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Activity Coefficients at Infinite Dilution of Alkanes, Alkenes, and Alkyl Benzenes
in 1-Butyl-3-methylimidazolium Tetrafluoroborate Using Gas—Liquid
Chromatography

Qing Zhou and Li-Sheng Wang*

School of Chemical Engineering and Environment, Beijing Institute of Technology, Beijing 100081, People’s Republic of China

Activity coefficients at infinite dilutiony;” of 17 alkanes, alkenes, and alkyl benzenes in the ionic liquid 1-butyl-
3-methylimidazolium tetrafluoroborate were determined by gas chromatography using the ionic liquid as the
stationary phase. The measurements were carried out at different temperatures between 303.15 K and 343.15 K.
From the temperature dependence of the limiting activity coefficients, partial molar excess enthalpies at infinite
dilution HiE""’ of the organic solutes in the ionic liquids have been derived.

Introduction hexyl-3-methylimidazolium tetrafluoroborat&)and [OMIM][CI]
(1-methyl-3-octylimidazolium chloridéj by the gas-liquid
chromatographic method using the ionic liquid as the stationary
phase. The major body of this work was concentrated on
hydrophobic ILs, while the hydrophilic ILs were less investi-

lonic liquids (ILs) are low melting point salts that represent
an exiting new class of reaction solvents. Being composed
entirely of ions, they have a negligible vapor pressure and can
be prepared from a wide range of cations and anions. Some of ted
the ILs are miscible in water, alcohol, and so forth, depending gated. ) - . )
on anions and cations. The key attraction of ILs is their !N this work, they;” values of 17 hydrocarbons including
possibility to be tuned by varying the nature of the cations and &/kanes, alkenes, and alkyl benzenes in the hydrophilic ionic
anions. Because of this combination of properties, ILs could liquid 1-butyl-3-methylimidazolium tetrafluoroborate were mea-
find application in many fields, such as organic synthesis, Sured over the temperature range (303.15 to 343.15) K. From
catalytic reactions, and multiphase separations. An IL that did e temperature dependence of the limiting activity coefficients,
not hydrolyze was reported by Wilkes and Zaworotko in 1992. Partial molar excess enthalpies at infinite dilutibfi of the
Up to now, the applications of the ILs have been concentrated 0rganic solutes in the ILs have been derived.
mostly in the synthesis. Physicochemical and thermophysical
properties have not been studied systematically.

Activity coefficients at infinite dilution of a solute(y;") can Materials. The hydrocarbons provided by Beijing Chemical
be used to quantify the volatility of the solute as well as to Reagents Company were of analytical grade. Since the GLC
provide information on the intermolecular energy between process separated the solutes from any impurities, the solutes
solvent and solutg3 Values of y° are important for the  were used without further purification.
selection of solvents for extraction and extractive distillation  Preparation of [BMIM][BF 4]. The ionic liquid 1-butyl-3-
and the reliable design of thermal separation processes whermethylimidazolium tetrafluoroborate was prepared by metathesis
the last traces of impurities have to be removed. The experi- reactions from the corresponding bromide.
mental data of;” are also important from a theoretical point of First, 1-butyl-3-methylimidazolium bromide was synthesized.
view to understand liquid theory. So, a study on thermophysical Butyl bromide (1.1 mol) was added dropwise to 1-methylimi-
properties is important to predict the properties and character-dazole (1 mol) with agitation at 343 K. The reaction mixture
istics of the ILs? was refluxed for 24 h, when cooled to room temperature, ethyl

