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Room temperature ionic liquids (ILs) have receved immense interest in bah pue and
applied chemistry due to their large liquidus range and regligible vapor presaure. We used
gaseous and supercritica cabon doxide to separate ILs from organic and aqueous lutions.
The presaure & which the separation accurs was found to be dependent on the initial
concentration d the IL, solvent, temperature and the gas used. ILs can be separated from
organic solutions using either high-presaure carbon doxide or ethane, whereas high-presaire
nitrogen canna induce the phase separation. Carbon doxide was able to induce the separation
of ILs from water at ambient temperatures. It was also found that neither high-presaire
nitrogen nor ethane was able to inducethe separation d |1Ls from water.

INTRODUCTION

Room temperature ionic liquids (ILs) are organic salts existing in a liquid state &
ambient condtions. ILs have receved tremendous recent interest due to their large liquidus
range and negligible vapor presaure[1-4]. Designer ILs can be synthesized from a large
number of possble cdions and anions for a given application. However, the separation and
recovery of ILs from process $reams is a mgjor challenge for the development of industrial
processes that will use these interesting new solvents. Due to their nonvolatil e nature, ILs can
be separated from the other components in the mixture by distillation d the minor
comporents. However, in the presence of high-bailing or thermally labile cmpound or
when the IL is the minor component in the mixture, distillation may not be an econamicd
option. Liquid-liquid extradion is a viable option, bu if one ams to eliminate the use of
volatil e organic solvents, then the choice of extradion solvent is riously limited. Previoudly,
our group hes $hown that supercritical carbon doxide can be used to extrad both vdatile and
relatively nonvolatile ammpound from ILs withou any extradion d the ILs themselveg[5,6).
We foundthat several ILs dissolve significant amourts of CO,[5,7]. Uponcommerciaization
of processes using ILs, the ILswill i nevitably come in contad with bah organic and agqueous
process $reams, indicaing the necessty for the development of a variety of environmentaly
benign separation processs for the remvery of ILs.

Recently, we have shown that relatively low presaure gaseous carbon doxide can
cause aphase separation in methano and agqueous lutions containing ILS[8,9]. For example,
we have demonstrated that solutions of methand and the IL, 1-butyl-3-methyl-imidazolium
hexafluorophasphate, can form three phases in the presence of CO, and the lower criticd end
point was dependent on the initial concentration d IL[8]. IL/water/CO, systems also
exhibited similar behavior[9]. In this report, we present the dfed of organic solvent and the
type of IL used onthe presaure & which the phase separation accurs. We will present our



findings of the dfed of temperature on the lower criticd end pant for 1-butyl-3-methyl-
imidazolium tetrafluorobarate/water/CO, systems.

MATERIALSAND METHODS
The various ILs used in the aurrent study along with the @breviation wsed in this
report are shownin Table 1.

Table 1: Structures of the ILs and the nomenclature used in the airrent study.
lonic Liquid Cation Anion Abbreviation

1-butyl-3-methyl-
imidazoli um N

hexafluorophasphate

1-butyl-3-methyl-
imidazolium N

tetrafluorobarate

N@N/
N@N/
1-butyl-3-methyl- N@\N _
N@N/

PFe [C4m [ m] [ PFG]

BF4 [C4m|m][BF4]

imidazoli um NS

trifluoromethanesulfonate

CFsSO; | [Camim][CFsSO3]

1-butyl-3-methyl-
imidazolium NS
bis(trifluoromethylsulfonyl
imide)
1-propyl-2,3-dimethyl-
imidazoli um
bis(trifluoromethylsulfonyl
imide)

N(CF3SO2)2 | [Camim][NTf;]

Hexyl tributyl ammonium
bis(trifluoromethylsulfonyl

imide) S\

[Cimim][BF;] and [Cymim][CF;SO3] were synthesized as per the literature
procedures[10,11, [Csmim][PFg] was purchased from Sacem Inc., TX, U.SA.,
[Camim][NTf;] and [PDMim][NTf;] were obtained from Covalent Associates, MA, U.SA.,
and [Cg(Cy)3N][NTf,] was provided by Dr. P. Neta & NIST, U.SA. Coleman Instrument
grade carbon doxide and ntrogen (99.99%6) purchased from Mittler Supgy, Inc., IN,
U.SA., and ethane (99.9%96) from Matheson Gas Products were used. Methand (99.8%),
acdophenone (99%) and acetonitrile (99.8%) purchased from Sigma-Aldrich Co., U.SA.,
were used as recaved. Deionized water was used to make aqueous lutions. ILs were dried
at 70 °C under vaauum for 48 hous and were stored in adesdgcaor prior to use.

