Journal of Chromatography A, 1501 (2017) 134-141

journal homepage: www.elsevier.com/locate/chroma

Contents lists available at ScienceDirect

Journal of Chromatography A

f——]

NAL OF CHROMATOGRAPHY A

Determination of gas-liquid partition coefficients of several organic
solutes in trihexyl(tetradecyl)phosphonium bromide using capillary

gas chromatography columns

@ CrossMark

Nicolas R. Ronco, Fiorella Menestrina, Lilian M. Romero*, Cecilia B. Castells *

Laboratorio de Investigacion y Desarrollo de Métodos Analiticos (LIDMA) and Division Quimica Analitica, Facultad de Ciencias Exactas, UNLP-CIC-CONICET,

47 and 115 (B1900AJL), Argentina

ARTICLE INFO ABSTRACT

Article history:

Received 10 March 2017

Received in revised form 20 April 2017
Accepted 21 April 2017

Available online 23 April 2017

Keywords:

Gas-liquid partition coefficients

Capillary GC columns
Trihexyl(tetradecyl)phosphonium bromide
Interfacial adsorption

In this paper, we report gas-liquid partition constants for thirty-five volatile organic solutes in the room
temperature ionic liquid trihexyl(tetradecyl)phosphonium bromide measured by gas-liquid chromatog-
raphy using capillary columns. The relative contribution of gas-liquid partition and interfacial adsorption
to retention was evaluated through the use of columns with different the phase ratio. Four capillary
columns with exactly known phase ratios were constructed and employed to measure the solute reten-
tion factors at four temperatures between 313.15 and 343.15 K. The partition coefficients were calculated
from the slopes of the linear regression between solute retention factors and the reciprocal of phase ratio
ata given temperature according to the gas-liquid chromatographic theory. Gas-liquid interfacial adsorp-
tion was detected for a few solutes and it has been considered for the calculations of partition coefficient.
Reliable solute’s infinite dilution activity coefficients can be obtained when retention data are deter-
mined by a unique partitioning mechanism. The partial molar excess enthalpies at infinite dilution have
been estimated from the dependence of experimental values of solute activity coefficients with the col-
umn temperature. A thorough discussion of the uncertainties of the experimental measurements and the
main advantages of the use of capillary columns to acquire the aforementioned relevant thermodynamic
information was performed.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The properties of room temperature ionic liquids (RTILs) have
been the focus of a profuse scientific research in recent years since
these compounds can be potentially employed in many areas of
chemical sciences [1-4]. In particular, their extremely low vapor
pressures and thermal stabilities over a wide temperature range
makes make them very attractive compounds to replace toxic
organic solvents in many analytical-scale and industrial separa-
tions. The screening of RTILs that can replace volatile organic
compounds can be made through the examination of infinite dilu-
tion activity coefficient data of typical solutes in those solvents.

Infinite dilution activity coefficients of different organic com-
pounds in ionic liquids can be measured by inverse gas-liquid
chromatography (GLC), i.e., by using the RTIL as the stationary
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phase. This is a well-known method and it has been widely used
to determine thermodynamic data of binary mixtures between
several compounds and chemically diverse ILs. A few examples
are the references [5-13]. The determination of activity coeffi-
cients or, either, gas-liquid partition coefficients by dynamic GLC
in packed columns is based on the direct measurement of solute
retention volume in columns containing an exactly known amount
of stationary liquid (the non-volatile IL) at a given temperature.
The activity coefficients, partial molar excess free energies, and
enthalpy for the solute infinitely diluted in the IL are then eas-
ily obtained [14,15]. Activity coefficients are usually calculated by
using an equation proposed by Everett and Cruickshank for correc-
tions due to interactions between solute vapor molecules with the
carrier gas molecules [16,17]. These corrections depend on phys-
ical properties of the solute and the carrier gas as well as on the
pressure drop along the column.

The GLC approach is mature and, then, a classical method.
However, it is well-recognized that the retention of those volatile
compounds in the GLC column can be a very complex process
and under some circumstances other adsorption mechanisms at
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the different interfaces coexist with partitioning into the liquid
phase [18-21]. Whenever the aim is the determination of thermo-
dynamic bulk properties, all possible adsorption contribution must
be considered. In those situations, the chromatographic retention
volumes are determined by the contribution of both the partition
into the liquid phase and the adsorption at the interfaces. Packed
columns containing high liquid phase loadings are prepared with
the aim of minimizing the gas-solid interface adsorption [18,11,22].
The partition coefficient is, thus, mathematically estimated from
the retention volumes collected from packed columns containing
several stationary phase volumes (see below).

