
Brazilian Journal
of Chemical
Engineering

Vol. 36, No. 04, pp. 1703 - 1716, October - December,  2019
dx.doi.org/10.1590/0104-6632.20190364s20190049

ISSN 0104-6632                                                                                                                                        
Printed in Brazil

www.abeq.org.br/bjche

DEEP EUTECTIC SOLVENTS BASED ON BETAINE 
AND PROPYLENE GLYCOL AS POTENTIAL 

DENITRIFICATION AGENTS: A LIQUID-LIQUID 
EQUILIBRIUM STUDY

Marko Rogošić1, Anđela Krišto1 and Kristina Zagajski Kučan1*

* Corresponding author: Kristina Zagajski Kučan - E-mail: kzkucan@fkit.hr

1 University of Zagreb, Faculty of Chemical Engineering and Technology, Zagreb, Croatia. ORCID: 0000-0002-2341-0067;
ORCID: 0000-0001-8339-8541; E-mail: kzkucan@fkit.hr - ORCID: 0000-0002-5123-0733

(Submitted: January 31, 2019 ; Revised: April 19, 2019 ; Accepted: April 22, 2019)

Abstract  -  Two deep eutectic solvents (DES) based on betaine (B) and propylene glycol (PG) in molar ratios 
of 1:4 and 1:5 were prepared and their physico-chemical properties were determined. Liquid-liquid equilibria at 
298.15 K and atmospheric pressure were determined for 13 quasi-three-component systems with a hydrocarbon 
(n-hexane, n-heptane, i-octane or toluene), solute (pyridine or thiophene) and DES (B-PG 1:4 or B-PG 1:5). 
Experimental phase diagrams and calculated distribution ratios showed that DESs are more suitable for 
denitrification than for desulfurization. The equilibria in the investigated systems were described by the NRTL 
and UNIQUAC models, and good agreement with experiments was obtained.
Keywords: Deep eutectic solvents; Liquid-liquid equilibrium; Fuel purification; NRTL; UNIQUAC.

INTRODUCTION

In accordance with the principles of “green 
chemistry”, it is generally attempted to reduce the 
consumption of hazardous substances or to completely 
eliminate them from chemical processes. This refers 
to raw materials, reagents, solvents, products and by-
products, but also includes the use of renewable raw 
materials and energy sources for production processes. 
Petroleum-based fuels, both as raw materials and as 
products, fall into the class of non-renewable sources 
of energy, making them “non-green” in the sense of 
the above principles. Their “greening” can be achieved 
by replacing a part of the fuel by one produced from 
renewable sources and by reducing the harmful 
emissions of sulfur and carbon oxides generated 
by fuel combustion. Extraction as an operation for 
removal of sulfur and nitrogen-containing compounds 
from hydrocarbon mixtures is, in this sense, certainly 
“greener” than, e.g., hydrodesulfurization, HDS, and 
hydrodenitrification, HDN. The latter are the high-

energy and costly processes which are today the 
first choice in industry. The extraction is “greener” 
than eventual distillation separation as well, as it 
usually occurs at lower temperatures. Nevertheless, 
the extraction agent has to be as “green” as possible, 
too. Classical organic solvents are easily volatile and 
mostly toxic and are therefore clearly “non-green”. 
Ionic liquids, ILs, are “green” with respect to their 
low volatility (Plechkova and Seddon, 2008) and 
regeneration potential (Zhang et al., 2004), but are toxic 
to microorganisms after releasing into the environment 
and are also made up of toxic raw materials and semi-
products (Zhao et al., 2007). Deep eutectic solvents, 
DESs, are essentially much “greener” than ILs in this 
respect.

DESs are not well-defined chemical species but are, 
in most cases, two-component mixtures comprising 
hydrogen bond donor and acceptor moieties, HBD 
and HBA, respectively, in a molar ratio defined by the 
mixing itself. The DES components are completely 
miscible, and miscibility is often promoted by the 
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presence of hydrogen bonding, which is why they 
behave non-ideally in the liquid phase. DESs can 
be prepared from biodegradable components, using 
simpler methods than is the case with ILs, and they are 
generally non-toxic and cheaper for synthesis.

