n ¼ 2, 4, 6 or 8)
ionic liquids. There is a monotonic water solubility decrease
with an increase in the alkyl chain length. However, the
water uptake in [C6mim][Tf2N] and [C8mim][Tf2N] shows
a weaker dependence on the alkyl side chain length than in
[C2mim][Tf2N] and [C4mim][Tf2N]. The inection point is
located at nz 4–5. It is interesting to note that other properties
of [Cnmim][Tf2N] ionic liquids (n ¼ 2–10), such as interfacial
tension, viscosity, and density, as well as water uptake and
various thermophysical parameters, are reported to be depen-
dent on alkyl chain length with an inection point of nz 6.35 In
the literature, this point is called the critical alkyl chain length
(CAL) and is found to be related to the structural segregation in
the liquid.48 It is recognized that ionic liquids display meso-
structural ordering with segregated regions of polar and
nonpolar domains formed by the alkyl chains of the
cations.49,50 The IL ions interact with water due to ion-dipole
forces.51 The higher affinity of short alkyl chains of
imidazolium-based ILs (n ¼ 2 and 4) towards water is probably
caused by higher polarity,52 that leads to stronger water and
ionic liquid interactions. Recently, quantum chemical density
functional theory calculations have shown that water is
solvated preferentially on the IL polar region, namely on
the aromatic head and adjacent methylene groups.53 For
[Cnmim][Tf2N] ionic liquids with n ¼ 2 and 4, i.e., lower than
CAL, the elongation of the alkyl side chain strongly affects
the charge distribution of the cations, and explains the
stronger dependency of the water uptake. The molecular
dynamics study of the [Cnmim][Tf2N] homolog series (n¼ 2–10)
Fig. 6 Equilibrium D2O content in imidazolium-based ILs,
[Cnmim][Tf2N] (n ¼ 2, 4, 6, and 8), contacted with water and aqueous
DCl solutions as a function of the number of carbon atoms on the
longer alkyl chain, n. The solid lines are drawn to guide the eye.

This journal is © The Royal Society of Chemistry 2016
showed that the nonpolar aggregates in [C2mim][Tf2N] and
[C4mim][Tf2N] form clusters and start to percolate the IL as
a continuous nonpolar subphase for n $ 6.50 Small-wide angle
X-ray scattering measurements of the [Cnmim][Tf2N] ionic
liquids (n ¼ 2–12) provide further support for this theory.48

Thus, the smoothed change of the water solubility in ILs with n
> CAL could be explained by a less pronounced change in the
charge distribution associated with the more separated strands
of the polar network.50

The transfer of hydrochloric acid from the aqueous
phase into the ILs [Cnmim][Tf2N] (n ¼ 2, 4, 6, and 8) and
[C3C1pyrr][Tf2N] has been studied. Fig. 7 shows the difference
between initial and equilibrium concentration of [D+] ions, i.e.,
the amount of [D+] transferred into the organic phase, as
a function of the initial aqueous DCl concentration.

It can be seen the transfer of acidic protons from the aqueous
to IL phase is evident for [C2mim][Tf2N], [C3C1pyrr][Tf2N] and
[C4mim][Tf2N] ionic liquids. Unfortunately, the variation of [D+]
for [C6mim][Tf2N] and [C8mim][Tf2N] are within uncertainty
measurements.

The chloride anions were not detectably extracted into the
studied ILs from the aqueous DCl solutions. Chloride anions
are small ions with high charge density that results in their high
solvation by water molecules and highly hydrophilic behavior.
Thus, ILs with hydrophobic anions such as [Tf2N

�] are reported
to be very difficult to exchange with chloride anions. No
chloride ion transfer from the aqueous solutions was
previously reported into the [C4mim][Tf2N],27 [P66614][Tf2N],41

and [Hbet][Tf2N]54 ionic liquids.
It is known that hydrophobic imidazolium-based ILs are

slightly soluble in water, but the presence of mineral acids in
the aqueous phase results in a signicant loss of IL constituent
ions.26,27 In the current work, the effect of hydrochloric acid
concentration has been studied for the [Cnmim][Tf2N] (n¼ 2, 4,
6, and 8) and [C3C1pyrr][Tf2N] ionic liquids. Fig. 8 shows the
Fig. 7 The change in equilibrium [D+] concentrations in the aqueous
phase, i.e., the amount of [D+] transferred into the organic phase, as
a function of initial aqueous DCl concentration. The solid lines are
drawn to guide the eye.

