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Abstract 
 

Ionic liquids (ILs) have recently been proposed as alternative, tunable absorbents 

for natural refrigerants in absorption refrigeration systems. However, the high 

viscosity, low mass diffusivity, and the lack of reliable information on the 

thermophysical properties of their mixtures with these refrigerants are important 

limitations for effective implementation. 

The main objective of this thesis is to study the absorption process of ammonia 

in ionic liquids and determine the experimental time evolution of the absorption 

rate and the concentration profiles in the absorbent fluid. These experimental 

data are useful for developing and validating heat and mass transfer models for 

describing the absorption process of natural refrigerants in ionic liquids. 

The ionic liquids (ILs) studied are: ethylammonium nitrate (EAN); 1-ethyl-3-

methylimidazolium-tetrafluoroborate ([emim][BF4]); and 1-butyl-3-methyl-

imidazolium-tetrafluoroborate ([bmim][BF4]). They all have different ammonia 

(NH3) solubilities and viscosities. 

The Pressure Drop Method was implemented to determine the time evolution of 

the absorption rate of ammonia in the ILs selected throughout the absorption 

process. Absorption experiments lasting 15 hours were performed at infinite 

dilution of ammonia, at temperatures of 293.15 K and 303.15 K. The absorption 

rate of ammonia in the ILs was more than 20 times lower than in the conventional 

absorbent (water). 

The relevance of mass diffusivity in the absorption process prompted a review of 

the literature on the methods for measuring and modeling this property. 

Compared to other natural refrigerant/IL mixtures, the experimental data on 

diffusivity for NH3/IL mixtures is limited. The mass diffusivity of refrigerant vapors 

in ionic liquids is most commonly determined by the gravimetric method. The 

results obtained with this method are generally expressed in terms of an average 

diffusivity, which can lead to erroneous conclusions in the screening of ionic 

liquids as absorbents if the concentration of refrigerant in the refrigerant/IL 

solution is not explicitly considered. Furthermore, unlike optical interferometry 

methods, conventional methods such as the gravimetric method do not provide 
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information on refrigeration concentration profiles in the absorbent during the 

absorption process. 

Thus, to obtain the time evolution of the concentration profiles in the absorbent, 

an Optical Digital Interferometry (ODI) method was used. To understand and 

develop the ODI method, we first determined mass diffusivity in a binary liquid 

mixture of the natural refrigerant, water, and the ionic liquid 1-(2-hydroxyethyl)-3-

methylimidazolium tetrafluoroborate ([EtOHmim][BF4]). Mass diffusivity 

measurements were performed throughout the range of the ionic liquid mass 

fraction and at temperatures ranging from 298.15 K to 313.15 K. 

It was found that the mass diffusivity of the binary mixture H2O/[EtOHmim][BF4] 

decreases as the IL mass fraction increases, although the rate of the decrease is 

significant only in regions that are IL-poor or IL-rich. The results showed an 

almost linear increase in the mass diffusivity value with temperature. The ability 

of four models to describe the experimental mass diffusivity values was also 

assessed. The Modified Group Contribution model provides the best estimates 

of mass diffusivity, a relative deviation from experimental data of 7.9% and 2.1% 

using binary interaction parameters regressed from vapour-liquid equilibria and 

diffusion data, respectively. The experience we acquired from studying the mass 

diffusivity in this binary mixture enabled us to modify and adapt the ODI method 

to investigate the absorption process of ammonia in the ionic liquids selected. 

Then, the time evolution of the ammonia concentration profiles in the absorbent 

during the absorption process was visualized using the ODI method. Two mass 

diffusion models based on a one-dimensional unsteady-state diffusion equation 

were used to describe the ammonia mass diffusion in the ionic liquids during the 

absorption process. The two mass diffusion models – namely, the equilibrium and 

non-equilibrium models – are dissimilar in the key assumptions and boundary 

conditions they use. 

The use of the ODI method for investigating the absorption process was validated 

using the conventional working pair Ammonia/Water as the reference fluid 

mixture. It was found that the two mass diffusion models used can successfully 

reproduce the experimental profiles of the ammonia concentration in the 

absorbent depending on the time analyzed during the absorption process. The 
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relative deviations obtained during the validation were around 20% and 5%, for 

the equilibrium and non-equilibrium mass diffusion models, respectively. 

The mass diffusivity of ammonia in the ionic liquids obtained using the equilibrium 

model ranges from 2.49 × 10-10 m2/s to 9.01 × 10-10 m2/s. We also observed that 

the accuracy of the equilibrium model improves with time after the start of the 

absorption process. 

In the case of the non-equilibrium model, ammonia diffusivity ranges from 1.18 × 

10-10 m2/s to 5.71 × 10-10 m2/s. The non-equilibrium model shows better 

agreement with the literature than the equilibrium model, but can only be applied 

for short times during the absorption process in which the diffusion front does not 

reach the bottom of the field of view. 

In all cases, the determined mass diffusivity of ammonia in the ionic liquids 

studied, using both mass diffusion models, increased with temperature and 

follows the order: [EAN] > [emim][BF4] > [bmim][BF4]. Moreover, the diffusivity 

values of ammonia in the ionic liquids studied are more than ten times lower than 

those for water, conventional absorbent of ammonia. 

The ability of various models and correlations to estimate experimental values of 

the mass diffusivity of ammonia in ionic liquids was evaluated. From the 

correlations in the literature, we obtained a modified correlation that provides the 

best estimates of the mass diffusivity of ammonia in ionic liquids with a relative 

deviation of 28% from experimental data. 

Finally, we investigated how the solubility and mass diffusivity of ammonia in 

selected ionic liquids affected the performance of the absorption process. For the 

analysis, a model based on the mass balances in the components of a single-

stage absorption cycle was used. When the degree of saturation during the 

absorption process is considered, the results reveal a comparable solution 

circulation ratio for NH3/[emim][BF4] and NH3/[bmim][BF4], despite the higher 

solubility of ammonia in [bmim][BF4]. Thus, the results highlight the importance 

of considering favourable mass diffusivity in addition to good solubility 

characteristics when screening ILs as absorbents. 

This thesis provides new experimental absorption data on the mass diffusivity of 

natural refrigerants in ILs, information which is essential if the heat and mass 
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transfer performance of these working pairs is to be studied in detail so that the 

IL-based absorption system can be properly designed.  
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Resumen 
 

Recientemente, se han propuesto líquidos iónicos como absorbentes ajustables 

alternativos para refrigerantes naturales en sistemas de refrigeración por 

absorción. Sin embargo, la alta viscosidad, la baja difusividad de masa y la falta 

de información confiable sobre las propiedades termofísicas de sus mezclas con 

estos refrigerantes son limitaciones importantes para su implementación 

efectiva. 

El objetivo principal de esta tesis es estudiar el proceso de absorción del 

amoniaco en líquidos iónicos para determinar la evolución temporal de la tasa de 

absorción y los perfiles de concentración en el absorbente. Estos datos 

experimentales son útiles para el desarrollo y validación de modelos de 

transferencia de calor y masa utilizados en la descripción del proceso de 

absorción de refrigerantes naturales en líquidos iónicos. 

Los líquidos iónicos (ILs) estudiados son: nitrato de etilamonio (EAN); 1-etil-3-

metilimidazolio tetrafluoroborato ([emim][BF4]); y 1-butil-3-metil-imidazolio 

tetrafluoroborato ([bmim][BF4]), que exhiben diferentes viscosidades y 

solubilidades de amoniaco (NH3). 

Se implementó el método de caída de presión para determinar la evolución 

temporal de la tasa de absorción de amoníaco en los IL seleccionados, en el  

proceso de absorción. Los experimentos de absorción del amoniaco se 

realizaron a dilución infinita a las temperaturas de 293,15 K y 303,15 K, durante 

periodos de unas 15 horas. Los valores de la tasa de absorción del amoníaco en 

los liquidos ionicos estudiados fueron de más de 20 veces menores que en el 

agua. 

La revisión bibliográfica realizada reveló que  la interferometría óptica brinda una 

excelente oportunidad para obtener conocimientos más profundos sobre el 

proceso de absorción mediante la visualización directa. Además, los datos 

experimentales de difusividad másica para mezclas de NH3/IL son muy escasos 

en comparación con los datos disponibles para otras mezclas de refrigerantes 

naturales/ILs. 
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Así, para obtener la evolución temporal de los perfiles de concentración en el 

absorbente, se implementó un método de Interferometría Óptica Digital (ODI). 

Primero, para entender bien y desarrollar la metodología del método ODI, hemos 

determinado la difusividad de masa en una mezcla líquida binaria que involucra 

el refrigerante natural, agua y el líquido iónico, de 1-(2-hidroxietil)-3-

metilimidazolio tetrafluoroborato ([EtOHmim][BF4]). Las mediciones de la 

difusividad de masa se realizaron en todo el rango de fracción de masa del 

líquido iónico y a temperaturas que oscilan entre 298,15 K y 313,15 K.  

Se encontró que la difusividad de masa de la mezcla binaria 

H2O/[EtOHmim][BF4] disminuye al aumentar la fracción de masa de líquido 

iónico, aunque la tasa de disminución es esencial solo en regiones que son 

pobres o ricas en líquido iónico. Los resultados mostraron un aumento casi lineal 

en el valor de difusividad de masa con la temperatura. También se evaluó la 

capacidad de cuatro modelos para describir los valores experimentales de la 

difusividad de masa. El modelo de Contribución de Grupo Modificado 

proporciona las mejores estimaciones de la difusividad de masa: una desviación 

relativa de los datos experimentales del 7,9% y el 2,1% utilizando parámetros de 

interacción binaria regresados de los equilibrios vapor-líquido y de los datos de 

difusión, respectivamente. La experiencia adquirida en el estudio de la 

difusividad de masa en esta mezcla binaria nos permitió modificar y adaptar el 

método ODI para la investigación del proceso de absorción de amoniaco en los 

líquidos iónicos seleccionados. 

Luego, se visualizó el tiempo de evolución de los perfiles de concentración de 

amoniaco en el absorbente durante el proceso de absorción utilizando el método 

ODI. Se utilizaron dos modelos de difusión de masa basados en una ecuación 

de difusión de unidimensional para describir la difusión de masa de amoníaco en 

los líquidos iónicos durante el proceso de absorción. Los dos modelos de difusión 

de masa, denominados, modelo de equilibrio y modelo de no equilibrio, son 

diferentes en los supuestos clave y las condiciones de contorno utilizadas. 

El uso del método ODI para la investigación del proceso de absorción se validó 

utilizando el par de trabajo convencional Amoníaco/Agua como mezcla de fluido 

de referencia. Se encontró que los dos modelos de difusión de masa utilizados 

pueden reproducir con éxito los perfiles experimentales de la concentración de 
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amoníaco en el absorbente en función del período de tiempo analizado durante 

el proceso de absorción. Las desviaciones relativas obtenidas durante la 

validación rondaron el 20% y el 5%, para los modelos de difusión de masa en 

equilibrio y no equilibrio, respectivamente. 

La difusividad de masa del amoniaco en los líquidos iónicos estudiados 

obtenidos utilizando el modelo de equilibrio varía de 2.49 × 10-10 m2/s a 9.01 × 

10-10 m2/s. Además, observamos que la precisión del modelo de equilibrio mejora 

a medida que pasa más tiempo después del inicio del proceso de absorción. 

En el caso del modelo de no equilibrio, la difusividad del amoníaco varía entre 

1.18 × 10-10 m2/s to 5.71 × 10-10 m2/s. El modelo de no equilibrio muestra una 

mejor concordancia con la literatura que el modelo de equilibrio, pero la 

aplicación del modelo de no equilibrio se restringe a tiempos cortos del proceso 

de absorción en los que el frente de difusión no llega al fondo del campo de 

visión. 

En todos los casos, la difusividad de masa determinada del amoníaco en los 

líquidos iónicos estudiados, utilizando ambos modelos de difusión de masa, 

aumentó con la temperatura y sigue el orden: [EAN]> [emim][BF4]> [bmim][BF4]. 

Además, los valores de difusividad del amoniaco en los líquidos iónicos 

estudiados son más de diez veces inferiores a los del agua, absorbente 

convencional de amoniaco. 

Se evaluó la capacidad de estimación de varios modelos y correlaciones para 

describir valores experimentales de difusividad de masa de amoníaco en líquidos 

iónicos. Con base en las correlaciones de la literatura, obtuvimos una correlación 

modificada que proporciona las mejores estimaciones de la difusividad de masa 

del amoníaco en líquidos iónicos con una desviación relativa del 28% de los 

datos experimentales. 

Finalmente, hemos investigado la relevancia para el desempeño del proceso de 

absorción de la solubilidad y la difusividad de masa de amoníaco en líquidos 

iónicos seleccionados. En aras del análisis, se utilizó un modelo basado en los 

balances de masa en los componentes de un ciclo de absorción de una sola 

etapa. Cuando se considera el grado de saturación alcanzado durante el proceso 

de absorción, los resultados revelan una relación de circulación de la solución 
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comparable para NH3/[emim][BF4] y NH3/[bmim][BF4], a pesar de la mayor 

solubilidad del amoníaco en [bmim][BF4]. Por lo tanto, los resultados resaltan la 

importancia de considerar una difusividad de masa favorable además de buenas 

características de solubilidad cuando se seleccionan las IL como absorbentes. 