/ \
\/\N%DF/N N(CF3SO5)5| [PDmMIm][NT,]
/\/\/}NJ’\/\/

N(CF3SO,)2 | [Co(Ca)sN][NTHF]




The eperimental measurements were made with a stirred, thermostatted, high-
presaure, view-cell, where known amourts of CO, can be accurately metered into the cdl. A
detail ed description d the gparatus and procedure can be foundelsewhereg[12].

RESULTS

In this report, the IL/organic/CO, and IL/water/CO, phase behavior is presented. The
phase behavior of [Csmim][PFg]/methand/N, and [Csmim][PFg]/methanad/ethane is aso
presented. We demonstrate the aili ty of carbon doxide to separate ILs from various lvents
including, methanal, acetonitril e, acetophenore and water.

IL/Organic/CO, System

Previously, we have shown that [Csmim][PFg] can be separated from methand using
high presaure CO, upto a concentration d 9 mole% IL in methanal[8]. Here we demonstrate
that ILs can be separated from acetonitrile and acetophenore using CO,. Spedficdly, when
CO; presaure is applied up ona solution o
P<LCEP LCEP<P<K-Point P>K-Point IL/organic, asecondliquid phese gpears, as
shown schematicdly in Figure 1. The most
dense phaseisrichinIL (L;), the next phase
is rich in organic (L), and the top vapor
phase (V) isrichin CO, with some organic.
The lower criticd end pant (LCEP) a a
given temperature is defined as the presaure
a which the sewmnd liquid layer first
appeas. At this phase transition pant, the
> liquid phese turns cloudy and therefore the
) ) ) LCEP can be determined by visua

Figure 1. Schematic of IL/Organic phase observation. Upon further increase in the
behavior with increasing CO, presaure CO, presaure, the organic rich phese, Lo,
expands sgnificantly. Comparatively, the
IL-rich phase, L, did nd expand to the same extent as L; this behavior is Smilar to the
binary phase behavior of the individua liquids with CO,. A further increase in CO, presaure
induces ancther criticd point, K-paint, which is defined as the point at which one of the liquid
phases (in this case, the organic rich phese, L,) merges with the vapor (fluid) phase (L1 —L, =
V). At the K-paint, the supercriticad CO,/organic phase @ntains no detedable IL. The K-
point is absent if the separationis performed below the aitical temperature of CO..

The dfed of initial concentration d IL in various organic solvents on the LCEP
presaure and the K-paint at 40 °C is shown in Table 2. The concentrations, expressed as mole
fradion d ead spedesin phese L, are those foundat the phase transition. As shown in the
Table 2, we dose three solvents representing three distinct classes: methanal, a protic
solvent, acdonitrile, an aprotic solvent with a high deledric constant and acdophenore, a
hydrogen bondaccepting solvent with a very high bdling point (b.p. 202 €). As the results
indicae, ILs can be separated from these solvents at relatively mild temperatures and
presaures. The separation d ILs from these three distinct solvents upon addition o CO,
indicates the versatility of this novel separation technique. For example, this technique can
even be used to recover ILs from avery high bali ng solvent such as acetophenore.

Increasing Presaure




Table 2: Lower Criticd Endpants and K-paints for the systems gudied at 40 °C.

Organic IL Initial IL Lower Criticd Endpant K-
solvent concentration, (L1 =L»V) point,
mole % Pa Xco2 XiL Xorganic MPa
MPa

