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a b s t r a c t

As a continuation of our systematic study on physicochemical characterization of aqueous solu-
tion of ionic liquids, new measurements of molar heat capacity for aqueous solutions of four ionic
liquids were reported. The investigated ionic liquids were 1-butyl-3-methylimidazolium chloride,
1-butyl-3-methylimidazolium bromide, 1-butyl-2,3-dimethylimidazolium tetrafluoroborate, and 1-
butyl-2,3-dimethylimidazolium hexafluorophosphate. The molar heat capacities were measured at
eywords:
queous ionic liquid mixture
xcess molar heat capacity
olar heat capacity

edlich–Kister equation

standard pressure and over the temperature range (303.2–353.2) K using a differential scanning calorime-
ter (DSC) having an estimated experimental uncertainty of about ±2% with liquid water as reference. The
measured molar heat capacities were reported as function of temperature and composition and the excess
molar heat capacities were calculated using a Redlich–Kister type equation. For the studied ionic liquids,
results showed variations in the dependence of the excess molar heat capacities on temperature and
composition. The applied correlation satisfactorily represented the molar heat capacity measurements
as shown by an acceptable overall average deviation of 0.09%.
. Introduction

Room-temperature ionic liquids (RTILs) are regarded to as
romising green alternatives to volatile organic solvents. They
re organic salts that consist entirely of ions and liquid at or
elow room temperature. They posses unique properties, includ-

ng wide liquid range, extremely low vapor pressure, high thermal
tability, high solvation capacity, and non-flammability, which sug-
est their possible applications in a wide variety of industrial
nd chemical processes [1]. Several studies reported that RTILs
ave the potential as absorption media in CO2 capture, as work-

ng fluids in electrochemical processes (i.e., batteries, capacitors,
tc.), and as heat-transfer or thermal fluids [2–6] and the use
f their aqueous mixtures in such applications maybe inevitable
7].

The suitability of RTILs for use as working fluids for a specific
rocess depends greatly on their physical and thermodynamic
roperties. These parameters will be vital in the process design.
or heat-transfer applications, for instance, one of the relevant

roperties is the heat capacity. This property indicates the ability
f the substance to store heat; thus, it can be used to assess
he efficacy of the substance as a thermal fluid. Several papers
eported heat capacity data for a number of pure RTILs for a
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variety of temperature ranges [1,2,4,8–13] while only few reported
those of aqueous RTIL solutions. On the latter, available data
are for water + RTIL solutions of 1-butyl-3-methylimidazolium
tetrafluoroborate, 1-butyl-3-methylpyridinium tetrafluoroborate,
1-n-butyl-3-methylimidazolium bromide, 1-butyl-3-methylimi-
dazoliumtosylate, 1-butyl-3-methylimidazolium hexafluoropho
sphate, 1-ethyl-3-methylimidazolium ethylsulfate, 1-ethyl-3-
methylimidazoliummethylsufate, 1-butyl-3-methylimidazolium
trifluoromethanesulfonate, 1-ethyl-3-methylimidazolium triflu-
oromethanesulfonate (or triflate), 1-ethyl-3-methylimidazolium
trifluoroacetate, 1-ethyl-3-methylimidazolium dicyanamide, and
1-ethyl-3-methylimidazolium 2-(2-methoxyethoxy) ethylsulfate
[7,8,10,14–18]. In fact of the four studied systems in this work, only
that of 1-butyl-3-methylimidazolium bromide + water systems are
available [10].

Thus, in this work, the molar heat capacities, CP, of aqueous
mixtures of the RTILs 1-butyl-3-methylimidazolium chloride
[Bmim][Cl], 1-butyl-3-methylimidazolium bromide [Bmim][Br],
1-butyl-2,3-dimethylimidazolium tetrafluoroborate [Bdmim]
[BF4], and 1-butyl-2,3-dimethylimidazolium hexafluorophosphate
[Bdmim][PF6] were determined at standard pressure, within
the temperature range (303.15–353.15) K and over the entire

range of mole fraction depending on the solubility of the RTIL in
water. Also the excess molar heat capacity, CE

P , was calculated
using a Redlich–Kister type equation and the dependences of
the measured CP and calculated CE

P on system’s temperature and
composition were presented.

dx.doi.org/10.1016/j.tca.2011.02.027
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.2011.02.027
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Table 1
Ionic liquids investigated in this study and their melting points.

