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Abstract-Room temperatm-e ioi~ic hquids are salts that are liquids at ambient temperature. They are excellent sol- 
vents for a broad range of polar organic compounds and they show partial miscibility with aromatic hydrocarbons. 
Typical room temperature ionic liquids have a stable liquid range of over 300 K and have a very low vapor pressure 
at room temperatm-e. Iortic liquids that are not hydi-olyzed show a wide range of solubility in watea~ These uilique pro- 
pertles have suggested that riley might be useful as envirom-nentaUy beisgn solvents that could replace volatile ozgasc 
compounds (VOC). By varying the length and branching of the alkane chains of the cationic core and the anionic pre- 
cursor, the solvent properties of ionic liquids should be able to be tailored to meet the requirements of specific ap- 
plications to create an almost infinitely set of "designer solvents". A review of recent applicatioi~s of ioi5c liquids is 
presented along with some results of measurements of liquid-liquid equilibria and partition coefficients with alcohols. 
The results are compared with predictions based on quan~m mechanic calculations. 
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INTRODUCTION 

The term "rcom-temperature ionic liquids" has been assigned to 
oiganic salts that are liquids at close to anbient conditions. Ionic 
liq~ads are normally composed of relatively large organic cations 
and inoiganic or organic aliom. Examples of cations are 1-alkyI- 
3-alkylk'nidazoliva'n or 1-aLkylpyfidininm and examples of anions 
are hexafluorophosphate, telrafluoroborate, ak~ in i~( I l I )  chlonde 
and various organic ions based on fluorinated amides, nilrides and 
methides. Room te~-npera~-e ionic liquids bare negligible vapor 
pressure at room temperature and are generally stable over their 
wide temperature range. They show considerable variation in their 
stability to moisture and their solubility in water, polar and nonpo- 
lar orgmic liquids. Some typical ~xamples of ionic liquids are 1- 
methyI-3-propylimidazolium hexafluorophosphate and 1-methyI- 
3-butyl-imidazolium tetrafluoroborate. 

Early studies on ionic liquids focussed on their use as electro- 
lytes in batteries. The studies by Fannin et al. [1 984] and Liao et al. 
[1996] were pi~na-ily on the eleclrochemical and physical proper- 
ties of non-stoichiolnetfic inixt~-es of aLkylp3aidinium and 1-aLkyI- 
3-alkylimidazoIiurn ions with aluminurn (Ig) chionde. Ivlore recent 
studies by Fuller et al. [1997], and Bonh6te et al. [1996] were on 
allwlpyfidinivan and 1-allw1-3-alkylmlidazolium cations with mlions 
such as te~fluoroborate, bis(tfifyI~mide and Ntluoroacetate. These 
conducting liquids have a wide electroche~nical ~&ldow making 
them ideal solvents for electrochemical reactions with use in new 
battery technologies as the ulthnate goal. Tile ionic liquids based 
on aluminum chloride are generally very hygroscopic and studies 
have to be made in the absence of moist~tre. Ionic liq~uds based on 
t~-afluork~mte are genemlly stable to moisture but t ~ e  a high solu- 
bility in water while those based on hexafluorophospbate, bis(lri- 
fyl)m-nide and lris(lfifyl)methide are generally less soluble in water. 
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In recent years there has been a significant increase in research 
into other properties of room-temperature ionic liquids since being 
proposed as of use as new media for chemical reactions. Addition- 
ally, they are good solvei~ for a wide range of raetal catalysts as 
well as polar organic and aromatic liquids. The initial focus was on 
ionic liquids that were water and air stable such as those based on 
PF2 and BF2 anions with tile 1-allwI-3-alkylimidazolium catioi1 
Ionic liquids have been used as the solvent for a variety of organic 
reactions such as hy&ogei~ation [Muller et al., 1998], hy&ofon-ay- 
Iation [Chanvin et al., 1995], and dinlerization [Silva et al., 1998]. 
Some example reactions include tile hydi-ogenation of 1,3-butadi- 
ene with 100% selectivity to buM-ene using [bminl]3[Co(CN)5] as 
the catalyst in [bmim][BF4] as the solvent, where [bmim] stands 
for the 1-butyI-3-methylmlidazolium cation [Suaez et al., 1997]. 
Many other reactions including Heck coupling reactions (the C-C 
coupling of an aromatic to a compound containing a vmyI group) 
have been studied in a r a g e  of ionic liquids [Kaufi-aann et al., 1996]. 
Reviews by Welton [ 1999], O, ili et al. [2000] and Wasserscheid and 
Keh-n [2000] have svamnarized tile use of ionic liquids as solvents 
for synthesis with and without the presence of homogeneous tran- 
sition metal catalysts. 

