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Abstract

Ionic liquids (ILs) have emerged as novel sorption materials capable to achieve exceptional water vapour
uptake that is attractive for their use in heat transformation technologies. Water sorption equilibria on 2-
hydroxyethyl-trimethylammonium acetate or choline acetate ([Cho][OAc]) were measured at eight different
temperatures: 298.25, 303.25, 308.35, 318.55, 328.75, 333.85, 344.15 and 349.55 K. Equilibrium
measurements were performed with a dynamic vapour sorption (DVS) system. With a relative humidity of
around 90% a water uptake larger than 3.5 gw gi”' was observed for all the temperatures. The resulting type
III isotherms were correlated with the Guggenheim-Anderson-de Boer (GAB) model as well as the Redlich-
Kister (RK) excess Gibbs energy model. It was found that both models fit the experimental data with great
accuracy and provide an appropriate description of the water sorption equilibria. The regressed parameters of
the RK model were also employed to predict excess properties of the binary system. Moreover, a
thermodynamic cycle was assessed and compared with sorbent benchmarks, highlighting performance that
make the choline acetate/water pair a viable option in sorption chiller applications.

Keywords: Water sorption equilibrium; Water vapour; lonic liquid; Choline acetate; Guggenheim-Anderson-
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1. Introduction

Due to global warming there is an ever-present need to increase the world’s energy efficiency. Temperature
swing sorption (TSS) systems can address this challenge being technologies driven by heat below 100°C [1—
4]. In a TSS heat transformer, water vapour is absorbed or adsorbed onto a sorption material, either a liquid
solvent, a salt or a porous solid. Typical applications include heat storage [5,6], desalination [7,8], drying [9—
11] and cooling [12].

Beyond inorganic salts and conventional adsorbents, ionic liquids (ILs) have shown promising water sorption
properties [13—16]. Many industrial sectors are exploring the possible uses for ILs because of their negligible
vapour pressure, non-flammability, high solubility of organic compounds, high thermal and chemical stability
and ease of extraction from reaction products [17,18]. Some ILs are environmentally neutral and are currently
being studied to replace traditional industrial solvents [19]. Moreover, ionic liquids have a low regeneration
temperature, often under 80°C, which makes them attractive for their utilization in heat transformers [8].
Despite the remarkable potential for several applications, there are only limited works in the literature
focussing on water sorption equilibrium on ionic liquids. Romich et al. [20] measured several thermodynamic
properties of binary mixtures of water + [EMIM][OAc] and water + [DEMA][OMs] in the temperature range
293.15-353.15 K. These properties included vapour-liquid equilibria (VLE), heat capacities, densities and
viscosities. They found that the NRTL model showed a good agreement between measured and correlated
data. Merkel et al. [21] studied VLE of systems of water and six ILs in order to assess and rank the influence
of the cation and the anion on the vapour pressure reduction of ILs. VLE experimental data were also regressed
using the NRTL model which was then used to predict excess molar enthalpies. Costantinescu et al. [22]
reported viscosities, VLE and heat of mixing measurements for water with three choline-based ionic liquids at
303.15, 313.15 and 323.15 K. The experimental VLE data were correlated using the NRTL and UNIQUAC
models while molar excess enthalpies were fitted to a Redlich-Kister model. Khan et al. [23] investigated VLE
for systems of water + nine cholinium-based ILs by means of a humidity meter instrument. COSMO-RS model
was used to correlate the experimental data and to show the interaction of water and the type of anion of the
IL. They concluded that water presented the strongest interaction with [Cho][OAc] due to the lowest activity
coefficient.

In this work we carried out a comprehensive experimental study of the water sorption equilibrium on
[Cho][OAc], which is particularly promising for the use of thermally-driven sorption technologies. Water



sorption equilibrium was measured using a gravimetric dynamic vapour sorption apparatus at different
temperatures from 298.25 to 349.55 K. Then, we correlated the experimental data with two models that are
typical of adsorption equilibria, namely the Guggenheim-Anderson-de Boer (GAB) model, and the VL
equilibria, namely the Redlich-Kister (RK) excess Gibbs energy model. After successful regression of the
parameters, we also showed how to predict molar excess properties using the RK model including Gibbs
energy, enthalpy and entropy. It is crucial to know the thermophysical properties of the IL, especially its
melting point when it is integrated in a heat transformer. [Cho][OAc] is a solid at room temperature and has a
wide range of reported melting points in the literature, as shown in Table 1. Finally, a thermodynamic cycle
analysis that uses the experimental isotherm data was assessed to evaluate the suitability of the material for
sorption chillers through the coefficient of performance (COP).

Table 1: Melting and degradation temperature data for [Cho][OAc] ionic liquid.

