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a b s t r a c t

Despite the large spectrum of applications being reported for DESs over the last decade, their thermo-
dynamic characterization is often neglected, hindering a better understanding of their nature, and the
development of accurate and robust thermodynamic models to describe them, essential for the con-
ceptual and design stages of new industrial processes.

This work aims at decreasing such a gap in literature by reporting new experimental density and
viscosity data in wide temperature and pressure ranges for the three archetypal DESs of cholinium
chloride, as hydrogen bond acceptor, combined with either ethylene glycol, glycerol, or urea, as hydrogen
bond donor. The experimental data measured in this work were then correlated using the Perturbed
Chain - Statistical Associating Fluid Theory equation of state coupled with the Free Volume Theory to
assess the performance of existing coarse-grained models when applied to the description of DESs. The
modelling results obtained highlight the limitation of the existing models, since a correct prediction of
DES density could not be achieved, reinforcing the need for viable alternative approaches for the
development of coarse-grained models that are appropriate for the thermodynamic modelling of DESs.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Most industrial processes rely on the use of conventional
organic solvents that represent a large share of the total volume of
chemicals used. Moreover, these solvents pose environmental,
health, and safety challenges, including human and eco-toxicity
concerns, process safety hazards, and waste management issues.
Hence, with the upsurge of green chemistry, chemists and chemical
engineers are expected to explore the full potential and applica-
bility of alternative solvents in an effort towards the development
of greener and more sustainable processes.

In the last decade, deep eutectic solvents (DES) have emerged as
a new type of green solvents. Firstly proposed by Abbott et al., in
2003 [1], DES are eutectic solvents formed by mixtures of two or
more compounds that exhibit a large freezing temperature
depression allowing the formation of stable liquids at relatively low
temperatures. Although there is still a debate about the meaning of
the “deep” qualificative, the advantages of these solvents on
different fields are undeniable [2].

DESs are known for their tunable character as the solvent
properties can easily be tuned by a proper selection of the DES
precursors and their molar ratio. The DESs simple preparation
without complex purification steps, liquidus temperatures allowing
operation under mild conditions, and biocompatibility granted
them the interest from both industry and academia with several
applications for DESs being reported in the literature [3,4]. Such
applications include, but are not limited to, organic synthesis [5e7],
biocatalysis [8,9], electrochemistry [10,11], separation of gases
[12,13], conversion of lignocellulosic biomass [14], extraction of
glycerol from biodiesel [15], extraction media for azeotropic mix-
tures [16], fuel purification [17], drug vehicles [18], and preparation
of nanomaterials [19].

Moreover, the low cost and availability of the most common
constituents of DESs is another great advantage of these solvents. A
wide range of possible hydrogen bond donor (HBD) and hydrogen
bond acceptor (HBA) precursors have been proposed and extensive
lists of DES can be found in the literature [3,12,20e22]. As HBDs, a
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wide variety of amines [23], amides [24], carboxylic acids [25e29],
alcohols or polyols [30,31], amino acids [32,33], urea and its de-
rivatives [1,18] or sugars [34,35] can be used, with natural products
representing a plentiful and ideal source of DESs precursors due to
their enormous chemical diversity, biodegradability, sustainability,
and toxicity profile. The HBAs are normally organic salts, typically
quaternary ammonium salts, with cholinium chloride ([Ch]Cl) be-
ing the most common due to its biocompatibility and low cost.

With the widening of applications for DESs, a reliable knowl-
edge of their thermophysical properties (e.g. density and viscosity)
is required for an accurate design, simulation and optimization of
any new industrial process. However, the large literature body on
DES applications has not been followed by a similar effort in
providing an extensive thermodynamic characterization of these
solvents. Moreover, the lack of such fundamental data, important
for a better understanding of the DES nature, has been hindering
the development of accurate and robust thermodynamic models
needed by process simulation software.

Even for the more common [Ch]Cl-based DESs such as the
archetypal mixtures of [Ch]Cl with ethylene glycol (EG), glycerol
and urea, such extensive studies are scarce and usually carried in
narrow temperature and pressure ranges. Although a few authors
reported density data at atmospheric pressure for the mixture with
EG Refs. [36e43], glycerol [37,38,40,42,44,45], and urea [36,46,47],
in the (283.15e373.15) K temperature range, only Leron and co-
workers [48e50] reported density values at higher pressures (up
to 50MPa) but in a narrower temperature range, namely
(298.15e323.15) K. Regarding viscosity, several authors reported
values at atmospheric pressure for the mixture with EG
Refs. [36,42,43,51], glycerol [42,44,45,52], and urea [36,46,47,51] in
the (293.15e363.15) K temperature range but, to the best of our
knowledge, no measurements were previously reported at higher
pressures.

Likewise, the thermodynamic modelling of DESs is a poorly
explored research subject due to the complex hydrogen bonding
interactions governing these systems that represent a challenge for
most current models, but also because of the limited reliable
experimental data. Molecular-based equations of state (EoSs)
derived from the Statistical Associating Fluid Theory (SAFT) [53,54]
able to explicitly account for specific molecular effects such as
hydrogen-bonding and polar interactions have been suggested by
different authors as the most appropriate tool for the modelling of
DESs.