RSC Adv., 2016, 6, 56260–56270 | 56265
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Fig. 8 Effect of the hydrochloric acid concentration on the solubility of different Tf2N-based ILs in the aqueous phase: (a) IL cation; (b) IL anion.
The solid lines are drawn to guide the eye.
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variation of the IL constituent ions' concentration in the
aqueous phase as a function of the initial hydrochloric acid
concentration.

As can be seen, the equilibrium concentrations of the IL
component cations at a given HCl concentration decrease in the
order [C2mim+] > [C3C1pyrr

+] > [C4mim+] > [C6mim+] > [C8mim+].
The same order was observed for the solubility of water in the
studied ILs (Fig. 5). For all [Tf2N

�]-based ILs, the amount of the IL
cations in the aqueous phase increases with increasing [DCl]aq,init
(Fig. 8a) as was previously observed for H[Tf2N] in the aqueous
phase (see Fig. 3). The variation of [Tf2N

�] anion concentrations
is much less pronounced and seems to be non-monotonic.

A study of the [C4mim][Tf2N] solubility in aqueous solutions
of nitric acid showed that both the IL cation and anion content
in the aqueous phase increase as a function of DNO3 concen-
tration.41 [C4mim+] and [Tf2N

�] concentrations changed from
approximately 15 mM in pure water to approximately 90 mM in
[DNO3]aq,init ¼ 6 M. The concentration of the [C4mim+] cation
was previously found to be 293 mM when [C4mim][Tf2N] was in
contact with 5.9 M HClO4, but no [Tf2N

�] solubility was re-
ported.27 In this study, in [HCl]aq,init ¼ 6 M, the amounts of IL
cationic and anionic components for [C4mim][Tf2N] are
approximately 91 and 16 mM, respectively. The lower concen-
trations of [Tf2N

�] anions than corresponding IL cations can be
explained by the extraction of H[Tf2N] from the aqueous phase
into the IL phase (Fig. 4). The higher aqueous solubility of the
[C4mim][T2N] ionic liquid in nitric and perchloric acid solu-
tions is probably caused by higher efficiency of anion exchange
between [Tf2N

�] and the acid counterions. It is evident that the
observed salting-in effect (i.e., the increase of IL aqueous solu-
bility) of these mineral acids followed the rank order HClO4 >
HNO3 > HCl, corresponding to the Hofmeister series. The same
trend was reported for the aqueous solubility of betainium
and choline bis(triuorosulfonyl)imide ILs, [Hbet][Tf2N] and
[Chol][Tf2N], contacted with 1 M HClO4, HNO3, and HCl solu-
tions.55 The possible equilibria in the biphasic system
composed of IL and hydrochloric acid solutions is discussed
below.
56266 | RSC Adv., 2016, 6, 56260–56270
3.3. Mutual solubility of water and IL in the presence of
Li[Tf2N], [C4mim]Cl and HCl

The presence of various acids in the aqueous phase is not the
only factor that can affect the mutual solubility of water and ILs.
Some metal and organic salts, such as NaNO3, NaCl, Li[Tf2N],
[Cnmim]Cl, etc., are also known to be able to considerably
modify the properties of biphasic systems with ILs.35,41,56 The
effect of the salts [C4mim]Cl and Li[Tf2N], containing common
cationic or anionic parts with the [C4mim][Tf2N] ionic liquid,
was investigated in this work because the introduction of these
compounds in the aqueous acidic phase is widely used for
understanding the extraction mechanism of metallic ions in IL-
based biphasic systems.2,29,57

Fig. 9 shows the experimental results on the solubility of water
in the [C4mim][Tf2N] ionic liquid that was contacted with an
aqueous hydrochloric acid solution ([HCl]aq,init ¼ 1.1 or 5.7 M)
with various amounts of dissolved [C4mim]Cl or Li[Tf2N] salts.

