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High-Pressure Phase Behavior of lonic Liquid/CQ Systems
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This work presents the high-pressure phase behavior of @h six ionic liquids: 1n-butyl-3-
methylimidazolium hexafluorophosphate ([bmim]gPE1-n-octyl-3-methylimidazolium hexafluorophosphate
([Cs-mim][PF¢]), 1-n-octyl-3-methylimidazolium tetrafluoroborate @nim][BF.]), 1-n-butyl-3-methylimi-
dazolium nitrate ([bmim][NG)]), 1l-ethyl-3-methylimidazolium ethyl sulfate ([emim][EtQR and N-
butylpyridinium tetrafluoroborate -bupy][BF4]). We explored the effect of systematically changing the
anionic and cationic components of the ionic liquid on the,€©Onic liquid phase behavior. For all of the
ionic liquids tested, large quantities of @@issolved in the ionic liquid phase, but no appreciable amount of
ionic liquid solubilized in the C@phase. In addition, the liquid phase volume expansion with the introduction
of even large amounts of G@ negligible, in dramatic contrast to the large volume expansion observed for
neutral organic liquids. Our results seek to elucidate the underlying physical mechanisms of this highly unusual
phase behavior.

Introduction factor of cross-contamination between the phases presents a
problem. Also, the partitioning of the solute between the phases

b |0n'$] I|cf1U|ds (I]!_s), ahnovel clﬁs_,s of organic soII\L/ents, have_ limits the extent of solute extractionAnother option, super-
een the focus of much research in recent years. ILs are OrganiGuritical fluid extraction with CQ, was first introduced by the

salts composed of cations and anions that are liquid at Conditionsquantitative extraction of naphthalene fromm-butyl-3-meth-
around room temperatufeAlthough there are many classes of yniqa70liym hexafluorophosphate ([bmim][§E® Subsequent
salts that can have melting points near amblent' temperature (e'g'work has shown that a wide variety of solutes can be extracted
alkylammonium and phos.ph.onlum salts), two Important groups ¢, [bmim][PFs] with CO, with recovery rates greater than
(l\)/fl ILs are those zasidtﬁ n |m|tdazolllum anorl] py“d'n“ljtm Cat?@f' t95%.9 It should be noted that all solutes were recovered without
at?yl compount S0 ?Se V\II—:O clagses t.avff me mgdpom_sla any IL contamination. Thus, the problem of cross-contamination
or below room temperature. =arly Investigations used mainly ;s ejiminated since the IL does not appreciably solubilize in

chloroaluminate-based ionic .|IC1UIdS thgt are unstable in the the CQ phase and depressurization completely removes CO
presence of water. A dramatic growth in the development of from the IL phase

ILs has eliminated this hydroscopic liability with the synthesis limi kh h itical .
of water-stable and even water-miscible ionic liquids, making Preliminary work has shown supercritical g@xtraction to
’ be a viable method for solute recovery from an IL; however,

their use as solyents mu.ch more feastbles have proven tp knowledge of the phase behavior of the £ systems is a
be viable reaction media for numerous types of reactions, - ! : >
. . . ; . crucial aspect of this methodology. The first preliminary
including, for example, FriedelCrafts alkylations and Diets . o LT
Alder reactions. lonic liquids have a notable advantage over investigation of IL--CO, phase behavior indicated that these
" - q . . 9 are very unusual biphasic systems. Although large quantities
traditional organic solvents: vanishingly small vapor pressures. . . . . ) .
. T . . of CO, dissolved in the IL-rich phase, reducing the IL viscosity,
The importance of this lies in the potential to utilize ILs as . - .
; - . - no measurable amount of [bmim][ERolubilized in the CQ
solvents in traditional processes in efforts to eliminate the large . . S
volume of fugitive emissions typical of volatile organic solvents rich phase. The system remained two distinct phases, even under
g yp 9 " pressures up to 400 béit is the truly unique phase behavior

Whi!e the .focqs. of research on ILs hqs predominantly bgen [bmim][PFe] has with CQ, high-pressure phase behavior unlike
on their applicability as solvents for reaction systems, investiga- any normal organic liquid/Ce systemi® that makes the
tion and development of separation methods is equally essential !

