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Thermophysical Properties and Water Saturation of [PFg]-Based lonic Liquids
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In this work, mutual solubilities of two [PFg]-based ionic liquids (ILs) with water and their thermophysical
properties, namely, melting properties of pure ILs and densities and viscosities of both pure and water-
saturated ILs, were determined. The selected ILs comprise 1-methyl-3-propylimidazolium and 1-methyl-
3-propylpyridinium cations combined with the anion hexafluorophosphate. Mutual solubilities with water
were measured in the temperature range from (288.15 to 318.15) K. From the experimental solubility data
dependence on temperature, the molar thermodynamic functions of solution, such as Gibbs energy, enthalpy,
and entropy of the ILs in water were further derived. In addition, a simulation study based on the COSMO-
RS methodology was carried out. For both pure ILs and water-equilibrated samples, densities and viscosities
were determined in the temperature interval between (303.15 and 373.15) K. The isobaric thermal expansion
coefficients for pure and water-saturated |1Ls were cal culated based on the density dependence on temperature.

Introduction

Nowadays, solvent extraction methods are widely used in
process engineering, biotechnology, analytical chemistry, and
drug production as a way of recovering added-value products
from natural sources or for the preconcentration of the samples
for an adequate application of quantification techniques. In
general, biphasic extraction methods are based on the contact
of two immiscible liquid phases or solid/gas—liquid type phases
using a suitable solvent for product extraction. A large number
of organic solvents can be used for this purpose, their main
disadvantages being their toxicity and relatively high volatility
and flammability. Inthisfield, ionic liquids (ILs) appear as high-
performance and greener solvents, displaying enhanced extrac-
tion abilities, minimizing solvent waste, reducing the exposure
to hazardous vapors, and generally presenting lower toxicities.

ILs areionic compounds that belong to the molten salts group
and are formed by large organic cations and organic or inorganic
anions. Thelow symmetry, high vibrational freedom, and charge
delocalization of the ions composing an IL reduce the stability
of the crystalline phases and thus their melting temperatures.
Their inherent ionic nature leads to distinctive properties, at least
for most of them, such as negligible vapor pressures a room
temperature, high thermal stabilities (for instance, decomposition
temperatures above 653.15 K for [PF¢]-based ILs),*® large
electrochemical windows, high ionic conductivities, high heat
capacities, low flammabilities, and high solvating abilities for
organic, inorganic, and organometallic compounds.® Further-
more, the huge number of possible combinations between
cations and anions permits the tuning of ILs, allowing them to
be designed for a particular application or to show a specific
set of intrinsic properties, and thus they are commonly described
as “designer solvents’.”
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Depending on the IL nature, ILs can form biphasic systems
with water, organic solvents, solids, or gases, and hence they
are suitable for use in liquid—liquid, solid—liquid, and gas—liquid
extractions. Indeed, ILs have shown to be useful in the extraction
of benzene derivatives,® short chain aliphatic carboxylic acids,®
phenol and phenol derivatives,*®~2 amino acids,*>* antibiot-
ics,™® azo and acid dyes,*®*" and tetrahydrofuran®® from agueous
systems.

Concerning the studies of the IL extraction ability, one
important issue, for which the available information is not
sufficient for design purposes, is the mutual solubility of systems
involving ILs and the phase containing the product of interest
for extraction. Water as the biphasic extraction media plays an
important role, and only few publications reporting liquid—liquid
equilibria values are available>** 3! The COSMO-RS, Conduc-
tor-like Screening Model for Real Solvents, is a method that
predicts the thermophysical properties of fluids making use of
unimolecular quantum calculations.®2 3 There are some previ-
ous studies with COSMO-RS applied to the liquid—liquid
equilibrium (LLE) description of ILs and alcohols, hydrocar-
bons, ethers, ketones, and water systems.?>272837-43 plike
other methods such as group-contribution methods (GCMs),
equations of state (E0S), and quantitative structure—property
relationships (QSPR), this model can be highly valuable in the
prediction of solution behavior of systems involving ILs never
previously studied and for which other models are not ap-
plicable. Taking into account the large number of possible ILs,
and additionally their combination with molecular solvents, the
use of a predictive method without the need of a priori
experimental data could be of main importance in the screening
of adequate ILs.

