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The experimental activity coefficients (c113) and gas-to-liquid partition coefficients (KL) at infinite dilution
for 34 organic solutes and water were determined in 1.6-hexanediol (HDO) by the gas–liquid chromatog-
raphy technique (GLC) in the temperature range from (323.15 to 353.15) K. Fundamental thermodynamic
functions such as excess partial molar enthalpy (DHE;ð1Þ

i ), excess partial molar Gibbs energy, (DGE;1
i ) and

entropy, (TrefDS
E;1
i ) at infinite dilution were calculated from experimental values of c113. Reported data

were discussed in terms of solvent-solute interactions, heat effects and mixing spontaneity. Selectivity
(S1ij ) and capacity (k1j ) related to different separation problems were calculated from c113 data and com-
pared to the literature values for selected ionic liquids (ILs), deep eutectic solvents (DESs) and industrial
solvents. New data reported in this study suggest that HDO may be proposed as an alternative solvent for
the separation of alkanes-pyridine and alkanes-thiophene systems. Furthermore, it was found that add-
ing a hydrogen bond acceptor to HDO enhances its performance as a separation solvent.

� 2020 Elsevier Ltd.
1. Introduction

1,6-Hexanediol (HDO), a linear diol with two primary hydroxyl
groups is generally synthesised by catalytic hydrogenation of adi-
pic acid or their esters [1–3]. Until now, as reaction media, HDO
is commercially available with an estimated global production of
approximately 138,000 tons yr�1 [4]. It is a valuable speciality
chemical that is industrially used for the manufacturing of polye-
sters, elastomers, acrylates, adhesives, coating materials, as well
as polymeric plasticisers [5]. The use of HDO has also been exten-
sively investigated in catalysis and extraction processes [6–11].
This solvent possesses interesting properties such as low flamma-
bility, good thermal stability and low toxicity. These properties and
its availability make HDO a good candidate amongst prospective
green separation solvents in replacement of less environmentally
friendly solvents currently used in industry.

There are four different articles that stand out in the literature as
good illustrations of the ability of HDO-based deep eutectic solvent
to act as separation solvents. In deep eutectic solvents, HDO is used
as hydrogen-bond donor (HBD). Park and co-researchers [12]
reported the use of ZnCl2 + 1,6-hexanediol (1:2) as an extractant
for chlorogenic acid and caffeic acid from Herba Artemisiae Scopariae,
a traditional medicine used for liver protection, blood pressure low-
ering, antipyretic as well as anti-inflammatory, antibacterial, antimi-
crobial, and antitumor activities. This hexanediol-based DES was
ranked 7th out of 12 different DESs examined for their extraction
ability. Yoo and co-workers [13] successfully used 1,6-hexanediol
+ choline chloride (7:1) in conjunction with ultrasound-assisted
extraction to separate natural bioactive phenolics from spent coffee
grounds. The reported yield was 92.3%, indicating that the investi-
gated DES could be used to valorise spent coffee grounds. In another
investigation, Cui and co-authors [14] successfully extracted bioac-
tive compounds (genistin, genistein and apigenin) from pigeo pea
roots. The hexanediol-based DESs (1.6-hexanediol + choline chlo-
ride) amongst others, was used as an extractant in a range of differ-
ent molar ratios (1:1 to 8:1) and water content (0 to 90%) in DESs.
These authors achieved an optimum extraction of bioactive com-
pounds when a molar ratio and water content were 8:1 and 30%,
respectively. This indicated its ability to be used in genistin, genis-
tein and apigenin extraction from pigeon pea roots. In relation to
separation processes relevant to Chemical Process Industries, Nkosi
and co-workers investigated the potential use of two different
HDO-based deep eutectic solvents, viz. tetramethylammonium chlo-
ride + 1, 6-hexanediol (1:1), [15] and tetrapropylammonium bro-
mide + 1,6-hexanediol (1:2), [16]. It was found that hexanediol-
based DESs have good potential to be used in fuel denitrification
and desulfurisation processes.
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The aforementioned studies were prompted by safety and envi-
ronmental concerns while searching for ‘‘green” alternative sol-
vents to volatile organic compounds (VOCs). These solvents
exhibit properties that are known to be toxic and harmful to
humans as well as the environment. Along with ionic liquids
(ILs), deep eutectic solvents (DESs) have been investigated as green
replacements for volatile organic compounds (VOCs). It was
reported that some ILs and DESs are likely to perform better than
the currently used industrial solvents in numerous separation
problems, on the basis of limiting activity coefficient data
[15,16]. DESs continue to be regularly projected as green extractive
solvents [17–22]. The screening of potential candidates as solvents
for extraction processes can be achieved by experimental determi-
nation of activity coefficients at infinite dilution (c113). Limiting
activity coefficient data give insights into the nature of intermolec-
ular interactions between the solvent and the solute. Hence, they
reflect the extent of solubility. Limiting activity coefficients allow
calculation of extraction parameters, selectivity (S1ij ) and capacity

(k1j ) at infinite dilution. Information associated with limiting activ-
ities can be used in the design of solvent-enhanced separation pro-
cesses. Amongst various experimental methods, the steady-state
gas–liquid chromatography (GLC) emerges as the most popular,
expedient, cost-effective, and reliable technique to determine c113
in high-boiling solvents [23–25].

This study is concerned with the investigation of HDO as an
extractant for various separation problems of industrial impor-
tance. Recently, our group investigated activity coefficients at infi-
nite dilution of various organic solutes in two different DESs
containing HDO [15,16]. These DESs revealed promising S1ij and

k1j values and could be effective separation agents for alkanes-
heterocyclics (thiophene and pyridine) and cycloalkanes or
ketones or aromatics-alcohols, mixtures. However, our reported
experimental data did not give any insight into the contribution
of each component of the DESs towards its performance in denitri-
fication and desulfurisation processes. It is against this background
that the present investigation was initiated.

