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Due to the costs involved, the capture of CO2 in post-combustion is not currently seen as economically
viable. Aiming at changing the perception of post-combustion CO2 from a costly and non-proﬁtable
process to a valuable commodity and fostering the development of the next-generation of technologies, novel solvents and their mixtures have been investigated. In this work, mixtures of non-volatile
ionic liquids were screened by COSMO-RS aiming to ﬁnd mixtures with positive excess volumes that
could present an increased CO2 capture by physical sorption. The most promising mixtures identiﬁed by
COSMO-RS, [C4C1im][DMP] or [C4C1im][NTf2] þ carboxylate-based protic ILs were characterized through
the measurement of their thermophysical properties, namely density and viscosity. Both properties were
measured for pure ILs and their binary mixtures at different temperatures and compositions. The temperature dependence of density of pure ILs was described using the Gardas and Coutinho model while
viscosity was accurately described using the VogelTammannFulcher equation. The Redlich-Kister
equation was used to predict the excess molar volumes and the non-ideality of the mixtures’ viscosity
was assessed using the Grunberg and Nissan mixing law. The excess molar volumes for mixtures containing [C4C1im][DMP] show large positive values all over the range of compositions and temperatures,
making them good candidates for CO2 capture. To the best of our knowledge, the excess molar volumes
obtained in this work were the highest reported so far. COSMO-RS was able to correctly predict the trend
of the experimental excess molar volumes for these mixtures. Regarding viscosity, mixtures of [C4C1im]
[DMP] with the carboxylate-based protic ILs led to the desired viscosity decrease compared to the pure
aprotic IL, and large deviations from ideality were observed. The mixing of ILs is thus an efﬁcient way to
ﬁne-tune the properties, in this case decreasing the viscosity while increasing the sorption capacity.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
Human dependency and consumption on fossil fuels is a major
source of greenhouse gases (GHGs). Among the anthropogenic
GHGs, carbon dioxide (CO2) stands as one with the most important
contribution with over 84% energy-related emissions. Its growing
atmospheric concentration results from the fossil fuel combustion,
particularly power plant emissions [1]. The global economic
expansion and the rising energy demand in developing countries
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anticipates an increase of these emissions in the near future,
leading to concerns over permanent climate changes and to the
need to implement of climate-related initiatives capable to mitigate
the GHGs effects.
Currently, the conventional technology used in industry is based
on amine absorption processes that while presenting advantages,
like operation stability, high capacity and good reactivity; are also
costly and may be environmentally harmful [2]. There is thus a
growing interest in developing innovative technologies for an
efﬁcient and economic capture of CO2 [3]. Technologies involving
adsorption, membrane separation or carbamation stand as promising alternatives for CO2 capture [3e7].
Due to their outstanding properties, ionic liquids (ILs) have been
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studied as alternatives to replace solvents commonly used in
physical sorption of CO2 [3,8,9]. Their tunability, low vapour pressure, thermal stability and high solvating capacity [10,11] make this
class of neoteric solvents suitable for CO2 capture and separation
from other streams. However, most ILs present high viscosities
limiting their industrial application. The possibility of ﬁne-tuning
their properties through their structural manipulation or formulated mixtures, may allow to overcome the current limitations
while keeping the solvation potential [9]. Although mixing ILs with
different molecular weights and chemical structures can be used to
tune the solvent viscosity, it is also known for the negative impact
on the sorption capacity. The correct selection of ILs may however
overcome this limitation by tuning the Hildebrand solubility
parameter, matching the solubility parameter of the ILs mixture
with that of the gas of interest, or/and increase the solvent free
volume and thus, increasing the gas solubility. In fact, several
studies have proposed mixtures of ILs with lower viscosities while
enhancing the CO2 solubility and selectivity [12e14]. Nevertheless,
the available data is scarce and discrepancies are observed among
the authors, which calls for further studies in this ﬁeld [8]. The ﬁrst
step is to provide a complete thermophysical characterization of ILs
mixtures that, albeit of indisputable importance, is still scarce.
These data, combined to CO2 solubility measurements, will be of
great interest for the development of theoretical tools, like equations of state, correlations, group contribution models, and more
importantly for their implementation in process simulators to
accurately design and scale-up industrial separation processes.
Density and viscosity, the physical properties investigated in
this work, are of great importance in absorption processes. If on the
one hand, an increased viscosity can signiﬁcantly reduce the mass
transfer coefﬁcients causing slower diffusion of CO2 to the bulk
liquid and leading to larger separation unities [15]; on the other,
systems with positive excess volumes are expected to have
enhanced physical solubility due to the increase of the solvent free
volume and thus, higher solubility.
The large number of possible ionic liquids mixtures to be
investigated makes impractical an exhaustive characterization of
these systems. Thus, the use of experimental data for the validation
of computational tools, like the Conductor-like Screening Model for
Real Solvents e COSMO-RS e predictive model [16], is essential so
that models can be used for a screening and identiﬁcation of the
ionic liquids, and their mixtures, with the highest potential for a
given purpose.
Knowing that the solubility of gases in pure ionic liquids is ruled
by physisorption with the gas occupying the free volume within the
ILs voids [8,17,18], COSMO-RS was used here as a predictive tool to
identify the most promising mixtures of ionic liquids with positive
deviations from ideality (i.e. activity coefﬁcients, g, greater than
one) and thus, expectably, positive excess volumes and consequently enhanced solubility. However, it is important that this
increased non-ideality does not promote a complete phase separation, previously reported for speciﬁc ionic liquid mixtures
[19e21]. However, for ionic liquid mixtures, Omar et al. [22] reported that mixtures presenting excess enthalpies higher than
500 J mol1 usually lead to phase separation. Therefore, in this
work the selection of the mixtures was carried using these two
constraints: positive deviations from ideality and excess enthalpies
lower than 500 J mol1.
Aiming to establish grounds for the development of new and
sustainable technologies capable of meeting the global climate
change goals and to expand the state of carbon management options, the characterization of mixtures of ILs is here carried out.
COSMO-RS is used to make an extensive screening of the ionic
liquids and ionic liquids families with the highest potential for the
proposed separation. Then the thermophysical characterization of

