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Abstract

We report a novel application of ionic liquids: 1-Butyl-3-methyl imidazolium
tetrafluoroborate ([BMImM|[BF4]) + 2,2,2-trifluoroethanol (TFE) and 1-butyl-3-methyl
imidazolium bromide ([BMIm][Br]) + TFE mixtures as working fluids in absorption heat
pumps or chillers. The long-term goal is to improve the efficiency of absorption heat pump
processes with consecutive advantages in the aspect of energy saving.

Refractive indices, densities, and heat capacities of each pure ionic liquid were
investigated in the temperature range of 298.2 to 323.2 K. Vapor pressures were measured
by using the boiling point method in the concentration range of 40.0 to 90.0 mass-% of
ionic liquid and were correlated with an Antoine-type equation. The average absolute
deviations between experimental and calculated values were 0.6 % for the [BMIm]|[BF,4] +
TFE and 0.4 % for the [BMIm][Br] + TFE system, respectively.



Introduction

Recently, considerable interest has been manifested in the use of room temperature ionic
liquids owing to their unique electrochemical and physical properties [1,2]. They generally
feature good stability in air and water, a wide liquid range, and relatively favorable
viscosity and density characteristics. Moreover, either the length of side chain of cation or
the specifically designed anion can be easily controlled for various uses [2]. These features
facilitate applying ionic liquids to the working fluids used in the absorption heat pump. The
technology of absorption heat pumps has received growing attention in the past years from
the areas of air-conditioning and refrigeration, especially in connection with energy
efficiency. Also, a heat driven cooling technology has been developed to reduce the demand
of electric power. An absorption chiller transfers the heat from a low temperature to a high
temperature with the help of thermodynamic input in the form of heat as opposed to
mechanica work in the case of compression heat pumps [3]. In absorption technology a
fluid with strong volatility is used as refrigerant, whereas a second fluid with much smaller
volatility but strong affinity to the former is used as absorbent. The cooling cycle is
energized by heat input to the solution of absorbent and refrigerant for regeneration of the
absorbent. So, essentialy al absorption cycle processes are based on absorption and
separation between a refrigerant and an absorbent. The properties of the working fluids are
key fators that affect the performance of absorption chillers. Various organic chemicals as
alternatives to the conventional working fluids have been reported. These organic working
fluids - mainly consisting of fluoroalcohol refrigerants and their partner organic absorbents
- can surmount the difficulties of classical working fluids such as LiBr + H,O and H,O +
NH; system, but they have simultaneously given rise to new problems such as thermal
instability, the volatility of the absorbent, and the low process efficiency [4,5].

In this research effort, the new chalenge is to introduce ionic liquids as an absorbent to
overcome the problems of the existing organic working fluids and to improve the overall
process efficiency of absorption heat pump. After some preliminary considerations, 1-butyl-
3-methyl imidazolium tetrafluoroborate ([BMIm][BF4]) + 2,2,2-trifluoroethanol (TFE) and
1-butyl-3-methyl imidazolium bromide ([BMIm][Br]) + TFE mixtures were chosen as
potential working fluids. The ionic liquids act as absorbents and TFE acts as refrigerant in
both cases. TFE has good solubility in the suggested ionic liquids because of the permanent
ion-dipole interaction. It is aso worthwhile to note that two ionic compounds of
[BMIm][Br] and [BMIm][BF,] can be easily separated from TFE by a heat input (boiling)



because ionic liquids have a very low vapor pressure, but TFE isvolatile.

In order to design an absorption heat pump and to decide whether the ionic liquid + TFE
systems are suitable as a novel working pair the basic thermodynamic data must be first
determined and carefully checked. In this investigation, refractive indices, densities, vapor
pressures and heat capacities of the working fluids were measured as a function of
temperature and concentration.

