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To best of our knowledge, we presently introduce, for the first time, the use of the residual-entropy scaling
approach to adequately represent the dynamic viscosity of deep eutectic solvents (DESs) as a function of
temperature and density. In this regard, various unreduced and reduced viscosity forms (total viscosity,
Rosenfeld, and dilute gas) were tested and compared. The use of a cubic Equation of State (Cubic EoS: Soave-
Redlich-Kwong, SRK or Peng-Robinson, PR) served here to provide sufficiently accurate residual entropy data
needed by the present scalings. The resulting modeling approach was successfully validated by representing
experimental dynamic viscosity data taken from the literature of three of the most representative choline chloride
(ChCl) based deep eutectic solvents (DESs): ChCl:Urea(1:2), ChCl:Ethylene Glycol(1:2), and
ChCl:Glycerol(1:2). The validation was conducted within a temperature range varying from 10 to 100 °C and at
pressures ranging from 1 to 1,000 bar.

1. Introduction

Deep eutectic solvents (DES), also named by some authors as low transition temperature mixtures (Francisco
et al., 2012), low melting mixtures (Imperato et al., 2005) and deep eutectic ionic liquids (Jhong et al., 2009)
(LTTM, LMM, DEIL), are generally defined as a combination of two species: a salt (a hydrogen bond acceptor,
HBA) and a hydrogen bond donor (HBD). This type of solvents gets its name from the fact that, when these two
species are mixed in a certain molar ratio and heated to a moderate temperature, form a transparent liquid
(Smith et al., 2014) with hues ranging from white to amber (Hansen et al., 2020). The resulting liquid has a
melting point considerably lower than those of its individual constituents in the mixture. Generally, DES have
important characteristics such as biodegradability, low toxicity (Morrison et al., 2009), near-zero vapor pressure
(Earle et al., 2006) and low production cost, which make them ideal as replacements for some conventional
solvents. Moreover ChCl-Based DES are biocompatible (Singh et al.,, 2012) and widely used due to their
availability and low cost. These solvents are among the few that can be prepared without the need for purification
and low energy cost. DES have been used in a variety of applications due to the aforementioned
physicochemical properties. In metallurgy, metal salts exhibit high solubilities and electrical conductivities in
DES, making them ideal for recycling and extraction of metals in solution, as well as for electroplating and
mineral refining (Bernasconi et al., 2017). In addition, DES have also been applied in gas separation and
capture, battery and power systems technologies, biocatalysis and organic chemistry, biomass processing,
genomics, pharmaceutical and medical research, and nanomaterial synthesis (Hansen et al., 2020). Given their
favorable physicochemical properties and the range of potential applications, the number of DES-related
publications has steadily increased since their first mention in 2004 and is expected to continue growing in the
future, as it can be seen in Figure 1, according to Web of Science. The growing use of DES in various fields of
research will foster the development of new applications and may result in new technological advancements.
Aiming to provide tools that encourage their implementation in different applications, a dynamic viscosity model
for Deep Eutectic Solvents based on a residual-entropy scaling approach is proposed, as this property is key
for the design and analysis of chemical processes.
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Figure 1: Increase in the number of DES-related publications per year.

2. Modelling approach

Originally proposed by Rosenfeld (1977), residual-entropy scaling is a thermodynamic approach on the relation
of transport properties and the internal entropy of a system. In this work, the use of such approach was tested
for complex fluids such as DES. If S(p,T) is the entropy of a system, the residual entropy, also known as
departure entropy or excess entropy S™¢(p, T), is defined as the difference between the entropy of the system
and the entropy of an ideal gas at the same temperature (T) and density (p), S*(p,T) (Dehlouz et al., 2021),
this can be expressed by the following equation:

Sres(p’ T) = S(p' T) _Sid(p! T) (1)
Residual-entropy scaling for dynamic viscosity can be described by the following equation (Rosenfeld, 1977):
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Where 7 is the reduced dynamic viscosity, 7 is the unreduced dynamic viscosity, n* is a reference viscosity, R
is the gas constant, f is an applicable scaling function and S"*(p, T) is the residual entropy. The residual entropy
can be calculated with the aid of an Equation of State. Indeed, the Equation of State capabilities for estimating
this property will impact on the quality of the scaling.

For the sake of keeping the model simplicity, two cubic Equations of State were used: SRK and PR. For a
pressure-explicit cubic Equation of State, a residual entropy equation can be obtained with the following
expression (Olivera-Fuentes et al., 1991):

o= 18], Ao

Therefore, a shared equation for calculating residual entropy with both SRK and PR Equations of State is
presented below:

STeS(p,T) = da 1 1(1+bp62) Rl( 1 ) 4
P = T AT (6, = 6y) " \1 + bpo, "\1T=pp “)

Where the values of §, and §; define which Equation of State is being used (PR E0S: §; = 1 ++2, 6, = 1 —+/2,
SRK Eo0S: 6§, =1, §, = 0), p is the molar density and b and % are the co-volume term and the derivative of the

attraction term, respectively, for the chosen Equation of State.

