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A B S T R A C T   

In the present study, the new data of the infinite dilution activity coefficient for 32 different 
solutes in {1-ethyl-1-methylpyrrolidinium bromide +1,5-pentanediol}, [[EMPYR] Br + 1,5-PDO] 
DES, were measured using the gas liquid chromatography (GLC) method with pre-saturation of 
the helium gas. The list of selected solutes included alkanes, alkenes, alkynes, cycloalkanes, 
cycloalkenes, aromatics, ketones, alcohols, and water. Because the solvents were volatile at the 
temperatures used for measurements, pre-saturation was deemed necessary. The measurements 
were taken at temperatures T = (313.15–343.15) K and atmospheric pressure. Values of partial 
molar properties, i.e., enthalpy, entropy, and Gibbs free energy, were computed at a reference 
temperature of Tref = 333.15 K. Moreover, the values of capacity and selectivity relating to 
[[EMPYR] Br + 1,5-PDO] DES for different sets of binary systems that are normally problematic 
in the separation through solvent extraction or distillation were also computed. These include 
cyclohexane/benzene; acetone/methanol; and hexane/benzene. The obtained data in the present 
work was then compared to the literature data, at similar temperatures. Thus, the thermody-
namical data is important for pre-selecting solvents for industrial purposes.   

1. Introduction 

The United Nations Commission on Environment and Development presented rules and guidelines to meet the needs of the present 
generation without compromising the ability of future generations to meet their needs, “sustainable development” [1,2]. The sus-
tainable development goals demand that all developments be environmentally acceptable, socially equitable, and economically viable 
[2,3]. Thus, chemistry, as a central science, covering chemical engineering, environmental science, agricultural science, forensic 
science, atmospheric science, solid-state physics, and biochemistry, to name a few, is key to this requirement. Furthermore, this brings 
forward the benefits of modern technology, which include the principles of green chemistry as well as green engineering [4–6]. To 
meet up with green chemistry and engineering requirements, green solvents were presented as future alternative over traditional 
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solvents, such as N-methyl-2-pyrrolidone, N-formaylmorpholine, acetone, glycerol, etc., in the chemical industry for various purposes 
[7–10]. This initiative was due to discovery of many drawbacks related to traditional solvents, which include non-recyclability, low 
thermal stability, low production yield, flammability, high purchasing costs, high energy, high volatility, and toxicity, in addition to 
many other environmental impact issues [11,12]. Green solvents are designed and developed based on green chemistry selection 
principles and guidelines to help mitigate the large number of drawbacks posed by industrial solvents. Several studies have reported on 
green chemistry selection guidelines, including [11–13]. Once more, the design and development of ionic liquids (ILs) and, lately, deep 
eutectic solvents (DESs) are based on green chemistry selection criteria. 

Ionic liquids (ILs) have been known since 1914. They are a class of salts with low melting points that can be achieved through the 
high bulkiness and asymmetry of the ions, thus avoiding the molecule packing from promoting crystallization [14–17]. Typically, ILs 
are made of large-size of nitrogen-containing cations such as ammonium, pyrrolidinium, pyridinium, imidazolium, piperidinium, or a 
phosphorus-containing cation such as phosphonium, mixed with an anion of weak coordination properties, e.g., organic anions and 
halogens [18,19]. The above list of cations allow for prominent characteristics of these solvents, including in-flammability, low 
volatility, low thermal stability, low vapour pressure, and some have low toxicity and biodegradability, as well as many environ-
mentally friendly benefits [20–22]. Nonetheless, lately scientific researchers have reported few limitations linked to ILs. These include 
high viscosity, toxicity, low-biodegradability, and high-cost synthesis [18,20,23–25]. Thus, this led to the proposition of deep eutectic 
solvents as a better alternative to both ILs and traditional solvents. 

Abbott and co-authors [26] invented deep eutectic solvents as an upgrade and/or a possible replacement to both ionic liquids (ILs) 
and traditional solvents. Deep eutectic solvents are a new-fangled class of solvent mixtures combining the characteristics of both ILs 
and traditional solvents, which include low volatility, non-toxicity, and biodegradability, to name a few [27–30]. Deep eutectic sol-
vents are classified into five groups or types, as displayed in Fig. 1. On the list of DESs, type III has drawn immense attention from 
scientific research due to the fact that type III is formed through hydrogen bonds, where the charge delocalization takes place through 
hydrogen bonds amongst the hydrogen bond donor (HBD) and the halide, resulting in a decrease in the freezing point of the mixture 
[31]. These solvents are made by pairing a complexing agent, generally a hydrogen bond donor (HBD), e.g., glycerol, ethylene glycol, 
urea, etc., with a quaternary ammonium salt (QAS), e.g., ammonium IL, etc., to attain ambient temperatures [32–37]. For these 
solvents to be adopted for various industrial purposes, the knowledge on their properties is required. As a result, the search aims to add 
data on the properties of these solvents. Moreover, thermodynamic properties as imperative tools for screening for suitable solvents in 
chemical industry are presented in this work. 