With only few specific exceptions, such as analyses of per-
manent gases that are frequently better retained with specific
supports in packed columns, capillary columns dominate nowa-
days analytical GC separations. These last columns, however, have
less acceptance among researchers for obtaining relevant physic-
ochemical information [18,23,24]. The main argument against the
capillary format is that some solvents would not form a uniform
coating onto the silica walls, especially stationary phases having
low viscosity and, even worse if they have high critical surface
tension of wetting [24,25]. The other reason to disregard capillar-
ies for physicochemical determinations is the difficulty to obtain
highly precise retention volumes from the measurements of the
low volumetric flow-rates necessary to operate at reasonable linear
velocities when using open tube capillaries.

From a theoretical point of view, however, one can advocate
that the geometry of wall-coated columns are extremely simple
as compared to the irregular surface provided by the porous sup-
ports employed in the construction of packed columns. Moreover,
a rough estimation of surface areas associated to both column for-
mats reveals more than two orders of magnitude lower surface
for a common 20-m length capillary tube as compared to a typi-
cal packed column containing 1 or 2 g of solid packing. Thus, the
significant reduction in surface area in addition to the lack of tortu-
osity are undoubtedly of paramount importance to reduce all the
adsorption contributions at the interfaces.

The aim of this study was to measure gas-liquid partition
coefficients of a wide variety of volatile solutes in the RTIL tri-
hexyl(tetradecyl)phosphonium bromide (THTDP-Br) through the
use of open tube capillary columns containing different phase
ratios. These coefficients were determined at four temperatures
between 313.15 and 343.15K The solutes included aliphatic and
aromatic hydrocarbons, ketones, esters, alcohols, ethers, and other
chemically and industrially common solvents. Gas-liquid partition
coefficients and infinite dilution activity coefficients are calculated
by resorting to simple equations derived from the chromatographic
theory. Partial molar excess enthalpies at infinite dilution were
finally estimated from the dependence of activity coefficients with
the absolute temperature. The experimental methodology used to
evaluate the potential contribution from gas-liquid adsorption and
verify the quality of those measurements have been critically dis-
cussed.

2. Theory

The infinite dilution partition coefficient for a solute in the equi-
librium between vapor and liquid phases, Kj, is defined as the ratio
between concentrations of the solute in the liquid (C) and the gas
(Cg) phases at a given temperature, K; = C; /Cg. Considering that at
relatively low pressures, the vapor phase behaves ideally, and that
the solute is infinitely diluted in the liquid phase, K; and the solute
activity coefficient are related as

RT

K=—
LT pevru

(1)

where p? and vy are the solute saturated vapor pressure and the lig-
uid molar volume, respectively, at temperature T, y° is the solute
infinite dilution activity coefficient, and R is the universal gas con-
stant. The validity of the assumption of ideal vapor phase was
checked for a few solutes. Most corrections account from about
1% at 40°C to less than 2% at 70 °C respect to the uncorrected val-
ues of activity coefficients, which are within the precision of the
measurements (data not shown).

In GLC, the solute retention volume is mainly the consequence of
the partition process. Additional retention mechanisms, however,
would also contribute to retention. These simultaneous processes
are mainly due to strong interactions of certain solutes at the
gas-liquid interface, and also at the solid-liquid and gas-solid
interfaces of any system. Considering all of these contributions, the
solute net retention volume, Vy, is described by [18-21]:

VN:KLVL+I<AAL+I(]A]+K5AS (2)

where Vi is the stationary phase volume, A, A;, and As represent
the surface areas of the gas-liquid, solid-liquid and gas-solid inter-
faces, respectively; and K4, K; and Ks are the adsorption isotherm
slopes of the three above-mentioned processes. Deactivation of the
solid supports, the use of low surface area packing supports and
coatings with high loadings of liquid phases are required to mini-
mize the adsorption at the solid interfaces and, thus, to neglect the
last two terms in Eq. (2). The relative contributions between parti-
tion and adsorption at the gas-liquid interface can be evaluated by
chromatographic retention volume from a set of packed columns
containing several liquid loadings. By arrangement of Eq. (2):

