
T
e

G
R

a

A
R
R
A

K
I
V
D
H
N

1

t
h
b
h
w
c
w
l

w
I
c
i
a
l
f
t
w

(

1
d

Chemical Engineering Journal 156 (2010) 613–617

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

hermodynamic properties of a new working pair: 1-Ethyl-3-methylimidazolium
thylsulfate and water

uilan Zuo, Zongchang Zhao ∗, Shuanghua Yan, Xiaodong Zhang
esearch Institute of Chemical Engineering, Dalian University of Technology, 158 Zhong Shan Road, Dalian 116012, PR China

r t i c l e i n f o

rticle history:
eceived 18 October 2008
eceived in revised form 21 March 2009
ccepted 4 June 2009

eywords:

a b s t r a c t

Vapor pressures, heat capacities and densities of the 1-ethyl-3-methylimidazolium ethyl sulfate
(EMISE) + water were measured at the various temperatures and ionic liquid concentrations. The sys-
tem was chosen as a novel candidate for organic working pairs for an absorption heat pump. The vapor
pressures of the solution were correlated by the NRTL model, the heat capacity and density of the solu-
tion were correlated by the polynomial equation as a function of temperature and concentration, and the
onic liquid
apor pressure
ensity
eat capacity
RTL model

parameters in the regression equation were determined by a Levenberg–Marquardt method, the average
relative deviations between the experimental and calculated values in vapor pressure, heat capacity and
density measurements were 1.9%, 1.2%, 0.8%, respectively. The vapor pressures of the solution decreases
with the decrease in solution temperature and with the increase in EMISE mole concentration, the heat
capacity of the solution decreases with EMISE mole concentration at the same temperature and slightly
increases with increasing temperature at the same concentration. The density of the solution decreases

ure a
with increasing temperat

. Introduction

Absorption heat pump is important for recovering indus-
ry waste heat. Until now, the working pairs in the absorption
eat pump systems are mainly ammonia–water and lithium
romide–water [1]. However, ammonia–water fluids are known to
ave disadvantages of high working pressure and toxicity, whereas
ater–lithium bromide mixture has disadvantages of corrosion and

rystallization [2]. Thus, it is absolutely necessary to explore new
orking pairs that can overcome the serious corrosion and crystal-

ization problems.
Ionic liquids (ILs) are a class of low-temperature molten salts

hich are constituted by an organic cation and an inorganic anion.
n recent years, ILs have been used as organic green solvent in
atalysis, separation process, electrochemistry and many other
ndustries because of unique physical and chemical properties, such
s negligible vapor pressure, stable in the air and water, a wide
iquid range, with melting point below 373 K [3,4], and relatively

avorable viscosity and density characteristics. Due to these fea-
ures, it is possible that ionic liquids could be used as the novel
orking fluids in the absorption heat pump [5–7].

∗ Corresponding author. Tel.: +86 411 88993626; fax: +86 411 83633080.
E-mail addresses: zuoguilan@hotmail.com (G. Zuo), zczhao55@163.com

Z. Zhao).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.06.020
nd water mole concentration.
© 2009 Elsevier B.V. All rights reserved.

In this research, the binary solution 1-ethyl-3-methylim-
idazolium ethylsulfate (EMISE)–water was chosen as a potential
working fluid. The ionic liquid EMISE acts as absorbent and water
as refrigerant. Water has a good solubility in the EMISE because
of the permanent ion–dipole interaction, and EMISE can be easily
separated from water by heating the solution because ionic liq-
uid have no detectable vapor pressure. In order to decide whether
the EMISE–water system is suitable as a novel working pair for
absorption heat pump or not, several thermodynamic properties
of the working fluid such as the vapor pressure, heat capacity,
and density were measured at different temperatures and IL-
concentrations to provide the basic information for the potential
use of the EMISE–water system, the vapor–liquid equilibrium (VLE)
data were measured by the boiling point method and analyzed with
the nonrandom two-liquid (NRTL) model, and the experimental
data of heat capacity and density were satisfactorily correlated with
the simple polynomial functions of temperature and molar fraction.
These basic data are very useful and necessary for calculating the
performance of an absorption heat pump.

2. Experimental
2.1. Materials

The 1-methylimidazole was a kind of commercial product with
the purity of 99%, diethyl sulfate (≥99%) and toluene (≥99%) were
supplied by Tianjin Fuchen Reagents Company, the purity of the

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zuoguilan@hotmail.com
mailto:zczhao55@163.com
dx.doi.org/10.1016/j.cej.2009.06.020
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Table 1
Vapor pressure data and activity coefficients of binary system water (1) + EMISE (2).

