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A B S T R A C T

In this study, a deep eutectic solvent (DES) consisting of choline chloride (ChCl) and 1,3 propanediol (Pdiol) at a 
1:2 M ratio was evaluated experimentally for its extractive efficiency. The important DES’s physicochemical 
properties: density, viscosity, and refractive index, were measured at T = (293.15–353.15) K and 101.3 kPa. 
Solvent intermolecular interaction strengths against 32 selected organic solutes were assessed using experimental 
infinite dilution activity coefficients (IDAC) measured at T = (313.15 to 343.15) K and 101.3 kPa. The in
teractions between the solute and solvent molecules were further characterised by partial molar excess properties 
(ΔHi

E,∞, ΔGE,∞
i and TrefΔSE,∞

i ). The separation ability of the solvent was assessed using selectivity (S∞
ij ) and ca

pacity (k∞
j ) as thermodynamic separation parameters. DES indicated stronger interactions with more polar 

molecules. The findings indicate that DES is suitable for separating the alkanes from alcohols, acetonitrile or 
thiophene mixtures. This work adds to the DES database and offers a theoretical framework for industrial sep
aration problems.

1. Introduction

Separating azeotropic or close-boiling mixtures has generally been 
one of the most challenging tasks in industrial processes since they are 
basically impossible to separate by distillation and require operating 
conditions of high temperature, pressure, and energy. In practice, the 
physical separation of these mixtures is carried out through liquid-liquid 
extraction (LLE) or extractive distillation, depending on their composi
tional range, since the products must be recovered at specific purities 
[1–4]. Chemical industries use these industrial technologies because 
they can handle bulk volumes and recover components in relatively pure 
forms [1–4]. These technologies, however, are highly energy-intensive, 
accounting for more than 40 % of the total energy used by the chemical 
plant. The solvent’s volatile nature and the requirement for downstream 
processes to purify and recover the solvent lead to increased process 
costs and high operational risks. Indirectly, these technologies’ organic 

volatile solvents (VOCs) are causing global warming and atmospheric 
variability, causing huge incompatibilities between people and sus
tainability [5,6]. Likewise, these issues threaten prosperity, security, 
and the health of humans and the environment [5,7].

Undoubtedly, industrial VOC emissions adversely affect humans and 
the environment. A WHO report published in 2021 estimated that out
door pollution caused 7.0 million premature deaths attributed to air 
pollution, with 99 % of the world’s population living in poor air quality 
[7]. Developing economies have a growing energy demand; hence, in
dustrial VOC challenges continue. VOCs also pose a hindrance because 
of their low separation capability and requirement for larger quantities. 
A sustainable environment and emerging clean technology based on eco- 
friendly technology are becoming increasingly important as environ
mental concerns rise. It is crucial to choose green media that meet the 
standard criteria in green chemistry and technology; they must be 
nontoxic, biodegradable, cheap, environmentally friendly, and 
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biocompatible. Deep eutectic solvents (DES) and ionic liquids (ILs) are 
examples of environmentally friendly media [8–11].

As a possible substitute for volatile organic compounds needed in 
numerous extractive processes, ILs could be considered a more envi
ronmentally friendly and feasible option [12,13]. Complex synthesis, 
high prices, and toxicity issues limit ILs’ application in industrial pro
cesses [14]. Green chemistry is concerned with reducing pollution as 
much as possible in raw materials and production processes [15]. Con
trary to popular belief, these neoteric solvents’ “green credentials” are 
now strongly contested in the scientific literature [15]. It has been noted 
in many reports that ILs present a hazardous level of toxicity, as well as 
poor biodegradability [16,17]. The physical properties of ILs are also 
affected by impurities, even if they are present in trace amounts. The 
synthesis of these compounds is also far from eco-friendly since large 
quantities of salts and solvents are usually required to exchange their 
anions completely. ILs suffer from these drawbacks, and their high cost 
hinders their industrial application [13]. New concepts are therefore 
required to make better use of these systems.

In this case, DESs consisting of a hydrogen bond donor (HBD) and 
hydrogen bond acceptor (HBA) offer a better advantage in overcoming 
these cited IL challenges. This is because DESs can also be prepared with 
two environmentally friendly ingredients that are abundant in nature, 
thus making these DESs “green” solvents. A combination variation of 
HBDs and HBAs can be used to control the properties of DES-like mix
tures. DES’s higher viscosity than that of water, cited in the literature as 
one of its drawbacks, can also be improved by adjusting the molar ratios 
or composition. Through this adjustment, DES properties (such as po
larity, density, conductivity, stability, and viscosity), strongly influ
enced by hydrogen bonding interactions, are tuned and made more 
favourable [18–20]. However, optimising their physical properties is 
crucial to making solvent extractive processes more commercially 
profitable.

Prior to this, one can consider the availability and costs of materials 
used in the production of HBA and HBD, along with their toxicity levels, 
when choosing DES mixtures. Some DES combinations have been 
observed to follow this selection criterion, including ChCl + Urea, ChCl 
+ alkane-triol, ChCl + alkane-diol and ChCl + simple sugar mixtures 
[18,20–23]. DESs derived from ChCl + Urea, ChCl + alkane-triol, and 
ChCl + alkane-diol mixtures are the most studied solvents in extraction 
techniques, such as liquid-liquid extraction and extractive distillation. 
Glycerol, also a triol, is too viscous (1500 mPa.s at T = 293.15 K), a 
major hindrance to its use as a solvent extraction agent. In the same way, 
urea, an amide, even though it solidifies at 406.15 K, which does not 
prevent its application in extraction processes, poses an environmental 
problem since it hydrolyses to produce corrosive ammonia. In addition, 
its pure form or use as an HBD in DESs with a higher molar ratio may 
cause technical failures in the extraction process, such as salt precipi
tation leading to fouling or clogging of liquid–liquid extraction columns, 
reduced mass transfer efficiency, and corrosion issues in extractive 
distillation equipment. ChCl + ethylene glycol mixture appears to offer 
viscosities that are closer to water. Diols like ethylene glycol (21.62 
mPa.s at T = 293.15 K) are less viscous than glycerol and urea and, 
because of intermolecular hydrogen bonding, can form dimers (possibly 
chains or clusters), which could make them useful for extraction pro
cesses. The fact that ethylene glycol is thermodynamically stable in 
different conformations, such as trans and gauche, explains its tendency 
to form dimers. As a result of the hydrogen-bond network in alkane-diol- 
based DES, all the viscosity, melting point, density, dynamics, and 
charge transport properties are positively influenced.

Alkane-diol-based DES’s physicochemical properties have been 
extensively studied [18–21,23–26]. The influence of alkane-diol DESs 
on extractive efficiency in selected industrial separation problems has 
been investigated by a few researchers by measuring the activity co
efficients at infinite dilution (γ∞

13) of DESs and by looking at the effects of 
alkane-diol DESs containing ChCl as an HBA on extractive efficiency. As 
few studies have reported on alkane-diol DESs containing ChCl, the 

present study fills this gap. One can understand how DES interacts with 
solutes by measuring the thermodynamic properties of various probes in 
alkane-diol DES and analysing the infinite dilution activity coefficient 
(IDAC) data. For industrial applications, IDAC data can provide excel
lent pre-screening data for extraction solvents. A low γ∞

13value is usually 
observed for alkynes, polar substances such as alcohols, ketones or 
ethers resulting from hydrogen bonds, the π-π, n-π, or other strong in
teractions. Recent studies of the DESs measured up to 2022 were 
reviewed by Mgxadeni and co-workers [27], providing a thorough 
literature review and highlighting research gaps.