Ionic liquid Abbreviation Melting point (◦C)a

1-Butyl-3-methylimidazolium
chloride

[Bmim][Cl] 57

1-Butyl-3-methylimidazolium
bromide

[Bmim][Br] 73

1-Butyl-2,3-dimethylimidazolium
tetrafluoroborate

[Bdmim][BF4] 32

1-Butyl-2,3-dimethylimidazolium [Bdmim][PF6] 38
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Table 2
Molar heat capacities of [Bmim][Cl] (1) + H2O (2) solutions.

Molar heat capacity, CP/(J mol−1 K−1)
T/K x1 = 0.20 x1 = 0.40 x1 = 0.60 x1 = 0.80

303.2 125.6 ± 1.2a 170.2 ± 0.7 218.6 ± 0.2 272.6 ± 3.6
308.2 126.7 ± 1.2 171.6 ± 0.5 220.0 ± 0.2 274.4 ± 3.7
313.2 127.7 ± 1.2 173.0 ± 0.5 221.8 ± 0.2 276.3 ± 3.5
318.2 128.6 ± 1.1 174.5 ± 0.7 223.9 ± 0.3 279.3 ± 3.5
323.2 129.9 ± 1.1 176.2 ± 0.5 225.9 ± 0.7 280.9 ± 3.5
328.2 130.9 ± 1.1 177.6 ± 0.5 228.0 ± 0.4 282.9 ± 3.7
333.2 131.8 ± 0.9 179.0 ± 0.5 230.0 ± 0.3 285.5 ± 3.3
338.2 133.1 ± 1.0 180.5 ± 0.5 232.0 ± 0.2 288.2 ± 3.6
343.2 133.8 ± 0.9 182.2 ± 0.1 234.1 ± 0.2 290.5 ± 3.5
hexafluorophosphate

a The values are as reported by the supplier and were measured before the sam-
les’ purification.

. Experimental

.1. Chemicals

The RTILs used in this work, i.e. 1-butyl-3-methylimidazolium
hloride (purity ≥ 99%) and 1-butyl-2,3-dimethylimidazolium
etrafluoroborate (purity ≥ 99%), 1-butyl-3-methylimidazolium
romide (purity ≥ 98%), and 1-butyl-2,3-dimethylimidazolium
exafluorophosphate (purity ≥ 97%), were purchased, respec-
ively, from Alfa Aesar, ACROS, and Fluka. Each sample was
acuum dried for a minimum of 4 days to remove any volatile
mpurities and the water content was measured using a Mettler
oledo Karl-Fischer titrator (model DL31). The water content of
ach sample after drying was found to be ≤0.005 (mass frac-
ion). Type I reagent grade deionized water with resistivity of
8.3 M� cm, processed in a Barnstead Thermolyne ultrapure water
ystem (model EasyPure 1052), was used to calibrate the DSC and
o prepare the aqueous solutions. All weight measurements were
erformed on a Mettler Toledo digital balance (model AL204) with
n accuracy of ±1 × 10−4 g.

All RTILs used were solid at room temperature (see melt-
ng point values in Table 1). Among the four, only two systems

ere found to be totally soluble in water, i.e. [Bmim][Cl] and
Bdmim][BF4]. Therefore, for the binary systems of [Bmim][Cl]
1) + H2O (2) and [Bdmim][BF4] (1) + H2O (2) solutions were pre-
ared at (x1 = 0.20, 0.40, 0.60, and 0.80) while for [Bmim][Br]
1) + H2O (2) and [Bdmim][PF6] (1) + H2O (2), the mole fractions
x1 = 0.10, 0.20, 0.30, 0.40, 0.50, and 0.60) and (x1 = 0.80, 0.85, 0.90,
nd 0.95) were considered, respectively.

.2. Measurement of molar heat capacity

The CP was measured using a differential scanning calorime-
er (Model DSC-2010) equipped with a thermal analysis controller
rom TA Instruments. The apparatus and the experimental proce-
ures were described in the previous work of Chiu et al. [19] and
ome pertinent details are repeated in the succeeding paragraphs.

