Bulgarian Chemical Communications, Volume 46, Number 3 (pp. 452 — 457) 2014

Density, viscosity and electrical conductivity of three choline chloride based
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Three ionic liquids which are binary mixtures of 2-hydroxy-N,N,N-trimethyl-ethyl-ammonium chloride (named also
choline chloride, ChCl) with oxalic acid, ethylene glycol and triethanolamine were prepared. Using a composition with
1:1 molar ratio between the components, clear and colorless liquids at room temperature were obtained. The density,
viscosity and electrical conductivity were measured over the 30 to 90°C temperature range. The temperature
dependences of the measured properties were established and discussed.
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INTRODUCTION

lonic liquids (ILs) are defined as liquids which
consist solely of cations and anions and which by
definition must have a melting point of 100°C or
below. lonic liquids have properties that make them
ideal for metal electrowinning: wide potential
windows, high dissolving capacity for metal salts,
avoidance of water and metal/water chemistry and
high conductivity compared to non-aqueous
solvents. The synthesis of ionic liquids based upon
guaternary ammonium salts is already demonstrated
[1]. In recent years, ambient temperature ionic
liquids have been studied extensively for catalytic
and electrochemical purposes [2-4].

It is well known that eutectic mixtures of salts
have been utilized to decrease the temperature for
molten salts applications. At ambient temperature,
melts consisting of organic compounds named deep
eutectic solvents (DES) can be formed between
varieties of quaternary ammonium salts with a
hydrogen bond donor as amide, amine, carboxylic
acid or alcohol moiety [4, 5].

These DES are low melting, conductive
mixtures, in their properties similar to room
temperature ionic liquids. Unlike traditional ionic
liquids, these eutectic mixtures are easy to prepare
in a pure state. Deep eutectic solvents are cheaper
to make, much less toxic and sometimes
biodegradable. It was proved that both DES and
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usual ionic liquids are capable of dissolving many
metals and metal salts. For this reason they are used
for metal electrodeposition.

The principle of obtaining these mixtures can
also be applied to other hydrogen donors such as
amines and alcohols, in this way some deep eutectic
based ionic liquids being formed.

In the present work, we focus only on 1:1 molar
ratio mixtures of choline chloride with oxalic acid,
ethylene glycol and triethanolamine, respectively,
in an attempt to characterize their density, viscosity
and conductivity as functions of temperature.

It is already known that viscosity is of key
importance to the design of molten salts and ionic
liquids, which tend to be more viscous than
molecular liquids. The fact that ionic liquids are
fundamentally different from molecular liquids
means that their physical properties are also
qualitatively and quantitatively different from those
of molecular liquids. Therefore, the necessity of
measuring their densities and transport properties is
obvious. We have chosen this composition (1:1) of
ionic liquids in order to establish which of them has
better physico-chemical properties for being used
as electrolyte in metal electrodeposition from ionic
liquids. It is worth mentioning that eutectic-based
ionic liquids (DES) are actually mixtures of choline
chloride with oxalic acid or triethanolamine only;
the studied choline chloride-ethylene glycol (1:1)
ionic liquid is not a deep eutectic solvent because
the corresponding eutectic composition has a molar
ratio of 1:2 [4].
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EXPERIMENTAL PART

Choline chloride (ChCI) or 2-hydroxy-N,N,N-
trimethylethylammonium chloride is a quaternary
ammonium salt (see scheme in Fig. 1) and has a
melting point (mp) of 302°C. Choline chloride is
also a complex vitamin that is added as an
important nutrient in poultry, pig and other animal
foods. Being a hygroscopic compound, ChCI
(produced by chemical companies with 99% purity,
for instance) is recrystallized from absolute ethanol,
filtered and dried under vacuum prior to be used.

Oxalic acid is a relatively strong organic acid
and has the appearance of white crystals with a mp
of 101.5°C.

Ethylene glycol (monoethylene glycol, MEG or
1,2-ethanediol) has a mp of -12.9°C, thus being an
alcohol widely used as an automotive engine
antifreeze. In its pure form, it is an odorless,
colorless, syrupy, sweet tasting and toxic liquid.

Triethanolamine, is a tertiary amine with a mp
of 0.5°C. Like other amines, triethanolamine acts as
a weak base due to the lone pair of electrons at the
nitrogen atom. Triethanolamine can be abbreviated
as TEOA, which can help to distinguish it from
triethylamine.
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A OH

HO N HO
T \/\ \)
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Fig. 1. Skeletal formula of DEP; a-choline chloride;
b-oxalic acid; c-ethylene glycol; d-triethanolamine.