Verevkin et al. [55] used the PC-SAFT EoS to model the infinite
dilution activity coefficients of different solutes in [Ch]Cl þ glycerol
DES while Zubeir et al. [56] applied the same model to describe the
solubility of CO2 in DESs composed of tetraalkylammonium chlo-
rides ([TXA][Cl]) and lactic acid (LA). Both a pseudo-pure compo-
nent approach and an individual-component approach were
applied in this work and good correlations of the experimental data
were obtained. However, the molecular parameters for the DES and
the binary interaction parameters applied using the pseudo-pure-
component approach were necessarily dependent on the HBD/
HBA ratio requiring an individual fitting to each composition.
Despite this disadvantage, the same approach was later used to
predict the CO2 solubilities in hydrophobic DESs composed of
quaternary ammonium salts and decanoic acid [57], and to inves-
tigate the selective removal of thiophene from oil using DESs [58].
The same approach was used by Haghbakhsh et al. [59] who
applied the CPA EoS to study the solubility of CO2 in fifteen different
DES.

Another major drawback of using a pseudo-pure component
approach to describe DESs is its inability to describe the solid-liquid
equilibrium (SLE) of the eutectic mixture, which is of utmost
importance for a better understanding of DESs nature. Hence,
Crespo et al. [28,29,60] applied the PC-SAFT EoS, following an
individual-component approach, to satisfactorily correlate the SLE
of several DESs composed of different quaternary ammonium
chloride salts as HBA and carboxylic acids or alcohols as HBD. This
more realistic approach was also applied by Ojeda and Llovell [61]
that used the soft-SAFT EoS to correlate the solubilities of CO2 and
SO2 in DESs.

A clear advantage of SAFT-type EoSs is that they can be easily
coupled with different theories for the calculation of properties
other than phase equilibria, such as transport or interfacial prop-
erties. Both the Free Volume Theory (FVT) [62,63] and the friction
theory [64,65] have recently been coupled with either PC-SAFT,
soft-SAFT, or CPA for the description of DESs viscosities [66e68].
However, results were only reported under a pseudo-pure
component approach.

Therefore, the aim of this work is two-fold: Firstly, the densities
and viscosities of the three archetypal DESs: [Ch]Cl with either EG,
glycerol or urea are measured in extensive temperature and pres-
sure ranges to decrease the gap on the existent literature body and
to investigate the effect of both temperature and pressure upon
these fundamental properties. Then, the PC-SAFT EoS coupled with
the FVT is applied under an individual component approach, using
coarse-grained models available in literature, to describe the
experimental data, assessing the capability of existing models to
capture the DESs thermophysical properties.

2. Experimental section

2.1. Materials

High-pressure densities and viscosities were measured for
eutectic mixtures of [Ch]Cl and EG, glycerol or urea. [Ch]Cl was
acquired from Acros Organics with a mass fraction purity higher
than 98% and further dried under vacuum (0.1 Pa) and moderate
temperature (298.15 K) for a period never smaller than 72 h.
Ethylene glycol, glycerol, and urea were acquired from Fluka, Acros
Organics and Sigma Aldrich, respectively, with mass fraction purity
higher than 99%. To remove traces of water, individual samples of
each compound were dried, and their water content, determined
with a Metrohm 831 Karl Fischer coulometer (using the Hydranal-
Coulomat AG from Riedel-de Haens as analyte), are reported in
Table 1. The purity of each compound was checked by 1H and 13C
NMR. The full name, chemical structure, CAS number, molecular
weight, average water content, mass purity, and supplier of each
compound are reported in Table 1.

2.2. Eutectic mixtures preparation

The eutectic mixtures, reported in Table 2, were prepared,
analytically, inside a dry-argon glove-box, by weighting the desired
amount of each pure compound using an analytical balance model
ALS 220-4N from Kern with a reproducibility of 0.0002 g. The vials
were closed using a Teflon stopper and the mixtures heated until
melting and complete dissolution, under stirring, to assure com-
plete homogenization.

The water content of the eutectic mixtures was measured prior
to the density and viscosity measurements using the Metrohm 831
Karl Fischer coulometer and are also reported in Table 2.

2.3. Density measurements

Densities were measured in the (283e363) K temperature and
(0.1e95) MPa pressure ranges using a DMA-HPM, coupled with a
mPDS 5 unit, high-pressure densimeter from Anton Paar. The
standard uncertainty on the density was found to be 5$10�4 g cm⁻3



Table 1
Chemical structure, CAS number, molecular weight, supplier and purity of the compounds studied in this work.

Compound Chemical structure

Ethylene glycol (EG)
(CAS: 107-21-1; Mw¼ 62.07 g mol-1; wt%¼ 99.5%; wH2O < 30 ppm) acquired from Fluka

Glycerol (CAS:56-81-5; Mw¼ 92.09 g mol-1; wt%¼ 99%; wH2O< 30 ppm) acquired from Acros Organics

Urea (CAS:57-13-6; Mw¼ 60.06 g mol-1; wt%¼ 99.5%; wH2O < 100 ppm) acquired from Sigma Aldrich

Cholinium chloride ([Ch]Cl)
(CAS:67-48-1; Mw¼ 139.62 g mol-1; wt%¼ 98%; wH2O < 639 ppm) acquired from Acros Organics

Table 2
Eutectic solvents prepared in this work.

Eutectic Mixture (1:2): [Ch]Cl (1) þ
density measurements viscosity measurements

EG
(w1¼ 0.529; x1¼ 0.333; wH2O < 240 ppm)

EG
(w1¼ 0.537; x1¼ 0.340; wH2O < 240 ppm)

Glycerol
(w1¼ 0.431; x1¼ 0.333; wH2O < 290 ppm)

Glycerol
(w1¼ 0.431; x1¼ 0.333; wH2O < 290 ppm)

Urea
(w1¼ 0.535; x1¼ 0.331; wH2O < 200 ppm)

Urea
(w1¼ 0.529; x1¼ 0.326; wH2O < 200 ppm)
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[69]. The measuring cell was thermostatized by circulating a heat-
carrier fluid thermo-regulated, using a thermostat bath circulator
(Julabo MC) with a temperature stability of 0.01 K and uncertainty
of 0.1 K. Pressure was monitored using a piezoresistive silicon
pressure transducer (Kulite HEM 375) with an accuracy better than
0.2% and fixed directly in a stainless-steel line, in order to reduce
dead volumes, and placed between the DMA-HPM cell and a
movable piston.

