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ABSTRACT

Deep eutectic solvents (DES) have emerged as promising ‘green’ solvents, but their successful industrial
application requires relatively low viscosity. DES prepared from choline chloride and glycols offer such
possibility. Viscosity and density are reported for a number of DES obtained by mixing choline chloride
and a glycol (ethylene glycol, 1,2-propanediol, 1,3-propanediol, and 1,4-butanediol). The measurements
were performed at 101.3 kPa, at temperatures between 293.15 K and 333.15 K, and for different mole
ratios of the glycol and choline chloride. The viscosity was measured with a capillary viscometer, while
the density was measured by means of a vibrating U-tube densimeter. The density and viscosity data have
expanded relative uncertainties of 0.2% and 2.0%, respectively, with a coverage factor of 2. The viscosity
of pure glycols was modeled using the extended hard-sphere (EHS) model that has its basis in kinetic
theory and the molecular description of the fluid. Each DES was treated as a binary mixture, and the EHS
model was used, with a mole average mixing rule, to calculate its viscosity. The measured DES viscosity

data were represented with the average absolute deviation of 1.4% and a maximum deviation of 7%.
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INTRODUCTION

In the current literature, the term Deep Eutectic Solvents (DES) is used for mixtures composed of
a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD) that exhibit a very large melting
point depression, resulting in the eutectic point of the mixture being much lower than the melting point
of either of the pure constituents. The lowering of the melting point is due to the formation of strong
hydrogen bonds between HBA and HBD and was originally reported by Abbott et al.! for a mixture of
choline chloride and urea. Recently, Martins et al.? suggested that the DES concept should be used only
for mixtures with a eutectic point that is lower than the one predicted by means of the ideal solid-liquid
equilibrium. The existence of a large number of potential HBA and HBD compounds that can form DES
of different compositions, and thus different thermophysical properties, has created an opportunity of
producing new solvents. If the HBA and HBD happen to be naturally occurring compounds of low
toxicity, environmentally friendly, and relatively cheap to produce, one can create ‘green’ DES solvents
that can replace many organic solvents in the current industrial use. The preparation of DES with tunable
and tailor-made properties has been at the forefront of recent developments, and the literature abounds

with both chemical characterization of new DES and proposed applications®.

DES have been recently reported for applications in the extraction of high-value solutes from plant
matrices*®, in biomass processing®, as catalyst/solvent in reactions’, in liquid-liquid extraction for
fractionation of complex mixtures®, among many others. The successful use of DES in varied applications
is helped by the selection of different types of the binary, or in some cases ternary, combinations of HBAS
with HBDs®, using compounds with low toxicity that are biodegradable!®!!. However, there are also some
issues that need to be addressed when selecting compounds for DES. For instance, not all the HBA-HBD
combinations form a stable liquid phase at the full range of compositions?, many combinations could not
be applicable in processes at temperatures above 373.15 K due to a noticeable mass loss*?*3, and some
HBDs produce a liquid phase with high viscosities at room temperature*>, The high viscosity impedes

flow and decreases the mass transfer rate of solutes, when, for instance, DES are used as extracting
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solvents; thus, making particular DES unsuitable for industrial applications. In some cases, the effect of
high viscosity can be alleviated by the addition of a cosolvent or by a moderate increase in the process
temperature. Another alternative is to prepare a DES with relatively low viscosity. One such DES can be
created by combing different glycols (HBD) with choline chloride as the HBA3, The combination is
very convenient for food, cosmetic, or pharmaceutical processes because choline chloride is a cheap, non-
toxic, and biodegradable compound used as an additive in animal feed*®. Furthermore, some glycols like
1,2-propanediol and 1,3-propanediol are generally recognized as safe (GRAS) food additives®. However,
the use of ethylene glycol as the HBD compound is more questionable because of its reported toxicity?’.
Nevertheless, a mixture of choline chloride and ethylene glycol, at a mole ratio of 1:2, is one of the typical
DES reported in literature for several ’green’ applications and is considered as one of the reference
systems for viscosity measurements'8, In order to prepare a tailor-made DES of low viscosity, one needs
not only to characterize them by measuring their viscosity and density but also to be able to predict the
viscosity in order to fine-tune the DES composition for a particular application. Thus, the objective of this
work is to underpin the development of low viscosity DES by (i) providing the experimental viscosity
and density data that are reliable and with well-defined uncertainty; (ii) provide a model with a strong

physical bases that will allow for accurate viscosity predictions.

