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Here we presented the heat capacities and electrical conductivities of four [Bmim (1-n-butyl-3-
methylimidazolium)]-based ionic liquids. The heat capacities were measured using a differential scanning
calorimeter in the temperature range from 303.2 to 358.2 K. The electrical conductivities were measured
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eywords:
eat capacity
lectrical conductivity

over temperature range from 293.2 to 353.2 K using conductivity meter. The estimated uncertainties of
heat capacity Cp and electrical conductivity � measurements were ±2% and ±1%, respectively. The mea-
surements were presented as a function of temperature. The temperature dependency of the Cp value
was correlated using an empirical equation. A modified version of Vogel–Tamman–Fulcher equation was
employed to describe the temperature dependency of � values. The correlations give satisfactory results.
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Bmim]-based ionic liquids The presented results wer

. Introduction

Solutions of alkanolamines are industrially important com-
ounds because they are effective on CO2 removal. But the used
f these compounds usually requires higher energy consumption
nd operational cost, and also comes with solvent pollutions. On
he other hand, in recent years, there has been a new class of com-
ound, termed as green solvents, which is now recognized as a
ersatile alternative to aqueous alkanolamine solutions. This class
s known as ionic liquids (ILs). ILs are organic salts that are liquids at
mbient temperature and because of their unique properties, such
s low volatility, non-flammability, high thermal stability, and high
olvation capacity [1–3], they have attracted a number of research
roups such that these groups are now doing a systematic measure-
ent and collection of the thermophysical and transport properties

f ILs [4–16].
The heat capacity Cp and electrical conductivity � are two of

he basic pure component properties for any substance and its
nowledge is essential for many engineering applications. For most
Ls these values are still lacking. For the Cp data, the thorough
tudied ILs were those of ammonium-, pyridinium-, pyrrolidinium-

bis[(trifluoromethyl)sulfonyl]amide- and imidazolium-based ILs
2,4,6,12–15,17–26]. In the Cp measurement of imidazolium-
ased ILs most of the work clustered on hexyl- and butyl-
-methylimidazolium, but on a limited range of temperatures
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ood agreement with the available literature data.
© 2008 Elsevier B.V. All rights reserved.

nd pressures [2,12–15,17]. As for the � data, only those
f ammonium, pyrrolidinium, bis[(trifluoromethyl)sulfonyl]amide
ere the widely studied, not much on imidazolium-based ILs

5,9,11,26–31]. Hence, heat capacities and electrical conductivi-
ies for four [Bmim]-based ILs have been investigated on this
ork. The investigated ILs were [Bmim][BF4 (tetrafluoroborate)],

Bmim][PF6 (hexafluorophosphate)], [Bmim][MeSO4 (methylsul-
ate)], and [Bmim][CF3SO3 (trifluoromethanesulfonate)]. The heat
apacities were measured over the temperature range from 303.2
o 358.2 K and standard pressure, the electrical conductivities over
emperature range from 293.2 to 353.2 K and standard pressure.

. Experimental

.1. Sample

All ILs used in this work were supplied by TCI Co. except
or [Bmim][MeSO4] which was from STREM Co. Table 1 shows
he purity of the investigated ILs. Among the many reasons for
ifferences in most experimental data for some thermodynamic
roperties of ILs the question of purity especially the water content
f the investigated samples is one of the most serious. In this
egard, the water content of the investigated ILs are also presented
n Table 1. Fig. 1 shows the structures of the investigated ILs.

he ILs were used without further purification. The liquid water
sed for the calibration of the calorimeter was deionized, with a
esistivity of 18.3 M �cm and with a total organic carbon content
f less than 15 ppb, produced by Barnstead Thermodyne, model
asy Pure 1052. The standard KCl solution used for the calibration

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:mhli@cycu.edu.tw
dx.doi.org/10.1016/j.tca.2008.10.015


Y.-H. Yu et al. / Thermochimica Acta 482 (2009) 42–48 43

Table 1
Ionic liquids investigated in this work.