their densities and viscosities is addressed, allowing to understand
the behavior/property duality necessary for the development of
theoretical models and to build a complete description of the solvent properties.
2. Experimental
2.1. Chemicals
Six protic ionic liquids based on the N,N-diethylethanolammonium
([DEEA]þ)
or
N-butyl-2-hydroxyethyl
ammonium ([BHEA]þ) cations combined with the anions Acetate
([Ace]-), Propanoate ([Prop]-), Butanoate ([But]-), Pentanoate
([Pent]-) or Hexanoate ([Hex]-) and the aprotics 1-butyl-3methylimidazolium dimethylphosphate, ([C4C1im][DMP]) or 1butyl-3-methylimidazolium
bis(triﬂuoromethanesulfonyl)imide
([C4C1im][NTf2]) were used in this work. The ionic liquids name,
mass fraction purity, molecular weight, supplier and chemical
structure are reported in Table 1. The water content of the ionic
liquids and their mixtures was determined by a Metrohm 831 Karl
Fischer coulometer using the analyte Hydranal®dCoulomat AG
€n.
from Riedel-de Hae
2.1.1. Protic ionic liquid synthesis
The synthesis of the carboxylate-based protic ILs has been
detailed in previous publications [23,24]. To reduce the water
content and volatile impurities, the ILs were dried and puriﬁed
under vacuum (1 Pa) at room temperature for at least 48 h. The
structures of the obtained compounds were analysed by 1H and 13C
NMR e Fig. S1 of supporting information. As can be seen by the 1H
NMR spectra, while the protic ILs [DEEA][But], [DEEA][Pent] and
[BHEA][Ace] are in the 1:1 (cation:anion) proportion; the remaining are in the 1:2 (cation:anion) proportion due to the formation of
an azeotrope during the distillation puriﬁcation step. As reported
by Ribeiro et al. [25], mixtures of organic superbases with carboxylic acids lead to the formation of azeotropic mixtures with an acid/
base proportion different from the initially prepared 1:1. This
happens due to the ability of carboxylic acids to form strong
hydrogen bonds with the protic ionic liquid ion pair leading to an
azeotropic composition rich in acid. A similar behavior was
observed by Yoshizawa et al. [26] for a-picoline þ triﬂuroacetic acid
where the boiling point reaches a maximum at 67% of acid, corresponding to the formation of the highly stable H(TFA)-2 anion. The
fact that this was observed only for three, out of six, protic ionic
liquids prepared seems to be related with the vapour pressure of
the components and the extension of the puriﬁcation step. Nonetheless, shorter puriﬁcations steps would, regardless, lead to cation:anion proportions that converge to the 1:2 equilibrium ratio.
The change of composition has a direct inﬂuence in the properties
and applications of the compound and thus was here considered.
2.2. Methods
2.2.1. COSMO-RS
The Conductor-like Screening Model for Real Solvents is a predictive model for thermophysical properties of ﬂuids and liquid
mixtures based on unimolecular quantum calculations. Theoretical
details can be found elsewhere [16,27]. Prior to the predictive
process, TURBOMOLE 6.1 program package was used to generate
the input ﬁles of the different molecules [28]. A BP functional B88p86 with a triple-x valence polarized basis set (TZVP) and the resolution of identity standard (RI) approximation were used. ILs were
described by an equimolar mixture of the lowest energy conformations of the cations and anions that contribute as two different
compounds. COSMOtherm was then used to perform the statistical
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Table 1
Name, chemical structure, molecular weight, mass fraction purity and supplier of the investigated compounds.
Compound