Melting Degradation Reference
temperature [°C] temperature [°C]

51 190 Colomines et al. [24]
51 189 Fukaya et al. [25]
63.4 - Cheng et al. [26]

67.6 - Lopes et al. [27]

72 - Muhammad et al. [28]
80 - Zhang et al. [29]

89.4 - Fernandez et al. [30]

2. Experimental

2.1 Materials

2-hydroxyethyl-trimethylammonium acetate ionic liquid [Cho][OAc] > 95.0% was supplied by Sigma-Aldrich
where water was present as an impurity < 1% [31]. The material was stored in an airtight bottle at room
temperature away from direct sun light to ensure nothing affected the quality of the product. All samples were
used without any further purification.

2.2 Apparatus and procedure
Water sorption equilibrium was measured using a gravimetric dynamic vapour sorption system (DVS) from
Surface Measurement Systems [32] that provides a fast and accurate method for analysis. The apparatus
schematic is shown in Figure 1.
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Figure 1: Schematic of DVS system used for the measurement of water sorption equilibrium data. 1.
Nitrogen inlet; 2. Water bubbler; 3. Wet nitrogen stream mass flow controller; 4. Dry nitrogen stream mass
flow controller; 5. Mixing tee; 6. Splitter tee; 7. Humidity and sorption temperature sensor; 8. Sample cell; 9.
Electric heater; 10. Sample; 11. Reference cell; 12. Microbalance; 13. System outlets; 14. Insulated and
thermostated air enclosure; 15. Incubator temperature sensor; 16. Dry nitrogen humidity sensor.
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Two pans hang from wires connected to a microbalance, one holds the sample and the other is used as a
reference weight. The symmetric microbalance scale minimizes buoyancy effects. For the equilibrium
measurements, pure nitrogen gas and water vapour flow through the system at a constant flowrate. The
microbalance weighs the sample with a 0.1 pg stable resolution. The temperature of the incubator is measured
by a platinum resistance thermometer (PT100 sensor). Relative humidity (RH) and temperature measurements
of the nitrogen/water vapour mixture are performed with an HC2A Humidity Temperature Probe (Rotronic)
while two MFC 2000 (Axetris) high accuracy digital mass flow controllers control the flow of water vapour
and nitrogen into the system. The apparatus can be used for water sorption measurements for temperatures
between 5 and 85°C and RH up to 98%. Humidity and temperature probes are located close to the sample pan.
The equilibrium water uptake of the sample was calculated from the mass of the sample at each equilibrium
value with the following relation:

w = mmo (1)

mo

where W is the uptake of water into [Cho][OAc] expressed in gw gi.”', m, is the bone-dry weight of the sample
expressed in mg, and m is the mass of the sample at equilibrium expressed in mg.

Temperature inside the DVS system remains constant at a set value throughout the entire cycle, allowing the
user to examine water sorption measurements over a wide range. A total of eight temperatures (298.25, 303.25,
308.35, 318.55, 328.75, 333.85, 344.15 and 349.55 K) were examined. Samples were loaded into the sample
cell and let reach the specified equilibrium temperature and a stable weight all the time under a 200 SCCM of
dry nitrogen flow per mass flow controller. Once at equilibrium, the [Cho][OAc] samples were first
regenerated at 90°C for 8 hours under dry nitrogen flow to desorb all water. After that, the samples were
stabilized at the sorption temperature still under dry nitrogen flow for 2 hours, at which point they were
considered dry and ready for the sorption measurements.

Sorption isotherms were measured under a constant flow of nitrogen gas at 200 SCCM for gradual steps from
0% to 98% of RH. The conditions inside the chamber were held at constant temperature and RH until the mass
of the sample reached equilibrium. Equilibrium was determined when the mass change (dm/dt) equaled
0.002% min™" or 20 pg g min™' over a 10-minute period, following the approach used by Glass et al. [33].

2.3 Uncertainty analysis

The humidity and temperature probe has a uncertainty on relative humidity (ozx) of £0.8% at 10-30°C, £1.3%
at 30—60°C, +1.8% at 60—100°C and temperature uncertainty (or) of 0.1 K. A blank experiment was carried
out in order to attain the weighing uncertainty of the instrument. The results showed a sample mass uncertainty
(Gmr Omow) of £5.0-10* mg. When the measurement values are manipulated by calculations such as converting
the mass of the water sorbed into water uptake or calculating water mole fractions and activity coefficients,
the following set of equations was applied to determine the error propagation on the standard deviations:

R=X+Y—2Z @)
Or =/ 0% + 0% + a2 3)
R = XY @

:
o = IR |(2)+ (32) + (%) ®

where X, Y, Z, X’, Y’, Z’ are measured variables, R, R’ are calculated variables and o refer to the uncertainties
of the calculated variables.

