Sustalnable

Chemistry s Engineering pubs csrgoumalascec

Screening of lonic Liquid/H,O Working Pairs for Application in Low
Temperature Driven Sorption Heat Pump Systems

Sabine Popp, Andreas Bosmann, René Wolfel, and Peter Wasserscheid*

Institute of Chemical Reaction Engineering, Friedrich-Alexander-University Erlangen-Nuremberg, Egerlandstrale 3, 91058 Erlangen,
Germany

© Supporting Information

ABSTRACT: Due to the known corrosion and crystallization issues of LiBr/ Bl
H,0, the. state-of- the.art work.mg pair in sorption heat. pump (SHP) systems, < 74 1L/H,0 working pairs >
research into alternative working pairs is of high practical relevance. We have :

Step I: Vapor pressure measurements - Aim: p,,,<10mbar at w, <0.8; T=308K
studied a wide range of ionic liquids (ILs) for this application in order to find
potential new systems with enhanced performance. The screening was conducted 17 1WH O‘\:v/orking airs

with a focus on vapor pressure measurements of, in total, 74 examined wWorking [ g, i memel sebie messucments SR Sab e for ea0d ot T=353K
pairs. As common vapor—liquid-equilibrium measurements are very precise but

rather time-consuming, we developed a new setup allowing a fast relative < 91L/H OCv/orkln e >

determination of humidities with very small sample volumes for screening AT —— e Obar To308K
purposes. By this method we identified seventeen IL/H,0 working pairs fulfilling j -
the technical relevant criterion of a water vapor pressure py o < 10 mbar at T = 6 II./l-lzobv/orking pairs

308 K with an IL content of less than 80 wt % (wy; < 0.8). Further evaluation of  Remeiningsuitcble sH? working pairs afterstep il ofthesscreening procedure
these candidates with respect to their thermal stability and viscosity allowed us to

identify [MMIM][HCOO]/H,0, [MMIM][OAc]/H,0, [MMIM][C,H,CO0]/H,0, [Me,N][HCOO]/H,0, [Me,N][OAc]/
H,0 and [Me,N] [C,H;COOQ]/H,0 as the most promising IL/H,0O systems for a possible application in SHP systems.

KEYWORDS: Ionic liquid, Sorption heat pump, Vapor pressure, Thermal stability

B INTRODUCTION focus was put on ionic IL/H,0 working pairs.”~"* By choosing
the proper cation—anion pair, the physical properties of the IL
can be tuned toward the technically desired range.16 Thus,
using an IL as an absorption medium offers a realistic chance to
overcome the crystallization and corrosion problems of the
commercial working pair LiBr/H,0. Several IL/H,O systems
were lproposed as promising candidates for the application in
SHP." Among them, the working pair 1,3-dimethylimidazo-
lium dimethylphosphate ([MMIM][DMP])/H,0 was inten-
sively studied and vapor—liquid-equilibrium (VLE)
data,”'>'”'® thermodynamic properties’ as well as performance
predictions in absorption refrigeration cycles were pub-
lished.">'”" The simulation results of Dong et al. even predict
similar COP values for [MMIM][DMP]/H,O compared to the
common working pair LiBr/H,0."

The most important property for the identification of
alternative IL-based working pairs for SHP systems is the
reduction of water vapor pressure in the presence of the
respective IL as probed by vapor—liquid - equilibrium (VLE)

One of the great challenges of science in our time is the
development of energy production, storage and transformation
systems with minimal ecological footprints. In this context, the
growing demand for cooling energy calls for eflicient
technologies that can use low-caloric heat streams, for example
from solar thermal installations, for cooling or heating.
Consequently, thermally driven sorption heat pumps (SHPs),
respectively absorption chillers, become more and more
relevant. In SHPs, low temperature waste heat is leveled up
to a higher temperature heat, which opens different and more
valuable technical uses for this heat at the enhanced
temperature level. Furthermore, the process cools part of the
system down, and this low level temperature level can be used
for energy-efficient cooling applications by absorption chillers.
The SHP technology is already widely used in industry. As
operating energy, waste heat from industrial processes, heat
from combined heat and power (CHP) plants or hot water
from solar or geothermal sources is applied." However, the )
state-of-the-art working pairs, namely LiBr/H,0 and H,0/ measurements. Dong et al. carried out Vapor‘ ‘pressgre
NHj, are characterized by some drawbacks. LiBr/H,O has a measurerlr;en.t's f(?r [MMIM][DMP]/H,O by the boiling point
high corrosion potential and tends to crystallize. > NH,/H,0 is method. Romrl-ch‘ et al. Performed the VLE measurements for
toxic and thus requires safeguards against accidental release. 1-ethy}-3-methy11m1'dazohum acetate ([EMIM][OAc])/H,0
Furthermore, it has to be purified from water by rectification, a and diethylammonium methanesulfonate ([DEMA][OMs])/

