
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

6:
17

:3
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Equilibria and co
aCretus Institute, Department of Chemical E

Compostela, E-15782 Santiago de Composte
bChemical Engineering Department, Univers
cInstitute of Chemical Process Engineering,

Spain

† Electronic supplementary informa
10.1039/c9ra09283h

Cite this: RSC Adv., 2019, 9, 42524

Received 8th November 2019
Accepted 14th December 2019

DOI: 10.1039/c9ra09283h

rsc.li/rsc-advances

42524 | RSC Adv., 2019, 9, 42524–4
rrelation of systems involving 1-
hexyl-3-methylpyridinium
trifluoromethanesulfonate†

R. Corchero,a A. Marcilla,bc M. M. Olaya,bc P. Carbonell-Hermidac and A. Soto *a

Ionic liquids are being proposed for the improvement of many refinery-related applications where water

and oil coexist. However, the lack of relevant thermodynamic data on equilibrium processes involving

water, oil and an ionic liquid is a stumbling block. Phase diagrams of these systems are complex, with

many different regions, especially when the ionic liquid is solid at room conditions. This greatly

complicates modelling, which is usually neglected or carried out only partially. In this work, for the first

time, the simultaneous correlation not only of liquid–liquid and liquid–liquid–liquid but also solid–liquid

equilibrium data for ternary systems involving ionic liquids has been carried out. To that end, the ionic

liquid 1-hexyl-3-methylpyridinium trifluoromethanesulfonate, with an alkyl chain length that favours

nano-segregation, was selected. Phase diagrams with water and different representative oils (octane,

toluene and cyclohexane) have been determined at various temperatures and atmospheric pressure. The

great capacity of the NRTL model, a powerful tool used in all chemical process simulators, was shown

by simultaneously correlating data from all the equilibrium regions. However, adequate equilibrium

equations and pivotal strategies were required. Low deviations and a good representation of phase

diagrams was achieved. A topological analysis based on the Gibbs common tangent criterion and

a stability test allowed validation of the proposed correlation parameters.
1. Introduction

Null atmospheric contamination (due to their negligible vapour
pressure) and possibilities of tuning for each specic applica-
tion, are the main features of ionic liquids (ILs) that justify the
current intensive research on these salts. They are being studied
for implementation in technologies that offer an improvement
from the point of view of the efficient use of raw materials and
energy resources, with minimisation of environmental impacts.
A huge number of these studies are focused on oil renery
processes despite their maturity: oil recovery, de-asphalting,
metal removal, aromatic extraction, desulfurization, etc.1–3

From oil extraction to petrochemical production, ILs are
being proposed for the improvement of many stages where
water and oil coexist. These salts can be used as: chemicals to
change wettability or surfactants in enhanced oil recovery
(EOR),4 gas hydrate inhibitors,5 demulsiers or desalting agents
once the oil is extracted,6 constituents of IL-based
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microemulsions in different reactions,7 etc. Kar et al.8 have
recently indicated that one of the remaining issues in the
practical application of ILs is clearly the lack of relevant ther-
modynamic data on equilibrium processes. In the case of
renery-related applications, studies on mixtures of hydrocar-
bons and ILs are common, however, the deciency of research
on phase equilibria of systems involving water and hydrocar-
bons is noticeable, in spite of the interest of the aforementioned
processes.

Among all the families of ILs, those with butyl or longer side
chains display nanoscale segregation8,9 as a consequence of the
aggregation of the alkyl chains into non-polar domains. This
nano-structuring determines the properties of these
compounds and leads to interesting solvation capacities. Phase
diagrams of these ILs with water and oil frequently involve
multiphasic regions that must be rigorously determined in
order to ensure the practicality of the proposed applications.

Some phase diagrams involving three liquid-phase systems
can be found in literature aimed at the proposal of ILs as
surfactants10,11 or co-surfactants12 in EOR. In addition, Hejazifar
et al.7 highlighted the advantages of the use of surfactant ILs
with water and oil to form stable microemulsions as media of
catalytic reactions. Some of the proposals also show a triphasic
behaviour.

