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Abstract

Liquid desiccant air conditioning (LDAC) is a promising alternative to vapor compression refrigeration
based space cooling and dehumidification for the reduction of energy consumption and the improvement
of indoor air quality. However, its use in the air conditioning market is still very limited due to its high
installation cost, intensive carryover, and high cost of operation and maintenance associated to the
corrosion of the current desiccant liquids. Substitutes for the traditional desiccant liquids with better
properties and no corrosion are highly needed. lonic liquids, which are salts comprised of organic cations
and inorganic anions or organic anions, have high thermal stability, negligible or no vapor pressure,
varied solubility in water, low or no corrosion to metals, and low driving temperatures to achieve dew
point temperatures. All of those characteristics make them as perfect substitutes for traditional desiccant
liquids. Up to date, a very few research groups investigated ILs as potential alternatives to traditional
desiccant liquids for LDAC. The study in the paper aimed to identify the ionic liquids as ideal desiccant
liquids to achieve better cost-effectiveness and higher system performance of LDAC. There were 13
different ionic liquids (IL) identified and screened for the most promising candidate. 1-Ethyl-3-
methylimidazolium acetate, [EMIM][OACc], was selected as an ideal candidate for the capable of the most
adsorption and desorption. The paper was mainly focused on the development of calculation models for
the thermo-physical properties of the agueous solution of [EMIM][OAC] to represent the property data
needed for use as the desiccant liquid in sorption-based air conditioning equipment. It aims to provide
convenient methods for use in the design and model of the sorption-based air conditioning. The
calculation models for the following thermo-physical properties of the aqueous solution of [EMIM][OACc]
were proposed and presented in the paper: the vapor pressures, specific heat capacity, density, and
dynamic viscosity at various temperatures and concentrations.

Keywords

Liquid desiccant, Sorption, Thermo-physical properties, lonic liquid, 1-Ethyl-3-methylimidazolium
acetate, [EMIM][OAc]

© 2017. This manuscript version is made available under the Elsevier user license
http://www.el sevier.com/open-access/userlicense/1.0/



1 Introduction

Air conditioning is a process of controlling both air temperature and humidity for indoor thermal comfort,
preventing mold growth, and enhancing building durability. Currently, more than 90% of air conditioning
systems use a vapor compression refrigeration (VCR) cycle to remove the moisture in the humid air by
use of the condensation. Such air conditioning system requires inefficient overcooling and reheating,
which in turn significantly reduces the system efficiency and increases energy consumption and
associated cost.

Liquid desiccant air conditioning has been investigated as a promising alternative to VCR-based space
cooling and dehumidification for the reduction of energy consumption and the improvement of indoor air
quality [1-6]. LDAC separates the sensible cooling and latent cooling to meet the indoor thermal comfort
requirements independently. Compared to conventional VCR-based air conditioning, LDAC has a lower
electricity consumption, a higher system coefficient of performance (COP), as well as reduced air flow
rate and VCR size for sensible cooling only [5][7]. LDAC uses the liquid desiccant, which have a high
affinity for water, in contact with the humid air absorbing the moisture. Since the absorption gives off
heat to air, a cooling process, which is provided by either a vapor compression cooling or a sensible
energy wheel, is necessary to achieving the desired temperature of supply air. In order to reuse the
desiccant, a thermal driven regeneration process is needed to remove the moisture absorbed in the
desiccant.

