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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.
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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-
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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”.
Tonic 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

Table 1. Chemicals.

(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; Rogosi¢
and Zagajski Kucan, 2018), UNIQUAC (Rogosi¢ and
Zagajski Kucan, 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 Kucan 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,

Chemical CAS number Manufacturer (Town, Country) Purity / wt. % Molar mass / g mol!
n-hexane 110-54-3 Carlo Erba Reagents (Val de Reuil, France) >08.5 86.18
n-heptane 142-82-5 Carlo Erba Reagents (Val de Reuil, France) 99 100.21
i-octane 540-84-1 Kemika (Zagreb, Croatia) >99.5 114.23
toluene 108-88-3 Lach:ner (Neratovice, Czech Republic) >99.3 92.14
thiophene 110-02-1 Acros Organics (Geel, Belgium) >99 84.14
pyridine 110-86-1 Carlo Erba Reagents (Val de Reuil, France) >99 79.10
betaine 107-43-7 Acros Organics (Geel, Belgium) 98 117.15
propylene glycol 57-55-6 Acros Organics (Geel, Belgium) 99 76.10
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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, 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 7).

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, 4, and
temperature diffusivity, a, was found for B-PG 1:5.
The heat capacity of the liquid at constant pressure, C,
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 higherin B-PG 1:4 thanin 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 2. Determination of physico-chemical properties of DESs.

Property

Measuring device

Temperature (K)

Specific conductance
Refractive index
Density

Thermal properties

Dynamic viscosity

Schott Instruments Lab 960 conductivity meter
Abbe refractometer, model RL-3, Poland
Anton Paar Density Meter DMA 4500 M
Thermal conductometer, Linseis Transient Hot Bridge 1 298.15
Brookfield DV-III Ultra V 6.0 Programmable Rheometer;
rotation spindle SC-421, maximal shear ratey” =182 s™!

288.15-328.15
288.15-328.15
288.15-328.15

288.15-328.15

Table 3. Temperature diffusivity, a, thermal conductivity, 4, and heat capacity, C, of deep eutectic solvents. The

measurements were done at atmospheric pressure.

DES T/K a/mm’s’ /W (mK)T /I EgK)!
B-PG 1:4 298.75+0.1 0.2028 1.8067
B-PG 1:5 298.45+0.1 0.2050 1.4000
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Table 4. Density, p; dynamic viscosity, u; specific conductance, o; refractive index, n_; as functions of temperature
for the investigated deep eutectic solvents. The measurements were done at atmospheric pressure.

Property DES T/K
288.15+0.1 298.15+0.1 308.15+0.1 318.15+0.1 328.15+0.1
e B-PG 1:4 1075.21 1069.33 1062.61 1055.96 1048.46
pIXe B-PG 1:5 1073.24 1066.56 1059.8 1053.08 1046.31
Pas B-PG 1:4 0.2454 0.118 4 0.0616 0.0347 0.0218
H B-PG 1:5 0.2157 0.092 4 0.0514 0.03 0.0187
P B-PG 1:4 3.1 7.2 11.9 19.5
o/ pscm B-PG 1:5 0.3 0.7 1.1 1.8
; B-PG 1:4 1.4509 1.4498 1.4468 1.4449 1.4422
D B-PG 1:5 1.4492 1.4470 1.4443 1.4425 1.4412

Table 5. Correlations of density, p; dynamic viscosity, u; specific conductance, o; refractive index, n

for investigated deep eutectic solvents.

b VS. temperature

y-property X-property DES Correlation Regresmor}lezcoefﬁcwnt,
S B-PG 1:4 )=1268.4-0.66&« 0.9977
plkgm KRS BPG 155 y=1267.3-0.673x 0.9999
/Pas T/K B-PG 1:4  y=-93.42+9.027x10%x-2.911x107/x*+3.134x10%/x> 0.9995
H B-PG 1:5  y=-132.8+1.265x10%/x4.019x107/x*+4.260x10%/x> 0.9963
B-PG 1:4  3=2.395x10%exp(0.0485x) 0.9988