fact that results in high system costs.

To identify suitable alternative working pairs to LiBr/H,0, a Received: January 25, 2015
lot of research has been carried out over the past years. Besides Revised:  March 14, 201S
research dealing with suitable salt-water mixtures,*™ a special Published: March 25, 2015
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Table 1. Overview of the Screened Ionic Liquids

N° name abbreviation
1 (2-hydroxyethyl)dimethylammonium acetate [Me,EtOHNH]
[OACc]
2 (2-hydroxyethyl)dimethylammonium nitrate [Me,EtOHNH]
[NO,]
3 (2-hydroxyethyl)methylammonium acetate [MeEtOHNH, ]
[OAC]
4 (2-hydroxyethyl)methylammonium nitrate [MeEtOHNH, ]
[NO,]
S (2-hydroxyethyl)trimethylammonium acetate ~ [Me;EtOHN][OAc]
6 (2-hydroxyethyl)trimethylammonium butyrate [Me;EtOHN]
[butyrate]
7 (2-hydroxyethyl)trimethylammonium [Me;EtOHN]
chloracetate [CIOAC]
8  (2-hydroxyethyl)trimethylammonium formate = [Me;EtOHN]
[HCOO]
9 (2-hydroxyethyl)trimethylammonium fumarate [Me;EtOHN]
[fumarate]
10 (2-hydroxyethyl)trimethylammonium glycinate [Me;EtOHN]
[glycinate]
11 (2-hydroxyethyl)trimethylammonium glycolate [Me;EtOHN]
[glycolate]
12 (2-hydroxyethyl)trimethylammonium [Me,EtOHN]
hydrogennitrate [HNO;]
13 (2-hydroxyethyl)trimethylammonium [Me;EtOHN]
hydrogensulfate [HSO,]
14 (2-hydroxyethyl)trimethylammonium sulfite [Me;EtOHN][SO;]
1S (2-hydroxyethyl)trimethylammonium [Me;EtOHN]
hydrogensulfite [HSO;]
16  (2-hydroxyethyl)trimethylammonium [Me;EtOHN]
isobutyrate [isobutyrate]
17 (2-hydroxyethyl)trimethylammonium lactate [Me;EtOHN]
[lactate]
18  (2-hydroxyethyl)trimethylammonium maleate ~ [Me;EtOHN]
[maleate]
19 (2-hydroxyethyl)trimethylammonium malonate [Me;EtOHN]
[malonate]
20  (2-hydroxyethyl)trimethylammonium [Me;EtOHN]
methylsulfonate [MeSO;]
21 (2-hydroxyethyl)trimethylammonium oxalate ~ [Me;EtOHN]
[oxalate]
22 (2-hydroxyethyl)trimethylammonium [Me;EtOHN]
perchlorate [PerCl]
23 (2-hydroxyethyl)trimethylammonium [Me;EtOHN]
propionate [C,H,CO0]
24 (2-hydroxyethyl)trimethylammonium pyruvate —[Me;EtOHN]
[pyruvate]
25 (2-hydroxyethyl)trimethylammonium succinate [Me;EtOHN]
[succinate]
26  (2-hydroxyethyl)trimethylammonium sulfate [Me,EtOHN][SO,]
27 (2-hydroxyethyl)trimethylammonium [Me;EtOHN][TFA]
trifluoroacetate
28  (2-hydroxyethyl)trimethylammonium [Me,EtOHN]
trifluoromethylsulfonate [CE,;S04]
29 (2-hydroxyethyl)trimethylammonium nitrate [Me;EtOHN][NO;]

