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Despite the recent increase in the number of works addressing the effect of water on the thermophysical
properties of ionic liquids (ILs), in particular densities and viscosities, the strong effect of the water content
in the region of low water content on these properties requires further study for a deeper understanding of
the phenomenon. Densities and viscosities of two imidazolium-based ionic liquids, 1-butyl-3-methylimi-
dazolium dicyanamide [Cymim][N(CN),] and 1-butyl-3-methylimidazolium tricyanomethane [Csmim]-
[C(CN)4], and their binaries with water, for mole fractions up to 0.6, at atmospheric pressure and temperatures
from (278.15 to 363.15) K were determined. The densities and viscosities of the pure ionic liquids and their
binaries with water were described successfully by using several correlations. An extension to the Ye and
Shreeve group contribution method shows a good agreement with the density data. An Orrick—Erbar-type
approach and the V ogel —Tammann—Fulcher method were also applied to the experimental viscosity data,
presenting a good agreement and allowing the estimation of new group contribution parameters, extending
the applicability of these methods to new ILs. For mixtures, the one-constant Grunberg and Nissan equation
was investigated for the correlation of the experimental viscosity binary mixture data of 1Ls + H,O, providing

a good description of the experimental data using a single parameter for each ionic liquid studied.

I ntroduction

lonic liquids (ILs) are a class of neoteric solvents composed
of large organic cations and organic or inorganic anions that
at, or near, room temperature cannot form an ordered crystal
and thus remain in the liquid state. ILs are becoming one of
the fastest growing “green” media for chemists and engineers,
bridging academic and industrial interests. Their tunable proper-
ties, through an endless combination of cations and anions, alow
the design of solvents for the development of more efficient
processes and products.*°

During the last couple of years a number of studies have
addressed the effect of water on the thermophysical and
thermodynamic properties of ILs, in particular for densities and
viscosities 3581011 |t jswell-known that the phase equilibrium
and thermophysical properties of ILs are greatly influenced by
their water content.?~ 812718 Nonetheless, the strong effect of
water content on the viscosities of ionic liquidsis still of interest
and an active area of study aimed at developing a deeper
understanding of the phenomenon.

The study of the new classes of acidic or basic ILsis of great
importance since the efficiency of many processes depends on
the basicity of the media or can be controlled by it. In the wake
of a previous work™® where the basicity of the N(CN), anion,
as a means to enhance the absorption of sour gases, was
investigated, the density and viscosity data for the pure and water
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binary mixtures of 1-butyl-3-methylimidazolium dicyanamide
[Csmim][N(CN),;] and 1-butyl-3-methylimidazolium tricya-
nomethane [Cymim][C(CN);] were measured, at atmospheric
pressure, for molar compositions up to 0.6 from (278.15 to
363.15) K.

A large number of methods developed to estimate the
viscosity and density of pure compounds and their mixtures are
available, standing as akey element on the development of more
efficient processes and products, due to the lack of a wider
selection of thermophysical properties. Thus, density®® and
viscosity®?! correlations previously proposed by us are here
tested and extended for these new anions.

For mixtures, the one-constant Grunberg and Nissan®? equa-
tion is here investigated for the correlation of the viscosity for
binary mixtures of ILs + H,O, providing a good description of
the experimental data.

Experimental Section

Materials and Procedure. Two ILs based on the 1-butyl-3-
methylimidazolium cation, 1-butyl-3-methylimidazolium dicy-
anamide, [C;mim][N(CN),], and 1-butyl-3-methylimidazolium
tricyanomethane, [C;mim][C(CN);], were used in this study.
The [Csmim][N(CN),] was acquired at loLiTec with mass
fraction purities higher than 99 % and bromide impurity mass
fraction lower than 1074 The [C4mim][C(CN)3] was acquired
at Merck with mass fraction purities higher than 98 % and halide
mass fraction impurities lower than 104 The purities stated
by the supplier, of each ionic liquid, were checked by *H NMR
and °C NMR.

As discussed above, the viscosity of anionic liquid is greatly
influenced by its water content. Thus, to reduce to negligible
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values both water and volatile compounds, vacuum (0.1 Pa),
stirring, and moderate temperature (353 K) for a period of at
least 48 h were applied prior to the measurements. The final IL
water content was determined with a Mettler Toledo DL32 Karl
Fischer coulometer (using the Hydranal - Coulomat E from
Riedel-de Haén as analyte), indicating a water mass fraction of
16-10°% and 28:107% for [Cymim][C(CN)s] and [Csmim]-
[N(CN),], respectively.

The water used was double-distilled, passed through areverse
osmosis system, and further treated with a Milli-Q plus 185
water purification apparatus. It has aresistivity of 18.2 MQ2-cm
and atotal organic carbon (TOC) smaller than 5 ug-L %, and it
is free of particles greater than 0.22 um.

Experimental Measurements. Measurements of viscosity and
density were performed in the temperature range of (278 to 363)
K at atmospheric pressure using an automated SVM 3000 Anton
Paar rotational Stabinger viscometer—densimeter. The viscom-
eter is based on a tube filled with the sample in which floats a
hollow measuring rotor. Due to its low density, the rotor is
centered in the heavier liquid by buoyancy forces. Consequently,
ameasuring gap is formed between the rotor and the tube. The
rotor is forced to rotate by shear stresses in the liquid and is
guided axially by a built-in permanent magnet, which interacts
with a soft iron ring. The rotating magnetic field delivers the
speed signal and induces eddy currents in the surrounding copper
casing. These eddy currents are proportional to the speed of
the rotor and exert aretarding torque on the rotor. Two different
torques influence the speed of the measuring rotor, and at the
equilibrium, the two torques are equal and the viscosity can be
traced back to a single speed measurement. The SVM 3000
uses Peltier elements for fast and efficient thermostability. The
temperature uncertainty is + 0.02 K from (288.15 to 378.15)
K. The relative uncertainty of the dynamic viscosity is + 0.35
%, and the absolute uncertainty of the density is £ 0.0005
g-cm 3. Further details about the equipment and method can
be found elsewhere.®

The binary systems (H,O + IL) were prepared by weighing
both compounds using a high-precision analytical balance
(Sartorius MC210P) with an uncertainty of 4+ 1-10™ g
immediately before the measurements.