T (K) Pexp (kPa) PNRTL (kPa) � (%)

x2 = 0.545
341.15 4.21 4.18 0.7
348.15 6.51 6.27 3.7
354.95 9.33 9.06 2.9
360.15 12.13 11.78 2.9
364.15 14.40 14.25 1.0
368.15 17.39 17.07 1.8
371.15 19.85 19.41 2.2
373.35 22.13 21.29 3.8

x2 = 0.446
341.85 5.81 5.97 2.8
347.55 8.29 8.27 0.3
353.25 11.49 11.23 2.3
357.55 14.16 13.98 1.3
360.25 15.68 15.94 1.7
361.95 16.80 17.28 2.9
364.95 19.20 19.84 3.3
368.25 22.35 22.98 2.8

x2 = 0.341
335.75 5.63 5.81 3.2
341.65 8.13 8.25 1.5
347.05 11.07 11.16 0.8
351.15 13.63 13.87 1.7
354.65 16.29 16.23 0.4
358.25 19.17 19.77 3.1
361.05 22.08 22.56 2.2
363.15 24.75 24.85 0.4

x2 = 0.226
328.45 6.13 6.05 1.3
334.35 8.27 8.09 2.2
339.05 11.15 10.63 4.7
343.75 13.92 13.77 1.1
346.85 16.40 16.21 1.2
349.75 19.33 18.80 2.7
352.65 21.87 21.71 0.7
355.15 24.56 24.49 0.3

x2 = 0.109
320.35 6.11 6.03 1.3
326.25 8.75 8.61 0.2
330.95 11.33 11.28 0.4
335.45 14.27 14.37 0.7
338.55 16.75 16.78 0.2
341.45 19.07 19.56 2.6
344.25 21.92 22.45 2.4
346.75 24.67 25.31 2.6

ARD = 1.9%

� = |Pexp−Pcal |
Pexp .
14 G. Zuo et al. / Chemical Engin

eagents was checked by gas chromatogram (GC2010, Japan). All
eagents were further purified by distillation and degassed before
sed.

.2. Synthesis of 1-ethyl-3-methylimidazolium ethyl sulfate

1-Ethyl-3-methylimidazolium ethyl sulfate was prepared
ccording to literature procedure [8]. 282.48 g (240 mL, 1.83 mol)
f diethyl sulfate was dropped to 123.6 g (120 mL, 0.8 mol) of
-methylimidazole in toluene (150 mL) and maintain the reaction
emperature below 313.15 K due to the reaction being highly
xothermic. The reaction mixture was stirred at room temperature
or 4 h. The IL product was immediately formed and it is initially
lear solution and then opaque, followed by biphasic separation
f the toluene solution and formation of a denser IL phase. The
pper phase was decanted, and the lower phase was washed
ith toluene three times, each time with 70 mL toluene. After

he last washing, the remaining toluene was removed by rotary
vaporation under reduced pressure of 343.15 kPa. The ionic liquid
btained was dried by heating to 353.15 K and under high vacuum
10 kPa) for 10 h. The resulting liquid was a colorless ionic liquid. It
as characterized with 1H NMR (400 MHz, D2O, ppm), 1H spectra

f the product showed the same with the literature [9]. The purity
as more than 98.9% in terms of liquid chromatography.

.3. Vapor pressure measurements

The vapor pressures were measured by the boiling point method
10]. This method is valid because the vapor pressure of the ionic
iquid is neglectable compared with the vapor pressure of water
11–15]. The apparatus was consisted of an equilibrium flask of
00 cm3, a constant-temperature bath, a condenser, a U-tube mer-
ury manometer capable of reading to 1 mmHg and a thermometer
apable of reading to 0.1 ◦C, a schematic diagram is shown in Fig. 1.
he initial sample solution with a desired absorbent (IL) molar con-
entration was prepared by weighing a certain amount of IL and
ater with a counter balance with the uncertainty of ±0.02 g, and

hen pulled them into the flask and evacuated to a proper pressure.
he sample solution was then heated, when the thermal equilib-
ium was reached, the temperature of the sample solution and the
ressure of the apparatus were measured. The initial concentration
f each sample solution was calculated and varied by pulling the
ater into the solution. The final concentration of the each sample

olution was rectified by subtracting the amount of the condensate
n the condenser.
The vapor pressures of the binary solution EMISE + water were
easured in the mole fraction of the EMISE range from 0.545 to

.109 and the temperature range from 312.20 to 373.35 K. The exper-
mental results were listed in Table 1 and plotted in Fig. 2.

ig. 1. Experimental apparatus for vapor pressure measurements: (1) electric
eating jacket, (2) sample vessel, (3) condenser, (4) thermometer, (5) mercury
anometer, (6) buffer flask, (7) needle valve, and (8) vacuum pump.
ARD = 1
n

n∑
i=1

|Pcal−Pexp |
Pexp .