Ionic liquids have been proposed for extracting products of reac- 
tions, and as "greeff' solvents [Hu&ileston et al., 15Ng]. They show 
ur~as~al solubility behaviour in water and orgamc solvents and by 
the juclicious vaiation of the anions and cations it should be possi- 
ble to design a solvent for a specific application. 

In particular, ionic liquids appeal as replace~nent solvet~ in liq- 
uid-liquid extractions [Bretmecke and Magitm, 2001]. Their low 
vapor pressure aIiows the exlracted product to be separated fi-om 
the ionic liquid by low-pressure distillation with tile potential for 
energy savings. In a&lition, as a result of their low vatmur pres- 
sure, they are recoverable for reuse. Hence, the replacement of con- 
ventional ozganic solvez~ by ionic liquids in extraction processes 
is seen as a promising field of  investigation. 

For the extraction of products of chemical reactions that proceed 
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in aqueous media, such as fen~aentation, where polar o:ganic com- 
pounds are the products, iomc liquids that have low solubility in 
water and high solubility in the o:ganic liquid would be prefened. 
An important cfiteiion for any ionic liquid used in exh-action is that 
they be air and water stable, thus erabIing extractions without spe- 
cial procedures. 

As an alternative to extraction of products fi-om aqueous solu- 
tion resulting fi-om enzyme catalysis, enzymatic catalysis directly 
in the ionic liquid phase offei~ distinct advantages. Recently ErbeI- 
dinger et al. [2(300] has reported on the thermolysin-catalysed syn- 
thesis of Z-asparta~ae in pure 1-butyl-3-methylimidazoliv:~a h~xaflu- 
orophosphate. Other applications of ionic liquids include their use 
as a stationary phase for gas-liquid &a-onmtography [Am:sh-ong et 
al., 1999], desulfmng of Diesel fuel [Boesma::: et aI., 2001]. Of 
paracular interest is the use of task-specific ionic liquids for spe- 
cific applicatiom outIined by Bates et al. [2002]. They describe the 
use of 1-butyI-3-butylamineimidazolium teh-afluoroborate for the 
adsorption of carbon dioxide from gas sa-eams. The drawback of 
tiffs task-specific ionic liquid was its high viscosity. 

To design any process involving ionic liquids on an industrial 
scale it is necessary to know a range of physical properties includ- 
ing viscosity, demity, interfacial tension and heat capacity of the 
ionic liquids, as well as their solubiIity in organic solvents, partition 
coefficients and vat:or-Iiquid equilibiium data, particularly at infi- 
nite dilution. It would not be possible to measure all the properties 
of the almost infinite set of pure ionic liquids and their mLxtLaes 
with organic solvents, so it ks essential to develop and verify both 
correlations and predictive schemes. The development of such 
schemes requires the judicious selection of the pure ionic liquids 
and their mixa3:es to be studied in detail. At the present fine, meas- 
urements on the thermophysi(xI properties of ionic liquids are lim- 
ited. To our knowledge only a few studies on the properties of pure 
1-alkyI-3-alkylimidazolium hexafluorophosphates and their mix- 
a~-es have been reported Bi-ei:::ecke and cowoikeis [Blanchard et 
al., 1999, 2001a, b] have shorn: that ionic liquids are insoluble in 
supercritical CO2, suggesting that products of reactions caned out 
in ionic liquids can be readily extracted with superc:iticaI CQ.  

Va:ious studies have suggested tilat ionic liquids could be used 
as replacement solvents for volatiIe orgarnc solvents because of their 
benign nature and their non-volatiIity. Solvent properties can be var- 
ied readiIy. For example, the change in length of the 1-alkyI chain 
from 1 to 9 on 1-alkyl-3-i::ethyIm:adazoliu:a hexafluorophosphate 
~::s the liquid fI'Ol:: being highly soluble in water to very i~mms- 
cible. Replacing the hexafluorophosphate anion with tetrafluorobo- 
rate increases the solubility of the ionic liquid in water while re- 
placement with the ca~oide (CF3SQ)3C- anion is thought to decrease 
the water solubility. Thus by judicious vaiation of the afions and 
cations it should be possible to design an ionic liquid solvent for a 
specific solvent applicatio: In particular, ionic liquids could be used 
as alternative solvents in liquid-liquid exaactions. Their low vapor 
pressure allows the extracted product to be separated fro::: the ionic 
liqLud by low-pressure distilIation with the potential for energy sav- 
:rigs. In addition, as a result of their low vapoL: pressure, ionic liq- 
uids can be readily recovered for reuse. Hence, the repIacement of  
conventional orgamc solvents by ionic liquids in exlraction pro- 
cesses is see:: as a pron:ising field of investigation. There have bee:: 
few thermophysical property measLaements on mLxtLaes of ionic 