In this context, the present study aims to investigate the extractive 
efficiency of DES based on ChCl and 1,3 propanediol (1,3 Pdiol) at a 
molar ratio of 1:2 as a possible replacement of VOCs as extractant sol
vents. This mixture is consistent with the eutectic compositions reported 
by Silva et al. [28]. According to the current literature, the molecular 
structure of DES precursors can be an essential factor in determining 
how intermolecular interactions can be influenced economically and 
sustainably [29]. One of the key objectives of this research is to un
derstand how the hydrogen bonding network of ChCl and 1,3 Pdiol is 
influenced by the system temperature and how the results affect solvent 
properties, which will help verify its potential application and recovery. 
To assess the solvent extractive efficiency of 1,3 Pdiol, we compare our 
obtained data with extensively studied DES systems, culminating in 
proposals to broaden the range of DES systems.

2. Methods section

2.1. Materials

A table with specifications of each solute, gas carrier, and DES 
compound used in this study is provided as part of the supplementary 
materials in Table S1. Since the gas-liquid chromatograph (GLC) sepa
rated impurities on the column, all solutes were used without further 
purification. DES was prepared using ChCl (HBA) and 1,3 Pdiol (HBD). A 
vacuum oven drier, model FSOM 4 (supplied by Labcon), at 313.15 K 
(for 24 h) was used to remove excess moisture absorbed from ambient 
humidity from HBA and HBD after degassing under a high vacuum 
(10− 4 bar). The DES molecules used in this study are shown in Fig. 1. 
Shinwasorb-S 80/100 mesh support material (for use as adsorbent) was 
vacuum purified at 363.15 K for 6 h to remove any moisture absorbed. It 
was provided by Shinwa Chemical Industries (Japan). Dichloromethane 
was used as a dispersion promoter. Helium was used as the carrier gas in 
the GLC. 

2.1. Experimental procedures

2.2.1 Preparation of DES

DES was prepared according to a method described in previous 
studies [30]. A 1.000:1.999 M ratio was used in the mixing of HBA and 

Fig. 1. Chemical structure of HBA and HBD compounds.
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HBD. Masses of HBA and HBD corresponding to this molar ratio were 
prepared in a 20 mL sealable sample vial using an accurate analytical 
balance, model AS220/C/2 (supplied by RADWAG) with an uncertainty 
of 0.0001 g in mass to prepare a mixture with an uncertainty level of 0.5 
mg gravimetrically. The sample vial containing the mixture was 
immediately sealed tightly and stirred using a magnetic stirrer at 353.15 
K for approximately 2 h. DES was then placed in a vacuum oven dryer 
and kept at 323.15 K for 8 h to remove moisture, cooled in a desiccator, 
and stored in a sealed container away from natural light. The compo
sitional uncertainty in the molar fraction of each DES component was 
0.01 mol%.

2.1.1. Water content
A Karl-Fischer moisture titrator (870 KF Titrino Plus, Metrohm, 

South Africa) was used to determine the water content of HBA, HBD, and 
DES. These compounds were dissolved in methanol and titrated in steps 
of 0.009 mL. In this procedure, DES was kept below 1000 ppm, a level 
recommended by diverse authors for thermophysical properties mea
surements. Approximately 440, 570, and 230 ppm of water contents 
were found in the HBA, HBD, and DES (standard uncertainty: 50.0 ppm).

2.1.2. Density, viscosity and refractive index measurement
The density (ρ), refractive index (RI), and viscosity (μ) of DES have 

been measured at atmospheric pressure at temperatures of 
(298.15–343.15) K in accordance with previous investigations [31,32]. 
Measurements of these thermophysical properties were obtained in an 
integrated system composed of an Atago refractometer (Midrand, SA) 
model RX-7000 (with an uncertainty of 0.0001), Anton Paar densimeter 
(Midrand, SA), model DSA 5000 M (with an uncertainty of 0.0001 g/ 
cm3) and Anton Paar AMVn rolling-ball viscometer (Midrand, SA). 
Calibration of the densimeter, refractometer, and viscometer at 298.15 
to 323.15 K and 101.3 kPa was done before measuring thermophysical 
properties to ensure these pieces of equipment produced valid results. 
Ultrapure Millipore water obtained from the Millipore-Q system (Fusion 
320 model) supplied by SUEZ with an electrical resistivity of 18.2 MΩ 
cm at 298.15 K was used to calibrate the densitometer. Calibration of the 
refractometer was performed with ultrapure Millipore water. Capillaries 
of calibrated glass diameters of 1.59, 1.80, and 2.50 mm were used to 
measure the dynamic viscosity of ultrapure Millipore water using the 
falling ball principle. A viscosity standard provided by Anton Paar was 
used to calibrate the capillaries. NIST-certified fluid standards data were 
used to validate and confirm calibration procedures [33–36]. For mea
surements of DES viscosities, a capillary with a diameter of 1.80 mm was 
used. An average of three readings was taken for each temperature to 
ensure reliability, reproducibility, and accuracy of the measured DES 
densities, viscosities, and refractive indeces. This study measured 
refractive index data at a wavelength of 589.3 nm. As shown in 
Table S2, there is reasonable agreement between the calibration data 
and the reported literature data for the water system. Calibration un
certainty for viscosity, density, and refractive index was 0.00013 (0.01 
%) mPa.s, 0.00003 (0.003 %) g/cm3, and 0.00001 (0.001 %). DES 
thermophysical properties were determined at temperatures (298.15 to 
343.15) K with intervals of 5 K using the same instruments. For reported 
DES thermophysical properties, a relative standard uncertainty of 3.0 % 
was obtained for viscosity, and 1.7 × 10− 3 g/cm3 and 1.4 × 10− 3 for 
density and refractive index, respectively. A good agreement is observed 
between the thermophysical properties measured in this study (as 
shown in Table 1) and those reported in the literature [19,37,38].

2.1.3. Fourier transform infrared (FT-IR) spectroscopy analysis
A Fourier transform infrared spectrometer (FT-IR) model Tensor 27 

(Bruker, USA) equipped with an ATR accessory and OPUS software was 
used to identify the chemical functionalities of the HBA, HBD, and DES. 
Data was collected using Nicolet Omnic infrared spectroscopy software 
(version 8.0) in the 4000 to 600 cm− 1 range, with a resolution of 4 cm− 1 

and spectra were averaged over 32 scans to ensure spectral clarity. Data 

analyses were performed using ORIN8.0 software. Solid samples were 
prepared in potassium bromide (KBr) pellets before infrared illumina
tion, while liquid samples were cold-pressed between two KBr plates to 
form films for transmission measurements. Baseline correction and 
normalisation (at 1600 cm− 1) were applied as post-treatment to the 
spectra. Spectra from each sample were collected only once.