If the number of experimental studies on phase equilibria
involving systems with water, oil and IL is really scarce in the
This journal is © The Royal Society of Chemistry 2019
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literature, their modelling is even less studied. Systems where
only a biphasic region is found have been modelled using
activity coefficient models13–15 or COSMO-SAC.14,15 Domanska
et al.13 proposed the use of N-octylisoquinolinium bis(tri-
uoromethylsulfonyl)imide to recover 2-phenylethanol from
aqueous solutions produced in its bio-synthesis. Tie-lines ob-
tained in the biphasic system were adequately correlated by
means of the NRTL model.16 This and UNIQUAC17 models were
also successfully used to correlate liquid–liquid equilibrium
data resulting from the recovery of different bio-oils (acetic acid,
furfural14 and hydroxyacetone15) from aqueous solutions using
1-ethyl-3-methylimidazolium bis(triuoromethylsulfonyl)imide
or 1-butyl-3-methylimidazolium bis(triuoromethylsulfonyl)
imide ILs. The conductor-like screening model-segment activity
coefficient (COSMO-SAC) model18 adequately predicted these
phase diagrams for systems with acetic acid and furfural,14 but
led to high deviations in the case of hydroxyacetone.15 In the
case of water + IL + oil systems where simultaneous biphasic
and triphasic regions appear, the difficulty of modelling dras-
tically increases. Rodŕıguez-Palmeiro et al.10 satisfactorily pre-
dicted the three-phase behaviour using PC-SAFT.19 The NRTL
model was also proposed to simultaneously correlate the
different immiscible regions found in these systems.11 To that
aim, some strategies were suggested to successfully apply the
isoactivity algorithm. No modelling was found in literature for
more complicated systems, for instance those that contain not
only equilibria of liquid but also solid phases.

Due to the aforementioned interesting applications of
systems involving IL, water and oil, the objective of this work is
the determination of phase diagrams involving the IL 1-hexyl-3-
methylpyridinium triuoromethanesulfonate, water and
different kinds of oils (octane, cyclohexane and toluene). A
pyridinium cation was selected for the IL due to its greater
biodegradability compared with imidazolium.20 A six carbon
chain was selected in order to favour nanoscale segregation.
Surprisingly, only one work using [C6C1py][OTf] was found in
the literature. In that work,21 Domanska and col. studied the
solubility of some ILs, including this triate, in water and
octanol.

The determination of the phase diagrams of the IL with
water and oil is not the only purpose of this work. As this IL is
solid at room temperature, the capacity of the NRTL model16 to
simultaneously correlate the different liquid–liquid (LLE),
liquid–liquid–liquid (LLLE) and solid–liquid equilibria (SLE)
found in these complex phase diagrams is analysed. Pivotal
strategies are required to achieve such a difficult goal.

2. Procedure
Materials

Double-distilled water was used throughout all the experiments.
Compounds selected as oils were: n-octane (Sigma-Aldrich,
>99.9 wt%), toluene (Sigma-Aldrich, >99.5 wt%) and cyclo-
hexane (Riedel-de Haën, >99.5 wt%). These chemicals were
stored with molecular sieves in order to avoid water uptake but
no further purication was carried out. 1-Hexyl-3-
methylpyridinium triuoromethanesulfonate [C6C1py][OTf],
This journal is © The Royal Society of Chemistry 2019
was purchased from Iolitec with a purity > 97 wt%. To remove
volatile contaminants, it was brought under high vacuum (<1
Pa) while heated at moderate temperature (ca. 340 K) for no less
than 48 h. 1H and 13C nuclear magnetic resonance spectroscopy
analyses were used to ensure the absence of relevant impurities.

