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a b s t r a c t

Due to the potential of ionic liquids for industrial application in CO2 capture and gas separation processes,
solubility of near or supercritical CO2 in ionic liquids has been object of extensive research during the
last few years. This work studies the solubility of CO2 in phosphonium-based ionic liquids that, unlike
imidazolium-based ILs, have received little attention in spite of their interesting characteristics. This
work addresses the study of the gas–liquid equilibrium of two ionic liquids, trihexyltetradecylphospho-
nium bis(trifluoromethylsulfonyl)imide and trihexyltetradecylphosphonium chloride, in a wide range of
temperatures, pressures, showing that phosphonium ionic liquids can dissolve even larger amounts of
CO2 (on a molar fraction basis) than the corresponding imidazolium-based ILs. In particular trihexylte-
arbon dioxide
hase behavior
upercritical
xperimental
igh pressure
enry’s constant

tradecylphosphonium bis(trifluoromethylsulfonyl)imide seems to be the IL with the largest CO2 sorption
capacity reported up to present, revealing the potential of phosphonium-based ILs for CO2 capture.

A thermodynamic model based on the Peng–Robinson equation of state with the Wong–Sandler mixing
rule, using the UNIQUAC model for the activity coefficients, was here adopted to describe the experimental
data and for the estimation of the Henry’s constants. A universal correlation, for the description of the
solubility of CO2 in ILs previously proposed by us was also applied to the description of the data here

d agre
measured showing a goo

. Introduction

The high solubility of CO2 in ionic liquids has been the object
f extensive research during the last few years. Aiming at enhanc-
ng sour gases solubility and ultimately replace the hazard volatile
rganic compounds (VOCs), many researchers have judiciously tai-
ored ionic liquids (ILs) to accomplish such task either through
he introduction of fluorinated groups on the IL ions, or by
dding basic groups such as amines or acetates [1–15]. With the
xception of this last type of ILs, where chemical interactions
ominate the sorption mechanism, in most ionic liquids the gas
olubility is simply driven by a physical absorption mechanism
11,16,17]. Among the ILs previously reported in the literature the
midazolium-based ionic liquids, especially those with fluorinated
nions such as the bis(trifluoromethylsulfonyl)imide, NTf2, and

is(pentafluoroethyl)trifluorophosphate, pFAP, are the ones with
he highest CO2 solubilities reported [9,15,18].

Despite their attractive characteristics, such as negligible vapor
ressures, high thermal stability, large liquidus range, nonflamma-

∗ Corresponding author. Tel.: +351 234 401 507; fax: +351 234 370 084.
E-mail address: jcoutinho@ua.pt (J.A.P. Coutinho).

896-8446/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.supflu.2010.02.002
ement with the experimental data.
© 2010 Elsevier B.V. All rights reserved.

bility, high solvation capacity, compatibility with strong alkaline
solutes, stabilizing effect on palladium catalysts, effective media for
Heck and Suzuki reactions and their low cost, the phosphonium-
based ionic liquids have received surprisingly little attention in the
last few years from academia [8,19–26]. Some authors have focused
their study on the solubility of alcohols [27], alkanes and alkenes
[25,26,28–32], or even on methane [30,31], carbon monoxide [32]
or oxygen [30] in phosphonium ILs but few have reported solu-
bilities of carbon dioxide in these ILs [19,24–26,29]. Furthermore,
among those only a couple reported CO2 solubilities under high
pressure [19,29]. Ferguson and Scovazzo [25] have shown that imi-
dazolium and phosphonium-based ILs have similar solubilities for
several gases, while Anthony and coworkers [26] suggested that
the nature of the anion has the most significant influence on the gas
solubility. Hutchings et al. [8] have reported that, at subcritical tem-
peratures, several phosphonium ionic liquids would completely
dissolve as soon as all the CO2 condensed and that the isopleths
for these systems follow the vapor pressure curve of the pure CO2.

