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Abstract: This paper reports the physicochemical (density, dynamic viscosity,
electrical conductivity and refractive index) and the thermodynamic (thermal
expansion coefficient, molecular volume, lattice energy and heat capacity) pro-
perties of several choline chloride (ChCI) based deep eutectic solvents (DESs),
with 1:2 mole ratio, respectively: ChCl:propylene glycol, ChCl:1,3-dimethyl-
urea and ChCl:thiourea, at atmospheric pressure as a function of temperature
over the range of 293.15-363.15 K. Their properties were also compared with
those of some already characterized ChCl-based DESs, namely ChCl:ethylene
glycol, ChCl:glycerol and ChCl:urea (1:2 mole ratio). Density, viscosity and
refractive index of all DESs decrease with the increasing temperature while the
electrical conductivity increases. Viscosity and conductivity of the tested DESs
were fitted by both Arrhenius-type and Vogel-Tamman—Fulcher equations.
The changes of molar enthalpy, entropy and Gibbs energy of activation, deter-
mined using the Eyring theory, demonstrated the interactional factor as pre-
dominant over the structural factor for all DES systems. The fractional Walden
rule, used to correlate molar conductivity and viscosity, showed an excellent
linear behaviour. It was shown that ChCl:propylene glycol DES had properties
similar to ChCl:ethylene glycol and ChCl:glycerol DESs. However, the pro-
perties (density, viscosity and electrical conductivity) of ChCl:1,3-dimethyl-
urea and ChCl: :thiourea DESs were inferior to those of the ChCl:urea DES.
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INTRODUCTION

Having highly low volatility and being less toxic, ionic liquids (ILs) are very
convenient to replace organic solvents. Containing only ions, ILs can easily be
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designed to be in the liquid state at or even below room temperature by choosing
adequate starting chemicals.! Their favorable properties make ILs environment-
ally acceptable.” Many ILs applications have been described, such as in electro-
chemistry and extraction®, catalysis and enzyme-catalyzed reactions.” However,
since some ILs are still toxic,*’ their use in drug- and food-related products is
unacceptable. Deep eutectic solvents (DESs) have been referred as promising
alternative to the conventional ILs. In comparison with ILs, DESs are cheaper,
easier for preparation and biodegradable,*'* referring them as green solvents.
DESs are usually made by combining a substituted quaternary ammonium salt
and a complexing agent (usually a hydrogen bond donor, HBD), resulting in the
compound with lower melting point.>®'" Designing new green solvents requires
using safe and environmentally friendly compounds. The most used substituted
quaternary ammonium salt is choline chloride (2-hydroxy-ethyltrimethyl-amo-
nium chloride, ChCl), which is an essential micronutrient and human nutrient,"?
used as an additive in animal feeds. As HBDs, polyols are often used, and among
them, glycerol and ethylene glycol are the most dominant. Glycerol has a lot of
advantages, such as being non-toxic, biodegradable and recyclable, and is pro-
duced on a large scale from renewable sources." On the other hand, ethylene gly-
col, although used in various industrial applications, is moderately toxic liquid.
Safer option is propylene glycol, a non-toxic polyol used in food processing, as a
solvent in many pharmaceutical formulations, and for the production of poly-
mers. It is also one of the major ingredients (together with glycerol) of the so-
-called “e-liquids” used for electronic cigarettes. Besides polyols, urea and its
derivates can also be chosen as safe HBDs. Urea is mostly used as a nitrogen-
-release fertilizer, while 1,3-dimethylurea and thiourea have been used in differ-
ent chemical syntheses.

For the general understanding, the optimization of the performance and the
increase of the potential future application of DESs, it is important to know or be
able to predict their thermodynamic and physicochemical properties. Therefore,
further investigations of the most important properties of DESs, such as density,
viscosity, heat capacity, electrical conductivity or refractive index, are needed for
expanding their use. Both physicochemical and thermodynamic properties of
DESs must be known for their uses in different industrial and laboratory pro-
cesses. Knowing the density (p) of the DESs is very important for many different
industries, because the density measurement helps to determine the character-
istics of the DESs. Besides being measured in a laboratory, the density data of
different DESs were also predicted by different ways, such as by Rackett
models,'* the parachor parameter and surface tension data," as well as the Lor-
entz—Lorentz equation.'® Mjalli et al. modified the Rackett model'” and recently
Mjalli used the molecular structure explained by the mass connectivity index for
predicting the density of the DESs.'® Dynamic viscosity (3) is a very important
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transport property, especially for equipment design and fluid flow calculations.
Viscosity data of DESs are useful in selecting the optimum salt:HBD ratio, which
results in saving material and energy for the preparation of DESs. Knowing the
electrical conductivity (x) of a DES is of great value, if it is used as a supporting
electrolyte in electrochemical experiments. The higher is the electrical conduct-
ivity exhibited, the lower is the ohmic drop during electrolysis and the cell volt-
age, resulting in higher energy efficiency. The refractive index (np) has a unique
value for every material and has a very important role in material engineering.
Unlike other properties, the measurements of refractive index of DESs are rarely
done, so there is a lack of such data in the literature. Once physical properties of
DESs have been fully characterized, they can be used to calculate thermodyn-
amic properties of DESs’ systems (such as entropy, enthalpy, etc). Since these
properties establish the criteria for the determination of the feasibility or spont-
aneity of a given transformation, the energy exchanges that occur in the DESs’
systems can be predicted, which is crucial for the chemical industry.