nd relatively unexolored. Several techni for solute recover extraction of solutes from an IL with Carticularly attractive.
and relatively unexplored. Several techniques Tor SOIULE FeCOVETY 1 5 of this work is to develop insights into the physical
from ionic liquids exist. Distillation (or evaporation), a reason-

able option owina to the lack of anv aporeciable IL vapor interactions between CQOand ionic liquids that yield this
P 9 Yy app ; P interesting phase behavior. Here we present the results of a

pressure, would not be p_rq(_jent_ for_thgr_mally_ labile or low- fundamental study that explores the phase behavior gGth
volatility products. ILs eXh'.b'“f‘g. 'm.m'SC'b”'tY W".[h water can a variety of different imidazolium- and pyridinium-based ILs:
be exploited by means of liquidliquid extraction in efforts to [bmim][PFe], 1-n-butyl-3-methylimidazolium hexafluoro-
separate solutes from the IL into the aqueous phase. For hosphate: &l y y
example, recent work has developed a reversible pH-dependenP %Sp qte, 13 hvlimidazolium hexafl
liquid—liquid partitioning of a solute between an ionic liquid ~_ [CaMIMI[PF], 1-n-octyl-3-methylimidazolium hexafluoro-
phase and an aqueous phéas&hile successful, the important phosphgte, o )

[Ce-mim][BF4], 1-n-octyl-3-methylimidazolium tetrafluorobo-
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e-mail jfb@nd.edu. [bmim][NOg], 1-n-butyl-3-methylimidazolium nitrate;
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:4 cojnm Pump " Camon e the IL-rich liquid phase was calculated on the basis of the known

amount of CQ added to the cell, along with the assumption of
a pure CQ vapor phase. This assumption was verified by
experiments on the dynamic apparatus.,@@s completely
removed from the IL phase upon depressurization. The estimated
uncertainties in the calculated liquid phase compositions and
liquid molar volumes are-0.002 mole fraction ane:0.2 mL/
mol, respectively, based on propagation of random errors in
the measurements of the temperatures, pressures and volumes.
The dynamic apparatus, an ISCO 220SX high-pressure
extractor, was used to measure the solubility of the IL in the
COy,-rich phase. A sample cartridge, loaded with a small sample
of the IL and glass beads, was pressurized with @10+ 1
All ionic liquids were dried and degassed under vacuum at °C and 137.9+ 0.2 bar. The saturated GOphase was
room temperature for several days prior to use. Measurementsdepressurized through a heated restrictor and collected in a flask
in our laboratory and others have shown that [omimg]Pfer of ethanol, which was analyzed by UWisible spectroscopy.
example, will absorb a couple weight percent of water when All of the ILs studied have strong absorbances in the-Jis.
left open to the atmosphere. The estimated water content of In addition, pure component density measurements were
[bmim][PF¢] after drying was approximately 0.15 wt % water, performed at three temperatures, #QL, 50+ 1, and 60+ 1
as measured by Karl Fischer analysis. [bomimH{RE-n-butyl- °C, for each ionic liquid at ambient pressure (0-2®.03 bar).
3-methylimidazolium hexafluorophosphate, was obtained from The ionic liquid was loaded into a pycnometer of known volume
Sachem. The chemical structure for [bmim]gPis given in and submerged in a constant-temperature bath. Upon thermal
Figure 1. The following samples were synthesized by Seddon equilibrium, the amount of IL in the pycnometer was determined
and co-workers at The Queen’s University of Belfast: gravimetrically. The estimated uncertainty of the density
[Cemim][PFg], 1-n-octyl-3-methylimidazolium hexafluoro-  measurements at ambient pressurg-Gs007 g/mL.
phosphate;
[Csmim][BF,4], 1-n-octyl-3-methylimidazolium tetrafluoro- ~ Results

borate; [obmim][PF g] —CO,. The solubility of CQ in [bmim][PFe]
[omim][NOg], 1-n-butyl-3-methylimidazolium nitrate; was determined at 40, 50, and 80 and pressures up to 93
[N-bupy][BF4], N-butylpyridinium tetrafluoroborate; and bar. The phase behavior of the [pbmim]gPFCO, binary system
[emim][EtSQy], 1-ethyl-3-methylimidazolium ethyl sulfate. s illustrated in Figure 3 where the mole fraction of £i@ the
1-Methylimidazole, 99% purity, was used as received from IL-rich phase is plotted as a function of pressure. The solubility
Aldrich. Carbon Dioxide, anaerobic grade, 99.99% purity, was of CO,in the IL increased dramatically with increasing pressure,
obtained from Mittler Gas Supply. reaching 0.72 mole fraction COat 40 °C and 93 bar.
High-pressure vaperliquid phase behavior was measured Temperature is known to have a dramatic affect on the solubility
with two different apparatuses: a static high-pressure phaseof a gas in a liquid phase. Generally one may expect an increase
equilibrium system and a dynamic flow apparatus. The solubility in temperature to yield a decrease in gas solubility. As expected,
of CO,in the IL-rich phase was measured at 40.0, 50.0, and 60 the solubility of CQ in the IL-rich liquid phase decreased with
+ 0.1 °C, for each IL sample, with the static equilibrium an increase in temperature, as shown in Figure 3, but the
apparatus shown in Figure 1212 The maximum pressure temperature dependence is quite small over this temperature and
accessible with this apparatus is 120 bar. A glass cell was loadedpressure range. As a result, we do not report the enthalpy and
with approximately 1.0 g of the IL sample and placed in a entropy of dissolution since the uncertainties in these quantities
constant-temperature bath. Known amounts of ,Gfere would be too large to yield meaningful results. The large degree
metered into the glass cell while the sample within was of CO, solubility in the IL decreased the viscosity of the liquid
vigorously stirred to ensure equilibrium. The composition of phase, as observed by the reduced drag on the stirring magnet.