Methods

Thermal characterisation. A Q500 thermogravimetric analy-
ser (TA Instruments) was used to determine the thermal
stability of [C6C1py][OTf]. Applied heating rate was 5 K min�1.
N2 (Praxair, 99.999%) was used as balance purge gas (40
mL min�1) and sample purge gas (60 mL min�1). The regular
onset decomposition temperature Td and 5% onset decompo-
sition temperature Td,5% (corresponding to the onset using
a tangent to the TGA curve at a sample mass loss of 5% of the
original sample mass) were determined.

A Q2000 differential scanning calorimeter (TA Instruments)
was used to determine the melting point of the IL. Applied
heating rate was 5 K min�1. N2 (Praxair, 99.999%) was used as
purge gas (50 mL min�1). From thermograms, onsets and
midpoints were determined to calculate thermal events.

Phase equilibria. Firstly, the cloud-point method was used to
visually determine the different immiscibility regions and
obtain the solubility curves used to prepare calibrations for
posterior compositional analysis. Secondly, tie-lines were
determined. To that aim, for each system, mixtures of two or
three compounds with global compositions lying in the
immiscibility regions were prepared and placed in equilibrium
glass cells. The jacketed cells were kept at the desired temper-
ature (298.15 or 323.15 K) by means of a Selecta Ultraterm 200
thermostatic bath. Preliminary tests were carried out to dene
times for stirring and settling down that were xed to 2 and
12 h, respectively, exceeding the times required to reach equi-
librium. Aer these times, samples were withdrawn and ana-
lysed by gas chromatography.

Water and oil mass fractions were determined by means of
a Hewlett-Packard HP6890 series GC with a split injector, a TCD
detector, and an HP-FFAP capillary column. An empty pre-
column was used to prevent IL not retained in the liner reach-
ing the column. IL composition was determined by difference
from unity. To that aim, 1-butanol was used as diluent and 2-
propanol as standard. Details of the chromatographic method
are presented in Table 1.

Correlation

The Gibbs common tangent condition was used to formulate
the equilibrium equations required during correlation. This
method is especially suitable when solid phases are present in
the system. The NRTL model was used to calculate the dimen-
sionless Gibbs energy of mixing (gM). The parameter aij was set
to 0.2. The procedure simultaneously solves orthogonal deriv-
atives, the tangent plane equations and the mass balances.22

These equations are described below for the different equilib-
rium regions.

In the LLE region, where two liquid phases a and b are in
equilibrium (tie-line), the following equations must be fullled:
RSC Adv., 2019, 9, 42524–42532 | 42525
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Table 1 Chromatograph operating conditions

Column HP-FFAP (25 m � 0.2 mm � 0.33 mm)
Detector type TCD
Carrier gas Helium (split ratio 1 : 50)
Injector temperature 523.15 K, injection volume 1 mL
Detector temperature 503.15 K
Flow rate 1 mL min�1

Column oven 333.15 K (5 min for n-octane and cyclohexane, 7 min for toluene)
Ramp, 75 K min�1 up to 473.15 K
473.15 K (1 min)
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F1h
�
gM;b � gM;a

�� �
xb
1 � xa

1

��vgM
vx1

�a or b

T ;P;x3

� �
xb
3 � xa

3

��vgM
vx3

�a or b

T ;P;x1

¼ 0

(1)

F2h

�
vgM

vx1

�a

T ;P;x3

�
�
vgM

vx1

�b

T ;P;x3

¼ 0 (2)

F3h

�
vgM

vx3

�a

T ;P;x1

�
�
vgM

vx3

�b

T ;P;x1

¼ 0 (3)

where x1 and x3 are mole fractions of components 1 (water) and
3 (oil) remaining subscript 2 for the IL.

In the LLLE region three liquid phases a, b and g are in
equilibrium (tie-triangle) so the eqn (1)–(3) must be solved
along with other equivalents where a or b is replaced by g.