Regarding extraction processes, the IL physical properties of
interest are densities, viscosities, and vapor pressures. The lack
of significant vapor pressures over wide temperature ranges is
one of the outstanding characteristics of ILs that contribute for
their “green” status. On the other hand, the density of most ILs
is typically greater than water alowing for an easy phase

© 2010 American Chemical Society

Published on Web 08/12/2010



5066 Journal of Chemical & Engineering Data, Vol. 55, No. 11, 2010

separation by gravity settling.***> One important feature of ILs
regarding extraction processes is their viscosities, since high
viscosities restrict mass transfer and increase pumping costs.
The strong effect of water upon the viscosity of ILs isimportant
and should be taken into account in the design of extraction
processes.*®

In this work, studies of the mutual solubilites between ILs
and water from (288.15 to 318.15) K and of the densities and
viscosities of both pure and water-saturated ILs, at ~ (300 +
1) K, in the temperature range between (303.15 and 363.15) K
and at atmospheric pressure, were carried out. The selected ILs
are based on the imidazolium and pyridinium cations combined
with the hexafluorophosphate anion. The main goal of this study
is to establish the effect of the IL cation family and the water
content on their thermophysical behavior.

Experimental Section

Materials. Mutua solubilities with water, densities, and
viscosities were studied for the two following ILs: 1-methyl-
3-propylimidazolium hexafluorophosphate, [Csmim][PFg], and
1-methyl-3-propylpyridinium hexafluorophosphate, [Csmpy]-
[PFe]. Both ILs were acquired at lolitec. To reduce the water
and volatile compound content to negligible values, IL individua
samples were dried by heating (= 353 K), under constant
stirring, and at moderate vacuum (= 0.1 Pa) for a minimum of
48 h. After this procedure, the purity of the ILs was further
checked by *H, 13C, and °F NMR and showed > 99 wt %. The
halide mass fraction was found to be < 1-1074 For the
determination of the thermophysical properties of pure or dried
ILs, the water mass fraction was determined using a Metrohm
831 Karl Fischer coulometer. The water mass fraction content
in the pure ILs for density and viscosity measurements was as
follows (measurements carried out before and after measure-
ments in brackets): [Csmim][PFg] with [78.75 and 79.63] - 1075,
[Csmpy][PFs] with [54.78 and 56.23] - 106, For mutual solubility
studies and determination of the thermophysical properties of
water-saturated ILs, the water used was double distilled, passed
by areverse osmosis system, and further treated with a Milli-Q
plus 185 water purification apparatus. It has aresistivity of 18.2
MQ-cm and a TOC (Total Organic Carbon content) smaller
than 5 ug-dm™3. The analyte used for the coulometric Karl
Fischer titration was Hydranal-Coulomat AG from Riedel-de
Haén.

Experimental Procedure. ILs [Csmim][PFgs] and [Csmpy]-
[PFe] are not liquid at room temperature, and their melting
temperatures were determined using a Diamond Differential
Scanning Calorimetry (DSC) PerkinElmer equipment. The
samples were tightly sealed in aluminum pans. The temperature
scans were of 0.167 K-s™* for the temperature range between
(278.15 and 323.15) K.

The mutual solubility measurements between water and ILs
were carried out at temperatures from (288.15 to 318.15) K and
at atmospheric pressure. Due to the high melting temperatures
of [Csmpy][PFe] and [Csmim][PFg], the solubility of water in
these ILswas only measured in their liquid state. Note, however,
that the presence of water decreases their melting temperatures
down to a eutectic point allowing measurements at temperatures
below the IL pure state melting temperatures. The IL and the
water phases were initially vigorously agitated and allowed to
reach saturation equilibrium and complete phase separation, for
at least 48 h. This period proved to be the minimum time
required to guarantee a complete separation of the two phases
and that no further variations in mole fraction solubilities
occurred. The temperature was maintained by keeping the glass

vias containing the phases in equilibrium inside an auminum
block specially designed for this purpose, which is placed in
an isolated air bath capable of maintaining the temperature
within + 0.01 K. The temperature control was achieved with a
PID temperature controller driven by a calibrated Pt100 (class
1/10) temperature sensor inserted in the aluminum block. To
reach temperatures below room temperature, a Julabo circulator,
model F25-HD, was coupled to the overal oven system alowing
the passage of a thermostatized fluid flux around the auminum
block. The solubility of water in the IL-rich phase was
determined using a Metrohm 831 Karl Fischer (KF) coulometer,
and the solubility of ILsin the water-rich phase was determined
by UV-spectroscopy using a SHIMADZU UV-1700 Pharma-
Spec Spectrometer, at awavelength of 211 nm for [Csmim][PFe]
and 266 nm for [Csmpy][PFg], using calibration curves previ-
ously established (see detailed description in Supporting Infor-
mation). These were found to be the maximum UV absorption
wavelengths for the imidazolium-based and pyridinium-based
cations studied. Both phases were sampled at each temperature
from the equilibrium vials using glass syringes maintained dry
and at the same temperature of the measurements. For the IL-
rich phase, samples of ~ 0.1 g were taken and directly injected
in the KF coulometric titrator. For the water-rich phase, samples
of ~ 0.5 g were taken and diluted from (250 to 500) cm™2 in
ultra pure water. The mutual solubility results are an average
of at least five independent measurements at each temperature.