Because ILs have a negligible vapor pressure, the mostacetate was added to the mixture. The ethyl acetate was removed
suitable method for measuring limiting activity coefficients of by a separating funnel followed by the addition of fresh ethyl
volatile solutes in ILs is the gadiquid chromatographic (GLC) ~ acetate, and this step was repeated four times. The remaining
method using the ionic liquid as the stationary phase. Heintz et ethyl acetate was removed by rotary evaporation, and the
al5-11 and Letcher et al> 14 already measureg” of various solution was dried under high vacuum at (343 to 353) K for at
solutes in [BMPY][BR] (4-methyln-butylpyridinium tetrafluoro-  l€as 6 h to getl-butyl-3-methylimidazolium bromide ([BMIM]-
borate)s~8 [EMIM][N(CF sS0y),] (1-methyl-3-ethylimidazolium  [Br]) at very high yield (99 %).
bis(trifluoromethylsulfonyl) amidej,® [EMMIM] [N(CF 3SQy),] Second, the tetrafluoroborate salt was prepared by metathesis
(1,2-dimethyl-3-ethylimidazolium bis(trifluoromethylsulfonyl)  reactions from the corresponding bromide. [BMIM][Br] (0.1
amide)’ [BMIM][N(CF 3SQ),] (1-methyl-3-butylimidazolium mol) was dissolved in the acetonitrile (50 mL), and ammonium

Experimental Section

bis(trifluoromethylsulfonyl) imide¥2 [OMIM][BF 4] (1-methyl- tertrafluorobarate (0.11 mol) was added. The mixture was
3-octylimidazolium tetrafluoroboraté} [HMIM][PF ¢] (1-hexyl- refluxed for at least 24 h. When it was cooled to room
3-methylimidazolium hexafluorophosphatéJHMIM][BF 4] (1- temperature, the NMBr precipitate was removed by filtration.
Any remaining precipitate was removed by further filtration at
* Corresponding author. E-mail: lishengwang@ btamail.net.cn. this step. The remaining acetonitrile was removed by rotary
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evaporation to obtain crude 1-butyl-3-methylimidazolium tet-
rafluorobarate. The crude [BMIM][BF was dissolved in
dichloromethane (50 mL) and cooled below®. Deionized
water and a separation funnel were also cooled to bel6@.5

To check the stability of the experimental conditions, such
as the possible elution of the stationary phase by the carrier
gas stream, the measurements of retention times were repeated
systematically every-68 h for hexane and benzene. No changes

The dichloromethane solution was washed with cooled deionized of the retention times were observed during 80 h of continuous

water (30 mL) five times until the aqueous solution did not
form any precipitate with 0.1 mdl~! AgNO; solution. The
solvent dichloromethane was removed by rotary evaporation,
and [BMIM][BF 4] was dried under high vacuum at (323 to 333)
K for at least 6 h.

The chemical shifts for théH NMR spectrum (parts per
million, D,0) appear as followss 8.575 [s, 1H, H(2)], 7.390
[s, 1H, H(4)], 7.350 [s, 1H, H(5)], 4.133 [t, 2H, NGH 3.817
[s, 3H, NCH], 1.809 [m, 2H, NCH—CH,], 1.295 [m, 2H,
NCH,CH,—CH], and 0.853 [t, 3H, CH|. The 3 C NMR
spectrum (parts per million, @) contains peaks: 138.625
[C(2)], 126.155 [C(4)], 124.861 [C(5)], 51.931 {NCHy], 38.233
[NCHj3], 33.980 [NCH—CHy], 21.445 [NCHCH,—CH;], and
15.288 [CH]. Impurity peaks were not observed in thé NMR
and?3 C NMR spectra, and there is a solvent(@) peak at
= 4.653 in the'H NMR spectrum. The chemical shift of other
peaks corresponded to the structure of [BMIM]{RH he water
content of the product [BMIM][BE] was determined to be about
200 ppm by the Karl Fischer titration. The purity of the ionic
liquid was >99 %.

Chromosorb PAW-DMDCS 100/120 mesh was used as a
solid support for the ionic liquid in the GC column. Before use,

Chromosorb was subjected to vacuum treatment with heating
to remove traces of adsorbed moisture. Chromosorb and the

GC column were purchased from Varian.

Apparatus and ProcedureCoating the solid support material
with the ionic liquid was performed by dispersing a certain
portion of Chromosorb in a solution of the ionic liquid in
dichloromethane followed by evaporation of the solvent using

a rotating evaporator. The Chromosorb was weighed before and
after the coating process. The experiments were performed by
a Varian chrompack CP-3800 gas chromatograph equipped with

a thermionic conductivity detector. Dry helium was used as the
carrier gas. The GC columns with length of 100 cm and inside

diameter of 0.40 cm have been used. The mass of the stationar)FT1

operation.