Esta tesis aporta nuevos datos experimentales de absorción sobre la difusividad 

de masa de refrigerantes naturales en líquidos iónicos, información esencial para 

proceder al estudio detallado del rendimiento de transferencia de calor y masa 

de estos pares de trabajo y, por tanto, para el diseño adecuado de un sistema 

de absorción basado en líquidos iónicos.  
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I-1 

Chapter I 
Introduction, justification and 

objectives 
 
 
 
 
 
 
 
 
 

This chapter is dedicated to the background, justification, and objectives of this 

thesis. It discusses the absorption refrigeration systems, the conventional 

working pairs, their limitations, and the potential use of ILs as absorbent liquids. 

It also reveals the need for an experimental investigation of the absorption 

process and further highlights the importance of the mass diffusivity of natural 

refrigerants in ionic liquids. It then goes on to give a brief description of some 

experimental studies on the absorption process of ammonia in absorbents. Of the 

methods presented, Optical Digital Interferometry and the Pressure Drop Method 

stand out. Finally, the objectives and structure of this thesis are presented. 
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I.1 Introduction 

Heating and cooling in buildings and industries were recently reported to account 

for half of the energy consumed in the European Union (EU) [1]. The current 

demand for heating in buildings and industry exceeds the demand for cooling. 

However, the latter is increasing faster, mainly due to the growing demand for air 

conditioning and the refrigeration of food and medical supplies [2]. Moreover, the 

growth in demand for cooling is expected to skyrocket as the global population 

increases, ambient temperatures rise, and incomes and living standards improve, 

especially in developing countries with warmer climates, as illustrated in Figure 

I-1. 

 

Figure I-1. Average annual growth rate of the sales associated with cooling equipment 
between 2018 and 2030 [3]. 

Nowadays, cooling is mainly provided by compression refrigeration systems with 

electrically driven compressors. Supplying power to these devices comes with 

considerable costs and environmental implications. Carbon dioxide (CO2) 

emissions associated with cooling demand have tripled since 1990 to 1130 million 

tonnes (Mt), equivalent to the total emissions of Japan [4]. In this context, 

thermally- not electrically-driven cooling systems could be an interesting 

alternative for addressing the current climate and energy problems [5]. 

Of the thermally driven cooling technologies, absorption refrigeration is 

particularly well-known. It uses heat transformation processes in thermodynamic 

cycles with refrigerant/absorbent working pairs to produce cooling cleanly and 

sustainably. Absorption refrigeration systems are particularly suitable for 
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situations in which there is low grade heat supply available (for example, solar 

thermal energy, district heating networks, waste heat from some industrial, or 

cogeneration processes) [6]. In many cases, the huge potential of these sources 

(the total amount of EU waste heat is estimated to be 3140 TWh [7]) remains 

unused, which highlights the primary energy saving potential of these systems. 

Furthermore, absorption refrigeration systems are very useful for reducing the 

high peak load in the electricity distribution grid due to the cooling demand during 

summer months. These systems can also use environmentally friendly 

refrigerants without additional greenhouse gas emissions.  

I.2 Working fluids in absorption refrigeration systems 

Absorption refrigeration systems use a pair of fluids (namely, refrigerant and 

absorbent) with different volatilities as the working fluid mixture. The refrigerant 

is a volatile fluid, and the absorbent can be another fluid or a solution with a non-

volatile salt. The performance, efficiency, first cost and operating cost of 

absorption refrigeration systems are strongly dependent on the properties of the 

working fluids [6]. Therefore, specific requirements should be imposed on the 

properties of a refrigerant/absorbent working pair. For instance, the transport 

properties that influence heat and mass transfer – e.g., viscosity, thermal 

conductivity, and mass diffusivity – should be favourable, and both fluids must be 

environmentally friendly and have physicochemical properties such as [8]: 

• Refrigerant: high enthalpy of vaporization, moderate vapour pressure 

compared to atmospheric pressure, low freezing temperature, etc. 

• Absorbent: lower vapour pressure than the refrigerant, high affinity with 

the refrigerant within the operating conditions of the cycle (e.g. negative 

deviation from Raoult’s Law), etc. 

• Refrigerant/Absorbent fluid mixture: large difference between the boiling 

points of the refrigerant and the absorbent (more than 200°C), the 

absorbent should not crystallize within the system, the mixture must be 

safe, chemically stable, non-corrosive, low-cost and readily available. 

Although many refrigerant/absorbent pairs have been proposed, the most widely 

used in commercial systems are: Water/LiBr and Ammonia/Water. However, 

despite its good overall performance, both systems exhibit some drawbacks, 
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which prevent the development of new cycles or applications, such as solar 

cooling in hot countries [9] and high-temperature multi-effect cycles [10]. 

In the H2O/LiBr working pair, H2O works as the refrigerant, and an aqueous LiBr 

solution works as the absorbent fluid. A schematic representation of a basic 

absorption cycle using this working pair is shown Figure I-2. This figure also shows 

major components of the cycle, among which the absorber is considered the most 

critical in terms of overall system performance, size, and first cost [11]. 

 

Figure I-2. Schematic representation of a single-effect H2O/LiBr absorption cycle. 

Absorption machines based on H2O/LiBr are typically configured as water chillers 

for air-conditioning systems in large buildings [6]. The H2O/LiBr working mixture 

presents excellent characteristics such as the non-volatility of the absorbent 

(LiBr) and the high enthalpy of vaporization of the refrigerant (water). Moreover, 

this working fluid pair has other advantages such as non-toxicity and high affinity 

between the absorbent and refrigerant. However, the H2O/LiBr solution easily 

crystallizes when the LiBr concentration is high, the absorption temperature is 

high, or the evaporation temperature is relatively low [8]. The crystallization of 

LiBr can block the system components and thus shorten the lifetime of the 

equipment. Other drawbacks include the need for corrosion inhibitors and cooling 

towers (for heat rejection) and a restricted evaporation temperature range due to 

the freezing point of water. In this respect, these systems cannot be used for 

evaporation temperatures below 0⁰C. The vapour pressure of water is also very 
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low so the systems need to be operated at sub-atmospheric conditions. This 

means that the equipment must be completely sealed. 

In the NH3/H2O working pair, ammonia works as refrigerant and water as 

absorbent. The NH3/H2O absorption cycle [12] is used mainly for refrigeration 

purposes since it can produce cold below 0°C due to the low freezing point of 

ammonia (-77 ºC). This working pair is thermally and chemically stable for a wide 

range of temperatures and pressures. Moreover, there is no risk of crystallization 

of the refrigerant/absorbent liquid solution for the operating conditions of the 

absorption systems. However, the relatively small temperature difference 

between the boiling points of NH3 and H2O makes a “rectification” process 

necessary to “purify” the refrigerant vapour at the desorber outlet. To do this, an 

additional component is introduced into the thermodynamic cycle (namely 

“rectifier”). Figure I-3 schematically shows an absorption cycle based on this 

working pair, where it can be seen that the main difference with respect to a cycle 

using the H2O/LiBr pair (Figure I-2) is the rectifier. 

 

Figure I-3. Schematic representation of a single-stage NH3/H2O absorption cycle. 

Without a rectifier, the refrigerant vapour leaving the condenser contains water, 

which accumulates in the evaporator at low temperatures and reduces the cooling 

capacity of the system. Other drawbacks for this working pair include toxicity and 

incompatibility with copper-based metals.  
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Nevertheless, ammonia itself is a cost-effective, natural refrigerant, which is 

frequently used in large commercial freezing and refrigeration plants, and its 

behaviour is well known in a wide range of working conditions. Furthermore, 

ammonia has relatively high latent heat, and low viscosities and heat capacities, 

which provide good thermodynamics and heat transfer. Thus, considerable effort 

has been made to find new absorbent liquids for ammonia refrigerant, which 

overcome the limitations of the NH3/H2O systems. In this thesis, we focus on 

ammonia as the refrigerant. 

I.3 Ionic liquids as absorbents in absorption refrigeration 

systems 

Parallel to research efforts to find suitable absorbent substances for refrigeration 

systems, ionic liquids (ILs) have emerged as alternatives to conventional organic 

solvents for a broad range of applications [13,14]. ILs are a large family of 

chemical compounds, which can be classified as a class of molten salts with 

unique physical and chemical properties, such as negligible vapour pressure, 

good solubility to many organic or inorganic chemicals, and a wide liquid state 

range from room temperature to about 300 ⁰C [15]. Due to their particular 

chemical structure (large, and asymmetrical ions with highly delocalized 

charges), many ILs also show low-melting points [13], reduced flammability [16], 

low corrosion rates and a high gas absorption capacity [5]. Figure I-4 shows the 

structure of some of the ions present in the most studied ILs in the literature. 

Despite their excellent properties, the most outstanding feature of ILs is that they 

can be synthesized by combining a fairly large quantity of available cations and 

anions. Thus, ionic liquids can be smartly designed, and their properties can be 

tuned to meet the specific requirements of a given application [13]. 

Consequently, ILs have been proposed as alternative, tunable absorbents for 

absorption refrigeration systems. In particular, the use of IL as a replacement for 

LiBr in the H2O/LiBr pair solves the crystallization and metal-compatibility 

problems of this conventional working pair [8,17]. In the case of the other 

conventional working pair, NH3/H2O, the use of ILs as a replacement for H2O is 

driven by the fact that the rectification process is no longer required [18,19]. 
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Figure I-4. Chemical structure of some of the cations and anions present in the most 
studied ionic liquids in the literature [20]. 

However, despite the promising potential of ILs as absorbents, some drawbacks 

have also been reported: for example, toxicity [21], biodegradability [22], 

thermal/chemical stability [16,23–25], high viscosity [26,27], low mass diffusivity 

[28,29] and, in general, a lack of reliable data on properties. These drawbacks 

are briefly discussed below. 

Toxicity and biodegradability: Besides favourable thermophysical properties, 

environmental impacts and safety concerns are also important considerations 

when selecting new working fluid candidates [30]. ILs are environmentally friendly 

alternatives for conventional volatile solvents because their low vapour pressure 

reduces air contamination. However, other properties such as their toxicity, 

biodegradability, and thermal/chemical stability should be fully characterized to 

determine whether ILs are potential “greener” options [16]. Several studies on 

their toxicity and biodegradability have shown that some ILs can be hazardous to 

aquatic and terrestrial ecosystems [21,22] and that imidazolium-based ILs 

containing, for example, [BF4]- or [PF6]- anions present high toxicity and low 

biodegradability. 

Thermal stability: The thermal stability of ILs is a key property for absorption 

refrigeration systems, especially for the development of new high-temperature 

cycles. Low thermal stability can limit and decrease the performance of the 
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absorption cycle. Furthermore, in the case of the formation of corrosive and toxic 

products, operational safety can be also reduced [24]. The range of thermal 

stability of ILs is typically very large, and decomposition temperature values as 

high as 400°C have been reported for some ILs [23]. However, other ILs have 

relatively low thermal stability: for example, [emim][EtSO4] and [bmim][MeSO4] 

decompose at 50 °C [31]. Furthermore, the decomposition temperatures obtained 

from thermogravimetric analysis (TGA) using a single temperature ramp 

experiment, even at low scanning rates, are often overestimations of the long-

term thermal stabilities of the ILs [23,24]. Therefore, commonly reported 

decomposition temperatures should be handled with caution when required for 

industrial purposes. This is particularly relevant for absorption systems since the 

use of ILs as absorbents requires prolonged operations at high temperatures 

under the atmosphere of a given refrigerant (such as ammonia, water, and carbon 

dioxide). 

Chemical stability: The chemical stability of ILs is another factor that 

considerably limits their potential use as absorbents. In particular, the widely 

studied imidazolium-based ILs containing [BF4]- and [PF6]- anions are known to 

undergo hydrolysis reactions with water [16,25]. These reactions generate toxic 

fluoride by-products, which limit the use of these ILs to inert and dehydrated 

systems [19]. Furthermore, the hydrolysis reaction products introduce additional 

species into the solution that, in turn, can prevent thermodynamic relations and 

approaches from being used to describe the measured data [16,25]. Therefore, 

the comparison between the thermophysical properties and, thus, the suitability 

of different ILs as absorbents, can lead to erroneous conclusions if the additional 

species have not been recognized adequately and/or explicitly. Despite this, 

many publications use aqueous solutions of imidazolium based ILs with these 

anions for purposes of comparison, and very few of those publications have even 

mentioned the possible occurrence of hydrolysis. 

Viscosity: The viscosity values of ILs are higher by several orders of magnitude 

than those of conventional absorbents such as water or aqueous LiBr solution. 

For example, the viscosity of basic imidazolium IL 1-butyl-3-methylimidazolium 

tetrafluoroborate ([bmim][BF4]) is approximately 100 times that of water at 303.15 

K [20]. Thus, when an ionic liquid is used as the absorbent in falling film flows for 
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absorption refrigeration, its high viscosity may lead to different film flow 

characteristics than those of the conventional fluid media [32]. This affects the 

wetting behaviour of the refrigerant/absorbent mixture, which has an impact on 

how much of the available heat and mass transfer area is used.  

Poor wetting directly results in a thicker falling film. The laminar film thickness is 

also increased by the cubic root of the dynamic viscosity and, thus, with 

increasing viscosity, the heat transfer resistance in the heat and mass 

exchangers increases [33]. Also, the high viscosity of the ILs causes a 

considerable increase in the pressure drop, which can result in higher pumping 

power requirements to transport the refrigerant/IL mixture through the different 

components of the absorption cycle [26]. Despite the above, some authors [34] 

also hypothesize that a high viscosity of the absorbent may have advantages 

such as a greater residence time of the refrigerant/absorbent solution inside the 

absorber, which favours the absorption process. 