By creating a baseline profile, a standard sample profile, and
sample profile, the specific heat of a substance can be deter-
ined conveniently and rapidly with a DSC. The thermograms were

lotted via the data analysis program and the specific heat of the
onsidered sample was determined by measuring the difference in
-axis displacement (calorimetric differential) between the sample
nd blank curves at any desired temperature. The specific heat of
he sample, CP, in J g−1 K −1 was calculated using the equation

P =
[

60E

Hr

]
�H

m
(1)
here E is the cell calibration coefficient at the systems’ temper-
ture, Hr the heating rate (K min −1), �H the difference in y-axis
eflection between sample and blank curves at the systems’ tem-
erature (mW), and m the sample mass (mg). In Eq. (1), the quantity
348.2 135.2 ± 0.9 183.6 ± 0.7 236.4 ± 0.6 293.1 ± 3.4
353.2 136.0 ± 0.9 185.9 ± 1.0 238.6 ± 0.4 296.3 ± 3.4

a Mean standard deviation.

(60 E/Hr) is a constant under a given set of experimental conditions.
This quantity converts the measurement directly into units of spe-
cific heat of J g−1 K −1. The value of (60 E/Hr) was determined by
running a standard sapphire (Al2O3) under conditions identical to
those of the unknown sample. Then the obtained values of �H,
m, and Cp of the standard sapphire were substituted into Eq. (1)
at the temperature of interest. During the run, a method was cre-
ated that holds isothermally at the desired starting temperature
(25 ◦C) for 10 min, heats at the set heating rate, and then holds at
the temperature limit (82 ◦C) for 10 min.

The uncertainty of the CP measurements was estimated to be
±2% with liquid water as reference. The details of the calibration
(validation) procedures for the CP measurements were discussed
in our previous works [13,14]. All measurements were carried out
in three to five replicate runs and the mean (average) values were
reported.

3. Results and discussion

The molar heat capacities, CP, for the aqueous binary solutions
of [Bmim][Cl], [Bmim][Br], [Bdmim][BF4], and [Bdmim][PF6] were
measured over the temperature range (303.2–353.2) K and stan-
dard pressure. The obtained CP values and the corresponding mean
standard deviations are tabulated in Tables 2–5. The temperature-
and composition dependence of the obtained CP data were rep-
resentatively discussed using the binary solutions of [Bmim][Cl]
which are plotted in Fig. 1. Results show that for the aqueous sys-
tems, CP values increase slightly with temperature for high-RTIL
content solutions and the effect decreases for high-water content
solutions. It is also clearly shown that the CP of pure [Bmim][Cl]
is much higher than that of pure water. These are due to the
dependence of CP on the number of translational, vibrational, and
rotational energy storage modes in the molecule and the high
molecular weight of the RTIL compared to that of water [7,20]. As
expected, the CP of the aqueous solutions of the RTILs increases
with increasing RTIL mole fraction in the mixture. The same have
been observed for the other RTIL systems investigated in this study.
These trends also agree with those reported in the literature [7,8]
and in our previous works [9,12–14,18].

For the considered binaries, only very few (inconsistent) data
are available for the CP of the corresponding pure RTILs; thus, the
latter were also measured in this study. Table 6 shows the obtained
CP data for the pure RTIL systems. As shown in this table, for each
system CP was measured over different ranges of temperature. Due
to the difference in their melting points (as shown in Table 1), the

temperature range at which the RTILs exist as liquid varies. In this
work, measurements were done only at temperature conditions at
which the RTILs were in the liquid state.

For the purpose of evaluating the molar heat capacity of the
pure RTIL systems, the present CP data were correlated as function
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Table 3
Molar heat capacities of [Bmim][Br] (1) + H2O (2) solutions.

Molar heat capacity, CP/(J mol−1 K−1)
T/K x1 = 0.10 x1 = 0.20 x1 = 0.30 x1 = 0.40 x1 = 0.50 x1 = 0.60

