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Abstract 

Global energy consumption for space heating and cooling systems is substantial, 

with buildings accounting for 30 % of global energy use. Current heating, ventilation, 

and air conditioning (HVAC) systems predominantly rely on vapor compression 

technology, which has high energy consumption and environmental impact due to the 

refrigerants used. Absorption refrigeration systems and heat pump systems, which 

utilize thermal energy instead of electrical power, present a promising alternative to 

the traditional vapor compression technology. These systems offer benefits such as 

longer service life, less maintenance, and the use of natural refrigerants. However, 

conventional working pairs, such as NH3/H2O and H2O/LiBr, face limitations including 

toxicity and crystallisation risks. 

This doctoral thesis explores the enhancement of the H2O/LiBr working pair by 

incorporating ionic liquids (ILs) as additives to improve the thermophysical properties 

of the working fluid. The primary objective is to determine quantitatively the free water 

content in an H2O/LiBr working pair with ionic liquids as additives and estimate its 

effect on the thermophysical properties using near-infrared spectroscopy coupled 

with the multivariate curve resolution method based on alternating least squares. Five 

ILs were investigated: three protic (ethylammoniun nitrate, propylammonium nitrate, 

and ethylammonium chloride) and two aprotic (1-butyl-3-methylimidazolium bromide 

and 1,3-dimethylimidazolium chloride).  

The research of ion hydration and association in H2O/(LiBr+IL) solutions with high 

IL composition in the solute (LiBr+IL) revealed that, in the presence of ILs, there is a 

greater amount of water (bulk water) that preserves its structural properties compared 

to H2O/LiBr. This result, that evidences stronger solute-solute interactions in 

H2O/(LiBr+IL) mixtures, suggests that there are interactions between lithium bromide 

and ionic liquids. The amount of bulk water in H2O/(LiBr+1,3-dimethylimidazolium 

chloride) solutions does not vary significantly at mole fraction ratios between IL and 

LiBr lower than 0.0942 shows that the composition of IL. The amount of bulk water in 

H2O/(LiBr+IL) solutions remains essentially constant between 20 ºC and 60 ºC.  

Analysis of solid-liquid equilibria showed that the addition of ILs effectively delays 

crystallisation, which is attributed to cation-cation interactions between lithium 

bromide and ionic liquid. The magnitude of these interactions depends on both the 
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ionic liquid and its composition in the mixture. The operation range of absorption 

refrigeration and heat pump systems could be extended in the presence of ILs. 

The influence of ILs on vapor-liquid equilibria highlighted that these ionic liquids 

can both increase and decrease the vapor pressure of the working fluid, depending 

on composition and temperature. The analysis allowed finding the most interesting 

mixtures for the absorption applications considered. 

The experimental values of density, speed of sound, enthalpy of dilution, electrical 

conductivity, thermal conductivity, and dynamic viscosity of liquid H2O/(LiBr+IL) were 

analysed and compared to that of H2O/LiBr. The results indicate the presence of ILs 

lowers the heat of dilution, density, and thermal conductivity, and increases dynamic 

viscosity. The higher amount of bulk water can be directly related to changes in 

thermodynamic properties, but not to changes in transport properties. 

Derived volumetric properties, namely apparent molar volume at infinite dilution, 

isentropic compressibility, and limiting apparent molar isentropic compressibility, 

were used to qualitatively compare interactions between H2O/(LiBr+IL) and H2O/LiBr 

mixtures. The results show that solute-solvent interactions are weaker in the 

presence of ionic liquids, which can be related to the greater amount of bulk water in 

the mixtures with additive. 
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I.1. Current energy consumption of space heating and 

cooling systems 

Global energy consumption has increased exponentially over the last 30 years, 

and about 80% of the primary energy consumed comes from fossil fuels.[1,2] Since 

the Paris Agreement was enacted in 2016, international efforts have focused on 

limiting the global temperature increase to 1.5 °C above pre-industrial levels. 

Achieving this goal requires a gradual process of decarbonisation, which can be 

achieved by using renewable energy sources and improving the efficiency of existing 

energy systems, where up to 30% of primary energy is lost during conversion and 

transportation. Renewable energies provided 30% of the electricity consumed in the 

world in 2022, and investments to develop and install renewable technologies are 

increasing year by year.[3]  

In the case of energy consumption in buildings, it was 133 EJ in 2022,[3] 

representing 30 % of the total energy consumed worldwide. Regarding the energy 

demand of buildings, the main primary sources are fossil fuels (30 %) and electricity 

(33 %). Specifically, consumption of the latter has increased steadily in recent years 

due to the increased use of household appliances and air conditioners. On average, 

50 % of the energy consumed in buildings was used for space heating or cooling 

through heating, ventilation, and air conditioning (HVAC) systems.[4] 

Space conditioning in buildings is typically carried out using vapour compression 

refrigeration and heat pump systems, as well as heating, ventilation, and air 

conditioning (HVAC) systems. These systems have high coefficients of performance 

(COP), which is advantageous considering the large amount of energy dedicated to 

space conditioning. However, besides the high electrical energy consumption of 

these systems, they have the significant drawback of the high environmental impact 

of the refrigerants used, which have been changing throughout history to meet the 

needs of each moment (Table I.1).[5] 

The first generation of refrigerants, based on natural substances, was based on 

their availability and performance in existing machines. 
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Table I.1. Generations of refrigerants used in vapour compression cycles.[5] 

Generation Period Suitable refrigerants 
Primary requirements of the 
refrigerant* 

1st S.XIX – 1930s 

Natural refrigerants 
ethyl chloride, diethyl 
ether, ammonia, 
propane, sulfur dioxide, 
carbon dioxide… 

Availability and that they 
could be used in the systems 
of that time 

2nd 1930s – 1990s CFCs and HCFCs 

Stable, nontoxic, 
nonflammable, and boiling 
point ranging from (-40 to 
0) ºC 

3rd 1990s – 2010 

HFCs and natural 
refrigerants: water, 
ammonia, carbon 
dioxide… 

Null ozone depletion potential 

4th 2010 – onwards 
Mainly HFOs, some 
HFCs and natural 
refrigerants 

Low global warming potential 

*The requirements were maintained in each subsequent generation and expanded from 
the second generation onwards.[5] 

 

In the second generation, the focus was on the safety and durability of 

refrigerants. Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) 

were explicitly synthesised for use in vapour compression refrigeration and heat 

pump systems. From a thermodynamic cycle performance standpoint, these 

refrigerants were very competitive. However, after it was discovered that the 

presence of chlorine in these substances destroys the atmospheric ozone layer, their 

use was banned following the Vienna Convention for the Protection of the Ozone 

Layer in 1985 and the Montreal Protocol on Substances that Deplete the Ozone Layer 

in 1987. 

The third generation of refrigerants was based on HFCs (hydrofluorocarbons) and 

natural refrigerants, which did not affect the ozone layer. However, it was soon 

discovered that these gases contributed to the greenhouse effect. In the Kyoto 

Protocol of 1997, it was agreed to phase down their use. 

Currently, we are using the fourth generation of refrigerants to mitigate global 

warming caused by the greenhouse effect. Most refrigerants today are 
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hydrofluoroolefins (HFOs), HFCs, and natural refrigerants.[5] Nevertheless, in 2016, 

it was agreed to reduce the use of HFCs by 85% through the Kigali Amendment to 

the Montreal Protocol, further limiting the number of available refrigerants. 

Given the high electrical energy consumption of vapour compression systems and 

the increasingly limited use of refrigerants, other types of systems, such as those 

based on absorption, are attracting increasing interest. 

I.2. Absorption refrigeration and heat pump systems 

The technology of absorption refrigeration and heat pump systems constitutes an 

alternative to traditional vapour compression systems to mitigate global warming and 

ozone depletion.[6–9] The energy required by these systems is not supplied as 

electrical power but as thermal power, which can come from natural gas combustion, 

waste heat from industrial processes, geothermal energy or solar energy. Other 

advantages of absorption systems, compared to those based on vapour 

compression, include more extended service life, less maintenance, more flexible 

operation, lower noise and absence of vibration.[6,10] In addition, they allow the use of 

natural refrigerants, such as water or ammonia, instead of the synthetic refrigerants 

mentioned above. 

The general scheme of a single-effect absorption refrigeration and heat pump 

system is shown in Figure I.1. The refrigerant evaporates from the working fluid in 

the generator as it receives heat, circulating through the condenser-expansion valve-

evaporator circuit. Upon leaving the evaporator, the refrigerant enters the absorber 

and mixes with an absorber-rich stream, generating heat. The stream exiting the 

absorber, rich in refrigerant, is pumped through the solution heat exchanger before 

entering the generator. The stream leaving the generator, rich in absorbent, circulates 

through the solution heat exchanger and an expansion device before returning to the 

absorber. The purpose of the solution heat exchanger is to preheat the refrigerant-

rich stream at the expense of the stream leaving the generator, which increases the 

efficiency of the system. 

The power consumption of absorption refrigeration and heat pump systems is 

significantly lower than that of vapour compression-based systems because they 

compress a liquid instead of a vapour. 
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Figure I.1. General scheme of single-effect absorption refrigeration and heat pump 

systems. 

 

Although absorption systems are expected to cover a large part of the cooling and 

heating demand in the present and near future, their operating coefficients are 

considerably lower than those of vapour compression systems. Three alternatives 

are available to improve their performance:[6–8,11] 

1) Using modifications or expansions of the single-effect cycle, such as the single-

effect double-lift cycle, the half-effect cycle, multi-effect cycles, the 

generator/absorber heat exchange (GAX) cycle, and the resorption cycle.  

2) Improving the design of components to increase mass and heat transfer, with 

particular emphasis on the absorber, which is the most critical component of 

absorption systems. The actual mass of refrigerant that is absorbed in the 

absorbent-rich stream is considerably less than the theoretical mass it can 

absorb due to the non-equilibrium conditions in which the absorber operates. 

3) Improving the properties of the working fluid, which can be achieved by using 

different pairs of refrigerant and absorbent or by adding substances to existing 

working fluids. 
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On the one hand, modifications of the single-effect cycle are conditioned by the 

amount of heat available and its temperature, so its use depends on the specific 

application. On the other hand, improving the design of the components and the 

properties of the working fluid would be helpful in all applications, as they play a 

crucial role in this type of system. 

I.3. Working fluids 

I.3.1 Conventional working fluids 

The requirements that refrigerants and working pairs must meet regarding their 

properties to be used in refrigeration and absorption heat pump systems are as 

follows:[6,7,9–12] 

1) High latent heat and low melting temperature of the refrigerant. 

2) High affinity between absorbent and refrigerant. 

3) Absorbent with low vapour pressure and working fluid with moderate pressure. 

4) Low viscosity to enhance mass and heat transfer and compactness of the system 

components. 

5) High diffusion coefficients and thermal conductivity to favour mass and heat 

transfer and compactness of the system components. 

6) Non-crystallisation of the absorbent.  

7) Non-toxic, non-corrosive, and chemically stable working pair. 

8) Cost-effective. 

Although no working fluids exist that meet all these requirements, NH3/H2O and 

H2O/LiBr are the most used working pairs in absorption refrigeration and heat pump 

systems.[6,7,9–11] Table I.2 summarises the main advantages and disadvantages of the 

two traditional working fluids. Furthermore, neither of these refrigerants nor 

absorbents contributes to ozone depletion or global warming, which is an advantage 

compared to vapour compression systems that do not use natural refrigerants. 
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Table I.2. Advantages and disadvantages of NH3/H2O and H2O/LiBr for absorption 

refrigeration and heat pump systems. 

Working 
fluid 

Advantages Disadvantages 

NH3/H2O 

High latent heat of ammonia Toxicity of ammonia 

Low fusion temperature of 
ammonia (-78.2 ºC) 

High vapour pressure of the refrigerant 
(NH3) 

Low viscosities of ammonia 
and working fluid  

Non-negligible vapour pressure of the 
absorbent (H2O) 

Complete miscibility of 
refrigerant and absorbent 

Need of a rectifier to separate refrigerant 
and absorbent 

H2O/LiBr 

High latent heat of water Crystallisation of lithium bromide 

Non-volatility of the absorbent Corrosivity of the working fluid 

Low viscosity of water  High fusion temperature of water (0.01 ºC) 

 
Need of vacuum due to the low vapour 
pressure of water, which increases the 
component size 

 High viscosity of the working fluid 

 

The H2O/LiBr mixture has been used in refrigeration systems and absorption heat 

pumps since the second half of the 20th century because it is one of the best existing 

options, thanks to the favourable characteristics of both the refrigerant and the 

absorbent, coupled with the high affinity between them. However, as shown in 

Table I.2, some drawbacks limit the applications of this working fluid, highlighting the 

risk of crystallisation in the absorbent-rich stream at low temperatures. Therefore, to 

overcome this limitation, some alternatives exist to use H2O/LiBr as working fluid. 

I.3.2 Other working fluids 

Although other working fluids for refrigeration and absorption heat pump systems 

based on alcohols or halogenated hydrocarbons, such as HCFCs and HFCs, were 

proposed in the literature, the properties of these mixtures do not globally improve 

those of H2O/LiBr.[6,7,11,13] 

More recently, new working fluids have been proposed in which ionic liquids play 

the role of absorbent in H2O/IL, NH3/IL, alcohol/IL, or H2O/(inorganic salt+IL).[11–14] 
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Ionic liquids (ILs) are salts composed of ions that have a low melting point.[12,15,16] 

Their structure is based on organic cations and organic or inorganic anions, which 

gives them unique physicochemical properties, such as negligible vapour pressure 

and flammability, liquid phase over a wide temperature range, thermal stability, and 

the ability to solvate compounds with different polarities. Their thermophysical 

properties can be tuned depending on the chosen cation and anion, making them 

versatile substances of interest for various applications. 

To date, the results show that the use of ILs as absorbents presents a lower 

coefficient of performance than with H2O/LiBr or NH3/H2O,[11,12,14] since they exhibit 

other problems, especially related to transport properties. Nevertheless, an option of 

great interest is using these ionic liquids as additives of lithium bromide to improve 

the properties of the mixture, with particular interest in solubility. 

I.3.3 Ionic liquids as additives of H2O/LiBr 

Many substances have been proposed over the years as additives of lithium 

bromide to increase its solubility, such as inorganic salts,[10,17–22] organic salts,[23] 

zwitterionic compounds,[24,25] or glycols.[21,26–31] More recently, ionic liquids have also 

started to be used as additives of this working fluid.[25,32–44] 

Table I.3 summarises the pressure, temperature and composition ranges in which 

thermophysical properties of H2O/(LiBr+IL) mixtures were experimentally determined 

in the literature using ILs as additives. 
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Table I.3. Summary of experimentally determined thermophysical properties of H2O/(LiBr+IL) mixtures using ILs as additives available 

in the literature. 𝑤𝑎𝑏𝑠: mass fraction of absorbent (LiBr+IL). 

Property Reference Ionic liquid 𝑇 range (K) 𝑝 range (kPa) 𝑤𝑎𝑏𝑠 range 
IL/LiBr 

mole ratio 

Solid-liquid equilibria 

Yang et al.[33] 
1-ethyl-3-methylimidazolium 
chloride 

253 – 307 100 0.69 – 0.75 0.24 

Kim et al.[34] 
1-butyl-3-methylimidazolium 
bromide 

286 – 362 
Atmospheric 
pressure 

0.62 – 0.75 0.06 – 0.10 

Królikowska 
and 

Hofman[32] 

N-ethyl-N-methylmorpholinium 
bromide 

243 – 352 100 0.58 – 0.71 0.05 

235 – 343 100 0.61 – 0.73 0.11 

228 – 351 100 0.64 – 0.77 0.17 

N-butyl-N-methylmorpholinium 
bromide 

228 – 363 100 0.57 – 0.71 0.04 

241 – 349 100 0.61 – 0.74 0.09 

238 – 366 100 0.64 – 0.78 0.16 

N-hexyl-N-methylmorpholinium 
bromide 

239 – 352 100 0.58 – 0.70 0.04 

235 – 350 100 0.61 – 0.74 0.08 

243 – 340 100 0.64 – 0.75 0.14 

1-butyl-3-methylimidazolium 
bromide 

246 – 352 100 0.58 – 0.72 0.05 

250 – 354 100 0.61 – 0.74 0.10 

245 – 363 100 0.64 – 0.77 0.17 

N-ethyl-N-methylpiperidinium 
bromide 

239 – 353 100 0.57 – 0.70 0.05 
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Table I.3 (continued) 

Property Reference Ionic liquid 𝑇 range (K) 𝑝 range (kPa) 𝑤𝑎𝑏𝑠 range 
IL/LiBr 

mole ratio 

Solid-liquid equilibria 

Królikowska 
and 

Hofman[32] 

N-ethyl-N-methylpiperidinium 
bromide 

250 – 340 100 0.61 – 0.71 0.10 

241 – 334 100 0.64 – 0.75 0.18 

N-butyl-N-methylpiperidinium 
bromide 

249 – 358 100 0.59 – 0.72 0.04 

264 – 336 100 0.62 – 0.72 0.09 

250 – 363 100 0.64 – 0.76 0.16 

N-butyl-N-methylpyrrolidium 
bromide 

249 – 353 100 0.59 – 0.70 0.04 

239 – 345 100 0.61 – 0.73 0.10 

243 – 355 100 0.64 – 0.76 0.17 

N-butylpyridinium bromide 

250 – 352 100 0.59 – 0.70 0.05 

249 – 352 100 0.61 – 0.73 0.10 

246 – 341 100 0.64 – 0.75 0.17 

Tri(ethyl)butylammonium 
bromide 

254 – 353 100 0.59 – 0.71 0.04 

245 – 362 100 0.61 – 0.74 0.09 

246 – 359 100 0.64 – 0.76 0.16 

Królikowska 
et al.[25] 

N-(2-hydroxyethyl)-N,N,N-
triethylammonium bromide 

255 – 353 100 0.59 – 0.71 0.04 

254 – 355 100 0.62 – 0.74 0.10 

250 – 349 100 0.65 – 0.77 0.16 
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Table I.3 (continued) 

Property Reference Ionic liquid 𝑇 range (K) 𝑝 range (kPa) 𝑤𝑎𝑏𝑠 range 
IL/LiBr 

mole ratio 

Solid-liquid equilibria 
Królikowska 

et al.[25] 

N-(cyanomethyl)-N,N,N-
triethylammonium bromide 

261 – 338 100 0.58 – 0.68 0.04 

263 – 363 100 0.55 – 0.75 0.10 

266 – 348 100 0.56 – 0.76 0.17 

N-(2-hydroxyethyl)-N,N-dimethyl-
N-butylammonium bromide 

253 – 360 100 0.59 – 0.71 0.04 

250 – 355 100 0.62 – 0.74 0.10 

250 – 352 100 0.65 – 0.77 0.16 

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

265 – 369 100 0.57 – 0.68 0.05 

242 – 353 100 0.62 – 0.75 0.10 

248 – 351 100 0.66 – 0.78 0.17 

N-methyl-N-(2-
hydroxyethyl)morpholinium 
bromide 

244 – 341 100 0.65 – 0.77 0.17 

N-(2-acetyloxy)ethyl-N-
methylmorpholinium bromide 

251 – 358 100 0.65 – 0.79 0.14 

N-methyl-N-(2-ethoxy-2-
oxoethyl)morpholinium bromide 

247 – 332 100 0.65 – 0.76 0.14 

1-methyl-3-(2-
hydroxyethyl)imidazolium 
bromide 

249 – 345 100 0.65 – 0.77 0.18 

N-methyl-N-(2-
hydroxyethyl)pyrrolidinium 
bromide 

257 – 352 100 0.65 – 0.77 0.18 
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Table I.3 (continued) 

Property Reference Ionic liquid 𝑇 range (K) 𝑝 range (kPa) 𝑤𝑎𝑏𝑠 range 
IL/LiBr 

mole ratio 

Solid-liquid equilibria 
Królikowska 

et al.[25] 

N-methyl-N-(2-
hydroxyethyl)pyrrolidinium 
bromide 

248 – 350 100 0.65 – 0.78 0.18 

Vapour-liquid 
equilibria 

Jing et al.[35] 

1,3-dimethylimidazolium chloride 309 – 439 3 – 103 0.30 – 0.69 0.218 

1,3-dimethylimidazolium 
tetrafluoborate 

311 – 424 4 – 102 0.30 – 0.70 0.236 

Zhang et 
al.[36] 

1-ethyl-3-methylimidazolium 
acetate 

304 – 405 5 – 101 0.20 – 0.60 0.170 

Yang et al.[33] 
1-ethyl-3-methylimidazolium 
chloride 

305 – 434 1 – 102 0.55 – 0.70 0.237 

Xuan et al.[37] 
1-ethyl-3-methylimidazolium 
chloride 

320 – 410 4 – 103 0.30 – 0.60 0.296 

Rafiee and 
Frouzesh[38] 

1-ethyl-3-methylimidazolium 
hydrogen sulfate 

298 2 – 3 0.10 – 0.42 0.24 – 1.68 

Xuan et al.[39] 

1,3-dimethylimidazolium iodide 351 – 410 32 – 106 0.30 – 0.60 0.194 

1-ethyl-3-methylimidazolium 
iodide 

351 – 414 32 – 106 0.30 – 0.57 0.091 

Dong et al.[41] 
1,3-dimethylimidazolium 
dimethylphosphate 

299 – 410 2 – 103 0.20 – 0.60 0.130 

Królikowska 
et al.[40] 

3-(1-methyl-
morpholinium)propane-1-
sulfonate 

338 – 368 6 – 84 0.02 – 0.30 0.167 
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Table I.3 (continued) 

Property Reference Ionic liquid 𝑇 range (K) 𝑝 range (kPa) 𝑤𝑎𝑏𝑠 range 
IL/LiBr 

mole ratio 

Vapour-liquid 
equilibria 

Królikowska 
et al.[40] 

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

338 – 368 5 – 84 0.03 – 0.36 0.173 

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

338 – 368 6 – 84 0.02 – 0.31 0.167 

Density 

Rafiee and 
Frouzesh[38] 

1-ethyl-3-methylimidazolium 
hydrogen sulfate 

293 – 313 87 0.06 – 0.19 0.08 – 0.25 

Rafiee and 
Frouzesh[44] 

1-ethyl-3-methylimidazolium 
chloride 

298 - 318 87 0.06 – 0.28 0.17 – 0.68 

Shekaari et 
al.[42] 

1-butyl-3-methylimidazolium 
thiocyanate 

298 86 0.02 – 0.04 0.04 – 0.17 

1-methyl-3-octyl-1H-imidazolium 
thiocyanate 

298 86 0.02 – 0.04 0.03 – 0.12 

1-hexyl-3-methylimidazolium 
thiocyanate 

298 86 0.02 – 0.04 0.03 – 0.15 

Yang et al.[33] 
1-ethyl-3-methylimidazolium 
chloride 

303 – 373 100 0.30 – 0.45 0.237 

Królikowska 
et al.[40] 

3-(1-methyl-
morpholinium)propane-1-
sulfonate 

298 – 348 100 0.06 – 0.70 0.167 

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

298 – 348 100 0.11 – 0.71 0.173 
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Table I.3 (continued) 

Property Reference Ionic liquid 𝑇 range (K) 𝑝 range (kPa) 𝑤𝑎𝑏𝑠 range 
IL/LiBr 

mole ratio 

Density 

Królikowska 
et al.[40] 

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

298 – 348 100 0.16 – 0.73 0.167 

Bagheri et 
al.[43] 

2-hydroxyethylammonium 
acetate 

288 – 318 87.1 0.01 – 0.04 0.54 – 1.25 

bis-2-hydroxyethylammonium 
acetate 

288 – 318 87.1 0.01 – 0.05 0.53 – 1.25 

tris-2-hydroxyethylammonium 
acetate 

288 – 318 87.1 0.01 – 0.05 0.54 – 1.25 

Speed of sound 

Shekaari et 
al.[42] 

1-butyl-3-methylimidazolium 
thiocyanate 

298 86 0.02 – 0.04 0.04 – 0.17 

1-methyl-3-octyl-1H-imidazolium 
thiocyanate 

298 86 0.02 – 0.04 0.03 – 0.12 

1-hexyl-3-methylimidazolium 
thiocyanate 

298 86 0.02 – 0.04 0.03 – 0.15 

Bagheri et 
al.[43] 

2-hydroxyethylammonium 
acetate 

288 – 318 87.1 0.01 – 0.04 0.54 – 1.25 

bis-2-hydroxyethylammonium 
acetate 

288 – 318 87.1 0.01 – 0.05 0.53 – 1.25 

tris-2-hydroxyethylammonium 
acetate 

288 – 318 87.1 0.01 – 0.05 0.54 – 1.25 

Heat capacity at 
constant pressure 

Yang et al.[33] 
1-ethyl-3-methylimidazolium 
chloride 

303 – 373 100 0.30 – 0.45 0.237 
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Table I.3 (continued) 

Property Reference Ionic liquid 𝑇 range (K) 𝑝 range (kPa) 𝑤𝑎𝑏𝑠 range 
IL/LiBr 

mole ratio 

Viscosity 

Yang et al.[33] 
1-ethyl-3-methylimidazolium 
chloride 

303 – 373 100 0.30 – 0.45 0.237 

Shekaari et 
al.[42] 

1-butyl-3-methylimidazolium 
thiocyanate 

298 86 0.02 – 0.04 0.04 – 0.17 

1-methyl-3-octyl-1H-imidazolium 
thiocyanate 

298 86 0.02 – 0.04 0.03 – 0.12 

1-hexyl-3-methylimidazolium 
thiocyanate 

298 86 0.02 – 0.04 0.03 – 0.15 

Królikowska 
et al.[40] 

3-(1-methyl-
morpholinium)propane-1-
sulfonate 

298 – 348 100 0.06 – 0.70 0.167 

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

298 – 348 100 0.11 – 0.71 0.173 

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

298 – 348 100 0.16 – 0.73 0.167 

Bagheri et 
al.[43] 

2-hydroxyethylammonium 
acetate 

288 – 318 87.1 0.01 – 0.04 0.53 – 1.25 

bis-2-hydroxyethylammonium 
acetate 

288 – 318 87.1 0.01 – 0.05 0.53 – 1.25 

tris-2-hydroxyethylammonium 
acetate 

288 – 318 87.1 0.01 – 0.05 0.53 – 1.25 
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As Table I.3 shows,[25,32–41] most ionic liquids proposed as additives of lithium 

bromide are based on the imidazolium cation. Królikowska and Hofman[32] and 

Królikowska et al.[25,40] also used ionic liquids based on other cations, such as 

ammonium and morpholinium. However, the pressure, temperature, and composition 

ranges are limited, especially regarding the operation ranges of absorption 

refrigeration and heat pump systems: many properties were measured only at 25 °C, 

low absorbent compositions, and large amounts of ionic liquid. 

I.4. Motivation 

The thermophysical properties of a working pair in absorption refrigeration and 

heat pumps systems can improve by using additives, such as ionic liquids, due to 

their special characteristics. This can help to increase the cycle perfromace and 

extend the applications of these technologies. On the one hand, the analysis of the 

solid-liquid equilibria results of LiBr in water in the presence of ionic liquids as 

additives, as mentioned in the literature,[25,32–34] evidences the potential of these 

substances to delay the crystallisation of lithium bromide in H2O/LiBr mixtures. On 

the other hand, vapour pressure results reported in the literature suggest that, for the 

same mass fraction of absorbent in the working fluid, the vapour pressure is higher 

in the presence of ionic liquids,[33,35–41] which may have a negative effect on the 

conditions required for the working fluids in the application. Both aspects vary 

depending on the nature of the ionic liquid considered and the composition of the 

mixture.  

However, the large number of existing ionic liquids and the number of essential 

properties required, especially the solid-liquid and liquid-vapour phase equilibria, to 

properly design absorption refrigeration and heat pump systems,[32] makes it difficult 

to select the adequate ionic liquid and its composition only by measuring 

thermophysical properties. This requires a great experimental effort, both in time and 

money, which is reflected in the scarce and limited studies reporting experimental 

data on thermophysical properties of H2O/LiBr mixtures with ionic liquids as additives 

(Table I.3). 

For this reason, the motivation of this doctoral thesis is to establish an analysis 

strategy to estimate the influence of ionic liquids on the thermophysical properties of 
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the H2O/LiBr working pair. The approach is based on near-infrared spectroscopy 

coupled with the curve resolution method based on alternating least squares, and the 

results are contrasted and complemented with the properties of solid-liquid and 

vapour-liquid equilibria and thermophysical properties measured and calculated for 

H2O/(LiBr+IL) mixtures. The acquired knowledge will help to choose better the 

adequate ionic liquid and composition in the mixture. 

The case study (Table I.4) involves a set of five ionic liquids: three of them 

(ethylammonium nitrate [EA][NO3], propylammonium nitrate [PA][NO3], and 

ethylammonium chloride [EA][Cl]) are protic and have not been used yet in any 

published work in the literature, and two others (1-butyl-3-methylimidazolium bromide 

[Bmim][Br] and 1,3-dimethylimidazolium chloride [Dmim][Cl]) are aprotic and have 

already been referenced in the literature,[32,34,35] extending the range of conditions in 

which thermophysical properties are determined according to the application of 

interest. 

Table I.4. Selected ionic liquids used as additives of H2O/LiBr. 

Ionic liquid 

Abbreviation 

CAS number 

Supplier and mass purity (%) 

Cation Anion 𝑀 (g·mol-1) 

Ethylammonium nitrate 

[EA][NO3] 

22113-86-6 

IOLITEC (> 97)   

108.11 

Propylammonium nitrate 

[PA][NO3] 

22113-88-8 

IOLITEC (> 97)   

122.12 

Ethylammonium chloride 

[EA][Cl] 

557-66-4 

Sigma-Aldrich (> 99.3)  

 
81.545 
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Table I.4 (continued) 

1-butyl-3-methylimidazolium bromide 
[Bmim][Br] 

85100-77-2 

IOLITEC (> 99) 

 

 
219.12 

1,3-dimethylimidazolium chloride 

[Dmim][Cl] 

79917-88-7 

Angene (> 97) 

 

 
132.59 

 

I.5. Hypothesis 

The considered hypotheses in this doctoral thesis are the following: 

• Understanding how the presence of ionic liquids affects the solvation of LiBr will 

help us understand their influence on the thermophysical properties of mixtures. 

• Quantifying the extent of LiBr hydration in the presence of the ionic liquid relative 

to that of the H2O/LiBr mixture will help estimate the most appropriate 

composition of the ionic liquid in the working fluid. 

• Analyzing the changes produced in the thermophysical properties of the H2O/LiBr 

mixture in the presence of ionic liquids will allow to evaluate their potential to 

improve the performance of the mixture as a working fluid in absorption 

refrigeration and heat pump systems, and to corroborate and complement the 

above hypotheses. 

• Determining volumetric derived properties of (H2O/LiBr+IL) solutions, which 

allows interpreting the solute-solvent interactions from a thermodynamic point of 

view, will also help support the above hypotheses. 
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I.6. Objectives 

The general objective of this doctoral thesis is to establish an analysis strategy to 

estimate the influence of an additive on the properties of the H2O/LiBr working pair. 

The approach is based on near-infrared spectroscopy coupled with the curve 

resolution method based on alternating least squares. The conclusions derived from 

these results will be contrasted and complemented with the results found from the 

measurement of phase equilibria, some thermophysical properties and calculation of 

derived volumetric properties. 

The specific objectives required to fulfil this general objective are:  

1) To determine the hydration and association in solutions with and without additive 

over a wide composition range at different temperatures using a multivariate 

curve resolution method applied to near-infrared spectra. 

2) To determine the solid-liquid equilibria of H2O/(LiBr+IL) mixtures over wide 

composition and temperature ranges. 

3) To determine the vapour-liquid equilibria of H2O/(LiBr+IL) mixtures over wide 

composition and temperature ranges. 

4) To determine density, speed of sound, enthalpy of dilution, electrical conductivity, 

thermal conductivity, and dynamic viscosity of liquid H2O/(LiBr+IL) mixtures over 

comprehensive composition and temperature ranges. 

5) To analyse the influence of selected ionic liquids on the solid-liquid equilibria, 

vapour-liquid equilibria and thermophysical properties of the working fluid. 

6) To compare interactions in solutions with and without additive from a 

thermodynamic point of view based on derived volumetric properties. 

I.7. Thesis structure 

This doctoral thesis is divided into seven different chapters. The first chapter is 

the introduction, discussing the need to mitigate climate change. Then, the single-

effect absorption refrigeration and heat pump systems are briefly described, along 

with the advantages and disadvantages of the most used working fluids. 

Subsequently, a literature review on using ionic liquids as additives of H2O/LiBr is 
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presented. Finally, the motivation, hypotheses and objectives of this thesis are 

defined. 

In the second chapter, the theoretical background of the experimental part is 

described. In the first section, the theoretical foundations of near-infrared 

spectroscopy are detailed. The second section describes the theoretical background 

of the used multivariate curve resolution method. The theoretical foundations 

regarding solid-liquid equilibria, vapour-liquid equilibria, density, speed of sound, 

enthalpy of dilution, electrical conductivity, thermal conductivity, and dynamic 

viscosity are described in the third section. The final section briefly summarises the 

theoretical background regarding derived properties obtained from density and speed 

of sound.  

The third chapter presents the ion hydration and association in H2O/(LiBr+IL) 

mixtures and discusses using a multivariate curve resolution method to near-infrared 

spectra. Calculating bulk water content is detailed for the H2O/LiBr mixture at 20 ºC. 

Then, the quantitative analysis of water association in H2O/(LiBr+IL) mixtures is 

analysed with 1,3-dimethylimidazolium chloride to determine the maximum quantity 

of IL that should be used in solution. Subsequently, the influence of the IL composition 

on the bulk water of H2O/(LiBr+IL) with 1,3-dimethylimidazolium chloride used as an 

additive is discussed. Then, the influence of the structure of the selected ionic liquids 

on the bulk water is presented and discussed at 20 ºC. Finally, the impact of 

temperature on the bulk water of H2O/(LiBr+IL) mixtures is discussed at 40 ºC and 

60 ºC. 

The fourth chapter presents and discusses the experimental solid-liquid and 

vapour-liquid equilibria of H2O/(LiBr+IL) mixtures. Generally, the experimental work 

carried out is guided by the conclusions drawn in the previous chapter. Firstly, the 

solid-liquid equilibria results are discussed depending on the absorbent composition, 

on the LiBr/H2O mole ratio, and on the influence of the chemical structure of the IL. 

Then, the results are compared with the referenced values in the literature. 

Subsequently, the vapour-liquid equilibria results are discussed as a function of the 

LiBr/H2O mole ratio and are compared with those found in the literature.  

The fifth chapter is devoted to the thermophysical properties of H2O/(LiBr+IL) 

mixtures in the liquid phase. According to the previous chapters, the results of density, 
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speed of sound, enthalpy of dilution, electrical conductivity, thermal conductivity, and 

dynamic viscosity are presented and discussed concerning the referenced values of 

H2O/LiBr at the selected IL/LiBr ratios.  

In the sixth chapter, the influence of ionic liquids on the solute-solvent interactions 

in H2O/(LiBr+IL) mixtures is analysed by comparison of derived volumetric properties. 

The apparent molar volume at infinite dilution, the isentropic compressibility, and the 

limiting apparent molar isentropic compressibility of H2O/(LiBr+IL) solutions are 

compared to that of H2O/LiBr as a function of temperature over a wide composition 

range. 

Finally, the main findings are summarised in the concluding chapter along with 

future work recommendations. 

As a clarification, although solute and absorbent refer to LiBr or (LiBr+IL), and 

solvent and refrigerant refer to water, their use depends on the specific context. For 

this reason, the terms solute and solvent are generally more appropriate for the 

discussion in Chapters III and VI. At the same time, absorbent and refrigerant are 

preferred in Chapters IV and V. Similarly, the terms solution, mixture, working fluid, 

and working pair refer to the combination of two or more substances. In general, 

solution is preferred in Chapters III and VI, while mixture, working fluid and working 

pair are used indistinctly in Chapters IV and V. 
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Chapter II. Theoretical background 
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II.1. Near-infrared spectroscopy 

The near-infrared (NIR) covers the region of the electromagnetic spectrum of 

wavelength from (700 to 2500) nm. The absorption bands in this region are 

characteristic of the overtones and combination bands of the fundamental vibrations 

of the functional group bonds in the mid-infrared. The highest intensity bands 

correspond to the vibrations of the C-H, O-H and N-H groups. These groups are 

characterised by broad bands and low intensity, which facilitates the quantitative 

determination of compounds with high composition without the need to pretreat 

samples. 

Infrared radiation can change when it travels through a sample due to reflection, 

absorption and transmission phenomena (Figure II.1). As a consequence, a part of 

the intensity of the incident radiation (𝑃𝑜) will be reflected (𝑃𝑟), another part will be 

absorbed (𝑃𝑎), and another part will be transmitted (𝑃𝑡). 

 

 

Figure II.1. Reflection, absorption, and transmission of light. 

 

Measurements in the near-infrared region can be carried out based on any of the 

three phenomena mentioned above, according to Eqs. II.1-II.3, where 𝑆𝜆, 𝐵𝜆 y 𝑅𝜆 are 

the sample intensity, background intensity and reference intensity at wavelength 𝜆, 

respectively, expressed in W·m-2. 

𝑅𝜆(%) = 100 ·
𝑆𝜆 − 𝐵𝜆

𝑅𝜆 − 𝐵𝜆

 Eq. II.1 

𝐴𝜆 = −log10 (
𝑆𝜆 − 𝐵𝜆

𝑅𝜆 − 𝐵𝜆

) Eq. II.2 
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𝑇𝜆 (%) = 100 ·
𝑆𝜆 − 𝐵𝜆

𝑅𝜆 − 𝐵𝜆

 Eq. II.3 

The experiments carried out in this thesis were performed using 

transmitted/absorbed radiation (absorption measurements), which is the most 

common mode used when working with liquid samples. 

II.2. Multivariate curve resolution. Optimisation by 

alternating least squares 

Curve resolution methods applied to multivariate data (MCR), introduced by 

Lawton and Sylvestre,[45] are a technique based on factor analysis used to estimate 

the pure factors in a two-component system. The use of MCR was later extended to 

solve more complex systems.[46,47] 

The objective of multivariate curve resolution – alternating least squares 

(MCR-ALS)[48] is the decomposition of the initial data matrix D into the product of two 

matrices that contain the pure concentration and response profiles of all the active 

species present in the system (Eq. II.4). This can only be done assuming that the 

experimental data follow a bilinear model of analogous structure to the generalised 

law of Beer-Lambert (𝐴 = 𝜀 · 𝑏 · 𝑐), where 𝐴 is the absorbance, 𝜀 is the molar 

absorptivity of the species (m2·mol-1), 𝑏 is the path length (m), and 𝑐 is the 

concentration of the species (mol·m-3). 

In this work, 𝐃 is the matrix containing the infrared spectra of the H2O/LiBr, 

H2O/[Dmim][Cl] or H2O/(LiBr+IL) mixtures, 𝐂 ans 𝐒 are the concentration and spectral 

profiles of the different chemical species in the analysed solutions, respectively, and 

𝐄 is the matrix of residuals that are not explained by the model. 

𝐃 = 𝐂 · 𝐒T + 𝐄 Eq. II.4 

The dimensions of these matrices are: 𝐃 (I x J), 𝐂 (I x N), 𝐒T (N x J) and 𝐄 (I x J), 

where I is the number of samples analysed, J is the number of wavelengths at which 

they spectra are acquired, and N is the number of chemical species or compounds 

present. 
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An outline of the steps involved in the resolution of Eq. II.4 is shown in Figure II.2. 

It starts from an original space, where the data are represented with as many 

dimensions as variables considered in the response (J in this case), and ends in a 

reduced space of new factors (N), which are representative of the pure spectra of the 

chemical species in the analysed samples. 

 

 

Figure II.2. Outline of the MCR-ALS resolution. 

 

This process requires determining the number of factors (N), creating an initial 

estimation of the concentration matrix (C*) or the spectra matrix (ST*) and optimising 

the response. 

II.2.1 Determination of the number of factors 

There are many procedures for determining the number of factors that make up 

the system.[49] Two of the most widely used are Principal Component Analysis (PCA) 

and Evolving Factor Analysis (EFA). 

The factorial decomposition into principal components[50] of a bilinear data matrix 

D allows for the variability of the data in the matrix to be represented in a reduced 

number of factors. Each factor is a linear combination of the original variables. If a 

sample in the original space is represented by a vector 𝑥𝑗 of 𝑗 variables, then the 

expression of a principal component is as given in Eq. II.5. 
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𝑃𝐶𝑎 = 𝑝1𝑎 · 𝑥1 + 𝑝2𝑎 · 𝑥2+ .  .  . + 𝑝𝑗𝑎 · 𝑥𝑗 Eq. II.5 

With this method, the matrix 𝐃 is then decomposed, as shown in Eq. II.6, where 

𝐓 is the matrix of the sample values in the new principal component space, 𝐏 is the 

matrix of the coefficients of the variables, and 𝐄 is the residual matrix. 