In this study, we report experimental infinite dilution activity
coefficients and gas-to-liquid partition coefficients (KL) for water
and a set of 34 selected organic solutes – n-alkanes, alk-1-enes,
cycloalkanes, alk-1-ynes, alkylbenzenes, ketones, alkanols, esters,
heterocyclics and acetonitrile – in HDO. Limiting activity coefficients
were determined by gas–liquid chromatography (GLC) in the tem-
perature range from 323.15 K to 353.15 K. Experimental c113data
were further used to determine basic thermodynamic functions such

as excess partial molar enthalpy (DHE;ð1Þ
i ), Gibbs energy, (DGE;1

i ) and

entropy, (TrefDS
E;1
i ), at infinite dilution. The obtained thermodynam-

ics properties were examined in terms of intermolecular interactions
to assess the possible use of HDO as separation solvent in liquid-
liquid extraction as well as extractive distillation.

It is worth noting that Alessi and co-workers [26] undertook
similar measurements and reported experimental data for a few
organic solutes in HDO. In the current study, additional organic
solutes were investigated (some new data are reported). Further-
more, additional thermodynamic properties were examined and
comparison was made between HDO and some DESs, ILs as well
popular industrial solvents (i.e. N-methyl-2-pyrrolidone and
sulfolane).
Fig. 1. The structure of the investigated solvent, 1,6 hexanediol (hexamethylene
glycol).
2. Experimental

2.1. Materials

All solutes were used without further purification since the GLC
technique separated any impurities on the column. The list of
solutes, including sources and stated purities, are presented in
Table 1S as part of Supplementary Materials. HDO was degassed
and dried for 24 h at T = 313.15 K under vacuum to reduce water
content and volatile impurities. The structure of HDO is shown in
Fig. 1. The solid support material (ChromosorbW-HP 80/100mesh)
was dried by vacuum purification at T = 363.15 K for 6 h to remove
any absorbed moisture prior to its use as adsorbent. It was sup-
plied by Supelco (USA) while dichloromethane served as dispersion
promoter solvent. The GC carrier gas was helium.

2.2. Experimental procedures

2.2.1. Density, and refractive index and viscosity measurements
In this study, densities, viscosities and refractive indices of HDO

were measured at atmospheric pressure in the temperature ranges
from (313.15 to 353.15) K and (313.15 to 343.15) K, respectively.
The detailed procedure was given in a previous study [17]. The
measured properties are given in Table 1 where good agreement
with literature data is observed.

Density measurements. Densities were measured using an Anton
Paar density and sound velocity meter (model DSA 5000M, from
Anton Paar USA Inc ) incorporating the vibrating U-tube technique.
The instrument was equipped with a built-in Peltier thermostat
that controlled and maintained temperature values within ±0.01
K. Two different fluids (millipore water and methanol) were used
to calibrate this instrument following the detailed procedure pro-
vided in a previous study [17]. The validation and precision of
the calibration procedure were confirmed by using NIST certified
fluid standards data. In order to verify the reliability, reproducibil-
ity and accuracy of the measured densities for HDO, three readings
were measured for each temperature, and the average value was
finally reported. The uncertainty on density measurements at cor-
responding temperature was estimated as ±1.7 � 10-3 g.cm -3.

Refractive index
Refractive index of HDO was measured using an Atago refrac-

tometer (model RX7000) with temperature control within ±0.05
K. The instrument was calibrated by measuring the refractive index
of millipore water before each measurement. The calibration pro-
cedure was confirmed by using the known and certified refractive
index of millipore water. The measurement uncertainty was ±1.4 �
10-3.

Viscosity measurements
Viscosity measurements were carried out using an Anton Paar

AMVn rolling-ball viscometer T = (313.15, 323.15, 343.15 and
353.15) K at atmospheric pressure. The temperature was con-
trolled internally using a built-in Peltier thermostat with a preci-
sion of ±0.01 K. Before the experiment, the viscometer’s
reliability was confirmed by measuring the viscosity of the stan-
dards provided by the supplier. There was a good agreement
between the values obtained in this study and those provided by
the supplier for the standard. The apparatus and the experimental
technique used in this study for the measurement of HDO viscosity
were described in the l iterature [27]. Viscosity values were deter-
mined using the following equation (1), [30]:



Table 1
Properties of the investigated solvent (1,6 hexanediol): experimental density (q), refractive index (RI) and viscosity (l) at T = (313.15, 323.15, 333.15, 343.15 and 353.15) K and at
p = (101.3 ± 2) kPa; 1,6 hexanediol was in liquid state.

T/K q/g.cm-3 l /mPa.s R/I

Exp Lit.a,* %ARD Exp Lit.a,* %ARDa Lit.b,* %ARDb Exp

313.15 0.9591 – – 59.111 – – 60.203 1.81 1.4470
323.15 0.9532 0.9549 0.18 38.427 40.465 5.03 38.596 0.44 1.4441
333.15 0.9473 0.9488 0.16 25.789 27.141 4.95 25.994 0.75 1.4412
343.15 0.9413 0.9426 0.13 18.039 17.755 1.6 17.901 0.77 1.4379
353.15 – 0.9364 – 13.024 12.876 1.15 12.186 6.88 –

Standard uncertainties: u(T) = 0.01 K and 0.05 K for density and refractive index, respectively, and u(q) = 1.7 � 10�3 g�cm�3, u(p) = 2 kPa, u(RI) = 1.4 � 10�3, u(l) = 4.43% of
measured values.

* Interpolated.
a Ref. [31].
b Ref. [32].