The IL purity was checked by NMR at the end of the study
to confirm that no degradation due to the contact between the
IL and water takes place during the measurements.

M odels

Pure Liquid Viscosity Correlation. A large number of
methods devel oped to estimate the viscosity of pure compounds
and mixtures are available.®* 2° The most common methods
for the estimation of viscosity of pure and mixed liquids
containing complex molecules, for which limited information
is available, are based on group contribution (e.g., the
Orrick—Erbar method,?* the Sastry—Rao method,® and the
UNIFAC—VISCO method®%), the corresponding states concept
(e.g., Przezdziecki and Sridhar,®® Tgja and Rice*** and
Queimada et al.**%®), or the corresponding-states group-
contribution method (e.g., Yinghua et al.*").

In a previous work,® using an Orrick—Erbar-type approach?*
the viscosity of alarge number of ionic liquids was estimated
by fitting the parameters A and B of the following equation

ln(pLM) =A+ % (@)

where  and p are the viscosity in mPa-s and density ing-cm™3,
respectively. M is the molecular weight, and T is the absolute

temperature in K. The group contribution parameter table for
A and B is here extended for the N(CN), and C(CN)3 anions.

To overcome the liquid density dependence of the previous
approach, a correlation based on the VVogel —Tammann—Fulcher
equation (eq 2) was also proposed®™

B
|n77/Pa'S:Aﬂ+ (T/K——WTOH) (2)

where 7 is viscosity; T is temperature; and A, B,, and T, are
adjustable parameters. The ratio of parameters B, and To,, B,/
Toy, is also known as Angell strength parameter. As shown
before?* To, issimilar for all the ILs studied with an optimum
and constant value of 165.06 K. A, and B, can be obtained by
a group contribution method according to

k
A, = D.na, 3)
i=1

k
B, = n,
i=1

bi n (4)

where n; is the number of groups of typei; k isthe total number
of different groups in the molecule; and the parameters &, and
b, are estimated parameters. The parameters a;, and b; , were
reported for the studied ILs and here extended for the N(CN),
and C(CN)z anions.

Liquid Mixture Viscosity Correlation. The notion that liquid
viscosities are very sensitive to the structure of the constituent
molecules, at reduced temperatures below T, ~ 0.7, also holds
for liquid mixtures. Furthermore, even mild association effects
between components can often significantly affect the viscosity.
For a mixture of liquids, the shape of the curve of viscosity as
a function of composition can be nearly linear for so-called
“ideal” mixtures, but systems containing alcohols and/or water
often exhibit a maximum or aminimum and sometimes both.®

Almost al methods to estimate or correlate liquid mixture
viscosities rely on the knowledge of the pure components
viscosities, making these methods interpolative. Nevertheless,
there is no agreement on the best way to carry out the
interpolation. Irving,32° back in 1977, inspected more than 50
equations for binary liquid viscosities, classifying them by type
and pointing out that only a few of them did not require some
adjustable constant, determined from experimental mixture data.
Moreover, the few that do not require such a parameter are only
applicable to systems of similar components with comparable
viscosities. Irving,*®3° in a companion report from the National
Engineering Laboratory, has aso evaluated the 25 more
promising equations with experimental data from the literature,
recommending the one-constant Grunberg and Nissan® equation.

In this procedure, the low-temperature liquid viscosity for
mixtures is given as

N7y, = zxilnni_'_%z ZXinGij ®)

i=1 j=1
or for a binary system
Inn, =X Iny, + X Inn, + X%G;, (6)

since G;j = 0. The x is the liquid mole fraction of the ith
component, and G; is an interaction parameter which is a
function of the componentsi and j as well as the temperature.
For mixtures of associating compounds, G;; is a mild function
of temperature™ and can be determined as
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The G parameter at 298 K, according to the Grunberg and
Nissan method,?? could be estimated by group contribution. To
our knowledge, this approach has never been applied to ionic
liquids, and therefore, due to the lack of awider selection of IL
cations and anions, only a generic G;; parameter, for each IL,
was estimated here.

Pure Liquid Density Correlation. In a previous work, the
Y e and Shreeve™* approach has been extended to the estimation
of ionic liquid densities for awide range of temperature, (273.15
to 393.15) K, and pressure, (0.10 to 100) MPa, according to
the equation

M
p NV(a + bT + cp) ®)
where p is the density in kg-m~3; M is the molecular weight in
kg-mol~%; N is the Avogadro constant; V is the molecular
volume in A3, T is the temperature in K; and p is the pressure
in MPa. This model will be tested here against the density data
measured here.

