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Abstract: This work focused on the preparation, physical and chemical characterization of water
containing choline chloride-based solvents with lactic acid and 1,3-propanediol, 1,3-butanediol 1,4-
butanediol, and 1,5-pentanediol, with different molar ratios. Of the physical and chemical properties,
we determined density, viscosity, conductivity, and acidity. The results showed that the properties of
the resulting solvent could be adjusted by the appropriate selection of another component. It has been
shown that the addition of dihydric alcohol can lead to a significant reduction in viscosity and a slight
decrease in density, which significantly affects the possibilities of solvent application.
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1. Introduction

Deep eutectic solvents (DESs) have been proposed to replace conventional industrial
solvents to decrease environmental pollution and improve the efficiency of the process [1].
DESs have emerged in green chemistry only seventeen years ago and yet resulted in a plethora
of publications covering various research areas and diverse fields of application [2]. The low-
cost production of DESs production from natural sources and their tunable properties, such as
neat null toxicity and biodegradability, make these solvents suitable candidates for various
processes within the green chemistry framework [3]. These solvents have significant properties
such as cheap ingredients, simple synthesis, easy availability, low vapor pressure, diversity in
structures, non-toxic nature, good chemical and thermal stability [4].

DESs are usually comprised of a hydrogen bond acceptor (HBA) compound and a
hydrogen bond donor (HBD) compound, which can act as Bronsted—Lewis acids and bases [5].
Commonly, DESs are prepared with bi- or tri- components of hydrogen bond donor and
receptor, such as acid amides and quaternary ammonium salts, which usually have a low
melting point. DESs are a mixture of HBDs and HBAs with a lower freezing point at room
temperature [6, 7].
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Despite the fact that the term deep eutectic solvent is widespread in describing the green
solvents formed by the interaction of a hydrogen bond donor and acceptor, only a small
proportion of DESs meets the definition of a eutectic mixture (a homogeneous mixture with
single composition and melting temperature corresponding to the eutectic point) [8, 9]. The
word deep indicates that the melting point of DESs is much lower than that of its pure
components. In accordance with the usual practice, the solvents addressed in this contribution
will be referred to as DESs. The term low-transition temperature mixtures (LTTMSs) is used for
both eutectic mixtures (DESs) as well as for liquids composed of natural high-melting-point
starting materials which are not eutectic.

DESs/LTTMs are adaptable solvents. This means that their physicochemical properties
can be purposefully modified and adjusted to specific requirements within a certain range [10],
[11]. The desired properties can be achieved by changing the selection of the individual starting
components forming the eutectic mixture and their molar ratio [11]. Other factors that affect
the properties of DESS/LTTMs include temperature and water content [11]. Taking into
account the practical reasons within the characterization of DESs, attention is paid especially
to their viscosity, density, electrical conductivity, acidity/alkalinity, and temperature
dependence of the mentioned properties. The findings obtained so far have documented the
considerable potential of influencing the properties of DESS/LTTMSs by changing the water
content, and this aspect is inspected in this paper too. DESs are a new class of green "designer
solvent” and their physicochemical properties can be easily tuned by adjusting DES’
constituents, chemical ratio, and water content [12].

Regarding the function of water in DES/LTTM, data and opinions published in the
literature can be divided into 4 groups:

-water is not considered an integral component of DES/LTTM but only as a solvent of
DES/LTTM, e.g., for the purpose of reducing DES/LTTM viscosity [13], [14];

-water is part of the DES/LTTM acting as another component of the DES/LTTM [15];

-water does not affect the properties of the DESs/LTTMSs components (results obtained
by NMR) [16], [17];

-water affects the properties of DES/LTTM by changing the amount and strength of
hydrogen bonds (results obtained by IR and Raman spectroscopy) [18].

This work is a continuation and extension of our paper [19], in which preliminary
results on the preparation and properties of some ternary solvents were published. Water is
considered to be part of LTTM.