303.2 102.2 ± 0.9 123.4 ± 3.3 144.5 ± 1.1 165.0 ± 1.3 186.7 ± 3.8 209.6 ± 1.4
308.2 102.5 ± 1.0 124.1 ± 3.1 145.4 ± 1.2 166.1 ± 1.3 188.0 ± 3.6 211.2 ± 1.4
313.2 103.0 ± 0.9 124.9 ± 2.9 146.3 ± 1.0 167.1 ± 1.3 189.2 ± 3.6 212.9 ± 1.5
318.2 103.5 ± 0.8 125.8 ± 2.9 147.2 ± 1.1 168.1 ± 1.2 190.7 ± 3.6 214.5 ± 1.6
323.2 104.0 ± 0.9 126.6 ± 2.8 148.2 ± 0.8 169.2 ± 1.2 191.8 ± 3.3 216.2 ± 1.6
328.2 104.5 ± 0.8 127.5 ± 2.6 149.2 ± 0.8 170.4 ± 1.2 193.3 ± 3.3 217.9 ± 1.6
333.2 104.8 ± 0.9 128.3 ± 2.5 150.1 ± 0.9 171.6 ± 1.2 194.6 ± 3.3 219.5 ± 1.6
338.2 105.4 ± 0.8 129.2 ± 2.3 151.1 ± 0.8
343.2 105.8 ± 1.0 130.0 ± 2.0 152.1 ± 0.7
348.2 106.3 ± 0.8 131.1 ± 1.9 153.1 ± 0.6
353.2 106.8 ± 0.8 131.9 ± 1.8 154.1 ± 0.8

Table 4
Molar heat capacities of [Bdmim][BF4] (1) + H2O (2) solutions.

Molar heat capacity, CP/(J mol−1 K−1)
T/K x1 = 0.20 x1 = 0.40 x1 = 0.60 x1 = 0.80

303.2 146.9 ± 2.2 217.5 ± 1.6 284.4 ± 1.0 343.0 ± 3.4
308.2 147.2 ± 2.2 218.2 ± 1.6 285.6 ± 1.0 344.2 ± 3.7
313.2 147.8 ± 2.4 219.3 ± 1.6 287.0 ± 1.4 346.3 ± 3.6
318.2 148.4 ± 2.3 220.4 ± 1.6 288.6 ± 1.3 348.5 ± 3.5
323.2 149.1 ± 2.4 221.7 ± 1.5 290.3 ± 1.4 351.0 ± 3.4
328.2 149.8 ± 2.4 223.2 ± 1.4 292.1 ± 1.8 353.2 ± 3.3
333.2 150.4 ± 2.4 224.1 ± 1.4 293.5 ± 2.2 355.6 ± 3.6
338.2 151.1 ± 2.5 225.2 ± 1.5 295.7 ± 2.1 358.1 ± 3.7
343.2 151.7 ± 2.4 226.4 ± 1.3 297.6 ± 2.3 360.8 ± 3.4
348.2 152.4 ± 2.7 227.7 ± 1.4 299.5 ± 2.6 363.5 ± 3.2
353.2 153.1 ± 2.6 229.2 ± 1.4 301.7 ± 2.6 366.3 ± 3.1

Table 5
Molar heat capacities of [Bdmim][PF6] (1) + H2O (2) solutions.

Molar heat capacity, CP/(J mol−1 K−1)
T/K x1 = 0.80 x1 = 0.85 x1 = 0.90 x1 = 0.95

303.2 387.0 ± 2.3 396.4 ± 0.8 407.2 ± 3.1 418.3 ± 2.8
308.2 389.2 ± 2.7 398.4 ± 0.9 409.4 ± 3.4 420.5 ± 3.1
313.2 391.2 ± 2.7 400.5 ± 0.6 411.9 ± 3.7 423.3 ± 3.6
318.2 393.4 ± 3.3 402.7 ± 0.7 414.5 ± 3.5 426.0 ± 3.5
323.2 395.9 ± 3.6 405.5 ± 0.9 417.7 ± 3.8 429.4 ± 4.0
328.2 398.9 ± 3.7 408.8 ± 0.7 421.3 ± 3.5 433.2 ± 3.9
333.2 401.8 ± 3.6 411.9 ± 0.8 424.7 ± 3.7 436.7 ± 3.5
338.2 404.5 ± 3.9 414.9 ± 0.4 428.0 ± 3.4 440.1 ± 3.1
343.2 407.5 ± 3.6 417.9 ± 0.8 431.2 ± 3.0 443.5 ± 2.7
348.2 411.1 ± 3.8 421.7 ± 0.7 435.2 ± 3.0 447.6 ± 2.7
353.2 414.1 ± 3.6 424.8 ± 0.6 438.3 ± 3.0 450.9 ± 2.6