Results and Discussion

The viscosity and density measurements for the pure ILs and
their mixtures with water were carried out in the temperature
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Figure 1. Relative deviations between this work’s experimental data and
density data available in the literature as function of temperature. @,
[Camim][C(CN)3] from Gardas et al.;*> 1, [C;mim][N(CN)] from Frediake
eta®

Table 1. Experimental Viscosities, 5, and Densities, p, for
[Camim][N(CN),] and [Csmim][C(CN)3]

[Camim][N(CN),]

[Camim][C(CN)3]

TIK n/mPa:s plg-cm™3 n/mPa:s plg-cm3
278.15 82.066 1.0758 76.637 1.0608
283.15 62.537 1.0726 56.944 1.0574
288.15 48.929 1.0694 43.550 1.0540
293.15 39.140 1.0662 34.129 1.0506
298.15 31.802 1.0631 27.318 1.0473
303.15 26.286 1.0599 22.263 1.0440
308.15 21.788 1.0568 18.449 1.0406
313.15 18.495 1.0537 15.512 1.0373
318.15 15.883 1.0506 13.210 1.0340
323.15 13.777 1.0475 11.381 1.0307
328.15 12.062 1.0444 9.9083 1.0275
333.15 10.653 1.0413 8.7048 1.0242
338.15 9.4752 1.0382 7.7117 1.0209
343.15 8.4846 1.0351 6.8811 1.0177
348.15 7.6425 1.0321 6.1810 1.0144
353.15 6.9228 1.0290 5.5892 1.0112
358.15 6.3043 1.0258 5.0804 1.0080
363.15 5.7700 1.0227 4.6415 1.0046
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Figure 2. Density versus temperature for: A, [C;mim][N(CN),] and H,
[C4smim][C(CN)3]. The dashed and solid curves are calculated with the
Gardas and Coutinho model®® for [C;mim][N(CN),] and [C;mim][C(CN)4],

respectively.

range of (278 to 363) K at atmospheric pressure. The experi-
mental viscosities and densities of the pure ILs studied here
arereported in Table 1, and the viscosities and densities of the
binary mixtures are reported in Tables 2 to 5. A comparison
between the density data measured on this work and those
previously reported by us* and by Frediake et al.® (Figure 1)
shows a good agreement with relative average deviation of
—0.08 % and —0.12 %, respectively.

The extension of the Ye and Shreeve™ group contribution
method developed in our research group®® was applied to
estimate the pure component density data. The molecular
volumes, V, of ions and groups, listed in Table 6, were either
taken from the literature* or calculated following the Jenkin
procedure.”® The predicted densities are in good agreement with
the experimental data as shown in Figure 2, with a relative
average deviation of 014 % and 006 % for the
[Csmim][N(CN);] and [Cymim][C(CN)], respectively.

The Gardas and Coutinho Orrick—Erbar approach® was
applied to the correlation of the viscosity data measured in this
work. The group contribution tables previously reported® are
here further extended to the N(CN), and C(CN); anions with
the parameters reported in Table 6. The Gardas and Coutinho
viscosity correlation based on the Vogel —Tammann—Fulcher
equation®* was also applied. This model parameter table was
aso enhanced by the inclusion of two new g, and b,
parameters for the N(CN), and C(CN)3 anions, thus extending
the applicability of the model to new ILs.?* The new parameters
are reported in Table 6. As depicted in Figure 3, the
Vogel —Tammann—Fulcher?® model describes very well the
experimental dataiin all the entire temperature ranges, presenting
average relative deviations of 1.27 % and 1.44 % for the
[Cymim][N(CN),] and [C;mim][C(CN)3], respectively. By con-
trast, the Orrick—Erbar model fails to describe the viscosity at
temperatures below 298 K and presents higher relative average
deviations (5.90 % and 6.72 % for the [C;mim][N(CN),] and
[Csmim][C(CN)3], respectively).

The excess volumes were cal culated from the measurements
according to the following equation***® and depicted in Figure
4,

XM; + XM,  xM; XM, ©
P P1 02
The excess thermodynamic properties, which depend on the
composition, temperature, or both, are of great importance in
understanding the nature of the molecular interactions present
in the binary mixtures.

VE
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Table 2. Experimental Viscosities, i, for Binary Mixtures of H,0O (1) + [Csmim][N(CN);] (2)

