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The activity coefficients at infinite dilution, c113, for 62 solutes, including alkanes, cycloalkanes, alkenes,
alkynes, aromatic hydrocarbons, alcohols, water, thiophene, ethers, ketones, acetonitrile, pyridine and
1-nitropropane in the ionic liquid 1-butyl-1-methylpyrrolidinium tricyanomethanide, [BMPYR][TCM]
were determined by gas–liquid chromatography at six temperatures over the range of (318.15 to
368.15) K. The partial molar excess Gibbs free energy, DGE

11, enthalpy DHE
11, and entropy term

Tref DSE
1;1 at infinite dilution were calculated from the experimental c113 values obtained over the temper-

ature range. The densities of [BMPYR][TCM] were measured within temperature range from 318.15 K to
368.15 K. The gas–liquid partition coefficients, KL were calculated for all solutes. The values of selectivity
for few separation problems as hexane/benzene, cyclohexane/benzene, heptane/thiophene were calcu-
lated from c113 and compared to literature values for N-methyl-2-pyrrolidinone (NMP), sulfolane, and
other ionic liquids based on [BMPYR]+ cation. In comparison with the former measured ILs,
[BMPYR][TCM] present quite high selectivity for the separation of aromatic hydrocarbons and aliphatics
hydrocarbons, an average capacity for benzene. The data presented here shows that [BMPYR][TCM] ionic
liquid can be used as an alternative solvent for the separation of thiophene from the aliphatic
hydrocarbons.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Ionic liquids (ILs) are wildly proposed as new solvents in the
several applications in new technologies under development [1–
5]. In recent years the new methods are proposed for using ILs in
extraction, extractive distillation and separation [6–8]. The desul-
furization process of fuels is based on the extraction of the sulfur
compounds, which are more soluble in the IL than aliphatic hydro-
carbons [7]. More popular at the new bibliography is however, the
combining method of oxidation and extraction [9]. ILs must be
thermally and chemically stable and must offer the high selectivity
of extraction. This is the important information for engineering de-
sign of extraction process. The selectivity is possible to calculated
from the measurements of activity coefficients at infinite dilution,
c113. In this work, we present the new ionic liquid, 1-butyl-1-meth-
ylpyrrolidinium tricyanomethanide, [BMPYR][TCM], which was
proposed by us for the separation of sulfur compounds and al-
kanes. The possible extraction of aromatic hydrocarbons from
aliphatic hydrocarbons and especially of thiophene from heptane
is expected with high selectivities. The anion [TCM]� {C(CN)3

�}
was used already for the extraction of thiophene and dibenzothio-
phene with a very good result of the extraction (about 95 wt%) for
the simultaneous separation from alkanes with pyridinium-based
and imidazolium-based ILs [7].

Three pyrrolidinium-based ionic liquids have been studied by
us recently: 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)
trifluorophosphate, [BMPYR][FAP], 1-butyl-1-methylpyrrolidinium
tetracyanoborate, [BMPYR][TCB] and 1-butyl-1-methylpyrrolidini-
um tricyanomethanide, [BMPYR][TCM] in ternary liquid–liquid
equilibrium (LLE). The [TCM]� anion in comparison with [TCB]�

and [FAP]� anions showed much higher selectivity and slightly
lower distribution ratio for extraction of thiophene from aliphatic
hydrocarbons [10].

The values of activity coefficients at infinite dilution of a solute
in the IL provide the basic information on the intermolecular inter-
action between solute and the IL. The lowest values are usually ob-
served for alkynes, polar substances as alcohols, ketones or ethers
which is a result of hydrogen bonding, the P–P, n–P, or other
strong interactions [11–13]. An interesting review on the all mea-
sured c113 up 2010 was presented recently by Marciniak [14].

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jct.2013.07.004&domain=pdf
http://dx.doi.org/10.1016/j.jct.2013.07.004
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In this work, continuing our studies on the selectivity of the sep-
aration of aromatic and aliphatic hydrocarbons, or extraction of sul-
fur compounds from alkanes the examination on c113 of selected 62
organic compounds and water in the ionic liquid [BMPYR][TCM]
was provided. The main focus of these measurements was put on
data of aliphatic and aromatic hydrocarbons as well as thiophene
and pyridine. The discussion on the separation of many different
mixtures including aromatic/aliphatic hydrocarbons, or
desulphurization, or denitrogenation of fuels will be provided.
The comparisons with previously-published [BMPYR]-based ILs is
presented. The thermodynamic properties at infinite dilution at
chosen temperature T = 328.15 K were analysed to describe the
intermolecular interactions and to identify the potential of
[BMPYR][TCM] to be used as a new solvent in the discussed separa-
tion processes. The density of the IL as a function of temperature is
determined for the calculation of the gas–liquid partition coeffi-
cients KL.