The present paper focuses onto the ChCl-based DESs with different HBDs
(propylene glycol, ethylene glycol, glycerol, urea and 1,3-dimethylurea and thio-
urea) prepared in the mole composition of 1:2. It is worth to emphasize, as far as
the authors are familiar with, most physicochemical and thermodynamic pro-
perties of the ChCl:propylene glycol, ChCl:1,3-dimethylurea and ChCl:thiourea
DESs have not been studied yet. Both physical (density, dynamic viscosity, elec-
trical conductivity and refractive index) and thermodynamic (thermal expansion
coefficient, molecular volume, lattice energy and heat capacity) properties were
studied at the atmospheric pressure in the temperature range of 293.15-363.15 K.
While density and viscosity of ChCl:ethylene glycol, ChCl:glycerol and ChCl:
-urea have already been investigated,'*'*** the data on their other properties are
very scarce.'”?*?* The Arrhenius exponential type dependence and Vogel-Tam-
man—Fulcher equation were employed for the understanding of the transport pro-
perties of the studied DESs. The thermodynamic characteristics of viscous flow
were also determined. In addition, the fractional Walden rule was employed for
describing the relationship between molar conductivity and viscosity for the DESs.

EXPERIMENTAL
Chemicals
ChCl, ethylene glycol and 1,3-dimethylurea (all > 98.0 %) were obtained from Sigma
Aldrich (St. Louis, USA), while propylene glycol and glycerol (both Ph Eur grade) were pur-

chased from MeiLab (Belgrade, Serbia). Urea and thiourea (both 99.5 %) were obtained from
Zorka (Sabac, Serbia). All chemicals were used as purchased, without any purification.

Preparation of DESs

ChCl was combined with the selected HBD, namely propylene glycol, ethylene glycol,
glycerol, urea, 1,3-dimethylurea and thiourea, at the 1:2 mole ratio in a round-bottomed flask
placed on a rotary evaporator and held at 348.15 K within 2 h (until the homogeneous, trans-
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parent liquid was formed). The DESs were stored in the well-closed glass bottles in a desic-
cator containing CaCl,. All DESs are viscous, homogeneous and colorless liquids. However,
ChCl:urea DES turns into white semi-solid with time, while ChCl:1,3-dimethylurea and
ChCl:thiourea DESs turn into white solid upon cooling. The water content of the dried DESs,
determined by the Karl-Fischer method (Metrohm 73KF coulometer) were less than 350 ppm.
Fig. S-1 of the Supplementary material to this paper shows the preparation of the ChCl-based
DESs schematically and FTIR spectra of the DESs and their components are presented in Fig.
S-2 of the Supplementary material.
Physicochemical properties of DESs

All physicochemical properties were measured in the temperature range between 293.15
and 363.15 K at the atmospheric pressure. The readings were taken after 20 min at each tem-
perature to provide a good temperature equilibration. Density, dynamic viscosity and elec-
trical conductivity were measured using a DMA 4500 Anton Paar densitometer, a rotational
viscometer (Visco Basic Plus, ver. 0.8, Fungilab S.A., Barcelona, Spain) and a ProLine con-
ductivity meter B250, respectively. Refractive index values were obtained by an automatic
Atago refractometer A100. All measurements were performed in triplicates.

RESULTS AND DISCUSSIONS
Effect of temperature on density of the ChCl-based DESs

Fig. 1 shows the dependence of the density of the studied DESs on tempe-
rature.

The present results showed that the density decreases with the increase of the
temperature, as usual for liquids. For the purpose of comparison, the literature
data for the ChCl:ethylene glycol, ChCl:glycerol and ChCl:urea systems are also
presented. As in the case of pure ILs,””® as well as ChCl:ethylene glycol, ChCl:
:glycerol and ChCl:urea,””* a very good linear correlation (see Supplementary
material) between density and temperature was observed for all DESs systems
studied.