Measurements of viscosity and density were performed using
an automated SVM 3000 Anton Paar rotational Stabinger
viscometer-densimeter. It should be remarked that since both
ILs are solid at room temperature viscosities and densities for
pure ILswere only determined above their melting temperatures.
The SVM 3000 Anton Paar rotational Stabinger viscometer-
densimeter uses Peltier elements for fast and efficient thermo-
statization. Further details regarding the operation system can
be found el sewhere.*® No comparison with literature values was
made due to the absence of density and viscosity values for the
ILs studied in this work. Nevertheless, the equipment was
aready validated in a previous work* that showed that the
experimental data obtained were in good agreement with the
literature.*”*® The uncertainty in temperature is within & 0.02
K. The relative uncertainty in the dynamic viscosity is + 0.35
%, while the absolute uncertainty in density is+ 5-104g-cm 3.
For dried ILs, measurements were carried out in the temperature
range from (318.15 to 363.15) K and a ~ 0.1 MPa. For
saturated ILs with water at ~ 300 K, measurements were
performed in the temperature interval from (303.15 to 363.15)
K. The saturation of each IL with water was attained by
vigorously agitating both phases and further alowing the
equilibrium for at least 48 h. The mole fraction water content
of the water-saturated ILs used in density and viscosity
measurements are (0.306 £+ 0.004) and (0.249 + 0.006) for
[Camim][PFg] and [Csmpy][PFe], respectively—values that cor-
respond to the IL—water mutual saturation for a temperature
of ~ 300 K.

Though it was shown in a previous work by us® that the
[PFe]~ anion was not water stable under specific conditions,
the degradation under the conditions used in thiswork isindeed
negligible. The water + IL mutual solubilities were measured
at temperatures for which no significant degradation was
observed, while the viscosities and densities were measured in
very short time periods.

COSMO-RS Calculations. The COSMO-RS calculations
were performed at the BP/TZVP level (Turbomole***° DFT/
COSMO calculation with the BP functional and TZVP** basis
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Table 1. Experimental Mole Fraction Solubility of Water in ILs,
Xw, and of ILs in Water, x,., as a Function of Temperature and at
0.1 MPa

Xw £ 02
TIK  [Camim][PFq
288.15 0.2437 + 0.0016

10° (X||_ + Oa)
[Campy][PFe]  [Csmim][PFg] [Csmpy][PF]

1.158 + 0.040 0.918 + 0.050
293.15 0.2709 £ 0.0009 1.543 4+ 0.008 1.223 + 0.024
298.15 0.2925 + 0.0009 - 1.957 +0.011 1.646 + 0.029
303.15 0.3168 £ 0.0025 0.2949 £ 0.0020 2.528 £ 0.012 1.990 + 0.002
308.15 0.3461 + 0.0003 0.3248 £+ 0.0008 2.772 + 0.066 2.204 + 0.028
313.15 0.3769 £+ 0.0029 0.3516 + 0.0035 2.9654+ 0.021 2.363 & 0.020
318.15 0.4050 £+ 0.0017 0.3772+ 0.0025 3.314+ 0.015 2.689 + 0.027

2 Standard deviation.

set using the optimized geometries at the same level of theory)
with the parameter files BP_TZVP_C2.1 0110 and BP_
TZVP_C2.1 0105. The calculations were made for a ternary
mixture where the cation and anion were treated as isolated
species at equimolar conditions.

Results and Discussion

IL Melting Temperatures. The melting temperatures of the
dried ILs, solid at room temperature, were determined by DSC.
Only one phase transition was observed in the temperature range
evaluated. The melting temperatures, enthalpy and entropy
changes at the corresponding melting temperatures, for the
crystal to isotropic liquid phase transitions, were, respectively,
3116 K, 167 kJmol™! and 536 J-Kl-mol! for
[Csmpy][PFg] (water mole fraction is 0.0038) and 311.2 K, 15.0
kJ-mol 1, and 48.2 J- K- mol 1 for [Csmim][PF¢] (water mole
fraction is 0.0012). The corresponding thermograms are pre-
sented in the Supporting Information. The melting temperature
of [Csmim][PF] obtained in this work is in close agreement
with that previously shown in the literature (313.15 K).® The
melting temperatures of the ILs saturated with water are
substantially lower than those of the pure ILs, alowing therefore
the measurements of [Csmim][PFg] to be carried out in the entire
temperature range, while for [Csmpy][PF¢] only for temperatures
above 308.15 K the thermophysical properties were evaluated.