2. Experimental

2.1. Chemicals and materials

The sample of 1-butyl-1-methylpyrrolidinium tricyanometha-
nide, [BMPYR][TCM], was purchased from Iolitec (P0.98 mass frac-
tion purity); M = 234.23 g �mol�1, CAS No. 878027-72-6. The
sample was dried for several days at T = 300 K under reduced pres-
sure to remove volatile impurities and trace water. After this pro-
cedure, the impurity of Iolitec sample was not recalculated in mole
fraction concentrations due to the fact that the GLC technique sep-
arates any impurities on the column. Most of the solutes were pur-
chased from Sigma Aldrich or Fluka. The sources and mass fraction
purities of materials used are listed in table 1S in the Supplemen-
tary Material. The structure of [BMPYR][TCM] is shown in table 1.

2.2. Water content

The water content was analysed by the Karl-Fisher titration
technique before preparing the column. The sample of 3 cm3 of
the IL was dissolved in methanol (Merck) and titrated with steps
of 0.0025 cm3. The results obtained have shown the water content
to be less than 370 � 10�6. The error on the water content was ±2%
for the 3 cm3 IL injected.

2.3. Apparatus and experimental procedure

The methodology of the present investigation was described by
us in many previous papers [10–12]. The PerkinElmer Clarus 500
gas chromatograph equipped with a thermal conductivity detector
(TCD) was used. The data were collected and processed using Total-
Chrom Workstation software. Glass columns of length 1 m and
4 mm internal diameter were used. The column preparation and
the packing method used in this work have been described in detail
in our previous work [11,12]. Chromosorb W/AW-DCMS 100/120
mesh was used as the solid support and was supplied by Sigma–
Aldrich. The [BMPYR][TCM] was dissolved in methanol and
TABLE 1
Investigated ionic liquid: structure, name and abbreviation of name.

Structure Name, abbreviation
1-butyl-1-methylpyrrolidinium
tricyanomethanide, [BMPYR][TCM]
dispersed in Chromosorb. After coating, the solvent was evapourat-
ed using a rotary evapourator. The masses of the stationary phase
and of the solid support were weighed with a precision ±0.0001 g,
achieving an uncertainty in the IL loading on the column on the or-
der of 2 � 10�4 mmol. The solvent column packing were 45.10
(9.5712 mmol) and 49.93 (11.412 mmol) mass per cent of
[BMPYR][TCM]. The large column packing is used to prevent the
residual adsorption of solute onto the column packing, what is
important especially for alkanes. The inlet pressure, Pi, was mea-
sured by a pressure gauge installed on the gas chromatograph with
an uncertainty of ±0.1 kPa and the outlet pressure, Po, was
measured using an Agilent Precision Gas Flow Meter having an
uncertainty of ±0.07 kPa. The flow rate of carrier gas was deter-
mined using the same Agilent Precision Gas Flow Meter which
was placed at the outlet after the detector and had an uncertainty
of ±0.1 cm3 �min�1. The flow rate was set for a series of runs and
was allowed to stabilize for at least 15 min before any c113 determi-
nations were made. The flow rates were duly corrected for water
vapour pressure. Solute injections ranged from (0.01 to
0.3) � 10�3 cm3 and can be considered to be at infinite dilution on
the column. The temperature of the column was maintained con-
stant to within ±0.02 K. Each experiment was repeated two to three
times to establish repeatability. Retention times were generally
reproducible to within (10�3 to 10�2) min depending upon the tem-
perature and the individual solute. At each temperature, values of
the dead time, tG, equivalent to the retention time of a completely
non-retained component were also measured. For the TCD detector
air was used as a non-retainable component. The estimated overall
error in c113 was less than 3%, taking into account the possible errors
in determining the column loading, the retention times, and solute
vapour pressure.