Based on the coefficient of volume expansion, among DESs with polyols,
ChCl:glycerol is the most thermally sensitive, followed by ChCl:ethylene glycol
and ChCl:propylene glycol, while among DESs with amides, the most thermally
sensitive is ChCl:1,3-dimethylurea, then ChCl:thiourea and lastly ChCl:urea.

At the room temperature, the density of the tested DESs is in the following
order: ChCl:glycerol > ChCl:propylene glycol > ChCl.urea > ChCl:ethylene gly-
col while ChCl:1,3-dimethylurea and ChCl:thiourea are solid and become liquid
after heating. At 313.15 K, the densities of the tested DESs follow the order:
ChClI:1,3-dimethylurea > ChCl:thiourea > ChCl:propylene glycol > ChCl:gly-
cerol > ChCl:urea > ChCl:ethylene glycol. The difference in density can be exp-
lained by the different molecular arrangement, or packing of the DES. ChCl:
:propylene glycol DES has a higher density than other two polyol-based DESs
because of the higher intermolecular packing of the compound structure. The
density of ChCl:ethylene is lower than those of other polyol-based counterparts,
showing that higher-density liquids have a more compact structure. In the case of
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ChCl:1,3-dimethylurea and ChCl:urea, the electron rich oxygen part easily inter-
acts with ChCl, but ChCl:1,3-dimethylurea is denser, which can be attributed to
the tight intermolecular packing between ChCl and HBD. The presence of two
methyl groups in this DES influences its density greatly, since it is higher than
the density of ChCl:thiourea.
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Fig. 1. Temperature dependence of the density of the studied eutectic mixtures: a) ChCl:
:propylene glycol — m (our values); b) ChCl:ethylene glycol — m (our values), V4, 0", A®
and <I*'; ¢) ChCl:glycerol — m (our values), V'°, A* <I*' and O*; d) ChCl:urea — m (our
values), V2 O and A%, e) ChCl:1,3-dimethylurea — m (our values),

f) ChCl:thiourea — m (our values).

The comparison with the literature data (Fig. 1) leads to different conclus-
ions, depending on the type of DES. It should be noted that the slopes of the
linear correlations for ChCl:ethylene glycol and ChCl:glycerol, corresponding to
the coefficient of volume expansion (), are almost the same with those found in
the literature.'*'*** The density of ChCl:ethylene glycol is slightly lower than the
already published ones in the same range of temperature,'*'**' while the density
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of ChCl:glycerol is slightly higher in the range of 293.15-303.15 K and lower in
the range of 313.15-363.15 K than the literature values.'***** On the other side,
the slope of the linear correlation for ChCl:urea differs from the reported
one.”'?* The ChCl:urea DES had a moderately lower density in the range of
293.15-343.15 K and a higher density in the range of 353.15-363.15 K than
those reported in the literature.”** Also, compared to the values reported by
Mijalli and Abdel-Jabbar,*' the density of ChCl:glycerol and ChCl:urea deter-
mined in the present study in the temperature range of 293.15-353.15 K are
slightly lower. Since the complete physicochemical and thermodynamic pro-
perties of ChCl:propylene glycol, ChCl:1,3-dimethylurea and ChCl:thiourea DESs
have not been studied yet, there are no literature data that can be compared with
the present ones.

Density is commonly used for the calculation of thermal expansion coef-
ficient, a, the molecular volume, V,,, and the lattice energy, U,o (see Supple-
mentary material).””** The calculated values of Vi, U,or and the heat capacity
(C,) from equations from the literature””® at 303.15 K are presented in Table S-
-III of the Supplementary material. The values for lattice energy are similar to
those of molten salts; for instance, the fused CsI’' has the lowest lattice energy
among the alkaline halides (613 kJ mol™). This is the primary reason for the
liquid state of the studied DESs at the room temperature.

Effect of temperature on dynamic viscosity of the ChCl-based DESs

Fig. 2 shows the dynamic viscosity (#) of the prepared ChCl-based DESs as
a function of temperature as both the Arrhenius-type and VTF plots along with
the literature data for the ChCl:glycerol and ChCl:urea systems (additional con-
siderations are given in Supplementary material). It can be noticed that the DESs
have higher viscosity at lower temperatures, which drops rapidly during heating
due to the higher mobility of constituents.