IL + Water Mutual Solubilities. The measured solubility
data and the respective standard deviations are presented in
Table 1. For the studied ILs, the mutual solubilities increase
with temperature displaying an upper critical solution temper-
ature behavior. The mole fraction solubility of ILs in water is
in the order ~ 1073, but the water solubility in ILs is typically
in the order ~ 107, indicating that they are highly “hygro-
scopic”, and as previousy shown for other hydrophobic
ILs.25~2" Thus, while the water-rich phase can be considered
as an amost pure phase with the IL at infinite dilution, the IL-
rich phase presents a significant water content.

Concerning the IL cation influence, it is possible to observe
that the hydrophobicity increases from imidazolium- to pyri-
dinium-based ILs, as shown in Figure 1. Comparing with
literature data?®?’ for other ILs with common cations, the IL
anion hydrophobicity increases from [PFg] ™ to [NTf,] . Evauat-
ing the influence of both IL cations and anions on the
liquid—liquid equilibria with water, it is clear that the major
role is played by the IL anion, as previously observed.®

The temperature dependence of the mole fraction solubility
can be correlated using egs 1 and 2 described below.>? For the
solubility of water in the IL phase, it can be assumed that the
process occurs at constant molar enthalpy of solution, and thus,

Ian=A—|—(TBK) 1)

where x,, is the mole fraction solubility of water inthelIL; Tis
the temperature; and A and B are correlation parameters.

For the solubility of the ILs in water, there is a significant
dependence on temperature for the enthalpy of solution and
therefore

Inx, = C + % + EIn(T/K) @)

where x;. isthe mole fraction solubility of the IL in water; T is
the temperature; and C, D, and E are correlation parameters.

The correlation constants obtained from the fittings are
presented in the Supporting Information. For the IL-rich phase,
the proposed correlation shows a relative maximum deviation
from experimental mole fraction data of 1 %. Since the solubility
of water in all the studied ILs is well above what could be
considered infinite dilution, the associated molar thermodynamic
functions of solution can not be determined. For the water-rich
phase, and because the melting points of both ILs are above
298.15 K, the parameters were calculated in a smaller temper-
ature range from (303.15 to 318.15) K, to avoid the disparities
occurring between solid—liquid and liquid—liquid equilibria.
The proposed correlation presents a rel ative maximum deviation
from experimental mole fraction data in the order of 1 %.

At the equilibrium state, the chemical potentials of the IL at
the agueous-rich and at the IL-rich phases have to be equivaent,
while the electroneutrality of both phases must be obeyed. Quite
the opposite of what was observed for the IL-rich phase, the
solubility of ILs in the aqueous-rich phase can be considered
at infinite dilution, and thus no main solute—solute interactions
and/or ion-pairing occurs.>® Therefore, the standard thermody-
namic functions of solution, such as standard molar enthalpy
(AgHS), molar Gibbs energy (AsiG%), and molar entropy
(AxSY), were determined for the IL solvation in water. These
thermodynamic functions can be calculated according to egs 3
to 5.3

AgGp, = —RTIn(x)), ©)
AgHo (91

RT2 ( aT )p @)
_(9Inx,

AsiSn = R(a In T)p ®)

where X, is the mole fraction solubility of the solute (IL); Ris
the ideal gas constant; T is the temperature; and the subscript p
indicates that the process takes place under constant pressure.
The subscript mrefers to the molar quantity. The standard molar
enthal py, Gibbs energy, and entropy of solution are reported in
Table 2.

The molar enthalpies of solution of the studied ILsin water,
at 298.15 K, show that the solubilization of ILsin water is an
endothermic process, which is almost independent of the cation
nature. Major differences in the enthalpies of solution are
observed only for the anion identity (when compared with
literature data®2"). This behavior isin agreement with the fact
discussed above where the solvation of the anion is the main
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Figure 1. Liquid—liquid phase diagram for water and ILs: #, - - -, [Camim][NTf,];>” B, — « « —, [Csmpy][NTf,];*® &, — « —, [Csmim][PF¢]; ®, —,

[Csmpy][PFe]. The single symbols and the lines represent, respectively, the experimental data and COSMO-RS prediction results (parameter file

BP_TZVP_C2.1_0110).