TIK
X1 278.15 288.15 298.15 308.15 318.15 328.15 338.15 348.15 358.15
n/mPa:s
0.0000 82.066 48.929 31.802 21.788 15.883 12.062 9.4752 7.6425 6.3043
0.0590 74.203 44.995 29.554 20.604 15.088 11.493 9.0473 7.3143 6.0482
0.1963 58.696 36.447 24.399 17.288 12.824 9.8847 7.8522 6.3968 5.3220
0.2736 48.940 30.873 20.945 14.996 11.216 8.7018 6.9498 5.6875 4.7483
0.3500 37.598 24.281 16.749 12.160 9.1985 7.2021 5.7983 47770 4.0073
0.3974 31.981 20.877 14521 10.611 8.0724 6.3457 5.1257 4.2370 35773
0.4831 23.225 15.375 10.797 7.9511 6.0723 4.7921 3.8838 3.2227 27111
Table 3. Experimental Densities, p, for Binary Mixtures of H,O (1) + [C;mim][N(CN),] (2)
TIK
X1 278.15 288.15 298.15 308.15 318.15 328.15 338.15 348.15 358.15
plg-cm™3
0.0000 1.0758 1.0694 1.0631 1.0568 1.0506 1.0444 1.0382 1.0321 1.0258
0.0590 1.0753 1.0689 1.0625 1.0562 1.0501 1.0439 1.0377 1.0315 1.0253
0.1963 1.0743 1.0678 1.0614 1.0550 1.0487 1.0424 1.0362 1.0300 1.0238
0.2736 1.0728 1.0664 1.0599 1.0536 1.0473 1.0410 1.0347 1.0285 1.0223
0.3500 1.0711 1.0646 1.0591 1.0516 1.0452 1.0388 1.0324 1.0261 1.0198
0.3974 1.0694 1.0629 1.0563 1.0498 1.0433 1.0369 1.0305 1.0241 1.0177
0.4831 1.0662 1.0596 1.0529 1.0462 1.0396 1.0330 1.0264 1.0198 1.0132
Table 4. Experimental Viscosities, , for Binary Mixtures of H,0 (1) + [Cqmim][C(CN)3] (2)
TIK
X1 278.15 288.15 298.15 308.15 318.15 328.15 338.15 348.15 358.15
n/mPa-s
0 76.637 43.550 27.318 18.449 13.210 9.9083 7.7117 6.181 5.0804
0.0458 67.845 39.303 25.053 17.190 12.476 9.463 7.433 6.006 4.966
0.1008 53.191 31.743 20.803 14.542 10.680 8.176 6.473 5.261 4.375
0.1750 47.795 28.846 19.027 13.375 9.889 7.615 6.056 4.944 4125
0.2116 44.295 26.978 17.898 12.670 9.432 7.303 5.835 4.783 4.001
0.2885 37.679 23.277 15.616 11.153 8.361 6.514 5.232 4.309 3.618
0.4273 28.900 18.235 12.430 8.990 6.810 5.351 4.329 3.586 3.028
0.5034 25.052 15.990 10.999 8.013 6.106 4.820 3.916 3.273 2.748
0.5607 21.785 14.026 9.713 7.104 5.428 4.295 3.496 2912 2472
Table 5. Experimental Densities, p, for Binary Mixtures of H,O (1) + [C;mim][C(CN)3] (2)
TIK
X1 278.15 288.15 298.15 308.15 318.15 328.15 338.15 348.15 358.15
plg-cm™3
0 1.0608 1.0540 1.0473 1.0406 1.0340 1.0275 1.0209 1.0144 1.0080
0.0458 1.0602 1.0532 1.0464 1.0395 1.0328 1.0261 1.0194 1.0129 1.0064
0.1008 1.0598 1.0528 1.0458 1.0390 1.0321 1.0254 1.0187 1.0121 1.0056
0.1750 1.0591 1.0521 1.0451 1.0380 1.0313 1.0245 1.0178 1.0112 1.0047
0.2116 1.0586 1.0515 1.0445 1.0376 1.0308 1.0240 1.0172 1.0106 1.0040
0.2885 1.0574 1.0504 1.0434 1.0364 1.0296 1.0228 1.0161 1.0094 1.0028
0.4273 1.0561 1.0489 1.0417 1.0347 1.0277 1.0208 1.0139 1.0071 1.0003
0.5034 1.0548 1.0476 1.0404 1.0332 1.0261 1.0190 1.0120 1.0051 0.9984
0.5607 1.0542 1.0469 1.0396 1.0324 1.0252 1.0180 1.0109 1.0039 0.9971

The excess molar volumes are positive over the whole range
of compositions and temperatures, as depicted in Figure 4, and
do not support or suggest a significant anion—water interaction.
The decrease of the organization modes of the molecules within
the mixtures is due to a disruption of the ordered molecular
structure within the liquid and the weakening or breaking of
strong like interactions. Due to the high relative permittivity of
water, a decrease in the electrostatic force operating between
ions is expected. Although we have not determined the excess
volume in the entire concentration range, Figure 4 shows
asymmetrical VE(X) curves, presenting a maximum for water
mole fraction higher than 0.5 for the H,O + [C;mim][N(CN),]
system and around 0.3 for the H,O + [Cymim][C(CN)3],
suggesting that the breaking of strong interactions of the ILsis
not so effective when there are few water molecules and that
the ordered pure IL molecular structure is not destroyed.*>*°
Aswater concentration increases, the structure of theionic liquid
becomes weaker upon mixing, afact that can be explained taking

into account the ordered structure of ILs, dominated by long-
range forces (Coulombic), which are destroyed at low IL
concentration.® This is in agreement with the atomistic simula-
tions of Kelkar and Maginn'® which suggest that thisis because
water preferentially solvates the anions and then begins to form
clusters at higher concentrations. These authors™ report that as
the water concentration increases water—anion association
probabilities remain high while water—cation associations
decrease and water—water associations increase, indicating that
water tends to cluster in ionic liquids.

Moreover, the increase of the VE with temperature indicates
that the mixture is more expansible than the pure compounds.
Thus, the temperature increase leads to the loosening of
aggregates in pure ionic liquids. In addition, hydrogen bonding
is more temperature dependent (becoming negligible at high
temperatures) than Coulombic interactions. As temperature
increases, the negative contribution to VE due to water—ion
H-bonds decreases.
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Figure 3. Viscosity versus temperature for the [Cymim][N(CN),] (&) and
[Csmim][C(CN)3] (b) ILs. The symbols represent experimental values; the
solid curves are calculated with the Vogel —Tammann—Fulcher?* model;
and the dashed curves are calculated with the Orrick—Erbar?* model.

Table 6. Group Contribution Parameters for the Orrick and
Erbar?* (Equation 1), Vogel—Tammann—Fulcher?* (Equations 3
and 4), Grunberg and Nissan®® (Equation 7), and Ye and Shreeve®
Methods

Orrick and Erbar Method®*

cations/anions/groups A B/K
1,3-dimethylimidazolium (+) 6.56% 1757.12
N(CN),~ -19.22 510.0
C(CN);~ —19.54 590.0
CH, —-0.63* 250.42
CH3 —0.74* 250.0%

Vogel —Tammann—Fulcher Method®*

cations/anions/groups ai, b, /K
1,3-dimethylimidazolium (+) —7.2712 510.512
N(CN),™ —1.108 50.00
C(CN)3~ —1.602 99.54
CH, —7.528-10"% 40.922
CH3 —1.450-107% 8.022

Grunberg and Nissan Method®
ionic liquids G2

[Camim][N(CN),] 2.6546

[Csmim][C(CN)4] 1.6317

Ye and Shreeve's™
cations/anions VIA3
1-butyl,3-methylimidazolium (+) 2382
N(CN),™ 157
C(CN)3~ 1262

2Taken from ref 20.