2.1.4. Nuclear magnetic resonance (NMR) spectroscopy analysis
Spectral nuclear magnetic resonance (NMR) measurements were 

performed to gain more insight into HBD, HBA, and DES, and to identify 
the chemical functionalities. The samples for NMR analysis were pre
pared by weighing and inserting 20 to 30 mg of HBD, HBA, and DES into 
the 5 mm tubes. A volume of 700 μL dimethyl sulfoxide (DMSO) was 
used as a solvent to dissolve these samples overnight under agitation 
(room temperature). In this case, DMSO was used as an internal refer
ence. A Bruker Avance Neo 500 MHz type spectrometer (supplied by 
Bruker Corp., SA) was used for 1H NMR analyses. Spectra were obtained 
using 16 scans at a resolution of approximately 0.1 ppm. A Bruker pulse 
software, TopSpin, was used to analyse the data (with pre-saturation to 
remove the water signals from spectra). Existing databases were used to 
assign proton resonances to the data.

2.1.5. Activity coefficient measurements
A Shimadzu GC-2014 gas chromatograph equipped with a thermal 

conductivity detector was used for the IDAC experiments. Two 0.5 m 
long stainless columns with an inner diameter of 4.1 mm were fitted in 
the GC, containing Shinwasorb-S (80/100 mesh) and helium gas as 
stationary and mobile phases, respectively. In this study, column prep
aration and packing were performed according to methods previously 
described in the literature [31,32]. Initially, both columns were cleaned 
with hot soapy water, rinsed with cold water, and flushed with acetone 
to shorten drying times before packing with solid support (Shinwasorb- 
S). The prepared DES was added to the pre-weighed amount of 
Shinwasorb-S in the round-bottom flask. Dichloromethane was added to 
the round-bottom flask as a dispersion promoter to assist with coating 
the solid support with the prepared DES. Dichloromethane was evapo
rated through the use of a vacuum pump. After drying, the mixture was 
placed in an oven drier set at 333.15 K for additional drying. An 8-h 
conditioning process was performed at 333.15 K to remove dichloro
methane from the packed column. The percentage mass fractions of DES 
used in the solvent column were 27.37 and 33.07. The experimental 
flow rate was measured at 10 and 20 ml/min using a bubble flowmeter 
placed after the thermal conductivity detector. Volumes of solutes 
injected ranged from 0.2 to 0.3 μL. The injector and detector were set at 
T = 523.15 K, which was above the boiling point of all solutes used in 
this study. An electronic barometer was used to measure the outlet 
pressure and the ambient temperature. A minimum of three repetitions 
were performed for each temperature (313.15, 323.15, 333.15, and 
343.15) K to ensure the reproducibility of the measurements.

Table 1 
DES’s [ChCl +1,3 Pdiol, with the molar ratio of ChCl to 1,3 Pdiol of 1:2] density 
(ρ), viscosity (μ), and refractive index (RI) as a function of temperature and 
atmospheric pressure at 101.3 kPa.a

T/K ρ/g.cm− 3 μ/mPa.s RI†

298.15 1.0849 62.163 1.4677
303.15 1.0809 51.360 1.4657
313.15 1.0761 35.514 1.4634
323.15 1.0709 24.413 1.4609
333.15 1.0656 18.744 1.4585
343.15 1.0602 – 1.4559

a Standard uncertainties u (0.68 level of confidence) are u(ρ) = 1.7 × 10− 3 g/ 
cm3, u(RI) = 1.4 × 10− 3, u(T) = 0.01 K, u(p) = 2.0 kPa and u(DES molar ratio) =
0.006. Relative standard uncertainty ur(μ) = 3.0 % of measured values. †

Wavelength (λ) = 589.3 nm.
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2.2. Testing and validation of the GLC technique

A GLC technique was validated using hexadecane as a stationary 
phase and n-hexane, cyclohexane and benzene as solutes at 313.15 K 
and 101.3 kPa. In our previous work [31], we reported the test system 
data using the same column. Experimental data for test systems (n- 
hexane, cyclohexane and benzene) reported in Table S3 demonstrated 
acceptable deviations (5.53, 3.17 and 2.61 %, respectively) against data 
from the literature. It was determined that the GLC technique used is 
reliable by comparing the obtained results’ relative error with those 
reported in the literature [39–45].

3. Thermodynamic theoretical calculation

Infinite dilution activity coefficients: Solute’s (1) IDAC data in 
solvent (3) was determined using eq. 1 below [46]: 

lnγ∞
13 = ln

(
n3RT
VNP*

1

)

−

(
B11 − v*

1
)
P*

1

RT
+

(
2B12 − v∞

1
)
J3

2Po

RT
(1) 

where γ∞
13 n3, R, VN, Po and P1

*, respectively, denote the activity co
efficient of solute (1) at infinite dilution in the stationary phase (3), 
number of moles of DES in the column packing, ideal gas constant; net 
retention volume of solute obtained in Eq. 2; column outlet pressure 
which is equal to the atmospheric pressure; saturated vapour pressure of 
the solute (1) at temperature T, obtained through Antoine equation 
[47,48]. The second and third terms serve as the correctional terms for 
the nonideality of the mobile phase at effect pressure. B11 and B12 are the 
second virial coefficient of the pure solutes (1) and cross virial coeffi
cient between the solute (1) and carrier gas (2), respectively [49,50]. v*

1 
and v∞

1 are the molar volume of the solute (1) and partial molar volume 
of the solute at infinite dilution in the solvent (v*

1 ≅ v∞
1 ), respectively. J3

2 
denotes the pressure correction factor obtained in Eq. 3 [46]. The pa
rameters used to determine γ∞

13 were obtained from various thermody
namic tables, given by [47,48].

The net retention volume of the solute (1) VN, was determined using 
the following equation given by [51]: 

VN =
(
J3

2
)− 1Uo(tR − tG)

Tcol

Tf

(

1 −
P*

w
Po

)

(2) 

where tR, tG, Uo, Tcol, Tf , and P*
w, respectively, denote the retention time 

for the solute, the retention time for the unretained gas, the flow rate of 
helium gas measured at the column outlet using a bubble flow meter, 
column temperature, flow meter temperature, and the saturated vapour 
pressure of water at Tf . The modified Antoine or Wagner equations were 
used to calculate saturated vapour pressures for all solutes based on their 
applicability ranges [47,48]. The pressure correlation term is given by 
Everett, 1965, as follows: 

J3
2 =

(
2
3

)

⎡

⎢
⎢
⎢
⎣

(
Pi
Po

)3

− 1
(

Pi
Po

)2

− 1

⎤

⎥
⎥
⎥
⎦

(3) 

where Pi and Po denote the pressure inlet and outlet at the column of the 
GC.

Using thermodynamic functions, we further evaluated the impact of 
temperature on intermolecular interactions and IDAC values. This is to 
clearly assess the effect of changing the system temperature on the 
dissociation of the solute and the required energy to break its interaction 
with the solvent. In this case, the excess partial molar enthalpy (ΔHi

E,∞), 
excess partial molar Gibbs energy (ΔGE,∞

i ), and excess partial molar 
entropy (TrefΔSE,∞

i ) at infinite dilution for all organic solutes in DES were 
calculated by decomposing lnγ∞

13 in eq. (1) into these thermodynamic 
functions. From eq. (1), ln γ∞

13could be split into its respective ΔHi
E,∞ and 

TrefΔSE,∞
i contributions: 

lnγ13 =
ΔHE,∞

i

RT
−

ΔSE,∞
i

R
(7) 

From the slope and intercept of the linear temperature dependence, 
we calculated the two thermodynamic properties (ΔHE,∞

i = Ra and 
ΔSE,∞

i = − Rb) as follows: 

lnγ∞
13 =

a
T
+ b (8) 

In eq. (8) above, a represents the slope, and b represents the inter
cept. From the equation below, partial molar excess Gibbs energies were 
calculated [52]: 

ΔGE,∞
i = RTln

(
γ∞

13
)
= ΔHE,∞

i − TrefΔSE,∞
i (9) 

This equation reflects different interactions between solutes and 
solvents and the change in enthalpy and entropy during the dissolution 
process, as shown in Gibbs− Helmholtz Eq. (9).

