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Abstract

In recent years, many compounds have been proposed as additives to conventional working 

fluids to improve the performance of the absorption refrigeration system. The main aim 

of this research is to show the influence of ionic liquid based additives on thermodynamic 

and physicochemical properties of {LiBr + water} solutions. The following additives: 

3-(1-methyl-morpholinium)propane-1-sulfonate, N,N-di(2-hydroxyethyl)-N,N-dimethyl-

ammonium bromide, and N,N,N-tri(2-hydroxy-ethyl)-N-methylammonium bromide have 

been added to aqueous lithium bromide solutions (IL to LiBr mass fraction, w2 = 0.3). The 

physicochemical and thermodynamic properties of {LiBr (1) + additive (2) + water (3)} 

and {LiBr + water} systems including (vapor + liquid) phase equilibria (VLE), density (ρ) 

and dynamic viscosity (η) were determined over wide temperature and composition ranges. 

The conductor-like screening model for real solvents (COSMO-RS) was used for the VLE 

data prediction. For the density and dynamic viscosity correlations, empirical equations 

were applied. A comparison of experimental data for {LiBr + additive + water} with those 

for {LiBr + water} systems shows the influence of using the additives proposed in this 

work. The data presented are complementary to the current state of knowledge in this area 

and provide directions for future research.

Keywords Additive · {LiBr + water} system · VLE · Density · Viscosity · COSMO-RS

1 Introduction

Concerns about the impact of human related activities and its impact on the environment, as 

evident in climate change, have altered human behavior in a need to protect the natural envi-

ronment and save energy and resources. Following this trend, interest in absorption cooling 

devices as a “greener” alternative to compressor devices has increased significantly in recent 
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years. Cold production in these devices is realized by the thermal compressor which uses 

environmentally friendly refrigerants. Additionally, this technology can operate without the 

need of (large quantities) electricity since waste or surplus heat is used as an energy source. 

For these reasons absorption cooling is mostly used in industry where cheap surplus heat is 

abundant.

The effectiveness of absorption coolers is determined by the properties of the working 

fluids. Two types of industrial wide-scale absorption refrigerators are in use: lithium bro-

mide + water, or water + ammonia [1]. Corrosion and crystallization as well as explosiveness 

and toxicity [2–4] are key factors requiring improvement to guarantee safe and stable opera-

tion. The search for new working pairs with more favorable properties has gained importance 

and is being investigated by research groups around the world [5–10].

The easier fix, however, is to improve existing working pairs since this will not require the 

redesigning of the existing apparatus. In the case of the {LiBr + water} system, the crystalliza-

tion temperature seems to be one of the main issues.

It has been shown that the presence of a small amount of non-volatile and hygroscopic 

additive is one method in lowering the crystallization temperature of working fluids. The 

increase in possible lithium bromide concentration will result in a significant reduction of 

water vapor pressure, which is desired from the viewpoint of the efficiency of the refrigeration 

process. Numerous organic compounds are proposed as additives that reduce the crystallinity 

{LiBr + water} [11–28] but to date only a few publications [29–34] consider the use of ionic 

liquids (ILs) as additives.

Our work carried out so far in this area concerns a comprehensive study of the solubility 

of lithium bromide in water in the presence of a total of 33 additives [24, 25, 33, 34], mainly 

ionic liquids [33, 34], but also zwitterions [25, 34], glycols and crown ethers [24]. The focus 

of the investigations was to determine the effect of the amount of additive and the structure 

of the ionic liquid, including the length of the alkyl chain in the cation of the ionic liquid, the 

functionalization of the substituent in the IL’s cation, as well as the structure of the cation 

core, on solubility in the studied system. In previous papers regarding the crystallization of the 

LiBr + water mixtures in the presence of an IL or ZI additive, we identified that the greatest 

increase in solubility of LiBr in water was observed when  [MOR1,3SO3] was added. Addition-

ally, the presence of a hydroxyl group on the ionic liquid cation increases the solubility in the 

tested system. The second best results were obtained when the ionic liquid  [N1,1,2OH, 2OH]Br 

was used as an additive [34].

On the basis of our previous work we have selected  [MOR1,3SO3] and  [N1,1,2OH,2OH]Br for 

further research. Since the addition of hydroxyl groups enhances the solubility we have also 

selected  [N1,2OH,2OH,2OH]Br to be tested as an additive. In this work the (vapor + liquid) phase 

equilibria (VLE), density and dynamic viscosity of {LiBr + additive + water} are presented. 

The experimental results are compared to those for the {LiBr + water} system, commercially 

used in absorption refrigeration technology. The thermodynamic modelling of the investigated 

systems was performed using the conductor-like screening model for real solvents (COSMO-

RS). This approach was selected as it does not require any experimental input, needed in 

parameterization of other types of models like the mentioned activity coefficients equations 

and classical or molecular-based equations of state.
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2  Experimental Section

2.1  Chemicals Used

Lithium bromide (CAS No. 7550-35-8) was purchased from Fluka with nominal mass 

fraction purity > 0.99.

The water was purified using reverse osmosis unit with an ion-exchange system to a 

conductivity < 0.05 μS·cm−1 (Cobrabid-Aqua, Poland) and next degassed in an ELMA 

Germany ultrasonic bath at T = 320 K for half an hour before each measurement.

The structure and basic information of the tested salts are collected in Table 1.

Each IL-based additive was synthesized in our laboratory. A detail description of 

synthesis procedure of  [N1,2OH,2OH,2OH]Br is given below. The structure of the synthe-

sized compounds was confirmed by 1H NMR and 13C NMR analyses performed with 

Spectrometer Varian NMR System 500  MHz and Spectrometer Varian Gemini 2000, 

respectively. Figures S1 and S2 in the supplementary material (SM) present the results 

of these analyses. The purity estimated from 1H NMR is higher than 97% wt.

Table 1  The structures of the IL-based additives tested in this work

Structure Name, abbreviation, CAS No.

3-(1-methylmorpholinium)propane-1-sulfonate,  [MOR1,3SO3]; CAS 

No. 111282-24-7

N,N-di(2-hydroxyethyl)-N,N-dimethylammonium bromide, 

 [N1,1,2OH,2OH]Br; CAS No. 28508-23-8

N,N,N-tri(2-hydroxyethyl)-N-methylammonium bromide, 

 [N1,2OH,2OH,2OH]Br; CAS No. 38005-22-0
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Detailed descriptions of synthesis procedures and thermophysical characterization for 

 [MOR1,3SO3] and  [N1,1,2OH,2OH]Br are reported in the previous study [34].