Figure 2. Static high-pressure vapseliquid equilibrium apparatus.

[emim][EtSQy], 1-ethyl-3-methylimidazolium ethyl sulfate;
and

[N-bupy][BF4], N-butylpyridinium tetrafluoroborate.

Phase behavior of CQwith 1-methylimidazole, a nonionic
organic liquid used in the synthesis of the imidazolium-based
ILs, was also measured to provide a nonionic organic compound
for comparison.

Experimental Section
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Figure 4. [bmim][PFs]—CO; liquid phase compositions for dried vs
wet ionic liquid samples at 4€C.

The solubility data of C@in [bmim][PFs] shown in Figure

3 is dramatically different than previously reported by our
group8 Although our preliminary experiments indicated high
solubility of CO, in [bmim][PFs] at higher pressures, the
solubility at lower pressures appeared to be relatively low. The
discrepancy can be attributed to the small amount of water
dissolved in the ionic liquid; the previous IL sample was
saturated with water while the current samples were dried to
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Figure 5. Qualitative phase behavior of the [bmim]P+CO; system.
TABLE 1: Ultrahigh-Pressure [bmim][PF ¢ —CO, Data

wt % mol %

TEC) P(bar) [bmim][PF] [bmim][PFg]  observation
21.0 2509.2 18.3 3.1 two phases
40.0 3102.8 18.3 3.1 two phases
98.8 1391.4 325 6.9 two phases

approximately 0.15 wt % water. Measurements in our laboratory to the pressure limitation of the static apparatus, phase measure-

indicate that [bmim][PE] saturated with water at 2ZC contains

as much as 2.3 wt % water. Drying of IL samples prior to use
is crucial as a small amount of water in the IL has a dramatic
effect on the phase behavior with @@\ direct comparison of
the phase behavior of the two samples with,G©shown in
Figure 4. The difference in C{olubility at 57 bar, for example,

is dramatic: 0.54 mole fraction GQdor the dried IL sample

ments under higher pressures were performed in a variable
volume view cell. Three cloud point measurements of 1.31, 4.92,
and 7.15 mol % IL mixtures (with the balance being L ®@ere
conducted at 400 bar and 2%, indicating two-phase im-
miscibility regions for all sample%.

As a complement to the work reported here, McHugh and
co-workers have taken [bmim][BF-CO, mixtures to even

compared to 0.13 for the water-saturated sample. The differencehigher pressures, up to 3100 bar, and found that two distinct

in phase behavior is not surprising due to the;@Oobic nature

of water as seen by the very low mutual solubilities of water
and CQ, even at high pressurésAnother consideration is the
formation of carbonic acid from the reaction of g®ith water

phases exist at all conditions tested. As shown in Table 1, phase
immiscibility persists even at elevated temperatidbegEhese
experiments were performed with the water-saturated sample
used in our previous investigatidrhut we anticipate qualita-

that can result in a reduction of the aqueous phase pH to astively similar behavior at high pressures with dried samples, as

little as 2.80'* Thus, the water impurity in the IL, through
chemical and physical mechanisms, is the likely culprit respon-
sible for the low CQ solubilities in the water-saturated IL-rich
phase reported in our earlier publicatin.

The majority of this work focuses on the IL-rich phase
composition of each ionic liquidCO, system. Also of interest
is the concentration of the ionic liquid in the G@ch phase.
The solubility of [bmim][PF] in CO,, carried out on the
dynamic apparatus, was determined af@0and 137.9 bar by
flowing 0.5866 mol of CQ through a cartridge loaded with
[bmim][PFg]. UV —vis analysis of the collection flask yielded
no appreciable [bmim][P# absorption peak, indicating a
[bmim][PFg] solubility of less than 5x 1077 in the CQ-rich
phase. The lack of ionic liquid solubility in the G@hase is
very important in using supercritical G@or the extraction of
a solute from an ionic liquid. Since no measurable ionic liquid
dissolves in the C@rich phase, a solute dissolved in an IL can
be recovered in pure form without any IL contamination.