liquids with organic solve::ts. A b:ief summary of measurements 
follow: Anthony et al. [2(302] reported vapor-liquid and liquid-liquid 
equilibi-ia measurements on mixa3:es of imidazolium based ionic 
liquids with water. Wong et al. [2002] measured liquid-liquid phase 
equilibria of ionic liquids and water. Koel [2(X)0], Huddleston et al. 
[2001] and Sua-ez et aI. [1998] detenmned physical properties in- 
cluding density, viscosity, sL:face tension, melting point, thermal 
stability and water solubility of a wide range of pure ionic liquids 
based on the imidazoliu:n cation. The stability of imidazolium based 
ionic liquids has been reported by Ngo et aI. [2000]. 

We have commenced a study of the thennophysical properties 
of selected pure 1-alkyI-3-alkylimidazolium hexafluorophosphates 
as well as liquid-liquid equilibria and partitioning i::easurements 
for mixtures of ionic liquids with conventional organic soNents and 
water. Liquid-liquid equilibria for a series on 1-alkanoIs with ~rnim] 
[PF~]) and the effect of water impurity and the partitionMg of ethanol 
between ionic liquid and water are presented here. 

EXPERIMENTAL 

1. Preparation of Ionic Liquids 
The C4 to C4 1-alkyl-3-methylm:idazoliu:~a hexafluorophosphate 

were prepared in-house by a method described by Welton [2000]. 
The alkyI chloride (1-chlorobutane through 1-chlorononane) was 
mLxed with 1-methylhnidazole at 70 ~ and stirred in a closed vessel 
with an annosphere of nflrogen to produce 1-alkyI-3-methylimida- 
zoliv:n chloride. This compound was the:: reacted with hexafluo- 
rophosphoric acid at room tempematre to produce the iomc liquid 
as a sel:a:-ate liquid phase. Residual chlo:ide ion and solvent were 
removed flora the ionic liquid by washing with water. Initially, ti:e 
ionic liquid was dried with magneskan sulfate and filtered throL~=h 
activated charcoal and alumina and the volatile organic solvents 
and residual water were removed by vacuuming at 10 Pa and 80 ~ 
The 1-alkyl-3-methylimidazolium hexafluorophosphates appear 
as yellow or light-yellow hmN~-ent liquids. This drying process 
has the possibility of in~zoducing additional salts into the ionic liquid 
[Sneddon et al., 2000]. In later purifications, the drying stages using 
magnesium sulfate and alumina were abandoned in favor of wash- 
ing with water, then pumping with a vacuum of 1 Pa at 75 ~ for 
over 48 h [Sneddoi:, 2001]. 

Property measurements were made initially on 1 -butyI-3-methyI- 
imiclazoliu:: hexafluorophospbate ([bmim][PF~]). For high-quality 
them:ophysical property measureme::ts it ks essential to have pure 
samples. The methods used to determine the ptinty of the iomc liq- 
uids have not been well documented in the literature, lvleti:(xts in- 
vestigated in this work mcluded nuclear magnetic resonance (NM:R), 
infrared spech-oscopy (I:R), :::ass spectra, high-se::sitivity differen- 
tial scaming calorimehy (DSC), gas-liquid chromatography (GLC) 
and high-pressure liquid chromatography with mass spectra detec- 
tion (HPLC-MS). NIvIR and mass speca-a analysis did not show 
substantial impurities. Howeve:; the sensitivity level of tt:ese insh-a- 
ments indicated that we should not expect to determine imtxinties 
of less than about 1 mass %. Water could be determined by IR spec- 
troscopy, us:rig a ceil with spacers of 0.14 mm, as two p~ks  for the 
OH- absorbance in the (3,500-3,7(30) cm -l wavelength range. Fur- 
the:- drying in vacuum at a pressure of less t i m  10 Pa allowed the 
removal of water down to levels approachu-g the sensitivity of the 
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method, estimated at 0.01 :::ass % of water in [bmim][PF6]. 
DSC scans using a Calonmetnc Sciences Corporation 4100 muI- 