Mass diffusivity: Typical mass diffusivity values of natural refrigerants in ionic 

liquids have been reported to be considerably lower than in conventional solvents 

[35–40]. For example, the mass diffusivity of ammonia in [bmim][BF4] is 

approximately 17 times less than in water at 303.15 K [39,41]. A low mass 

diffusivity of the refrigerant in the absorbent is detrimental to the overall 

performance of the cycle, as a larger mass transfer area is required to complete 

the mass transfer duty in the absorber. In general, mass diffusivity has received 

comparatively much less attention than other properties, such as viscosity, 

because it cannot be measured by a standard experimental technique. 

Nevertheless, this property is especially important in highly viscous solutions 

such as those with ILs. In these solutions, the increased viscosity hinders 

convection in the typical falling film. This causes the mass transfer to be 

dominated by diffusion so a small diffusion coefficient can limit the cooling 

capacity of an absorption system [33]. 

Lack of reliable thermophysical property data: In recent years, there has been 

a considerable increase in the experimental data available on the properties of 

ionic liquids. However, data is still limited bearing in mind the large number of ILs 

available. Also, there are discrepancies in the thermophysical property values of 

ILs in the literature because purity, sample handling, and measuring methods or 
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procedures are different [42]. Information on the thermophysical properties of 

their mixtures with natural refrigerants is even scarcer. In this respect, the 

thermophysical data in the literature is limited to a small number of ILs. Most of 

the data focuses on their binary mixtures with water and carbon dioxide, and there 

is very little on their mixtures with ammonia. 

The need for a reliable database of thermophysical properties of ammonia/ILs 

mixtures can be illustrated by examples from the literature. Wang et al. [43], for 

instance, recently used a semiempirical heat and mass transfer model to 

investigate the absorption process of NH3 vapour in ILs inside plate heat 

exchangers (PHX). In their study, the mass diffusivity of NH3 in [emim][SCN], the 

most promising absorbent liquid, was calculated using an empirical correlation. 

The correlation was based on diffusivity data reported for NH3 in [emim][NTf2] and 

showed an average relative deviation of 40%. The authors also carried out a 

sensitivity analysis of transport properties, including mass diffusivity, on the 

overall heat transfer coefficients, mass transfer flux on the effective mass transfer 

area, and the area ratio of the plates needed for mass transfer. From their 

sensitivity analysis, the authors found that a 90% “maximum” decrease in mass 

diffusivity implies that the PHX used cannot complete the mass transfer duty. But 

the deviation between the used value and the real value of the mass diffusivity 

can easily exceed 90%, since the diffusivity values for NH3 in [emim][NTf2] have 

been reported in the literature with a difference of more than an order of 

magnitude [28,39]. Therefore, in consideration of the potential variation in the 

mass diffusivity value, it is likely that the PHX used by Wang et al. [43] cannot 

complete the mass transfer duty. 

Despite the considerable contribution of Wang et al’s study [43], which provides 

a viable methodology for analysing heat and mass transfer during the absorption 

process of ammonia in ILs, the uncertainty introduced in their results by the 

calculation of the mass diffusivity can lead to misleading conclusions about the 

suitability of a given IL as an absorbent. The lack of experimental data and the 

inconsistency of the few mass diffusivity values reported in the literature 

highlights the need for high-precision techniques to determine this property. 
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I.4 Research aspects on the selection of ionic liquids for 

absorption refrigeration  

As illustrated in the previous section, many commercial and non-commercial ILs 

are identified as absorbents for natural refrigerants (e.g. water, CO2, ammonia, 

methanol, ethanol, etc.), and many others are expected in the coming years. 

However, there is not yet a well-established methodology for selecting a suitable 

ionic liquid for a specific refrigerant and application. Accordingly, the different 

research aspects considered in the literature are summarized. 

I.4.1 Phase behaviour of refrigerant/IL mixtures 

The phase behaviour of refrigerant/IL mixtures is the first step in the screening 

process for absorbent selection. Figure I-5 illustrates the typical phase behaviour 

of ammonia with different absorbents (two ionic liquids and water) at ambient 

temperature. In this figure, vapour pressure is plotted against the ammonia 

composition in the mixtures, in contrast with the behaviour of the ideal mixture 

(i.e. Raoult’s law). A negative deviation from Raoult's law means that the 

absorbent has a strong affinity towards the refrigerant. Thereby, the vapour 

pressure of the suitable absorbent should exhibit a large negative deviation from 

Raoult's law [19,44,45], at least comparable to or higher than water for the 

specified concentration range related to the application. 

 
Figure I-5. Normalized (with pure NH3) vapor pressure plots at 298 K, as a function of 

NH3 content (mol %) for NH3-[hmim][Cl] (circles) and NH3-[bmim][PF6] (squares)  
working pairs [44]. 
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Once the absorbent has been identified by the appropriate phase behaviour, the 

vapour-liquid equilibria should be obtained in wide temperature and composition. 

Moreover, thermodynamic properties, such as heat capacity, excess enthalpy 

and density should be available and used to model the complete thermodynamic 

properties. Other key aspects such as material compatibility, thermal/chemical 

stability and safety/environmental risks should be considered carefully. 

Thus, the next step in the research is to analyze the thermodynamic performance 

and operational range of the absorption refrigeration cycle [30,46–48]. 

I.4.2 Thermodynamic performance of the absorption refrigeration cycle 

For this analysis, only thermodynamic data such as vapour-liquid equilibrium 

(VLE), enthalpy and density of solutions are needed. Various assumptions are 

made in order to simulate the absorption cycle: for example, the saturation 

conditions of the liquid streams exiting the absorber and the desorber [46,48]. 

From these simulations, the main indicators typically used for comparison are the 

coefficient of performance (COP), the solution circulation ratio (f) and the 

minimum driving heat temperature for a set of refrigeration and heat rejection 

temperatures. The influence of these temperatures and the desorber temperature 

on the performance of the system should also be analyzed. 

Most of the studies in the literature are based on vapour-liquid equilibria data and 

the specific heat capacity data of pure fluids. With these data, the enthalpy of the 

refrigerant/absorbent solution is estimated using equations of state, such as the 

Redlich-Kwong [18], or gE models, such as NRTL [15]. Other properties, such as 

density are also frequently calculated. As a result, the performance indicators are 

strongly dependent on the approach used to calculate the relevant 

thermodynamic properties. 

For instance, Figure I-6 shows the COP of the working pair H2O/[emim][DMP] in 

an absorption refrigeration cycle calculated by Wang et al. [49] using different 

VLE models. As can be seen, the values calculated using these models are in 

the range of between 0.7 and 0.98 at a generator temperature (Tgen) of 100 ºC. 

Moreover, the authors also found that the solution circulation ratio (f) of the 

NH3/[bmim][BF4] calculated by the NRTL model (f = 250) is more than five times 

that calculated by the UNIFAC model (f = 50). 
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Figure I-6. Coefficient of performance (COP) of the H2O/[emim][DMP] working pair in 

an absorption refrigeration cycle when the different VLE models are applied [49]. 

Therefore, this type of cycle performance analysis should use reliable 

thermodynamic property data of the working fluid mixture and the appropriate 

property estimation method. 

Despite the above, the thermodynamic analysis of the absorption refrigeration 

cycle for IL-based working pairs could be useful in the preliminary estimation of 

the performance of these fluids compared to conventional working pairs. For 

example, some authors [5,18,33,47,50–52] have found that the COPs of IL-based 

working pairs are slightly lower but comparable to those of conventional working 

pairs. However, unlike the COPs, the solution circulation ratio has been found to 

be significantly higher, which is attributed to the length, and complexity of the 

ionic liquid structure. A high solution circulation ratio is detrimental to cycle 

performance and system component size. 

Figure I-7 illustrates the COP and solution circulation ratio (f) for different NH3/ILs 

working pairs and NH3/H2O [18]. It can be seen that the solution circulation ratio 

of the NH3/[emim][NTf2] pair is approximately ten times higher than that of the 

NH3/H2O pair. Moreover, for a fixed solution mass flow rate, the solution 

circulation ratio is related to the cooling capacity (QE); it is lower when the cooling 

capacity is high, and vice versa [33]. Thus, for a fixed solution mass flow rate, QE 

is expected to be significantly lower for IL-based working pairs than for the 

conventional working pairs. 
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Figure I-7. COP and solution circulation ratio (f) for different Ammonia /ILs pairs and 

the conventional working pair Ammonia/H2O [18]. 

Once the thermodynamic performance of the working pairs has been analyzed, 

the next step is to study the heat and mass transfer processes in the absorber 

and desorber. 

I.4.3 Heat and mass transfer phenomena in ab/desorption processes 

As well as thermodynamic properties, transport properties such as viscosity, 

thermal conductivity, surface tension and mass diffusivity of the mixtures are 

needed to study the heat and mass transfer processes in the absorber and 

desorber.  

As mentioned above, ionic liquids often exhibit unfavourable transport properties 

for absorption systems. The influence of these properties on heat and mass 

transfer performance is quite noticeable, which makes them one of the main 

limitations for effective implementation of ILs in absorption cycles. 

Illustratively, Figure I-8 (a) shows the poor wetting behaviour observed for a 

mixture of [DEMA][MeSO3] with water. The low wettability of the solution on the 

horizontal tube bundle reduces the heat and mass transfer area and increases 

the mass transfer resistance. This behaviour was experimentally observed by 

Römich et al. [53] in a commercial absorption chiller (SK Sonnenklima), initially 

designed for water/LiBr. The authors stated that the high viscosity of pure IL and 

the low concentration in water (5-20%) were the main causes for this poor wetting 

behavior. Consequently, the water absorption rate was reduced so the cooling 

capacity decreased. 
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Figure I-8. Falling film flow of a solution H2O/IL in horizontal tubes within an absorber 
initially designed for water/LiBr:(a) observed poor wetting behavior; (b) improved 

wetting behaviour after attaching a fine metal mesh. 

However, the unfavourable high viscosity of IL-based working pairs can be 

overcome by developing new concepts for absorbers and desorbers, which 

ensure good hydrodynamics for heat and mass transfer. For example, Römmich 

et al. [53] achieved better wetting of the horizontal tubes by attaching a fine metal 

mesh, as shown in Figure I-8 (b). Nevertheless, increasing fundamental 

knowledge of heat and mass transfer in cycle components is essential if new 

concepts for these components are to be efficiently developed. This knowledge 

can be increased using appropriate models. 

In the literature, there are several analytical and numerical models that discuss 

simultaneous heat and mass transfer processes in falling film absorption under 

certain boundary conditions. However, these more complex models require the 

input of several thermophysical properties of the working pairs investigated, such 

as density, viscosity, thermal conductivity and mass diffusivity, in addition to the 

VLE data and enthalpy of the solution. Since there is very little experimental data 

on these properties for natural refrigerant/IL mixtures, the calculations are usually 

performed using different correlations for these properties [43]. 

However, as shown in the section above, the use of correlations to obtain 

transport properties in ILs, such as mass diffusivity, can introduce highly 

uncertainty in the results of the models used to perform the heat and mass 

transfer analysis. Moreover, the uncertainty of the results can be further 

increased if other correlations are also used to calculate the additional properties 

required for the study. Consequently, the interpretation of these results can lead 

to erroneous conclusions about the suitability of an IL. 

a) b) 
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Furthermore, as the models used to analyze the heat and mass transfer 

processes are not yet mature, it is recommended that theoretical investigations 

should be validated using experimental data [33].  

I.4.4 Experimental test of the IL-based absorption chiller 

Very few experimental studies have been made on absorption refrigeration 

systems using ILs. Besides, most of the studies that have been reported in the 

literature focus on the investigation of Water/IL systems. For example, Römich et 

al. [53] examined the performance of a commercial absorption chiller (SK 

Sonnenklima) using Water/[DEMA][MeSO3] in a test bench. They reported that 

the COP for water/[DMEA][MeSO3] is close to that achieved with the conventional 

working pair Water/LiBr in the same thermal conditions. However, the cooling 

capacity was around 1.3 kW, much lower than the nominal capacity (10 kW). 

Subsequently, Kühn et al. [54] reported experimental results for various Water/ILs 

tested in a small scale absorption chiller prototype with a glass shell at the 

Technische Universität Berlin. For the best ILs tested, with COPs comparable to 

Water/LiBr, the cooling capacity (QE) was considerably lower (see Figure I-9). 

 
Figure I-9. Experimental cooling capacity and COP for different water/ILs pairs and for 

the conventional water/LiBr pair [54]. 

Previous experimental studies [33,54] show that the reduced cooling capacity for 

water/ILs systems is the result of a mass transfer inhibition due to unfavourable 

transport properties. In particular, the cooling capacity has been reported to be 

strongly dependent on the mass diffusivity of the refrigerant in the IL [33,55,56]. 
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Therefore, in addition to thermodynamic properties, the experimental results 

indicate that transport properties such as viscosity and mass diffusivity should be 

considered when selecting a favourable IL for the application. 

I.5 Experimental studies on the absorption process of ammonia 

In an original study, Kojima and Kashiwagi [57] used a holographic real-time 

interferometry technique to study the absorption process of ammonia in a pool-

type absorber. During the absorption process, the time evolution of ammonia 

concentration profiles in the absorbent was determined. In particular, the field of 

view covered by the technique was a small area near the vapour-liquid interface, 

around 20 mm inside the liquid bulk, as shown in Figure I-10.  