Measurement of the compositions for both the IL-rich and
CO,-rich phases gives a general idea of ionic liqu{tiO, phase
behavior; however, we are interested in the full phase diagram.

well. Based on these experiments, Figure 5 gives a qualitative
phase diagram of the [bmim][BF-CO, system over a wide
pressure range. This type of phase behavior, with a large
immiscibility gap even at extremely high pressures, is very
unusual for a liquiecCO, system. A system in which large
amounts of CQ dissolve in the liquid phase at low pressure
generally exhibits a simple two-phase envelope with a mixture
critical point at moderate pressures. The formation of a three-
phase liquid-liquid—vapor mixture is also common; however,
mixtures of compounds that are liquid at ambient conditions
with CO;, are usually single-phase, across the entire composition
range, at pressures greater than a couple hundred bar. One
exception is the HED—CO, system, which exhibits very small
mutual solubilities (small solubility of D in the CQ-rich
phase and small solubility of the G@n the agueous phase).
Thus, CQ—ionic liquid phase behavior is dramatically different
than any normal organic liquidCO, phase behavior and is,
therefore, important for both theoretical and practical reasons.
The mixture molar volumes were also measured, as shown in
Figures 7 and 8, and these are discussed in detail below.
[Cemim][PFe], [Csmim][BF 4], [bmim][NO 3], [N-bupy]-

In particular, does the phase envelope close with an increase iNBF4], and [emim][EtSO4—CO,. To further explore the

pressure, as is typical of organic liqu€O, systems?® Due

unusual IL-CO, phase behavior, the solubility of GQvas
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TABLE 2: lonic Liquid —CO; Solubility (Xco,) and Liquid Molar Volumes (mL/mol) at 40, 50, and 60 °C and Elevated
Pressures

T=40°C T=50°C T=60°C
ionic liquid P (bar) Xco, mL/mol P (bar) Xco, mL/mol P (bar) Xco, mL/mol
[bmim][PFg] 0.97 0.000 216.2 0.97 0.000 215.6 0.97 0.000 215.6
15.17 0.231 172.7 17.38 0.236 171.2 15.79 0.228 171.3
29.52 0.360 142.3 30.07 0.339 152.4 29.10 0.343 150.0
43.58 0.455 131.6 42.89 0.444 131.7 42.27 0.416 137.0
57.09 0.543 114.2 57.02 0.510 119.2 56.54 0.495 121.7
70.33 0.616 98.3 70.19 0.581 104.5 71.43 0.564 107.9
84.95 0.698 76.1 84.19 0.640 92.0 83.77 0.620 95.5
95.67 0.729 71.2 92.46 0.675 83.9 93.01 0.667 84.5
[Cemim][PFe] 0.97 0.000 280.4 0.97 0.000 280.4 0.98 0.000 290.9
17.93 0.234 223.2 16.00 0.223 226.3 17.38 0.248 225.0
29.51 0.353 195.8 29.03 0.355 193.2 30.06 0.350 199.9
42.06 0.452 173.3 44.27 0.441 172.1 43.51 0.450 173.8
56.54 0.542 151.2 56.82 0.514 157.8 56.89 0.534 151.1
70.33 0.628 126.7 70.54 0.584 140.0 71.30 0.603 131.9
83.98 0.715 100.3 83.98 0.660 116.9 84.60 0.682 108.1
92.67 0.755 80.2 92.67 0.705 103.0 92.88 0.726 94.8
[bmim][NO;] 0.97 0.00 182.0 0.97 0.00 182.1 0.99 0.00 182.5
15.47 0.196 149.1 17.12 0.169 154.1 18.37 0.183 151.9
29.05 0.276 136.6 30.08 0.263 139.0 29.26 0.236 143.3
42.63 0.342 126.3 42.77 0.336 127.6 44.15 0.314 131.0
56.70 0.397 117.8 57.39 0.388 120.6 56.01 0.369 122.6
71.18 0.449 109.5 70.42 0.446 109.1 70.77 0.425 1135
83.72 0.497 101.6 84.41 0.498 100.6 84.35 0.480 103.7
92.00 0.513 99.2 92.62 0.530 95.0 93.17 0.522 95.9
[Cemim][BF4] 0.97 0.000 267.1 0.99 0.000 266.6 0.97 0.000 266.0
17.26 0.197 221.4 15.61 0.191 221.0 15.61 0.160 230.6
28.85 0.319 193.7 28.78 0.297 196.6 28.43 0.292 200.5
44.15 0.417 170.9 43.33 0.398 173.4 43.46 0.373 182.8
56.70 0.507 149.7 57.18 0.489 152.8 56.15 0.454 164.1
70.49 0.589 129.2 70.42 0.551 138.2 70.49 0.523 143.1
83.73 0.658 110.6 83.73 0.627 117.8 84.14 0.605 123.8
92.90 0.708 96.9 92.28 0.671 106.1 93.73 0.651 111.5
[N-bupy][BF4] 0.97 0.000 189.5 1.00 0.000 189.5 1.00 0.000 190.1
15.47 0.144 166.5 16.57 0.142 165.5 18.65 0.166 161.3
28.57 0.243 151.1 32.36 0.250 148.6 28.99 0.231 152.7
43.05 0.331 136.9 41.95 0.306 141.0 42.85 0.298 141.8
56.43 0.399 127.1 56.98 0.392 126.5 56.71 0.372 130.1
70.91 0.470 114.8 71.66 0.466 112.9 70.08 0.440 117.9
83.80 0.533 103.6 83.87 0.532 101.4 84.90 0.511 104.6
91.59 0.579 94.0 92.35 0.581 92.2 95.80 0.549 98.1
[emim][EtSQ] 0.97 0.000 185.4 0.97 0.000 185.4 0.97 0.000 186.5
16.43 0.100 168.6 16.22 0.103 168.1 14.36 0.118 166.3
28.08 0.146 161.8 28.84 0.170 157.3 28.77 0.186 155.1
42.49 0.249 145.3 42.49 0.223 148.4 44.07 0.263 141.9
56.48 0.307 137.5 56.07 0.282 141.8 56.48 0.319 133.3
70.20 0.361 129.5 70.34 0.328 134.9 70.00 0.383 122.6
84.06 0.401 123.8 83.65 0.384 126.1 83.72 0.433 114.4
92.68 0.423 121.0 94.27 0.403 124.6 94.61 0.457 111.1