𝐃 = 𝐓 · 𝐏T + 𝐄 Eq. II.6 

The singular value decomposition (SVD)[51] is one of the algorithms used to 

perform the factorial decomposition of the matrix 𝐃 into the product of three matrices 

according to Eq. II.7. The values on the diagonal of the matrix 𝐖 are called singular 

values, which are ordered from largest to smallest and correspond to the square root 

of the eigenvalues (𝜆). The product of the matrices 𝐔 and 𝐖 is equivalent to the score 

matrix 𝐓 mentioned in the previous paragraph, while the matrix 𝐕T is equivalent to 

the matrix 𝐏T. 

𝐃 = 𝐔 · 𝐖 · 𝐕T + 𝐄 Eq. II.7 

The analysis of the singular values allows for determining the number of factors 

needed to represent the variability of the data. As illustrated in Figure II.3, factors with 

low singular values only represent information associated with experimental noise. 

 

 

Figure II.3. Singular value decomposition of a data matrix.  
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II.2.2 Initial estimation. Evolving factor analysis 

Creating the initial estimation is necessary as a starting point for determining C or 

ST. The estimation can be obtained from techniques based on pure variable detection 

(SIMPLISMA)[52] or evolving factor analysis (EFA),[53] among others. EFA has been 

used in this doctoral thesis because it provides more descriptive information 

SIMPLISMA. Its fundamentals are briefly described below. 

The objective of EFA is to determine the number of factors at each time a factor 

decomposition is performed in the data matrix 𝐃. The process is started by applying 

the singular value decomposition (SVD) to a submatrix containing only the first two 

rows of the initial data matrix and continues as the number of rows in the matrix is 

consecutively increased. The computational process is performed in both matrix 

directions (Figure II.4 a). It is possible to detect the emergence or decay of the 

different factors by observing the evolution of the singular values versus the number 

of rows of the data matrix. Figure II.4 b shows the initial estimation of the 

concentration matrix, 𝐂∗, if two factors are retained.  

 

 

Figure II.4. EFA results of a data matrix. a) Eigenvalues. Black lines: forward; red 

lines: backwards. b) Initial estimation. 

 

II.2.3 Solution optimisation by alternating least squares 

The initial estimations 𝐂∗ or 𝐒T∗ are optimized solving Eq. II.4 iteratively using the 

Alternating Least Squares (ALS) method.[54] On the one hand, if an initial estimation 

of the concentration profile is available, the least-squares solution is obtained 

according to Eq. II.8, where 𝐂+ is the pseudoinverse of the matrix 𝐂, and 𝐃∗ is the 
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experimental data matrix reproduced by PCA for the considered number of factors. 

On the other hand, if an initial estimation of the spectral profile is available, then the 

least-squares solution for the concentration is obtained as shown in Eq. II.9 from the 

pseudoinverse matrix of 𝐒T and 𝐃∗. These two steps are repeated until the difference 

in the residual of two consecutive iterations between the obtained solution and the 

experimental spectra is lower than set tolerance. 

𝐒T = 𝐂+ · 𝐃∗ Eq. II.8 

𝐂 = 𝐃∗ · (𝐒T)+ Eq. II.9 

The results obtained by Alternative Least Squares (ALS) can be improved by 

using constraints on the 𝐂 and/or 𝐒T matrices that provide additional information 

based on physical and chemical knowledge of the studied system.[55,56] Constraints 

are any chemical or mathematical property systematically satisfied in the whole 

system or in the parts of pure contributions.[57,58] 

The most frequently used restrictions are: 

1) Non-negativity: the concentrations of the recovered chemical species and/or 

spectra must be equal to or greater than 0. 

2) Unimodality: a maximum value is imposed on the profiles obtained. It is usually 

applied in concentration profiles but not in spectral profiles. 

3) Closure: the sum of concentrations of all species in the system is constant.  

4) Selectivity: it can be used when it is known that only one species exists in the 

system.  

II.2.4 Quality parameters 

Several parameters can be used to evaluate the goodness of the solutions 

obtained by MCR-ALS. One of them is the lack of fit (𝐿𝑂𝐹) and is defined by Eq. II.10, 

where 𝑑𝑖𝑗 is the element of the experimental matrix 𝐃 and 𝑒𝑖𝑗 is the residual obtained 

as the difference between the experimental value of the matrix 𝐃 and the MCR-ALS 

solution. The 𝐿𝑂𝐹 is calculated from the solution obtained by PCA (𝐿𝑂𝐹 PCA) and for 

the solution obtained with constraints (𝐿𝑂𝐹 exp). 
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The quality of the solution was also evaluated by the correlation coefficient 𝑟 

(Eq. II.11), where 𝛾 is the angle between the vectors of the spectrum recovered by 

the MCR-ALS (Ŝ𝑖) and the spectrum of pure water (|S𝑖|). 

𝐿𝑂𝐹 (%) = 100 · √
∑ 𝑒𝑖𝑗

2
𝑖𝑗

∑ 𝑑𝑖𝑗
2

𝑖𝑗

 Eq. II.10 

𝑟 = cos 𝛾 =
S𝑖

𝑇 · Ŝ𝑖

||S𝑖|| · ||Ŝ𝑖|| 
 Eq. II.11 

II.3. Thermophysical properties 

II.3.1 Solid-liquid equilibria: solubility 

The IUPAC Gold Book defines the solubility of a solute in a solvent[59] as the 

analytical composition of a saturated solution (solution with the exact composition of 

a solute as one that is in equilibrium with undissolved solute at specific values or 

pressure and temperature), expressed in terms of the proportion of a designated 

solute in a designated solvent. It may be expressed as a concentration, molality, mole 

or mass fraction, etc. 

The solid-liquid equilibrium is vital in absorption refrigeration and heat pumps 

when salts are used as absorbents because it indicates a limit in the use of soluble 

solutions. The salts precipitate at lower temperatures or higher compositions, and the 

machine cannot operate. 

Different methods to determine the solubility of a solute in a solvent have been 

reported in the literature.[60] In this work, a visual-polythermal-synthetic method has 

been used. This method consists of observing the phase change of a solution whose 

masses are known. The starting point is a supersaturated mixture to which the 

temperature is increased steadily over time while stirring until the solid phase is no 

longer observed. The phase change from solid to liquid is chosen due to the 

reproducibility of the experiments since there is a difference between the 

crystallisation temperature and the dissolution temperature that ranges from 

(0.8 to 3) K. This temperature difference arises from the complexity of the salt 
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crystallisation, which depends on more factors than salt dissolution, resulting in lower 

reproducibility.[10] 

From the point of view of the selected application, the working fluid should have a 

greater solubility than H2O/LiBr to increase its operating range.  

II.3.2 Vapour-liquid equilibria: vapour pressure 

The vapour pressure is the equilibrium pressure of a vapour above its liquid (or 

solid). That is, the pressure of the vapour resulting from the evaporation of a liquid 

(or solid) above a sample of that liquid (or solid) in a closed container. The unit of this 

property in the international system is the Pascal (Pa). 

Vapour-liquid equilibria of refrigerant-absorbent pairs are fundamental properties 

in absorption refrigeration and heat pumps because they are directly related to the 

absorption and desorption processes and define the operation range of the 

thermodynamic cycle. 

A usual method to measure the vapour pressure of a fluid is the static method, 

where a specific quantity of a fluid (pure or mixture) is introduced in a closed 

equilibrium cell, whose temperature can be chosen by external means. The pressure 

registered directly by a pressure transductor is the vapour pressure of the fluid at that 

temperature. Repeating the measurement at different temperatures and 

compositions, the pressure-temperature-composition relation is obtained in the case 

of mixtures, and the vapour-liquid equilibrium can be represented. 

On the one hand, it is thought that absorption refrigeration systems will benefit 

from operating with a working fluid with a lower vapour pressure than H2O/LiBr since 

the pure water will come out colder from the generator. On the other hand, using a 

working pair with a higher vapour pressure than H2O/LiBr would benefit absorption 

heat pumps because the pure water would leave the generator at a higher 

temperature. 

II.3.3 Density and speed of sound 

Density expresses the ratio of mass to volume of a substance. In the international 

system, its unit is the kilogram per cubic meter (kg·m-3).  
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Density is related to other thermophysical properties, such as pressure, 

temperature, and dynamic viscosity. On the one hand, as the pressure exerted on a 

material increases, it undergoes compression, increasing its density. On the other 

hand, density is inversely related to temperature since an increase in temperature 

implies a greater kinetic energy in the molecules, which translates into a greater 

volume occupied by a given amount of matter. The relationship with viscosity is 

generally directly proportional for substances in the liquid phase: an increase in 

density is usually associated with an increase in dynamic viscosity due to the smaller 

distance between molecules.  

The device used to determine density and speed of sound is an Anton Paar DMS 

5000, based on the vibrating tube and ultrasonic pulse method.[61] 

The operating principle of a vibrating tube densimeter is based on the variation of 

the natural oscillation period (𝜏) of an oscillator, of known mass (𝑚) and internal 

volume (𝑉0), when filled with a liquid whose density 𝜌 is to be measured, compared to 

the oscillation period when it is empty (Eq. II.12). In this equation, 𝐾 is the oscillation 

constant. 

𝜏 = 2 · 𝜋√
𝑚 + 𝜌 · 𝑉0

𝐾
 Eq. II.12 

Figure II.5 shows a schematic of the interior of a measuring cell. The mechanical 

oscillator is a tuning fork-shaped tube (U-shaped tube) into which the liquid whose 

density is to be determined is introduced. Once filled, the system is electronically 

excited to determine the resonance period under these conditions. 

 

 

Figure II.5. Scheme of a U-shape vibrating tube to determine the density of fluids. 
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By rearranging Eq. II.12, the density can be determined as shown in Eq. II.13. 

𝜌 =
𝐾 · 𝜏2

4 · 𝜋2 · 𝑉0

−
𝑚

𝑉0

 Eq. II.13 

The constant parameters of this equation can be grouped into only two constants: 

𝜌 = 𝐴(𝜏2 − 𝐵) Eq. II.14 

It should be considered that both 𝐾 and 𝑉0, which are specific equipment values, 

can vary with temperature and pressure, so they must be calculated for different 

operating conditions by using a previous calibration. This calibration, which allows 

the values of 𝐴 and 𝐵 to be calculated directly, is carried out with two fluids of known 

density, or with a fluid and vacuum (𝜌 = 0). In this way, the values of the constants 𝐴 

and 𝐵 are obtained directly for the working conditions determined according to 

Eqs. II.15-II-16. 

𝐴 =
𝜌1 − 𝜌2

𝜏1
2 − 𝜏2

2 Eq. II.15 

𝐵 =
𝜏2

2 · 𝜌1 − 𝜏1
2 · 𝜌2

𝜏1
2 − 𝜏2

2  Eq. II.16 

The measuring cell was calibrated from 10 °C to 80 °C with deionised water and 

vacuum and from 90 °C to 100 °C with toluene and vacuum. 

Regarding the application, it is of interest that the density of the working fluid is as 

high as possible since the pump circulates a certain volume flow rate. If the density 

increases, the mass flow rate increases, increasing heat transfer. 

Speed of sound is defined as the phase velocity of sound waves in a medium, i.e., 

the speed at which a sound wave propagates in that medium. Its SI unit is the meter 

per second (m·s-1). Mathematically, this property is defined as the square root of the 

partial derivative of pressure concerning density at constant entropy (Eq. II.17). 

𝑐 = √(
𝜕𝑝

𝜕𝜌
)

𝑠

 Eq. II.17 

The speed of sound is related to other thermophysical properties, such as density, 

viscosity, and temperature. On the one hand, for a given fluid, in general, the 
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relationship with density is inverse: the lower the density, the higher the speed of 

sound since the number of molecules through which the wave propagates decreases, 

making it easier to transmit. On the other hand, the more viscous the medium, the 

easier the transmission of sound. The higher the composition of the absorbent, the 

higher the viscosity, and therefore, the higher the speed of sound. Regarding 

temperature, the higher it is, the higher the kinetic energy of the molecules and, thus, 

the higher the speed of sound transmission. 

A standard method for determining the speed of sound is the pulse method 

through a piezoelectric transducer flight,[62] where the time it takes for the wave to 

travel a known distance is measured. The sample is introduced into the measuring 

cell, bordered by an ultrasonic transmitter on one side and a receiver on the other 

(Figure II.6). 

 

 

Figure II.6. Scheme of a pulse measure to determine the speed of sound of fluids. 

 

The transmitter sends sound waves of a well-known period through the sample at 

a known distance. The speed of sound can be calculated by determining the period 

of received sound waves and the distance between the transmitter and the receiver 

(Eq. II.18). In this expression, 𝑝𝑙 is the path length of the sound waves (5000 m), ∆𝑇 

the temperature deviation with respect to 20 ºC, 𝑃𝑆 the oscillation period of the 

received sound waves, 𝐾′ a constant of the device previously determined by 

calibration, and 𝑓3 a correction term for temperature. 
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𝑐 =
𝑝𝑙 · (1 + 1.6 · 10−5 · ∆𝑇)

𝑃𝑆

512
− 𝐾′ · 𝑓3

 Eq. II.18 

Although the speed of sound does not influence the application in a relevant way, 

it is helpful in qualitatively analysing the solute-solvent interactions in solutions using 

isentropic compressibility and calculations derived from it. 

II.3.4 Enthalpy of dilution 

The enthalpy of dilution is the amount of heat rejected or absorbed when a solution 

of known composition is diluted. Depending on the solute-solvent interactions, its 

value can be either negative (exothermic) or positive (endothermic). Its SI units are 

J·kg-1 or J·mol-1. 

The enthalpy of dilution can be experimentally determined with a calorimeter using 

Eq. II.19, where Δ𝑆𝑖𝑔𝑛𝑎𝑙 is the signal difference between the signal obtained when 

diluting the solution and the baseline, �̇�𝑎𝑏𝑠 is the absorbent (solute) mole flow rate, 

and 𝐾 is a calibration constant. 

Δℎ𝑑𝑖𝑙 =
Δ𝑆𝑖𝑔𝑛𝑎𝑙

𝐾 · �̇�𝑎𝑏𝑠
 Eq. II.19 

The enthalpy of dilution can also be calculated as the difference of relative 

apparent molar enthalpy between the final and initial composition of the solution 

(Eq. II.20).[63] 

𝛥ℎ𝑑𝑖𝑙 = 𝛷𝐿 (𝑥𝑎𝑏𝑠𝑓𝑖𝑛𝑎𝑙
) − 𝛷𝐿(𝑥𝑎𝑏𝑠𝑖𝑛𝑖𝑡𝑖𝑎𝑙

) Eq. II.20 

In absorption refrigeration and heat pump systems, it is important that the working 

fluid has a low enthalpy of dilution since the lower the enthalpy of dilution, the lower 

the amount of heat required in the generator to run the cycle. In addition, if the amount 

of heat that the working fluid rejects in the absorber and gains in the generator 

decreases, the size of these components could be decreased, leading to greater 

compactness of the system. 
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II.3.5 Electrical conductivity 

Electrical conductivity is the capacity of a solution to conduct electrical current. It 

is a measurement of the total concentration of ions. In the international system, the 

unit of measurement of this transport property is siemens per meter (S·m-1). 

The electrical conductivity depends strongly on temperature because it has a dual 

effect on electrolytes: it affects how far they dissolve and ion mobility. The electrical 

conductivity increases with temperature.  

In this work, an electrode method (CRISON), shown in Figure II.7, has been used 

to measure the electrical conductivity. An electrical field is applied to two electrodes, 

and the resistance of the solution is measured.  

 

 

Figure II.7. Scheme of the electrode method for the electrical conductivity 

determination. 

 

The temperature at which the electrical conductivity is determined is often 

compensated to give the value at a reference temperature (usually 20 ºC or 25 ºC). 

The conductivity probe must be calibrated with one, two or three points using 

standard solutions. 

Although electrical conductivity is not directly used in the thermodynamic cycle 

calculations in the selected application, it adds information regarding relevant 

transport properties that influence the performance of real absorption systems, such 

as diffusion coefficients and dynamic viscosity.[64,65]  
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II.3.6 Thermal conductivity 

Thermal conductivity is the rate at which heat passes through a material or fluid, 

expressed as the amount of heat that flows per unit time through a unit area with a 

temperature gradient of one degree per unit distance. Thermal conductivity depends 

on the free electrons in metallic substances and on the vibration of molecular bonds 

in non-metallic substances.[66] Its SI unit is the watt per meter and Kelvin (W·m-1·K-1). 

The instrument used in this work to measure thermal conductivity (Thermal 

Analyzer Decagon KD2-Pro) is based on the transient hot wire method. The probe 

consists of a needle with a heater and temperature sensor inside. A current is passed 

through the heater and the temperature of the probe is monitored over time. An 

analysis of the probe temperature is used to determine thermal conductivity. The 

probe is relatively large and robust, making it easy to use. Heating times are kept as 

short as possible to minimise thermally induced water movement and time required 

for a measurement. Heat input is also minimised to minimise water movement and 

free convection. The use of relatively short heating times and low heating rates 

requires high-resolution temperature measurements and special algorithms to 

measure thermal properties. Special algorithms are used to analyse measurements 

made during heating and cooling intervals and to separate the effects of the heat 

pulse from ambient temperature changes. The temperature during heating and 

cooling is computed from Eq. II.21, where 𝑚1 is the ambient temperature during 

heating, 𝑚2 is the rate of background temperature drift, 𝑚3 is the slope of a line 

relating temperature rise to logarithm of temperature, and 𝑡ℎ is the heating time. 

𝑇 = 𝑚1 + 𝑚2 · 𝑡ℎ + 𝑚3 · ln 𝑡ℎ Eq. II.21 

During cooling (after heating), the temperature model is:  

𝑇 = 𝑚1 + 𝑚2 · 𝑡 + 𝑚3 · ln [
𝑡

(𝑡 − 𝑡ℎ)
] Eq. II.22 

In this equation, 𝑡 is the time. Eqs. II.21-II.22 are solved for 𝑚1, 𝑚2 and 𝑚3 by 

linear least squares from experimental temperature and time data. The value of 𝑚3 

is then related to the thermal conductivity of the sample according to Eq. II.23. 
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𝜆 =
𝑞

4 · 𝜋 · 𝑚3

 Eq. II.23 

Figure II.8 shows a scheme of the hot wire method and the calculation of thermal 

conductivity from the slope of the temperature vs logarithm of time in the linear region 

during the heating interval. 

 

 

Figure II.8. Scheme of a hot wire method to determine the thermal conductivity of 

a fluid from the slope of the linear function of temperature vs logarithm of time. 

From the point of view of absorption refrigeration and heat pump systems, it is 

desirable to use working fluids with high thermal conductivity to maximise the heat 

transfer, which could lead to more compact heat exchangers.  

II.3.7 Dynamic viscosity 

Viscosity is a transport property that measures the resistance of a fluid to flow and 

depends on intermolecular forces in the medium.[67] Its SI unit is the Pascal per 

second (Pa·s). It is related to electrical conductivity, as it influences the mobility of 

ions, and is inversely proportional to the diffusion coefficient.[65] 

The Cambridge Applied Systems piston-style viscometer has two magnetic coils 

within a stainless-steel sensor and a magnetic piston surrounded by the fluid sample 

deflected into the measurement chamber, as shown in Figure II.9. Two coils inside 

the sensor body are used to magnetically force the piston back and forth a 

predetermined distance (about 5 mm). By alternatively powering the coils with a 

constant force, the piston round trip travel time is measured. An increase in viscosity 

is perceived as a slowdown in piston travel time. The time required for the piston to 
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complete a two-way cycle is an accurate measure of viscosity. The deflecting fence 

continuously deflects fresh samples into the measurement chamber. 

 

 

Figure II.9. Cutaway view of the viscometer measuring chamber. 

 

Since measurement of the piston motion is in two directions, variations due to 

gravity or flow forces are annulled. In addition, since the piston has very little mass, 

magnetic forces greatly exceed any disturbance due to vibration. 

There are different sensors for different viscosity ranges. In this work, a (1-20) cP 

sensor range was used. 

As mentioned in Section I.3.1, the working fluids considered for this application 

are required to have low viscosity to avoid impairing the mass and heat transfer 

processes. Furthermore, if the working fluid is highly viscous, both the electrical 

power required to pump it and the pressure drop through pipes and components will 

be high, which is not desirable from operational and design points of view. 

II.4. Derived volumetric properties 

II.4.1 Apparent molar volume 

The analysis of the volumetric properties of a solution can be performed through 

its partial molar properties, keeping temperature and pressure constant.[68] This 

analysis provides information about the change in volume resulting from the addition 

of the solute, as well as on solute-solvent, solvent-solvent, and solute-solute 

interactions.  
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Thus, the partial molar volume of a component i in solution is defined as: 

�̅�𝑖 = (
𝜕𝑉

𝜕𝑛𝑖

)
𝑇,𝑝,𝑛𝑗≠𝑖

 Eq. II.24 

In the case of an aqueous solution consisting of a solvent (1) and a solute (2), the 

volume of this solution will be the sum of the molar volumes of the components:  

𝑉 = 𝑛1 · �̅�1 + 𝑛2 · �̅�2 Eq. II.25 

A different way of expressing the volume of the solution is from the molar volume 

of the solvent (𝑉1
0)  and the apparent molar volume of the solute (𝑉𝜑). In this case, the 

contribution to the molar volume of the solution by the solvent is considered to 

correspond to the molar volume of the pure solvent itself at the same pressure and 

temperature, while all the contributions to the non-ideality are associated with the 

solute through its apparent molar volume: 

𝑉 = 𝑛1 · 𝑉1
0 + 𝑛2 · 𝑉𝜑 Eq. II.26 

Rearranging this equation: 

𝑉𝜑 =
𝑉 − 𝑛1 · 𝑉1

0

𝑛2

 Eq. II.27 

Moreover, this equation can be expressed in terms of the densities of the solution 

(𝜌) and the pure solvent (𝜌0), in kg·m-3, the molar mass of the solute (𝑀2), in 

kg·mol-1, and the molality (𝑏), in mol·kg-1: 

𝑉𝜑 =
𝑀2

𝜌
−

𝜌 − 𝜌0

𝑏 · 𝜌 · 𝜌0

 Eq. II.28 

The dependence of the apparent molar volume on the solute composition can be 

expressed by the Redlich-Rosenfeld-Meyer equation:[69] 

𝑉𝜑 = 𝑉𝜑
0 + 𝑆𝑉 · √𝑏 + 𝐵𝑉 · 𝑏 Eq. II.29 

In this equation, 𝑆𝑉 is the slope, and 𝐵𝑉 is the empirical deviation constant for each 

solute.[70] On the one hand, the limiting value of 𝑆𝑉 for each solute can be determined 

both theoretically[69] and empirically.[43,44] On the other hand, although Eq. II.29 is 
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applicable to very dilute solutions,[70] it has also been used in solutions with high 

solute composition.[71] 

𝑉𝜑
0, which is the apparent molar volume at infinite dilution, when the solute 

composition tends to zero, is also known as the partial molar volume at infinite dilution 

(𝑉𝜑
∞), and coincides with the partial molar volume of the solute (�̅�2

0): 

lim
𝑏→0

𝑉𝜑 = 𝑉𝜑
∞ = �̅�2

0  Eq. II.30 

In this limiting condition, the solute molecules are sufficiently separated from each 

other to assume that there are no solute-solute interactions, so this parameter makes 

it possible to analyze solute-solvent interactions. The value of 𝑉𝜑
0 depends on three 

different contributions (Eq. II.31)[72] related to the volume change in the solute 

molecules (𝑉𝑖𝑛𝑡
0 ), the decrease in the volume of the solution due to electrostatic 

interactions between solute and solvent (𝑉𝑒𝑙𝑒𝑐
0 ), and the volume change in the solvent 

surrounding the solute (𝑉𝑠𝑡𝑟
0 ). 

𝑉𝜑
0 = 𝑉𝑖𝑛𝑡

0 + 𝑉𝑒𝑙𝑒𝑐
0 + 𝑉𝑠𝑡𝑟

0  Eq. II.31 

Hepler[73] proposed a criterion for analysing the influence of the solute on the 

solvent structure based on the dependence of the apparent molar volume on 

temperature: 

(
𝜕�̄�𝑝

𝜕𝑝
)

𝑇

= −𝑇 · (
𝜕2�̅�2

0

𝜕𝑇2
)

𝑝

 Eq. II.32 

Positive values of (
𝜕2𝑉2

0

𝜕𝑇2 )
𝑝
 are associated with structure making solutes, while 

negative values are associated with structure breaking solutes. 

II.4.2 Isentropic compressibility 

Isoentropic compressibility indicates the facility to compress or expand a 

substance as a function of pressure at constant entropy. Its unit in the international 

system is the inverse of the Pascal (Pa-1). 

This property is mathermatically defined according to Eq. II.33, where 𝑣 is the 

specific volume of the solution, 𝑝 the pressure, and 𝑠 the entropy. The smaller its 
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value, the greater the stiffness of the fluid, and the more difficult it is to compress it. 

This property provides information about the compression responses of molecules 

and ions in solution, which are related to intermolecular interactions. 

𝜅𝑆 = −
1

𝑣
· (

𝜕𝑣

𝜕𝑝
)

𝑠

 Eq. II.33 

The isentropic compressibility is determined with experimental values of density 

(𝜌) and speed of sound (𝑐) using the Newton-Laplace equation:[74] 

𝜅𝑆 =
1

𝜌 · 𝑐2
 Eq. II.34 

The isentropic compressibility values of aqueous electrolyte solutions converge to 

a certain solute composition,[75] which can be related to the interactions in the 

solution. 

The apparent molar isentropic compressibility (𝜅𝜑) is defined similarly to the 

apparent molar volume (Eq. II.35), where 𝜅𝑆 and 𝜅𝑆0
 are the isentropic compressibility 

of the solution and the pure solvent, respectively. 

𝜅𝜑 =
𝜅𝑆 · 𝑀2

𝜌
−

𝜅𝑆0
· 𝜌 − 𝜅𝑆 · 𝜌0

𝑏 · 𝜌 · 𝜌0

 Eq. II.35 

The limiting apparent molar isentropic compressibility (𝜅𝜑
0 ), i.e., the apparent 

molar isentropic compressibility in an environment in which there are no solute-solute 

interactions (infinite dilution), can be obtained by fitting the values of the apparent 

molar isentropic compressibility to a Redlich-Rosenfeld-Meyer type equation: 

𝜅𝜑 = 𝜅𝜑
0 + 𝑆𝜅 · √𝑏 Eq. II.36 

In this expression, 𝑆𝜅 is a fitting coefficient analogous to the apparent molar 

volume at infinite dilution. The analysis of 𝜅𝜑
0  allows qualitative interpretation of the 

interactions in solution.[76] 
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Chapter III. Ion hydration and association 

in H2O/(LiBr+IL) mixtures 
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III.1. Introduction 

Analysing the relationship between the thermophysical properties of aqueous 

electrolyte solutions and their composition is relevant in those applications where the 

processes of interest take place in that chemical environment. In the context of 

absorption refrigeration and heat pump systems, understanding the relationship 

between the composition of H2O/(LiBr+IL) mixtures and properties such as solubility 

and vapour pressure is important for three reasons: to explain the influence of ionic 

liquids on the properties of the working fluid, to select the most suitable ionic liquid, 

and to estimate the most appropriate composition of ionic liquid in the working fluid. 

Many different approaches have been proposed from the beginning of the theory 

of electrolytes to understand the relationship between the anhydrous composition of 

electrolytes in solutions and their properties. The phenomena that are always 

mentioned in the literature to explain the processes in which solutes are involved are 

the solvation/hydration of ions in solution[77] and ion pairing.[78]  

Modelling the hydration of ions in solution has been a topic of interest since the 

early days of electrolyte theory.[79,80] Although the first electrostatic approaches[81–84] 

admit that ions in solution are solvated, they ignore the impact of hydration on the 

solvent composition, which makes it difficult to explain the behaviour of those solution 

properties that depend on the composition, e.g., vapour pressure.  

On the one hand, researchers have recently focused more attention on hydration 

models, where a distinction is made between bulk water and solvated (solute-bound) 

water so that the total solvent composition in the solution varies.[85–90] 

On the other hand, evaluating the extent to which the ion pairing phenomenon 

occurs in solutions is an unresolved challenge due to the complexity of the ion pairing 

phenomenon.[78,91–93] However, experimental measurements indicate that some 

degree of pairing exists in all electrolytes in the solution. The formation of ion pairs in 

electrolyte mixtures has been studied, among other methods, on the basis of 

dissociation constants.[78,91,94,95] 

The Molecular Dynamics (MD) simulation methods have been of great value in 

analyzing and interpreting the solvation and formation of ion pairs in the solutions.  
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From this brief literature review it is evident that the hydration of ions and the 

formation of ion pairs condition the effective composition of the solute in solution. 

Therefore, the evaluation of both phenomena is necessary if one wants to relate the 

anhydrous composition of the solutes to the thermophysical properties of the working 

fluids. 

Ion solvation can be studied either experimentally with diffusion coefficients,[96] 

electrical conductivity and Raman spectroscopy,[97] neutron diffraction,[98,99] and 

1H NMR,[100] or computationally with MD simulations.[101,102] Although these methods 

provide valuable information regarding the behaviour of ions in solution, many of them 

are not available in all laboratories due to their inherent complexity. 

It is worth mentioning that the interest of this PhD thesis in the study of solvation 

is not focused on modelling the relation between the anhydrous composition of the 

solutes and the thermophysical properties of H2O/(LiBr+IL) mixtures, but on 

quantitatively analysing the extent to which solute hydration occurs, since it may 

constitute a measure of the absorption capacity of the working fluid, as was indicated 

above. This does not require knowledge of the molecular structure of the solvates 

formed or the extent of solute aggregation, but it does require knowledge of the 

amount of water that does not participate in solute solvation.  

With the aim of studying the behaviour of aqueous electrolyte solutions, the 

CREVER research group started using a methodology based on the intense 

absorption band of water in the near-infrared region between 850 nm and 1100 nm[103] 

and the potential of the curve resolution method based on alternating least squares 

(MCR-ALS) for the analysis of mixtures.[104,105] 

The studies carried out using this methodology[106–109] have shown its utility for the 

quantitative determination of the amount of bulk water in binary aqueous mixtures 

with strong electrolytes and ionic liquids. 

This methodology is used in this doctoral thesis to compare the solvation in 

H2O/LiBr and H2O/(LiBr+IL) mixtures.   

As a summary, Table III.1 shows the temperature and composition ranges of the 

mixtures in which solvation has been studied using this methodology. The mole 

fraction ratio between ionic liquid and lithium bromide (𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟) was set to 0.0205 in 
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all H2O/(LiBr+IL) mixtures, which is approximately equal to 1 mole of IL per 49 moles 

of LiBr. In the case of solutions with [Dmim][Cl], two additional 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 compositions 

were selected: 0.0418 and 0.0648, which correspond to approximate mole ratios of 

1 [Dmim][Cl]:24 LiBr and 1 [Dmim][Cl]:15 LiBr, respectively.  

Table III.1. Conditions at which the mixtures were analysed by NIR+MCR-ALS. 

𝑇: temperature. 𝑤𝑠𝑜𝑙𝑢𝑡𝑒 : mass fraction of solute; 𝑥𝑠𝑜𝑙𝑢𝑡𝑒: mole fraction of solute. 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟: mole fraction ratio between IL and LiBr 

Mixture 𝑇 (K) 𝑤𝑠𝑜𝑙𝑢𝑡𝑒  𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 

H2O/LiBr 293.15 0 – 0.55 0 – 0.20 – 

H2O/[Dmim][Cl] 293.15 0 – 0.55 0 – 0.14 – 

H2O/(LiBr+[Dmim][Cl]) 

293.15 0.40 – 0.90 0.12 – 0.60 0.0941 – 1.03 

293.15 0 – 0.58 0 – 0.22 

0.0202 

0.0418 

0.0648 

H2O/(LiBr+[Bmim][Br]) 

293.15 

313.15 

333.15 

0 – 0.58 0 – 0.22 0.0208 

H2O/(LiBr+[EA][NO3]) 

293.15 

313.15 

333.15 

0 – 0.58 0 – 0.22 0.0205 

H2O/(LiBr+[PA][NO3]) 

293.15 

313.15 

333.15 

0 – 0.58 0 – 0.22 0.0205 

H2O/(LiBr+[EA][Cl]) 

293.15 

313.15 

333.15 

0 – 0.58 0 – 0.22 0.0205 

 

The fundamentals of the used methodology and the calculation procedure are 

summarized in this chapter along with the discussion of the results obtained for 

H2O/LiBr at 20 °C. The discussion of the results obtained for H2O/(LiBr+IL) mixtures 

focuses on the novel aspects with respect to what is discussed for the mixture without 

additive. 
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III.2. Determination of the amount of bulk water in the 

H2O/LiBr mixture 

The main objective of this section is to analyse the amount of water remaining as 

bulk water in aqueous solutions of lithium bromide. This analysis has been carried 

out at 20 ºC, covering a wide LiBr composition range. 

The amount of water involved in the solvation of the ions is calculated as the 

difference between the total amount of water and the amount of bulk water.  

The obtained results were used to relate the amount of bulk water to the 

solid-liquid equilibrium composition of H2O/LiBr and to estimate the vapour pressure 

of the analysed solutions using values of the coordination number of Li+ and Br– ions 

in aqueous solution reported in the literature. These values were compared with those 

determined by experimental methods to support the validity of the methodology used 

to analyse the behaviour of the solutions under study. 

III.2.1 Experimental part 

Analysed samples 

A set of solutions prepared by dilution of a H2O/LiBr mother solution was analysed. 

Lithium bromide (CAS No: 7550-35-8) was purchased from Sigma-Aldrich with a 

mass purity greater than 99 %. Information regarding ionic liquids is presented in 

Table I.4. The mother solution was prepared by weighing with a solute mass fraction 

of 0.58. The masses and mole fractions of the prepared H2O/LiBr solutions are shown 

in Table III.2. 

Table III.2. Mass (𝑚) and mole fraction (𝑥) of H2O/LiBr solutions. 

𝑚𝐻2𝑂 (g) 𝑚𝐿𝑖𝐵𝑟 (g) 𝑥𝐿𝑖𝐵𝑟 

5.3194 0 0 

5.1682 0.2722 0.0108 

3.9101 0.4322 0.0224 

4.3068 0.7585 0.0352 

4.2382 1.0578 0.0492 

𝑈(𝑚) = ± 0.0001 g 
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Table III.2 (continued) 

𝑚𝐻2𝑂 (g) 𝑚𝐿𝑖𝐵𝑟 (g) 𝑥𝐿𝑖𝐵𝑟 

3.9855 1.3278 0.0646 

3.9353 1.6876 0.0817 

5.2366 2.8387 0.1011 

6.8127 4.5407 0.1215 

5.9973 4.9212 0.1455 

6.4967 6.4979 0.1718 

5.9397 7.2762 0.2026 

𝑈(𝑚) = ± 0.0001 g 

 

Spectra acquisition 

The short-wave near-infrared (SW-NIR) spectra of the solutions shown in 

Table III.2 were acquired with a UV-Visible 8453 Agilent spectrophotometer using the 

absorbance mode. In this spectral region, where the molar absorptivity of the 

functional groups is very weak, it is possible to measure the spectrum of pure water 

accurately. The 100 % of the transmittance was stablished with a 1 cm path length 

quartz cell filled with air before the sample analysis. The cell was flushed with pure 

water and acetone three times after acquiring the spectrum of each sample. The 

spectra were acquired at 20 ºC from (900 to 1060) nm. The characteristic absorption 

band of water -OH groups can be observed in this spectral region at around 970 nm.  

Data treatment 

The data were processed with the Matlab programming language (The 

MathWorks Inc. (2022). Matlab version 9.10 (R2021a), Natick, Massachusetts). The 

spectra of the solutions were exported from the software of the instrument (UV-Visible 

Chemstation, version B.05.02) and sequentially arranged in a single matrix 

(𝐃𝐇𝟐𝐎/𝐋𝐢𝐁𝐫) of dimensions (12 x 380) containing the 380 absorbance values measured 

between (900 and 1060) nm for each of the 12 samples.  

The spectra were pretreated before performing the analysis by means of the 

weighted least-squares baseline function of PLs-Toolbox v7 (the Eigenvector 
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Research, Manson, Washington) to correct the baseline shift, which is characteristic 

of the selected measurement mode. 

Then, the MCR-ALS algorithm was run using the toolbox developed by Jaumot et 

al.[110] to decompose the matrix 𝐃𝐇𝟐𝐎/𝐋𝐢𝐁𝐫 (12 x 380) according to Eq. II.4. Following 

what was explained in Section II.2, the matrix 𝐂i, of dimensions (12 x 𝑓), contains the 

concentration profiles, and the matrix 𝐒𝐢, of dimensions (𝑓 x 380), contains the 

spectral profiles. The matrix 𝐄𝐢, of dimensions (12 x 380), contains information that 

the model cannot explain. 

The number of factors (𝑓) required to retain the spectral variability, which is 

representative of the different chemical species in the aqueous solutions, was 

determined by analysing the explained variance of the singular values[51] obtained in 

the factorial decomposition of the spectral data matrix 𝐃𝐇𝟐𝐎/𝐋𝐢𝐁𝐫. 

An initial estimation of the concentration matrix 𝐂 (12 x f) was obtained from 

evolving factor analysis (EFA).[53] Then, the mathematical solutions were optimised 

by using MCR-ALS[110] with the following constraints: non-negativity in spectrum and 

concentration profiles, unimodality in the concentration profile and vertical 

normalisation of the spectra. The convergence criteria of the unimodality constraint 

and the ALS were set to 0.01. 

The goodness of the solution obtained by MCR-ALS was evaluated using the 

quality parameters described in Section II.2.4. 

III.2.2 Results and Discussion 

Figure III.1 a shows the experimental spectra acquired from the prepared 

H2O/LiBr solutions. The baseline shift, characteristic of single beam 

spectrophotometers, can be visualized. The pretreated spectra, without baseline 

shift, are shown in Figure III.1 b and are stored in the 𝐃𝐇𝟐𝐎/𝐋𝐢𝐁𝐫 matrix for the 

subsequent calculations.  

As one would expect, the analysis of the spectra obtained shows that the 

maximum of the absorption band characteristic of the -OH functional group, observed 

at 971 nm, decreases as the water composition of the samples decreases.[106] 

Nevertheless, the existence of a solvatochromic shift of the band maximum can also 
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be observed. This shift can be attributed to the formation of different structures as a 

consequence of the interactions between salt ions and water molecules depending 

on the composition of the solution.[106,111] 

 

 

Figure III.1. Spectra of H2O/LiBr solutions at 293.15 K. a) Experimental. 

b) Pretreated. Blue line: pure water; red line: most concentrated solution in LiBr. 

 

Table III.3 shows the eigenvalues obtained in the decomposition of the data matrix 

𝐃𝐇𝟐𝐎/𝐋𝐢𝐁𝐫 by SVD with their corresponding percentages of explained variance. The 

first two factors account for almost all the variability of the data (99.98 %). 

Table III.3. Singular value decomposition of H2O/LiBr spectra at 293.15 K. 

Factor Singular value Variance (%) Cumulative variance (%) 

1 5.891 99.783 99.783 

2 0.262 0.197 99.980 

3 0.055 0.009 99.989 

4 0.033 0.003 99.992 

5 0.028 0.002 99.994 

6 0.023 0.002 99.996 

7 0.021 0.001 99.997 

8 0.018 0.001 99.998 

9 0.017 0.001 99.999 

10 0.013 < 0.001 99.999 

11 0.012 < 0.001 100 

12 0.010 < 0.001 100 
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The results obtained from the application of evolving factor analysis (EFA),[53] 

shown in Figure III.2 a), confirm that there are only two significant factors over the 

entire composition range. For this reason, two factors were selected to perform the 

decomposition of the 𝐃𝐇𝟐𝐎/𝐋𝐢𝐁𝐫 matrix by MCR-ALS. Figure III.2 b shows the resulting 

initial estimation of the concentration profiles considering two factors. 

 

 

Figure III.2. EFA results of H2O/LiBr solutions at 293.15 K. a) Factor evolution 

obtained from EFA. Black lines: forward; red lines: backward. b) Initial estimate of 

the concentration profiles. 

The concentration (𝐂) and spectral (𝐒T) profiles obtained for the analysed 

H2O/LiBr solutions at 20 ºC are plotted in Figure III.3. It is observed that one of the 

spectral profiles recovered has the maximum absorbance value at 971 nm, as was 

observed in Figure III.1 b for pure water. Furthermore, the correlation coefficient 

between pure water spectrum, obtained experimentally, and the spectrum recovered 

by MCR-ALS is 0.9999. Therefore, this recovered spectrum can be considered 

representative of pure water. The other recovered spectrum shows the absorbance 

peak at a higher wavelength, which can be attributed to the water associated with the 

ions in the solvate. 