N° name abbreviation

30  1,3-dimethylimidazolium acetate [MMIM][OAc]

31  1,3-dimethylimidazolium butyrate [MMIM] [butyrate]

32 1,3-dimethylimidazolium chloracetate [MMIM][CIOAC]

33 1,3-dimethylimidazolium formate [MMIM][HCOO]

34 1,3-dimethylimidazolium glycolate [MMIM][glycolate]

35  1,3-dimethylimidazolium hydrogensulfate [MMIM][HSO,]

36  1,3-dimethylimidazolium hydrogensulfite [MMIM][HSO,]

37  1,3-dimethylimidazolium isobutyrate [MMIM]
[isobutyrate]

38  1,3-dimethylimidazolium lactate [MMIM] [lactate]

39  1,3-dimethylimidazolium methanesulfonate [MMIM][MeSO;,]

40  1,3-dimethylimidazolium nitrate [MMIM][NO;]

41  1,3-dimethylimidazolium propionate [MMIM]
[C,H.COO]

42 1,3-dimethylimidazolium sulfite [MMIM][SO,]

43  ammonium acetate [NH,][OACc]

44  ammonium nitrate [NH,][NO,]

45 dimethylammonium acetate [Me,NH,][OAc]

46  dimethylammonium nitrate [Me,NH,][NO,]

47  methylammonium acetate [MeNH,][OAc]

48  methylammonium nitrate [MeNH;][NO;]

49  tetrabutylphosphonium acetate [Bu,P][OAC]

50  tetrabutylphosphonium nitrate [Bu,P][NO;]

51 tetramethylammonium acetate [Me,N][OACc]

52 tetramethylammonium butyrate [Me,N][butyrate]

53 tetramethylammonium formate [Me,N][HCOO]

54  tetramethylammonium glycolate [Me,N][glycolate]

55 tetramethylammonium hydrogensulfite [Me,N][HSO;]

56  tetramethylammonium isobutyrate [Me,N][isobutyrate]

57  tetramethylammonium lactate [Me,N][lactate]

S8  tetramethylammonium nitrate [Me,N][NO;]

59  tetramethylammonium propionate [Me,N][C,H;COO0]

60  tetramethylammonium sulfite [Me,N][SO,]

61  trimethylammonium acetate [Me;NH][OAC]

62 trimethylammonium nitrate [Me;NH][NO;]

63  trimethylsulfonium acetate [Me;S][OAc]

64 trimethylsulfonium butyrate [Me,S][butyrate]

65 trimethylsulfonium formate [Me,S][HCOO]

66 trimethylsulfonium glycolate [Me,S][glycolate]

67  trimethylsulfonium hydrogensulfite [Me,S][HSO;]

68  trimethylsulfonium isobutyrate [Me,S][isobutyrate]

69  trimethylsulfonium lactate [Me;S][lactate]

70  trimethylsulfonium propionate [Me;S][C,H,COO0]

71  trimethylsulfonium sulfate [Me;S][SO,]

72 trimethylsulfonium sulfite [Me;S][SO;]

73 (2-hydroxyethyl)ammonium acetate [EtOHNH,][OAc]

74 (2-hydroxyethyl)ammonium nitrate [EtOHNH,][NO;]

H,O0 in a dynamic measurement apparatus.12 Kato and
Gmehling designed a computer-driven static ebulliometer
method for very accurate VLE measurements of, e.g., 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide
((EMIM][NT£,])/H,0 or [MMIM][DMP]/H,0."® The
group of Calvar examined VLE of ternary systems like 1-
butyl-3-methylimidazolium methylsulfate ([BMIM][MeSO,])/
HZ?O/EtOH with a dynamic recirculating distillation appara-
tus.

Those techniques provide relatively exact vapor pressure
values with mean uncertainties of about +0.52%'7—+2.49%.
However, these methods need relatively large sample volumes
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(V=70"-250 mL"7), leading to both expenses in material and
long times until equilibrium in the measurement cell is reached.
Thus, those methods are not really suitable for a fast screening
of a wide range of IL/H,0 working pairs.