The selection of desiccants plays a profound role in the design and system performance of LDAC. The
liquid desiccants commonly used in LDAC are glycols and solution of halide salts including propylene
glycol, triethylene glycol, and solutions of lithium chloride (LiCl), lithium bromide (LiBr), calcium
chloride (CaCl,), and mixture of salts. Triethylene glycol with low toxicity and compatibility with most of
metals was commonly used in LDAC at the earliest time, but the high viscosity and volatility made it
unacceptable in air conditioning application [30]. Late, halide salts are mostly used in LDAC to dry air to
15% and 6% relative humidity because of their low viscosities and high absorption capabilities, however
they are expensive and strongly corrosive to most ferrous / nonferrous metals resulting in a high initial
cost and an operational & maintenance cost. Other alternatives of desiccants are salts of weak organic
acids such as potassium and sodium format and acetate. They are less corrosive and less volatile
compared to halide salts, but their capabilities of dehumidification are limited, which can only dry air up
to 25-30% relative humidity. LDAC has been available since 1930, but its use in the air conditioning
market is still very limited due to its high installation cost, intensive carryover, and the high cost of
maintenance associated to the corrosion of liquid desiccants [7,8]. With the increase of building demands
for ventilation and better humidity control, researchers are continuously seek the promising desiccant
liquids, to reduce the cost, carryover, and corrosion, while improving the overall system performance [9-
15].

The ionic liquids are salts comprised of organic cations with either inorganic anions or organic anions and
they are in the liquid phase when exposed to room temperature and atmospheric pressure. The ionic
liquids have high thermal stability, negligible or no vapor pressure, high solubility in water, low or no
corrosion to metals, and low driving temperatures to achieve dew point temperatures, all of which make
them as potential substitutes for traditional desiccant liquids for the reduction of the cost and
improvement of system performance. Up to date, a very few research groups investigated ILs as potential
alternatives to traditional desiccant liquids for LDAC [16-18]. Luo, et al. (2012) investigated ILs with
non-halide anions and halide anions and compared the thermal stability, surface vapor pressure, and
dehumidification capability of the two candidates of [Dmim][OAc] and [Emim][BF4] with LiCl and LiBr
[16]. The other research groups did not provide the information of the particular ionic liquids they used.

The objective of the research in the paper was to identify the ionic liquids as ideal substitutes for
traditional desiccant liquids to achieve better cost-effectiveness and higher system performance of LDAC.
There were 13 ionic liquids identified for the screen tests in the research. 1-Ethyl-3-methylimidazolium



acetate, [EMIM][OACc], was selected as the best option from the screened IL candidates as capable of
providing the most adsorption and desorption in the research. The work presented in the paper focuses on
summarizing the thermos-physical properties of the aqueous solution of [EMIM][OAc] and proposing
calculation formulations for use in the field of the sorption-based air conditioning.

2 lonic Liquids Studied

In the study of the paper, the screening tests were conducted across the 13 candidates for identifying the
most promising candidate(s) that can provide the highest vapor adsorption and desorption. As shown in
Fig. 1, the 13 kinds of ILs are based on imidazolium and pyrrolidinium cations and different anions. They
were dried on a freeze drier for three days and the final moisture contents were recorded. The water
adsorption screening tests were carried out inside a humidity chamber, Humilab, in which the temperature

and humidity are able to be controlled as desired. The screen tests consisted of four consequent groups.
At first, the temperature was set at 25°C and the humidity was maintained at 30%, 50%, and 80%,
respectively. Secondly, the humidity was set at 80% and the temperature was increased from 25 to 50 and
70 °C, respectively. Thirdly, the temperature was maintained at 70 °C and the humidity was decreased
from 80% to 50% and 30 %, respectively. Finally, the humidity was maintained at 30% and the
temperature was decreased from 70 to 50 and 25 °C, respectively. To allow enough time for reaching
equilibrium, each step was maintained for 24 hours before the measurement. All the tests were repeated
for three times. The average maximum adsorption and minimum adsorption were calculated by using the
weight percentage of pure ionic liquid in the aqueous solution and summarized in Table 1. As shown,
among the 13 screened ILs, 1-Ethyl-3-methylimidazolium acetate exhibited the highest capability of
absorbing vapor and desorbing water and was identified as the most promising candidate. Its molecular
formula is CgH14N2O. and its molar-mass is 170.21 g/mol. It can be abbreviated as [EMIM][OAc] /
[emim][OAc] or [C:2MIm][OACc][19].