-1
o/ S em riK BPG 155 y=5.179x107exp(0.0459%) 0.9950
" T/K B-PG 1:4  y=1.516-2.230x10"*x 0.979
b B-PG 1:5  }=1.508-2.058x10x 0.977
Tie lines Kareem et al., 2012). The results are shown in the form

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 w, < 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;

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:

WEWR
=t M

R_E
Wy Wy

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

pressure.
n-hexane (1) - pyridine (2) - B-PG 1:4 (3)
experiment NRTL UNIQUAC
feed raffinate extract raffinate extract raffinate extract
w2 w3 Wy w3 Wy W3 wa w3 wy w3 Wy w3 Wy w3
0.1024 0.4257 0.038 0.000 0.165 0.835 0.0399 0.0000 0.1640 0.8359 0.0365 0.0000 0.1650 0.8350
0.2163 0.3480 0.097 0.000 0.327 0.673 0.0931 0.0000 0.3289 0.6710 0.0944 0.0000 0.3284 0.6716
0.3096 0.3189 0.128 0.000 0.444 0.556 0.1314 0.0000 0.4431 0.5568 0.1348 0.0000 0.4418 0.5582
0.4101 0.2897 0.168 0.000 0.547 0.453 0.1658 0.0000 0.5475 0.4524 0.1677 0.0000 0.5468 0.4532
0.5160 0.2372 0.199 0.000 0.657 0.343 0.1999 0.0000 0.6569 0.3430 0.1963 0.0000 0.6581 0.3419
n-heptane (1) - pyridine (2)- B-PG 1:4 (3)
experiment NRTL UNIQUAC
feed raffinate extract raffinate extract raffinate extract
w2 w3 w2 w3 w2 w3 Wy w3 w2 w3 w2 w3 w2 w3
0.1046  0.4365 0.250 0.000 0.668 0.332 0.2446 0.0000 0.6698 0.3302 0.2404 0.0005 0.6715 0.3284
0.2094 0.3618 0.072 0.000 0.137 0.863 0.0623 0.0000 0.1400 0.8600 0.0394 0.0288 0.1487 0.8513
0.3078 0.3307 0.098 0.000 0310 0.690 0.0943 0.0000 03118 0.6882 0.0873 0.0139 0.3165 0.6835
0.4209 0.2752 0.131 0.000 0434 0.566 0.1271 0.0000 0.4354 0.5646 0.1282 0.0066 0.4365 0.5635
0.5208 0.2154 0.164 0.000 0.568 0.432 0.1774 0.0000 0.5621 0.4379 0.1810 0.0022 0.5613 0.4387
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i-octane (1) - pyridine (2)- B-PG 1:4 (3)

experiment

NRTL

UNIQUAC

feed raffinate

extract raffinate extract

raffinate extract

Wy W3 Wa w3

Wy w3 Wy W3 Wa w3

Wy w3 Wy W3

0.1044 0.4388 0.058 0.000
0.2170  0.3512 0.084 0.000
0.3053  0.3412 0.102  0.000
0.4096 0.2745 0.142  0.000
0.5232  0.2169 0.214  0.000

0.148 0.852 0.0519 0.0000 0.1505 0.8495
0336 0.664 0.0814 0.0000 0.3369 0.6631
0.437 0.563 0.1034 0.0000 0.4366 0.5634
0.566 0.434 0.1452 0.0000 0.5640 0.4360
0.676  0.324 0.2130  0.0000 0.6763  0.3237

0.0333  0.0229 0.1588 0.8412
0.0765 0.0092 0.3409 0.6591
0.1047 0.0047 0.4373  0.5627
0.1508 0.0014 0.5620 0.4380
0.2080 0.0003  0.6784 0.3216

n-hexane (1) - thiophene (2) - B-PG 1:4 (3)

experiment

NRTL

UNIQUAC

feed raffinate

extract raffinate extract

raffinate extract

Wy w3 w2 W3

w2 W3 42 w3 w2 w3

Wy W3 W2 w3

0.1036  0.5633  0.225 0.000
0.2121 0.3720 0.295 0.000
0.3119  0.3263  0.430 _ 0.000