In addition to Eq. (1) that was used to calculate the water uptake from the sample mass, the additional Eqns
(6—7) were employed to calculate water mole fractions and activity coefficients:

w
Xw = Wm (6)
(7)

_ ~ RH
T Pyxw 100Xy

Yw



where xy is the mole fraction of water in the IL-rich phase, MWy is the molecular weight of water (18.0 g mol
1, MWy, is the molecular weight of [Cho][OAc] (163.2 g mol™), yw is the activity coefficient of water in the
IL-rich phase, P is the pressure of water in the vapour phase and Py is the saturation pressure of water at the
equilibrium temperature. Note that the ratio (P/P%y) corresponds to the relative humidity (RH) and the
uncertainty of the water partial pressure is the same of the relative humidity. In addition, the uncertainty on
the water content of the samples at the beginning of the experiments (omorn) Was estimated from the
uncertainty at ambient temperature on the dry nitrogen humidity sensor of +£0.8% and resulted in 0.12% of the
bone-dry weight of the sample. The overall uncertainty on the initial sample mass (o) combines the
uncertainty of the dry nitrogen relative humidity and the weighing uncertainty of the instrument by taking the
square root of the sum of their squares, as reported in Eq. (8):

— 2 2
Omo = \/O-mO,RH + Umo,w (8)

Applying the above Eqns (2—5) the uncertainties of the calculated variables were evaluated as follows:

2

ow =W|- —W HEDY ©)
o = Il |2+ (%) (10)
oy = trl () +(2)° (an

3 Results and discussion

3.1 Experimental results

The water sorption equilibrium data on [Cho][OAc] are listed in Tables 2—9 for 298.25, 303.25, 308.35,
318.55,328.75, 333.85, 344.15 and 349.55 K, respectively. The reported variables are relative humidity, water
partial pressure, water uptake, water mole fraction, water activity coefficient and the associated uncertainties.
The whole analysis assumes the solubility of nitrogen in the ionic liquid as negligible.

Table 2: Experimental water sorption equilibrium data on [Cho][OAc] at 298.25 K with my = 6.447 mg.

RH [%)] P [kPa] W [gw ai] xw [-] yw [-] ow [gw gu'] ox [-] oy [-]

48.630 1.551 0.667 0.858 0.567 1.45-103 2.63-1073 9.48-1073
48.690 1.553 0.670 0.859 0.567 1.45-10°3 2.63-1073 9.48-107
77.010 2.457 1.421 0.928 0.830 2.09-1073 1.93-1073 8.79-107
77.185 2.462 1.433 0.929 0.831 2.10-10°3 1.93-1073 8.79-107
85.495 2.727 2.148 0.951 0.899 2.85-103 1.78-103 8.58:107
85.530 2.728 2.168 0.952 0.899 2.87-103 1.78:103 8.57-107
86.870 2.771 2.410 0.956 0.908 3.14:10° 1.76:10° 8.53:107
87.085 2.778 2.378 0.956 0.911 3.10-107 1.76:1073 8.54-107
89.115 2.843 2.807 0.962 0.926 3.58-107 1.74-1073 8.48-107
89.255 2.847 2.961 0.964 0.926 3.76-1073 1.73-1073 8.46-107
90.610 2.890 3215 0.967 0.937 4.05-103 1.72:10° 8.44-107
91.510 2919 3.525 0.970 0.944 4.41-1073 1.71-107 8.42:107

Table 3: Experimental water sorption equilibrium data on [Cho][OAc] at 303.25 K with my = 7.676 mg.

RH [%] P [kPa] W [gw gi] Xw [-] Yw [-] ow [gw gu'] ox [-] oy [-]

49.780 2.127 0.682 0.861 0.578 1.46:10° 2.60-107 9.46-10°
76.880 3.284 1.439 0.929 0.828 2.11-1073 1.92:107 8.78:103
85.560 3.655 2.238 0.953 0.898 2.95:10° 1.77-107 8.56:10°