N. Nkosi et al. / J. Chem. Thermodynamics 151 (2020) 106163 3
l ¼ to ka qball—qHDO½ � ð1Þ
where m is the HDO viscosity, ka the calibration constant of the vis-
cometer, t0 is the average time taken by the ball to fall, qball is the
density of the rolling ball and qHDO is the density of HDO at T. The
solvent shear stress was selected by setting a nominal capillary
angle of inclination to 50� with the horizontal plane. The experi-
mental recorded averaged rolling times for HDO were less than
200 s with a precision of ± 0.002 s. As a result, the diameters of
the nominal capillary (1.8 mm) and the ball (1.5 mm) for the mea-
sured HDO viscosity range (2.5 to 70 mPa.s) were selected. The
experimental dynamic viscosities of HDO are listed in Table 1 as
well.

2.2.2. Water content
Karl-Fischer moisture titrator (870 KF Titrino Plus) was used to

analyse the water content in the HDO sample before preparing the
column. HDO was dissolved in methanol and titrated in steps of
0.009 mL. HDO water content was 0.0001 mol fraction (Uncer-
tainty: ± 0.00005)

2.2.3. Activity coefficient measurements
The experimental procedure used for the measurement of activ-

ity coefficients at infinite dilution (c113) in HDO has been described
in detail in previous publications [15–17,30]. It is only briefly
explained here. A Shimadzu 2014 gas chromatograph equipped
with a thermal conductivity (TCD) and a flame ionisation (FID)
detectors as well as a heated on-column injector was used in this
study. The injector and detector temperatures were fixed at
523.15 K for the duration of all experimental measurements. The
column dead time, tG, was determined using air as the unretained
solute. The helium (carrier gas) flow rate was measured with a
bubble soap flow meter fitted to the TCD vent line.

The preparation of the column was described in our previous
studies [15–17,30]. Packed columns of 0.5 m length containing
two different solvent loadings with an estimated uncertainty of
2 � 10�4 mmol, namely (0.2725 and 0.3305) wt fraction were pre-
pared to monitor adsorption effects. The stationary phase (HDO)
coated onto a solid support material (Chromosorb W-HP 80/100
mesh) was prepared by allowing IL to dissolve in dichloromethane
and dispersed in Chromosorb. Briefly, HDO was dissolved in
dichloromethane in the presence of a precise mass (±0.0001 g) of
the solid support. The rest of the dichloromethane was continually
evaporated from the mixture using a vacuum pump at 60 kPa. The
conditioning of the packed columns was performed at 363.15 K for
more than 8 h at a gas flow rate of 15 mL.min�1. It is estimated that
the uncertainty was 0.15 mL∙min�1. The mass of the packed col-
umns was checked periodically during the experimental measure-
ments. A typical injection ranged from (0.1 to 0.2) lL to comply
with the requirement for the ‘‘infinite dilution” region. A minimum
of three injections was used for each data point to ensure that the
measured values were reproducible. It was determined that mea-
sured retention times were reproducible within (10�3 to 10�2)
min depending upon the column temperature and the individual
solute.

Overall uncertainties of c113, KL, DG
E;1
i , DHE;ð1Þ

i and TrefDS
E;1
i were

found by taking into account the possible uncertainties in deter-
mining the retention times, solute vapour pressure and column
loading using the calculation procedure described by Bahadur
and co-researchers [31].

3. Theory

In this study, experimental activity coefficients at infinite dilu-
tion (c113) for solutes (1) in a non-volatile solvent, HDO were
obtained from solute retention times according to the Eq. (2)
developed by Everett [32] and Cruickshank et al. [33]:

lnc113 ¼ ln
n3RT
VNP�1

� �
� B11 � v�1ð ÞP�1

RT
þ 2B12 � v1

1

� �
J32Po

RT
ð2Þ

where n3 is the number of moles of solvent in the column packing;
R is the gas constant; VN denote the net retention volume; Po is the
column outlet pressure and is the same as the atmospheric pres-
sure; P�1 is the saturated vapour pressure of the solute (1) at tem-
perature T , obtained through Antoine Equation [34];B11 is the
second virial coefficient of the pure solutes (1); B12 is the mixed sec-
ond virial coefficient of the solute (1) and carrier gas (2); andJ32Po is
the mean column pressure; v�1 is the molar volume of the solute,
and v1

1 is the partial molar volume of the solute (1) at infinite dilu-
tion (expressed as the molar volume of the solute) in the solvent.

The parameters used to determine activity coefficients at infi-
nite dilution were obtained from various thermodynamics tables,
given by [34] and [35]. Both B11 and B12 were determined using
the Equation detailed by [36]:

B=Vc ¼ 0:43� 0:886
Tc

T

� �
� 0:694

Tc

T

� �2

� 0:0375 n� 1ð Þ Tc

T

� �4:5

ð3Þ

where n denotes the number of carbon atoms in the solute molecule.
The mixing rules of [37] were used to determine the values of mixed
properties from the critical properties (Tc12, Vc12 and ionisation
energy) of the pure components. The virial coefficients of the alcohols
and ketones were calculated using correlations by Tsonopoulos [38].
The pressure correction term detailed by is given by [32]:

J32 ¼ 2
3

� � Pi
Po

� �3
� 1

Pi
Po

� �2
� 1

2
64

3
75 ð4Þ



Table 2
Activity coefficients at infinite dilution for selected organic solutes (1) in 1,6 hexanediol (3) at T = (323.15, 333.15, 343.15, and 353.15) K. The standard state for solutes is
hypothetical liquid at zero pressure.