The properties that are very important for the 
application of DESs in extraction are: high capacity 
for dissolving different types of substances, chemical 
and thermal stability, low vapour pressure, and 
non-flammability (Morrison et al., 2009). They are 
proven to be suitable for regeneration (Gano et al., 
2015). DESs interact with different components via 
hydrogen bonding and van der Waals forces, but 
also by electrostatic interactions, enabling excellent 
mixing of DES and polar substances (Li et al., 2013). 
The properties of DESs can be modified easily by 
substituting the hydrogen bond donor or acceptor 
component by some other chemical moiety, or simply 
by changing their molar ratio. This broadens the 
potential for application of DESs in various fields 
(Smith, 2014).

DESs explored so far for extracting sulfur and 
nitrogen-containing compounds from hydrocarbon 
solvents are composed mostly of a series of amides 
and carboxylic acids in combination with quaternary 
ammonium salts, as well as of alcohols, urea, sugars, or 
organic acids mixed with choline chloride. In a recent 
report, DESs based on choline chloride were used for 
denitrification (Ali et al., 2016). The best results in 
extraction of nitrogen compounds were achieved by 
DES consisting of choline chloride and phenylacetic 
acid in a molar ratio of 1:2. This system removes both 
basic (pyridine, quinoline) and non-basic nitrogen 
compounds (carbazole, indole, pyrrole). At 308.15 K, 
99.2% pyridine extraction yield and 98.2% carbazole 
extraction yield were achieved at a solvent to fuel 
ratio of 1:1, which is a very good result compared to 
conventional solvents. Abbott et al. (2007) used DES 
consisting of quaternary ammonium salts and glycerol 
in the component ratio of 1:2 to extract successfully 
(>99%) sulfur compounds from soybean-oil-based 
biodiesel in a multistage process.

Real hydrocarbon fuels originating both from non-
renewable and renewable sources are complex mixtures 
and it is therefore often simpler and easier to observe 
trends by studying model fuels. Thus desulfurization 

(Li et al., 2013; Li et al., 2016; Gano et al., 2015), 
denitrification (Ali et al., 2016; Hizaddin et al., 2016) 
and dearomatization processes (Sander et al., 2016) 
were investigated using DESs and model fuels. An even 
simpler approach is possible by the experimental study 
of ternary liquid-liquid equilibria (LLE) in the systems 
based on DES as a quasi-component. Thereby, NRTL 
(Hizaddin et al., 2016; Sander et al., 2016; Rogošić 
and Zagajski Kučan, 2018), UNIQUAC (Rogošić and 
Zagajski Kučan, 2018) and COSMO-RS (Hizaddin et 
al., 2016; Mulyono et al., 2014) activity coefficient 
models were used for the thermodynamic description 
of phase equilibria in quasi-three-component systems 
containing DESs.

In this paper, LLE are studied in quasi-three-
component systems. The key component (pyridine or 
thiophene) is distributed between a hydrocarbon - either 
aliphatic (n-hexane, n-heptane, i-octane) or aromatic 
(toluene) - and a DES based on betaine and propylene 
glycol. The quantities important for modeling 
extraction processes - selectivity and distribution 
ratio - are also discussed. LLE are described by NRTL 
or UNIQUAC. In addition, the physico-chemical 
properties important for the application of the explored 
DESs are determined as well. The literature review 
confirms that this is the first study dealing with liquid-
liquid equilibrium data in the quasi-three-component 
systems composed of betaine and propylene glycol, 
hydrocarbons and pyridine or thiophene, with the 
purpose of contributing data for the development of 
environmentally friendly fuel purification methods.

EXPERIMENTAL PART

Chemicals
The chemicals used are listed in Table 1. No further 

purification of the chemicals was performed.

Preparation and characterization of DESs
DES components, betaine and propylene glycol, 

were weighed into a flask in molar ratios of 1:4 and 
1:5. These molar ratios were chosen based on our 
previous research (Zagajski Kučan et al., 2018) where 
a molar ratio of 1:3.5 was studied. In an attempt to find 
DES with the best properties for maximum removal 
of pyridine and thiophene from the organic mixture, 

Table 1. Chemicals.
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the optimal composition, i.e., the optimal molar ratio 
of HBA: HBD is to be determined first. Thereby, the 
main constraint is the requirement that DES has to be 
liquid at the investigated extraction temperature. The 
mixtures were then heated to 353.15  K and stirred 
on a magnetic stirrer for 30 minutes at atmospheric 
pressure. The end of the preparation was visible when 
a colorless and homogeneous liquid was obtained. The 
nominal molar masses of the DESs thus formed were 
421.55 and 497.65 g mol-1, respectively.