For those systems where SLE is also present, the following
equation is imposed to guarantee the fulllment of the
common tangent plane to both solid and liquid phases:

F4h
�
gS � gM;a

�� �
xS
1 � xa

1

��vgM
vx1

�a

T ;P;x3

� �
xS
3 � xa

3

��vgM
vx3

�a

T ;P;x1

¼ 0

(4)

where gS is used for the Gibbs energy of the solid phase.
Some additional useful strategies were required to facilitate

the convergence of the optimisation procedure, obtaining
Fig. 1 Phase diagram of the ternary system water (1) + [C6C1py][OTf]
(2) + n-octane (3) at 298.15 K ( Exp, Corr).

42526 | RSC Adv., 2019, 9, 42524–42532
a unique set of correlation parameters to represent all the
different equilibrium regions of the system at working
temperature and pressure. These pivotal strategies are based on
the step-by-step optimisation of correlation parameters: rstly
tting binary systems to obtain initial correlation parameters,
secondly tie-triangle data are added, and nally SLE and LLE
data are also incorporated. The convergence of the algorithm
was further improved by using additional parameters related to
mole fractions. More details can be seen in a previous paper.11

The optimisation of the NRTL model parameters was carried
out using the GRG (Generalized Reduced Gradient) nonlinear
method with the objective function dened as:

O:FðxÞ ¼ min
Xnd
n¼1

X3

i¼1

h
ðxi;nÞexp � ðxi;nÞcal

i2
h
ðxi;nÞexp þ ðxi;nÞcal

i2

subject to
Xt

j¼1

�
Fj

�2\3 (5)

where t depends on the equilibrium regions (LLE, LLLE and
SLE) that are present in the system to be correlated, and 3 is an
extremely low tolerance value (3 < 10�9) guaranteeing fullment
of equilibrium conditions based on the Gibbs tangent plane
criterion; exp and cal indicate experimental and calculatedmole
fractions (xi) for all the i-components and nd is the total number
of equilibrium data.
Fig. 2 Phase diagram of the ternary system water (1) + [C6C1py][OTf]
(2) + n-octane (3) at 323.15 K ( Exp, Corr).

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Phase diagram of the ternary system water (1) + [C6C1py][OTf]
(2) + cyclohexane (3) at 298.15 K ( Exp, Corr).Fig. 3 Phase diagram of the ternary system water (1) + [C6C1py][OTf]

(2) + toluene (3) at 298.15 K ( Exp, Corr).
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The solutions obtained for all the correlations were checked
to guarantee global stability and discard any possible meta-
stable equilibrium solution.23
3. Results
Thermal characterisation

Td and Td,5% for [C6C1py][OTf] are 621.88 K and 595.58 K (TGA
thermograms are presented in the ESI†). The latter value
constitutes a more conservative value of the decomposition
temperature that, in any case, is relatively high.

A melting temperature (onset) of 335.7 K and also a solid–
solid transition temperature at 308.96 K were found (DSC
thermograms are presented in the ESI†). This is in accor-
dance with results obtained by Domanska et al.21 for this IL.
As they determined these values from midpoints, these were
also calculated from our thermograms obtaining values of
337.69 K and 309.88 K for melting and solid transition
Fig. 4 Phase diagram of the ternary system water (1) + [C6C1py][OTf]
(2) + toluene (3) at 323.15 K ( Exp, Corr).

This journal is © The Royal Society of Chemistry 2019
temperature, in comparison to 337.76 K and 310.3 K reported
by Domanska and col. The agreement is excellent, even when
we have used different heating rates (5 K min�1 instead of 10
K min�1).
Phase equilibria

Phase diagrams for water + [C6C1py][OTf] + n-octane, water +
[C6C1py][OTf] + toluene and water + [C6C1py][OTf] + cyclo-
hexane, at 298.15 K and 323.15 K and atmospheric pressure are
shown in Fig. 1–6. The IL is solid at both temperatures, thus in
the diagrams different regions of LLE, LLLE and SLE were
found. The corresponding equilibrium data are presented in
the ESI.†

Regarding the binary water + [C6C1py][OTf], Domanska
et al.21 found a liquid–liquid immiscibility window with UCST at
low concentrations of the IL. This ts perfectly with our results.
Moreover, the authors report solubilities of the solid IL in water
at 298.15 K and 323.15 K of 0.314 and 0.708 in mole fraction,
respectively (interpolated values). There is a good agreement
Fig. 6 Phase diagram of the ternary system water (1) + [C6C1py][OTf]
(2) + cyclohexane (3) at 323.15 K ( Exp, Corr).