Ionic liquid Abbreviation Purity Water content

1-Butyl-3-methylimidazolium tetrafluoroborate [Bmim][BF4] ≥0.990 ≤0.002
1-Butyl-3-methylimidazolium hexafluorophosphate [Bmim][PF ] ≥0.990 ≤0.002
1-Butyl-3-methylimidazolium methylsulfate [Bmim
1-Butyl-3-methylimidazolium trifluoromethanesulfonate [Bmim
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n the number of data points. On the basis of comparison with liter-
ature values for water, the uncertainty of the Cp measurements is
estimated to be ±2%.

After the calibration process, the Cp values of four [Bmim]-
based ionic liquids were measured for temperatures ranging from

Table 2
Heat capacity Cp of liquid water.

T (K) Heat capacity, Cp (J g−1 K−1)

Osborne et
al. [33]

This study

Run 1 Run 2 Run 3 Run 4 Run 5 Mean value

303.2 4.1785 4.20 4.17 4.17 4.18 4.20 4.18 ± 0.013
308.2 4.1782 4.20 4.17 4.17 4.18 4.19 4.18 ± 0.013
313.2 4.1786 4.20 4.17 4.17 4.18 4.19 4.18 ± 0.012
318.2 4.1795 4.20 4.17 4.17 4.18 4.20 4.18 ± 0.013
323.2 4.1807 4.20 4.17 4.17 4.19 4.20 4.19 ± 0.013
328.2 4.1824 4.200 4.18 4.17 4.19 4.20 4.19 ± 0.012
333.2 4.1844 4.20 4.18 4.18 4.19 4.20 4.19 ± 0.012
Fig. 1. Cation and anions of the investigated ionic liquids.

f the conductivity meter was supplied by Merck, with c = 0.1 N
nd electrolytic conductivity of 1.415 mS cm−1 at 298.15 K.

.2. Heat capacity measurements

The heat capacity was measured using the differential scanning
alorimeter (DSC) consisting of a DSC-2010 and a thermal analysis
ontroller from TA Instruments. The DSC operating range is from
he room temperature to 998.15 K. Both the temperatures and the
eat flow associated with transitions in materials can be easily and
apidly measured with the system. The DSC operates with a tem-
erature repeatability of ±0.1 K. Calorimetric sensitivity is 1 �W
rms). The calorimetric precision is ±1% based on measurements
f metal samples. The purge gas is nitrogen with a flow rate of
0 mL min−1. The heating rate was set to be 5 K min−1. By using the
ample encapsulating press, the liquid sample was prepared within
hermetic sample pan. The internal volume of the hermetic pan is
pproximately 10 mm3. Sample mass is in the range of 15–20 mg.
ive replicate runs were carried out for each measurement. The
pparatus and the experimental procedures were the same as those
escribed by Chiu et al. [32].
.3. Electrical conductivity measurements

The electrical conductivity was measured using SC-170 con-
uctivity meter manufactured by Suntex. The uncertainty of the
onductivity measurement is ±1% for readings below 50 mS cm−1.

3
3
3
3
A

6

][MeSO4] ≥0.980 ≤0.009
][CF3SO3] ≥0.981 ≤0.007

he temperature was monitored using digital thermometer (model
002, CROPICO), with an uncertainty of ±0.01 K. A fixed volume of
ample (3 mL) was placed in a test tube and was placed in a water
ath where the temperature was controlled. The conductivity cell
as first adjusted to 0 in the air followed by the calibration of stan-
ard KCl solution before it was put in the sample to be measured.
he calibration of this equipment is the same as those described
y Widegren et al. [5]. The conductivity cell was then washed by
eionized water and ethanol to remove any adhering IL, and dried.
o preserve the conductivity cell it was placed in water or in dry
ir before used for the next measurement. The measurements were
one in five replicate runs.