Solute T/K

323.15 333.15 343.15 353.15

n-pentane 15.722 14.076 12.278 11.379
n-hexane 21.713 19.665 18.209 16.754
n-heptane 29.730 27.963 26.040 23.700
n-octane 39.381 37.141 35.128 32.442
n-nonane 52.651 49.473 46.592 43.720
cyclopentane 9.351 8.720 8.110 7.661
cyclohexane 13.372 12.424 11.672 11.119
cyloheptane 15.765 14.903 14.407 13.789
cyclooctane 19.098 17.985 17.157 16.261
hex-1-ene 15.411 14.066 12.869 11.637
hept-1-ene 21.731 20.402 18.857 17.614
hex-1-yne 9.109 8.407 8.014 7.641
hept-1-yne 10.846 10.524 10.112 9.938
oct-1-yne 14.828 14.414 14.052 13.601
methanol 0.902 0.879 0.863 0.848
ethanol 1.055 1.036 1.019 1.008
propan-1-ol 1.198 1.178 1.167 1.152
propan-2-ol 1.151 1.148 1.146 1.143
butan-1-ol 1.393 1.387 1.377 1.372
tert-butanol 1.150 1.173 1.215 1.238
benzene 5.079 4.917 4.796 4.677
toluene 6.779 6.627 6.507 6.327
ethylbenzene 9.300 8.984 8.805 8.503
o-xylene 8.569 8.328 8.162 7.859
m-xylene 9.076 8.852 8.701 8.464
p-xylene 9.036 8.841 8.587 8.314
acetone 2.733 2.538 2.374 2.234
butan-2-one 3.215 3.012 2.877 2.697
pentan-2-one 3.901 3.706 3.538 3.346
water 1.505 1.513 1.519 1.534
thiophene 0.458 0.465 0.474 0.486
pyridine 0.082 0.087 0.092 0.097
methyl acetate 0.513 0.500 0.488 0.468
ethyl acetate 0.501 0.471 0.456 0.429
acetonitrile 3.996 3.626 3.345 3.052

Standard uncertainties: u(T) = 0.05 K, and u(c113) = ± 5% of measured values.
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The net retention volume of the solute (1) VN , was determined
using the Equation given by [25]:

VN ¼ J32
� ��1

Uo tR � tGð Þ ð5Þ

where J32 denotes the pressure correlation term; tR and tG denotes
the retention times for the solutes and the retention times for the
un-retained gas and; Uo is the column volumetric flow rate of the
carrier gas that was measured with a soap bubble flow meter and
corrected for the effects of water vapour pressure with the follow-
ing Equation:

Uo ¼ U 1� Pw

Po

� �
T
Tf

ð6Þ

where Tf is the temperature of the flow meter; Pw denotes the
vapour pressure of water at Tf and; Uis the volumetric flow rate
of the measured carrier gas by bubble flow meter at column outlet.
The saturated vapour pressures for all solutes were calculated using
the Antoine, modified Antoine or Wagner Equations in compliance
with the applicability range of each correlation. Constants for the
vapour pressure and correlations were obtained in the literature
[35,36].

4. Results and discussion

4.1. Viscosity and density data

The measured physical properties (viscosity and density) of
HDO were compared to those from literature [31,32]. Results
obtained in this study were in good agreement with the most accu-
rate available literature data. All relevant information regarding
these data is contained in Table 1 and graphically shown in Figures
S1 and S2 presenting the effect of temperature on the examined
properties (See supplementary materials). As it can be seen, the
agreement between experimental results and those reported in
the literature was acceptable. Relative deviations for density were
between 0.13 and 0.18 %, while they ranged from 1.15 to 6.88 % for
viscosity. The decrease in density and viscosity was observed with
increased temperature.
4.2. Activity coefficients at infinite dilution and other thermodynamic
properties

Experimental activity coefficient at infinite dilution (c113) and
gas-to-liquid partition coefficients (KL) data of 34 organic solutes
and water for the given solvent (HDO) are presented in Tables 2
and 3. Each reported value represents the corresponding average
obtained from two different column loadings. The data published
by Alessi and co-workers [26] were in good agreement with those
reported in this article for various solutes, except for ethanol,
methanol, methylacetate, ethylacetate and acetonitrile as shown
in Table S3 of supplementary materials. Care was taken to observe
that 1, 6 hexanediol was actually liquid at 313.15K, the lowest
temperature considered in this study. (There are discrepancies in
the literature regarding the actual melting pont of this solvent as
some sources report a melting point of 315.15 K). Figs. 2–5 show
plots obtained from experimental data provided in Table 2. They
illustrate the temperature dependence of limiting activity coeffi-



Table 3
The experimental (gas–liquid) partition coefficients KL for the solutes and water (1) in
1,6-hexanediol (3) at T = (323.15, 333.15 and 343.15) K and p = (101.3 ± 2) kPa.

Solute T/K

323.15 333.15 343.15

n-pentane 1.065 0.772 0.632
n-hexane 1.734 1.448 1.179
n-heptane 3.227 2.725 2.050
n-octane 9.806 5.440 3.905
n-nonane 20.302 10.690 7.337
cyclopentane 2.752 1.771 1.393
cyclohexane 5.535 3.373 2.617
cyloheptane 9.015 5.871 4.481
cyclooctane 15.192 8.525 6.517
hex-1-ene 2.634 1.747 1.329
hept-1-ene 5.405 3.164 2.473
hex-1-yne 6.218 3.737 2.891
hept-1-yne 13.207 7.421 5.480
oct-1-yne 27.649 19.077 10.209
methanol 52.256 28.300 19.807
ethanol 84.336 43.453 29.160
propan-1-ol 180.206 88.238 56.359
propan-2-ol 95.275 47.726 31.136
Butan-1-ol 407.920 190.140 116.256
tert-butanol 96.149 47.200 29.772
benzene 14.224 8.343 6.267
toluene 31.258 17.263 5.658
ethylbenzene 59.485 31.686 21.884
o-xylene 88.981 46.355 31.476
m-xylene 68.582 35.876 24.483
p-xylene 66.108 34.688 23.837
acetone 7.603 7.333 5.890
butan-2-one 22.921 13.674 10.388
pentan-2-one 42.891 24.302 17.874
water 138.290 70.571 46.102
thiophene 20.724 11.870 8.831
pyridine 348.367 177.874 118.413
methyl acetate 8.169 5.090 4.083
ethyl acetate 14.321 8.573 6.548
acetonitrile 19.280 11.945 9.400

Standard uncertainties: u(T) = 0.02 K, and u(KL) = ± 4% of measured values.