Excess volumes of agueous mixtures of ILs can be both
positive and negative. Anouti et al.,*® for aqueous solutions of
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Figure 4. Excess molar volume, VE, versus mole fraction of water for the
binary systems H,O + [Cymim][N(CN),] (&) and H,O + [C;mim][C(CN)3]
(b): ®,278.15K; W, 288.15K; a, 298.15K; x, 308.15K; %, 318.15K; @,
328.15 K; m, 348.15 K; and —, 358.15 K.

pyrrolidinium nitrate [pyrr][NOg], Mokhtarani et al.*” for
aqueous binary mixtures of [BuPy][BF;] and [OcPy][BF4],
GarciaMigja et a.>° for agueous binary mixtures of
[bpyr][BF4], and Rebelo et al.*® and Zhou et &.,>* for agueous
binary mixtures of [C,mim][BF,], among other authors* have
already reported positive excess values. However, for the
aqueous mixtures of [Cymin][MeSO,], [Comim][EtSO,4], and
[Csmim][CI] negative values of the excess volumes have been
reported.>>%2~54 For al| these mixtures, excess volumesincrease
when temperature increases.

Comparing the excess volumes of the agueous mixtures of
ILswith the cation Cymim it can be concluded that the VE values
increase with the trend MeSO, < CF;SO; < C(CN)3 < BF, <
N(CN),. The volumetric behavior of the agueous mixtures of
[Csmin][C(CN)3] and [Csmin] [N(CN),] is similar to that of
[C,min][BF,]. Garcia-Migja et a.*° have found that agueous
mixtures of [C4min][MeSO,] have negative values of the excess
volumes and the excess enthalpies (HF), whereas for
[Cymin][BF,] and [Csmin] [CF3:SO;] VE and HE values are
positive for aimost all mole fractions.*® This behavior has been
explained by the different capability of each anion to form
hydrogen bonds with water molecules:® the sulfate functional
group presents three clearly accessible, negatively charged
oxygen atoms to form a hydrogen bond; the triflate anion,
CF3S0;, presents two, with higher steric hindrance; and BF,
has no oxygen atoms and has a symmetric distribution of the
electric charge. Diacynamide N(CN), and tricyanomethane
C(CN); have no oxygen atoms either and are symmetrical
anions.

The one-constant Grunberg and Nissan®? equation was used
to correlate the experimental viscosity data for the binary
systems H,O + [Cimim][N(CN);] and H,O +
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Figure 5. Viscosity versus mole fraction of water for the binary systems H,O + [C;mim][N(CN),] (&) and H,O + [Cymim][C(CN)3] (b). The symbols
represent experimental values, and the solid curves are calculated with the Grunberg and Nissan® method. —, 278.15 K; m, 288.15 K; 4, 298.15 K; H,
308.15 K; A, 318.15 K; x, 328.15 K; *, 338.15 K; @, 348.15 K; and +, 358.15 K.

[Csmim][C(CN)3]. This approach relies on the knowledge of
the pure component viscosity, as a function of temperature, and
in the determination of the parameter G;; at 298 K. However,
to our knowledge this approach has never been applied to ionic
liquids making it impossible at this point to determine the
parameter G;; by group contribution. Thus, in this work only a
G;j parameter, for each ionic liquid, is determined. The optimum
parameters determined for the studied ILs, reported in Table 6,
allow avery good description of the experimental data of H,O
+ [Cymim][N(CN)], for &l the composition ranges, and a good
description of the experimental data of H,O + [C;mim][C(CN)3]
for low water concentrations, as depicted in Figure 5.

Viscosity is also dependent on the interaction forces. Nev-
ertheless, there is not an agreement on how to account for the
effect of interactions in the viscosity changes due to the fact
that the concept of the ideal system is not established for
viscosity. Viscosity deviation, Az, departures from the Grunberg
Nissan rule, Aln 7, and excess activation energy are used in
the literature for this aim. It was found that both A» and Aln
values have an opposite sign to VE and HE values for a large
number of molecular systems and some mixtures of ILs with
molecular compounds.® > In addition, larger excess activation
energies (maximum around 5000 J-mol~* for water + a cohol)
and larger and positive values of Ay and Aln 7 are attributed
to associated mixtures.>”*® Nevertheless, we have found that
for H,O + [C4mim][N(CN),] and H,O + [C,mim][C(CN);] the
signs of Ay and Aln % are different for most of the concentra-
tions, An being negative (opposite sign to the VE values) and
Aln 5 being positive (according with the positive values of G
in Table 6). For the excess activation energy at 308.15 K, we
have obtained values around (4000 and 3300) J-mol * for H,O
+ [Csmim][C(CN)3] and H,O + [C;mim][N(CN),], respectively.
Taking into account the literature viscosity data®*°%%° for other
aqueous mixtures of 1Ls with the cation C,min, we have found
the following decreasing trend for the activation energies and
for Aln n MeSO4 > CF3%3 > C(CN)3 > BF; > N(CN)Z As
expected, this trend is the opposite of that for excess volumes
but not the same for A». Accordingly, the trend for the excess
activation energy and Aln 5 can be explained™ by the different
capability of each anion to form hydrogen bonds with water
molecules. Nevertheless, more experimental data are required
for other ionic liquids and molecular compounds to confirm if
this behavior is observed for other systems.

Conclusions

Experimental data for the density and viscosity of pure and
aqueous solutions of two ionic liquids, namely, 1-butyl-3-
methylimidazolium dicyanamide and 1-butyl-3-methylimida-
zolium tricyanomethane, in the temperature range (278 to 363)
K and at atmospheric pressure are presented.

The experimental data results show that the water content
has a strong effect on the viscosity of the ILs, but the effect is
only marginal on their densities.