ticeI1DSC with samples of approximately 05  g in the temperature 
range @40 to +200) ~ at a scan :-ate 0.5 K.h -~ showed no solid- 
liquxd phase transitio: An endothermic process in the temperature 
range of (140 to 150) ~ appeared to be associated with the removal 
of trace amounts of bound water, as the peak only occurred during 
the f=st temperature scan Subsequently, this peak was a~ibuted to 
the reaction of water with the ionic liquid to give HF [Sneddoil, 2001 ; 
Huddleston et al., 2001 ]. This decomposition to HF in the presence 
of water remains a problem with salts containing the PF2 anion, 
particularly when the ionic liquid is used as a catalyst or as a sol- 
vent for a catalyst at higher temperatures. A noticeable amount of 
HF is produced when the ionic liquid is subject to vacuu:a at tem- 
perature > about 85 ~ when water is present_ The peak areas ob- 
served dunng the DSC scan were calibrated by the a&iition of known 
masses of water to the ionic liquid. It was estimated that the residual 
amount of water in the ionic liquid vaned in the range (0.03 to 0.15) 
mass %, depending on the drying technique used The method for 
analysis of water content was abandoned, as the HF could damage 
the DSC celIs. The method was se~lsitive to water at the 0.005 mass 
% level. 

A typical enthalpy - temperature plot for [bmim][PF~] is shown 
in Fig. 1. The melting point of [hnim][PFj was detem:ined by Hud- 
dleston et al. [2001 ] at about 10 ~ Sanples contait&ng water, when 
kept in a test tube a t -  30 ~ for several days, showed a solid-licluid 
phase transition in the vicinity of 5 ~ This agrees with the value 
of 4 ~ reported by Huddleston et al. [2001]. Ionic liquids with water 
content <0.1 :::ass % supercooled and showed no signs of a liquid- 
solid phase transition when subjected to multiple tempem~-e scaxs 
in the range (-40 to +40) ~ Solid-liquid phase transitions were 
also not obsel~ed for ionic liquids with 5 to 8 carbon atoms in the 
1 -alkyI chain when they were died.  

Purity determination using HPLC was not successfii More than 
one large peak was observed using a A11tech Econosphere C:3 5g 
column with acetonitnle as the solvent Analysis of the peaks via a 
mass spectrometer indicated that one peak was the pure ionic liquid 
with the other peaks contaitKng a mixture of con:pounds that re- 
sulted from an interaclion of the ionic liquid with the cohmm pack- 
i ng .  

17000 I 
l-~sto~ of preparing bn~ I~uid: 

16000 1. ~ied over lvlgSO,; " A " / 
2. Vacuumed for 1 day at 50 ~ ] 

_ 3, Just prior ~e experiment ~ ~ /  
15000 9 0 ~  .vacuumedforl ,5hourat 

14000 �9 �9 

I 13000 / 

12000  / 

11000 

-50 0 50 100 150 200 

t/~ 

Fig. 1. DSC scan of 1 g of [bmim I [PF61 at the scan rate 30 K-h 4. 
Estimated amount of water 0.03 mass %. 
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2. Liquid-Liquid Equilibria in the System [bmim][PF6]+alkan- 
1-ols 

[bmhn][PF6] was chosen for a detailed study of them:ophysical 
properties including its solubility in o:galic solvents. Liquid-liquid 
equilibria was studied for ['bmim]['PF~]+ethanoI, + 1-propanol, and 
+l-butanol. Methanol was completely miscible with [bmin:][PF6] 
at temperatures above 10 ~ The so-~iled 'cloud point method' was 
used. A known mass of about 40g of dry ionic liquid was placed 
in a temperature controlled vessel contaitKng a s~Te:: The vessel 
was closed to moisture and could be flushed with dry ni~oge:  A 
known :::ass of about 1 g of 99.9 mass % water-free alcohol was 
added to the liquid in the vessel and the temperature was raised to 
about (2 to 5) K above the expected cloud point. The temperature 
was then :educed at the :ate of 10 -2 K.s -~ until the cloud point (seen 
as a cloud in the middle of liquid phase) was observed. The tem- 
pera~-e was then cycled slowly around that te~npera~e, enabling 
the cloud point to be determined to :k0.03 K. Tempera~-e was meas- 
ured with a calibrated platntxn resistance thermometer with the un- 
certa~ty of i0.01 K. Masses of liquids added were determined with 
an uncertainty of +0.0003 g giving an uncertaknty in the composi- 
tion of belie:- than 1 part in 104. All tt~-ee mixtures showed upper 
chtical solution temperatures (USCT). The effect of water on the 
value of the UCST was determined by preparing a mixture close 
to the composition of the mixture exhibiting the UCST. The consu- 
late temperature was measured and h:own masses of water were 
added and the consulate temperature redetermined. 
3. Partitioning of Ethanol Between Water and [bmim IIPF~I 

Ionic liquids have been proposed as ideal solvents for exiraction 
processes. For products that are fom:ed by reactions in aqueous me- 
dia it is necessary to h :ow the partition coefiScient of react~:ts and 
products between the selected iomc liquid and water. We report here 
our initial slxx-lies of the partitioning of ethanol between water and 
[bmim ][PF6]-Fh~t, the mutual solubility of water and [bmhn][PF6] 
were detem:ined fi-on: the area of the lI-I ~ peaks in the water 
:ich and the [bmin:][PF~] rich phase. At  18 ~ preliminary values 
of the solubility of [Smim]['PF6] in water was 2.7 mass % and the 
solubility of water in the ionic liquid was 2.0 :::ass %. 