Cruickshank et al® and Evereff’ developed the following
equation for obtaining the"; value for a volatile solutei) in
an involatile solvent (3) from GC
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In eq 1,75 is the activity coefficient of soluté at infinite
solution in the stationary phasno, is the vapor pressure of the
pure liquid soluted, nz is the number of moles of the stationary
phase component on the column, avid is the standardized
retention volume obtained by
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wheret; is the retention timetg is the dead timelJy is the
low rate, measured by a soap bubble flow melgg, is the
column temperaturel; is the flow meter temperatur@oy, is
the saturation pressure of waterTat andpo is the pressure at
the column outlet.
The second and third terms in eq 1 are correction terms that
arise from the nonideality of the mobile gaseous phBseis
the second virial coefficient of the solut,, is the mixed virial
coefficient of the solute (1) with the carrier gas helium (\23
is the liquid molar volume of pure solute, akfl is the partial
molar volume of solute in the ionic liquid at infinite dilution.
The data for calculating the correction terms have been
obtained in the following way. For all solutes, values pSf
were taken from the Antoine equation, with Antoine coefficients
given by Boublik et ak® Molar volumes of solutes/’ were
estimated using experimental values of their densities; partial
olar volumes of solute at infinite dilutioW;” have been

phase (1-butyl-3-methylimidazolium tetrafluoroborate) was @ssumed to be equal “? Values ofBi; have been estimated
1.8250 g. The uncertainty of the mass of the stationary phase@ccording to the equations suitable for nonpolar liquids by

measurement was withift0.0001. To avoid possible residual

Tsonopolous’s methd@iwith an uncertainty of< £10 cnf-mol ™.

adsorption effects of the solvent on Chromosorb, the mass Critical parameters needed for the calculations were available

fraction of ionic liquid was~30 % of the support material. The
column was equably filled with the help of an ultrasound
vibrator to provide uniform packing of the material in the
column.

Volumes of the samples injected into the GC probes were
from (0.1 to 2)uL. No differences in retention timets were
found by injecting individual pure components or their mixtures.

Experiments were carried out over the temperature range (303.15

to 343.15) K. The temperature of the GC column was maintained
constant to within+0.05 K. At a given temperature, each

from the literaturé?® Values ofB;, have also been estimated
according to Tsonopolous’s meth&d.The mixed critical
propertiesPgj, Tgj, Vej, and Zg; and mixed factorw;; were
calculated by using equations given in the literatdfes.

The factord appearing in egs 1 and 2 corrects for the influence
of the pressure drop along the column giveri'by

Ipo)? — 1
J_g(p|p0)

= 3
2 (pi/p0)3 -1 ®

experiment was repeated at least three times to check thewherep; and py are the inlet and outlet pressures of the GC

reproducibility. The differences in the retention times of the

column, respectively.

three measurements were generally reproducible within (0.01 The outlet pressur@y was kept equal to the atmospheric

to 0.05) min. Absolute values of retention times varied between
1.0 and~400 min depending on the individual solute. At each
temperature, values of the dead titgeédentical to the retention
time of the nonretainable component were measured. Methane

pressure. The pressure drgp{ po) was varied between (20.3

and 101.3) kPa, providing suitable retention times with sharp
peaks. The pressure drop and outlet pressure were measured
using a membrane manometer with an uncertaintt@® kPa.

was used as the nonretainable component under the assumption Retention time, dead time, column temperature, flow rate,

that the effect of the solubility of methane in 1-butyl-3-
methylimidazolium tetrafluoroborate was negligible.