Experimental Section
Materials. The 2,2,2-trifluoroethanol (99 + %), 1-methylimidazole (99%), 1-chlorobutane
(99.5%), 1-bromobutane (99%), 1,1,1-trichloroethane (99.5%), ethylacetate, and sodium
tetrafluoroborate (98%) were supplied by Aldrich. Dichloromethane and acetonitrile were
supplied by KAUTO and MERCK, respectively. All materials were used without any
further purification.
Synthesis of ionic liquids

[BMIm][BF4] and [BMIm][Br] were prepared according to literature procedures [6-8].
Representative synthesis: [BMIm][BF4] A 1000 mL three-neck round-bottom flask fitted
with awater condenser and a gas inlet and provided with a Teflon coated magnetic bar was
charged under N, with 1-methylimidazole (246.3 g, 3 mol). Butyl chloride (390 mL) was
added into the reaction vessel with continuous magnetic stirring in batches of 20mL. The
reaction mixture was heated under nitrogen N, at 80 °C for 72 h with stirring until two
phases formed. The top phase, containing unreacted starting material, was decanted and
ethyl acetate (300 ml) was added with through mixing. The ethyl acetate was decanted
followed by the addition of fresh ethyl acetate and this step was repeated twice. After the
third decanting of ethyl acetate , any remaining ethyl acetate was removed by heating the
bottom phase to 60 °C and stirring while on a vacuum line. The product is slightly yellow
and may be crystalline at room temperature , depending on the amount of water present in
that phase. The product was recrystallized from dry acetonitrile and dried under vacuum at
70°C for 12 h to yield pure crystaline [BMIm][[CI]. To a solution of [BMIm][CI] (93 g,
0.531mol) in acetone (500 cm®) at room temperature was added sodium tetrafluoroborate
(58.3g, 0.531 mol). After 24 h stirring, the resulting NaCl precipitate was then filtered
through a plug of celite and the volatiles were removed by rotary evaporation to leave a
yellowish, clear liquid. The liquid was dissolved in dichloromethane and the organic phase
was then washed twice more with water to ensure complete removal of the chloride salt.



The organic layer was then dried over anhydrous MgSO, filtered, and finally dried for
more then 10 h under high vacuum a 70-80 °C. The chemica shift for '"H NMR
spectrum(ppm, D,O) appear as follows : 6 8.71[s, 1H, H(2)], 7.49[s, 1H, H(4)], 7.44[s,
1H, H(5)], 4.21]t, 2H, NCH], 3.91[s, 3H, NCH3], 1.87[m, 2H, NCH,CH,], 1.35[m, 2H,
NCH,CH,CH,] and 0.94[t, 3H, CH5]. The *C NMR spectrum(ppm, D,0) contains peaks :
137.12[C(2)], 123.49[C(4)], 123.12[C(5)], 50.54 [NCH], 36.36[NCH3], 32.45[NCH,CH],
20.06[NCH,CH,CH] and 13.90[CHg].

[BMIm][Br] The *H NMR spectrum (ppm, D,O) contains peaks : & 8.91[s, 1H, H(2)],
7.64[s, 1H, H(4)], 7.59[s, 1H, H(5)], 4.32[t, 2H, NCH,], 4.02 [s, 3H, NCH3], 1.95 [m, 2H,
NCH,CH3], 1.42 [m, 2H, NCH,CH,CH], 1.00 [t, 3H, CH3]. The **C NMR spectrum(ppm,
D,O) contains peaks :6 138.31C(2)], 124.35[C(4)], 123.18[C(5)], 49.65[NCH,],
36.53[NCHj3], 32.80[NCH,CH], 19.81[NCH,CH,CH], and 13.69[ CH3]

Apparatus and Procedure.