Oxalic acid anhydrous (Fluka, >97%), ethylene
glycol (Fluka, >97%) and triethanolamine (Aldrich,
>08%) were used as purchased. The 1:1 molar
mixtures of the above substances were chosen for
this study. The ionic liquids were prepared by
stirring the two components at a temperature from
80 to 100°C until a homogenous colorless liquid
was formed. For all three mixtures the melting
point was lower than the melting point of the
components of the mixture.

The density (d), viscosity (n) and specific
electrical conductivity (k), were measured by
increasing and decreasing the temperature over the
30 to 80°C temperature range in 10°C increments
for each investigated mixture and they were fitted
to linear or polynomial equations.

The densities (d) were measured by the classical
platinum sunker method using home-made
equipment which was calibrated and tested in
molten salt measurements for many years in our
laboratory. The Pt sphere volume dependence on

temperature was calculated according to the
dependence of Pt density on temperature. Details
on the employed experimental technique providing
a precision of 0.2-0.3% are presented elsewhere [6-
9]. This equipment was modified for ionic liquids
measurements by coupling it to a temperature
controller which maintained the temperature to
0.05°C precision [10].

The viscosities (n) were measured according to
[11-13] with a Cannon-Ubbelohde viscometer
having a constant of 1.026. The standard deviation
for ten measurements on double distilled water at
20°C, was 0.1 s. In an Ubbelohde viscometer the
time that the liquid level takes to flow between two
ring marks indicates the viscosity of the test fluid
[11-12]. The relative standard deviation for ten
measurements on double distilled water at 20°C,
was <+3%. Measurements of flow times of the
liquids were performed for at least two replicates at
each temperature and the results were averaged.

The electrical conductivity (k) measurements
were carried out on a multichannel WTW multi
340i conductometer and pH-meter (WTW GmbH
Germany) [14] provided with a WMB 340i drill
and a platinized platinum electrode. The ionic
liquid was put into a glass tube (introduced in a
thermostated bath) with a ground joint and the
measuring cell was well sealed to prevent moisture
diffusion. The precision of the conductivity
measurements was +0.5%.

RESULTS AND DISCUSSION
Density

Density is an important characteristic property
of any liquid. Very limited information is known
about the densities of ionic liquids and DES based
on choline chloride. Density values of ChCl-urea
(1:2 molar ratio), ChCl-malonic acid (1:1) and
ChCl-ethylene glycol (1:2) mixtures within the
temperature range from 25 to 75°C were reported
recently [15]. In a previous study we presented
density data of ChCl-urea (1:2), ChCl-malonic acid
(1:1) and ChCI- citric acid (1:1) ionic liquids [16].
We report here the density data of the binary
mixtures (1:1 molar ratio) of choline chloride with
oxalic acid, ethylene glycol and triethanolamine;
the values obtained for these systems are presented
in Fig. 2.

As can be seen from this figure, the density d (g
cm) follows a linear dependence with temperature
t (°C) according to a first-order equation:

d=a-bt Q)
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Fig. 2. Density evolution with temperature for 1:1 m
ChCI-A [A=oxalic acid, etylene glycol (MEG),
triethanolamine (TEOA)] ionic liquids.

where: a and b are coefficients of the straight lines
presented in Table 1.The decrease of density with
increasing temperature is in a good accordance with
the general evolution of both molten salts (which
may be considered as high temperature ionic
liquids) and ionic liquids in general [9, 14-19]. As
we could not find in the literature any density data
reported for these ionic liquids, we could not
compare our results with those of other authors.

Viscosity

The viscosity is a parameter influencing the
hydrodynamic processes in all applications of ionic
liquids, for instance in electrolysis cells. Some
aspects of transport phenomena in pure molten salts
and ionic liquids are simpler than similar
phenomena in  aqueous  solutions  [20].
Unfortunately, there are very few data on the
viscosity of ionic liquids in general and of choline
chloride based ionic liquids in particular [5, 14-16,
21].

Although it was already established that the
presence of water reduced the viscosity of ionic
liquids [22] we did not pay attention to the quantity
of water in our mixtures, as we were interested in
obtaining data for a direct technological process
using common available substances.