The viscosity measurements of DES require careful preparation and the use of recommended
viscometers that are fully characterized. In particular, water content needs to be monitored and kept to a
minimum as DES are highly hygroscopic mixtures'®. A number of workers!®!8 have shown that a high
water content markedly decreases the viscosity of DES. The current situation with the reported DES
viscosity measurements that display large deviations between different research works is reminiscent of
initial measurements on refrigerants in the late 1990s where unchecked water content also produced large
differences in quoted viscosity values®. Furthermore, in order to develop reliable models, there is a need
for viscosity data for varying HBA:HBD mole ratio. Currently, such data is available only for a limited

number of DES%°2L,



Predicting the viscosity of liquids is hampered by the lack of the full underlying theory, resulting
in a number of different approximate approaches??2?% based on simplified kinetic theory, corresponding
states, free-volume concept, friction theory, density scaling, and relationship with residual entropy, among
others. None of the general viscosity models available in the literature?>?® are particularly suitable for
predicting the viscosity of DES, due to the high non-ideality of the mixture and the presence of hydrogen
bonds. Hence, when it comes to predicting the DES viscosity, most of the workers have opted for fitting
their measured data as either a polynomial in temperature or using an exponential dependence®?*%,
Although such a correlative approach is useful in representing a particular set of data, its predictive power
is limited especially if the fitting is performed by treating DES as a pseudo-pure species. Further attempts
in this direction were made using artificial neural networks to correlate larger sets of viscosity data
belonging to a selection of different DES?%?7, Only a few workers have opted to make use of existing
predictive models by using DES experimental data to adjust the model parameters. In particular, Free-
Volume Theory?®2 and Friction Theory®® were used with variable success. However, only one of these
models?® treats the DES as a mixture for modeling purposes, thus allowing for greater flexibility in
designing the optimum DES composition. The existing approaches to predict the viscosity based on

molecular simulation® still lack the necessary accuracy but potentially could enhance our understanding

of the influence of molecular structures on viscosity.

For the viscosity of liquids and dense fluids in general, the only tractable solutions developed to
date that take into account the molecular description of the fluid are based on the assumption that the
molecules interact as hard spheres and that their collisions are uncorrelated. The resulting Enskog
equation® for the viscosity of a dense hard-sphere fluid has formed the basis for several semi-theoretical
approaches, two of which in particular have found practical application: the Assael and Dymond (AD)
approach®-2° and the Vesovic-Wakeham (VW) model®®-38, The former was recently modified, extended,
and successfully applied to predict the viscosity of diverse fluids and their mixtures with an uncertainty

of 5-10%233%%, The resulting extended hard-sphere (EHS) model®*#° retains the simplicity of earlier



models, while maintaining the hard-sphere conceptual basis, and is ideally suited to analyze and predict

the viscosity of DES.

In Section 1 of this work, we report and analyze the measured density and viscosity of DES
consisting of choline chloride as the HBA and ethylene glycol, 1,2-propanediol, 1,3-propanediol, and 1,4-
butanediol as the HBDs, as well as the density and viscosity of pure ethylene glycol, 1,3-propanediol, and
1,4-butanediol. In section 2, we present the EHS model and test its ability to calculate the measured

viscosity of pure glycols and DES.



MATERIALS AND METHODS

Chemicals

Chemicals used for DES preparation are shown in Table 1 with their respective characteristics.
Choline chloride was used as the HBA, and ethylene glycol, 1,2-propanediol, 1,3-propanediol, and 1,4-
butanediol were used as the HBDs. All the DES were prepared in molar ratios of HBA:HBD from 1:2 to
1:6, when ethylene glycol was the HBD, and from 1:3 to 1:6 when 1,2-propanediol, 1,3-propanediol, and

1,4-butanediol were the HBDs.

Table 1: Chemical sample specification

Chemical name M (g'mol?) CAS Supplier Type Purity

Choline chloride 139.62 67-48-1 Acros Organics - >0.990
. Anhydrous,

Ethylene glycol 62.07 107-21-1 Acros Organics Ac?/oseal >0.998

1,2-propanediol 76.09 57-55-6 Acros Organics Extra pure >0.990

1,3-propanediol 76.09 504-63-2 Sigma-Aldrich - >0.980

1,4-butanediol 90.12 110-63-4 Acros Organics - >0.990

DES preparation

In order to reduce the water content of DES to the minimum and thus pave the way for more
accurate and reliable measurements, both HBA and HBD species were treated before preparing DES.
Choline chloride, which is a very hygroscopic compound, was dried in a Schlenk line under a high vacuum
(10* mbar) for three days, while ethylene glycol, 1,2-propanediol, 1,3-propanediol, and 1,4-butanediol
were placed in molecular sieves for at least one day. The approach of drying HBA and HBD separately is
preferred, as previous studies suggest that applying a low-pressure environment directly to the prepared
DES, for reducing its water content, could affect its HBA:HBD composition'®. Once the drying process
has been completed, the DES were prepared gravimetrically using an analytical balance (Sartorius
Practum 224-1s, Germany, uncertainty £0.1 mg) by adding the dried choline chloride (HBA) to HBD at
the desired mole ratio into a flask under a nitrogen atmosphere. The flask was then tightly closed with a
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septum cap, and the mixture was placed in a sonicator and heated at about 353.15 K until a clear liquid

was formed. The DES were kept in a desiccator to avoid any water intrusion, and the water content was

measured using a Karl Fisher Coulometer (Metrohm 831KF, Switzerland). If the water content was above

0.1 wt. %, the prepared DES were discarded, and a new sample was prepared. Table 2 summarizes the

prepared DES, their composition, water content and molar mass.