. Results and discussion

.1. Heat capacity

The equation used to evaluate the Cp were the same as those
escribe by Chiu et al. [32]. To justify the accuracy of the DSC, the Cp

f liquid water was measured and compared to the data of Osborne
t al. [33]. They [33] were able to measure the heat capacity of
ater with an uncertainty of ±0.0001 to ±0.0002 J g−1 K−1 at close

ntervals of temperature (1 K) by using a large adiabatic calorimeter.
able 2 shows the comparison of Cp data between Osborne et al. [33]
nd this work. The present experimental results for water were in
ood agreement with the Cp values of Osborne et al. [33] as shown
y an average absolute percentage deviation (AAD%) of 0.11. The
AD% was defined as

AD% = 1
n

n∑
i

|(εlit − εexpt)|i
εlit

(1)

here εlit is the literature value, εexpt the experimental value, and
38.2 4.1868 4.20 4.18 4.18 4.19 4.20 4.19 ± 0.012
43.2 4.1896 4.21 4.18 4.18 4.19 4.21 4.19 ± 0.012
48.2 4.1928 4.21 4.19 4.18 4.20 4.21 4.20 ± 0.012
53.2 4.1964 4.21 4.19 4.19 4.20 4.21 4.20 ± 0.012
AD% 0.11



44 Y.-H. Yu et al. / Thermochimica Acta 482 (2009) 42–48

Table 3
Heat capacity Cp of the investigated ionic liquids.

T (K) Heat capacity, Cp (J g−1 K−1)

[Bmim][BF4] [Bmim][PF6]a [Bmim][MeSO4] [Bmim][CF3SO3]

293.2 1.523b – 1.906b 1.606b

298.2 1.640c – 1.831c 1.720c

303.2 1.63 ± 0.006 1.45 ± 0.013 1.50 ± 0.009 1.54 ± 0.010
308.2 1.64 ± 0.003 1.47 ± 0.018 1.52 ± 0.008 1.54 ± 0.011
313.2 1.65 ± 0.004 1.48 ± 0.017 1.53 ± 0.008 1.55 ± 0.012
318.2 1.66 ± 0.005 1.49 ± 0.016 1.53 ± 0.007 1.56 ± 0.013
323.2 1.67 ± 0.009 1.49 ± 0.017 1.54 ± 0.007 1.57 ± 0.014
328.2 1.68 ± 0.008 1.50 ± 0.016 1.55 ± 0.008 1.57 ± 0.015
333.2 1.69 ± 0.005 1.51 ± 0.016 1.56 ± 0.007 1.58 ± 0.014
338.2 1.70 ± 0.005 1.52 ± 0.016 1.57 ± 0.008 1.59 ± 0.015
343.2 1.71 ± 0.008 1.53 ± 0.016 1.57 ± 0.007 1.60 ± 0.015
348.2 1.72 ± 0.008 1.55 ± 0.017 1.59 ± 0.008 1.61 ± 0.017
353.2 1.73 ± 0.007 1.56 ± 0.015 1.59 ± 0.007 1.62 ± 0.017
358.2 1.74 ± 0.008 1.56 ± 0.009 1.60 ± 0.009 1.63 ± 0.018

a No estimated values from Chueh and Swanson [35] and Missenard [34] due to
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Fig. 2. Heat capacity of [Bmim][BF4]: (�) this work; (�) Missenard [34]; (�) Chueh
and Swanson [35]; (♦) Rebelo et al. [25]; (�) Kim et al. [13]; (�) Fredlake et al. [14];
(©) Waliszewski et al. [6]; (�) van Valkenburg et al. [8].

Fig. 3. Heat capacity of [Bmim][PF6]: (�) this work; (�) Holbrey et al. [2]; (�) Kabo
et al. [38]; (♦) Fredlake et al. [14]; (�) Troncoso et al. [10].
nsufficient data.
b Estimated from Chueh and Swanson [35].
c Estimated from Missenard [34].

03.2 to 358.2 K. For systems, in which literature values of heat
apacities were available, a comparison was made to assure that
he measured data in this study were correct. For the purpose
f comparison, Cp values for the investigated ILs were estimated
rom the group contribution methods of Missenard [34] and
hueh and Swanson [35] but due to the limited temperature
ange and group contributions of elemental and functional group
arameters, the calculated Cp values from the group contribu-
ion method was not totally apply to the specified temperature
ange and to some ionic liquids. For instance in the evaluation
f Cp for [Bmim][BF4], the estimated Cp values from Missenard
34] and Chueh and Swanson [35] group contribution methods
ere evaluated only at temperatures 298.2 and 293.2 K, respec-

ively, furthermore, since there is no available elemental parameter
or boron (B), the work of Benson [36] was considered to evalu-
te the elemental contribution of B. Furthermore, since there is
o available elemental parameter for phosphorous (P), the Cp for
Bmim][PF6] using the group contribution methods were not able to
valuate.