input and output pressure, and the mass of stationary phase all
have experimental errors.
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Table 1. Experimental Activity Coefficients at Infinite Dilution for Various Solutes in the lonic Liquid 1-Butyl-3-methylimidazolium
Tetrafluoroborate as the Stationary Phase at Temperatures of (303.15 to 343.15) K

solutei T=2303.15K T=313.15K T=323.15K T=333.15K T=343.15K
Alkanes
pentane 40.66 39.72 38.07 36.29 35.83
hexane 60.80 57.47 54.22 50.55 47.03
heptane 92.45 86.71 81.65 78.90 71.52
octane 139.1 136.0 127.0 118.7 111.1
nonane 224.3 193.3 187.0 178.8 169.8
decane 413.5 3354 319.9 296.4 278.7
cyclohexane 32.41 30.21 28.30 26.88 24.55
methylcyclohexane 48.71 45.59 42.42 39.84 37.33
2,2,4-trimethylpentane 92.69 88.61 83.82 79.48 75.49
Alkenes
cyclohexene 14.13 13.54 12.89 12.42 11.89
styrene 2.287 2.293 2.339 2411 2.475
Alkyl Benzenes

benzene 1.739 1.758 1.770 1.798 1.830
toluene 2.913 2.935 2.949 2.990 3.030
ethylbenzene 5.612 5.537 5.485 5.416 5.366
o-xylene 4.198 4.180 4.161 4.160 4.141
m-xylene 5.248 5.241 5.232 5.227 5.217
p-xylene 4.968 5.150 5.277 5.326 5.474

Table 2. Coefficients of eq 4, Standard Deviatiow, y;” at 298.15 K Calculated Using eq 4HiE’°°, and Values of Derived from eq 4

solutei a b/K s Vi 208K HE®/3mol~1b
Alkanes
pentane 2.5330 356.28 0.0102 41.6 2962
hexane 2.9853 597.00 0.0109 64.1 4964
heptane 2.4640 625.38 0.0179 95.7 5200
octane 1.8808 679.54 0.0198 146.6 5650
nonane 2.5021 889.91 0.0050 241.5 7399
decane 2.8163 957.81 0.0047 415.2 7963
cyclohexane 1.1893 696.44 0.0125 33.9 5790
methylcyclohexane 1.6134 689.17 0.0035 50.6 5730
2,2,A-trimethylpentane 2.7617 538.24 0.0055 96.2 4475
Alkenes
cyclohexene 1.1645 450.41 0.0030 145 3745
styrene 1.7457 —301.59 0.0129 2.08 —2507
Alkyl Benzenes

benzene 0.9752 —128.80 0.0047 1.72 —1071
toluene 1.3989 —100.84 0.0040 2.89 —838.4
ethylbenzene 1.3411 116.25 0.0009 5.65 966.5
o-xylene 1.3228 33.750 0.0012 4.20 280.6
m-xylene 1.6074 15.356 0.0002 5.25 127.7
p-xylene 2.3924 —237.65 0.0069 4.93 —1796

aRange of uncertainties is withitt4 %. P Range of uncertainties is withitt6 %.

The retention timet, and the dead timég have absolute

Taking into account the possible influence of these factors,
deviations of£0.05 min and 0.01 min, respectively, and values the uncertainty of determining; was estimated to b£0.5 %.

of (t — tg) lie between 1 min and 400 min. Hence, the maximal Furthermore, the good reproducibility of” obtained with
experimental errors can be 3.6 %. In a similar way, the error different amounts of stationary phases justifies the error limits
limits of the flow rateUg are estimated to h&£0.5 % at column adopted foms.

temperature andt0.01 % at the flow meter temperature. According to the error propagation law; is estimated to
Because the input and output pressures may, in principle, behave an uncertainty withig=4 %.

measured as frequently as necessary, it was more important to ) )

eliminate short-term fluctuations in pressure and to facilitate Results and Discussion

achievement of the long-term stability of the experimental  The values ofy* of different solutes (alkanes, alkenes, and
conditions. Taking into account this fact, the error limits of the  alkyl benzenes) in 1-butyl-3-methylimidazolium tetrafluorobo-
input pressurg; and the output pressupg are estimated to be  rate obtained at several temperatures were listed in Table 1.
+0.6 % and+0.02 %, respectively. Then, the error din eq They have been approximated by the linear regression