2.4. Density measurements

The density of the [BMPYR][TCM] was measured using an Anton
Paar GmbH 4500 vibrating-tube densimeter (Graz, Austria). The
temperature was controlled with two integrated Pt 100 platinum
thermometers provided good precision of (±0.01 K). The densime-
ter includes an automatic correction for the viscosity of the sample.
The apparatus is precise to within 1 � 10–5 g � cm�3, and the overall
uncertainty of the measurements was estimated to be better than
5 � 10–5 g � cm�3. The calibration of the densimeter was performed
at atmospheric pressure using doubly distilled and degassed water,
specially-purified benzene (CHEMIPAN, Poland 0.999), and dried
air.
3. Theoretical basis

The gas–liquid chromatography (GLC), is easy and widely used
method. The c113 for solute (1) partitioning between a carrier gas (2)
and a non-volatile liquid solvent (3), here the IL are calculated from
the solute retention according to the equations developed by Ever-
ett [15] and Cruickshank et al. [16]:

ln c113 ¼ ln
n3RT
VNP�1

� �
�

P�1 B11 � V�1
� �

RT
þ

PoJ3
2 2B12 � V11
� �

RT
: ð1Þ

In this expression, n3 is the number of moles of solvent on the
column packing, R is the gas constant, T is the column tempera-
ture, VN denotes the net retention volume of the solute, P�1 is
the saturated vapour pressure of the solute at temperature T,
B11 is the second virial coefficient of pure solute, V�1 is the molar
volume of the solute, Po is the outlet pressure, PoJ3

2 is the mean
column pressure, B12 (the carrier gas is helium) is the mixed sec-
ond virial coefficient of the solute and carrier gas, and V11 is the
partial molar volume of the solute at infinite dilution in the
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solvent. The parameters required in the calculations of the c113

were developed using equations and constants taken from the lit-
erature [17]. The values of B12 were calculated using the Tsonop-
olous [18] equation. The parameters for the Tsonopolous equation
are described in [18]. The pressure correction term, J3

2, is given by
Grant [19]
TABLE 2
Average experimental activity coefficients at infinite dilution, c113, for various solutes in [B

Solute T/K

318.15 328.15

Pentane 16.7 16.0
Hexane 23.4 22.3
3-Methylpentane 21.0 20.1
2,2-Dimethylbutane 21.1 20.3
Heptane 33.7 31.8
Octane 48.1 45.3
2,2,4-Trimethylpentane 39.1 36.9
Nonane 68.8 63.9
Decane 99.2 91.3
Cyclopentane 7.53 7.29
Cyclohexane 11.1 10.6
Methylcyclohexane 15.9 15.3
Cycloheptane 13.5 12.9
Cyclooctane 17.2 16.3
Pente-1-ne 7.51 7.40
Hex-1-ene 10.6 10.3
Cyclohexene 5.16 5.10
Hept-1-ene 15.0 14.7
Oct-1-ene 21.8 21.0
Dec-1-ene 43.2 41.4
Pen-1-yne 2.10 2.17
Hex-1-yne 2.87 2.97
Hept-1-yne 4.03 4.15
Oct-1-yne 5.73 5.85
Benzene 1.02 1.04
Toluene 1.43 1.47
Ethylbenzene 2.11 2.15
o-Xylene 1.76 1.81
m-Xylene 2.06 2.12
p-Xylene 2.01 2.06
Styrene 1.12 1.16
a-Methylstyrene 1.67
Methanol 0.699 0.670
Ethanol 0.967 0.918
Propan-1-ol 1.14 1.08
Propan-2-ol 1.20 1.13
Butan-1-ol 1.43 1.34
Butan-2-ol 1.34 1.27
2-Methyl-propan-1-ol 1.42 1.32
tert-Butanol 1.30 1.23
Water 0.973 0.922
Thiophene 0.709 0.730
Tetrahydrofuran 0.848 0.868
1,4-Dioxane 0.642 0.669
tert-Butyl methyl ether 3.45 3.52
Methyl tert-pentyl ether 4.83 4.89
Ethyl tert-butyl ether 8.44 8.39
Diethyl ether 3.34 3.37
Di-n-propyl ether 8.43 8.33
Di-iso-propyl ether 8.99 9.02
Di-n-butyl ether 17.3 16.7
Acetone 0.624 0.639
Pentan-2-one 1.03 1.05
Pentan-3-one 1.00 1.03
Methyl acetate 1.00 1.02
Ethyl acetate 1.41 1.43
Methyl propanoate 1.24 1.27
Methyl butanoate 1.69 1.72
Butanal 0.907 0.930
Acetonitrile 0.558 0.563
Pyridine 0.567 0.580
1-Nitropropane 0.742