NN - Z >
\  / CF3S0,NSO,CF5

. -
N\ CFeSONSOCFs

EMIm A
MPP ~ i
EMIm.TFSI Y N NN\ CF3504
MPPy.TFSI _
AN _ HMIm
~n7 NN ~ ! > CF4SONSO,CF; HMIm.Tf
_— CF3S0,NSO,CF; T
e NN
HMIm
MPPy
HMIm.TFSI MPPy.TFSI
AR
~
A \N&ﬁ N NN CH3CH,S0,
~N"SNN\ Ry N CHACOO" — N
— = EMIm
EMI
m EMIm.ES
EMIm.BF, EMIm.OAc
A .
~nN NN A
N N BF, ~
\ / XA NN so,
\—/ CH,CO0" \—/
HMIm HMIm
HMIm.BF, HMIm
HMIm OAC HMIm.MS
(I)_ _
+ A o
~ X\ ~o—p-0~ ~NT AN PPN
\—/ 1 \—/ A" 0—p-0
o
EMIm HMIm

EMIm.DEP HMIm.DBP

Fig. 1 Structures of the 13 ionic liquids tested



Tablel. Summary of moisture adsorption of ionic liquids

lonic EMIm | HMIm | MPPy | HMpy | BMIm | EMIm | HMIm | EMIm | HMIm | EMIm | BMIm | EMIm | BMIm
Liquids TFSI TFSI TFSI TFSI Tf BF4 BF4 OAcC OAcC ES Ms DEP DBP
Initial water

content 43 46 54 46 116 318 252 1265 249 266 435 515 443
(ppm)

Maximum 99.24 | 99.48 | 99.52 | 99.77 | 94.89 | 91.15 | 93.69 | 67.66 | 84.86 | 7864 | 76.21 | 75.28 | 86.25
Adsorption

(Wt.%)

Minimum 99.92 | 99.91 | 99.97 | 99.98 | 99.94 | 98.78 | 99.20 | 91.09 | 96.67 | 9553 | 9393 | 92.32 | 97.35
adsorption

(Wt.%)

Working 0.68 0.43 0.45 0.21 5.05 7.63 5.51 2343 | 1181 | 16.89 | 17.72 | 17.04 11.1
Range

(Wt.%)

Moisture adsorption = IL/(IL + H,0)*100

Although a large number of studies were found in the literature on the properties of pure [EMIM][OACc]
or the solution with little water [20-26], only a very few reported the properties for the aqueous solution
of 1-Ethyl-3-methylimidazolium acetate [26]. Based on the literatures, we summarized the data of the
thermos-physical properties for the aqueous solution of [EMIM][OAc] and generated the calculation
formulations for predicting the thermos-physical properties of the agueous solution of [EMIM][OAc] by
using both thermodynamic principles and statistical methods. The calculation formulations of the
following thermos-physical properties of the aqueous solution of [EMIM][OAc] are described:

vapor pressures

o specific heat capacity

e density

e dynamic viscosity

The results of this study will contribute to the development of liquid desiccant air conditioning and other
sorption-based air conditioning technologies for industrial and research applications.

3 Vapor pressure of the aqueous solution of [EMIM][OACc]

The dehumidification capability of the liquid desiccant can be indicated by its equilibrium vapor pressure,
The equilibrium vapor pressure of the liquid desiccant equals thermodynamically the partial vapor
pressure of air above the desiccant surface, which is the production of the relative humidity of air and the
saturated vapor pressure of water at the temperature of air. The equilibrium vapor pressure of the liquid
desiccant increases roughly exponentially with the temperature of the desiccant. Moreover, it reduces as
the concentration of the liquid desiccant increases. By using the equilibrium vapor pressure as the partial
vapor pressure of the air, the lowest relative humidity, to which of air the liquid desiccant can dehumidify,
can be found; thus, the dehumidification capacity of the liquid desiccant at a given concentration and
temperature can be indicated in a typical psychrometric chart. For instance, Fig. 2 shows the
dehumidification capacity of LiCl solution at different concentrations and temperatures on a
psychrometric chart. As shown, the LiCl solution at a concentration of 45% has an equilibrium vapor
pressure same as the partial vapor pressure of air with 11.6% of relative humidity at the same
temperature. For instance, the equilibrium vapor pressure of the 45% concentrated LiCl solution at 20 °C
is 0.2718 kPa and it is same as the partial vapor pressure of the humid air at 20 °C and 11.6% of relative
humidity. This indicates that the LiCl solution at 45% is able to dehumidify air to 11.6% of the relative
humidity.
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Fig. 2 Dehumidification capability of LiCl solution at different concentrations