The measured Cp values for the investigated ILs along with the
stimated values from the group contribution methods of Misse-
ard [34] and Chueh and Swanson [35] were presented in Table 3
nd also shown from Figs. 2 to 6. Fig. 2 shows the measured Cp

alues of [Bmim][BF4] from this work along with the available
iterature values. As seen from this figure, the measured Cp of
Bmim][BF4] in this work were consistent with the data of Wal-
szewski et al. [6] and Rebelo and co-workers [37]. The Cp data of
an Valkenburg et al. [8] and Fredlake et al. [14] appear to have
lower Cp values compared to Waliszewski et al. [6], Rebelo and

o-workers [37], and this work. On the other hand, the Cp data of
im et al. [13] appear to have a higher Cp values compared to Wal-

szewski et al. [6], Rebelo and co-workers [37] and this work. The
alues of Cp obtained from the group contribution method of Chueh
nd Swanson [35] at 293.2 K was a little consistent with the data of
aliszewski et al. [6], Rebelo and co-workers [37], and this study
hile the group contribution method of Missenard [34] at 298.2 K
as consistent with the data point of Fredlake et al. [14]. The tem-
erature dependence of the Cp values from this work were slightly
eaker compared to that of the data of Waliszewski et al. [6] and

ebelo and co-workers [37].

Fig. 3 shows the measured Cp data of [Bmim][PF6] from this work
long with the available literature values. As shown in this figure,
he present Cp data of [Bmim][PF6] from this work were in good

Fig. 4. Heat capacity of [Bmim][MeSO4]: (�) this work; (�) Missenard [34]; (�)
Chueh and Swanson [35]; (♦) Fernandez et al. [15].
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Table 4
Calculation of heat capacity of the investigated ionic liquids using Eq. (2).

System T (K) No. of data points Reference (AAD%)a

[Bmim][BF4] 278.15–333.15 12 [25] 0.25
283.15–358.15 16 [6] 0.14
303.2–358.2 12 This study 0.10

[Bmim][PF6] 300.05–524.87 1528 [38] 0.23
289.1–309.15 11 [10] 0.41
303.2–358.2 12 This study 0.27

[Bmim][MeSO4] 303.2–358.2 12 This study 0.08

[Bmim][CF3SO3] 315.15–425.15 23 [4] 0.09
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ig. 5. Heat capacity of [Bmim][CF3SO3]: (	) this work; (�) Missenard [34]; (�)
hueh and Swanson [35]; (♦) Fredlake et al. [14]; (�) Diedrichs and Gmehling [4].

greement with the data of Troncoso et al. [10] and Kabo et al. [38].
he Cp data of Holbrey et al. [2] and Fredlake et al. [14] seem to have a
ower Cp values compared to Troncoso et al. [10], Kabo et al. [38], and
his work. The group contribution methods of Chueh and Swanson
35] and Missenard [34] were not able to apply due to insufficient
ata, as previously discussed. The temperature dependence of the
p values obtained from this work were slightly weaker compared
o that of Troncoso et al. [10] and Kabo et al. [38].

The measured Cp data of [Bmim][MeSO4] from this work
ogether with the available literature value is shown in Fig. 4. In
his figure, the Cp values of Fernandez et al. [15] were very incon-
istent with the measured Cp values from this work. The obtained
p values from the group contribution methods [34,35] were a bit
loser to the measured Cp values from this work. The temperature
ependence of the Cp values from this work were weaker compared
o the Cp values of Fernandez et al. [15]. Fig. 5 shows the measured

p data of [Bmim][CF3SO3] from this work along with the available

iterature values. The measured Cp data of [Bmim][CF3SO3] from
his work were in excellent agreement with the data of Diedrichs
nd Gmehling [4] while the Cp data of Fredlake et al. [14] appear

ig. 6. Heat capacity of [Bmim]-based ionic liquids (in molar basis): ((�)
Bmim][BF4]; (�) [Bmim][PF6]; (�) [Bmim][MeSO4]; (�) [Bmim][CF3SO3]) exper-
mental results from this work; and solid lines, calculated using Eq. (2).
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303.2–358.2 12 This study 0.06

verall 1638 0.22

a Calculated from Eq. (2).

o have a lower Cp values. The temperature dependence of the Cp

alues from this work were almost similar with that of Diedrichs
nd Gmehling [4].