 

Figure I-10. Interferograms and concentration distributions obtained by interference 
fringes in the study by Kojima and Kashiwagi [57]. 

The time-dependent distribution of the ammonia concentration (Figure I-10 d)) was 

obtained by simply counting the number of interference fringe shifts in the field of 

view at each instance (Figure I-10 a), b), and c)). Finally, the mass diffusivity was 

obtained by fitting the experimental distribution of ammonia concentration to a 

theoretical model based on the one-dimensional (1-D) unsteady diffusion 

equation. The main hypotheses of the mass diffusion model used were: (1) the 

vapour-liquid interface is saturated with ammonia throughout the absorption 

process, and (2) the contact time between the ammonia and the absorbent is 
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short. The authors reported the mass diffusivity of ammonia in various 

absorbents, such as water, lithium thiocyanate (LiSCN), sodium thiocyanate 

(NaSCN), lithium nitrate (LiNO3), lithium bromide (LiBr), and aqueous lithium 

bromide solutions (LiBr/H2O). They also investigated the effect of additives on 

enhancing the absorption. 

Subsequently, Mahmoud [58] and Mustafa [59] analyzed the absorption process 

of ammonia vapour in a stagnant pool of ammonia/water mixture using three 

different experimental approaches: the pressure drop method (PDM), the 

interface heat flux method, and optical interferometry. They compared the 

absorption rate values obtained from the three experimental methods used and 

found that the results of PDM and interferometry show reasonable agreement but 

are in disagreement with those obtained using the interface heat flux method. 

The pressure drop method stands out for its simple design and wide experimental 

range [60]. A schematic representation of the setup based on the PDM used by 

Mahmoud [58] is depicted in Figure I-11.  

 

Figure I-11. Schematic of the experimental setup based on the Pressure Drop Method 
used by Mahmoud [58]. 

The main components of the setup are the test cell, in which the absorption 

process takes place, and the main cylinder, which contains the ammonia vapour 

that feeds the test cell during the absorption process. 
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The use of PDM provides, among other data, the time evolution of the 

temperature, pressure, and mass of the refrigerant absorbed during the 

absorption process. Therefore, the absorption rate, which is defined as the 

ammonia mass absorbed per unit of interfacial area over time, can be easily 

obtained. The absorption rate is a key magnitude related to the heat and mass 

transfer mechanisms between the refrigerant vapour and the absorbent liquid 

during the absorption process.  

However, despite its versatility, the PDM does not provide any information on the 

spatial distribution of the refrigerant concentration in the liquid mixture during the 

absorption process. Therefore, the authors used a Mach-Zehnder interferometer 

to visualize the heat and mass transfer near the vapour-liquid interface. In this 

case, the field of view covered by the optical technique was around 12 mm inside 

the liquid mixture, as shown in Figure I-12. 

 

Figure I-12. Visualization of the heat and mass transfer during the absorption process 
of ammonia in ammonia/water mixture using optical interferometry by Mustafa [59]. 

The interferograms obtained allowed the authors to identify two diffusion layers 

at short absorption times. In the first layer, near to the interface, the simultaneous 

mass and heat diffusion occurs, while in the other layer far from the interface, 

only heat is diffused. The ammonia concentration profiles were obtained by 

simply counting the number of interference fringe shifts in the field of view. In their 

respective studies, Mahmoud [58], and Mustafa [59] did not determine the mass 
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diffusivity but did provide a better description of the observed concentration 

profile. To identify the most appropriate mass diffusivity value from the literature, 

the authors also used a model based on a 1-D unsteady diffusion equation valid 

at short absorption times. However, unlike the model used by Kojima and 

Kashiwagi [57], the mass diffusion model used by Mahmoud [58] and Mustafa 

[59] did consider the variation in time of the concentration at the vapour-liquid 

interface. In particular, the ammonia concentration at the interface was 

determined assuming an instantaneous equilibrium between the vapour and 

liquid phases at the temperature and pressure at each instant of time during the 

absorption process. The authors [58,59] found a disagreement between the 

concentration distribution obtained by fringe analysis and that obtained by the 

mass diffusion model. The disagreement was attributed to the effects of heat on 

fringe formation. 

More recently, our research group [28,61] investigated the behaviour of the 

absorption process and determined the mass diffusivity of ammonia in three 

selected ionic liquids. The ionic liquids studied were: 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([emim][NTf2]), 1-(2-hydroxyethyl)-3-

methylimidazolium tetrafluoroborate ([EtOHmim][BF4]), and 1-(2-hydroxyethyl)-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([EtOHmim][NTf2]). The 

absorption process of ammonia in the ionic liquids studied took place at 30ºC and 

a pressure of 3, 4, and 5 bar. 

The experimental setup used a mass flow controller, which allows more ammonia 

to enter the system during the absorption process to keep the pressure constant. 

The readings of the mass flow controller show the mass of ammonia absorbed in 

the ionic liquid as a function of time during the absorption process. Finally, the 

mass diffusivity of ammonia in the ionic liquids studied was obtained using a non-

linear regression procedure between the absorbed mass and the mass diffusion 

model developed by Yokozeki [62].  

Like the mass diffusion model used by Kojima and Kashiwagi [57], the mass 

diffusion model developed by Yokozeki [62] assumes a constant saturation 

concentration at the vapour-liquid interface throughout the absorption process. 

However, unlike the model used by Kojima and Kashiwagi [57], it is valid when 
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the contact time between the refrigerant vapour and the absorbent is long in 

comparison with the height of the absorbent in the absorption cell. 

I.6 Motivation 

Previous experimental studies on the absorption process show that optical 

techniques for direct visualization of diffusion phenomena near the vapour-liquid 

interface are powerful tools for investigating the absorption process. Optical 

techniques have been widely used in several branches of science and 

engineering for monitoring online process due to their accuracy, high resolution, 

instantaneous response and non-intrusive nature [63,64]. Interferometry is one 

of these techniques, which is used to measure the variations in the refractive 

index of a transparent medium [65]. It is well-known that the refractive index of 

the liquid phase changes over time during the vapour-liquid absorption process 

[66]. Therefore, useful information about the absorption process can be extracted 

by monitoring the refractive index variation fields with optical interferometry and 

a suitable processing method. 

In recent years, advancements in lasers and charge-coupled devices (CCD) have 

permitted optical interferometry to drastically increase the accuracy of the 

measurement, from the typical, not very accurate interferograms, such as those 

used by Kojima and Kashiwagi [57] or Mahmoud [58], to high-resolution digital 

images. Illustratively, Figure I-13 shows the evolution of the typical interferograms 

obtained during the absorption process of vapour in absorbent liquids in some 

experimental studies from the literature [57,58,67]. 

At the same time, more sophisticated image processing methods have become 

available that can be easily implemented in computational packages such as 

MATLAB® [68]. One of these methods is Optical Digital Interferometry (ODI). This 

method has been successfully used to determine diffusion and thermodiffusion 

coefficients, and to visualize heat and mass transfer in liquid mixtures [65,69,70]. 

The unique feature of the ODI method is that it traces the transient path of the 

system throughout the 2D cell cross-section and the diffusion process [71].  
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Figure I-13. Evolution of typical interferograms obtained during the absorption process 
of vapour in absorbent liquids. 

Therefore, the application of the ODI method can help reveal more valuable and 

higher quality information about the absorption process of ammonia in ILs. For 

example, it can show the time evolution of the ammonia concentration profiles in 

the ILs during the absorption process. These profiles can be used to assess 

whether a specific boundary condition or model is suitable for describing 

ammonia mass diffusion during the absorption process correctly. Moreover, the 

time evolution of ammonia concentration profiles is also useful for the 

development and validation of more complex heat and mass transfer models that 

can be used for screening suitable ILs as absorbents for this natural refrigerant. 

The ODI method can also be used to determine the mass diffusivity of natural 

refrigerants in ILs, an essential transport property, before going on to make a 

detailed study of the heat and mass transfer performance of new working pairs 

based on ILs, so that different types of absorbers can be properly designed with 

ionic liquids as absorbents. 

I.7 Objectives 

The main objective of this thesis is to study the absorption process of ammonia 

into ionic liquids to determine (1) the time evolution of the absorption rate and (2) 

the time evolution of concentration profiles of the ammonia refrigerant in ionic 

liquids. These experimental data are useful for developing and validating the heat 
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and mass transfer models used to describe the absorption process of natural 

refrigerants in ionic liquids. 

In this thesis, the Pressure Drop Method was selected to study the absorption 

process due to its simplicity and flexibility. It was combined with Optical Digital 

Interferometry because it can accurately and non-intrusively determine the time 

evolution of the concentration profiles in the absorbent.  

The theoretical work includes the modelling of the absorption process using 

different mass diffusion models, and the estimation of the ammonia mass 

diffusivity in the absorbents. 

To achieve the above-mentioned objective, we set the following specific 

objectives: 

1. To develop and implement a new experimental setup based on the 

Pressure Drop Method and an optical system (Mach-Zehnder 

interferometer) and study the absorption of ammonia into selected ionic 

liquids. 

2. To analyze thermal and pressure-drop behaviour during the absorption of 

ammonia into the selected ionic liquids. 

3. To determine the time evolution of the absorption rate of ammonia vapour 

into the selected ionic liquids using the Pressure Drop Method. 

4. To understand the Optical Digital Interferometry method and develop the 

methodology for determining mass diffusivity in a binary liquid system of 

the natural refrigerant, water, and an ionic liquid. 

5. To determine and visualize the time evolution of the ammonia 

concentration profiles in the ionic liquids selected during the absorption 

process using Optical Digital Interferometry. 

6. To model the ammonia mass diffusion in the ionic liquids selected during 

the absorption process using different assumptions and boundary 

conditions at the vapour-liquid interface. 

7. To calculate the mass diffusivity of ammonia in ionic liquids using different 

thermodynamic models and empirical correlations. 

8. To investigate the relevance to the performance of the absorption process 

of the solubility and mass diffusivity of ammonia in selected ionic liquids. 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL STUDY OF THE ABSORPTION PROCESS OF AMMONIA IN IONIC LIQUIDS FOR ABSORPTION 
REFRIGERATION SYSTEMS 
Ronny Rives Sanz 



Chapter I 

 

Ronny Rives Sanz, Doctoral Thesis, Universitat Rovira i Virgili, 2020 I-24 

I.8 Thesis structure 

This thesis is divided into six chapters: The first chapter discusses the 

background, justification and objectives of the thesis. A short description of the 

absorption refrigeration systems, the conventional working pairs, their limitations, 

and the potential use of ILs as absorbent liquids is given. It also discusses the 

need for an experimental investigation into the absorption process and further 

highlights the importance of the mass diffusivity of natural refrigerants in ionic 

liquids. Then, some previous studies on the absorption process of ammonia in 

absorbents are described. Of the methods presented, Optical Digital 

Interferometry and the Pressure Drop Method stand out.  

In the second chapter, the time evolution of the rate of absorption of ammonia 

vapour into selected ionic liquids is determined. To do this, the first step in the 

methodology consisted of selecting the ionic liquids to be used in the absorption 

experiments. For the selection of ionic liquids, the solubility and transport 

properties of ammonia/ionic liquids mixtures were considered. Then, the 

Pressure Drop Method, the experimental setup, and the experimental procedure 

are described in detail. Then, the treatment of the raw experimental 

thermodynamic data collected in this thesis is explained. The thermal and 

pressure-drop behaviour of the mixtures is presented, and their trends discussed. 

Then, the time evolution of the absorption rate is presented and discussed. 

The third chapter is devoted to mass diffusivity, which is an essential transport 

property in absorption processes. First, the fundamental concepts related to 

diffusion, measurement methods, and models for the estimation of mass 

diffusivities are presented. Then, a literature review is provided on measuring and 

modelling mass diffusivity in working fluid mixtures used in absorption 

technology. 

In the fourth chapter, the Optical Digital Interferometry method is applied to 

determine the mass diffusivity of water in the ionic liquid, 1-(2-hydroxyethyl)-3-

methylimidazolium tetrafluoroborate. The experimental work in this chapter will 

enable us to become familiar with an advanced optical technique, the 

corresponding image processing steps, and the use of mass diffusion models. 
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This experience will serve as a basis for modifying and applying the ODI method 

in the study of the absorption process in chapter five. 

In chapter five, the absorption process of ammonia into ionic liquids is 

investigated using the ODI method. In particular, the absorption experiments 

described in the second chapter were visualized with a Mach-Zehnder 

interferometer to obtain new spatio-temporal data of the absorption process. 

Therefore, in this chapter, the use of the ODI method is first described so that the 

time-evolution of the ammonia concentration profiles in the absorbent can be 

determined. Then, the mass diffusion during the absorption process of ammonia 

in ionic liquids is modelled using two mass diffusion models which have different 

key assumptions and boundary conditions. Subsequently, the ODI method for the 

absorption of ammonia in water is validated, and then the experimental results 

obtained using the two mass diffusion models are discussed. After that, the 

estimation capability of the models chosen to describe the experimental mass 

diffusivity of ammonia in ionic liquids is assessed. Then, the relevance to the 

performance of the absorption process of the solubility and mass diffusivity of 

ammonia in selected ionic liquids is investigated. 