Table 2. Standard Thermodynamic Molar Properties of Solution of
ILs in Water at 298.15 K

(AgHR = 0% (AiGh = 0% (A Sh = 0

IL kJ-mol 1 kJ-mol 1 J-K~t-mol~t
[Csmim][PFg] 93+15 15460 + 0.014 —20.7+5.1
[Campy][PFe] 91+15 15.888 £ 0.043 —22.7+5.2
[Csmim][NTf;]?* 59+15 18.652+0.001 —426+50
[Csmpy][NTf,]?2 65+ 15 19.5554+ 0.016 —439+5.1

2 Standard deviation.

issue controlling the solubility of the IL in water. The molar
entropies of solution are shown to be negative and little
dependent on the cation family, falling within the associated
standard deviations. Even so, there are significant differences
in the molar entropies of solution when changing the anion
while maintaining the cation.?>*” More hydrophilic anions are
responsible for larger entropic change effects suggesting that
the IL dissolution in water is controlled by the anion solvation
in the IL-rich phase. The higher (less negative) the entropic
change, the higher the solubility of the ILs in water, as can be
seen by comparing, for instance, the solubilities for
[Csmim][NTf,]*” and [Csmim][PFg]. [Csmim][PF¢] is a highly
solvated IL in the IL-rich phase, leading to higher (Iess negative)
entropic variations when in equilibrium with the aqueous-rich
phase.

Aiming at predicting the ILs—water LLE, the COSMO-RS* %
model was here evaluated. COSMO-RS isamodel for predicting
the thermodynamic properties of mixtures on the basis of
unimolecular quantum chemical calculations for individual
species. It merges together the quantum chemical dielectric
continuum solvation model, COSMO, with a statistical ther-
modynamic approach. COSMO-RS calculations for this type
of system are detailed elsewhere. 2273743

The results obtained with COSMO-RS are displayed in Figure
1 and show an acceptable qualitative agreement with experi-
mental data. The cation core hydrophobic character increases
from [Camim] ™ to [Campy] ™, observed experimentally, were also
observed with COSMO-RS predictions. Moreover, the anion
influence through the phase behavior of ILs and water is also
well qualitatively predicted. In a previous work,? using an older
version of COSMO-RS (parameter file BP_TZVP_C2.1 0105),
some deviations from experimental data were reported, espe-
cialy regarding the IL anion influence in the liquid—liquid
equilibrium. Using the new version of COSMO-RS (parameter
fileBP_TZVP_C2.1 0110), the prediction of the anion influence
is fully consistent with the experimental data, where the anion

[PFe]~ presents a smaller liquid—liquid envelope with water
when compared to ILs containing the anion [NTf,]~. The
comparison of both versions of COSMO-RS is depicted in
Figure 2. Although improvements in the IL—water phase
behavior were observed for the most recent version of COSMO-
RS, it should be pointed out that the relative deviations in the
experimenta values have increased. Nevertheless, the prediction
of the correct trend on the influence of IL cations and anionsin
the liquid—liquid phase behavior using the new version of
COSMO-RS s of main importance when the goal is a screening
of ILs before experimental measurements. In spite of the
quantitative deviations of the COSMO-RS predictions, this
method shows to be a useful tool in predicting binary systems
behavior, allowing thus an improved choice of the cation and
anion composing the IL aiming at designing ILs for specific
purposes.

An dternative approach to the estimation of the mutual
solubilities of ILs and water is the use of a QSPR correlation
previously proposed by us.>® Using this correlation, the predicted
values for the solubilities of the ILs in water at 303.15 K are
2.48-10 % and 1.29-10 3 for [Csmim][PF¢] and [Csmpy][PF¢],
respectively, while the solubilities of water in the ILs at the
same temperature are 0.31 and 0.29 (both in mole fraction units).
These values when compared with the experimental data have
maximum relative deviations of 2.5 % and 5.5 % for the
solubility of the ILs in water and water in ILs, respectively.

IL Density Results. The novel experimental density data for
both dried and water-saturated ILs are presented in Table 3.
Due to the melting temperatures of both dried ILs, densities
and viscosities of these “pure’ ILs were only measured at
temperatures above 318.15 K. For the water-saturated ILs, the
presence of a eutectic point alowed the measurements to be
carried out in the temperature range between (303.15 and
363.15) K. Figure 3 depicts the density results obtained in this
work together with some literature values.>**” For both anions,
[PFe]~ and [NTf;]~, the density values decrease from imida-
zolium- to pyridinium-based ILs. The molar volumesfor a series
of ILswith acommon anion seem to increase with the effective
cation size from imidazolium- to pyridinium-based ILs. Indeed,
this tendency isin close agreement with the results previously
presented by us® where the molar volumes follow the rank:
imidazolium- < pyrrolidinium- < pyridinium- < piperidinium-
based ILs. For a given cation, [Csmim]* or [Campy] ™, the IL
density decreases from [NTf,] ™ to [PRg] ~ anions. Therefore, the
IL molar volumes also increase with the effective anion size.
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Table 3. Experimental Density Values, p, for Pure ILs and (IL +
Water) Systems As a Function of Temperature and at 0.1 MPa,
Where x,, is the Constant Mole Fraction Solubility of Water in the
IL at T ~ 300 K