RSC Adv., 2019, 9, 42524–42532 | 42527
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Table 2 NRTL correlation of all equilibrium data for water (1) + [C6C1py][OTf] (2) + n-octane (3) ternary system at 298.15 and 323.15 K: binary
parameters, dimensionless Gibbs energy for the solid phase (gS), objective function (O.F.) and mean deviation (s)

T (K) i j Dgij (J mol�1) Dgji (J mol�1) aij ¼ aji gS O.F. s (%)

298.15 1 2 23 952.1 �8027.27 0.2 �2.43 9.81 0.369
1 3 23 578.0 19 322.9 0.2
2 3 4800.24 19 501.6 0.2

323.15 1 2 26 948.8 �9482.89 0.2 �0.816 11.7 0.478
1 3 25 556.0 20 943.9 0.2
2 3 3758.62 21 758.8 0.2

Table 3 NRTL correlation of all equilibrium data for water (1) +
[C6C1py][OTf] (2) + toluene (3) ternary system at 298.15 and 323.15 K:
binary parameters, dimensionless Gibbs energy for the solid phase (gS),
objective function (O.F.) and mean deviation (s)

T (K) i j Dgij (J mol�1) Dgji (J mol�1) aij ¼ aji gS O.F. s (%)

298.15 1 2 23 342.6 �7909.46 0.2 �2.11 7.19 1.70
1 3 23 477.4 18 442.1 0.2
2 3 �6944.46 28 388.3 0.2

323.15 1 2 26 319.9 �9380.68 0.2 �0.602 9.10 1.68
1 3 25 556.0 20 943.9 0.2
2 3 �7361.19 30 592.1 0.2
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with our value at 298.15 K of 0.304 (0.888 in mass fraction).
However, there is a signicant discrepancy at 323.15 K because
we obtained a value of 0.617 (0.967 in mass fraction). We con-
ducted the experiment three times and values were repeated
within the uncertainty of measurement. This difference could
be due to the authors using a visual method as opposed to the
analytical method in the present work. In relation to LLE, the
comparison is more difficult because Domanska and col.21 only
visually determined the temperature of disappearance of the
two phases at xed compositions, but the range of immiscibility
is coincident.

The solubility of [C6C1py][OTf] in n-octane and cyclohexane
was negligible (not detectable by chromatography). However, in
the case of toluene, similar behaviour to water was found with
a region of SLE and another of LLE. Solubility of the IL in
toluene is 0.641 and 0.896 in mass fraction at 298.15 K and
Table 4 NRTL correlation of all equilibrium data for water (1) + [C6C1py][
parameters, dimensionless Gibbs energy for the solid phase (gS), objecti

T (K) i j Dgij (J mol�1) Dgji (J mo

298.15 1 2 23 912.1 �7990.24
1 3 23 584.4 19 322.0
2 3 �1032.97 22 920.1

323.15 1 2 27 741.3 �9264.83
1 3 25 351.7 21 116.7
2 3 �471.321 24 355.8

42528 | RSC Adv., 2019, 9, 42524–42532
323.15 K, respectively. No comparative data were found in the
literature.