The physico-chemical properties important for the 
application were determined for both DESs prepared. 
All the properties were determined at atmospheric 
pressure and at temperatures of 288.15 K, 298.15 K, 
308.15  K, 318.15  K and 328.15  K, except for the 
set of thermal properties, which were determined 
at 298.15 K only. The temperature of 288.15 K was 
achieved with the use of an ice bath and for other 
temperatures an electrically heated water bath was 
used. The instruments used are listed in Table 2.

Determination of tie lines
In order to obtain an overview of the equilibrium 

behaviour in the 13 investigated three-component 
systems, mixtures of one of the hydrocarbons 
(n-hexane, n-heptane, i-octane or toluene), pyridine 
or thiophene and, finally, one of the DESs (B-PG 1:4 
or B-PG 1:5) of different compositions were prepared. 
All the compositions fell within the region in which 
these unstable mixtures separated into two liquid 
phases only. The exact compositions of the unstable 
mixtures prepared were calculated from the masses 
of the individual components as weighed on an 
analytical scale. The two-phase systems thus formed 
were mixed in a thermostated vessel equipped with 
a magnetic stirrer for 24 h at 298.15  K at 200  rpm 
and at atmospheric pressure. After switching off the 
stirring, the samples were left for 48 h to separate into 
equilibrium phases.

Preliminary experiments have shown that there 
was practically no DES in the raffinate phase, i.e., 
one was dealing with two-component mixtures of 
hydrocarbons with pyridine or toluene, respectively. 

Therefore, the compositions of the raffinate phase can 
be determined from the measured refractive indices, 
which can be converted into component mass fractions 
by the previously prepared calibration curves. The 
refractive indices, both in preparing the calibration 
curves and in determining tie lines, were measured at 
298.15 K using the Abbe refractometer (model RL-3, 
Poland, precision ± 0.0001 nD).

Preliminary experiments have also shown that 
hydrocarbons were practically insoluble in the extract 
phase. The composition of the extract phases was 
calculated using the material balance, i.e., from the 
known overall composition and the refractometrically 
determined composition of the raffinate phase.

RESULTS AND DISCUSSION

Physico-chemical properties
The results for thermal properties at 298.15 K are 

shown in Table 3; a higher thermal conductivity, λ, and 
temperature diffusivity, a, was found for B-PG  1:5. 
The heat capacity of the liquid at constant pressure, cp, 
was higher for B-PG 1:4. The results of measurements 
of other properties are shown in Table 4.

Various empirical expressions can be used to 
describe the temperature dependence of the measured 
properties, as is commonly done in the literature 
(Jibril et al., 2014). Thus, in the investigated 
temperature range the density decreases linearly with 
the temperature, with high values of the regression 
coefficient. The dynamic viscosity of DES diminishes 
with the temperature, following a fractional rational 
function of the third order, also with high values of the 
regression coefficient. Dynamic viscosity values are 
somewhat higher in B-PG 1:4 than in B-PG 1:5. Specific 
conductance rises with the temperature, following an 
exponential law. The refractive index diminishes upon 
increasing the temperature, approximately linearly in 
the explored temperature range. Higher values were 
observed for B-PG 1:4 than for B-PB 1:5.

Applied empirical correlations are presented 
in Table 5 together with values of parameters and 
regression coefficients.

Table 3. Temperature diffusivity, a, thermal conductivity, λ, and heat capacity, cp, of deep eutectic solvents. The 
measurements were done at atmospheric pressure.

Table 2. Determination of physico-chemical properties of DESs.



M. Rogošić et al.

Brazilian Journal of Chemical Engineering

1706

Tie lines
For the experimental determination of equilibrium, 

13 hydrocarbon (1) - pyridine / thiophene (2) - DES 
(3) systems were investigated in the composition 
region where the systems separated into two stable 
phases in equilibrium. This corresponds to the range of 
values of total mass fraction of pyridine or thiophene 
of approximately w2 ≤ 0.6, depending on the system. 
Systems with similar phase diagrams have already been 
described in the literature (Sander et al., 2016; Mulyono 
et al., 2014; Hizaddin et al., 2015; Kareem et al., 2013; 

Kareem et al., 2012). The results are shown in the form 
of triangular diagrams, Figures 1 - 13, and in Table 6.