0.069 0931 0.2183 0.0001 0.0713 0.9287
0.093 0.907 0.3057 0.0002 0.0888 0.9112
0.107 0.893  0.4249 0.0003  0.1092  0.8908

0.2206  0.0000 0.0706  0.9294
0.2998  0.0000 0.0911  0.9090
0.4289  0.0000  0.1075  0.8926

n-heptane (1) - thiophene (2) - B-PG 1:4 (3)

experiment

NRTL

UNIQUAC

feed raffinate

extract raffinate extract

raffinate extract

w2 w3 w2 w3

wy w3 w» w3 w2 w3

w2 w3 w2 w3

0.0665 0.4195 0.110 0.000
0.1042 0.4229 0.154 0.000
0.2148 0.3533 0.277 0.000
0.3369 0.2752  0.417  0.000

0.006 0994 0.1181 0.0000 0.0044 0.9956
0.041 0959 0.1543 0.0000 0.0406 0.9594
0.123  0.877 0.2954 0.0000 0.1150 0.8850
0.176  0.824 0.4167 0.0000 0.1768 0.8232

0.0821 0.0000 0.0137 0.9863
0.1611  0.0000 0.0385 0.9615
0.2967 0.0000 0.1147 0.8847
0.3999 0.0005 0.1864 0.8106

i-octane (1) - thiophene (2) - B-PG 1:4 (3)

experiment

NRTL

UNIQUAC

feed raffinate

extract raffinate extract

raffinate extract

Wy W3 Wa W3

Wy W3 42} W3 wWa W3

W, Wi 42) W3

0.0605 0.4460 0.157 0.000
0.1071  0.4265 0.299 0.000
0.2112  0.3690 0.439  0.000
0.3198 0.3211 0.551 0.000

0.046 0954 0.1538 0.0002 0.0468 0.9532
0.081 0919 0.3040 0.0005 0.0788 0.9212
0.108 0.892 0.4486 0.0007 0.1023 0.8977
0.112 0.888 0.5399 0.0009 0.1189 0.8811

0.1586  0.0000 0.0452 0.9549
0.2972  0.0000 0.0817 0.9183
0.4394  0.0000 0.1075 0.8925
0.5507  0.0000 0.1124  0.8876

n-hexane (1) - pyridine (2) - B-PG 1:5 (3)

experiment

NRTL

UNIQUAC

feed raffinate

extract raffinate extract

raffinate extract

w2 w3 w2 w3

wa w3 w2 w3 w2 w3

w2 w3 wy w3

0.1076  0.4188 0.060 0.000
0.2059 0.3834 0.093 0.000
03312 0.2932 0.132  0.000
0.4213 0.2735 0.174 0.000
0.5445 0.2033  0.271  0.000

0.156 0.844 0.0606 0.0000 0.1558 0.8439
0.299 0.701  0.0903 0.0000 0.3002 0.6996
0.483 0517 0.1374 0.0000 0.4811 0.5188
0.566 0.434 0.1719 0.0000 0.5670 0.4330
0.689 0311 0.2709  0.0000 0.6892 0.3108

0.0387 0.0227 0.1627 0.8372
0.0773  0.0107 0.3057 0.6943
0.1404 0.0026 0.4807 0.5193
0.1813 0.0010 0.5639 0.4361
0.2654 0.0001 0.6911 0.3089

n-heptane (1) - pyridine (2)- B-PG 1:5 (3)

experiment

NRTL

UNIQUAC

feed raffinate

extract raffinate extract

raffinate extract

wy w3 wy W3

Wy W3 Wy w3 wy w3

w2 W3 W, W3

0.1012  0.4379 0.070 0.000
0.1994 0.3942 0.106  0.000
0.3039 0.3384 0.134 0.000
0.4164 0.2795 0.172  0.000
0.5134 0.2353  0.252  0.000