Table 6
Molar heat capacities of pure systems considered in this work.

molar heat capacity, CP,i/(J mol−1 K−1)
T/K [Bmim][Cl] [Bmim][Br] [Bdmim][BF4] [Bdmim][PF6]

313.2 397.3 ± 2.8
318.2 398.8 ± 2.7
323.2 400.6 ± 2.3 439.3 ± 1.3
328.2 403.3 ± 2.5 442.9 ± 1.3
333.2 405.4 ± 2.9 446.2 ± 1.1
338.2 407.8 ± 3.0 449.4 ± 1.3
343.2 337.2 ± 3.6 410.6 ± 2.9 452.7 ± 1.3
348.2 340.3 ± 3.4 413.5 ± 3.2 457.0 ± 1.3
353.2 343.3 ± 3.3 334.8 ± 2.5 416.5 ± 3.2 460.1 ± 0.9
358.2 347.1 ± 3.2 338.1 ± 2.8 420.2 ± 3.5 464.4 ± 1.0
363.2 350.6 ± 2.7 341.1 ± 2.7 423.6 ± 3.4 468.0 ± 1.0
368.2 354.3 ± 2.8 344.6 ± 3.1 427.3 ± 3.9 471.6 ± 1.5
373.2 357.6 ± 2.4 347.5 ± 3.0 430.6 ± 3.8 475.1 ± 1.3
378.2 361.0 ± 2.5 350.6 ± 3.4 434.4 ± 4.1 478.9 ± 1.2
383.2 364.3 ± 2.7 354.1 ± 3.3 436.3 ± 2.8 482.6 ± 1.6
388.2 367.4 ± 2.6 356.7 ± 3.7
393.2 370.7 ± 2.8 359.9 ± 3.9
398.2 374.0 ± 2.9 363.4 ± 3.9
403.2 376.8 ± 2.3 366.4 ± 3.8
172.9 ± 1.2 196.1 ± 3.1 221.3 ± 1.7
173.9 ± 1.1 197.3 ± 3.1 223.1 ± 1.9
175.2 ± 1.2 198.6 ± 3.2 224.9 ± 1.7
176.2 ± 1.2 200.0 ± 3.1 226.5 ± 1.9

of temperature using the empirical equation of the form

CP/J × mol−1 × K−1 = a0 + a1(T/K) + a2(T/K)2 (2)

where ai are empirical constants which are determined by fitting
the present CP data of the pure RTILs using Eq. (2). The determined
empirical constants and the corresponding absolute average devia-
tion (AAD) for the pure RTILs investigated are presented in Table 7.
Based on the overall AAD% of 0.06 for a total of 52 data points,
it can be said that the obtained constants for Eq. (2) successfully
correlated the CP of the pure RTILs with temperature.

The excess molar heat capacity, CE
P , is the difference between

the heat capacity of the mixture and the summation of the pure
components contribution and was calculated using the expression
cited in the work of Lide and Kehiaian [21] which is as follows:

CE
P = CP −

∑
i

xiCP, i (3)

where CP,i is the molar heat capacity of the pure system. For liquid

water, the CP data by Osborne et al. [22] was used while for the pure
RTIL, the calculated values from Eq. (2) were used.

The excess molar heat capacities, CE
P , obtained in this work are

shown in Figs. 2–5. As depicted in Fig. 2, the CE
P for [Bmim][Cl] + H2O

mixtures have both positive and negative values with maxima

Fig. 1. Plot of molar heat capacity against temperature for [Bmim][Cl] (1) + H2O (2)
solution at different mole fractions: �, x1 = 0.2; �, x1 = 0.4; � x1 = 0.6; �, x1 = 0.8,
data from this work; �, liquid water, data from Osborne et al. [22]; and line, pure
[Bmim][Cl], calculated using Eq. (2).
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Table 7
Constants of Eq. (3)a for the considered pure ionic liquid systems.