At 313.15 K, the viscosity of the tested DESs is in following order: ChCl:
:1,3-dimethylurea > ChCl:thiourea > ChCl:urea > ChCl:glycerol > ChCl:propyl-
ene glycol > ChCl:ethylene glycol. The larger viscosity of the DESs with urea-
-based compounds indicates the formation of stronger hydrogen bonds in these
systems than in the DESs with polyols. Two methyl groups in 1,3-dimethylurea
also have the major effect on the viscosity of its DES. The highest viscosity
among the polyol-based DESs possesses ChCl:glycerol, as expected, because
glycerol has one more —OH group, thus forming stronger H-bonds. E,-values for
the tested DESs are larger than those for the conventional liquids or high tempe-
rature molten salts,”> which can be explained by a large ion-to-hole radius ratio
in these eutectic mixtures. The differences among the studied DESs in both den-
sity and viscosity values can be explained by a better ability of urea to form hyd-
rogen bonds. Ashworth et al** indicated that, on average, the individual H-bonds
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between urea and choline or even urea with another urea are stronger than those
with the chloride. However, urea forms a H-bonded urea[choline]” complexed
cation that is energetically competitive with [Cl(urea),] .

a) ; / “Tb)
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Fig. 2. Temperature dependence of the viscosity (1) of the studied eutectic mixtures:
a) Arrhenius-type plot of viscosity for the DESs; b) VTF plot of viscosity for DESs
(ChCl:propylene glycol — V, ChCl:ethylene glycol — A , ChCl:glycerol — 07,
ChCl:urea — O, ChCl:1,3-dimethylurea — % and ChCl:thiourea — X
(literature data: ChCl:glycerol —==="*, ChCl:urea — === >*.

It was previously reported” that alkyl chain lengthening, or fluorination of
organic components causes an increase in van der Waals interactions and hyd-
rogen bonds, which makes ILs more viscous. Since high viscosity at low tempe-
ratures can negatively affect any technological process, it is recommended to use
the studied DESs at temperatures higher than 313.15 K. The comparison of the
calculated E, values for ChCl:ethylene glycol, ChCl:glycerol and ChCl:urea with
the literature shows that they are lower for the first DES******* but larger for the
other two DESs.

For better understanding of the viscous flow, the Eyring’s transition state
theory is commonly used for calculating the thermodynamic functions of activat-
ion from the dynamic viscosity. Usually, the following equation is used to cal-
culate the activation enthalpy change (AH") and entropy change (AS") of viscous
flow:”’

k k
n nV _AH _AS (©6)
hN, RT R

For each DESs system, In (77/hN,) as a function of 7' (Eq. (6)) is shown in
Fig. 3.

The activation enthalpy (AH) and entropy changes (AS") of viscous flow
were calculated from the slope and the intercept of the straight lines. The

|
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obtained values of the thermodynamic functions of activation at 313.15 K (since
all tested DESs are liquid at this temperature) are listed in Table S-VI of the
Supplementary material. The molar enthalpy change of activation for viscous
flow is higher than the TAS values. Thus, the energetic contribution which
corresponds to the molar enthalpy change of activation for viscous flow is more
important than the entropic contribution to the molar Gibbs energy change of
activation.

In (7V/hN,)

Fig. 3. Plots of In (nV/hN,) against inverse

temperature of the studied DESs: ChCl:pro-

pylene glycol — V; ChCl:ethylene glycol —

A; ChCL: :glycerol — 00; ChCliurea — O,

27 28 29 30 31 3 3 3 ChClL :1,3-dimethylurea — % and ChCl:
T17/107 K" :thiourea — X.

Based on these results, it can be seen that the ChCl:propylene glycol DES
has properties that are similar to those of the ChCl:ethylene glycol and ChCI:
:glycerol DESs, so it can replace them in the future possible industrial applic-
ations or as media for chemical reactions. On the other hand, since the density
and viscosity of ChCl:1,3-dimethylurea and ChCl:thiourea DESs are higher than
those of the ChCl:urea DES at low temperatures, they can be used in the techno-
logical processes at temperatures above 313.15 K.

Effect of temperature on the electrical conductivity of the ChCl-based DESs

The plots of electrical conductivity as a function of temperature in the tem-
perature range of 303.15-363.15 K for the studied DESs are shown in Fig. 4
(additional considerations are given in Supplementary material).

At 313.15 K, the conductivity of the tested DESs is in following order:
ChCl:ethylene glycol > ChCl:propylene glycol > ChCl:glycerol > ChCl:urea >
ChCl:thiourea > ChCl:1,3-dimethylurea. The calculated values of both the pre-
-exponential coefficient (4,) and the activation energy for electrical conductivity
(E,) are summarized in Table S-VII of the Supplementary material. Similar
values for some ILs were described earlier.”® The obvious conclusion is that these
DESs are conductive, proving the fact that the ionic species are dissociated in the
liquid and are able to move independently. However, the temperature dependence
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of the measured conductivities of DESs is better correlated with the Vogel-Tam-
man—Fulcher equation (see Supplementary material).”’
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Fig. 4. Temperature dependence of the conductivity (k) of the studied eutectic mixtures:
a) Arrhenius-type plot of conductivity for the DESs; b) VTF plot of conductivity for DESs
(ChCl:propylene glycol (V), ChCl:ethylene glycol (A), ChCl:glycerol (00), ChCl:urea (O),
ChClI:1,3-dimethylurea — % and ChCl:thiourea — X).