0.132  0.868 0.0637 0.0000 0.1340 0.8660
0.278 0.722  0.0939 0.0000 0.2820 0.7180
0.423 0577 0.1335 0.0000 0.4237 0.5763
0.558 0.442 0.1866 0.0000 0.5521 0.4479
0.646 0.354 0.2443  0.0000 0.6486 0.3514

0.0750  0.0000 0.1304 0.8695
0.0923  0.0000 0.2825 0.7171
0.1313  0.0000 0.4236 0.5734
0.1835 0.0000 0.5487 0.4408
0.2475 0.0000  0.6352  0.3418

i-octane (1) - pyridine (2) - B-PG 1:5 (3)

experiment

NRTL

UNIQUAC

feed raffinate

extract raffinate extract

raffinate extract

wWa w3 w2 w3

wa w3 w» w3 w2 w3

wr w3 wy w3

0.1011  0.4497 0.053 0.000
0.2017  0.3931 0.071  0.000
0.2948  0.3550 0.104  0.000
0.4088 0.2889 0.140  0.000
0.5034 0.2480 0.193  0.000

0.145 0.855 0.0504 0.0000 0.1456 0.8544
0.303  0.697 0.0752 0.0000 0.3009 0.6991
0.417 0.583 0.0999 0.0000 0.4191 0.5809
0.554 0.446 0.1422 0.0000 0.5535 0.4465
0.642 0358 0.1923 0.0000 0.6419 0.3581

0.0498  0.0000 0.1459  0.8542
0.0736  0.0000 0.3015  0.6982
0.1024  0.0000 0.4173  0.5810
0.1467  0.0000 0.5480  0.4447
0.1876  0.0000 0.6342  0.3487

To be continued
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Table 6. Continuation

n-hexane (1) - thiophene (2)- B-PG 1:5 (3)

experiment NRTL UNIQUAC
feed raffinate extract raffinate extract raffinate extract
wa w3 w2 w3 w2 w3 w2 w3 w2 W3 w2 JAk] w2 w3

0.1148 0.5463 0.149 0.000 0.093 0.899 0.1487 0.0006 0.0932 0.9068 0.1503 0.0000 0.0928 0.9071

0.2097 0.5081 0.326 0.000 0.128 0.865 0.3068 0.0002 0.1342 0.8658 0.3089 0.0000 0.1335 0.8663

0.3124 0.4998 0.502 0.000 0.219 0.746 0.5200 0.0001 0.2157 0.7843 0.5211 0.0000 0.2157 0.7834

0.4067 0.5142 0.705 0.000 0.300 0.698 0.6938 0.0001 0.3073 0.6927 0.6925 0.0000 0.3115 0.6861
n-heptane (1) - thiophene (2) - B-PG 1:5 (3)

experiment NRTL UNIQUAC
feed raffinate extract raffinate extract raffinate extract
wa w3 w2 w3 w2 w3 w2 w3 w2 W3 w2 JAk] w2 w3

0.1067 0.4283 0.162 0.000 0.038 0.962 0.1521 0.0007 0.0424 0.9452 0.1345 0.0046 0.0451 0.9549

0.2006 0.3850 0.268 0.000 0.113 0.887 0.2859 0.0005 0.1077 0.8880 0.2878 0.0036 0.1056 0.8944

0.3041 0.3390 0.406 0.000 0.151 0.849 0.4091 0.0003 0.1507 0.8463 0.3982 0.0029 0.1541 0.8459

0.4096 0.2811 0.527 0.000 0.188 0.812 0.5205 0.0002 0.1934 0.8043 0.5251 0.0022 0.1887 0.8113
i-octane (1) - thiophene (2) - B-PG 1:5 (3)

experiment NRTL UNIQUAC
feed raffinate extract raffinate extract raffinate extract
w2 w3 w2 w3 w2 w3 w2 w3 w2 w3 w2 w3 w2 w3