VN/VL =K +KaAL/VL (3)

and, a plot of the ratio Vy/Vy against 1/Vy will be close to a
straight line if A; does not depend on V. K; can be calculated from
the intercept at 1/Vy =0. If the second term of Eq. (3) is statisti-
cally zero, only gas-liquid partition determine the solute retention
volume and the ratio Vy/VL would be constant. The second term
in Eq. (3), however, can be non-negligible mainly due to two rea-
sons: i. systems characterized by significant gas-liquid interfacial
adsorption, i.e., K4 different from zero, which is often verified for
solutes with strong positive deviations from Raoult’s law in a given
liquid, and ii. when Ay is very large as compared to V|, even though
adsorption at the interface would be weak.

Considering that solute retention can be measured in either, vol-
ume and time scales, by dividing by the hold-up volume, Eq. (2) can
be re-written as:

VnN/Vm= tr/tm—1 =K VL /VM+KaAL/VMm (4)

where V), denotes the column hold-up volume corrected by
the gas compressibility, tg and ty; are solute retention and hold
up times, respectively. Considering that Vi /Vy is the retention fac-
tor, k, and that Vi /Vyy is the reciprocal of phase ratio, the following
expression can be obtained by including these two concepts in Eq.

(4):
k =K /B+KaAL/VM (5)

where {3 is the column phase ratio. Provided that the second term
is independent of the phase ratio, the partition coefficients can be
obtained from the slope of the straight line obtained by represent-
ing the retention factor as a function of 1/.

3. Experimental
3.1. Instrumentation

Chromatographic measurements were performed in an HP6890
Plus Agilent gas chromatograph with flame-ionization detector and
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Table 1
Physical properties of the capillary columns.
Column number Length (m) Co * (mgmL-1) T=40°C T=70°C
B d;® (um) AL/Vu© (cm™1) B dr (p.m) AL/Vu (cm™1)
1 9.0 1.74 543 0.115 160.1 532 0.117 160.2
2 7.8 431 218 0.285 160.4 214 0.291 160.4
3 7.6 5.35 176 0.353 160.5 172 0.361 160.5
4 8.1 6.93 136 0.456 160.6 133 0.466 160.6

2Concentration of the trihexyl(tetradecyl)phosphonium bromide solution at room temperature.

bd; = Film thickness.
CEstimated from geometry: A; [V =4/(d. — 2dy), where d. denotes column diameter.

manual-injection port. The data were acquired by means of the
software Clarity (DataApex, Czech Republic). Injection port and
detector were set at 200 °C and 220°C, respectively. Nitrogen was
used as carrier gas. A home-made oven, modified from a gas chro-
matograph, has been used to construct the capillary columns by a
static method developed in our laboratory [26].

3.2. Materials and methods

Fused silica capillary tubing of 250 wm i.d. was provided
by MicroQuartz (Miinchen, Germany). All the solutes were of
analytical-reagent grade and used as received. Sodium chloride was
obtained from Anedra (Buenos Aires, Argentina) and the solvents
from Merck KGaA (Darmstadt, Germany).

The trihexyl(tetradecyl)phosphonium bromide
([P(CgH13)3(C14H29)]Br), CAS Number 654057-97-3) CYPHOS
102 provided by Cytec (Cytec Industries, NJ, USA), was purified
by dissolving the IL in dichloromethane and extracting five
times with a 10~4 M KOH solution, followed by extractions with
deionized water up to absence of bromide anion in the aqueous
phase (tested by precipitation after addition of concentrated
solution of silver nitrate). Finally, the IL was thoroughly dried in a
vacuum oven at 90°C. Coating solutions of the IL were prepared
in dichloromethane. The concentrations of those solutions are
reported in Table 1.

The experimental data of the IL densities at several tempera-
tures were taken from the reference [27]. Those literature values,
within the temperature range used in this study, were fitted to the
following equation:

p(gem~1) = 1.1371(£3 x 107%) - 6.102(+9 x 10~3)

x1074T r?= 0.99996 (6)

where T is the temperature in K.

3.2.1. Capillary columns construction

The experimental methodology for column construction has
been previously described [28-30] and it will be briefly described
here. Before coating with the stationary phase film, a rugged sur-
face containing sodium chloride crystals was formed onto the inner
wall by filling the tube with a saturated solution of sodium chloride
in methanol, followed by evaporation of the solvent. This procedure
was repeated twice and, finally, the capillary was dried for 1 h under
a low flow of nitrogen at 80 °C.