Fig. 2. Plot of ln (c1
13) against 1/T at p = (101.3 ± 2) kPa for n-pentane (r); n-hexane

(j); ethylbenzene (▲); hex-1-yne (d); toluene (h); benzene (}); acetonitrile (4);
butan-2-one (s) (1) in 1.6-hexanediol (3).

Fig. 3. Plot of ln (c113) against 1/T at p = (101.3 ± 2) kPa for hex-1-ene (r);
cycloheptane (j); n-nonane (▲); n-heptane (d); n-octane (h); hep-1-ene (});
cyclooctane (4); cyclohexane (s); hept-1-yne (+); m-xylene (�); cyclopentane (*) (1)
in 1.6-hexanediol (3).

Fig. 4. Plot of ln (c113) against 1/T at p = (101.3 ± 2) kPa for ethylacetate (r); acetone
(j); pentan-2-one (▲); butan-1-ol (d); methanol (h); ethanol (}); propan-1-ol (4);
methylacetate (s); propan-2-ol (+); o-xylene (�) (1) in 1.6-hexanediol (3).
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cients for the investigated solutes in HDO. From Table 2, it can be
seen that c113values for alkanes, alk-1-enes, alk-1-ynes, cycloalka-
nes, alkanols, alkylbenzenes, ketones, and esters were decreasing
with increasing temperature. The opposite trend was observed
for heterocyclics compounds, i.e. pyridine and thiophene. The
observed gentle slopes indicate weak dependence on temperature.
The highest values of c113 were observed at all temperatures for n-
nonane; c113= 52.651 at 323.15 K. The lowest values of activity coef-
ficient were obtained for heterocyclics, i.e. pyridine (c113 = 0.082)
and thiophene (c113 = 0.458) at 323.15 K. Fig. 6 indicates the effect
of molecular structure and alkyl carbon chain length on c113 values.
It was observed that limiting activity coefficients decreased in the
following order: n-alkanes > alk-1-enes > cycloalkanes > alk-1-
ynes > alkylbenzenes > ketones > alkanols > esters > heterocyclics.
Measurements of c113 of thiophene and pyridine in hexanediol
resulted in values lower than one in the entire range of tempera-



Fig. 5. Plot of ln (c113) against 1/T p = (101.3 ± 2) kPa for tert-butanol (r); water (j);
thiophene (▲); pyridine (d); oct-1-yne (h); p-xylene (}) in 1.6-hexanediol (3).

Fig. 6. Plot of ln (c113) against 1/T at p = (101.3 ± 2) kPa for alkanols (r); alkanes (4);
alk-1-ynes (*), cycloalkanes (h), alk-1-ynes (�), alkylbenzenes (}), heterocyclics (▲),
ketones (j) and esters (d) in the 1.6-hexanediol at 323.15 K.
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ture under investigation. This means that solvent-heterocyclic
compound systems exhibited negative deviations from ideal
behaviour.

As expected, polarity plays a notable role in the solubility beha-
viour of solutes in the investigated solvent, HDO which is polar in
nature. Furthermore, it should be noted that low limiting activity
coefficient values correspondent to strong solute-solvent interac-
tions. Hence, from Fig. 6, it is observed that molecular interactions
between solutes and the solvent decreased as alkyl chain length
increased. The observed values indicated that non-polar com-
pounds such as n-alkane, alk-1-enes, alk-1-ynes and cycloalkanes
exhibited higher values of c113 compared to other solutes, which
indicates weak attractive forces between these solute and HDO
due to their low solubility. On the contrary, the possibility of strong
dipole-dipole interactions between polar solutes and HDO explains
low limiting activity coefficients obtained for ketones, alcohols,
esters and hetrocyclic compounds. These polar compounds are
therefore expected to be soluble in HDO as they were prone to
be retained in the HDO stationary phase actively. The branching
of hydrocarbons skeletons reduced the values of c113 in comparison
with the corresponding linear n-alkanes. The presence of double or
triple bonds within a solute molecule causes a reduction in activity
coefficient values; thus, in this case, strong solute-solvent interac-
tions occur due to the presence of delocalised p-electrons. In other
words, these low limiting activity coefficient values for unsatu-
rated hydrocarbons can be attributed to the presence of induced
dipole-dipole interactions.

In this study, excess partial molar enthalpy (DHi
E;1), excess par-

tial molar Gibbs free energy (DGE;1
i ) and excess partial molar

entropy (TrefDS
E;1
i ) values at infinite dilution, for all examined

solutes in HDO at the reference temperature of 323.15 K, were
determined from reportedc113. These thermodynamic functions
provided further insight into the nature of solute-solvent molecu-
lar interactions.