87.200 3.725 2.550 0.959 0.910 3.29-10°3 1.75:103 8.51:103
89.840 3.838 3.156 0.966 0.930 3.98-10°3 1.72:10° 8.44-10°3
91.315 3.901 3.766 0.972 0.940 4.68-10° 1.71-10° 8.40-103
Table 4: Experimental water sorption equilibrium data on [Cho][OAc] at 308.35 K with my = 7.638 mg.
RH [%] P [kPa] W [gw gi] Xw [-] Yw [-] ow [gw gu'] ox [-] oy [-]
15.105 0.860 0.267 0.707 0.214 1.25-10° 4.67-107 1.84-102
30.065 1.711 0.427 0.795 0.378 1.31-10° 3.45-10° 1.64-102
49.190 2.800 0.670 0.859 0.573 1.45:10° 2.62:103 1.52:102
06.885 3.807 1.041 0.904 0.740 1.74:10°3 2.13:103 1.45-102
75.840 4317 1.405 0.927 0.818 2.07-10° 1.94-107 1.41-10
80.590 4.587 1.714 0.940 0.858 2.39:10° 1.85:103 1.39:102
85.075 4.842 2.238 0.953 0.893 2.95-10° 1.77-10° 1.37-10
89.690 5.105 3.164 0.966 0.928 3.99-10° 1.72-1073 1.36-102
Table 5: Experimental water sorption equilibrium data on [Cho][OAc] at 318.55 K with my = 8.626 mg.
RH [%] P [kPa] W [gw gi] Xw [-] Yw [-] ow [gw gu'] ox [-] oy [-]
15.205 1.489 0.258 0.700 0.217 1.24-10° 4.77-107 1.86:102
15.580 1.526 0.265 0.706 0.221 1.24-10°3 4.69-103 1.85-102
30.075 2.946 0.417 0.791 0.380 1.30-10°3 3.50-1073 1.65-102
31.220 3.058 0.433 0.797 0.392 1.31-10° 3.41-10% 1.64-102
48.675 4.767 0.656 0.856 0.569 1.44-10° 2.65107 1.53-102
50.840 4.979 0.696 0.863 0.589 1.46-1073 2.57-1073 1.52-102
65.360 6.401 1.009 0.901 0.725 1.71-1073 2.16-1073 1.45-102
65.620 6.427 1.024 0.903 0.727 1.72:10° 2.1510% 1.45-102
74.810 7.327 1.362 0.925 0.809 2.03-10° 1.95-10° 1.42-10
74.940 7.340 1.387 0.926 0.809 2.05-1073 1.94-1073 1.41-102
79.670 7.803 1.719 0.940 0.848 2.39-10°3 1.85-1073 1.39-102
79.735 7.809 1.679 0.938 0.850 2.35:10° 1.86:107 1.40-102
84.460 8.272 2.262 0.953 0.886 2.97-10° 1.77-107 1.37-10
84.480 8.274 2.286 0.954 0.886 3.00-10° 1.77-1073 1.37-102
89.185 8.735 3.354 0.968 0.921 4.21-103 1.72-1073 1.35-102
89.265 8.743 3.652 0.971 0.920 4.55-10° 1.71-10° 1.35:102
Table 6: Experimental water sorption equilibrium data on [Cho][OAc] at 328.75 K with my = 6.091 mg.
RH [%] P [kPa] W [gw gi'] Xw [-] yw [-] ow [gw gi'] ox [-] oy [-]
15.925 2.583 0.261 0.703 0.226 1.25-10° 4.74-10° 1.86:102
16.100 2.611 0.259 0.702 0.229 1.25-10°3 477103 1.86-102
30.820 4.999 0.428 0.795 0.388 1.31-10°3 3.44-1073 1.64-102
30.930 5.017 0.423 0.793 0.390 1.31-10° 3.47-10% 1.65-102
49.235 7.986 0.668 0.858 0.574 1.45-10° 2.63-107 1.52:10
49.290 7.995 0.677 0.860 0.573 1.46-1073 2.61-1073 1.52-102
64.320 10.433 0.999 0.901 0.714 1.70-10°3 2.17-1073 1.45-102
64.465 10.456 1.023 0.903 0.714 1.72:10° 2.1510% 1.45-102
73.020 11.844 1.341 0.924 0.790 2.01-10° 1.96:107 1.42-10
73.395 11.905 1.378 0.926 0.793 2.05-1073 1.95-1073 1.41-102
77.935 12.641 1.662 0.938 0.831 2.33-10°3 1.86-1073 1.40-102
82.750 13.422 2.175 0.952 0.869 2.88:10° 1.78:107 1.38-102
83.415 13.530 2.325 0.955 0.874 3.05-10°3 1.77-107 1.37-10