Four columns of different phase ratios were constructed by
the static-coating procedure consisting in the evaporation of the
coating solvent by a controlled heating of the capillary during the
introduction of one open end of the filled coil into the oven at a
controlled velocity. The oven temperature was maintained above
the solvent boiling point. After evaporation, the columns were
conditioned at 100°C for 6h flushing with a low nitrogen flow.
A homogeneous film of stationary phase is attainable by follow-
ing this procedure. From the stationary phase density, the column

phaseratio, 3(T), can be estimated from geometrical considerations
at each temperature from the following expression:

_ (M
- of

B(T) explasi(T —To)l - 1 (7)
where ps(T) is the stationary phase density at temperature T, Gy
represents the concentration of the IL solution prepared to fill
the capillary (expressed as (w/v)) at the temperature Ty, and o;
denotes the thermal expansion coefficient of the silica [24,28].
This expression allowed us to calculate reliable column phase ratio
provided that the IL solution concentration, Cy and density are
determined with high precision. The dependence of column phase
ratio on temperature is practically equal to that of the station-
ary phase density. Details on the geometrical characteristics of the
constructed columns are given in Table 1.

3.2.2. Chromatographic measurements

Gas carrier flow-rate was adjusted to obtain reasonable analysis
times. Vapors from the head-space of 1.5-mL vials were injected at
least three times in different days. The split ratio was set at 1:10.
Retention times were measured at the peak maximum with a pre-
cision of 0.001 min along with the retention of methane, used to
estimate the hold-up time. The extra-column volume was con-
sidered negligible for the column dimensions used in this work.
Measurements for thirty-five solutes in the four columns were per-
formed at four temperatures within the range from 40 to 70°C.

4. Results and discussion

Room temperature ionic liquids (RTILs), mainly N-
methylimidazolium and pyrrolidinium salts, have been the
subject of numerous and diverse publications emphasizing their
physical properties. A number of phosphonium cation-based
ILs are also commercially available and have a range of useful
properties, but they have been less studied [31]. These studies
aimed the search of innovative potential applications for those
compounds, and this requires of the knowledge of their physical
and thermodynamic properties.

The method here proposed, based on the use of wall-coated
columns to determine partition coefficient data of volatile solutes
inanon-volatile liquid has been previously tested [29]. As a proof of
concept, squalane was chosen as stationary phase in that study, and
two chemical families were chromatographed. n-Alkanes allowed
to validate the experimental results by comparison with partition
coefficient data obtained by different research groups employing
either packed columns or other non-chromatographic methods.
Then, several n-alkanols were chromatographed in those columns
at several temperatures. These polar compounds were very chal-
lenging since they are characterized by strong adsorption onto the
gas-squalane interface. Even though adsorption contribution was
very significant, alcohol-squalane partition constants estimated
with those columns were in close agreement with data obtained
by using a set of packed columns containing different amounts of
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Fig. 1. Asymmetry factors of solutes (average values in four columns). Symbols: (H): esters (a): aromatic hydrocarbons, (®): alcohols, (v): ketones, (¢): hydrocarbons, (x):

other solvents.

squalane onto Chromosorb P. In the present work, partition coef-
ficients of many different compounds in THTDP-Br coated into
capillary tubes, were obtained. To the best of our knowledge, no
activity coefficient data are available in the literature involving this
phosphonium-based RTIL. In the choice of the IL, we also took into
account its very high room temperature viscosity as compared to
other RTILs [31], attribute which would contribute to form stable
films on the inner wall of the capillary tubes. Since a few studies
reporting the use of phosphonium-based IL in open tube GC [32,33]
do not provide many details of the silica surface preparation, a pro-
cedure similar to that reported for columns containing N-based ILs
was followed [33].