2.1.1  The Synthesis Procedure of N,N,N‑tri(2‑hydroxyethyl)‑N‑methylammonium 

Bromide,  [N1,2OH,2OH,2OH]Br

Preparation of N,N,N-tri(2-hydroxyethyl)-N-methylammonium bromide,  [N1,2OH,2OH,2OH]

Br was carried out accordingly to a previous reported procedure [35]. To a 500  cm3 flask 

49.041  g of methyl diethanolamine (Sigma–Aldrich > 98%, 0.4116  mol) dissolved in a 

200  cm3 of acetonitrile (POCh for HPLC) was added. Subsequently, 59.949  g of 2-bro-

moethanol (Sigma–Aldrich 95%, 0.4797 mol, 1.16 eq) was added dropwise into the flask. 

The mixture was stirred in an oil bath at the temperature T = 353.15 K for 24 h. During 

this time two liquid phases were formed. The mixture was cooled to room temperature 

and the phases were separated. To the heavier phase, 100  cm3 of 2-propanol was added 

and the mixture was cooled in dry ice. During the slow reheating to the room temperature 

N,N,N-tri(2-hydroxyethyl)-N-methylammonium bromide crystallized. The crystals were 

filtered and washed with 50  cm3 of ethyl acetate and dried at T = 303.15 K under vacuum to 

remove the solvents. 81.650 g of white crystalline solid was obtained. Reaction yield was 

81.3%.
1H NMR: δH(500 MHz;  D2O) ppm: 3.175 (3H, s), 3.58–3.63 (6H, t, J3

H–H = 5.1 Hz), 

3.96–4.02 (6H, m).
13C NMR δC(200 MHz;  D2O) ppm: 21.494, 26.614, 35.804.

To remove traces of water and volatile compounds each ionic liquid was dried in a vac-

uum drying oven (Binder, model VD 23) under reduced pressure (P = 0.5 kPa) obtained by 

a vacuum pump (Vacuubrand RZ 6) at temperature T = 338.15 K for at least 72 h before the 

measurements. Afterwards, the water content was checked by coulometric titration (Karl 

Fischer method) using KF Trace Titroline (Metrohm, 716 DMS Titrino). The estimated 

purity of the chemicals used in this work is presented in Table 2.

2.2  Apparatus and Procedure

2.2.1  Sample Preparation

A solution of lithium bromide was prepared from anhydrous lithium bromide and deion-

ized water by weighing components on a Mettler Toledo XA105 balance with an uncer-

tainty of 0.0001 g. A measured quantity of additive was added to anhydrous lithium bro-

mide such that the (additive to lithium bromide) mass fraction w2 = 0.3 was obtained. After 

that, water was added to make the system liquid at room temperature. Then, by adding the 

appropriate amount of water, a series of ternary {LiBr + additive + water} solutions with 

well defined compositions (x1+2 = x1 + x2, where indices 1 and 2 refer to LiBr and the addi-

tive, respectively) were prepared and tested.

2.2.2  (Vapor + Liquid) Phase Equilibria

The VLE data for aqueous lithium bromide solution and {LiBr (1) + additive (2) + water 

(3)} systems have been measured using an ebulliometric method over a wide composi-

tion range at temperatures from 338.15 to 368.15 K with an increment of 10 K at pres-

sures up to P = 85 kPa. A detailed description of the apparatus was presented in an earlier 
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publication [36]. The equilibrium temperature was measured with a resistance thermom-

eter (type P-550, ROTH, Germany) with the precision of 0.01  K. The pressure was 

measured with the precision of 0.1  kPa by a tensiometric vacuum meter (type CL 300, 

ZEPWN, Poland). The thermometer and the manometer were calibrated by measuring the 

boiling points as a function of pressure for 1-butanol, cyclohexane, octane and water. Due 

to the extremely low volatility of lithium bromide and IL-base additives, the gas phase is 

assumed to only consist of water in the tested systems. After an equilibrium state is estab-

lished, the composition of the liquid phase (x1+2) was determined using the Anton Paar 

GmbH 4500 vibrating-tube densimeter (Graz, Austria) with an accuracy of 1 ×  10−5 g·cm−3 

at each temperature. A calibration curve of density vs. composition (x1+2) was made. The 

mole fraction composition determination had a standard deviation of u(x) = 2 ×  10−3. Every 

sample was measured in triplicate. From VLE measurements, the vapor pressure as a func-

tion composition (x1+2) in the liquid phase is reported at a constant temperature. The uncer-

tainty of the method used for the VLE estimation is larger than the error of the instruments 

and was estimated from the calibration data u(P) = 0.5 kPa.

2.2.3  Density Measurements

The liquid density data of {LiBr (1) + water (2)} and {LiBr (1) + additive (2) + water (3)} 

was determined at P = 0.1 MPa using the Anton Paar GmbH 4500 vibrating-tube densime-

ter (Graz, Austria). The apparatus has an automatic correction for the viscosity of the sam-

ple. The uncertainty of the measurements was estimated to be better than 5 ×  10−4 g·cm−3. 

Two integrated Pt 100 platinum thermometers, calibrated by the producer, provided good 

precision in temperature control (internally of 0.01 K). The density of the tested mixtures 

was determined over the temperature range from 298.15 to 343.15 K with an increment of 

5 K over a wide composition range.

2.2.4  Dynamic Viscosity Measurements

The experiment was performed using an Anton Paar GmbH AMVn (Graz, Austria) pro-

grammable viscometer, with a nominal uncertainty of 5% for viscosities from (0.3 to 2500) 

mPa·s. Before the experiment, the apparatus was calibrated using the standard provided by 

the supplier. During the experiment, the temperature was controlled internally to a preci-

sion of 0.01 K in a range from 298.15 to 348.15 K with an increment of 5 K. Over the 

measured viscosity range, capillaries of varying diameters were used depending on the vis-

cosities of the fluid. The diameter of the capillary was 1.6 mm (ball diameter 1.5 mm) for 

viscosity in the range from 0.3 to 10 mPa·s, 1.8 mm (ball diameter 1.5 mm) for viscosity in 

range from 2.5 to 70 mPa·s and 3.0 mm (ball diameter 2.5 mm) for viscosity in the range 

from 20 to 230 mPa·s.

3  COSMO‑RS Prediction

To gain insights into the mixture behavior, a molecular based thermodynamic approach 

can be applied. For the purpose of this study, the most suitable tool was the conductor-

like screening model for real solvents (COSMO-RS) proposed and developed by Klamt 

and Eckert [37]. In comparison with commonly used excess Gibbs energy models, like 

Wilson’s equation, NRTL or UNIQUAC, this model is very versatile as it allows to predict 



479Journal of Solution Chemistry (2021) 50:473–502 

1 3

liquid phase activity coefficients, hence the related thermodynamic properties of fluids as 

well. If the modelling of these mixtures were successful, then this model could be applied 

in computer-aided molecular design of new IL-based additives for the {LiBr + water} sys-

tem. All the details on the model, including its foundations and derivations, can be found 

elsewhere [38]. Herein, we provide only a brief summary and computational details on its 

implementation.