Disregarding academia lack of interest, their properties and low

cost have attracted the industry attention [33]. Central Glass Co.
Ltd., from Japan, developed pharmaceutical intermediates using
phosphonium ionic liquids [33], while Texaco used a “ruthenium
melt catalyst” dispersed in phosphonium or quaternary ammonium
ILs to convert syngas into acetic acid, esters, alcohols and glycol

http://www.sciencedirect.com/science/journal/08968446
http://www.elsevier.com/locate/supflu
mailto:jcoutinho@ua.pt
dx.doi.org/10.1016/j.supflu.2010.02.002
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34]. Rhone-Poulenc, by other hand, used a tetrabutylphosphonium
hloride to estabilize zero-valent palladium catalysts for carbony-
ation [34] and Eastman Chemical Company used a Lewis basic
hosphonium iodide ionic liquid along with a Lewis acid catalyst for
he isomeration of 3,4-epoxybut-1-ene to 2,5-dihydrofuran [33].

In the wake of previous works [11,17,18,35], the purpose of the
resent study is to identify ILs with large CO2 solubilities and to fur-
her explore the mechanism behind the absorption of carbon diox-
de by the ionic liquids. For that purpose, trihexyltetradecylphos-
honium chloride, [THTDP][Cl], and trihexyltetradecylphospho-
ium bis(trifluoromethylsulfonyl)imide, [THTDP][NTf2], ionic liq-
ids were chosen. The structure of the phosphonium cation
inimizes any specific interactions between the IL cation and the

arbon dioxide. Furthermore, the chloride anion of the [THTDP][Cl]
llows also to minimize any anion interaction with the CO2.

The Peng–Robinson equation of state [36] with the Wong–
andler/UNIQUAC mixing rule [37], using the UNIQUAC model [38]
or the activity coefficients, was used to model the experimental
ata measured in this work and to estimate the Henry’s constants
rom which the enthalpies and entropies of solvation are derived
nd used to assess the CO2 IL interactions.

. Experimental

.1. Materials

Two ILs based on the trihexyltetradecylphosphonium cation, tri-
exyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide,
THTDP][NTf2] and trihexyltetradecylphosphonium chloride,
THTDP][Cl], were used in this study. All compounds were
btained from Cytec with mass fraction purities higher than 97%.
he chloride impurity for [THTDP][NTf2] was inferior to 0.1%. The
urities stated by the supplier, of each ionic liquid, were checked
y 1H NMR, 13C NMR and 19F NMR.

The ILs where further purified by washing them with ultra pure
ater followed by drying under high vacuum (1 × 10−3 Pa) and
oderate temperature (353 K) for a period of 48 h. The water used
as double-distilled, passed through a reverse osmosis system, and

urther treated with a MilliQ plus 185 water purification apparatus.
t has a resistivity of 18.2 M� cm, a TOC smaller than 5 �g L−1, and
t is free of particles greater than 0.22 �m. The purities of each ionic
iquid were checked by 1H NMR, 13C NMR and 19F NMR after each
urification step and the purification was repeated until no impu-
ities were observed in the ILs by NMR analysis. The final purity
s estimated to be better than 99%. The final IL water content was
etermined with a Metrohm 831 Karl Fischer coulometer, indicat-

ng a water mass fraction of (67 and 97) × 10−6 for [THTDP][NTf2]
nd [THTDP][Cl], respectively.

The carbon dioxide (CO2) was acquired from Air Liquide with
purity of ≥99.998% and H2O, O2, CnHm, N2 and H2 impurities

olume fractions lower than (3, 2, 2, 8 and 0.5) × 10−6, respectively.

.2. Experimental equipment

The high pressure equilibrium cell used in this work is based
n a cell designed by Daridon et al. [19,39–42] using the synthetic
ethod. Both the apparatus and the methodology here followed
ere fully described in previous works [11,18,35], and shown to be

dequate to accurately measure vapor–liquid phase equilibrium in
wide range of pressures and temperatures [11,18,19,35,39–42].
he high pressure equilibrium cell, that can operate up to pres-
ures of 1000 bar and in the (283–373) K temperature range,
onsists of a horizontal hollow stainless-steel cylinder, closed at
ne end by a movable piston and at the other end by a sap-
hire window. This window, along with a second window on the
al Fluids 52 (2010) 258–265 259