Small volumes of vapor samples were injected in order to
obtain detectable signals but keeping the solute’s infinite dilution
conditions. In this situation, asymmetric profiles would indicate
adsorption onto liquid-solid and gas-solid interfaces. Thus, firstly,

the solute peak profiles were evaluated. Results showed that most
peaks exhibited reasonable symmetries even though there are
solutes with strong hydrogen-bonding functional groups (alcohols,
chlorinated solvents, etc.). Fig. 1 shows the asymmetry factors (an
average of the asymmetries observed in all columns) for all the com-
pounds. From these results, especially from the asymmetry factors
of alcohols and other very polar compounds that did not exhibit
anomalous profiles, it can be inferred that the surface has been fully
coated by the IL film preventing adsorption at the solid surface.
Retention factors for each solute in the four columns and at four
temperatures were calculated from retention and hold-up times.
According to Eq. (5), alinear dependence between retention factors
and the reciprocal of phase ratio is expected. The second term on the
right of Eq. (5) can be negligible or significantly larger than zero. In
this latter case, a linear plot is feasible only if the ratio Ay /V\ keeps
constant and independent of the column phase ratio. From geomet-
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Fig. 2. Retention factors of hydrocarbons as a function of 1/ for columns containing trihexyltetradecylphosphonium bromide at 70°C.
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Fig. 3. Retention factors of common chemical solvents as a function of 1/B for columns containing trihexyltetradecylphosphonium bromide at 70°C.

rical calculations and considering a smooth homogeneous coating,
this ratio can be calculated for all the columns as 4/(dc-2ds), where
d¢ and df denote the column internal diameter and film thickness,
respectively. The estimated values are reported in Table 1. Within
the experimental uncertainties, the A; [V ratio can be considered
constant for columns having phase ratio between about 130 and
550. As a consequence, the partition coefficients, K;, are obtained
from the slopes computed from the linear regression between the
retention factors vs. 1/®. Similarly, K, would be calculated from the
corresponding intercepts.

Figs.2 and 3 show the experimental data for a few representative
solutes at 70 °C: aliphatic and aromatic hydrocarbons (Fig. 2) and
other chemically common solvents (Fig. 3). A quite linear behav-
ior can be clearly observed in those plots. Table 2 summarizes the
least-square linear regression parameters for all the solutes at two
temperatures along with the corresponding standard deviations.
Clearly, the determination coefficients were very good for some
solutes and excellent for others, and similar results were observed
at the other studied temperatures.

The intercept values of those regressions were evaluated by
a t-test analysis. The results suggest that the second term of Eq.
(5) is not significantly different from zero with a p>0.05 for most
of the systems. Only a few solutes at 40°C presented a not null
intercept. From these results, it can be inferred that, within the
experimental errors, partitioning process constitutes practically
the unique mechanism of solute retention in this RTIL. This, how-
ever, does not necessarily imply that K, is zero; more results would
be needed to estimate with higher precision a low K4 value or,
furthermore, a large increase in the A /Vy ratio would potentially
reveal a marginal adsorption contribution. Even though adsorption
at all the interfaces would be neglected for most systems, the parti-
tion coefficient data collected from four independent columns should
be considered very robust and reliable thermodynamic informa-
tion. In fact, the K; values had relative standard deviations between

less than 0.01-0.1 with a mean value of 0.038, a quite acceptable
precision as compared to values obtained from packed columns.

The introduction of the proposed method to determine gas-
liquid partition coefficients compelled us to critically discuss its
many advantages in comparison with the classical GLC method
using packed columns. The most remarkable ones are the following:
i. the geometrical simplicity of a liquid phase coated as a smooth
film onto the inner surface of the capillary tube; ii. the significantly
smaller surface area exposed for adsorption as compared to a lig-
uid phase coated onto the common supports; as a consequence, it
is expected that the adsorption contribution to retention would be
negligible the even though K, values can be significant; iii. partition
coefficients are calculated from the slope of the regression of sev-
eral independent measurements of retention in different columns,
i.e., random potential errors during the column construction would
be clearly noted; iv. calculations made in time scale are straightfor-
ward: it makes not necessary to measure gas carrier flow-rates,
neither the inlet and outlet pressures to calculate the compress-
ibility factor; v. peaks have narrower bandwidths compared to a
packed-column counterpart for a properly prepared fused-silica
capillary column, yielding better peak shapes and making feasible
to measure accurate time at the peak maximum. In summary, we
emphasized that this method provides a very reliable and straight-
forward way to calculate the relative contributions of partition and
adsorption to the solute retention, and it can be applied as a gate-
way to obtain meaningful partition coefficients.