Table 2: DES specifications

Abbreviation HBA HBD XHED EEQZEEOD Wat(f,\'/rtf%te”t (g.n'\]"ol_l)
DES-Al choline chloride ethylene glycol 0.6675 1 :2.0071 0.0790 87.85
DES-A2 choline chloride ethylene glycol 0.7499 1:2.9987 0.0651 81.46
DES-A3 choline chloride ethylene glycol (0.7999 1 :3.9974 0.0389 77.58
DES-A4 choline chloride ethylene glycol 0.8332 1:4.9965 0.0579 74.99
DES-A5 choline chloride ethylene glycol 0.8571 1 :5.9982 0.0465 73.14
DES-B1 choline chloride 1,2-propanediol 0.7498 1 :2.9970 0.0642 91.99
DES-B2 choline chloride 1,2-propanediol (0.8003 1:4.0078 0.0613 88.78
DES-B3 choline chloride 1,2-propanediol (0.8328 1 :4.9799 0.0503 86.72
DES-B4 choline chloride 1,2-propanediol 0.8567 1 :5.9766 0.0608 85.20
DES-C1 choline chloride 1,3-propanediol 0.7509 1:3.0141 0.0355 91.92
DES-C2 choline chloride 1,3-propanediol 0.8001 1 :4.0013 0.0340 88.79
DES-C3 choline chloride 1,3-propanediol (0.8328 1:4.9799 0.0581 86.71
DES-C4 choline chloride 1,3-propanediol (0.8567 1 :5.9766 0.0446 85.20
DES-D1 choline chloride 1,4-butanediol 0.7519 1:3.0301 0.0402 102.40
DES-D2 choline chloride 1,4-butanediol (0.8000 1 :3.9989 0.0287 100.02
DES-D3 choline chloride 1,4-butanediol (0.8334 1:5.0010 0.0383 98.37
DES-D4 choline chloride 1,4-butanediol 0.8575 1:6.0182 0.0505 97.17

Density and viscosity measurements

Density (p) and dynamic viscosity (n) were measured simultaneously for ethylene glycol, 1,3-

propanediol, 1,4-butanediol, and all the DES reported in Table 2 using an Anton Paar DMA4500M

densitometer (Graz, Austria) coupled to an Anton Paar Lovis 2000ME microviscometer (Graz, Austria).

The density measurements were performed in a vibrating tube, which was calibrated with double-distilled

deionized and degassed water, provided by the manufacturer, and air at a temperature of 293.15 K and a
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pressure of 101.3 kPa. The temperature of the vibrating tube was measured with a Pt-100 thermometer.
The uncertainty in the measured density and the temperature are +0.00005 g-cm™ and +0.01 K,
respectively, as reported by Anton Paar. The dynamic viscosity measurements were performed in a
capillary placed inside a temperature-controlled box. The capillary was filled with the sample, the
temperature was set, and the angle of the box containing the capillary was automatically selected. The
time taken for a density-calibrated steel ball to pass between two different points was measured by the
apparatus and was used to determine the viscosity of the fluid. Three capillaries of an internal diameter
of 1.59 mm, 1.80 mm, and 2.50 mm were employed to perform the measurements for the range of
viscosity of interest. The viscometer was calibrated with the standards provided by the manufacturer.
Although the manufacturer quotes the uncertainty of 1.2% in the measured viscosity, our analysis based
on our previous measurements on a number of standard fluids*>*® indicates that the uncertainty is nearer
to 2%. Hence, for the viscosity of pure glycols measured in this work, we associate a relative uncertainty
of 2%. For DES, the water content makes the viscosity much more difficult to measure accurately. Based
on the analysis of published values of DES viscosity, where the water content is stated, it is at the moment
unclear by how much water content present in the current measurements (0.029-0.079 wt%) lowers the
viscosity. Our own measurements'3#4 indicate that no trend in viscosity is observable, within the estimated
uncertainty, for the three measured DES (DES-A2, DES-C1, and DES-D1) in the range of water content
(0.018-0.092 wt%). Analysis of other data carried out in this work (see the Density and Viscosity
measurements section) also support this conclusion. However, the two measurements reported by Gurkan
et al.!8 show a difference of 8.3% for the viscosity of DES-A1 at 313 K for 0.01 and 0.1 wt% water
content, respectively. So, although the viscosity of measured DES with a quoted water content, see Table
1, still has the estimated uncertainty of 2%, it is prudent to attribute a higher uncertainty to the viscosity

of pure DES (without any water present).