A detailed description of the apparatus, methodology and cali-
bration procedure can be found elsewhere [69].
2.4. Viscosity measurements

Two approaches were used to determine the mixtures’ density.
One, using a SVM3000 rotational Stabinger viscometer-densimeter,
from Anton Paar, and other using a falling body viscometer. Using
the automated SVM3000 Anton Paar rotational Stabinger
viscometer-densimeter, dynamic viscosity (h) was determined in
the temperature range from (293.15e373.15) K and at atmospheric
pressure (0.1± 0.01MPa) within a standard uncertainty on the
dynamic viscosity of 2% and 0.02 K on the temperature. Further
details regarding the equipment and adopted methodology can be
found elsewhere [70].

The viscosity measurements as function of pressure were ob-
tained using a falling body viscometer developed and implemented
in TERMOCAL laboratory and shown to be able to adequately
describe a large set of compounds’ families [71,72]. This equipment
operation is based on the falling body measurement through a
vertical tube containing the fluid whose viscosity is sought and is
able to measure viscosity in wide (0.1e140) MPa and
(253.15e523.15) K pressure and temperature ranges, respectively.
Viscometer calibrationwas performed at p¼ (0.1e100)MPa and T¼
(293.15e393.15) K with water and n-dodecane. The relative
expanded uncertainty was found to vary from 2.5% to ±3.5% for the
highest and lowest viscosity limits, respectively [71e73].
3. Thermodynamic modelling

3.1. PC-SAFT EoS

PC-SAFT, proposed by Gross and Sadowski in 2001 [74], is one of
the most used variants of the Statistical Associating Fluid Theory
EoS, developed by Chapman et al. [53,54,75,76] based on Wer-
theim's first-order thermodynamic perturbation theory (TPT1)
[77e80]. SAFT-type EoSs are based on statistical mechanics con-
cepts and are able to explicitly account for the effect of different
structural and energetic effects (e.g. anisotropic associative in-
teractions, electrostatics …) on the thermodynamic behavior of a
fluid.

SAFT represents molecules as a number of equally-sized
spherical segments, or monomers, covalently bonded to each
other forming chains that may or may not associate at specific
short-range bonding sites. The model is then written as a sum of
different terms to the residual Helmholtz energy of the system, Ares,
with each of these terms describing a specific contribution. Such
additivity is illustrated in eq. (1), where Aseg represents a contri-
bution due to the monomer-monomer interactions (repulsive and
attractive), Achain, represents a contribution due to the formation of
chains from the spherical monomers, and Aassoc a contribution due
to the short-range and highly directional associating forces such as
hydrogen bonding. Given the additivity characterizing SAFT
models, additional terms can be included depending on the sys-
tems nature, to better capture their physical features. An example is
the frequent addition of a polar term, Apolar , to explicitly account for
polar and multipolar interactions.

Ares

NkBT
¼ Aseg

NkBT
þ Achain

NkBT
þ Aassoc

NkBT
þ Apolar

NkBT
þ ::: (1)

PC-SAFT, contrarily to the original SAFT model, uses a hard-
chain reference fluid instead of hard spheres. This reference fluid



Fig. 1. High-pressure liquid densities of pure EG. Symbols represent experimental data
[69] while the solid, dashed and long-dash-dotted lines represent the PC-SAFT pre-
dictions using the parameters proposed by Atilhan and Aparício [86], Reschke et al.,
[87] and Liang et al. [88].

%AARDðrÞ ¼ 100

��rexp � rcalc
��

rexp
(7)

Table 3
PC-SAFT pure-component parameters considered in this work. Nsites represent the
number of donor/acceptor associating sites.

Component Mw/g·mol⁻1 Nsites mseg
i si=

�A ui =K ε
AiBi =K kAiBi

[Ch]Cl [56] 139.62 1/1 13.02 2.368 228.07 8000 0.200
EG [86] 62.07 1/1 2.4366 3.2328 344.06 2702.6 0.02216
Glycerol [85] 92.09 1/1 2.007 3.815 430.82 4633.5 0.0019
Urea [84] 60.06 1/1 4.244 2.446 368.23 3068.3 0.0010
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consists on a number ofmseg
i freely jointedmonomers exhibiting no

attractive interactions, and accounts for the shape and length of
molecules, and the repulsive interactions between monomers.
Therefore, eq. (1) is slightly modified into eq. (2), where Ahc rep-
resents the contribution due to the hard-chain reference fluid, and
Adisp accounts for the dispersive interactions between the mono-
meric segments. As polar gases and aromatics will not be studied in
this work, the polar term is neglected throughout this work.

Ares

NkBT
¼ Ahc

NkBT
þ Adisp

NkBT
þ Aassoc

NkBT
(2)

The term Adisp is derived from the perturbation theory of Barker
and Hendersen [81,82], and introduces two additional parameters;
the diameter of the monomeric segments, sii, and the dispersive
energy characterizing the monomer-monomer interactions, uii=kB.
Therefore, three pure-component parameters are necessary to
model a non-associating component in PC-SAFT. The extension to
mixtures is carried using the van der Waals one fluid theory
employing the Lorentz-Berthelot mixing rules:

sij ¼
sii þ sjj

2
(3)

uij ¼
�
1� kij

� ffiffiffiffiffiffiffiffiffiffiffi
uiiujj

p
(4)

A binary interaction parameter, kij, correcting deviations from
eq. (4), may be introduced when required to achieve quantitative
agreement with the experimental data.