3 was estimated to be not larger thad %. The experimental

error of the saturation pressures is estimated to be (0.01 to 0.25)
%. Reliable estimation of the experimental error of the mole
numberng of ionic liquid is rather difficult because of the
uncertainty in estimating the amount of ionic liquid that the The coefficientsa andb and standard deviatiom as well as
adsorption of air moisture during weighing of the stationary the values ofy;” at 298 K calculated based on eq 4 with these
phase and the filling process of the column. coefficients are given in Table 2. The quality of the linear

In yfj’gza—km 4)
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regression was very good because the standard deviaties (3) Letcher, T. M.; Jerman, P. Activity coefficients of cyclohexahe
at about 0.01 n-alkane mixturesJ. Chem. Thermodyri976 8, 127-131.
o . . . . (4) Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H. D.;
The activity coefficients of the linear-alkanes increase with Broker, G. A.; Rogers, R. D. Characterization and Comparison of
increasing chain length. The branching of the alkane skeleton Hydrophilic and Hydrophobic Room-Temperature lonic Liquids

(e_g” Cyc'ohexane’ methy'cyc'ohexane’ or 2’2’4_t“methy|pen_ IlnGCfrporatlng the Imidazolium CatioiGreen Chem2001, 3, 156—
tane) reduces the value ¢f in comparison with the corre- (5) Heintz, A.; Kulikov, D. V.; Verevkin, S. P. Thermodynamic Properties
sponding linear alkanes: hexane, heptane, and octane. The  of Mixtures Containing lonic Liquids. 1. Activity Coefficients at
introduction of a double bond in the six-membered ring Infinite Dilution of Alkanes, Alkenes, and Alkylbenzenes in 4-Methyl-
. n-butylpyridinium Tetrafluoroborate Using Gasiquid Chromatog-
(cyclohexene) also causes a reductiory &f raphy.J. Chem. Eng. Dat@001, 46, 1526-1529.
The values ofy;” for benzene and the alkyl benzenes were (6) Heintz, A.; Kulikov, D. V.; Verevkin, S. P. Thermodynamic properties
distinctly lower in comparison with those of the alkanes and of mixtures containing ionic liquids. Activity coefficients at infinite
. . dilution of polar solutes in 4-methy-butylpyridinium tetrafluoro-
increased with increasing size of the alkyl group (see Table 2). 34, 1341-1347.

The selectivity at infinite dilution for the ionic liquid, which ~ (7) Heintz, A; Kulikov, D. V.; Verevkin, S. P. Thermodynamic Properties

indicated itability of | tf ti ixt f of Mixtures Containing lonic Liquids. 1. Activity Coefficients at
Indicated suitanility or a solvent for separating mixtures o Infinite Dilution of Hydrocarbons and Polar Solutes in 1-Methyl-3-

components 1 and 2 by extraction was giveR2by ethyl-imidazolium Bis(trifluoromethyl-sulfonyl) Amide and in 1,2-
Dimethyl-3-ethyl-imidazolium Bis(trifluoromethyl-sulfonyl) Amide
Using Gas-Liquid ChromatographyJ. Chem. Eng. Dat2002 47,

s, = Vi ) 894-899.
2 o (8) Verevkin, S. P.; Vasiltsova, T. V.; Bich, E.; Heintz, A. Thermodynamic
Yan properties of mixtures containing ionic liquids Activity coefficients
of aldehydes and ketones in 1-methyl-3-ethyl-imidazolium bis-
The values ofgfz for three isomeric xylenes at 303.15 K (trifluoromethyl-sulfonyl) imide using the transpiration meth&tuid

Phase Equilib2004 218 165-175.
were 1.25 n-xyleneb-xylene), 1.06 if-xylenep-xylene), and (9) Vasiltsova, T. V.; Verevkin, S. P.; Bich, E.; Heintz, A. Thermodynamic

1.18 (-xyleneb-xylene), respectively. This result indicated that Properties of Mixtures Containing lonic Liquids. Activity Coefficients
1-butyl-3-methylimidazolium tetrafluoroborate never was an of Ethers and Alcohols in 1-Methyl-3-Ethyl-Imidazolium Bis(Tri-