Regarding the concentration profile, it is observed that as the LiBr composition in 

the samples increases, less amount of water remains as pure water because it is 

associated with ions in a new species. 
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The 𝐿𝑂𝐹 PCA and 𝐿𝑂𝐹 exp are 0.00 % and 1.40 %, respectively, for the solution 

shown in Figure III.3. Thus, the obtained solution is satisfactory. 

The values of the concentration profile of pure water have been used to calculate 

the amount of water that participates in the hydration of the solute and the amount of 

water that preserves its structural properties, referred to as bulk water (𝐵𝑊)[95,112,113] 

from now on. Assuming that the acquired data satisfy the Beer-Lambert law, each 

species has a spectral profile representative of its molar absorptivity spectrum and a 

concentration profile proportional to its molar concentration. Therefore, the water 

percentage that keeps the same molecular structure as pure water can be calculated 

for each solution as given in Eq. III.1, where 𝑥𝐻2𝑂 represents the mole fraction of total 

water and 𝑥𝐻2𝑂,𝑟 represents the recovered mole fraction of water. 

𝐵𝑊 (%) = 100 ·
𝑥𝐻2𝑂,𝑟

𝑥𝐻2𝑂

 Eq. III.1 

The mole fraction of bulk water (𝑥𝐻2𝑂,𝐵𝑊) is calculated as follows: first, the 

concentration of bulk water in each solution, obtained from the concentration profile, 

is divided by the concentration in the first solution, which is pure water. Second, the 

obtained coefficient is multiplied by the prepared mole fraction of water. The 

difference between the prepared mole fraction of water and the mole fraction of bulk 

water indicates the mole fraction of water in the solvate (𝑥𝐻2𝑂,𝑆).[109] The calculated 

mole fractions of bulk water and water in the solvate for the H2O/LiBr at 20 ºC given 

in Table III.4. 

 

Figure III.3. Concentration and spectral profiles recovered by MCR-ALS for 

H2O/LiBr at 293.15 K. Blue data series: bulk water; red data series: water in the 

solvate. 
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Table III.4. MCR-ALS results for the H2O/LiBr mixture at 293.15 K. 𝑥: mole fraction. 

𝐵𝑊: bulk water. 𝑟𝑛: mole ratio. 

Prepared Recovered from MCR-ALS Calculated 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝐵𝑊 (%) 𝑥𝐻2𝑂,𝐵𝑊 𝑥𝐻2𝑂,𝑆  𝑟𝑛 (mole ratio) 

1 0 100 1 0 - 

0.9892 0.0108 83.6 0.8265 0.1627 15.1 

0.9776 0.0224 74.0 0.7237 0.2539 11.3 

0.9648 0.0352 68.6 0.6615 0.3033 8.60 

0.9508 0.0492 64.2 0.6106 0.3402 6.91 

0.9354 0.0646 61.8 0.5781 0.3573 5.53 

0.9183 0.0817 49.0 0.4504 0.4679 5.73 

0.8989 0.1011 37.2 0.3340 0.5649 5.59 

0.8785 0.1215 27.6 0.2425 0.6360 5.24 

0.8545 0.1455 16.3 0.1394 0.7151 4.92 

0.8282 0.1718 8.4 0.0697 0.7585 4.41 

0.7974 0.2026 2.1 0.0171 0.7803 3.85 

 

The bulk water of the analysed solutions is plotted in Figure III.4, where it is 

observed that the percentage of bulk water decreases as the mole fraction of LiBr 

increases. The mole ratio (𝑟𝑛) shown in Table III.4, calculated as the ratio between 

the moles of water in the solvate and the moles of LiBr (Eq. III.2), decreases with 

increasing lithium bromide composition. As discussed below, this fact suggests a 

change in the hydration structure of the ions in solution. The mole ratio will prove 

useful later in interpreting the vapour pressure behaviour. 

𝑟𝑛 =
𝑛𝐻2𝑂,𝑆

𝑛𝐿𝑖𝐵𝑟

 Eq. III.2 
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Figure III.4. 𝐵𝑊 (%) of H2O/LiBr solutions against LiBr mole fraction at 293.15 K. 

 

According to the cited literature,[114–116] it is necessary to consider the phenomena 

of hydration of ions and ion pairing, illustrated in Figure III.5, to relate the properties 

of the solution to the anhydrous composition of the solute. The interpretation of the 

results obtained in this thesis is based on these two phenomena. 

 

 

Figure III.5. Chemical species. a) Bulk water. b) Hydrated ions. c) Ion pair. 

On the one hand, it is observed that when the anhydrous mole fraction of LiBr is 

lower than 0.0646 (point A in Figure III.4), the mole ratio of the analysed solutions is 

much higher than the coordination number usually referenced in the literature for both 

Li+(3.29-6)[112,116–121] and Br– (4.83-8).[116–121] This result suggests that hydration 

predominates over ion pairing at low LiBr mole fractions. On the other hand, at LiBr 

mole fractions higher than 0.0646, the values of 𝑟𝑛 keep decreasing, but more 

gradually. One possible explanation for this behaviour is that ion pairing predominates 

over ion hydration from this composition.  
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Understanding the behaviour of a solute in a solvent is crucial to correctly 

estimating the properties of mixtures and justifying their variations when the 

composition is varied. Recently, Zavitsas,[88,89] Wilson,[91,95] and Reynolds,[90] and 

earlier Heyrovská[85,86] argued that the properties of electrolyte mixtures are not 

directly correlated with their anhydrous composition in mixtures, regardless of the unit 

used for their expression. According to these authors, a good representation of the 

ion-pair formation equilibria of LiBr in solution would be given by Eq. III.3,[89] where 

hydrated ions are in equilibrium with ion pairs, and bulk water appears as a separate 

product of ion pairing and hydrated ions. 

Li+(H2O)𝑎 + Br− ↔ Li+(H2O)𝑎−𝑏//Br− + (H2O)𝑏 Eq. III.3 

With this approach, water molecules are bound around the ions in different ways, 

and there is an equilibrium between water-water and solute-water groups, regardless 

of the structure of the chemical species. This point of view, which influences the 

calculation of the composition of all chemical species in the solution, will be used in 

the next section to relate the results obtained by MCR-ALS to experimental data of 

the SLE and VLE of H2O/LiBr at 20 °C. 

III.2.3 Influence of the hydration on the solid-liquid equilibria and 

vapour-liquid equilibria of H2O/LiBr 

The eutectic point of aqueous LiBr solutions where crystals are observed should 

correspond to a solution in which the amount of bulk water is zero. Therefore, the 

mole fraction of LiBr could be estimated by extrapolation of the values in Figure III.4 

from point B (𝑥𝐿𝑖𝐵𝑟 = 0.2026), where the bulk water represents 2.7 % of the total 

amount water in the solution. A quadratic fit in this region of the curve provides an 

estimation of 𝑥𝐿𝑖𝐵𝑟  = 0.2240 for 𝐵𝑊 = 0 (point C), which is very similar to the reported 

mole fraction of LiBr at the solid-liquid equilibrium at 18.99 °C (𝑥𝐿𝑖𝐵𝑟  = 0.2274).[122] 

Vapour pressure is another property directly related to the bulk water in the 

solution. According to Raoult’s law (Eq. III.4), the vapour pressure of a mixture is 

proportional to the mole fraction of solvent in the solution at a given temperature. 
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𝑝H2O/LiBr = 𝑝H2O · 𝑥𝑎 Eq. III.4 

This law is satisfied by ideal solutions, while for real solutions it is necessary to 

replace the solvent mole fraction with the effective mole fraction, which, as mentioned 

above, will depend on ionic species in the medium as well as on their respective 

compositions. 

The experimental approach used in this thesis relies on estimating the effective 

mole fraction of water (𝑥𝑎,𝑒𝑓𝑓) that participates in the vapour-liquid equilibria by 

applying a mass balance. The effective mole fraction of water is calculated from the 

results obtained by MCR-ALS along with the prepared amount of solute. It is worth 

noting that this approach constitutes a novelty with respect to what is usually 

referenced in the literature. 

In aqueous LiBr solutions there are hydrated species, represented as Li+(H2O)a 

and Br– (H2O)b (Eqs. III.5-III.6), and ion pairs, represented as Li+(H2O)c//Br– (Eq. III.7). 

In these equations, 𝑎 and 𝑏 are the coordination numbers of Li+ and Br–, respectively, 

and 𝑐 is the number of moles of water per mole of ion pairs. The total number of 

moles of hydrated chemical species in solution (𝑛ℎ𝑠) can be calculated as the sum of 

the moles of the considered chemical species (Eq. III.8). 

𝑆1 = Li+(H2O)𝑎 Eq. III.5 

𝑆2 = Br−(H2O)𝑏 Eq. III.6 

𝑆3 = Li+(H2O)𝑐//Br− Eq. III.7 

𝑛ℎ𝑠 = 𝑆1 + 𝑆2 + 𝑆3 Eq. III.8 

The number of water moles participating in the different species (𝑛𝐻2𝑂,𝑆) can be 

estimated from the mole fraction of water in the solvate (𝑥𝐻2𝑂,𝑆 in Table III.4), and it 

can be related to the moles of ions of each species by means of their respective 

coordination numbers (Eq. III.9). Consequently, a mass balance can be written for 

the initial moles of Li+ and Br– in the prepared solutions, as shown in Eqs. III.10-III.11. 

This set of equations constitutes a linear system of three equations and six unknowns 

(𝑎, 𝑏, 𝑐, 𝑆1, 𝑆2, 𝑆3).  
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𝑛𝐻2𝑂,𝑆 = 𝑎 · 𝑆1 + 𝑏 · 𝑆2 + 𝑐 · 𝑆3 Eq. III.9 

𝑛(Li+) = 𝑆1 + 𝑆3 Eq. III.10 

𝑛(Br–) = 𝑆2 + 𝑆3 Eq. III.11 

Considering that the amounts of initial moles of Li+ and Br– are the same as the 

amount of anhydrous moles of LiBr in the solution (Eq. III.12), the above equations 

have been combined to clear 𝑆1, as shown in Eq. III.13. 

𝑛(Li+) = 𝑛(Br–) = 𝑛𝐿𝑖𝐵𝑟 Eq. III.12 

𝑆1 =
𝑛𝐻2𝑂,𝑆 − 𝑐 · 𝑛𝐿𝑖𝐵𝑟

𝑎 + 𝑏 − 𝑐
 Eq. III.13 

The most referenced coordination numbers of Li+ and Br– ions in aqueous 

solutions are 4[112,116–121] and 6,[116–121] respectively. However, to the best of my 

knowledge, there are no available values for the number of water moles per mole of 

ion pair (𝑐). For this reason, the considered values for this parameter in the mass 

balance, shown in Table III.5, range from 0 to 4 based on the mole ratio (𝑟𝑛), 

previously shown in Table III.4. 

Table III.5. Used a, b and c values in the mass balance. 𝑥𝐿𝑖𝐵𝑟: mole fraction of LiBr. 

𝑎: coordination number of Li+. 𝑏: coordination number of Br–. 𝑐: number of water 

moles per mole of ion pair. 

Composition range 𝑎 𝑏 𝑐 

0 < 𝑥𝐿𝑖𝐵𝑟 ≤ 0.0224 6 8 0 

0.0224 < 𝑥𝐿𝑖𝐵𝑟 < 0.0646 6 8 1 

0.0646 ≤ 𝑥𝐿𝑖𝐵𝑟 ≤ 0.1011 4 6 2 

0.1011 < 𝑥𝐿𝑖𝐵𝑟 < 0.1455 4 6 3 

0.1455 ≤ 𝑥𝐿𝑖𝐵𝑟 ≤ 0.2026 4 6 4 

 

The effective mole fraction of water can be estimated with Eq. III.14 from the total 

moles of hydrated species (Eq. III.8) and the bulk water moles. This effective mole 

fraction is used to estimate the vapour pressure according to Raoult's law. Table III.6 

shows the results for the analysed H2O/LiBr solutions. 
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𝑥𝑎,𝑒𝑓𝑓 =
𝑛𝐻2𝑂,𝐵𝑊

𝑛𝐻2𝑂,𝐵𝑊 + 𝑛ℎ𝑠

 Eq. III.14 

Table III.6. Vapour pressure estimation of H2O/LiBr solutions at 293.15 K. 𝑥: mole 

fraction. 𝑛: number of moles. 𝑝: vapour pressure. Δ𝑝: relative vapour pressure 

difference. 𝑖: dissociation factor. 

Prepared Calculated 

𝑥𝐿𝑖𝐵𝑟 𝑛ℎ𝑠 (mol) 𝑛𝐻2𝑂,𝐵𝑊 (mol) 𝑥𝑎,𝑒𝑓𝑓 𝑝𝑒𝑠𝑡 (kPa) 𝑝𝑙𝑖𝑡 (kPa) Δ𝑝/𝑝 (%) 𝑖 

0 0 0.295 1 2.339 2.339 0 0 

0.0108 0.0065 0.240 0.974 2.277 2.277 0 2.00 

0.0224 0.0090 0.161 0.947 2.215 2.232 -0.8 1.81 

0.0352 0.0132 0.164 0.926 2.165 2.183 -0.8 1.51 

0.0492 0.0170 0.151 0.899 2.103 2.105 -0.1 1.39 

0.0646 0.0199 0.137 0.873 2.042 1.972 3.5 1.30 

0.0817 0.0255 0.107 0.808 1.889 1.773 6.6 1.31 

0.1011 0.0425 0.108 0.718 1.680 1.501 12 1.30 

0.1215 0.0613 0.104 0.630 1.474 1.200 23 1.17 

0.1455 0.0604 0.054 0.473 1.107 0.872 27 1.07 

0.1718 0.0770 0.030 0.282 0.660 0.582 14 1.03 

0.2026 0.0829 0.007 0.077 0.180 0.346 -48 0.99 

 

It is observed in Figure III.6 that the obtained results from the mass balance (𝑝𝑒𝑠𝑡) 

follow the same trend as the values taken from the literature (𝑝𝑙𝑖𝑡)[123] over the entire 

composition range. Furthermore, there is an excellent agreement between both 

vapour pressure values in dilute solutions, where the hydration of ions predominates 

over ion pairing. However, as the LiBr composition increases, the difference between 

the estimated vapour pressure and that obtained from the literature also increases. 

These differences are more significant when the LiBr composition approaches the 

composition at the solid-liquid equilibrium.  
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Figure III.6. Vapour pressure of H2O/LiBr solutions against mole fraction of LiBr at 

293.15 K. ⬤: literature values;[123] □: estimated values. 

 

These differences can be attributed to the predominance of the ion pairing at high 

LiBr compositions. The mass balance proposed in this thesis is only valid if the ion 

pairs can be represented by Li+(H2O)c//Br– (Eq. III.7), where there is one Li+ for each 

Br–. One could think of the formation of ionic aggregates in which a Li+ cation 

coordinates with more than one Br– anion, as was arbitrarily represented in 

Figure III.7. In that case, a second coordination sphere would exist where these large 

ionic aggregates would be bound together by water molecules[124] in a similar way to 

that postulated in mixtures containing protic ILs and LiNO3.[125] This possibility in the 

mass balances of Li+ and Br– ions is possible only if the stoichiometry of the solvated 

species in the medium is known, and this will be the subject of study in future work. 

 

 

Figure III.7. Arbitrary ionic aggregate in the second coordination shell of H2O/LiBr.  
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Until now, it can be deduced that the vapour pressure depends not only on the 

amount of water interacting with the solvate, but also on the molecular structure of 

the solvated species. Depending on the stoichiometry of these species, the 

dissociation factor (𝑖), calculated as the number of ions in solution per initial mole of 

solute, will vary significantly, affecting the actual composition of the solute in the 

solution.  

Table III.6 shows the calculated dissociation factor on the basis of the results 

discussed in this section. It can be observed that its value decreases as the LiBr 

composition increases. Values of 𝑖 = 2 in aqueous solutions of 1:1 electrolytes, such 

as LiBr, can only be assumed at very low solute composition, such as 𝑥𝐿𝑖𝐵𝑟  < 0.0224. 

The dissociation factor decreases significantly at higher salt compositions, which 

could be observed in the most concentrated solution (𝑥𝐿𝑖𝐵𝑟  = 0.2026). At that 

composition, the dissociation factor required to find a good agreement between both 

pressure values would have to be 0.5, which is far from the value found using the 

proposed mass balance. This finding highlights the importance of the formation of ion 

pairs and ionic aggregates when working with high solute composition. 

III.3. Determination of the amount of bulk water in 

H2O/(LiBr+[Dmim][Cl]) mixtures with high IL 

composition 

III.3.1 Introduction 

The methodology explained in the previous section, based on NIR and MCR-ALS, 

has also been used in this section to analyse the effect of an ionic liquid ([Dmim][Cl]) 

on the solvation of ions in aqueous LiBr solutions. For this purpose, the amount of 

bulk water in mixtures of H2O/[Dmim][Cl] and H2O/(LiBr+[Dmim][Cl]) at high IL 

compositions has been determined. 

The choice of using [Dmim][Cl] was made because this substance was already 

used by the CREVER research group and because it is mentioned in the literature as 

a promising additive of lithium bromide.[35]  
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The solvation in the H2O/[Dmim][Cl] mixture has also been studied in order to 

facilitate the interpretation of the results of ternary H2O/(LiBr+[Dmim][Cl]) solutions. 

III.3.2 Experimental part 

The analysed samples, spectra acquisition and data processing of H2O/[Dmim][Cl] 

and H2O/(LiBr+[Dmim][Cl]) solutions over a wide range of solute composition 

(0.094 ≤ 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≤ 1.03) are described in this section. 

Analysed samples 

Two different sets of 12 aqueous solutions of IL and (LiBr+IL) were prepared: one 

of them with [Dmim][Cl] mole fractions varying between 0 and 0.1426, and one with 

lithium bromide and ionic liquid mole fractions ranging from (0-0.2944) and 

(0-0.3043), respectively. The masses of the analysed samples are given in Table III.7.  

Table III.7. Mass (g) of H2O/[Dmim][Cl] and H2O/(LiBr+[Dmim][Cl]) solutions. 

H2O/[Dmim][Cl] H2O/(LiBr+[Dmim][Cl]) 

𝑚𝐻2𝑂 𝑚[𝐷𝑚𝑖𝑚][𝐶𝑙] 𝑚𝐻2𝑂 𝑚𝐿𝑖𝐵𝑟 𝑚[𝐷𝑚𝑖𝑚][𝐶𝑙] 

4.9582 0 5.1376 0 0 

4.7834 0.2517 4.9049 2.8398 0.4078 

3.8527 0.4285 4.6260 2.9876 0.8361 

4.6542 0.8188 4.8247 3.3902 1.4258 

3.8824 0.9717 4.5501 3.5773 2.0490 

4.2415 1.4165 3.7824 3.2865 2.3565 

4.1601 1.7825 2.9127 2.9257 2.5203 

3.4481 1.8559 2.9161 3.3934 3.3799 

3.3485 2.2303 2.0188 2.8402 3.2263 

3.0089 2.4602 1.8078 3.1364 4.0516 

2.8244 2.8189 1.3597 3.2038 4.5424 

2.6705 3.2691 0.8810 3.1166 4.9185 

𝑈(𝑚) = ± 0.0001 g 
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Data treatment 

The data were treated as was explained in the previous section. The acquired 

spectra of the samples were stored in matrices named 𝐃𝐇𝟐𝐎/[𝐃𝐦𝐢𝐦][𝐂𝐥] and  

𝐃𝐇𝟐𝐎/(𝐋𝐢𝐁𝐫+[𝐃𝐦𝐢𝐦][𝐂𝐥]), both with (12 x 380) dimensions. These spectra were then 

pretreated to correct the baseline shift.  

The MCR-ALS was used to estimate the spectral and concentration profiles that 

are representative of the different chemical environments in which water molecules 

can be found. The process was carried out following the same steps as those 

described in the previous section. 

III.3.3 Results and Discussion 

Pretreated spectra, MCR-ALS solutions, quality parameters, bulk water 

percentage, mole fractions of bulk water and water in the solvate and mole ratio (𝑟𝑛) 

are presented in tables arranged in horizontal pages to facilitate the exposition and 

discussion of the results obtained for H2O/[Dmim][Cl] and H2O/(LiBr+[Dmim][Cl]) 

mixtures. 

It can be observed in Tables III.8-III.9 that the MCR-ALS solutions represent more 

than 99.9 % of the variance of the original data and that the correlation coefficients 

between the spectrum of pure water and that recovered by ALS are close to 1 in both 

mixtures. This allows assuming that the bulk water percentage and the mole fractions 

of bulk water and water in the solvate will provide a good estimation for comparatively 

analysing the influence of IL composition on the amount of bulk water in the solution. 

To avoid repetition, this section emphasises the main findings derived from 

comparing the results obtained for H2O/[Dmim][Cl] and H2O/(LiBr+[Dmim][Cl]) 

solutions with those obtained for H2O/LiBr.  

The strong decrease of the water absorption band with increasing IL composition 

observed in the spectra of H2O/[Dmim][Cl] solutions, shown in Table III.8, confirms 

the general strong tendency of ionic liquids,[126,127], and [Dmim][Cl][107] in particular, to 

interact with water. 
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Table III.8. MCR-ALS results for H2O/[Dmim][Cl] at 293.15 K. 

 

 

Variance (%) 99.97 

𝐿𝑂𝐹 PCA (%) 0.21 

𝐿𝑂𝐹 exp (%) 1.83 

r 0.9999 

x𝑥𝐻2𝑂 x 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] 𝐵𝑊 (%) 𝑥𝐻2𝑂,𝐵𝑊 𝑥𝐻2𝑂,𝑆 𝑟𝑛 (mole ratio) 

1 0 100 1 0 - 

0.9929 0.0071 96.1 0.9538 0.0391 5.50 

0.9851 0.0149 89.2 0.8785 0.1066 7.16 

0.9767 0.0233 81.2 0.7931 0.1836 7.86 

0.9671 0.0329 73.4 0.7103 0.2568 7.81 

0.9566 0.0434 65.5 0.6269 0.3297 7.60 

0.9450 0.0550 49.1 0.4643 0.4807 8.74 

0.9319 0.0681 46.4 0.4322 0.4997 7.33 

0.9170 0.0830 35.5 0.3258 0.5912 7.12 

0.9000 0.1000 20.4 0.1835 0.7165 7.17 

0.8806 0.1194 8.9 0.0785 0.8021 6.72 

0.8574 0.1426 0 0 0.8574 6.01 
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Table III.9. MCR-ALS results for H2O/(LiBr+[Dmim][Cl]) at 293.15 K and high IL compositions. 

 

 

Variance (%) 99.94 

𝐿𝑂𝐹 PCA (%) 0.48 

𝐿𝑂𝐹 exp (%) 2.53 

𝑟 0.9998 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 𝑥𝐻2𝑂,𝐵𝑊 𝑥𝐻2𝑂,𝑆  𝑟𝑛 (mole ratio) 

1 0 0 0 100 1 0 - 

0.8839 0.1062 0.0100 0.1162 60.4 0.5339 0.3500 3.02 

0.8632 0.1156 0.0212 0.1368 49.9 0.4306 0.4326 3.16 

0.8432 0.1229 0.0339 0.1568 39.5 0.3332 0.5100 3.25 

0.8168 0.1332 0.0500 0.1832 28.7 0.2341 0.5827 3.18 

0.7906 0.1425 0.0669 0.2094 22.1 0.1748 0.6158 2.94 

0.7542 0.1571 0.0887 0.2458 13.0 0.0984 0.6558 2.67 

0.7148 0.1726 0.1126 0.2852 6.0 0.0430 0.6718 2.36 

0.6627 0.1934 0.1439 0.3373 1.4 0.0092 0.6535 1.94 

0.6008 0.2162 0.1830 0.3992 0 0 0.6008 1.51 

0.5148 0.2516 0.2336 0.4852 0 0 0.5148 1.06 

0.4013 0.2944 0.3043 0.5987 0 0 0.4013 0.67 
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The spectral analysis of the evolution of the water absorption band in the data for 

the H2O/(LiBr+[Dmim][Cl]) mixture (Table III.9) reveals that ternary solutions with 

lower solute (LiBr+[Dmim][Cl]) composition have lower absorbance than H2O/LiBr 

solutions with higher solute (LiBr) composition. As an example, this is visualized in 

Figure III.8, where the absorbance of solutions with similar solute mole fraction are 

ordered as follows: H2O/LiBr (𝑥𝐿𝑖𝐵𝑟  = 0.1215) > H2O/(LiBr+[Dmim][Cl]) 

(𝑥𝐿𝑖𝐵𝑟  = 0.1062 and 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] = 0.0100) > H2O/[Dmim][Cl] (𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] = 0.1194). 

Although the water affinity of this ionic liquid is higher than that of lithium bromide, its 

composition in the ternary solution is very low, and the LiBr mole fraction in the 

H2O/(LiBr+IL) solution is 0.0153 lower than in the H2O/LiBr solution. This significant 

difference in the absorbance between the H2O/(LiBr+IL) and H2O/LiBr solutions, 

which cannot be explained exclusively by the lower solute mole fraction, could be 

related to interactions between LiBr and [Dmim][Cl].[109]

  

  

Figure III.8. Experimental spectra of water and mixtures with similar solute 

composition. Blue data series: pure water. Black data: H2O/LiBr with 

𝑥𝐿𝑖𝐵𝑟  = 0.1215. Red data: H2O/[Dmim][Cl] with 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] = 0.1194. Green 

data: H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐿𝑖𝐵𝑟 = 0.1062 and 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] = 0.0100. 

 

Quantitatively, the influence of IL composition on the amount of bulk water is 

visualised in Figure III.9, where the bulk water percentage in H2O/[Dmim][Cl] and 

H2O/(LiBr+[Dmim][Cl]) solutions (Tables III.8-III.9) is represented along with the 𝐵𝑊 

of H2O/LiBr solutions (Table III.4). Points A, B, and C are representative of the spectra 

shown in Figure III.8, corresponding to solutions with similar solute molar fraction. 
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The bulk water percentage in these particular solutions follows the order 

H2O/[Dmim][Cl] < H2O/LiBr < H2O/(LiBr+[Dmim][Cl]), with values of 8.9 %, 27.6 %, 

and 60.4 % at points B, A, and C, respectively. These values reflect the two 

aforementioned findings: the strong interaction of this IL with water (8.9 % vs 27.6 %), 

and the interaction between lithium bromide and [Dmim][Cl] (27.6 % vs 60.4 %). 

 

 

Figure III.9. Bulk water of the analysed solutions against mole fraction of solute 

(LiBr, [Dmim][Cl] or LiBr+[Dmim][Cl]) at 293.15 K. Blue dots: H2O/LiBr; red 

triangles: H2O/[Dmim][Cl]; green squares: H2O/(LiBr+[Dmim][Cl]. 

 

One of the fundamental requirements for working fluids used in absorption 

refrigeration and heat pump systems is that the vapour pressure of the mixture must 

be considerably lower than that of the pure refrigerant.[9] Taking this into account, 

these results suggest that the 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ratio should be lower than that calculated at 

point C (𝑥𝐼𝐿 = 0.0100, 𝑥𝐿𝑖𝐵𝑟 = 0.1062, 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0942) to avoid impairing the 

absorption capacity of the mixture. 

It is noteworthy to observe that, although the H2O/(LiBr+[Dmim][Cl]) solutions 

prepared with high solute compositions (0.3992 ≤ 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 ≤ 0.5987) have zero bulk 

water percentage, no solid phase was observed in the samples (points D and F, 

Figure III.9). This fact is interpreted as a consequence of the influence of IL on the 

solubility of LiBr. For example: the ternary solution with the highest solute composition 

(point F, Figure III.9), was prepared with 𝑥𝐿𝑖𝐵𝑟 = 0.2944 and 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] = 0.3043. This 

LiBr composition is significantly higher than the solubility limit of lithium bromide in 

water at at 18.99 ºC (𝑥𝐿𝑖𝐵𝑟 = 0.2274).[122] From the point of view of ion hydration and 
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ion pairing, it is reasonable to think that the formation of ionic aggregates similar to 

the one represented in Figure III.7 predominates in these compositions, as mentioned 

in Section III.2.3. 

As expected, the values of 𝑟𝑛 (moles of water in the solvate per mole of solute) in 

H2O/(LiBr+[Dmim][Cl]) solutions (Table III.9) are lower than in H2O/LiBr solutions 

(Table III.4). Figure III.10 shows that, regardless of the solute composition, the 𝑟𝑛 

values in ternary solutions is lower than the minimum value found for H2O/LiBr (3.85). 

This finding is significant since the composition of that H2O/LiBr solution is close to 

one in the solid-liquid equilibrium, where the formation of ion pairs between Li+ and 

Br– ions would be enhanced with respect to ion hydration. This suggests that solute-

solute interactions compete with solute-solvent interactions, favouring the formation 

of large ionic aggregates[115,124] over the entire composition range considered. The 

low mole ratio value (0.67) for the solution with the highest solute composition 

(𝑥𝑠𝑜𝑙𝑢𝑡𝑒 = 0.5987) is noteworthy. 

Considering the values of the mole ratio (𝑟𝑛) and the dissociation factor (𝑖) of LiBr 

in aqueous solutions, it is likely that the presence of ionic liquid causes a decrease in 

the dissociation of LiBr, decreasing its effective composition in solution. 

 

 

Figure III.10. Mole ratio against mole fraction of solute at 293.15 K. ⬤: H2O/LiBr; 

■: H2O/(LiBr+[Dmim][Cl]). 
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Results obtained by NIR+MCR-ALS show good agreement with computational 

results regarding the structure and distribution of water molecules in 

H2O/(LiBr+[Dmim][Cl]) ternary solutions.[109] Studies based on atomistic (classical) 

Molecular Dynamics simulations (MD) were carried out by the research group of 

L. Miguel Varela, from Universidade de Santiago de Compostela, and Car-Parrinello 

Molecular Dynamics simulations (CPMD) were carried out by Professor Antonio 

Fortea, from Universitat Rovira i Virgili. Figure III.11 shows one representative 

snapshot of the CPMD trajectory of two solutions: one with 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] = 0.0357 and 

𝑥𝑠𝑜𝑙𝑢𝑡𝑒 = 0.1429 (Figure III.11 a), and another one with 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] = 0.3000 and 

𝑥𝑠𝑜𝑙𝑢𝑡𝑒 = 0.6000 (Figure III.11 b). This figure has been included to provide a good 

representation of the arrangement of water molecules in the solutions. It can be 

observed that, in the solution with a lower solute composition, a Li+ cation 

coordinates with four water molecules, while in the solution with a higher solute 

composition, a predominance of ion-ion interactions (Li+-Cl– and Li+-Br–) is observed. 

 

 

Figure III.11. Structure of the first solvation shell of Li ion in a snapshot of the 

CPMD trajectory for (a) relatively concentrated solution and (b) very concentrated 

solution. Colour code for the atoms: Li (magenta), Br (dark red), Cl (green), O (red), 

C (light blue), N (dark blue), H (white). Distances are in Angstrom.[109]  

 

On one hand, the discussed results demonstrate that the effective solute 

composition depends both on the amount of bulk water and on the structure of the 

solvates. On the other hand, the considered 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ratio should be lower than 
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0.0942 (𝑥𝐿𝑖𝐵𝑟  = 0.1062, 𝑥𝐼𝐿 = 0.0100) to avoid a strong competition for water 

molecules between ionic liquid and lithium bromide in H2O/(LiBr+IL) solutions that 

would be detrimental to the application performance. 

III.4. Selection of ionic liquid composition in 

H2O/(LiBr+[Dmim][Cl]) mixtures using IL as an additive 

III.4.1 Introduction 

The procedure described in Section II.2 is used to determine the bulk water 

content in H2O/(LiBr+[Dmim][Cl]) solutions over a wide range of solute composition 

to select the most suitable 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ratio. 

III.4.2 Experimental part 

Twenty different samples were prepared from three H2O/(LiBr+[Dmim][Cl]) 

solutions, with molar ratios between IL and LiBr of 0.0202, 0.0418, and 0.0648, and 

solute mole fractions varying from pure water to 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 = 0.22 (Table III.10). 

.

UNIVERSITAT ROVIRA I VIRGILI 
QUANTITATIVE ANALYSIS OF BULK WATER IN WATER/LITHIUM BROMIDE MIXTURES WITH IONIC LIQUIDS  
AS A WORKING FLUID IN ABSORPTION HEAT PUMPS AND INFLUENCE ON THE THERMOPHYSICAL PROPERTIES 
David Latorre Arca 



 

 

C
h
a
p
te

r III 

  

D
a
v
id

 L
a
to

rre
 A

rc
a

, D
o
c
to

ra
l T

h
e
s
is

, U
n

iv
e
rs

ita
t R

o
v
ira

 i V
irg

ili, 2
0

2
4

 

7
0
 

Table III.10. Mass (g) of H2O/(LiBr+[Dmim][Cl]) solutions at the selected 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ratios. 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0202 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0418 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0648 

𝑚𝐻2𝑂 𝑚𝐿𝑖𝐵𝑟 𝑚𝐼𝐿 𝑚𝐻2𝑂 𝑚𝐿𝑖𝐵𝑟 𝑚𝐼𝐿 𝑚𝐻2𝑂 𝑚𝐿𝑖𝐵𝑟 𝑚𝐼𝐿 

1.7655 0 0 1.5286 0 0 1.4852 0 0 

2.9203 0.0823 0.0025 2.9590 0.0751 0.0048 3.2648 0.0799 0.0079 

1.3953 0.0823 0.0025 1.3655 0.0751 0.0048 1.5038 0.0799 0.0079 

2.5479 0.2330 0.0072 3.1701 0.2741 0.0175 3.4501 0.2883 0.0285 

1.8459 0.2334 0.0072 2.2691 0.2741 0.0175 2.4737 0.2883 0.0285 

1.4236 0.2334 0.0072 1.7444 0.2741 0.0175 1.9061 0.2883 0.0285 

2.5224 0.5134 0.0158 1.4057 0.2741 0.0175 1.5227 0.2883 0.0285 

2.0801 0.5134 0.0158 2.2726 0.5369 0.0343 1.2606 0.2883 0.0285 

1.7535 0.5134 0.0158 1.9221 0.5369 0.0343 2.1836 0.5909 0.0585 

1.5007 0.5134 0.0158 1.6383 0.5369 0.0343 1.8689 0.5909 0.0585 

1.3016 0.5134 0.0158 1.4114 0.5369 0.0343 1.6178 0.5909 0.0585 

1.1307 0.5134 0.0158 1.2292 0.5369 0.0343 1.4089 0.5909 0.0585 

1.9463 1.1418 0.0352 1.0835 0.5369 0.0343 1.2324 0.5909 0.0585 

1.7150 1.1418 0.0352 2.1126 1.1977 0.0765 1.0772 0.5909 0.0585 

1.5258 1.1418 0.0352 1.8732 1.1977 0.0765 1.6389 1.0153 0.1004 

1.3525 1.1418 0.0352 1.6631 1.1977 0.0765 1.4571 1.0153 0.1004 

1.2059 1.1418 0.0352 1.4795 1.1977 0.0765 1.2924 1.0153 0.1004 

1.0696 1.1418 0.0352 1.3246 1.1977 0.0765 1.1527 1.0153 0.1004 

0.9529 1.1418 0.0352 1.1763 1.1977 0.0765 1.0326 1.0153 0.1004 

0.8492 1.1418 0.0352 1.0414 1.1977 0.0765 0.9114 1.0153 0.1004 
   

0.9225 1.1977 0.0765 0.8084 1.0153 0.1004 

𝑈(𝑚) = ± 0.0001 g 
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The infrared spectra between 900 nm and 1060 nm for each set of samples with 

the same IL/LiBr mole ratio were acquired at 20 ºC using the same instrument and 

conditions described in Section III.3. 

III.4.3 Results and Discussion 

Tables III.11-III.13 show the pretreated spectra of H2O/(LiBr+[Dmim][Cl]) solutions 

as well as the obtained solutions from NIR+MCR-ALS and the performed 

calculations. In all cases, two factors were considered after performing the singular 

value decomposition of the spectral matrices 𝐃𝐇𝟐𝐎/(𝐋𝐢𝐁𝐫+[𝐃𝐦𝐢𝐦][𝐂𝐥]). 
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Table III.11. MCR-ALS results for H2O/(LiBr+[Dmim][Cl]) at 293.15 K and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0202. 

 

 

Variance (%) 99.98 

𝐿𝑂𝐹 PCA (%) 0.55 

𝐿𝑂𝐹 exp (%) 1.39 

𝑟 0.9997 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 

1 0 0 0 100 0.9123 0.0860 0.0017 0.0877 55.1 

0.9941 0.0058 0.0001 0.0059 99.5 0.8896 0.1082 0.0022 0.1104 49.8 

0.9877 0.0121 0.0002 0.0123 99.5 0.8765 0.1211 0.0024 0.1235 45.1 

0.9810 0.0186 0.0004 0.0190 91.8 0.8633 0.1340 0.0027 0.1367 35.6 

0.9739 0.0256 0.0005 0.0261 91.0 0.8484 0.1486 0.0030 0.1516 27.0 

0.9665 0.0328 0.0007 0.0335 88.9 0.8331 0.1636 0.0033 0.1669 23.5 

0.9587 0.0405 0.0008 0.0413 84.1 0.8157 0.1806 0.0037 0.1843 11.0 

0.9504 0.0486 0.0010 0.0496 78.5 0.7977 0.1983 0.0040 0.2023 8.0 

0.9417 0.0571 0.0012 0.0583 76.1 0.7785 0.2171 0.0044 0.2215 0 

0.9325 0.0662 0.0013 0.0675 68.7      

0.9230 0.0755 0.0015 0.0770 62.4      
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Table III.12. MCR-ALS results for H2O/(LiBr+[Dmim][Cl]) at 293.15 K and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0418. 

 

 

Variance (%) 99.96 

𝐿𝑂𝐹 PCA (%) 1.27 

𝐿𝑂𝐹 exp (%) 2.05 

𝑟 0.9989 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 

1 0 0 0 100 0.9137 0.0828 0.0035 0.0863 60.8 

0.9945 0.0053 0.0002 0.0055 98.7 0.9033 0.0928 0.0039 0.0967 58.5 

0.9882 0.0113 0.0005 0.0118 97.2 0.8909 0.1047 0.0044 0.1091 53.8 

0.9817 0.0176 0.0007 0.0183 90.2 0.8786 0.1165 0.0049 0.1214 44.7 

0.9746 0.0244 0.0010 0.0254 90.2 0.8653 0.1293 0.0054 0.1347 40.5 

0.9672 0.0315 0.0013 0.0328 85.6 0.8511 0.1429 0.0060 0.1489 31.0 

0.9596 0.0388 0.0016 0.0404 83.9 0.8365 0.1569 0.0066 0.1635 27.3 

0.9514 0.0466 0.0020 0.0486 78.6 0.8196 0.1732 0.0072 0.1804 18.6 

0.9431 0.0546 0.0023 0.0569 73.9 0.8009 0.1911 0.0080 0.1991 9.0 

0.9339 0.0634 0.0027 0.0661 67.4 0.7809 0.2103 0.0088 0.2191 0 

0.9240 0.0729 0.0031 0.0760 61.7      
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Table III.13. MCR-ALS results for H2O/(LiBr+[Dmim][Cl]) at 293.15 K and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0648. 

 

 

Variance (%) 99.95 

𝐿𝑂𝐹 PCA (%) 1.23 

𝐿𝑂𝐹 exp (%) 2.14 

𝑟 0.9982 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐷𝑚𝑖𝑚][𝐶𝑙] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 

1 0 0 0 100 0.9152 0.0796 0.0052 0.0848 60.2 

0.9946 0.0051 0.0003 0.0054 94.8 0.9042 0.0900 0.0058 0.0958 53.6 

0.9884 0.0109 0.0007 0.0116 92.4 0.8919 0.1015 0.0066 0.1081 51.6 

0.9819 0.0170 0.0011 0.0181 87.3 0.8796 0.1131 0.0073 0.1204 41.9 

0.9749 0.0236 0.0015 0.0251 87.3 0.8666 0.1253 0.0081 0.1334 40.0 

0.9677 0.0303 0.0020 0.0323 87.2 0.8521 0.1389 0.0090 0.1479 29.4 

0.9599 0.0377 0.0024 0.0401 84.7 0.8371 0.1530 0.0099 0.1629 26.1 

0.9519 0.0452 0.0029 0.0481 82.5 0.8216 0.1675 0.0109 0.1784 17.6 

0.9436 0.0530 0.0034 0.0564 77.6 0.8025 0.1855 0.0120 0.1975 13.8 

0.9347 0.0613 0.0040 0.0653 71.2 0.7828 0.2040 0.0132 0.2172 0 

0.9253 0.0702 0.0045 0.0747 66.1      
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Figure III.12 shows the percentage of bulk water against the ratio between mole 

fractions of LiBr and H2O. where no significant differences in the percentage of bulk 

water are observed as a function of the ratio between IL and LiBr mole fractions when 

working with small compositions of ionic liquid in the solute. This finding suggests a 

similar behaviour regarding ion solvation in these solutions and, therefore, similar 

values of the effective solute composition in all cases.  