2. Materials and Methods

2.1. Chemicals.

All reagents, standards, and solvents were of analytical grade. Choline chloride (ChCl)
(> 98.0%), 1,3-propanediol (98%), 1,3-butanediol (> 99.5%), 1,4-butanediol (> 99.0%), 1,5-
pentanediol (> 96.0%) were purchased from Sigma-Aldrich (Germany). Lactic acid (LA)
90.0% solution was obtained from VWR International (USA). Choline chloride was dried
under a vacuum. The other chemicals were used as supplied without further treatment.
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2.2. Preparation of LTTMs.

The LTTMs were prepared by mixing and stirring the corresponding components in a
water bath (60 °C; 30 min) to form a homogeneous liquid. The key information about the used
LTTMs is summarized in Table 1; their main characteristics are gathered in Table 2.

2.3. Apparatus.

The viscoelastic properties were evaluated using a Brookfield DVII + Pro viscometer,
as described earlier [13, 14]. The viscosity of samples was measured at different temperatures
(20-90 °C) and revolutions (5, 10, 20, and 50 rpm), using a spindle 18 with an adapter. All the
measurements were performed 3 times on individual samples. The error of measurement for
individual viscosities is in the range of 0.2 to 0.5 mPa-s.

The conductivity measurements were performed in a Conductivity meter, handheld,
FiveGo™ F3 equipment. The samples' conductivity was measured at a temperature 298.15 K.
All measurements were performed 3 times with individual samples.

The refractive index of the system under investigation was measured using an Abbe
refractometer at a temperature of 298.15 K.

The density of the samples was determined using a pycnometer at different
temperatures (25 °C-75 °C; (298.15K-348.15 K)). All the measurements were performed 3
times on individual samples.

The pH was determined using a digital pH meter from Hanna Instruments® (Bratislava,
Slovakia) at (25 °C; (298.15 K)). The concentration of LTTMs in aqueous solutions was 1
mol/l.

Table 1. Prepared LTTMs, and molar ratios of their components.

LTTM | Component A | Component B Component C Component D Molar ratio | Water content
No (%)
LTTM1 | ChCI LA - Water 1:2:0.96 5.4
LTTM2 | ChCI LA - Water 1:3:0.97 6.4
LTTM3 | ChClI LA - Water 1:4:0.99 7.1
LTTM4 | ChCI LA - Water 1:5:0.98 75
LTTM5 | ChClI LA 1,3-propanediol | Water 1:1:1:0.92 34
LTTM6 | ChClI LA 1,3-propanediol | Water 1:2:1:0.95 4.8
LTTM7 | ChClI LA 1,3-propanediol | Water 1:3:1:0.91 5.6
LTTM8 | ChClI LA 1,3-propanediol | Water 1:4:1:0.92 6.4
LTTM9 | ChClI LA 1,3-propanediol | Water 1:5:1:0.91 6.8
LTTM10| ChCI LA 1,3-butanediol Water 1:1:1:0.93 2.9
LTTM11| ChCI LA 1,3-butanediol Water 1:2:1:0.92 45
LTTM12| ChCI LA 1,3-butanediol Water 1:3:1:1 5.4
LTTM13| ChCI LA 1,3-butanediol Water 1:4:1:1 6.1
LTTM14| ChCI LA 1,3-butanediol Water 1:5:1:1 6.6
LTTM15| ChCI LA 1,4-butanediol Water 1:1:1:0.96 3.0
LTTM16| ChCI LA 1,4-butanediol Water 1:2:1:0.92 45
LTTM17 | ChCI LA 1,4-butanediol Water 1:3:1:0.92 55
LTTM18| ChCI LA 1,4-butanediol Water 1:4:1:0.91 6.2
LTTM19 | ChCI LA 1,4-butanediol Water 1:5:1:0.91 6.7
LTTM20| ChCI LA 1,5-pentanediol | Water 1:1:1:0.87 3.9
LTTM21| ChCI LA 1,5-pentanediol | Water 1:2:1:0.98 5.2
LTTM22| ChClI LA 1,5-pentanediol | Water 1:3:1:0.90 5.9
LTTM23| ChCI LA 1,5-pentanediol | Water 1:4:1:0.90 6.7
LTTM24 | ChClI LA 1,5-pentanediol | Water 1:5:1:0.96 6.9
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3. Results and Discussion

The determined values of refractive index, density, conductivity, and pH are listed in
Table 2. Values of conductivity, refractive index, and density were determined as described
elsewhere [14, 20].