In this contribution, we present a new experimental setup for
the fast screening of a large number of potentially interesting
working pairs for SHP systems. The applied apparatus
measures simultaneously relative humidity and temperature.
The here described method is simple compared to common
VLE measurements and can be performed with very small
sample volumes (V = 1 mL) and very little pre-experimental
effort. The new setup also allows the parallel measurement of
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Figure 1. Relative humidity measurement apparatus: THS, temperature and humidity sensor; IS, incubator and shaker unit; TIC, temperature
indicator and control in incubator and shaker unit; rHIR TIR, indication and recording of relative humidity and temperature.
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Figure 2. Autoclave apparatus for thermal stability measurements.

16 IL/water samples making the screening process even more
effective. The screening experiments described in this
contribution include 74 different ILs, each of which was
measured in various concentrations in water. Besides the results
of relative humidity measurements, we further present thermal
stability and viscosity data for the six most promising IL/H,0
working pairs.

B EXPERIMENTAL SECTION

Materials and Purities. All ILs under investigation (see Table 1)
were synthesized by acid/base reactions. The base (in aqueous or
methanolic solution) was placed in a round-bottom flask and cooled in
ice water. Then, equimolar amounts of the respective acid were added
dropwise while stirring. After addition, the ice bath was removed and
stirring was further conducted for t = 1 h. After the end of the reaction,
the methanol/water solvent was removed from the IL using a rotary
evaporator at p = 10 mbar and T = 60 °C. The purity of the
synthesized ILs was checked by '"H NMR measurements and was
determined to >98% for all synthesized ILs. Water contents were
determined by Karl Fischer titration (KF Coulometer 756, Metrohm).
The water contents were measured, in order to prepare the samples
precisely in the desired compositions and for precise viscosity
measurements.

For further information about the used chemicals and the list of
supplier of the commercially available materials, see the Supporting
Information.

Apparatus and Procedure. Measurements of Relative Humid-
ity. The relative humidity measurements were carried out in a static
apparatus, exemplarily shown with 4 instead of 16 measurement ports,
in Figure 1. The apparatus consists of an incubating mini shaker
(VWR, T = RT—65 °C, shaking speed = 100—900 rpm) and a tube
rack, where up to 16 sample vials can be clamped in. The sample vials
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are headspace screw neck vials with precision thread (V,;; = 10 mL).
The simultaneous temperature (T) and relative humidity (rH)
measurements of the gas phase above the sample is carried out by a
capacitive polymer sensor (SENSIRION, SHT7S) with an accuracy of
T = + 0.4 K and +1.8% rH.*" Each sensor is fused in a matching screw
cap for the vial, so that the vial is hermetically sealed during the relative
humidity measurement. Data logging of T and rH values is performed
by using the evaluation software EK-H4 Viewer (SENSIRION, EK-
H4) and a computer. The commercially available evaluation kit, which
includes an evaluation unit for 4 sensor channels, was extended by a 4-
fold switch to allow the measurement of up to 4 X 4 samples
simultaneously.

The water vapor pressure over the IL solutions (pyo) was
calculated from the measured relative humidity (% rH), the

temperature (T) and the saturated vapor pressure of water (e,)>”
using the Magnus equation.

see ref 22
17.08085-T
e, (T) = 6.1078-exp(7)
234175+ T (1)
see ref 22
Pyo(T)
9%rH = —22"_~.100

)

17.08085-T )

%rH
T) = ——6.1078-exp| ———
szo( ) 100 Xp(234.175 + T

©)

For the relative humidity measurements, each IL/H,O working pair
was prepared in 4 different compositions between 60 and 90 wt % IL.
Each vial was filled with V' = 1 mL of the respective sample and closed
with the appropriate sensor cap. The temperature and shaker speed

DOI: 10.1021/acssuschemeng.5b00062
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were set, and the data logging was started. After about ¢ = 45 min, the
equilibrium humidity was reached in the gas phase and the
measurement was stopped. Before and after the experiments, the
sensors were always checked for accuracy. Deviating sensors were
replaced, and the measurement of the respective sample was discarded.
Furthermore, the reliability of the measurements was checked by
comparing literature vapor pressure data from LiBr/H,O and pure
water”>>* with measured vapor pressure data at T = 303 K. The mean
uncertainty between literature and measured vapor pressure data of
LiBr/H,O0 in the range between 40 and 55 wt % LiBr was determined
to +11.1%. The mean uncertainty between measured and literature
vapor pressure data for water at T = 303 K was determined to +2.4%.