The experimental data on thermodynamic properties, particularly infinite dilution activity coefficients (IDACs) of organic solutes in 
deep eutectic solvents, is inadequate. Few studies have stated on excess thermodynamic data covering deep eutectic solvents [28,38, 
39]. Thus, this work presents the measurements of infinite dilution activity coefficients for 32 different organic solutes, including 
alkanes, alkenes, alkynes, cycloalkanes, cycloalkenes, heterocyclics, alcohols, ketones, and water in {1-ethyl-1-methypyrrolidinium 
bromide +1,5-pentanediol} DES at a molar ratio of 1:2. As mentioned, thermodynamic properties are imperative for the preselection of 
extracting solvents for various industrial purposes. The present study adopted the method from the previous work [28,29,39]. 

Moreover, the research of Li [39], the activity coefficients at infinite dilution of solutes in [choline chloride + 1,5-pentanediol] 
stationary phase using gas liquid chromatography (GLC), encouraged the use of 1,5-pentanediol (1,5-PDO) as a hydrogen bond donor 
(HBD) for this work. 

2. Experimental materials and methods 

2.1. Materials 

Table 1 displays all materials used in the experiments. The organic solutes were utilized exactly as supplied by the vendors because 

Fig. 1. Classification of deep eutectic solvents.  
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gas liquid chromatography (GLC) eliminates any unwanted components from the column. 

2.2. Deep eutectic solvent preparation 

The {[EMPYR]Br + 1,5-PDO} DES was prepared as a separating agent based on previous research [17,28,36,39]. Fig. 2 shows the 
structures of the components used during the preparation of the investigated deep eutectic solvent. A 1:2 mol fraction of 1-ethyl-1--
methylpyrrolidinium bromide and 1,5-pentanediol were mixed at room temperature to produce {[EMPYR]Br + 1,5-PDO} DES. The 
two components were carefully weighed using an analytical balance, and they were thoroughly blended into a round-bottom flask. A 
clear, homogeneous DES was produced after 4 h of vigorous mixing at 363.15 K. After that, any volatile species in the produced DES 
were removed using a rotary evaporator. The DES was kept in an airtight chamber to keep moisture out. The moisture content of the 
prepared DES was determined to be less than 350 x 10− 4 in mass fraction, by the Karl Fischer Auto Titrator. Lastly, the physical 
properties, density, and velocity of [[EMPYR] Br + 1,5-PDO] DES at different temperatures were compared between this work and the 
literature, to confirm the nature of the produced DES. 

2.3. Preparing a column 

The method used to prepare the columns was discovered in the literature by Refs. [29,40]. Based on this method, the chromosorb 
was spread out and blended with deep eutectic solvent using dichloromethane prior to packing. Dichloromethane was evaporated 
using a rotating evaporator. For packaging, a 1 m long stainless-steel column with a 4 mm internal diameter was used. The columns 
were cleaned with hot soapy water, then rinsed with distilled water, and finally dried with acetone. 

3. Infinite dilution activity coefficient data collection 

A gas chromatography equipped with a thermal conductivity detector was utilized to measure retention data for all 32 selected 
solutes in {[EMPYR] Br + 1,5-PDO} DES. The flow rate of the carrier gas, helium, was measured using a soapy bubble flow meter. 
Using an analytical balance, the masses of components, i.e., [EMPYR] Br, [1,5-PDO], and chromosorb (solid support material) were 

Table 1 
List of chemical reagents, suppliers, and purity.  

Chemical reagents Suppliers CAS No Purity Method Analysis 

1-pentyne Alfa Aesar 627-19-0 ≥0.99 GC 
1-hexyne Alfa Aesar 693-02-7 ≥0.98 GC 
1-heptyne Alfa Aesar 628-71-7 ≥0.99 GC 
1-pentene Merck 109-67-1 ≥0.99 GC 
1-hexene Merck 592-41-7 ≥0.99 GC 
1-nonane Sigma Aldrich 124-11-8 ≥0.99 GC 
1-decene Sigma Aldrich 872-05-9 ≥0.99 GC 
2,2-Dimethylbutane Sigma Aldrich 75-83-2 ≥0.99 GC 
Pentane Fluka 109-66-0 ≥0.98 GC 
Hexane Sigma Aldrich 110-54-3 ≥0.99 GC 
Heptane Sigma Aldrich 142-82-5 ≥0.99 GC 
Octane Sigma Aldrich 111-65-9 ≥0.99 GC 
n-nonane Sigma Aldrich 111-84-2 ≥0.99 GC 
n-decane Sigma Aldrich 124-18-5 ≥0.99 GC 
Cyclopentane Sigma Aldrich 287-92-3 ≥0.98 GC 
Cyclohexane Sigma Aldrich 110-82-7 ≥0.995 GC 
Methylcyclohexane Alfa Aesar 108-87-2 ≥0.99 GC 
Cyclooctane Merck 292-64-8 ≥0.99 GC 
Cyclopentene Sigma Aldrich 142-29-0 ≥0.96 GC 
Cyclohexene Sigma Aldrich 110-83-8 ≥0.99 GC 
o-xylene Fluka 95-47-6 ≥0.99 GC 
m-xylene Fluka 108-88-3 ≥0.99 GC 
p-xylene Fluka 106-42-3 ≥0.99 GC 
Benzene Alfa Aesar 71-43-2 ≥0.99 GC 
Toluene Sigma Aldrich 108-88-3 ≥0.995 GC 
Ethylbenzene Fluka 100-41-4 ≥0.99 GC 
Methanol Sigma Aldrich 67-56-1 ≥0.999 HPLC 
Ethanol Sigma Aldrich 64-17-5 ≥0.998 GC 
2-propanol Sigma Aldrich 71-23-8 ≥0.99 GC 
Butan-1-ol Saarchem 71-36-3 ≥0.99 GC 
Acetone Sigma Aldrich 67-64-1 ≥0.998 HPLC 
2-butanone Allied Signal 78-93-3 ≥0.999 GC 
Water Sigma Aldrich 7732-18-5 ≥0.999 HPLC 
1,5-pentanediol Merck  ≥0.99 GC 
1-ethyl-1-methypyrrolidinium bromide Sigma Aldrich 69227-51-6 ≥0.99 HPLC 
Helium Afrox SA – ≥0.999 GC  
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weighed with an accuracy of 0.0001 g. As in our earlier work, the two columns were prepared with the DES mass loadings of 28.9 and 
32.4 (both by mass %), and this was sufficient to prevent any undesired solute adsorption on the columns [29,40,41]. Furthermore, the 
columns were conditioned by passing helium gas for 6 h at a flow rate of 2.0 cm3 s− 1 and at 360 K. A digital barometer with a 0.1 hPa 
inaccuracy was used to measure the air pressure. The pressure drop was calculated with a 0.1 hPa inaccuracy using a pressure 
transducer in gas liquid chromatography. Sample solute injections (0.2–0.3) μL at each analyzed temperature were performed twice for 
each sample to ensure reproducibility of the experimental data. The approximate overall error in infinite dilution activity coefficient 
was within 5 % for all the investigated solutes, except for alkynes (gave 8 %), when considering potential uncertainties in measuring 
retention time, column packing, and vapour pressure. 