The ternary system water + [C6C1py][OTf] + n-octane (Fig. 1
and 2) shows a triphasic region limited by three biphasic
regions. The LLE area present at low water concentrations,
limits with a SLLE region caused by the practically total
immiscibility between the IL (solid) and n-octane. Also, at high
concentration of the IL and null or very low concentration of the
hydrocarbon, a small region of SLE appears. Increasing the
temperature diminishes the size of the LLLE and SLLE regions.
Very similar phase diagrams (Fig. 5 and 6) were found for the
water + [C6C1py][OTf] + cyclohexane system, due again to prac-
tically total immiscibility, this time between the IL and the
cycloalkane.

Pi-stacking interactions among aromatic rings of pyridinium
and toluene lead to a different phase diagram for the ternary
water + [C6C1py][OTf] + toluene system. The LLE regions cor-
responding to the involving binaries, generate a three-phase
system (LLLE) surrounded by three biphasic systems. At high
IL concentrations, a SLE region appears. There is little inuence
of temperature on the triphasic system but the size of the SLE
region signicantly decreases when temperature increases from
298 to 323 K.
Correlation

The correlation results obtained for water + [C6C1py][OTf] + n-
octane, toluene or cyclohexane ternary systems at 298.15 K and
323.15 K are shown in Table 2, 3 and 4. These tables include the
NRTL interaction parameters (J mol�1), the objective function
values (eqn (5)) and the mean deviation (%) between calculated
OTf] (2) + cyclohexane (3) ternary system at 298.15 and 323.15 K: binary
ve function (O.F.) and mean deviation (s)

l�1) aij ¼ aji gS O.F. s (%)

0.2 �2.42 8.63 0.571
0.2
0.2
0.2 �0.815 11.5 1.23
0.2
0.2

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 gM values calculated with the NRTL model with parameters in
Table 3 as a function of composition (mole fraction) for each binary
subsystem of water (1) + [C6C1py][OTf] (2) + toluene (3) ternary system
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(cal) and experimental (exp) mole fractions obtained using the
following equation:

s ð%Þ ¼ 100

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPnd
n¼1

P3
i¼1

��
ðxi;nÞexp � ðxi;nÞcal

	
a

2 þ
�
ðxi;nÞexp � ðxi;nÞcal

	
b

2




6� nd

vuuut
(6)

where all the variables have been previously dened.
Considering that all the different equilibrium regions are

simultaneously tted by a unique set of model parameters, it
can be said that equilibrium data (all the systems and temper-
atures) have been quite satisfactorily tted with the NRTL
model (see Fig. 1–6). Mean deviations calculated by eqn (6) go
from 0.369 to 1.70% with higher values for the system with
toluene, due to the inclusion of the SLE region in the
correlation.

The Gibbs energy values for the solid IL (gS) obtained by
optimisation during data correlation, of each system and
temperature, have also been included in Tables 2–4. The
reference state for the IL in these calculations is the pure
liquid at working temperature. A unique gS value for the
[C6C1py][OTf] ionic liquid, common to the three systems, was
not imposed during the correlation procedure, but rather was
calculated independently in each correlation. Even so, the
values obtained are acceptably similar: �2.43, �2.11 and
�2.42 at 298.15 K and �0.816, �0.602 and �0.815 at 323.15 K,
for n-octane, toluene and cyclohexane, respectively. This result
is consequence of the correlation procedure used in the
present work, where the model must simultaneously t all the
different equilibrium regions of the system providing a more
meaningful solution. The major differences are for the ternary
system including toluene with quite different phase equilib-
rium behaviour. gS value increases with temperature for the
three ternary systems.

Something similar happens with the water + [C6C1py][OTf]
binary system that is common to the three ternary systems: the
binary interaction parameters obtained for this binary
subsystem through the correlation of the ternary systems at
each temperature are quite close.