Thermal Stability Measurements. Thermal stability measurements
of the working pairs were carried out in a mini autoclave setup, shown
in Figure 2. It consists of 10 autoclaves, which are made of stainless
steel (1.4571). Each autoclave had a volume of V = 21 mL. The
autoclaves were put in a heatable aluminum block, the temperature
control of which was ensured by a PID controller HT MC1 (Horst).
Mixing of the samples in the autoclaves was realized by a 10-fold
magnetic stirrer, which was arranged underneath the heating block.
Each autoclave was sealed with a Viton O-ring. A burst-disk was
assembled on each reactor. For inertization of the gas phase, the
pressure vessels were connected with a gas distribution system. With
the appropriate valve position, inert gas could be filled into the
autoclaves or the pressure in the vessels could be purged.

Thermal stability measurements of the IL/H,O working pairs were
carried out at T = 353 K for t = 28 d. The temperature was chosen
according to the temperature level in steam driven absorption heat
pump systems.>> Each sample was prepared by weighing m = 5 g in a
glass liner; blank tests were taken for headspace-gas chromatography
(GC) and NMR measurements. Afterward, the samples were placed
into an autoclave. The pressure vessel was closed, connected with the
inert gas distribution system and the autoclave was flushed three times
with nitrogen. After the gas phase was inertized above the sample, the
temperature was set to T = 353 K. After t = 7, 14, 21 and 28 d, the
autoclave was cooled down and samples were taken and analyzed by
'"H NMR and headspace-GC. Afterward, the autoclave was closed,
inertized and heated up again.

Viscosity Measurements. The viscosity measurements were carried
out in a cone—plate Rheometer (Paar Physica MCR100). Samples
were measured at T = 303—353 K and at shear rates of y = 1-2000

S

B RESULTS AND DISCUSSION

To find alternative IL/H,O working pairs with enhanced
efficiency for the application in sorption heat pump (SHP)
systems, a systematic screening approach was chosen. To this
end, a range of 74 ILs was synthesized by acid—base reactions.
Some of the synthesized salts represent “poor” ILs, as described
by Yoshizawa.”® It is expected that those salts do not perform
well in our screening. The initial preselection was based on the
relative humidity measurements in our new screening apparatus
to verify the reduction of vapor pressure of the refrigerant
(H,O) in the absorbent (IL). After data evaluation, we selected
the working pairs with the lowest vapor pressure values. The
second essential requirement for suitable working pairs is
robustness, i.e., thermal stability at SHP working conditions.
After identification of the thermally stable working pairs, further
physical properties were determined for those working pairs
that passed the previous tests.

Our screening included a variety of ILs with highly
hydrophilic ions and excluded highly corrosive anions. Sets of
cations were initially screened with [NO;]™ and [OAc]™ ions.
After the results were evaluated, the best performing cations
were selected and screened with organic and inorganic
hydrophilic anions. All IL/H,0 working pairs studied (see
Table 1) were benchmarked against the technical goal of
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providing a water vapor pressure py o < 10 mbar at T = 308 K

with less than 80 wt % (wy < 0.8) IL. Temperature and
pressure values of this technical goal were chosen to correspond
to the average absorber conditions in a LiBr/H,O driven
sorption heat pump system.”>*”** This match is important to
facilitate a drop-in replacement of LiBr by the identified best IL
in existing SHP systems. The maximum IL fraction criterion in
the technical goal is derived from the fact that at very high IL
fraction the viscosity of the IL absorbent would be too high to
enable efficient heat transfer processes. The matrix shown in
Table 2 illustrates the cation—anion pairs which were found to
fulfill the technical goal of py o < 10 mbar (+2 mbar) at T =

308 K and wy; < 0.8. The working pairs signed with (—) were
either not soluble under the desired conditions or did not lower
the vapor pressure to py o = 10 mbar at any composition. The

blank fields in Table 2 indicate that those cation—anion pairs
were not tested. Detailed vapor pressure data for all measured
systems can be found in the Supporting Information.