cell wall, through which an optical fiber lights the cell cham-
ber, allows the operator to follow the behavior of the sample
with pressure and temperature. The orthogonal positioning of
both sapphire windows minimizes the parasitic reflections and
improves the observation in comparison to axial lighting. A small
magnetic bar placed inside the cell allows the homogenization
of the mixture by means of an external magnetic stirrer. The
presence of the magnetic stirrer, as well as the cell reduced vol-
ume, help to minimize the inertia and temperature gradients
within the sample. The cell is thermostatized by circulating a heat-
carrier fluid through three flow lines directly connected to the
cell. The heat-carrier fluid is thermo-regulated with a tempera-
ture stability of ±0.01 K by means of a thermostat bath circulator
(Julabo MC). The temperature is measured with a high precision
thermometer, Model PN 5207 with an accuracy of 0.01 K, con-
nected to a calibrated platinum resistance inserted inside the cell
close to the sample. The pressure is measured by a piezoresis-
tive silicon pressure transducer (Kulite) fixed directly inside the
cell to reduce dead volumes, that was previously calibrated and
certified by an independent laboratory with IPAC accreditation,
following the EN 837-1 standard and with accuracy better than
0.2%.

A fixed amount of IL was introduced inside the cell; its exact
mass was determined by weighting, using a high weight/high pre-
cision balance with an accuracy of 1 mg (Sartorius). In order to
avoid any interference of atmospheric gases during the manipu-
lation, after placing the IL inside the cell, it was kept under vacuum
overnight while stirring and heating at 353 K.

The CO2 was introduced under pressure from an aluminum
reservoir tank. Its mass was measured with a precision balance
and introduced into the measuring cell by means of a flexible high
pressure capillary.

After preparation of a mixture of known composition and the
desired temperature at low pressure was reached, the pressure
was then slowly increased at constant temperature until the sys-
tem becomes monophasic. The pressure at which the last bubble
disappears represents the equilibrium pressure for the fixed tem-
perature.

The purity of the IL is checked again by NMR at the end of the
study to confirm that no degradation takes place during the mea-
surements.

2.3. Thermodynamic modeling

To describe the experimental data measured, the
Peng–Robinson equation of state [36] was used in this work,

P = RT

V − bm
+ am

V(V + bm) + bm(V − bm)
(1)

with the Wong–Sandler mixing rule [37]

bm =
∑∑

xixj(b − a/RT)ij

1 − ˙xiai/biRT − AE∞(x)/˝RT

(
b − a

RT

)
ij

= 1
2

[bi + bj] −
√

aiaj

RT
(1 − kij) (2)

am = bm

(∑
xi

[
ai

aj

]
+ AE∞(x)

˝

)
(3)
where am and bm are the equation of state constants, ˝ = 0.34657
for the Peng–Robinson equation, and AE∞(x) is calculated using the
UNIQUAC model and assuming that AE∞(x) ≈ AE

0(x) ≈ GE
0(x), being

GE
0(x) the excess Gibbs free energy at low pressure described
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Table 1
Bubble point data of the system CO2 (1) + [THTDP][NTf2] (2).

x1 T/K p/MPa x1 T/K p/MPa x1 T/K p/MPa x1 T/K p/MPa x1 T/K p/MPa

0.169 293.26 0.106 0.205 293.34 0.252 0.308 293.20 0.612 0.421 293.30 1.145 0.504 293.37 1.584
0.169 303.25 0.226 0.205 303.22 0.399 0.308 303.15 0.806 0.421 303.22 1.425 0.504 303.58 1.966
0.169 313.20 0.355 0.205 313.10 0.555 0.308 313.16 1.023 0.421 313.24 1.748 0.504 313.05 2.378
0.169 323.26 0.471 0.205 323.11 0.716 0.308 323.25 1.266 0.421 323.22 2.079 0.504 323.24 2.823
0.169 333.25 0.609 0.205 333.15 0.887 0.308 333.13 1.492 0.421 333.38 2.439 0.504 333.21 3.267
0.169 343.22 0.760 0.205 343.20 1.055 0.308 343.13 1.739 0.421 343.19 2.786 0.504 343.27 3.737
0.169 353.21 0.909 0.205 353.21 1.235 0.308 353.11 1.993 0.421 353.21 3.154 0.504 353.26 4.216
0.169 363.24 1.066 0.205 363.40 1.425 0.308 363.29 2.246 0.421 363.34 3.535 0.504 363.45 4.702