Table 2. Determined properties of LTTMs.

Conductivity | Refractive |pH Density (g/cm3)

LTTM (mS/cm) index (1 mol/l)

No 25°C 25°C 25°C 25°C 35°C 45°C 55°C 65°C 75°C
LTTM1 |1.87 1.4647 1.71 1.197 |1.197 1.197 1.197 1.196 1.193
LTTM2 |1.84 1.4562 1.66 1.099 |1.099 1.099 1.099 1.099 1.099
LTTM3 |1.76 1.4523 1.64 1.094 |1.094 1.094 1.094 1.094 1.094
LTTM4 |1.70 1.4499 1.63 1.070 |1.070 1.070 1.070 1.069 1.068
LTTM5 |3.45 1.4700 1.86 1.099 |1.098 1.098 1.098 1.098 1.098
LTTM6 |3.30 1.4614 1.85 1.078 |1.078 1.078 1.078 1.078 1.077
LTTM7 ]2.99 1.4553 1.80 1.076 |1.076 1.076 1.076 1.076 1.075
LTTM8 |2.60 1.4516 1.83 1.063 |1.063 1.063 1.063 1.063 1.062
LTTM9 |2.28 1.4488 1.80 1.051 |1.051 1.051 1.051 1.051 1.051
LTTM10 |2.01 1.4689 2.05 1.083 |1.083 1.082 1.082 1.082 1.082
LTTM11 |1.95 1.4605 2.00 1.079  |1.079 1.079 1.079 1.078 1.077
LTTM12 |1.93 1.4547 2.01 1.073 |1.073 1.073 1.073 1.073 1.073
LTTM13 |1.76 1.4515 2.05 1.037  |1.036 1.036 1.036 1.036 1.035
LTTM14 |1.59 1.4484 2.07 1.029 |1.028 1.028 1.028 1.028 1.027
LTTM15 |2.44 1.4703 2.31 1.068 |1.068 1.068 1.068 1.068 1.068
LTTM16 |2.38 1.4619 2.20 1.067 |1.067 1.067 1.067 1.067 1.067
LTTM17 |2.27 1.4559 2.10 1.056  |1.056 1.056 1.055 1.055 1.055
LTTM18 |2.20 1.4527 2.10 1.053 |1.053 1.053 1.053 1.053 1.051
LTTM19 |2.08 1.4499 2.10 1.017 |1.017 1.017 1.017 1.017 1.017
LTTM20 |2.24 1.4689 2.22 1.080 |1.080 1.080 1.080 1.080 1.079
LTTM21 |2.14 1.4541 2.18 1.060 |1.060 1.060 1.060 1.059 1.059
LTTM22 |2.10 1.4539 2.23 1.058 |1.058 1.058 1.058 1.057 1.057
LTTM23 |1.96 1.4506 2.15 1.044 |1.044 1.044 1.044 1.044 1.043
LTTM24 |1.81 1.4500 213 1.037 1.037 1.037 1.037 1.037 1.036

3.1. Density.

The densities of individual LTTMs were determined in the temperature range from 25
°C to 75 °C. It can be observed that the individual densities of the ChCI:LA:H20 mixtures
(LTTM1, LTTMZ2, LTTM3, LTTM4) change only slightly with the temperature (Table 2). On
the other hand, it is evident that the molar ratio of ChCl to LA affects the density of the eutectic
mixture ranging from 1.070 g/cm?® (LTTM4) to 1.197 g/cm?® (LTTM1) and increasing in the
following order: LTTM4 > LTTM3 > LTTM2 > LTTMI (Table 2). This dependence can be
understood as a consequence of the increased molar ratio of organic salt to HBD and/or
decreased water content. The first factor may be connected to decreased free volume in the
mixtures [21,22].