Finally, the concluding chapter presents the main findings and some 

recommendations for future work. 
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Chapter II 
Experimental determination of 

the absorption rate of ammonia 

vapour into the selected ionic 

liquids 
 
 
 
 
 
 
 
 
 

In this chapter, the time evolution of the rate of absorption of ammonia vapour in 

selected ionic liquids was determined. To do this, the first step in the implemented 

methodology consisted of the selection of the ionic liquids used in the absorption 

experiments. For the selection of ionic liquids, the solubility and transport 

properties of ammonia/ionic liquids mixtures will be considered. Then, the 

Pressure Drop Method, the experimental setup implemented, and the 

experimental procedure used were described in detail. After that, the treatment 

of the raw experimental thermodynamic data collected in this thesis is explained. 

Thus, thermal and pressure-drop behaviour of the studied mixtures were 

presented, and their trends discussed. Finally, the time evolution of the 

absorption rate of ammonia in the absorbent studied is presented and discussed. 
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II.1 Selection of the ionic liquids used as absorbents for 

ammonia refrigerant 

The selection of ionic liquids for the investigation of the ammonia absorption 

process is the first step of our methodology. In particular, we have selected three 

ionic liquids with different physicochemical characteristics, which exhibit opposite 

solubility and viscosity trends. Furthermore, the selection was also made 

considering the availability of experimental data on solubility and diffusivity with 

ammonia. Figure II-1 shows the corresponding chemical structures and a more 

detailed explanation of the selection for each of the ILs used are provided below. 

 

a) 

 

b) 

  

 

c) 

Figure II-1. Chemical structures of the selected ionic liquids: a) ethylammonium nitrate; 

b) 1-ethyl-3-methylimidazolium tetrafluoroborate; c) 1-butyl-3-methylimidazolium 

tetrafluoroborate. 

• Ethylammonium nitrate 

Ethylammonium nitrate (EAN) belongs to the family of alkyl ammonium 

nitrates, which are among the most studied ionic liquids since the beginning 

of the 20th century. EAN is structurally one of the simplest ILs and shares 

many properties with water, such as micelle formation, aggregation of 
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hydrocarbons, and negative enthalpy and entropy of dissolution of gases 

[72]. Furthermore, its extensive three-dimensional network of hydrogen 

bonds has been reported to be fairly similar to the one of liquid water [73]. 

EAN show a relatively low molecular weight, viscosity, and toxicity 

compared to other ILs [74,75]. Considering the above, it is interesting to 

evaluate the potential of EAN as a replacement of H2O in the conventional 

working pair NH3/H2O for absorption refrigeration systems. Therefore, our 

research group has recently measured the vapour-liquid equilibria (VLE) of 

NH3/EAN mixtures [76]. Thermodynamic simulation of a single-stage 

absorption cycle was also performed. Also, at this time, some other 

important properties like density and viscosity of the NH3/EAN mixtures, are 

being measured. Viscosity data for pure IL are already available [74]. 

• 1-ethyl-3-methylimidazolium tetrafluoroborate  

1-ethyl-3-methylimidazolium tetrafluoroborate ([emim][BF4]) is one of the 

simplest imidazolium-based ILs, which have been widely and favourably 

used in different applications. In particular, [emim][BF4] has previously been 

investigated by our research group as a potential absorbent not only for 

ammonia [31] but also for 2, 2, 2-trifluoroethanol [30]. Furthermore, it has 

also been proposed as an absorbent for water [77]. VLE data for the 

NH3/[emim][BF4] mixture is already available in the literature [78]. Viscosity 

data for pure [emim][BF4] are also available [79]. In this thesis, the previous 

information on the absorption process of ammonia vapour in [emim][BF4] is 

complemented with new experimental data. 

• 1-butyl-3-methylimidazolium tetrafluoroborate 

1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4]) is also an 

imidazolium-based ILs. For this IL, it has been observed that ammonia 

vapour can be almost completely desorbed at the absorption temperature 

[36]. It suggests an easy regeneration step of this IL absorbent by 

desorption, which may be facilitated by heating or vacuum. Although 

[bmim][BF4] shows a considerable high molecular weight and viscosity [20], 

it is structurally simpler than other imidazolium-based ILs. VLE data for the 

NH3/[bmim][BF4] mixture are already available in the literature [39,51,78]. In 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL STUDY OF THE ABSORPTION PROCESS OF AMMONIA IN IONIC LIQUIDS FOR ABSORPTION 
REFRIGERATION SYSTEMS 
Ronny Rives Sanz 



Chapter II 

 

Ronny Rives Sanz, Doctoral Thesis, Universitat Rovira i Virgili, 2020 II-4 

this thesis, the investigation of the absorption process of ammonia in 

[bmim][BF4] has a twice fold purpose. On the one hand, [bmim][BF4] is used 

for comparison, since diffusion data for ammonia in this ionic liquid are 

available from two different literature sources [36,39]. On the other hand, it 

is known that the solubility of ammonia in [bmim][BF4] is higher than in 

[emim][BF4] [78], but its viscosity is also higher [20,79]. Consequently, 

according to the relationship between viscosity and diffusivity, the diffusivity 

of ammonia in [emim][BF4] is expected to be higher than in [bmim][BF4]. 

Therefore, a joint analysis of the absorption process of ammonia vapour in 

[emim][BF4] and [bmim][BF4] would be useful to find the balance between 

solubility and diffusivity that a suitable absorbent should exhibit. 

II.2 The pressure drop method 

Once the ILs have been selected, the next step is the selection of a proper 

experimental method for determining the ammonia absorption rate. We have 

found in the literature that the Pressure Drop Method (PDM) is easy to implement, 

provides great experimental flexibility, and has previously been used for the 

determination of the absorption rate of ammonia in aqueous solutions 

[58,59,80,81]. Therefore, this method can be conveniently used to validate our 

results with those of the literature using the NH3/H2O working pair as a reference 

before determining the absorption rate in ILs. 

The PDM states that in a closed isothermal system, all changes in the system 

pressure are due to the vapour absorption into the liquid phase. Consequently, 

the mass uptake by the absorbent liquid is determined indirectly by measuring 

the system pressure during the absorption process. This method requires rather 

careful calibrations and can only be used for refrigerant vapours whose properties 

are well-known. 

The PDM can be implemented using different experimental setups [82]. Figure II-2 

shows a schematic representation of the experimental setup implemented in this 

chapter to determine the absorption rate of ammonia in the selected ILs. The 

main components of the experimental apparatus are the absorption cell (see 

Figure II-3 for more details) that contains the absorbent liquid and a cylindrical 

tank where the ammonia vapour is stored at a higher pressure. The absorption 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL STUDY OF THE ABSORPTION PROCESS OF AMMONIA IN IONIC LIQUIDS FOR ABSORPTION 
REFRIGERATION SYSTEMS 
Ronny Rives Sanz 



Chapter II 

 

Ronny Rives Sanz, Doctoral Thesis, Universitat Rovira i Virgili, 2020 II-5 

cell and the cylindrical tank are connected by a valve that is initially closed. The 

absorption process starts when the ammonia vapour and the absorbent liquid are 

brought into contact by opening the valve. After opening the valve, the phases 

come into contact, and the absorption process of ammonia vapour into the 

absorbent begins due to good chemical affinity existing between both chemical 

compounds. Subsequently, the system pressure drops as ammonia passes from 

the vapour phase to the liquid phase. 

 

Figure II-2. Schematic representation of the experimental setup used to determine the 

absorption rate by the pressure drop method. 

In the PDM, pressure readings are used to determine the mass of ammonia in 

the vapour phase at each time instance. For this, it is necessary to know the 

temperature and the volume of the absorption cell, the cylindrical tank and the 

connecting tubes. Furthermore, a common assumption in the literature is that the 

volume of the liquid phase remains constant during the absorption process 

[58,59]. Then, the mass of ammonia absorbed in the liquid phase in each time 

instance is obtained from the instantaneous mass of ammonia in the vapour 

phase, and the initial mass of ammonia loaded in the experimental setup. In the 

next step, a mathematical function is used to express the mass of ammonia 

absorbed as a function of time. Finally, the absorption rate is determined by taking 

the derivative with respect to time of the mathematical function used. 
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The PDM has been used to analyze the effect of different factors in the absorption 

process of ammonia vapour in aqueous solutions. Such factors include the 

temperature, pressure, and ammonia concentration of the solutions. However, in 

our study, we are more interested in using this method to evaluate the suitability 

of different ionic liquids as potential absorbents for ammonia refrigerant. 

Therefore, in the first stage, it is more convenient to simplify the experiments as 

much as possible to save resources, research efforts, and time. Then, once the 

most suitable ionic liquids for the absorption of ammonia have been identified, 

more detailed studies considering the influence of the aforementioned factors can 

be carried out with this method. 

The main simplification of the experiments carried out in this chapter consists in 

limiting the analysis to those experimental situations in which it can be considered 

that NH3 is present only under conditions of infinite dilution in the ILs selected. In 

this way, the variation of the thermophysical properties of the NH3/ILs binary 

mixture during the absorption process can be neglected. Furthermore, the 

thermophysical properties obtained in this thesis, such as mass diffusivity, can 

be taken as a limiting value, since as the ammonia concentration in the absorbent 

increases, the viscosity of the mixture is expected to decrease and therefore, the 

diffusivity to increase. 

Moreover, the reliability of the results obtained with the PDM depends largely on 

the design features of the experimental setup [58,59,82]. The relative sizes of the 

absorption cell and cylindrical tank, the interface area, and the location of the data 

acquisition system probes are some of the main factors that affect the 

reproducibility of the results. Thus, in the next section, the implemented 

experimental setup is described in detail. 

II.2.1 Experimental setup 

The absorption cell is the main component of the entire experimental device 

because it is where the absorption process occurs. A schematic representation 

of the cross-section of the absorption cell used for the experiments is shown in 

Figure II-3. The absorption cell represents a static pool type absorber, in which 

the absorbent liquid is quiescent, and no convective movement affects the 

transport of the absorbed vapour.  
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Figure II-3. A schematic representation of the cross-section of the absorption cell. 

At the top of the absorption cell, a Teflon® mesh was introduced to achieve a 

uniform distribution of the ammonia vapour over the entire vapour-liquid interface. 

The absorption cell is equipped with two optical sapphire windows (model 

SAW24, diameter 25.40 mm, thickness 2.30 mm, from Lasing S.A) for the 

visualization of the absorption process. Three pressure transducers (Wika, model 

S20) measure the system pressure, two in the absorption cell and another one in 

the cylindrical tank. The process temperature is measured with five Pt-100 

probes, one is placed in the vapour phase and the other four at equidistant depths 

in the liquid phase. The probes in the liquid phase allow us to obtain a 

temperature profile for the investigation of the thermal behaviour of the mixture 

under analysis. Also, another Pt-100 probe is located into the cylindrical tank. The 

temperature of the experiment is controlled by a circulating bath (Huber, model 

Pilot One), which pumps distilled water through a copper cooling-coil located 

around the absorption cell. The experimental temperature range was from 293.15 

K to 303.15 K with an uncertainty lower than ±0.5 K. 

The cylindrical tank is used to feed the absorption cell with superheated ammonia 

vapour throughout the experimental run. The cylindrical tank has a temperature 

probe and a pressure transducer to measure temperature and pressure, 
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respectively. Stainless steel is extensively used in all the components due to the 

outstanding corrosion-resistant properties and high strength capabilities. The 

3.175 mm (1/8") tubing used has an admissible very high working pressure. The 

treaded connections utilize 1/8" nominal pipe thread (NPT), which provides a 

superior seal when the threads are wrapped with Teflon tape before tightening. 

The data acquisition system is based on converting electrical signals that come 

from the measured medium to readable values through some logic steps. The 

temperature measuring loop starts with the low voltage electrical signal that 

comes from the measured medium by a four-wire temperature probe, Pt-100. The 

pressure-measuring loop starts by the transducer in which the pressure change 

of the measured medium causes the internally installed diaphragm to deform. 

This deformation, strain, is converted to low voltage electrical signal within the 

transducer itself. The pressure transducers and temperature probes are 

connected to a data logger (Keysight/Agilent 34972A) via different channels. 

Then, a basic language-written program converts the electrical signals output to 

readable pressure and temperature values. All temperature probes and pressure 

transducers were previously calibrated to establish their gains and offsets. 

Temperature probes have been calibrated according to the procedure described 

in the ITS-90 guide, while the pressure transducers have been calibrated 

according to the EA-10/17 calibration guide. 

II.2.2 Adjustment of the experimental setup. Determination of the volumes 

of the components 

Once the ILs and experimental method (PDM) have been selected, and the 

experimental setup described, the next step is the adjustment of the experimental 

setup. 

The adjustment began with the verification and eradication of leaks in the 

experimental setup. To do this, the experimental setup was charged with nitrogen 

gas until the target pressure (≈500 kPa) was reached. Then, the reading of the 

pressure transducers was monitored for approximately one hour. If the measured 

pressure dropped, this meant there was a leak somewhere in the experimental 

setup. These leaks were found by a simple method, for example, by applying 

liquid detergent on the tubing connections and observing the formation of 

bubbles. Then, the tubing connections where bubbles were observed were 
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adjusted, and this procedure was repeated until the system pressure remained 

constant. 