System Constants No. of data points, n AADb/%

a0 a1 a2

[Bmim][Cl] 12.850 1.1768 −6.7752 × 10−4 13 0.05
[Bmim][Br] 93.769 0.72899 −1.3039 × 10−4 11 0.04
[Bdmim][BF4] 549.80 −1.3658 2.8015 × 10−3 15 0.10
[Bdmim][PF6] 279.54 0.2989 6.0488 × 10−4 13 0.05

overall 52 0.06

a CP/J × mol−1 × K−1 = a0 + a1(T/K) + a2(T/K)2

b AAD/% = 100
n ×

∑n

i=1

∣∣(εcald − εexpt)/εexpt

∣∣
i
, where εcald and εexpt correspond to calculated and experimental values, respectively

Table 8
Parameters of Eq. (4)a for the considered aqueous ionic liquid systems.

System i Parameters No. of data points AAD/%

bi,0 bi,1 CP CE
P

[Bmim][Cl] + H2O 1 −161.53 0.48237 44 0.1
2 15.944 −0.05411 44 0.1 12.4
3 −63.993 0.45373

[Bmim][Br] + H2O 1 56.114 −0.21479
2 55.476 −0.20389 66 0.1 5.6
3 −141.03 0.69529

[Bdmim][BF4] + H2O 1 −9.7013 0.26468
2 −102.25 0.43097 44 0.1 1.5
3 −207.94 0.65014

[Bdmim][PF6] + H2O 1 −1549.4 6.7117
2 5526.7 −20.778 44 0.04 1.2
3 −4641.6 16.742

Overall 198 0.09 5.2

a
d
[
a
a
(

F
s
3

a CE
P /J × mol−1 × K−1 = x1x2

n∑
i=1

B i(x1 − x2) i−1 where B i = bi,0 + bi,1(T/K).

t low and high RTIL mole fractions and a minimum at interme-
iate composition and a positive temperature dependence. For

Bmim][Br] + H2O mixtures (Fig. 3) positive CE

P values are observed
t low RTIL mole fractions that changes into inflexions (at x1 ∼ 0.3)
nd reaches a minimum (negative) at intermediate composition
x1 ∼ 0.5). It can also be observed that at the lower composition

ig. 2. Plot of excess molar heat capacity against x1 for [Bmim][Cl] (1) + H2O (2)
olution at different temperatures: �, 303.2 K; �, 313.2 K; �, 323.2 K; �, 333.2 K; �,
43.2 K; �, 353.2 K; and lines, calculated using Eq. (4).
the CE
P values increase with increasing temperature while at the

higher composition they decrease with increasing temperature.

This trend is similar to that observed in our previous work on aque-
ous systems of [Emim][C2N3] [18]. For both [Bmim][Cl] + H2O and
[Bmim][Br] + H2O, the negative values of the CE

P are probably due
to the presence of RTIL/water interactions which are stronger than

Fig. 3. Plot of excess molar heat capacity against x1 for [Bmim][Br] (1) + H2O (2)
solution at different temperatures: �, 303.2 K; �, 313.2 K; �, 323.2 K; �, 333.2 K; �,
343.2 K; �, 353.2 K; and lines, calculated using Eq. (4).
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ig. 4. Plot of excess molar heat capacity against x1 for [Bdmim][BF4] (1) + H2O (2)
olution at different temperatures: �, 303.2 K; �, 313.2 K; �, 323.2 K; �, 333.2 K; �,
43.2 K; �, 353.2 K; and lines, calculated using Eq. (4).

he corresponding RTIL/RTIL and water/water interactions in the
queous mixtures while the positive values suggest otherwise. For
Bdmim][BF4] + H2O mixtures (Fig. 4), positive CE

P were obtained
ver the complete composition range reaching a maximum at
ntermediate composition (x1 ∼ 0.6) and with positive temperature
ependence. The CE

P values for the [Bdmim][PF6] + H2O mixtures
re also positive over the entire composition range considered but
he trend in the temperature is that the CE

P decreases with increas-

ng RTIL mole fraction. It can also be noted that more positive and
igher CE

P values were obtained for the [Bdmim]-based systems rel-
tive to the [Bmim]-based systems studied which maybe indicative
f weaker RTIL/water interactions in the former.

ig. 5. Plot of excess molar heat capacity against x1 for [Bdmim][PF6] (1) + H2O (2)
olution at different temperatures: �, 303.2 K; �, 313.2 K; �, 323.2 K; �, 333.2 K; �,
43.2 K; �, 353.2 K; and lines, calculated using Eq. (4).
Acta 519 (2011) 44–49