In order to identify the dehumidification capacity, the equilibrium vapor pressure must be known.
According to Raoult's Law [27], the partial pressure of water vapor, P; , of the agueous solution of
[EMIM][OAC] can be determined by using the activity coefficient of water vapor in a binary mixture of
water and [EMIM][OAc], as shown in Eq. 1.

Pi=yP=P*x1%y; Eq.1

P is the sum of the partial pressure of the binary mixture/ the aqueous solution; P’ is the saturated vapor
pressure at the same temperature as the aqueous solution; x; is the mole fraction of water; and y; is the
activity coefficient of water vapor for the departure of the liquid phase from the ideal solution behavior.
The activity coefficient of water vapor in a binary system was given by the NonRandom, Two-Liquid
(NRTL) equation as shown in Eq. 2 [28].

2
Gy j + G, 7,

2
X +X%,G,y (Xz + XlGlZ)

2
Iny, =X; Z'21(
Eq. 2

X, IS the mole fraction of [EMIM][OACc] in the aqueous solution. Parameter G and t can be obtained
using Eq. 3-6.

Gy = e(—@12712) Eq. 3
G21 :Ae(—a12T21) Eq.4
912
T1p = — Eq. 5
12 ART q
921
Ty = Eq. 6
21 RT q

Where, o and Agare the parameters specific to the aqueous solution, independent of composition and
temperature. According to Romich, et al. (2012), the values of parameters Ag,,, Ag,,, and ¢, that are
used to determine y1 are shown in Egs. 7-9 [25].

Ag,, = 28938 ]/mol; Eq. 7
- — J .

Ang - 25691 mol’ qu

alz - 01024‘3 Eq. 9

Based on the equations of NRTL and Raoult's Law, a model was developed to estimate the equilibrium
vapor pressure of the aqueous solution of [EMIM][OACc] at various concentrations and temperatures. To
validate the model, the equilibrium vapor pressure predicted by the model was compared with the data



published by Rémich, et al. (2012) [25]. R6mich’s data, indicated in the points on the curves in Fig.3,
were obtained through the graph digitization of the published paper by using Engauge Digitizer [29].
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Fig. 3 Validation of the model developed- vapor pressure vs. mole fraction of water of aqueous solution of [Emim].[OAc]
(Curves: the calculation results; Points: the data from Rémich, et al[25] )

Fig.3 shows the relation between the equilibrium vapor pressure and the mole fraction of the water in the
aqueous solution of [EMIM][OACc], and it can be seen that the results from the developed model matched
well to the curves in Romich, et al. (2012). Sorption industrial engineers and researchers commonly use
the mass fraction of the liquid desiccant. Therefore, Fig. 4 was produced to show the vapor pressure with
the mass fraction/concentration of [EMIM][OACc] in the aqueous solution for use in both industry and
research. It shows that for a given concentration of [EMIM][OAC] in the aqueous solution, the higher the
temperature was, the higher the equilibrium vapor pressure was; and for a given temperature, the higher
the concentration was, the lower equilibrium vapor pressure was. In this paper, the concentration of
[EMIM][OAC] in the aqueous solution stands for the mass fraction of [EMIM][OAC] in the aqueous

solution.
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To present the dehumidification capacity of the aqueous solution of [EMIM][OACc], the equilibrium vapor
pressures of the aqueous solution of [EMIM][OAc] at various temperatures are indicated on the
psychrometric chart in Fig. 5. It shows the dehumidification capabilities of the aqueous [EMIM][OACc]
solution at the concentrations of 30%, 55%, 65%, and 75%. Overall, it was determined that as the
concentration was increased, the equilibrium vapor pressure became smaller resulting in the increased
dehumidification capability. For example, a 75% aqueous solution of [EMIM][OAc] was able to
dehumidify the air to 20% or higher relative humidity, while a 55% solution could only dehumidify the
air to 60% or higher relative humidity.