Several methodologies were applied to the correlation of the
experimental data here reported. An extension to the Ye and
Shreeve™ group contribution method shows a good agreement
with the density data. The Gardas and Coutinho ionic liquid
viscosity models based on the Orrick—Erbar approach® and the
Vogel —Tammann—Fulcher method®* were also applied to the
experimental viscosity data, presenting a good agreement and
allowing the estimation of new group contribution parameters,
extending the applicability of these methods to new ILs.

For the binary systems of H,O + ILs the one-constant
Grunberg and Nissan® equation was fitted showing, once more,
good agreement toward the experimental data and allowing the
determination of a generic Gy, parameter for each ionic liquid
studied.

The excess volumes present asymmetrical VE(x) curves for
both the ILs, presenting at the water mole fraction region
between 0.3 to 0.4 a trend change regime, suggesting a
qualitative change in the water—IL interactions after the one
water to two IL molar ratio.

For all the temperatures and for most of the compositions
analyzed VE is positive which indicates that the interactions
among the IL and water molecules are weaker than those of
the pure ILs and water.

Literature Cited

(1) Froba, A. P.; Kremer, H.; Leipertz, A. Density, refractive index,
interfacial tension, and viscosity of ionic liquids [Emim][EtSO,],
[Emim][NTf,], [Emim][N(CN),], and [OMA][NTf,] in dependence on
temperature at atmospheric pressure. J. Phys. Chem. B 2008, 112,
12420-12430.

(2) Ge, M.; Ren, X.; Song, Y.; Wang, L. Densities and viscosities of
1-propyl-2,3-dimethylimidazolium tetrafluoroborate + H,O at T =
(298.15 to 343.15) K. J. Chem. Eng. Data 2009, 54, 1400-1402.



(3) Gomez-Diaz, D.; Navaza, J.; Sanjurjo, B. Density, kinematic viscosity,
speed of sound, and surface tension of hexyl, octyl, and decyl trimethyl
ammonium bromide aqueous solutions. J. Chem. Eng. Data 2007, 52,
889-891.

(4) Okoturo, O. O.; VanderNoot, T. J. Temperature dependence of
viscosity for room temperature ionic liquids. J. Electroanal. Chem.
2004, 568, 167-181.

(5) Papaiconomou, N.; Yakelis, N.; Salminen, J.; Bergman, R.; Prausnitz,
J. M. Synthesis and properties of seven ionic liquids containing
1-methyl-3-octylimidazolium or 1-butyl-4-methylpyridinium cations.
J. Chem. Eng. Data 2006, 51, 1389-1393.

(6) Frediake, C. P.; Crosthwaite, J. M.; Hert, D. G.; Aki, S. N. V. K;
Brennecke, J. F. Thermophysical properties of imidazolium-based ionic
liquids. J. Chem. Eng. Data 2004, 49, 954-964.

(7) MacFarlane, D. R.; Golding, J; Forsyth, S,; Forsyth, M.; Deacon, G. B.
Low viscosity ionic liquids based on organic salts of the dicyanamide
anion. Chem. Commun. 2001, 16, 1430-1341.

(8) Gardas, R. L.; Coutinho, J. A. A group contribution method for
viscosity estimation of ionic liquids. Fluid Phase Equilib. 2008, 266,
195-201.

(9) Pensado, A. S.; Comufias, M. J. P.; Fernandez, J. The pressure-viscosity
coefficient of several ionic liquids. Tribol. Lett. 2008, 31, 107-118.

(10) Kelkar, M. S.; Maginn, E. J. Effect of temperature and water content
on the shear viscosity of theionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide as studied by atomistic smulations.
J. Phys. Chem. B 2007, 111, 4867-4876.

(11) Garcia-Miaja, G.; Troncoso, J.; Romani, L. Density and heat capacity
as a function of temperature for binary mixtures of 1-butyl-3-
methylpyridinium tetrafluoroborate + water, + ethanol, and +
nitromethane. J. Chem. Eng. Data 2007, 52, 2261-2265.

(12) Freire, M. G.; Carvaho, P. J; Fernandes, A. M.; Marrucho, I. M;
Queimada, A. J.; Coutinho, J. A. P. Surface tensions of imidazolium
based ionic liquids: anion, cation, temperature and water effect. J.
Colloid Interface Sci. 2007, 314, 621-630.

(13) Seddon, K. R.; Stark, A.; Torres, M. Influence of chloride, water, and
organic solvents on the physical properties of ionic liquids. Pure Appl.
Chem. 2000, 72, 2275-2287.

(14) Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H. D;
Broker, G. A.; Rogers, R. D. Characterization and comparison of
hydrophilic and hydrophobic room temperature ionic liquids incor-
porating the imidazolium cation. Green Chem. 2001, 3, 156-164.

(15) Gardas, R. L.; Freire, M. G.; Carvalho, P. J.; Marrucho, |. M.; Fonseca,
I.M. A.; Ferreira, A. G. M.; Coutinho, J. A. P. High pressure densities
and derived thermodynamic properties of imidazolium based ionic
liquids. J. Chem. Eng. Data 2007, 52, 80-88.

(16) Ventura, S. P. M.; Pauly, J.; Daridon, J. A.; Lopes da Silva, J. A,;
Marrucho, 1. M.; Dias, A. M. A.; Coutinho, J. A. P. High pressure
solubility data of carbon dioxide in tri-iso-butyl(methyl)phosphonium
tosylate - water systems. J. Chem. Thermodyn. 2008, 40, 1187-1192.

(17) Jacquemin, J.; Husson, P.; Padua, A. A. H.; Magjer, V. Density and
viscosity of several pure and water-saturated ionic liquids. Green
Chem. 2006, 8, 172-180.

