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Thermal Conductivities of lonic Liquids over the Temperature Range from 293 K
to 353 K
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The thermal conductivities of 11 ionic liquids were determined, over the temperature range from 293 K to 353
K, at atmospheric pressure, using an apparatus based on the transient hot-wire method. For each of the ionic
liguids studied, the thermal conductivities were found to be between (0.1 and @)K 1, with a slight
decrease observed on increasing temperature. The uncertainty is estimated to be l&s8.@tn\Wm=1-K 1,

In all cases, a linear equation was found to give a good fit to the data. The effects of water content and chloride
content on the thermal conductivities of some of the ionic liquids were investigated. In each case, the thermal
conductivities of the watet- ionic liquid and chloridet ionic liquid binary mixtures were found to be less than

the weighted average of the pure component thermal conductivities. This effect was adequately modeled using
the Jamieson correlation. Chloride contamination at typical postsynthesis levels was found to have no significant
effect on the thermal conductivities of the ionic liquid studied.

Introduction 6, 8, and 10, 1-butyl-3-methylimidazolium trifluoromethane-
Ever-i . ion is bei . ionic liquid sulfonate ([Gmim][OTf]), 1-ethyl-3-methylimidazolium ethyl-
ver-increasing attention Is being given to lonic liquids as g it e ([CGmiIm][EtSQy)), trihexyl(tetradecyl)phosphonium chlo-
n0\_/el solvents for aW|_de range of cherr_ncal reactions. This level ride ([(CsH13)sP(CraH29)]Cl), trihexyl(tetradecyl)phosphonium
of interest stems mainly from the unique properties of such e ifioromethylsulfonyl)imide ([(@H19)3P(CiaHg)]INTF 2]),
Iqu|ds,_|ncIud|ng the ability totune their physu;al and ghermcal 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluoro-
properties by varying the catieranion combinations, their wide phosphate ([@npyrr[FAP]), and 1-butyl-1-methylpyrrolidinium
I|qU|d temperature range, and their ability to S|mult_aneously bis(trifluoromethylsulfonyljimide ([GmpyrA[NT]). This tem-
dissolve inorganic homogeneous catalysts and organic reagentsperature range was chosen as it is applicable to the temperature

In ad?t't'on'.?%e to thetlr rltgglllglblg vapor ?rﬁzssbure.s, |on|<|: “ql:'dts conditions used for many of the chemical reactions previously
are often cited as potential environmentaily benign SOWents 10 ¢onqcted in such ionic liquids. Previous studies have shown

replace volatile organic compounds (VOCS) in industrial chemi- that the physical properties of ionic liquids can be greatly

cal processés.However, qlthough the phas?‘ equmb?l_ahe affected by the presence of chloride ions and/or wittdtany
electrochemlstrﬁ,a}nd a W'd.e range Qf g:hgmmal reactl-é)Tﬁs. ionic liquids are prepared via an ion exchange process to convert
have been extensively Stl_]d'Ed in ionic liquids, ther_e still exists the halide-based ionic liquid to the desired anion-based material.
a shortage of the physical property data required for the Although the subsequent halide contamination in the ionic liquid

engineering desig_n qf indu;trial scale processes. In particylgr,may be greatly reduced by washing with water, residual amounts
only a few data exist in the literature for the thermal conductivi- are always present in the final ionic liquid, and therefore, the

: L 510 L L . _ for
ties of ionic liquids}19yet this information is essential for the effect of chloride content on the thermal conductivity of

safe and efficient design of heat transfer equipment such as[Cemim][Nng] has been studied. Furthermore, because all ionic

3hermc:al reacr:ors and heat_ exchat\nt%éréor exat(npli, V\{[hten ¢ liquids are hygroscopic coupled with the obvious difficulties
esigning such process equipment, the convective neat transiey, tightly controlling water content within an industrial environ-
coefficient, which is a measure of the rate at which heat is ment, the effect of the presence of water on the thermal

transferred between a fluid and its surroundings by convection, - : :

must be determined. This design parameter is usually calculatedgzzguiﬁt\ll\ggg s of [Gmim][OTT] and [C;mim][EtSQY has also
. - ; . . gated.