The association term is particularly important in the modelling
of DES given the important role of hydrogen bonding in these
systems. Its evaluation requires two additional parameters; the
association energy, εHBii , and volume, kHBii of the square-well bonding
sites. The extension of the association term tomixtures requires the
value of the cross-association parameters, which are obtained from
the self-associating parameters using appropriate combining rules
such as those proposed by Wolbach and Sandler [83].

ε
AiBj ¼

ε
HB
ii þ ε

HB
jj

2
(5)

kAiBj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kHBii kHBjj

q  ffiffiffiffiffiffiffiffiffiffi
siisjj

p
1=2

�
sii þ sjj

�
!3

(6)

For further details on the PC-SAFT EoS and the different terms of
eq. (2), the reader is directed to the original paper by Gross and
Sadowski [74]. All the PC-SAFT calculations carried in this work
were performed using the software Multiflash 7.0 by KBC-
Infochem, using coarse-grained models and parameters previ-
ously reported in literature and discussed in the next section.

3.2. PC-SAFT coarse-grained models

The robustness and accuracy of SAFT-type EoSs like PC-SAFT rely
on the careful development of the coarse-grained models repre-
senting each compound present in the system. These coarse-
grained models should be able to capture most of the com-
pounds’ physical features and include both a proper fitting of the
pure-component parameters but also the definition of the associ-
ation scheme. The association scheme defines the number and type
of association sites present in the molecule and the interactions
allowed in the system, for which the association energy and vol-
umes have to be defined pairwise.

All four components studied in this work were previously
modelled using PC-SAFT. Zubeir et al. [56] proposed a coarse-
grained model for [Ch]Cl using the 2B association scheme (one
positive and one negative association sites) to describe the CO2
solubilities in DES while Held and co-workers [84,85] presented a
model for glycerol and urea also using the 2B scheme. For ethylene
glycol, several sets of molecular parameters are available in the
literature such as those reported by Atilhan and Aparicio [86],
Reschke et al. [87], and Liang et al. [88] As density is one of the
properties to be described in this work, these three CG models for
EG were evaluated through the prediction of the prT data reported
by Crespo et al. [69] The results of those calculations for three
different isotherms are illustrated in Fig. 1, while the results for the
remaining isotherms reported by Crespo et al. [69] can be found in
Fig. S1, in Supporting Information. As can be observed in Fig. 1, only
the PC-SAFT parameters proposed by Atilhan and Aparicio [86] are
able to correctly describe the effect of both temperature and
pressure on the densities of EG. On the contrary, the other two sets
of parameters yield inaccurate results even at atmospheric pres-
sure. The percentage average absolute deviations (%AARD) of the
PC-SAFT predictions were calculated through eq. (7) and equal to
0.1898%, 1.301%, and 2.628%, when using the parameters reported
by Atilhan and Aparicio [86], Reschke et al. [87], and Liang et al.
[88], respectively. Hence, the model and parameters proposed by
Atilhan and Aparicio [86] were adopted in this work. These pa-
rameters and those considered for the remaining components are
summarized in Table 3.
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3.3. Free volume theory (FVT)

One of the most popular approaches to model the viscosity of
dense fluids is the free volume theory (FVT) proposed by Allal et al.
[62,63] based in earlier concepts of free volume and diffusion. Ac-
cording to this theory, viscosity is given as a sum of two terms (eq.
(8)): the diluted gas term, h0, and the dense-state correction term,
Dh, in an approach similar to that proposed by Qui~nones-Cisneros
et al. [64] for the friction theory, to isolate the purely kinematic
physics of the diluted gas limit from the dense-state physics.

h¼h0 þ Dh (8)

The first term, describes the viscosity of a fluid with a very low
density using a modified version of the original Chapman-Enskog
theory proposed by Chung et al. [89] in the following expression:

h0 ¼40:785� 10�4
ffiffiffiffiffiffiffiffiffiffiffi
MwT

p

v
2=3
c � U*ðT*Þ

Fc (9)

where h0 is the viscosity of the diluted gas in cP, T is the temper-
ature in K, Mw the molecular weight in g/mol and vc the critical
volume in cm3/mol, U* is the reduced collision integral that is
evaluated at a dimensionless temperature T * ¼ 1:2593T=Tc (Tc is
the critical temperature in K), from the expression proposed by
Neufeld et al. [90], Fc is a correction factor to include the effects of
chain bonding, hydrogen bonding and polarity that was introduced
by Chung et al. [89] as a function of the acentric factor, u, a
dimensionless dipole moment of the molecule, mr , and a parameter
k that accounts for hydrogen bonding:

Fc ¼1� 0:2756u� 0:059035m4r � k (10)

In the case of mixtures, the contribution of each component to
the diluted-gas term is first calculated independently and then a
general equation for multicomponent systems proposed by Wilke
[91] is used to sum the different contributions:

hmix
0 ¼

XNC
i¼1

hi0

1þ 1
xi

PNC
j¼1
jsi

xjfij

(11)

where NC is the number of components, xi the molar fraction of
component i, and fij is given by the following expression:

fij ¼

�
1þ

�
hi0

.
hj0

�1=2�
Mi

w

.
Mj

w

�1=4	2
�
4
. ffiffiffi

2
p �h

1þ
�
Mi

w

.
Mj

w

�i1=2 (12)

In this work the diluted-gas term is neglected as the necessary
critical properties are not available for [Ch]Cl. Moreover, the
contribution of this term for the calculation of liquid viscosities is
typically small, and may be neglected [92].