(18) Widegren, J. A.; Laesecke, A.; Magee, J. W. The effect of dissolved
water on the viscosities of hydrophobic room-temperatureionic liquids.
Chem. Commun. 2005, 1610-1612.

(19) Carvalho, P. J; Alvarez, V. H.; Schroder, B.; Gil, A. M.; Marrucho,
1. M.; Aznar, M.; Santos, L. M. N. B. F.; Coutinho, J. A. P. Specific
solvation interactions of CO, on acetate and trifluoroacetate imida-
zolium based ionic liquids at high pressures. J. Phys. Chem. B 2009,
113, 6803-6812.

(20) Gardas, R. L.; Coutinho, J. A. Extension of the Y e and Shreeve group
contribution method for density estimation of ionic liquids in awide
range of temperatures and pressures. Fluid Phase Equilib. 2008, 263,
26-32.

(21) Gardas, R. L.; Coutinho, J. A. P. Group contribution methods for the
prediction of thermophysical and transport properties of ionic liquids.
AIChE J. 2009, 55, 1274-1290.

(22) Grunberg, L.; Nissan, A. H. Mixture law for viscosity. Nature 1949,
164, 799-800.

(23) Paredes, X.; Fandifio, O.; Comufas, M. J. P.; Pensado, A. S,
Fernandez, J. Study of the effects of pressure on the viscosity and
density of diisodecyl phthalate. J. Chem. Thermodyn. 2009, in press.

(24) Reid, R. C.; Prausnitz, J. M.; Sherwood, T. K. The properties of gases
and liquids, 4th ed.; McGraw-Hill: New York, 1987.

(25) Viswanath, D. S,; Natargjan, G. Data book on the viscosity of liquids;
Hemisphere, 1989.

(26) Monnery, W. D.; Svrcek, W. Y.; Mehrotra, A. K. Viscosity: acritical
review of practical predictive and correlative methods. Can. J. Chem.
Eng. 1995, 73, 3-40.

(27) Mehrotra, A. K.; Monnery, W. D.; Svrcek, W. Y. A review of practical
calculation methods for the viscosity of liquid hydrocarbons and their
mixtures. Fluid Phase Equilib. 1996, 117, 344-355.

Journal of Chemical & Engineering Data, Vol. 55, No. 2, 2010 651

(28) Vesovic, V.; Wakeham, W. A. Prediction of the viscosity of fluid
mixtures over wide ranges of temperature and pressure. Chem. Eng.
Sci. 1989, 44, 2181-2189.

(29) Assael, M. J; Dalaouti, N. K.; Metaxa, |. On the correlation of transport
properties of liquid mixtures. Fluid Phase Equilib. 2002, 199, 237—
247.

(30) Sastri, S. R. S;; Rao, K. K. A new method for predicting saturated
liquid viscosity at temperatures above the normal boiling point. Fluid
Phase Equilib. 2000, 175, 311-323.

(31) Gaston-Bonhomme, Y .; Petrino, P.; Chevalier, J. L. Unifac-visco group
contribution method for predicting kinematic viscosity: extension and
temperature dependence. Chem. Eng. Sci. 1994, 49, 1799-1806.

(32) Przezdziecki, J. W.; Sridhar, T. Prediction of liquid viscosities. AIChE
J. 1985, 31, 333-335.

(33) Tega, A. S,; Rice, P. Generalized corresponding states method for the
viscosities of liquid mixtures. Ind. Eng. Chem. Fundam. 1981, 20,
77-81.

(34) Tea A. S.; Rice, P. The measurement and prediction of the viscosities
of some binary liquid mixtures containing n-hexane. Chem. Eng. ci.
1981, 36, 7-10.

(35) Queimada, A. J; Ralo, L. I.; Cago, A. |.; Marrucho, |. M.; Stenby,
E. H.; Coutinho, J. A. P. Prediction of viscosities and surface tensions
of fuels using anew corresponding states model. Fuel 2006, 85, 874—
877.

(36) Queimada, A. J.; Marrucho, I. M.; Coutinho, J. A. P.; Stenby, E. H.
Viscosity and liquid density of asymmetric n-alkane mixtures:
measurement and modeling. Int. J. Thermophys. 2005, 26, 47-61.

(37) Liang, Y.; Mg, P.; Li, P. Estimation of liquid viscosity of pure
compounds at different temperatures by a corresponding-states group-
contribution method. Fluid Phase Equilib. 2002, 198, 123-130.

(38) Paling, B. E.; Prausnitz, J. M.; O’ Connell, J. P. The properties of gases
and liquids; McGraw-Hill: New Y ork, 2001.

(39) Irving, J. B. Viscosities of binary liquid mixtures: a survey of mixture
equations; Natl. Eng. Lab., Rept. 630, East Kilbride, Glasgow,
Scotland, February 1977.

(40) Isdale, J. D. Symp. transp. prop. fluids and fluid mixtures; Natl. Eng.
Lab., East Kilbride, Glasgow, Scotland, 1979.

(41) Ye, C.; Shreeve, J. M. Rapid and accurate estimation of densities of
room-temperature ionic liquids and salts. J. Phys. Chem. A 2007, 111,
1456-1461.

(42) Gardas, R. L.; Freire, M. G.; Carvalho, P. J.; Marrucho, |. M.; Fonseca,
I.M. A Ferreira, A. G. M.; Coutinho, J. A. P. P. (rho), t measurements
of imidazolium based ionic liquids. J. Chem. Eng. Data 2007, 52,
1881-1888.

(43) Jenkins, H. D. B.; Roobottom, H. K.; Passmore, J.; Glasser, L.
Relationships among ionic lattice energies, molecular (formula unit)
volumes, and thermochemica radii. Inorg. Chem. 1999, 38, 3609—
3620.