0.1047 0.5108 0.151 0.000 0.064 0.967 0.1512 0.0000 0.0617 0.9383 0.1515 0.0000 0.0616 0.9385

0.2115 0.5036 0.323 0.000 0.125 0.891 0.3194 0.0000 0.1244 0.8756 0.3210 0.0000 0.1237 0.8763

0.3208 0.4936 0.519 0.000 0.205 0.783 0.5159 0.0000 0.2053 0.7948 0.5149 0.0000 0.2060 0.7940

0.4135 0.5012  0.697 0.000 0.297 0.707 0.6910 0.0000 0.2971 0.7029 0.6921 0.0000 0.2963 0.7034
toluene (1) - thiophene (2) - B-PG 1:5 (3)

experiment NRTL UNIQUAC
feed raffinate extract raffinate extract raffinate extract
w2 w3 w2 w3 w2 w3 w2 w3 w2 w3 w2 w3 w2 w3

0.1018 0.4420 0.181 0.000 0.002 0.998 0.1888 0.0010 0.0000 1.0000 0.1888 0.0010 0.0000 1.0000
0.1919  0.4099 0.311 0.000 0.029 0971 03111 0.0013 0.0287 0.9713 0.3111 0.0013 0.0287 0.9713
0.3123  0.3092 0.435 0.000 0.062 0.938 0.4285 0.0013 0.0647 0.9353 0.4285 0.0013 0.0647 0.9353
0.4253  0.2475 0.549 0.000 0.098 0.902 0.5546 0.0012 0.0946 0.9054 0.5546 0.0012 0.0946 0.9054

Note: Standard uncertainties u are u(7) = 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.

0.0 10

1.0 Exptl. tie line
PR ) |5 | S
0.9 UNIQUAC

Exptl. tie line
__NRTL a 0.1
UNIQUAC

00 Y00

00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
w(n-hexane) w(n-heptane)

Figure 1. Equilibrium phase compositions in the quasi- Figure 2. Equilibrium phase compositions in the quasi-
ternary system n-hexane (1) - pyridine (2) - B-PG 1:4 ternary system n-heptane (1) - pyridine (2) - B-PG 1:4
(3), at 298.15 K and at atmospheric pressure. (3), at 298.15 K and at atmospheric pressure.
where superscripts E and R denote extract and raffinate phase, w =0, so it is clear that the DESs used are
phase, respectively. The experiments showed that highly selective for pyridine or thiophene, at least in
there are practically no hydrocarbons in the extract the investigated range of compositions.
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1.0 Exptl. tie line
e NRTL
UNIQUAC

0.0

STy Tyt
00 01 02 03 04 05 06 07 08 09 10
w(i-octane)
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.

Exptl. tie line
oo NRIL g
UNIQUAC

) 0.0

7

—————F—T———————F——7————
00 01 02 03 04 05 06 07 08 09 10

w(n-hexane)
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.

Distribution ratio is defined by:

p=—2 @)

W

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

3= 0.1

X 00

4

r= 77 7 T 7 7 7 7 7 7 7 7 7 7 7
00 01 02 03 04 05 06 07 08 09 10

w(n-heptane)
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.

VANBVANAN, Y

o T

b, 7 - - -
00 01 02 03 04 05 06 07 08 09 10

! 4 4

w(i-octane)
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.

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 (Rogos$i¢ and Zagajski Kucan,
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

Brazilian Journal of Chemical Engineering, Vol. 36, No. 04, pp. 1703 - 1716, October - December, 2019



1710 M. Rogosic et al.

1.0 Exptl. tie line
Do NRTL
UNIQUAC

@ 0.4
o 2,
@‘,2 05 4 \ 0.5 %
S S 0.4~
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08 v; AVM 02
0.9 -"'mn 0.1
X ANV '~“ .

0.0

LAY ALY ALY ALY ALY ALY ALY & 4
00 01 02 03 04 05 06 07 08 09 10
w(n-hexane)
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.

1.0 Exptl. tie line

NRTL
01 ~UNuAG
0.3
~ X
2

& 08 A!QVAYA'A 05%.