a Standard uncertainties are uðc113Þ < 3%, u(T) = 0.02 K.
J3
2 ¼

2
3

Pi=Poð Þ3 � 1

Pi=Poð Þ2 � 1
: ð2Þ

The net retention volume of the solute, VN, is given by

VN ¼ J3
2

� ��1
UoðtR � tGÞ; ð3Þ
MPYR][TCM] at different temperatures.a

338.15 348.15 358.15 368.15

15.3 14.5 13.9 13.4
21.1 20.1 19.2 18.3
19.1 18.1 17.3 16.6
19.2 18.4 17.8 17.0
29.9 27.9 26.3 24.9
41.6 39.1 36.9 34.5
35.0 32.8 31.1 29.4
58.2 54.3 50.8 47.1
82.4 76.4 70.9 65.2
7.00 6.71 6.48 6.27
10.0 9.49 9.10 8.74
14.4 13.6 13.0 12.4
12.2 11.5 10.9 10.4
15.3 14.3 13.6 12.9
7.29 7.14 7.00 6.92
10.0 9.68 9.42 9.15
4.99 4.86 4.77 4.68
14.2 13.7 13.3 12.9
20.1 19.2 18.5 17.8
39.4 37.4 35.6 33.8
2.23 2.27 2.30 2.35
3.03 3.07 3.11 3.16
4.21 4.24 4.28 4.32
5.89 5.90 5.91 5.93
1.07 1.09 1.11 1.13
1.51 1.55 1.57 1.60
2.19 2.23 2.25 2.29
1.85 1.90 1.93 1.97
2.17 2.21 2.25 2.30
2.12 2.16 2.21 2.25
1.20 1.24 1.27 1.31
1.76 1.84 1.90 1.97
0.646 0.625 0.607 0.590
0.876 0.836 0.801 0.770
1.03 0.983 0.945 0.913
1.08 1.02 0.984 0.950
1.27 1.22 1.16 1.11
1.21 1.16 1.12 1.09
1.24 1.17 1.12 1.07
1.18 1.14 1.11 1.09
0.884 0.833 0.801 0.770
0.752 0.773 0.794 0.821
0.890 0.911 0.934 0.952
0.697 0.721 0.745 0.768
3.56 3.58 3.62 3.69
4.90 4.88 4.89 4.91
8.31 8.16 8.09 8.02
3.38 3.37 3.39 3.40
8.16 7.97 7.82 7.73
8.91 8.79 8.63 8.57
16.1 15.5 14.9 14.4
0.650 0.662 0.675 0.687
1.08 1.10 1.12 1.14
1.06 1.08 1.11 1.13
1.04 1.06 1.08 1.09
1.46 1.47 1.50 1.53
1.30 1.32 1.35 1.38
1.76 1.79 1.82 1.85
0.949 0.968 0.986 1.01
0.566 0.569 0.572 0.576
0.592 0.603 0.617 0.627
0.752 0.762 0.772 0.782
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where tR and tG are the retention times for the solute and an unre-
turned gas, respectively, and Uo is the column outlet flow rate, cor-
rected for the vapour pressure of water by

Uo ¼ U 1� Pw

Po

� �
T
Tf
; ð4Þ
TABLE 3
Limiting partial molar excess enthalpies DHE;1

1 , excess Gibbs free energies DGE
1;1, and e

temperature Tref = 338.15 K.a

Solute DHE;1
1 /kJ �mol�1

Pentane 4.4
Hexane 4.8
3-Methylpentane 4.7
2,2-Dimethylbutane 4.3
Heptane 6.0
Octane 6.5
2,2,4-Trimethylpentane 5.6
Nonane 7.4
Decane 8.2
Cyclopentane 3.7
Cyclohexane 4.7
Methylcyclohexane 5.0
Cycloheptane 5.1
Cyclooctane 5.8
Pente-1-ne 1.7
Hex-1-ene 2.9
Cyclohexene 2.0
Hept-1-ene 3.0
Oct-1-ene 4.0
Dec-1-ene 4.8
Pen-1-yne �2.1
Hex-1-yne �1.7
Hept-1-yne �1.3
Oct-1-yne �0.5
Benzene �2.0
Toluene �2.2
Ethylbenzene �1.6
o-Xylene �2.1
m-Xylene �2.0
p-Xylene �2.2
Styrene �3.0
a-Methylstyrene �4.1
Methanol 3.3
Ethanol 4.4
Propan-1-ol 4.3
Propan-2-ol 4.6
Butan-1-ol 4.8
Butan-2-ol 4.0
2-Methyl-propan-1-ol 5.5
tert-Butanol 3.3
Water 4.6
Thiophene �2.8
Tetrahydrofuran �2.3
1,4-Dioxane �3.5
tert-Butyl methyl ether �1.2
Methyl tert-pentyl ether �0.2
Ethyl tert-butyl ether 1.1
Diethyl ether �0.3
Di-n-propyl ether 1.8
Di-iso-propyl ether 1.1
Di-n-butyl ether 3.6
Acetone �1.9
Pentan-2-one �2.0
Pentan-3-one �2.5
Methyl acetate �1.7
Ethyl acetate �1.5
Methyl propanoate �2.0
Methyl butanoate �1.8
Butanal �2.0
Acetonitrile �0.6
Pyridine �1.9
1-Nitropropane �1.3

a Standard uncertainties are u(DHE;1
1 ) = ±0.5 kJ �mol�1; u(DGE;1

1 ) = ±0.5 kJ �mol�1; u(Tref
where Tf is the temperature at the column outlet, Pw is the vapour
pressure of water at Tf, and U is the flow rate measured with the
flow meter.