(44) Weng, W. Densities and viscosities for binary mixtures of butylamine
with aiphatic alcohals. J. Chem. Eng. Data 2000, 45, 606—609.

(45) Aminabhavi, T. M.; Patil, V. B.; Banerjee, K. Thermodynamic
interactions in binary mixtures of ethenylbenzene with methanol,
ethanol, butan-1-ol, pentan-1-ol, and hexan-1-ol in the temperature
range 298.15—308.15 K. J. Chem. Eng. Data 1999, 44, 1291-1297.

(46) Anouti, M.; Caillon-Caravanier, M.; Dridi, Y .; Jacquemin, J.; Hardacre,
C.; Lemordant, D. Liquid densities, heat capacities, refractive index
and excess quantities for { protic ionic liquids + water} binary system.
J. Chem. Thermodyn. 2009, 41, 799-808.

(47) Mokhtarani, B.; Sharifi, A.; Mortaheb, H. R.; Mirzaei, M.; Mafi, M.;
Sadeghian, F. Density and viscosity of pyridinium-based ionic liquids
and their binary mixtures with water at several temperatures. J. Chem.
Thermodyn. 2009, 41, 323-329.

(48) Rebelo, L. P. N.; Najdanovic-Visak, V.; Visak, Z. P.; Nunes da Ponte,
M.; Szydlowski, J.; Cerdeirina, C. A.; Troncoso, J.; Romani, L.;
Esperanca, J. M. S. S,; Guedes, H. J. R.; de Sousa, H. C. A detailed
thermodynamic analysis of [C;mim][BF,] + water as a case study to
model ionic liquid agueous solutions. Green Chem. 2004, 6, 369—
381

(49) Ortega, J.; Vreekamp, R.; Marrero, E.; Penco, E. Thermodynamic
properties of 1-butyl-3-methylpyridinium tetrafluoroborate and its
mixtures with water and alkanols. J. Chem. Eng. Data 2007, 52, 2269—
2276.

(50) Garcia-Miagja, G.; Troncoso, J.; Romani, L. Excess enthalpy, density,
and heat capacity for binary systems of akylimidazolium-based ionic
liquids + water. J. Chem. Thermodyn. 2009, 41, 161-166.

(51) Zhou, Q.; Wang, L. S.; Chen, H. P. Densities and viscosities of 1-butyl-
3-methylimidazolium tetrafluoroborate + H,O binary mixtures from
(303.15 to 353.15) K. J. Chem. Eng. Data 2006, 51, 905-908.

(52) Gonzalez, B.; Calvar, N.; Gomez, E.; DominguezA. Physical properties
of the ternary system (ethanol + water + 1-butyl-3-methylimidazolium
methylsulphate) and its binary mixtures at several temperatures.
J. Chem. Thermodyn. 2008, 40, 1274-1281.



652 Journal of Chemical & Engineering Data, Vol. 55, No. 2, 2010

(53) Gomegz, E.; Gonzalez, B.; Dominguez, A.; Tojo, E.; Tojo, J. Dynamic
viscosities of a series of 1-alkyl-3-methylimidazolium chloride ionic
liquids and their binary mixtures with water at several temperatures.
J. Chem. Eng. Data 2006, 51, 696—701.

(54) Rodriguez, H.; Brennecke, J. F. Temperature and composition
Dependence of the Density and Viscosity of Binary Mixtures of Water
+ lonic Liquid. J. Chem. Eng. Data 2006, 51, 2145-2155.

(55) Fort, R.; Moore, W. R. Viscosity of binary liquid mixtures. Trans.
Faraday Soc. 1966, 62, 1112-1119.

(56) Moreiras, A. F.; Garcia, J.; Lugo, L.; Comufias, M. J. P.; Lopez, E. R;;
Fernandez, J. Experimental densities and dynamic viscosities of organic
carbonate + n-alkane or p-xylene systems at 298.15 K. Fluid Phase
Equilib. 2003, 204, 233-243.

(57) Olivé, F.; Patil, K. R.; Coronas, A.; Fernandez, J. Densities, viscosities
and excess properties of trifluoroethanol-water, tetraethylene glycol
dimethylether-water and trifluoroethanol-tetraethylene glycol dimeth-
ylether at 303.15 K. Int. J. Thermophys. 1994, 15, 661.

(58) Pensado, A. S; Padua, A. A. H.; Comudas, M. J. P.; Fernandez, J.
Viscosity and density measurements for carbon dioxide + pentaeryth-

ritol ester lubricant mixtures at low lubricant concentration. J.
Supercrit. Fluids 2008, 44, 172-185.

(59) Wang, J.; Zhu, A.; Zhao, Y.; Zhuo, K. Excess molar volumes and
excess logarithm viscosities for binary mixtures of the ionic liquid
1-butyl-3-methylimidazoliumhexaflurophosphate with some organic
compounds. J. Solution Chem. 2005, 34, 5, 585-596.

(60) Ming-Lan, G.; Ru-Song, Z.; Yu-Feng, Y.; Qi, Z.; Li-Sheng, W.
Densities and viscosities of 1-butyl-3-methylimidazolium trifluo-
romethanesulfonate + H,O binary mixturesat T = (303.15 to 343.15)
K. J. Chem. Eng. Data 2008, 53, 2408-2411.

Received for review July 24, 2009. Accepted October 13, 2009. The
authors are thankful for financial support from Fundacdo para a Ciéncia
e a Tecnologia (PTDC/EQU/65252/2006) and Ministerio de Ciencia e
Innovacion  (CTQ2008-06498-C02-01/PPQ). Pedro J. Carvalho
acknowledges the financial support from Fundagao para a Ciéncia e a
Tecnologia through his Ph.D. grant (SFRH/BD/41562/2007).

JE900632Q