2.4. Heat capacity measurements

An isoperibol solution calorimeter was used to measure the heat
capacity of the sample solutions. The calorimeter consists of a con-
stant bath, a calibration heater with 100 � resistance, a stirring rod
and a vessel for containing the sample solution. The sample solu-
tions with desired absorbent (IL) concentration were also prepared
by weighing a certain amount of IL and water with a counter bal-
ance with the uncertainty of ±0.02 g. All the sample solutions were
prepared immediately prior to performing measurement in order
to avoid variations of the composition due to the ionic liquid EMISE
absorbing the water vapor in the air. The accurately weighted sam-
ple solution of the desired concentration was placed into the vessel.

The calibration heater and stirring rod were immersed when the
vessel was clamped on the main body of the solution calorimeter.
The stirrer and heater were turned on to heat up the sample solu-
tion to a temperature slightly lower than desired. After being heated
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Table 3
Comparison of the heat capacity of pure EMISE Cexp

p measured in this work with
those C lit

p available from the literature [17].

T (K) Cexp
p (kJ/kg/K) C lit

p (kJ/kg/K) � (%)

303.15 1.608 1.605 0.2
308.15 1.614 1.609 0.3
313.15 1.619 1.614 0.3
318.15 1.624 1.619 0.3
323.15 1.630 1.625 0.3

ARD = 0.3%

Table 4
Experimental heat capacity for the binary system water (1) + EMISE (2).

x2 Cp (kJ/kg/K) at the following T (K)

303.15 308.15 313.15 318.15 323.15

0.099 2.744 2.767 2.856 2.948 3.072
0.290 2.070 2.103 2.117 2.155 2.208
0.499 1.903 1.924 1.941 1.969 1.999
0.691 1.781 1.838 1.860 1.872 1.901
1 1.608 1.614 1.619 1.624 1.630

Table 5
Comparison of the density of pure water �exp measured in this work with those �lit

available from the literature [16].

T (K) �exp (g/cm3) �lit (g/cm3) � (%)

303.15 0.9957 0.9957 0
308.15 0.9929 0.9941 0.2
313.15 0.9910 0.9922 0.1
318.15 0.9881 0.9902 0.1
323.15 0.9871 0.9882 0.2

ARD = 0.1%

� = |�exp−�lit |
�exp

.
n

ig. 2. The vapor pressure of binary solution water (1) + EMISE (2) at different mole
ractions of EMISE: —, calculated by NRTL equation; symbols are experimental data
t different mole fractions of EMISE: �, 0.545; �, 0.446; ©, 0.341; �, 0.226; �, 0.109.

bout 30 s the heater was turned off. The accurate amount of heat
dded was calculated through measuring the current and voltage
alues with a digital voltmeter and corresponding time. The uncer-
ainty of the voltage, current and time was 0.01 V, ±0.001 A and
.01 s, respectively. The temperature difference during the heat-

ng process was also measured and was used to calculate the heat
apacity of the sample solution with the following equation.

= (mCp + ε)�T (1)

= UIt (2)

here Q is the total amount of the heat added, m is the mass of the
ample solution, Cp is heat capacity (kJ/kg/K) of the sample, and
is the heat capacity (kJ/K) of the apparatus including the vessel,

tirring rod, heater. The value of the ε was calculated by the experi-
ental result using pure glycerol as a sample solution and its known

eat capacity value at each temperature considered. The experi-
ental apparatus was checked first with deionized water listed in

able 2, it showed good agreement with the literature [16] and the
verage relative deviation was 1.3%. The experimental heat capacity
f the pure EMISE at different temperatures were also showed good
greement with the literature [17], which were listed in Table 3
nd the average relative deviation was 0.3%. The heat capacity of

he binary solution EMISE + H2O was measured in the whole molar
oncentration range of the EMISE and the temperature range from
03.15 to 323.15 K. The experimental results were listed in Table 4.

able 2
omparison of the heat capacity of pure water Cexp

p measured in this work with those
lit
p available from the literature [16].

(K) Cexp
p (kJ/kg/K) C lit

p (kJ/kg/K) � (%)

03.15 4.126 4.174 1.2
08.15 4.130 4.174 1.1

313.15 4.110 4.174 1.5
318.15 4.119 4.174 1.3
23.15 4.125 4.174 1.2

ARD = 1.3%

= |Cexp
p −Clit

p |
Cexp

p
.