from the physical properties of the fluids using correlations

deve_lqpe_d for different geometric arrangements. Thermal con- Experimental

ductivity is one of the physical properties having the greatest

influence on the convective heat transfer coefficient; therefore, Materials. All ionic liquids were prepared in-house, except

it is essential that it is known for all fluids involved in the for [(CsH13)3sP(CiaH29)]Cl, which was obtained from Cytec

process. under the brand name CYPHOS IL 101, andrfpyrr][FAP],

In this study, the thermal conductivities of a range of Which was obtained from Merck. The j@im][NTf] range of
commonly used ionic liquids have been determined, at ambientionic liquids was prepared by metathesis reaction of the
pressure, in the temperature range from 293 K to 353 K. The appropriate [@mim]CI with Li[NTf 2] according to previously
ionic liquids studied include 1-alkyl-3-methylimidazolium bis- reported proceduréd.An analogous procedure was used to
(trifluoromethylsulfonyl)imides ([Gmim][NTf,]), for n= 2, 4, prepare [(GH13)sP(CraH29)][NTF 2] from [(CeH13)sP(CraH29)|Cl.

[Csmim][OTf] was prepared by metathesis reaction ofrf@n]-

* Corresponding author. Tel. No.+44 28 9097 4592. Fax. No444 28 Cl with LI[OTf] according to previously reported procled'UFéS-
9097 4687. E-mail: c.hardacre@qub.ac.uk. [Comim][EtSOy] was prepared by reacting 1-methylimidazole
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with diethyl sulfate according to previously reported proce- 0.19

dures!® Samples were washed 5 to 6 times using distilled water [ 1
to ensure removal of any remaining lithium chloride byproduct ~ %™ T A A . L,
or starting materials and dried overnight at’@@under a high 047 i ]

vacuum (0.1 Pa) prior to use. All ionic liquids were analyzed | |
by H and ¥C NMR and elemental analysis and showed 0.16 |- .
excellent agreement with the reported data. In addition, the water _ i M 1
content using Kar-Fischer titration and chloride content using & 015 ]

ion chromatography were measured prior to the measureffents. ‘g 014 i W

In all cases, the water mass fraction was found to be less than3

~

0.0008, and the chloride mass fraction was less thd@, < 043 | 4
unless otherwise stated. X m ]

Equipment and ProcedureThermal conductivity data were 0.12 |- .
measured using a KD2 Pro Thermal Properties Analyzer I 1
(Labcell Ltd., UK). The principle of measurement is based on %' N e T
the transient hot-wire methdd The meter consists of a thermal 040 T T
probe (1.3 mm diameter, 60 mm length), containing a heating 280 290 300 310 320 330 340 350 360
element and a thermoresistor, which should be inserted into the T/K

sample vertically, rather than horizontally, to minimize the Figure 1. Thermal conductivities of ionic liquids as a function of
possibility of inducing convection. The measurement is made temperature:m, [Comim][NTf2]; O, [Camim][NTf2]; ®, [Csmim][NTf];
by heating the probe within the sample while simultaneously ©: [Csmim][NTf2]; ®, [Ciomim][NTf2]; O, [Camim][OTH]; 4, [Comim]-
monitoring the temperature change of the probe. A microproces- [FtSQl: 4, [Campyrrl[FAP]; solid arrow pointing right, [@npyrr][NTf2];
sor, connected to the probe, is used to control the heating rate,"’ [CoH19)P(Cratoq)][NTT2]; ¥, [CeHag)sP(CraH29)]Cl. Lines correspond