The activity coefficient data for the studied organic solutes
infinite diluted in THTDP-Br at four temperatures are reported
in Table 3. The activity coefficient values have the follow-
ing general order: alkenes= alkanes>aromatics > esters > cyclic
ethers»alcohols. The obtained data indicate that the IL interact
with both non-polar molecules, through dispersive interactions
with the long alkyl chains, and with polar molecules, especially
solutes with hydrogen bond donors and to a lesser extent with
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Table 2
Results of the least-square regressions for retention factors of solutes with the reciprocal of the phase ratio at 40, 50, 60 and 70°C.
Solute 40°C 70°C
Intercept s.d. Ki. s.d. R? Intercept s.d. K. s.d. R?

n-Hexane 0.035 0.008 79 1 0.996 0.011 0.03 35 1 0.997
n-Heptane 0.08 0.04 210 7 0.986 0.05 0.03 69 4 0.955
n-Octane 0.28 0.12 581 23 0.993 0.03 0.06 191 11 0.985
n-Nonane 0.9 0.6 1259 124 0.896 0.16 0.09 366 17 0.973
n-Decane 2 2 3349 286 0.926 04 0.2 817 29 0.985
2,2-Dimethyl-pentane 0.09 0.02 84 4 0.971 0.029 0.019 38 2 0.973
Cyclohexane 0.13 0.02 139 4 0.986 0.03 0.02 69 3 0.974
Cycloheptane 0.32 0.26 577 12 0.994 0.09 0.06 207 6 0.989
1-Octene 0.32 0.02 563 5 0.999 0.06 0.1 185 12 0.984
1-Decene 2.1 0.4 2995 79 0.990 0.31 0.18 790 14 0.995
Benzene 0.2 0.1 337 22 0.951 0.06 0.03 127 5 0.984
Toluene 04 0.2 857 45 0.968 0.1 0.06 284 10 0.984
Ethylbenzene 0.5 0.3 1771 61 0.984 0.3 0.11 515 19 0.980
Propylbenzene 23 0.6 3789 123 0.983 03 0.14 1065 26 0.993
sec-Butylbenzene 33 0.6 5634 119 0.994 0.5 0.2 1525 36 0.993
Mesitylene 13 0.8 4449 156 0.982 0.13 0.16 1232 5 0.999
0-Xylene 1.6 0.6 2461 115 0.970 0.27 0.08 747 16 0.993
m-Xylene 0.9 0.4 1917 49 0.990 0.20 0.07 580 12 0.993
p-Xylene 0.5 0.3 1986 49 0.990 0.19 0.06 565 12 0.992
Acetone 0.08 0.03 107 5 0.973 0.021 0.009 45 2 0.983
Butanone 0.12 0.08 260 14 0.965 0.05 0.02 92 4 0.982
2-Pentanone 0.16 0.08 538 17 0.984 0.05 0.02 173 4 0.992
Ethyl acetate 0.1 0.02 135 4 0.989 0.02 0.01 60 2 0.989
Isopropyl acetate 0.13 0.08 205 4 0.996 0.04 0.01 77 2 0.987
Isopentyl acetate 0.9 0.6 1667 34 0.995 0.24 0.09 453 14 0.985
n-Propanol -5.4 1.9 18884 51 0.999 1.5 0.6 2831 115 0.982
n-Butanol - - - - - -1 1 6670 311 0.977
Isopropanol 3.8 2.6 4676 124 0.990 0.2 0.2 1103 46 0.973
Dichloromethane 0.3 0.1 350 28 0.940 0.08 0.04 136 7 0.970
Chloroform 0.5 0.1 4182 33 0.999 0.7 0.3 872 45 0.961
Pyridine 1 0.3 1508 59 0.982 0.21 0.09 475 17 0.986
Dioxane -0.11 0.07 624 17 0.993 0.13 0.05 160 9 0.970
Tetrahydrofuran 0.11 0.05 176 10 0.960 0.03 0.12 76 2 0.989
Nitropropane 1.1 0.14 2737 26 0.999 03 0.101 802 18 0.992
Acetonitrile 0.28 0.09 277 17 0.955 0.06 0.04 123 6 0.976

proton acceptors. In fact, activity coefficients corresponding to
alcohols and chlorinated compounds are very low, indicating an
extremely strong interaction of these hydrogen-bonding donors
with the phosphonium-IL. This dual capacity makes the THTDP-Br
very interesting as stationary phase in practical GLC.