The only information required by COSMO-RS to get the chemical potential, thus phase 

equilibria, is the chemical structure of the molecules forming the system. Based on the 

molecular geometries fully optimized by using quantum chemical methods, the screen-

ing charge distribution (σ) at the surface of molecular cavities in a perfect conductor is 

obtained for each moiety; this is the COSMO part of the model. The spatial distribution is 

then converted to a histogram of specific charge density values, called the σ-profile. Then, 

the ensemble of charged segments according to the σ-profiles is considered and treated by 

using the methods of statistical thermodynamics, to finally get the formulas for the chemi-

cal potential of segment and molecular component; this is the “COSMO-RS” part of the 

model. In this work, the COSMOtherm suite [39] purchased from BIOVIA/3DS was uti-

lized to obtain the computed results. Molecular geometries/conformations of all the mol-

ecules and the corresponding COSMO-files were generated by using TURBOMOLE [40] 

and COSMOconf utilities provided by the BIOVIA/3DS as well. All the files are readily 

available upon e-mail request. The level of calculations performed to get the σ-profiles was 

BP-TZVP-COSMO, i.e. Becke–Pedrew (BP) functional for DFT calculations [41, 42] com-

bined with triple-ζ functional basis set [43] and “conventional” COSMO solvation method 

[44] for molecular cavity. The COSMO-RS parametrization employed was BP_TZVP_18.

In this work, the calculations were performed using standard setup of the software 

(COSMOconf/TURBOMOLE for geometry optimization and the COSMOtherm for ther-

modynamic calculations) and the parameterization used. Individual σ-profiles (thus, the 

COSMO-files) for each actual moiety found in the mixtures under study were adopted: 

water,  Li+ cation,  Br− anion, IL cation.

4  Results and Discussion

4.1  (Vapor + Liquid) Phase Equilibria, VLE Measurements

The accurate (vapor + liquid) phase equilibrium data for an aqueous lithium bromide 

solution is necessary for developing and extending the performance range of absorption 

refrigeration machines. In this work, the VLE data of aqueous lithium bromide solutions 

was determined using the isothermal ebulliometric method at temperatures from 338.15 

to 368.15 K for a wide range of lithium bromide concentrations. The experimental data, 

including vapor pressure versus LiBr mole fraction at different temperatures, are collected 

in Table 3 and graphically presented in Fig. 1. 

In the open literature vapor pressure–temperature–composition diagrams for 

{LiBr + water} systems have been presented many times [45–53]. A number of methods 

for measuring the vapor pressure of aqueous lithium bromide solutions including: static, 

ebuliometric, gas transport, differential static, or bubble point methods were used. Pátek 

and Klomfar [54] presented an effective formulation of the thermodynamic properties 

of aqueous lithium bromide solutions up to 500 K over the whole concentration range. 

They have also shown a short comparison of literature data from different experimental 
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Table 3  Isothermal experimental 

P–T–x data for the {LiBr 

(1) + water (2)} binary system: 

T, equilibrium temperature; 

P, equilibrium pressure; x1, 

lithium bromide mole fraction; 

γ2, activity coefficient of 

water calculated based on the 

experimental data

x1 P/(kPa) γ2 x1 P/(kPa) γ2

T = 338.15 K

 0.000 25.1 1.000 0.084 18.1 0.787

 0.002 24.8 0.990 0.100 16.3 0.722

 0.004 24.5 0.980 0.119 14.0 0.633

 0.006 24.3 0.974 0.146 10.5 0.490

 0.012 24.0 0.968 0.165 7.56 0.361

 0.019 23.7 0.963 0.176 6.92 0.335

 0.026 23.2 0.949 0.195 5.18 0.256

 0.036 22.5 0.930 0.200 4.82 0.240

 0.045 21.8 0.909 0.220 3.54 0.181

 0.061 20.5 0.870

T = 348.15 K

 0.000 38.6 1.000 0.082 28.1 0.793

 0.002 38.2 0.992 0.101 25.2 0.726

 0.004 37.9 0.986 0.119 21.7 0.638

 0.006 37.7 0.983 0.148 16.3 0.496

 0.012 37.1 0.973 0.168 12.3 0.383

 0.019 36.5 0.964 0.177 11.0 0.346

 0.026 35.9 0.955 0.197 8.57 0.276

 0.036 34.8 0.935 0.200 8.02 0.260

 0.044 33.9 0.919 0.219 6.01 0.199

 0.060 31.9 0.879

T = 358.15 K

 0.000 57.8 1.000 0.084 42.2 0.797

 0.002 57.2 0.992 0.099 38.2 0.734

 0.004 57.0 0.990 0.119 32.9 0.646

 0.006 56.7 0.987 0.148 24.9 0.506

 0.012 55.8 0.977 0.170 18.9 0.394

 0.019 55.1 0.972 0.181 16.7 0.353

 0.026 53.9 0.957 0.199 13.1 0.283

 0.036 52.4 0.940 0.202 12.5 0.271

 0.044 51.0 0.923 0.222 9.39 0.209

 0.060 47.7 0.878 0.240 7.10 0.162

T = 368.15 K

 0.000 84.4 1.000 0.083 62.3 0.805

 0.002 83.8 0.995 0.096 56.7 0.742

 0.004 83.3 0.991 0.115 48.7 0.652

 0.006 83.0 0.989 0.147 36.9 0.513

 0.012 81.9 0.982 0.168 29.4 0.419

 0.018 80.5 0.971 0.181 24.8 0.359

 0.024 79.1 0.960 0.199 19.9 0.294

 0.035 76.6 0.940 0.203 18.8 0.279

 0.042 74.7 0.923 0.221 14.5 0.221

 0.060 70.0 0.882 0.240 11.2 0.175
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techniques, giving also the range of temperature, pressure and composition in each case. 

As is shown in Fig. 1, the experimental results presented in this work are in good agree-

ment with the literature data. The experimental data presented in this work show the 

highest deviations (RMSD = 1.86  kPa) compared to the data presented by Sada et  al. 

[49]. The best agreement (RMSD = 0.37  kPa) was shown with the data published by 

Boryta et al. [48].