0.050

T T
Pressure = 101.3 [kPa]

0.045¢+ | 1eMim].[OAC]: 30%

0.040
0.035|
0.030 + 7 [EMIM] [0AC]: 55%
0.025 |-
0.020 -

_~~“J[EMIM] [OAc]: 65%
0.015¢ 1

Humidity Ratio

0.010+ - [EMIM].[OAC]: 75%

0.005 -

0.000 &
0

10 15 20 25 30 3B 40
TI°Cl

Fig. 5 Dehumidification capability of the aqueous solution of [EMIM].[OAc] at different concentrations

The dehumidification capacity of a desiccant liquid is the most crucial thermos-physical property for
determining the candidates for LDAC application. Therefore, Fig. 6 shows our comparison between
[EMIM][OACc], the most commonly used liquid desiccants like the solutions of LiCl, LiBr, and
[Dmim][OAc] and [Bmim][OAc], which are the ILs recently reported [16]. It can be seen that the
aqueous solution of [EMIM][OAC] is able to provide dehumidification results similar to the solutions of
LiCl or LiBr. [Dmim][OAc] and [Bmim][OAc] did not demonstrate such capacity according to the data
provided by Luo et al. 2012 [16].

Based on the review conducted by Sanjeev Jain et. al (2007) on the current experimental performance of

liquid desiccant dehumidifiers in labs and in practices, the typical concentrations for LiCl and LiBr

solution for LDAC were at the range of 37%- 41%, and 50-54%, respectively as shown in Table 2 [10].
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Figure 6 Comparison of equilibrium vapor pressure vs. concentration of various liquid desiccants at 20°C

This result indicates that the common target of the partial vapor pressure of humid air for typical LDAC
systems was 0.35-0.46 kPa, as the blue band indicated in Fig.5, which is the partial vapor pressure range
of humid air at 20 °C with 15-20% relative humid. By using the same target, 68-75% of the mass fraction
of [Emin][OAc] in its aqueous solution at 20°C is recommended for LDAC systems to have same
equilibrium vapor pressure to the partial vapor pressure of the air at 20 °C with 15-20% relative humidity.
More experiments are needed to substantiate recommending its application to actual LDAC equipment.



Table 2 Experimental performance data of liquid desiccant dehumidifiers [10]