THEORY

In this work, we have made use of the extended hard-sphere (EHS) model®**° to analyze, correlate,
and predict the viscosity of the DES. The EHS model is the latest modification of the hard-sphere model
of Assael, Dymond, and their collaborators??23-3 that was originally developed to predict the viscosity of
pure fluids and subsequently extended to mixtures. It is based on the postulate that the behavior of fluids
is conformal and that the reduced viscosity (r*) is a universal function of the reduced molar volume (V*

= Vm/Vo) that can be expressed in the following form,

logio(1+An") =X a;/(V)" (1)
where the coefficients a; are available in literature®>*° and for completeness are presented in Table S1 in

the Supporting Information. The reduced excess viscosity (Ay*) is defined by Ciotta et al.®,

. 16 1/2 —_n(©)
' = () e (). @

where Vr is the molar volume, M is the molar mass, Na is Avogadro’s constant, R is the gas constant,

R, is the roughness factor, and #© is the zero-density viscosity.

In applications to real fluids, the roughness factor, Ry, is treated as an adjustable parameter, while
the molar core volume, Vo, is treated as a weakly temperature-dependent adjustable function. Previous
studies?®2>%° on a number of pure fluids have demonstrated that it is possible to get a generic expression
for Vo as a function of temperature and molecular mass for a number of chemical families (n-alkanes,
cycloalkanes, aromatics, alcohols, etc.). Analog molar-mass-based expressions exist for R, for a few
chemical families. The resulting EHS model is capable of representing the viscosity of a large number of
pure fluids within £5-10% and has been validated in the temperature range 110 K to 400 K and pressures

up to 400 MPa?2233,
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RESULTS AND DISCUSSION
Density and viscosity measurements

Density and dynamic viscosity measurements were carried out for ethylene glycol, 1,3-propanediol, 1,4-
butanediol, and the DES reported in Table 1 at temperatures between 293.15 and 333.15 K at 101.3 kPa.
The density data obtained in this work are shown in Figure 1 and summarized in Table S2. For all the
compounds reported, the density decreases, nearly linearly, with increasing the temperature. All the DES
used in this work have a higher density than the pure HBD used in their preparation and at a fixed
temperature, the density increases with a higher molar fraction of the HBA. Other workers**#® have shown
that the DES in general exhibit a non ideal behavior. For the systems studied in this work we cannot
confirm this finding as the density of solid choline chloride has not been reported in literature and the first
derivative of molar volume remains constant over the limited range of mole fractions studied. However,
we would expect that the formation of strong hydrogen bonds between choline chloride and glycols, which
generates a decrease in free volume, to play an important part in the observed change in density, as
demonstrated by other workers*“8, We also observe that at a fixed temperature, the density decreases
with a higher molecular weight of the HBD, as a result of the observed decrease of the density of pure

HBD.
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Figure 1. Density (g-cm™) as a function of the temperature (K) of (a) DES-A (V), (b) DES-B (O), (c)
DES-C (o) and (d) DES-D (A) at a pressure of 101.3 kPa. Symbols represent HBA:HBD molar ratios of
1:2(m),1:3(m), 1:4 (m), 1:5(m), 1:6 (W), and pure HBD (™). Density for pure 1,2-propanediol in Figure
(b) was taken from Baji¢ et al.*°

Viscosity data obtained in this work are shown in Figure 2 and summarized in Table S3. In general,
the viscosity decreases markedly with an increase in temperature. At a fixed temperature, the viscosity
increases when choline chloride (HBA) is added to the mixture. The increase can be mostly attributed to
the formation of hydrogen bonds, as discussed above, that results in loss of molecular mobility. We also
observe that viscosity is higher for DES that contain normal glycols (HBD) with a longer chain length, as
a result of the observed increase in the viscosity of pure glycols. For DES (DES-B) containing isomeric

glycol species (1,2-propanediol) viscosity is, except at the highest temperature, higher than the viscosity
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of DES (DES-C) containing normal glycol species (1,3-propanediol). This again can be traced back to the
viscosity behavior of two pure glycol species, and it emphasizes the importance of intermolecular forces
in determining viscosity. The viscosity of 1,2-propanediol is only higher than the viscosity of 1,3-
propanediol below 300 K, although the density of the later is on average 1.7% higher than that of 1,2-

propanediol in the temperature range under consideration.
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Figure 2. Viscosity (mPa-s) as a function of the temperature (K) of (a) DES-A (V), (b) DES-B (0O), (c)
DES-C (o) and (d) DES-D (A) of and a molar ratio of 1:2 (m), 1:3 (W), 1:4 (M), 1:5 (™) and 1:6 (™) and
pure HBD (™) at a pressure of 101.3 kPa. Viscosity for pure 1,2-propanediol in Figure (b) was taken
from Baji¢ et al. 4°