To study the partitioning of ethanol approxhnately 2 g of [bmim] 
[PF6] was brought into contact with the same mass of a (water+ 
ethanol) solution at 18 ~ The ionic liquid, being denser than water, 
was the lower phase. The mixture was pericx:lically shaken to mare- 
tam the emulsion. The aqueous solution coi~lamed a h:own :::ass 
% ethanol. After 20 rain of contacting, the water and ionic liquid 
phases were separated and the concentration of the components in 
each phase were detem:ined fi-om the peak areas of the :H NIvIR 
spectra using a 500 IvKLz spectromete:: The values were checked 
using glc (SEimadzu CK2-R1A with a 2 m Poropak-Q colv:an with 

then~aaI conductivity detector). 
One carmot use glc to analyze for [bmim][PF6] directly beca_tse 

of its low valx~ - pressure. To overcome t t~  problem, a h:own :::ass 
of acetone was added to a known :::ass of the extracted phases. The 
thermal conductivity detector was calibrated using soh~ons of known 
mass fractions of water and ethanol and water and acetone. From 
the peak areas, the mass ratios of acetone, ethanol and water were 
calculated and mass balance gave the concentration of the ionic liq- 
uid The glc method was not a satisfactory method to dete:mine low 
concentrations of the ionic liquid in the water rich phase because 
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Fig. 2. LLE of the system of [bmim]PF~+Alkanol. 
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Fig. 4. Partitioning coefficient K of ethanol (3) between water (1) 
and [C4mim] [PF~] (2)at25 ~ 

of high unceItainties for low concentrations in the mass balance 
equation. 

RESULTS 

The liquid-liquid phase diagra-ns for ethanol, propan-l-ol and 
butan-l-oI are shown in Fig. 2 as a fimction of mass fi-action of the 
alcohoI. Mixt~res of the three alcohols with [bmim][PFa] exhibit 
upper critical solution tempera~-es (UCST) which increases with 
increase in the chain length of the 1 alkyI-substituent The UCST 
for butan-l-oI was not dea-ermined as the apparatus could not be 
operated above 100~ The effect of water is most marked. The 
USCT decreases by about 10 K for the addition of 1.7 mass % water 
(see Fig. 3) hence it is necessary for the ionic liquids to have a water 
content less that 0.02 mass % to obtain an UCST with an uncer- 
tainty of <0.05 K. 

The partition coefficient, defined as the ratio of the concentration 
of alcohol in the ioi~ic liquid to its concentration in water, at 25 ~ as 
a function of ethanol concentration is shown in Fig. 4. The ternary 
mix~-e becomes single phase at mass fi-actions of ethanol above 
0.38 for an equal mass fraction water+ionic liquid mixtLtre. The 
partition coetticient values obtained by the glc and NMR methcx:ls 
at 10 mass % ettnnoI in a equal mass fiaction of water+ionic liquid 
two phase system are in qualitative agreement however the NMR 
method was judged to be more reliable. The reliability of the NMR 
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Fig. 3. Effect of water concentration (as mass %)on the UCST in 
the system [C3nim] [PF6] +ethanol. 
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K; �9169 experimental tie lines; �9 experimental upper cri- 
tical solution point. 

measurements was coilfm-ned by the agreement between the mass 
fi-actions deteEnined by NMR and the actual value of each of the 
components determined when the mixture was one phase. The par- 
tition coetticient of ethanol between water and [bmim][PF~] was 
0.17 for a 10mass % ethanol. This value is not unexpected because 
ettnnol is miscible with water at all temperatures and only partiaUy 
miscible with [kanhn][PF6] at temperatures below 48 ~ Howevez; 
this pafation coefficient does not preclude the use of ['bmim][PF6] 
as an extraction media for ethanol or higher alcohols. The three com- 
ponent phase diagram is shorn1 in Fig. 5. 
1. Correlation and tS~diction of Thermodynamic tSx)perties 