Source of data Desiccant Air LG £y Remarks
Type Temp. Cone. Flow rate/flux  Flow rate/flux  Temp. Humidity AT (“C) AW (g/kg)
0 (%) (I/min) (m*/min) o (2/kg)
Ani ct al. [44] LiCl 25-27 35-40 3.76-5.01 49-6.4 SP, CF, COPyyy: 2.6—4.9
Ducool [16] LiCl 40 4096 30 18.9 4.0 12 SP, CF, COPpy: 2.7-3.0
Elsarrag et al. [20] TEG 29-35 92 1.7-2.2° 0942 17-26 55w 11 19-23 0.45—0.85 5P, CF, AP: 35—140 Pa/m
Fumo and LiCl 30.1 34.6 6.124% 0.89° 30.1 18 1.2 -76 6.88 0.75-0.84 RP, CF, 210 m%m"’,
Goswami [31] 30 343 6,113 1513 3oz 18.1 2 13 4.04 Des. Aconc = 0.1%,
305 344 6.287° 1.183* 40.1 18 -7 —6.5 531 Des. AT=1.4-27
30.1 339 6273" 1.214% 303 142 08 39 517
Jilier/Genius [1940]  Mixiure 77.9—113.3 35 223 —183 —13.7 Hybrid COP: 2.4,
T79-1133 35 14.1 —-172 72 AP: 100Pa
Jain et al. [37] LiBr 210 —11 2o 8 Cooled FF, 8T, PF
Jain ct al. [42] TEG 229 96.8 0.057" 0.07" 206 12.48 25 —8.1 0.81 0.96 Cooled FF, ST, CF,
23 924 0.063" 007" 3 16.88 83 11.23 0.90 1.06 AP: 1736 Pa, drift:
205 952 0.058" 0.07" 19.4 871 21 —4.54 0.83 1.01 5.6—9 g/min
202 955 0.057" 0.07" 286 16.93 —4 —12.46 0.81 0.94
218 922 0.052" 0.051" 21 895 1.2 421 1.02 0.88
Kathabar [17] LiCl Up o 20
Lazzarin et al. [46] LiBr 16.1-34.1 53-57 0.018-0.13" 367 236354 14187 Fw 11 035-1.9 025085 RPCF
Liu et al. [64,65] LiBr 20.1-29.5 42.6—548 03—0.64" 0.31-047" 24.7-33.9 10-21 04-0.7 SP, cross Mow
Longo and LiCl 234-24  392-406 0.10-1.17° 043047 243-376 73-233 -2t —17 023-26 0309 RE CE
Gasparella [2] LiBr 237 51.9-53.9 0.16—1.39" 0.44—0.47* 23.6—367 B2-228 3w 18 0.35-3.0 0309 AP = 25—45 Pa/m,
KCOOH 219248 T728-74.0 009-1.23° 0.48-0.52% 226-35.8 8.8-207 —2w-135 02-25 0.3-09 Negligible sensitivity
of £, and AP to desiccant
Mago-Goswani [47]  LiCl 27-30 35 035-0.51" 0.6—0.7" 26—29 11.6—13.9 20 —4 RF, CF
Oberg and TEG 24-36 9496 45-65" 05-15" 2436 11-23 —85w —10 45-11 0.8-09 RE, CF, AP: 30210 Pa/m
Goswami [29]
Niagara Blower [3] PG 4.4 3z 277 -14 Cooled spray type
Pietruschka et al. [34] LiCl and 27 43 167 33 26 11.6 5 42 SP, cross flow
CaCl, 27 43 1.67 33 26 116 -1 =57 Cross flow PHE, cooled
Saman and CaCl, 40 0.06" 0.16-047" 23 74 0.13-038 02-09 PHE, cross flow, cooled
Alizadeh |48] 33 17 3 0.3-0.9 my,: .08 kg/s
Abdul-Wahab TEG 2845 9398 0.13-10" 1.5-2.613* 25444 —0.1to 024° 006207 0.1-07 SP of wood, CF
et al. [43] 3 95.6 023 207 k1| 015 w0 0.2° 011 0.16—0.4  77-200 m*/m*
Zurigal et al. [49] TEG 282—-455 9398 0.13—0.82% 1.5-2.07" 25444 16.2-20.7 0.1-0.4 0.19—0.45 5P of wood/Al, CF
315 95.6 0.13" 207 299 206 —4.6 0.06 0.31 Wood SP
314 95.6 082" 207 299 16,9 4.8 040 0.43 Wood SP
31 95.6 023" 173 306 21.8 -3 0.13 0.19 Al SP

Al, Aluminium; RF, random packings; SP, structured packing; COPyyp, hybrid COP; PHE, plate heat exchanger; CF, counter flow; FF, falling film/wetted wall; ST, shell and tube; PF, parallel flow; PG,

* Measured in kg/m”s,
* Measured in kg/s.
© Measured in g/s

4 Specific heat capacity of the aqueous solution of [EMIM][OACc]

propylene glycol; my, water flow rate.