olkg-m
va = =
pure (0.306 + 0.004%) (0.249 + 0.006%)
T/IK  [Csmim][PFg] [Csmpy][PFe] [Csmim][PFg] [Csmpy][PF]
303.15 1389.2 1362.5
308.15 --- - 1384.7 1358.3
313.15 1380.2 1354.0
31815 13975 1365.4 1375.7 1349.8
32315 13932 1361.3 1371.3 1345.6
32815  1389.0 1357.3 1366.9 1341.4
33315 13847 1353.2 1362.5 1337.2
338.15 1380.5 1349.2 1358.1 1333.1
34315 13763 1345.2 1353.8 1328.9
34815 13721 1341.2 1349.4 1324.8
35315  1367.9 1337.2 1345.1 1320.7
35815 13638 1333.2 1340.8 1316.6
36315 13596 1329.2 1336.5 1312.5
2 Standard deviation.
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Figure 3. Experimental density as a function of temperature and at 0.1
MPa for the dried ILs (empty symbols) and water-saturated ILs (full
symbols): ©, @, [Camim][NTf,];*® O, W, [Campy][NTf];>" A, 4,
[Camim][PFg]; O, ®, [Campy][PFg].

Figure 3 aso presents the results for the water-saturated
samples. The presence of water in ILs is shown to decrease
their density and has a major impact in ILs that have higher
water contents at saturation conditions. However, the trends of
the water-saturated ILs are identical to those observed for the
dry ILs. At 318.15 K, the density-relative deviations of the
water-saturated samples with respect to the pure ILs were in
the order of 1.6 % and 1.1 % for [Csmim][PFs and

Table 4. lonic Volumes, V, Determined with the Gardas and
Coutinho Group Contribution Model*®
species VIA3
Cations
1,3-dimethylimidazolium 1542
1,3-dimethylpyridinium 174
Anions
hexafluorophosphate 107*
additional groups
—CH; 282

& Taken from ref 45.

[Csmpy][PFg], respectively. These relative deviations, which
seem to be temperature independent (note that the water content
in both ILs was maintained constant in the entire temperature
interval), can be considerably negligible for most application
purposes.

To estimate the density data for pure ILs, an extension of
the Ye and Shereeve group contribution method proposed
previously by Gardas and Coutinho,*® and described by eq 6,
was used

_ M
P~ NV(@ + bT + cp)

(6)

where p isthe density in kg-m~3; M isthe IL molecular weight
in kgemol~%; N is the Avogadro constant; V is the IL volume
in m3; T is the temperature in K; and p is the pressure in MPa.
The coefficients a, b, and ¢, with values of 0.8005 + 0.0002,
(6.652 & 0.007)-10* Kt and (—5.919 + 0.024)-10"* MPa?,
respectively, were proposed in a previous work.*® The ionic
volumes used are reported in Table 4. To obtain the volume
parameter for the cation group 1,3-dimethylpyridinium, not
previoudly available, 132 experimental density values taken from
the literature (ILs with a similar cation but different anions)
were used.®”*°7%2 Figure 4 presents a comparison between the
predicted density values based on the group contribution method
and the experimental data obtained in this work. The predicted
values are in excellent agreement with experimental data,
presenting maximum relative deviations of 0.05 % and 0.14 %
for [Csmim][PFg] and [Csmpy][PFe], respectively. This method
shows to be highly valuable in the prediction of density data
for new ILs where no experimental data are yet available. The
compl ete temperature dependence between the predicted values
and those obtained experimentally is depicted in the Supporting
Information.
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Figure 4. Experimental density as a function of temperature, and at 0.1
MPa, for the dried ILs (symbols) and respective prediction with the Gardas
and Coutinho group contribution method® (lines): A, ---, [Csmim][PFg];
O, —, [Csmpy][PFg].

Table 5. Thermal Expansion Coefficients, ay, for Both Pure and
Water-Saturated ILs at 318.15 K and 0.1 MPa

10%(0tp & 0?)/K

Xy = Xy =
pure (0.306 + 0.004%) (0.249 + 0.006?)
T/K  [Csmim][PFe] [Csmpy][PFe] [Csmim][PFg] [Csmpy][PFe]
318.15 6.023 + 0.004 5.886 + 0.004 6.381+0.005 6.174 + 0.003

2 Standard deviation.

The isobaric thermal expansion coefficients (o) associated
to each IL were calculated using eq 7

ot o

where p is the density in kg-m~3; T is the temperature in K;
and p is the pressure in MPa.