Gas-liquid partition coefficient (KL), which are determined by the 
thermodynamic properties of the solute in the two phases, play an 
important role in gas-liquid partition chromatography. For the KL to be 
determined, DES density must be known. The gas-to-liquid partition 
coefficient, KL = CL/CG for a solute (1) partitioning between a carrier 
gas (2) and a solvent (3) was calculated from solute retention data ac
cording to the following Eq. (10): 

lnKL = ln
(

VNρ3

m3

)

−
PoJ3

2
(
2B12 − V∞

1
)

RT
(10) 

where m3 denotes the mass of DES in the column packing.

4. Results and discussion

4.1. Formation, verification and functional group analysis of DES and 
precursors

In this study, the prepared DES was assessed if it met the first basic 
criterion of solvent for IDAC measurements (must be in liquid state at 
experimental temperature ranges) prior to its use for further research. 
After cooling prepared DESs (1:1 and 1:2 M ratios) to room temperature, 
DES formed at a 1:1 M ratio solidified. In contrast, a molar ratio of 1:2 
was a colourless, transparent liquid at room temperature and experi
mental temperature ranges. This leads to the conclusion that a 1:1 M 
ratio is not recommended for DES-based separation processes governed 
by liquid–liquid or vapour–liquid equilibria. Therefore, the sample was 
discarded for further consideration in this study. On the other hand, 
selected DES (1:2), which forms a liquid at room temperature, is easy to 
handle for intended practical applications. This ratio will be more 
practical for liquid–liquid system applications. In this case, the system 
should be at a temperature as far as possible from freezing. Functional 
groups should exist in their original forms when DES is formed, as no 
chemical reactions occur during preparation. This observation was 
confirmed using two analytical methods: FT-IR and NMR spectroscopy. 
These analytical methods were used to check the characteristic func
tional groups of the HBD and HBA present, and to confirm their presence 
in the resulting DES. Figs. S1, S2 and S3 present the FT-IR and NMR 
spectra of the HBD, HBA and the formed DES, respectively.

1,3 Pdiol (Fig. S1a) FT-IR spectra show a characteristic stretching 
vibration peak at 2989 to 3601 cm− 1 associated with the hydroxyl 
group, while the symmetric bending vibration peak of the carbon‑hy
drogen Sp3 bond, which is more defined and wider than that of ChCl, is 
at 2982 to 2777 cm− 1. FT-IR spectra of ChCl (Fig. S1b) show a char
acteristic stretching vibration peak at 1480 cm− 1 for methyl groups of 
the trimethyl ammonium (CH3)3N+ ion, 1081 cm− 1 for carbonyl (C=O) 
groups and 1141 cm− 1 for N+Cl− (quaternary ammonium or C–N 
groups). A symmetric bending vibration peak of CH3 is located at 2948 
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to 3038 cm− 1, and a stretching vibration peak of OH is located at 3038 to 
3616 cm− 1. The peak with 950 cm− 1 wavenumber can be attributed to 
the C–N group from the choline chloride. The results are consistent with 
those of the NIST database and literature [18,53–57]. The shifts in 
wavenumbers of DES compared to its precursors can indicate molecular 
interactions that occurred in its formation (Fig. S1c). The absorption 
peaks of C––O and OH have shifted from their original positions. The 
C––O and OH groups shifted to 1133 and 3298 cm− 1, respectively. An 
explanation for this observed behaviour is the molecular interaction 
between the 1,3 Pdiol OH group and the one from ChCl that stretches the 
protons in the OH group. A shift of the N+Cl− absorption vibration peak 
of ChCl in DES from 1141 to 1170 cm− 1 has also been observed. This 
phenomenon shows that DES is formed by hydrogen bonds between 
C––O on 1,3 Pdiol and N+Cl− on ChCl. The FT-IR analysis proves that 
DES components form the eutectic mixture, and there is no sign of a 
chemical reaction. We examined 1H NMR (Figs. S2 and S3) as an 
alternative method for assessing intermolecular interactions to validate 
this conclusive statement. Fig. S3 shows that the ChCl and 1,3 Pdiol 
peaks in deuterated DMSO are chemically shifted, reflecting changes in 
the electronic environment due to hydrogen bonding. ChCl peaks appear 
only at 3.1397 (9H, Hd), 3.3913–3.4479 (m, 2H, Hc), 3.8905 (m, 2H, 
Hb) and 54,395–5.4561 (m, 1H, Ha). Chemical shifts for 1,3 Pdiol are 
1.5008–1.5436 (m, 2H, H1), 3.7972 (m, 1H, H1a) and 4.6000–4.6171 
(m, 2H, H2).

4.1. Physico-chemical properties of DES

This study measured the solvent’s thermophysical properties (den
sity, viscosity, and refractive index) for prepared DES at temperatures 
ranging from 293.15 to 343.15 K at a pressure of 101.3 kPa. A ther
mophysical property such as density or viscosity is crucial to any ap
plication’s design, operation, and optimisation. To the best of our 
knowledge, information about the measured thermophysical properties 
of alkane-diol-based DES at a molar ratio of 1:2 within the considered 
temperature range is still scarce [58,59]. Conversely, very few studies 
reported the thermophysical properties of alkane-diol-based DESs. 
These studies reported density and viscosity values for alkane-diol-based 
DES at lower molar ratios (<1:2) within the same temperature range 
[18,19,23,37,60].

A density measurement is vital for many fluid mechanics calcula
tions, mass transfer calculations, and the design of chemical processes. It 
is possible to use properties derived from density, such as thermal 
expansion coefficients or compressibility coefficients, to determine the 
structure of a liquid and its interactions. According to the literature, 
DESs exhibit higher densities than water and highly depend on tem
perature. All recorded densities of prepared DES ranged from 1.0849 to 
1.0602 g/cm3 (for comparison, water density is 0.9980 g/cm3 at room 
temperature) [35]. A typical range of DES densities reported in the 
literature [18,19,23,37,58–60] aligned with the experimental findings, 
showing that DES has a higher density than water. The densities of the 
precursors also fit within this range. These values lie between the used 
precursors’ room temperature densities (ChCl = 1.1856 g/cm3 and 1,3 
Pdiol = 1.053 g/cm3). There is good agreement between the density 
reported in this study (1.0849 g/cm3) at T = 298.15 and those reported 
by Ozturk and Gonzalez-Miquel [59] (1.08500 g/cm3), Pandian et al. 
[58] and (1.08481 g/cm3) at a molar ratio of 1:2. It is also examined how 
the molar ratio and temperature affect the density of the solvent. As 
shown in Fig. S4, densities decrease with increasing temperature. The 
higher molar ratio (1:2) appears to exhibit higher density compared to 
the other molar ratios (1:3 to 1:6), as shown in Fig. S2, which was also 
reported in the literature [19,37,60]. On the other hand, disparities were 
discernible in the data (1:5 M ratio) submitted by Huang et al., and 
Gajardo-Parra et al. [19] claimed that no variations with temperature 
were observed in the measured density at high temperatures (T >
328.15 K). Nonetheless, Huang et al.’s [37] data exhibit the temperature 
dependence behaviour, consistent with our findings.