In view of this behaviour, subsequent analyses were carried out using the lowest 

composition of ionic liquid in the solute (𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0205).  

 

 

Figure III.12. Bulk water of the H2O/(LiBr+[Dmim][Cl]) solutions against mole 

fraction ratio between LiBr and H2O at 293.15 K. △: H2O/(LiBr+[Dmim][Cl]) with  

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0202; ○: H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0418; 

◇: H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0648. 

 

III.5. Influence of the ionic liquid structure on the bulk 

water content in H2O/(LiBr+IL) mixtures using IL as an 

additive 

III.5.1 Introduction 

The procedure detailed in Section II.2 has been used again to analyse the 

behaviour of aqueous H2O/LiBr solutions with four ionic liquids of different chemical 

characteristics as additives. Three of them are protic ionic liquids with acid-base 
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characteristics: ethylammonium nitrate ([EA][NO3]), propylammonium nitrate 

(PA][NO3]), and ethylammonium chloride ([EA][Cl]) The other ionic liquid used is 

1-butyl-3-methylimidazolium bromide ([Bmim][Br]), with bromide anion, as well as 

LiBr. 

The main objective of this section is to provide useful evidence to select the most 

suitable ionic liquid among them as an additive for H2O/LiBr in absorption refrigeration 

and heat pump systems. The composition of the mixtures analysed is detailed below, 

and the results are briefly presented and discussed to avoid repetition. 

III.5.2 Experimental part 

Thirteen H2O/(LiBr+IL) solutions with [EA][NO3], [PA][NO3] and [EA][Cl], and 20 

solutions with [Bmim][Br] were prepared. The mole fraction of solute in these 

solutions range from pure water to 0.22, and the ratio of mole fractions between IL 

and LiBr (𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟) is approximately 0.0205. The spectra of the solutions shown in 

Table III.14 were acquired at 20 ºC. 
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Table III.14. Mass (g) of H2O/(LiBr+IL) solutions at a similar 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ratio for [EA][NO3], [PA][NO3], [EA][Cl] and [Bmim][Br]. 

H2O/(LiBr+[EA][NO3]) 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0205 

H2O/(LiBr+[PA][NO3]) 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0205 

H2O/(LiBr+[EA][Cl]) 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0205 

H2O/(LiBr+[Bmim][Br]) 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0208 

𝑚𝐻2𝑂 𝑚𝐿𝑖𝐵𝑟 𝑚𝐼𝐿 𝑚𝐻2𝑂 𝑚𝐿𝑖𝐵𝑟 𝑚𝐼𝐿 𝑚𝐻2𝑂 𝑚𝐿𝑖𝐵𝑟 𝑚𝐼𝐿 𝑚𝐻2𝑂 𝑚𝐿𝑖𝐵𝑟 𝑚IL  𝑚𝐻2𝑂 𝑚𝐿𝑖𝐵𝑟 𝑚𝐼𝐿  

8.6629 0 0 8.6221 0 0 8.5675 0 0 9.0920 0 0 6.0471 3.7723 0.1976 

7.9301 0.4072 0.0104 8.7612 0.4499 0.0130 8.0889 0.4181 0.0080 8.3444 0.2422 0.0127 6.0050 4.2322 0.2217 

8.6481 0.9333 0.0238 8.1222 0.8691 0.0250 8.2752 0.9012 0.0173 8.5759 0.5275 0.0276 5.8417 4.7026 0.2463 

7.8668 1.3583 0.0346 8.0289 1.3488 0.0388 7.9026 1.3677 0.0263 8.3233 0.8018 0.0420 5.4527 5.1905 0.2719 

7.9104 1.9223 0.0490 8.1265 1.9597 0.0564 8.2215 2.0182 0.0388 6.9788 0.8899 0.0466 5.7468 5.9251 0.3103 

7.2437 2.3537 0.0600 7.6805 2.4775 0.0713 7.5545 2.4655 0.0474 7.2911 1.2458 0.0653 4.8222 5.5589 0.2912 

7.2055 3.0173 0.0770 7.5533 3.1506 0.0907 7.3991 3.1085 0.0598 7.7439 1.6407 0.0859 5.2787 6.8492 0.3587 

6.8060 3.5793 0.0913 7.3392 3.8124 0.1098 7.1648 3.7950 0.0730 8.3311 2.0830 0.1091 7.3403 3.0509 0.1598 

6.6282 4.2662 0.1088 6.9668 4.4941 0.1294 7.0780 4.6439 0.0894 7.5950 2.3312 0.1221 6.6280 3.1891 0.1670 

6.0740 4.9240 0.1256 6.7864 5.3627 0.1544 6.9887 5.6143 0.1080 7.8642 2.8194 0.1477 6.1499 3.3821 0.1771 

5.9774 5.8009 0.1480 6.5190 6.3194 0.1819 6.8910 6.7487 0.1299 7.3403 3.0509 0.1598 6.0471 3.7723 0.1976 

5.7907 6.9082 0.1762 6.1344 7.2865 0.2098 6.0485 7.2803 0.1401 6.6280 3.1891 0.1670 6.0050 4.2322 0.2217 

5.9476 8.0124 0.2044 6.2552 8.3972 0.2417 5.9973 8.1353 0.1565 6.1499 3.3821 0.1771 5.8417 4.7026 0.2463 

𝑈(𝑚) = ± 0.0001 g 
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III.5.3 Results and Discussion 

The pretreated infrared spectra of the analysed H2O/(LiBr+IL) solutions are shown 

in Tables III.15-III.18 together with the solutions obtained and the calculations 

performed. The number of factors necessary to retain as much information as 

possible was estimated by singular value decomposition of the spectral matrices 

𝐃𝐇𝟐𝐎/(𝐋𝐢𝐁𝐫+𝐈𝐋). The quality parameters of the solution, with explained variance 

percentages higher than 99.9 % and correlation coefficients (𝑟) close to 1 between 

the recovered spectrum, representative of pure water, and the experimental spectrum 

of water, show the goodness of the solutions obtained by decomposing the spectra 

matrices.
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Table III.15. MCR-ALS results for H2O/(LiBr+[EA][NO3]) at 293.15 K and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 

 

 

Variance (%) 99.91 

𝐿𝑂𝐹 PCA (%) 1.20 

𝐿𝑂𝐹 exp (%) 3.01 

𝑟 0.9991 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐸𝐴][𝑁𝑂3] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 

1 0 0 0 100 

0.9892 0.0106 0.0002 0.0108 98.1 

0.9777 0.0219 0.0004 0.0223 90.5 

0.9647 0.0346 0.0007 0.0353 87.0 

0.9511 0.0479 0.0010 0.0489 79.7 

0.9356 0.0631 0.0013 0.0644 68.5 

0.9186 0.0798 0.0016 0.0814 67.2 

0.8998 0.0982 0.0020 0.1002 52.8 

0.8801 0.1175 0.0024 0.1199 46.5 

0.8535 0.1436 0.0029 0.1465 33.3 

0.8296 0.1670 0.0034 0.1704 20.6 

0.7984 0.1976 0.0040 0.2016 9.7 

0.7781 0.2174 0.0045 0.2219 0 
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Table III.16. MCR-ALS results for H2O/(LiBr+[PA][NO3]) at 293.15 K and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 

 

 

Variance (%) 99.91 

𝐿𝑂𝐹 PCA (%) 1.92 

𝐿𝑂𝐹 exp (%) 3.03 

𝑟 0.9992 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝑃𝐴][𝑁𝑂3] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 

1 0 0 0 100 

0.9892 0.0106 0.0002 0.0108 98.9 

0.9778 0.0218 0.0004 0.0222 89.1 

0.9657 0.0336 0.0007 0.0343 82.8 

0.9514 0.0476 0.0010 0.0486 82.8 

0.9361 0.0626 0.0013 0.0639 69.1 

0.9189 0.0795 0.0016 0.0811 65.1 

0.9009 0.0971 0.0020 0.0991 52.7 

0.8799 0.1177 0.0024 0.1201 41.6 

0.8567 0.1404 0.0029 0.1433 34.3 

0.8297 0.1669 0.0034 0.1703 20.1 

0.7991 0.1969 0.0040 0.2009 11.4 

0.7787 0.2169 0.0044 0.2213 0 
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Table III.17. MCR-ALS results for H2O/(LiBr+[EA][Cl]) at 293.15 K and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0205. 

 

 

Variance (%) 99.91 

𝐿𝑂𝐹 PCA (%) 1.33 

𝐿𝑂𝐹 exp (%) 2.97 

𝑟 0.9990 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐸𝐴][𝐶𝑙] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 

1 0 0 0 100 

0.9892 0.0106 0.0002 0.0108 99.8 

0.9775 0.0220 0.0005 0.0225 90.1 

0.9647 0.0346 0.0007 0.0353 86.3 

0.9506 0.0484 0.0010 0.0494 76.1 

0.9354 0.0633 0.0013 0.0646 70.8 

0.9183 0.0801 0.0016 0.0817 63.4 

0.8992 0.0988 0.0020 0.1008 59.4 

0.8780 0.1196 0.0024 0.1220 46.9 

0.8547 0.1424 0.0029 0.1453 35.9 

0.8283 0.1683 0.0034 0.1717 25.6 

0.7969 0.1990 0.0041 0.2031 8.5 

0.7769 0.2186 0.0045 0.2231 0 
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Table III.18. MCR-ALS results for H2O/(LiBr+[Bmim][Br]) at 293.15 K and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0208. 

 

 

Variance (%) 99.92 

𝐿𝑂𝐹 PCA (%) 1.06 

𝐿𝑂𝐹 exp (%) 2.90 

𝑟 0.9996 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐵𝑚𝑖𝑚][𝐵𝑟] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐵𝑚𝑖𝑚][𝐵𝑟] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 

1 0 0 0 100 0.9191 0.0793 0.0016 0.0809 58.3 

0.9939 0.0060 0.0001 0.0061 97.1 0.9075 0.0906 0.0019 0.0925 52.3 

0.9871 0.0126 0.0003 0.0129 95.4 0.8957 0.1022 0.0021 0.1043 46.5 

0.9800 0.0196 0.0004 0.0200 88.8 0.8833 0.1143 0.0024 0.1167 39.2 

0.9737 0.0258 0.0005 0.0263 84.9 0.8701 0.1273 0.0026 0.1299 34.1 

0.9651 0.0342 0.0007 0.0349 80.2 0.8544 0.1426 0.0030 0.1456 27.2 

0.9571 0.0420 0.0009 0.0429 77.7 0.8322 0.1644 0.0034 0.1678 17.1 

0.9497 0.0493 0.0010 0.0503 73.7 0.8208 0.1756 0.0036 0.1792 13.8 

0.9390 0.0598 0.0012 0.0610 68.9 0.8038 0.1922 0.0040 0.1962 7.7 

0.9294 0.0692 0.0014 0.0706 62.6 0.7845 0.2111 0.0044 0.2155 0.0 
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To compare the results, Figure III.13 shows the percentage of bulk water of the 

new solutions against 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 along with that of H2O/LiBr (Table III.4) and 

H2O/(LiBr+[Dmim][Cl]) solutions (Table III.11). It is observed that, regardless of the IL 

considered, the amount of bulk water is higher than that of H2O/LiBr. The average 

bulk water differences between mixtures with and without additive follow the order: 

[EA][Cl] (14.6 %) > [EA][NO3] (13.0 %) ≈ [PA][NO3] (12.2 %) ≈ [Dmim][Cl] (11.7 %) > 

[Bmim][Br] (7.9 %). 

 

 

These results suggest that the protic character of the ionic liquids based on the 

ammonium cation ([EA][NO3], [PA][NO3], and [EA][Cl]) favours interaction with the 

lithium cation,[108,125] and that this interaction is greater when the cation size is smaller. 

The difference observed between the mixtures with [Dmim][Cl] and [Bmim][Br] can 

be attributed to the larger radius of the bromide anion compared to the chloride 

anion.[128] The influence of ion size is reflected in the coordination numbers usually 

referenced in the literature for aqueous solutions with these anions: 8 for Br– and 7 

for Cl–.[120] 

 

Figure III.13. Bulk water of H2O/LiBr and H2O/(LiBr+IL) solutions against LiBr/H2O 

mole fraction ratio at 293.15 K. ⬤: H2O/LiBr; ⬤: H2O/(LiBr+[EA][NO3]) with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205; □: H2O/(LiBr+[PA][NO3]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205; 

◆: H2O/(LiBr+[EA][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205; ■: H2O/(LiBr+[Bmim][Br]) with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0208; △: H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0202. 
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Figure III.14 shows the average bulk water difference H2O/(LiBr+IL) and H2O/LiBr 

mixtures at 20 ºC over the entire composition range at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ≈ 0.0205. It is 

observed that the difference in bulk water decreases linearly as the molar mass of 

the IL increases, which evidences that the solvation mechanism is similar in all the 

mixtures. 

 

 

Figure III.14. Average bulk water difference between solutions with and without 

additive at 293.15 K against molar mass of IL. ⬤: H2O/(LiBr+[EA][NO3]) with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205; □: H2O/(LiBr+[PA][NO3]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205; 

◆: H2O/(LiBr+[EA][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205; ■: H2O/(LiBr+[Bmim][Br]) with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0208; △: H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0202. The dotted 

line is only a guide to the eye.  

 

From the point of view of absorption refrigeration and heat pump systems, these 

results indicate that the water absorption capacity of the absorbent is higher with 

aprotic ILs, such as [Dmim][Cl] or [Bmim][Br], since the amount of bulk water is lower 

in the presence of these, implying that there is more water in the solvate.  

UNIVERSITAT ROVIRA I VIRGILI 
QUANTITATIVE ANALYSIS OF BULK WATER IN WATER/LITHIUM BROMIDE MIXTURES WITH IONIC LIQUIDS  
AS A WORKING FLUID IN ABSORPTION HEAT PUMPS AND INFLUENCE ON THE THERMOPHYSICAL PROPERTIES 
David Latorre Arca 



Chapter III 

 

David Latorre Arca, Doctoral Thesis, Universitat Rovira i Virgili, 2024 

85 

III.6. Influence of temperature on the bulk water in 

H2O/(LiBr+IL) mixtures at the same mole ratio between 

LiBr and IL 

III.6.1 Introduction 

The objective of this section is to evaluate whether the findings stated in the 

previous sections vary with increasing temperature.  

The study has been carried out by comparatively analysing the percentage of bulk 

water in H2O/LiBr and H2O/(LiBr+IL) solutions with spectra acquired at 20 ºC, 40 ºC 

and 60 ºC.   

III.6.2 Results and Discussion 

Tables III.19-III.24 summarise the pretreated spectra and the calculations derived 

from the MCR-ALS solutions.  

To facilitate the analysis, Figure III.15 shows the percentage of bulk water in 

H2O/LiBr solutions at the three temperatures considered. In agreement with what 

would be expected considering that solute-solute, solute-solvent and solvent-solvent 

interactions will decrease with increasing temperature,[120] it is observed that the 

amount of bulk water increases with increasing temperature over the whole 

composition range. This effect is more significant in solutions with low LiBr 

composition (𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 < 0.05), where ion pairing does not predominate. 
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Table III.19. MCR-ALS results for H2O/LiBr at 313.15 K and 333.15 K. 

 

 

Variance (%) 99.97 

𝐿𝑂𝐹 PCA (%) 0.00 

𝐿𝑂𝐹 exp (%) 1.73 

𝑟 0.9993 
 

 

Variance (%) 99.98 

𝐿𝑂𝐹 PCA (%) 0.51 

𝐿𝑂𝐹 exp (%) 1.44 

𝑟 0.9997 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝐵𝑊 (%) at 313.15 K 𝐵𝑊 (%) at 333.15 K 

1 0 100 100.0 

0.9929 0.0071 97.6 95.9 

0.9851 0.0149 88.4 95.1 

0.9767 0.0233 76.2 80.3 

0.9671 0.0329 70.2 73.8 

0.9566 0.0434 61.1 58.5 

0.9450 0.0550 53.7 44.8 

0.9319 0.0681 43.5 42.3 

0.9170 0.0830 34.0 34.7 

0.9000 0.1000 21.5 19.5 

0.8806 0.1194 11.9 9.4 

0.8574 0.1426 0 0 
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Table III.20. MCR-ALS results for H2O/(LiBr+[EA][NO3]) at 313.15 K and 333.15 K, and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 

 

 

Variance (%) 99.91 

𝐿𝑂𝐹 PCA (%) 1.49 

𝐿𝑂𝐹 exp (%) 2.93 

𝑟 0.9993 
 

 

Variance (%) 99.89 

𝐿𝑂𝐹 PCA (%) 1.43 

𝐿𝑂𝐹 exp (%) 3.25 

𝑟 0.9990 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐸𝐴][𝑁𝑂3] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) at 313.15 K 𝐵𝑊 (%) at 333.15 K 

1 0 0 0 100 100 

0.9892 0.0106 0.0002 0.0108 95.1 99.3 

0.9777 0.0219 0.0004 0.0223 91.1 99.3 

0.9647 0.0346 0.0007 0.0353 77.1 85.4 

0.9511 0.0479 0.0010 0.0489 77.1 79.4 

0.9356 0.0631 0.0013 0.0644 66.3 76.1 

0.9186 0.0798 0.0016 0.0814 61.0 67.6 

0.8998 0.0982 0.0020 0.1002 54.9 55.4 

0.8801 0.1175 0.0024 0.1199 43.1 47.6 

0.8535 0.1436 0.0029 0.1465 32.4 35.7 

0.8296 0.1670 0.0034 0.1704 25.5 21.5 

0.7984 0.1976 0.0040 0.2016 8.0 3.8 

0.7781 0.2174 0.0045 0.2219 0.4 0 
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Table III.21. MCR-ALS results for H2O/(LiBr+[PA][NO3]) at 313.15 K and 333.15 K, and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 

 

 

Variance (%) 99.93 

𝐿𝑂𝐹 PCA (%) 1.39 

𝐿𝑂𝐹 exp (%) 2.63 

𝑟 0.9996 
 

 

Variance (%) 99.89 

𝐿𝑂𝐹 PCA (%) 1.91 

𝐿𝑂𝐹 exp (%) 3.27 

𝑟 0.9992 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝑃𝐴][𝑁𝑂3] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) at 313.15 K 𝐵𝑊 (%) at 333.15 K 

1 0 0 0 100 100 

0.9892 0.0106 0.0002 0.0108 97.2 98.4 

0.9778 0.0218 0.0004 0.0222 93.5 93.4 

0.9657 0.0336 0.0007 0.0343 82.8 93.0 

0.9514 0.0476 0.0010 0.0486 74.7 82.3 

0.9361 0.0626 0.0013 0.0639 69.7 76.1 

0.9189 0.0795 0.0016 0.0811 62.2 60.9 

0.9009 0.0971 0.0020 0.0991 51.7 56.9 

0.8799 0.1177 0.0024 0.1201 44.0 45.1 

0.8567 0.1404 0.0029 0.1433 37.0 38.0 

0.8297 0.1669 0.0034 0.1703 20.3 25.9 

0.7991 0.1969 0.0040 0.2009 9.5 12.1 

0.7787 0.2169 0.0044 0.2213 0.6 0 
 

UNIVERSITAT ROVIRA I VIRGILI 
QUANTITATIVE ANALYSIS OF BULK WATER IN WATER/LITHIUM BROMIDE MIXTURES WITH IONIC LIQUIDS  
AS A WORKING FLUID IN ABSORPTION HEAT PUMPS AND INFLUENCE ON THE THERMOPHYSICAL PROPERTIES 
David Latorre Arca 



 

  

C
h
a
p
te

r III 

  

D
a
v
id

 L
a
to

rre
 A

rc
a

, D
o
c
to

ra
l T

h
e
s
is

, U
n

iv
e
rs

ita
t R

o
v
ira

 i V
irg

ili, 2
0

2
4

 

8
9
 

Table III.22. MCR-ALS results for H2O/(LiBr+[EA][Cl]) at 313.15 K and 333.15 K, and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0205. 

 

 

Variance (%) 99.92 

𝐿𝑂𝐹 PCA (%) 1.54 

𝐿𝑂𝐹 exp (%) 2.88 

𝑟 0.9994 
 

 

Variance (%) 99.90 

𝐿𝑂𝐹 PCA (%) 1.78 

𝐿𝑂𝐹 exp (%) 3.09 

𝑟 0.9990 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐸𝐴][𝐶𝑙] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) at 313.15 K 𝐵𝑊 (%) at 333.15 K 

1 0 0 0 100 100 

0.9892 0.0106 0.0002 0.0108 94.0 97.1 

0.9775 0.0220 0.0005 0.0225 89.4 92.4 

0.9647 0.0346 0.0007 0.0353 89.3 87.2 

0.9506 0.0484 0.0010 0.0494 81.2 79.6 

0.9354 0.0633 0.0013 0.0646 71.2 70.5 

0.9183 0.0801 0.0016 0.0817 67.1 65.6 

0.8992 0.0988 0.0020 0.1008 55.0 55.1 

0.8780 0.1196 0.0024 0.1220 48.1 44.2 

0.8547 0.1424 0.0029 0.1453 36.7 34.2 

0.8283 0.1683 0.0034 0.1717 26.5 27.9 

0.7969 0.1990 0.0041 0.2031 8.9 10.0 

0.7769 0.2186 0.0045 0.2231 0 0 
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Table III.23. MCR-ALS results for the H2O/(LiBr+[Bmim][Br]) at 313.15 K and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0208. 

 

 

Variance (%) 99.92 

𝐿𝑂𝐹 PCA (%) 0.97 

𝐿𝑂𝐹 exp (%) 2.87 

𝑟 0.9988 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐵𝑚𝑖𝑚][𝐵𝑟] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐵𝑚𝑖𝑚][𝐵𝑟] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 

1 0 0 0 100 0.9191 0.0793 0.0016 0.0809 58.8 

0.9939 0.0060 0.0001 0.0061 98.0 0.9075 0.0906 0.0019 0.0925 50.6 

0.9871 0.0126 0.0003 0.0129 93.1 0.8957 0.1022 0.0021 0.1043 43.8 

0.9800 0.0196 0.0004 0.0200 90.9 0.8833 0.1143 0.0024 0.1167 39.6 

0.9737 0.0258 0.0005 0.0263 88.7 0.8701 0.1273 0.0026 0.1299 37.6 

0.9651 0.0342 0.0007 0.0349 69.6 0.8544 0.1426 0.0030 0.1456 29.0 

0.9571 0.0420 0.0009 0.0429 81.2 0.8322 0.1644 0.0034 0.1678 18.9 

0.9497 0.0493 0.0010 0.0503 78.5 0.8208 0.1756 0.0036 0.1792 15.9 

0.9390 0.0598 0.0012 0.0610 70.3 0.8038 0.1922 0.0040 0.1962 6.9 

0.9294 0.0692 0.0014 0.0706 61.0 0.7845 0.2111 0.0044 0.2155 2.2 
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Table III.24. MCR-ALS results for the H2O/(LiBr+[Bmim][Br]) at 333.15 K and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0208. 

 

 

Variance (%) 99.93 

𝐿𝑂𝐹 PCA (%) 1.34 

𝐿𝑂𝐹 exp (%) 2.74 

𝑟 0.9996 

𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐵𝑚𝑖𝑚][𝐵𝑟] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 𝑥𝐻2𝑂 𝑥𝐿𝑖𝐵𝑟 𝑥[𝐵𝑚𝑖𝑚][𝐵𝑟] 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑊 (%) 

1 0 0 0 100 0.9191 0.0793 0.0016 0.0809 44.6 

0.9939 0.0060 0.0001 0.0061 90.1 0.9075 0.0906 0.0019 0.0925 37.3 

0.9871 0.0126 0.0003 0.0129 85.6 0.8957 0.1022 0.0021 0.1043 39.8 

0.9800 0.0196 0.0004 0.0200 84.3 0.8833 0.1143 0.0024 0.1167 35.2 

0.9737 0.0258 0.0005 0.0263 72.8 0.8701 0.1273 0.0026 0.1299 29.9 

0.9651 0.0342 0.0007 0.0349 73.1 0.8544 0.1426 0.0030 0.1456 24.5 

0.9571 0.0420 0.0009 0.0429 63.3 0.8322 0.1644 0.0034 0.1678 13.6 

0.9497 0.0493 0.0010 0.0503 62.0 0.8208 0.1756 0.0036 0.1792 10.3 

0.9390 0.0598 0.0012 0.0610 53.3 0.8038 0.1922 0.0040 0.1962 6.6 

0.9294 0.0692 0.0014 0.0706 48.3 0.7845 0.2111 0.0044 0.2155 0.6 
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Figure III.15. Bulk water in H2O/LiBr solutions against mole fraction ratio between 

LiBr and H2O. ⬤: 293.15 K; □: 313.15 K; △: 333.15 K. 

 

The bulk water values in solutions with and without additives determined at 40 ºC 

and 60 ºC are shown in Figure III.16 a) and b), respectively. The values at 20 ºC were 

previously shown in Figure III.13. The comparative analysis of these figures reveals 

that, regardless of temperature, the percentage of bulk water in the 

H2O/(LiBr+[Bmim][Br]) mixture is lower than that in mixtures with ionic liquids based 

on the ammonium cation. At 60 ºC, generally, it is observed that the mixture with 

[Bmim][Br] has slightly lower values of bulk water than H2O/LiBr, which could indicate 

a greater water absorption capacity of lithium bromide in the presence of this additive.  

To provide information on the influence of temperature, Table III.25 shows the 

average bulk water difference (Δ𝐵𝑊) of H2O/(LiBr+L) mixtures with respect to 

H2O/LiBr over the entire composition range. In general, although the differences are 

smaller with increasing temperature, the increase in bulk water depends on the ionic 

liquid. However, this phenomenon cannot be interpreted solely on the basis of 

NIR+MCR-ALS, but it could be analysed using computational methods that allow 

further study of the interactions between ions in these solutions.  
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Table III.25. Average bulk water difference between H2O/(LiBr+IL) and H2O/LiBr 

mixtures additive at different temperatures. 

Mixture 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 
Δ𝐵𝑊 (%) 

293.15 K 313.15 K 333.15 K 

H2O/(LiBr+[EA][NO3]) 0.0205 13.0 6.9 10.0 

H2O/(LiBr+[PA][NO3]) 0.0205 12.2 7.0 11.4 

H2O/(LiBr+[EA][Cl]) 0.0205 14.6 10.2 10.7 

H2O/(LiBr+[Bmim][Br]) 0.0208 7.9 3.6 -2.6 

 

 

 

Figure III.16. Bulk water against mole fraction ratio between LiBr and H2O at 

a) 313.15 K and b) 333.15 K. ⬤: H2O/LiBr; ⬤: H2O/(LiBr+[EA][NO3]) with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205; □: H2O/(LiBr+[PA][NO3]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205; 

◆: H2O/(LiBr+[EA][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205; ◆: H2O/(LiBr+[Bmim][Br]) with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0208. 

 

III.7. Conclusions 

The conclusions drawn in this chapter correspond to the specific objective 1 

(Section I.6). 

The analytical methodology based on infrared spectroscopy together with the 

multivariate curve resolution is a useful tool to interpret and quantify the solvation of 

lithium bromide in aqueous solutions. 
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In aqueous lithium bromide solutions, water preserves the tridimensional network 

structure of pure water (bulk water), and water interacts with salt ions. 

The values of bulk water in H2O/LiBr can be used to estimate the vapour pressure 

of its solutions by means of Raoult’s law and a mass balance.  

The ratio between the mole fractions of IL and LiBr should be less than 0.0942 to 

avoid impairing the water absorption capacity of the working fluid in absorption 

refrigeration and heat pump systems.  

The amount of bulk water in H2O/LiBr solutions with 1,3-dimethylimidazolium 

chloride is greater than in H2O/LiBr solutions at 20 ºC. 

There are no significant differences in the bulk water of H2O/LiBr mixtures with 

1,3-dimethylimidazolium chloride when working with IL to LiBr mole fraction ratios of 

0.0202, 0.0418, and 0.0648. 

The amount of bulk water in mixtures with protic ionic liquids based on the 

ammonium cation is higher than in mixtures with aprotic ionic liquids based on the 

imidazolium cation. 

In the analysed mixtures, there are no significant differences between the 

percentage of bulk obtained at 20 ºC, 40 ºC, and 60 ºC. 

The percentage of bulk water in H2O/(LiBr+IL) mixtures with ethylammonium 

nitrate, propylammonium nitrate, and ethylammonium chloride is higher than in 

H2O/LiBr at 20 ºC, 40 ºC, and 60 ºC. 

The percentage of bulk water in H2O/(LiBr+IL) mixtures with 

1-butyl-3-methylimidazolium bromide is higher than that of H2O/LiBr at 20 °C and 

40 °C, and slightly lower at 60 °C. 

Based on the requirements of the working fluid shown in Chapter I, the alkyl chain 

of [Bmim][Br] could negatively affect the transport properties of the working fluid due 

to its hydrophobicity and the larger size of ionic aggregates, which would be 

detrimental to the mass diffusion process. 

The discussed results have guided the experimental development of the two 

following chapters, in which the thermophysical properties of H2O/(LiBr+IL) mixtures 

are studied with more emphasis on the use of aprotic ionic liquids.  
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IV.1. Introduction 

The work carried out to determine the solid-liquid and vapour-liquid equilibria of 

H2O/(LiBr+IL) mixtures is discussed in this chapter. 

Each phase of equilibria starts with an introduction regarding the conditions under 

which the experiments were carried out. Then, the experimental device and the 

experimental procedure are described. Subsequently, the phase equilibria of 

H2O/LiBr are briefly discussed. Finally, the results are presented, discussed, and 

compared with those available in the literature. 

IV.2. Solid-liquid equilibria 

IV.2.1 Introduction 

The temperature and composition ranges in which the solid-liquid equilibria (SLE) 

of H2O/(LiBr+IL) mixtures were determined are shown in Table IV.1. These 

temperature and composition ranges are typical of absorption refrigeration and heat 

pump systems, in which the mass fraction of absorbent (𝑤𝑎𝑏𝑠) usually varies from 

0.50 to 0.70, and the temperature of the mixture ranges from (30 to 100) ºC.[129–133] 

Based on the results discussed in Chapter III, the SLE was determined at a mole 

fraction ratio between IL and LiBr (𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟) equal to 0.0205 for all the ionic liquids 

considered as additives of H2O/LiBr. The solid-liquid equilibria was also determined 

at two other 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ratios for the mixtures with aprotic ionic liquids ([Bmim][Br] and 

[Dmim][Cl]) to analyze the influence of the IL composition on the SLE. 

Table IV.1. Summary of the conditions at which the SLE of H2O/(LiBr+IL) mixtures 

was determined at atmospheric pressure. 𝑤𝑎𝑏𝑠: mass fraction of absorbent; 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠: 

mass fraction ratio between IL and absorbent; 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟: mole fraction ratio between 

IL and LiBr. 

Mixture 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 

H2O/(LiBr+[EA][NO3]) 283 – 363  0.59 – 0.70 0.0252 0.0207 

H2O/(LiBr+[PA][NO3]) 303 – 363 0.63 – 0.69 0.0281 0.0206 

H2O/(LiBr+ [EA][Cl]) 283 – 363 0.59 – 0.70 0.0189 0.0205 
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Table IV.1. (continued) 

H2O/(LiBr+[Bmim][Br]) 283 – 363 0.59 – 0.70 

0.0297 

0.0501 

0.0706 

0.0121 

0.0209 

0.0301 

H2O/(LiBr+[Dmim][Cl]) 283 – 363 0.60 – 0.70 

0.0304 

0.0611 

0.0698 

0.0205 

0.0426 

0.0491 

 

The experimental SLE of the mixtures with additive is compared with the SLE of 

H2O/LiBr to analyse the influence of each IL on the solid-liquid equilibria. 

IV.2.2 Experimental device 

The experimental device and its scheme are shown in Figure IV.1. The device 

consists of a glass cell, a Pt-100 temperature probe, a thermostatic bath, and a 

magnetic stirrer. The cell has three chambers: an inner chamber, where the phase 

equilibrium of the mixture to be studied is produced; an intermediate chamber, 

through which a thermostatic fluid circulates to control the equilibrium temperature; 

and an outer vacuum chamber, which contributes to thermal insulation and prevents 

condensation on the outer surface. The magnetic stirrer is introduced into the inner 

chamber to ensure homogeneous mixing of solute and solvent. The temperature of 

the mixture is determined with the temperature probe immersed at mid-height. 

 

 

Figure IV.1. Experimental device used to determine the solid-liquid equilibria by 

means of the visual polythermal method. a) Scheme of the glass cell.[22] 

b) Experimental setup. 
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IV.2.3 Experimental procedure 

Sample preparation 

Lithium bromide and solid-state ionic liquids at room temperature ([Bmim][Br], 

[Dmim][Cl], and [EA][Cl]) were dried in an oven at 373 K for 24 h before use. Ionic 

liquids in the liquid state at room temperature, namely [EA][NO3] and [PA][NO3], were 

subjected to vacuum with stirring and heating at 373 K for 24 h before use. 

The H2O/(LiBr+IL) mixtures were prepared by first adding the mass of lithium 

bromide, determined by means of a Mettler Toledo ME403 balance 

(resolution = 0.001 g). Then, the necessary amount of water was added to achieve a 

mass fraction of lithium bromide equal to 0.69 H2O/LiBr mixture with a mass fraction 

of lithium bromide around 0.69. Subsequently, the stirrer was added, and the 

temperature of the thermostatic bath was set to 373 K until all crystals were dissolved. 

Finally, the required mass of ionic liquid was added to obtain the desired composition 

of the mixture. 

Solid-liquid equilibria determination 

To determine the temperature of the SLE at the measured composition, the first 

step is to precipitate the solid by setting the temperature of the thermostatic bath 5 K 

below the temperature at which precipitation is observed. The second step consists 

of increasing the temperature of the thermostatic bath by 0.5 K. The presence or 

absence of crystals is observed after waiting 15 min, during which the mixture is 

stirred to ensure thermal equilibrium and homogeneous composition. If crystals are 

still observed, then the temperature of the thermostatic bath is increased again by 

0.5 K, and the process is repeated until no solid phase is observed. 

The same procedure is then repeated with 0.1 K increments starting from the last 

temperature at which the solid phase was observed. The final phase change 

temperature is obtained as the average between the last temperature at which 

crystals were observed and the first temperature at which they were not observed. 

Once the equilibrium temperature is determined, the mixture is diluted with a 

known mass of water to reach the next required composition. This process is 

repeated until the entire composition range is covered. 
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The inner chamber is washed with hot water, soap, and acetone after finishing the 

experiments. Then, the glass cell is placed in the oven for drying.  

The combined uncertainty in temperature values is 0.06 K. The uncertainty in 

composition values is 0.001 in the mass fraction of absorbent. 

IV.2.4 Reference mixture: H2O/LiBr 

The phase diagram of the H2O/LiBr mixture at 1 bar is shown in Figure IV.2 with 

experimental solid-liquid equilibria data obtained from the literature.[22,25,122,134] This 

figure represents temperature against lithium bromide mass fraction and illustrates 

the different phase boundaries of the mixture. For example: at a lithium bromide mass 

fraction of 0.45, the mixture is in liquid phase (dissolved LiBr) from 220 K onwards. 

At a LiBr mass fraction of 0.64, the mixture is in liquid phase at 314 K and above. 

Below each of these temperatures, H2O/LiBr exists as a two-phase mixture of solid 

and liquid.  

 

The SLE of this mixture can be formulated as follows:[32] 

 

Figure IV.2. Solid-liquid equilibria of the H2O/LiBr mixture at 1 bar. |: Pátek & 

Klomfar;[134] ▲: Salavera et al;[22] ⬤: Boryta;[122] ◆: Królikowska et al.[25] 
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LiBr · H2O(s)  ↔  LiBr(l)  + H2O(l) Eq. IV.1 

LiBr · 2H2O(s)  ↔  LiBr(l)  +  2 · H2O(l) Eq. IV.2 

LiBr · 3H2O(s)  ↔  LiBr(l)  +  3 · H2O(l) Eq. IV.3 

Table IV.2 shows the temperature and composition ranges in which each 

equilibrium takes place.[134] These equilibria are represented as isocomposition lines 

in Figure IV.2, within the region with solid and liquid phases (S+L). 

Table IV.2. Solid phase composition of H2O/LiBr mixtures.[134] 

Solid phase composition 𝑤𝐿𝑖𝐵𝑟 𝑇 (K) 

LiBr·3H2O 0.482 – 0.589 223 – 277 

LiBr·2H2O 0.589 – 0.660 277 – 311 

LiBr·H2O 0.660 – 0.805 311 – 431 

 

IV.2.5 Experimental results and discussion 

Tables IV.3-IV.5 show the mass fraction of absorbent (LiBr+IL) at which the 

solid-liquid equilibria were determined along with the equilibrium temperature.
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Table IV.3. Mass fraction of absorbent and temperature at the solid-liquid equilibria of H2O/(LiBr+IL) mixtures using [EA][NO3], [PA][NO3] 

and [EA][Cl]. 

H2O/(LiBr+[EA][NO3]) 

𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0252 

H2O/(LiBr+[PA][NO3]) 

𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0281 

H2O/(LiBr+[EA][Cl]) 

𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0189 

𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 

0.696 362.6 0.647 310.0 0.693 359.5 0.663 319.3 0.695 366.3 0.649 312.0 

0.692 358.7 0.641 308.0 0.689 355.0 0.661 314.8 0.692 362.9 0.643 310.2 

0.689 354.6 0.636 305.7 0.686 351.1 0.658 313.5 0.688 358.9 0.638 308.1 

0.685 350.4 0.631 303.4 0.682 346.4 0.654 312.5 0.685 354.8 0.631 304.9 

0.681 345.4 0.626 300.8 0.679 341.8 0.650 311.3 0.681 350.4 0.624 301.7 

0.677 340.3 0.622 298.2 0.675 337.2 0.646 309.6 0.677 345.8 0.618 298.4 

0.673 335.0 0.617 295.5 0.673 333.3 0.642 308.0 0.674 341.0 0.613 295.1 

0.670 330.6 0.614 293.4 0.669 328.5 0.638 306.3 0.670 336.3 0.607 291.5 

0.667 325.9 0.610 290.9 0.666 323.9 0.633 304.3 0.666 331.0 0.603 288.8 

0.664 321.2 0.606 288.5     0.663 325.6 0.599 285.8 

0.661 316.3 0.603 285.8     0.659 320.2 0.595 282.9 

0.658 314.1 0.599 282.6     0.656 314.6 0.592 279.9 

0.656 313.2 0.595 279.3     0.652 313.4   

0.652 312.1           
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Table IV.4. Mass fraction of absorbent and temperature at the solid-liquid equilibria of H2O/(LiBr+[Bmim][Br]) mixtures at different 

IL/absorbent mass ratios. 

H2O/(LiBr+[Bmim][Br]) 

𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0297 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0501 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0706 

𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 

0.696 366.5 0.651 313.5 0.701 365.0 0.662 314.7 0.706 366.0 0.667 314.9 

0.692 362.8 0.646 312.1 0.698 361.7 0.658 313.8 0.703 362.7 0.663 313.7 

0.689 359.2 0.639 309.2 0.695 357.8 0.655 312.6 0.700 358.9 0.659 312.4 

0.685 354.6 0.632 305.9 0.691 353.7 0.649 310.3 0.696 354.8 0.653 310.2 

0.681 349.8 0.625 302.9 0.688 349.6 0.643 307.7 0.692 350.2 0.646 307.1 

0.677 344.6 0.619 299.5 0.684 345.2 0.637 304.7 0.689 345.7 0.638 303.5 

0.673 339.3 0.612 295.1 0.681 340.8 0.630 301.5 0.685 340.9 0.631 299.5 

0.669 333.7 0.608 292.7 0.678 336.0 0.623 297.3 0.681 336.0 0.624 295.3 

0.665 327.7 0.603 289.1 0.674 331.3 0.617 293.3 0.678 330.7 0.618 291.0 

0.661 321.7 0.598 285.2 0.671 326.5 0.610 288.3 0.674 325.0 0.611 286.0 

0.658 316.4 0.593 281.0 0.668 321.2 0.605 284.4 0.671 319.4 0.604 280.6 

0.654 315.0     0.665 315.9 0.599 280.1 0.669 315.8 0.598 275.4 
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Table IV.5. Mass fraction of absorbent and temperature at the solid-liquid equilibria of H2O/(LiBr+[Dmim][Cl]) mixtures at different 

IL/absorbent mass ratios. 