4. Theoretical sources 

Infinite dilution activity coefficient data can be used to determine the pre-selection of extracting solvents for certain separation 
applications. This also reveals the types of interactions that exist between the solutes under investigation as well as the deep eutectic 
solvent used under investigation. The detailed equations for determining infinite dilution activity coefficients were previously pub-
lished by various studies [28,41–44]. 

5. Discussion of the results 

5.1. Measured physical properties 

The density and sound velocity of the manmade deep eutectic solvent were measured simultaneously at T = (298.15–313.15) K at 
atmospheric pressure using the density and sound velocity meter (Anton Paar DSA 5000 M). Physical quantities that were measured 
are listed in Table 2. As shown in Table 2, the obtained results were comparable with the previously investigated deep eutectic solvents 
[43,45], this includes deep eutectic solvent prepared with a similar hydrogen bond acceptor (organic salt) [45]. Additionally, this 
confirmed the nature and cleared the way for further investigation into the deep eutectic solvent’s infinite dilution activity coefficients. 

Fig. 2. Components used to synthesise the deep eutectic solvent.  

Table 2 
Physical properties, density (ρ) and velocity (u) of [[EMPYR] Br + 1,5-PDO] DES at different temperatures compared between this work and the 
literature.  

Authors Temperature (T/K) Density (ρ/g. cm− 3) Speed of sound (u/m. s− 1) 

[[EMPYR] Br + 1,5-PDO] (This work) 293.15 1.1547 1815.7  
298.15 1.1502 1803.3  
303.15 1.1476 1791.7  
308.15 1.1434 1779.4  
313.15 1.1407 1769.2 

[[EMPYR] Br + 1,6-HDO] [1] 293.15 1.2543 1915.5  
298.15 1.2504 1903.4  
303.15 1.2473 1891.8  
308.15 1.2432 1879.3  
313.15 1.2404 1869.1 

[[BMIM] Cl + Gly] [2] 293.15 1.1709 1851.3  
298.15 1.1678 1838.8  
303.15 1.1647 1826.5  
308.15 1.1616 1814.4  
313.15 1.1585 1802.4 

Standard uncertainties were u (ρ) = 0.005 g cm− 3; u (u) = 0.5 m. s− 1; u (T) = 0.01K  
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5.2. Measured infinite dilution activity coefficients (IDACs) 

The experimental IDAC data for 33 various solutes in a stationary phase of {1-ethyl-1-methylpyrrolidinium bromide + 1,5-pen-
tanediol}, {[EMPYR] Br + 1,5-PDO} deep eutectic solvent as an extracting solvent were determined from retention time data that was 
measured in a gas liquid chromatography (GLC). The parameters such as temperature and pressure were monitored at fixed range, T =
(313.15–343.15) K and 101.31 kPa, respectively. 