The dense-state term is believed to be connected to the mo-
lecular structure of the fluid and exponentially dependent on the
empty space (free volume) between molecules. The final expres-
sion is given in eq. (13):
Dh ¼ Lv
�
0:1pþ10�4ar2MW

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10�3Mw

3RT

s
exp

2
4B
 
103pþ ar2MW

rRT

!3=2
where Dh is the dense-term contribution to viscosity in cP, p is the
pressure in MPa, r is the density in mol/L and R is the ideal gas
constant in J$K�1$mol�1. Eq. (13) includes three adjustable pa-
rameters: Lv which is a length parameter related to the molecule's
structure and relaxation time, B the free-volume overlap, and a that
is related to the energy barrier. These parameters must be fitted to
the available experimental viscosity data and, whenever possible,
related to the molecular weight if the compounds belong to the
same chemical family.

The extension to mixtures requires the evaluation of the three
parameters for the mixture through appropriate mixing rules.
Given that there is still disagreement about the best mixing rule to
be used with the FVT [93e99], in this work we employ the simplest
one where the different parameters depend linearly on the mixture
composition without using any binary parameters in the viscosity
treatment.

amix ¼
XNC
i¼1

aixi (14)

Bmix ¼
XNC
i¼1

Bixi (15)

Lmix
v ¼

XNC
i¼1

Lv;ixi (16)

The calculation of viscosity requires the previous calculation of
some thermodynamic properties, namely the density and pressure/
temperature of the system through an appropriate EoS. Therefore,
the accuracy of the calculated viscosities is greatly influenced by
the accurate calculation of those properties by the chosen EoS.
4. Results

The density of the three archetypal [Ch]Cl-based DES ([Ch]Cl
combined with either EG, glycerol, or urea at a stoichiometric ratio
of 1:2) were measured in this work at temperatures ranging from
(283e363) K and pressures from (0.10e95) MPa.

For the mixture with EG, several authors reported density data
at atmospheric pressure in the (293e363) K temperature range
[36e43] while for the system with glycerol, data was reported in
the (283e363) K temperature range [37,38,40,42,44,45]. Despite
[Ch]Clþ urea (1:2) being the first DES reported and one of the most
used [1], density data is much scarcer [36,46,47].

As shown in Fig. 2, a good agreement between the atmospheric
pressure data reported in this work and those reported in literature
for the three mixtures is found with percentage average relative
deviations (%ARD e eq. (17)) mostly in the range of ±0.3%, resulting
in density differences lower than 0.005 g cm⁻3. Overall, small and
nonsystematic deviations were found between the different refer-
ences except for the density data reported by Popescu et al. [39] and
Mjalli et al. [42] for the mixture with EG.

The former reports density values significantly lower than those
reported in this work, a possible explanation being a higher water
content of the samples with the authors reporting a maximum of
3
5 (13)



Fig. 2. Percentage average relative deviations (%ARD) (left) and density differences (right) between density data at atmospheric pressure measured in this work and those reported
in literature [36e47]
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5% in weight which is significantly higher than those reported in
this work. Unfortunately, important details concerning sample
preparation (e.g. drying of [Ch]Cl, use of a glove box to prepare the
mixtures,…) were not provided by the authors. On the other hand,
the data of Mjalli et al. [42] shows density values considerably
higher than those reported in this work and the other literature
references, including those reported by the same author a few years
earlier [40]. However, no discussion about such differences was
provided by the authors in their last work.

%ARDðrÞ ¼ 100
rexp � rlit

rexp
(17)

While density data for thesemixtures at atmospheric pressure is
widely available in literature, prT data is much scarcer. To the best
of our knowledge, only Leron and co-workers [48e50] reported
density data for these three mixtures at higher pressures (up to
50MPa) but, unfortunately, in a narrower temperature range,
namely (298e323) K. As shown in Fig. 3 a good agreement between
the experimental data measured in this work and that reported by
Leron and co-workers [48e50] was found with %ARD lower than
0.25% and density differences below 0.003 g cm⁻3. Most of our data
Fig. 3. Percentage average relative deviations (%ARD) (left) and density differences (right)
ported in literature [48e50].
shows density values higher than those reported in literature with
the deviations increasing with the HBD in the order
EG< urea< glycerol.

For the mixture with glycerol where the deviations are the
highest, the literature values seem to be shifted þ5 K (i.e., the
densities reported at 318 K are overlapped with those measured in
this work at 323 K). This is shown in Fig. S2 of Supporting
Information.

Overall, the small density differences observed can be related to
the water content of the DES and small differences on the weighted
masses of both components, i.e. the final HBD/HBA ratio of the
studied DES.

The density values measured in this work are depicted in Fig. 4
along with the PC-SAFT modelling results and reported in tabular
form in Tables S1eS3 of Supporting Information.