87.625 14.213 3.434 0.969 0.904 4.30-1073 1.72-10°3 1.35-102
87.990 14.272 3.531 0.970 0.907 4.41-10°3 1.71-10°3 1.35-102
88.400 14.338 3.762 0.972 0.910 4.68-107 1.71-107 1.35-10
Table 7: Experimental water sorption equilibrium data on [Cho][OAc] at 333.85 K with mo = 7.587 mg.
RH [%] P [kPa] W [gw gn''] xw [-] yw [-] ow [gw gi'] ox [-] oy [-]
16.430 3.385 0.250 0.694 0.237 1.24-107 4.86:107 1.88-102
16.670 3.434 0.255 0.698 0.239 1.24-1073 4.81-10°3 1.87-102
31.070 6.401 0.415 0.790 0.393 1.30-10°3 3.51-1073 1.65-102
31.405 6.470 0.422 0.793 0.396 1.31-10° 3.47-10% 1.65-102
49.780 10.255 0.669 0.858 0.580 1.45-10° 2.63-107 1.52:10
48.980 10.090 0.654 0.856 0.572 1.44-1073 2.66-10°3 1.53-102
63.050 12.989 0.957 0.897 0.703 1.66:1073 2.21-10°3 1.46-102
64.225 13.231 0.992 0.900 0.714 1.69-107 2.17-10% 1.45-10
71.410 14.711 1.266 0.920 0.776 1.94-107 1.99-107 1.42-10
72.680 14.973 1.326 0.923 0.787 2.00-1073 1.97-10°3 1.42-102
76.510 15.762 1.565 0.934 0.819 2.23-10°3 1.89-10°3 1.40-1072
77.250 15.914 1.621 0.936 0.825 2.29-10° 1.87-107 1.40-10?
81.655 16.822 2.032 0.949 0.861 2.72:107 1.80-107 1.38-102
81.920 16.876 2.101 0.950 0.862 2.80-1073 1.79-10°3 1.38-102
86.120 17.742 2.984 0.964 0.893 3.78:1073 1.73:10°3 1.36:102
86.200 17.758 2.984 0.964 0.894 3.78-10°3 1.73-10° 1.36:102
Table 8: Experimental water sorption equilibrium data on [Cho][OAc] at 344.15 K with my =4.737 mg.
RH [%] P [kPa] W [gw gn''] xw [-] yw [-] ow [gw gi'] ox [-] oy [-]
33.615 10.950 0.431 0.796 0.422 1.32:10° 3.44-10°3 2.27-102
50.575 16.475 0.663 0.857 0.590 1.45-1073 2.65-10°3 2.11-10
62.355 20.313 0.920 0.893 0.698 1.64-107 2.25-10% 2.02:1072
68.800 22.412 1.140 0.912 0.755 1.83:1073 2.07-10°3 1.98-102
70.060 22.823 1.199 0.916 0.765 1.88-107 2.03-107 1.97-10
71.780 23.383 1.271 0.920 0.780 1.95-10°3 2.00-10°3 1.96-102
73.120 23.820 1.350 0.924 0.791 2.03-107 1.96:1073 1.95-10
75.405 24.564 1.463 0.930 0.811 2.14-1073 1.92-10°3 1.94-102
80.350 26.175 1.908 0.945 0.850 2.60-107 1.82:107 1.91-10
81.585 26.577 2.054 0.949 0.860 2.75-1073 1.80-10°3 1.90-102
82.105 26.747 2.154 0.951 0.863 2.86:107 1.79-1073 1.90-10

Table 9: Experimental water sorption equilibrium data on [Cho][OAc] at 349.55 K with my = 11.019 mg.

RH [%] P [kPa] W [gw gi'] Xw [-] yw [-] ow [gw gu'] ox [-] oy [-]

18.815 7.698 0.267 0.708 0.266 1.24-1073 4.66:1073 2.55-107
19.295 7.894 0.271 0.711 0.271 1.25-10°3 4.62:10° 2.54-102
33.665 13.774 0.427 0.795 0.424 1.31-1073 3.44-107 2.27-107
34.815 14.244 0.437 0.799 0.436 1.31-103 3.39-107 2.26:102
48.555 19.866 0.639 0.853 0.569 1.43-10°3 2.69-1073 2.12:102
49.870 20.404 0.657 0.856 0.582 1.44-1073 2.65-107 2.11-107
59.250 24.242 0.855 0.886 0.669 1.5810°3 2.32-1073 2.04:102
60.305 24.673 0.884 0.889 0.678 1.60-1073 2.28:107 2.03-1072
66.080 27.036 1.057 0.906 0.730 1.75-10°3 2.12-10°3 2.00-102
66.330 27.138 1.082 0.908 0.731 1.77-1073 2.10-107 1.99-10



73.210 29.953 1.400 0.927 0.790 2.07-103 1.93-1073 1.95-102

Figures 2 and 3 show the water adsorption isotherms on [Cho][OAc] as water uptake against relative humidity
at two temperature levels: low temperatures comprising 298.25, 303.25, 308.35 and 318.55 K and high
temperatures comprising 328.75, 333.85, 344.15 and 349.55 K. Water isotherms on [Cho][OAc] at 298.15 K
from [23] and on [EMIM][OAc] at 303.15 K from [20] were also reported in the same figures as references.
As expected, [Cho][OAc] followed the same trend of other ILs, showing a type III isotherm for water at all
temperatures. In the whole RH range it can be observed that at constant relative humidity the maximum
difference in water uptake across the isotherms was 0.25 gw gi.”'. With a relative humidity of around 90% an
exceptional water uptake larger than 3.5 gw gi.”' was observed for all the temperatures.
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Figure 2: Water sorption isotherms on [Cho][OAc] at low temperatures: 298.25, 303.25, 308.35 and 318.55
K. Reference [Cho][OAc] from [23] is at 298.15 K and reference [EMIM][OAc] from [20] is at 303.15 K.
GAB model parameters are reported in Table 10.
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Figure 3: Water sorption isotherms on [Cho][OAc] at high temperatures: 328.75, 333.85, 344.15 and 349.55
K. Reference [Cho][OAc] from [23] is at 298.15 K and reference [EMIM][OAc] from [20] is at 303.15 K.
GAB model parameters are reported in Table 10.