The results are presented in Tables 3 and 4 as well as displayed in supporting information, S. Figs. 1–8. In this investigation, the 
uncertainties and the reproducibility of the calculated results and variables were considered. The experimentally obtained infinite 
dilution activity coefficient’s error margin was calculated to be 5 % for all investigated solutes and 8 % for alkynes using an exami-
nation of error propagation. For all studied functional groups, the IDAC values were directly related to the experimental temperature as 
well as the solutes’ alkyl chains. This is a pragmatic effect, as per numerous studies [28,41,46,47]. The infinite dilution activity co-
efficients of the nonpolar solutes are higher than those of the polar solutes at the same temperature. N-decane has the highest infinite 
dilution activity coefficient of the 33 organic solutes examined, whereas methanol and water have the lowest. For the alkanes, as the 
length of the carbon chain increases, the infinite dilution activity coefficients increase. For cycloalkanes and aromatics, the infinite 
dilution activity coefficients increase as the substituted alkane chain lengthens. For example, the infinite dilution activity coefficient of 
cyclohexane is lower than that of methylcyclohexane, and the infinite dilution activity coefficient of toluene is lower than that of 
ethylbenzene. This is because the –CH2- will make the solutes more lipophilic and less resistant to the solvent’s pulling power [31,39, 
48]. The infinite dilution activity coefficients of alkanes are higher than the obtained infinite dilution activity coefficients for alkenes, 
cycloalkanes, and aromatics. The obtained order is as follows: alkanes > alkenes > cycloalkanes > aromatics. For example, at T =
313.15 K, hexane gave γ∞

13 = 2.91, 1-hexene gave γ∞
13 = 2.29, cyclohexane gave γ∞

13 = 2.55, and benzene gave γ∞
13 = 1.19. Branched 

chains, cyclization, and double bonds all increase the polarity of organic solutes with the same amount of carbon atoms while 
decreasing the infinite dilution activity coefficient. This is due to the fact that adding cyclization, or a double-stranded structure will 
make the solutes’ charge distribution asymmetrical and increase their polarity, which will increase the interaction between the solute 

Table 3 
Average infinite dilution activity coefficient values for different organic solutes in [1-ethyl-1-methylpyrrolidinium bromide + 1,5-pentanediol] deep 
eutectic solvent at different temperatures and atmospheric pressures.   

Average infinite dilution activity coefficient values at T (K) 

Organic solutes T = 313.15 K T = 323.15 K T = 333.15 K T = 343.15 K 

1-pentyne 1.70 1.78 1.84 1.89 
1-hexyne 2.06 2.12 2.17 2.20 
1-heptyne 2.60 2.66 2.67 2.71 
1-pentane 2.05 2.18 2.31 2.44 
1-hexene 2.29 2.42 2.56 2.69 
1-nonene 2.53 2.65 2.76 2.83 
1-decane 3.12 3.38 3.48 3.60 
2,2-Dimethylbutane 2.90 2.92 2.94 2.97 
Pentane 2.81 2.86 2.89 2.94 
Hexane 2.91 2.99 3.09 3.18 
Heptane 2.99 3.18 3.33 3.51 
Octane 3.24 3.50 3.72 3.92 
n-nonane 3.74 3.99 4.29 4.52 
n-decane 3.95 4.27 4.61 4.91 
Cyclopentane 2.50 2.55 2.61 2.64 
Cyclohexane 2.55 2.60 2.64 2.69 
Methylcyclohexane 2.66 2.72 2.78 2.84 
Cyclooctane 2.61 2.66 2.72 2.77 
Cyclopentene 1.45 1.51 1.59 1.66 
Cyclohexene 1.63 1.67 1.70 1.74 
o-xylene 1.35 1.48 1.60 1.73 
m-xylene 1.45 1.60 1.71 1.82 
p-xylene 1.54 1.64 1.74 1.85 
Benzene 1.19 1.30 1.40 1.50 
Toluene 1.21 1.31 1.42 1.54 
Ethylbenzene 1.39 1.53 1.65 1.79 
Methanol 0.17 0.25 0.34 0.46 
Ethanol 0.22 0.30 0.41 0.54 
2-propanol 0.32 0.39 0.47 0.63 
Butan-1-ol 0.40 0.48 0.58 0.70 
Acetone 1.31 1.42 1.51 1.58 
2-butanone 1.33 1.45 1.54 1.63 
Water 0.17 0.25 0.34 0.45 

The investigated solutes standards uncertainties (u) are γ∞
13 = 5 %, (u) T = 0.01 K, and (u) p = 1 kPa, except for alkynes which gave (u) are γ∞

13 = 8 %, 
(u) T = 0.01 K, and (u) p = 1 kPa.  
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molecule and the DES component [49]. The infinite dilution activity coefficients of 2,2-methylbutane are slightly lower than those of 
hexane. For example, at T = 323.15 K, 2,2-dimethylbutane gave γ∞

13 = 2.92 and hexane gave γ∞
13 = 2.99. This is because the interaction 

between 2,2-methylbutane and the DES is increased by the introduction of branched structures [49,50]. In addition, because of the six 
delocalized electronic structures of aromatics, which cause them to interact strongly with solvent molecules, the infinite dilution 
activity coefficients of aromatics are lower than those of alkanes [46,47]. O-xylene has the lowest value for xylene. This occurs because 
of the component molecules’ centers of gravity deviating due to the difference between the generated dipole moment and the nearby 
methyl groups on the o-xylene molecule. 