The values of a,, for the ILs here studied are presented in
Table 5 and were calculated from the linear relationship between
In p and T using the experimental data gathered in this work.
The thermal expansion coefficients were determined a a
temperature of 318.15 K due to the high melting temperatures
of the ILs under study. For [Csmim][PFs] and [Csmpy][PFe],
the values are (6.02 and 5.89)-10~* K2 for the dried samples
and (6.38 and 6.17)+10"* K~ for the water-saturated samples.
The o, values of both ILs are in close agreement with literature
values for related 1Ls.5"%3 For both dried and water-saturated,
and at a constant temperature, imidazolium-based ILs present
higher thermal expansion than their pyridinium-based counter-
parts. Furthermore, the presence of water increases the values
of the isobaric thermal expansion coefficients (o).

IL Viscosity Results. The novel viscosity data were deter-
mined in the temperature range from (318.15 to 363.15) K for
the dried ILs and from (303.15 to 363.15) K for the water-
saturated samples. Experimental results are presented in Table
6 and in Figure 5. Also in Figure 5, some literature data®®>’
are presented for evaluation purposes and to assist the discussion.
The viscosity describes the internal resistance of a fluid to a
shear stress, and as well-known, ILs present higher viscosities
than common volatile organic compounds. Nevertheless, the IL
high viscosities are also a direct consequence of their high
molecular weights. Since viscosity is mainly dependent on
intermolecular interactions (H-bonding, dispersive and Cou-
lombic interactions), an increase in temperature will substantially
decrease the intensity of H-bonding interactions, and therefore

Table 6. Experimental Viscosity Values, #, for Pure ILs and (IL +
Water) Systems As a Function of Temperature and at 0.1 MPa,
Where x,, is the Constant Mole Fraction Solubility of Water in the
IL at T ~ 300 K

n/mPa-s
X\N = =
dried (0.306 = 0.004%) (0.249 + 0.0067)

T/IK  [Camim][PFg] [Campy][PFe]  [Csmim][PF] [Csmpy][PF]
303.15 - - 39.408 73.388
308.15 - - 32.254 57.548
313.15 - - 26.844 45,980
318.15 85.006 132.870 22.612 37.356
323.15 68.178 102.170 19.285 30.806
328.15 55.458 79.968 16.581 25.755
333.15 45,700 63.669 14.386 21.759
338.15 38.092 51.520 12.612 18.602
343.15 32.099 42.287 11.134 16.037
348.15 27.321 35.160 9.905 13.976
353.15 23.469 29.579 8.874 12.277
358.15 20.337 25.148 7.983 10.861
363.15 17.771 21.594 7.228 9.677

2 Standard deviation.
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Figure 5. Experimental viscosity as a function of temperature, and at 0.1
MPa, for the dried ILs (empty symbols) and water-saturated ILs (full
symbols): ¢, @, [C;mim][NTf,];*® O, W, [Campy][NTf];>" A, 4,
[Csmim][PFg]; O, ®, [Csmpy][PFe).

the viscosity largely decreases. While densities decrease from
imidazolium- to pyridinium-based ILs, the viscosities decrease
from pyridinium- to imidazolium-based ILs. Thisisin agreement
with the results of Crosthwaite et al.®* that showed that
pyridinium-based salts are generally more viscous than the
equivaent imidazolium salts. In addition, for acommon cation,
[Csmim] ™, the viscosities decrease for ILs based on [PFg]~ to
[NTf,]~. From the inspection of Figure 5, the IL viscosities seem
to be more dependent on the anion than on the IL cation nature.

Asfor density values, the presence of water in ILs decreases
the IL viscosity and has a major impact on those which are
less hydrophobic. Relative deviations of the water-saturated
samples to the pure ILs, at 318.15 K, were 73 % and 72 % for
[Csmim][PFg] and [Csmpy][PFe], respectively. The influence of
the water content in the viscosity is much more pronounced
than in density. However, as temperature increases, the effect
of water becomes less important because of the weakening of
the H-bonding interactions between ILs and water.