As the result of this screening, 24 IL/H,O working pairs (see
Table 2 (+)) were identified to fulfill the set criterion. From
these, 17 working pairs reaching py o < 10 mbar at the lowest

IL fraction were selected for further characterization of their
thermal stability and viscosity at the relevant water contents. An
IL is regarded as thermally unstable if decomposition products
can be found by NMR or headspace-GC—MS. No attempt was
made to derive decomposition kinetics. Table 3 shows the
results of the long-term stability tests under vapor atmosphere
and close to realistic SHP working conditions at T = 353 K for
28 days.

Table 3. Results of the Thermal Stability Test of 17 Ionic
Liquid/H,0 Working Pairs®

[MMIM] [Me;S] [Me,N]
[HCOO] + - +
[OAc] + - +
[C,H,COO0] + - +
[butyrate] - - +
[isobutyrate] - - +
[glycolate] +
[lactate] -

“Measurements were carried out at T = 353 K for 28 days: (+) =
stable, (—) = unstable according to "H NMR and headspace-GC—MS
analytics.

All examined sulfonium ILs, as well as [MMIM][butyrate],
[MMIM][isobutyrate] and [Me,N][lactate], turned out to be
unstable under these test conditions. After only 7 days of
testing, all of these systems showed clear signs of decom-
position both in the liquid ("H NMR spectra) and the gas
phase (headspace-GC chromatograms). Amines and alkyl esters
were identified as main decomposition products, indicating that
cation dealkylation is the main decomposition mechanism. A
detailed study on decomposition mechanism and kinetics of
imidazolium salts was published by Keil et al.>

In a next set of experiments, the viscosities of the nine
systems that had passed the water vapor test and the stability
test were determined. For these tests, typical compositions of
the tested IL/H,O working pairs at absorber temperature T =
308 K and at generator temperature T = 353 K were examined.
The corresponding data are shown in Table 4.

DOI: 10.1021/acssuschemeng.5b00062
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Table 4. Experimental Dynamic Viscosity Data for Selected
Working Pairs IL (1)—water (2) at T = 308 Kand T = 353 K

7 (mPa-s)
ionic liquid (1) wy T =308 K T =353 K
[MMIM][HCOO] 0.770 8.01 35
[MMIM][OAC] 0.785 14.9 48
[MMIM][C,H,COO] 0.786 187 58
[Me,N][HCOO] 0712 10.4 42
[Me,N][OAC] 0717 284 7.1
[Me,N][C,H,COO] 0732 292 7.5
[Me,N][butyrate] 0.752 432 9.4
[Me,N][isobutyrate] 0.795 62.5 11.5
[Me,N][glycolate] 0.801 35.8 83

All working pairs listed in Table 4 showed Newtonian
behavior. The viscosity profile over the temperature range T =
303—353 K for the working pairs shown in Table 4 is plotted in
Figure 3.

Figure 3. Dynamic viscosity versus temperature T = 303—353 K for l
[MMIM][HCOO] + H,0, ® [MMIM][OAc] + H,O, A [MMIM]-
[C,H,COO0] + H,0, O [Me,N][HCOO] + H,0, O [Me,N][OAc] +
H,0, A [Me,N][C,H;COO] + H,0, V [Me,N][glycolate] H,O, +
[Me,N][butyrate] + H,0O, * [Me,N][isobutyrate] + H,O; for
compositions, see Table 4.

The values for dynamic viscosities decrease, as expected, with
increasing temperature. As low viscosities are highly relevant for
the heat transfer properties of the absorbent and thus for the
dimensions for the cooling apparatus, we restricted the final,
detailed investigation of the relative humidities to those six IL
absorbents that reach a viscosity of less than 30 mPa-s at T =
308 K at the water content corresponding to py o < 10 mbar.