The measured experimental data at 298.25 K matched well with the reference data at the same temperature. It
is worth noticing the difference between the uptake of water on [Cho][OAc] and [EMIM][OAc] at nearly
ambient temperature. Both ILs share the same acetate anion but water uptake in [Cho][OAc] is higher at high
relative humidity likely because of the hydroxyl group in the choline cation.

While the water uptake increases from 349.55 to 328.75 K it then sharply decreases at 318.55 K and increases
again up to 298.25 K. This can be explained by the crossing of [Cho][OAc] melting point. At temperatures of
328.75 K and above, the [Cho][OAc] is a liquid and absorption measurements are gathered. When the
temperature is lowered to 318.55 K, in presence of water [Cho][OAc] can in part crystallize in a solid and in
part supercool as a liquid. When the temperature is 308.35 K and below, the presence of a single characteristic
curve suggests that the system is composed by one single phase. The phase transition is, in fact, confirmed by
analysing the Gibbs energy difference between the absorbed state and the water saturation state (g =
—RTIn(P/PSy) = —RTIn(RH)), which results in a temperature-independent curve characteristic of the particular
sorbent/sorbate [8,34]. Figure 4 shows the water uptake versus 4g on [Cho][OAc] for all the temperatures
investigated. There exist two distinct characteristic curves at low temperatures (open symbols) and high
temperatures (full symbols) that eventually overlap in low water uptake region. The two curves denote the
different states of [Cho][OAc] which is a solid or liquid depending on the combination of temperature and
relative humidity.
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Figure 4: Characteristic curves of water sorption on [Cho][OAc] at different temperatures. Data at low
temperatures (open symbols) denoting a solid state for [Cho][OAc] collapse on a lower single temperature-
independent curve. Data at high temperatures (full symbols) denoting a liquid state for [Cho][OAc] collapse

on a higher single temperature-independent curve.

3.2 Sorption equilibrium with the Guggenheim-Anderson-de Boer model

Given the phase transition of [Cho][OAc] in the investigated range of temperatures the first modelling
approach was related to adsorption equilibria. The experimental data were correlated using the Guggenheim-
Anderson-de Boer model which was proven to accurately describe type III isotherms [35]. The GAB model
can be expressed as:

Y LB e B) "

where W, is the water uptake corresponding to monolayer saturation expressed in gw g, C is the
Guggenheim constant and K is a correction factor of the monolayer adsorption. Assuming pure monolayer
adsorption for which K=/ the GAB parameters W, and C were calculated by minimizing the following
objective function:

2
Wea c,i_Wex L
OF =YY", (4) (13)

Wexp,i

The regressed parameters along with the coefficients of determination (R?) are reported in Table 10. Figures 2
and 3 show an excellent agreement between the experimental data and the fit using the GAB model, also
corroborated by the R? values being very close to 1.

Table 10: Parameters of GAB model and coefficients of determination for water sorption on [Cho][OAc] at
different temperatures.

T [K] Wi [gw gi'] C[] K[-] R?
298.25 0.311 19.901 1.000 0.993
303.25 0.327 25.050 1.000 0.999
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308.35 0.334 20.877 1.000 0.998

318.55 0.374 6.918 1.000 0.995
328.75 0.435 2.917 1.000 0.993
333.85 0.414 3.808 1.000 0.995
344.15 0.398 4.195 1.000 0.998
349.55 0.401 4.799 1.000 1.000
Note: The isotherm coefficients of this table can be replaced by an Arrhenius-type
temperature-dependent expression for C = C, exp (— :f‘;), resulting in the following

set of parameters: W,,, = 0.427 gy, g9ii}, Co = 4.56, E, = 49.9 ] mol™, K = 0.97

The GAB model was further fitted with only four parameters valid in the entire temperature range from 298.25

K to 349.55 K. The coefficient C was replaced by an Arrhenius-type temperature-dependent relation C =

Cy exp (— %) The following regressed parameters were obtained: W, = 0.427gy, gi;*, Co = 4.56, E, =

49.9 ] mol™! and K = 0.97.