Knowledge of DES’s viscosity may lead to the proper selection of the 
optimum ratio of HBA and HBD suitable for a particular application and 
consequently save material and energy. Moreover, this property is vital 
in designing DESs, as it could influence the hydrodynamic processes in 
all applications. At room temperature, DESs are liquids, making them 
easy to handle and suitable for many different applications in industry. 
Chemical composition, water content, and temperature all influence the 
viscosity of DES. In general, DES viscosity profiles follow the same trend 
as that of ILs. At room temperature, the viscosity value of 62.163 mPa.s 
was the highest. Compared with literature data, this value agrees with 
that reported by Pandian et al. [58] (67.0 mPa.s) at the same tempera
ture and molar ratio. DESs with high viscosity are not recommended for 
liquid–liquid extraction, for example. Preheating and pumping re
quirements will be higher for a viscous DES. A strong hydrogen-bond 
network may be formed among DES components that account for 
these high viscosity values, thereby reducing the mobility of organic 
solutes within the DES matrix. It is possible that other forces, such as 
electrostatic interactions or van der Waals forces, are also contributing 
to their high viscosity. As shown in Fig. S5, viscosity values decrease as 
temperature increases, as interactions between components of DESs 
weaken. It is clear from this trend that DES is sensitive to thermal 
fluctuations. Lower viscosities at higher temperatures will likely 
enhance mass transfer rates in thermally driven processes. As a result of 
the observed behaviour, it can be concluded that temperature has a 
notable impact on the rheological properties of DES, and that elevated 
temperatures reduce cohesive forces within the solvent matrix. Thus, 
highly viscous DESs cannot be used for practical purposes at ambient 
conditions but could be considered for technical applications at higher 
temperatures. As illustrated in Fig. S5, this study supports the findings 
of Gajardo-Parra et al. [19], where the higher molar ratio (1:3) exhibited 
greater viscosity than other molar ratios (1:4 to 1:6). On the other hand, 
viscosity values at the same molar ratio published by Gajardo-Parra et al. 
[19] and Huang et al. [37] differ marginally. Variations in water con
tents could be the cause of this.

Knowing the refractive indices of DESs is necessary for determining 
their possible applications in industrial and chemical processes. As a 
measure of the electronic polarizability of a medium, RI provides 
essential information about its identification, purity, and molecular in
teractions. In Table 1, the refractive indices of prepared DES are re
ported at varying experimental temperatures. RIs of materials generally 
decrease with increasing temperature due to reduced polarizability. The 
investigated DES exhibited higher RI values at T = 298.15 K, which 
changed slightly in all temperatures. Higher RI values were observed for 
the studied DES at T = 298.15 K (for comparison, water RI is 1.3328 at T 
= 298.15 K). Other studies did not investigate the effects of molar ratios 
on the RI of alkane-diol-based DES.

According to the physicochemical data reported in this study, taking 
advantage of DES’s being less dense and viscous than other well-studied 
choline-based DESs published in the literature [18,19,23,37,58–60] 
suggests its suitability for many applications. Depending on the intended 
application, the advantage of being miscible with water would further 
enhance its benefit.

4.2. Activity coefficients at infinite dilution and other thermodynamic 
properties

The infinite dilution activity coefficient values of the 32 solutes were 
measured using two columns with percentage mass fractions of DES of 
27 % and 33 %, respectively, and are listed in Tables S4 and S5. The 
average values of the two columns are presented in Table 2, and illus
trated in Fig. 2 with the temperature ranging from T = (313.15 to 
343.15 K) at 10 K intervals.

For a given chemical, IDAC values increase with increasing alkyl 
chain lengths in homologous series for the studied organic solutes in 
DES. It is observed that when the temperature increases, IDAC decreases 
for most solutes except for acetonitrile, esters, alkanols, and heterocyclic 
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compounds. Nonpolar compounds exhibit greater IDAC values than 
polar compounds at the same temperature. Similar behaviour is also 
observed for the substituted alkane chains of aromatic hydrocarbons. 
For instance, ethylbenzene (γ∞

13 = 83.739, at T = 313.15 K) has a higher 
IDAC value (approximately 2-fold) than toluene (γ∞

13 = 46.749, at T =
313.15 K). The alkyl chain attached to ethylbenzene makes it more 
lipophilic, which reduces the affinity between the solute and solvent. 
The addition of alkyl chains to organic solutes increases their lip
ophilicity. Alkanes have the highest IDAC values among the 11 organic 
groups measured. For example, at 313.15 K, the IDAC sequence of the 
series for the solutes was as follows: alkanes (n-nonane, 1131.758) >
alkenes (n-dec-1-ene, 1044.189) > cycloalkane (cyclooctane, 488,247) 
> alkynes (oct-1-yne, 216.664) > aromatics (p-xylene, 103.788) > esters 
(ethyl acetate, 244.28) > ketones (propan-2-one, 21059) > alcohol 
(propan-2-ol, 4.732) > water (4.563) > heterocyclics (pyridine, 4.048) 
> nitrile (0.570). This effect can be attributed to the short alkyl chains 
(-CH2-) in precursors (HBD and HBA) used in the preparation of DES. 
The presence of few alkyl chains in both precursors does not allow for 
the strong van der Waals forces interactions with the alkanes, thus 
indicating the insolubility of solutes in DES. Additionally, observed 
lower IDAC values are attributed to organic solutes with higher inter
action strengths with DES due to multiple bonding, cyclic or branched 
structures, or aromatic rings. Water had a low IDAC value (γ∞

13 = 0.570, 
at T = 313.15 K), indicating strong interaction with the DES. This 
occurred due to the replacement of the homogeneous intramolecular 