Regarding the use of a reference viscosity, three reduced viscosity variations were used: the reduced form
originally proposed by Rosenfeld, the use of the Chung et al. variation of the Chapman-Enskog dilute gas
equation as reference viscosity (Poling et al., 2001), and an unreduced form (n® = 1).

The Rosenfeld reference viscosity can be expressed as follows:
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1R = ng = piy/mksT ®)

Where p,, is the molecular density, m is the molecular mass, kg is the Boltzmann constant and T is an absolute
temperature.

Meanwhile, the Chung et al. variation of the Chapman-Enskog dilute gas equation can be expressed as follows
(Poling et al., 2001):

F./M,T
n® = nep = 407857 ®)
v, "0
1.16145 0.52487 2.16178
t= + + —6.43
T+014874 © oxp(0.77320T*) = exp(2.43787T*) (7

* 10747 *01487% 5in(18.0323T7* 7076830 _ 7.27371)
T* = 1.2594T, (8)

F.=1-0.2756w + 0.0590035.% + K Q)

Where ncg(uP) is the dilute gas viscosity, M,,(g/mol) is the molecular weight, v.(cm3mol) is the critical volume,
T, is the reduced temperature, T(K) is an absolute temperature, Q* is Neufeld's collision integral, F, is an
empirical factor that improves predictions for polar substances, w is the acentric factor, k is an associating
parameter for highly polar and associating substances such as alcohols and acids and g, is the reduced dipole
moment. For the sake of model simplicity, F. is assumed to be 1.

2.1 Methodology

To use the residual entropy approach with SRK and PR Equations of State, it is necessary to obtain the critical
properties and acentric factors for various types of DES. Mirza et al. (2015) estimated these properties using
the modified Lydersen—-Joback—-Reid (LJR) method and the Lee-Kesler mixing rules for 39 DES. In addition, to
confirm that a DES exhibits a residual-entropy scaling behaviour, dynamic viscosity data at various temperatures
and pressures are crucial. However, only three DES meet this requirement: ChCl:Ethylene Glycol (1:2),
ChCl:Ethylene Glycol (1:2), and ChCl:Urea (1:2), commercially referred to as Ethaline, Glyceline, and Reline.
According to the information at hand, Crespo et al. (2019) is the only source who has characterized dynamic
viscosity of DES at high pressure, and their experimental data can be found in the supplementary data of their
article. Consequently, this work is focused on these three DES.

Reduced dynamic viscosity experimental data (f.,,) was found to increase nearly exponentially with increasing
reduced residual entropy. To model this relationship, the reduced viscosity data were fit to the following
exponential scaling function (Mairhofer, 2021):

i(p,T) = exp(A + BX + CX?) (10)

STES

where 7j is the reduced dynamic viscosity model, X is the reduced residual entropy (— %) and 4, B and C

are the model fitting parameters.
The objective function used for the model fitting was:

N
Fosy = ) (In(Tlerp) = In(7(p, )’ a1
i=1

The goodness of fit was measured using two statistical parameters, the absolute average deviation (AAD%)
and the maximum deviation (MD%), which are expressed using the following equations:

N
100 F(p, T
a4p% = 220N | 1. D) (12)
N = Nexp
i(p, T)

1-—

MD% = 100 max(
Nexp

) (13)

Furthermore, given that several authors have reported that systems exhibiting residual-entropy scaling
behaviour may also conform to the principles of the "isomorph theory," which stipulates that state points with
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equal residual entropy have the same microscopic dynamic (Dyre, 2018), this study proposes two scaling
variations. The first, referred to as the Regressed Master Curve (RMC), incorporates dynamic viscosity data at
various temperatures and pressures. The second variation, referred to as Regressed Alternative Curve (RAC),
considers dynamic viscosity at various temperatures, but only at pressures below 1 atmosphere, as
experimental data is typically reported only at this pressure. If the two variations are found to be highly similar,
this will indicate that the DES studied in this work conforms to the isomorph theory, and that dynamic viscosity
behaviour at high pressures can be predicted even if only data reported at atmospheric pressure is available.

In closing, if an adequate scaling is not observed for a particular DES with the properties described by Mirza et
al. (2015), a vapor pressure fitting will be incorporated into the objective function to empirically determine the

critical properties and the acentric factor. This can be expressed by the following equation:

c .\ <
Fony = Y. (1n(322) < n(22)) )" (e - iy’
4 Nce Nce 4

i=1 i=

3. Results

(14)

The results obtained using the methodology previously described for the RMC are summarized in Table 1.