3.3 Sorption equilibrium with the Redlich-Kister excess Gibbs energy model

The second modelling approach, typical of VL equilibria, was related to excess Gibbs energy models capable
to describe the thermodynamic behavior of [Ls between confined and non-confined states. It was reported that
NRTL and UNIQUAC models can accurately predict several water/IL systems [21,22]. However, as
demonstrated by Askalany et al. [8], the simpler three-parameter Redlich-Kister excess Gibbs energy model
can correlate many VLE systems with low errors. The molar Gibbs energy difference between the confined
state and pure water at saturation can be expressed as the sum of the ideal mixture contribution and the excess
mixture contribution, defined as follows:

Ag = Ag'™® + AgEX (14)
with
Ag"™ =R-T-In(xy) (15)
and
AgFX =R -T2y (1= xy) [A+B- (2 2y — 1) +C- (21 — 1)?] (16)

where A, B and C are the model parameters and xy can be converted in water uptake (W) using Eq. (6).
Regressed parameters were obtained with a similar procedure described in paragraph 3.2 for the GAB model.
Table 11 lists the RK parameters with the respective coefficients of determination. When fitting the data with
the RK model, parameter C had a very low impact on the fitting. For this reason it can be kept constant to zero,
as also confirmed by Askalany et al. [8] in the case of pure IL.

Table 11: Parameters of RK model and coefficients of determination for water sorption on [Cho][OAc] at
different temperatures.

T[K] Al B[-] Cl-] R?

298.25 -13.542 12.421 0.000 0.999
303.25 -12.685 11.299 0.000 0.999
308.35 -12.107 10.611 0.000 1.000
318.55 -11.272 9.457 0.000 0.999
328.75 -10.419 8.114 0.000 0.999
333.85 -9.893 7.575 0.000 0.999
344.15 -9.526 7.257 0.000 0.999
349.55 -9.214 6.758 0.000 1.000

As demonstrated by the R? values in the table, the RK model is also capable to provide an excellent fit of the
experimental data, even slightly better than the GAB model. When plotted against temperature, A and B
parameters show a clear linear trend as depicted in Figure 5. Table 12 reports slopes, intercepts and coefficients
of determination for the linearized A and B parameters.
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Figure 5: Parameters of RK model against temperature with linear trends displayed.

Table 12: Coefficients of linear temperature-dependent parameters of RK model.
A=A4A9p+ A, T; B=By+ B;-T

A parameter B parameter
Ao [—] Ay [K'l] R? Bo [—] B, [K'l] R?
-37.492 0.082 0.971 43.885 -0.107 0.964

3.4 Prediction of excess properties with the Redlich-Kister model
With a linear temperature-dependent approach for A and B parameters of the RK model and fixing C=0, the
molar excess Gibbs energy difference can be expressed as:

A" =R-T xy (1 —xy) [Ag+A; " T+Bo (2 xyy — 1) + By T (2" xy — 1] (a7)

Eq. (17) can be directly applied to calculate the additional molar excess properties according to the following
thermodynamic relations:

a(agEX T AREX
(gaT ) _ _ . (18)
EX
207 _ _prx (19)

The resulting molar excess enthalpy and entropy differences are reported in Eqns (20—21):

AhEX=_R.TZ.xW.(l_xW)-[A1+Bl'(2'xw—1)] (20)
AsEX = —R-xy, - (1 —xy) " [Ag+2 Ay T+By-Q-xy —1)+2-B;-T-(2-xy — 1)] 1)

Figure 6 shows the molar excess properties as a function of mole fraction of water at 298.25 K. The system
water + [Cho][OAc] exhibits negative values of the excess Gibbs energy which indicates spontaneous water
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sorption into the IL, which was also reported by Khan et al. [23] for several cholinium-based ionic liquids. The
same authors showed that for [Cho][OAc] at 298.2 K and at x = .66 the estimated excess Gibbs energy was
= —4 kJ mol ™! and the excess enthalpy was = —11.2 kJ mol using the COSMO-RS model. From Figure 6 Ag™*
= —5.2 kJ mol™! and Ah®* = —7.9 kJ mol’, thus highlighting a qualitatively good agreement between RK and
COSMO-RS models.
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Figure 6: Excess molar properties against water mole fraction at 298.25 K for the system water +
[Cho][OAc]. Curves are obtained using linear temperature-dependent parameters of the RK model.