hydrogen bonding of water molecules with more favourable heteroge
neous intramolecular hydrogen bonding between water and DES con
stituents, causing them to be more soluble in the DES and resulting in 
longer retention times. Triple bonds exhibit stronger molecular in
teractions with DES constituents than double bonds. IDAC values for n- 
alkanes are higher than those for their cycloalkane counterparts. The 
observed behaviour results from molecular packing and spatial accom
modation of cyclic structures within the DES matrix, resulting in 
enhanced van der Waals interactions and improved solute-solvent in
teractions. Branched chains, cyclisation, and double and triple bonds in 
organic solutes with the same number of carbon atoms increase their 
polarity and reduce their IDAC values. As cyclisation, or the double- 
stranded structure in the solute, results in asymmetrical charge distri
bution and enhanced polarity, the interaction between the solute and 
DES will be enhanced. In comparison to alkanes, aromatic compounds 
have lower IDAC values. Aromatic hydrocarbons exhibit this behaviour 
due to six delocalised pi-electron structures, which cause them to 
interact strongly with DES. Among xylenes, o-xylene has the smallest 
IDAC value. This phenomenon is caused by the difference in the induced 
dipole moment on the o-xylene molecule and the adjacent methyl 
groups. Therefore, the constituent molecule deviates from its original 
position due to intermolecular interactions. Other polar solutes (e.g., 
esters, ketones, heterocyclics, etc.) have lower IDAC values than al
kanes, cycloalkanes, and aromatics, indicating they interact closely with 
DES. These organic solutes exhibited behaviour due to their organic 
structures, which are either composed of cation (N+) or lone pairs of 
oxygen atoms (O). Alcohols are an example of these interactions, which 
are seen with low IDAC values in DES. The hydroxyl group (OH) oxygen 
atom interacted with DES’s cation (N+) because of its two free electrons. 
Furthermore, the hydroxyl (OH) ions have a high affinity for anions, 
making OH-containing molecules to be more soluble in DES. Straight- 
chain alcohols also increase their IDAC values with length, similar to 
the law of alkanes. Alkyl chains contribute to this effect by enhancing 
the intermolecular interactions among alcohol molecules. As a result, 
stronger dipole–dipole forces occur between the alcohols and the DES, 
leading to decreased dispersive interactions. The molecular structure of 
ketones and acetonitrile was observed to be affected by the lone pair 
electrons of oxygen and nitrogen. In ketones, low IDAC values are 
attributable to hydrogen bonding between the hydroxyl molecules 
attached to the precursors of DES and the O atoms. Similarly, the ni
trogen atom in acetonitrile interacted strongly with the hydroxyls 
attached to the precursors of DES, where lone pairs are present on the 
oxygen atoms.

As seen in Table 2, the system temperature strongly influences IDAC 
values of the investigated solutes. Table 3 presents the calculated ther
modynamic properties at infinite dilution at 323.15 K. The IDAC values 
for most solutes in DES decrease as temperature increases, indicating an 
endothermic mixing process with poor solubility. A detailed analysis 
using excess thermodynamic properties is presented later in this section 
to explain further and support the observed behaviour. Solvation energy 
and interaction energy between DES and solute could better explain this 
phenomenon, as the solvation energy was higher than the interaction 
energy. This is due to weaker molecular interactions between solutes 
and DESs than between solute and solute. Conversely, alkanols, esters, 
water, and heterocyclics showed ΔHi

E,∞ values lower than zero, 
consistent with their increasing IDAC values as temperature increases. In 
these solutes, the ΔHi

E,∞ values are negative, which indicates that the 
molecules in the solute intermolecularly interact strongly with those of 
the DES. It is evident from this that these solutes and DES deviate from 
Raoult’s law negatively. In the DES matrix, the observed negative values 
indicate the exothermic nature of the mixing process, which indicates 
favourable solute–solvent interactions. According to Table 3, all organic 
solutes except cyclopentane, cyclohexane, and cycloheptane have 
negative TrefΔSE,∞

i values. In this regard, the observed behaviour sug
gests an increase in molecular ordering relative to an ideal solution, 

Table 2 
The experimental average activity coefficients (γ∞

13) measured at infinite dilution 
for selected organic solutes (1) and water in the DES [ChCl +1,3 Pdiol, with the 
molar ratio of ChCl to 1,3 Pdiol of 1:2] (3) at T = (313.15, 323.15, 333.15 and 
343.15) K. Solute standard states are hypothetical liquids at zero pressure.a

Solute T/K

​ 313.15 323.15 333.15 343.15
n-hexane 626.0 583.9 520.7 467.8
n-heptane 905.8 860.0 816.7 755.2
n-octane 1067 1022 978.8 955.6
n-nonane 1132 1111 1102 1092
hex-1-ene 333.6 315.9 296.8 272.9
hept-1-ene 531.9 509.5 485.5 467.1
dec-1-ene 1044 1036 1021 1002
hex-1-yne 75.10 73.26 71.88 69.83
hept-1-yne 167.8 162.2 157.2 147.8
oct-1-yne 216.7 213.9 211.1 207.4
cyclopentane 168.2 114.4 90.78 67.75
cyclohexane 258.5 205.3 174.1 138.9
cycloheptane 305.0 248.3 204.5 166.2
cyclooctane 478.2 414.4 341.0 286.7
benzene 26.83 25.56 24.64 23.62
toluene 46.75 46.31 44.96 43.86
ethylbenzene 83.74 81.90 79.82 77.24
m-xylene 90.58 88.15 86.69 85.49
o-xylene 85.04 82.42 80.32 78.10
p-xylene 103.8 99.85 96.38 94.52
acetone 7.225 7.194 7.152 7.121
butan-2-one 12.89 12.74 12.63 12.51
pentan-2-one 21.06 20.98 20.94 20.91
methanol 1.623 1.613 1.604 1.594
ethanol 2.899 2.935 2.979 3.003
propan-1-ol 4.411 4.449 4.528 4.568
propan-2-ol 4.732 4.837 4.973 5.040
methyl acetate 13.20 13.28 13.43 13.54
ethyl acetate 24.43 24.69 25.05 25.34
pyridine 4.048 4.237 4.499 4.670
thiophene 13.08 13.14 13.21 13.28
acetonitrile 0.570 0.598 0.616 0.638
water 4.563 4.493 4.420 4.365

a Standard uncertainties u (0.68 level of confidence) are u(p) = 2.0 kPa, and u 
(T) = 0.05 K and u(DES mole percent) = 0.01. Relative standard uncertainty 
ur(γ∞

13) = 8 % (for cyclopentane, cyclohexane, n-hexane, and hept-1-yne are 59, 
38, 16, and 16 %).
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likely due to a reduction in the number of independent kinetic units 
caused by the net formation of hydrogen bonds.

The ΔGE,∞
i value of water is less than zero; those of the other solutes 

are greater than zero. This indicates that the dissolution of water in DES 
is more favourable than ideal mixing when the ΔGE,∞

i is negative. In 
contrast, positive values suggest that mixing may remain favourable, 
though to a lesser extent than in the ideal scenario. The ΔGE,∞

i values 
increase with carbon atoms for linear alkanes, corresponding to the 
IDAC data. The ΔGE,∞

i value of n-nonane is the highest (18.259 kJ/mol), 
and the value of water (− 1.338 kJ/mol) is the lowest among all solutes 
at Tref = 323.15 K. For n-alkanes, ΔGE,∞

i values are higher, meaning the 

interaction between the solutes and DES is weaker. With water, a polar 
solute with lone pairs of O atoms forms strong hydrogen bonds with 
solvents (i.e., DESs and ILs) due to delocalised electrons and polar 
groups.

Table 4 lists the KL values of all solutes at corresponding tempera
tures. It was evident that KL followed a similar trend to γ∞

13. Components 
with high KL values indicate that their concentration in the stationary 
phase is large, and they have a long retention time. An opposite situation 
occurs when KL is small. In all cases, KL values decreased with increasing 
temperature. Compared to other solutes, n-alkanes have a lower KL 
value, which indicates low solubility in the DES. Observed behaviour 
occurs because solutes volatilise more easily at higher temperatures, 

Fig. 2. The plots of ln (γ∞
13) values for selected organic solutes in DES (3) investigated at 101.3 ± 2 kPa and varying temperatures.
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resulting in lower KL values. Compared with nonpolar solutes, polar 
solutes displayed higher KL values, as DES-charged particles formed 
stronger electrostatic and hydrogen-bonding interactions with them. In 
this case, solute symmetry affects the polarity of the solute. Symmetric 
solute structure has a lower polarity and a smaller KL value. Propan-2-ol 
had the highest KL value (413.946) at 313.15 K, whereas n-hexane had 
the lowest (1.305). Propan-2-ol has poor symmetry and higher polarity, 
which makes it highly soluble and has a high KL value in DES, owing to 
the asymmetry of its structure. A strong interaction between polar 
molecules and DES underscores the greater relevance of KL values in 
polar solutes compared to nonpolar solutes. In both n-alkanes and 
straight-chain alcohols, as long as their structures are similar, their KL 
values increase with the carbon number. Introducing double-bonded or 
ring structures increases the KL values of organic solutes with the same 
number of carbon atoms. Solutes and DES interact better when this 
group (i.e., double-bonded or ring) is present.