Urea is the only HBD studied in this workwhich remains solid at
temperatures higher than room temperature, so pure fluid liquid
densities are not available. However, the density of urea near its
melting point is available in the DIPPR database [100] having the
value of 1.23 g cm⁻3 at 405.85 K. According to the same source, the
density of pure ethylene glycol and glycerol at that same temper-
ature is 1.028 and 1.185 g cm⁻3, respectively. Accordingly, densities
between density data at pressures up to 50MPa measured in this work and those re-



Fig. 4. High-pressure densities of [Ch]Cl-based DES with A) ethylene glycol B) glycerol C) urea as hydrogen bond donor. Symbols represent the experimental data measured in this
work while the solid lines depict the PC-SAFT correlation of the data using a temperature-dependent binary interaction parameter (left) or the PC-SAFT predictions (kij¼ 0) of the
data (right).
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measured in this work were found to increase with the HBD in the
same order as the pure compounds: EG< glycerol< urea. This was
expected considering that the molar volume is usually an additive
property and that the HBA is [Ch]Cl in all cases, which, at the same
temperature, has a density of 1.0454 g cm⁻3, if extrapolated from
the densities of aqueous solutions reported by Francisco et al. [101].

Furthermore, extrapolating the data measured in this work to
405.85 K, taking advantage of the property linear dependency with
temperature, the excess molar volumes of the three eutectic sol-
vents were estimated in 3.77, �9.11, and �1.16 cm3/mol for the
mixtures with EG, glycerol, and urea, respectively. Even though the
excess molar volumes and excess Gibbs energy of the system can
exhibit opposite behaviors, the negligible excess molar volume of
the mixture with urea is in a good agreement with the quasi-ideal
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behavior observed for [Ch]Cl in urea, previously reported [2,102].
Moreover, the excessmolar volumes obtained suggest the existence
of stronger favorable interactions for the glycerol mixture and,
surprisingly, less favorable interactions for the mixture with EG.
The existence of this enthalpic effect in the eutectic solvent con-
taining glycerol is corroborated by the significative negative de-
viations from the ideal behavior observed by Abbott et al. [103]
when measuring the solid-liquid equilibrium for this system.

Based on the additive character of density, when excess volumes
are small, if a thermodynamic model accurately describes the
density of all pure components present in a system, which is often
the case, as density is normally one of the properties used in the
model parameterization, the density of the mixture is at least
reasonably well described by the model without any binary inter-
action parameters. However, from the PC-SAFT coarse-grained
models presented in section 3.2, only the model for EG was
regressed using pure-component density data.. For the remaining
compounds, experimental data from very diluted aqueous solu-
tions (typically at molar fractions of the target compound lower
than 0.3) were used in the parameterization procedure.

Considering that the thermodynamic modelling of aqueous
systems is a challenging task to any thermodynamic model, and
that the interactions present in water are expected to be much
different than those observed in other media, the models devel-
oped based on diluted aqueous solutions data are unlikely to pro-
vide a satisfactory description of the physical features of the target
compound, negatively affecting the description of mixtures other
than their aqueous solutions. Accordingly, and as observed in Fig. 4
(right), PC-SAFT predictions exhibit considerable deviations from
the experimental density data measured in this work, especially for
the mixtures with glycerol and urea. These results highlight that
alternative approaches are required for a proper modelling of DESs,
as coarse-grained models of compounds that are solid at room
temperature, developed in the framework of different subjects, are
inappropriate to describe even the simplest thermophysical prop-
erties of this class of solvents.

To improve the agreement with the experimental data and
correct the description of the temperature effect on the density
values calculated by PC-SAFT, a linear temperature dependent bi-
nary interaction parameter, kij, correcting the mixture's dispersive
energy was used. Although a constant kijwould have been
preferred, it was insufficient to describe the temperature effect
upon the DES densities. Hence, the final values of the binary pa-
rameters applied are summarized in Table 4 while the results of
such correlations are depicted in Fig. 4 (left). Using such parame-
ters, a good description of the experimental datawas obtained with
an overall %AARD of only 0.270%. Again, the best results were ob-
tained for the mixture with EG since the densities of pure EG,
including at high pressures, were considered in the parameteriza-
tion of its model. The highest deviations were observed for the
mixture with glycerol since, although both coarse-grained models
of glycerol and urea were regressed from diluted aqueous solution
data (including densities), higher deviations were reported for the
description of the glycerol þ water densities than for the aqueous
Table 4
Binary interaction parameters used in the PC-SAFT correlations of prT data.

kij¼ a þ bT/K

a b %AARD

[Ch]Cl þ EG (1:2) 0.6033 �0.001645 0.131
[Ch]Cl þ Glycerol (1:2) 0.6862 �0.001599 0.415
[Ch]Cl þ Urea (1:2) 0.9800 �0.002103 0.265

Mean 0.270
solution of urea [84,85].
Once the description of the experimental prT data is achieved,

the FVTcan be coupled with PC-SAFT for the correlation of the DESs
viscosities measured in this work. Viscosities of the three [Ch]Cl-
based DESs were measured in this work at temperatures ranging
from (313e373) K and pressures from (0.10e100) MPa using a
falling-body viscometer and are reported in the tabular form in
Table S4, in Supporting Information. Viscosities at atmospheric
pressure were further compared with viscosities measured using a
SVM3000 rotational Stabinger viscometerddensimeter in the
(293e373) K temperature range, reported in Table S5. The good
agreement between the two sets of experimental data is shown in
Fig. 5, validating the data acquired using the falling body viscom-
eter. As observed in Fig. 5, viscosities were found to increase with
the HBD in the order EG < glycerol < urea, with the mixtures
containing glycerol or urea exhibiting a sharp increase in viscosity
as temperature decreases. The higher viscosity of the mixture with
urea when compared with the system with glycerol suggests the
existence of an important entropic contribution to viscosity as this
property shows the opposite behavior to what was expected
considering the highly negative excess molar volume of the [Ch]
Cl þ glycerol DES.