In Fig. 6, the values of Cp for the four [Bmim]-based ILs were
hown. Among the four ILs, [Bmim][BF4] was observed to have the
trongest temperature dependence of Cp while [Bmim][MeSO4] has
he weakest temperature dependence of Cp. At 333.2 K, the values of
p for [Bmim]-based ILs were in the following order: 1.689 J g−1 K−1

[Bmim][BF4]) > 1.583 J g−1 K−1 ([Bmim][CF3SO3]) > 1.556 J g−1 K−1

[Bmim][MeSO4]) > 1.514 J g−1 K−1 ([Bmim][PF6]). Fig. 6 also shows
he influence of molecular size in the temperature dependence of
he Cp. In this figure, it is clearly seen that as the molecular weight
ncreases so as the values of Cp. These observed results are the
xpected behavior (lower size requires lower energy to break the
onds, and so lower Cp values).

For the purpose of comparison and application, the measured
p values of four [Bmim]-based ILs were expressed as a function of
emperature as follows:

p = a1 + a2T + a3T2 (2)

here Cp is in (J g−1 K−1) and T is in K. The parameters ai were
etermined by fitting all the data from this work and from
vailable literature data that were consistent with the present
easurements. For instance, in the case of [Bmim][BF4] the data

f Waliszewski et al. [6] and Rebelo and co-workers [37] were
ncluded in determining the parameters ai and for the case of
Bmim][MeSO4] only the Cp data from this work were used to
etermine the parameters ai. Table 4 presents the calculation of
p using Eq. (2) from the selected Cp data. As presented in Table 4,
he agreement of Cp measurements among different investigators
s very satisfactory. The determined empirical parameters ai for the
nvestigated ILs are presented in Table 5. The determined empirical
arameters ai for each IL represented well the present experimen-
al data and the selected literature data as shown by the overall

AD% of about 0.22 for a total of 1638 data points. The present
mpirical equation for Cp is the generalization of the Cp measure-
ents by different investigators. This empirical equation can be

pplied over a wide range of temperature as it correlated well the
ew experimental results and the selected available literature data.

able 5
arameters ai of Eq. (2) for the investigated ionic liquids.

ystem a1
a (J g−1 K−1) a2

a (×103 J g−1 K−2) a3
a (×106 J g−1 K−3)

Bmim][BF4] 0.68274 4.0220 −2.9883
Bmim][PF6] 0.36792 4.7037 3.7784
Bmim][MeSO4] 1.34187 −4.6701 3.3367
Bmim][CF3SO3] 1.20130 0.5791 1.7072

a Cp = a1 + a2T + a3T2.
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Fig. 8. Electrical conductivity of [Bmim][BF4]: (�) this work; (�) Nishida et al. [31];
(�) Tokuda et al. [9].

Fig. 9. Electrical conductivity of [Bmim][PF6]: (�) this work; (�) Widegren et al.
[5]; (�) Tokuda et al. [9]; (♦) Kanakubo et al. [28].
ig. 7. A sample measurement of electrical conductivity � for the standard KCl solu-
ion: (�) this work; and (�) analyzed values by the Merck Calibration Laboratory for
H value and electrical conductivity.

.2. Electrical conductivity

To justify the accuracy of the conductivity meter, the � values of
he standard solution of KCl were measured. Fig. 7 shows a sample of
he measured � values of KCl solution along with the � values of the
tandard solution. The measured � values of the standard solution
ere made sure very consistent with the � values of the standard

olution (which was analyzed by the Merck Calibration Labora-
ory for pH value and electrical conductivity). These measurements
ere done before beginning each sample’s measurements to ensure

hat the conductivity cell was functioning properly.
The � values of the investigated ionic liquids were measured

or temperatures ranging from 293.2 to 353.2 K. For systems, in
hich literature values of electrical conductivities were available, a

omparison was also made to show that the measured data in this
ork were correct. The present measurements of � values were
resented in Table 6 and also shown from Figs. 8 to 11.