These two salts have opposing inuences on the water
content in the [C4mim][Tf2N] ionic liquid. The introduction of
[C4mim]Cl in HCl solutions leads to a slight decrease in water
content in the IL, while the presence of Li[Tf2N] noticeably
increases water solubility. The effect of Li[Tf2N] and [C4mim]Cl
salts dissolved in the aqueous acidic phase on the water uptake
in ILs is more pronounced at higher aqueous HCl concentra-
tions. These results will be discussed below.

The effect of common anion introduced in excess in the
aqueous HCl phase (as a Li[Tf2N] salt) on the solubility of the
[C4mim][Tf2N] ionic liquid in water was also investigated
(Fig. 10). No detectable Li+ transfer into the IL phase was
observed. As can be seen in HCl solutions, the equilibrium
aqueous concentrations of the [Tf2N

�] anion are lower than the
initial ones. This result indicates that a fraction of the [Tf2N

�]
anions was transferred from the aqueous phase into the IL,
probably in the protonated form H[Tf2N]. On the other hand,
the aqueous solubility of IL cations is reduced, i.e., the salting-
out effect is observed. It should be noted that, analogous with
water solubility in [C4mim][Tf2N], the solubility of the IL in the
aqueous phase with added Li[Tf2N] is more pronounced at
This journal is © The Royal Society of Chemistry 2016
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Fig. 10 The equilibrium concentration of [Tf2N
�] (a) and [C4mim+] (b) in aqueous hydrochloric acid solutions as a function of added Li[Tf2N]

concentration according to eqn (12) and (13) below.

Fig. 9 Equilibrium water content in [C4mim][Tf2N] ionic liquid as a function of the salt concentration in the aqueous hydrochloric acid solution
([HCl] ¼ 1.1 or 5.7 M): (a) [C4mim]Cl; (b) Li[Tf2N]. The lines are drawn to guide the eye.
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higher acidity. This result can be also explained by the forma-
tion and extraction of hydrated H[Tf2N] from HCl media into
the IL phase. As was discussed above, the ionic liquid anions,
[Tf2N

�], are partially protonated in the acidic solutions and the
fraction of H[Tf2N] is higher at higher HCl concentrations.

Fig. 11 shows the equilibrium concentrations of [C4mim+]
and [Tf2N

�] ions aer contacting [C4mim][Tf2N] ionic liquid
with hydrochloric acid solutions containing various amounts of
[C4mim]Cl salt. The introduction of the salt with a common
cationic part results in a decrease of IL solubility because the
equilibrium aqueous concentration of cations is lower than the
sum of introduced [C4mim]Cl concentration and IL cation
solubility for a given acidity in the absence of salt, i.e., the
concentrations of aqueous initial and equilibrium [C4mim+] are
almost equal. The [Tf2N

�] amount also decreases with
increasing [C4mim]Cl addition. The acid protons were not
detectably extracted into the IL phase under these experimental
conditions. As can be seen, the acidity of the aqueous phase
slightly affects the observed IL solubility behavior.

The decreasing aqueous solubility of [C4mim+] and [Tf2N
�]

ions in the case when Li[Tf2N] or [C4mim]Cl, respectively, were
added to the aqueous phase (Fig. 10b and 11b) is in agreement
with Le Châtelier's principle. In fact, the addition of these salts
This journal is © The Royal Society of Chemistry 2016
shis the equilibrium reaction to the side of [C4mim][Tf2N]
formation. The decrease in [Tf2N

�] concentration, when
[C4mim]Cl is added, leads to a decrease in concentration of
protonated [Tf2N

�], and to lower amounts of hydrated H[Tf2N]
transferred to the IL phase. This result explains the decrease of
water solubility in [C4mim][Tf2N] contacted with [C4mim]Cl
solution (Fig. 9a). On the other hand, the addition of Li[Tf2N]
salt results in an increase in H[Tf2N