Table 2 shows the densities of the individual four-component LTTMs, which contained
dihydric alcohols in addition to choline chloride, lactic acid, and water (Table 1). In all of them,
we can observe the same trend as in the case of binary mixtures. We can also see that the
content of organic salt has the same effect on the mixtures as on the three-component ones;
their density increases with increasing salt content. However, it should be noted that the
addition of dihydric alcohol caused a slight decrease in densities in all ternary mixtures. This
observation is in accord with that published by Ondrigova [23]. The highest density (1.099
g/cm?®) was determined for LTTMS5, which is, however, still lower than that of LTTM1 density
(1.197 g/cm?®). By comparing the densities, we found that the carbon chain length of the
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dihydric alcohol used also affects the density of solvents. The density of solvents changed with
the length of the carbon chain of the dihydric alcohol at room temperature (25 °C). It increased
in the following order: 1,4-butanediol > 1,3-butanediol > 1,5-pentanediol > 1,3-propanediol.
For ChCI:LA:1,4-butanediol:H,O LTTMs, the density ranged from 1.017 to 1.068 g/cm?,
depending on the composition of the eutectic mixture. For LTTMs consisting of ChCI:LA:1,3-
butanediol:H,0, the density ranged from 1.028 to 1.082 g/cm?, depending on the composition
of the eutectic mixture. For LTTMs ChCI:LA:1,5-pentanediol:H20, the density ranged from
1.037 to 1.080 g/cm?3, depending on the molar ratio of HBA to HBD. As already mentioned,
the solvents formed by ChCI:LA:1,3-propanediol:H20O in different molar ratios showed the
highest density values among all ternary solvents. Their density values ranged from 1.051 to
1.199 g/cm?®, depending on the ratio of HBA to HBD. It is obvious that there is no linear
dependence of the density on the number of carbon atoms in molecules of dihydric alcohols.

The dependence of the densities of LTTMs can be described by the theory of empty
vacancies or the theory of hollows [21]. The linear decrease in density with the temperature
rise may be due to the faster movement of the molecules and the creation of free space between
them [21]. It is also true that with the increasing percentage of water in a given solvent, its
density decreases [24]. Density values are also influenced by the molar ratio of organic salt and
HBD [21,24]. Itis true that with the increasing molar ratio of organic salt to HBD, the structural
effect on the liquid increases, and thus the free volume in the liquid decreases [21]. Discussing
the density of LTTMs from a practical point of view plays an important role, especially in the
delignification process, where it affects the penetration of the solvents into the fiber structure
[21,23]. It is clear that the lower density of the solvent, the easier it penetrates the fibers [23].
For the comparison of different molar ratios of ChCI to dicarboxylic acids, the densities
decrease with the increase of the molar ratios of ChCl to dicarboxylic acids. This is a result of
the much lower densities of ChCl than those of dicarboxylic acids [25,26,29].

3.2. Viscosity.

In this work, the viscosity values of individual LTTMs at different temperatures were
determined: 20, 30, 40, 50, 60, 70, 80 to 90 °C. The individual dependencies are plotted in the
figures below (1 to 5). In Figure 1, we can observe an exponential decrease in the viscosities
of binary LTTMs as a function of temperature. LTTM1 at 293.15 K had a viscosity of 255.35
mPa.s, but with a gradual increase in temperature up to 363.15 K, its viscosity decreased to
13.38 mPa.s. For LTTM2, LTTM3, and LTTM4, we observed an identical trend of decreasing
viscosities as a function of increasing temperature. We can also observe a decrease in the
viscosities of individual binary LTTMs depending on the increasing content of HBD (lactic
acid) at a temperature of 293.15 K in the order: LTTM1 (255.35 mPa.s) > LTTM2 (179.4
mPa.s) > LTTMS3 (148.7 mPa.s) > LTTM4 (133.45 mPa.s). This trend does not correspond to
the statements made in the literature [27] but applies throughout the temperature range. From
these dependencies, the same trend can be seen with binary LTTMs - the viscosity value of
LTTMs decreases exponentially with increasing temperature. As an example we can mention
LTTMS5 (ChCI:LA:1,3-propanediol:H20 in the ratio 1:1:1:0.92) when the viscosity at 293.15
K is 141.5 mPa.s and at 363.15 K drops to 10.7 mPa.s. An identical trend of decreasing
viscosities as a function of increasing temperature can be observed for all ternary mixtures.