It is known that viscosity at 20-30°C ranged
between 66-1110 cP for a variety of ionic liquids

Table 1. Constants of the equation for temperature dependence of density (g cm)

[23]. As shown in Fig. 3, the viscosities of the
studied 1:1 ionic liquids, reported earlier [10],
change significantly as a function of temperature.
Thus, the viscosity values were found to cover the
range 15-130 cP, which is in good agreement with
those found for ionic liquids in general [23]. This
evolution with temperature is similar to that for
most of the ionic liquids reported in the literature
and also with that of molten salts [5, 7, 14-17, 21].
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Fig. 3 Viscosity evolution with temperature for 1:1 m
ChCI-A (A=oxalic acid, ethylene glycaol,
triethanolamine) ionic liquids.

It can be noticed that the ChCl-oxalic acid

system is a low viscosity room temperature ionic
liquid, whereas ChCl-ethylene glycol and ChCI-
triethanolamine can be considered as high viscosity
ionic liquids.
The van der Waals and hydrogen bonding
interactions are believed to govern the viscosity of
room-temperature ionic liquids [24]. The increase
of viscosity for various ionic liquids compared to
molecular solvents was attributed to enhanced van
der Waals forces relative to the hydrogen bonding
[25]. Regarding the influence of temperature on
viscosity, the viscosity 1 (CP) of the studied ionic
liquids is given as a polynomial temperature t (°C)
function:

n=a+bt+ct? (2)

where a, b and c are coefficients presented in
Table 2.

together with correlation

coefficients and temperature ranges. lonic liquids: 1:1 molar ratio choline chloride - A (oxalic acid, ethylene glycol,

triethanolamine) mixtures.

Coefficients of Eq. (1)

System a b 107 Correlation Temperature
Coefficient (R) range t (°C)
ChCl-oxalic acid 1.1733 4.9573 0.9986 30-90
ChCl-ethylene glycol 1.0593 3.7831 0.9991 30-80
ChCl-triethanolamine 1.0572 3.2694 0.9994 30-80
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Table 2. Constants of the equation for temperature dependence of viscosity (cP), together with the correlation
coefficients and the temperature ranges. lonic liquids: 1:1 molar ratio choline chloride - A (oxalic acid, ethylene glycol,

triethanolamine) mixtures.

System Coefficients of Eq. (2) Correlation Temperature

a b c coefficient (R) range t (°C)
ChCl-oxalic acid 305.050 7.781 0.052 0.9995 30-80
ChCl-ethylene glycol 69.281 -1.449 0.009 0.9995 40-80
ChCl-triethanolamine 319.502 -8.229 0.009 0.9995 30-80

We can describe the change in viscosity with
temperature by an expression derived from an
Arrhenius dependence [8]:

Inm=lnno+E,/RT (3)

where 1o is a constant and E, is the activation
energy of the viscous flow.

Fig.4 shows that all data for viscosity obey well
Eq. 3 (with correlation coefficients R>0.99), which
points to the validity of an Arrhenius temperature
dependence for all studied ionic liquids, in
accordance with other literature data on deep
eutectic solvents or ionic liquids [5, 14-17]. It is
clear that an increase in temperature diminishes the
strength of interactions between the cation and the
anion and should result in lower viscosity values
[25, 26]. These results suggest that slow mass-
transfer processes occurring at room temperatures,
due to high viscosity of ionic liquids, will be
accelerated at elevated temperatures. For choline
chloride-oxalic acid (1:1) mixture, the data obtained
in this study are similar to the literature data [5].
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Fig. 4 Arrhenius plots of viscosity for ChCI-A
(A=oxalic acid, ethylene glycol, triethanolamine) ionic
liquids.

Specific electrical conductivity

The literature [3-5] indicates values of electrical
conductivities for DES and common ionic liquids in
the range of 0.1-14 mS cm; of course, they should
change with composition and temperature. Fig. 5
shows the plots of conductivity for the three ionic
liquids studied by us in the temperature range from
30 to 80°C. It is obvious that the choline chloride-
ethylene glycol mixture has the highest electrical
conductivity in the studied series, whereas the
choline chloride-triethanolamine system has the
lowest electrical conductivity.

16

L]
—m— ChCl-Oxalic acid
14 | —e—chCl-MEG o
—%— ChCI-TEOA / -
o
12 o
o« -
. e /
10 o n
PS _* I/
= el [} . -
8 "
£ e
< L ]
6 /_/
L]
a4k
*
2 o
. /*/
—
N
0 1 1 1 1 1 1
20 30 40 50 60 70 80

0

1(c)

Fig. 5 Conductivity evolution with temperature for
1:1 ChCI-A (A=oxalic acid, ethylene glycol,
triethanolamine) ionic liquids.