0.601 292.88 2.275 0.702 293.14 3.305 0.806 293.17 4.817 0.822 293.15 5.510 0.830 293.20 7.546
0.601 303.27 2.845 0.702 303.11 4.197 0.806 303.31 6.208 0.822 303.20 7.450 0.830 303.20 9.480
0.601 313.10 3.427 0.702 313.11 4.975 0.806 313.39 7.948 0.822 313.19 9.634 0.830 313.23 11.584
0.601 323.24 4.020 0.702 323.15 5.921 0.806 323.28 10.007 0.822 323.31 12.009 0.830 323.23 13.838
0.601 333.22 4.657 0.702 333.27 6.912 0.806 333.29 12.119 0.822 333.24 14.307 0.830 333.28 16.063
0.601 343.20 5.342 0.702 343.38 7.946 0.806 343.40 14.180 0.822 343.10 16.481 0.830 343.28 18.182
0.601 353.23 5.995 0.702 353.33 8.996 0.806 353.23 16.095 0.822 353.20 18.493 0.830 353.41 20.290
0.601 363.31 6.675 0.702 363.53 10.078 0.806 363.28 17.975 0.822 363.21 20.420 0.830 363.45 22.264

0.840 293.20 12.025 0.850 293.33 18.870 0.860 293.30 26.885 0.870 293.26 44.564 0.879 296.58 72.185
0.840 303.18 12.808 0.850 303.10 18.188 0.860 303.02 24.711 0.870 302.95 34.630 0.879 303.08 49.350
0.840 313.29 14.587 0.850 313.21 18.747 0.860 313.18 23.840 0.870 313.10 30.585 0.879 313.35 39.536
0.840 323.19 16.420 0.850 323.22 20.190 0.860 323.34 24.304 0.870 323.24 29.743 0.879 323.35 36.280
0.840 333.23 18.457 0.850 333.26 21.719 0.860 333.19 25.423 0.870 333.20 30.253 0.879 333.38 35.408

43.19
53.26
63.28

a

w

˚

m

O

w
s
v
T

T
B

0.840 343.18 20.490 0.850 343.12 23.608 0.860 3
0.840 353.26 22.557 0.850 353.01 25.482 0.860 3
0.840 363.14 24.401 0.850 363.14 27.163 0.860 3

s

GE

RT
=

n∑
i=1

xi ln
(

˚i

xi

)
+ Z

2

n∑
i=1

qixi ln
�i

˚i

−
n∑

i=1

xiqi ln

⎡
⎣ n∑

j=1

�j exp

(
−�ij − �ii

qiRT

)⎤
⎦ (4)

ith

i = xiri∑
jxjrj

and �i = xiqi∑
jxjqj

(5)

The correlation of the experimental data was carried by the
inimization of the objective function, OF, for

F =
N∑[

Pcal − Pexp

�P

]2

(6)
i=1

here N is the number of data points, P is the pressure, the super-
cripts “exp” and “cal” refers to the experimental and calculated
alues, respectively, and �P is the standard deviation of pressure.
he experimental uncertainties in the pressure data were used for

able 2
ubble point data of the system CO2 (1) + [THTDP][Cl] (2).

x1 T/K p/MPa x1 T/K p/MPa x1 T/K

0.119 313.16 0.168 0.164 303.35 0.225 0.200 303.42
0.119 323.16 0.274 0.164 313.03 0.371 0.200 313.27
0.119 333.46 0.453 0.164 323.30 0.523 0.200 323.40
0.119 343.37 0.546 0.164 333.30 0.641 0.200 333.50
0.119 353.30 0.690 0.164 343.00 0.784 0.200 343.68
0.119 363.22 0.770 0.164 353.16 0.943 0.200 353.75