The natural logarithm of limiting activity coefficient, ln c113
could be split into its respective DHi

E;1 and TrefDS
E;1
i contributions:

lnc13 ¼ DHE;1
i

RT
� DSE;1i

R
ð7Þ

The two thermodynamic properties (DHE;1
i ¼ Ra and

DSE;1i ¼ �Rb) were calculated by assuming van’t Hoff relation, from
its slope and intercept of the linear dependence on temperature as
follows:

lnc113 ¼ a
T
þ b ð8Þ

In the above equation, a and b represent the slope and intercept
of the straight line. Excess partial molar Gibbs energies were calcu-
lated from the equation below [39]:

DGE;1
i ¼ RTln c113

� � ¼ DHE;1
i � TrefDS

E;1
i ð9Þ

The results of the calculated values of the thermodynamics
functions describing the temperature dependence for studied
solutes in HDO are presented in Table 4. In this study, the limiting
excess partial molar enthalpies, exhibit positive values for all
solutes except for pyridine, thiophene, water and tert-butanol.
The positive values of limiting excess molar enthalpy imply that
dissociation effects outweighed the association effects in mixtures
that involved the studied HDO and the investigated solutes under
infinite dilution conditions. The negative DHi

E;1 values indicate the
opposite effect and also denotes strong associative molecular inter-
actions between the solutes and the solvent. Furthermore, positive
DHi

E;1 values indicate that these solutes possess an endothermic
(negative deviation from Raoult’s law) heat of mixing when con-
tacted with HDO. Negative DHi

E;1 values imply exothermic heats
(positive deviation from Raoult’s law) of mixing. DSE;1i occurred
as both positive and negative and were decreasing with increasing
alkyl chain length except for thiophene, pyridine, methyl acetate
and ethyl acetate. The observed negative values of entropy indicate
that adding solutes to HDO was accompanied by entropy losses.
This suggests that solute molecules arranged an organised struc-
ture with HDO molecules. The limiting partial Gibbs energies for
most studied solutes are positive. All solutes displaying negative
limiting Gibbs energies were polar, except hex-1-ene. These polar
molecules were small alcohols, small ketones, esters, and hetero-
cyclic compounds. Negative excess molar Gibbs free energies indi-
cate that mixing was spontaneous when these solutes were
contacted with HDO. Unlike other unsaturated hydrocarbons,
hex-1-ene + HDO mixtures appear to be characterised by very
strong induced dipole – dipole interactions resulting in high solu-
bility as suggested by its corresponding negative excess molar
Gibbs free energy at infinite dilution.



Table 4
Limiting partial molar excess enthalpies (DHE;ð1Þ

i ), Gibbs free energies (DGE;1
i ) and entropies (TrefDS

E;1
i ) for organic solutes in 1,6 hexanediol at a reference temperature

Tref = 323.15 K and p = (101.3 ± 2) kPa.

Solute a b/K DGE;1
i DHE;ð1Þ

i TrefDS
E;1
i

/kJ∙mol�1 /kJ∙mol�1 /kJ∙mol�1

n-pentane 3.587 1264.61 0.878 10.514 9.636
n-hexane 0.020 976.06 8.570 8.115 0.055
n-heptane �2.341 854.82 13.397 7.107 �6.29
n-octane 4.437 725.40 17.954 6.031 �11.92
n-nonane �5.527 704.60 20.705 5.858 �14.848
cyclopentane 0.415 999.04 7.190 8.306 1.116
cyclohexane �1.268 704.23 9.263 5.855 �3.408
cyloheptane �3.758 497.72 14.235 4.138 �10.097
cyclooctane �3.338 604.40 13.991 5.025 �8.965
hex-1-ene 1.693 345.44 �1.676 2.872 4.548
hept-1-ene �1.803 808.16 11.529 6.719 �4.844
Hex-1-yne �0.512 657.93 6.846 5.470 �1.376
hept-1-yne �4.065 345.44 13.800 2.872 �10.928
oct-1-yne �5.245 324.15 16.786 2.695 �14.091
methanol 2.557 233.10 �4.930 1.938 6.869
ethanol 1.528 176.57 �2.637 1.468 4.106
propan-1-ol 0.823 143.85 �1.015 1.196 2.212
propan-2-ol �0.176 27.06 0.698 0.225 �0.473
Butan-1-ol �0.457 59.54 1.722 0.495 �1.227
tert-butanol �3.239 �293.84 6.260 �2.443 �8.703
benzene �2.043 311.40 8.079 2.589 �5.490
toluene �3.467 256.92 11.450 2.136 �9.314
ethylbenzene 3.745 329.44 12.799 2.739 �10.061
o-xylene �3.605 318.26 12.331 2.646 �9.685
m-xylene �4.350 258.72 13.838 2.151 �11.687
p-xylene �3.785 317.18 12.807 2.637 �10.170
acetone 4.245 767.86 �5.020 6.384 11.404
butan-2-one 2.639 652.86 �1.661 5.428 7.089
pentan-2-one 1.313 577.58 1.275 4.802 3.527
water �1.934 �70.12 4.614 �0.583 �5.197
thiophene 0.245 �228.05 �2.554 �1.896 0.659
pyridine 1.730 �626.53 �9.857 �5.209 4.648
methyl acetate 5.338 343.04 �11.491 2.852 14.342
ethyl acetate 7.614 571.45 �15.704 4.751 20.455
acetonitrile 5.433 1014.92 �6.158 8.438 14.596

Standard uncerntainties u are as follows: u(T) = 0.05 K, u(DGE;1
i , DHE;ð1Þ

i , TrefDS
E;1
i ) = ± 8% of reported values.
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Another important purpose of this study was to examine the
potential use of HDO in selected solvent-enhanced industrial sep-
aration processes. This was achieved by calculating gas-to-liquid
partition coefficient (KL), selectivity (S1ij ) and capacity (k1j ) values
at infinite dilution. The gas-to-liquid partition coefficient,
KL ¼ CL=CG for a solute (1) partitioning between a carrier gas (2)
and a solvent (3) was calculated from solute retention data accord-
ing to the following Eq. (10):

lnKL ¼ ln
VNq3

m3

� �
� Poj

3
2 2B12 � V1

1

� �
RT

ð10Þ

where q3 is the density of the solvent. The experimental KL data for
various solutes between helium and HDO at different temperatures
are presented in Table 3. It was found that KL values decreased with
an increase of temperature in all solutes and increased with an
increase in the alkyl chain length. The lowest KL values were
observed for n-alkanes (at 343.15 K, for n-pentane, KL = 0.632),
cycloalkanes, alk-1-enes and alk-1-ynes. The highest value was
obtained for butan-1-ol at 323.15 K (KL = 407.92). High KL values
correspond to large affinity of the solute with the liquid phase.