We can propose in this case a linear dependence
of the specific conductivity (k) on temperature (t
°C) which is given by eq. 4:
k=a+bt 4
where a and b are the coefficients presented in
Table 3 together with temperature ranges and
corresponding correlation factors (R).

Table 3. Constants of the equation for temperature dependence of specific conductivity, together with correlation
factors and temperature ranges for 1:1 choline chloride-A (oxalic acid, ethylene glycol, triethanolamine) mixtures.

System Coefficients of Eq.4 Correlation Temperature

a b factor (R) range t (°C)
ChClI-Oxalic Acid -0.0334 0.1624 0.9995 30-80
ChClI-Ethylene Glycol 4.2715 0.1390 0.9992 30-80
ChClI-Triethanolamine -1.9698 0.0611 0.9980 40-80
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We can observe that the conductivity values
obtained for the studied ionic liquids (ChCI-A) are
similar to those for other ionic liquids reported
previously [3, 5, 15, 16, 21, 27].

Analogous to the viscosity data, the electric
conductivity data of ionic liquids at wvarious
temperatures were fitted according to an Arrhenius
equation [26]:

Ink=Inke—Ex/RT (5)

where Ex is the activation energy for electrical
conduction.

Fig. 6 shows that the graphical representations
for all studied ionic liquids fit Eq.5 accurately,
which is in a good agreement with other
conductivity data for ionic liquids [5, 15-17, 21].
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Fig. 6 Plot of log conductivity vs. reciprocal of
absolute temperature for the DES studied.

CONCLUSIONS

The values of physical properties (density,
viscosity and electrical conductivity) of three 1:1
molar mixtures of choline chloride with oxalic acid
(OA), ethylene glycol (EG) and triethanolamine
(TEOA), respectively, were found to be of the same
order of magnitude as those of other ionic liquids
and DES and are also dependent on temperature.

Both the density and viscosity of these mixtures
decrease with increasing temperature, while
electrical conductivity increases with temperature.

A comparison of the properties of the three
studied ionic liquids leads to the following series:

Oreoa <dec <doa (6)
Nee < Noa < MrA (7)
KteoA < KoA < KEG 8

Obviously, the choline chloride-ethylene glycol
system is the most suitable one for electrochemical
purposes. It seems, however, not to be proper as an
electrolyte because of its high viscosity and low
electrical conductivity. The system choline
chloride-oxalic acid is an intermediate electrolyte

456

proposed for electrodeposition and may be
advantageous, despite its relatively high density and
viscosity.

We mention once again that some of these data
are obtained for the first time experimentally as
they have not yet been reported in any of the
literature consulted.
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ITBTHOCT, BUCKO3UTET U EJIEKTPOIIPOBOJHOCT HA TP IOHHU TEYHOCTU HA
OCHOBATA HA XOJIMH-XJIOPUJ

A.-M. Ilomecky, K. donar, B. Koncrantua™

Jlabopamopus no coneeu cmonuaku, Uncmumym no ¢usuxoxumuy ,, Unue Mypeynecky “, PymvHcka akademus,
byxypew, Pymonus

[ocrenuna Ha 2 sHyapu 2013; xopurupana Ha 5 ¢peBpyapu 2014

(Pesrome)

IMomyuenn ca Tpm HOHHM TEYHOCTH, NpeicTaBisBamy OwHapHH cMecu oT 2-xunppokcu-N,N,N-TpumMermia-eTni-
amonueB xyopun (Hapuuad omre xonuH-xjaopua, ChCl) ¢ okcamoBa kucenwHa, €THIEHTIMKON M TPUETAHOJAMMH.
[IpuroTBeHn ca cMecu B MoJjapHO oTHomieHHe 1.1 Mexkay KOMIOHEHHTE, NpeICTaBiIsABAIld OHUCTPU M OE3IBETHH
TEYHOCTH TpU CTaiiHa TemIiieparypa. TeXHHTe IUIBTHOCTH, BHCKO3UTET M E€JIEKTPOIPOBOJHOCT Ca HM3MEPEHH IpH
temrnepaTypu B uHTepBaia 30 10 90°C. O0cheHH ca TeMIIepaTypHUTE 3aBUCUMOCTH Ha M3MEPEHHUTE XapaKTEPUCTHUKH.
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