The y*>°; data obtained with THTDP-Br have been compared
to values available in the literature for the same solutes in
other phosphonium-based IL [7,12,34-37] (see Table 4). The com-
parison showed similar trends, i.e, interactions of those solutes
are very similar practically with independence of the anion
chemical nature. Mutelet et al. [37] have also reported very
low activity coefficient values for methanol, ethanol, chloro-
form and dichloromethane in trihexyl(tetradecyl)phosphonium
L-lactate and for several aliphatic alcohols, and the same chlo-
rinated solutes studied here in trihexyl(tetradecyl)phosphonium
1-S-(+)-10-camphorsulfonate in the range between 323 and 373 K.
On the other hand, for non-polar solutes, the magnitude of the o,
values, however, are significantly smaller than the corresponding
values for other ILs, such as imidazolium and pyridinium-based
ILs [5], which indicates that the hydrocarbon chains increase the
solute solubility of the less polar solutes. Thus, similarly to results
reported with other phosphonium based ILs, this solvent would
have a limited potential for using in industrial solvent separation
processes.

The infinite dilution activity coefficients of most solutes
decreased as temperature increased. The exceptions were strong
hydrogen-bonding donor compounds. The corresponding partial

molar excess enthalpies, Hf’“’may in principle be computed by the
Gibbs-Helmholtz function:

oo dlnype
e/

and represent the enthalpy change for the transfer of one mole
of solute from the (infinitely diluted) ideal solution to the real one.
The estimated values from least-square regression of the experi-
mental activity coefficients (In y°) against 1/T were also included
in Table 3. The relative standard deviations for these thermody-
namic quantities were of relatively poor precision (range between
10-40%), which could in principle be attributed to two factors: the
choice of a linear model or to experimental errors. Since the mea-
surements were conducted to only four temperatures, there is no
sense to fit our data to other more complex model fitting. In order
to test if the number of data points are the limiting of precision, we
re-calculated K; values from all k-8 data pairs (about twelve data-
points) at each temperature and then the corresponding activity
coefficient values. These data were fitted according to Eq. (8). The
standard deviation for the slopes did not change significantly. As
a consequence, Hf’“’ values gathered in Table 4 have only a semi-
quantitative meaning; precision of the reported K; and y/° values
is of high quality in terms of chromatographic measurement, but
not good enough to calculate highly precise partial molar excess
enthalpies.

(8)
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Table 3

Infinite dilution activity coefficients of solutes at 40, 50, 60 and 70°C, and partial molar excess enthalpies.
Solute Temperature H;&>

(kJmol-1)
40°C 50°C 60°C 70°C

n-Hexane 1.483 1.358 1.334 1.272 43
n-Heptane 1.686 1.852 1.669 1.680 1.0
n-Octane 1.812 1.736 1.860 1.548 35
n-Nonane 2475 2.154 2.159 2.033 53
n-Decane 2.749 2.599 2.404 2274 5.8
2,2-Dimethylpentane 1.976 1.710 1.706 1.619 5.4
Cyclohexane 1.276 1.176 1.004 0.938 9.7
Cycloheptane 1.243 1.261 1.036 1.063 59
1-Octene 1.537 1.555 1.527 1.359 34
1-Decene 2.512 2.227 2.126 2.001 6.5
Benzene 0.532 0.533 0.523 0.503 1.6
Toluene 0.646 0.642 0.639 0.608 1.6
Ethylbenzene 0.860 0.852 0.878 0.806 14
Propylbenzene 1.040 0.928 0.978 0.888 3.8
sec-Butylbenzene 1.233 1.141 1.205 1.026 4.4
Mesitylene 1.192 1.167 1.195 0.990 4.7
0-Xylene 0.864 0.851 0.832 0.745 3.1
m-Xylene 0.903 0.876 0.865 0.799 1.3
p-Xylene 0.827 0.833 0.855 0.791 3.9
Acetone 0.725 0.714 0.688 0.658 29
Butanone 0.692 0.716 0.724 0.688 -0.2
2-Pentanone 0.821 0.884 0.858 0.787 13
Ethyl acetate 1.291 1.135 1.082 0.980 7.8
Isopropyl acetate 1.316 1.338 1.121 1.140 54
Isopentyl acetate 1.539 1.600 1.338 1.397 4.2
n-Propanol 0.033 0.036 0.055 0.051 -15.7
n-Butanol - 0.052 0.056 0.053 22.4
Isopropanol 0.066 0.067 0.067 0.054 5.2
Dichloromethane 0.118 0.116 0.124 0.129 -3.0
Chloroform 0.022 - 0.036 0.041 -18.9
Pyridine 0.483 0.492 0.478 0.446 2.3
Dioxane 0.656 0.698 0.885 0.828 -8.4
Tetrahydrofuran 0.578 0.603 0.625 0.541 1.3
Nitropropane 0.512 0.525 0.471 0.468 34
Acetonitrile 0.663 0.597 0.593 0.522 6.4