measured at 40, 50, and 8C and pressures up to 95 bar in  of the imidazolium-based salts. Thus, isotherms fablpy]-

five additional ILs: [Gmim][PFs], [Csmim][BF4], [bmim]- [BF4] and [bmim][NGs] cross at 55 bar, with C9solubility

[NOg], [N-bupy][BF,], and [emim][EtSQ]. slightly higher in [omim][NQ] at lower pressures and higher
Phase Behaior. A comparison of the liquid phase composi- in [N-bupy][BF4] at high pressures. [bomim][Ngpdissolved less

tions of the various IE-CO, systems at 40C is shown in Figure CO, than the other two [bmim] salts. The IL that exhibited the

6. A summary of all the ionic liquitCO; solubility data at 40,  lowest solubility of CQ in the liquid phase was [emim][EtSD

50, and 60°C is given in Table 2 wher¥co, is the mole fraction The solubility of CQ in all of the ILs increases dramatically

of CO, in the liquid phase. The solubility of COn the IL-rich with increasing pressure but the exact amount dissolved in the

liquid phase was greatest for the ILs with fluorinated anions liquid phases varies significantly. For instance, at 70 bar the

and followed the general trend of [bmim][FFCsmim][PF] solubility of CO, in [emim][EtSQy] is just 0.36 mole fraction,

> [Cemim][BF4] > [N-bupy][BF4] > [bmim][NO3] > [emim]- while it is 0.63 mole fraction in [@nim][PFs] at the same

[EtSQy]. pressure. Despite these differences, the overall phase behavior
In particular, the solubility of C@is the greatest in the ILs  of all the IL compounds with C@is really quite similar to that

with the Pk~ anion, with [Gmim][PFs] and [bmim][PF] giving of [bmim][PFe]. Like the [bmim][PR]—CO, system, the

nearly identical results. The solubility of G@ [Csmim][BF4] solubility of CGQ; in the IL-rich phase changed only slightly

is approximately 10% less than in [omim][ifand [Gmim]- with temperature for all of the ILs tested. From this we expect

[PFg] but 20% greater than inN-bupy][BF4]. The isotherms the qualitative phase diagram shown in Figure 5 to be

for [N-bupy][BF,] are shaped somewhat differently than those representative of most of the imidazolium and pyridinium salts.
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TABLE 3: lonic Liquid Densities and Molar Volumes at Ambient Pressure