(1) Vapor pressure. The vapor pressures were measured by the boiling point method. The
apparatus for vapor pressure measurement primarily consisted of an equilibrium vessel with
an internal volume of 100 cm®, a constant temperature bath, a condenser, a U-tube mercury
manometer capable of reading to 0.05 mm, a K-type thermocouple with the accuracy of
+ 0.1 K of reading and two stirrers. A sample solution of a desired absorbent concentration
was prepared. The sample solution with an approximate volume of 50 cm® was placed in
the vessel and evacuated to a proper degree of pressure. The sample solution was then
heated and stirred well with a magnetic stirrer to prevent superheating. After thermal
equilibrium reached, the temperature of the sample solution and the pressure of the
apparatus were measured. The condenser was worked with sufficiently cooled ethanol (= -

10°C) to minimize the amount of condensed vapor because this TFE—rich vapor can vary

theinitial concentration of the sample solution. Theinitial concentration that was cal cul ated
in preparing each sample solution was scarcely varied by the increase of less than 0.1
mass % absorbent. The apparatus, procedure, and verification were aready carried out in
our previous investigation [5].

(2) Heat capacity. A differential scanning calorimeter (TA Instruments DSC Q100) was
used for the measurements. The calorimeter was calibrated by measuring the heat capacities
of a standard sample synthetic sapphire at different temperatures. A test experiment was
done with a lithium bromide + 1,3-propanediol + water mixture and resulting relative error



was within 1.5% [9]. A sample of 5mg was placed in a stainless steel sample container,
which was then placed in the calorimeter. Another empty container of the same size was put
in the calorimeter as areference.

(3) Refractive indices All measurements were made with an Abbe refractometer [10]. The
instrument was calibrated by measuring the refractive index of deionized water. The sample
holder was rinsed with aceton, dried with a paper towel. The uncertainty of measurement
was + 0.01

(4) Density A pycnometer was used to measure the densities of each ionic liquid [4]. The
experimental apparatus consisted of a pycnometer, a thermometer, and a water bath to
control the temperatures of the solutions. The density measurements were performed with
the accuracy of + 0.001 giem™”

Results and Discussions

(1) Refractive index, Density, and Heat capacity. Refractive indices, densities, and heat
capacities of the pure ionic liquids [BMIm][Br] and [BMIm][BF.] were measured in the
temperature range from 298.2 to 323.2 K. The experimental results are presented in Table 1
and Figure 1. As expected, the density values decrease, but the heat capacities increase with
increasing temperature. The temperature effect on refractive index appears to be almost
negligible.

(2) Vapor pressure The vapor pressures of the TFE + ionic liquid systems were measured
by using a boiling point method in the concentration range from 40 to 90 mass percent of
the ionic liquids. The vapor pressure data are the most important to analyze an absorption
heat pump cycle. The experimental results are listed in Tables 2 and 3. These values were
correlated with an Antoine-type equation which expresses the vapor pressure as a function
of temperature and concentration:

logP = i[A +1000B, /(T —43.15)] X' 1)

where P is the vapor pressure in kPa, A; and B; the regression parameters, T absolute
temperature in K, and X the mass percent of ionic liquid. The parameters A; and B; were
determined by a least-square method, and the results are shown in Table 4. The average
absol ute deviations between the experimental and calculated values was found to be 0.6 and
0.4 % for [BMIM][BF4 + TFE and [BMIm][Br] + TFE mixtures, respectively. These
experimental and calculated results are plotted in Figures 2 and 3. The figures show that the



log P vs. 1000 / (T-43.15) (see equation 1) relation at a given concentration appears to be
linear over the pressure and temperature ranges considered.

The solubility of arefrigerant 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. Thus, the vapor pressure measurement can be a method to evaluate the
affinity between a refrigerant and an absorbent, and consequently their applicability to
sorption machines. This means that the vapor pressure lines will be steeper, the required
temperature for regeneration will be smaller, but the Coefficient of Performance (COP )
will be lower also.