Properties such as vapour-liquid equilibria, liquid-liquid equilib- 
ria, excess enthalpies, and excess volumes are usually correlated 
by equations such as the Redlich-Kistez; Wilson or the NRTL (Non- 
Random Two Liquid) equations. The Wilson equation cannot cor- 
relate liquid-liquid equilibria. The NRTL is a more satisfactory cor- 
relaton equation for mixt~res containing polar compounds. These 
equations are oflittle use in developing predictive methods as they 
only tell us how the property varies with composition and some- 
times they are applicable over a temperature range. Another popu- 
lar methcd is based on an ec~aton of state (EOS) approach. Many 
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EOS have been proposed, most using data on the gas-Iiquld-critical 
properties of the pure fluid to obtain the parameters. For ionic liq- 
uids, the prediction of the ciitical properties is not straighffol~vad, 
and ~xtrapolation methcxis are not obvious. In addition EOS meth- 
ods sNI require knowledge of the properties, at a minimum, at one 
mix~-e composition. Hence EOS methods are essentially con-ela- 
tion methods with an ability to predict both the measured property 
and other theauodynauic and physical properties at conclitions away 
from the measured composition and temperature. 

Predictive methods are based primarily on methods that divide 
the molecules into vaious groups (group conUibution methcxts). It 
is the properties such the volume and surface area of the vmious 
groups making up the molecule and the energies of interaction be- 
tween the vmious groups on the different molecules that detem~ine 
the mixing properties. Various group conlrib~aion schemes have 
been prol:osect The mostly widely used scheme ks the UNIFAC 
method based on the UAKQUAC equatioi1 The method requires a 
knowledge of the interaction parameters between the groups. These 
have to determined fi-om mix~-e data on components that contain 
the groups in questiort Further, the interaction parameters deter- 
mined fi-om one property, such as VLE, carrot be readily tra~s- 
fen-ed to another property such as LLE. Hence the use of the 
UNIFAC predictive method for mgxtures contaknmg ionic liquids 
would requu-e a lmge amount of expez~uental data on a range of 
properties for selected mix~-es in order to calculate the requs-ed 
interaction parameters. The area and vok~e  parameters of the pure 
con~pounds are generally straightfol~vard to derive. 

A third method is based on unimolecular quantum chemical calcu- 
latiom of the individual molecules. One approach, called the COSMO 
approximation [Klamt and Eckert, 2002], is to make the calcula- 
tions asst~mg the molecule is imbedded in a conductor. This cal- 
culation gives the screening charge density ~y on each part of the 
molecular surface. In addition one also calculates both the surface 
area and volume of the molecule. The second step is to describe all 
interactions between molecules as contact interactions of the mole- 
cular strfaces and these interactions can be related to the screening 
chaBe densities c~ and cf of the interacting surface pieces. For an 
efficient statistical mechmical calculation the molecular surface is 
split into small areas c%x-and contact with each of these areas are 
considered as independent. This approach is shuila- to the assump- 
tion of interacting surfaces in group-contribution methods and has 
been shown elsewhere to give good results for interaction energies 
calculated fi-om molecular mechanics. This finite area approach al- 
lows the reduction of the spatial screening charge distribution to a 
one-dimensional histogram, called the o profile. A typical plot of 
the scree~Kng profiles for various molecules is shown in Fig. 4. The 
statistical them~odynauics of the mLxture can then be calculated 
by an equation based on the UINQUAC equation to give the chemi- 
cal potential of each component, from which can be derived VLE, 
LLE, and other properties of the mix~e.  The calculation can be 
reaclily extended to multicomponent mix~-es. The results of those 
calculations for LLE for m ~ e s  of [bmim][PF~] with ethanoI, 
butan-l-oI and propan-l-ol are shown in Fig. 6. The calculations 
require no knowledge of the properties of the mix,re. The pre- 
dicted composition dependence of the LLE is good, however the 
predicted curvat~-e is not con-ect due to a known problem in the 
present calculation procedure. The predicted UCST is about (40 to 
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Fig. 6. Comparison of experimental liquid-liquid phase diagram 
with values calculated from COSMOtherm. 

50) K higher that the experhuental value for all mixtures. This result 
is very good but could be huproved with the use of a single ad- 
justable parameter applicable to all ionic liquids of this class. Even 
UNIFAC carnot con-ectly predict LLE fi-om parauetez~ derived 
fi-om VLE data. The predicted value of the partition of ethanol be- 
tween pauhu][PFj and water was 0.15, in excellent agreement with 
the experhuei~taI value of 0.18. This is an involved theoretical cal- 
culation as it involves a three component mixt~tre. 