Molar conductivity and viscosity relationship

The log A-log 5" relationship is shown in Fig. 5 while the Walden equation
coefficients (additional considerations are given in Supplementary material) for
the DESs are listed in Table S-X of the Supplementary material.

- 24 Good ionic liquids
S 1
g 1
NE 0+ Superionic liquids Subionic liquids
w
=7
8 £ A
KCl ) ﬁ%@ﬂ
=+ /Te(mp. S N Fig. 5. Application of the fractional Wal-
4 mnerease E % KX den rule for the studied DESs (ChCl:pro-
pylene glycol — V; ChCl:ethylene gly-
5 A A PR ! 7 col — A; ChCl:glycerol — 0; ChCl:urea
5 ) ) . ey — O; ChCl:1,3-dimethylurea — %; ChCl:
log (7/Pa”s™) :thiourea — X).

The o’ values are smaller than 1, as predicted by the ideal Walden rule,
implying a progressive raise in the quantity of less conductive ion pairs with
heating.*® When no strong ion-ion interaction is present, the slope is unity. If the
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liquid is represented as an ensemble of the independent ions, the Walden plot will
be similar to the ideal line.

For the ideal dotted Walden line, the data for the dilute aqueous 0.01 M KCl
solution,” comprising of equal mobility of fully dissociated ions,” were used.
Some authors used the AW-value, the vertical deviation to this ideal line, to char-
acterize DESs.*' “Good” ILs are fully dissociated and have a AW < 1 while ILs
with AW =1 show 10 % of the ionic conductivity as expected at the ideal (KCI)
line. The DESs prepared in the present study have AW > 3, belonging to the cat-
egory of “subionic liquids”. From the temperature dependence curves of log A vs.
log ' shown in Fig. 5, it can be seen that the polyol-based DESs are closer to
the ideal KCl line than the other DESs. The deviation of the Walden plot from
the ideal line for these DESs demonstrates the decreased electrostatic interaction
between ChCl and HBD. ChCl:ethylene glycol is the closest to the ideal line,
followed by ChCl:glycerol and ChCl:propylene glycol. Among the amide-based
DESs, the closest to the ideal line is ChCl:urea, followed by ChCl:thiourea and
ChCl:1,3-dimethylurea.

The fractional Walden rule, which states that the activation energy for
viscous flow is higher than activation energy for conductivity, finds an interpret-
ation in terms of one of the ionic species being smaller than the other, making
them capable of squeezing through smaller gaps in the condensed phase struc-
ture. All the studied DESs obey the fractional Walden rule very well and the
values of the Walden slope are all smaller than 1 (see Table S-X), indicating the
presence of the obvious ion association in the investigated DESs.

From Fig. 5 it is clear that the curves of the studied DESs are below the
“ideal” Walden line. The deviation of the Walden plot from the ideal line for
these DESs clearly suggests an increased electrostatic interaction between ChCl
and the HBD. The second way for calculating the o’ value is the ratio of the tem-
perature-dependent activation energies for viscosity and molar conductivity (a’ =
=E, /Eqy, < 1).38 From these results, it can be concluded that there are not only
charge carrying species simply formed by choline and chloride ions in the inves-
tigated DESs because all slopes are different. In this case, it is presumed that the
conduction involves some degree of cooperation of the ions. Here, it can be seen
a resemblance to the process of the viscous flow from molten salts, since in their
case the translation of ions of both signs is involved due to the imposed condition
of electro-neutrality. In addition, since all the investigated DESs are “subionic”,
probably their special accumulation structure also has a role in this phenomenon.

Effect of temperature on the refractive index of the ChCl-based DESs

For all DESs, the refractive index—temperature relationship is also a linear
equation.'” Refractive index of the tested DESs as a function of temperature is
shown in Fig. 6 while the parameters of the linear equations are listed in Table S-XI
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of the Supplementary material. For the pure DESs, the refractive index decreases
linearly with the increase of temperature, as expected. With the increase of tem-
perature, molecules move more vigorously, so the mixture becomes less dense
due to thermal expansion, resulting in the decrease of the refractive index. At 303.15
K, the refractive index of the tested DESs is in following order: ChCl:thiourea >
ChCliurea > ChCl:ethylene glycol > ChCl:glycerol > ChCl:1,3-dimethylurea >
ChCl:propylene glycol. For the temperature range of 293.15-363.15 K, the np
values for the tested DESs lie within the range of 1.4384—1.5258. By comparing
the obtained refractive index data for the ChCl:ethylene glycol and ChCl:glycerol
DESs with the literature data, it can be noticed that, at the range of 303.15—
—333.15 K, higher values were found for the former DES, and slightly lower
values for the latter DES."” The ranges of the measured refractive index of the
prepared DESs are similar to the ranges for the other DESs.** At 303.15 K, the
phase velocity of the tested DESs is in following order: ChCl:propylene glycol >
ChClI:1,3-dimethylurea > ChCl:glycerol > ChCl:ethylene glycol > ChCl:urea >
ChCl:thiourea. Ranges for both phase velocity (v) and molar refractivity (4)* for
the tested DESs are listed in Table S-XII of the Supplementary material.