In order to know how the additive influenced the vapor pressure of aqueous lithium bro-

mide solution, the VLE measurements for {LiBr (1) +  [MOR1,3SO3], or  [N1,1,2OH,2OH]Br, or 

 [N1,2OH,2OH,2OH]Br (2) + water (3)} ternary systems were performed. The experimental data 

were measured at temperatures between 338.16 and 368.15 K with an increment of 10 K, 

at compositions up to x1+2 = 0.35. Tables 4, 5, and 6 include all experimental VLE results 

and the calculated value of the activity coefficients of water in the tested systems. Figure 2 

presents the VLE data for {LiBr (1) +  [MOR1,3SO3] (2) + water (3)}, as an example. The 

data for the other systems tested in this work are presented graphically in Figs. S3 and 

S4 (supplementary material). In the figures, x1+2 was defined as x1 + x2 at the equilibrium 

state. The tabulated data of compositions for lithium bromide and additive mole fractions 

at the equilibrium state are also presented in Tables 4, 5 and 6. In each case, vapor pres-

sures increase with temperature but decrease with an increase in the composition (x1+2).   

The comparison of the VLE data for all tested binary and ternary systems is presented 

in Fig. 3. It can be noticed that the addition of each tested compound causes an increase in 

vapor pressure, which is not desirable for the process taking place in the absorber. On the 

other hand, increasing the vapor pressure of the system is favorable for the process taking 

place in the generator. The process of evaporating the refrigerant (water) from the ternary 

system is then facilitated, which is associated with lower energy consumption. The highest 

effect is observed when  [MOR1,3SO3] was added to the aqueous lithium bromide solution. 

The activity coefficients of water (γ3) were calculated in each of the tested systems. The 

Table 3  (continued) Standard uncertainties u are as follows: u(x1) = 2 ×  10−3; 

u(P) = 0.5 kPa, u(T) = 0.05 K

Fig. 1  Isothermal experimen-

tal P–T–x data for the {LiBr 

(1) + water (2)} binary system 

at different temperatures: open 

diamond, 338.15 K; open square, 

348.15 K; open circle, 358.15 K; 

open triangle, 368.15 K. Points—

experimental data; solid lines, 

COSMO RS predictions. Litera-

ture VLE data at T = 348.15 K: 

filled green square, Ref. [47]; 

filled red square, Ref. [48]; filled 

yellow square, Ref. [49] (Color 

figure online)
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calculated values are below unity, which indicates the occurrence of negative deviations 

compared to an ideal system.

The addition of the tested compounds into the {LiBr (1) + water (2)} system causes 

a slight increase in the value of the coefficients. As shown in Fig.  3, the activity coef-

ficient of water in the tested systems, γ3, increases in the following order:  [N1,1,2OH,2OH]

Table 4  Experimental 

and calculated P–x data 

for the systems {LiBr 

(1) +  [MOR1,3SO3] (2) + water 

(3)}, w2 = 0.3003 at different 

temperatures from 338.15 

to 368.15 K; w2, (additive to 

LiBr) mass fraction; x1, lithium 

bromide mole fraction at the 

equilibrium state; x2, additive 

mole fraction at the equilibrium 

state; P, equilibrium pressure; 

T, equilibrium temperature; 

γ3, activity coefficient of 

water calculated based on the 

experimental data

w
2
=

m
2

m
1
+m

2

Standard uncertainties u are as follows: u(x1) = 2 ×  10−3; 

u(P) = 0.5 kPa, u(T) = 0.05 K

x1 x2 P/(kPa) γ3 x1 x2 P/(kPa) γ3

T = 338.15 K

 0.0000 0.0000 25.1 1.000 0.0764 0.0127 19.2 0.840

 0.0029 0.0005 24.6 0.983 0.0896 0.0149 17.6 0.783

 0.0069 0.0012 24.3 0.976 0.1038 0.0173 15.9 0.721

 0.0121 0.0020 24.1 0.974 0.1235 0.0206 13.5 0.628

 0.0188 0.0031 23.7 0.965 0.1387 0.0231 11.9 0.566

 0.0282 0.0047 23.1 0.952 0.1647 0.0275 9.11 0.449

 0.0422 0.0070 22.2 0.930 0.1844 0.0307 7.01 0.356

 0.0582 0.0097 20.9 0.893

T = 348.15 K

 0.0000 0.0000 38.6 1.000 0.0767 0.0128 29.3 0.833

 0.0029 0.0005 37.9 0.985 0.0894 0.0149 27.2 0.786

 0.0069 0.0011 37.6 0.982 0.1044 0.0174 24.6 0.726

 0.0122 0.0020 37.3 0.980 0.1265 0.0211 20.7 0.629

 0.0183 0.0030 36.7 0.971 0.1413 0.0236 18.4 0.571

 0.0284 0.0047 35.7 0.956 0.1628 0.0271 14.4 0.461

 0.0434 0.0072 34.2 0.934 0.1858 0.0310 11.2 0.371

 0.0575 0.0096 32.3 0.897 0.2195 0.0366 6.19 0.216

T = 358.15 K

 0.0000 0.0000 57.8 1.000 0.0770 0.0128 44.1 0.838

 0.0029 0.0005 57.0 0.989 0.0895 0.0149 40.8 0.788

 0.0068 0.0011 56.6 0.987 0.1053 0.0175 37.2 0.734

 0.0124 0.0021 56.0 0.983 0.1237 0.0206 31.7 0.641

 0.0186 0.0031 55.2 0.977 0.1403 0.0234 28.0 0.579

 0.0281 0.0047 53.8 0.963 0.1655 0.0276 21.5 0.461

 0.0432 0.0072 51.4 0.936 0.1843 0.0307 17.3 0.381

 0.0575 0.0096 48.4 0.898 0.2182 0.0364 9.94 0.231

T = 368.15 K

 0.0000 0.0000 84.4 1.000 0.0765 0.0128 65.2 0.848

 0.0029 0.0005 83.5 0.992 0.0932 0.0155 59.6 0.793

 0.0069 0.0012 82.7 0.988 0.1059 0.0177 54.7 0.740

 0.0123 0.0020 81.9 0.984 0.1253 0.0209 46.9 0.651

 0.0181 0.0030 80.6 0.975 0.1396 0.0233 41.6 0.589

 0.0283 0.0047 78.8 0.966 0.1634 0.0272 32.3 0.473

 0.0424 0.0071 75.0 0.934 0.1855 0.0309 25.8 0.390

 0.0572 0.0095 70.8 0.899 0.2285 0.0381 15.6 0.252



483Journal of Solution Chemistry (2021) 50:473–502 

1 3

Br <  [N1,2OH,2OH,2OH]Br <  [MOR1,3SO3]. Surprisingly, the increase in polarity increases the 

activity coefficient of water, this could be explained by weakening the water–LiBr interac-

tions and an increase in the LiBr–organic salt interactions. Simultaneously, water–organic 

salt interactions are weaker than water–LiBr interactions, thus increasing the water activity 

coefficients.