The specific heat capacity of the pure [EMIM][OAc] or the aqueous solution with little water were
studied and reported by a few researchers [20,21,22]. Ma et. al reported that the specific heat capacity of
the pure [EMIM][OACc] solution was 2.4 kJ/kg.K from 15 to 35°C according to their experimental
results[20]. Ahmadi validated the data from Freire et al. (2011) and concluded that the molar heat
capacity of the solution of [EMIM][OAc] was 314.4 J/mol K, which is 1.84 kJ/kg. K. at 25 °C, less than
the value reported by Ma et al. The specific heat capacity of water is 4.814 kJ/kg.K at 25 °C [21,22].
Therefore, the specific heat capacity of the aqueous solution of [EMIM][OAc] should be between the
specific heat capacities of water and [EMIM][OAc] depending upon the concentration, which was proven
by Romich, et al. 2012 [25]. The measured data of the specific heat capacity of the aqueous solution of
[EMIM][OAC] at different temperatures and concentrations were determined and reported by Romich, et
al. (2012). We used that data to correlate the specific heat capacity of the aqueous solution of
[EMIM][OAC] at the temperature and the concentration. The measured data were 96 data points. The root
mean square (RMS) of our regression was 2.3428E-02 and R? was 99.89%. Eq.10 is the formulation we
obtained for calculating the specific heat capacity of the aqueous solution of [EMIM][OACc].

=2.761077 + 0.008120T — 1.106151 * 1075T2 — 2.649514¢ — 0.918307¢2 + 0.003580T¢  Eq. 10

Cp,[EMIM][OAc]HZ(,
Where, T is the temperature of the aqueous solution of [EMIM][OACc] in K, and ¢ is the mass fraction of
[EMIM][OACc] in the aqueous solution. Fig. 7 shows the comparison between the calculation results
predicted by the formulation and the experimental data from ROmich, et al. (2012), from which great



agreement with each other is apparent. By using the proposed formulation, more specific heat capacities
of the aqueous solution of [EMIM][OAC] at various temperatures and concentrations, ;;, were calculated
and presented in Fig. 8. The higher the concentration of [EMIM][OACc] was, the lower the specific heat
capacity was, since water has a higher specific heat capacity than [EMIM][OACc]. For the agueous
solution of [Emin][OAc] at 68-75% concentration, the specific heat capacity was in the range of 2.5 — 3
kd/kg K.
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5 Density of the aqueous solution of [EMIM][OACc]

The densities of the pure [EMIM][OAC] or the aqueous solution with little water also were studied by
many researchers [20,22,26]. Ma et al. (2012) reported that the densities of the tested [EMIM][OAc] from
298.15 to 338.15°K were from 1,101.9 kg/m3 to 1,075 kg/m?, respectively [20]. Freire et al. (2012) found
that the densities of the [EMIM][OAc] tested at 0.1 Mpa from 278.15 to 363.15°K were from
1,112.4kg/m® to 1,060.6 kg/m?® [22]. The data from both research groups agreed well with each other. The
data from Almeida et al. (2012), however, were lower than the data from the two research groups



mentioned earlier[26]. The densities of the pure [EMIM][OAc] tested were in the range of 1,047.2 kg/m?
to 978.5 kg/m? for temperatures of 283.15 to 363.15 °K, respectively.

The pure [EMIM][OACc] is generally heavier than water at the same volume. Therefore, the higher the
concentration of the aqueous solution of [EMIM][OAc] was, the higher the density of the agueous
solution was. This conclusion was proven by the data of Rémich, et al. (2012) using various densities of
the aqueous solution of [EMIM][OACc] at different temperatures and concentrations [25]. We used the
experimental data provided by Rémich, et al. (2012) to correlate the densities of an aqueous solution of
[EMIM][OAC] to various temperatures and concentrations by means of regression. There were 20 data
points and the RMS of the regression was 0.6129 and R? was 99.8%. The formulation for calculating the
densities of the aqueous solution of [EMIM][OACc] are presented in Eq.11.

PlEMIM0ACIn,o = 1012482 + 10% — 0.918103T + 6.25 * 1075T2 + 758.0905¢ — 497.846£2 + 0.302582T¢ Eq. 11