4.3. Evaluation of the performance of 1, 6-hexanediol in separation
processes

The experimental data presented in Table 2 were used to assess
HDO as separation agent in various separation problems. This was
done by calculating S1ij and k1j as follows:
S1ij ¼ c1i
c1j

ð11Þ
k1j ¼ 1
c1j

ð12Þ

where i refers to solutes andj to the component to be extracted. The
significance of Eqs. (11) and (12) is explained in the literature [41–
43]. A comparison between HDO and other solvents such as ILs,
DESs and popular industrial solvents (i.e. sulfolane and NMP) is pre-
sented at T = 323.15 K in Table 5. S1ij and k1j values are made avail-
able for for heptane-hept-1-yne, heptane-thiophene, heptane-
propan-2-none, water-butanol, cyclohexane-benzene, hexane-
methanol, octane-acetonitrile, octane-ethyl acetate and
ethylbenzene-m-xylene separation problems. Figures presented in
Table 5 indicate that HDO is likely to be a good extraction solvent
for the separation of heptane-pyridine, heptane-thiophene,
heptane-propan-2-none, hexane-methanol, octane-acetonitrile
and octane-ethyl acetate pairs as its performance compares well
with that of other listed solvents. S1ij and k1j values associated with
HDO for alkanes-pyridine and alkanes-thiophene separations were
remarkably high. These separation problems are significant in
extraction processes such as the denitrification and desulfurization
of fuels in petrochemical and chemical industries. While, in some
instances, HDO may not perform better than ionic liquids, DESs
and other molecular solvents, it can still be considered as separation
solvent for heptane-pyridine, heptane-thiophene, heptane-propan-



Table 5
Selectivity and capacity at infinite dilution of various solvents for common industrial separation problems at T = 323.15 K.

Solvent Heptane/
pyridine

Heptane/
thiophene

Water/
butanol

Cyclohexane/
benzene

Hexane/
methanol

Octane/acetonitrile Octane/
ethylacetate

Ethylbenzene/
m-xylene

Heptane/
2-propanone

Reference

Hdiol 326.7/12.2 64.91/2.18 1.08/0.72 2.63/0.2 24.07/1.11 9.86/0.25 78.60/2.0 1.02/0.11 5.57/0.26 This study
DES 1; [4C1NBr]+[Hdiol] [1:2] 354.3/13 177.13/6.3 – 5.41/0.49 64.39/3.03 – 107.51/2.86 – – [16]
DES 2; [4C1NCl]+[Hdiol] [1:1] – 538/4.42a – 3.71/0.1 57.03/0.81 – 114.82/0.95 – – [15]
DES 3; [ChCl]+[Gly] [1:1] 378.1/4.56 101/0.22a – 8.57/0.04b – – 18.6/0.04 – – [18]
DES 4; [ChCl]+[Gly] [1:2] – 62.1/0.31c – 5.65/0.06b – – 18.06/0.8 – – [18]
DES 5; [4C1NCl]+[EG] [1:2] 3774/2.53 1389/0.93 – 1.93/0.05 2535/1.52 – – – – [17]
DES 6; [4C1NCl]+[Gly] [1:2] – 93.15/0.38 – 4.45/0.02 204.3/0.82 – 44.45/0.19 – – [30]
[N1,1,12,2OPh] [NTf2] y 10.2/3.44 5.44/1.83 2.58/0.74 3.48/1.71 2.73/0.93 8.51/2.08 7.89/1.93 1.06/1.14 7.49/2.51 [43]
[ChxmPyrr] [Tf2N] 26.2/2.13 18.92/1.54 1.04/0.45 7.69/1.35 6.89/0.74 32.16/1.96 21.03/1.28 1.0/0.74 18.64/1.52 [44]
[BzPy] [Tf2N] 51.3/2.13 33.01/1.37 1.21/0.41 10.11/1.10 13.66/0.81 82.62/2.38 47.53/1.37 1.01/0.55 36.52/1.52 [44]
[sec-BMIm] [Tf2N] 40.3/1.8 24.03/1.06 1.21/0.41 8.94/0.93 13.42/0.83 66.13/2.08 38.71/1.22 1.01/0.45 29.72/1.32 [45]
[BMPYR] [DCA] 0.005/0.00 88.28/1.18 – 6.27/0.71 – 166.17/1.5 47.03/0.42 0.99/0.29 41.676/0.56 [46]
[EMMor] [DCA] y 386.8/0.56 298.7/0.44 0.11/0.33 35.24/0.22 – 913/1.01 155.5/0.17 1.09/0.07 127.2/0.19 [47]
[N2,2,2,8] [FSI] y 25.56/2.25 20.12/1.77 1.93/0.41 8.05/1.53 5.41/0.61 26.72/1.84 15.70/1.08 1.05/0.87 16.57/1.46 [48]
[N-C3OHMIM] [DCA] y 309.7/0.73 169.5/0.4 0.13/0.36 21.07/0.22 428/1.58 131.35/0.2 113.45/0.17 1.03/0.07 84.23/0.2 [49]
[P8,8,8,8] [NTf2] y 4.05/2.87 3.3/2.34 6.12/0.76 2.07/2.34 0.87/0.72 2.84/1.77 3.4/2.12 1.02/1.63 4.27/3.03 [50]
[AMIM] [DCA] y 170.0/0.81 114.2/0.55 0.19/0.56 100.9/2.0 260/2.0 361.51.08 87.65/0.26 1.02/0.11 64.61/0.31 [51]
[N-C3OHPY] [DCA] y 321.25/0.7 173.6/0.38 – 20.08/0.2 411.2/1.46 584.4/0.79 114.3/0.15 0.22/0.07 173.6/0.38 [52]
Sulfolaney 45.71/0.90 45.62/0.9d 1.66/0.41 8.0/0.43 18.8/0.51 47.2/0.93e 19.6/0.40f – – [53]
NMP – – – 6.5/0.97 – – – – 2.07/0.57g [40]