Chemical structure

1-butyl-3-methylimidazolium dimethylphosphate, [C4C1im][DMP]
(Mw ¼ 264.26 g mol1; wt% > 98a)
Acquired from Iolitec
1-butyl-3-methylimidazolium bis(triﬂuoromethanesulfonyl)imide, [C4C1im][NTf2]
(Mw ¼ 419.36 g mol1; wt% > 99a)
Acquired from Iolitec

N,N-diethylethanolammonium diacetate, [DEEA][H(Ace)2]
(Mw ¼ 237.30 g mol1; wt% > 95b)
Synthesized

N,N-diethylethanolammonium dipropanoate, [DEEA][H(Prop)2]
(Mw ¼ 265.35 g mol1; wt% > 90b)
Synthesized

N,N-diethylethanolammonium dihexanoate, [DEEA][H(Hex)2]
(Mw ¼ 349.51 g mol1; wt% > 96b)
Synthesized
N,N-diethylethanolammonium butanoate, [DEEA][But]
(Mw ¼ 205.30 g mol1; wt% > 96b)
Synthesized
N,N-diethylethanolammonium pentanoate, [DEEA][Pent]
(Mw ¼ 219.33 g mol1; wt% > 97b)
Synthesized

N-butyl-2-hydroxyethyl ammonium acetate, [BHEA][Ace]
(Mw ¼ 177.24 g mol1; wt% > 96b)
Synthesized

a
b

Declared by the supplier.
Determined by NMR.

thermodynamics calculations using the BP_TZVP_C30_1701 (COSMOconfX v3.0, COSMOlogic GmbH & Co KG. Leverkusen, Germany)
parameterization.
2.2.2. Mixtures preparation
Mixtures were prepared with the dried ILs in a dry-argon glovebox and at room temperature using an analytical balance model
ALS 220-4 N from Kern with a reproducibility of 0.2 mg. Vials with
mixtures were heated at 323.15 K under stirring for at least 2 h.
2.2.3. Density and viscosity
Densities and viscosities were measured using an automated
SVM 3000 Anton Paar rotational Stabinger viscometeredensimeter
(with a temperature uncertainty of 0.02 K, a dynamic viscosity
relative uncertainty of 0.35% and a density absolute uncertainty of
5  104 g cm3), working at atmospheric pressure. Densities and
viscosities measurements were performed once for each sample
but repeated with new random samples with similar compositions.
3. Results and discussion
3.1. COSMO-RS screening
COSMO-RS was initially used to perform a screening of the ionic
liquids mixtures with the highest potential for the CO2 absorption.
As starting point, the works of Claudio et al. [29], Omar et al. [22]
and Moya et al. [30] were taken into account. Claudio et al. [29]