Then, the next step was to accurately determine the volume of the absorption 

cell, the cylindrical tank, and the connecting tube between both components. To 

do this, the entire experimental setup was filled again with nitrogen gas from the 

external reservoir. All the valves were closed, and the initial pressure reading (Pi) 

was taken. After that, an auxiliary cylindrical tank of the known volume was added 

to the experimental setup. The volume of the auxiliary cylinder is 157.06 cm3, 

which was determined using a gravimetric method. Subsequently, the valve 

connecting the auxiliary tank and the experimental setup was opened, allowing 

the nitrogen gas to expand into the auxiliary cylinder, and then a new pressure 

reading (Pf) was taken. If the deviation from the ideal behaviour of nitrogen gas 

is small, the following expression can be used to relate the pressure, temperature, 

and volume of the gas in the experimental setup: 

 PiVi/Ti = PfVf/Tf II-1 

where P is the pressure, V the volume, T the temperature, and the subscripts i 

and f stand for the initial and final states, respectively. 

In Eq. II-1, Vi is the volume of the absorption cell, the cylindrical tank and the 

connecting tubes, while Vf includes in addition to the volume of these 

components, the volume of the auxiliary cylinder: 

 Vf = Vi + Vaux_cyl II-2 

where Vaux_cyl is the volume of the auxiliary cylindrical tank. Therefore, by 

substituting Eq. II-2 into Eq. II-1 and solving for the initial volume, we have: 

 Vi = PfVaux_cylTf /(PiTi − PfTf) II-3 

According to Eq. II-3, the initial volume can be calculated from the measured 

temperatures, pressures and the known volume of the auxiliary cylindrical tank. 

To determine the volume of the absorption cell (or the cylindrical tank by 

subtracting from the calculated Vi), the inlet valve of the absorption cell is kept 

closed, and the procedure above described is repeated. A total of five 

measurements were taken in each case.  
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Table II-1 and Table II-2 show the measured values of temperature and pressure 

as well as the calculated volumes of the (absorption cell + cylindrical tank + 

connecting tubes) and the cylindrical tank, respectively. The total volume is 408 

±11 cm3, while the volume of the cylindrical tank is 330 ±7 cm3. 

 

Table II-1. Measured temperature and pressure and calculated volume of the 

absorption cell + cylindrical tank + connecting tubes. 

Experimental run Ti/ ⁰C Pi/ kPa Tf/ ⁰C Pf/ kPa Vi/ cm3 

1 26.2 633.3 25.5 454.1 401.2 

2 25.7 421.1 25.6 300.9 394.1 

3 25.7 297.9 25.5 215.3 411.0 

4 25.8 213.6 25.6 154.6 412.8 

5 25.9 153.9 25.7 112.1 422.6 

 

Table II-2. Measured temperature and pressure and calculated volume of the 

cylindrical tank. 

Experimental run Ti/ ⁰C Pi/ kPa Tf/ ⁰C Pf/ kPa V2/ cm3 

1 24.5 299.2 24.1 203.8 337.1 

2 25.2 618.5 24.4 414.6 321.7 

3 24.9 412.9 24.3 278.4 327.2 

4 24.8 277.8 24.6 187.4 327.9 

5 25.0 186.9 24.9 127.6 338.2 
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II.3 Experimental procedure 

In this section, the procedure for measuring the absorption rate is presented. It is 

divided into three main stages: preparation of samples and equipment; 

experimental protocol; and cleaning of the experimental setup. 

II.3.1 Preparation of samples and equipment  

Anhydrous ammonia (purity 99.98%, CAS no. 7664-41-7) was obtained from 

Carburos Metálicos and was used directly without any further purification. Ionic 

liquids: Ethylammonium Nitrate ([EAN], purity > 97%, CAS no. 22113-86-6), 1-

Ethyl-3-methylimidazolium tetrafluoroborate ([emim][BF4], purity > 98%, CAS no. 

143314-16-3), and 1-Buthyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4], 

purity > 99%, CAS no. 174501-65-6) were supplied by the company Iolitec. All 

the ionic liquids were dried in a vessel under vacuum and stirred for at least 24 

hours to reduce their water content. Furthermore, water is used as a reference 

for the validation of the PDM for absorption rate measurements. Thus, deionized 

water with a milli Q reagent-grade was obtained from the laboratories of the 

Universitat Rovira i Virgili (URV), and it was degassed to avoid the formation of 

bubbles, which can seriously affect the absorption rate of ammonia into the 

absorbent. 

Before starting each experimental run, non-condensable gases trapped in the 

setup were removed by applying vacuum to the whole setup. For this, a vacuum 

pump (Comecta-Ivymen) was used, which allowed obtaining a pressure of 5 kPa 

throughout the setup. Once the non-condensable gases were evacuated, all the 

valves of the setup were closed. The next step consisted in the introduction of 

the ammonia vapour and the absorbent liquid, in the cylindrical tank and the 

absorption cell, respectively. The ammonia vapour was taken directly from an 

external reservoir until the desired pressure (≈1 atm) in the cylindrical tank was 

reached. Meanwhile, the absorbent liquid was injected using a syringe, and its 

mass was obtained on a digital mass balance Mettler AE 260 DeltaRange 

(resolution ± 0.1 mg). Then, the absorbent liquid was carefully introduced into the 

absorption cell through the injection line. After the absorbent liquid is inserted into 

the absorption cell, all the lines are correctly connected. At this point, we were 

able to start performing measurements of temperature and pressure. 
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II.3.2 Experimental protocol 

At this stage, the ammonia vapour is brought into contact with quiescent 

absorbent liquids in a pool-type absorber to initiate the absorption process. In 

particular, the experimental protocol consists of a series of consecutive steps that 

are described below: 

1. Once the absorbent liquid is inside the absorption cell, and the ammonia 

is inside the cylindrical tank, the initial temperature and pressure readings 

are taken with the valve that separates both components closed. 

2. Then, the valve that separates the absorption cell and the cylindrical tank 

is opened. Consequently, the ammonia vapour expands into the 

absorption cell, and the absorption process begins.  

3. The ammonia vapour feed was continuous, keeping the valve open 

throughout the experiment. Therefore, the total volume of ammonia vapour 

included the volume of the cylindrical tank and the volume of vapour in the 

absorption cell. The volume of vapour in the absorption cell can be 

determined from the calculated volume of the absorption cell and the 

volume of absorbent liquid. 

4. Temperature and pressure data were recorded throughout the absorption 

process until 15 hours. In particular, the temperature was recorded at 

different depths in the ammonia/absorbent solution. 

5. When the absorption process occurs, the pressure drops as a 

consequence of the dissolution of the ammonia in the absorbent liquid. 

Thus, the pressure decay data can be used to determine the mass of 

ammonia vapour absorbed at each time instance, from which the 

absorption rate can be obtained as described below in section II.6. 

II.3.3 Cleaning of the experimental set-up 

Cleaning the equipment is the last step in the experimental procedure 

implemented to determine the absorption rate of ammonia vapour in the 

absorbent liquids studied. To do this, we have injected clean, pre-heated water 

several times, and then we have extracted it to remove the refrigerant/absorbent 

liquid mixture from inside the absorption cell. Once no traces of ionic liquids were 

observed in the water exiting the absorption cell, its pH was checked using an 

indicator paper. If the paper turned blue (high pH), which is indicative of the 
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presence of ammonia, we continued injecting clean water until we observed a 

yellow colour (neutral pH) of the indicator paper. Once this condition is reached, 

acetone is used to remove all the water from the absorption cell. Finally, the 

vacuum pump is turned on for at least 15 minutes to remove the remaining 

acetone and ammonia. 

II.4 Determination of the absorption rate from the experimental 

data 

The absorption process is sensitive to the initial experimental conditions that 

determine the total pressure drop (therefore, the ammonia vapour absorbed) in 

the experimental setup [59]. The relation between the initial experimental 

conditions and pressure in the experimental setup can be appreciated 

schematically in Figure II-4. 

 

Figure II-4. The relation between the initial experimental conditions and the pressure in 

the experimental setup prior to the beginning of the absorption experiments. 

The initial experimental conditions of the absorption experiments performed can 

be summarized as follows: 

• There is a known amount of the absorbent liquid at temperature, 𝑇1𝑖, and 

pressure, 𝑃1i (~5𝑘𝑃𝑎), in the absorption cell. 

• There is an unknown amount of ammonia vapour at temperature, 𝑇2𝑖, and 

pressure, 𝑃2i (~101.32 𝑘𝑃𝑎), in the cylindrical tank. 
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• The ammonia vapour and the absorbent liquid are separated by a closed 

valve which does not allow contact between them.  

Thus, the initial mass of ammonia vapour in the cylindrical tank can be obtained 

as follows: 

 𝑚𝑁𝐻3𝑖 = 𝑃2𝑖∗𝑉2∗𝑀𝑊𝑁𝐻3𝑍𝑖∗𝑅∗𝑇2𝑖  (II-4) 

where: 𝑉2 is the volume of the cylindrical tank, 𝑀𝑊𝑁𝐻3 the ammonia molar mass, 𝑍𝑖 the initial ammonia compressibility factor, and 𝑅 the universal constant of 

gases. 

The vapour-liquid absorption process is triggered by opening the inlet valve of the 

absorption cell. Immediately, the pressure in the cylindrical tank drops, 

meanwhile, the pressure in the absorption cell increases. After the valve is 

opened, mechanical equilibrium is quickly attained in the system, which means 

that the pressure in the absorption cell equals the pressure in the cylindrical tank. 

The pressure at which there would be mechanical equilibrium in the system (𝑃𝑟𝑒𝑓 

in Figure II-4) is an intermediate pressure between the initial pressure in the 

cylindrical tank, 𝑃2i, and the initial pressure in the absorption cell 1, 𝑃1i. In the 

PDM, this reference pressure (𝑃𝑟𝑒𝑓) is used to calculate the pressure drop in the 

system, 𝑃𝑑 = 𝑃𝑟𝑒𝑓 − 𝑃(𝑡). 

As the absorption process takes place, first, the system pressure drops abruptly, 

then more slowly and, finally, it remains virtually unchanged. At any time, the 

instantaneous mass of ammonia vapour (𝑚𝑁𝐻3𝑓) in the system can be determined 

from the measured temperature (𝑇𝑓) and pressure (𝑃𝑓). For this, we have used 

two different strategies depending on the volatility of the absorbent liquid used. 

1. For the experiments performed with water (volatile fluid) as absorbent 

liquid: 

On the assumption that there is an instant equilibrium condition during the 

absorption process, two parameters of the vapour phase are needed to 

obtain the others [81]. Thus, the specific volume of the vapour phase at 

any time instance during the absorption process can be obtained from the 

measured pressure, 𝑃(𝑡), and ammonia vapor temperature, 𝑇2 (here, the 

temperature in the absorption cell 2), using Tillner-Roth and Friend 
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equation of state [83]. Once the specific volume of the vapor phase has 

been obtained, the vapour mass in the total vapour volume at any time can 

be calculated as: 

 𝑚𝑣(t) = 𝑉𝑉𝑣(𝑡) II-5 

where: 𝑣 (𝑚3/𝑘𝑔) is the vapour specific volume at the time, 𝑡, and 𝑉𝑉(𝑚3) 
is the total volume of vapor, which includes the volume of vapor in the 

absorption cell, and the volume of the cylindrical tank. The volume, 𝑉𝑉, can 

be considered constant since the total ammonia absorbed is too small to 

cause a noticeable rise in the liquid level [81]. Then, the mass of ammonia 

vapour absorbed in the water at any time instance during the absorption 

process can be calculated as follow: 

 𝑚𝑁𝐻3𝑎𝑏𝑠(t) = 𝑚𝑁𝐻3𝑖 − 𝜔 ∗ 𝑚𝑣(𝑡) II-6 

where 𝜔 is the ammonia mass fraction in the vapour phase, which is also 

obtained using the Tillner-Roth and Friend equations. 

2. For the experiments performed with ionic liquids (non-volatile fluids) as 

absorbent liquid: 

In this case, the vapour phase can be considered as pure ammonia vapour 

due to the non-volatility of the ILs. Therefore, the ammonia vapour mass 

at any time instance during the absorption process was calculated as: 

 𝑚𝑁𝐻3(t) = P(t)∗𝑉𝑉∗𝑀𝑁𝐻3Z(t)∗𝑅∗𝑇2  II-7 

where 𝑍(𝑡) is the ammonia compressibility factor which depends on 

temperature and pressure. Then, the mass of ammonia vapour absorbed 

in ionic liquids at any time instance during the absorption process is: 

 𝑚𝑁𝐻3𝑎𝑏𝑠(t) = 𝑚𝑁𝐻3𝑖 − 𝑚𝑁𝐻3(t) II-8 

As mentioned, Eq.s II-6 and II-8 allow us to determine the time evolution of the 

mass of ammonia absorbed during the absorption process. Then, the variation of 

the absorbed mass over time can be expressed using some appropriate 

mathematical function. Finally, the absorption rate of ammonia in the absorbent 

can be determined simply by differentiating the obtained function with respect to 

time. Thus, the absorption rate (𝑚̇𝑁𝐻3𝑎𝑏𝑠(𝑡) /𝑔 𝑠−1𝑚−2) of ammonia vapour in 
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quiescent absorbent liquids (both, water and ILs) per unit of interfacial area (S) in 

a pool-type absorber using the pressure drop method can be calculated as: 

 𝑚̇𝑁𝐻3𝑎𝑏𝑠(t)  = 1𝑆 d(𝑚𝑁𝐻3𝑎𝑏𝑠 (t))dt  II-9 

II.5 Thermal behaviour during the absorption process of 

ammonia vapour in the absorbent liquids studied 

During the absorption process, heat is released at the vapour-liquid interface, and 

thus, the temperature in the absorber tends to increase. It is well-known that the 

solubility of ammonia in ionic liquids decreases with increasing temperature 

[18,51,78]. Therefore, knowledge of the expected rise in temperature for a given 

absorbent liquid is imperative for the proper design of the absorber to transfer the 

released heat to some external circuit (outside air or cooling water).  