4.3. Evaluation of DES separation potential on industrial mixtures

Selectivity (S∞
ij = γ∞

i /γ∞
j ) and capacity (k∞

j = 1/γ∞
j ) at infinite 

dilution are among the most important parameters for designing an 
effective extraction process involving binary azeotropic or near- 
azeotropic, close-boiling mixtures. Specifically, S∞

ij measures solvent 
separation ability, whereas k∞

j measures solvent dissolution ability. A 
high S∞

ij value corresponds to a low investment cost. k∞
j measures the 

amount of extractant used in a separation process. Significant differ
ences in the activity coefficient at infinite dilution values must be pre
sent if the components are to be separated. The typical separation 
problems selected were mixtures of aliphatics – aromatics (represented 
by heptane − benzene mixture), desulphurisation of liquid fuel (repre
sented by heptane – thiophene mixture), oxygenation additive (hexane – 
ethanol), ethyl propionate raw material (cyclohexane – ethanol) and 
octane – acetonitrile. S∞

ij and k∞
j for selected industrial separation 

problems are shown in Table 5 at T = 323.15 K. In the chemical industry, 
aliphatic and aromatic hydrocarbon separation is crucial. DES examined 
in this study reveals the highest value of S∞

ij . This value is twice that of 
TPABr +1,6 Hdiol (10.4), and three times higher than that of TMACl 
+1,6 Hdiol (7.3) and ChCl +1,5 Pdiol (6.6) [29,61,62]. The results of 
this current study indicate that DES can be used as a highly effective 
selective solvent for separating substances with large polarity differ
ences. A comparison of the k∞

j for benzene (0.04) at T = 323.15 K for the 
same separation problem is much higher than the value reported for 
ChCl +1,5 Pdiol (0.03) [29], but much lower than for 1,6 Hdiol (0.20) 
[32]. The amount of DES required for extraction would be large, 
resulting in a higher energy requirement for solvent extraction and 
solvent recovery. Fuel desulphurisation is another critical issue. In the 
heptane/thiophene extraction process, the investigated DES has a 
slightly higher S∞

ij (44.4), which is on an average level. Comparing the 
S∞

ij values of DES obtained in this work with those reported earlier, it is 
found that the S∞

ij of heptane/thiophene is four times lower than the S∞
ij 

for TPABr +1,6 Hdiol (173.6) [61]. The second and third best are also 

Table 3 
Coefficients a and b of Eq. (8), limiting partial molar excess enthalpies (ΔHE,∞

i ), 
entropies (TrefΔSE,∞

i ), and Gibbs free energies (ΔGE,∞
i ) for organic solutes in DES 

[ChCl +1,3 Pdiol, with the molar ratio of ChCl to 1,3 Pdiol of 1:2] at a reference 
temperature T = 323.15 K and p = (101.3 ± 2) kPa.a

Solute a b ΔHE,∞
i TrefΔSE,∞

i ΔGE,∞
i

​ ​ K kJ.mol− 1 kJ.mol− 1 kJ.mol− 1

n-hexane 1.06 3.07 8.81 − 7.78 16.6
n-heptane 0.64 4.77 5.32 − 12.3 17.6
n-octane 0.41 5.68 3.36 − 14.7 18.0
n-nonane 0.12 6.64 1.03 − 17.2 18.3
hex-1-ene 0.71 3.54 5.93 − 9.06 15.0
hept-1-ene 0.47 4.77 3.91 − 12.3 16.2
dec-1-ene 0.15 6.48 1.23 − 16.8 18.1
hex-1-yne 0.25 3.51 2.12 − 9.06 11.2
oct-1-yne 0.16 3.73 1.29 − 12.7 14.0
cyclopentane 3.18 4.89 26.5 14.1 12.3
cyclohexane 2.18 − 1.40 18.10 4.24 13.9
cycloheptane 2.17 − 5.06 18.0 3.64 14.4
cyclooctane 1.86 − 1.19 15.4 − 0.26 15.7
benzene 0.45 1.85 3.75 − 4.69 8.44
toluene 0.24 3.10 1.96 − 8.02 9.99
ethylbenzene 0.29 3.51 2.39 − 9.08 11.5
m-xylene 0.21 3.85 1.70 − 9.96 11.7
o-xylene 0.30 3.48 2.51 − 8.97 11.5
p-xylene 0.34 3.55 2.83 − 9.16 12.0
acetone 0.05 1.81 0.44 − 4.70 5.14
butan-2-one 0.11 2.22 0.87 − 5.75 6.63
pentan-2-one 0.03 2.97 0.21 − 7.71 7.92
methanol 0.06 0.28 0.52 − 0.72 1.25
ethanol − 0.13 1.48 − 1.07 − 3.88 2.80
propan-1-ol − 0.13 1.90 − 1.10 − 4.98 3.89
propan-2-ol − 0.23 2.30 − 1.94 − 6.05 4.10
methyl acetate − 0.10 2.88 − 0.79 − 7.52 6.73
ethyl acetate − 0.13 3.62 − 1.11 − 9.46 8.35
thiophene − 0.06 2.75 − 0.46 − 7.17 6.71
pyridine − 0.53 3.08 − 4.37 − 8.14 3.76
acetonitrile 0.16 1.01 1.34 − 2.58 3.91
water − 0.40 0.70 − 3.29 − 1.95 − 1.34

a Standard uncertainties u (0.68 level of confidence) are u(p) = 2.0 kPa, u(T) 
= 0.05 K, u(DES mole percent) = 0.01 and u(ΔHE,∞

i , ΔGE,∞
i , TrefΔSE,∞

i ) = 0.05 kJ/ 
mol. Relative standard uncertainty ur(γ∞

13) = 8 % (for cyclopentane, cyclo
hexane, n-hexane, and hept-1-yne are 59, 38, 16, and 16 %).