0.164 363.20 1.089 0.200 363.66

0.503 303.32 2.311 0.603 303.33 3.417 0.701 303.36
0.503 313.47 2.850 0.603 313.28 4.135 0.701 313.70
0.503 323.43 3.357 0.603 323.47 4.924 0.701 323.56
0.503 333.47 3.924 0.603 333.69 5.760 0.701 333.54
0.503 343.55 4.495 0.603 343.64 6.586 0.701 343.48
0.503 353.64 5.092 0.603 353.69 7.457 0.701 353.77
0.503 363.67 5.692 0.603 363.53 8.330 0.701 363.68
26.972 0.870 343.12 31.183 0.879 343.23 35.732
28.426 0.870 353.25 32.463 0.879 353.06 36.563
30.227 0.870 363.35 33.815 0.879 361.67 37.445

�P. The minimization method was performed using a genetic algo-
rithm code, implemented and fully explained in Álvarez et al. [43].
The difference between experimental and calculated values was
calculated as the average percent deviation, expressed in absolute
form, as follows:

|�P| = 100
N

N∑
i=1

[ |Pcal
i

− Pexp
i

|
Pexp

i

]
(7)

Furthermore the proposed model was applied, in the diluted
region limit, to determine the Henry’s constant for the studied sys-
tems.

3. Results and discussion

The solubility of carbon dioxide in the studied ILs was mea-
sured for mole fractions ranging from 0.2 to 0.9, in the temperature
range 293–363 K and pressures from 0.1 to 72 MPa, as reported in

Tables 1 and 2 and depicted in Fig. 1. The temperature increase
leads to an increase in the equilibrium pressures and by increasing
CO2 concentration, the equilibrium pressures increase gradually at
first, and then rapidly for higher CO2 contents as a liquid–liquid
like region is reached, as also observed previously for other ILs

p/MPa x1 T/K p/MPa x1 T/K p/MPa

0.357 0.305 303.40 0.820 0.400 303.27 2.311
0.517 0.305 313.54 1.120 0.400 313.56 2.850
0.682 0.305 323.66 1.355 0.400 323.57 3.357
0.849 0.305 333.59 1.605 0.400 333.63 3.924
1.033 0.305 343.52 1.873 0.400 343.55 4.495
1.220 0.305 353.66 2.160 0.400 353.46 5.092
1.397 0.305 363.54 2.440 0.400 363.58 5.692

4.987 0.752 303.42 5.998 0.800 302.55 14.995
6.130 0.752 313.38 7.503 0.800 313.44 16.310
7.314 0.752 323.45 9.328 0.800 323.83 17.595
8.658 0.752 333.58 11.307 0.800 333.78 19.295

10.018 0.752 343.46 13.226 0.800 343.72 21.108
11.461 0.752 353.58 15.138 0.800 353.66 22.815
12.821 0.752 363.67 16.927 0.800 363.65 24.570



P.J. Carvalho et al. / J. of Supercritical Fluids 52 (2010) 258–265 261

HTDP]

[
[
t
s
F
t
I
a
p
i
I
t
t

t
h
I
f
s
b
w

e
s
c
p

eling of the binary systems containing ionic liquids studied in this
work are presented in Table 3 for all the experimental data. In the
table, NP is the number of data points, T is the temperature, k12,
A12 and A21 are the interaction parameters of the model, where ‘1’

Table 3
Temperature-independent interaction parameters and predicted Henry’s constant
for the studied systems.

[THTDP][NTf2] + CO2
a [THTDP][Cl] + CO2

b

T/K H12/MPa T/K H12/MPa

293.44 1.98
303.18 2.30 303.27 1.89
313.19 2.64 313.36 2.40
323.24 3.00 323.48 2.99
333.25 3.38 333.55 3.67
343.21 3.76 343.50 4.41
353.22 4.14 353.57 5.21
Fig. 1. Pressure–composition diagram of the binary systems: (a) CO2 + [T

11,18,35]. A singular phenomenon was observed for the system
THTDP][NTf2] + CO2 at CO2 concentrations higher than 0.8. At
hese conditions the equilibrium pressure changes its behavior and
tarts to decrease with the temperature increase, as depicted in
igs. 1(b) and 2(b). This unusual behavior, previously observed for
he solubility of CO2 in aqueous solutions of phosphonium-based
Ls is related to the liquid–liquid region, as previously noticed [19],
nd to a change in the relative densities of the phases. At low
ressures the IL phase is denser than the CO2 and dP/dT is pos-

tive. At high pressures the CO2 phase becomes denser than the
L phase and then, as predicted by the Clausius-Clapeyron equa-
ion, the dP/dT becomes negative and the solubility increases with
emperature.