While the activity coefficients at infinite dilution are deter-
mined as a function of temperature, ln c113 can be split to its respec-
tive limiting enthalpic and entropic components
ntropies Tref DSE
1;1 for organic solutes and water in [BMPYR][TCM] at the reference

DGE;1
1 /kJ �mol�1 Tref DSE

1;1/kJ �mol�1

7.56 �3.18
8.47 �3.66
8.19 �3.51
8.21 �3.94
9.44 �3.47

10.4 �3.88
9.84 �4.28

11.3 �3.95
12.3 �4.16

5.42 �1.76
6.44 �1.70
7.44 �2.46
6.98 �1.85
7.62 �1.83
5.46 �3.80
6.36 �3.44
4.45 �2.46
7.33 �4.33
8.31 �4.31

10.2 �5.36
2.11 �4.21
2.97 �4.72
3.88 �5.15
4.82 �5.36
0.11 �2.14
1.05 �3.23
2.09 �3.69
1.62 �3.73
2.05 �4.10
1.97 �4.13
0.40 �3.40
1.40 �5.52
�1.09 4.37
�0.23 4.67

0.21 4.05
0.33 4.29
0.80 4.00
0.65 3.35
0.76 4.69
0.56 2.76
�0.22 4.82
�0.86 �1.97
�0.39 �1.91
�1.10 �2.39

3.43 �4.63
4.33 �4.55
5.80 �4.75
3.31 �3.62
5.78 �3.99
6.00 �4.95
7.68 �4.07
�1.22 �0.64

0.13 �2.14
0.08 �2.60
0.05 �1.75
0.98 �2.49
0.65 �2.64
1.48 �3.26
�0.20 �1.83
�1.57 0.97
�1.49 �0.45
�0.81 �0.51

DSE
1;1) = ±0.05 kJ �mol�1.



TABLE 4
Densities (q) at p = 101.33 kPa, for the ionic liquid [BMPYR][TCM] as a function of
temperature.

T/K q/(g � cm–3) T/K q/(g � cm–3)

318.15 0.99468 348.15 0.97680
328.15 0.98867 358.15 0.97094
338.15 0.98270 368.15 0.96490

q/g � cm�3 = a T/K + b; a = �6.01 � 10�4; b = 1.19.
Standard uncertainties are: u(q) = ±0.00005 g cm�3; u(T) = ± 0.02 K; u(p) =
± 0.03 kPa.
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ln c113 ¼
DHE;1

1

RT
� DSE;1

1

R
: ð5Þ

Assuming that the temperature dependence follows a linear
van’t Hoff relation

ln c113 ¼ a=T þ b; ð6Þ

the partial molar excess enthalpy, DHE;1
1 ¼ Ra, and DSE

11 at infinite
dilution can be obtained from the slope and intercept.

The gas–liquid partition coefficient KL ¼ ðcL
1=cG

1 Þ for a solute par-
titioning between a carrier gas and the [BMPYR][TCM] was calcu-
lated from the solute retention according to the following
equation [20]

ln ðKLÞ ¼ ln
VNq3

m3

� �
� PoJ3

2ð2B12 � V11 Þ
RT

; ð7Þ

in which q3 is the density of the IL and m3 is the mass of the IL and
V11 is the partial molar volume of the solute at infinite dilution in
the solvent.

4. Results and discussion

The average values obtained for c113 of the organic solutes and
water in [BMPYR][TCM] determined at six temperatures (318.15,
318.15, 328.15, 338.15, 348.15 and 368.15) K are listed in table 2.
The values of c113 were calculated using equation 1. The repeatabil-
ity of c113 values from two columns were within ±1.5% for the
majority of the solutes. The virial coefficients values B11 and B12

and critical parameters for most of the solutes needed for the cal-
culation of c113 were presented in our previous publication [21].