Despite the wide number of applications being reported for
these [Ch]Cl-based DES and the importance of an accurate knowl-
edge of their viscosity for several heat and mass transfer purposes,
viscosity data is still scarce. Although several authors reported
viscosity data at atmospheric pressure for the mixture with EG
Refs. [36,42,43,51], glycerol [42,44,45,52], and urea [36,46,47,51], to
the best of our knowledge, no data was ever reported at higher
pressures.

Data measured in this work at atmospheric pressure is plotted
against literature data in Fig. 6.

Overall, a good agreement with the literature data is observed,
especially for the mixture with urea. On the contrary, some sig-
nificant discrepancies are observed in the mixture with glycerol for
which the viscosities reported in this work are higher than those
observed in literature. Again, the absorption of water by these hy-
drophilic DESs during manipulation, which is known to occur to a
great extent [104], can help to explain such differences. However,
most authors do not report water content measurements by Karl-
Fischer or other technique prior or after the measurements,
Fig. 5. Viscosities at 0.1MPa for [Ch]Cl-based DES measured in this work. Circles
represent the experimental data measured using the falling body viscometer while the
squares with dashed lines represent the data measured using the SVM3000 device.



Fig. 6. Viscosities of [Ch]Cl-based DES with different HBDs: A) EG; B) glycerol and C)
urea. Symbols represent literature data [36,42e47,51] while the circles with dashed
lines depict the data measured in this work.
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hindering an adequate discussion on those discrepancies. None-
theless, a remarkable agreement with the data of AlOmar et al. [45]
is observed at higher temperatures. For the mixture with EG, a
reasonable agreement with most references is observed except for
the data from Agostino et al. [51] which clearly falls off the trend
observed in this work and in the other literature sources.

The viscosity data measured in this work at pressures higher
than atmospheric, using the falling body viscometer, are plotted in
Fig. 7 along with the PC-SAFT þ FVT correlations of the data. To
correlate the mixture viscosity data, FVT parameters (a, B, and Lv)
for each of the pure-components are required, these being typically
regressed from pure fluid viscosity data.

Sagdeev et al. [105] measured the viscosities of pure EG in the
(0.098e245.2) MPa pressure and (312.5e464.4) K temperature
ranges while viscosity data for pure glycerol at atmospheric pres-
sure can be retrieved from the DIPPR database [100]. Both sets of
experimental data were used to obtain the FVT parameters for EG
and glycerol listed in Table 5 with the results of the fitting being
depicted in Figs. S3eS4, showingmean absolute deviations (MADe

eq. (18)) from the experimental data of 0.255 and 1.52 cP, respec-
tively. The higher deviations observed in the system with glycerol,
even though only data at atmospheric pressure was considered,
demonstrates that although FVT contains three adjustable param-
eters, a good description of the pure fluid density is still highly
relevant to obtain a good correlation of pure fluid viscosity data.

Given the solid nature of [Ch]Cl, viscosity data of the pure
component is not available to regress the FVT parameters and thus,
viscosity data from [Ch]Cl containing mixtures were used. Hence,
and with hindsight of the FVT parameters for EG and glycerol, FVT
parameters for [Ch]Cl, listed in Table 5, were regressed from the
viscosity data measured in this work using the falling body
viscometer for the binary mixtures [Ch]Cl þ EG (1:2) and [Ch]
Clþ glycerol (1:2) at atmospheric pressure. The results of the fitting
are shown in Fig. S5 of Supporting Information and show an
excellent agreement with the experimental data with a MAD of
only 0.923 and 0.859 cP for the mixtures with EG and glycerol,
respectively.

Finally, knowing the FVT parameters for [Ch]Cl, and given the
insufficient data measured at atmospheric pressure using the fall-
ing body viscometer for the [Ch]Cl þ urea (1:2) mixture (i.e. only
three experimental points available), the experimental data
measured using the SVM3000 was also considered to obtain the
FVT parameters for urea reported in Table 5. However, when the
whole temperature range of SVMmeasurements, (293e373) K, was
considered, different optimization routines were tested and found
to converge to unphysical values of the FVT parameters (e.g. a
tending to very low values near zero or Lv exhibiting negative
values). Therefore, the optimization was carried considering solely
the experimental data in the range of (313e373) K. The results of
the optimization procedure are plotted in Fig. S6 and clearly show
the difficulties of the model to describe the low temperature vis-
cosities of this mixture. Nonetheless, in the temperature range
where the falling body viscometer measurements were carried at
higher pressures, i.e. (333e373) K the MAD is only 1.61 cP.

Instead of decreasing the temperature range where the corre-
lation is valid, another alternative would have been the use of a
temperature-dependent parameter. Preliminary calculations, not
shown here, indicate that using a temperature-dependent B allows
to obtain good correlations of the experimental data but, given the
increase in the number of adjustable parameters, and the good
results on the temperature range of interest to this work, we opted
for the first approach.

Once the FVT parameters for all the components were deter-
mined, one can predict the hpT data measured in this work. The
results of such predictions are shown in Fig. 7. For the system with



Fig. 7. Viscosities of [Ch]Cl-based DES with different HBDs. A) EG; B) Glycerol; C) Urea.
Symbols represent experimental data measured in this work while the solid lines
depict the results obtained with PC-SAFT þ FVT.

Table 5
Free volume Theory parameters used in this work.