X7

w(n-heptane)
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.

heterogeneous Gibbs interaction energies. Interaction
energy parameters are denoted 7, and T, for pairs of
molecules or other species. The third parameter
a, = a, is introduced in the model to account for non-
interaction (non-random) effects. The excess Gibbs
function, g%, is then calculated by:

n
ex ng Z C’lT~G--Xj

j=1di i

g
RDZ ] EESra— 3
| T N

with:

1.0 Exptl. tie line
g NRTL 5
UNIQUAC

w(i-octane)
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.

Exptl. tie line
P A 151 1 —
UNIQUAC

! d 7 7 AV
10/ /N oo
A A e e B e 4 .
00 01 02 03 04 05 06 07 08 09 10
w(n-hexane)
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.

Gij = eXP(_aijTij) (4)

n_stands for the number of components. o parameters
are commonly fixed, in this work to the value of 0.3 for
all the systems. 7 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:
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Exptl. tie line

B Y

00 01 02 03 04 05 06 07 08 09 10
w(n-heptane)

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.

1.0 Exptl. tie line
e NRTL
UNIQUAC

0.1

1.0
Y00
00 01 02 03 04 05 06 07 08 09 10
w(i-octane)
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.

lny, =

n, .

Zj:clxjrjiGji n nzc XJGU T — Z:::lxmrijmj (5)

ij
YoxGi Y xGy > kG

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

ex,C n n
g B c cDi 7 <& G)i

=Y xIn—+=> q;x,In— 6
RT ; X, Zizzl“q O, ©)

1 1

Exptl. tie line

7 77 7 7 7 0.0
07 08 09 1.0

w(toluene)
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.

5.0+
o B-PG 1:4
By —
35 .F—;=::--i:_’i.
3.04 E %
2.5 l/ *
2.04 -
1.5
1.04
b g,-a-éﬁ
—
0.0 o : R : .
B-PG 15
40 ‘-\-t \
] [ ]
o] e
o] A//. \
25 '/' Ul
20 .
15
104
05 &E‘;
4 [l
0o T i T T T T T T < T T T 1
0o 0 0z 03 0.4 05 0.6
W,

Figure. 14. The dependence of distribution ratio, £,
on the mass fraction of pyridine or thiophene in the
feed, w,". 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.
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z is the lattice coordination number. ®, and O,
are volume and surface fractions of component i,
respectively. These are calculated from 7, and ¢, -
volume and surface parameters of the components,
respectively, and composition of the mixture expressed
in mole fractions - x, using the following formulae:

X I

O = (7)

1 n,
S
=17

@ = Nidi (8)

PIPRICE

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

g

L= ZVkiRk )
k=1

qi = ZVkiQk (10)
k=1

R, and Q, are the volume and surface parameters of
structural group £, 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 Domanska (1989)
is suggested in this paper. According to this simple
correlation, volume (r) and surface (¢g,) parameters
are linked with molar volumes:

r =0.029281 v, (11)

qi:(z—2)ri +2(1—1i) (12)

z z

Molar volumes, v, can be calculated easily
from the measured densities and molar masses of
the quasi-components. The “bulk” factor / 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, g™R, describes the
interaction between molecules:

Table 7. UNIQUAC structural parameters.

Component r q
n-hexane 4.4998 3.856
n-heptane 5.1742 4.396

i-octane 5.8463 5.008
toluene 3.9228 2.968
thiophene 2.8569 2.140
pyridine 2.9993 2.113
B-PG 1:4 11.6173 9.494
B-PG I:5 13.6133 11.091

ex,R

g :_quxlln[Z(BjtJlJ (13)

The two adjustable interaction parameters (per pair
of components), T, and 7., Were regressed from tie line
data. The overall excess Gibbs energy is calculated
simply by summing the two contributions

ex ex,C ex,R
g _8 n g (14)
RT RT RT

The corresponding expressions for activity
coefficients read:

C2

i ln_+2q'ln_+1 B Z Xil; (15)
i i X; =
e e ®T
Iyt =q| -} O, - —I5 (16)
= = Zk;@krkj
Iny; = lnyiC +lnyiR (17)

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

n, R R
OF = ZZ[X‘RZ;{ ki j +Q(lez+r%1+1123+r§1+r§3+r§2) (18)
1 1

j=li=l +XY1 j

n,and n, = 3 are the numbers of quasi-components
and tie lines, respectively. Six interaction parameters,
T, were fitted. The nonrandomness parameter values
of the NRTL model were all set to o, = = 0.3. The
expressions for the coefficients of act1v1ty, 7, were
derived by differentiating the corresponding equations
for the excess Gibbs energy. For both models O-values
(penalty function values) were set to 1x10° according
to Casal (2010).
In the second step the function:
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ng N 2

OF, :zz Z [(Wnp )exp _(WF )modl +Q(T122 T T T T +T§2) (19)

j=1i=1p=R.E

was minimised with respect to L using values
calculated in the first step for the initiation of the fitting
procedure. The 7, values are not explicit in [Eq. (4)]
but involved in the procedure used for the calculation
of (w?) .- The function OF, is aimed at obtaining the
best possible agreement of experimental (exp) and
model (mod) values of equilibrium compositions with
mass fractions, w, as the composition variables. (The
original Serensen-Arlt procedure uses mole fractions
in the definition of OF),. Nevertheless, mole fractions
are always used - as they should be - in the expressions
for y. that are included in the calculation subroutines.)
p stands for the raffinate (R) or extract (E). Here,
Q-values of 1x10"° 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:

2 2 2 2 2 2
\/OFz —Q(r12 +15, + T3 F T3 + T +r32) 20)

ng-ng-2

Somewhat smaller A-values were obtained for
the NRTL model (4 = 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 4 = 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 4 = 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 Rogosi¢ and Zagajski
Kucan (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

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.

NRTL ai2; ous; a23=0.3; 0.35 0.3 T2 713 21 23 731 T3 A
n-hexane (1) - pyridine (2) - B-PG 1:4 (3) 1.5952 19.7077 7.9844 21.5525 6.4896 -1.1851 0.0016
n-heptane (1) - pyridine (2) - B-PG 1:4 (3) 2.1772 11.4895 9.7467 21.6871 18.2586 2.5599 0.0050
i-octane (1) - pyridine (2)- B-PG 1:4 (3) 2.2532 12.0000 9.4107 18.4315 18.5736 2.4763 0.0021
n-hexane (1) - thiophene (2) - B-PG 1:4 (3) 1.5936 12.7732 13.7979 8.3304 20.5367 10.6499 0.0048
n-heptane (1) - thiophene (2)- B-PG 1:4 (3) 52635  15.0755  12.0013  13.8160  12.1866 42244  0.0063
j-octane (1) - thiophene (2) - B-PG 1:4 (3) 1.5487 13.4831 14.6053 7.5884 21.1505 10.3957 0.0053

UNIQUAC T12 T13 21 723 T31 732 A

n-hexane (1) - pyridine (2) - B-PG 1:4 (3) 1.3552 0.6080 0.0245 2.7793 0.0431 0.3972 0.0021

n-heptane (1) - pyridine (2)- B-PG 1:4 (3)  1.8391 1.5234  0.0505 02670  0.0597 42797  0.0088

i-octane (1) - pyridine (2)- B-PG 1:4 (3) 1.7755 1.5587 0.0725 0.2844 0.0515 4.4658 0.0062

n-hexane (1) - thiophene (2) - B-PG 1:4 (3) 0.8637 0.4563 0.0765 0.1729 0.0589 0.7295 0.0022

n-heptane (1) - thiophene (2)- B-PG 1:4 (3) ~ 3.9416  0.1249  0.0018  3.0683  0.0756  0.1042  0.0033

i-octane (1) - thiophene (2) - B-PG 1:4 (3) 1.1483 0.4315 0.0854 0.1168 0.1219 0.8969 0.0007
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.