Table 5  Experimental and 

calculated P–x data for the 

systems {LiBr (1) +  [N1,1,2OH,2OH]

Br (2) + water (3)}, w2 = 0.2996 

at different temperatures from 

338.15 to 368.15 K; w2, (additive 

to LiBr) mass fraction; x1, 

lithium bromide mole fraction at 

the equilibrium state; x2, additive 

mole fraction at the equilibrium 

state; P, equilibrium pressure; 

T, equilibrium temperature; 

γ3, activity coefficient of 

water calculated based on the 

experimental data

w
2
=

m
2

m
1
+m

2

Standard uncertainties u are as follows: u(x1) = 2 ×  10−3; 

u(P) = 0.5 kPa, u(T) = 0.05 K

x1 x2 P/(kPa) γ3 x1 x2 P/(kPa) γ3

T = 338.15 K

 0.0000 0.0000 25.1 1.000 0.0767 0.0133 18.4 0.806

 0.0043 0.0007 24.4 0.977 0.0836 0.0145 17.1 0.755

 0.0094 0.0016 24.1 0.971 0.1174 0.0204 11.2 0.518

 0.0153 0.0027 23.8 0.966 0.1386 0.0240 9.57 0.456

 0.0231 0.0040 23.3 0.954 0.1655 0.0287 7.38 0.365

 0.0353 0.0061 22.3 0.926 0.1868 0.0324 4.91 0.250

 0.0560 0.0097 20.6 0.879

T = 348.15 K

 0.0000 0.0000 38.6 1.000 0.0773 0.0134 28.6 0.815

 0.0041 0.0007 37.7 0.982 0.0898 0.0156 25.8 0.747

 0.0093 0.0016 37.4 0.980 0.1223 0.0212 17.2 0.521

 0.0150 0.0026 36.8 0.971 0.1395 0.0242 15.2 0.471

 0.0221 0.0038 36.1 0.960 0.1656 0.0287 11.7 0.376

 0.0359 0.0062 34.5 0.933 0.1932 0.0335 8.38 0.281

 0.0556 0.0097 32.0 0.887 0.2004 0.0348 7.19 0.243

T = 358.15 K

 0.0000 0.0000 57.8 1.000 0.0926 0.0161 36.2 0.702

 0.0043 0.0007 56.7 0.986 0.1173 0.0203 28.1 0.564

 0.0093 0.0016 56.1 0.981 0.1362 0.0236 23.2 0.478

 0.0151 0.0026 55.4 0.976 0.1651 0.0286 18.1 0.388

 0.0230 0.0040 54.1 0.962 0.1930 0.0335 13.2 0.296

 0.0355 0.0062 51.9 0.937 0.2014 0.0349 11.4 0.258

 0.0534 0.0093 48.0 0.886 0.2155 0.0374 10.0 0.232

 0.0768 0.0133 43.0 0.818

T = 368.15 K

 0.0000 0.0000 84.4 1.000 0.0928 0.0161 52.8 0.702

 0.0043 0.0007 83.0 0.988 0.1111 0.0193 42.1 0.573

 0.0094 0.0016 82.2 0.985 0.1320 0.0229 34.2 0.480

 0.0147 0.0026 80.9 0.975 0.1611 0.0279 26.0 0.380

 0.0230 0.0040 79.2 0.964 0.1948 0.0338 18.2 0.280

 0.0353 0.0061 75.9 0.938 0.2008 0.0348 17.4 0.270

 0.0522 0.0090 70.4 0.888 0.2159 0.0375 15.5 0.246

 0.0747 0.0130 63.1 0.820
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To our best knowledge, the vapor pressure of {LiBr (1) + additive (2) + water (3)} sys-

tems is usually higher than for the vapor pressure of aqueous lithium bromide solutions 

without any additive at the same conditions, as was reported for the following additives: 

lithium iodide [14], lithium nitrate [14], ethanolamine [15], 1,3-propanediol [16], sodium 

formate [19], or potassium formate [19].

It was observed by Luo et al. [22] that the addition of [BMIM][Cl] to {LiNO3 +  H2O} 

system results in a higher vapor pressure compared to binary systems without additives, 

therefore [BMIM][Cl] reduces the absorption ability of  LiNO3/[BMIM][Cl]/H2O system.

Table 6  Experimental 

and calculated P–x data 

for the systems {LiBr 

(1) +  [N1,2OH,2OH,2OH]Br 

(2) + water (3)}, w2 = 0.3003 

at different temperatures from 

338.15 to 368.15 K; w2, (additive 

to LiBr) mass fraction; x1, 

lithium bromide mole fraction at 

the equilibrium state; x2, additive 

mole fraction at the equilibrium 

state; P, equilibrium pressure; 

T, equilibrium temperature; 