Table 4

Comparison of solute’s activity coefficient values in different trihexyl(tetradecyl)phosphonium-based ILs.
Solute Anion/T(°C)

(a) (a) (b) (c) (c) (d) (e) (f) (g) 40°C This work 70°C
40 60 40 49.2 69.2 45 45 50 50 50°C

n-Hexane 1.4 1.38 0.73 1.04 1.01 0.64 0.753 1.11 1.05 1.483 1.358 1.272
n-Heptane 1.58 1.56 0.81 1.22 1.19 0.72 0.803 1.22 1.14 1.686 1.852 1.680
n-Octane 1.79 1.77 0.85 1.42 1.40 0.80 0.821 1.37 1.24 1.812 1.736 1.548
n-Nonane 2.06 1.98 1.8 1.74 1.67 1.50 2475 2.154 2.033
n-Decane 2.38 2.26 1.89 1.84 1.67 1.52 2.749 2.559 2274
Cyclohexane 0.975 0.941 0.54 0.78 0.75 0.48 0.627 0.77 0.69 1.276 1.176 0.938
Cycloheptane 1.02 0.986 0.58 1.81 3.59 0.52 0.753 1.243 1.261 1.063
Benzene 0.41 0.425 0.48 0.39 0.39 0.19 0.403 0.38 0.36 0.532 0.533 0.503
Toluene 0.526 0.531 0.46 047 0.46 0.41 0.646 0.642 0.608
Ethylbenzene 0.66 0.671 0.57 0.59 0.56 0.49 0.860 0.852 0.806
Butanone 0.444 0.447 0.27 0.23 0.43 0.692 0.716 0.688
2-Pentanone 0.32 033 0.60 0.52 0.821 0.884 0.787
Dioxane 0.49 0.48 0.52 0.656 0.698 0.828
n-Propanol 1.21 1 1 0.09 0.033 0.035 0.051
n-Butanol 1.26 1.04 0.09 - 0.052 0.031
i-Propanol 1.22 0.99 0.12 0.066 0.067 0.054
Dichloromethane 0.25 0.27 0.06 0.09 0.118 0.116 0.129
Chloroform 0.31 0.32 0.05 0.05 0.022 - 0.041
Acetonitrile 0.5 0.46 0.45 0.46 0.663 0.597 0.522
Nitropropane 1.62 1.35 0.33 0.35 0.512 0.525 0.468
Pyridine 0.41 0.34 0.34 0.32 0.483 0.492 0.446
Acetone 0.431 0.432 0.725 0.714 0.658

(a): Tetrafluoroborate, Ref [36]; (b): bis-(2,4,4-trimethylpentyl)-phosphinate, Ref [12]; (c): Bis(trifluoromethylsulfonyl)imide, Ref. [35]; (d): tris(pentafluoroethyl) trifluo-
rophosphate, Ref. [7]; (e): Chloride, Ref. [34]; (f): L-Lactate, Ref. [37]; (g) 1-S-(+)-10-Camphorsulfonate, Ref. [37].
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5. Conclusions

Open-tube capillary columns coated with the ionic liquid
trithexyl(tetradecyl)phosphonium bromide were successfully used
for obtaining infinite dilution partition coefficients of several
solutes at four temperatures. Experimentally, solute infinite dilu-
tion partition coefficients at a given temperature were calculated
from the chromatographic retention in several columns of different
and well-known phase ratio and by using simple and well-known
chromatographic equations. The capillary columns proved to be
geometrically simple and reliable to obtain solute partition coef-
ficient data from true independent systems minimizing errors
related to the amount of liquid inside the columns. This approach
allows to evaluate the potential gas-liquid interfacial adsorption,
which is rather common for systems characterized by strong posi-
tive deviations from Raoult’s law. Since significant errors on infinite
dilution activity coefficients can be made by neglecting adsorption
contributions, the construction of a database in which these errors
can be minimized can be uniquely valuable.
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