For ketone solutes, such as acetone and 2-butanone, the infinite dilution activity coefficients are lower than those of alkanes, al-
kenes, alkynes, cycloalkanes, cycloalkenes, and aromatics, signifying that the solutes interact closely with the DES components. This is 
due to the presence of O atoms in these organic solutes, which have significant interactions with the DES components. For alcohols and 
water, their infinite dilution activity coefficients in the investigated DES are minimal because of the fact that the lone pair electron of 
the oxygen atom in the hydroxyl group can interact with components in the DES and that acidic protons have a strong binding capacity 
with halides, making them more soluble in the solvent [51–54]. Like the law of alkanes, the intermolecular force of alcohols will 

Table 4 
Correlation constants a, b, R2, as well as γ∞

13, at T = 298.15 K for [[EMPYR] Br + 1,5-PDO] DES.  

Solutes a b R2 γ∞
13 

1-pentyne 1.74 − 378.2 0.995 1.61 
1-hexyne 1.49 − 237.9 0.994 2.01 
1-heptyne 1.43 − 146.6 0.997 2.38 
1-pentene 2.69 − 615.8 1.000 1.92 
1-hexene 2.63 − 563.9 1.000 2.16 
1-nonane 2.22 − 402.7 0.999 2.39 
1-decene 2.32 − 357.1 0.998 2.97 
2,2-dimethylbutane 1.27 − 85.20 0.994 2.87 
Pentane 1.50 − 144.7 0.957 2.77 
Hexane 2.18 − 349.9 0.999 2.80 
Heptane 2.88 − 556.7 0.999 2.82 
Octane 3.28 − 657.1 0.999 2.98 
n-nonane 3.53 − 693.7 0.997 3.51 
n-decane 3.88 − 783.7 1.000 3.66 
Cyclopentane 1.55 − 197.7 1.000 2.44 
Cyclohexane 1.51 − 178.4 0.995 2.49 
Methylcyclohexane 1.65 − 216.0 1.000 2.60 
Cyclooctane 1.71 − 230.1 1.000 2.55 
Cyclopentene 1.83 − 455.0 1.000 1.40 
Cyclohexene 1.26 − 241.0 0.998 1.58 
o-xylene 3.09 − 872.3 1.000 1.23 
m-xylene 2.62 − 695.5 0.999 1.31 
p-xylene 2.55 − 665.3 0.999 1.45 
Benzene 2.84 − 833.2 0.999 1.09 
Toluene 2.95 − 864.8 1.000 1.12 
Ethylbenzene 3.19 − 893.3 1.000 1.25 
Methanol 9.28 − 3449 1.000 0.10 
Ethanol 8.73 − 3206 1.000 0.13 
2-propanol 6.44 − 2372 0.999 0.23 
Butan-1-ol 5.63 − 2053 0.999 0.31 
Acetone 2.54 − 748.5 0.999 1.22 
2-butanone 2.59 − 721.6 0.994 1.25 
Water 9.23 − 3436 0.999 0.09  

Table 5 
Comparison of infinite dilution activity coefficient values for this work, {[EMPYR]Br + 1,5-PDO}, and the studies from the literature, including 
{[EMPYR]Br + 1,6-PDO}, {[ChCl] + 1,5-PDO]}, and [C7MIm] [Cl] at T = 313.15 K   

Infinite dilution activity coefficients (γ∞
13) 

Solutes {[EMPYR]Br + 1,5-PDO} (This work) {[EMPYR]Br + 1,6-PDO} [1] {[ChCl] + 1,5-PDO]} 
[3] 

[C7MIm] [Cl] 
[4] 

Hexane 2.91 3.09 251 65.1 
Heptane 2.88 3.23 312 70.3 
1-hexene 2.29 2.60 108 – 
Cyclohexane 2.55 2.40 209 34.3 
Ethylbenzene 1.39 2.03 90.3 6.96 
Ethanol 0.22 1.08 2.13 0.24 
Acetone 1.31 1.03 10.2 3.19 
Water 0.17 0.51 – –  
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increase as the carbon chain length increases, and the force between alcohols and DESs will decrease as a result. For this reason, 
straight-chain alcohols’ infinite dilution activity coefficients similarly increase as carbon chain lengthens [55–57]. 

Moreover, the IDAC literature values for the solutes in {[EMPYR]Br + 1,5-PDO} at similar temperatures to those at which mea-
surements were conducted in this study were compared to the DESs with related components, i.e., {[EMPYR]Br + 1,6-PDO} [45] and 
{[ChCl] + 1,5-PDO} [51], as well as the recent studied ionic liquid, [C7MIm] [Cl] [58]. The data comparison of few selected solutes is 
presented in Table 5 as well as plotted and displayed in Fig. 3. For {[EMPYR]Br + 1,6-HDO}, which contains similar HBA to that of the 
investigated DES, the values are highly comparable, while for {[ChCl] + 1,5-PDO} which contains similar HBD, the values are much 
differing, and this is a similar case to the ionic liquid. Consequently, the investigated DES revealed promising data as compared to the 
literature of comparison. 

In addition, the energy of solute dissociation and the energy-breaking interaction between the solute and DES components cause 
the infinite dilution activity coefficients of organic solutes to be very temperature-dependent and fluctuate with temperature. The 
method outlined below demonstrates how thermodynamic laws, particularly those that depend on temperature, can be simplified into 
enthalpy and entropy components. 