H2O/(LiBr+[Dmim][Cl]) 

𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0304 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0611 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0698 

𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑇 (K) 

0.697 366.6 0.652 312.5 0.694 350.3 0.635 299.7 0.705 361.4 0.663 310.2 

0.693 362.6 0.648 311.3 0.680 332.7 0.627 295.4 0.702 357.5 0.660 309.3 

0.690 358.6 0.644 309.9 0.672 322.3 0.620 290.9 0.698 353.0 0.654 307.1 

0.686 353.8 0.639 307.7 0.665 311.8 0.614 286.9 0.693 348.3 0.647 304.5 

0.682 348.9 0.631 304.4 0.659 309.9 0.607 281.5 0.689 343.2 0.641 301.5 

0.678 344.5 0.624 300.9 0.652 307.3 0.599 275.3 0.685 337.6 0.635 298.4 

0.674 339.2 0.617 296.8 0.643 303.6   0.681 332.0 0.628 294.9 

0.670 333.7 0.610 292.1     0.678 328.5 0.622 291.2 

0.666 328.5 0.603 287.2     0.675 324.3 0.616 287.3 

0.662 322.7 0.598 283.3     0.672 319.5 0.611 283.2 

0.659 317.0 0.593 279.5     0.669 314.5 0.607 279.7 

0.655 313.6       0.666 311.2   
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The SLE of both H2O/LiBr and H2O/(LiBr+IL) mixtures was modelled with a quadratic 

equation correlating temperature with an absorbent mass fraction (Eq. IV.4). 

𝑇 = 𝑝1 · 𝑤𝑎𝑏𝑠
2 + 𝑝2 · 𝑤𝑎𝑏𝑠 + 𝑝3 Eq. IV.4 

The fitting was carried out in two different regions taking into account the eutectic 

point, which is observable in all mixtures between 311 K and 315 K and involves a change 

in the number of water molecules precipitating together with lithium bromide in the solid 

phase (Table IV.2). The coefficients of Eq. IV.4 are given in Table IV.6. The root mean 

square error (Eq. IV.5) between the calculated temperature (𝑇𝑐𝑎𝑙𝑐) and the experimentally 

obtained temperature (𝑇𝑒𝑥𝑝) was minimized in the fit.   

𝑅𝑀𝑆𝐸 =  √
1

𝑛
· ∑(𝑇𝑐𝑎𝑙𝑐 − 𝑇𝑒𝑥𝑝)

2
𝑛

𝑖=1

 Eq. IV.5 
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Table IV.6. Composition range, coefficients and 𝑅𝑀𝑆𝐸 of the SLE correlation for H2O/(LiBr+IL) mixtures. 

Mixture 𝑤𝐼𝐿/𝑤𝐿𝑖𝐵𝑟 𝑤𝑎𝑏𝑠 range 𝑝1 (K) 𝑝2 (K) 𝑝3 (K) 𝑅𝑀𝑆𝐸 (K) 𝑤𝑎𝑏𝑠 range 𝑝1 (K) 𝑝2 (K) 𝑝3 (K) 𝑅𝑀𝑆𝐸 (K) 

H2O/LiBr - 0.580 – 0.643 -5818 7665 -2210 0.5456 0.643 – 0.690 -5094 7940 -2685 1.491 

H2O/(LiBr+[EA][NO3]) 0.0252 0.595 – 0.658 -3910 5450 -1579 0.4183 0.658 – 0.696 -9198 13800 -4786 0.2438 

H2O/(LiBr+[PA][NO3]) 0.0281 0.633 – 0.661 -2751 3933 -1083 0.1744 0.661 – 0.693 -8180 12450 -4338 0.5086 

H2O/(LiBr+[EA][Cl]) 0.0189 0.592 – 0.656 -4134 5691 -1640 0.2309 0.656 – 0.695 -7833 11890 -4115 0.4236 

H2O/(LiBr+[Bmim][Br]) 

0.0297 0.593 – 0.658 -4073 5628 -1624 0.2945 0.658 – 0.696 -8565 12910 -4471 0.1677 

0.0501 0.599 – 0.665 -4115 5744 -1684 0.1948 0.665 – 0.701 -9259 13990 -4893 0.4399 

0.0706 0.598 – 0.668 -4274 5979 -1772 0.1465 0.668 – 0.706 -9931 14990 -5267 0.4629 

H2O/(LiBr+[Dmim][Cl]) 

0.0304 0.593 – 0.655 -4484 6145 -1788 0.1406 0.655 – 0.697 -4184 6944 -2441 0.6262 

0.0611 0.599 – 0.665 -4242 5914 -1745 0.1187 0.665 – 0.694 -5512 8813 -3111 0.3687 

0.0698 0.606 – 0.666 -4495 6246 -1855 0.2753 0.666 – 0.705 -6657 10420 -3677 0.4960 
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For a more comprehensive study, the SLE of H2O/(LiBr+IL) mixtures have been 

analysed from three different and complementary points of view: at the same mass 

fraction of absorbent, at the same LiBr/H2O mole fraction ratio, and as a function of 

the chemical structure of the IL. 

Solid-liquid equilibria analysis as a function of mass fraction of absorbent 

This analysis, done as a function of the mass fraction of absorbent (LiBr+IL), is 

the one commonly found in the literature.[22,135] When representing the absorbent 

composition as the sum of LiBr and IL, it should be noted that increasing the amount 

of the latter decreases the amount of the former, which has an immediate effect on 

the value of the absorbent mass fraction at which the phase change is observed. 

Figure IV.3 shows the experimental SLE of H2O/(LiBr+IL) mixtures along with the 

SLE of H2O/LiBr obtained by Salavera et al.,[22] who used the same experimental 

device as in this work. As expected, a higher amount of absorbent can be dissolved 

in H2O/(LiBr+IL) mixtures with respect to H2O/LiBr over the whole temperature range 

considered.  

The influence of the composition of IL on the solubility can be analysed in 

H2O/(LiBr+[Dmim][Cl]) and H2O/(LiBr+[Bmim][Br]) mixtures. It is observed that the 

greater the amount of ionic liquid in the absorbent, the greater the amount of 

absorbent that can be dissolved in water at the same temperature. However, the 

solubility increase is not directly proportional to the IL composition, which suggests 

the existence of interactions between IL-H2O and IL-LiBr that modify the solubility. 

This interpretation is in agreement with the findings discussed in Chapter III and with 

Królikowska et al.[25] and Królikowska and Hofman[32], who explained that the 

solubility increase in the presence of ILs as additives can be attributed to the 

interactions between lithium bromide and the ionic liquids.  

Interpreting the SLE from the point of view of the absorbent composition is difficult 

because the observed greater solubility of H2O/(LiBr+IL) mixtures is related to both 

the interactions between ions and molecules in the mixture and the replacement of 

part of the LiBr for IL. For this reason, in order to analyse the influence of the selected 

ionic liquids as additives on the solubility of lithium bromide in water, the mole ratio 

between lithium bromide and water is taken as a reference. From this point of view, 
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the analysis is independent of the nature of the IL in the absorbent and its 

composition. To the best of my knowledge, this is the first time that the SLE results 

have been analysed from this point of view. 

 

 

Figure IV.3. Solid-liquid equilibria of H2O/LiBr and H2O/(LiBr+IL) mixtures. ⬤: 

H2O/LiBr;[22] ⬤: H2O/(LiBr+[EA][NO3]) with 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠  = 0.0501; 

□: H2O/(LiBr+[PA][NO3]) with  𝑤𝐼𝐿/𝑤𝑎𝑏𝑠  = 0.0501; ◆: H2O/(LiBr+[EA][Cl]) with 

𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0501; ▲: H2O/(LiBr+[Bmim][Br]) with 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠  = 0.0297; 

■: H2O/(LiBr+[Bmim][Br]) with 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠  = 0.0501; ◆: H2O/(LiBr+[Bmim][Br]) with 

𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0706; △: H2O/(LiBr+[Dmim][Cl]) with 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠  = 0.0303; 

○: H2O/(LiBr+[Dmim][Cl]) with 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠  = 0.0611; ◇: H2O/(LiBr+[Dmim][Cl]) with 

𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0698. 

 

Solid-liquid equilibria analysis as a function of LiBr/H2O mole ratio 

Figure IV.4 shows the results for the mixtures with additive at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0205. 

It can be observed that all mixtures with additive have a higher 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 ratio than 

H2O/LiBr over the entire temperature range.  
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For instance: at 308 K, the 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂  ratio for the H2O/(LiBr+[EA][NO3]) mixture 

is 0.362, while for the H2O/LiBr mixture it is 0.346, i.e., more moles of LiBr can be 

dissolved per mole of water in the presence of IL. This comparison provides evidence 

that the solute-solute, solute-solvent, and solvent-solvent interactions in the mixtures 

with additive are different from those in the mixture without additive.  

At 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0205, even though there are not significant differences, the 

solubility of lithium bromide in water is slightly more increased with protic ILs 

([EA][NO3], [PA][NO3], and [EA][Cl]) than with aprotic ILs ([Dmim][Cl] and [Bmim][Br]). 

These results agree with those discussed in Section III.5.3 since the mixtures with 

protic ILs, which have a greater amount of bulk water, are more soluble than the 

mixtures with aprotic ILs which have a lower amount of bulk water.  

The influence of the ionic liquid composition can be visualized in Figure IV.5, 

where the SLE of H2O/(LiBr+[Bmim][Br]) and H2O/(LiBr+[Dmim][Cl]) are plotted with 

different 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 . It is clearly observed that the solubility is not directly proportional 

to the amount of ionic liquid in the absorbent. On one hand, for the mixtures with 

[Bmim][Br], it is observed that the maximum solubility increase of LiBr in H2O happens 

 

Figure IV.4. Solid-liquid equilibria of H2O/LiBr and H2O/(LiBr+IL) mixtures at a 

similar 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ratio. ⬤: H2O/LiBr:[22] ⬤: H2O/(LiBr+[EA][NO3]) with 𝑥𝐼𝐿/

𝑥𝐿𝑖𝐵𝑟  = 0.0207; □: H2O/(LiBr+[PA][NO3]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0206; 

◆: H2O/(LiBr+[EA][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205; ◆: H2O/(LiBr+[Bmim][Br]) with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0209; △: H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 
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at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0209, and that it slightly decreases at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0301. On the other 

hand, for the mixtures with [Dmim][Cl], there are not significant differences between 

the LiBr/H2O ratio at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0426 and 0.0491. 

 

 

Figure IV.5. Solid-liquid equilibria of H2O/LiBr and H2O/(LiBr+IL) mixtures at 

different 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ratios. ⬤: H2O/LiBr;[22] ▲: H2O/(LiBr+[Bmim][Br]) with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0121; ■: H2O/(LiBr+[Bmim][Br]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0209; 

◆: H2O/(LiBr+[Bmim][Br]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0301; △: H2O/(LiBr+[Dmim][Cl]) with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0205; ○: H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0426; 

◇: H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0491. 

 

To facilitate the analysis, the 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 difference between the mixtures with and 

without additive is analysed in relative terms using Eq. IV.6. 

Δ𝑥/𝑥 (%) = 100 ·

(
𝑥𝐿𝑖𝐵𝑟

𝑥𝐻2𝑂
)

H2O/(LiBr+IL)

− (
𝑥𝐿𝑖𝐵𝑟

𝑥𝐻2𝑂
)

H2O/LiBr

(
𝑥𝐿𝑖𝐵𝑟

𝑥𝐻2𝑂
)

H2O/LiBr

 Eq. IV.6 

The results of this comparison are shown in Figure IV.6, where an increase in the 

solubility is observed in the presence of ionic liquids. The increase in solubility 

depends on temperature, which is not surprising considering that structural properties 

of ionic liquids and chemical species in the medium are temperature-dependent.[136] 

The solubility change observed between 311 K and 315 K is consistent with the small 
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transition temperature difference between lithium bromide dihydrate and 

monohydrate in the presence of ILs.[25,32] 

 

 

As a summary, Table IV.7 shows the average relative increase in the 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 ratio 

as a function of temperature and IL composition for each mixture. 

Table IV.7. Summary of the average relative increase in 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 as a function of 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 and temperature. 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠: mass fraction ratio between ionic liquid and 

absorbent.  

Mixture 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 
Δ𝑥/𝑥 (%) 

(280 – 311) K (311 – 365) K 

H2O/(LiBr+[EA][NO3]) 0.0252 0.0207 4.8 3.9 

H2O/(LiBr+[PA][NO3]) 0.0281 0.0206 4.6* 3.8* 

H2O/(LiBr+[EA][Cl]) 0.0189 0.0205 3.9 2.5 

*: Unavailable data in the whole temperature range considered. 

 

Figure IV.6. Relative LiBr/H2O mole ratio difference between H2O/(LiBr+IL) 

mixtures and H2O/LiBr. ⬤: H2O/(LiBr+[EA][NO3]); □: H2O/(LiBr+[PA][NO3]); 

◆: H2O/(LiBr+[EA][Cl]); ▲: H2O/(LiBr+[Bmim][Br]) with 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠  = 0.0297; 

■: H2O/(LiBr+[Bmim][Br]) with 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠  = 0.0501; ◆: H2O/(LiBr+[Bmim][Br]) with 

𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0706; △: H2O/(LiBr+[Dmim][Cl]) with 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠  = 0.0304; 

○: H2O/(LiBr+[Dmim][Cl]) with 𝑤𝐼𝐿/𝑤𝑎𝑏𝑠  = 0.0611; ◇: H2O/(LiBr+[Dmim][Cl]) with 

𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 = 0.0698. 
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Table IV.7 (continued) 

H2O/(LiBr+[Bmim][Br]) 

0.0297  

0.0501 

0.0706 

0.0121 

0.0209 

0.0301 

2.3 

3.5 

3.1 

1.6 

2.7 

2.3 

H2O/(LiBr+[Dmim][Cl]) 

0.0304 

0.0611  

0.0698 

0.0205 

0.0426 

0.0491 

3.4 

5.7 

5.7 

2.0 

4.3* 

3.8 

*: Unavailable data in the whole temperature range considered. 

 

Influence of the chemical structure of the ionic liquid on the solid-liquid 

equilibria 

The results shown in the previous sections show that the changes in the solubility 

depend on the nature of the ionic liquid, its composition in the mixture, and the 

temperature.  

It is striking to observe an increase in solubility in H2O/(LiBr+IL) mixtures with 

[Bmim][Br], where the ionic liquid and lithium bromide have a common ion. This fact 

suggests that there is an interaction between the lithium cation and the cation of the 

ionic liquid that cancels the effect of the common ion. It is likely that this effect is 

occurring with the other ILs as well. Its significance can be visualized by performing 

a comparative analysis of the results shown in Figure IV.6 at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ≈ 0.0205. 

On one hand, the difference between the cations of [EA][NO3] and [PA][NO3] lies 

only in the size of the alkyl chain. Although the increase in the 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 ratio is 

slightly higher with [EA][NO3] than with [PA][NO3] (Table IV.7), the differences are not 

significant for the IL compositions used in this thesis. However, it is believed that the 

propyl group, which is larger than the ethyl group, is associated with a higher 

hydrophobicity that is not beneficial to dissolve more lithium bromide in water.[25,32]  

On the other hand, the difference between the cation of [EA][Cl] and [Dmim][Cl] 

lies simultaneously in the cation base – ammonium vs. imidazolium – and in the 

length of the alkyl chain. The experimental results evidence significant differences 

between these two additives in the solubility of LiBr in H2O. Interpreting these 

differences is not simple because it requires information regarding interactions in the 

solution.  
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IV.2.6 Comparison of results with the literature 

The number of studies where the SLE of H2O/(LiBr+IL) mixtures has been 

experimentally determined is scarce, and the mass ratio between IL and absorbent 

varies from 0.1 to 0.3 in all of them, as was shown in Table I.3, which is considerably 

higher than the IL/absorbent mass ratios considered in this work (varying from 0.02 

to 0.07).  

The solubility comparison in these references was carried out as a function of the 

mass fraction of absorbent, either with mass fraction or mole fraction. However, as 

was discussed in the previous section, the most effective point of view for analysing 

the influence of ILs on the solubility of lithium bromide in water is based on the 

comparison of the mole fraction ratio between LiBr and H2O.  

For this purpose, the relative 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 differences between mixtures with and 

without additive (Eq. IV.6) have been quantified for the data available in the literature. 

The results are shown in Table IV.8. 

Table IV.8. Summary of the average relative differences in 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 as a function 

of 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  and 𝑇 for the SLE of H2O/(LiBr+IL) found in the literature.[25,32–34] 

Mixture of 

H2O/(LiBr+IL) 
𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 

Δ𝑥/𝑥 (%) 

(280 – 311) K (311 – 350) K 

[Bmim][Br][32,34] 

0.108 0.048 3.8 7.6 

0.125 0.057 14.7* 12.4 

0.200 0.099 22.8* 25.9* 

0.201 0.100 6.8 8.0 

0.300 0.170 6.2 7.9 

[C1C2MOR][Br][32] 

0.107 0.050 5.7 5.6 

0.207 0.108 9.7 10.2* 

0.297 0.175 14.5 15.2 

[C1C2PIP][Br][32] 

0.100 0.047 3.7 3.4 

0.200 0.104 3.3 1.6* 

0.301 0.179 7.1 7.9* 

*: Unavailable data in the whole temperature range considered. 
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Table IV.8 (continued) 

Mixture of 

H2O/(LiBr+IL) 
𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 

Δ𝑥/𝑥 (%) 

(280 – 311) K (311 – 350) K 

[C1C4MOR][Br][32] 

0.100 0.041 5.3 5.2 

0.202 0.092 6.9 10.8* 

0.307 0.162 10.9 12.7 

[C1C4PIP][Br][32] 

0.102 0.042 4.3 4.5 

0.200 0.092 3.8 4.4* 

0.300 0.157 3.9 3.9 

[C1C4PYR][Br][32] 

0.100 0.044 4.9 4.6 

0.200 0.098 6.2 7.3* 

0.301 0.168 3.5 5.0 

[C1C6MOR][Br][32] 

0.100 0.036 4.7 4.6 

0.200 0.081 8.0 9.5 

0.301 0.141 7.8 9.4* 

[C4Py][Br][32] 

0.101 0.045 4.8 4.3 

0.201 0.101 4.1 5.7 

0.301 0.173 4.8 6.2* 

[Emim][Cl][33] 0.286 0.237 34.3 – 

[IM1,2OH][Br][25] 0.300 0.180 12.9 15.4* 

[MOR,1,1(OOC)2][Br][25] 0.300 0.139 13.7 16.5* 

[MOR,1,2OH][Br][25] 0.301 0.165 16.4 20.5* 

[MOR,1,2(OOC)1][Br][25] 0.300 0.139 14.9 19.8 

[N,1,1,2OH,2OH][Br][25] 

0.100 0.045 -8.3 -10.9 

0.200 0.101 13.5 14.9 

0.300 0.174 21.5 23.9 

[N,1,1,2OH,4][Br][25] 

0.099 0.042 5.0 5.9 

0.200 0.096 6.8 8.2 

0.300 0.164 11.0 12.9 

*: See note on previous page. 
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Table IV.8 (continued) 

Mixture of 

H2O/(LiBr+IL) 
𝑤𝐼𝐿/𝑤𝑎𝑏𝑠 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 

Δ𝑥/𝑥 (%) 

(280 – 311) K (280 – 311) K 

[N,2,2,2,1CN][Br][25] 

0.100 0.044 -2.3 -2.0* 

0.200 0.098 -9.0 10.4 

0.300 0.169 -25.9 3.8* 

[N,2,2,2,2OH][Br][25] 

0.100 0.043 6.2 7.5 

0.200 0.096 8.0 9.0 

0.300 0.165 12.1 14.5* 

[N,2,2,2,4][Br][32] 

0.100 0.041 5.8 3.7 

0.200 0.091 3.5 4.7 

0.300 0.157 2.0 2.5 

[Py2OH][Br][25] 0.300 0.182 12.2 14.2 

[PYR1,2OH][Br][25] 0.301 0.178 14.2 18.5 

*: Unavailable data in the whole temperature range considered. 

 

Most of the ionic liquids listed in Table IV.8 increase the solubility of LiBr in H2O, 

both when LiBr precipitates with two water molecules (275 K < 𝑇 < 311 K) and with 

one water molecule (311 K < 𝑇 < 431 K). The exceptions are the mixtures with 

[N,1,1,2OH,2OH][Br] at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.042 and [N,2,2,2,1CN][Br] at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.044 and 

temperatures ranging from (280 to 311) K. 

In the data reported in the literature, the increase in solubility of lithium bromide in 

water is usually higher in the monohydrate region than in the dihydrate region, 

contrary to what was observed when analysing the experimental results of this PhD 

thesis. This may be because the composition of IL is considerably higher in the data 

published in the literature than in those shown in this work. 

It can be observed in Table IV.8 that the influence of the IL composition in the 

absorbent also shows a limit in the solubility increase, which is consistent with the 

results discussed in this work. 

Figure IV.7 shows the relative 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 difference between of different 

H2O/(LiBr+[Bmim][Br]) mixtures with respect to H2O/LiBr as a function of [Bmim][Br] 

composition and temperature. The increase in solubility of LiBr in H2O is not 
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proportional to the composition of IL in the absorbent, as was discussed in previous 

sections. The 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ratios, ordered from highest to lowest increase in solubility of 

LiBr in H2O, are: 0.100 > 0.170 > 0.048 > 0.021 > 0.030 > 0.012. It is also noteworthy 

mentioning that the increase in the solubility of LiBr in the two mixtures with the 

highest [Bmim][Br] composition is greater than that produced by the rest of IL 

compositions.  

 

 

Figure IV.7. Influence of the amount of [Bmim][Br] on the solubility of LiBr in H2O. 

⬤: 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0121, ⬤: 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0209, ⬤: 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0301; 

⬤: 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.048, ⬤: 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.100, ⬤: 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.170. 

 

IV.3. Vapour-liquid equilibria 

IV.3.1 Introduction 

Table IV.9 shows the composition and temperature ranges in which the vapour-

liquid equilibria (VLE) of H2O/(LiBr+IL) mixtures were determined. These conditions 

are typical of absorption refrigeration and heat pump systems. Based on the results 

obtained for solvation and solubility, the number of cases under study to determine 

the VLE was reduced, limiting it to the two aprotic ILs ([Bmim][Br] and [Dmim][Cl]), 

and the most promising protic ionic liquid ([EA][NO3]). 

UNIVERSITAT ROVIRA I VIRGILI 
QUANTITATIVE ANALYSIS OF BULK WATER IN WATER/LITHIUM BROMIDE MIXTURES WITH IONIC LIQUIDS  
AS A WORKING FLUID IN ABSORPTION HEAT PUMPS AND INFLUENCE ON THE THERMOPHYSICAL PROPERTIES 
David Latorre Arca 



Chapter IV 

 

David Latorre Arca, Doctoral Thesis, Universitat Rovira i Virgili, 2024 

116 

To evaluate the influence of the ionic liquid composition on the vapour pressure of 

H2O/LiBr, this property was determined at two 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ratios in 

H2O/(LiBr+[Dmim][Cl]) mixtures. 

Table IV.9. Summary of the conditions at which the vapor-liquid equilibria was 

determined for H2O/(LiBr+IL) mixtures. 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 : mole fraction ratio between IL and 

LiBr; 𝑇: temperature; 𝑤𝑎𝑏𝑠: mass fraction of absorbent; 𝑥𝑎𝑏𝑠: mole fraction of 

absorbent. 

Mixture 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

H2O/(LiBr+[EA][NO3]) 0.0205 293 – 353 0.45 – 0.65 0.14 – 0.28 

H2O/(LiBr+[Bmim][Br]) 0.0205 293 – 353 0.45 – 0.65 0.14 – 0.27 

H2O/(LiBr+[Dmim][Cl]) 
0.0204 293 – 353 0.45 – 0.65 0.17 – 0.28 

0.0427 293 – 393 0.44 – 0.62 0.14 – 0.25 

 

IV.3.2 Experimental device 

The device used to determine the vapour-liquid equilibrium is based on a static, 

isothermal, isochoric, synthetic method.[137,138] It consists of an equilibrium cell 

(Figure IV.8) with an internal volume of approximately 10 mL made of stainless steel 

to withstand low and high pressures and temperatures, a magnetic stirrer, a Pt-100 

temperature probe, a Druck pressure transducer (mod. UNIK5000) calibrated in the 

range from (0 to 1) bar and directly connected to the equilibrium cell, and a Julabo 

thermostatic bath (mod. SE) to keep the temperature constant. 

The temperature probe was calibrated following the ITS-90 procedure.[139] The 

pressure transducer was calibrated using the vapour pressure of pure water between 

283.15 K and 353.15 K as the reference. The estimated uncertainties with a 95 % 

confidence level (𝑘 = 2) are 𝑈(𝑤𝑎𝑏𝑠) = 0.001, 𝑈(𝑇) = 0.05 K, and 𝑈(𝑝) = 0.01 kPa. 
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Figure IV.8. Experimental device used to determine the vapour-liquid equilibria by 

means of the static, isothermal, isochoric, synthetic, and variable pressure 

methods. a) Scheme of the system. b) Experimental setup. 

 

IV.3.3 Experimental procedure 

Sample preparation 

The H2O/(LiBr+IL) solutions are prepared outside the equilibrium cell. First, 

approximately 30 mL of the solution with the highest absorbent composition 

(𝑤𝑎𝑏𝑠 ≈ 0.65) are prepared by adding the estimated amount of lithium bromide. Then, 

the required amount of additive (IL) is used to reach the desired LiBr/IL ratio. Finally, 

the necessary amount of water is added. From this initial solution, successive 

solutions with lower absorbent composition are obtained by adding pure water. 

The initial solution is stirred inside a closed vessel at 60 ºC to achieve a 

homogeneous composition and avoid salt crystallisation. The rest of the solutions are 

stirred and heated at 40 ºC for a minimum of 20 min before being introduced in the 

equilibrium cell. 

Once the sample to be measured is ready, 5 mL of solution are introduced into the 

equilibrium cell using a syringe. The mass of the introduced sample is determined by 

weight difference with a Mettler Toledo ME403 analytical balance. Then, a magnetic 

stirrer is introduced, and the equilibrium cell is connected to the pressure transducer. 

The sample is finally degassed to remove the content of non-condensable gases, 
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especially air. The degassing process is carried out in three stages: 

1) freezing, 2) vacuum, and 3) liquefaction. 

Freezing of the solution is achieved by immersing the cell in liquid nitrogen for 

15 min. Then, non-condensable gases are removed by applying vacuum for another 

15 min while keeping the cell immersed in liquid nitrogen. Finally, the cell is immersed 

in a thermostatic bath at 50 °C for 20 min with constant stirring to liquefy the sample 

and evaporate any traces of air dissolved in the liquid phase. The degassing process 

is repeated three times to ensure that no air remains inside the cell. 

Vapour-liquid equilibria determination 

The VLE was determined between 20 ºC and 120 ºC each 10 ºC, always starting 

at the highest temperature. To ensure thermodynamic equilibrium, the equilibrium cell 

was kept at constant temperature for 2 h. Pressure and temperature data were 

automatically recorded using an Agilent 34970A connected to a computer through a 

program created for these measurements with Keysight VEE software (version 9).  

Regarding composition, it has been assumed that the composition of the liquid 

phase corresponds to the global composition, calculated from the masses added for 

each of the components of the mixture. This assumption is based on the fact that the 

estimated uncertainty of the composition is 0.001 in mass fraction of absorbent, while 

the variation in the composition over the temperature range considered has been 

estimated to be less than 0.0002 in mass fraction. 

Once the experiments at each composition are finished, the equilibrium cell is 

removed from the experimental device and washed with hot water, soap, and 

acetone. Finally, it is placed in an oven at 80 ºC for drying and subsequent use. 

IV.3.4 Reference mixture: H2O/LiBr 

The pressure-temperature-composition diagram of the H2O/LiBr mixture is plotted 

in Figure IV.9 with calculated values.[123] The lines represent the equilibrium pressure 

as a function of temperature for different LiBr compositions and pure water. It is 

observed that the higher the temperature, the higher the equilibrium pressure, and 

the higher the mass fraction of lithium bromide, the lower the pressure. For example: 

the equilibrium pressure at 𝑤𝐿𝑖𝐵𝑟   = 0.45 and 293.15 K is 0.877 kPa. At that 
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composition and temperature, if the pressure is higher than 0.877 kPa, the solution 

is a subcooled liquid, while if it is lower, the solution is a two-phase mixture of liquid 

and vapour. The crystallisation line, also included in Figure IV.9, represents SLE of 

the mixture and, therefore, indicates the operation limit for absorption refrigeration 

systems and heat pumps. 

 

 

Figure IV.9. Pressure-temperature-composition phase diagram for the H2O/LiBr 

mixture.[123] –: Pure water;[140] –: 𝑤𝐿𝑖𝐵𝑟  = 0.45; –: 𝑤𝐿𝑖𝐵𝑟 = 0.50; –: 𝑤𝐿𝑖𝐵𝑟 = 0.55; 

–: 𝑤𝐿𝑖𝐵𝑟  = 0.60; –:𝑤𝐿𝑖𝐵𝑟  = 0.65; –: Crystallisation line. 

 

In these solutions, lithium bromide is considered to be non-volatile,[9] which means 

that the vapour-liquid equilibrium is established only with water (Eq. IV.7). 

H2O (l)  ↔  H2O (v) Eq. IV.7 

IV.3.5 Experimental results and discussion 

Tables IV.10-IV.13 show the pressure values determined at the vapour-liquid 

equilibrium depending on the temperature and mass fraction of the absorbent.  
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Table IV.10. Vapour pressure of the H2O/(LiBr+[EA][NO3]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

𝑝 (kPa) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 353.15 

0.449 0.144 0.99 1.86 3.20 5.55 9.13 14.41 22.31 

0.555 0.205 0.43 0.84 1.44 2.46 4.14 6.71 10.27 

0.648 0.275 - - 0.59 1.08 1.70 2.66 4.38 

 

Table IV.11. Vapour pressure of the H2O/(LiBr+[Bmim][Br]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

𝑝 (kPa) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 353.15 

0.450 0.141 1.01 1.86 3.23 5.40 8.77 13.90 21.32 

0.500 0.168 0.77 1.39 2.37 3.93 6.36 10.08 15.57 

0.550 0.197 0.43 0.84 1.49 2.53 4.17 6.72 10.51 

0.599 0.231 0.27 0.50 0.89 1.50 2.52 4.11 6.49 

0.650 0.272 - - 0.56 0.91 1.48 2.37 3.77 
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Table IV.12. Vapour pressure of the H2O/(LiBr+[Dmim][Cl]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0204. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

𝑝 (kPa) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 353.15 

0.450 0.144 1.12 1.96 3.32 5.48 8.83 13.91 21.43 

0.500 0.170 0.90 1.50 2.42 3.95 6.35 9.99 15.33 

0.550 0.201 0.55 0.94 1.56 2.56 4.12 6.56 10.20 

0.599 0.235 0.31 0.53 0.88 1.47 2.43 3.99 6.26 

0.650 0.276 - - 0.55 0.89 1.46 2.37 3.74 

 

Table IV.13. Vapour pressure of the H2O/(LiBr+[Dmim][Cl]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0427. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

𝑝 (kPa) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 353.15 373.15 393.15 

0.443 0.139 0.90 1.66 2.86 4.87 8.01 12.53 19.40 42.22 85.69 

0.474 0.155 0.69 1.26 2.37 4.11 6.81 10.60 16.01 34.02 69.51 

0.519 0.180 0.52 0.99 1.68 2.95 4.85 8.01 12.22 25.65 51.95 

0.576 0.216 0.29 0.57 1.00 1.60 2.73 4.29 6.61 15.81 32.58 

0.622 0.251 - - 0.53 0.96 1.50 2.40 3.98 9.30 20.83 
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The VLE of H2O/(LiBr+IL) mixtures has been modelled as a function of 

temperature and composition with two different correlations (Eqs. IV.8-IV.9), where 

𝑝0 and 𝑇𝑟𝑒𝑓 are 1 kPa and 273.15 K, respectively. The root mean square error 

(Eq. IV.10) between the calculated pressure (𝑝𝑐𝑎𝑙𝑐) and the experimentally obtained 

pressure (𝑝𝑒𝑥𝑝) was minimised in the fit. 

The values of 𝑎0, 𝑏0, and 𝑐 coefficients were obtained by modeling the vapour 

pressure values of pure water between 0.5 ºC and 100 ºC.[140] Tables IV.14-IV.15 

show the coefficients of Eqs. IV.8-IV.9 along with the 𝑅𝑀𝑆𝐸 of each fit.  

𝑝

𝑝0

= exp [∑ (𝑎𝑛 · 𝑤𝑎𝑏𝑠
𝑛 +

𝑏𝑛 · 𝑤𝑎𝑏𝑠
𝑛

(
𝑇

𝑇𝑟𝑒𝑓
)

)

2

𝑛=0

+ 𝑐 · ln (
𝑇

𝑇𝑟𝑒𝑓

)] Eq. IV.8 

𝑝

𝑝0

= exp [∑ (𝑎𝑛 · 𝑥𝑎𝑏𝑠
𝑛 +

𝑏𝑛 · 𝑥𝑎𝑏𝑠
𝑛

(
𝑇

𝑇𝑟𝑒𝑓
)

)

2

𝑛=0

+ 𝑐 · ln (
𝑇

𝑇𝑟𝑒𝑓

)] Eq. IV.9 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
· ∑ (

𝑝𝑐𝑎𝑙𝑐

𝑝0

−
𝑝𝑒𝑥𝑝

𝑝0

)
2

𝑛

𝑖=1

 Eq. IV.10 
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Table IV.14. Coefficients and 𝑅𝑀𝑆𝐸 of the VLE correlation for H2O/(LiBr+IL) mixtures as a function of mass fraction of absorbent (𝑤𝑎𝑏𝑠). 

 

Table IV.15. Coefficients and 𝑅𝑀𝑆𝐸 of the VLE correlation for H2O/(LiBr+IL) mixtures as a function of mole fraction of absorbent (𝑥𝑎𝑏𝑠). 

Mixture 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 𝑎0 𝑎1 𝑎2 𝑏0 𝑏1 𝑏2 𝑐 𝑅𝑀𝑆𝐸 

H2O/(LiBr+[EA][NO3]) 0.0205 23.91 0 -27.99 -24.40 -1.714 0 -4.583 0.1272 

H2O/(LiBr+[Bmim][Br]) 0.0205 23.91 0 -31.30 -24.40 -1.780 0 -4.583 0.2021 

H2O/(LiBr+[Dmim][Cl]) 
0.0204 23.91 -8.624 1.794 -24.40 8.939 -40.21 -4.583 0.2701 

0.0427 23.91 0.8673 -29.78 -24.40 -4.125 0 -4.583 0.2299 

 

Mixture 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 𝑎0 𝑎1 𝑎2 𝑏0 𝑏1 𝑏2 𝑐 𝑅𝑀𝑆𝐸 

H2O/(LiBr+[EA][NO3]) 0.0205 23.91 4.181 -10.25 -24.40 -1.625 0 -4.583 0.07644 

H2O/(LiBr+[Bmim][Br]) 0.0205 23.91 0 -2.869 -24.40 3.710 -9.591 -4.583 0.1426 

H2O/(LiBr+[Dmim][Cl]) 
0.0204 23.91 -2.530 0 -24.40 7.211 -13.84 -4.583 0.1941 

0.0427 23.91 -1.297 0 -24.40 4.834 -12.98 -4.583 0.2968 
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Figures IV.10-IV.13 show the pressure-temperature-composition phase diagrams 

for the mixtures with additive. As expected, the vapour pressure increases with 

increasing temperature and decreases with increasing absorbent composition. 

 

 

Figure IV.10. Pressure-temperature-composition phase diagram for the 

H2O/(LiBr+[EA][NO3]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. ▲: 𝑤𝑎𝑏𝑠 = 0.449; 

◆: 𝑤𝑎𝑏𝑠 = 0.555; ■: 𝑤𝑎𝑏𝑠 = 0.648. Dotted lines represent the calculated vapour 

pressure with the 𝑤𝑎𝑏𝑠 correlation. 

 

 

Figure IV.11. Pressure-temperature-composition phase diagram for the 

H2O/(LiBr+[Bmim][Br]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. ▲: 𝑤𝑎𝑏𝑠 = 0.450; 

–: 𝑤𝑎𝑏𝑠 = 0.500; ◆: 𝑤𝑎𝑏𝑠 = 0.550; ⬤: 𝑤𝑎𝑏𝑠 = 0.599; ■: 𝑤𝑎𝑏𝑠 = 0.650. Dotted lines 

represent the calculated vapour pressure with the 𝑤𝑎𝑏𝑠 correlation. 
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Figure IV.12. Pressure-temperature-composition phase diagram for the 

H2O/(LiBr+[Dmim][Cl]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0204. ▲: 𝑤𝑎𝑏𝑠 = 0.450; 

–: 𝑤𝑎𝑏𝑠 = 0.500; ◆: 𝑤𝑎𝑏𝑠 = 0.550; ⬤: 𝑤𝑎𝑏𝑠 = 0.599; ■: 𝑤𝑎𝑏𝑠 = 0.650. Dotted lines 

represent the calculated vapour pressure with the 𝑤𝑎𝑏𝑠 correlation. 

 

 

Figure IV.13. Pressure-temperature-composition phase diagram for the 

H2O/(LiBr+[Dmim][Cl]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0427. ▲: 𝑤𝑎𝑏𝑠 = 0.443; 

–: 𝑤𝑎𝑏𝑠 = 0.474; ◆: 𝑤𝑎𝑏𝑠 = 0.519; ⬤: 𝑤𝑎𝑏𝑠 = 0.576; ■: 𝑤𝑎𝑏𝑠 = 0.622. Dotted lines 

represent the calculated vapour pressure with the 𝑥𝑎𝑏𝑠 correlation. 

 

Following the discussion conducted in Section IV.2.5, the vapour pressure of 

mixtures with additive is compared to that of H2O/LiBr as a function of the mole 

fraction ratio between LiBr and H2O and temperature (Eq. IV.11). The results are 

plotted in Figures IV.14-IV.18. 
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Δ𝑝/𝑝 (%) = 100 ·
𝑝H2O/(LiBr+IL) − 𝑝H2O/LiBr

𝑝H2O/LiBr

 Eq. IV.11 

 

 

Figure IV.14. Relative vapour pressure difference between H2O/(LiBr+[EA][NO3]) 

and H2O/LiBr[123] at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205 against temperature. Blue line: 

𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.170; green line: 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.270; red line: 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.370. 

 

 

Figure IV.15. Relative vapour pressure difference between H2O/(LiBr+[Bmim][Br]) 

and H2O/LiBr[123] at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205 against temperature. Blue line: 

𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.165; green line:𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.265; red line: 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.365. 
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Figure IV.16. Relative vapour pressure difference between H2O/(LiBr+[Dmim][Cl]) 

and H2O/LiBr[123] at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0204 against temperature. Blue line: 

𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.170; green line: 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.270; red line: 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.370. 

 

 

Figure IV.17. Relative vapour pressure difference between H2O/(LiBr+[Dmim][Cl]) 

and H2O/LiBr[123] at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0427 against temperature. Blue line: 

𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.160; green line: 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.240; red line: 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.320. 
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Figure IV.18. Summary of relative vapour pressure difference between 

H2O/(LiBr+IL) mixtures and H2O/LiBr against temperature. Magenta data series: 

H2O/(LiBr+[EA][NO3]; black data series: H2O/(LiBr+[Bmim][Br]; green data series: 

H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0204; grey data series: 

H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0427. Solid lines: 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.32; 

dashed lines: 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.17. 

 

At 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0205, the relative vapour pressure difference between the 

mixtures with and without additive tends to decrease with temperature and 

𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂, as can be seen individually in Figures IV.14-IV.16, and together in 

Figure IV.18 

Remarkably, H2O/(LiBr+[EA][NO3]) is the only mixture with positive vapour 

pressure differences over the entire composition and temperature range. This result 

agrees with the higher amount of bulk water in H2O/(LiBr+IL) mixtures with protic ionic 

liquids than with aprotic ionic liquids, discussed in Section III.5.3. 

The relative pressure difference is significantly higher in mixtures with [Dmim][Cl] 

than with [Bmim][Br] at temperatures below 60 °C. Based on the smaller radius of the 

chloride anion compared to that of the bromide anion,[128] it can be assumed that Cl– 

does not coordinate with as many water molecules as Br–, causing an increase in the 

amount of water available to establish the vapour-liquid equilibrium (Eq. IV.7). 

Figure IV.17 shows that the vapour pressure difference with [Dmim][Cl] is negative 

in the composition and temperature range analysed at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0427. In this 

mixture, the pressure difference decreases significantly between 50 ºC and 120 ºC. 

This result suggests a limit to the cation-cation interactions between LiBr and 
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[Dmim][Cl]. The higher water absorption capacity of the H2O/(LiBr+[Dmim][Cl]) 

mixture at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0427, compared to the other mixtures analysed at 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0205, can be attributed to the water absorption capacity of the ionic 

liquids, as evidenced in Section III.3. 