�] concentration and this
effect is more pronounced at higher aqueous acidity. The higher
water uptake from aqueous Li[Tf2N] solutions is probably
caused by higher H[Tf2N] extraction (Fig. 9b). The decrease in
equilibrium [Tf2N

�] concentration at higher aqueous acidity
further supports the idea of H[Tf2N] extraction (Fig. 10a).
3.4. Theoretical description of IL solubility in the aqueous
phase

In order to describe the behavior of the latter IL-based biphasic
system, a mathematical model for the equilibrium concentra-
tions of anions and cations in the presence of a common ion in
the acidic aqueous phase has been developed.

The solubility equilibrium for the ionic liquid in the aqueous
phase (Fig. 4a) is expressed as:
RSC Adv., 2016, 6, 56260–56270 | 56267
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Fig. 11 The equilibrium concentration of [C4mim+] (a) and [Tf2N
�] (b) in the aqueous hydrochloric acid solutions as a function of concentration

of added [C4mim]Cl salt according to eqn (17) and (18) below.
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[C+]IL + [A�]IL 4 [C+]aq + [A�]aq (2)

where [C+] and [A�] are the cation and anion of the IL, respec-
tively. The equilibrium constant for eqn (2) is dened as solu-
bility product, Ksp:

Ksp ¼ [C+]aq[A
�]aq (3)

It is known that the IL anion, [Tf2N
�], in the aqueous acidic

phase is partially protonated (Fig. 4b):

H[Tf2N]aq 4 [H+]aq + [Tf2N
�]aq (4)

Ka ¼ ½Hþ�½Tf2N��
½HTf2N� (5)

where the acid-dissociation constant Ka is equal to 0.70 � 0.04
mol dm�3.58

In the case of a common anion, the charge balance in the
aqueous phase before extraction is given by:

[Li+]aq,init + [H+]aq,init ¼ [Tf2N
�]aq,init + [Cl�]aq,init (6)

and aer extraction is given by:

[Li+]aq + [H+]aq + [C+]aq ¼ [A�]aq + [Cl�]aq (7)

It was shown above that Cl� was not detectably extracted into
the IL phase. Thus, [Cl�]aq,init ¼ [Cl�]aq. It was also found that
[Li+]aq,init ¼ [Li+]aq. Due to partial protonation of [Tf2N

�], we can
write [H+]aq,init ¼ [H+]aq + [HA]aq (to rst order, this is correct
and simplies the mathematical model). Therefore, subtraction
of eqn (7) from eqn (6) leads to:

[HA]aq � [C+]aq ¼ [Tf2N
�]aq,init � [A�]aq (8)

and can be rearranged to give:

[C+]aq ¼ (1 + [H+]aqKa
�1)[A�]aq � [Tf2N

�]aq,init (9)

In the presence of acid in the aqueous phase, eqn (5) must be
modied as
56268 | RSC Adv., 2016, 6, 56260–56270
K0
sp ¼ [C+]([A�] + [HA]) ¼ [C+][A�](1 + [H+]aqKa

�1) (10)

Combining eqn (9) and (10) gives

K0
sp ¼ [(1 + [H+]aqKa

�1)[A�]aq
� [Tf2N

�]aq,init][A
�](1 + [H+]aqKa

�1) (11)

The solution to this quadratic equation in terms of [A�] and
[C+] gives, respectively

�
A�� ¼

�
Tf2N

��
init

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Tf2N

��
init

2 þ 4K 0
sp

q

2
�
1þ ½Hþ�aqKa

�1
� (12)

�
Cþ� ¼

��
Tf2N

��
init

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Tf2N

��
init

2 þ 4K 0
sp

q

2
(13)

The presence of a common cation leads to the charge
balance before extraction:

[C4mim+]aq,init + [H+]aq,init ¼ [Cl�]aq,init (14)

and aer extraction:

[H+]aq + [C+]aq ¼ [A�]aq + [Cl�]aq (15)