The experimental viscosity data here measured were cor-
related using the Vogel —Tammann—Fulcher model described

ineg 8

iy = A + = 8
n77—A,7 (T_Ton) ®)
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Table 7. Correlation Parameters A, and B, Obtained from the
Vogel—Tammann—Fulcher Correlation®® Applied to Experimental
Data for Dried and Water-Saturated ILs

Table 8. Group Contribution Parameters &, and b;, for the Group
Contribution Method Proposed by Gardas and Coutinho®® Based on
the Vogel—Tammann—Fulcher Correlation

A, B,/K To, /K species ai, b ,/K
ILs dried saturated dried saturated dried saturated Cations
- 1,3-dimethylimidazolium —7.2712 510.512
[Comim][PFs] —9.363 —9.426 105534 98229 16506 143.98 g o
[Csmpy][PFJ —10009 —10021 122037 117410 1.3-dimethylpyridinium —758L 605.98
Anions
L o . . hexafluorophosphate —1.834° 433.142
where 57 isviscosity in Pa-s; T is temperature in K; and A,, B,, Additional Groups
and Ty, are adjustable parameters. In Table 7, the parameters —CH, _7598.10-22 40,922

A,, B, and Ty, determined from the correlation of the
experimental data for both dried and water-saturated ILs are
presented. Figure 6 displays the experimental data and respective
comparison with the proposed correlation. The average relative
deviations between the correlated values and experimental data
are 0.20 % for [Camim][PFg] and 0.70 % for [Csmpy][PFg] for
pure ILs and 0.72 % for [Camim][PFs] and 1.24 % for
[Csmpy][PFe] for water-saturated ILs. The Vogel —Tammann—
Fulcher method provides a good description of the viscosity
dependence on temperature for both ILs and for both pure and
water-saturated samples.

The prediction of viscosities for the studied ILs was also
carried out based on the group contribution method proposed
by Gardas and Coutinho® which makes use of the Vogel—
Tammann—Fulcher model described in eq 8. A, and B, are
obtained by a group contribution method according to

k
A, = D.na, ©)
i=1

nb

i~

(10)

QCD
I
M-

where n; is the number of groups of type i and k is the total
number of different groups in the molecule. Parameters a;,
and b;, are provided in Table 8 for the studied ILs. Some of
these values were previously estimated and were taken from
literature.®® However, a new group (cation 1,3-dimethylpyri-
dinium) is here proposed. This new group was obtained by the
correlation of the experimental viscosity values gathered in
this work together with experimental data reported in litera-
ture.>"%97%2%* For dried samples, the To, of 165.06 K previously
proposed was used.®® The averages of the absolute relative

160

120

80 |

n/ mPa-s

40

0| i
295 315 335 355 375
T/K
Figure 6. Experimental viscosity as a function of temperature, and at 0.1
MPa, for the dried ILs (empty symbols), water-saturated ILs (full symbols),
and respective correl ations using the V ogel —Tammann—Fulcher®® method

(lines): &, — = —, ---, [Comim][PFg]; O, — « = —, —, [Csmpy][PF¢].

2 Taken from ref 64.

Table 9. Comparison between the Correlated and Predicted
Parameters A, and B, from the Vogel—Tammann—Fulcher
Correlation Applied to the Experimental Data and from the Group
Contribution Method Proposed by Gardas and Coutinho®®

A, B,/K
ILs predicted correlated predicted correlated
[Csmim][PFe] —9.256 —9.363 1025.49 1055.34
[Csmpy][PFe] —9.566 —10.009 1120.96 1220.37

deviations between the predictions and the experimental data
are 6.7 % and 13.9 % for pure ILs [Camim][PFs and
[Csmpy][PFe], respectively. The relative deviations between the
experimental data and those predicted for the entire temperature
interval are shown in the Supporting Information. In Table 9, a
comparison between predicted (using egs 8 to 10) and correlated
(applying only eq 8 to the experimental data) parameters A,
and B, is presented.

Conclusions

New data for physical properties, such as melting tempera-
tures, densities and viscosities, and mutual solubilities with
water, of ILs based on imidazolium and pyridinium cations in
combination with the hexafluorophosphate anion were here
determined.

The mutual solubilities show that the hydrophobicity of the
cation family increases from imidazolium- to pyridinium-based
ILs. The standard molar enthalpies of solution of ILs in water
have shown to be insignificantly dependent on the cation core,
while the major contributions to the solubility are related to
the IL anion identity, arising from considerable enthalpic and
entropic solvation differentiations. The COSMO-RS proved to
be valuable in the prediction of the behavior of water and IL
binary systems. This predictive method provided an adequate
semiquantitative description of the data in good qualitative
agreement with the experimental results.

Experimental densities decrease from imidazolium- to pyri-
dinium-based ILs, while experimental viscosities show the
opposite behavior. Both density and viscosity of ILs decrease
in the presence of water, yet the effect of water content on the
IL viscosities is particularly remarkable.
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