γ3, activity coefficient of 

water calculated based on the 

experimental data

w
2
=

m
2

m
1
+m

2

Standard uncertainties u are as follows: u(x1) = 2 ×  10−3; u(P) = 0.5 kPa 

and u(T) = 0.05 K

x1 x2 P/(kPa) γ3 x1 x2 P/(kPa) γ3

T = 338.15 K

 0.0000 0.0000 25.1 1.000 0.0597 0.0100 20.4 0.874

 0.0027 0.0004 24.5 0.979 0.0766 0.0128 18.7 0.818

 0.0071 0.0012 24.2 0.972 0.0944 0.0158 16.2 0.725

 0.0155 0.0026 23.8 0.966 0.1226 0.0205 13.1 0.609

 0.0250 0.0042 23.1 0.948 0.1413 0.0236 10.0 0.477

 0.0431 0.0072 22.0 0.923 0.1698 0.0284 6.74 0.335

T = 348.15 K

 0.0000 0.0000 38.6 1.000 0.0769 0.0128 28.9 0.823

 0.0028 0.0005 37.8 0.982 0.0942 0.0157 25.2 0.734

 0.0070 0.0012 37.6 0.982 0.1195 0.0200 20.5 0.618

 0.0156 0.0026 36.8 0.971 0.1436 0.0240 16.0 0.498

 0.0248 0.0041 35.9 0.958 0.1741 0.0291 10.6 0.345

 0.0422 0.0070 34.0 0.926 0.2021 0.0337 6.28 0.213

 0.0601 0.0100 31.5 0.877

T = 358.15 K

 0.0000 0.0000 57.8 1.000 0.0740 0.0124 43.6 0.825

 0.0027 0.0004 56.9 0.987 0.0937 0.0156 37.8 0.734

 0.0069 0.0012 56.4 0.984 0.1184 0.0198 31.5 0.632

 0.0154 0.0026 55.3 0.974 0.1416 0.0236 24.2 0.501

 0.0249 0.0042 53.8 0.959 0.1724 0.0288 16.5 0.357

 0.0401 0.0067 51.1 0.928 0.2018 0.0337 10.6 0.240

 0.0568 0.0095 47.7 0.884

T = 368.15 K

 0.0000 0.0000 84.4 1.000 0.0726 0.0121 63.7 0.825

 0.0027 0.0004 83.2 0.989 0.0921 0.0154 55.7 0.740

 0.0070 0.0012 82.4 0.984 0.1178 0.0197 45.6 0.626

 0.0152 0.0025 80.9 0.976 0.1450 0.0242 36.0 0.513

 0.0247 0.0041 78.9 0.963 0.1753 0.0293 24.7 0.368

 0.0396 0.0066 74.8 0.929 0.2058 0.0344 16.2 0.253

 0.0579 0.0097 69.8 0.887 0.2241 0.0374 9.48 0.152
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Besides the measured data, Figs. 1, 2 and 3 present the results of the COSMO-RS pre-

dictions for the VLE systems studied. Satisfactory predictions are observed for the binary 

{LiBr + water} system, though the model predictions show significant discrepancies to the 

experimental data for the systems with the additives. In terms of statistics, one can summa-

rize the results of modelling by means of the average absolute deviations (AADs) between 

calculated and the measured VLE pressure. The values obtained for each system/additive 

are as follows (in kPa): 4.8 for  [N1,2OH,2OH,2OH]Br, 5.7 for  [N1,2OH,2OH]Br, 3.2  [MOR1,3SO3]. 

Hence, the deviations are indeed significant if one takes into account that the systems under 

study displays quite low volatility. For binary {LiBr + water} mixtures, the value of AAD 

arising from the COSMO-RS calculations is much lower than those for the ternary sys-

tems, namely, 1.6 kPa. This finding suggests an accurate modelling of a quantitative effect 

of an additive on VLE is quite challenging, even when such an advanced thermodynamic 

model like COSMO-RS is employed.

Nevertheless, the most important finding is that the model reproduces experimentally 

observed impact of an additive on the vapor pressure. In fact, for all three systems consid-

ered in this work, the COSMO-RS predicts that the vapor pressure increases upon addition 

of the additive as well as that an increase in the vapor pressure becomes more significant 

as the concentration of the LiBr increases. Even though the overall accuracy of prediction 

of absolute vapor pressure is rather poor, the quality of the prediction of ratio of vapor 

pressures before and upon addition of the additive is much better. Such qualitative agree-

ment between the experimental and purely predictive trends is quite promising, so that the 

COSMO-RS approach may be considered as a tool for screening new additives by modify-

ing the VLE diagrams for the aqueous LiBr solutions.

4.2  Density and Dynamic Viscosity Measurements

The experiments were performed over a wide composition and temperature range from 

298.15 to 348.15 K with an increment of 5 K at pressure P = 0.1 MPa. The experimental 

data for aqueous lithium bromide solution are tabulated in Table  7 and graphically pre-

sented in Figs. 4 and 5.  

Fig. 2  Experimental and calcu-

lated P–x data for the systems 

{LiBr (1) +  [MOR1,3SO3] 

(2) + water (3)}, w2 = 0.3003 

at different temperatures: filled 

diamond, 338.15 K; filled square, 

348.15 K; filled circle, 358.15 K; 

filled triangle, 368.15 K. Full 

points, experimental data for 

ternary systems; empty points, 

experimental data for binary 

system; dotted lines, COSMO 

RS predictions for binary system; 

solid lines, COSMO RS predic-

tions for ternary system
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Due to the solubility of lithium bromide in water at room temperature, it was possible 

to make the measurements in the given temperature range only in a narrow range of com-

position, up to x1 = 0.25. It can be noticed that both density and dynamic viscosity increase 

with increasing LiBr mole fractions and decrease with increasing temperature. Experimen-

tal density and viscosity data are consistent with available literature data, as is confirmed 

by Fig. 6.

To improve the physicochemical properties, three additives have been added. The addi-

tive to lithium bromide mass fraction was exactly the same as in VLE measurements and 

were as follows: w2 = 0.3003 for  [MOR1,3SO3]; 0.2996 for  [N1,1,2OH,2OH]Br and 0.3003 

for  [N1,2OH,2OH,2OH]Br. The experimental density and dynamic viscosity data are listed in 

Tables 8, 9 and 10.

Fig. 3  a The experimental and 

calculated VLE data; b the 

experimental activity coefficient 

of water (γ3) for {LiBr (1) + addi-

tive (2) + water (3)} systems at 

temperature T = 368.15 K: filled 

red diamond,  [MOR1,3SO3] 

(w2 = 0.3003); filled circle, 

 [N1,1,2OH,2OH]Br (w2 = 0.2996); 

filled green triangle, 

 [N1,2OH,2OH,2OH] Br (w2 = 0.3003); 

open triangle, without additive. 

Points, experimental data; dotted 

line, COSMO RS predictions 

for {LiBr + water} system; solid 

lines, COSMO RS predictions 

for ternary system (Color figure 

online)
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The same trends as for aqueous lithium bromide solutions, i.e. an increase in den-

sity and viscosity with an increase in composition (x1+2) and a decrease in temperature 

increase were observed. As an example, the experimental and calculated density data 

for {LiBr (1) +  [MOR1,3SO3] (2) + water (3)} are graphically presented in Fig.  7. The 

data for other ternary systems are presented in Figs. S5 and S6 in the supplementary 

material. It has been shown that each of the tested additives significantly reduces the 

density compared to the {LiBr + water} system. The comparison of the influence of the 

tested additives on the density of aqueous lithium bromide solution is shown in Fig. 8. 

The lowest density was obtained when  [MOR1,3SO3] was used as an additive. The low-

est impact on density was observed for  [N1,2OH,2OH,2OH]Br, although the density of the 

system is still lower than for the aqueous lithium bromide solution without the use of an 

additive. 

Fig. 4  Experimental and 

calculated liquid density data 

for {LiBr (1) + water (2)} 

binary system a as a function 

of temperature for different 

LiBr mole fraction, x1: filled 

diamond, 0.246; open diamond, 

0.206; filled circle, 0.170; open 

circle, 0.129; filled triangle, 

0.092; open triangle, 0.058; 

filled square, 0.035; open square, 

0.018; x, 0.000; b as a function 

of lithium bromide mole fraction 

at different temperatures: filled 

diamond, 298.15 K; open dia-

mond, 318.15 K; filled triangle, 

338.15 K. Points, experimental 

data; solid lines, correlation 

using Eq. 1 with parameters 

given in Table 11
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The decrease of the density of aqueous lithium bromide solution in the presence of 

the additives is confirmed in the literature. Such a trend was observed with ethanola-

mine [26], potassium acetate [27], sodium lactate [27], or diethanolamine [28].