’ ’ tg the fit of the data using eq 1. The fitted parameters are given in Table
measure the temperature change data, and calculate the thermg‘f_
conductivity based on a parameter-corrected version of the
temperature model given by Carslaw and Ja€&der an infinite Table 1. Thermal Conductivities, 4, of [Camim][NTf 5] lonic Liquids
line heat source with constant heat output and zero mass, in ar{o" " = 2. 4. 6, 8, and 10, in the Temperature Range from 293 K to

s . . . 53 K
infinite medium. For this model to accurately describe the —
physical behavior of a system, the heat source must closely AIW-m—-K™
approximate an infinitely long, thin line. Kuitenberg et!&l. TIK n=2 n=4 n==6 n=28 n=10
describe the solutions for a heated cylindrical source with anon- 293 0.130 0.128 0.127 0.128 0.132
negligible radius and finite length which is used for this probe. 303 0.130 0.127 0.127 0.128 0.131
Both models give equally good fit to the temperature ¢diat 313 0.129 0.127 0.127 0.128 0.130
; ; : " 323 0.129 0.126 0.126 0.126 0.129
differ slightly in value for the fitting parameters, and these
) o . 333 0.129 0.125 0.125 0.126 0.128
differences can be accounted for by the calibration, allowing 343 0.129 0.124 0.125 0.125 0.128
the former, more simple model to be used which has been 353 0.128 0.124 0.125 0.126 0.128

employed herein.

Approximately 50 crd of the sample to be analyzed was Figure 1 and summarized in Table 1, for theyf@m][NTf;]
sealed in a glass sample vial, and the probe was insertedionic liquids, and in Table 2, for the other ionic liquids. All of
vertically into the sample via a purpose-made port in the lid of the ionic liquids studied had similar thermal conductivities, each
the vial. The sealed vial was then fully immersed in a within the range 0.1 Wn~1-K~*to 0.2 Wm~1-K~%. Increasing
temperature-controlled water bath (Grant GD120) and allowed temperature was found to cause the thermal conductivities of
to equilibrate at the desired temperature. Once the sampleeach ionic liquid to decrease slightly, with a linear dependence
reached the required temperature, a further 15 min was allowedobserved over the temperature range investigated. Varying the
to pass before carrying out the measurement to ensure complet@lkyl chain lengthn, of the [Gmim][NTf;] ionic liquids had
equilibration. At least four measurements were taken at eachno significant effect on the thermal conductivity. However,
temperature, with a delay of at least 15 min between each changing the cation type resulted in a larger variation as shown
measurement, to ensure reproducibility. Before and after analysisby the difference between @im][NTf;], with a thermal
of the ionic liquid samples, the meter was calibrated using water conductivity of 0.128 Wm~-K~%, and [(GH13)sP(CiaH29)]-
and a standard sample of glycerol of known thermal conductiv- [NTf2], with a value of 0.144 \Wm~1-K~%, at 293 K. The anion
ity. Although it would have been preferable to also calibrate also had a significant effect on the thermal conductivity; for
the equipment using a liquid of a lower thermal conductivity example, replacing the anion from [NJf to [EtSQ)]~ caused
than the ionic liquids, such liquids also tend to have very low the thermal conductivity to increase from 0.136/#*-K~* to
viscosities and are susceptible to errors due to convective0.182 Wm™-K~1, at 303 K. Of all the ionic liquids studied,
currents. Therefore, it should be noted that because the calibra]Csmpyrr][NTf;] had the lowest thermal conductivity, with a
tion is an extrapolation rather than an interpolation there may value of 0.107 Wm~-K~* at 293 K. Again, the influence of
be some systematic error that has not been accounted for. Thdhe anion is clear because the thermal conductivity increases to
uncertainty of the thermal conductivity was estimated, from the 0.125 Wm~1-K~! when the anion is changed to [NJf.
standard deviations of experimental and calibration measure- The thermal conductivity data for the ionic liquids are
ments, to be+ 0.005 Wm~-K~L The uncertainty of the compared with those of a range of some commonly used

temperature is estimated to Bel K. molecular solvenfd in Figure 2. Similar values were found for
. . the ionic liquids and toluene, methanol, and ethylene glycol,
Results and Discussion whereas water showed a significantly higher thermal conductiv-