; : : fluoromethyl-sulfonyl) Imide Using the Transpiration Methaodl.
ideal extraction solvent for the separation of xylenes. The values Chem. Eng. Dat2005 50, 142-148.

of S, for alkanes and alkyl benzenes were estimated to be (10) Heintz, A.: Cass, L. M.; Nesterov, I. A.; Emebdyanenko, V. N.;

~

larger than 1 from Table 1, therefore, ionic liquid 1-butyl-3- IVer_evllf_in,g. l;. I\hf_rr_rgo%/naf?is: Ptropﬂti?_S_tof I{\)/_Ilixzures fCPclméair1ir1g
s ; ; onic Liquids. 5. Activity Coefficients at Infinite Dilution of Hydro-
methyllmldazol!um tetrafluoroborate can play an important role carbons, Alcohols, Esters, and Aldehydes in 1-Methyl-3-butyl-
for the se_paratlon of filkyl benzenes from _alkanes. imidazolium Bis(trifluoromethyl-sulfonyl) Imide Using Gas.iquid
According to the GibbsHelmholtz equation, the value for ChromatographyJ. Chem. Eng. Dat2005 50, 1510-1514.

; i Afii T =X (11) Heintz, A.; Verevkin, S. P. Thermodynamic Properties of Mixtures
the partlal mOIa.r excess enthalpy at infinite Q|Iut|b]ﬁ Can. Containing lonic Liquids. 6. Activity Coefficients at Infinite Dilution
be directly obtained from the slope of a straight line derived of Hydrocarbons, Alcohols, Esters, and Aldehydes in 1-Methyl-3-octyl-
from eq 4 imidazolium Tetrafluoroborate Using Gakiquid Chromatography.

J. Chem. Eng. Dat2005 50, 1515-1519.

o Eoo (12) Letcher, T. M.; Soko, B.; Ramjugernath, D. Activity Coefficients at
alny; _ H; 6 Infinite Dilution of Organic Solutes in 1-Hexyl-3-methylimidazolium
AL R (6) Hexafluorophosphate from Ga&iquid ChromatographyJ. Chem.
Eng. Data2003 48, 708-711.
o (13) Letcher, T. M.; Soko, B.; Reddy, P. Determination of Activity
where R was the gas constant. The values Hﬁ for the Coefficients at Infinite Dilution of Solutes in the lonic Liquid 1-Hexyl-
compounds studied were listed in TabIer.’"" was positive 3-methylimidazolium Tetrafluoroborate Using Gesquid Chroma-

. . . - tography at the Temperatures 298.15 K and 323.15.IChem. Eng.
and increases with chain length of the linear alkanes. The Data 2003 48, 1587-1590.

introduction of double bonds decreases the positive values of (14) David, W.; Letcher, T. M.; Ramjugernath, D.; Raal, J. D. Activity
HE*. For molecules containing the aromatic rimf;” became coefficients of hydrocarbon solites at infinite dilution in the ionic
negative; however, increasing the size of the alkyl group in the r'T?;t'oér‘,;g;S J}’éh'g&fy{m'rrﬁég;%oca é’g 1633(2'_“1%41?“' chro-
aromatic ring compensated for this effect, and in the case of (15) Conder, J. R.; Young, C. IRhysicochemical Measurements by Gas
ethylbenzeneH™" was again positive. ChromatographyWiley: New York, 1979.

h | ® and HE® h he i | | (16) Cruickshank, A. J. B.; Windsor, M. L.; Young, C. L. The use of-gas
~ The results ofy;” and H™ suggest that the intermolecular liquid chromatography to determine activity coefficients and second
interactions between the ionic liquid and the solute become virial coefficients of mixturesProc. R. Soc. London, Ser. 2066
stronger with an increasing number of polarizable electrons 295 259-270.

. . (17) Everett, D. HTrans. Faraday Socl965 61, 1637-1645.
present in double bonds and aromatic rings, probably due to (18) Boublik, T.; Fried, V.; Hala, E. The Vapor Pressure of Pure Substances.

the increasing strength of ion-induced dipole interactions. As Physical science data 1Elsevier: Amsterdam, The Netherlands,
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