Fig. 8 shows the measured � values of [Bmim][BF4] together
ith the available literature data. The present measurements of �

or [Bmim][BF4] were in excellent agreement with the � data of
ishida et al. [31] and Tokuda et al. [9], as shown in Fig. 8. The
easured � values of [Bmim][PF6] along with the literature data is
hown in Fig. 9. In this figure, the obtained � data from this work
ere in good agreement with the data of Widegren et al. [5] and

okuda et al. [9]. The � data of Kanakubo et al. [28] seem be a little
ower than the � data of Widegren et al. [5], Tokuda et al. [9], and

able 6
lectrical conductivity � of the studied ionic liquids.

(K) Electrical conductivity, � (S m−1)

[Bmim][BF4] [Bmim][PF6] [Bmim][MeSO4] [Bmim][CF3SO3]

03.2 0.295 ± 0.008 0.114 ± 0.0012 0.217 ± 0.010 0.230 ± 0.009
08.2 0.364 ± 0.009 0.149 ± 0.0012 0.276 ± 0.009 0.286 ± 0.010

313.2 0.446 ± 0.004 0.193 ± 0.003 0.348 ± 0.011 0.358 ± 0.040
318.2 0.542 ± 0.005 0.245 ± 0.009 0.430 ± 0.007 0.437 ± 0.010
23.2 0.651 ± 0.006 0.308 ± 0.0013 0.522 ± 0.008 0.521 ± 0.010
28.2 0.783 ± 0.002 0.383 ± 0.0013 0.626 ± 0.011 0.619 ± 0.009
33.2 0.926 ± 0.003 0.468 ± 0.009 0.741 ± 0.008 0.724 ± 0.009
38.2 1.081 ± 0.001 0.556 ± 0.011 0.867 ± 0.010 0.841 ± 0.010
43.2 1.251 ± 0.002 0.664 ± 0.009 1.008 ± 0.011 0.967 ± 0.010
48.2 1.669 ± 0.007 0.917 ± 0.013 1.318 ± 0.007 1.255 ± 0.010
53.2 2.180 ± 0.001 1.214 ± 0.009 1.667 ± 0.008 1.575 ± 0.010 Fig. 10. Electrical conductivity of [Bmim][CF3SO3]: (�) this work; (�) Tokuda et al.

[9].
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Fig. 11. Electrical conductivity of [Bmim]-based ionic liquids: ((�) [Bmim][BF4]; (�)
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Table 7
Calculation of electrical conductivity of the investigated ionic liquids using Eq. (3).

System T (K) No. of data points Reference (AAD%)a

[Bmim][BF4] 298.1 1 [31] 1.62
263.1–373.1 10 [9] 6.84
293.2–353.2 11 This study 1.17

[Bmim][PF6] 288.15–323.15 5 [5] 3.16
263.1–373.1 10 [9] 4.86
293.2–353.2 11 This study 0.43

[Bmim][MeSO4] 293.2–353.2 11 This study 0.17

[Bmim][CF3SO3] 263.1–373.1 10 [9] 2.94
293.2–353.2 11 This study 0.31

Overall 97 1.92

a Calculated from Eq. (3).

Table 8
Parameters �∞ , Ea , and Tg of Eq. (3) for the investigated ionic liquids.

System �∞ (S m−1)a Ea (meV)a Tg (K)a

[Bmim][BF4] 379.90 94.13 141.46
[Bmim][PF6] 228.11 86.62 161.04
[
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were successfully correlated using an empirical and a modified VTF-
type equation, respectively. The developed correlations for Cp and
Bmim][PF6]; (�) [Bmim][MeSO4]; (�) [Bmim][CF3SO3]) experimental results from
his work; and solid lines, calculated using Eq. (3).

his work. Fig. 10 shows the measured � values of [Bmim] [CF3SO3]
ogether with the available literature data of Tokuda et al. [9]. As
hown in this figure, the present measurements of � were also in
xcellent agreement with the available literature data of Tokuda et
l. [9]. There was no comparison made for [Bmim][MeSO4] since
here is still no available literature data.