5.3. Partial molar excess properties 

The partial molar excess properties, viz., enthalpy, entropy, and Gibbs free energy for 32 different organic solutes, were calculated 
from the infinite dilution activity coefficient values at T = 313.15 K to further discusses the kinds of intermolecular interactions 
occurring between the selected organic solutes and DES components, i.e., [[EMPYR] Br and [1,5-PDO]. 

Equation (1) below was used for computation of excess Gibbs free energy values. 

ΔGE,∞
1 = RTln

(
γ∞

13

)
= ΔHE,∞

1 − TΔSE,∞
1 (1) 

Equation (1) can be rearranged to obtain equation (2). 

ln
(
γ∞

13)=
(
ΔHE,∞

1
/

RT
)
−
(
ΔSE,∞

1
/

R
)

(2) 

While equation (3) was used for fittings of IDAC values to obtain the constants. 

ln
(
γ∞

13)= a+ b /T (3)  

where a and b are correlation coefficients and can subsequently be used to obtain both partial molar enthalpy and partial molar 
entropy. 

As presented in Table 6, the obtained partial molar enthalpy values are negative for all the selected organic solutes. For example, at 
T = 313.15 K, pentane (ΔHE,∞

1 = − 1.621 kJ mol− 1), cyclopentane (ΔHE,∞
1 = − 1.645 kJ mol− 1), toluene (ΔHE,∞

1 = − 7.165 kJ mol− 1), o- 
xylene (ΔHE,∞

1 = − 7.551 kJ mol− 1), ethanol (ΔHE,∞
1 = − 26.62 kJ mol− 1), acetone (ΔHE,∞

1 = − 5.569 kJ mol− 1), and water (ΔHE,∞
1 =

− 28.66 kJ mol− 1). This informs about stronger interactions between the DES components (i.e., [[EMPYR] Br and [1,5-PDO]) and the 
selected organic solutes [28,46,59]. In addition, these values are related to the properties of ideal solution, and they result from the 
differences of interactions between like and unlike molecules [41,47]. 

The obtained partial molar Gibbs free energy values are positive for all the selected alkanes, alkenes, and alkynes as well as their 
corresponding cyclic compounds, whereas they are negative for all selected aromatics as well as for all the selected polar compounds, 
including water. These values are related to the properties of ideal solution, and they result from the differences of interactions 

Fig. 3. Comparison of γ∞
13 at T = 313.15 K for investigated solutes in DESs: {[EMPYR]Br + 1,6-HDO} and {[EMPYR]Br + 1,5-PDO}.  
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between like and unlike molecules [60–62]. Moreover, the negative partial molar Gibbs free energy values for alcohols, ketones, and 
water suggest the formation of intermolecular hydrogen bonds and dipole forces, respectively, with the investigated DES [28,51,63]. 

On the other hand, the partial molar entropy values are all negative except for the alcohols; thus, this indicates arrangements of 
solute molecules in the cavities of [[EMPYR] Br + 1,5-PDO] DES. Furthermore, the obtained values are related to the properties of ideal 
solution, and they result from the differences of interactions and entropies between like and unlike molecules [29,63]. 

The data revealed that high temperatures are favourable for separation of some selected compounds, especially the polar com-
pounds with investigated DES. An endotherm was revealed for most selected solutes. Lastly, DES data is crucial as these solvents 
promise desirable characteristics for industrial purposes, particularly for separation duties. 

Table 6 
Partial molar properties, enthalpy (ΔHE,∞

1 ), Gibbs free energy (ΔGE,∞
1 ), and entropy (TrefΔSE,∞

1 ) for the various organic solutes in [[EMPYR] Br + 1,5- 
DPO] at the reference temperature, Tref = 313.15 K.  

Organic solutes ΔHE,∞
1 (kJ. mol− 1) ΔGE,∞

1 (kJ. mol− 1) TrefΔSE,∞
1 (kJ. mol− 1) 

1-pentyne − 4.23 5.81 − 10.0 
1-hexyne − 3.03 6.17 − 9.20 
1-heptyne − 2.47 5.91 − 8.38 
1-pentene − 5.56 2.83 − 8.39 
1-hexene − 4.68 3.73 − 8.41 
1-nonene − 3.59 5.04 − 8.63 
1-decene − 4.23 5.82 − 10.1 
2,2-dimethylbutane − 0.72 8.26 − 8.98 
Pentane − 1.62 6.95 − 8.57 
Hexane − 2.90 5.70 − 8.60 
Heptane − 4.69 4.03 − 8.71 
Octane − 5.64 3.44 − 9.08 
n-nonane − 5.67 3.30 − 8.97 
n-decane − 6.48 2.32 − 8.80 
Cyclopentane − 1.65 6.45 − 8.10 
Cyclohexane − 1.60 6.64 − 8.23 
Methylcyclohexane − 1.91 6.75 − 8.66 
Cyclooctane − 1.68 6.76 − 8.44 
Cyclopentene − 3.99 10.2 − 14.2 
Cyclohexene − 2.31 8.05 − 10.4 
o-xylene − 7.55 − 2.66 − 4.89 
m-xylene − 5.76 − 0.71 − 5.06 
p-xylene − 5.55 − 0.47 − 5.08 
Benzene − 6.93 − 1.93 − 5.01 
Toluene − 7.17 − 2.14 − 5.03 
Ethylbenzene − 7.47 − 2.33 − 5.14 
Methanol − 28.8 − 35.1 6.35 
Ethanol − 26.6 − 31.5 4.90 
2-Propanol − 19.7 − 23.4 3.69 
Butan-1-ol − 19.2 − 24.1 3.23 
Acetone − 5.57 − 0.97 − 4.60 
2-butanone − 6.03 − 2.61 − 3.43 
Water − 28.7 − 24.9 − 3.78 

Standard uncertainties are u (T) = 0.01 K and (p) = 1 kPa. 