used COSMO-RS to estimate the hydrogen-bond basicity of pure ILs
and established polarity scales capable of ranking ILs according to
their chemical behaviours, while Omar et al. [22] used the same
tool to evaluate the mixing behavior of ILIL systems through the
evaluation of the excess enthalpy. The non-ideal behavior of mixtures of ionic liquids was analysed in-depth by Moya et al. [30].
Based on these studies, an initial set of compounds with the
following criteria was chosen: ILs formed by the common [C4C1im]
cation
and
the
acetate,
dimethylphosphate,
bis(triﬂuoromethanesulfonyl)imide or hexaﬂuorophosphate anions were
chosen, due to the signiﬁcant differences between their hydrogenbonding interaction energies as stated in the work of Claudio et al.
[29]; miscible mixtures with an excess enthalpy in the range
[52e500] J$mol1 were selected based on the article of Omar et al.
[22]; and the two ILs mixtures with higher CO2 solvation power
identiﬁed by Moya et al. [30] ([C2C1im][DCN] þ [C2C1im][NTf2] and
[C2C1im][NTf2] þ [C2C1im][EtSO4]) were included. Fifteen
carboxylate-based protic ILs investigated by us before [23,24,31]
were also added to the screening pool, due to the reported potential
CO2 capture capacity [32,33].
More than 200 mixtures, composed by 9 cations and 12 anions
(Table S1), were evaluated. The equimolar binary mixtures excess
enthalpies (HE) were calculated at 298.15 K using COSMO-RS e
Table S2 and Fig. S2 of Supporting Information. The ILs mixtures
with activity coefﬁcients greater than 1, that may lead to positive
excess volumes and enhanced gas solubility, were selected for
further characterization. Furthermore, Omar et al. [22] reported
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that mixtures with excess enthalpies higher than 500 J mol1 tend
to be immiscible and thus, aiming to avoid phase separation, this
value was taken as an upper limit for the ILs mixtures selection as
well.
Fig. 1 depicts the IL-IL mixtures with positive excess enthalpies
lower than 500 J mol1, allowing one to identify mixtures
composed of [C4C1im][DMP], [C4C1im][NTf2] or [C4C1im][PF6] with
the selected protic ILs, as those with the highest potential. In fact,
these mixtures present excess enthalpies two to three times higher
than those obtained for mixtures composed only by protic or
aprotic ILs. Overall, mixtures of [C4C1im][DMP] and [DEEA] cationbased ILs present the highest excess enthalpy values. According
with the work of Omar et al. [22] mixtures of ILs with similar ionic
constituents may lead to exothermic or an almost ideal mixing
phenomena, i.e., excess enthalpy close to zero, while IL e IL mixtures with signiﬁcant structural differences lead to systems with
large deviations from ideality with endothermic mixing
phenomena.
The selection was then narrowed down to seven systems (Fig. 2),
for further physicochemical characterization. The systems [BHEA]
[Ace] þ [C4C1im][DMP] and [BHEA][Ace] þ [C4C1im][NTf2] were
also included to explore the impact of changing the protic cation
and the aprotic anion.

Fig. 2. ILs mixtures selected and respective excess enthalpies (J$mol1) predicted by
COSMO-RS at 298.15 K and equimolar composition.

subscripts exp and lit the experimental and literature values,
respectively), between the experimental values and those reported
in the literature of 0.2% was here observed. Regarding [C4C1im]
[NTf2], an %ARD of 0.1% was obtained in relation with literature
[37,39e41]. To the best of our knowledge the protic ILs densities are
here reported for the ﬁrst time.
The Gardas and Coutinho model [35], an extension of the Ye and
Shreeve group contribution method [42], was used to describe the
experimental density data:

3.2. Physicochemical properties
3.2.1. Density of the pure ionic liquids
Densities (r) of the pure ILs (water mass fractions lower than
1000 ppm) were measured and are presented in Fig. 3 and Table S3,
along with the water content. Increasing temperature leads to an
increase in the molecular mobility and thus to a decrease in the
molecular packing and consequently in density. For each series, i.e.,
[DEEA][X] (X ¼ But or Pent) and [DEEA][H(Y)2] (Y ¼ Ace, Prop or
Hex), the increase of the protic anion chain length leads to a
decrease in the density, as observed before [34]. This property
follows the decreasing order of the molecular weight of the anions
within the same series.
Gong et al. [36], Almeida et al. [37] and Hiraga et al. [38] were
some of the authors reporting the density of [C4C1im][DMP] at
different
temperatures.
 An average relative deviation, %ARD ¼ 1=
N 
P


N ðX exp X lit Þ =X exp  (where X represents the property and the

r¼

Mw
N$Vða þ b$T þ c$pÞ

(1)

where r is the density in kg$m3, Mw is the molecular weight in
kg$mol1, N is the Avogadro constant, and V is the volume in m3.
The volume is assumed as the linear sum of the volumes of cation
and anion [35]. a, b and c are coefﬁcients previously proposed:
a ¼ 0.8005 ± 0.0002, b ¼ (6.652 ± 0.007)  104 K1 and c ¼
(5.919 ± 0.024)  104 MPa1 [35]. T and p are the absolute
temperature in K and the pressure in MPa, respectively. The cation
and anion volumes were taken from literature: [C4C1im]þ 238 Å3
[35]; [DMP]- 139 Å3 [43]; [NTf2]- 248 Å3 [35]; [Ace]- 83.5 Å3 [34];
[Prop]- 112.5 Å3 [34]; [But]- 141.5 Å3 [34]; [Pent]- 170.5 Å3 [34];
[Hex]- 199.5 Å3 [34]. The volumes of [H(Ace)2]-, [H(Prop)2]- and
[H(Hex)2]- were estimated from the values of [Ace]-, [Prop]-, [Hex]and H (5 Å3) [35]. The volumes of the cations [DEEA]þ and [BHEA]þ,

i¼1

Fig. 1. Binary equimolar mixtures with positive excess enthalpies, HE, lower than 500 J mol1 at 298.15 K, computed by COSMO-RS.
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Fig. 3. Density of the pure ILs as function of temperature and predictions (solid lines) using Gardas and Coutinho [35] model.