Illustratively, Figure II-5 display the temperature rise detected by the temperature 

probe closest to the vapour-liquid interface during the absorption process of 

ammonia vapour in the absorbent liquids studied at 303.15 K. As can be seen, 

the behaviour of the curves shows certain similarities. However, it is also possible 

to appreciate significant differences. In all curves, the temperature rises 

immediately after the valve is opened (and consequently the ammonia vapour 

expands and comes into contact with the absorbent liquid in the absorption cell), 

reaches a maximum value in a short time, and then gradually decreases. Initially, 

there is a high availability of absorbent liquid molecules in the vapour-liquid 

interface that favours the absorption process, and hence there is a considerable 

increase in temperature. Then, as the absorption process progresses, the 

interface tends to become saturated with ammonia, and the absorbent molecules 

begin to decrease and, therefore, the temperature decrease [59]. Subsequently, 

ammonia molecules penetrate the liquid phase via molecular diffusion, allowing 

"free" absorbent molecules to absorb more ammonia molecules at the interface 

until equilibrium is reached. 

Despite the common behaviour, the differences in the curves shown in Figure II-5 

are obvious. For instance, it is observed that the maximum value of the 

temperature rise varies from approximately 1 K for [bmim][BF4] to 3.5 K for EAN. 

The temperature rise depends on several thermophysical properties, mainly, the 
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heat of absorption, density, specific heat, thermal conductivity, and mass 

diffusivity. Furthermore, the value of the temperature rise will also depend on the 

efficiency of the external thermal control system. However, since all experiments 

were carried out under the same conditions, the observed value is useful for the 

sake of comparison. As can be seen, the temperature rise value for EAN is 

comparable to that of H2O, while, the value of [emim][BF4] is comparable to that 

of [bmim][BF4], especially for times greater than two minutes. The noticeable 

differences for shorter times may be due to the predominant role of the thermal 

and mass diffusivities of each particular mixture at this early stage of the 

absorption process. 

 

Figure II-5. Temperature rise, ΔT, at the temperature probe closest to the vapor-liquid 

interface during the absorption process of ammonia in the absorbent liquids studied at 

303.15 K. 

Table II-3 summarizes the observed rise in temperature for all the experiments 

performed in this thesis. As can be seen, in all cases, the temperature rise 

increases with decreasing the temperature in the absorption cell. However, in the 

case of the absorption in water, the temperature rise is practically the same for 

both temperatures studied. In the cases of the absorption in EAN, the initial 

temperature of the absorption cell has a strong influence on the temperature rise. 

While at 303.15 K, the relative increase is 1.1%, it can be as much as 1.8% at 

303.15 K. This is indicative of high heat of absorption for the NH3/EAN mixture at 

this temperature. Temperature rise during the absorption process of ammonia in 

[bmim][BF4] is also quite sensitive to the initial temperature of the absorption cell. 
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In this case, the relative increase in temperature at 293.15 K (0.6%) doubles the 

relative increase at 303.15 (0.3%). The rise in temperature during the absorption 

process of ammonia in the absorbent liquids studied follow the order: EAN > H2O 

> [bmim][BF4] > [emim][BF4]. 

Table II-3. Temperature rise during the absorption process of ammonia vapour in the 

absorbent liquids studied at a different initial temperature in the absorption cell, T1i, and 

the pressure difference between the cylindrical tank and the absorption cell, ΔPi. 

Absorbent liquid ΔPi/ kPa T1i/ K ΔT/ K 

H2O 94.1 293.2 3.0 

H2O 88.7 303.2 2.9 

EAN 95.1 293.2 5.3 

EAN 86.2 303.2 3.4 

[emim][BF4] 110.5 293.2 1.9 

[emim][BF4] 102.9 303.2 1.5 

[bmim][BF4] 98.3 293.2 1.6 

[bmim][BF4] 101.1 303.2 0.9 

As mentioned, the absorption cell is provided with several temperature probes 

located within the liquid bulk. Thus, the design of the absorption cell not only 

allows us to follow the time evolution of temperature during the absorption 

process but also lets us trace the spatial distribution of this variable. Although it 

is outside the scope of this thesis, this valuable information can be used in future 

work to study the thermal conductivity or heat absorption of refrigerant/absorbent 

liquid mixtures using an inverse approach [59]. 

Illustratively, Figure II-6 shows the temperature behaviour at different locations in 

the absorption cell during the absorption process of ammonia vapour in EAN at 

293.15 K. The spatial distribution of temperature in the remaining experiments is 

quite similar to that shown here. The temperature curves shown in Figure II-6 

corresponds to the five probes installed in the absorption cell (see Figure II-3). 

The distances shown are determined from the position of the vapour-liquid 

interface. The thermal behaviour shown in Figure II-6 can be explained as follow. 
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During the absorption process, heat is released at the vapour-liquid interface that 

diffuses into the liquid and vapour bulks. The temperature rise perceived by the 

probes located in different places of the absorption cell differs in magnitude and 

detection time due to the thermal diffusivity of the liquid and vapour phases, and 

the action of the external thermal control system. As can be seen, the 

temperature probes closer to the interface perceive a higher and faster 

temperature rise than the rest of the probes. In Figure II-6, T4 is the closest probe 

to the vapour-liquid interface, while T5 is in the vapour bulk and the other probes 

(T3, T2, and T1) are in the liquid bulk at different depths in descending order, 

respectively. In this case, the relative increase in temperature is 0.2%, 0.4%, 

1.0%, 1.8%, and 0.2% for T1, T2, T3, T4, and T5, respectively. 

Figure II-6. Temperature behaviour in the absorption cell during the absorption process 

of ammonia vapour in EAN at 293.15 K. 

II.6 Pressure-drop behaviour during the absorption process of 

ammonia vapour in the absorbent liquids studied 

The experimental setup implemented was based on the pressure drop method. 

Therefore, the pressure in the system changes during the entire absorption 

process. Figure II-7 shows the pressure-drop behaviour during the absorption 

process of ammonia vapour in H2O at 293.15 K.  
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Figure II-7. Pressure behaviour in the experimental setup during the absorption 

process of ammonia vapour in the water at 293.15 K. 

As can be appreciated, initially, there is a pressure difference between the 

absorption cell and the cylindrical tank. When the contact valve is opened, the 

pressure in the absorption cell increases immediately, the opposite being right in 

the case of the cylindrical tank. Afterwards, mechanical equilibrium is quickly 

attained in the system. Later, as the absorption process progresses, the pressure 

in the absorption cell decreases. Finally, after a certain time, the system pressure 

remains practically constant until the end of the experimental run. 

However, unlike the case of temperature, the behaviour of the system pressure 

is different for each ammonia vapour/absorbent liquid pair studied. The total 

pressure drop in the system depends on the ammonia absorption capacity of the 

absorbent liquid, while the rate at which the pressure decreases depends on the 

mass diffusivity. Moreover, the pressure-drop behaviour also depends on the 

experimental conditions, such as initial pressure difference and temperature. To 

compare the pressure-drop behaviour during the absorption process in all cases 

of slightly different initial pressure, we have normalized the pressure readings as: 

 𝑃2∗(𝑡) = 𝑃2(𝑡)𝑃2𝑖  II-10 

where 𝑃2𝑖 is the initial pressure in the cylindrical tank and 𝑃2(𝑡) are the pressure 

readings at a time t during the absorption process. For the sake of clarity, only 

the pressure in the cylindrical tank is considered. 
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Figure II-8 displays the normalized pressure curves during the absorption process 

in ammonia vapour in the four absorbent liquids studied. The general impression 

is that the pressure drop in H2O and EAN is much more significant than in 

[bmim][BF4] and [emim][BF4]). Therefore, it is convenient to group the absorbent 

liquids into two groups. In one of these groups are the two ionic liquids with 

relatively low absorption capacity ([bmim][BF4] and [emim][BF4]), and in the other 

group, H2O and EAN. The similarities between the curves of each group are 

evident. However, here, our interest lies in the differences. 

 

Figure II-8. Pressure behaviour in the cylindrical tank during the absorption process of 

ammonia vapour in H2O, EAN, [emim][BF4], and [bmim][BF4] at 303.15 K. 

In the group of the imidazolium-based ILs, it can be observed the pressure drop 

is approximately the same. After 15 hours from the beginning of the absorption 

process, the pressure in the cylindrical tank is close to half of the initial pressure. 

It is important to note that the pressure decay is faster in the case of the 

absorption in [emim][BF4], especially during the first hours of the absorption 

process. The pressure behaviour shown in these two curves suggests that the 

ammonia absorption capacity of these ILs should be quite similar while the mass 

diffusivity of ammonia vapour should be higher in [emim][BF4] than in 

[bmim][BF4].  

In the case of the absorption of ammonia in H2O and EAN, the pressure at the 

end of the experiment (after 15 hours from the beginning of the absorption 

process) is close to one-fifth of the initial pressure. Therefore, it is expected that 
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both H2O and EAN exhibit a high ammonia absorption capacity. However, it is 

essential to note that while the H2O appears to have reached the maximum 

absorption capacity rapidly, the EAN is still absorbing ammonia after 15 hours 

from the beginning of the absorption process. The high absorption capacity of the 

EAN may be due to the presence of the ammonium group in the cation of this IL, 

which suggests the formation of hydrogen bonds with ammonia. As for the rate 

of pressure decrease, it can be seen that it is higher in the case of H2O than in 

the EAN. Therefore, it is expected that EAN has a greater absorption capacity 

than H2O and that the mass diffusivity of ammonia vapour in H2O is higher than 

in EAN. 

From the behaviour of the pressure curves shown in Figure II-8, the ammonia 

absorption capacity of the studied absorbent liquids, at 303.15 K, is expected to 

follow the descending order: EAN>H2O> [bmim][BF4]> [emim][BF4]. While, at the 

same temperature, the mass diffusivity of ammonia vapour in the absorbent 

liquids studied is expected to follow the order: H2O> EAN> [emim][BF4]> 

[bmim][BF4]. 

Furthermore, we have identified three different stages of the absorption process 

from the pressure measurements. In the first stage, called the incubation period 

(or interface-filling) [84–86], pressure drops significantly due to the high 

availability of “free” absorbent liquid molecules at the vapour-liquid interface. The 

second stage is the transition period, where the pressure drop in the system 

slows down due to the increase in ammonia molecules at the vapour-liquid 

interface. In the last stage, called linear decay period, the measured pressure 

decays slowly, and smoothly with time, and molecular diffusion is considered the 

dominant mass transfer mechanism [87]. 

We also observed that the time evolution of pressure during the absorption 

process could be reliably fitted to an exponential function of two terms: 

 𝑃(𝑡) = 𝑚1 exp (− 𝑡𝑘1) + 𝑚2 exp (− 𝑡𝑘2) + 𝑃𝑒𝑞 II-11 

where the coefficients m1, m2, k1, k2, and Peq can be obtained by regression of 

the pressure-time data. This type of equation has been used previously to fit 

pressure-time history during the dissolution of carbon dioxide and methane in 

heavy oils [84]. The first exponential term in equation II-11 fits the pressure-time 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL STUDY OF THE ABSORPTION PROCESS OF AMMONIA IN IONIC LIQUIDS FOR ABSORPTION 
REFRIGERATION SYSTEMS 
Ronny Rives Sanz 



Chapter II 

 

Ronny Rives Sanz, Doctoral Thesis, Universitat Rovira i Virgili, 2020 II-23 

curve during the incubation and transition periods and the second exponential 

term fits the tail of the pressure-time curve. Although a 3-term exponential fit could 

have been used (one term for each stage of the absorption process), the quality 

of the fit using a two-term equation is satisfactory for the cases studied here. An 

advantage of using equation II-11 is the elimination of the need to experimentally 

measure equilibrium pressure provided sufficient pressure history is recorded to 

obtain reliable values of the regression parameters [84]. 

To illustrate the different stages during the absorption process, pressure-time 

curves during the absorption process of ammonia vapour in EAN and [bmim][BF4] 

at 303.15 K are shown in Figure II-9. In this figure, the results of the fitting 

procedure using Eq. II-11 are also shown.  

 

Figure II-9. Observed periods during the absorption process of ammonia vapour in 

EAN, and [bmim][BF4], at 303.15 K, from pressure decay measurements. 

As can be seen, the incubation and transition periods for the EAN curve are more 

clearly defined than for the [bmim][BF4] curve. The duration of each period 

depends on the absorbent liquid used. In general, the incubation period is very 

short and is of the order of 15 minutes after the start of the absorption process. 

The limits of the linear decay period can be determined using some criteria about 

the linearity of the curve. For example, Du et al. [87] determined the limits of this 

period adopting a cut-off value for the linear correlation coefficient (R2 = 0.900). 
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Once the limits of the incubation and linear decay periods are known, the 

transition period can be established. 

II.7 Absorption rate measurements 

The initial pressure (and thus the ammonia vapour mass) is slightly different in 

each experiment. Therefore, for the sake of comparison, the absorbed mass of 

ammonia vapour at each time instance, 𝑚𝑁𝐻3𝑎𝑏𝑠(𝑡), is normalized as: 

 𝑚𝑁𝐻3∗ 𝑎𝑏𝑠(𝑡) = 𝑚𝑁𝐻3𝑎𝑏𝑠(𝑡)𝑚𝑁𝐻3𝑖  II-12 

where 𝑚𝑁𝐻3𝑖 is the initial ammonia vapor mass in the cylindrical tank. In this way, 

the normalized absorbed mass of ammonia gives a measure of how much 

ammonia of the initial total is absorbed. 