As in the case of binary mixtures, the value of viscosities decreases in the case of ternary
mixtures, depending on the increasing content of LA in the solvents. The lowest viscosity
among all ternary mixtures was shown by the solvent LTTM19 (ChCI:LA:1,4-butanediol: H.O
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in the ratio 1:5:1:0.96) 6.7 mPa.s at a temperature of 363.15 K. The lowest viscosity was
obtained at the same temperature at binary mixtures, viscosity value only 13.4 mPa.s (LTTM4).
Thus, it can be confirmed that the viscosity of LTTMSs decreases with the addition of alcohol.

This is in line with the results reported by Ondrigova [23] in her work - the addition of
alcohol to a mixture containing ChCI reduces the resulting viscosity of the mixture. It is,
therefore, a suitable combination for the preparation of low-viscosity mixtures. Comparing the
individual dependences in Figures 1 to 5, we found that the length of the carbon chain of the
dihydric alcohol used also affects the resulting viscosity value.

At 293,15 K, the viscosity decreases in the following order depending on the carbon
chain length of the alcohol used: 1,3-butanediol (LTTM10 = 214.2 mPa.s, LTTM11 = 156.1
mPa.s, LTTM12 = 127.5 mPa.s, LTTM13 = 120.9 mPa.s, LTTM14 = 132.9 mPa.s) > 1,5-
pentanediol (LTTM20 = 194.5 mPa.s, LTTM21 = 141.8 mPa .s, LTTM22 = 114.8 mPa.s,
LTTM23 = 108.5 mPa.s, LTTM24 = 95.6 mPa.s) > 1,4-butanediol (LTTM15 = 185.1 mPa.s,
LTTM16 = 133.5 mPa.s, LTTM17 = 111.5 mPa.s, LTTM18 = 95.8 mPa.s, LTTM19 = 88.9
mPa.s) > 1,3-propanediol (LTTM5 = 141.45 mPa.s, LTTM6 = 106.5 mPa.s, LTTM7= 99.1
mPa.s, LTTM8 = 86.9 mPa.s, LTTM9 = 90.5 mPa.s).

Along with density, viscosity is a key property of LTTMs in terms of their practical use
[21]. Most LTTMs show relatively high viscosity values (> 100 mPa.s) at room temperature
[28]. High viscosity is always a major barrier to the use of LTTMs for any application but can
be significantly reduced by increasing the temperature, increasing the HBA content, or the
water content [27]. As the temperature or water content increases, the Van der Waals
interactions and hydrogen bonds weaken, decreasing viscosity.

300

x0  ®
SLTTMI (ChCIT.AH20 (12:0.96))

200 LTTM2 (ChClILA:H20 (1:3:0.97))

ALTTM3 (ChCILAH20 (1:4:0.99))
150

*LTTM4 (ChCILA-H20 (1:5:0.98))

Viscosity (mPa.s)

100

50

290 300 310 320 330 340 350 360 370
Temperature (K)

Figure 1. Temperature dependence of viscosity investigated LTTMs (LTTM1 to LTTM4).
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Figure 2. Temperature dependence of viscosity investigated LTTMs (LTTM5 to LTTM9).
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ALTTMI12 (ChCI:LA:1 3-butanediol:H20 (1:3:1:1))
—_ X LTTM13 (ChCl:LA:1 3-butanedio:H20 (1:4:1:1))
:f: 150
| *LTTM14 (ChCl:LA:1 3-butanedio:H20 (1:5:1:1))
£
2
2 100
-
50
0
290 300 310 320 330 340 350 360 370
Temperature (K)

Figure 3. Temperature dependence of viscosity investigated LTTMs (LTTM10 to LTTM14).