209 and 201.5 Å3, were obtained by adding the contribution of
eCH2e group, 28 Å3, reported by Ye and Shreeve [42] to the molecular volume of N,N-dimethylethanolammonium [34] and Nmethyl-2-hydroxyethylammonium [44] cations.
The percentage average relative deviations between the predicted densities, using the above mentioned model, and the
experimental data were: 0.26%, [C4C1im][DMP]; 0.12%, [C4C1im]
[NTf2]; 1.25%, [DEEA][H(Ace)2]; 0.85%, [DEEA][H(Prop)2]; 0.99%,
[DEEA][H(Hex)2]; 0.60%, [DEEA][But]; 0.60%, [DEEA][Pent] and
2.12%, [BHEA][Ace]. The model can correctly predict the densities of
the aprotic ILs in all the temperatures investigated. Regarding the
protic ILs, signiﬁcant differences can be observed namely for
compound containing small anions. Additionally, from Fig. 3 it can
be seen that for all protic ILs the model predicts a different temperature dependency compared to the experimental.
From the linear dependency of the density with temperature
(ln r ¼ A0 þ A1 T, where A0 and A1 are ﬁtting parameters and T is
the absolute temperature), the isobaric thermal expansion coefﬁcient, ap, can be calculated according to:

ap ¼ 


 

1 vr
vlnr
¼
¼  A1
r vT p
vT p

(2)

In the temperature range investigated in this work, the use of a
linear regression to describe the experimental data is satisfactory,
being the average relative deviation between the experimental and
calculated values of 0.04%.
Table 2 reports the thermal expansion coefﬁcients at 0.1 MPa.
For [DEEA]þ based ILs, the thermal expansion coefﬁcient decreases
while increasing the molecular weight of the protic IL, apart from
[DEEA][H(Ace)2] (Fig. S3). Additionally, protic [DEEA][X] ILs show
Table 2
Thermal expansion coefﬁcients of the studied ionic liquids along
with the expanded uncertainty with a 95% level of conﬁdence.
Ionic Liquid

(104  ap ± s)/K1

[C4C1im][DMP]
[C4C1im][NTf2]
[DEEA][H(Ace)2]
[DEEA][H(Prop)2]
[DEEA][H(Hex)2]
[DEEA][But]
[DEEA][Pent]
[BHEA][Ace]

5.72
6.70
7.91
8.17
7.82
8.97
8.90
7.32

±
±
±
±
±
±
±
±

0.01
0.01
0.05
0.07
0.05
0.04
0.04
0.05

greater values of ap than the [DEEA][H(Y)2]. These coefﬁcients are a
measure of how the volume changes with temperature and thus,
this behavior is related to the packing of the hydrocarbon chains.

3.2.2. Densities of the ILs mixtures
The ILs mixtures densities, at different temperatures and compositions, are presented in Table S4 and depicted in Fig. 4. As expected, the density of the mixtures investigated decreases with
increasing temperature and increases with the increase of the
molar fraction of [C4C1im][DMP] or [C4C1im][NTf2], the denser
compounds in the mixtures. At 298.15 K and equimolar composition, the mixture density decreases with the increase numbers of
methyl groups in the protic IL anion in each series (Fig. 4-h).
Regarding the anion, mixtures involving [C4C1im][NTf2] are denser
than mixtures with [C4C1im][DMP]. The mentioned conclusions are
in line with the densities of the pure ionic liquids investigated.
In order to better understand the nature of the molecular interactions in the binary mixtures, the excess molar volumes (VE)
were estimated according to the equation:

VE ¼

x1 M1 þ x2 M2

rm



x1 M1

r1



x2 M2

r2

(3)

where x, M and r represent the mole fractions, molar masses and
densities, respectively, of the mixture, m, or of the components
(i ¼ 1, 2).
Excess molar volumes result from physical and chemical interactions as well as structural contributions. While physical interactions involving weak dipole-dipole or dispersion forces
increase the VE, chemical interactions and structural contributions
decrease the VE [45]. In Fig. 5 the excess molar volumes as function
of the protic IL mole fraction (x1) and temperature are depicted for
the seven binary mixtures composed by the protic and aprotic ILs
investigated.
The excess molar volumes were ﬁtted to the Redlich-Kister [46]
equation:

E
Vm
¼ x1 ð1  x1 Þ

4 h
i
X
Ai ðTÞð2x1  1Þi1
i¼1

with

(4)
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Fig. 4. Densities of the investigated mixtures as a function of temperature and composition.
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Fig. 5. Excess molar volume versus mole fraction of IL (x1 correspond to the protic IL) for the binary systems investigated in this work at different temperatures. Light to dark colours
correspond to low to high temperatures (283.15e373.15) K. Solid lines represent the RedlichKister equation at 283.15, 323.15 and 373.15 K.
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Ai ðTÞ ¼ ai þ bi ðT = KÞ

(5)

and


2 31 2
E  VE
4
Vexp
X
calc i
5
s¼4
nk
2

=

(6)

i¼1

where the values of the parameters (ai and bi ) were determined
using the method of least-squares, s is the standard deviation, n is
the number of experimental points and k is the number of coefﬁcients. The parameters are summarized in Table S5 along with
the standard deviations of the ﬁt, and the predicted lines at 283.15,
323.15 and 373.15 K are plotted in Fig. 5. Despite some discrepancies, the model is able to correctly describe the excess molar
volumes at different temperatures and compositions.
The excess molar volumes of mixtures involving [C4C1im][DMP]
are positive over the whole range of compositions and temperatures denoting less favorable interactions between the species
when compared to the pure compounds. Moreover, this suggests
more free space in these mixtures making them good candidates
for CO2 capture. The high values may be attributed to physical interactions that are not compensated by the weak interactions between different molecules. When composed by chemically distinct
anions and cations, mixtures of ionic liquids have their ﬁrst solvation sphere disrupted by the different species increasing the possibility of larger enthalpies of mixing [47]. The mixture involving
[C4C1im][NTf2] shows an inversion in the sign from positive to
negative at x1  0.55. This means that the interactions between the
ILs increase with the concentration of the protic IL.
The larger positive VE values were observed for mixtures containing diacetate, dipropanoate and dihexanoate indicating more
free space between the molecules when using [DEEA][H(Y)2] ILs.
These three mixtures present asymmetrical VE (x) curves with a
maximum around mole fractions of 0.33 of protic IL. Regarding the
other mixtures they all present symmetrical VE (x) curves, with
positive VE. The increase of temperature makes the excess molar
volume more positive, indicating that the mixture is more expansible than the pure compounds. Exceptions are [DEEA][But]þ
[C4C1im][DMP] x1  0.30 and [DEEA][Pent]þ[C4C1im][DMP]
x1  0.40, where the opposite behavior is observed.
When comparing the magnitude of the deviation from ideality
observed experimentally to that obtained from COSMO-RS predictions at 298.15 K and x1 ¼ 0.5 (Fig. 1), for mixtures involving
[C4C1im][DMP] the model is able to correctly predict that the VE of
[DEEA][But]þ[C4C1im][DMP] is approximately equal to that of
[DEEA][Pent]þ[C4C1im][DMP]. Regarding [BHEA][Ace] þ [C4C1im]
[NTf2] COSMO-RS fails, predicting an excess enthalpy for this
mixture higher than for [BHEA][Ace] þ [C4C1im][DMP]. Overall, this
predictive tool is a valuable utensil for a preliminary quick screen
allowing to identify the ionic liquids families with the highest potential for CO2 capture.
The positive excess molar volumes found in literature for IL
mixtures are in general small and very close to zero. The ﬁrst
extensive work on this was reported by Rebelo et al. [48] that
studied the volumes of mixing of mixtures of imidazolium-based
ILs containing [NTf2]-, [BF4]- or [PF6]- anions. All mixtures were
found to have small positive VE, i.e., an almost linear mixing
behavior. In their review from 2012, Niedermeyer et al. [49] cite
several works on the subject and all are described as small and
positive (or negative). Thereafter, many works were published.
Annat et al. [50] for example measured the VE of mixtures of
[C3mpyr][NTf2] and 5 other ILs obtaining also small positive excess

molar volumes in the order of [-0.3 to 1.8] cm3$mol1. Clough et al.
[47] examined the physical properties of ten mixtures covering
different types of cations and anions, however, also here
VE < 1.4 cm3 mol1 were achieved. More recently, Brooks et al. [51]
tried to establish the relationship between the structures, free
volumes and properties of ILs mixtures. They investigated several
mixtures of ILs and once more, excess molar volumes were found to
be small and positive (or negative). To the best of our knowledge,
the excess molar volumes of the mixtures investigated in this work
are by far the highest reported to date promoting their use and
application.