RD = 1
n

n∑
i=1

|Cexp
p −Cexp

p |
Pexp .
ARD = 1
n

∑
i=1

|�exp−�lit |
�exp

.

2.5. Density measurements

The solution of water and EMISE were prepared by mass using
a counter balance, precise to ±0.02 g. All the samples were pre-
pared immediately prior to performing density measurement to
avoid variations in the composition due to the ionic liquid EMISE
is easy to absorb the water vapor in the air. The density of the
binary solution EMISE + water were accurately measured in whole
molar concentration range of the EMISE and the temperature range
from 303.15 to 323.15 K at the atmospheric pressure using a specific
gravity balance, the uncertainty in the experimental measurements
was less than ±0.0001 g/cm3 and the precision of the temperature
was 0.1 ◦C. The specific gravity balance was calibrated by measur-
ing the density of the deionized water and the results listed in

Table 5, which showed good agreement with the literature values
[16] within 0.1% average relative error. The experimental results
were listed in Table 6.

Table 6
Experimental density for the binary system water (1) + EMISE (2).

x2 � (g/cm3) at the following T (K)

303.15 308.15 313.15 318.15 323.15

0.201 1.2023 1.1989 1.1949 1.1919 1.1888
0.410 1.2392 1.2362 1.2330 1.2295 1.2267
0.581 1.2509 1.2479 1.2453 1.2422 1.2391
0.787 1.2591 1.2541 1.2512 1.2477 1.2448
1 1.2650 1.2617 1.2587 1.2555 1.2523
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Table 7
Comparison of the vapor pressure of pure water Pexp measured in this work with
those Plit available from the literature [18].

T (K) Pexp (kPa) Plit (kPa) � (%)

351.45 44.29 44.21 0.2
352.65 46.56 46.43 0.3
353.95 49.33 48.93 0.8
355.15 51.94 51.35 1.2
356.25 54.61 53.65 1.8
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Table 8
NRTL model parameters obtained by correlating activity coefficients of water
(1) + EMISE (2).

	12 (J/mol) 	21 (J/mol) ˛

values. The heat capacity of the solution decreased with EMISE mole
concentration at the same temperature and slightly increased with
increasing temperature at the same concentration.
357.55 57.22 56.47 1.3
58.65 59.54 58.96 1.0
59.75 62.15 61.54 1.0

ARD = 1.0%

. The correlation of experimental results and discussion

.1. Vapor pressure

In order to check the reliability of the experimental apparatus,
apor pressure measurements of pure water have been performed
y the boiling point method. Results of our measurements for vapor
ressures of pure water are compared in Table 7 with those well-
stablished in the literature [18]. It can be found that the deviations
f vapor pressures of deionized water measured in this experimen-
al apparatus from the ones in the literature are within 1.0% average
elative deviation, which implies that the experimental apparatus
s reliable and applicable for the measurement of vapor pressure
or IL-containing systems.

In present research, the experimental vapor pressures of the
olution EMISE + water were predicted by the following non-
lectrolyte NRTL equation [19]. Eq. (3) has been used to determine
ctivity coefficients �1 from experimental data of partial pressures
1 including the vapor pressure of the pure water P0

1 .

1 = p0
1x1�NRTL

1 (3)

For binary system containing ionic liquid, for example, solvent
1) + ionic liquid (2), the vapor phase is fully composed of solvent
apor due to the negligible volatility of IL, the NRTL equation of the
inary system can be described as follows.

n �1 = x2
2

[
	21

(
G21

x1 + x2G21

)2

+ 	12G12

(x2 + x1G12)2

]
(4)

n �2 = x2
1

[
	12

(
G12

x2 + x1G12

)2

+ 	21G21

(x1 + x2G21)2

]
(5)

here

12 = exp(−˛	12), G21 = exp(−˛	21) (6)

or the equation, the ˛, 	12 and 	21 are the binary model parameters.
n order to consider the temperature dependency of parameters
12 and 	21 in NRTL model, a following formula containing four
arameters was adopted for correlation.