Density data obtained in this work were compared with literature for ethylene glycol, 1,3-
propanediol, and 1,4-butanediol, as shown in Figure 3(a), and with DES-A, DES-B, and DES-D in Figure
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3(b). For glycols, see Fig 3(a), we observe an excellent agreement. The density deviations between the
measured and literature values do not exceed 0.05% for most sets. The only exception is some of the
measurements for 1,4-butanediol. In particular, the agreement with Yang et al.>® deteriorates at a higher
temperature, but deviations never exceed 0.1%, while the measurements of Moosavi et al.°! and
Czechowski et al.*?, that broadly agree with each other, are on average 0.1-0.15% above our density
values. Nevertheless, in each case, the agreement is within the combined estimated uncertainty of both
sets of measurements. For DES, the agreement between the measured and literature values is slightly
worse, but on average, the deviations do not exceed 0.2%, which is within the estimated uncertainty of
our measurements and well inside the combined uncertainty. Not surprisingly, most measurements exist
for a well-studied DES-AL (choline chloride-ethylene glycol 1:2) mixture. The measurements from 7
research teams are consistent with our measurements to within 0.1%. Only data of Mijalli et al.>® exhibits
larger deviations of up to -0.22%. For other systems, only measurements of DES-A3 (choline chloride-
ethylene glycol 1:4) mixture of Ozturk et al.?° show slightly higher deviations, when compared with our

measured values, of up to 0.21%, that increase with increasing temperature.
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Figure 3. Percentage deviations 100 - (pexp. — it )/ Pexp. Of the experimental density data, ey, , measured
in this work, from the literature values, p;;. of (a) glycols and (b) DES. Literature data was reported for:
(i) ethylene glycol by Zhao et al.>* (solid, red, up triangle), Sun et al.>® (solid, red, down triangle),
Carvalho et al.%® (solid, red diamond), and Quijada et al.>’ (solid, red, left-pointing triangle); (ii) 1,3-
propanediol by Zivkovi¢ and co-workers*®%5 (solid, blue pentagon), and Moosavi et al.>* (solid, blue
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square); (iii) 1,4-butanediol by Grineva and Zhuravlev® (green bar), Moosavi et al.>* (solid, green
square), Czechowski et al.>? (solid, green hexagon), and Yang et al.>® (green plus); (iv) DES-A1 by Leron
et al.®* (open, red circle), Harifi-Mood et al.%? (open, red, up triangle), Bagh et al.®® (open, red, down
triangle), Mjalli et al.>® (open, red diamond), Shahbaz and coworkers®*% (open, red, right-pointing
triangle), Abbott et al.®® (open, red pentagon), Ozturk et al.?° (open, red star), and Gajardo-Parra et al.*®
(red bubbled circle); (v) DES-A2 by Ozturk et al.?° (open, blue star), and Abbott et al.®® (open, blue
pentagon); (vi) DES-A3 by Ozturk et al.?’ (open, green star) and Abbott et al.®® (open, green pentagon);
(vii) DES-B1 by Vuksanovi¢ et al.®’ (cyan cross); (viii) DES-D1 by Abbott et al.%® (open, orange
pentagon); (ix) DES-D2 by Abbott et al.®® (open, black pentagon).

Viscosity data obtained in this work were compared with literature for ethylene glycol, 1,3-
propanediol, and 1,4-butanediol, as shown in Figure 4(a), and with DES-A, DES-B, and DES-D in Figure
4(b). The agreement with glycol literature data, see Figure 4(a), is on average within 4%, with only 4 data
points showing larger deviations of up to -5.6%. A few sets of measurements*®5::%5°968 display a weak,
positive temperature trend with respect to our data. The reported uncertainty of literature values ranges
from 1.0-2.5%, and thus broadly speaking, the overall agreement is within the combined uncertainty of
measurements. The comparison of our measured DES viscosity values with the reported literature values
indicates large deviations, as high as 50%, as illustrated in Figure 4(b). As discussed before, this is
primarily due to the presence of small amounts of water in the DES samples. Not all the papers report the
water content, but when they report low values, we observe a reasonable agreement with our
measurements. In particular, our viscosity values are in agreement with Harifi-Mood®? (to within 6-8%),
Gurkan et al.*® (~ -4%), and our previous measurements’® (to within 2-4%) for DES-A1 and with
Vuksanovié et al.®’ (to within 5-6%) for DES-B1. All of them report a water content below 0.1 wt%, but
no trend in viscosity values with respect to the water content could be established between different sets
of measurements; most likely, the trend is masked by the uncertainty of the viscosity measurements. One
would expect that as the temperature decreases and the viscosity increases, the same amount of water
would have a greater impact on lowering the viscosity of the mixture. Interestingly, no systematic
temperature trend in deviations has been observed between different sets of measurements, further

indicating that the water content below 0.1 wt% does not influence viscosity within the quoted
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measurement uncertainty. The only set of measurements, with a reported water content (< 0.02 wt%),
where we observe larger deviations, is that of Mjalli and Ahmed®. Their values are 13-21% lower than