3.2.3. Viscosity of the pure ionic liquids
Due to their impact in mass transport phenomena, viscosity is a
very important property, in particular for CO2 capture. Small viscosities increase the mass transfer coefﬁcients leading to a fast
diffusion of CO2 to the liquid bulk. The experimental viscosity (h) of
the pure ILs investigated (water mass fractions lower than
1000 ppm) as function of temperature are listed in Table S3 and
shown in Fig. 6.
The ILs viscosity temperature dependency, generally depends
on intermolecular interactions like H-bonding and dispersive and
Coulombic interactions and these interactions decrease with increase temperature [52]. Thus, and as expected, viscosity decreases
with increasing temperature. For instance, for [DEEA][H(Ace)2] a
rise in temperature from 278.15 to 373.15 K leads to a fall in viscosity from 339.51 to 4.50 mPa s. At 278.15 K, the viscosities follow
the
trend:
[BHEA][Ace]
>
[C4C1im][DMP]
>
[DEEA]
[H(Ace)2] > [DEEA][H(Prop)2] > [DEEA][But] > [DEEA]
[H(Hex)2] > [DEEA][Pent] > [C4C1im][NTf2]; while at 373.15 K:
[C4C1im][DMP] > [BHEA][Ace] > [C4C1im][NTf2] > [DEEA]
[H(Hex)2] > [DEEA][H(Ace)2] > [DEEA][H(Prop)2] > [DEEA]
[But] > [DEEA][Pent]. For the investigated compounds with a
common cation and within the same series ([DEEA][X] and [DEEA]
[H(Y)2]), viscosity decreases with the increase of the alkyl side
chain length of the anion. At room temperature [DEEA]-based ILs
and [C4C1im][NTf2] present small viscosities making them more
interesting for industrial applications.
Compared to density, in general larger deviations between sets
of data by different authors are observed for viscosity. The differences are usually due to the well-known impact of water in this
property [53]. Among others, Gong et al. [36] and Hiraga et al. [38]
reported the viscosity of [C4C1im][DMP] between 293 and 373 K. An
average relative deviation of 3.7 and 9.2%, respectively, to the data
here published is observed. While in this work [C4C1im][DMP] was
dried and manipulated under a dry atmosphere in order to avoid
water absorption, Gong et al. [36] for example do no mention any
special care or the water content of the sample used in their
measurements. The experimental viscosity values for pure [C4C1im]
[NTf2] measured in this work are in good agreement with the
values reported by Hiraga et al. [38] (%ARD ¼ 1.3) and Liu et al. [41]
(%ARD ¼ 4.1).
The viscosities of pure ILs were ﬁtted according the
VogeleTammanneFulcher (VTF) model [53], expressed by equation
(7). Based on the viscosity dependence with the temperature, the
energy barrier, E, was derived through equation (8).

hðTÞ ¼ Ah exp
E¼R



Bh
T  Ch

vðln½hðTÞÞ
vð1=TÞ


(7)

(8)

where Ah , Bh , and Ch are adjustable parameters (Table 3) estimated
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Fig. 6. Viscosities of the pure ILs as function of temperature and calculated values (solid lines) using the VTF equation.

from experimental data and R (J$K1$mol1) is the ideal gas
constant.
Results show that the application of the VTF correlation provides
a good description of the viscosity dependence, as depicted in Fig. 6
and Table 3. The only exception is observed for [BHEA][Ace] with an
%ARD of about 10%. This may be explained by the enormous difference of the viscosity values at 278 and 373 K. The differences in
viscosity translate into different values of E; higher the viscosity,
higher the energy barrier of a ﬂuid to shear stress and harder it is
for the ions to move past each other. At 298.15 K, [BHEA][Ace] is the
ionic liquid with highest E, followed by [C4C1im][DMP] while
[C4C1im][NTf2] presents the lowest value. Thus, [C4C1im][NTf2] is
the IL that require less energy to move freely in the bulk, whereas
[BHEA][Ace] and [C4C1im][DMP] are those that need the more energy. This may be explained by the size of the species, their symmetry and cation-anion interactions. Regarding the [DEEA]-based
cations, the energy barrier decreases while increasing the cation
chain length within the same series.
3.2.4. Viscosities of the ILs mixtures
The viscosity data for the selected binary mixtures of ILs are
depicted in Fig. 7 (versus temperature) and 8 (versus compositions)
and listed in Table S6. Such as for density, viscosity decrease with
increasing temperature. Moreover, it increases with the increasing
concentration of the [C4C1im][DMP], excepting the [BHEA]
[Ace] þ [C4C1im][DMP] system where this only happens for temperatures higher than 338.15 K. In [BHEA][Ace] þ [C4C1im][NTf2]
viscosity decreases with the increase of the aprotic IL due to their
small viscosity when compared with the protic [BHEA][Ace]. Unlike
densities, viscosities do not vary linearly with the number of carbons in the protic anion e Fig. 7-h.
The non-ideality of the mixtures investigated was assessed