Subtraction of eqn (15) from eqn (14) leads to:

[HA]aq + [C4mim+]aq,init � [C+]aq ¼ �[A�]aq (16)

Combining eqn (16) and (10) gives another quadratic equa-
tion, where

½A�� ¼
��

C4mimþ�
init

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
C4mimþ�

init

2 þ 4K 0
sp

q

2
�
1þ ½Hþ�aqKa

�1
� (17)

½Cþ� ¼
�
C4mimþ�

init
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
C4mimþ�

init

2 þ 4K 0
sp

q

2
(18)
This journal is © The Royal Society of Chemistry 2016
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Table 4 Fitted K0
sp parameters in the systems with Li[Tf2N] and [C4mim]Cl salts. [A�] and [C+] refer to which data were used to extract K0

sp

Salt

1.1 M HCl 5.7 M HCl

[A�] [C+] [A�] [C+]

Li[Tf2N] (4.6 � 1.2) � 10�4 (4.7 � 0.5) � 10�4 (1.3 � 0.2) � 10�2 (7.7 � 0.3) � 10�3

[C4mim]Cl (2.1 � 1.6) � 10�3 (3.0 � 1.9) � 10�4 (1.4 � 0.6) � 10�2 (3.1 � 0.6) � 10�3
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In all cases, the result is a monotonically increasing or
decreasing function. Thus, the current model cannot explain
the experimental results in Fig. 8b due to the non-monotonic
behavior of the anions.

The calculated K0
sp parameters for Fig. 10 and 11 are given in

Table 4. It can be seen that, in principle, the values are in rough
agreement between each other for the same group of data.
Although the calculated curves do not always t experimental
data points (Fig. 11b), we can conclude that the proposed
mathematical model describes the trends of data change well
enough to reect the basic character of the process.

To conclude, the results of the present study give an addi-
tional insight into the mutual solubility of water and
imidazolium-based ionic liquids in the presence of H[Tf2N] and
HCl acids, and Li[Tf2N] and [C4mim]Cl salts in the aqueous
phase. The distribution of H[Tf2N] plays an important role and
should be taken into account for the description of IL-based
biphasic systems, and for metal extraction in these kinds of
extraction systems. Further development of the analytical
procedures, especially for the small variations of H+ concen-
trations at the initially high mineral acid concentrations, is
needed to precisely test the proposed mechanism of mutual
solubility of water and an IL in biphasic systems HX//IL.
4. Conclusion

In this work, novel experimental data on the inuence of
hydrochloric acid, on the mutual solubility of water and
hydrophobic ionic liquids, [Cnmim][Tf2N] (n ¼ 2, 4, 6 or 8) and
[C3C1pyrr][Tf2N], at room temperature and atmospheric pres-
sure, have been obtained. Hydrochloric acid noticeably
enhances water uptake and aqueous IL solubility, and the
amount of IL cations dissolved in the acidic aqueous phase is
higher than that of anions. For a given hydrochloric acid
concentration, the mutual solubility of water and Tf2N-
based ILs decrease with increasing hydrophobicity of the
ILs: [C2mim][Tf2N] > [C3C1pyrr][Tf2N] > [C4mim][Tf2N] >
[C6mim][Tf2N] > [C8mim][Tf2N]. The introduction in the
aqueous acidic phase of compounds bearing the same anion
with IL, H[Tf2N] acid and Li[Tf2N] salt, results in the increase of
water solubility in imidazolium-based ILs, while the [C4mim]Cl
salt slightly reduces the water uptake. The salting-out effect of
these compounds is dependent on their nature and concen-
tration, and the hydrochloric acid concentration in the aqueous
phase. A mathematical model for the equilibrium concentra-
tions of IL anions and cations in the presence of a common ion
in the acidic aqueous phase has been developed. The results of
This journal is © The Royal Society of Chemistry 2016
this study are of key importance for designing the extraction
systems composed of hydrophobic dialkylimidazolium ILs and
hydrochloric acid solutions, and for understanding metal
extraction mechanisms in these kinds of systems.
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