Conclusion
Novel working fluids for an absorption heat pump have been proposed by investigating the

environmentally friendly ionic liquids and fluoroalcohol. The pairs [BMIm][Br] + TFE and
[BMIm][BF,4] + TFE have been considered as potential working pairs for the first time. The
refractive indices, densities, heat capacities and vapor pressures were measured over awide
concentration and temperature range. The vapor pressure data were correlated with an
Antoine-type equation, and reasonable agreements were obtained between calculated and
experimental values. The [BMIm][Br] + TFE system was found to be more favorable than
the [BMIm][BF,4] + TFE from the results of vapor pressure. However, for the detailed
investigation of the suggested working fluids, more properties such as viscosity, surface
tension, and thermal conductivity are required.
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Figure Captions
Figure 1. Heat capacities of the [BMIm][Br] and [BMIm][BF,] : (®) [BMIm][BF,] + TFE;

(O) [BMIm][Br] + TFE
Figure 2. Vapor pressures of the [BMIm][Br] + TFE system : (O) 0%; (®) 40%; (A ) 50%;

(¢) 60%:; (M) 80%; (v) 90%, mass % of [BMIm][Br]; (—) calculated, (--) literature’
Figure 3. Vapor pressures of the [BMIM][BF,] + TFE system : (v) 0%; (®) 40%; (<) 60%;

(M) 80%; (2) 90%, mass % of [BMIm][BF,]; (—) calculated, () literature’



Table 1. Measured Refractive indices and densities of each [BMIm][Br] and [BMIm][BF,]

Refractive indices

Densities/ g Cbm™®

T/K [BMImM][Br] [BMIm][BF] T/K [BMImM][Br] [BMIm][BF]
298.3 1.54 1.42 298.4 1.299 1.202
303.2 1.54 1.42 303.4 1.296 1.198
308.0 1.54 1.42 308.0 1.292 1.195
313.2 1.54 1.42 313.0 1.290 1.191
318.0 1.54 1.42 318.0 1.287 1.188
323.0 1.54 1.42 323.0 1.284 1.185

10



Table 2. Measured vapor pressures of the [BMIm][Br] (X) + TFE mixtures

T/IK P/kPa T/K P/kPa T/K P/kPa
X = 0% X = 40 % X =50%
203.2 72 308.4 4.9 329.6 74
297.9 95 338.0 19.7 353.8 21.0
312.2 20.9 353.0 36.6 369.2 38.1
323.0 36.0 364.0 55.8 382.6 61.4
3285 46.6 374.0 796 393.4 85.1
343.2 88.3 380.8 100.1 3098.8 99.9
X= 60 % X =80 % X =90 %
358.2 14.1 397.6 153 409.4 111
377.6 30.6 416.0 28.1 425.6 19.2
401.2 63.7 430.0 43.4 4484 36.8
4118 87.0 4420 64.1 456.4 47.0
416.6 101.0 456.2 88.3 465.0 56.8

459.6 99.9 469.4 6/7.1
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Table 3. Measured vapor pressures of the [BMIm][BF4] (X) + TFE mixtures

X= 40 % X = 60 % I X=30%
315.2 105 3216 6.8 353.8 7.1 4304 274
325.2 177 3410 153 3760 153 4424 360
334.0 261 3506 225 3878 231 4516 442
340.8 341 3614 355 3968 308 4612 544
346.8 437 3672 418 4072 400 4652 637
351.8 532 3730 506 4144 497 4694 738
357.2 642 3790 606 4184 590
362.6 778 3844 705 4258 694
370.2 1005 3884 821 4328 856

3954 1003 4390 998
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Table 4. Parameters for the Correlation of Eq. (1)

i A B AAD %
[BMIm][BF4] + TFE
0 0.843 E+01 -0.124 E+01 0.58
1 -0.568 E-01 -0.240 E-01
2 0.481 E-03 0.543 E-03
3 -0.150 E-05 -0.388 E-05
[BMIm][Br] + TFE
0 0.564 E+01 -0.866 E+00 0.43
1 0.740 E-01 -0.367 E-01
2 -0.147 E-02 0.589 E-03
3 0.848 E-05 -0.362 E-05
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