12 = a + b

T
(7)

21 = c + d

T
(8)

he parameters a, b, c, d and ˛ in the NRTL model were obtained
y fitting the experimental vapor pressure data in the temperature
ange from 312.20 to 373.35 K and the composition of the EMISE
ang from 0.545 to 0.109 using Levenberg–Marquardt method. They

re respectively as shown in Tables 1 and 8 and Fig. 2. The exper-
mental vapor pressures can be well correlated by adopting NRTL

odel with interaction parameters formula containing four param-
ters, the average relative deviation (ARD) between the predicted
nd experimental value was less than 1.9%.
a −11.2281 c 2.5165
1.0985b 4439.0252 d −1439.5482

The variation of the vapor pressure versus the temperature at
different IL-content was shown in Fig. 2 for water + EMISE system.
It is seen that the vapor pressure of the solvent decreases with the
decrease of solution temperature and lower the vapor pressure of
the solvent higher the IL-content is.

The solubility of a refrigerant in an absorbent is one of the
major factors for deciding the suitability of a working fluid. It
mainly depends on the interaction between the refrigerant and the
absorbent and the vapor pressure depreciation. The vapor pressure
measurement can be a method to evaluate the affinity between
a refrigerant and an absorbent. Fig. 3 shows the vapor pressures
depreciation of the solution EMISE + H2O at 323.15 K. The perma-
nent ion–dipole interaction between the ionic liquid and water
evokes a considerable negative deviation from Raoult’s law, which
is a basic characteristic of absorption working pairs [20].

3.2. Heat capacity

The heat capacity of the binary solution EMISE + H2O was mea-
sured at the temperature range from 303.15 to 323.15 K and molar
fraction of the EMISE from 0 to 1. The experimental results are
listed in Table 4 and plotted in Fig. 4 and are simply fitted with
the following equation [21].

Cp =
3∑

i=0

(ai + biT)xi (9)

where Cp is the heat capacity in kJ/kg/K, ai and bi are the regression
parameters, T is the absolute temperature in K, and the x is the molar
fraction of the EMISE. The regression parameters were determined
by a least-squares method and listed in Table 9. The average relative
deviation (ARD) was 1.2% between the experimental and calculated
Fig. 3. The prediction of the vapor pressure for the EMISE + H2O at 323.15 K: �, real
solution; —, ideal solution; P, vapor pressure; PS, vapor pressure of H2O.
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Fig. 4. The heat capacity of binary solution water (1) + EMISE (2) at different mole
fractions of EMISE: �, 0.0987; �, 0.290; ©, 0.499; �, 0.691; �, 1.

Table 9
Parameters for the correlation of Eqs. (9) and (10).

Heat capacity Eq. (9) Density Eq. (10)

a0 −4.7891 1.1390
b0 2.6444 × 10−2 −4.5170 × 10−4

a1 2.9481 × 10 2.3411
b1 −1.1768 × 10−1 −3.396 × 10−3

a
b
a
b

3

p
f
t
(

�

w
p
t
d
p
e

4

p

t
a
b
u
l
g

[

[

[

[
[
[

[

2 −5.2435 × 10 −4.5764
2 2.0346 × 10−1 8.0504 × 10−3

3 2.9031 × 10 2.5755
3 1.1112 × 10−1 −4.8930 × 10−3

.3. Density

Table 6 shows the density values of the binary system for tem-
erature from 303.15 to 323.15 K and for molar fraction of the EMISE

rom 0 to 1. The density values decrease with increasing tempera-
ure and water mole concentration. All data were regressed by Eq.
10) [22].

(g/cm3) =
3∑

i=0

(ai + biT)xi (10)

here � is the density the solution in g/cm, T is the absolute tem-
erature in K, ai and bi are the regression parameters, and x is
he molar fraction of the EMISE. The regression parameters were
etermined by the least-squares method and listed in Table 9 and
lotted in Fig. 5. The average relative deviation (ARD) between the
xperimental and calculated values was 0.8%.

. Conclusions

The novel ionic liquid absorbent, EMISE, for an absorption heat
ump has been proposed.

The working pairs EMISE + H2O has been considered as a poten-
ial working pair for the first time. The vapor pressure, heat capacity

nd density of the EMISE + H2O system were measured, which are
asic thermodynamic properties of the candidate working fluid
sed in an absorption heat pump. The vapor pressures were calcu-

ated using the NRTL model with the new parameters and showed
ood agreement with the experimental data. The temperature

[
[

[
[

Fig. 5. The density of binary solution water (1) + EMISE (2) at different mole fractions
of EMISE: �, 0.201; �, 0.480; ©, 0.581; �, 0.787; �, 1.

dependency parameters of the NRTL model were obtained by fit-
ting the experimental VLE data. The experimental heat capacity and
density were satisfactorily correlated with the simple polynomial
functions of temperature and molar fraction. The average absolute
deviations for the vapor pressure, heat capacity and density were
1.9%, 1.2%, and 0.8%, respectively.
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