For application and generalization purposes, the temperature
and composition dependences of CE

P were correlated using a
Redlich–Kister type equation of the form

CE
P /J × mol−1 × K−1 = x1x2

n∑
i=1

B i(x1 − x2) i−1 (4)

where Bi was assumed to follow the equation

B i = bi,0 + bi,1(T/K) (5)

The parameters bi,0 and bi,1 for the studied binaries were deter-
mined by fitting the CP data from this work using Eq. (4) and the
results are presented in Table 8. The number of terms (Bi), in Eq.
(4), which should be used to represent CE

P , depends on the degree
of complexity of the binary systems. Here, three terms in Eq. (4)
were found to satisfactory correlate the present measurements as
indicated by a reasonable overall AAD of 0.09 and 5.2% for CP and
CE

P , respectively, for a total of 198 data points. Eq. (4) successfully
represented the temperature and composition dependence of the
excess molar heat capacity of the studied solvent systems, as seen
in Figs. 2–5 via the smoothed curves.

4. Conclusions

The molar heat capacities were measured for aqueous solutions
of [Bmim][Cl], [Bmim][Br], [Bdmim][BF4], and [Bdmim][PF6] over a
complete range of composition and for temperatures (303.2–353.2)
K. The measured values were presented as functions of tempera-
ture and composition of the solvent system. The CP of the pure
RTILs varied slightly (linearly) with temperature at high RTIL con-
centrations. The derived correlation successfully represented the
variation of CP as indicated by the overall AAD% of 0.06. For the
aqueous solutions, the CP increased with increasing RTIL mole frac-
tion in the mixture. The excess molar heat capacity expression in
the form of a Redlich–Kister type equation satisfactorily correlated
the dependence of the CP on temperature and composition owing to
the values of AAD% of 0.09 for CP and 5.2 for CE

P . It can be concluded,
therefore, that the present data were successfully represented by
the applied correlations; thus, they are of sufficient accuracy for
engineering design calculations.

Acknowledgement

This research was supported by Grant, NSC 100-3113-E-007-
005, of the National Science Council of the Republic of China.

References

[1] A. Diedrichs, J. Gmehling, Measurement of heat capacities of ionic liquids by
differential scanning calorimetry, Fluid Phase Equilib. 244 (2006) 68–77.

[2] C.P. Fredlake, J.M. Crosthwaite, D.G. Hert, S.N.V.K. Aki, J.F. Brennecke, Thermo-
physical properties of imidazolium-based ionic liquids, J. Chem. Eng. Data 49
(2004) 954–964.

[3] S. Fletcher, F. Sillars, N. Hudson, P. Hall, Physical properties of selected ionic
liquids for use as electrolytes and other industrial applications, J. Chem. Eng.
Data 55 (2010) 778–782.

[4] A. Fernandez, J.S. Torrecilla, J. Garcia, F. Rodriguez, Thermophysical properties of
1-ethyl-3-methylimidazolium ethylsulfate and 1-butyl-3-methylimidazolium
methylsulfate ionic liquids, J. Chem. Eng. Data 52 (2007) 1979–1983.

[5] A.N. Soriano, B.T. Doma Jr., M.H. Li, Solubility of carbon dioxide in 1-
ethyl-3-methylimidazolium 2-(2-methoxyethoxy) ethylsulfate, J. Chem. Eng.
Thermodyn. 40 (2008) 1654–1660.

[6] M.E. van Valkenburg, R.L. Vaughn, M. Williams, J.S. Wilkes, Thermochemistry
of ionic liquid heat-transfer fluids, Thermochim. Acta 425 (2005) 181–188.
[7] L.E. Ficke, H. Rodriguez, J.F. Brennecke, Heat capacities and excess enthalpies
of 1-ethyl-3-methylimidazolium-based ionic liquids and water, J. Chem. Eng.
Data 53 (2008) 2112–2119.

[8] G. Garcia-Miaja, J. Troncoso, L. Romani, Excess enthalpy, density, and heat
capacity for binary systems of alkylimidazolium-based ionic liquids + water,
J. Chem. Thermodyn. 41 (2009) 161–166.



himica

[

[

[

[

[

[

[

[

[

[

[

H.-C. Hu et al. / Thermoc

[9] P.Y. Lin, A.N. Soriano, A.R. Caparanga, M.H. Li, Molar heat capacity
and electrolytic conductivity of aqueous solutions of [Bmim][MeSO4] and
[Bmim][triflate], Thermochim. Acta 496 (2009) 105–109.