Selectivity and distribution ratio
The parameters commonly used to evaluate the 

suitability of a particular solvent for the separation of 
pyridine or thiophene from a hydrocarbon are discussed 
here. Thus, selectivity is defined by the expression:

Table 4. Density, ρ; dynamic viscosity, µ; specific conductance, σ; refractive index, nD; as functions of temperature 
for the investigated deep eutectic solvents. The measurements were done at atmospheric pressure.

Table 5. Correlations of density, ρ; dynamic viscosity, µ; specific conductance, σ; refractive index, nD; vs. temperature 
for investigated deep eutectic solvents.

To be continued 

Table 6. Experimental and model tie lines in quasi-three-component systems, at 298.15  K and at atmospheric 
pressure.

E R
2 1
R E
2 1

w wS
w w

= (1)
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Table 6. Continuation 

To be continued 
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Table 6. Continuation 

Note: Standard uncertainties u are u(T) = 0.2 K, u(p) = 5 kPa, u(w) ≤ 0.0006 for the raffinate phase. Extract phase compositions are not experimental but are calculated from the mass 
balance equation, producing an estimate of u(w) ≤ 0.005.

Figure 1. Equilibrium phase compositions in the quasi-
ternary system n-hexane (1) - pyridine (2) - B-PG 1:4 
(3), at 298.15 K and at atmospheric pressure.

Figure 2. Equilibrium phase compositions in the quasi-
ternary system n-heptane (1) - pyridine (2) - B-PG 1:4 
(3), at 298.15 K and at atmospheric pressure.

where superscripts E and R denote extract and raffinate 
phase, respectively. The experiments showed that 
there are practically no hydrocarbons in the extract 

phase, w1
E≈0, so it is clear that the DESs used are 

highly selective for pyridine or thiophene, at least in 
the investigated range of compositions.
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Figure 3. Equilibrium phase compositions in the 
quasi-ternary system i-octane (1) - pyridine (2) - B-PG 
1:4 (3), at 298.15 K and at atmospheric pressure.

Figure 4. Equilibrium phase compositions in the 
quasi-ternary system n-hexane (1) - thiophene (2) - 
B-PG 1:4 (3), at 298.15 K and at atmospheric pressure.

Figure 5. Equilibrium phase compositions in the 
quasi-ternary system n-heptane (1) - thiophene (2) - 
B-PG 1:4 (3), at 298.15 K and at atmospheric pressure.

Figure 6. Equilibrium phase compositions in the quasi-
ternary system i-octane (1) - thiophene (2) - B-PG 1:4 
(3), at 298.15 K and at atmospheric pressure.

Distribution ratio is defined by: compounds (denitrification) in comparison to sulfur 
compounds (desulfurization). This is similar to the 
results found for some other DESs, for example those 
based on glycerol or ethylene glycol in combination 
with choline chloride (Rogošić and Zagajski Kučan, 
2018).

Modeling
NRTL and UNIQUAC models are well-known 

models and they are frequently used to describe 
liquid-liquid phase equilibria in various systems. The 
NRTL model takes into account local concentrations 
caused by differences between homogeneous and 

E
2
R
2

w
w

β =

Dependence of the distribution ratio on the mass 
fraction of pyridine or thiophene in the system as a 
whole, w2

F, is shown in Figure 14. The figure points to 
relatively high distribution ratios for pyridine systems 
(1.8 - 4.4) and relatively low distribution ratios for 
thiophene systems (<0.6). The investigated DESs are 
therefore more suitable for the removal of nitrogen 

(2)
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Figure 7. Equilibrium phase compositions in the quasi-
ternary system n-hexane (1) - pyridine (2) - B-PG 1:5 
(3), at 298.15 K and at atmospheric pressure.

Figure 8. Equilibrium phase compositions in the quasi-
ternary system n-heptane (1) - pyridine (2) - B-PG 1:5 
(3), at 298.15 K and at atmospheric pressure.

Figure 9. Equilibrium phase compositions in the 
quasi-ternary system i-octane (1) - pyridine (2) - B-PG 
1:5 (3), at 298.15 K and at atmospheric pressure.