our values in the temperature range 293-333 K.
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Figure 4. Percentage deviations 100 - (nexp. - mit,) /Tlexp. of the experimental viscosity data, 7exp,
measured in this work from the literature values, n;. of (a) glycols and (b) DES Literature data was
reported for: (i) ethylene glycol by Zhao et al.>* (solid, red, up triangle), Sun et al.>® (solid, red, down
triangle), Carvalho et al.>® (solid, red diamond), Quijada et al.>” (solid, red, right-pointing triangle); (ii)
1,3-propanediol by Zivkovi¢ and co-workers*®%%9 (solid, blue pentagon), Moosavi et al.>* (solid, blue
square); (iii) 1,4-butanediol by Nain et al. ®® (solid, green circle), Moosavi et al.®* (solid, green square),
Saleh et al.”® (green cross) and Yang et al.>® (green plus); (iv) DES-A1 by Harifi-Mood et al.%? (open, red,
up triangle), Mjalli and Abdel Jabbar™ (open, red diamond), Ozturk et al.?° (open, red star), Gajardo-Parra
etal.™ (red, bubbled circle), Abbott et al.%® (open, red pentagon), Mjalli and Ahmed®® (open, red diamond),
and Gurkan et al.'® (red dash); (v) DES-A2 by Ozturk et al.° (open, blue star), and Abbott et al.®® (open,
blue pentagon); (vi) DES-A3 by Ozturk et al.?° (open, green star); (vii) DES-B1 by Vuksanovi¢ et al.®’
(cyan cross); (viii) DES-D1 by Abbott et al.®® (open, orange pentagon) and (ix) DES-D2 by Abbott et
al.% (open, black pentagon).

Viscosity modeling of pure glycols

We first examine the measured viscosity of pure glycols (ethylene glycol, 1,3-propanediol, and

1,4-butanediol) that represent the first three members of the homologous chemical series. The estimated
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molar core volumes, Vo, exhibited a linear dependency on molar mass (M), and for each glycol, Vo

decreased linearly with increasing temperature. Hence, we choose a simple function,

Vo,giycor (M* - mol™") = by M + +b, , (3)

to represent the molar core volumes, Vo, of ethylene glycol, 1,3-propanediol, and 1,4-butanediol. The
measured viscosity of three pure glycols consisting of 27 data points have been fitted to Eqgs (1-3), treating
coefficients by to bs, together with R;, for each glycol, as adjustable parameters. The values of the fitted
coefficients are given in Tables 3 and 4. The optimal set of parameters was obtained by minimizing the

sum of absolute deviations between the calculated and measured viscosity.

Table 3. Coefficients for the representation of molar core volume in Equation 3.

i bi

1 8.96056 x 10
2 3.41806 x 10
3 5.20078 x 102
4 -2.19643 x 10°

Table 4. Coefficient bs, Equation 3, and roughness factors for different glycols

bS/K Rﬂ

ethylene glycol 0 1.116
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1,2-propanediol 28.177 1.057

1,3-propanediol 0 1.266

1,4-butanediol 0 1.370

The parameter bs has been taken as zero for the members of the homologous series and non-zero for
isomeric species; 1,2 propanediol in the present work. The zero-density viscosity which is required for
the calculation of reduced viscosity, Eq. (2), has been estimated using Chung et al. method’?>"3. As this
value corresponds to the viscosity of glycol in the dilute gas state, it is 3 to 4 orders of magnitude smaller
than the measured viscosity. Hence, for the purposes of correlating the measured viscosity, we have taken
a constant value of n(® = 7.0 yPa-s for each glycol of interest. The uncertainty introduced in the
calculated viscosity is less than 0.1%, which is an order of magnitude smaller than the estimated
experimental uncertainty. The experimental uncertainty in the measured viscosity and limited temperature
and density range of the available data precludes a unique determination of Voand R;,. This is perennial
problem in determining model parameters using the measured thermophysical data and has been noted
before®®"3-">, We have further constrained the roughness factor R, to increase with the molar mass of the
glycol. Although a resulting trend is nearly linear, see Table 4, we have not attempted to fit the three
Ry, parameters to produce a generic expression analogous to Eqg. (3) as it would lead to a further
deterioration in the calculated viscosity. Figure 5 illustrates the deviations of the correlated viscosity
values from the measured ones in terms of (a) temperature and (b) molar mass, while Table 5 provides
some statistical measures of the goodness of fit, namely Absolute Average Deviation (AAD), Maximum

Deviation (MD) and Bias.
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Figure 5. Deviations, (100 (moder — Mexp)/Mexp ), IN correlated the viscosity of pure glycols as a
function of the (a) temperature (K) and (b) molar mass (g - mol™1): ethylene-glycol (V), 1,2-propanediol
(0), 1,3-propanediol (o) and 1,4-butanediol (A) at a temperature of 293.15 K (m), 298.15 K (m), 303.15
K (m), 308.15 K (m), 313.15 K (=), 318.15 K (m) 323.15 K (' ), 328.15 K (™) and 333.15 K (m) at a
pressure of 101.3 kPa.