From these results, a first conclusion that can be drawn from the vapour pressure 

is that, at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0205, H2O/(LiBr+IL) mixtures with [EA][NO3], [Bmim][Br], and 

[Dmim][Cl] are good candidates as working fluids for absorption heat pumps, while 

the H2O/(LiBr+[Dmim][Cl]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0427 is a good candidate as a 

working pair for absorption refrigeration systems. 

IV.3.6 Comparison of results with the literature 

As discussed in Section I.3.3, there are only a few publications in which the vapour 

pressure of H2O/(LiBr+IL) mixtures was experimentally determined. Table I.3 

summarizes the 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ratios along with temperature and absorbent composition 

range at which the vapour pressure was determined. In most of these works, the 

considered ILs are based on the imidazolium cation, and the IL/LiBr mole fraction 

ratio is significantly higher than those studied in this PhD thesis (maximum value of 

0.0427). 

The relative vapour pressure difference between mixtures with and without 

additive was calculated according to Eq. IV.11 with the data available in the literature. 

Table IV.16 shows the resutls depending on the ionic liquid and the 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ratio. 

Table IV.16. Average relative vapour pressure difference between H2O/(LiBr+IL) 

mixtures and H2O/LiBr.[141] 𝑥𝑎𝑏𝑠: mole fraction of absorbent. 

Mixture of 
H2O/(LiBr+IL) 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 

Δ𝑝/𝑝 (%) 

0 ≤ 𝑥𝑎𝑏𝑠 < 0.15 0.15 ≤ 𝑥𝑎𝑏𝑠 < 0.30 

𝑇 (K) 

(295 – 350) (350 – 440) (295 – 350) (350 – 440) 

[EA][NO3] 0.0205a 6.9 7.1 24.3 10.8 

[Bmim][Br] 0.0205a 2.2 -0.6 7.1 -4.2 

[Dmim][Cl] 
0.0204a 9.2 2.6 17.2 -2.0 

0.0427a -14.3 -14.8 -14.4 -23.0 

a: this work. 
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Table IV.16 (continued) 

Mixture of 
H2O/(LiBr+IL) 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 

Δ𝑝/𝑝 (%) 

0 ≤ 𝑥𝑎𝑏𝑠 < 0.15 0.15 ≤ 𝑥𝑎𝑏𝑠 < 0.30 

𝑇 (K) 

(295 – 350) (350 – 440) (295 – 350) (350 – 440) 

[Dmim][Cl] 0.218[35] -5.6 -6.4 -3.9 -10.5 

[Dmim][BF4] 0.236[35] -1.5 -1.8 13.1 8.3 

[Emim][Ac] 0.170[36] 10.1 0.8 21.3 14.7 

[Emim][Cl] 
0.237[33] - - 20.8 5.9 

0.296[37] -6.9 -8.5 -6.8 -9.3 

[Emim][SO4] 0 – 1.68[38] -5.6 - - - 

[Dmim][I] 0.194[39] - -13.0 - -9.3 

[Emim][I] 0.091[39] - -16.0 - -6.2 

[Dmim][DMP] 0.130[41] 0.7 -16.3 327 249 

[MOR1,3][SO3] 0.167[40] -0.6 -0.1 17.0 17.5 

[N1,1,2OH,2OH][Br] 0.173[40] -4.6 -4.8 -4.4 -1.8 

[N1,2OH,2OH,2OH][Br] 0.167[40] -2.6 -2.9 -3.9 -4.2 

a: this work. 

 

It is observed that the vapour pressure difference between H2O/(LiBr+IL) and 

H2O/LiBr mixtures generally shows negative increases with increasing temperature 

in the same composition range. It is also observed that the pressure differences tend 

to increase with absorbent composition. 

From the point of view of absorption refrigeration and heat pump systems, the 

most relevant results in Table IV.16 are those within the interval 0.15 ≤ 𝑥𝑎𝑏𝑠 < 0.30. 

Compared to results obtained using data from the literature, the mixture of 

H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0427, proposed in this work, shows the most 

negative vapour pressure difference, even more than that of that same mixture with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.218[35]. This evidences that increasing ionic liquid composition in the 

absorbent does not necessarily decrease the vapour pressure of the mixture. 
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IV.4. Conclusions 

The conclusions drawn in this chapter correspond to specific objectives 2, 3, and 

5 (Section I.6). 

The solubility of lithium bromide in water enhanced in the presence of the selected 

additives at all IL/LiBr considered ratios, effectively increasing the operation range of 

absorption refrigeration and heat pump systems.  

The increase in solubility of lithium bromide is higher from (280 to 311) K than from 

(311 to 365) K, which shows that the properties of the mixture are strongly influenced 

by temperature.  

At 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0205, protic ILs increase the solubility of lithium bromide in water 

more than aprotic ILs as follows: [EA][NO3] ≈ [PA][NO3] > [EA][Cl] ≈ [Bmim][Br] ≈ 

[Dmim][Cl]. 

There is a limit to the increase in solubility of lithium bromide in water depending 

on the composition of the ionic liquid in the mixture. 

At 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0205, the vapour pressure of H2O/(LiBr+[EA][NO3]) is higher than 

that of H2O/LiBr over the entire composition and temperature range while the vapour 

pressure of mixtures with aprotic ILs ([Bmim][Br] and [Dmim][Cl]) is lower than that of 

H2O/LiBr at certain compositions above 60 ºC. 

The vapour pressure of the H2O/(LiBr+[Dmim][Cl]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0427 

is lower than that of H2O/LiBr. 

There is a limit to the vapour pressure reduction of the mixtures with additive as a 

function of the ionic liquid composition. 

H2O/(LiBr+IL) mixtures with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0205, whose vapour pressure is 

generally higher than that of H2O/LiBr, could be useful as working fluids in absorption 

heat pumps. 

The H2O/(LiBr+[Dmim][Cl]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0427, whose vapour 

pressure is lower than that of H2O/LiBr, may be of interest as a working pair in 

absorption refrigeration systems. 
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The H2O/(LiBr+[Dmim][Cl]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0427 was selected to study 

its thermophysical properties based on the increased solubility and reduced vapour 

pressure with respect to H2O/LiBr. 
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Chapter V. Thermophysical properties of 

liquid H2O/(LiBr+IL) mixtures  
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V.1. Introduction 

The thermophysical properties of the working fluids used in refrigeration and 

absorption heat pump systems are essential because they influence their 

performance.[9] Hence, measuring those thermophysical properties relevant to the 

operation of the thermodynamic cycle is essential to determine the working fluid 

performance accurately. Analysing the thermophysical properties allows for the 

evaluation of the potential for improving the performance of H2O/LiBr in the presence 

of ionic liquids as additives. It corroborates the decisions made based on previous 

hypotheses. 

In this doctoral thesis, the thermophysical properties of some H2O/(LiBr+IL) 

mixtures that have been experimentally determined are density, speed of sound, 

enthalpy of dilution, electrical conductivity, thermal conductivity, and dynamic 

viscosity. The role of these thermophysical properties of working fluids for absorption 

refrigeration and heat pumps was described in Sections I.3 and II.3. H2O/(LiBr+IL) 

mixtures should have higher density, lower enthalpy of dilution, higher thermal 

conductivity, and lower dynamic viscosity than H2O/LiBr to improve the performance 

of the working fluid. 

Although the speed of sound and the electrical conductivity of the working fluid do 

not directly influence its performance in the considered application, they are valuable 

properties for analysing the influence of ILs on H2O/LiBr from the point of view of 

thermophysical properties. 

Subsequent sections are devoted to each thermophysical property, and all of them 

follow the same structure. The experimental devices are described in the first section. 

Secondly, the device and the experimental procedure used are described. Then, the 

reference values for H2O/LiBr are briefly discussed. Finally, the experimental results 

are shown and discussed. 
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V.2. Density and speed of sound 

V.2.1 Experimental device 

Both the density (𝜌) and the speed of sound (𝑐) of the different mixtures were 

determined with an Anton-Paar DSA 5000 M. This densimeter is based on the 

vibrating tube method, which consists of a U-shaped tube whose natural frequency 

of vibration is inversely proportional to the density of the fluid.[61] As for the speed of 

sound, the device is based on the time-of-flight method,[62] where the time it takes for 

the wave to travel a known distance is measured. 

Measurements were performed from (20 to 70) ºC at atmospheric pressure. In the 

case of the H2O/(LiBr+DmimCl) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0423, the density was also 

measured from 20 ºC to 100 ºC with an Anton-Paar DMA HPM at atmospheric 

pressure, to have values of this property at higher temperatures. The estimated 

uncertainties with a 95 % confidence level (𝑘 = 2) are 𝑈(𝑤𝑎𝑏𝑠) = 0.001, 

𝑈(𝑇) = 0.01 K,  𝑈(𝜌) = 0.1 kg·m-3, and 𝑈(𝑐) = 0.5 m·s-1. 

V.2.2 Experimental procedure 

H2O/(LiBr+IL) samples were prepared by weighing using a Mettler Toledo ME403 

analytical balance. Starting from a mother solution with an absorbent (LiBr+IL) mass 

fraction of 0.58, the rest were prepared by dilution similarly to the vapour pressure 

measurement. 

Once the solutions were prepared, they were injected into the densimeter 

(approximately 2 mL) and the measurement was performed automatically. Upon 

completion of the experiments for each sample, hot water and acetone were 

circulated through the equipment for cleaning and subsequent use. 

Table V.1 shows the composition and conditions at which density and speed of 

sound were determined.  
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Table V.1. Summary of the conditions at which density and speed of sound were 

determined for H2O/(LiBr+IL) mixtures. 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 : mole fraction ratio between IL and 

LiBr; 𝑤𝑎𝑏𝑠: mass fraction of absorbent; 𝑥𝑎𝑏𝑠: mole fraction of absorbent. 

Mixture 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 𝑇 (K) 𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

H2O/(LiBr+[EA][NO3]) 0.0205 293 – 343 0.05 – 0.58 0.01 – 0.22 

H2O/(LiBr+[PA][NO3]) 0.0205 293 – 343 0.05 – 0.58 0.01 – 0.22 

H2O/(LiBr+[EA][Cl]) 0.0205 293 – 343 0.05 – 0.58 0.01 – 0.22 

H2O/(LiBr+[Bmim][Br]) 0.0208 293 – 343 0.03 – 0.58 0.01 – 0.22 

H2O/(LiBr+[Dmim][Cl]) 
0.0203 

0.0423* 

293 – 343 

293 – 373 

0.05 – 0.58 

0.42 – 0.57 

0.01 – 0.22 

0.13 – 0.21 

*Only density is available for this mixture. 

 

V.2.3 Reference mixture: H2O/LiBr 

The density of H2O/LiBr was experimentally determined in the literature between 

-60 ºC and 220 ºC, and the mass fraction of LiBr ranged from 0.01 to 0.65.[141] 

Figure V.1 shows the density of three H2O/LiBr solutions at different compositions 

between 0.2 and 0.6 in LiBr mass fraction, between 293.15 K and 373 15 K at 1 bar, 

calculated with a correlation available in the literature,[123] together with the density of 

pure water. [140] It is observed that density decreases with increasing temperature and 

increases with increasing lithium bromide composition. 

 

 

Figure V.1. Density of H2O/LiBr solutions at 1 bar.[123] Black series: pure water;[140] 

blue series: 𝑤𝐿𝑖𝐵𝑟 = 0.20; green series: 𝑤𝐿𝑖𝐵𝑟  = 0.40; red series: 𝑤𝐿𝑖𝐵𝑟 = 0.60. 
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Only two works have been found in which the speed of sound of H2O/LiBr was 

experimentally determined,[75,142] whose values show significant discrepancies at 

similar compositions and temperatures. Given the differences between the 

experimental density values of H2O/LiBr reported by Labra et al.[142] and by other 

authors, both experimental[75,143–145] and obtained by correlations,[123,141] only the 

speed of sound values reported by Rohman et al.[75] are considered for comparison. 

Figure V.2 shows the speed of sound of H2O/LiBr against temperature and 

composition. It is observed that the values of this property increase with increasing 

temperature and LiBr composition. However, the influence of temperature cannot be 

visualised at 𝑤𝐿𝑖𝐵𝑟  = 0.55, which could be attributed to the simultaneous influence of 

density and dynamic viscosity on this property. 

 

 

Figure V.2. Speed of sound of H2O/LiBr solutions at 1 bar.[75] ■: pure water;[140] 

⬤: 𝑤𝐿𝑖𝐵𝑟  = 0.184; ◆: 𝑤𝐿𝑖𝐵𝑟 = 0.392; ▲: 𝑤𝐿𝑖𝐵𝑟  = 0.550. 

 

V.2.4 Experimental results and discussion 

Tables V.2-V.7 show the experimental density and speed of sound of 

H2O/(LiBr+IL) mixtures. 
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Table V.2. Density and speed of sound of the H2O/(LiBr+[EA][NO3]) mixture at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205 and atmospheric pressure. 

𝑤𝑎𝑏𝑠: mass fraction of absorbent; 𝑥𝑎𝑏𝑠: mole fraction of absorbent; 𝑇: temperature. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

𝜌 (kg·m-3) 𝑐 (m·s-1) 

𝑇 (K) 𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 293.15 303.15 313.15 323.15 333.15 343.15 

0.0500 0.0108 1035.6 1032.8 1029.1 1024.8 1019.8 1014.2 1494.4 1517.5 1535.2 1545.2 1548.5 1549.5 

0.1504 0.0353 1117.5 1114.1 1110.2 1105.7 1100.7 1095.3 1525.2 1542.7 1552.7 1558.4 1559.4 1559.8 

0.2499 0.0644 1209.2 1205.3 1201.0 1196.3 1191.2 1185.8 1551.7 1563.0 1568.0 1568.7 1569.4 1569.2 

0.3504 0.1002 1314.6 1310.1 1305.4 1300.4 1295.2 1289.8 1574.2 1580.7 1581.8 1579.3 1576.3 1574.1 

0.4540 0.1465 1441.1 1436.1 1430.8 1425.5 1420.0 1414.3 1591.7 1593.4 1590.4 1586.5 1582.7 1578.3 

0.5502 0.2016 1586.7 1580.7 1574.8 1568.7 1562.7 1556.6 1612.7 1615.8 1604.1 1599.3 1593.5 1589.2 

0.5801 0.2219 1642.9 1636.6 1630.2 1623.9 1617.6 1611.2 1626.9 1626.2 1616.4 1610.2 1602.5 1598.3 
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Table V.3. Density and speed of sound of the H2O/(LiBr+[PA][NO3]) mixture at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205 and atmospheric pressure. 

𝑤𝑎𝑏𝑠: mass fraction of absorbent; 𝑥𝑎𝑏𝑠: mole fraction of absorbent; 𝑇: temperature. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

𝜌 (kg·m-3) 𝑐 (m·s-1) 

𝑇 (K) 𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 293.15 303.15 313.15 323.15 333.15 343.15 

0.0502 0.0108 1038.4 1035.5 1031.9 1027.6 1022.7 1017.3 1497.2 - 1542.8 1549.6 1551.7 1551.8 

0.1474 0.0343 1116.3 1112.9 1109.0 1104.5 1099.5 1094.1 1524.6 1543.3 1552.4 1556.6 1558.5 1558.6 

0.2492 0.0639 1208.9 1205.0 1200.7 1196.0 1191.0 1185.6 1552.6 1564.3 1567.5 1567.8 1567.9 1566.4 

0.3483 0.0991 1313.8 1309.3 1304.6 1299.6 1294.4 1288.9 1575.0 1581.2 1580.2 1577.1 1575.6 1572.9 

0.4484 0.1433 1439.2 1434.1 1428.8 1423.4 1417.9 1412.2 1595.4 1594.3 1589.3 1584.7 1580.7 1577.1 

0.5800 0.2213 1650.8 1644.4 1638.0 1631.6 1625.2 1618.7 1630.0 1627.0 1621.5 1617.1 1611.2 - 
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Table V.4. Density and speed of sound of the H2O/(LiBr+[EA][Cl]) mixture at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0205 and atmospheric pressure. 

𝑤𝑎𝑏𝑠: mass fraction of absorbent; 𝑥𝑎𝑏𝑠: mole fraction of absorbent; 𝑇: temperature. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

𝜌 (kg·m-3) 𝑐 (m·s-1) 

𝑇 (K) 𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 293.15 303.15 313.15 323.15 333.15 343.15 

0.0500 0.0108 1036.5 1033.7 1030.1 1025.8 1021.0 1015.5 1495.7 - 1552.5 1559.5 1554.5 1553.9 

0.1499 0.0353 1118.1 1114.8 1110.8 1106.4 1101.4 1096.0 1525.3 1550.1 1560.9 1565.2 1564.3 1559.4 

0.2496 0.0646 1211.3 1207.5 1203.2 1198.5 1193.5 1188.1 1554.3 1567.0 1572.8 1569.2 1570.9 1569.6 

0.3506 0.1008 1318.8 1314.4 1309.8 1304.8 1299.7 1294.2 1573.5 1580.1 1583.9 1584.9 1577.8 1574.9 

0.4502 0.1453 1444.4 1439.3 1434.1 1428.8 1423.3 1417.7 1591.2 1593.1 1593.0 1591.0 1587.1 1580.2 

0.5509 0.2031 1598.4 1592.4 1586.4 1580.4 1574.4 1568.3 1619.7 1619.3 1614.4 1609.9 1598.9 1594.2 

0.5803 0.2231 1653.3 1646.9 1640.5 1634.2 1627.9 1621.5 1627.8 1626.4 1622.6 1618.0 1608.0 1603.3 
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Table V.5. Density and speed of sound of the H2O/(LiBr+[Bmim][Br]) mixture at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0208 and atmospheric pressure. 

𝑤𝑎𝑏𝑠: mass fraction of absorbent; 𝑥𝑎𝑏𝑠: mole fraction of absorbent; 𝑇: temperature. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

𝜌 (kg·m-3) 𝑐 (m·s-1) 

𝑇 (K) 𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 293.15 303.15 313.15 323.15 333.15 343.15 

0.0296 0.0061 1022.2 1019.4 1015.8 1011.6 1006.7 1001.3 1486.7 1520.5 1538.6 1542.6 1547.1 1548.2 

0.0920 0.0200 1063.1 1060.0 1056.3 1051.9 1047.0 1041.3 1502.6 1527.5 1541.5 1543.6 1547.8 1549.0 

0.1524 0.0349 1109.5 1106.2 1102.3 1097.8 1092.9 1087.5 1519.9 1540.5 1552.3 1558.1 1555.6 1556.0 

0.2083 0.0503 1155.7 1152.1 1148.0 1143.4 1138.4 1133.0 1535.7 1552.3 1561.3 1565.7 1566.0 1561.8 

0.2739 0.0706 1213.6 1209.7 1205.4 1200.7 1195.6 1190.2 1552.0 1561.7 1567.2 1570.3 1570.1 1567.9 

0.3361 0.0925 1274.9 1270.7 1266.2 1261.4 1256.2 1250.8 1566.7 1573.5 1574.4 1575.2 1573.0 1571.1 

0.3963 0.1167 1340.7 1336.2 1331.4 1326.4 1321.1 1315.6 1578.5 1581.8 1580.2 1579.3 1576.4 1573.8 

0.4586 0.1456 1414.6 1409.7 1404.6 1399.4 1394.0 1388.4 1588.5 1589.4 1585.2 1583.3 1579.4 1576.0 

0.5204 0.1792 1494.8 1489.5 1484.1 1478.5 1472.9 1467.2 1597.8 1596.0 1589.7 1587.0 1583.6 1580.2 

0.5773 0.2155 1586.0 1580.1 1574.2 1568.2 1562.2 1556.2 1614.1 1610.9 1602.3 1597.9 1593.1 1588.6 
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Table V.6. Density and speed of sound of the H2O/(LiBr+[Dmim][Cl]) mixture at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0203 and atmospheric pressure. 

𝑤𝑎𝑏𝑠: mass fraction of absorbent; 𝑥𝑎𝑏𝑠: mole fraction of absorbent; 𝑇: temperature. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

𝜌 (kg·m-3) 𝑐 (m·s-1) 

𝑇 (K) 𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 293.15 303.15 313.15 323.15 333.15 343.15 

0.0499 0.0107 1035.0 1032.2 1028.6 1024.3 1019.4 1014.0 1491.7 1512.9 1528.5 1536.8 1542.4 1544.8 

0.0995 0.0222 1072.5 1069.4 1065.6 1061.2 1056.3 1050.6 1505.8 1524.8 1537.3 1543.8 - - 

0.1497 0.0349 1113.5 1110.2 1106.3 1101.8 1096.8 1091.3 1521.1 1535.5 1546.1 1553.2 - - 

0.1997 0.0487 1157.7 1154.1 1150.1 1145.5 1140.5 1135.1 1536.8 1549.8 1558.8 1562.4 1564.4 - 

0.2505 0.0642 1205.7 1201.9 1197.6 1192.9 1187.9 1182.5 1549.9 1559.2 1565.4 1569.0 - - 

0.3005 0.0810 1256.5 1252.5 1248.0 1243.3 1238.2 1232.8 1566.7 1569.8 1574.2 1575.5 1573.9 - 

0.3498 0.0995 1311.4 1307.1 1302.4 1297.5 1292.4 1287.0 1574.9 1580.3 1583.1 1581.9 1578.3 - 

0.3997 0.1202 1370.6 1365.9 1361.1 1356.0 1350.7 1345.3 1580.5 1583.1 1582.0 1580.9 1579.7 1578.0 

0.4515 0.1446 1435.7 1430.9 1425.9 1420.6 1415.2 1409.7 1590.3 1590.8 1588.3 1585.8 1583.3 - 

0.4978 0.1691 1505.8 1500.5 1495.1 1489.5 1483.9 1478.2 1599.5 1598.5 1594.8 1590.1 1587.7 - 

0.4978 0.2002 1589.6 1583.8 1578.0 1572.1 1566.1 1560.1 1615.2 1613.4 1607.5 1603.2 1599.5 1596.2 

0.5494 0.2209 1649.4 1643.2 1636.9 1630.6 1624.3 1618.0 1636.0 1623.8 1620.5 1615.2 1609.6 1605.1 
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Table V.7. Density of the H2O/(LiBr+[Dmim][Cl]) mixture at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0423 and atmospheric pressure. 𝑤𝑎𝑏𝑠: mass fraction of 

absorbent; 𝑥𝑎𝑏𝑠: mole fraction of absorbent; 𝑇: temperature. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

𝜌 (kg·m-3) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 353.15 363.15 373.15 

0.4242 0.1302 1403.1 1399.6 1395.0 1389.4 1383.0 1375.5 1367.0 1357.5 1347.2 

0.4710 0.1531 1474.8 1470.0 1464.5 1458.2 1451.1 1443.3 1434.7 1425.3 1415.2 

0.5309 0.1869 1552.4 1548.3 1543.2 1537.0 1529.9 1521.7 1512.5 1502.3 1491.1 

0.5675 0.2104 1626.7 1622.6 1617.5 1611.2 1603.8 1595.4 1585.9 1575.3 1563.7 
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The density values shown in Tables V.2-V.7 were fitted to Eqs. V.1-V.2 as a 

function of temperature (K) and absorbent composition. In these equations, 𝑇𝑐 is the 

critical temperature of pure water (647.096 K).[146] In the fit, the root mean square 

error (Eq. V.3) between the calculated density (𝜌𝑐𝑎𝑙𝑐) and the experimental value 

(𝜌𝑒𝑥𝑝) was minimized. The coefficients 𝑎0, 𝑏, 𝑐 and 𝑑 were obtained by modelling the 

density of pure water as a saturated liquid between 0.5 ºC and 100 ºC.[140] 

𝜌 = ∑(𝑎𝑛 · 𝑤𝑎𝑏𝑠
𝑛 )

2

𝑛=0

+ 𝑏 · (
𝑇
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)

1
3

+ 𝑐 · (
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)

2
3

+ 𝑑 · (
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)

5
3
 Eq. V.1 

𝜌 = ∑(𝑎𝑛 · 𝑥𝑎𝑏𝑠
𝑛 )

2

𝑛=0

+ 𝑏 · (
𝑇
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)

1
3

+ 𝑐 · (
𝑇
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)

2
3

+ 𝑑 · (
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)

5
3
 Eq. V.2 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
· ∑(𝜌𝑐𝑎𝑙𝑐 − 𝜌𝑒𝑥𝑝)

2
𝑛

𝑖=1

 Eq. V.3 
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Table V.8. Coefficients and 𝑅𝑀𝑆𝐸 of the density correlation for H2O/(LiBr+IL) mixtures as a function of the mass fraction of absorbent. 

Fluid 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 𝑎0 (kg·m-3) 𝑎1 (kg·m-3) 𝑎2 (kg·m-3) 𝑏 (kg·m-3) 𝑐 (kg·m-3) 𝑑 (kg·m-3) 𝑅𝑀𝑆𝐸 (kg·m-3) 

H2O/(LiBr+[EA][NO3]) 0.0205 -6140 627.1 794.1 20990 -16170 2076 6.218 

H2O/(LiBr+[PA][NO3]) 0.0205 -6140 623.6 828.6 20990 -16170 2076 6.908 

H2O/(LiBr+[EA][Cl]) 0.0205 -6140 632.4 817.7 20990 -16170 2076 5.831 

H2O/(LiBr+[Bmim][Br]) 0.0208 -6140 589.2 702.9 20990 -16170 2076 5.115 

H2O/(LiBr+[Dmim][Cl]) 
0.0203 -6140 599.7 849.8 20990 -16170 2076 6.297 

0.0423 -6140 519.2 992.1 20990 -16170 2076 8.901 

 

Table V.9. Coefficients and 𝑅𝑀𝑆𝐸 of the density correlation for H2O/(LiBr+IL) mixtures as a function of the mole fraction of absorbent. 

Fluid 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 𝑎0 (kg·m-3) 𝑎1 (kg·m-3) 𝑎2 (kg·m-3) 𝑏 (kg·m-3) 𝑐 (kg·m-3) 𝑑 (kg·m-3) 𝑅𝑀𝑆𝐸 (kg·m-3) 

H2O/(LiBr+[EA][NO3]) 0.0205 -6140 3353 -2218 20990 -16170 2076 3.770 

H2O/(LiBr+[PA][NO3]) 0.0205 -6140 3381 -2114 20990 -16170 2076 3.756 

H2O/(LiBr+[EA][Cl]) 0.0205 -6140 3385 -2193 20990 -16170 2076 3.325 

H2O/(LiBr+[Bmim][Br]) 0.0208 -6140 3189 -2328 20990 -16170 2076 3.194 

H2O/(LiBr+[Dmim][Cl]) 
0.0203 -6140 3297 -1795 20990 -16170 2076 3.195 

0.0423 -6140 3301 -1790 20990 -16170 2076 8.649 
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The speed of sound of H2O/(LiBr+IL) mixtures (Tables V.2-V.6) were fitted to a 

polynomial equation (Eq. V.4), where 𝑤𝑎𝑏𝑠 is the mass fraction of absorbent, 𝑇 the 

temperature (K), and 𝑇𝑐 the critical temperature of water (647.096 K).[146] It was 

necessary to use a nine-parameter model due to the complex curvature of the data. 

The root mean square error (Eq. V.5) between the calculated (𝑐𝑐𝑎𝑙𝑐) and 

experimentally obtained (𝑐𝑒𝑥𝑝) speed of sound was minimised by the fit. The 

coefficients 𝑎0, 𝑏0, 𝑐0 and 𝑑0 were obtained for the speed of sound of pure water 

between 20 ºC and 70 ºC and 1 bar.[140] The speed of sound of H2O/LiBr reported by 

Rohman et al.[75] was also modelled. 

𝑐 = 𝑎0 + ∑(𝑏𝑛 · 𝑤𝑎𝑏𝑠
𝑛 )

2

𝑛=0

· (
𝑇

𝑇𝐶

) + ∑(𝑐𝑛 · 𝑤𝑎𝑏𝑠
𝑛 )

2

𝑛=0

· (
𝑇

𝑇𝐶

)
2

  

+ ∑(𝑑𝑛 · 𝑤𝑎𝑏𝑠
𝑛 )

1

𝑛=0

· (
𝑇

𝑇𝐶

)
3

 

Eq. V.4 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
· ∑(𝑐𝑐𝑎𝑙𝑐 − 𝑐𝑒𝑥𝑝)

2
𝑛

𝑖=1

 Eq. V.5 
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Table V.10. Coefficients and 𝑅𝑀𝑆𝐸 (m·s-1) of the speed of sound correlation for H2O/LiBr and H2O/(LiBr+IL) mixtures. 

Fluid 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 𝑎0 𝑏0 𝑏1 𝑏2 𝑐0 𝑐1 𝑐2 𝑑0 𝑑1 𝑅𝑀𝑆𝐸 

H2O - -6125 3.909·104 - - -6.573·104 - - 3.644·104 - 0.040 

H2O/LiBr - -6125 3.909·104 2.287·104 -3480 -6.573·104 -8.505·104 6721 3.644·104 7.989·104 3.025 

H2O/(LiBr+[EA][NO3]) 0.0205 -6125 3.909·104 1.690·104 -2104 -6.573·104 -5.996·104 4281 3.644·104 5.311·104 3.386 

H2O/(LiBr+[PA][NO3]) 0.0205 -6125 3.909·104 1.760·104 -2778 -6.573·104 -6.209·104 5803 3.644·104 5.446·104 3.956 

H2O/(LiBr+[EA][Cl]) 0.0205 -6125 3.909·104 1.428·104 -2491 -6.573·104 -4.886·104 5004 3.644·104 4.155·104 5.064 

H2O/(LiBr+[Bmim][Br]) 0.0208 -6125 3.909·104 1.729·104 -2349 -6.573·104 -6.170·104 4672 3.644·104 5.499·104 3.323 

H2O/(LiBr+[Dmim][Cl]) 0.0203 -6125 3.909·104 1.850·104 -2355 -6.573·104 -6.658·104 5002 3.644·104 5.974·104 4.872 
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To evaluate the influence of the ionic liquid on density, the relative density 

difference was calculated between the mixtures with and without additive as a 

function of the 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 ratio and temperature (Eqs. IV.6-IV.7). The density of 

H2O/LiBr was estimated using a correlation.[123] 

Δ𝜌/𝜌 (%) = 100 ·
𝜌H2O/(LiBr+IL) − 𝜌H2O/LiBr

𝜌H2O/LiBr

 Eq. V.6 

Table V.11 and Figure V.3 show the average values of the relative density 

difference. Since the density of the solutions decreases the lower the solute 

composition, the results suggest that the higher percentage of bulk water in the 

mixtures with additive is related to a lower density. However, at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ≈ 0.0205, 

the order of additives from largest to smallest relative density difference is: 

[PA][NO3] ≈ [EA][Cl] > [Dmim][Cl] ≈ [EA][NO3] > [Bmim][Br]. This order, which does 

not match that of the amount of bulk water discussed in Chapter III ([EA][Cl] > 

[EA][NO3] ≈ [PA][NO3] ≈ [Dmim][Cl] > [Bmim][Br]), evidences that these results cannot 

be interpreted solely based on bulk water due to the complexity of the interactions. 

 

 

Figure V.3. Summary of density differences between H2O/(LiBr+IL) mixtures and 

H2O/LiBr over the entire temperature and composition range. Cyan: most negative 

difference; pink: average difference; yellow: most positive difference. Mixtures with 

additive have an approximate 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ratio of 0.0205, except for [Dmim][Cl] B, in 

which case it is 0.0423. 

 

From the point of view of the selected application, a lower density implies a lower 

mass flow rate for the same volume flow rate. This means that increasing the volume 
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flow rate through the solution pump would be required to exchange the same amount 

of heat.  

A better interpretation of the influence of the additive on the molecular structure of 

H2O/LiBr can be made in terms of the apparent molar volume and isentropic 

compressibility, which can be calculated from the density and speed of sound. The 

results of this analysis are discussed in Chapter VI. 
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Table V.11. Average relative density difference between H2O/(LiBr+IL) and H2O/LiBr mixtures from (293.15 to 343.15) K as as function 

of 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂. 

𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

Δ𝜌/𝜌 (%) 

[EA][NO3] [PA][NO3] [EA][Cl] [Bmim][Br] [Dmim][Cl] 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0205 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0205 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0205 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0208 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0203 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0423 

0.025 -0.01 0.06 0.07 -0.40 -0.11 0.05a 

0.050 -0.03 0.11 0.11 -0.75 -0.18 0.11a 

0.10 -0.21 0.06 0.04 -1.47 -0.33 0.12a 

0.15 -0.54 -0.14 -0.20 -2.25 -0.56 -0.01 

0.20 -0.98 -0.46 -0.57 -3.03 -0.80 -0.21 

0.25 -1.45 -0.83 -0.98 -3.83 -1.09 -0.46 

a: extrapolated. 
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V.3. Enthalpy of dilution 

V.3.1 Experimental device 

The experimental device used to determine the enthalpy of dilution of 

H2O/(LiBr+IL) mixtures (Figure V.4) using a calorimetric method has been widely 

used in previous works.[147–150] The main part of this system is a Setaram C80 

differential calorimeter with an adapted flow-mixing cell.[147,148] The calorimeter is 

housed inside the calorimeter block, whose temperature is controlled by a Setaram 

G11 electronic controller. 

The signal produced by heat absorption or rejection when mixed streams are 

detected inside the flow mixing cell by thermopiles. In addition to the calorimeter, the 

system contains two Teledyne ISCO Model 260D syringe pumps, two internal heat 

exchangers (in the calorimeter block) and two external heat exchangers to achieve 

thermal equilibrium between the fluids and the calorimeter, and a Circle Seal pressure 

regulator to regulate the pressure at which the experiments are conducted. The fluids 

flow from the pumps to the calorimeter and from the calorimeter to the collection 

vessel (pressure buffers) through stainless steel tubes with outer and inner diameters 

of 1.6 mm and 1 mm, respectively. 

 

 

Figure V.4. Experimental device used to determine the enthalpy of dilution. 

a) Scheme of the system.[149] b) Experimental setup. 
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Based on previously reported work,[147,148] the uncertainty of the mole flow rate is 

less than 1.5 %, the uncertainty of the signal difference ranges from 1 % to 3 %, and 

the uncertainty of the calibration constant is less than 5 %.  

V.3.2 Experimental procedure 

About 200 mL of each mixture, with and without additive, were prepared with a 

mass fraction of absorbent equal to 0.58 by weighing using an Ohaus Adventurer 

ARC120 balance (resolution = 0.01 g). For the additive mixtures, the ionic liquid mass 

was weighed using an Ohaus Explorer Semi-Micro EX225D/AD balance 

(resolution = 0.00001 g). Each mixture was then loaded into one of the syringe 

pumps, while the other was filled with pure water. 

The experiments were carried out at pressures between 2.4 bar and 3.4 bar. The 

baseline of the signal collected by the thermopiles must be determined for each 

measurement. For this purpose, a volumetric flow rate of 0.06 cm3·min-1 of pure water 

was circulated for at least 1.5 h until the signal stabilised. 

The different compositions of the resulting solution were achieved by varying the 

volumetric flow rates of each stream. The thermopiles detected a stable signal 

between (30 and 60) min after setting a new pair of volumetric flow rates. 

After the experiments were finished, the pump where the mixture had previously 

been stored was rinsed with 260 cm3 of pure water. This water was then removed 

from the pump and refilled with pure water, which was circulated through the tubing, 

the calorimeter, and the flow mixing cell. Finally, the resulting solution was removed 

from the system.  

The enthalpy of dilution of H2O/LiBr, calculated from Eq. II.19 with literature 

data,[151] was used to determine the calibration constant of the calorimeter at 25 °C 

using Eq. II.18 (Section II.3.4). 

Table V.12 shows the mixtures and composition and pressure ranges at which the 

enthalpy of dilution was determined at 25 ºC. 
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Table V.12. Summary of the conditions at which the enthalpy of dilution was 

determined at 298.15 K. 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 : mole fraction ratio between IL and LiBr; 𝑤𝑎𝑏𝑠: mass 

fraction of absorbent; 𝑥𝑎𝑏𝑠: mole fraction of absorbent. 

Mixture 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

H2O/LiBr - 0.46 – 0.54 0.17 – 0.20 

H2O/(LiBr+[EA][NO3]) 0.0205 0.46 – 0.55 0.15 – 0.20 

H2O/(LiBr+[PA][NO3]) 0.0205 0.44 – 0.55 0.14 – 0.20 

H2O/(LiBr+[EA][Cl]) 0.0206 0.46 – 0.55 0.15 – 0.20 

H2O/(LiBr+[Dmim][Cl]) 0.0207 0.43 – 0.55 0.14 – 0.20 

 

V.3.3 Reference mixture: H2O/LiBr 

Smith-Magowan and Goldberg[152] created an extensive reference collection of 

experimental data on constant pressure heat capacity, enthalpy of dissolution and 

enthalpy of dilution of aqueous electrolyte mixtures. The enthalpy of dilution of 

H2O/LiBr at 25 °C was determined by Fortier et al.[153] and Vaslow[154] in very dilute 

initial solutions (𝑤𝐿𝑖𝐵𝑟 < 0.15). The enthalpy of dilution can be calculated at 25 °C from 

measurements by Lange and Schwartz[155] at LiBr mass fractions between 0 and 

0.61, and from calculations by Parker’s data[151] at LiBr mass fractions between 0 and 

0.60, obtained using the chord-area method.[156] 

Figure V.5 shows the enthalpy of dilution of H2O/LiBr at 25 ºC starting from an 

initial solution with a LiBr mole fraction of 0.23. It is observed that the more the initial 

sample is diluted, the lower the enthalpy of dilution. Negative values are indicative of 

an exothermic process when diluting the initial mixture. At LiBr mass fractions higher 

than 0.50 (𝑥𝐿𝑖𝐵𝑟 > 0.172), typical of the operating conditions in the selected 

application, the enthalpy of dilution follows a linear trend with the lithium bromide 

mole fraction (area shown in Figure V.5). 
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Figure V.5. Calculated enthalpy of dilution of H2O/LiBr solutions at 298.15 K 

starting from an initial solution with mole fraction of lithium bromide equal to 0.23. 

▲: Lange and Schwartz’s data[155] with Parker’s correction[151]; □: Parker[151]. The 

area inside the small rectangle indicates the typical composition range of LiBr in 

absorption refrigeration and heat pump systems. 

 

V.3.4 Experimental results and discussion 

Figure V.6 shows the experimental results of enthalpy of dilution of the mixtures 

with and without additive. As expected, it increases linearly and negatively in the 

mixtures with additive. The negative values are characteristic of an exothermic 

process, representing that the processes of solute-solute and solvent-solvent bond 

breaking, which are endothermic, are energetically lower than the process of 

solute-solvent bond formation, which is exothermic.[157,158] 

It is observed that the enthalpy of dilution of H2O/(LiBr+IL) mixtures with [EA][NO3], 

[PA][NO3], and [Dmim][Cl] is slightly lower than that of H2O/LiBr, while that of the 

mixture with [EA][Cl] is slightly higher than that of H2O/LiBr. Explaining this finding is 

complex since it must be considered that ionic liquids are also diluted in these 

mixtures, but their enthalpies of dilution are not known. One possible explanation is 

that the absorbent (LiBr+IL) does not interact as much with water when the added 

ionic liquid is [EA][Cl], as discussed in Section III.5, so that not as much heat is 

released as with the other ionic liquids. In H2O/(LiBr+IL) mixtures with [EA][NO3] and 

[Dmim][Cl], whose ILs share cation and anion with [EA][Cl], respectively, the enthalpy 

of dilution is slightly lower than in H2O/LiBr. 
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The influence of the alkyl chain on the enthalpy of dilution of H2O/(LiBr+IL) 

mixtures can be observed by comparing the values of mixtures with [EA][NO3] and 

[PA][NO3]. In the analysed composition range, the enthalpy of dilution is slightly lower 

in the mixture with [EA][NO3] than in the mixture with [PA][NO3], which is indicative of 

a higher hydrophobicity of the absorbent in the mixtures with propylammonium nitrate 

at the same absorbent mole fraction. 

 

 

Figure V.6. Experimental enthalpy of dilution of H2O/LiBr and H2O/(LiBr+IL) 

mixtures at 298.15 K. ⬤: H2O/LiBr from 𝑥𝑎𝑏𝑠 = 0.228; ⬤: H2O/(LiBr+[EA][NO3]) from 

𝑥𝑎𝑏𝑠 = 0.233; □: H2O/(LiBr+[PA][NO3]) from 𝑥𝑎𝑏𝑠 = 0.232; ◆: H2O/(LiBr+[EA][Cl]) 

from 𝑥𝑎𝑏𝑠 = 0.232; △: H2O/(LiBr+[Dmim][Cl]) from 𝑥𝑎𝑏𝑠 = 0.232. 

 

The results of mixtures with and without additives were compared by analysing 

the relative differences in the enthalpy of dilution at the same mole fraction ratio 

between lithium bromide and water at 25 ºC (Eq. V.7). 