CONCLUSIONS 

Expez~nental liquid-liquid phase diagrams and partition coeffi- 
cients have been measured and compared with the predictions of  
a calculation package based on quantum chemical calculations 
(COSMOtherm). The calculated values agree su~txisingly well with 
the experimental values. 

A C K N O W L E D G E M E N T S  

The authoi~ wish to thank the Univei~ity of Canterbury for an 
Intemal Research Grant to support this work and for the award of 
a Postdoctoral Fellowship to A. Deev. This work is part of the Cneen 
Products and Processes research program. 

REFERENCES 

Anthony, J. L., Maginn, E. J. and Brennecke, J. R, "Solution Thermo- 
dyna~lics of Imidazohmu Based Ionic Liqmds a~d Wat t '  al Phys. 
Chem. B, 105, 10942 (2001). 

Armstrong, D. W., He, L. and Liu, Y., "Examination of Iozlic Liqmds 
and Their Interaction with Molectdes, When Used as Stationary 
Phases in Gas Chromatograph/,' Anal. Chem., 71, 3873 (1999). 

Bates, E. D., Maytoi~, R. D., Ntai, I. and Dmds, J. H., "CO2 Captm-e by 
a Task-Spedfic Ionic Liquid~' • Am. Chem. Soe., 114, 926 (2002). 

Blanchard, L. A. and Brennecke, J. R, "Recovery of Organic Products 
from Ionic Liquids using Superc~itical CaYoon DioxideS' Ind Eng. 
Chem. Res., 40, 287 (2001). 

Blald~a-d, L. A., Gu, Z. and Bremlecke, J. F., "Hi~  Pressure Phase Be- 
havior of Ionic Liquids/CO 2 Systems;',I Phys. Chem. B, 105, 2437 
(2001). 

Blanchard, L. A., Hancu, D., B~kman, E. J. and Breimecke, J. F., "Green 
Processing using Ionic Liquids and C02;'Nature, 399, 28 (1999). 

Korean J. Chem. Eng.(VoL 19, No. 3) 



362 K.N. Mmch et al. 

B6i~hote, P, Dias, A.-P., Papageorgiou, N., Kalyanasmldm-a~l, K. and 
Graetzd, M., "Hydrophobic, Highly Conductive Ambient-Temper- 
atm-e Molten Salts;' Inorg. Chem., 35, 1168 (1996). 

Boesmann, A., Datsevich, L., Jess, A,  Latter, A., Schmitz, C. and Was- 
selsd~eid, P, "Deep DesulfiaJzation of DieseI Furl by Extraction with 
Ionic Liquids;' Chem. Comm., 23, 2494 (2001). 

Brennecke, J. E and Magmn, E. J., "Ionic Liquids: Innovative Fluids 
for Chemical Procesmng~'AIChEJ., 47, 2384 (2001). 

Chauvin, Y, Mussnaann, L. and Olixdei; H., '% Novd Class of Velsa- 
tile Solvents for Two-Phase Catalysis: Hydi-ogenafiola, Isomerisa, 
tioi~, and Hydi-ofonnylalion of Alke~les Catalyzed by Rhodiuin Com- 
plexes in Liquid 1,3-Dialkylimidazolium Salts~'Angew. Chem. Int. 
Ed  Engt., 34, 2698 (1995). 

Cull, S. G., Hororey, J. D., Vagas-Mora, V, Seddoi~, K. R. and Lye, G. J., 
"Room-Tempera~lre Ionic Liquids as Replacements for Olganic 
Solve1~ts in Multiphase Bioprocess Opelatiolxs;' Bioteeh. Bioeng., 
69, 227 (2000). 

Erl;eldingel; M., Mes~ano, A. J. and Russell, A. J., "Elazymatic Cataly- 
sis of Formation of Z-Aspart~-ae m Ionic Liquid-An Alternative to 
Enzymatic Catalysis in Organic Solvents:' BioteehnoZ Prog., 16, 
1129 (2000). 

F~am~, A. A., k:, Floremli, D. A., King, L. A., Landez~, J. S., Piersma, 
B. J., Stecb, D. J., Vaughn, R. L., Wilkes, J. S. and Williams, J. L., 
"t:I-op~ttes of 1,3-Dialkylimidazoliuin Chloride-Alui~3iniuin Chlo- 
ride Ionic Liquids. 2. Phase Transitions, Densities, EIeclxical Con- 
ductivifies, and Viscosities;' J. Phys. Chem., 88, 2614 (1984). 

Fullei; J., C~-Iin, R. T. and Osteryouiag, R. A., "The Room Te~nperatui-e 
Ionic Liquid 1-Ethyl-3-methylimidazolktrn Tetrafluoroborate: EIec- 
trochemical Couples and Physical Properties]' J. Eteetroehem. She., 
144, 3881 (1997). 