Table 5. Evaluation of the developed EHS model against experimental data

AAD? MDP Bias®

% % %

ethylene glycol 5.0 6.8 5.0
1,2-propanediol 0.6 1.3 0.5
1,3-propanediol 3.8 -4.6 -3.8
1,4-butanediol 1.0 4.4 0.8
DES-A 2.1 -7.0 0.4
DES-B 1.2 -3.0 0.0
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DES-C 1.3 3.1 -0.6

DES-D 1.0 -5.1 -0.4

@AAD - Average Absolute Deviation=100/y 3| (11041 = flexp) /Texp | "MD - Maximum deviation; “Bias, =100/ 3 (neas = Nexp) /exp

Overall, the agreement between the calculated and the measured viscosity is within the combined
uncertainty of the experimental measurements and the EHS model. However, the deviations, displayed in
Figure 5, for each glycol studied exhibit a weak temperature dependence and for ethylene glycol and 1,3-
propanediol a bias larger than the experimental uncertainty. Hence, it would be possible to improve the
goodness of fit by further optimizing the roughness parameter, R;. For instance, the reduction of the
roughness parameter for ethylene glycol from 1.116 to 1.070 would result in deviations from experimental
data being within experimental uncertainty with AAD=1.1%, Bias=0.6%, and MD=2.4%. We have

refrained from doing so, as it would be detrimental to the extension of the current EHS model to DES.

Viscosity modeling of DES

In order to apply the extended hard-sphere model to calculate the viscosity of mixtures, one either
requires mixing rules?? or an estimate of the effective molecular mass?3#1:78, In either approach, one needs
to know the viscosity of both components in order to determine the relevant pure species Voand R;. For
the DES mixtures measured in this work, one of the components, the HBA (chlorine chloride), is in a
solid-state at the temperatures of interest; thus precluding a direct determination of parameters from the
viscosity. Instead, a mixing rule must be postulated to determine a pseudo Voand Ry for choline chloride
using measured DES data. As the DES mixtures are in general non-ideal, simple mixing rules will not be
suitable for a full range of composition, as has been demonstrated for other non-ideal systems??. However,

the DES composition is usually such that the mole fraction of HBA (or HBD) does not cover a large range
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away from the pure species. Hence, based on our previous studies?®*°, we opted for the simple, mole

average mixing rules for the molar core volume. ,

VO,mix = xdiolVO,glycol + xccVO,cc (4)

where x; is the mole fraction of each species, Vogiycol is given by Eq. (3), and Voc is pseudo molar core
volume of choline chloride. We analyzed the measured viscosity of DES belonging to family C (choline
chloride + 1,3 propanediol) and concluded that Vo is conformal to Vo of 1,3-propanediol and can be

expressed as,

VO,cc =c+V, 1,3 propanediol (5)

where c is a constant determined by recourse to experimental data and given in Table 6. Analysis using
DES families A and D lead to a similar equation relating the Vo to relevant Vo giycol, but with a different
value of constant c. The observed conformal nature of the pseudo core volume of choline chloride that
allows for a simple shift along the temperature axis is most likely a result of a limited range of mole
fraction of choline chloride studied in this work (x.c = 0 - 0.334) and to a certain extent a limited
temperature range of current measurements. It is unlikely that the conformality of the core volumes,
expressed by Eq (4), will extend over the whole compositional range, especially as the two components
belong to very different chemical families. Our previous work®4:7 on using the effective molecular
weight to shift Vo curves onto a common function, would indicate that, in general, a simple temperature

shift will not induce conformality between different chemical families.

The mixture data for the DES families A, C, and D were fitted using the EHS model, including
the mole average mixing rule for the molar core volume, by treating R, for each mixture as an adjustable
parameter. The resulting roughness factors showed a uniform behavior as a function of mole fraction of

choline chloride, and were fitted to,

Rn,DES = Rn,glycol +dx.te xgc (6)
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where Rygiycor Stands for the roughness factor of the three glycols belonging to the homologous family
(ethylene glycol, 1,3-propanediol, and 1,4 butanediol) and coefficients d and e are given in Table 6. Again,
the optimal set of parameters was obtained by minimizing the sum of absolute deviations between the
calculated and measured viscosity. The resulting EHS model, Egs. (1-6), is used to calculate the values
of the viscosity of DES studied in this work. Figure 6 illustrates the deviations of the calculated viscosity

from the measured ones, while Table 5 provides some statistical measures of the goodness of fit.