density (g/mL) molar volume (mL/mol)
ionic liquid T=40°C T=50°C T=60°C T=40°C T=50°C T=60°C
[bmim][PFg] 1.346 1.337 1.330 211.1 212.6 213.7
[Cemim][PFe] 1.211 1.204 1.197 281.0 282.6 284.3
[omim][NOg] 1.149 1.143 1.136 175.1 176.1 177.1
[Cemim][BF4] 1.080 1.073 1.066 261.2 263.0 264.7
[N-bupy][BF4] 1.203 1.197 1.190 185.4 186.3 187.4
[emim][EtSQ] 1.225 1.218 1.213 187.3 188.2 189.1
120 T _. 250
: T i
I oT=40C
100 ¢ & 200+
. ¢ A x MO G gT=50C
,g 80 | ¢ ax x@ "E’ o] AT =60C
=) o X b 1] 3 150 % %
2 60 2 i
e o 1|
g o X X8 ® [bmim][PFz ] ] 100 +
o X a [Cgmim[PF °
6.- 40 - o A . [bB. [PFg] g L >
» A[bmim][NO; ] s 504
I o XxaX X[Cgmim][BF, ] S
01 oxxe X [NbupyI[BF 4] 2 '
r o[emim][EtSO4] 0 llll:lllL:llll:llll:llll
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Mole Fraction CO; Figure 7. Liquid molar volumes of [bmim][P# as a function of C@
Figure 6. Liquid phase compositions of six ionic liquitCO, mixtures composition at 40, 50, and 6T.
(see text) at 40C. 300
Moreover, this suggests that the successful extraction of solutes . ¥ ® [bmim][PFg]
from ILs demonstrated with [bmim][RE is likely to be a S 250 4+ g[Cgmim][PF; ]
general phenomenon; i.e., @&hould be able to extract ‘_’E A[bmim][NQ, ]
dissolved solutes from any of these ILs too. £ ¢ X0 X [Cgmim][BF; ]
Pure Component and Mixture Molar Volumé&$e densities < 200 ¢ X0 X [NbupyJ[BF,]
of thg ILs,.measured with a pycnometer at ambient pressure, g g ox ® %0 o [emim][EtSOy ]
are given in Table 3. The expected trend of decrease in IL 3 150 4 8 A xO
density with an increase in temperature was observed. However, § %AO(. ° x
the largest difference in density change over the temperature & A°§<>Ax ° Dx
range was a slight 1.3% for f@im][BF4. A significant g 100 + o 0" R
difference is observed between the molar volumes of thg] [PF o ! 0,C
ionic liquids. The @ chain has a considerably larger molar ]
volume than the gchain. From this we can conclude that the E 0T
length of the alkyl chain has a dramatic effect on the free volume -
within the liquid. In fact, the two gcompounds have the largest O e e

molar volumes out of all the ionic liquids tested. The size of
the anion also has an effect on the molar volume: smaller anions
yield smaller molar volumes. For example, the molar volume Mole Fraction CO,

of [bmlm][PFﬁ] IS _markedly !arger_ th‘.”‘” that of [omim][Né Figure 8. Liquid molar volumes of six different ionic liquids (see
owing to the bulkier [PE] anion. Liquid molar volumes were text) as a function of COcomposition at 40C.

also calculated at ambient pressure based on measurements from

the static apparatus and were within 3% of the pycnometer similar to the phase behavior, exhibit a weak temperature
values. dependence.

The most interesting physical chemistry of the ILs is the  Dilation of a liquid is a well-known phenomenon resulting
volumetric behavior of the mixtures with GOThe mixture from the dissolution of a gas into a normal organic liquid phase.
molar volumes for all six ILs with C@were measured at 40, lonic liquids show only slight dilations in volume with GO
50, and 60°C and pressures to 95 bar. An interesting feature dissolution. The liquid phase composition of 0.69 mole fraction
of these binary mixtures is that the volume of the IL loaded in CO, for [bmim][PFs] produces a mere 18% volume increase
the high-pressure cell barely increased even whengo@bility over the pure IL, resulting in the very small mixture molar
in the liquid phase reached 75.5 mole % £Bigures 7 and 8  volumes in Figure 7. This behavior is very different than normal
represent this phenomenon by the dramatic decrease in mixtureorganic-CO, mixtures. For example, a liquid phase composition
molar volumes. Liquid molar volumes for the Ggbmim]- of 0.740 mole fraction Cg for a toluene-CO, system at 40
[PFe] system at 40, 50, and 6 are shown in Figure 7 and, °C and 70 bar, will give a 134% increase in volume of the liquid
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phase. Research has shown that all normal liquids exhibit the 100

same substantial percent expansion for a given &ubility. 90 .

In fact, the dissolution of C®in liquids to expand them and o™

reduce their solvent strength is well-known and is the basis of 80 1 o

the gas anti-solvent (GAS) process to precipitate solutes from = 70 1 o .

liquids® Clearly ionic liquids do not follow this trend. The 0 60 - -

unusual biphasic behavior of GAL systems involves not only 2 5o o

the presence of a large immiscibility region but also the dilation 7 40 - .

of the IL-rich phase, upon dissolution of large amounts 05CO § <

which is very small when compared to that of traditional a 30 - ° . ©Methylimidazole

organic-CO, systems. 20 . = [bmim][PF ]
Figure 8 is a comparison of the liquid molar volumes for all 10f ©

the ionic liquid—CO, mixtures at 40°C. Molar volumes for 0 Ly

each temperature are given in Table 2. The same trend was 0 02 04 06 08 1

observed for each isotherm and is given in order of largest molar
volume: [Gmim][PFs] > [Cemim][BF4] > [bmim][PFs] >
[emim][EtSQy] > [N-bupy][BF4] > [bmim][NOg].