All the correlation results were checked to guarantee global
stability and discard any possible metastable equilibrium
solution. Thus, the Gibbs energy surfaces for the liquid phase
(gM,L) were calculated and graphically represented versus
composition (mole fraction) along with the point corre-
sponding to the solid phase (gS) and the calculated LLE and
SLE tie-lines and LLLE tie-triangles. The topological analysis
of these 3D-gures allowed the validation of the correlation
results checking the existence of tangent planes in the calcu-
lated equilibrium compositions from all regions, ensuring
that they do not intersect the gM,L surface in any other
composition, as is required. As an example, these graphical
representations for the system including toluene are shown in
Fig. 7 and 8 for the binary subsystems and for the ternary
system, respectively. Molar basis has been used in these
representations as it is required by the correlations. The shape
This journal is © The Royal Society of Chemistry 2019
of the gM,L curves and surface, and also the position of the gS

points show the fullment of the Gibbs common tangent
equilibrium condition and the stability test. Fig. 7 shows the
coexistence of LLE and SLE in the water + IL (Fig. 7a) and
toluene + IL (Fig. 7c) pairs. Fig. 7b shows the typical gM,L curve
for a highly immiscible system such as the water + toluene
pair. Fig. 8 is a 3D-representation that has been thoroughly
inspected by rotation, to guarantee the fullment of the
common tangencies required by the Gibbs equilibrium
conditions in the different regions of the system. Fig. 8 also
shows some cuts of the 3D-gure that have been selected to
illustrate the consistency of the solution in the different
regions (LLLE, LLE, SLE and in the homogeneous L region).
at 298.15 K. (a) Binary (1)–(2); (b) binary (1)–(3); (c) binary (2)–(3).
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Fig. 8 Calculated gM,L surface (NRTLmodel with parameters in Table 3) and gS value for water (1) + [C6C1py][OTf] (2) + toluene (3) ternary system
at 298.15 K. Figure shows the tangent lines and plane in each equilibrium region: LL, SL and LLL. Compositions in mole fractions.
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4. Conclusions

The chemical compound [C6C1py][OTf] is solid at room
temperature but can be considered IL due to its melting point of
about 336 K. This solid character leads, at 298.15 and 323.15 K
and atmospheric pressure, to phase diagrams of systems
42530 | RSC Adv., 2019, 9, 42524–42532
comprising the IL, water, and oil (n-octane, toluene and cyclo-
hexane) with many different regions (LLE, LLLE, SLE and SLLE).
This phase behaviour must be carefully considered in petro-
chemical applications with this IL. All the systems contain
a region with three liquid phases surrounded by three biphasic
systems. The phase enriched in IL solubilises limited quantities
This journal is © The Royal Society of Chemistry 2019
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of water and oil, the quantity of oil being very low in the case of
octane and cyclohexane, and higher in the case of toluene due
to pi-stacking interactions with the pyridinium cation. The
regions close to the IL, in all the systems, involve the appear-
ance of solid phases.

The NRTL model is a useful tool to carry out the simulta-
neous correlation of all the equilibrium regions found in the
phase diagrams, however, well-dened equilibrium conditions
and pivotal strategies are required. Higher deviations have been
obtained for the system including toluene, but even in this case
a quite good representation of data in the different equilibrium
regions (LLE, LLLE and SLE) is achieved. The Gibbs energy (gS)
values for [C6C1py][OTf] increase with the temperature. The
topological analysis based on the Gibbs common tangent
criterion and the stability test have allowed validation of the
correlation solutions obtained, guaranteeing global stability of
the solutions.
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F
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Function

g
 Gibbs energy (dimensionless)

P
 Pressure

T
 Temperature

x
 Mole fraction
Subscripts
calc
 Calculated

exp
 Experimental

i,j
 Component identiers

nd
 Total number of equilibrium data
Superscripts
L
 Liquid phase

M
 Mixing

S
 Solid phase

t
 Number of equilibrium regions
Greek letters
a
 NRTL non-randomness parameter

a, b, g
 Liquid phases

3
 Tolerance value

s
 Deviation (eqn (6))
Acronyms
LLE
 Liquid–liquid equilibrium

LLLE
 Liquid–liquid–liquid equilibrium
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O.F.
 Objective function

SLE
 Solid–liquid equilibrium
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