Figure 10. Equilibrium phase compositions in 
the quasi-ternary system n-hexane (1) - thiophene 
(2) - B-PG 1:5 (3), at 298.15 K and at atmospheric 
pressure.heterogeneous Gibbs interaction energies. Interaction 

energy parameters are denoted τij and τji for pairs of 
molecules or other species. The third parameter 
αij = αji is introduced in the model to account for non-
interaction (non-random) effects. The excess Gibbs 
function, gex, is then calculated by: nc stands for the number of components. α parameters 

are commonly fixed, in this work to the value of 0.3 for 
all the systems. τ parameters are to be regressed from 
the experimental tie line data.

The expression for activity coefficients of 
individual components may be derived simply by 
calculating the corresponding derivatives of the excess 
Gibbs function, thus obtaining:

c
c

c

n
nex ji ji jj 1

i n
i 1 ki kk 1

G xg x
RT G x

=

=
=

 τ
 =  
  

∑
∑

∑

with:

( )ij ij ijG exp= −α τ

(3)

(4)
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Figure 11. Equilibrium phase compositions in the 
quasi-ternary system n-heptane (1) - thiophene (2) - 
B-PG 1:5 (3), at 298.15 K and at atmospheric pressure.

Figure 12. Equilibrium phase compositions in 
the quasi-ternary system i-octane (1) - thiophene 
(2) - B-PG 1:5 (3), at 298.15 K and at atmospheric 
pressure.

Figure 13. Equilibrium phase compositions in the 
quasi-ternary system toluene (1) - thiophene (2) - 
B-PG 1:5 (3), at 298.15 K and at atmospheric pressure.

Figure. 14. The dependence of distribution ratio, β, 
on the mass fraction of pyridine or thiophene in the 
feed, w2

F. Pyridine and thiophene systems are denoted 
by black and white symbols, respectively. Squares, 
circles, triangles, and diamonds stand for the systems 
with n-hexane, n-heptane, i-octane, and toluene, 
respectively. The measurements were done at 298.15 
K and at atmospheric pressure.

The UNIQUAC model incorporates two 
contributions to the excess Gibbs function. The 
combinatorial one, gex,C, accounts for the size and 
shape differences of molecules or species:

c cc

c c c

n nnj ji ji m mj mjj 1 j ij m 1
i ijn n n

j 1l li l lj l ljl 1 l 1 l 1

x G x Gx G
ln

x G x G x G
= =

=
= = =

 τ τ γ = + τ −
 
 

∑ ∑∑
∑ ∑ ∑

c cn nex,C
i i

i i i
i ii 1 i 1

g zx ln q x ln
RT x 2= =

Φ Θ
= +

Φ∑ ∑

(5)

(6)
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z is the lattice coordination number. Φi and Θi 
are volume and surface fractions of component i, 
respectively. These are calculated from ri and qi - 
volume and surface parameters of the components, 
respectively, and composition of the mixture expressed 
in mole fractions - xi, using the following formulae:

The two adjustable interaction parameters (per pair 
of components), τij and τji, were regressed from tie line 
data. The overall excess Gibbs energy is calculated 
simply by summing the two contributions

c

i i
i n

j jj 1

x r

x r
=

Φ =
∑

c

i i
i n

j jj 1

x q

x q
=

Θ =
∑

ri and qi are characteristic parameters for the molecule 
or species as the whole; however, they are commonly 
calculated by the group contribution approach using:

gn

i ki k
k 1

r v R
=

= ∑

gn

i ki k
k 1

q v Q
=

= ∑

Rk and Qk are the volume and surface parameters of 
structural group k, respectively.

Concerning the structural parameters of the 
UNIQUAC model, for low-molecular-weight 
compounds (thiophene, pyridine and hydrocarbons) 
they were determined using the characteristic 
structural group parameters tabulated in the literature, 
e.g., by Magnussen et al. (1981). For high-molecular-
weight compounds, ions or quasi-components like 
DESs studied in this article other approaches might 
be appropriate. For DESs as quasi-components, the 
approach similar to the one of Domańska (1989) 

is suggested in this paper. According to this simple 
correlation, volume (ri) and surface (qi,) parameters 
are linked with molar volumes:

i ir 0.029281 v=

( ) ( )i i
i

z 2 r 2 1 l
q

z z
− −

= +

Molar volumes, vi, can be calculated easily 
from the measured densities and molar masses of 
the quasi-components. The “bulk” factor li and 
lattice coordination number, z, were set to 0 and 10, 
respectively. UNIQUAC structural parameters used 
here are presented in Table 7.