Methand 0 8.21
Methanad [Camim][PFg] 0.1 7.97 | 0.7795| 0.0002| 0.2203| 8.22
Methanal [Camim][PF] 1.01 7.38 | 0.5486| 0.0046| 0.4468| 8.2
Methanal [Camim][PF] 4.9 6.95 | 0.4771| 0.0258| 0.4972| 8.18
Methand [Camim][PFg] 9.03 6.91 | 0.4989| 0.0452| 0.4558| 8.22
Methanal [Camim][PF] 34.4 6.97 | 0.5939| 0.1397| 0.2664| 8.22
Acetophenone 0 8.51
Acetophenone| [Cymim][PFg] 0.107 8.23 | 0.9257| 7.9%-5| 0.0742| 8.5
Acetophenone| [Cymim][PRg] 0.988 8.05 | 0.8689| 0.0013| 0.1298| 8.5
Acetophenone| [Csmim][PFg] 11.01 7.94 | 0.7036| 0.0326| 0.2638| 8.45
Acetonitrile 0 8.21
Acetonitrile | [Cymim][PFg] 0.103 7.71 | 0.9173| 8.5F-5 0.0826| 8.21
Aceonitrile | [Cymim][PFg] 0.993 7.19 | 0.8181] 0.0018]| 0.1801| 8.21
Acetonitrile | [Cymim][PFg] 9.88 7.01 | 0.6428| 0.0353| 0.3219| 8.21
Aceonitrile | [Cymim][PFg] 28.87 7.74 | 0.7545| 0.0709| 0.1746| 8.21
Acdonitrile | [Camim][NTf;] 0.996 7.47 | 0.8679| 0.0013| 0.1308] 8.21
Aceonitrile | [Co(Cy)sN][NTf,] | 0.999 7.55 | 0.8751| 0.0012| 0.1237| 8.21

The dfed of initial concentration o [Cymim][PFg] in eat o the three solvents on the
presaure & the LCEP is shown in Figure 2. Anincrease in the initial concentration d IL from
0.1 mole % to 10 mole % deaeased the presaure & the LCEP. For example, the presaure &
the LCEP for the system with an initia

concentration

d 0.1

mole
in acdonitrile is 7.71
MPawhile @ 10mole % it is 7.01 MPa.
A further increase in the initia

%

L

concentration was foundto increase the
pressure of the LCEP. A dramatic
increase in the presauure & the LCEP
from 7.01 MPa to 7.74 MPa was
observed as the initial concentration d
[Camim][PFg] in acdonitrile was
incressed from 9.88 mole % to 28.87
mole %.

In al cases, the presaure & the
K-point was foundto be independent of
the initial IL concentration and it was
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Figure 2: Effect of [Cqgmim][PFg] concentration on

the presaure & the LCEP in various lventsat 40 °C
A Acetophenone u
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1
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foundto be same & the mixture aiticd point for the binary system, organic/CO,, indicaing
that most of the IL has been removed from the organic rich phase & this point. This behavior
was foundto be the cae with all threeorganic solvents gudied.




The presaure & the LCEP was found to be dependent on the type of IL used. By
changing the anion from [PFg] to [NTf,] with the cdion keing [Csmim] increased the presaure
at the LCEP from 7.2 MPato 7.47MPa. The cdion had a marginal effect on the presaure &
the LCEP as sen by changing the cdion from [Cymim] to [Cs(C4)3sN] with the anion keing
[NTf,]. The initia concentration d IL was fixed at 1 mole % in acetonitrile and the IL used
had noeffed onthe K-paint.

Finally, the aility of different gases to induce phase separation was investigated.
High-presaure d@hane was able to separate [Cymim][PFs] from methand 40 °C and at an
initial concentration d 10 mole % and the presaure & the LCEP was 4.97 MPa. Applicaion
of high-presaure nitrogen to presaures up to 8.35MPadid na yield a phase separation. These
results indicate that the observed behavior was not due smply to the presaure gplied bu
rather due to some interadions between the solvent and the gases used. One possble
explanation for the observed behavior is the reduction d the solvent strength upon dssolution
of CO; to such an extent that the solvent is nolonger able to dislve the ionic species.
IL/Water/CO, System

Hydrophohc ([Csmim][PFg] and [PDmim][NTf,]) and hydrophlic ([Csmim][BF,],
[C4mim][CF3SOs] and
[Csmim][CI]) ILs can be

Table 3. Lower criticd endpants of IL/water systems with CO,
separated from agueous

solutions by addtion d IL CO;
gaseous or liquid CO,. We lonic Liguid Concentration T °C Presaure |Solubility in
found that the LCEP is q in Water [mole| "’ [MPa] H,O%
dependent on the %] [mole %)
concentration o IL, | [Cmim][PF] 0.1 20 | 4.93 2.4
temperature and the type | [PDmim][NTf,] 0.047 25 | 3.15 1.6
of IL  used. The [ [C,mim|[BF,] 24.6 25 -
temperature  and the 9.3 25 | 511 2.1
presaure & the LCEP for 1.58 20 553 253
eatv o the IL/water 02 o5 3
mixtures gudied is shown :
in Table3[9]. The results 0.1 25 -
- ' [C4mim][ CF3:SO;3] 9.36 158 | 4.94 2.6
indicate that ILs can be .