As already mentioned above, the viscosity of solvents depends on the free volume. Thus
the development of new low-viscosity solvents can be described by the so-called theory of
holes-free vacancies [21]. The viscosity of LTTMs exhibits Arrhenius behavior - the solvent's
viscosity decreases with increasing temperature [21, 28].

Differences in the viscosities are also observed elsewhere for several LTTMs/DESs,
and the discrepancies are typically attributed to variable amounts of water contents in the initial
samples. Water markedly decreases the viscosity of the LTTMs at lower temperatures because
its viscosity is much lower than pseudo-pure LTTMs at temperatures close to ambient
conditions [30].
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Figure 4. Temperature dependence of viscosity investigated LTTMs (LTTM15 to LTTM19).

250
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w
< 150 .
ﬂa- < LTTM23 (ChCI:LA:1 5-pentanediol H20 (1:4:1:0.90))
7 #LTTM24 (ChCLI:LA1 5-pentanediol H20 (1:5:1:0.96))
2 100
-
50
0
290 300 310 320 330 340 350 360 370
Temperature (K)

Figure 5. Temperature dependence of viscosity investigated LTTMs (LTTM20 to LTTM24).
3.3. Conductivity.

The individual conductivities of binary and ternary LTTMs, which were prepared in
different molar ratios (see Table 1), were measured at 25 °C. The results of the measurements
are listed in Table 2. The conductivity of the investigated LTTMs decreases with decreasing
organic salt content in the solvent, which is consistent with the literature [31]. The highest
conductivity value was reached by LTTM5 (3.45 mS/cm), and the lowest conductivity value
was shown by LTTM14 (1.59 mS/cm). The results obtained may be applied in the
electrochemical industry, where LTTMs act as part of electrolytes [21]. There is a strong
correlation between conductivity and viscosity [32]. Most LTTMs show poor ionic
https://biointerfaceresearch.com/ " 8of11
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conductivity (<2 mS/cm at room temperature). In general, the conductivities of LTTMs go up
with temperature due to a decrease in their viscosity, i.e., their behavior can be described by
the Arrhenius equation [32]. Given that changes in the molar ratio of HBA (organic salt) and
HBD significantly affect the viscosities of LTTMs, it is clear that they also dramatically affect
their conductivity [32]. With increasing organic salt content (e.g., ChCl), the conductivity of
the formed mixture increases [31]. In work [33], with the addition of 25 wt% water,
conductivities of all LTTMs increase by almost a factor of 2. This behavior is mainly related
to the depletion of hydrogen bonds between the components of LTTMs, and the formation of
new ones between the water molecules and LTTMs.

3.4. Acidity.

Another property measured at 25 °C was the pH of the individual LTTMs. The value
of pH is important mainly in the fields of biomass delignification and the selection of materials
for technological equipment. Delignification in the acidic region is known to have higher
delignification efficiency [26]. However, on the other hand, a low initial pH increases the cost
of putting this technology into practice due to the high initial investment costs for corrosion-
resistant equipment and reactors [26]. The results of measurements are given in Table 2, where
we can see that the pH of the individual LTTMs is clearly in the acidic range. The pH of the
binary mixtures (LTTM1 to LTTM4) ranged from 1.63 (LTTM4) to 1.71 (LTTM1). The pH
value of ternary mixtures containing 1,3-butanediol, 1,4-butanediol, or 1,5-pentanediol always
had a pH > 2. Ternary mixtures containing 1,3-propanediol showed a pH ranging from 1.86 to
1.8. LTTM4, with a pH of 1.63, proved to be the most acidic solvent. The acidity and basicity
of the solvents can influence the reaction outcome notably, and hence the precise measurement
of pH is important for the reaction [34].

4. Conclusions

The physical and chemical characterization of water containing choline chloride-based
LTTMs with lactic acid and 1,3-propanediol, 1,3-butanediol, 1,4-butanediol, and 1,5-
pentanediol, with different molar ratios, were measured. It was found that the density and
viscosity of the systems decrease with temperature. The addition of dihydric alcohol and the
change in the molar ratio of the individual components makes it possible to significantly reduce
the viscosities and causes a slight decrease in density, which significantly affects the
possibilities of LTTMs application.
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