The residual contribution, gex,R, describes the 
interaction between molecules:

Table 7. UNIQUAC structural parameters.

c cn nex,R

i i j ji
i 1 j 1

g q x ln
RT = =

 
= − Θ τ  

 
∑ ∑

ex ex,C ex,Rg g g
RT RT RT

= +

The corresponding expressions for activity 
coefficients read:

cn
C i i i
i i i j j

i i i j 1

zln ln q ln l x l
x 2 x =

Φ Θ Φ
γ = + + −

Φ ∑

c c

c

n n
j ijR

i i j ji n
j 1 j 1 k kjk 1

ln q 1 ln
= =

=

 Θ τ γ = − Θ τ −
 Θ τ 

∑ ∑
∑

C R
i i iln ln lnγ = γ + γ

The modified procedure of Sørensen and Arlt 
(1979) was applied for finding NRTL and UNIQUAC 
interaction parameters. The first step was to look for a 
minimum of the function:

( )
d c

2n n R R E E
2 2 2 2 2 2i i i i

1 12 21 13 31 23 32R R E E
j 1 i 1 i i i i j

x xOF Q
x x= =

 γ − γ
= + τ + τ + τ + τ + τ + τ  γ + γ 
∑∑

nd and nc  =  3 are the numbers of quasi-components 
and tie lines, respectively. Six interaction parameters, 
τij, were fitted. The nonrandomness parameter values 
of the NRTL model were all set to αij = 0.3. Τhe 
expressions for the coefficients of activity, γi, were 
derived by differentiating the corresponding equations 
for the excess Gibbs energy. For both models Q-values 
(penalty function values) were set to 1×10-6 according 
to Casal (2010).

In the second step the function:

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)
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was minimised with respect to τij, using values 
calculated in the first step for the initiation of the fitting 
procedure. The τij values are not explicit in [Eq. (4)] 
but involved in the procedure used for the calculation 
of (wi

p)mod. The function OF2 is aimed at obtaining the 
best possible agreement of experimental (exp) and 
model (mod) values of equilibrium compositions with 
mass fractions, wi, as the composition variables. (The 
original Sørensen-Arlt procedure uses mole fractions 
in the definition of OF2. Nevertheless, mole fractions 
are always used - as they should be - in the expressions 
for γi that are included in the calculation subroutines.) 
p stands for the raffinate (R) or extract (E). Here, 
Q-values of 1×10-10 were used both for NRTL and 
UNIQUAC, again according to Casal (2010).

Optimal interaction parameters of the models are 
shown in Tables 8 and 9. The tables also contain the 
average absolute prediction errors expressed over 
equilibrium mass fractions of components, calculated 
according to:

Somewhat smaller A-values were obtained for 
the NRTL model (Ā = 0.0043 and 0.0051 for NRTL 
and UNIQUAC, respectively). The model tie lines 
are included in Table 6 and in Figures 1 - 13. The 
models seem to describe experimental data well. The 
maximum error for UNIQUAC is A = 0.0101 for the 
n-heptane (1) - thiophene (2) - B-PG 1:5 (3) system. 
For NRTL, the maximum error is found with the 
n-hexane (1) - thiophene (2) - B-PG  1:5 (3) system 
and amounts to A = 0.0082.

Binary interaction parameters determined in quasi-
ternary systems could be used in principle for the 
description of multicomponent systems as well, for 
example those described in Rogošić and Zagajski 
Kučan (2018). However, it should be noted that despite 
the good description of the experimental data in quasi-
three-component systems, the parameter values are 
very loosely related to the true interactions in the 
system. Specifically, the mass fractions of hydrocarbons 

( ) ( ) ( )
d cn n 2

p p 2 2 2 2 2 2
2 12 21 13 31 23 32i iexp mod jj 1 i 1 p R,E

OF w w Q
= = =

 
= − + τ + τ + τ +


τ +
τ + τ∑∑ ∑ ( )2 2 2 2 2 2

2 12 21 13 31 23 32

d c

OF Q
A

n n 2

− τ + τ + τ + τ + τ + τ
=

⋅ ⋅

Table 9. Optimal parameters of the NRTL and UNIQUAC activity coefficient models and the average absolute 
prediction errors for the systems with DES B-PG 1:5.

Table 8. Optimal parameters of the NRTL and UNIQUAC activity coefficient models and the average absolute 
prediction errors for the systems with DES B-PG 1:4.