10] Y.U. Paulechka, G.J. Kabo, A.V. Blokhin, A.S. Shaplov, E.I. Lozinskaya, Y.S.
Vygodskii, Thermodynamic properties of 1-alkyl-3-methylimidazolium bro-
mide ionic liquids, J. Chem. Thermodyn. 39 (2007) 158–166.

11] J. Troncoso, C.A. Cerdeirina, Y.A. Sanmamed, L. Romani, L.P.N. Rebelo, Ther-
modynamic properties of imidazolium-based ionic liquids: densities, heat
capacities, and enthalpies of fusion of [bmim][PF6] and [bmim][NTf2], J Chem.
Eng. Data 51 (2007) 1856–1859.

12] Y.H. Yu, A.N. Soriano, M.H. Li, Heat capacities and electrical conductivities of
1-n-butyl-3-methylimidazolium-based ionic liquids, Thermochim. Acta 482
(2009) 42–48.

13] Y.H. Yu, A.N. Soriano, M.H. Li, Heat capacities and electrical conductivities
of 1-ethyl-3-methylimidazolium-based ionic liquids, J. Chem. Thermodyn. 41
(2009) 103–108.

14] Y.H. Yu, A.N. Soriano, M.H. Li, Heat capacity and electrical conductivity of aque-

ous mixtures of [Bmim][BF4] and [Bmim][PF6], J. Chin. Inst. Chem. Eng. 40
(2009) 205–212.

15] G. Garcia-Miaja, J. Troncoso, L. Romani, Density and heat capacity as a function
of temperature for binary mixtures of 1-butyl-3-methylimidazolium tetraflu-
oroborate + water, + ethanol, and + nitromethane, J. Chem. Eng. Data 52 (2007)
2261–2265.

[

[

Acta 519 (2011) 44–49 49

16] A.A. Strechan, Y.U. Paulechka, A.G. Kabo, A.V. Blokhin, G.J Kabo, 1-Butyl-3-
methylimidazolium tosylate ionic liquid: heat capacity, thermal stability and
phase equilibrium of its binary mixtures with water and caprolactam, J. Chem.
Eng. Data 52 (2007) 1791–1799.

17] L.P.N. Rebelo, V. Najdanovic-Visak, Z.P. Visak, M. Nunes da Ponte, J. Szydlowski,
C.A. Cerdeirina, J. Troncoso, L. Romani, J.M.S.S. Esperanca, H.J.R. Guedes, H.C. de
Sousa, A detailed thermodynamic analysis of [C4mim][BF4] + water as a case
study to model ionic liquid aqueous solutions, Green Chem. 6 (2004).

18] P.Y. Lin, A.N. Soriano, R.B. Leron, M.H. Li, Electrolytic conductivity and molar
heat capacity of two aqueous solutions of ionic liquids at room-temperature:
measurements and correlations, J. Chem. Thermodyn. 42 (2010) 994–
998.

19] L.F. Chiu, H.F. Liu, M.H. Li, Heat capacity of alkanolamines by differential scan-
ning calorimetry, J. Chem. Eng. Data 44 (1999) 631–636.

20] J.M. Crosthwaite, M.J. Muldoon, J.K. Dixon, J.L. Anderson, J.F. Brennecke,
Phase transition and decomposition temperatures, heat capacities and vis-
cosities of pyridinium ionic liquids, J Chem. Thermodyn. 37 (2005) 559–

568.

21] D.R. Lide, H.V. Kehiaian, CRC Handbook of Thermophysical and Thermochemi-
cal Data, CRC Press, Boca Raton, FL, 1994.

22] N.S. Osborne, H.F. Sitmson, D.C. Ginnings, Measurements of heat capacity and
heat of vaporization of water in the range 0–100 ◦C, J. Res. Natl. Bur. Stand. 23
(1939) 197–260.


	Molar heat capacity of four aqueous ionic liquid mixtures
	Introduction
	Experimental
	Chemicals
	Measurement of molar heat capacity

	Results and discussion
	Conclusions
	Acknowledgement
	References