1.52 1
1.50

1.48 -
Fig. 6. Temperature dependence of
the refractive index of the studied
DESs: ChCl:propylene glycol — V
(our values); ChCl:ethylene glycol —
A (our values), =='?; ChCl:glycerol
— O (our values), =-=""; ChCl:urea —
. : . : : : . O (our values); ChCl:1,3-dimethyl-
200 300 310 320 330 340 350 360 yrea — * (our values) and ChCl:
T/K :thiourea — X (our values).

1.46

1.44 4

1.42

CONCLUSIONS

The ChCl-based DESs with propylene glycol, ethylene glycol, glycerol,
urea, 1,3-dimethylurea and thiourea (at 1:2 mole ratios) were prepared. Density,
viscosity, electrical conductivity and refractive index of these DESs were mea-
sured in the range of 293.15-363.15 K at atmospheric pressure. It was found that
density, viscosity and refractive index of the systems decrease with temperature,
while electrical conductivity increases. The density and viscosity values were
useful in calculating the thermal expansion coefficient, the molecular volume, the
lattice energy and the heat capacity of these DESs. After applying the absolute
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rate approach of the Eyring theory concerning the viscosity flow, it was noted
that the interactional factor was predominant over the structural factor for all the
DESs. The viscosity and conductivity values of the tested DESs were fitted by
both Arrhenius-type and Vogel-Tamman—Fulcher equation. Also, according to
the fractional Walden rule, the density, viscosity and conductivity relationships
were set up. The results of this study revealed that the ChCl:propylene glycol
DES has the properties similar to the ChCl:ethylene glycol and ChCl:glycerol
DESs, thus suggesting them for several possible industrial applications and as
media for chemical reactions. However, the properties (density, viscosity and
electrical conductivity) of the ChCl:1,3-dimethylurea and ChCl:thiourea DESs
are inferior, compared to those of the ChCl:urea DES, but they can be used in
processes at temperatures above 313.15 K.

SUPPLEMENTARY MATERIAL

Additional data and considerations are available electronically at the pages of the journal
website: http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
OU3NYKO-XEMUJCKA U TEPMOOUHAMHUYKA CBOJCTBA EYTEKTHUKHUX
PACTBAPAYA HA FA3U XOJIMH-XJIOPUIA

IIPATAH 3. TPOTEP', 30PAH B. TOIOPOBUR', AYLIULIA P. BOKUR-CTOJAHOBUR’, BUJbAHA C. BOPBEBUR',
BAA M. TOIIOPOBUR®, CAHZIPA C. KOHCTAHTUHOBHR' 1 BJIAJIA b. BEJbKOBUR'

"Texnomowku Qaxynitein, Ynugepsutmiewi y Huuwty, Bynesap Ocnodohewa 124, 16000 Jleckosay,
ZS’gpasme Axtaaguc, Bnajkosa 199, 16000 Jleckosay, u 3!;Dapmaueyrucxu paxynivei,
Yuueepsuiuein y beoipagy, Bojeoge Ciuetie 450, 11221 Beoipag