(19)
(20)
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in the extract or the mass fractions of DES in the 
raffinate were under the detection limit. Hence, their 
values were set to 0 or - to be more precise - to a low 
value of ~10-6 which was chosen arbitrarily to avoid 
the division-by-zero computation error. Therefore 
it should be recognised that the resulting interaction 
parameters contain arbitrarily assigned information. 
The problem can be resolved only by envisaging 
some other experimental method. For example, 1H 
NMR might be used for measuring very low solubility 
values of hydrocarbons in DES (Hizaddin et al., 
2014). An alternative is the gas-liquid chromatography 
(GLC) method used for studying interactions at very 
low solubility levels. The method is suitable for non-
volatile solvents and therefore successfully applied 
in ionic liquids (Kato and Gmehling, 2004; Nebig et 
al., 2009; Domańska and Laskowska, 2009; Letcher 
et al., 2009; Olivier et al., 2010) and DESs (Verevkin 
et al., 2015). The infinite dilution activity coefficients 
are determined as the carriers of the key experimental 
information.

CONCLUSIONS

This paper describes the preparation and 
characterization of two selected DESs based on 
betaine and propylene glycol in molar proportions of 
1:4 and 1:5. Refractive index, thermal conductivity, 
temperature diffusivity, heat capacity, specific 
conductance, density and dynamic viscosity were all 
determined for the prepared eutectic solvents. Also, the 
applicability of the prepared DESs for the extractive 
purification of nitrogen and sulfur-containing 
substances from hydrocarbons was explored. For 
this purpose, model systems were investigated. LLE 
were experimentally determined in 13 quasi-ternary 
mixtures with hydrocarbons (aliphatic or aromatic, 
n-hexane, n-heptane, i-octane or toluene) as component 
1, pyridine or thiophene as component 2 and DES (B-
PG 1:4 or B-PG 1:5) as component 3 at the temperature 
of 298.15  K and at atmospheric pressure. The 
distribution ratios of pyridine or thiophene between 
the phases were calculated and DESs were recognised 
as potential agents for denitrification rather than for 
desulfurization. It was assumed that DESs could be 
viewed as quasi-components, which allowed NRTL 
and UNIQUAC activity coefficient model parameters 
to be optimised for the description of the experimental 
LLE. A fair agreement of model and experiments was 
found, particularly with NRTL.
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NOMENCLATURE

A		  Average absolute prediction error
a		  Temperature diffusivity [mm2 s-1]
B		  Betaine
cp		  Heat capacity [J (g K)-1]
COSMO-RS	 Conductor-like Screening MOdel for
		  Realistic Solvents
DES		  Deep eutectic solvent
gex		  Excess molar Gibbs energy [J mol-1]
gex,C		  Combinatorial part of excess molar
		  Gibbs energy [J mol-1]
Gij		  “Composite” parameter of the NRTL
		  model
GLC		  Gas-liquid chromatography
1H NMR	 Proton nuclear magnetic resonance
HBA		  Hydrogen bond acceptor
HBD		  Hydrogen bond donor
HDN		  Hydrodenitrification
HDS		  Hydrodesulfurization
IL		  Ionic liquid
LLE		  Liquid-liquid equilibrium
li		  “Bulk” factor of the UNIQUAC model
nc		  Number of components
ng		  Overall number of structural group
nD		  Refractive index
NRTL		  Non-random two-liquid model
PG		  Propylene glycol
R		  Gas constant, 8.314 J K-1mol-1

Q		  Penalty function value
qi		  Surface parameter of the UNIQUAC
		  model
Qk		  Surface parameter of structural group
R2		  Regression coefficient
ri		  Volume parameter of the UNIQUAC
		  model
Rk		  Volume parameter of structural group
S		  Selectivity
T		  Temperature [K]
UNIQUAC	 UNIversal QUAsiChemical model
vi		  Molar volume [m3 mol-1]
wi		  Mass fraction
xi		  Mole fraction
z		  Lattice coordination number
αij		  Nonrandomness parameter of the
		  NRTL model
β		  Distribution ratio
γI		  Activity coefficient
Θi		  Surface fraction
λ		  Thermal conductivity [W (m K)-1]
μ		  Dynamic viscosity [Pa s]
νki		  Number of structural groups k in
		  component i
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ρ		  Density [kg m-3]
σ		  Specific conductance [µS cm-1]
τij		  Interaction parameter of the NRTL
		  and UNIQUAC models
Φi		  Volume fraction
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