using the Grunberg and Nissan [54] mixing law where an additional parameter to account for non-ideality, G12, was included:

ln hm ¼ x1 ln h1 þ x2 ln h2 þ x1 x2 G12 ðTÞ

(9)

The optimum parameters determined for the studied mixtures
are reported in Table S7 and Fig. 8 as function of temperature. As it
can be seen in Fig. 8, a good description of the experimental data in
all the composition ranges and temperatures was obtained.
The parameter G12 allows to quantify and express the deviations
of the mixtures viscosity in relation to ideality (meaning G12 ¼ 0)
reported in Fig. S4. Due to the chemical and size differences between the ILs, the systems investigated exhibit negative deviations
from the ideal Grunberg and Nissan mixing law. Larger deviations
are observed at low temperatures. [BHEA][Ace] þ [C4C1im][NTf2]
are the mixtures closer to ideal behavior, especially at high temperatures, presenting a linear dependency of G12 with temperature
e Fig. 8-h. This is in agreement with the work of Almeida et al. [37]
where the mixture of [C4C1im][Ace] þ [C4C1im][NTf2] that contains
the same anions follows almost an ideal behavior.

4. Conclusions
This work contributes for the identiﬁcation of promising
mixture of ionic liquids to be used for the development of a costefﬁcient CO2 capture process. COSMO-RS was used to search for
mixtures of ILs with positive excess enthalpies. Seven mixtures
composed of [C4C1im][DMP] or [C4C1im][NTf2], and carboxylatebased protic ILs, were selected and characterized by measuring
their densities and viscosities at different temperatures and in the
whole composition range. In general, large positive excess molar
volumes and low viscosities were obtained for mixtures involving

Table 3
VogeleTammanneFulcher model parameters, %ARD and energy barrier E (at 298.15 K) of the studied ionic liquids together with the expanded uncertainty with a 95% level of
conﬁdence.
Ionic Liquid

(Ah ± s)/mPa$s

[C4C1im][DMP]
[C4C1im][NTf2]
[DEEA][H(Ace)2]
[DEEA][H(Prop)2]
[DEEA][H(Hex)2]
[DEEA][But]
[DEEA][Pent]
[BHEA][Ace]

0.039
0.149
0.024
0.035
0.021
0.014
0.015
0.014

±
±
±
±
±
±
±
±

0.002
0.004
0.002
0.001
0.001
0.001
0.001
0.006

(Bh ± s)/K

(C h ± s)/K

1263.79 ± 13.96
779.62 ± 6.95
1072.73 ± 17.72
1025.71 ± 3.24
1317.17 ± 4.55
1247.94 ± 16.24
1253.33 ± 14.92
1518.39 ± 96.51

167.47
164.95
165.70
162.36
132.53
146.63
142.49
161.12

±
±
±
±
±
±
±
±

0.66
0.58
1.03
0.20
0.28
0.95
0.90
4.00

%ARD/%

E/kJ$mol1

1.75
0.32
1.38
0.28
0.21
0.75
0.60
10.39

54.69
32.48
45.19
41.11
35.49
40.17
38.23
59.76

±
±
±
±
±
±
±
±

1.41
0.70
1.75
0.30
0.25
1.12
0.96
8.48
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Fig. 7. Viscosity of studied mixtures, and the correspondent pure ILs, as a function of temperature and composition.
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Fig. 8. Viscosity versus mole fraction of the protic IL at different temperatures. Symbols represent experimental values and the solid curves represent the Grunberg and Nissan
predictions.
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[C4C1im][DMP] making them good candidates for CO2 capture.
Thus, in this work it is shown the possibility to ﬁne-tune the
properties of ILs by mixing them to achieve low viscosities while
keeping their sorption capacity.
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