y Intepolated values.
a octane/pyridine.
b T = 313.15 K.
c T = 333.15 K.
d heptane/pyridine.
e heptane/acetonitrile.
f heptane/ethylacetate.
g heptane/2-butanone; [4C1NBr] + [Hdiol]: tetramethylammonium bromide + 1,6 hexanediol; [4C1NCl] + [Hdiol]: tetramethylammonium chloride + 1,6 hexanediol; [ChCl] + [Gly]: choline chloride + glycerol; [4C1NCl] + [EG]:

tetramethylammonium chloride + ethylene glycol; [4C1NCl] + [Gly]: tetramethylammonium chloride + glycerol; [BMPYR][DCA]: 1-butyl-1-methylpyrrolidynium dicyanamide; [N1,1,12,2OPh][NTf2]: dimethyldodecylphenoxyethy-
lammonium bis{(trifluoromethyl)sulfonyl}; [N2,2,2,8][FSI]: N-triethyl-N-octylammonium bis(fluorosulfonyl)imide imide; [N-C3OHPY][DCA]: 1-(3-hydroxypropyl)pyridinium dicyanamide; [EMMor][DCA]: N-ethyl-N-methylmor-
pholinium dicyanamide; [N-C3OHMIM][DCA]: 1-(3-hydroxypropyl)-3-methylimidazolium dicyanamide; [sec-BMIm][Tf2N]: 1-sec-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [AMIM][DCA]: 1-allyl-3-
methylimidazolium dicyanamide; [P8,8,8,8][NTf2]: tetraoctylphosphonium bis{(trifluomethyl)sulfonyl} imide; [ChxmPyrr][Tf2N]: 1-cyclohexylmethyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide; [BzPy][Tf2N]: 1-
benzylpyridinium bis(trifluoromethylsulfonyl)imide.
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Table 6
Comparison of infinite dilution activity coefficients for selected organic solutes at 323.15 K.

Solvent n-Hexane Cyclohexane Hex-1-ene Ethanol Benzene Acetone Thiophene Pyridine Methyl acetate Ref

Hdiol 21.7 15.4 15.4 1.1 5.1 2.7 0.5 0.1 0.5 This study
DES 1; [4C1NBr] + [Hdiol] [1:2] 21.3 11.0 13.3 0.5 2.0 1.6 0.2 0.1 0.3 [16]
DES 2; [4C1NCl] + [Hdiol] [1:1] 70.5 35.6 52.6 1.7 9.7 4.9 0.8 0.2 1.0 [15]
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2-none, hexane-methanol, octane-acetonitrile and octane-ethyl
acetate pairs, on the basis of its low cost and low toxicity.
4.4. Comparison between HDO and HDO-containing DESs

Table 6 presents a comparison of experimental c113data between
tetramethylammonium chloride + 1,6 hexanediol deep eutectic
solvent in the 1:1 M ratio (DES1) [15] as well as tetrapropylammo-
nium bromide + 1,6-hexanediol deep eutectic solvent in the 1:1 M
ratio (DES2) [16] with pure HDO at T = 323.15 K. All previously
investigated solute groups are represented in this table. It can be
observed that DES2 have higher values of activity coefficients at
infinite dilution followed by pure HBO and finally DES1. The two
hydroxyl groups of HDO interact strongly with the positive sites
of solutes. This results into strong dipole-dipole interactions or
hydrogen bonds. The presence of hydrogen bond acceptors in
DES 1 and DES 2 lead to increased solvent-solvent interactions (hy-
drogen bonds) which competed with solute-solvent interactions.
In other words, solute-solvent interaction were weaken by the
presence of strong hydrogen bonds between the molecules com-
prising the two deep eutectic solvents. As expected, the weakest
solvent-solvent interactions (expected in DES1) corresponded to
the strongest solvent-solute interactions, i.e. to the lowest limiting
activity coefficients observed in DES2.

As part of this study, a comparison was made between DES1,
DES2 and HDO in terms of their separation performance (See
Table 5). It emerged that forming DESs with appropriate hydrogen
bond acceptors such as ammonium-based salts can enhance HDO
separation performance. This was indicated by selectivity values
related to HDO being generally lower than those obtained for
HDO-containing DESs.
5. Conclusion

The GLC technique has been used to measure c113 for a series of
35 polar, and nonpolar organic solutes in the temperature range
from (323.15 to 353.15) K. Experimental c113 data allowed the
determination of partition coefficients between HDO and helium,
as well as, excess molar Gibbs free energy, molar entropy and
excess molar enthalpy values at infinite dilution. The following
five-point conclusion can be drawn:

� HDO interacts more strongly with polar solutes than non-polar
solutes,

� Mixing in HDO-containing systems is spontaneous in the case of
highly polar molecules,

� Solutes interact more strongly with HDO than HDO-containing
deep eutectic solvents,

� HDO is likely to serve as effective solvent in fuel denitrification
and desulfurisation processes,

� Combining HDO with hydrogen acceptors leads to better sepa-
ration performance for various mixtures.

The finding of this study allowed to understand the role played
by hydrogen bond acceptors (HBA) in defining the separation per-
formance of HDO-containing deep eutectic solvents. Furthermore,
the data reported herin can be used to develop or refine thermody-
namic models to describe systems involving HDO.
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