Y oBoM pagny cy onvcaHe PU3NUYKO—XeMHjCKa (TYCTHHA, ZUHAMHUYKHA BHUCKO3UTET, eJleK-
TpPUYHA ITPOBO/BMBOCT M MHIEKC pedpakiuje) U TEpMOOUHAMHUUKA (KoedULHjeHT TOIJIOTHE
eKCIaH3Mje, MOJIEKY/ICKa 3allpeMHHA, eHepruja peuleTke W TOIUIOTHM KamnalWTeT) CBOjCTBA
eyTeKTHYKUX pacTBapaya XOJHWH-XJIOPUJ:IIPONUIEH ITIUKOJ, XOIUH-XI0pua:1,3-1umeTunypea
U XOJIMH-XJIOpUJ: THOYypea (Y MOJICKOM ofHocy 1:2) Ha aTMOC(epCKOM NPUTUCKY y DYHKLUjU
temneparype y omncery 293,15-363,15 K. OBa cBojcTBa cy nopehena ca cBojctBuMa Hekux Beh
OKapaKTEPUCAHMX €yTeKTUUKUX pacTBapaya Ha 0asd XONHMH-XJIODHUAQ, U TO Ca XOJIHUH-XJIO-
PHI:ETHIEH-TIIUKOJIOM, XOJTMH-XJIOPUJLIJTULIEPOJIOM M XOJHH-XJIOPUA:YPEOM (Y MOJICKOM OIHOCY
1:2). I'ycTiHA, BUCKO3UTET M MHIEKC pedpakuyje CBUX eyTEKTHUKUX pacTBapaya OMajaajy ca
MOpacToM TeMIlepaType, HOK eleKTPHYHAa MPOBOABUBOCT pacTe. BUCKO3UTET U eleKTpUYHA
IPOBOMI/BUBOCT CBUX NPUIIPEMJBEHUX EYTEKTHUKHUX pacTBapada cy duroaHe nomohy jenna-
yiuHe ApenujycoBor tuna u Vogel-Tamman—Fulcher jennauune. I[IpoMeHe MosapHe eHTa-
nyje, enrponuje u 'nbcose eHepruje akruBanuje, onpehene myrem Eyring Teopuje, nokasyjy
Ia je WHTepakIMOHH (aKTOp INOMHHAHTHUjH y ONHOCY Ha CTPYKTYpHH ¢akTop 3a CBe
eyTekTHuyKke pactBapauye. ®paxunono Walden nmpasuio, kopuirheHo je 3a onpeheme kKopena-
uuje usmehy MosapHe MPOBOIJBUBOCTH M BUCKO3UTETAa U PE3YJITaTH I0Ka3yjy ONJUYHY JHUHe-
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apHocT. JlokasaHO je fAa eyTeKTHYKH pacTBapay XOJHMH-XJIOPWA:NPONMIEH-TIMKOI HMa
CBOjCTBA CJIMYHA €YTEKTHYKHUM pacTBapauyMMa XOIUH-XJIODHA:E€THIEH IIIMKOJI M XOJIHUH-XJIO0-
pun:ruuepon. MehyTtum, cBojcTBa eyTeKTUYKMX pacTBapava XOIWH-XI0pUA:1,3-TuMeTHypea u
XOJIMH-XJIOPUA:THOypea (TYCTHHA, JUHAMHUYKH BHCKO3UTET U €JEKTPHUYHA IPOBOBUBOCT) Cy
uHbepHopHHUja y nopehemwy ca CBOjCTBUMA €yTEKTHYKOT pacTBapaya XOIUH-XJI0pHI ypea.

(ITpummeno 25. pedpyapa, pesunupaHo 22. Maja, npuxsaheno 23.maja 2017)
REFERENCES

T. Welton, Chem. Rev. 99 (1999) 2071

J. F. Brennecke, E. J. Maginn, AIChE J. 47 (2001) 2384

A. Shariati, K. Gutkowski, C. J. Peters, AIChE J. 51 (2005) 1532

M. C. Bubalo, S. Vidovié, I. Radoj¢i¢c Redovnikovié, S. Joki¢, J. Chem. Technol.

Biotechnol. 90 (2015) 1631

5. D. Z. Troter, Z. B. Todorovi¢, D. R. Pokié¢-Stojanovi¢, O. S. Stamenkovi¢, V. B.

Veljkovié, Renew. Sustain. Energy Rev. 61 (2016) 473

K. M. Docherty, C. F. Kulpa, Green Chem. 7 (2005) 185-189.

D. Zhao, Y. Liao, Z. Zhang, Clean-Soil Air Water 35 (2007) 42

8. A. P. Abbott, D. Boothby, G. Capper, D. L. Davies, R. K. Rasheed, J. Am. Chem. Soc.
126 (2004) 9142
9. M. Avalos, R. Babiano, P. Cintas, J. L. Jimenez, J. C. Palacios, Angew. Chem. Int. Ed. 45

(2006) 3904

10. H. G. Morrison, C. C. Sun, S. Neervannan, /nt. J. Pharm. 378 (2009) 136

11. A.P. Abbott, G. Capper, D. L. Davies, R. K. Rasheed, V. Tambyrajah, Chem. Commun. 1
(2003) 70

12. J. K. Blusztajn, Science 281 (1998) 794.

13. S. S. Konstantinovi¢, B. R. Danilovi¢, J. T. Ciri¢, S. B. Ili¢, D. S. Savi¢, V. B. Veljkovi¢,
Chem. Ind. Chem. Eng. Q.22 (2016) 461