4. Choline acetate as material for sorption chillers

One possible application for the investigated material is in sorption chillers using choline acetate as sorbent
and water as refrigerant. A description of sorption cooling processes can be found in detail elsewhere [36-38].
The performance of a fluid-refrigerant working pair can be estimated from the thermodynamic cycle calculated
by using the equilibrium data. The thermodynamic cycle ultimately leads to the identification of the Coefficient
Of Performance (COP) [39,40]:

cop=—2o (22)
Qdes*Qph
with
Qpn = Wicp (T, — T1) + cp (T, — T1) (23)
W, —W- W-
Qdes = Cp,IL (T3 - TZ) + %Cp,w(TS - TZ) + fW; hadde (24)
Qev = (Wl - W4)(Lw|Te,, - Cp,w(Tl — Tev)) (25)

In the above Eqns (22-25) W, with i=1:4 is the adsorption uptake from the GAB isotherm (gw gi™") relative to
the specific thermodynamic cycle transformation where 1->2 is the isosteric heating, 23 is the isobaric
desorption, 34 is the isosteric cooling and 4->1 is the isobaric adsorption [41], L,, is the latent heat of
vaporization of water (kJ kg™), Cp,i is the specific heat capacity of either water or IL (kJ kg!' K" and T,, is
the evaporation temperature of water (K). The specific heat capacity of choline acetate has not been reported
in the literature yet and was estimated at 2.0 kJ kg K. The estimation is based on values reported by

12



Paulechka et al. [42] for imidazolium ionic liquids that ranged 1.3—1.9 kJ kg™ K™'. The heat capacity of choline
chloride is 1.4 kJ kg K™!' [43]. Moreover, molten sodium chloride has a specific heat of 1.0 kJ kg™ K™' [44].
The isosteric heat of adsorption h,g4s (kJ kg') can be obtained from the Clausius-Clapeyron relation:

_ RT? (31n(P)
haas = MWW( oT )q (26)

where R is the universal gas constant (J mol™! K'), MWy is the molar mass of water (g mol™') and the partial
derivative din(P)/dT is obtained from the GAB isotherm model, which can be solved with respect to the
pressure P (bar) providing the following expression:

P5-<2-W—C-W+C-Wm—\/f-J4-W-Wm+C-W2+C-W,%—2-C-W-Wm)
P

- 2:(K-W—C-K-W) (27)

where the saturation pressure of water P (bar) is expressed by the Antoine’s relation due to its temperature
dependency and C is defined by the Arrhenius-type expression: C = C, exp (— g—;) The four regressed

parameters W, Cy, K and E,, are given in the above section 3.2.

The COP was mapped for a range of evaporator temperatures between 5°C and 16°C and different heat source
temperatures between 50°C and 80°C, as depicted in Figure 7(a) for choline acetate and in Figure 7(b) for
silica gel [45]. It can be seen that the system choline acetate/water shows very high COP > 0.8 for heat sources
of 65°C and higher. Here, the high COP can even be maintained for cooling temperatures as low as 5°C, where
the COP drops only for heat source temperatures below 60°C. The comparison between silica gel and choline
acetate in Figure 7 shows that the COP of choline acetate is up to 10% higher than silica gel for almost all the
reported conditions.

Xu et al. [46] presented an experimental study on a lithium bromide/water absorption chiller that achieves a
COP of 0.7 at 95°C providing chilled water at 9°C. Li and Sumathy [47] reported a COP in the range of
0.05—0.56 for heat source temperatures of 75—100°C using an absorption air conditioning system with lithium
bromide/water and considering Tey = 7°C and Teona= 29.5°C. Compared with these literature benchmarks, the
choline acetate/water pair achieves exceptional COP = 0.75—0.83 for heat sources of 55—80°C, Tey=6.7°C and
Teona = 25°C (Figure 7(a)).
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Figure 7: COP values for the system water + [Cho][OAc] (a) and Siogel silica gel from [45] (b) at different
evaporator and heat source temperatures. The condenser temperature is fixed at 25°C.

5. Conclusion

In this work water sorption equilibria on choline acetate ionic liquid were measured with the use of a dynamic
vapour sorption system. A total of eight temperatures (298.25, 303.25, 308.35, 318.55, 328.75, 333.85, 344.15
and 349.55 K) were investigated and a type III isotherm was observed in the entire range of temperatures.
Exceptional water uptakes of above 3.5 gw gi.”' were registered at 90% of relative humidity, demonstrating a
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prospective for utilization in temperature-swing sorption heat transformers. It was found that the water uptake
increased from 45.4°C to 55.6°C, denoting the phase transition of [Cho][OAc] from solid to liquid. This
phenomenon was also confirmed by the analysis of the Gibbs energy difference between the absorbed state
and the water saturation state resulting in two distinct characteristic curves at temperatures below and above
the IL melting point.

Both the Guggenheim-Anderson-de Boer adsorption isotherm model and the Redlich-Kister excess Gibbs
energy model provided an excellent description of the water sorption equilibria. In the RK model parameters
showed a regular temperature dependence, enabling the calculation of excess enthalpy and excess entropy. A
thermodynamic cycle analysis was carried out to assess the material suitability for sorption chillers with heat
source temperatures in the range 50—80°C. The results indicated that the system choline acetate/water can
achieve high COP of up to 0.8 even at 5°C evaporator temperature with a heat source temperature higher than
65°C, overcoming the sorbent benchmark performances and making it suitable for sorption cooling.
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