Table 7 
Comparison of capacity and Selectivity values at infinite dilution for separation problems, hexane/toluene, ethanol/cyclohexane, and cyclohexane/ 
hexane in [[EMPYR] Br + 1,5-PDO] DES as separating solvent at T = 333.15 K  

Extracting solvents Selectivity (S∞
ij ) Capacity (k∞

j )  

Deep Eutectic Solvents Hexane/toluene Ethanol/cyclohexane Cyclohexane/hexane Toluene Cyclohexane Hexane Reference 

[[EMPYR] Br + 1,5-PDO] 2.17 0.16 0.85 0.70 0.38 0.32 This work 
[[EMPYR] Br + Gly] 1.70 0.03 0.82 0.02 0.01 0.01 [5] 
[[TMAM] Cl + EG] 43.4 0.01 0.18 0.03 0.01 0.00 [6] 
[[BMIM] Cl + Gly] 2.80 0.01 1.00 0.02 0.01 0.01 [2] 
Ionic Liquids  
[(OH)2C3MPYR][Cl] 6.96 0.09 0.28 0.47 0.24 0.07 [7] 
[HMPYR][TfN] 7.31 0.31 0.63 0.99 0.22 0.14 [8] 
[EPY][BTI] 13.1 0.09 0.53 0.49 0.07 0.04 [9] 
Traditional solvents  
Diethylene glycol 8.53 0.03 0.45 0.09 0.02 0.01 [10] 
2-pyrrolidone 8.10 0.07 0.59 0.24 0.07 0.03 [11] 
Sulfolane 10.7 0.15 0.45 0.30 0.06 0.03 [12]  
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5.4. Selectivity and capacity 

The extraction performance of [[EMPYR] Br + 1,5-PDO] DES is evaluated through extracting parameters, i.e., selectivity and 
capacity at infinite dilution. The separation problems are cyclohexane/benzene, acetone/methanol, and hexane/benzene all at T =
333.5 K. Moreover, the separation problems data is then compared with the literature to determine the ability of the investigated DES 
(Table 7). Lastly, the selectivity and capacity values are imperative for giving a clear view regarding specific separation problems. In 
addition, these parameters can be computed through equations (4) and (5) below. 

S∞
ij = γ∞

i

/
γ∞

j (4)  

k∞
j = 1

/
γ∞

j (5)  

Thus, S∞
ij and k∞

j denote selectivity and capacity at infinite dilution, respectively, while γ∞
i and γ∞

j are IDAC values for solutes, i and j, 
respectively. 

As known, the number of equilibrium steps for a specific separation problem can be determined through the selectivity values, 
whereas the volume of separation solvent can be determined through capacity values [41,64,65]. In the present study, relatively high 
selectivity value of 2.17 and low-capacity value of 0.70, were obtained for the separation problem hexane/toluene. These values are 
comparable to the literature. This includes all the studies, the DESs, ILs, and traditional solvents for this separation problem apart from 
[HMPYR][TfN] [66], which gave a capacity value of 0.99. 

While the separation problem of ethanol/cyclohexane gave relatively low values for both selectivity and capacity parameters, as 
well as for all the literature studies. Overall, the ethanol/cyclohexane obtained data is as follows: The selectivity values for the DESs 
[[EMPYR] Br + 1,5-PDO] (this work); [[EMPYR] Br + Gly] [29]; [[TMAM] Cl + EG] [42]; and [[BMIM] Cl + Gly] [43] are 0.16, 0.03, 
0.01, and 0.01, respectively, while the capacity values are 0.38, 0.01, 0.01, and 0.01. The ionic liquids {[(OH)2C3MPYR][Cl] [67]; 

[HMPYR][TfN] [66]; and [EPY][BTI] [68]} selectivity values are 0.09, 0.38, and 0.09, respectively, while the capacity values are 
0.24, 0.22, and 0.07, respectively. The traditional solvents’ {DEG [69]; 2-PYR [70]; and sulfolane [71]} selectivity values are 0.02, 
0.07, and 0.06, respectively. This is a suggestion that the investigated DES with a molar ratio of 1:2 won’t be an appropriate or suitable 
solvent for this separation problem. 

In the meantime, the separation problem, cyclohexane/hexane gave slightly lower selectivity values, i.e., 0.85, 0.82, and 1.00, for 
the DESs, including [[EMPYR] Br + 1,5-PDO], [[EMPYR] Br + Gly], and [[TMIM] Cl + Gly], respectively, apart from [[TMAM] Cl +
EG], which gave a selectivity value of 0.18. Better than both ionic liquids and traditional solvents which obtained relatively low 
selectivity values for this separation problem. In addition, the present study, and the literature studies, they all gave relatively low- 
capacity values for this separation problem. 