The molar volumes of all the CO, mixtures decrease
dramatically with increasing C&olubility. This simply reflects

Mole Fraction CO,

Figure 9. Comparison of liquid phase compositions of the [bmim]-
[PFs]—CO; and 1-methylimidazoleCO, systems at 40C.

the lack of significant expansion of any of the liquids when = 250 l
CO;, is dissolved in them. An interesting question that is not o —
answered by this study is whether the solvent power of the IL né 200 + :x:?:‘l;[:;d?we
decreases with the addition of GQas is typical of liquid- g . &
CO, mixtures. Since the density remains high, will the solubility o
of, for instance, solid solutes in the IL decrease or increase with g 150 ]
the addition of C@? 3 "
> |

. _ 5 100 + n
Discussion Eo DN oo o n

Combination of the phase behavior and liquid molar volume - 5+ o 0
data provide an insight into the unique phase behavior gi-CO 5
IL mixtures (Figure 5). The lack of any appreciable dissolution 3
of ionic liquid in the CQ phase can be attributed to the 0 t t t t
extremely low vapor pressures of ILs and the inability of CO 000 020 040 060 0.80 1.00

to adequately solvate ions in the gaseous phase. Additional

Mole Fraction CO,

measurements in our laboratory indicate a slight evaporation
of [Cgmim][PFg] at 75°C and 10° bar, suggesting that an upper
limit on the vapor pressure of this ionic liquid is on the order
of 107° bar at 75°C. Of course, this slight evaporation could same conditions. However, at 83 bar the solubility of .G®
be due to the loss of any decomposition products, rather than apoth liquids is approximately 0.68 mole fraction. Large differ-
reflection of the true vapor pressure of the molten salt. ences exist not only in the amount of gdssolved in the liquid
While large amounts of C&dissolve into the IL phase, the  phase but also in the shape of the liquid phase composition
normal volume expansion of the liquid is not observed. We curve. The 1-methylimidazoteCO, curve is concave, which
hypothesize that this is due to the strong Coulombic forces is typical of most liquid/CQ systems. It is an indication of the
between the ions such that separation of those ions would resuliclosing of the two-phase envelope at just slightly higher
in too large of a thermodynamic penalty. Increasing the pressurepressures, implying the presence of a mixture critical point above
will cause the essentially pure GPhase to increase in density, which exists a single-phase region. By contrast, the TO,
but since the liquid phase does not expand the two phases willsystems are convex, indicating the approach to a large two-
never become identical; that is, a mixture critical point will never phase region that extends to very high pressures. This behavior
be reached. Because of this unique phenomenor,CiD, is shown clearly in Figure 9 for the [bmim][BF-CO, system,
systems remain two-phase even at extremely high pressure, asvhich remains two-phase even under pressures of 3100 bar.
confirmed by the ultrahigh-pressure cloud point measurements Comparison of the 1-methylimidazet€0O, and [bmim][Pk]—
of McHugh and co-worket8and shown schematically in Figure  CO, volumetric behavior emphasizes the dramatic differences
5. between ionic liquids and normal organic liquids. [omim]§PF
The differences between HCO, phase behavior and that expands only 18%, even when the liquid phase contains 0.69
of nonionic organics with C®is further emphasized by mole fraction CQ (which occurs at 85 bar). Conversely,
comparison with the phase and volumetric behavior of 1-me- 1-methylimidazole exhibits a volume increase of 103% at the
thylimidazole and C@ 1-Methylimidazole is a reactant in the  same conditions.
synthesis of imidazolium-based ionic liquids. Figures 9 and 10  Thus, it is clear that the phase behavior of 8@th ionic
compare the phase behavior and liquid molar volumes, as aliquids is dramatically different than with normal organic liquids.
function of CQ mole fraction, of 1-methylimidazoteCO, and Although CQ solubility is quite high, the mixtures never
[bmim][PFs] —CO.. At pressures below 80 bar the gblubility become single-phase. The liquid phase does not expand, despite
in 1-methylimidazole is less than in [bomim][EJFFor example, the introduction of large amounts of G@ito the liquid. Finally,
at 50 bar the C@solubility in 1-methylimidazole is 0.32 mole  the solubility of the IL in the C@rich phase is immeasurably
fraction, while it is 0.50 mole fraction in [bmim][RFat the small. Nonetheless, there are some differences in the phase

Figure 10. Liquid molar volumes of 1-methylimidazole as a function
of CO, composition at 40C.
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behavior of CQwith the various ionic liquids studied, and these
differences are discussed below.