Where, T is the temperature of the aqueous solution of [EMIM][OACc] in K and ¢ is the mass fraction of
[EMIM][OAC] in the aqueous solution. Fig. 9 shows the comparison between the calculation results
predicted by the proposed formulation and the experimental data from Romich, et al. (2012). They
matched very well [25]. Using the proposed formulation, more densities of the aqueous solution of
[EMIM][OAC] at various temperatures and concentrations were calculated and shown in Fig. 10. As
predicted, the higher concentration of [EMIM][OACc] was, the higher the density of the aqueous solution
of [EMIM][OAc] was. Compared to LiCl and CaCl, solution with similar equilibrium vapor pressure at
20°C with a concentration of 40%, the density of the aqueous solution of [EMIM][OACc] is 10% less than
the densities of the solutions of LiCl and CaCls.
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6 Dynamic Viscosity of the aqueous solution of [EMIM][OAc]

The dynamic viscosities of the pure [EMIM][OACc] or the aqueous solution with little water were studied
by two research groups [22,26]. Freire et al. (2011) reported that the dynamic viscosities of the pure
[EMIM][OACc] were from 723.62 mPa-s to 10.95 mPa-s at 278.15 to 363.15°K, respectively [21]. The
data of the dynamic viscosities from Almeida et al. (2012) were higher than the comparable data from
Freire et al. (2012) [26]. They reported that the dynamic viscosities of the solution of [EMIM][OACc] at
283.15 to 363.15 °K were 1,037 mPa-s, which reduced to 15.1 mPa-s at 0.1 MPa.

The dynamic viscosities of water at 283.15 to 363.15 °K are 1.3 mPa.s to 0.315 mPa.s, which are much
smaller than the dynamic viscosities of the [EMIM][OAc] reported above. Therefore, the higher the
concentration of the aqueous solution of [EMIM][OACc] was, the higher the dynamic viscosities of the
aqueous solution of [EMIM][OAc] were. It was proven by the data of Rémich, et al. (2012)[25]. We used
the experimental data of the dynamic viscosities of the aqueous solution of [EMIM][OACc] obtained by
Roémich, et al. (2012) to correlate the dynamic viscosities to the various temperatures and concentration.
There were 20 data points and the RMS of the regression was 0.02 and R? was 99.94%. Eq. 12 is the
formulation obtained for the calculation of the dynamic viscosities of the aqueous solution of
[EMIM][OACc]. The natural logarithm of the dynamic viscosity of the aqueous solution of [EMIM][OACc]
exhibited better correlation with changes in the temperature and concentration.

Ln(Miemimfoac) #,0) = 3:025114 — 0.150834T + 2.20875 * 107*T2 — 0.40864¢ — 9.363176¢2 + 0.030720T¢
Eq. 12

Where, T is the temperature of the aqueous solution of [EMIM][OACc] in K and ¢ is the mass fraction of
[EMIM][OAC] in the aqueous solution. Fig. 11 shows the comparison between the calculated results and
the experimental data from Romich, et al. (2012). The dynamic viscosities given by the formulation
matched well with the experimental data. By using the proposed formulation, more dynamic viscosities of
the aqueous solution of [EMIM][OACc] were calculated and shown in Fig. 12. As expected, the higher the
concentration of the aqueous solution of [EMIM][OAc] was, the higher the dynamic viscosity of the
aqueous solution of [EMIM][OAc] was. The dynamic viscosity of the aqueous solution of [EMIM][OAc]
at 20 °C with 75% concentration is 25-30 m.Pa.s, 2-3 times of the ones of LiCl / CaCl2 aqueous solution
at a concertation of 40% with the similar humidity removal capacity.
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7 Discussion

This paper introduced the calculation formulations of the most important thermo-physical properties of
aqueous solutions of [EMIM][OACc]. They are necessary in the design and modeling of IL-based sorption
systems to predict the dehumidification capacity and system performance. The data used for generating
the formulations were obtained from the experiments in recently published studies. Due to the limited
data sources related to aqueous solutions of [EMIM][OAc], the properties calculated by the proposed
formulations may be different from the data obtained under future experimental conditions. We therefore
do not have total confidence in the specific values predicted by the proposed formulations since our
conclusions are based only on the limited data available now. However, we consider the proposed
formulations well within the acceptable boundaries for engineering calculation and design and will
significantly contribute to the design and performance prediction of sorption systems which use an
aqueous solution of [EMIM][OACc] and thereby assist sorption engineers and researchers in their work.
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