Because of the lower interaction, the values of c113 increase with
an increase of the alkyl chain length in a series of alkanes, cycloal-
kanes, alkenes, alkynes, aromatic hydrocarbons (increasing radi-
cals), alcohols, ethers, and ketones. The highest c113 value, which
present the weaker interaction between the solute and solvent is
observed for the decane (99.2) at T = 318.15 K. The value obtained
in this work is much lower than that observed for other ILs [22,23].
The lower values are observed as usual for polar solutes as for
methanol (0.699), 1,4-dioxane (0.642), acetone (0.624), pyridine
(0.567) and acetonitrile (0.558) at T = 318.15 K. The c113 value for
thiophene at T = 318.15 K has lower value (0.709) in comparison
with other ILs [22–25]. This low value of c113 for thiophene is the
first information about the possible high extraction of thiophene
from aliphatic hydrocarbons. It may be excepted as a high value.
The values of c113 for aromatic hydrocarbons as benzene (1.02)
and toluene (1.43) at T = 318.15 K are in the same range as for
other ILs [22–25]. The very low value of c113 for pyridine (0.567)
at T = 318.15 K also suggest the high selectivity of the extraction
of nitrogen-compounds from alkanes.

The temperature dependences of c113 for different solutes are
shown in figures 1S to 7S in the Supplementary Material. The dia-
grams present the plot of the natural logarithm of the c113 as a func-
tion of the inverse absolute temperature for all investigated
solutes. As usual with an increase in temperature, a decrease in
c113 is observed for most of the solutes including the alkanes, cyclo-
alkanes, alkenes, alcohols, water, and few ethers. The inverse
dependence on temperature is observed for alkynes, aromatic
hydrocarbons, styrene, a-methylstyrene, thiophene, 1,4-dioxane,
most of ethers, acetone, esters, pyridine and 1-nitropropane.

The thermodynamic functions at infinite dilution, calculated
from the c113 values are listed in table 3. The partial excess molar
enthalpies at infinite dilution, DHE

11, the partial excess molar
Gibbs free energies at infinite dilution, DGE

11, and the partial ex-
cess molar entropies at infinite dilution, Tref DSE

1;1, of all the sol-
utes in [BMPYR][TCM] studied at a reference temperature
T = 338.15 K is giving us more information about the interaction
between the solute and the IL. The standard uncertainties of the
thermodynamic functions estimated, are from (0.5 to
0.8) kJ �mol�1 for the majority of the solutes. The partial excess
molar enthalpies at infinite dilution, DHE

11, determined from the
Gibbs–Helmholtz equation exhibit negative values for alkynes,
aromatic hydrocarbons, styrene, a-methylstyrene, thiophene,
some ethers, ketones, esters, pyridine and 1-nitropropane. The
negative values of DHE

11 manifests the stronger energetic
solute–solvent interactions. The DGE

11 was calculated from the
temperature dependence of c113 (see equations (5) and (6)). The
DGE

11 is positive for most of the solutes excluding alcohols, water,
thiophene, THF, 1,4-dioxane, acetone, butanal, acetonitrile, pyri-
dine and 1-nitropropane. The largest positive values of DGE

11 are
exhibited by aliphatic hydrocarbons (decane, 12.3 kJ �mol�1). The
large values for aliphatic hydrocarbons indicate again that the ali-
phatic hydrocarbon-IL interaction is not strong and much weaker
than for polar solutes. The partial excess molar entropies at infinite
dilution, Tref DSE

1;1, are small and negative for all solutes studied
except for alcohols and water, as it was observed for
[EMIM][MeSO3] [23]. It suggests that for these two ILs,
[BMPYR][TCM] and [EMIM][MeSO3] the mixing is close to ideal
solutions.

The densities, measured over the temperature range from
(318.15 to 368.15) K and the correlation parameters are listed in
table 4. The gas–liquid partition coefficients, KL in [BMPYR][TCM]
are shown in table 5. For all solutes, KL decreases with an increase
of temperature and increases with an increase of the alkane chain
length in hydrocarbons, alcohols, ethers, and also for aromatic
compounds (alkane chains as substituents). The highest value is
observed for styrene KL = 4056 at T = 318.15 K. High value is also
observed for pyridine (2637). The lowest value is observed for pen-
tane (5.28).