Huddleston, J. G., Willauer, H. D., Swatlos!d, R. P, Visser, A. E. and 
Rogers, R. D., "Room Temperatm-e Ionic Liquids as Novd Media 
for Clean Liquid-Liquid Extractiol~' Chem. Commun., 1765 (1998). 

Huddleston, J. G., Visser, A. E., Reicher~ W. M., WllIauer, H. D., Bro- 
kei; G. A. and Rogers, R. D., "Chm, ctelization and Comparison of 
Hydrophilic and Hydrophobic Room Tempera~re Ionic Liquids 
Incorporating the Imidazolium Catiol~' Green Chemistry, 3, 156 
(2001). 

Klamt, A. and Eckm, F., "COSMO-RS: A Novd and Efl~cient Method 
for the a priori ~-ediction of the Thennophysical Data of Liquids:' 
FtuidPhaseEquitib., 172, 43 (2000). 

Kod, M., "Physical and Chemical Properties of Ionic Liquids Based on 

the Dialkylhmdazolium Catioi~' Prec. Est. Aead Sei., Chem., 49, 
145 (2000). 

Kanknalm, D. E., Noui-oozi~, M. and HelLze, H., "MoIten Salts as an 
Efficient Medium for Palladium-Catalysed C-C Coupling Reac- 
tions~' S2mlett , 1091 (1996). 

Liao, Q. and Hussey, L., "Dellsities, Viscosities, and Conductixdties of 
Mixtures of Benz_ene with the Lewis Acidic Aluminium Chiofide+ 1- 
Methyl-3-ethylmaidazoliuin Chloride Molten Salt~' J. Chem. Eng. 
Data, 41, 1126 (1996). 

Mt~llel; L.A., DuPont, J. and De Souza, R. F., '~l'wo@aase Catalylic 
NBR Hydrogenation by RuHCI(CO)(PCy3)2 Iim-nobilized in 1- 
Butyl-3-methylimidazoIium Telrafluoroborate Molten Salt;'Macro- 
mot. Rapid Co mmunun., 19, 409 (1998) 

Ngo, H. L., LeCompte, K., H~gelxs, L. and McEwen, A. B., "Thermal 
Properties of Imidazolium Ionic Liquids~' Thermoehim, Aeta, 357- 
358, 97 (2000). 

Seddon, K. R. Private Commtmication (2001). 
Seddoi3, K. R., St~-k, A. and Tolres, M. J., "hllluence of Chloride, Water; 

and C~-g~ic Solvents on the Physical Properties of Ionic Liquids~' 
Pure Appl. Chem., 72, 2275 (2000). 

Silva, S. M., Su~-ez, P A. Z., de Souza, R. E and DuPont, J., "SeIective 
Linear Dimerization of 1,3-Butadie1~e by PaUadiuin Compoui~ds 
Immobilized into 1-n-Butyl-3-methyI Imidazolktrn Ionic Liquids;' 
PolmerBult., 40, 401 (1998). 

Suare7~ P A. Z., DuUius, J. E. L., Einoff, S., de Souza, R. E and Dupont, 
J., "Two-Phase Catalylic Hydi-ogenation of OIefms by Ru(II) and 
Co(II) Complexes Dissolved in 1-n-ButyI-3-methyI Ilmdazolimn 
tetrafluoroborate Ionic Liquid' Inorganiea Chimiea Aeta, 255, 207 
(1997). 

Suarez, P A. Z., Einoft, S., Dullius, J. E. L., de Souza, R. E and Dupont, 
J., "Synthesis and Physical-Chemical Properties of Ionic Liquids 
Based on 1-n-ButyI-3-Methylimidazoliuin Catioi~' J Chim. Phys. 
Phys.-Chim. BioZ, 95, 1626 (1998). 

Wasserscheid, P. and Keirrg W., "Ionic Liquids-New 'Solutions' for Tran- 
sition Metal Catalysis;'Agnew. Chem. Int. Ed,  39, 3772 (2000). 

Walton, T., "Room-Temperature Ionic Liquids. SoIvents for Synthesis 
and Catalysis;' Chem. Reu, 99, 2071 (1999). 

Welton, T. private commtmication (2000). 
Wong, D. S. H., Chen, J. P., Chang, J. M. and Chou, C. H., "Phase Equi- 

libria of Water and Ionic Liquids [eI~n]['PF6] and [bnlim][PF6]~' 
FtuidPhaseEquilib. in press (2002). 

May, 2002 