Table 4 
The experimental (gas–liquid) partition coefficients KL for the solutes and water 
(1) in DES [ChCl +1,3 Pdiol, with the molar ratio of ChCl to 1,3 Pdiol of 1:2] (3) 
at T = (313.15, 323.15, 333.15 and 343.15) K and p = (101.3 ± 2) kPa.a

Solute T/K

​ 313.15 323.15 333.15 343.15
n-hexane 1.305 0.992 0.813 0.681
n-heptane 2.692 1.905 1.390 1.070
n-octane 6.452 4.316 2.989 2.094
n-nonane 16.83 10.50 6.718 4.448
hex-1-ene 2.018 1.540 1.215 1.003
hept-1-ene 3.711 2.651 1.958 1.470
dec-1-ene 44.12 25.68 15.69 9.986
hex-1-yne 11.93 8.527 6.213 4.679
oct-1-yne 15.23 10.59 7.595 5.752
cyclopentane 33.87 21.75 14.47 9.994
cyclohexane 1.556 1.510 1.319 1.319
cycloheptane 7.532 7.701 6.934 6.799
cyclooctane 16.19 13.08 10.77 9.254
benzene 35.16 24.73 18.99 14.79
toluene 50.30 35.53 25.61 19.14
ethylbenzene 79.16 53.10 37.47 27.01
m-xylene 117.4 76.47 51.60 36.12
o-xylene 126.7 82.04 54.37 37.08
p-xylene 169.5 112.9 71.81 51.01
acetone 107.6 73.02 47.47 33.85
butan-2-one 72.93 52.14 38.27 28.69
pentan-2-one 99.50 68.74 48.73 35.47
methanol 131.5 88.48 61.12 43.29
ethanol 260.8 163.7 106.0 70.50
propan-1-ol 253.9 166.9 113.1 78.14
propan-2-ol 413.9 248.8 154.3 98.99
methyl acetate 196.0 119.4 74.96 48.82
ethyl acetate 41.60 29.25 21.01 15.53
thiophene 48.01 32.50 22.56 16.15
pyridine 110.7 75.52 53.01 38.22
acetonitrile 1202 743.4 468.0 310.6
water 285.3 200.4 144.5 106.2

a Standard uncertainties u (0.68 level of confidence) are u(p) = 2.0 kPa, u(T) 
= 0.05 K and u(DES mole percent) = 0.01. Relative standard uncertainty ur(γ∞

13) 
= 8 % (for cyclopentane, cyclohexane, n-hexane, and hept-1-yne are 59, 38, 16, 
and 16 %), and ur(KL) = 5 %.
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those for TMACl +1,6 Hdiol (90.8) and 1,6 HDiol (64.9). Despite the 
DES’s ease of separation capability for the heptane/thiophene system, 
its k∞

j (0.08) is very low compared to that of TMACl +1,6 Hdiol (1.29) 
[62]. Another interesting separation problem is the extraction of 
acetonitrile from octane, which holds significant relevance for a number 
of manufacturing industries, such as solvent recycling, solvent recovery, 
fine chemical synthesis, dye synthesis, and polymer synthesis. The 
highest value of S∞

ij has been measured for the tested DES (1709.2). The 
k∞

j value is higher (1.67) than that for 1,6 Hdiol (0.25) [32], indicating a 
lower amount of DES required as an extraction solvent. DES was further 
investigated as a designer solvent for extracting ethanol from hexane 
and cyclohexane in this study, which forms a minimum boiling azeo
trope with a mixture that deviates significantly from the ideal liquid 
phase behaviour of the solution. Among its uses in the petrochemical 
industry, extracted ethanol is an oxygenating additive to gasoline and a 
base for the manufacture of ethyl propionate. Investigated DES reveals 
promising results. The S∞

ij value for ethanol extraction from hexane 
(198.9) is higher than that of ChCl +1,5 Pdiol (102.5) [29]. Contrast
ingly, ethanol is extracted from cyclohexane (70.0) with greater effi
ciency but less than ChCl +1,5 Pdiol (94.6) [29]. Despite their attractive 
S∞

ij values, they are hampered by their poor k∞
j (0.34 and 0.49). This 

finding indicates that DES does not require as many equilibrium stages 
as other solvents for separating these selected components.

Conversely, to support this claim, a more in-depth experimental 
investigation (liquid− liquid or vapour− liquid equilibrium) should be 
conducted to assess solvent extraction capabilities at various solvent 
feed ratios and feed concentrations for the observed promising separa
tion problems. In this way, it will be possible to determine whether or 
not DES is a feasible alternative solvent. Since density and viscosity are 
DES-related issues, it is possible to understand their effects in these 
measurements.

5. Conclusion

The molecular interaction between [ChCl +1,3 Pdiol] DES and 32 
polar and nonpolar organic solutes was investigated using gas-liquid 
chromatography at a wide temperature range from T = (313.15 to 
343.15) K. It can be concluded from the results that the strength of the 
(solute + solvent) interactions strongly depends on the alkyl chain 
length and chain branching degree in the dissolved substance. Hetero
atoms increase the compound’s polarity, resulting in lower values of γ∞

13 
when present in the solute molecule. Partial molar excess thermody
namic functions and the gas-liquid partition coefficients at infinite 
dilution further explained the interaction patterns between DES and 
organic solutes. A physicochemical analysis of DES was conducted prior 

to its assessment to determine its nature as an extractant.
S∞

ij and k∞
j at infinite dilution, for common industrial separation 

problems, were calculated using the activity coefficients. The S∞
ij values 

for selected separation problems are quite high compared to other DESs 
reported in this work. Comparing the selectivity values of DES obtained 
in this work with those obtained previously for many diol-based DESs 
and industrial solvents shows a substantial and optimistic separation 
efficiency for these problems.
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Table 5 
Selectivities (S∞

ij ) and capacities (k∞
j ) at infinite dilution for several alkane-diol DESs at T = 323.15 K and p = (101.3 ± 2) kPa.a

Solvent S∞
ij / k∞

j

​ n-hexane/ benzene n-hexane/ ethanol n-heptane/ thiophene n-octane/ acetonitrile cyclohexane/ ethanol Reference
ChCl +1,3 Pdiol; [1:2] 22.8/0.04 198.9/0.34 44.4/0.08 1709.2/1.67 70.0/0.34 This work
EMPYR-Br + 1,5 Pdiol; [1:2] 2.3/0.77 – – – 8.7/3.33 [63]
1,6 Hdiol 4.3/0.20 20.6/0.95 64.9/2.18 9.86/0.25 12.7/0.95 [32]
TMACl +1,6 Hdiol; [1:1] 7.33/0.10 40.8/0.58 90.8/1.29 – 20.6/0.58 [62]
EMPYR-Br + 1,6 Hdiol; [1:2] 1.9/0.61 2.6/0.84 – – 2.0/0.84 [64]
ChCl +1,5 Pdiol; [1:4] 6.6/0.03 102.5/0.49 18.6/0.08 – 94.6/0.49 [29]
TPABr +1,6 Hdiol; [1:2] 10.42/0.49 40.9/1.92 173.85/6.13 – 21.2/1.92 [61]

ChCl +1,3 Pdiol: Choline chloride +1,3 Propanediol.
{EMPYR-Br + 1,5 Pdiol: 1-ethyl-1-methylpyrrolidinium bromide +1,5 Pentanediol}.
{1,6 Hdiol: 1,6 Hexanediol}.
{EMPYR-Br + 1,6 Hdiol: 1-ethyl-1-methylpyrrolidinium bromide +1,6 Hexanediol}.
{ChCl +1,5 Pdiol: Choline chloride +1,5 Pentanediol}.
{TPABr +1,6 Hdiol: Tetrapropylammonium bromide +1,6 Hexanediol}.
{TMACl +1,6 Hdiol: Tetramethylammonium chloride +1,6 Hexanediol}.

a Standard uncertainties u are u(p) = 2.0 kPa, u(T) = 0.05 K and u(DES mole percent) = 0.01.
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