The thermal conductivity data for the 11 ionic liquids studied ity than the ionic liquids studied. It should be noted that
over the temperature range from 293 K to 353 K are given in convection effects were not thought to be significant in the case
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Table 2. Thermal Conductivities, 4, of Various lonic Liquids in the Temperature Range from 293 K to 353 K

AMWem~1.K-1

T/IK [C4smim][OTH] [Comim][EtSOy] [Campyrr][FAP] [Campyrr][NTF;] [(CeH13)3P(CraH29)][NTF 2] [(CeH13)3P(CiaH29)ICI
293 0.147 0.182 0.107 0.125 0.144 0.161
303 0.146 0.181 0.106 0.125 0.143 0.160
313 0.145 0.181 0.106 0.124 0.142 0.159
323 0.144 0.179 0.105 0.124 0.141 0.157
333 0.144 0.179 0.105 — 0.141 0.157

343 0.143 0.178 0.105 - 0.140 0.156

353 0.142 0.177 0.105 — 0.139 0.155

of the ionic liquid measurements. In general, convection is found directly measure thermal conductivity but measures the thermal
to lead to higher than expected thermal conductivities which diffusivity. The thermal conductivity, in this case, is then

increase with temperature due to the decrease in viscositycalculated from the measured thermal diffusivity and previously
leading to greater free convectiéh.However, the thermal reported values for heat capacity and density which may lead
conductivity of the ionic liquids was found to decrease with to increased errors from the multiple measurements. This is
increasing temperature, thus suggesting that convection was noparticularly true if the same sample of ionic liquid is not used

influencing the values obtained. for each value, as the value depends strongly on the purity of

Various attempts have been made to derive theoretical the ionic liquid used. The transient hot-wire method, used by
equations to explain observed values of thermal conductivities Van Valkenburg et a.and in the current study, is a direct and
in liquids, with many giving some qualitative agreement with absolute method of determining thermal conductivity, and
experimentally observed resufsln most cases, it is assumed therefore, sources of experimental error can more easily be
that heat is conducted through a liquid via longitudinal oscil- determined and minimized. A similar discrepancy is found
lations and that the thermal conductivity of the liquid decreases between the thermal conductivity of J@im][BF,] reported by
as the average distance between the centers of molecules i&an Valkenburg et al.and Frez et al® As found herein, the
increased. Although the ionic liquids studied all have signifi- transient grating technique gave a value which was around 15
cantly higher densities than most molecular liquitishis is % lower than when the transient hot-wire method was employed.
offset by the large size of their ions. Neutron diffraction and The general trends observed in this study, such as the effects
theoretical studies of imidazolium-based ionic liquids have of changing temperature or anion, are very similar to those
shown that the distance between the center of the cation andobserved by Van Valkenburg et@lmportantly, the results for
anion is typically >4 A25 resulting in the low thermal [Csdmim][NTf,] agree well with the data for [@im][NTf]-
conductivities compared with water, for example. based ionic liquids reported herein.

Figure 3 shows how the results obtained in this study compare For each of the ionic liquids studied, the thermal conductivity
with the experimental thermal conductivity data previously was found to be only weakly dependent on temperature, and
reported for ionic liquids. Direct comparisons can only be made the data could be fitted with a linear correlation of the form
with two experimental values presented by Frez é¢ @herein,

a transient grating technique was used to determine thermal
conductivities of [GmIM][NTf] at 295 K and [Gmim][NTf;]

at 298 K, with results of 0.12 Wwh=1-K -1 and 0.108 Wm—1-K—1, e o SUltl i : . -
respectively. In each case, the results are lower by 10 % for of the ionic liquids studied. This type of smple c_orr_elgﬂo_n was
[Comim][NTF] and by 20 % for [Gmim][NTf,] compared with also _applled by Van Valker_lburg_ etHlor various ionic Ilqmds
the measurements from the present study. This discrepancy ma)?nd is very useful for engineering calculations involving heat
be due to the fact that the transient grating technique does not

A=aT+b 1)

Table 3 summarizes the fitted parameterandb, for each
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TIK Figure 3. Comparison of plots of thermal conductivity,, against