14. K. Shahbaz, F. S. Mjalli, M. A. Hashim, I. M. AlNashef, Thermochim. Acta 515 (2011) 67

15. K. Shahbaz, F. S. Mjalli, M. A. Hashim, 1. M. AlNashef, Fluid Phase Equilib. 319 (2012) 48

16. K. Shahbaz, F. S. Mjalli, M. A. Hashim, I. M. Al-Nashef, Fluid Phase Equilib. 354
(2013) 304

17. F. S. Mjalli, K. Shahbaz, I. M. AlNashef, Thermochim. Acta 614 (2015) 185

18. S. Mjalli, Fluid Phase Equilib. 409 (2016) 312

19. R. B. Leron, A. N. Soriano, M. H. Li, J. Taiwan Inst. Chem. Eng. 43 (2012) 551

20. K. Shahbaz, S. Baroutian, F. S. Mjalli, M. A. Hashim, [. M. Al-Nashef, Thermochim.
Acta 527 (2012) 59

21. F. Mjalli, N. M. Abdel-Jabbar, Fluid Phase Equilib. 381 (2014) 71

22. A.Yadav, S. Trivedi, R. Rai, S. Pandey, Fluid Phase Equilib. 367 (2014) 135

23. A.Yadav, S. Pandey, J. Chem. Eng. Data 59 (2014) 2221

24. R. B. Leron, M. H. Li, J. Chem. Thermodyn. 54 (2012) 293

25. J. Jacquemin, P. Husson, A. A. H. Padua, V. Majer, Green Chem. 8 (2006) 172

26. H. Rodriguez, J. F. Brennecke, J. Chem. Eng. Data 51 (2006) 2145

27. V. Constantin, A. K. Adya, A.-M. Popescu, Fluid Phase Equilib. 395 (2015) 58

28. A. M. Popescu, V. Constantin, A. Florea, A. Baran, Rev. Chim. 62 (2011) 531

29. 0. Ciocirlan, O. Iulian, O. Croitoru, Rev. Chim. 61 (2010) 721

30. L. Glasser, J. Solid State Chem. 206 (2013) 139

L=

o

Available on line at www.shd.org.rs/JSCS/

(CC) 2017 SCS



1052 TROTER et al.

31.

32.

33.

34.

35.

36.
37.

38.

39.
40.

41.
42.

43.

W. M. Haynes, CRC Handbook of chemistry and physics, A ready reference book of
chemical and physical data, 94™ ed., CRC Press, Taylor & Francis Group, Boca Raton,
FL, 2013, pp. 1221

A. M. Popescu, Rev. Chim. 44 (1999) 765

G. J. Janz, R. P. T. Tomkins, C. B. Allen, J. R. Downey, G. L. Gardner, U. Krebs, S.K.
Singer, J. Phys. Chem. Ref. Data 4 (1975) 871

C. R. Ashworth, R. P. Matthews, T. Welton, P. A. Hunt, Phys. Chem. Chem. Phys. 18
(2016) 18145

P. Bonhote, A. P. Dias, M. Armand, N. Papageorgiou, K. Kalyanasundaram, M. Gratzel,
Inorg. Chem. 35 (1996) 1168

S. Zhang, N. Sun, X. He, X. Lu, X. Zhang, J. Phys. Chem. Ref. Data 35 (2006) 1475

I-W. Sun, Y.-C. Lin, B.-K. Chen, C.-W. Kuo, C.-C. Chen, S.-G. Su, P.-R. Chen, T.-Y.
Wu, Int. J. Electrochem. Sci. 7 (2012) 7206

C. A. Angell, W. Xu, M. Yoshizawa-Fujita, A. Hayashi, J.-P. Belieres, P. Lucas, M.
Videa, Z.-F. Zhao, K. Ueno, Y. Ansari, J. Thomson, D. Gervasio, in: Electrochemical
aspects of ionic liquids, H. Ohno (Ed.), John Wiley & Sons, Inc., Hoboken, NJ, 2011, pp.
5-33

M. Yoshizawa, W. Xu, C. A. Angell, J. Am. Chem. Soc. 125 (2003) 15411

T. Y. Wu, S.-G. Su, Y. C. Lin, H. P. Wang, M. W. Lin, S. T. Gung, I. W. Sun,
Electrochim. Acta 56 (2010) 853

D. Rengstl, V. Fischer, W. Kunz, Phys. Chem. Chem. Phys. 16 (2014) 22815

F. Chemat, H. Anjum, A. M. Shariff, P. Kumar, T. Murugesan, J. Mol. Lig. 218 (2016)
301

M. Born, E. Wolf, Principles of Optics: Electromagnetic theory of propagation,
interference and diffraction of light, 7th ed., Cambridge University Press, Cambridge,
1999. pp. 11-14.

Available on line at www.shd.org.rs/JSCS/

(CC) 2017 SCS




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