 Δ(Δℎ𝑑𝑖𝑙)/Δℎ𝑑𝑖𝑙  (%) = 100 ·
Δℎ𝑑𝑖𝑙 H2O/(LiBr+IL)

− Δℎ𝑑𝑖𝑙 H2O/LiBr

Δℎ𝑑𝑖𝑙 H2O/LiBr

 Eq. V.7 

The negative values observed for all the mixtures (Figure V.7) indicate that the 

heat released in the dilution process is lower in the presence of the ionic liquid. This 

result shows that the interactions between solute (LiBr+IL) and solvent (H2O) in the 

presence of the ionic liquid are not as favoured as in its absence. A more detailed 

explanation of these results requires knowing the interactions of the ions in these 

mixtures, which could be studied by Molecular Dynamics simulations.[109,125,159] 

UNIVERSITAT ROVIRA I VIRGILI 
QUANTITATIVE ANALYSIS OF BULK WATER IN WATER/LITHIUM BROMIDE MIXTURES WITH IONIC LIQUIDS  
AS A WORKING FLUID IN ABSORPTION HEAT PUMPS AND INFLUENCE ON THE THERMOPHYSICAL PROPERTIES 
David Latorre Arca 



Chapter V 

 

David Latorre Arca, Doctoral Thesis, Universitat Rovira i Virgili, 2024 

156 

Comparatively, the enthalpy of dilution of the mixtures with protic ionic liquids 

([EA][NO3], [PA][NO3], and [EA][Cl]) is lower than that of the mixture with [Dmim][Cl], 

suggesting that the degree of hydration of LiBr is lower in mixtures with protic ILs, as 

already discussed in Chapter III. 

 

 

Figure V.7. Summary of enthalpy of dilution relative difference between 

H2O/(LiBr+IL) and H2O/LiBr mixtures at 298.15 K and 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ≈ 0.0205. Cyan: 

most negative difference; pink: average difference; yellow: most positive 

difference. 

 

The general order of the relative enthalpy of dilution difference is: 

[EA][Cl] < [PA][NO3] < [Dmim][Cl] ≈ [EA][NO3]. From the point of view of absorption 

refrigeration and heat pump systems, it is desirable to have a working pair with low 

enthalpy of dilution since the size of the generator and absorber could be reduced. 

In this sense, ionic liquids based on the ammonium cation would be better than those 

based on the imidazolium cation. 

V.4. Electrical conductivity 

V.4.1 Experimental device 

The electrical conductivity was determined at atmospheric pressure with a Crison 

model 5298 platinum electrode connected to a Crison Conductimeter BASIC 30. 

Based on the electrode contact method, this equipment measures the electrical 
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conductivity at room temperature. Then, the device compensates for the value 

obtained to obtain the electrical conductivity at 20 ºC and 25 ºC. 

The estimated uncertainties with a confidence level of 95 % (𝑘 = 2) are 

𝑈(𝑤𝑎𝑏𝑠) = 0.001, 𝑈(𝑇) = 0.5 K, and 𝑈(𝜎) = 5 %. 

V.4.2 Experimental procedure 

The analysed H2O/(LiBr+IL) solutions (Table V.13) were prepared by weighing 

using a Mettler Toledo analytical balance model ME403. The successive solutions 

were prepared from a stock solution with an absorbent mass fraction of 0.60 by 

adding pure water. About 10 mL of each sample was used for each measurement.   

The platinum cell with the electrodes was immersed in the solution until the sensor 

reading reached stability. The experiment was repeated several times at each 

composition to calculate an average value. At the end of the measurement, the device 

was cleaned with hot water and acetone. 

Table V.13. Summary of the conditions at which the electrical conductivity was 

determined for H2O/(LiBr+IL) mixtures. 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 : mole fraction ratio between IL and 

LiBr; 𝑇: temperature; 𝑤𝑎𝑏𝑠: mass fraction of absorbent; 𝑥𝑎𝑏𝑠: mole fraction of 

absorbent. 

Mixture 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 𝑤𝑎𝑏𝑠 range T (K) 

H2O/(LiBr+[EA][NO3]) 0.0204 0.10 – 0.60 293, 298 

H2O/(LiBr+[EA][Cl]) 0.0209 0.05 – 0.60 293, 298 

H2O/(LiBr+[Dmim][Cl]) 
0.0203 0.05 – 0.60 293, 298 

0.0421 0.10 – 0.60 293, 298 

 

V.4.3 Reference mixture: H2O/LiBr 

Table V.14 summarises the literature data regarding the electrical conductivity of 

the H2O/LiBr mixture and the temperature and composition ranges, represented in 

Figure V.8. 
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Table V.14. Summary of available electrical conductivity values of H2O/LiBr in the 

literature. 

Reference 𝑤𝑎𝑏𝑠 𝑇 (K) 

Labra et al.[142] 0.45 – 0.65 308 – 353 

Molenat[160] 0.01 – 0.54 298 

Baron and Scherba[161] 0.05 – 0.50 213 – 363 

Fried and Segal[162] 0.41 – 0.64 288 – 353 

Wu et al.[163] 0 – 0.44 293 

 

It is observed that the electrical conductivity increases with temperature, as 

already demonstrated by Arrhenius,[164] and that it reaches a maximum at a given 

composition. Wu et al.[163] explained that this behaviour is governed by the 

phenomena of solvation and ion pairing and that the observed change in trend can 

be attributed to the predominance of ion pairing over ion solvation. 

 

 

Figure V.8. Literature data of electrical conductivity of H2O/LiBr against mass 

fraction of lithium bromide. Green series: 288.15 K; blue series: 293.15 K; red 

series: 298.15 K. ⬤: Baron and Scherba[161]; □: Wu et al.;[163] ⬤: Fried and Segal;[162] 

□: Molenat;[160] ▲: Fried and Segal;[162] ◆: Labra et al.[142]. 

V.4.4 Experimental results and discussion 

Tables V.15-V.18 show the experimental electrical conductivity of H2O/(LiBr+IL) 

mixtures. These values are plotted in Figures V.9-V.10 along with those of H2O/LiBr 

as a function of mass fraction of absorbent at 20 ºC and 25 ºC. 
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The behaviour of the mixtures with additives is similar to that of H2O/LiBr. In 

general, there are no differences between the behaviour of the mixtures with ILs 

based on the ammonium cation and the mixture with IL based on the imidazolium 

cation. On average, the electrical conductivity of the mixtures in the presence of ILs 

decreases compared to that of H2O/LiBr. Wu et al.[163] attributed this fact to ion pairing 

and ion mobility. In this sense, the cation-cation interactions between ILs and LiBr 

would impair the mobility of the ions, resulting in lower electrical conductivity values. 

 

 

Figure V.9. Electrical conductivity of H2O/(LiBr+IL) solutions at 293.15 K against 

mass fraction of absorbent. ⬤: H2O/LiBr;[162,163]  ⬤: H2O/(LiBr+[EA][NO3]); 

◆: H2O/(LiBr+[EA][Cl]); △: H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0203; 

○: H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0421. 

 

 

Figure V.10. Electrical conductivity of H2O/(LiBr+IL) solutions at 298.15 K against 

mass fraction of absorbent. ⬤: H2O/LiBr;[160,162] ⬤: H2O/(LiBr+[EA][NO3]); 

◆: H2O/(LiBr+[EA][Cl]); △: H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0203; 

○: H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0421. 
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Table V.15. Electrical conductivity of H2O/(LiBr+[EA][NO3]) 

solutions with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0204. 𝑤𝑎𝑏𝑠: mass fraction of absorbent; 

𝑥𝑎𝑏𝑠: mole fraction of absorbent.  

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 
𝜎 (S·m-1) 

293.15 K 298.15 K 

0.100 0.022 8.25 9.17 

0.150 0.035 11.65 12.95 

0.200 0.049 15.46 17.18 

0.250 0.064 16.72 18.58 

0.300 0.081 18.29 20.33 

0.350 0.100 19.02 21.14 

0.399 0.121 18.81 20.90 

0.450 0.144 18.06 20.08 

0.500 0.171 16.06 17.84 

0.550 0.201 13.46 14.95 

0.600 0.236 10.05 11.17 
 

Table V.16. Electrical conductivity of H2O/(LiBr+[EA][Cl]) 

solutions with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0209. 𝑤𝑎𝑏𝑠: mass fraction of 

absorbent; 𝑥𝑎𝑏𝑠: mole fraction of absorbent. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 
𝜎 (S·m-1) 

293.15 K 298.15 K 

0.050 0.011 4.62 5.14 

0.100 0.023 8.54 9.49 

0.151 0.036 11.70 12.96 

0.200 0.049 14.41 16.03 

0.250 0.065 16.61 18.43 

0.300 0.082 18.19 20.21 

0.350 0.101 18.98 21.09 

0.400 0.122 19.11 21.23 

0.450 0.145 17.95 19.94 

0.501 0.173 16.01 17.81 

0.550 0.202 13.36 14.85 

0.600 0.237 10.24 11.40 
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Table V.17. Electrical conductivity of H2O/(LiBr+[Dmim][Cl]) 

solutions with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0203. 𝑤𝑎𝑏𝑠: mass fraction of 

absorbent; 𝑥𝑎𝑏𝑠: mole fraction of absorbent. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 
𝜎 (S·m-1) 

293.15 K 298.15 K 

0.050 0.011 4.67 5.19 

0.100 0.022 8.56 9.51 

0.150 0.035 11.92 13.24 

0.200 0.049 14.72 16.36 

0.250 0.064 16.36 18.18 

0.300 0.081 18.14 20.16 

0.349 0.099 18.73 20.79 

0.400 0.120 18.56 20.63 

0.450 0.144 17.71 19.67 

0.500 0.171 15.35 17.07 

0.551 0.201 12.61 14.02 

0.601 0.236 9.85 10.94 
 

Table V.18. Electrical conductivity of H2O/(LiBr+[Dmim][Cl]) 

solutions with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0421. 𝑤𝑎𝑏𝑠: mass fraction of 

absorbent; 𝑥𝑎𝑏𝑠: mole fraction of absorbent. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 
𝜎 (S·m-1) 

293.15 K 298.15 K 

0.050 0.011 3.99 4.43 

0.100 0.022 7.30 8.11 

0.150 0.035 10.19 11.28 

0.200 0.048 13.06 14.52 

0.300 0.080 16.50 18.33 

0.349 0.098 17.93 19.92 

0.399 0.119 17.98 19.99 

0.450 0.142 17.47 19.42 

0.499 0.168 16.16 18.03 

0.550 0.199 14.55 16.19 

0.600 0.233 11.34 12.58 
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The electrical conductivity values of H2O/LiBr and H2O/(LiBr+IL) mixtures were 

correlated at 20 °C and 25 °C according to the transformed Casteel-Amis 

equation[165,166] (Eq. V.8), where 𝜎, 𝑏, 𝑥, and 𝑦 are the electrical conductivity, molality, 

and two fitting coefficients, respectively. 𝜎𝑝 and 𝑏𝑝 correspond to the maximum 

electrical conductivity and the molality at which it occurs.  

Experimental data from Molenat,[160] Fried and Segal,[162] and Wu et al.[163] were 

used to model the electrical conductivity of H2O/LiBr. The root mean square error 

(Eq. V.9) between the calculated and experimentally obtained electrical conductivity 

was minimised in the fit. 

𝜎

𝜎𝑝

= (
𝑏

𝑏𝑝

)

𝑥

· exp [−𝑦 · 𝑏𝑝
2 · (

𝑏

𝑏𝑝

− 1)

2

− 𝑥 · (
𝑏

𝑏𝑝

− 1)] Eq. V.8 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
· ∑ (

𝜎𝑐𝑎𝑙𝑐

𝜎𝑝

−
𝜎𝑒𝑥𝑝

𝜎𝑝

)

2𝑛

𝑖=1

 Eq. V.9 

Table V.19 shows the values of 𝑥 and 𝑦 coefficients together with the 𝑅𝑀𝑆𝐸 

obtained for each fitting.
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Table V.19. Coefficients and 𝑅𝑀𝑆𝐸 of the electrical conductivity correlation for H2O/LiBr and H2O/(LiBr+IL) mixtures. 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟: mole 

fraction ratio between IL and LiBr. 

Mixture 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 
𝑥 𝑦 𝑅𝑀𝑆𝐸 𝑥 𝑦 𝑅𝑀𝑆𝐸 

293.15 K 298.15 K 

H2O/LiBr - 0.8673 2.656·10-3 0.0119 0.8434 3.460·10-3 0.0236 

H2O/(LiBr+[EA][NO3]) 0.0204 1.117 -2.135·10-3 0.0242 1.117 -2.131·10-3 0.0242 

H2O/(LiBr+[EA][Cl]) 0.0209 0.6735 3.838·10-3 0.0325 0.6752 3.810·10-3 0.0322 

H2O/(LiBr+[Dmim][Cl]) 
0.0203 1.055 -1.504·10-3 0.0193 1.053 -1.507·10-3 0.0193 

0.0421 0.9173 4.995·10-3 0.0106 0.9195 4.953·10-3 0.0106 
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V.5. Thermal conductivity 

V.5.1 Experimental device 

Thermal conductivity was determined at atmospheric pressure with a Decagon 

KD2 Pro connected to a Thermal Analyzer based on the transient hot wire method.  

The estimated uncertainties with a 95 % confidence level (𝑘 = 2) are 

𝑈(𝑤𝑎𝑏𝑠) = 0.001, 𝑈(𝑇) = 0.5 ºC, and 𝑈(𝜆) = 5 %.  

V.5.2 Experimental procedure 

The analysed H2O/(LiBr+[Dmim][Cl]) samples were prepared separately by 

weighing using a Mettler Toledo ME403 analytical balance. Approximately 15 mL of 

solution were prepared for each composition. 

The sample is placed in a special glass beaker immersed in a water bath; the 

temperature is kept constant using a Julabo thermostatic bath (mod. ME). The 

measuring probe is inserted vertically. Once thermal equilibrium is reached, the 

measurement is repeated up to 6 times at 15 min intervals to ensure thermal 

equilibrium. 

The thermal conductivity of H2O/(LiBr+[Dmim][Cl]) mixture at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0449 

was determined from (20 to 34) °C at absorbent mass fractions between 0.401 and 

0.536.  

V.5.3 Reference mixture: H2O/LiBr 

The thermal conductivity of aqueous lithium bromide has been experimentally 

determined in the literature.[167–169] Figure V.11 shows the thermal conductivity of 

H2O/LiBr as a function of temperature at different LiBr compositions, calculated using 

a literature correlation.[123] It is observed that the thermal conductivity increases with 

temperature and decreases with lithium bromide composition. 
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Figure V.11. Thermal conductivity of H2O/LiBr as a function of mass fraction of 

lithium bromide and temperature.[123] Black line: pure water (𝑤𝐿𝑖𝐵𝑟  = 0);[140] blue 

line: 𝑤𝐿𝑖𝐵𝑟  = 0.20; green line: 𝑤𝐿𝑖𝐵𝑟  = 0.40; red line: 𝑤𝐿𝑖𝐵𝑟  = 0.60. 

 

V.5.4 Experimental results and discussion 

Table V.20 and Figure V.12 show the experimental values of thermal conductivity 

of H2O/(LiBr+[Dmim][Cl]) at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0449. As expected, based on the behaviour 

of H2O/LiBr, the thermal conductivity of this mixture increases with temperature and 

decreases with solute composition. The decrease in thermal conductivity with solute 

composition can be attributed to a lower vibration of the molecular bonds of pure 

water[109] due to an increase in solute-solvent and solute-solute interactions. 

Table V.20. Thermal conductivity of H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0449. 

𝑤𝑎𝑏𝑠: mass fraction of absorbent. 𝑥𝑎𝑏𝑠: mole fraction of absorbent. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 𝑇 (K) 𝜆 (W·m-1·K-1) 

0.401 0.119 

293.2 0.448 

297.9 0.458 

302.6 0.462 

307.3 0.469 

0.445 0.140 

293.3 0.430 

297.9 0.438 

302.8 0.441 

307.4 0.446 
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Table V.20 (continued) 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 𝑇 (K) 𝜆 (W·m-1·K-1) 

0.501 0.169 

293.2 0.420 

298.0 0.428 

302.8 0.431 

307.3 0.433 

0.536 0.190 

293.3 0.405 

298.0 0.412 

302.8 0.415 

307.5 0.419 

 

 

Figure V.12. Thermal conductivity of H2O/(LiBr+[Dmim][Cl]) with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0449. ◆:  𝑤𝑎𝑏𝑠  = 0.401; ■: 𝑤𝑎𝑏𝑠  = 0.455; ▲: 𝑤𝑎𝑏𝑠  = 0.501; 

⬤: 𝑤𝑎𝑏𝑠  = 0.536. 

 

The thermal conductivity of H2O/(LiBr+[Dmim][Cl]) has been modelled with a 

polynomial equation (Eq. V.10), where 𝑇 is the temperature (K), 𝑤𝑎𝑏𝑠 is the mass 

fraction of absorbent, and 𝑎, 𝑏, and 𝑐 are the fit coefficients. The root mean square 

error between the calculated and the experimental thermal conductivity was 

minimised in the fit (Eq. V.11). 
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𝜆 = 𝑎 + 𝑏 · 𝑤𝑎𝑏𝑠 · 𝑇 + 𝑐 · 𝑤𝑎𝑏𝑠 · 𝑇2 Eq. V.10 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
· ∑(𝜆𝑐𝑎𝑙𝑐 − 𝜆𝑒𝑥𝑝)

2
𝑛

𝑖=1

 Eq. V.11 

Table V.21 shows the values of the correlation coefficients and 𝑅𝑀𝑆𝐸. 

Table V.21. Coefficients and 𝑅𝑀𝑆𝐸 of the correlation for the thermal conductivity of 

H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0449. 

𝑎 (W·m-1·K-1) 𝑏 (W·m-1·K-2) 𝑐 (W·m-1·K-3) 𝑅𝑀𝑆𝐸 (W·m-1·K-1) 

0.5869 -0.00438 1.1·10-5 0.003969 

 

The thermal conductivity of the mixture with additive has been compared with that 

of the mixture without additive according to Eq. V.12 as a function of the 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

ratio and temperature. 

Δ𝜆/𝜆 (%) = 100 ·
𝜆H2O/(LiBr+IL) − 𝜆H2O/LiBr

𝜆H2O/LiBr

 Eq. V.12 

Figure V.13 shows that the relative difference in thermal conductivity is always 

negative in the analysed composition and temperature range. Interpreting the change 

in trend at different 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 ratios would require knowledge of the influence of 

temperature on both the molecular structures of the ionic liquid and those of water. 

Again, helpful information for this analysis could be obtained from computational 

studies based on Molecular Dynamics simulations. 

The lower thermal conductivity of this H2O/(LiBr+[Dmim][Cl]) mixture compared to 

H2O/LiBr contrasts with the higher amount of bulk water in the mixtures with additive, 

discussed in Chapter III. This fact evidences the relevance of solute-solute 

interactions in the values of this property in these mixtures. 

 

UNIVERSITAT ROVIRA I VIRGILI 
QUANTITATIVE ANALYSIS OF BULK WATER IN WATER/LITHIUM BROMIDE MIXTURES WITH IONIC LIQUIDS  
AS A WORKING FLUID IN ABSORPTION HEAT PUMPS AND INFLUENCE ON THE THERMOPHYSICAL PROPERTIES 
David Latorre Arca 



Chapter V 

 

David Latorre Arca, Doctoral Thesis, Universitat Rovira i Virgili, 2024 

168 

 

Figure V.13. Relative thermal conductivity difference between 

H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0449 and H2O/LiBr. Pink series:  𝑥𝐿𝑖𝐵𝑟/

𝑥𝐻2𝑂 = 0.130; blue series: 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂  = 0.156; green series: 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.195; red 

series: 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 = 0.224. 

 

From the point of view of the application, a lower thermal conductivity will result in 

a higher difficulty in transferring heat. Hence, the area of the heat exchangers should 

increase in the presence of this IL, impairing the performance of the working fluid. 

V.6. Dynamic viscosity 

V.6.1 Experimental device 

Dynamic viscosity was determined at atmospheric pressure using the Cambridge 

Viscosity ViscoPro 2000 viscometer, based on the movement of a piston through the 

solution. 

The estimated uncertainties with a 95 % confidence level (𝑘 = 2) are 

𝑈(𝑤𝑎𝑏𝑠) = 0.001, 𝑈(𝑇) = 0.05 ºC, and 𝑈(𝜂) = 0.05 mPa·s. 

V.6.2 Experimental procedure 

H2O/(LiBr+IL) samples were prepared separately by weighing using a Mettler 

Toledo analytical balance model ME403. About 25 mL of sample were prepared for 

each composition. 

Upon completion of the experiments, the viscometer was cleaned by rinsing it with 

hot water and acetone and applying vacuum. 
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The dynamic viscosity of the H2O/(LiBr+[Dmim][Cl]) mixture at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0423 

was determined from (20 to 100) ºC and absorbent mass fraction ranging from 0.401 

to 0.536.  

V.6.3 Reference mixture: H2O/LiBr 

In a recent work, Fleßner and Ziegler[170] developed an empirical correlation to 

estimate the dynamic viscosity of H2O/LiBr using experimental data reported in the 

literature (Figure V.14). It is observed that the values decrease with temperature and 

increase the higher the LiBr composition in the solution. On the one hand, the 

increase in flow resistance with absorbent composition can be attributed to 

interactions in the solution, which are significantly influenced by the breakdown of the 

molecular structure of water and ion pairing.[171,172] On the other hand, the decrease 

in dynamic viscosity with temperature can be attributed to the higher kinetic energy 

of the molecules, which decreases the attractive forces between the molecules, 

reducing their resistance to flow. 

 

 

Figure V.14. Estimated dynamic viscosity of H2O/LiBr against temperature and 

mass fraction of lithium bromide using Fleßner and Ziegler’s correlation.[170] Black 

line: pure water (𝑤𝐿𝑖𝐵𝑟  = 0);[140] blue line: 𝑤𝐿𝑖𝐵𝑟  = 0.20; green line: 𝑤𝐿𝑖𝐵𝑟  = 0.40; red 

line: 𝑤𝐿𝑖𝐵𝑟  = 0.60.  
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V.6.4 Experimental results and discussion 

Table V.22 and Figure V.15 show the experimental values of dynamic viscosity of 

the H2O/(LiBr+[Dmim][Cl]) mixture with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0423. As for H2O/LiBr, the 

viscosity of this mixture increases with absorbent composition and decreases with 

temperature. 
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Table V.22. Dynamic viscosity of H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0423. 𝑤𝑎𝑏𝑠: mass fraction of absorbent; 𝑥𝑎𝑏𝑠: mole fraction of 

absorbent. 

𝑤𝑎𝑏𝑠 𝑥𝑎𝑏𝑠 

𝜂 (mPa·s) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 353.15 363.15 373.15 

0.424 0.130 2.53 2.02 1.65 1.37 1.17 1.01 0.88 0.78 0.70 

0.531 0.187 3.81 3.05 2.51 2.12 1.83 1.61 1.44 1.30 1.20 

0.568 0.210 7.52 5.54 4.23 3.33 2.71 2.33 1.91 1.65 1.45 
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Figure V.15. Dynamic viscosity of the H2O/(LiBr+[Dmim][Cl]) mixture with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0423 against temperature and mass fraction of absorbent. 

□: 𝑤𝑎𝑏𝑠 = 0.424; ◆: ▲: 𝑤𝑎𝑏𝑠 = 0.531; ⬤: 𝑤𝑎𝑏𝑠 = 0.568. Dotted lines represent the 

calculated dynamic viscosity with the proposed correlation. 

 

The experimental viscosity values were modeled with an exponential equation 

(Eq. V.13), where 𝜂0 = 1 mPa·s, 𝑇 is the temperature (K), 𝑤𝑎𝑏𝑠 the mass fraction of 

absorbent, 𝑎 , 𝑏1, 𝑏2, 𝑐1, y 𝑐2 the fitting coefficients. The root mean square error 

between the calculated and experimentally obtained thermal conductivity was 

minimized in the fit (Eq. V.14).  

𝜂

𝜂0

= exp [𝑎 + ∑(𝑏𝑛 · 𝑤𝑎𝑏𝑠
𝑛

2

𝑛=1

+ 𝑐𝑛 · 𝑇𝑛)] Eq. V.13 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
· ∑ (

𝜂𝑐𝑎𝑙𝑐

𝜂0

−
𝜂𝑒𝑥𝑝

𝜂0

)
2

𝑛

𝑖=1

 Eq. V.14 

Table V.23 shows the values of the correlation coefficients and 𝑅𝑀𝑆𝐸. 

Table V.23. Coefficients and 𝑅𝑀𝑆𝐸 of the correlation for the dynamic viscosity of 

H2O/(LiBr+[Dmim][Cl]) with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 = 0.0423. 

𝑎 𝑏1 𝑏2 𝑐1 𝑐2 𝑅𝑀𝑆𝐸 

37.65 -63.95 71.07 -0.1211 1.543·10-4 0.2158 
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The comparison between the values of the mixtures with and without additive was 

carried out by calculating the relative difference in dynamic viscosity as a function of 

the𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 ratio and temperature (Eq. V.15). 

Δ𝜂/𝜂 (%) = 100 ·
𝜂H2O/(LiBr+IL) − 𝜂H2O/LiBr

𝜂H2O/LiBr

 Eq. V.15 

The relative difference in dynamic viscosity at absorbent mass fractions lower than 

0.531 is generally negative, indicating that the mixture with additive is less viscous 

than H2O/LiBr. However, between 20 °C and 50 °C and 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 > 0.20 

(𝑤𝑎𝑏𝑠 > 0.50), which are typical absorber working conditions in the considered 

application, this effect is reversed, with an average value of the relative dynamic 

viscosity difference of 11.7 %. This behaviour is similar to that already seen when 

analysing the thermal conductivity and cannot be explained solely in terms of the 

higher percentage of bulk water in the presence of ionic liquid. In this case, in addition 

to solute-solute, solute-solvent, and solvent-solvent interactions, it is also necessary 

to consider that the viscosity of ionic liquids is higher than that of water.[173] 

The presence of the ionic liquid impairs the performance of the working fluid since 

the higher resistance to flow is associated with higher power consumption in the 

solution pump. 

V.7. Summary of the influence of ILs on the 

thermophysical properties of H2O/LiBr 

Figure V.16 shows the average relative difference of the analysed thermophysical 

properties between the mixtures with and without additive, discussed in the previous 

sections, as a function of the ionic liquid and its composition. 

Regarding thermodynamic properties, H2O/(LiBr+IL) mixtures have, in general, 

lower density, speed of sound, and enthalpy of dilution than H2O/LiBr. These values 

can be directly related to the higher amount of bulk water in the mixtures with additive. 

Lower density in the presence of the ionic liquid can be expected to impair the 

performance of the working fluid, while lower enthalpy of dilution has the opposite 

effect. Even though the speed of sound does not influence the operation of absorption 
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refrigeration and heat pump systems, it will be used to comparatively analyse 

solute-solvent interactions in Chapter VI. 

With respect to transport properties, the H2O/(LiBr+IL) mixtures have, in general, 

lower values of electrical conductivity, thermal conductivity, and dynamic viscosity 

than H2O/LiBr. The changes in these properties in the presence of additive cannot be 

directly related to the higher amount of bulk water in the mixtures with additive. 

Compared to H2O/LiBr, the lower thermal conductivity and higher dynamic viscosity 

of H2O/(LiBr+[Dmim][Cl]) at typical working conditions for the selected application 

impairs the performance of the working fluid. 

 

 

Figure V.16. Summary of average relative difference of the experimentally 

determined thermophysical properties of H2O/(LiBr+IL) mixtures with respect to 

H2O/LiBr. Magenta: [EA][NO3]; white: [PA][NO3]; red: [EA][Cl]; black: [Bmim][Br]; 

green and grey: [Dmim][Cl]. All bars show results at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0205, except for 

grey bar ([Dmim][Cl]), at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0435. Positive and negative labels indicate 

whether the influence of the ionic liquid on each property is beneficial or not in the 

application. 
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V.8. Conclusions 

The conclusions drawn in this chapter correspond to specific objectives 4 and 5 

(Section I.6). 

The average relative difference in properties between H2O/(LiBr+IL) and H2O/LiBr 

was analysed, and its effect on the application was discussed. 

According to the discussed results, the use of the ionic liquids considered 

enhances the enthalpy of dilution of the working fluid but impairs other relevant 

properties that directly influence its performance: lower density, thermal conductivity, 

and higher dynamic viscosity.  

The influence of ionic liquids on the analysed thermodynamic properties (density, 

speed of sound, and enthalpy of dilution) of H2O/(LiBr+IL) mixtures can be related to 

their higher percentage of bulk water. 

The influence of the ionic liquid on the analysed transport properties (electrical 

conductivity, thermal conductivity, and dynamic viscosity) of the H2O/(LiBr+IL) mixture 

cannot be directly related to their higher amount of bulk water. 

The analysis of thermophysical properties and the results obtained from 

NIR+MCR-ALS provide useful complementary information for interpreting the 

influence of ionic liquids on the thermophysical properties of H2O/LiBr. 
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Chapter VI. Analysis of the influence of 

ionic liquid on the solute-solvent 

interaction in H2O/(LiBr+IL) mixtures 

using derived volumetric properties 
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VI.1. Introduction 

Derived volumetric properties of electrolyte solutions allow the analysis of 

solute-solvent, solute-solute, and solvent-solvent interactions from a thermodynamic 

point of view.[70] 

In the context of the application considered in this doctoral thesis, the interest lies 

in using these properties to analyse the influence of the ionic liquid on the interaction 

between solute (LiBr+IL) and solvent (H2O). To achieve this, estimating the properties 

at infinite dilution conditions is necessary, where solute-solute interactions can be 

assumed to be negligible.[43,71] 

The properties considered for the analysis are the apparent molar volume at 

infinite dilution, the isentropic compressibility, and the limiting apparent molar 

isentropic compressibility.  

To discuss the results, a comparative analysis of the derived volumetric properties 

has been carried out, assuming that the solute consists of both lithium bromide and 

ionic liquid (LiBr+IL).  

As described in Section II.4, obtaining properties at infinite dilution requires 

knowledge of the apparent molar properties, which have been calculated using the 

experimental density and speed of sound data reported in Section V.2 

(Tables V.2-V.6). Table VI.1 summarises the temperature and composition range in 

which the derived volumetric properties were analysed. 

Table VI.1. Summary of conditions at which the analysis was carried out for each 

mixture. 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟: mole fraction ratio between IL and LiBr; 𝑇: temperature; 𝑏: molality; 

𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between LiBr and H2O. 

Mixture 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 𝑇 (K) 𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

H2O/LiBr - 293 – 343 0.6 – 15 0.01 – 0.28 

H2O/(LiBr+[EA][NO3]) 0.0205 293 – 343 0.6 – 16 0.01 – 0.28 

H2O/(LiBr+[PA][NO3]) 0.0205 293 – 343 0.6 – 16 0.01 – 0.28 

H2O/(LiBr+[EA][Cl]) 0.0205 293 – 343 0.6 – 16 0.01 – 0.28 

H2O/(LiBr+[Bmim][Br]) 0.0208 293 – 343 0.3 – 15 0.01 – 0.27 

H2O/(LiBr+[Dmim][Cl]) 0.0203 293 – 343 0.6 – 16 0.01 – 0.28 
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The application of the successive equations has required estimation of both the 

molar mass of the solute in solution and the coefficients 𝑉𝜑
0, 𝑆𝑉, and 𝐵𝑉 of the 

Redlich-Rosenfeld-Meyer equation (Eq. II.32, Section II.4.1).  

The molar mass of the solute (LiBr+IL) was calculated as the weighted sum of the 

molar masses as a function of the mole fractions of these compounds (Eq. VI.1). 

𝑀𝑠𝑜𝑙𝑢𝑡𝑒 =
𝑥𝐿𝑖𝐵𝑟 · 𝑀𝐿𝑖𝐵𝑟 + 𝑥𝐼𝐿 · 𝑀𝐼𝐿

𝑥𝐿𝑖𝐵𝑟 + 𝑥𝐼𝐿

 Eq. VI.1 

The apparent molar volume (𝑉𝜑) in H2O/LiBr solutions was calculated from density 

values estimated using literature data.[123] The apparent molar volume at infinite 

dilution (𝑉𝜑
0) of these solutions was obtained from (20 to 40) °C using data from 

Bagheri et al.[43] and from (50 to 70) °C using data from Millero.[70] 𝑆𝑉 and 𝐵𝑉 

parameters in H2O/LiBr solutions were calculated from the values reported by 

Bagheri et al.[43] 

Comparative analysis of the results for the different solutes was also conducted 

using Hepler’s constant,[73] isentropic compressibility (𝜅𝑆), and limiting apparent molar 

isentropic compressibiility (𝜅𝜑
0 ), defined in Section II.4. 

The isentropic compressibility of H2O/LiBr solutions was estimated based on 

density data referenced in the literature[123] and the speed of sound fit shown in 

Section V.2 with data from Rohman et al.[75] 

VI.2. Apparent molar volume at infinite dilution 

The apparent molar volume is a property defined to isolate the contribution of the 

solute to the non-ideality of the mixture. Its value depends on the interactions relative 

to the solute, i.e. solute-solute and solute-solvent interactions. 

Table VI.2 shows the results of the apparent molar volume of lithium bromide in 

H2O/LiBr solutions. It is observed that the values increase with the solute composition 

and with temperature from 20 ºC to 50 ºC, then decrease from 50 ºC to 70 ºC. On the 

one hand, the increase in the apparent molar volume with solute composition may 

indicate the formation of more significant ion pairs as the amount of solvent 

decreases. On the other hand, the increase in 𝑉𝜑 with temperature up to 50 ºC is not 

surprising, considering that the increase in kinetic energy of the molecules facilitates 
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their mobility and causes more significant expansion. The decrease at higher 

temperatures suggests structural changes in the solvent,[174,175] the solute, and/or 

specific interactions between molecules in solution. 

Table VI.2. Apparent molar volume of H2O/LiBr solutions. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole 

fraction ratio between LiBr and H2O; 𝑇: temperature. 

𝑏  

(mol·kg-1) 
𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

106·𝑉𝜑 (m3·mol-1) 

𝑈(𝑉𝜑) 

(m3·mol-1) 𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.594 0.011 24.2 25.2 25.7 25.8 25.8 25.6 8.6 

1.79 0.036 25.5 25.8 25.9 25.8 25.7 25.5 2.9 

3.30 0.067 25.8 26.0 26.0 26.0 25.8 25.7 1.6 

6.05 0.109 26.0 26.1 26.2 26.1 26.0 25.9 0.90 

9.21 0.168 26.1 26.2 26.3 26.3 26.2 26.2 0.60 

15.5 0.247 26.1 26.3 26.4 26.5 26.5 26.5 0.37 

 

The apparent molar volume of the LiBr+IL solutes analysed in H2O/(LiBr+IL) 

solutions is shown in Tables VI.3-VI.7. As an example, Figure VI.1 shows the values 

obtained for solutions with protic ([EA][NO3]) and aprotic ([Dmim][Cl]) ionic liquids. In 

both cases, the behaviour with temperature and composition follows the trend already 

discussed for H2O/LiBr solutions. Comparatively, the apparent molar volume in 

mixtures with additive is more significant than in H2O/LiBr in the considered 

temperature and composition range. 
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Figure VI.1. Apparent molar volume of (LiBr+IL) in H2O/(LiBr+IL) mixtures as a 

function of molality and temperature. a) LiBr+[EA][NO3]; b) LiBr+[Dmim][Cl]. Cyan: 

293.15 K; yellow: 313.15 K; pink: 333.15 K. 

 

Table VI.3. Apparent molar volume of H2O/(LiBr+[EA][NO3]) solutions with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between LiBr and H2O; 

𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

106·𝑉𝜑 (m3·mol-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.603 0.011 24.3 24.6 24.9 25.0 25.1 25.2 

2.03 0.036 25.4 25.7 25.8 25.9 25.8 25.6 

3.82 0.067 26.4 26.7 26.8 26.8 26.8 26.6 

6.18 0.109 27.4 27.6 27.7 27.8 27.7 27.6 

9.53 0.168 28.2 28.4 28.6 28.6 28.6 28.6 

14.0 0.247 28.5 28.7 28.8 28.9 28.9 28.9 

15.8 0.279 28.3 28.5 28.6 28.7 28.8 28.8 

106·𝑈(𝑉𝜑) = 1.3 m3·mol-1 
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Table VI.4. Apparent molar volume of H2O/(LiBr+[PA][NO3]) solutions with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 𝑏: molality;  𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between LiBr and H2O; 

𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

106·𝑉𝜑 (m3·mol-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.60 0.011 20.1 20.5 20.6 20.6 20.5 20.2 

1.97 0.035 24.7 25.1 25.2 25.2 25.1 24.9 

3.79 0.067 26.4 26.6 26.7 26.8 26.7 26.5 

6.10 0.108 27.2 27.5 27.6 27.6 27.6 27.5 

9.29 0.164 27.8 28.0 28.1 28.2 28.2 28.1 

15.8 0.278 27.9 28.1 28.3 28.4 28.4 28.4 

106·𝑈(𝑉𝜑) = 1.3 m3·mol-1. 

 

Table VI.5. Apparent molar volume of H2O/(LiBr+[EA][Cl]) solutions with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 𝑏: molality;  𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between LiBr and H2O; 

𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

106·𝑉𝜑 (m3·mol-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.607 0.011 22.8 23.0 23.2 23.2 23.0 22.8 

2.03 0.036 24.8 25.0 25.2 25.2 25.1 24.9 

3.84 0.068 25.7 25.9 26.0 26.0 25.9 25.8 

6.22 0.110 26.6 26.9 27.0 27.0 26.9 26.8 

9.44 0.167 27.3 27.5 27.6 27.6 27.6 27.6 

14.1 0.250 27.7 27.9 28.0 28.1 28.1 28.1 

15.9 0.281 27.6 27.8 27.9 28.0 28.0 28.0 

106·𝑈(𝑉𝜑) = 1.3 m3·mol-1 
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Table VI.6. Apparent molar volume of H2O/(LiBr+[Bmim][Br]) solutions with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0208. 𝑏: molality;  𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between LiBr and H2O; 

𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

106·𝑉𝜑 (m3·mol-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.341 0.006 18.7 19.2 19.5 19.4 19.3 18.9 

1.13 0.020 30.2 30.6 30.8 30.8 30.8 30.9 

2.01 0.035 30.7 31.0 31.1 31.2 31.1 30.9 

2.94 0.052 31.0 31.3 31.5 31.5 31.5 31.4 

4.21 0.074 31.6 31.8 32.0 32.0 32.0 31.9 

5.66 0.100 31.8 32.0 32.2 32.2 32.2 32.1 

7.33 0.129 31.9 32.1 32.2 32.3 32.3 32.2 

9.46 0.167 32.1 32.3 32.5 32.5 32.6 32.5 

12.1 0.214 32.4 32.6 32.8 32.9 32.9 32.9 

15.3 0.269 32.1 32.3 32.5 32.5 32.6 32.6 

106·𝑈(𝑉𝜑) = 2.5 m3·mol-1 

 

Table VI.7. Apparent molar volume of H2O/(LiBr+[Dmim][Cl]) solutions with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0203. 𝑏: molality;  𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between LiBr and H2O; 

𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

106·𝑉𝜑 (m3·mol-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.599 0.011 25.3 25.6 25.8 25.9 25.8 25.5 

1.26 0.022 26.7 27.1 27.3 27.3 27.2 27.2 

2.01 0.035 27.1 27.4 27.5 27.5 27.5 27.4 

2.84 0.050 27.3 27.5 27.6 27.7 27.6 27.5 

3.81 0.067 27.5 27.8 27.9 27.9 27.8 27.7 

4.90 0.086 27.8 28.0 28.1 28.1 28.1 28.0 

6.13 0.108 27.9 28.1 28.2 28.3 28.2 28.1 

106·𝑈(𝑉𝜑) = 1.3 m3·mol-1 
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Table VI.7 (continued) 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

106·𝑉𝜑 (m3·mol-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

7.59 0.134 28.2 28.4 28.5 28.5 28.5 28.4 

9.38 0.166 28.6 28.8 28.9 28.9 28.9 28.9 

11.3 0.199 28.4 28.6 28.7 28.8 28.8 28.7 

13.9 0.245 28.4 28.6 28.7 28.8 28.8 28.8 

15.7 0.278 28.1 28.3 28.4 28.5 28.5 28.5 

106·𝑈(𝑉𝜑) = 1.3 m3·mol-1 

 

To simplify the comparative analysis of the influence of the IL on the apparent 

volume of the solute, its values in H2O/LiBr and H2O/(LiBr+IL) solutions are calculated 

at infinite dilution. The values obtained are shown in Tables VI.8-VI.9, together with 

the empirical parameters 𝑆𝑉 and 𝐵𝑉 of the Redlich-Rosenfeld-Meyer equation. 

Table VI.8. Redlich-Rosenfeld-Meyer fitting of the apparent molar volume of H2O/LiBr 

solutions.[43,70] 𝑉𝜑
0: apparent molar volume at infinite dilution; 𝑆𝑉 and 𝐵𝑉: empirical 

parameters. 