[Comim][CI] 9.29 25 -
separated  from  water L Sated UGty h T i
usng CO, dose to Interpolated CO», soluhility in pue H,O at the condtions of the

LCEP of the ternary mixture from the experimental data of

ambient temperatures and :
P Wiebe13 and Houghton et al .[14]

the presaure required to
adiieve ech o the
separations is below 5.2 MPa. For example, at a CO, presare of 4.93MPa, ore can separate
[Csmim][PFg] from a IL saturated aqueous lution at 20 °C. It is more difficult to remove
hydrophlic ILs from water. We were unable to separate hydrophlic ILs a very low
concentrations from water using CO, at ambient temperatures. Specificdly, the separation o
[Csmim][BF,] from water at ambient temperatures is possble when the concentration d the
IL is between 1.58and 9.3mole %, bu no separation is observed for lower concentrations,
even when the presaure isincreased to 6.41MPa, which is the vapor presaure of pure CO, at
25 °C; further increases in presaure result in the formation d aliquid CO, phase. From these
results one can conclude that it is easier to separate hydrophobc ILs than hydrophilic ILs
from water using CO.. Interestingly, neither ethane (to its vapor presaure of 3.7 MPa) nor




nitrogen (to 8.2 MPa) was cgpable of separating the IL from a 0.1 mole % solution d
[Camim][PFg] in water at 20 °C.

The dfed of temperature on the 35
presaure at the LCEP for the system 10.3
mole % [Cymim][BF4] in water is srown
in Figure 3. For this system, the LCEP
was found to be very sendtive to
temperature. A 5 °C increase in the
temperature increased the presaure d the
LCEP from 6.3MPato 29.38MPa.

30 °®
25
20

15 1

2

co. (MPa) at LCEP

CONCL USIONS o> 1 .

We have developed a green 5 ® -
separation technique for the recovery of 24 25 26 27 28 29 30 31
ILs from organiq _and agueous sol_utions. Temperature (° C)

Vapor or supercriticd cabon doxide can
be used for this purpose. We have shown  Figure 3: Effect of temperature on the presaure at the

the gplicability of this technique for a LCEPfor the system 10.3 mole % [CAmim]|[BF4]/Water/COo
wide variety of ILs and types of organic

solvents. Due to the st and concerns abou introduction d ILs into aquatic environment,
these types of separations may be very important.

ACKNOWLEDGEMENTS

Acknowledgement is made to the donass of the Petroleum Research Fund, administered
by the American Chemicd Society, for partial suppat of this reseach (PRF# 38548AC9).
Also, financial suppat from the National Science Fourdation (CTS-9987627 is appreciated.

REFERENCES

[1] WELTON, T. Chem. Rev., 99,1999, 20712083.

[2] BRENNECKE, J. F.; MAGINN, E. J. AICHE J., 47, 2001, 23842389.

[3] WASSERSCHEID, P.; KEIM, W. Angew. Chem.-Int. Edit., 39, 2000, 37733789.

[4] SEDDON, K. R. J. Chem. Technol. Biotechnol., 68, 1997, 351-356.

[5] BLANCHARD, L. A.; HANCU, D.; BECKMAN, E. J.; BRENNECKE, J. F. Nature, 399,
1999, 28-29.

[6) BLANCHARD, L. A.; BRENNECKE, J. F. Ind. Eng. Chem. Res., 40, 2001, 287292.

[71 BLANCHARD, L. A.; GU, Z. Y.; BRENNECKE, J. F. J. Phys. Chem. B, 105, 2001,
24372444,

[8] SCURTO, A. M.; AKI, S.; BRENNECKE, J. F. J. Am. Chem. Soc., 124, 2002, 102%6-
10277.

[9] SCURTO, A. M.; AKI, S. N. V. K.; BRENNECKE, J. F. Chem. Commun., 2003, 572
573.

[10) CAMMARATA, L.; KAZARIAN, S. G.; SALTER, P. A.; WELTON, T. Phys. Chem.
Chem. Phys., 3, 2001, 51925200.

[11] FADEEV, A. G.; MEAGHER, M. M. Chem. Commun., 2001, 295296.

[12] SCURTO, A. M. Ph.D. Dissrtation, The University of Notre Dame, Notre Dame, IN-
46556,USA, 2002.

[13] WIEBE, R. Chem. Revs., 29, 1941, 475481.

[14 HOUGHTON, G.; MCLEAN, A. M.; RITCHIE, P. D. Chem. Eng. i, 7, 1957, 40-50.