Table 1. Comparison of results obtained with SRK and PR Equations of State

DES 0 Te Pc Ve Mw R_efere_nce SRK SRK PR PR
(K) (MPa)  (cm®mol) (g/mol) Viscosity AAD% MD% AAD% MD%

1 2.25 6.02 273 499

Ethaline 0.952 602 4.039 259.67 87.92 Rosenfeld 2.42 861 230 6.23
CE 2.52 899 227 6.70
1 3.27 10.33 3.27 12.43
Glyceline 1.251 680.67 3.306 315.17 107.93 Rosenfeld 3.67 11.17 3.20 11.03
CE 3.73 11.24 3.20 10.70

1 291 9.22 295 9.27

Reline 8‘2522 gé;giz SN 222232 8658  Rosenfeld 2.81 875 282 881
’ ' ’ ’ CE 2.80 8.6211 2.80 8.66

2 For SRK Eo0S, ? For PR E0S
The most accurate scaling for each DES is shown in the following figures:

70 T T T T T T T
Parameters
SRK
60 F|— nRI\AC=exp(D.057’2)(2 -0.9217X +4.7563)

AAD=2.2577% Max.D=6.0249%
- nRAC:exp(O.Osmx2 -0.7396X +3.5790)
50 |- AAD=2.2717% Max.D= 7.5895%
O Ny @ P>1atm
* N @ P <1atm

exp

_ 40|

5 PR

m Ny =eXP(0.0628X? -0.9671X +4.7067)
a0l AAD=27316% Max.D= 4.9922%

 Npac—exP(0.0578XZ -0.8459X +3.9648)

AAD=2.7073% Max.D=7.8880%

20 - O Ngyy @ P>1atm

* Mgy @ P <1atm 0 ,‘@/Ci*/ﬁ
T e ‘(({
10 R =< s ;gx}e*'/\‘ *
: P e
0 | 1 | | 1 | | 1
11 1.5 12 12.5 13 13.5 14 14.5 15

-S"/R = [dimensionless]

15.5

Figure 2: Resulting Regressed Master Curve (solid line) and Regressed Alternative Curve (dashed line)
obtained with SRK (red) and PR (blue) Cubic Equations of State using dynamic viscosity experimental data at

high pressure (circle) and pressures below 1 atm (asterisk) for the ChCl:Ethylene Glycol (1:2) DES.



503

4
g = 10 |
Parameters
SRK
[an VN® e =exp(0.0495X2 -1.1400X +12.6198) 7
AAD=3.7304% Max.D=11.2414%
6| nnRg,c=exp(0.0485X7 -1.1088X +12.4022) i
AAD=3.7076% Max.D= 14.7325%
R
& O n/n exp@ P >1atm
85| 4 R P <1at 7
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&
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c4r|— R - 2
E VN® e =eXP(0.0531X2 -1.1791X +12.5054)
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LEE 3 _ nRg,o=exp(0.0541X2 -1.2252X +13.0150) 4
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Figure 3: Resulting Regressed Master Curve (solid line) and Regressed Alternative Curve (dashed line)
obtained with SRK (red) and PR (blue) Cubic Equations of State using dynamic viscosity experimental data at
high pressure (circle) and pressures below 1 atm (asterisk) for the ChCl:Glycerol(1:2) DES.

5
45 =10 | | |
Parameters *
al SRK |
VN® e =8xP(0.3936X° -8.1250X +49.2827)
AAD=2.8014% Max.D=8.6211%
350 R, =exp(0.3807X2 -7.8040X +47.3107) 7
AAD=3.6102% Max.D= 10.6360%
R
g- 3 < nin aXp@F’>1a‘(m * .
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Figure 4: Resulting Regressed Master Curve (solid line) and Regressed Alternative Curve (dashed line)
obtained with SRK (red) and PR (blue) Cubic Equations of State using dynamic viscosity experimental data at
high pressure (circle) and pressures below 1 atm (asterisk) for the ChCl:Urea(1:2) DES.

All residual entropy scaling variations using different reference viscosities proposed in this work produced
satisfactory results, except for the reline, which required fitting vapor pressure data (Ravula et al., 2019) using

Eq(14).
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4. Conclusions

It was observed that the residual-entropy scaling approach can adequately represent the dynamic viscosity of
complex fluids such as the DES considered in the present work. Based on previously reported results, the
following conclusions can be drawn. An adequate superposition of dynamic viscosity data with respect to
residual entropy can be achieved using simple Equations of State, such as SRK and PR, with the SRK equation
generally achieving better results. No significant difference was observed between the use of a reference
viscosity and scaling with unreduced viscosity, presumably because the DES are only in the liquid phase, so for
simplicity it is recommended to use unreduced viscosity. There was no significant difference between the RMC
and RAC scaling, so the methodology may have important predictive capabilities. This may be highly
advantageous for chemical engineering applications that require viscosity data at a wide range of temperatures
and pressures, despite limited availability of experimental data.
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