We observe an excellent agreement between the measured and calculated values with the overall
AAD being smaller than the experimental uncertainty and only 3 data points showing deviations greater
than 5%. In general, no deviations show any systematic trend with temperature, with the exception of
DES-A1 (choline chloride - ethylene glycol, 1:2 mole ratio) where a strong temperature trend is observed.
We note that DES-A1 mixture is the only DES measured where chlorine chloride mole fraction is as high
as 0.334. The latter would indicate that we are reaching the limit of using a simple mixing rule for molar

core volume.
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Figure 6. Deviations, (100 * (moder — Mexp)/Mexp ), I calculating the viscosity as a function of the
temperature (K) of (a) DES-A (V), (b) DES-B (O), (c) DES-C (o), and (d) DES-D (A) at a molar ratio
of 1:2 (m), 1:3 (m), 1:4 (m), 1:5 (™) and 1:6 (M) at a pressure of 101.3 kPa.

Table 6. Coefficients for the representations given by Equations 5-6

1,2 propanediol Other 3 glycols
C 450583 x 10° 450583 x 10°
d -0.5169 -2.2614
e 6.6245 10.6892
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DES-B consist of different ratios of chlorine chloride and 1,2-propanediol. The latter is an isomer
of 1,3-propanediol and belongs to a different homologous series than the three glycols discussed so far.
As such, we do not expect its molar core volume to be given by an Eq. (3) with parameter bs equal to zero.
However, in order to analyze DES-B mixture data, we need to first establish the Vo (and Rj) for 1,2-
propanediol. As the measurements on 1,2-propanediol have not been performed as part of this work, we
made use of the literature measurements of Baji¢ et al.*® Their data for 1,3-propanediol agrees with ours
within the combined experimental uncertainty, and no systematic trends in deviations have been observed,
see Figure 4. The initial analysis of the experimental viscosity data Baji¢ et al.*° indicated that the Vo of
1,2-propanediol is conformal with the other glycols studied and that it can be calculated using the
developed generic formula for molar core volume, Eq. (3) by making parameter bs non-zero. This
corresponds to a temperature shift of the Vo curve of 1,2-propanediol to the generic one. Subsequently,
the EHS model was fitted to the Baji¢ et al. experimental data®® using bs and R, as adjustable parameters.
The optimal values of the two parameters for 1,2-propanediol are given in Table 4. Figure 5 illustrates the
deviations of the correlated viscosity values from the measured ones, while Table 5 provides some
statistical measures of the goodness of fit. The smaller AAD and MD obtained for this glycol is a direct
result of using a substance-specific Vo correlation, rather than a general one, Eq. (3), as was done for the

other three glycols.

Once Vo and R;, for 1,2-propanediol have been established, the EHS model was fitted to DES-B
mixture data, measured in this work, treating R, for each of the four DES-B mixtures as an adjustable
parameter. The resulting roughness factors exhibited a quadratic relationship with the mole fraction of
choline chloride present and were fitted to Eq. (6), where the coefficients d and e are given in Table 6.
Figure 6 illustrates the deviations of the calculated viscosity values from the measured ones, while Table
5 provides some statistical measures of the goodness of fit. Again, we observe an excellent agreement
between the measured and calculated values with the overall AAD being smaller than the experimental
uncertainty and no data points showing deviations greater than 3%. It is interesting to note that the
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variation of water content (0.0287 to 0.0790 wt%) between different DES samples had no adverse effect
on the ability of the present model to correlate and calculate the viscosity. This gives further credence to

the hypothesis that the water content at this level does not influence the DES viscosity within its estimated

uncertainty.
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CONCLUSIONS

Density and viscosity for 17 deep eutectic solvents based on choline chloride + glycol (ethylene
glycol, 1,2-propanediol, 1,3-propanediol, and 1,4-butanediol) were measured in the range of temperatures
from 293.15 to 333.15 K, at mole ratios of HBA:HBD from 1:2 to 1.6, and at a pressure of 101.3 kPa.
The density and viscosity decrease as the temperature increases, and with the addition of HBD (glycol).
Replacing HBD in DES with the one with a longer carbon chain leads, at a constant temperature, to
decrease in density and increase in viscosity.

The extended hard-sphere model was used to correlate the measured viscosity of the pure glycols.
The resulting model can correlate the viscosity of four glycols with AAD of 2.6% and a maximum
deviation of 6.8%. It is possible to find more optimal parameters that would substantially decrease the
deviations, but that would be detrimental to the ability of the model to calculate the viscosity of DES, and
hence we refrained from doing so. The analysis of measured viscosity of DES indicates that, at least in
the mole fraction range studied, the pseudo molar core volume of choline chloride is conformal to glycol
one, which allows DES to be treated as a binary mixture for the modeling purposes. The parameters
obtained for glycols and choline chloride were used in the EHS model, together with a simple mole
average mixing rule for the molar core volume to calculate the viscosity of DES. The viscosities of the 17
DES studied in this work were calculated with the AAD of 1.4% and a maximum deviation of 7%. The
developed model can be used to predict the viscosity of other DES made from the same combinations of

HBA and HBD species.
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SUPPORTING INFORMATION
Supporting Information is available for this manuscript. Table S1 - Coefficients of the universal

correlation; Table S2 - Measured density of DES; Table S3 - Measured viscosity of DES.
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