The selectivity, S112 and the capacity k12 of the separation process
is defined as follow [26]:

S112 ¼ c113=c
1
23; ð8Þ
k12 ¼ 1=c123: ð9Þ

Table 6, presents the selectivity, S112 and capacity, k12 at infinite
dilution for several ILs based on the [BMPYR]+ cation, and different
anions as well as for the typical technological solvents N-methyl-2-
pyrrolidinone (NMP) and sulfolane. The separation problems as
hexane/benzene, cyclohexane/benzene, heptane/thiophene at
T = 328.15 K are listed in table 6 [27–34]. A closer comparison of
the selectivity value of [BMPYR][TCM] obtained in this work and
published earlier for [BMPYR]-based ILs [27–32] shows that the
selectivity of the separation of hexane/benzene ðS112 ¼ 21:4Þ is
lower than those of 1-butyl-1-methylpyrrolidinium trifluorometh-
anesulfonate [BMPYR][CF3SO3] ðS112 ¼ 28:5Þ [29] and 1-butyl-1-
methylpyrrolidinium thiocyanate, [BMPYR][SCN] ðS112 ¼ 45:0Þ
[30]. For the separations of aliphatics/aromatics, the selectivity of
[BMPYR][TCM] is on the average level. The best is as was
mentioned by us many times the 1-butyl-1-methylpyrrolidinium
thiocyanate, ½BMPYR�½SCN�ðS112 = 45.0) [30].



TABLE 5
Experimental gas–liquid partition coefficients, KL, for organic solutes and water in [BMPYR][TCM] at different temperatures.a

Solute T/K

318.15 328.15 338.15 348.15 358.15 368.15

Pentane 5.28 4.21 3.44 2.88 2.43 2.07
Hexane 11.0 8.36 6.56 5.24 4.25 3.52
3-Methylpentane 10.1 7.75 6.12 4.96 4.06 3.38
2,2-Dimethylbutane 6.49 5.09 4.15 3.41 2.84 2.43
Heptane 22.4 16.2 12.1 9.38 7.34 5.87
Octane 44.8 30.8 22.4 16.5 12.3 9.60
2,2,4-Trimethylpentane 18.4 13.5 10.2 7.93 6.27 5.06
Nonane 88.8 58.6 40.9 28.8 20.9 15.7
Decane 175.0 110.0 74.0 50.0 35.0 25.4
Cyclopentane 17.7 13.6 10.8 8.76 7.19 5.98
Cyclohexane 34.8 25.8 19.9 15.7 12.5 10.1
Methylcyclohexane 47.7 34.3 25.7 19.9 15.5 12.4
Cycloheptane 110 77.30 56.3 42.2 32.1 24.9
Cyclooctane 294 196 136 97.9 71.3 53.5
Pente-1-ne 9.72 7.60 6.07 4.96 4.13 3.45
Hex-1-ene 20.6 15.3 11.7 9.23 7.36 5.99
Cyclohexene 80.4 57.5 42.7 32.6 25.2 19.9
Hept-1-ene 41.4 29.4 21.6 16.3 12.5 9.9
Oct-1-ene 82.3 55.9 39.4 28.6 21.2 16.1
Dec-1-ene 318 197 128 86.0 59.5 42.3
Pen-1-yne 47.5 34.4 25.8 19.9 15.6 12.4
Hex-1-yne 99.8 69.1 49.6 36.7 27.7 21.3
Hept-1-yne 202 133 91.6 65.2 47.4 35.2
Oct-1-yne 398 251 166 114 79.8 57.4
Benzene 380 261 185 134 99.4 75.2
Toluene 808 528 356 247 177 129
Ethylbenzene 1464 919 598 400 277 196
o-Xylene 2432 1490 951 625 424 295
m-Xylene 1691 1048 676 450 308 216
p-Xylene 1665 1038 668 446 304 214
Styrene 4056 2451 1538 994 666 457
a-Methylstyrene 3655 2201 1373 889 591
Methanol 373 259 185 135 100 76.2
Ethanol 514 345 238 170 124 92.0
Propan-1-ol 1088 694 459 313 219 157
Propan-2-ol 520 343 232 163 116 85.5
Butan-1-ol 2350 1437 902 589 398 277
Butan-2-ol 1050 655 428 289 200 143
2-Methyl-propan-1-ol 1535 952 612 407 278 196
tert-Butanol 488 318 212 147 104 76.3
Water 1217 803 541 382 272 198
Thiophene 637 431 299 214 156 116
Tetrahydrofuran 280 196 140 103 77.2 59.3
1,4-Dioxane 1376 892 595 410 289 209
tert-Butyl methyl ether 47.7 34.3 25.6 19.6 15.3 12.0
Methyl tert-pentyl ether 99.5 68.7 49.3 36.5 27.5 21.1
Ethyl tert-butyl ether 35.5 25.5 18.8 14.4 11.1 8.78
Diethyl ether 24.8 18.6 14.4 11.4 9.12 7.45
Di-n-propyl ether 66.8 46.6 33.8 25.2 19.1 14.8
Di-iso-propyl ether 29.1 20.8 15.5 11.8 9.26 7.31
Di-n-butyl ether 253 162 108 74.7 52.9 38.4
Acetone 278 196 143 107 80.9 62.6
Pentan-2-one 898 587 396 275 196 143
Pentan-3-one 905 591 397 276 196 143
Methyl acetate 179 126 91.2 67.6 51.2 39.5
Ethyl acetate 268 182 127 91.7 67.5 50.5
Methyl propanoate 329 222 154 110 80.3 60.2
Methyl butanoate 585 378 253 175 124 89.9
Butanal 365 251 179 130 97.2 73.7
Acetonitrile 754 529 381 281 211 161
Pyridine 2637 1688 1118 763 532 382
1-Nitropropane 2468 1600 1068 734 517