The experimental data has been correlated using the following equation:

The root mean square error (RMSE) is expressed by Eq. 2

(1)� = �0exp
[

−�p

(

T − T0

)]

, T0 = 298.15 K

(2)
RMSE =

�

∑N

i=1

�

�calc
− �exp

�2

N − 2

Fig. 5  Experimental and cal-

culated dynamic viscosity data 

for the {LiBr (1) + water (2)} 

binary system a as a function of 

temperature for different LiBr 

mole fraction, x1: filled diamond, 

0.246; open diamond, 0.206; 

filled circle, 0.170; open circle, 

0.129; filled triangle, 0.092; open 

triangle, 0.058; filled square, 

0.035; open square, 0.018; x, 

0.000; b as a function of lithium 

bromide mole fraction at differ-

ent temperatures: filled diamond, 

298.15 K; open diamond, 

308.15 K; filled circle, 318.15 K; 

open circle, 328.15 K; filled 

triangle, 338.15 K; open triangle, 

348.15 K. Points, experimental 

data; solid lines, correlation 

using Eq. 3 with parameters 

given in Table 12
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The value of the parameters ρ0 and αp along with RMSE are collected in Table 11. The 

maximum RMSE value between the experimental density data and calculated values was 

determined to be 0.0009, exhibiting excellent consistency and accuracy. The measured data 

and calculated fitted curves from Eq. 1 are plotted against temperature, or composition in 

Figs. 4, 6 and 8 as well as in Figs. S5 and S6 in the supplementary material.

Temperature dependence of the dynamic viscosity for {LiBr (1) + additive (2) + water 

(3)} were described using the following Andrade-type equation:

The root mean square deviation (RMSE) is expressed by Eq. 4

(3)ln �∕mPa ⋅ s = A −
B

T∕K

(4)
RMSE =

�

∑N

i=1

�

�calc
− �exp

�2

N − 2

Fig. 6  Experimental and litera-

ture data on a liquid density and 

b dynamic viscosity of {LiBr 

(1) + water (2)} binary system at 

temperature T = 298.15 K: filled 

diamond, experimental data; 

filled red diamond, Ref. [55] at 

T = 298.09 K; filled green dia-

mond, Ref. [55] at T = 298.13 K; 

filled blue diamond, Ref. [55] at 

T = 298.12 K; filled yellow dia-

mond, Ref. [56]; open diamond, 

Ref. [57]; filled purple diamond, 

Ref. [58]; filled red diamond 

[59]. Dotted lines are simply a 

guide to the eye (Color figure 

online)
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The values of parameters A and B, along with RMSE are collected in Table 12.

As an example, the experimental and calculated dynamic viscosity for the {LiBr 

(1) +  [MOR1,3SO3] (2) + water (3)} ternary systems as a function of temperature and com-

position are presented in Fig. 9. Data for the other two systems is presented in Figs. S7 and 

S8 in the supplementary material. In these figures, the dynamic viscosities for aqueous 

lithium bromide solutions without additive at 298.15 K are marked in dashed lines. In each 

case, the presence of the additive causes an increase in the viscosity of the system, which 

is unfavorable for use in absorption refrigeration technology. Increasing the viscosity of the 

refrigeration system is associated with greater energy expenditure related to the transport 

of the cooling medium in the system. The increase in the viscosity of the refrigeration sys-

tem by adding a third component (additive) is confirmed in the literature [26, 28, 31].

Fig. 7  Experimental and 

calculated liquid density data 

for {LiBr (1) +  [MOR1,3SO3] 

(2) + water (3)}, (w2 = 0.3003), 

as a function of a temperature 

for different compositions (x1+2): 

filled diamond, 0.282; open dia-

mond, 0.251; filled circle, 0.223; 

open circle, 0.191; filled triangle, 

0.160; open triangle, 0.129; 

filled square, 0.097; open square, 

0.070; multiplication sign, 0.040; 

plus sign, 0.010; b composition 

at different temperature, T: filled 

diamond, 298.15 K; open dia-

mond, 318.15 K; filled triangle, 

338.15 K. Points, experimental 

results, solid lines, calculated 

using Eq. 1 with parameters 

given in Table 11; dotted line, 

experimental data for {LiBr 

(1) + water (2)} binary system at 

T = 298.15 K
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A comparison of the influence of all additives tested in this work on the dynamic vis-

cosity of the working fluid is shown in Fig. 10. It can be noticed that the viscosity of the 

{LiBr (1) + additive (2) + water (3)} systems increases when the following additives are 

used:  [MOR1,3SO3] >  [N1,2OH,2OH,2OH]Br >  [N1,1,2OH,2OH]Br. To sum up, the lowest viscosity 

of the system was obtained for the system with  [N1,1,2OH,2OH]Br as an additive, but these 

values are higher than for conventional working fluid without any additives.

5  Conclusion

In this work, the vapor pressures, liquid densities and dynamic viscosities for the {LiBr + addi-

tive + water} systems with (additive to LiBr) mass fraction, w2 = 0.3 were measured over a 

wide composition range at various temperatures. To verify the experimental method, these 

properties were also measured for aqueous lithium bromide solution and were consistent with 

available literature data.

The three ternary systems: {LiBr +  [MOR1,3SO3] + water}, {LiBr +  [N1,1,2OH,2OH] 

Br + water} and {LiBr +  [N1,2OH,2OH,2OH]Br + water} were considered as possible new working 

fluids for absorption refrigeration technology. Results show that the vapor pressure for the ter-

nary systems is higher than for the working fluid without any additives. The relative trend of 

the effect on the VLE data was successfully predicted by using the COSMO-RS model. Both 

density and dynamic viscosity of the tested binary and ternary systems decrease with increas-

ing temperature and increase with increasing salt concentration. The densities of the tested 

ternary systems are lower than that of the aqueous lithium bromide solutions. In contrast, the 

presence of the additive increases the viscosity of the systems. The data and correlation infor-

mation presented in this study are important for the design of refrigeration equipment using 

this new generation of working fluids.