MAD ¼ 1
N

XN
i¼1

���hcalc � hexp
��� (18)

Component a/J∙m3$mol⁻1 kg⁻1 В Lv/Å

Ethylene glycol 379.34 0.002434 0.03301
Glycerol 267.90 0.007701 0.00252
[Ch]Cl 190.54 0.006520 0.08776
Urea 235.94 0.009257 0.00183
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EG, an excellent agreement with the experimental data is observed,
showing that both the effect of temperature and pressure is
remarkably captured by the PC-SAFT þ FVT models proposed here.
On the other hand, a considerable overprediction of the pressure
effect, more pronounced at lower temperatures, is observed in the
systemwith glycerol. This is expected given the poor description of
[Ch]Cl þ glycerol (1:2) prT data by PC-SAFT previously discussed
and highlight that a good description of the mixture's density has a
tremendous effect on the ability of FVT to correlate viscosity data at
high pressures. For the system with urea, a reasonable agreement
with the experimental data is found although the effect of pressure
is poorly described if compared with the system with EG.

Nonetheless, if considering all the experimental viscosity data
measured in this work, using the falling body viscometer for the
three [Ch]Cl-based DES, overall MADs against the experimental
data of 0.81, 22.26, and 4.80 cP were observed for themixtures with
EG, glycerol, and urea, respectively. These deviations increase in the
same order as those reported in Table 4 for the PC-SAFT description
of the prT data, reinforcing the importance of having an accurate
description of prT data in wide temperature and pressure ranges
with the chosen EoS prior to the correlation of viscosity data with
FVT, which ultimately relies on the development of robust and
accurate coarse-grained models for the DES constituents.

For most HBDs used in DES formulations the development of
their coarse-grained models is a trivial task as densities and vapor
pressures of the pure fluids are available and the model parame-
terization can be carried following the standard approach in SAFT-
type EoS. However, this is not the case for most HBAs and a few
HBDs (e.g. urea) which are solid at the range of working tempera-
tures. For this type of compounds, experimental data for the pure
fluids are rarely available and alternative approaches are required.

As discussed in the introduction, most literature works dealing
with the thermodynamic modelling of DES, using SAFT-type EoS,
followa pseudo-pure component approachwhere SAFT parameters
are regressed to each HBD/HBA combination. Although a pseudo-
pure-component approach is an attractive approach to the
modelling of some industrially important systems like polymer
blends, where the different components are very similar (e.g.
different chain length), we consider this approach to be inappro-
priate for the modelling of DES as they are mixtures of two
completely different species. Moreover, it introduces an undesir-
able compositional dependency on the molecular parameters ob-
tained for the hypothetical pure-component, and in the binary
interaction parameters that might be required to describe multi-
component systems containing DES. Moreover, solid-liquid equi-
librium which is of utmost importance in the framework of DES
can't be described under this approach.

Another alternative has been the use of aqueous solutions data
(e.g. densities, osmotic coefficients) to regress the parameters for
the target compound. Usually aqueous systems are challenging to
any thermodynamic model and binary interaction parameters,
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sometimes temperature dependent as in the case of [Ch]Cl [56],
have to be fitted simultaneously to achieve a good agreement with
the experimental data. The inclusion of such parameters may-
considerably affect the values of the pure-component parameters
obtained, which will no longer be able to correctly capture the
physical features of the target compound. Hence, and as the results
obtained in this work show, the parameters obtained using such
diluted data yield inaccurate results when they are applied to
describe the density of DES and consequently hinder a good cor-
relation of viscosities. Similar issues are expected if the same
models are to be applied to the description of other thermophysical
properties or phase equilibria, urging the development of robust
and accurate coarse-grained models that are applicable for solid
DES precursors. A possible alternative being the use of the more
realistic individual-component approach, and the use of high-
pressure liquid densities and solid-liquid equilibrium data
measured for a representative DES containing the target com-
pound, and a compound that is liquid at room temperature, to
obtain the molecular parameters.

5. Conclusions

In this work, densities and viscosities of three archetypical DES,
namely [Ch]Cl combined with either EG, glycerol, or urea were
measured in wide temperature and pressure ranges, broadening
the literature body on the thermophysical characterization of these
solvents, especially in what concerns viscosity measurements at
high pressure that were here reported for the first time.

Overall, the experimental data measured in this work is in fair
agreement with existent data from literature and exhibit the ex-
pected trends. Extrapolating the density data measured in this
work, the excess molar volumes of the three DES were estimated.
The negligible excess molar volume observed in the mixture with
urea agrees with the quasi-ideal behavior of [Ch]Cl in urea previ-
ously reported in literature, and the highly negative value observed
for the system with glycerol agrees with the considerable negative
deviations from the ideal behavior reported when studying the
solid-liquid equilibrium of this system. Surprisingly, a positive
excess molar volume was obtained for the system with EG, sug-
gesting the existence of unfavorable interactions in the system
whose existence should be properly investigated in the future.

Moreover, PC-SAFT EoS was coupled to the FVT to correlate the
experimental data measured in this work using coarse-grained
models of the pure-components readily available in literature
that were developed in the framework of research subjects other
than DES. The results obtained in this work suggest that the in-
clusion of appropriate density data in the development of the
coarse-grained models of the DES constituents is crucial for a good
performance of the model when used to describe DES thermo-
physical properties.

Hence, considering that many DESs constituents are solid at
room temperature and pure fluid densities are not available, other
properties are being used in the development of their coarse-
grained models. The results obtained here suggest that the
diluted aqueous solution data commonly used on such alternative
parameterizations yield inaccurate results when used to describe
DES, seeming unable to capture the necessary physical information
about the size and shape of the molecules. Therefore, alternative
approaches to the development of coarse-grained models appli-
cable to the accurate thermodynamic modelling of DES are neces-
sary and should be the focus of future developments on this field.
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