a Standard uncertainties are u(KL) < 3%.
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It should be noted, that the capacity for benzene is for
[BMPYR][TCM] close to one at T = 328.15 K. It is a lower value than
that for other ILs, presented in table 6. The selectivity for cyclohex-
ane/benzene ðS112 ¼ 10:2Þ is on the average level in the comparison
with other ILs presented in table 6. The separation of sulfur com-
pounds from aliphatic hydrocarbons, e.g. heptane/thiophene
ðS112 ¼ 43:56Þ at T = 328.15 K is also lower than for four other ILs
as [BMPYR][CF3SO3] ðS112 ¼ 50:5Þ[29], or [BMPYR][SCN] ðS112 =
117) [30], or 1-butyl-1-methylpyrrolidinium dicyanoamide,
[BMPYR][N(CN)2] (S112 = 80.4) [31], or 1-butyl-1-methylpyrrolidini-
um bis(oxalato)borate [BMPYR][BOB] ðS112 = 59.2) [32]. The capac-
ity for thiophene at T = 328.15 K is very high, k12 = 1.37. The very
important problem is also the de-nitrogenation of fuels. The values
of the selectivity for the separation of nitrogen compounds from



TABLE 6
Selectivities, S112, and capacities, k112, at infinite dilution for several ILs based on [BMPYR]+ cation at T = 328.15 K.

Ionic liquid S112 k112

Hexane/benzene Cyclohexane/benzene Heptane/thiophene Benzene Thiophene

[BMPYR][TCM] 21.4 10.2 43.6 0.96 1.37
[BMPYR][FAP]a 16.1 11.0 21.1 1.66 1.55
[BMPYR][TCB]b 18.8 9.56 32.4 1.23 1.51
[BMPYR][CF3SO3]c 28.5 13.2 50.5 0.67 0.93
[BMPYR][SCN]d 45.0 17.4 117 0.52 0.98
[BMPYR][NTf2]e 13.1 8.67 1.13
[BMPYR][N(CN)2]f 13.9 80.4 0.69 1.13
[BMPYR][BOB]g 12.8 59.2 0.60 0.89
NMPh 9.86 6.21 0.95
Sulfolanei 16.1 7.54 0.43

a Reference [27].
b Reference [28]
c Reference [29].
d Reference [30].
e Reference [26].
f Reference [31].
g [BOB] – bis(oxalato)borate; Reference [32].
h Reference [33].
i Reference [34].
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aliphatic hydrocarbons heptane/pyridine or heptane/1-nitropro-
pane are ðS112 = 54.8) and ðS112 = 42.8) at T = 328.15 K. These two val-
ues are quite optimistic.

5. Conclusions

In this work, the ability of the ionic liquid 1-butyl-1-meth-
ylpyrrolidinium tricyanomethanide to act as a entrainer in the
liquid–liquid extraction of aromatic hydrocarbons from aliphatic
hydrocarbons, or cycloalkanes as well as extraction of sulfur com-
pounds or nitrogen compounds from aliphatic hydrocarbons was
analysed. To achieve this aim, the activity coefficients at infinite
dilution were examined through the gas–liquid chromatography
measurements for 62 solutes and water in [BMPYR][TCM] at six
temperatures. The data were compared to published results for
the ionic liquids with the same cation and different anions.

The thermodynamic functions at infinite dilution, the partial
molar excess Gibbs free energies with respective enthalpic and
entropic contributions and the gas–liquid partition coefficients
for the same solutes were discussed.

Due to high selectivity values the separation of thiophene, or
pyridine from aliphatic hydrocarbons, the separation of
sulfur-compounds and nitrogen–compounds seems to be feasible.
Discussed in this work is the conclusion that the selectivity an
capacity presented in this work offer a separation selectivity at a
good level in comparison to other ionic liquids, NMP and sulfolane.
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[27] U. Domańska, E.V. Lukoshko, M. Królikowski, Chem. Eng. J. 183 (2012) 261–

270.
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