Under these selection criteria, six ionic liquids have been
identified as promising candidates for future SHP applications.
Table § gives for these six ILs the detailed results of the relative
humidity measurements. Figure 4 displays the corresponding
vapor pressure curves for the working pairs at different IL
fractions between wy, = 0.55—0.90.

Comparing ionic liquids of different cation types, it becomes
obvious from the obtained data that ILs with the [Me,N]* ion
show lower vapor pressure values over the whole composition
range compared to working pairs with the [MMIM]" ion.
Furthermore, it is noteworthy that none of the IL/H,O systems
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Table 5. Experimental Relative Humidities and Temperature
Data for Six Systems Ionic Liquid (1)—Water (2) and
Calculated Water Vapor Pressures

ionic liquid (1) w, rH (%) T (K) Pr,0 (mbar)
[MMIM][HCOO] 0804 1241  307.97 692
0.794 15.21 307.22 8.13
0.742 24.54 307.18 13.09
0.719 28.06 307.95 15.62
0.687 36.68 308.15 20.65
0.595 55.33 308.99 32.63
[MMIM][OAc] 0.885 426 30843 243
0.830 11.97 307.48 6.50
0.787 19.14 307.47 10.38
0.740 28.19 307.82 15.59
0.699 36.29 308.19 2047
0.645 45.80 308.97 26.98
[MMIM][C,H,COO] 0803 1279 30720 6.83
0.785 15.56 307.38 8.40
0.714 27.12 308.11 15.23
0.689 33.13 307.81 18.30
0.629 43.98 307.21 23.51
0.599 50.17 307.61 2741
[Me,N][HCOO] 0749 1415  307.37 7.63
0.710 17.55 307.84 9.71
0.676 22.85 308.39 13.03
0.636 31.31 308.49 17.96
0.593 41.93 307.27 22.49
0.566 47.71 307.47 25.87
[Me,N][OAc] 0776 1158  307.74 638
0.734 15.19 308.26 8.61
0.726 16.60 308.33 9.44
0.696 21.32 308.34 12.13
0.659 26.16 308.27 14.83
0.624 33.39 308.88 19.56
[Me,N][C,H,CO0] 0.776 12.11 308.58 6.98
0.768 13.08 308.36 7.45
0.732 18.12 308.67 10.49
0.694 23.58 308.51 13.54
0.661 2823 308.24 15.98
0.590 41.50 308.16 23.38

studied showed any sign of crystallization in the measured
composition range (see Table S). The anions [HCOO],
[OAc]™ and [C,H;COO]"~ show similar vapor pressure values
in combination with both cations.

B CONCLUSION

In this work, we have presented a fast and eflicient screening
method to identify promising IL/H,O working pairs for
application in SHP systems. The first preselection from a group
of in total 74 ionic liquids was carried out based on water vapor
pressure data obtained from a simple screening apparatus
measuring simultaneously vapor pressure and temperature in a
highly parallelized manner using small sample volumes of 1 mL
per sample. The criterion for the preselection was set at a
maximum water vapor pressure of 10 mbar at T = 308 K with
not more than 80 wt % IL present in the respective mixture.
This criterion is closely related to the requirements of a drop-in
replacement of LiBr by the newly developed IL in existing
equipment. Seventeen IL/H,O systems were found to pass the
criterion and were further investigated in thermal stability tests
and viscosity tests. Only six candidates turned out to remain
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Figure 4. Comparison of vapor pressure data versus mass fraction of
IL (1) at about T = 308 K: @ [MMIM][HCOO] + H,0, @
[MMIM][OAc] + H,0, A [MMIM][C,H,COO] + H,0, O
[Me,N][HCOO] + H,0, O [Me,N][OAc] + H,0, A [Me,N]-
[C,H,CO0] + H,0.

stable in the presence of water vapor at 353 K for 28 days and
showed a dynamic viscosity of less than 30 mPa-s at SHP
absorber conditions. These six IL candidates are proposed as
suitable candidates in future IL/H,O working pairs for SHP
systems and merit in our views a more detailed investigation
and potentially a technical development for this specific
application: [MMIM][HCOO], [MMIM][OAc], [MMIM]-
[C,H;COO0], [Me,N][HCOO], [Me,N][OAc] and [Me,N]-
[C,H,COO].
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