NRTL  ai2; ous; a23 =0.3; 0.35 0.3 T12 713 (A 3 731 732 A
n-hexane (1) - pyridine (2) - B-PG 1:5 (3) 2.3561 18.4758 9.6071 19.9005 5.1791 1.4430 0.0017
n-heptane (1) - pyridine (2) - B-PG 1:5 (3) 2.1756 11.4651 9.6896 21.7230 18.2642 2.5674 0.0059
i-octane (1) - pyridine (2)- B-PG 1:5 (3) 2.3042 12.0173 9.3955 18.4660 18.5811 2.4770 0.0019
n-hexane (1) - thiophene (2)- B-PG 1:5(3) 103862 124890  14.1446 109529  9.4259  -1.3641  0.0082
n-heptane (1) - thiophene (2)- B-PG 1:5(3)  1.1517 7.4370 12.0344 10.5992 2.9090 9.8906 0.0081
i-octane (1) - thiophene (2) - B-PG 1:5 (3) 0.1830 14.3038 16.2916 12.6268 10.6391 -0.7011 0.0014
toluene (1) - thiophene (2) - B-PG 1:5 (3) 0.5731 8.7294 13.2245 7.7782 21.1405 9.7197 0.0037

UNIQUAC T12 713 721 723 T31 T32 A
n-hexane (1) - pyridine (2) - B-PG 1:5 (3) 2.1026 1.5246 0.0243 0.1822 0.0559 5.8425 0.0062
n-heptane (1) - pyridine (2) - B-PG 1:5 (3) 0.2400 0.0444 1.3738 2.3506 0.0041 0.0038 0.0074
i-octane (1) - pyridine (2)- B-PG 1:5 (3) 02250  0.0480 14369  2.5417  0.0041 0.0037  0.0046
n-hexane (1) - thiophene (2) - B-PG 1:5 (3) 0.0998 0.0025 2.5325 0.0021 0.0503 2.8164 0.0080
n-heptane (1) - thiophene (2)- B-PG 1:5(3)  1.0880 13835 0.0248 03163  0.0063  0.7248  0.0101
i-octane (1) - thiophene (2) - B-PG 1:5 (3) 0.2473 0.0029 2.3157 0.0022 0.0268 2.6582 0.0014
toluene (1) - thiophene (2) - B-PG 1:5 (3) 0.2320 0.0033 4.7599 0.0016 0.0871 2.2170 0.0053
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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° 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, 'H
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; Domanska 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

Average absolute prediction error
Temperature diffusivity [mm? s™']
Betaine

Heat capacity [J (g K)']
Conductor-like Screening MOdel for
Realistic Solvents

Deep eutectic solvent

Excess molar Gibbs energy [J mol™]
Combinatorial part of excess molar
Gibbs energy [J mol']

“Composite” parameter of the NRTL
model

Gas-liquid chromatography

Proton nuclear magnetic resonance
Hydrogen bond acceptor

Hydrogen bond donor
Hydrodenitrification
Hydrodesulfurization

Ionic liquid

Liquid-liquid equilibrium

“Bulk” factor of the UNIQUAC model
Number of components

Overall number of structural group
Refractive index

Non-random two-liquid model
Propylene glycol

Gas constant, 8.314 J K-'mol"!
Penalty function value

Surface parameter of the UNIQUAC
model

Surface parameter of structural group
Regression coefficient

Volume parameter of the UNIQUAC
model

Volume parameter of structural group
Selectivity

Temperature [K]

UNIversal QUAsiChemical model
Molar volume [m?® mol!]

Mass fraction

Mole fraction

Lattice coordination number
Nonrandomness parameter of the
NRTL model

Distribution ratio

Activity coefficient

Surface fraction

Thermal conductivity [W (m K)']
Dynamic viscosity [Pa s]

Number of structural groups k in
component i
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p Density [kg m~]
o Specific conductance [puS cm™]
7, Interaction parameter of the NRTL
and UNIQUAC models
O Volume fraction
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