The present measurements of � for the four [Bmim]-based ILs
re shown in Fig. 11. As seen in this figure, among the investigated
Ls, [Bmim][BF4] has the largest value of � while [Bmim][PF6]
as the smallest � value. The measured � data for all the studied

Ls has strong temperature dependence of �. The trend of this
emperature dependence was exponential. An over lapping of mea-
ured � was observed for [Bmim][MeSO4] and [Bmim][CF3SO3] at
emperature range of 293.2–333.2 K. At 343.2 K, the values of � for
Bmim]-based ILs were in the following order: 1.669 S m−1

[Bmim][BF4]) > 1.318 S m−1 ([Bmim][MeSO4]) > 1.255 S m−1

[Bmim][CF3SO3]) > 0.917 S m−1 ([Bmim][PF6]). From the obtained
xperimental results, the influence of the anion sizes in the
emperature dependence of the electrical conductivity was also
nterpreted. Generally, lower size molecules usually mean higher
onic mobility and so higher electrical conductivity. This was
enerally the major observation in the studied ILs as shown in
ig. 11, with some inconsistent behavior in the case of [Bmim][PF6]
nd [Bmim][CF3SO3] with molecular weights of 284.18 and 288.29,
espectively. This same behavior, the increase of � value with the
nion size had been observed and explained previously by Vila
t al. [39] when studying the electrical conductivity of highly
oncentrated aqueous solution of aluminum halide salts and
midazolium-based ionic liquids. They [39] argued that while
he surface electrical charge density decreases with increasing
he anion size, the mobility of the anion inside a liquid plenty
f free ions is augmented. Furthermore, in that work, Vila et al.
39] concluded that the anion size has two effects in electrical
onductivity, i.e., the decrease of the surface electrical charge
ensity and the effect of size for dynamical movement (hopping to
djacent holes).

For the purpose of comparison and application, the � values

f [Bmim]-based ILs were estimated using the method employed
y Vila et al. [7], in which a modified version of VTF-type
Vogel–Tamman–Fulcher) equation was used and is represented

�
d
t

Bmim][MeSO4] 82.35 58.58 178.85
Bmim][CF3SO3] 79.45 61.68 170.75

a � = �∞ exp[−Ea/kB(T − Tg)].

s

= �∞ exp

[
− Ea

kB(T − Tg)

]
(3)

here �∞ is the maximum electrical conductivity (that it would
ave at infinite temperature), Ea the activation energy for electrical
onduction (which indicates the energy needed for an ion to hop to
free hole), kB the Boltzmann’s constant, and Tg the glass transition

emperature.
Using Eq. (3), the parameters �∞, Ea, and Tg were determined

y fitting the present � data and selected literature data, in which
ame criteria were used in the selection as discussed previously.
able 7 presents the calculation of � using Eq. (3) from the different
nvestigators. As presented in Table 7, the agreement of � measure-

ents among different investigators is satisfactory. The determined
arameters �∞, Ea, and Tg for the investigated ionic liquids are pre-
ented in Table 8. The determined parameters �∞, Ea, and Tg for
ach ionic liquid correlated well the present results and the avail-
ble literature data as shown by the overall AAD% of about 1.92 for a
otal of 97 data points. It was also observed in Table 8 that the maxi-

um conductivity value, �∞, the maximum Ea and the minimum Tg

orrespond to [Bmim][BF4]. Overall, the present equation for � was
he conclusion of � measurements done by different investigators
nd can be applied over the studied temperature range.

. Conclusions

The heat capacities and electrical conductivities of four [Bmim]-
ased ILs were measured for temperature up to 353.15 K using
DSC and a commercial conductivity meter, respectively. The Cp

nd � values from this work are in good agreement with avail-
ble experimental data. The measured Cp and � of each IL was
xpressed and correlated as a function of temperature. The tem-
erature dependency of the present measurements for Cp and �
were the generalizations of the Cp and � measurements done by
ifferent investigators and it could be applied over a wide range of
emperature. The results of this work can be applied to numerous
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