The effect of the anion of the IL on the phase behavior can
be explored by comparing two pairs of ILs that share common
cations: [Gmim][PFg]—[Csmim][BF4] and [bmim][Pk]—
[bmim][NOgs]. Changing the anion from [RFto [BF4] in the
[Csmim] salts results in an approximately 8% decrease in CO
solubility at 40°C over the range of pressures studied. The liquid
molar volumes of these two salts, as well as their mixtures with
COg,, are almost identical: [nim][BF,] is just about 3% less
than [Gmim][PFe]. The differences between [bmim][EFand
[bmim][NO3] are more substantial. The solubility of G@n
[bmIm][NO3] is about 25% less than in [bomim][BF However,
the molar volumes of [bmim][Ng) and its mixtures with C@
are also substantially smaller (about 15%) than those of [bmim]-
[PFe].

Using ATR-IR spectroscopy, Kazarian etdlhave recently
shown that C@forms weak Lewis acigtbase complexes with
the anions in [bmim][P§ and [bmim][BF,]. Moreover, the
interaction is stronger with [omim][Bf;, although they note
that the solubility of CQin [bomim][BF] is less than in [bmim]-
[PFg]. This is consistent with the results presented here, which
show higher C@solubility in [Cgmim][PFg] than in [Gmim]-
[BF4]. Thus, we conclude that the relatively high €slubility
in the ILs with the fluorinated anions is at least in part due to
a weak Lewis aciethase complex formation but that additional
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investigations are needed to determine if free volume plays any
more than a secondary role in determining Clubility in
ionic liquids.

The combination of ILs and CQexhibits a unique type of
phase behavior. The dominating factor in this phase behavior
is the fact that the liquid does not significantly expand, even
with a large quantity of dissolved G{due to strong Coulombic
forces associated with the ionic nature of ILs. The variation of
phase behavior between the+CO, binary mixtures appears
to be a function of the strength of general physical interactions
with both the cation and the anion. In addition, there appears
to be some correlation of COsolubility with liquid molar
volume. These factors combine to determine the unusual phase
behavior of IL-=CO, mixtures, which provides a unique op-
portunity to use supercritical Gan the development of product
recovery techniques from ionic liquids.

Conclusions

The applicability of supercritical C£ior extraction of solutes
from an ionic liquid relies heavily on the phase behavior of the
binary IL—CO, system. CQ dissolution in the IL-rich phase
not only is necessary for contact with the desired solute but
also decreases the viscosity of the IL. We have shown that CO
readily dissolves in the liquid phase of all the ILs tested, while
the IL remains insoluble in the GOvapor phase. Although

factors, such as free volume, are important in determining the supercritical CQ extraction of solutes from an IL has been

ultimate CQ solubility.

The role the IL cation has on the phase behavior with, CO
can be explored through the comparison of thgnjn][PFs] —
[bmim][PFg¢] and the [Gmim][BF4]—[N-bupy][BF4] systems.

In the first case, increasing the length of the alkyl chain on the
imidazolium ring from G to Cg has very little effect on the
CO; solubility, even though the molar volume of @im][PFg]

is significantly greater. C@solubility in [Csmim][BF4] is about
20% greater than inN-bupy][BF,].

The IR spectroscopy studies of €@h [bmim][PFs] and
[bmim][BF4] mentioned abovE found no evidence of specific
interactions of CQ@with the cation. Thus, we do not attribute
the high solubility of CQ in ILs to interaction with the acidic
hydrogen in the 2-position of the imidazolium cation or with
the nitrogens in the imidazolium or pyridinium rings. Moreover,
the solubility data do not suggest any specific interactions with
the cation. For instance, if there were reversible complexation
of CO, with the nitrogens, then one might expect the solubility
of CO, in an ionic liquid containing one nitrogen, the pyridinium
ring of [N-bupy][BF4], for example, to be considerably less than
in an imidazolium-based IL. As clearly seen in Figure 6, this is
not the case. Thus, we conclude that the high solubility o CO
in ILs is probably not due to specific chemical interactions
between C@and the cation.

shown to be successful, processes employing @ ILs
cannot be developed without full understanding of the underly-
ing physical interactions between the two species. In an effort
to gain a deeper insight into the unusual phase behavior of ionic
liquids with CQ, the substituents on the cation and the nature
of the IL anion were varied. COsolubility depends on the
nature of both these species. Moreover, there appears to be some
correlation of the C@solubility with liquid molar volume. Thus,

by varying the substituents on the cation and nature of the anion,
one should be able to design ionic liquids to achieve the desired
phase behavior characteristics.
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