The solubilities of CO2 in the ILs studied in this work are among
he highest measured up to present. These ILs present identical or
igher CO2 solubilities than those reported for imidazolium-based

Ls, with fluorinated anions like the NTf2 [9,15,44,45] or pFAP [9,15],
or which several authors justify the high solubilities as a result of
pecial interactions between the CO2 and the IL ions. A comparison
etween the CO2 solubility in these ILs and in the ILs studied in this
ork is depicted in Fig. 3.
Hutchings et al. [8] found that for subcritical temperatures sev-
ral phosphonium ionic liquids, including the [THTDP][Cl] here
tudied, would completely dissolve in CO2 as soon as all the CO2
ondensed and that the isopleths for these systems follow the vapor
ressure curve of the pure CO2. In this work we have tried to
[Cl] and (b) CO2 + [THTDP][NTf2]. The solid curves are guides for the eye.

reproduce the results from Hutchings et al. [8] without success.
No significant solubility of phosphonium ionic liquids in near or
supercritical CO2 was observed.

The results of the application of the equation of state to the mod-
363.21 4.54 363.54 6.08

a Kij = 0.001116T − 0.2307, A12 = −2.534·T + 1867.153, A21 = 2.490·T + 351.268, |�p|
(%) = 9.2.

b Kij = 0.00574T − 3.0269, A12 = 14.331·T − 3908.572, A21 = 2.298·T + 570.848, |�p|
(%) = 9.4.
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Fig. 2. Pressure–temperature diagram, as function of CO2 mole fraction
efers to the CO2 and ‘2’ for the ionic liquid. This table is divided in
ections for each system studied. The properties of the compounds
sed in the modeling are reported in Table 4. As depicted in Fig. 4,
he model provides a good description of the experimental data. The

able 4
roperties of the substances used in the modeling.

Compound Tc/K Pc/MPa ω r q

CO2 304.21a 7.38a 0.2236a 3.26c 2.38c

[THTDP][NTf2] 1588.22b 8.51b 0.8801b 82.08c 52.97c

[THTDP][Cl] 1225.80b 7.95b 0.7698b 69.29c 44.07c

a Ref. [47].
b Calculated with [48].
c Calculated with [49].
he binary systems: (a) CO2 + [THTDP][Cl] and (b) CO2 + [THTDP][NTf2].

equation of state was then used to estimate the Henry’s constant
for the studied systems.

The Henry’s law relates the amount of gas dissolved in a liquid,
at a constant temperature and pressure, to the fugacity of that gas
and can be described as

H12(T, P) = lim
x1→0

f L
i

x1
(8)

where H12(T, P) is the Henry’s constant, x1 is the mole fraction of gas
dissolved in the liquid phase, and f L

1 is the fugacity of the gas in the

liquid phase. Eq. (8) is only rigorously valid in the diluted region
limit. The Henry’s constants for CO2 in the investigated ILs were
estimated by fitting the PR-WS/UNIQUAC model to the experimen-
tal data and calculating the limiting slope defined in Eq. (8) as the
solubility approaches zero. This approach introduces some uncer-
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Fig. 3. Pressure–composition diagram of the binary systems: ( ) CO2 + [THTDP][Cl], ( , ) CO2 + [THTDP][NTf2], ( , ) CO2 + [C6mim][pFAP] [9,15], ( )
CO2 + [C5mim][pFAP] [9], and ( ) CO2 + [C5mim][NTf2] [18].

Fig. 4. PTx diagram and modeling for the systems: CO2 + [THTDP][Cl] (a) and CO2 + [THTDP][NTf2] (b). The solid lines represent the calculations with PR-WS/UNIQUAC EoS.
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Table 5
Coefficients A and B in Eq. (4) and partial molar enthalpy and partial molar entropy of solvation obtained for CO2 + ILs systems.