Figure 2. Comparison of thermal conductivitk, against temperature
between some ionic liquidsa( [Comim][EtSQy); O, [Camim][NTTf]; A,
[Csmpyrr][FAP]) and literature correlatioAsfor molecular liquids ( ,
water, _ . _ . _,ethylene glycol; ............ , methanol;chn _ _ _toluene).

temperature between data from this stully [Comim][NTf;]; @, [Csmim]-
[NTf]) and other literature data for ionic liquids (Van Valkenburg €t al.
correlations: ____, [@nim][BF4]; __ _, [Cmim][BF]; ............ , [Gdmim]-
[NTf;] and Frez et al.0d, [Comim][NTf,]; O, [Cymim][NTf7]; A, [Csmim]-
[BF4]; v, [Camim][PFg]).
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Table 3. Parameters Obtained by Fitting Equation 1 to Thermal
Conductivity vs Temperature Data for Various lonic Liquids

10°a b
ionic liquid W-m~1-K~2 W-m~K~1
[Comim][NTf5] —2.857 0.1384
[Camim][NTf] —7.143 0.1489
[Cemim][NTH] —4.285 0.1398
[Cemim][NTf] —5.000 0.1429
[C10mim][NTf5] —7.143 0.1525
[Camim][OTHf] —7.857 0.1698
[Comim][EtSOy] —8.214 0.2061
[Campyrr][FAP] —3.214 0.1160
[Campyrr][NTf,] —2.900 0.1334
[(CeH13)sP(CraH29)][NTf 2] —7.857 0.1668
[(CeH13)3P(CiaH29)]CI —10.000 0.1902

Table 4. Effect of the Mass Fraction of Component 2w», on the
Thermal Conductivities, 4, of the Binary Mixtures [C smim][OTf] (1)
+ Water (2), [Comim][EtSO4] (1) + Water (2), and [Cemim][NTf 2]
(1) + [Cemim]Cl (2) at 293 K

AWem 1K1
[Camim][OTf] +  [Comim][EtSOQy] +  [Cemim][NTf,] +
W water water [Cemim]CI
0 0.147 0.181 0.128
0.01 0.150 0.181 0.128
0.05 0.157 0.190 0.129
0.10 0.173 0.201 0.130
0.20 0.221 0.232 0.132
0.50 0.356 0.352 0.139
0.70 0.440 0.445 0.151
1.00 0.607 0.607 0.172

2007

1.0

Figure 4. Plot showing the effect of the mass fraction of component 2,
Wo, on the thermal conductivitieg, of the binary mixturesat 293 K®,
[C4mim][OTH] (1) + water (2); M, [Comim][EtSOy] (1) + water (2); and

A, [Cemim][NTf] (1) + [Cemim]CI (2). Solid lines represent the fit of the
data by eq 2.

Conclusions

The thermal conductivities of a range of ionic liquids have
been determined over the temperature range from 293 K to 353
K. In general, the thermal conductivity behavior of ionic liquids
was found to be similar to organic molecular liquids, such as

transfer over a range of temperatures, particularly for the use methanol or toluene, and much lower than that reported for

of process simulation packages.

The effect of water content on the thermal conductivities of
[C4mim][OTf] and [C;mim][EtSOy] was studied, at 293 K, with
the results shown in Table 4 and plotted in Figure 4. The
addition of small amounts of water, up to a mass fraction of
0.01, had no significant effect on the ionic liquid thermal

water. Mole fractions of water up to 0.01 and mole fractions of
chloride up to 0.05 have been shown to have little effect on the
thermal conductivity of those ionic liquids studied; however,
beyond these mole fractions, both contaminants caused thermal
conductivity to increase. Wateionic liquid and ionic liquid-

ionic liquid binary systems were found to have thermal

conductivity; however, above this mass fraction, the thermal conductivities lower than the weighted average of the thermal
conductivity of the mixture increased but was always less than conductivities of the pure components. The Jamieson correlation
the mass fraction average of the thermal conductivities of the was found to adequately model the binary data.

pure components. This phenomenon is also commonly found
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