Fig. 8  The experimental 

and calculated liquid density 

data for {LiBr (1) + additive 

(2) + water (3)} as a function 

of composition at temperature 

T = 298.15 K: filled red diamond, 

 [MOR1,3SO3] (w2 = 0.3003); 

filled circle,  [N1,1,2OH,2OH]

Br (w2 = 0.2996); filled green 

triangle,  [N1,2OH,2OH,2OH]Br 

(w2 = 0.3003). Points, experimen-

tal results; solid lines, calculation 

using Eq. 1 with parameters 

given in Table 11, dotted line, 

density data for {LiBr (1) + water 

(2)} binary system (Color figure 

online)
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Table 11  The parameters of 

Eqs. 1 and 2 for correlation 

temperature dependence of the 

density of {LiBr (1) + water 

(2)} and {LiBr (1) + additive 

(2) + water (3)} systems

� = �0exp
[

−�p

(

T − T0

)]

, T0 = 298.15 K

RMSE =

�

∑N

i=1 (�
calc−�exp)

2

N−2

x1, or x1+2 �
0
/g·cm−3

104 �
P
∕K

−1 103·σ/g·cm−3

{LiBr (1) + water (2)}

 0.2456 1.73508 4.0 0.02

 0.2058 1.62423 3.9 0.06

 0.1695 1.51708 3.8 0.13

 0.1288 1.40213 3.8 0.22

 0.0920 1.28880 4.0 0.23

 0.0578 1.18680 4.7 0.15

 0.0350 1.11438 4.2 0.12

 0.0180 1.05908 3.9 0.07

{LiBr (1) +  [MOR1,3SO3] (2) + water (3)}, w2 = 0.3003

 0.2823 1.63373 3.2 0.23

 0.2512 1.58294 3.2 0.29

 0.2226 1.53540 3.3 0.16

 0.1914 1.47824 3.4 0.22

 0.1604 1.41606 3.5 0.29

 0.1289 1.35058 3.7 0.56

 0.0966 1.27450 3.9 0.62

 0.0700 1.20790 4.4 0.80

 0.0399 1.12404 3.9 0.56

 0.0102 1.03243 4.2 0.35

{LiBr (1) +  [N1,1,2OH,2OH]Br (2) + water (3)}, w2 = 0.2996

 0.2898 1.66987 3.4 0.19

 0.2607 1.62124 3.4 0.16

 0.2299 1.56615 3.5 0.18

 0.1999 1.50846 3.6 0.38

 0.1701 1.44534 3.8 0.41

 0.1397 1.38204 3.8 0.30

 0.1100 1.31240 3.8 0.24

 0.0799 1.23663 3.5 0.40

 0.0499 1.15383 3.5 0.09

 0.0203 1.06465 3.0 0.35

{LiBr (1) +  [N1,2OH,2OH,2OH]Br (2) + water (3)}, w2 = 0.3003

 0.3111 1.71921 3.3 0.20

 0.2803 1.66799 3.4 0.12

 0.2503 1.61644 3.4 0.11

 0.2195 1.55801 3.5 0.23

 0.1899 1.49970 4.0 0.23

 0.1595 1.43519 3.7 0.19

 0.1297 1.36313 3.9 0.34

 0.1002 1.29554 4.0 0.38

 0.0700 1.21566 4.2 0.52

 0.0305 1.10033 4.5 0.91
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Table 12  The parameters of 

Eqs. 3 and 4 for correlation 

temperature dependence of the 

dynamic viscosity of {LiBr 

(1) + additive (2) + water (3)} 

systems

ln�∕mPa ⋅ s = A −
B

T∕K

RMSE =

�

∑N

i=1 (�
calc−�exp)

2

N−2

x1, or x1+2 A 10−3B/K σ/mPa·s

{LiBr (1) + water (2)}

 0.2456 − 4.800 − 17.338 0.05

 0.2058 − 4.221 − 14.511 0.04

 0.1695 − 3.949 − 12.648 0.05

 0.1288 − 4.238 − 12.372 0.02

 0.0920 − 4.639 − 12.615 0.02

 0.0578 − 4.681 − 12.202 0.02

 0.0350 − 4.720 − 12.005 0.01

 0.0180 − 5.084 − 12.569 0.02

{LiBr (1) +  [MOR1,3SO3] (2) + water (3)}, w2 = 0.3003

 0.2823 − 6.380 − 27.095 1.32

 0.2512 − 5.984 − 23.456 0.42

 0.2226 − 5.396 − 20.581 0.25

 0.1914 − 5.160 − 18.384 0.07

 0.1604 − 4.958 − 16.488 0.05

 0.1289 − 4.692 − 14.603 0.02

 0.0966 − 4.553 − 13.253 0.02

 0.0700 − 4.845 − 13.241 0.01

 0.0399 − 5.065 − 13.002 0.01

 0.0102 − 5.206 − 12.761 0.01

{LiBr (1) +  [N1,1,2OH,2OH]Br (2) + water (3)}, w2 = 0.2996

 0.2898 − 6.400 − 24.988 0.47

 0.2607 − 5.717 − 21.632 0.24

 0.2299 − 5.033 − 18.483 0.11

 0.1999 − 4.455 − 15.574 0.09

 0.1701 − 3.923 − 13.114 0.08

 0.1397 − 4.503 − 13.701 0.03

 0.1100 − 4.427 − 12.702 0.03

 0.0799 − 4.632 − 12.653 0.02

 0.0499 − 5.011 − 13.057 0.01

 0.0203 − 4.830 − 12.018 0.02

{LiBr (1) +  [N1,2OH,2OH,2OH]Br (2) + water (3)}, w2 = 0.3003

 0.3111 − 5.680 − 24.749 1.34

 0.2803 − 5.872 − 23.651 0.56

 0.2503 − 5.559 − 20.890 0.12

 0.2195 − 5.049 − 18.129 0.08

 0.1899 − 4.708 − 16.049 0.06

 0.1595 − 3.808 − 12.745 0.07

 0.1297 − 4.336 − 13.106 0.04

 0.1002 − 4.438 − 12.673 0.02

 0.0700 − 4.715 − 12.746 0.02

 0.0305 − 5.017 − 12.691 0.02
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Fig. 9  Experimental and cal-

culated dynamic viscosity data 

for {LiBr (1) +  [MOR1,3SO3] 

(2) + water (3)}, w2 = 0.3003, as a 

function of a temperature for dif-

ferent compositions (x1+2): filled 

diamond, 0.282; open diamond, 

0.251; filled circle, 0.223; open 

circle, 0.191; filled triangle, 

0.160; open triangle, 0.129; 

filled square, 0.097; open square, 

0.070; multiplication sign, 0.040; 

plus sign, 0.010; b composition 

at different temperature, T: filled 

diamond, 298.15 K; open dia-

mond, 318.15 K; filled diamond, 

338.15 K. Points, experimental 

results, solid lines, calculated 

using Eq. 3 with parameters 

given in Table 12; dotted line, 

experimental data for {LiBr 

(1) + water (2)} binary system at 

T = 298.15 K
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