Solute Parameter 
𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

LiBr 

106·𝑉𝜑
0 

(m3·mol-1) 
23.39 23.84 24.27 24.25 23.96 23.58 

106·𝑆𝑉 

(m3·kg1/2·mol-3/2) 
4.65 4.38 4.11 3.84 3.57 3.31 

106·𝐵𝑉 

(m3·kg·mol-2) 
-1.09 -0.44 0.09 0.50 0.79 0.97 

106·𝑈(𝑉𝜑
0) = 0.080 (m3·mol-1)[43] 
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Table VI.9. Redlich-Rosenfeld-Meyer fitting of the apparent molar volume of H2O/(LiBr+IL) solutions. 𝑉𝜑
0: apparent molar volume at 

infinite dilution; 𝑆𝑉 and 𝐵𝑉: empirical parameters. 

Solution Parameter 
𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

H2O/(LiBr+[EA][NO3]) 

106·𝑉𝜑
0 (m3·mol-1) 22.1 22.4 22.9 22.9 23.1 23.4 

106·𝑆𝑉 (m3·kg1/2·mol-3/2) 3.0 2.9 2.6 2.6 2.4 2.1 

106·𝐵𝑉 (m3·kg·mol-2) -0.34 -0.33 -0.29 -0.28 -0.23 -0.16 

H2O/(LiBr+[PA][NO3]) 

106·𝑉𝜑
0 (m3·mol-1) 14.9 15.5 15.6 15.6 15.5 15.0 

106·𝑆𝑉 (m3·kg1/2·mol-3/2) 8.2 8.0 8.0 8.0 8.0 8.2 

106·𝐵𝑉 (m3·kg·mol-2) -1.27 -1.23 -1.23 -1.23 -1.22 -1.24 

H2O/(LiBr+[EA][Cl]) 

106·𝑉𝜑
0 (m3·mol-1) 20.1 20.4 20.6 20.7 20.3 20.2 

106·𝑆𝑉 (m3·kg1/2·mol-3/2) 3.9 3.8 3.8 3.7 3.9 3.8 

106·𝐵𝑉 (m3·kg·mol-2) -0.50 -0.49 -0.48 -0.47 -0.49 -0.47 

H2O/(LiBr+[Bmim][Br]) 

106·𝑉𝜑
0 (m3·mol-1) 26.4 26.8 27.2 27.5 27.1 27.3 

106·𝑆𝑉 (m3·kg1/2·mol-3/2) 3.7 3.6 3.4 3.2 3.4 3.2 

106·𝐵𝑉 (m3·kg·mol-2) -0.57 -0.56 -0.52 -0.49 -0.52 -0.46 

H2O/(LiBr+[Dmim][Cl]) 

106·𝑉𝜑
0 (m3·mol-1) 24.5 25.7 25.5 25.7 25.5 25.7 

106·𝑆𝑉 (m3·kg1/2·mol-3/2) 2.1 1.4 1.7 1.6 1.6 1.4 

106·𝐵𝑉 (m3·kg·mol-2) -0.29 -0.17 -0.23 -0.22 -0.21 -0.17 

106·𝑈(𝑉𝜑
0) = 2.1 m3·mol-1; 106·𝑈(𝑆𝑉) = 2.0 m3·kg1/2·mol-3/2; 106·𝑈(𝐵𝑉) = 0.42 m3·kg·mol-2 
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To facilitate the analysis, the values of 𝑉𝜑
0 in H2O/LiBr and H2O/(LiBr+IL) solutions 

are plotted together in Figure VI.2. It is observed that the apparent molar volume at 

infinite dilution is positive for all solutes analysed, and that its value increases with 

temperature. The sequence of the values at any temperature obeys the following 

decreasing order: H2O/(LiBr+[Bmim][Br]) > H2O/(LiBr+[Dmim][Cl]) > H2O/LiBr > 

H2O/(LiBr+[EA][NO3]) > H2O/(LiBr+[EA][Cl]) > H2O/(LiBr+[PA][NO3]). 

The higher values of 𝑉𝜑
0 in the solutions with ionic liquids based on the imidazolium 

cation agree with lower solute-solvent interactions and higher amount of bulk water, 

as discussed in Chapter III. In addition, the size of the [Bmim]+ and [Dmim]+ cations 

could contribute to an increase in the value of 𝑉𝜑
0 due to the cation volume itself and 

the change in the solvent volume around the solute.[72] However, the values of 

apparent molar volume at infinite dilution in H2O/(LiBr+IL) mixtures with protic ionic 

liquids are lower than those obtained for H2O/LiBr mixtures, even though a higher 

amount of bulk water was also observed in those solutions. This fact could be related 

to a higher contribution of the change in the volume of the solution due to 

solute-solvent interactions,[72] as well as to the formation of complex structures 

through hydrogen bonding by ionic liquids based on the ammonium cation.[108,176,177] 

 

 

Figure VI.2. Apparent molar volume at infinite dilution of LiBr and LiBr+IL in 

aqueous solutions at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ≈ 0.0205. ⬤: H2O/LiBr;[43,70] ⬤: H2O/(LiBr+[EA][NO3]); 

□: H2O/(LiBr+[PA][NO3]); ◆: H2O/(LiBr+[EA][Cl]); ■: H2O/(LiBr+[Bmim][Br]; △: 

H2O/(LiBr+[Dmim][Cl]). Dotted lines represent the fitting shown in Eq. VI.2. 

 

UNIVERSITAT ROVIRA I VIRGILI 
QUANTITATIVE ANALYSIS OF BULK WATER IN WATER/LITHIUM BROMIDE MIXTURES WITH IONIC LIQUIDS  
AS A WORKING FLUID IN ABSORPTION HEAT PUMPS AND INFLUENCE ON THE THERMOPHYSICAL PROPERTIES 
David Latorre Arca 



Chapter VI 

 

David Latorre Arca, Doctoral Thesis, Universitat Rovira i Virgili, 2024 

187 

In the literature,[44,71,178] the apparent molar volume at infinite dilution is correlated 

with temperature using a polynomial equation (Eq. VI.2), where 𝐴, 𝐵, and 𝐶 are 

empirical coefficients. The results of this quadratic fit are shown in Table VI.10 and 

plotted in Figure VI.2.  

𝑉𝜑
0 = 𝐴 + 𝐵 · 𝑇 + 𝐶 · 𝑇2 Eq. VI.2 

Table VI.10. 𝐴, 𝐵 and 𝐶 coefficients of the apparent molar volume at infinite dilution 

of H2O/LiBr and H2O/(LiBr+IL) solutions from (293.15 to 343.15) K. 

Solution 
105·𝐴 

(m3·mol-1) 

107·𝐵 

(m3·mol-1·K-1) 

1010·𝐶 

(m3·mol-1·K-2) 

H2O/LiBr -10.4 8.02 -12.6 

H2O/(LiBr+[EA][NO3]) -0.66 1.61 -2.1 

H2O/(LiBr+[PA][NO3]) -9.86 7.17 -11.3 

H2O/(LiBr+[EA][Cl]) -5.92 5.01 -7.9 

H2O/(LiBr+[Bmim][Br]) -5.38 4.94 -7.5 

H2O/(LiBr+[Dmim][Cl]) -6.98 5.84 -8.9 

 

Since Hepler’s constant[73] is commonly used to interpret solute-solvent 

interactions,[42,43] its value has been calculated for all mixtures (Eq. VI.3). 

(
𝜕2𝑉𝜑

0

𝜕𝑇2
)

𝑝

= 2 · 𝐶 Eq. VI.3 

The results are shown in Table VI.11 and Figure VI.3. As expected, Hepler’s 

constant is negative in all cases, which evidences that all these solutes break the 

molecular structure of water. However, the values obtained are lower in the presence 

of the ionic liquid, indicating that the solute (LiBr+IL) tends to break the water structure 

less than lithium bromide at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ≈ 0.0205, which could justify the higher 

percentage of bulk water observed in the solutions with ionic liquid.  
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Table VI.11. Hepler’s constant for H2O/LiBr and H2O/(LiBr) solutions with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ≈ 0.0205 from (293.15 to 343.15) K 

Solution 109·(
𝜕2𝑉𝜑

0

𝜕𝑇2
)

𝑝
 (m3·mol-1·K-2) 

H2O/LiBr -2.5 

H2O/(LiBr+[EA][NO3]) -0.4 

H2O/(LiBr+[PA][NO3] -2.3 

H2O/(LiBr+[EA][Cl] -1.6 

H2O/(LiBr+[Bmim][Br] -1.5 

H2O/(LiBr+[Dmim][Cl] -1.8 

 

 

Figure VI.3. Hepler’s constant solutes in H2O/LiBr and H2O/(LiBr+IL) solutions in 

water from (293.15 to 343.15) K. Blue: LiBr; magenta: LiBr+[EA][NO3]; white: 

LiBr+[PA][NO3]; red: LiBr+[EA][Cl]; black: LiBr+[Bmim][Br]; green: 

LiBr+[Dmim][Cl].   

 

VI.3. Isentropic compressibility 

The isentropic compressibility of electrolyte solutions indicates the change in 

volume of the solution with pressure, and its value depends on both density and 

speed of sound. Therefore, this property is expected to be influenced by the factors 

discussed in the previous section: solute-solute, solute-solvent, and solvent-solvent 

interactions. Low isentropic compressibility values can generally be anticipated when 

the net balance of interactions is high. 
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Tables VI.12-VI.17 show the 𝜅𝑆 values for all the considered mixtures. An analysis 

of these results reveals that, regardless of temperature, the values decrease as 

solute composition increases.  

Table VI.12. Isentropic compressibility of H2O/LiBr solutions. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: 

mole fraction ratio between LiBr and H2O; 𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1010·𝜅𝑆 (Pa-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 

0.594 0.011 4.308 4.189 4.112 4.068 

1.79 0.036 3.908 3.829 3.780 3.752 

3.30 0.067 3.534 3.485 3.457 3.442 

6.05 0.109 3.069 3.051 3.041 3.035 

9.21 0.168 2.725 2.722 2.722 2.718 

15.5 0.247 2.319 2.329 2.334 2.329 

1010·𝑈(𝜅𝑆) = 0.048 Pa-1 

 

Table VI.13. Isentropic compressibility of H2O/(LiBr+[EA][NO3]) solutions with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between LiBr and H2O; 

𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1010·𝜅𝑆 (Pa-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.603 0.011 4.324 4.205 4.123 4.087 4.089 4.107 

2.03 0.036 3.847 3.772 3.736 3.724 3.736 3.753 

3.82 0.067 3.435 3.396 3.387 3.397 3.408 3.425 

6.18 0.109 3.070 3.055 3.062 3.083 3.107 3.129 

9.53 0.168 2.739 2.743 2.763 2.787 2.811 2.838 

14.0 0.247 2.423 2.423 2.468 2.492 2.520 2.544 

15.8 0.279 2.300 2.311 2.348 2.375 2.407 2.430 

1010·𝑈(𝜅𝑆) = 0.003 Pa-1 
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Table VI.14. Isentropic compressibility of H2O/(LiBr+[PA][NO3]) solutions with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between LiBr and H2O; 

𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1010·𝜅𝑆 (Pa-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.60 0.011 4.296 - 4.071 4.053 4.061 4.082 

1.97 0.035 3.854 3.773 3.742 3.737 3.745 3.763 

3.79 0.067 3.432 3.391 3.390 3.402 3.416 3.438 

6.10 0.108 3.068 3.055 3.070 3.094 3.112 3.136 

9.29 0.164 2.730 2.743 2.771 2.798 2.823 2.847 

15.8 0.278 2.280 2.297 2.322 2.344 2.370 - 

1010·𝑈(𝜅𝑆) = 0.003 Pa-1 

 

Table VI.15. Isentropic compressibility of H2O/(LiBr+[EA][Cl]) solutions with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between LiBr and H2O; 

𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1010·𝜅𝑆 (Pa-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.607 0.011 4.313 - 4.028 4.008 4.053 4.078 

2.03 0.036 3.844 3.733 3.695 3.689 3.710 3.752 

3.84 0.068 3.417 3.373 3.360 3.388 3.395 3.416 

6.22 0.110 3.063 3.047 3.043 3.051 3.091 3.115 

9.44 0.167 2.734 2.738 2.748 2.765 2.789 2.825 

14.1 0.250 2.385 2.395 2.419 2.441 2.485 2.509 

15.9 0.281 2.283 2.296 2.315 2.337 2.376 2.399 

1010·𝑈(𝜅𝑆) = 0.003 Pa-1 
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Table VI.16. Isentropic compressibility of H2O/(LiBr+[Bmim][Br]) solutions with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0208. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between LiBr and H2O; 

𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1010·𝜅𝑆 (Pa-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.341 0.006 4.426 4.243 4.159 4.154 4.150 4.167 

1.13 0.020 4.166 4.043 3.984 3.990 3.987 4.002 

2.01 0.035 3.902 3.809 3.765 3.752 3.781 3.798 

2.94 0.052 3.669 3.602 3.573 3.568 3.582 3.618 

4.21 0.074 3.421 3.389 3.378 3.378 3.393 3.418 

5.66 0.100 3.196 3.179 3.186 3.195 3.217 3.239 

7.33 0.129 2.993 2.991 3.008 3.023 3.046 3.069 

9.46 0.167 2.802 2.808 2.833 2.851 2.876 2.900 

12.1 0.214 2.620 2.636 2.666 2.685 2.707 2.730 

15.3 0.269 2.420 2.439 2.474 2.497 2.522 2.546 

1010·𝑈(𝜅𝑆) = 0.003 Pa-1 

 

Table VI.17. Isentropic compressibility of H2O/(LiBr+[Dmim][Cl]) solutions with 

𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0203. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between LiBr and H2O; 

𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1010·𝜅𝑆 (Pa-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.599 0.011 4.342 4.233 4.161 4.134 4.123 4.133 

1.26 0.022 4.112 4.022 3.971 3.954 - - 

2.01 0.035 3.881 3.820 3.781 3.762 - - 

2.84 0.050 3.657 3.607 3.578 3.576 3.583 - 

3.81 0.067 3.453 3.422 3.408 3.405 - - 

4.90 0.086 3.242 3.240 3.233 3.240 3.260 - 

6.13 0.108 3.074 3.063 3.064 3.080 3.106 - 

7.59 0.134 2.921 2.921 2.936 2.951 2.967 2.985 

1010·𝑈(𝜅𝑆) = 0.003 Pa-1 
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Table VI.17 (continued) 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1010·𝜅𝑆 (Pa-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

9.38 0.166 2.754 2.762 2.780 2.799 2.819 - 

11.3 0.199 2.596 2.608 2.630 2.655 2.673 - 

13.9 0.245 2.411 2.426 2.452 2.475 2.496 2.516 

15.7 0.278 2.265 2.308 2.326 2.351 2.376 2.399 

1010·𝑈(𝜅𝑆) = 0.003 Pa-1 

 

All mixtures have a composition in which the isentropic compressibility does not 

vary significantly with temperature (Table VI.18). Rohman et al.[75,179] observed this 

phenomenon, referred to as the convergence point, in H2O/LiBr solutions and was 

attributed to the beginning of the predominance of ion pairing over ion hydration. Their 

analysis[75] evidence that in H2O/LiBr, the convergence point is reached at a 

significantly higher molality of 10.8 mol·kg-1 than in the case of H2O/(LiBr+IL) 

mixtures, where the molality ranges from (3.79 to 4.90) mol·kg-1. 

Although it is not possible to analyse the influence of the ionic liquids on isentropic 

compressibility, as its values strongly depend on the composition, it is observed that 

the predominance of ion pairing over ion hydration begins at a significantly lower 

solute composition in the presence of ionic liquids. This finding suggests the 

existence of stronger solute-solute interactions in these solutions and could be 

related to weaker solute-solvent interactions, which would justify the higher amount 

of bulk water in H2O/(LiBr+IL) solutions, discussed in Chapter III. 

Table VI.18. Convergence points of isentropic compressibility of H2O/LiBr and 

H2O/(LiBr+IL) solutions at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ≈ 0.0205. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction 

ratio between LiBr and H2O. 

Solution 1010·𝜅𝑆 (Pa-1) 𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

H2O/LiBr[75] 2.61 10.8 0.195 

H2O/(LiBr+[EA][NO3]) 3.41 3.82 0.067 

H2O/(LiBr+[PA][NO3]) 3.41 3.79 0.067 

H2O/(LiBr+[EA][Cl]) 3.39 3.84 0.068 
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Table VI.18 (continued) 

Solution 1010·𝜅𝑆 (Pa-1) 𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

H2O/(LiBr+[Bmim][Br]) 3.40 4.21 0.074 

H2O/(LiBr+[Dmim][Cl]) 3.24 4.90 0.086 

 

Similar to what was discussed in the previous section, the analysis of the influence 

of the ionic liquid on the isentropic compressibility of H2O/(LiBr+IL) mixtures with 

respect to H2O/LiBr is simplified by considering infinite dilution conditions as the 

reference point. As introduced in Section II.4, estimating this property requires the 

calculation of the molar apparent isentropic compressibility. Tables VI.19-VI.24 show 

the results obtained for the different solutions. The values are negative over the whole 

composition and temperature range and increase with solute composition. 

Table VI.19. Apparent molar isentropic compressibility of H2O/LiBr solutions. 

𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between LiBr and H2O; 𝑇: temperature. 

𝑏 

(mol·kg-1) 
𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1015·𝜅𝜑 (m3·mol-1·Pa-1) 

1015·𝑈(𝜅𝜑) 

(m3·mol-1) 
𝑇 (K) 

293.15 303.15 313.15 323.15 

0.594 0.011 -32.0 -26.7 -23.3 -21.1 13 

1.79 0.036 -26.5 -22.8 -20.2 -18.7 6.2 

3.30 0.067 -22.0 -19.1 -17.1 -16.0 4.3 

6.05 0.109 -16.7 -14.6 -13.2 -12.5 3.0 

9.21 0.168 -12.8 -11.3 -10.2 -9.72 2.0 

15.5 0.247 -8.4 -7.4 -6.7 -6.4 1.6 
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Table VI.20. Apparent molar isentropic compressibility of H2O/(LiBr+[EA][NO3]) 

solutions with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between 

LiBr and H2O; 𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1015·𝜅𝜑 (m3·mol-1·Pa-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.603 0.011 -28.5 -23.8 -21.2 -17.7 -13.1 -10.7 

2.03 0.036 -25.4 -21.9 -18.9 -16.8 -15.0 -14.5 

3.82 0.067 -20.4 -17.6 -15.3 -13.6 -12.7 -12.5 

6.18 0.109 -15.7 -13.6 -11.9 -10.6 -9.8 -9.6 

9.53 0.168 -11.4 -9.8 -8.5 -7.6 -7.1 -6.8 

14.0 0.247 -8.4 -7.3 -6.1 -5.5 -5.1 -5.0 

15.8 0.279 -7.8 -6.7 -5.8 -5.2 -4.8 -4.7 

1015·𝑈(𝜅𝜑) = 1.1 m3·mol-1·Pa-1 

 

Table VI.21. Apparent molar isentropic compressibility of H2O/LiBr+[PA][NO3]) 

solutions with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between 

LiBr and H2O; 𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1015·𝜅𝜑 (m3·mol-1·Pa-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.60 0.011 -35.1 - -31.7 -25.3 -19.9 -17.0 

1.97 0.035 -26.2 -23.0 -19.7 -17.1 -15.5 -14.9 

3.79 0.067 -20.8 -18.0 -15.4 -13.6 -12.7 -12.3 

6.10 0.108 -16.1 -13.9 -12.0 -10.7 -10.0 -9.7 

9.29 0.164 -12.2 -10.4 -8.9 -8.0 -7.4 -7.2 

15.8 0.278 -8.1 -7.0 -6.2 -5.6 -5.2 - 

1015·𝑈(𝜅𝜑) = 1.1 m3·mol-1·Pa-1 
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Table VI.22. Apparent molar isentropic compressibility of H2O/(LiBr+[EA][Cl]) 

solutions with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0205. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between 

LiBr and H2O; 𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1015·𝜅𝜑 (m3·mol-1·Pa-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.607 0.011 -30.8 - -37.8 -31.5 -20.0 -16.4 

2.03 0.036 -25.7 -24.1 -21.3 -18.8 -16.6 -14.8 

3.84 0.068 -21.1 -18.4 -16.3 -14.0 -13.3 -12.9 

6.22 0.110 -15.9 -13.8 -12.3 -11.3 -10.3 -10.0 

9.44 0.167 -11.9 -10.3 -9.1 -8.3 -7.8 -7.4 

14.1 0.250 -8.8 -7.6 -6.7 -6.1 -5.6 -5.4 

15.9 0.281 -8.0 -7.0 -6.2 -5.6 -5.2 -5.0 

1015·𝑈(𝜅𝜑) = 1.1 m3·mol-1·Pa-1 

 

Table VI.23. Apparent molar isentropic compressibility of H2O/(LiBr+[Bmim][Br]) 

solutions with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0208. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between 

LiBr and H2O; 𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1015·𝜅𝜑 (m3·mol-1·Pa-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.341 0.006 -30.8 -41.0 -37.1 -21.4 -15.2 -11.4 

1.13 0.020 -22.2 -20.1 -16.9 -11.3 -9.4 -8.3 

2.01 0.035 -20.8 -18.2 -15.7 -13.6 -10.9 -10.3 

2.94 0.052 -19.0 -16.3 -14.1 -12.4 -11.1 -10.0 

4.21 0.074 -16.3 -13.5 -11.5 -10.2 -9.3 -8.8 

5.66 0.100 -14.0 -11.7 -9.8 -8.7 -7.8 -7.5 

7.33 0.129 -11.8 -9.8 -8.2 -7.2 -6.6 -6.3 

9.46 0.167 -9.6 -7.9 -6.5 -5.7 -5.2 -5.0 

12.1 0.214 -7.5 -6.1 -4.9 -4.3 -3.9 -3.7 

15.3 0.269 -6.3 -5.1 -4.1 -3.5 -3.2 -3.0 

1015·𝑈(𝜅𝜑) = 2.4 m3·mol-1·Pa-1 
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Table VI.24. Apparent molar isentropic compressibility of H2O/(LiBr+[Dmim][Cl]) 

solutions with 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  = 0.0203. 𝑏: molality; 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂: mole fraction ratio between 

LiBr and H2O; 𝑇: temperature. 

𝑏 (mol·kg-1) 𝑥𝐿𝑖𝐵𝑟/𝑥𝐻2𝑂 

1015·𝜅𝜑 (m3·mol-1·Pa-1) 

𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

0.599 0.011 -25.3 -18.9 -14.6 -9.5 -7.2 -6.3 

1.26 0.022 -24.6 -20.0 -16.4 -13.3 - - 

2.01 0.035 -23.3 -19.1 -16.2 -14.4 - - 

2.84 0.050 -21.8 -18.4 -16.1 -14.2 -13.2 - 

3.81 0.067 -19.6 -16.6 -14.4 -13.0 - - 

4.90 0.086 -17.9 -14.9 -13.1 -11.8 -11.0 - 

6.13 0.108 -15.7 -13.4 -11.9 -10.7 -9.8 - 

7.59 0.134 -13.4 -11.4 -9.9 -9.0 -8.5 -8.3 

9.38 0.166 -11.4 -9.7 -8.4 -7.6 -7.1 - 

11.3 0.199 -10.0 -8.6 -7.5 -6.7 -6.3 - 

13.9 0.245 -8.6 -7.4 -6.5 -5.8 -5.5 -5.4 

15.7 0.278 -8.2 -6.9 -6.1 -5.5 -5.2 -5.1 

1015·𝑈(𝜅𝜑) = 1.1 m3·mol-1·Pa-1 

 

The dependence of 𝜅𝜑 on molality is fitted to an equation of the 

Redlich-Rosenfeld-Meyer type (Eq. II.36, Section II.4), which allows estimating the 

value of this property at infinite dilution. The results of 𝜅𝜑
0  y 𝑆𝜅 empirical parameters 

obtained in the fit are shown in Table VI.25. It should be noted that the estimated 

values of the limiting apparent molar isentropic compressibility of H2O/LiBr agree with 

those reported by Bagheri et al.[43] 
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 Table VI.25. Fitting of the apparent molar isentropic compressibility of H2O/(LiBr+IL) solutions. 𝜅𝜑
0 : limiting apparent molar isentropic 

compressibility; 𝑆𝜅: empirical parameter. 

Solution Parameter 
𝑇 (K) 

293.15 303.15 313.15 323.15 333.15 343.15 

H2O/LiBr 
1015·𝜅𝜑

0  (m3·mol-1·Pa-1) -36.5 -30.8 -27.8 -24.7 - - 

1015·𝑆𝜅 (m3·kg1/2·mol-3/2·Pa-1) 7.52 6.23 5.78 4.79 - - 

H2O/(LiBr+[EA][NO3]) 
1015·𝜅𝜑

0  (m3·mol-1·Pa-1) -33.9 -28.7 -25.3 -21.7 -20.5 -20.0 

1015·𝑆𝜅 (m3·kg1/2·mol-3/2·Pa-1) 6.86 5.75 5.13 4.31 4.12 4.10 

H2O/(LiBr+[PA][NO3]) 
1015·𝜅𝜑

0  (m3·mol-1·Pa-1) -38.7 -30.4 -28.9 -24.9 -22.4 -20.7 

1015·𝑆𝜅 (m3·kg1/2·mol-3/2·Pa-1) 8.34 6.21 6.56 5.55 4.90 4.40 

H2O/(LiBr+[EA][Cl]) 
1015·𝜅𝜑

0  (m3·mol-1·Pa-1) -35.6 -31.6 -30.2 -24.3 -23.0 -19.7 

1015·𝑆𝜅 (m3·kg1/2·mol-3/2·Pa-1) 7.25 6.48 6.25 4.90 4.70 3.79 

H2O/(LiBr+[Bmim][Br]) 
1015·𝜅𝜑

0  (m3·mol-1·Pa-1) -30.4 -26.9 -23.5 -20.3 -16.4 -13.8 

1015·𝑆𝜅 (m3·kg1/2·mol-3/2·Pa-1) 6.75 6.15 5.52 4.74 3.60 2.74 

H2O/(LiBr+[Dmim][Cl]) 
1015·𝜅𝜑

0  (m3·mol-1·Pa-1) -31.1 -26.1 -22.1 -19.4 -18.9 - 

1015·𝑆𝜅 (m3·kg1/2·mol-3/2·Pa-1) 6.08 5.09 4.21 3.64 3.64 - 

1015·𝑈(𝜅𝜑
0 ) = 1.7 m3·mol-1·Pa-1; 1015·𝑈(𝑆𝜅) = 0.64 m3·kg1/2·mol-3/2·Pa-1 
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To comparatively analyse the results, Figure VI.4 shows the values obtained for 

the limiting apparent molar isentropic compressibility of all the solutions considered. 

These values are always negative due to the strong interaction between solute and 

solvent.[76] Regardless of temperature, the values of 𝜅𝜑
0  in H2O/(LiBr+IL) mixtures with 

ionic liquids based on imidazolium cations ([Bmim]+ and [Dmim]+) are less negative 

than those of H2O/LiBr, suggesting that the compressibility is higher in the presence 

of these ionic liquids. This agrees with the higher percentage of bulk water in those 

mixtures, discussed in Chapter III. 

On the contrary, 𝜅𝜑
0  values H2O/(LiBr+IL) mixtures based on the [EA]+ and [PA]+ 

cations are more negative than those found for the mixture without additive, 

suggesting that their compressibility is lower than that of the lithium bromide 

solutions. Again, since the amount of bulk water in these mixtures is also higher than 

that of H2O/LiBr, the behaviour of this property can be attributed to the stiffness of the 

structures originated in the presence of these ILs by caging of the Li+ ions in 

solution.[108,176,177] This information could be useful for interpreting the transport 

properties in H2O/(LiBr+IL) mixtures. 

𝜅𝜑
0  values in the different solutions vary slightly with temperature. At 20 °C, the 

decreasing order is as follows: H2O/(LiBr+[Bmim][Br]) ≈ H2O/(LiBr+[Dmim][Cl]) > 

H2O/(LiBr+[EA][NO3]) > H2O/(LiBr+[EA][Cl]) ≈ H2O/LiBr > H2O/(LiBr+[PA][NO3]). 

 

 

Figure VI.4. Limiting apparent molar isentropic compressibility of LiBr and LiBr+IL 

in aqueous solutions at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ≈ 0.0205. Blue: H2O/LiBr; magenta: 

H2O/(LiBr+[EA][NO3]); white: H2O/(LiBr+[PA][NO3]); red: H2O/(LiBr+[EA][Cl]); 

black: H2O/(LiBr+[Bmim][Br]); green: H2O/(LiBr+[Dmim][Cl]).  
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VI.4. Conclusions 

The conclusions drawn in this chapter correspond to the specific objective 6 

(Section I.6). 

The analysis of derived volumetric properties (in this work, apparent molar volume 

at infinite dilution, isentropic compressibility, and limiting apparent molar isentropic 

compressibility) is a valuable tool for analysing the influence of ionic liquids on 

solute-solvent interactions in H2O/(LiBr+IL) solutions. 

Both the apparent molar volume at infinite dilution and the limiting apparent molar 

compressibility generally decrease in the following order: H2O/(LiBr+[Bmim][Br]) > 

H2O/(LiBr+[Dmim][Cl]) > H2O/LiBr > H2O/(LiBr+[EA][NO3]) > H2O/(LiBr+[EA][Cl]) > 

H2O/(LiBr+[PA+[NO3]). The higher values observed in mixtures with aprotic ionic 

liquids compared to the mixture without additive are consistent with their higher 

amount of bulk water. However, in H2O/(LiBr+IL) solutions with protic ionic liquids, 

forming complex structures by hydrogen bonding would justify the lower values 

obtained in these properties. 

Hepler’s constant values are lower for H2O/(LiBr+IL) mixtures than for H2O/LiBr, 

which evidences lower solute-solvent interactions in the presence of ionic liquids. 

Based on the isentropic compressibility analysis, it is interpreted that ion pairing 

begins predominating over ion hydration at significantly lower solute composition in 

solutions with additive, which is related to greater solute-solute interactions and, 

therefore, higher amount of bulk water in these solutions. 

The discussion in this chapter evidences that the NIR+MCR-ALS approach and 

the derived volumetric properties are complementary approaches to analyse the 

influence of ionic liquids on solute-solvent interactions. 
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VII.1. Conclusions 

This doctoral thesis aims to establish an analysis strategy to estimate the 

influence of ionic liquids as additives on the thermophysical properties of the H2O/LiBr 

working pair, which could facilitate the selection of an optimal additive. The strategy 

has been based on the solvation analysis through near-infrared spectroscopy 

coupled with the multivariant curve resolution method based on alternating least 

squares to estimate quantitatively the amount of bulk water and solvated water in the 

solutions. The conclusions derived from these results have been contrasted with the 

results found from the experimental determination of solid-liquid and vapour-liquid 

equilibria and some thermophysical properties: density, speed of sound, enthalpy of 

dilution, electrical conductivity, thermal conductivity, and dynamic viscosity. Finally, 

some derived volumetric properties have been calculated to compare solute-solvent 

and solute-solute interactions between solutions with and without additive. The ionic 

liquids used as additives of H2O/LiBr are ethylammonium nitrate ([EA][NO3]), 

propylammonium nitrate ([PA][NO3]), ethylammonium chloride ([EA][Cl]), 1-butyl-3-

methylimidazolium bromide ([Bmim][Br]), and 1,3-dimethylimidazolium chloride 

([Dmim][Cl]).  

The main findings of this thesis lead to the following conclusions:  

1) In aqueous LiBr solutions, as a consequence of the solvation process of Li+ and 

Br– ions, there is a certain amount of water that preserves the characteristic 

molecular structure of pure water (bulk water) and an amount of water bound to 

the ionic forms (hydrated ions and/or ionic pairs) of LiBr (water in the solvate). 

 

2) The solvation process causes changes in the effective solute and solvent 

compositions, varying the mole fractions of water and lithium bromide calculated 

from the anhydrous number of moles in the solutions. 

 

3) In the H2O/LiBr mixture, in which the coordination numbers of Li+ and Br– ions 

are known, the vapour pressure of the solutions at 20 ºC was estimated using 

Raoult's law from the water mole fraction calculated using the amounts of bulk 

water and water in the solvate, estimated by NIR+MCR-ALS. The values 
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obtained agree with those referenced in the literature. Therefore, it is assumed 

that this comparison validates the goodness of the bulk water results estimated 

by NIR+MCR-ALS to discuss solute-solvent interactions in the different solutions 

considered in this thesis. 

 

4) In H2O(LiBr+[Dmim][Cl]) solutions, it was evidenced that, when working at high 

ionic liquid composition, the amount of bulk water would compromise the water 

absorption capacity in the application of interest. Therefore, it is concluded that 

the maximum mole ratio considered between 1,3-dimethylimidazolium chloride 

and LiBr should be less than 0.0942. 

 

5) There are no significant differences in the percentage of bulk water in 

H2O/(LiBr+[Dmim][Cl]) mixtures at ionic liquid/lithium bromide mole ratios of 

0.0202, 0.0418 and 0.0648. For this reason, the mole fraction ratio of 0.0205 was 

considered for successive analyses of solvation in H2O/(LiBr+IL) mixtures with 

[EA][NO3], [PA][NO3], [EA][Cl], and [Bmim][Br]. 

 

6) Generally, the amount of bulk water in all H2O/(LiBr+IL) solutions is higher than 

that of H2O/LiBr at the same solute composition, regardless of the ionic liquid 

considered. Since the amount of bulk water is small in H2O/IL solutions, the 

higher amount of bulk water in the presence of ionic liquids suggests that they 

compete with water for the Li+ and Br– ions in the solution. 

 

7) The percentage of bulk water in H2O/LiBr and H2O/(LiBr+IL) solutions does not 

vary significantly between 20 ºC and 60ºC, decreasing according to the following 

general order: H2O/(LiBr+[EA][Cl]) > H2O/(LiBr+[EA][NO3]) ≈ 

H2O/(LiBr+[PA][NO3]) ≈ H2O/(LiBr+[Dmim][Cl]) > H2O/(LiBr+[Bmim][Br]). 

 

8) The solubility of lithium bromide in water is improved in the presence of the ionic 

liquids considered. At a mole fraction ratio between ionic liquid and lithium 

bromide of approximately 0.0205, the solubility increases 4.4 % from 

(10 to 40) ºC for the mixtures with protic ionic liquids, and 4.6 % for the mixtures 

with aprotic ionic liquids. In the temperature range from 40 ºC to 90 ºC, the 
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solubility increase in mixtures with [EA][NO3], [PA][NO3], and [EA][Cl] is 3.4 %, 

and 3.5 % in mixtures with [Bmim][Br] and [Dmim][Cl]. This finding has been 

attributed to the competitive reaction between the ionic liquid and water for Li+ 

and Br– ions, which results in more bulk water in the presence of these additives. 

 

9) The higher amount of bulk water in H2O/(LiBr+IL) mixtures compared to H2O/LiBr 

does not always correspond to higher vapour pressure in mixtures with additive. 

At an approximate IL to LiBr mole fraction ratio of 0.0205 and temperatures from 

(20 to 50) °C, the vapour pressure of mixtures with [EA][NO3], [Bmim][Br], and 

[Dmim][Cl] is always higher than that of H2O/LiBr, with relative differences ranging 

from 2.4 % to 49.6 %. However, when the temperature increases, the mixtures 

with [Bmim][Br] and [Dmim][Cl] show lower vapour pressure than the mixture 

without additive. At a mole ratio between ionic liquid and lithium bromide equal to 

0.0427, the vapour pressure of H2O/(LiBr+[Dmim][Cl]) is between 6.4 % and 

39.2 % lower than that of H2O/LiBr over the entire composition and temperature 

ranges. Explaining these results requires knowledge of the solvation structures 

in the solution. 

 

10) The presence of ionic liquids causes the working fluid to be less dense than 

H2O/LiBr, which acts to the detriment of the application under consideration, 

since a higher volume flow rate will have to be pumped to achieve the same mass 

flow rate. At 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟  ≈ 0.0205, the decreasing order of density of H2O/(LiBr+IL) 

mixtures as a function of the ionic liquid is: [PA][NO3] ≈ [EA][Cl] > [Dmim][Cl] ≈ 

[EA][NO3] > [Bmim][Br]. 

 

11) The presence of ionic liquids causes lower enthalpy of dilution in the working 

fluid, improving its performance in the considered application, since the size of 

the absorber and generator could be reduced. The enthalpy of dilution of 

H2O/(LiBr+IL) mixtures at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0205 decreases as follows: 

H2O/(LiBr+[EA][Cl]) < H2O/(LiBr+[PA][NO3]) < H2O/(LiBr+[Dmim][Cl]) ≈ 

H2O/(LiBr+[EA][NO3]). 
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12) The electrical conductivity does not vary significantly in the presence of the ionic 

liquids in the composition range analysed at 20 ºC and 25 ºC. 

 

13) The thermal conductivity of H2O/(LiBr+[Dmim][Cl]) at 𝑥𝐼𝐿/𝑥𝐿𝑖𝐵𝑟 ≈ 0.0449 is 5.9 % 

lower than that of H2O/LiBr between 20 ºC and 35 ºC, which indicates greater 

difficulty in heat transfer in the presence of ionic liquid. Therefore, if a mixture 

with an additive is used in the application, the area of the heat exchangers 

through which the working fluid circulates would need to be increased to reject 

and/or absorb a certain amount of heat. 

 

14) The dynamic viscosity of the H2O/(LiBr+[Dmim][Cl]) mixture at absorbent mass 

fraction ranging from 0.424 to 0.568, and between 20 ºC and 100 ºC, is, on 

average, 3.1 % lower than that of H2O/LiBr. However, at typical composition 

conditions of the application (temperature above 50 ºC and mass fraction of 

absorbent above 0.50), the viscosity is 11.7 % higher than that of the mixture 

without additive, which is associated with a greater electricity consumption 

required in the pump to circulate the fluid. 

 

15) Generally, there is a direct relationship between the increase of bulk water in the 

presence of ionic liquids and thermodynamic properties (density, speed of sound, 

and enthalpy of dilution). Nevertheless, it is not possible to directly relate the 

higher amount of bulk water in H2O/(LiBr+IL) mixtures to the transport properties 

(electrical conductivity, thermal conductivity, and dynamic viscosity). 

 

16) The apparent molar volume of the solute (LiBr or LiBr+IL) in H2O/LiBr and 

H2O/(LiBr+IL) solutions at infinite dilution decreases according to the following 

order: H2O/(LiBr+[Bmim][Br]) > H2O/(LiBr+[Dmim][Cl]) > H2O/LiBr > 

H2O/(LiBr+[EA][NO3]) > H2O/(LiBr+[EA][Cl]) > H2O/(LiBr+[PA+[NO3]). At 20 ºC, 

the limiting apparent molar isentropic compressibility in H2O/(LiBr+IL) solutions 

decreases as follows: H2O/(LiBr+[Bmim][Br]) ≈ H2O/(LiBr+[Dmim][Cl]) > 

H2O/(LiBr+[EA][NO3]) > H2O/(LiBr+[EA][Cl]) ≈ H2O/LiBr > H2O/(LiBr+[PA][NO3]). 

The results for mixtures with ionic liquids based on the imidazolium cation are 

directly related to the more significant bulk water percentage in the presence of 
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ionic liquids. The results obtained for mixtures with ionic liquids based on the 

ammonium cation are justified as a consequence of ion caging caused by the 

formation of complex structures by hydrogen bonding. 

VII.2. Future work 

Future work regarding the analysis of the influence of ionic liquids as additives in 

working fluids for refrigeration and absorption heat pump systems, which will be 

focused on overcoming the limitations mentioned and evidenced in this doctoral 

thesis, is summarised in the following points: 

1) A thorough knowledge of the changes in the molecular structures of ions in the 

presence of ionic liquids is necessary. It would be helpful to predict the amount 

of water bound to the different ionic species in mixtures with additive to estimate, 

based on Raoult's law, the vapour pressure of the solution considering the 

amount of bulk water. This information could be obtained from computational 

calculations based on Molecular Dynamics simulations. 

 

2) More experimental data regarding solubility, vapour pressure, and viscosity of 

mixtures with protic ionic liquids are needed to confirm the conclusions drawn in 

this work. The experimental part of those properties determined at reduced 

composition and/or temperature ranges should be extended. 

 

3) To analyze the influence of ionic liquids on the performance of the working fluid 

in the considered application, new thermophysical properties, such as heat 

capacity at constant pressure, surface tension, and mass diffusion coefficient, 

would be of interest.  

 

4) To complement the information extracted from the analysis of derived volumetric 

properties, it would be interesting to analyse solute-solute, solute-solvent, and 

solvent-solvent interactions in H2O/(LiBr+IL) mixtures using the Jones-Dole 

viscosity equation coefficients. This requires experimental data on the dynamic 

viscosity of these mixtures over a wide composition range. 
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