Ionic liquid A B |�H12| (%) �solvH (kJ mol−1) �solvS (J mol−1 K−1) −T·�solvS|T=298 K (kJ mol−1)

[THTDP][NTf2] −1268.272 5.015 0.65 −10.54 −32.31 9.63
[THTDP][Cl] −2147.851 7.737 0.84 −17.86 −53.86 16.06
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Fig. 5. PTm0 diagram for the systems CO2 + ILs. The solid lin

ainty on the estimated Henry’s constants but the values of these
onstants for the two studied ILs are different enough to allow a
iscussion of the CO2 solubility in the two ionic liquids based on
hese values. The estimated Henry’s constants results, reported in
able 3, indicate that Henry’s constant slightly decreases (i.e., CO2
olubility increases) with the temperature.

The results for the Henry’s constant of CO2 in [THTDP][NTf2] and
n [THTDP][Cl] were correlated as a function of temperature by an
mpirical equation of the type:

n(H12) = A
(

1
T

)
+ B (9)

here the coefficients A and B are listed in Table 5, together with
he Henry’s constant average absolute deviations, |�H12|, obtained
or each ionic liquid.

The effect of temperature on CO2 solubility can be related to the
ibbs energy, the partial molar entropy and partial molar enthalpy
f solvation [46] and can be calculated from an appropriate corre-
ation of Henry’s constant:

solvG◦ = R · T(ln(H12))p (10)

solvH◦ = −T2

(
∂�solvG◦

∂T

)
= −R · T2

(
∂ ln H12

∂T

)
p

(11)

solvS0 = �solvH◦ − �solvG◦

T
= R · T2

(
∂ ln H12

∂T

)
= −R · ln (H12)p

(12)
The partial molar enthalpy of solvation gives an indication of
he strength of interactions between the gas and the IL, while the
artial molar entropy illustrates the amount of ordering present in
he gas/IL mixture. The results presented in Table 5 show that the
artial molar entropy of CO2 in [THTDP][Cl] is somewhat higher
resent the universal correlation previously proposed [17].

than in [THTDP][NTf2], indicating a stronger structural solvation
interaction for the CO2/[THTDP][Cl] system. The partial molar
enthalpy of solvation of the CO2 in [THTDP][NTf2] is higher than in
[THTDP][Cl], indicating a stronger interaction between the CO2 and
the [THTDP][Cl]. The partial molar enthalpies of solvation observed
for these ILs are however similar to those previously reported by us
for the imidazolium-based ionic liquids [C4mim][Trifluoroacetate],
[C4mim][Dicyanamide] and [C4mim][NTf2] [11,18,35] showing
that solvation of CO2 on phosphonium ILs is similar to what is
observed in imidazolium ILs, and driven mainly by entropic effects
[17]. Based on this idea, we have proposed a universal correlation
for the solubility of CO2 in ionic liquids [17] that can be described
by Eq. (13)

p = m0
i e(6.8591(−2004.3/T)) (13)

where m0
i

is the carbon dioxide concentration in molality.
In Fig. 5, the predictions obtained are compared to the experi-

mental data measured in this work. As can be seen a good prediction
(−7% and 20% for the [THTDP][NTf2] and [THTDP][Cl], respectively)
of the experimental data can be obtained using this approach.

4. Conclusions

CO2 solubility in, trihexyltetradecylphosphonium bis(trifluoro-
methylsulfonyl)imide and trihexyltetradecylphosphonium chlo-
ride was studied in a wide range of temperatures and pressures. It
is shown that phosphonium ionic liquids can dissolve even larger
amounts of CO2 (on a molar fraction basis) than the imidazolium-
based ILs with the same anion. The solubilities here reported are

the largest observed for ionic liquids in absence of chemical inter-
actions. Moreover, an interesting increase of the CO2 solubility with
temperature was observed for these ILs at very high pressures.

A thermodynamic model based on the Peng–Robinson EoS with
the Wong–Sandler/UNIQUAC mixing rule was used with success
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n the correlation of the measured data. The model provides a
ood description of the experimental data and the estimation of
he Henry’s constants for these systems. The enthalpies of solva-
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