As mentioned, selectivity and capacity parameters are imperative as they determine the efficiency of separation and solutes dis-
tribution between the phases. 

6. Conclusion 

The thermodynamic functions, including infinite dilution activity coefficients (γ∞
13) of 32 different organic solutes and water, were 

investigated in [[EMPYR] Br + 1,5-PDO] DES as an extracting solvent. This was done at a molar ratio of 1:2 for hydrogen bond accepter 
(1-ethyl-1-methylpyrrolidinium bromide) and hydrogen bond donor (1,5-pentanediol), respectively. The experiments were conducted 
at a temperature sequence of T = 313.15–343.15 K. The infinite dilution activity coefficients were determined from the retentions data 
obtained using the gas liquid chromatography. Before the experiments, the physical properties, i.e., density, viscosity, and sound 
velocity values were measured to obtain new data of [[EMPYR] Br + 1.5-PDO] DES. These were measured using the Anton Paar DSA 
5000 M, the results were comparable to the literature. Partial molar properties, i.e., enthalpy (ΔHE,∞

1 ), entropy (ΔSE,∞
1 ), and Gibbs free 

energy (ΔGE,∞
1 ), were calculated from the experimental infinite dilution activity coefficients at T = 313.13 K to further detail possible 

intermolecular interactions between the selected organic solutes as well as [[EMPYR] Br + 1,5-PDO] component molecules. Moreover, 
selectivity (S∞

ij ) and capacity (k∞
j ) values were also calculated and compared with the literature for separation problems, hexane/ 

toluene, ethanol/cyclohexane, and hexane/cyclohexane. 
The infinite dilution activity coefficients and partial molar properties revealed solvent-solute characteristics with the selected 

solutes, especially the nonpolar compounds, i.e., alkanes, alkenes, aromatics, cycloalkanes, and cycloalkenes. Nevertheless, the ob-
tained selectivity and capacity values for the studied separation problems revealed satisfactory values for some problems (e.g., hexane/ 
toluene) and unsatisfactory values (e.g., ethanol/cyclohexane). Hence, it is known that the picking of a DES for the separation process 
can be impacted by numerous factors. These include the nature and ratio of each selected component as well as temperature, which 
could also impact production yield. 

In addition, deep eutectic solvents are expected to compete with and outclass both ionic liquids as well as traditional solvents, so 
more experimental data is required for inclusive comparison. 
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[54] V.P. Cotroneo-Figueroa, N.F. Gajardo-Parra, P. López-Porfiri, Á. Leiva, M. Gonzalez-Miquel, J.M. Garrido, R.I. Canales, Hydrogen bond donor and alcohol chain 

length effect on the physicochemical properties of choline chloride based deep eutectic solvents mixed with alcohols, J. Mol. Liq. 345 (2022), 116986. 
[55] C. Zheng, Z. Shen, J. Zhou, Y. Pei, B. Yang, Influence of the anions on the interaction energy between water and ionic liquids, Chem. Eng. Technol. 45 (2) (2022) 

266–274. 
[56] Q. Li, H. Yan, S. Lin, Y. Han, M. Han, W. Fan, Liquid-liquid phase equilibrium and interaction exploration for separation 2-Methoxy-phenol and water with 

different solvents, J. Mol. Liq. (2022), 118584. 
[57] G.P. Assis, S. Derenzo, A. Bernardo, Solid-liquid equilibrium of nicotinamide in water-ethanol and water-propylene glycol mixtures, J. Mol. Liq. 345 (2022), 

117799. 
[58] D.-W. Chen, C. Zhang, Z.-Y. Zhang, X.-M. Peng, R.-Z. Ren, M.-L. Ge, Measurements and correlation of activity coefficients at infinite dilution for organic solutes 

in 1-heptyl-3-methylimidazolium chloride, Fluid Phase Equil. 567 (2023), 113713. 
[59] B.P. Mbatha, P.T. Ngema, N. Nkosi, S. Ramsuroop, Infinite dilution activity coefficient measurements for 1-Methyl-4-(1-methylethenyl)-cyclohexene as a green 

solvent for separation, J. Chem. Eng. Data 67 (4) (2022) 966–974. 
[60] K. Kaneko, K. Kitawaki, T. Mori, Y. Yoshimura, A. Shimizu, Molar and partial molar thermodynamic functions of [BMIm] BF4/water mixture (Gibbs free energy, 

entropy and enthalpy), Phys. Chem. Liq. 60 (4) (2022) 582–597. 
[61] S. Tosti, L. Marrelli, Classical thermodynamic analysis of deuterium-based fusion reactions, Hydro 3 (1) (2022) 53–61. 
[62] S. Sultana, K. Islam, M.A. Hasan, H.J. Khan, M.A.R. Khan, A. Deb, M. Al Raihan, M.W. Rahman, Adsorption of crystal violet dye by coconut husk powder: 

isotherm, kinetics and thermodynamics perspectives, Environ. Nanotechnol. Monit. Manag. 17 (2022), 100651. 
[63] N. Mgxadeni, O. Mmelesi, B. Kabane, I. Bahadur, Influence of hydrogen bond donor on zinc chloride in separation of binary mixtures: activity coefficients at 

infinite dilution, J. Mol. Liq. 351 (2022), 118596. 
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