Figure II-10 shows the normalized absorbed mass of ammonia vapour in the four 

absorbent liquid studied at 303.15 K. Here again, it is convenient to group the 

absorbent liquids into two groups to facilitate analysis. In the first group, 

imidazolium-based ILs can be included, and in the other, H2O and EAN. 

 

Figure II-10. Absorbed mass of ammonia as a function of time during the absorption 

process in EAN, H2O, [emim][BF4], and [bmim][BF4], at 303.15 K. 

In the case of the imidazolium based ILs, about half of the initial mass of ammonia 

vapour is absorbed. Both fluids, [bmim][BF4] and [emim][BF4], display a similar 

behaviour. At the beginning of the absorption process, [emim][BF4] absorbs faster 
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than [bmim][BF4], but at the end of the experiment (15 hours), the latter absorbs 

more ammonia than the first.  

In the case of the absorption of ammonia vapour in water and EAN, the absorbed 

mass is greater than 80% of the initial mass of ammonia vapour. This confirms 

the great absorption potential of these fluids. At the beginning of the absorption 

process, H2O absorbs faster (this means a higher mass diffusivity). However, 

after 6 hours of the beginning of the absorption process, it is observed that EAN 

absorbs more ammonia than H2O. In general, the behaviour of the curves shown 

in Figure II-10 is in good agreement with that of the pressure curves displayed in 

Figure II-8. 

Then, the experimental mass of ammonia absorbed can be fitted to a function of 

the form: 

 𝑚𝑁𝐻3𝑎𝑏𝑠𝑓𝑖𝑡(𝑡) = a ∙ exp(𝑏𝑡) + 𝑐 ∙ exp(𝑑𝑡) + 𝑒 ∙ exp(𝑓𝑡) + 𝑔 II-13 

where the coefficients a, b, c, d, e, f, and g were determined by a non-linear least-

square regression method using MATLAB® [88]. The fitting results are 

represented by solid black lines in Figure II-10. 

It is observed that the proposed equation successfully reproduces the temporal 

behaviour of the absorbed mass of ammonia vapour in each absorbent liquid 

studied. The coefficients of Eq. II-13 and goodness of the fitting (R2 and RMSE) 

are listed in Table II-4. 

Once we have determined the coefficients, we can determine the absorption rate 

of ammonia vapour by differentiating equation II-13 with respect to time: 

 𝑚̇𝑁𝐻3𝑎𝑏𝑠(t)  = 1𝑆 d(𝑚𝑁𝐻3𝑎𝑏𝑠𝑓𝑖𝑡(t))dt = 1𝑆 (a ∙ b ∙ exp(𝑏𝑡) + 𝑐 ∙ d ∙ exp(𝑑𝑡) + 𝑒 ∙ f ∙ exp(𝑓𝑡)) II-14 

where S is the interfacial area. 
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Table II-4. Coefficients of equation II-13 and goodness of the fitting procedure (R2 and 

RMSE). 

 

Coefficient 

T = 293.15 K 

H2O  EAN  [emim][BF4] [bmim][BF4]  

a 7.064E+00 1.139E+00 -1.349E-02 -5.672E-02 

b 1.421E-08 8.981e-08 -3.340E-05 -3.229E-05 

c -1.987E-01 -4.362E-02 -7.052E-03 -1.828E-02 

d -6.642E-02 -3.361E-04 -4.187E-03 -3.179E-03 

e -1.638E-02 -1.087E-01 -1.251E-02 -2.254E-02 

f -1.106E-03 -5.993E-03 -4.256E-04 -3.271E-04 

g -4.916E-01 -9.472E-01 3.825E-02 1.020E-01 

R2 8.756E-01 9.872E-01 9.564E-01 9.962E-01 

RMSE 1.228E-03 1.187E-03 9.850E-04 9.951E-04 

 T = 303.15 K 

Coefficient H2O  EAN  [emim][BF4] [bmim][BF4]  

a 1.129E+00 1.830E+00 -6.370E-02 -6.554E-02 

b 1.059E-07 1.295E-07 -1.928e-05 -2.544E-05 

c -1.401E-01 -7.810E-02 -3.023E-02 -2.711E-02 

d -3.935E-02 -4.336E-03 -1.838E-04 -2.526E-03 

e -1.909E-02 -4.350E-02 -4.714E-02 -3.327E-02 

f -4.924E-04 -2.398E-04 -3.705E-03 -1.983E-04 

g -9.412E-01 -1.679E+00 0.1525E-01 1.314E-01 

R2 9.430E-01 9.908E-01 9.962E-01 9.974E-01 

RMSE 1.166E-03 1.199E-03 1.093E-03 1.024E-03 

To validate our results, we have compared the obtained absorption rate of 

ammonia in H2O at 293.15 K with those of Mustafa [59]. Figure II-11 displays the 

variation of the absorption rate of ammonia in H2O at 293.15 K during the first 

600 seconds of the absorption process. As can be seen, at the very beginning of 

the absorption process, the observed value of the absorption rate is around 12 g 

m-2 s-1 in both works.  

However, a few seconds after the beginning of the absorption process, the 

behaviour of the curves is different. This difference may be due to the 

experimental conditions in both works. In particular, Mustafa [59] used a thermally 

insulated absorption cell, while in this thesis, the temperature in the absorption 

cell is actively controlled. However, after 300 seconds, the absorption rate curves 
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show the same behaviour. Despite the differences, in general, there is a good 

agreement between the two studies. Therefore, it is considered that the 

implemented methodology is suitable to determine the absorption rate of 

ammonia vapour in selected ionic liquids. 

 

Figure II-11. Time evolution of the absorption rate of ammonia vapour in H2O at 293.15 

K. 

Figure II-12 depicts the absorption rate during the absorption process of ammonia 

vapour in the ionic liquids studied at 303.15 K.  

 

Figure II-12. Time evolution of the absorption rate of ammonia vapour in the ionic 

liquids studied at 303.15 K. 
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The general impression is that the absorption rate behaviour in ionic liquids is 

similar to those of H2O. Nonetheless, the absorption rate of ammonia in ionic 

liquids is several times lower than in H2O. Furthermore, among the three ionic 

liquids studied, EAN shows the highest absorption rate of ammonia, followed by 

[emim][BF4], and, lastly, [bmim][BF4]. As can be seen, the absorption rate of 

ammonia vapour in EAN is six times higher than in the other ILs studied.  

It was found that the absorption rate of ammonia in the absorbent liquids studied 

decreases with increasing temperature. As mentioned, the absorption rate is an 

important magnitude closely related to heat and mass transfer mechanisms in 

absorption systems. Furthermore, the results of the absorption rate can be 

interpreted in terms of the mass diffusivity, according to Fick's First Law. The 

absorption rate is the mass flux of ammonia vapour diffusing from the vapour 

phase into the liquid phase at the vapour-liquid interface due to a concentration 

gradient: 

 𝑚̇𝑁𝐻3𝑎𝑏𝑠  = 𝐷𝑁𝐻3−𝐴𝐿𝛻𝑐𝑁𝐻3 II-15 

where 𝐷𝑁𝐻3−𝐴𝐿 is the mass diffusivity of ammonia in the absorbent liquid, and 𝛻𝑐𝑁𝐻3 

the concentration gradient of ammonia in the system. Thus, at the same initial 

conditions (same concentration gradient), the absorption rate gives an indication 

of the mass diffusivity. From the above, the mass diffusivity is expected to follow 

the order: H2O> EAN> [emim][BF4]> [bmim][BF4], which is consistent with the 

thermal and pressure behaviour observed during the absorption process. 

II.8 Conclusions 

This chapter deals with the experimental determination of the absorption rate of 

ammonia vapour in absorbent liquids. For this purpose, a dual-chamber 

absorption system was implemented. The methodology used to determine the 

absorption rate was based on the pressure drop method. In total, four absorbent 

liquids have been studied, H2O, and three ionic liquids: EAN, [emim][BF4] and 

[bmim][BF4]. Absorption experiments were performed at two temperatures, 

293.15 K and 303.15 K, and lasted 15 hours from the beginning of the absorption 

process. In particular, the following conclusions were drawn: 

• The maximum value of the temperature rise during the absorption process 

varies from 0.9 K for [bmim][BF4] at 303.15 K to 5.3 K for EAN at 293.15 
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K. Therefore NH3/EAN mixtures are expected to show high heat of 

absorption at this temperature. 

• Pressure behaviour during the absorption process is different for each 

ammonia/absorbent liquid pair analyzed. After 15 hours of the beginning 

of the absorption process, the pressure is close to half of the initial 

pressure for the cases of absorption in [emim][BF4], and [bmim][BF4] In the 

cases of the absorption of ammonia in H2O and EAN, the pressure at the 

end of the experiment is close to one-fifth of the initial pressure. 

• Three different stages of the absorption process from the pressure 

measurements were identified: incubation, transition, and linear decay 

periods. 

• The absorption rate of ammonia in H2O at the very beginning of the 

absorption process was observed to be around 12 g m-2 s-1. The results 

are in an acceptable agreement with the literature. 

• The absorption rate of ammonia in ionic liquids is several times lower than 

in H2O. Among the ionic liquids studied, EAN shows the highest absorption 

rate of ammonia (around 0.6 g m-2 s-1), followed by [emim][BF4] (0.06 g m-

2 s-1), and, lastly, [bmim][BF4] (0.03 g m-2 s-1). 
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Chapter III 
Mass diffusivity: Concepts, 

measurement, and modelling 
 
 
 
 
 
 
 
 
 
 
 
 

This chapter is devoted to the mass diffusivity as an essential transport property 

in absorption refrigeration systems. The main concepts related to diffusion, 

experimental measurement methods, and models for the estimation of mass 

diffusivities are presented. Then, a review of the literature on measurements and 

modeling of mass diffusivity in working fluid mixtures used in absorption 

technology is provided. 
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III.1 Diffusion fundamentals 

Diffusion is the process by which matter is transported from one part of a system 

to another as a result of random molecular motions [89]. It can be the main 

transport process in the absence of mixing by mechanical means or convection 

and is relevant for many industrial instances. Such instances include, but are not 

limited to, absorption refrigeration systems, biotechnology, distillation, solvent-

solvent extraction, and the sequestration of CO2 in saline aquifers and depleted 

oil and gas reservoirs [90]. 

In general, diffusion in liquids is a slow process, which is characterized by a small 

magnitude compared to other transport mechanisms, such as convection. 

However, this is precisely the main reason for its importance. In many industrial 

processes, diffusion occurs sequentially with different phenomena and is usually 

the rate-determining step in the sequence. For example, diffusion often limits the 

efficiency of commercial distillations and the rate of industrial reactions using 

porous catalysts [91].  

On a microscopic scale, molecular diffusion describes the relative motion of 

individual molecules in a mixture induced by their thermal energy causing 

random, irregular movements [92]. In addition to the inherent kinetic energy of a 

molecule, both experiment and theory have shown that diffusion can result from 

pressure gradients (pressure diffusion), temperature gradients (thermal 

diffusion), external force fields (forced diffusion), and concentration gradients 

[93]. In all cases, the resulting net diffusion flux is established in the decreasing 

direction of the potential gradient. In this thesis, only diffusion phenomena caused 

by a concentration gradient are considered since it is the main driving force in 

absorption refrigeration systems. In the case of a concentration gradient, species 

will diffuse from regions of higher to lower concentration until uniformity of the 

system is reached [92].  

On a macroscopic scale, as early as 1855, Adolf Fick developed a description of 

diffusion in binary liquid mixtures based on two phenomenological laws. He 

observed that the mass diffusion flux of a component in a liquid mixture was 

proportional to its concentration gradient, analogous to heat diffusion flux in 
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Fourier’s Law. Thus, for a binary mixture of A and B, Fick’s First Law of diffusion 

can be written as: 

 𝐽𝐴 = −𝐷𝐴𝐵𝛻𝑐𝐴 III-1 

Here, 𝐽𝐴 is the molar flux of solute A having concentration 𝑐𝐴. The proportionality 

constant, 𝐷𝐴𝐵, between the flux and concentration gradient (potential) is the 

mutual diffusion coefficient or mass diffusivity with dimensions of (length)2 (time)-

1. Typical values for mass diffusivities in gases and liquids are in the order of 10-

5 m2⋅s-1 and 10-9 m2⋅s-1, respectively [91]. 

In the previous definition of the diffusion flux, a frame of reference of no net mole 

flow is considered: 

 𝐽𝐴 + 𝐽𝐵 = 0 III-2 

where 𝐽𝐵 is the molar flux of solvent B. Alternatives frames of reference, such as 

those moving with the local center of mass or the local center of volume, can also 

be adopted. Nevertheless, great care must be taken to select the correct frame 

of reference to adequately describe the diffusion phenomena in each system. For 

binary system diffusion coefficients are identical in any frame of reference, the 

problem starts from ternaries, 

Meanwhile, Fick's Second Law can be derived from Fick’s First Law and the 

requirement of mass conservation in the system. Fick's Second Law relates the 

time-dependent concentration changes with the concentration of each 

component in the system as follows: 

 
𝜕𝑐𝐴𝜕𝑡 = 𝐷𝐴𝐵𝛻2𝑐𝐴 III-3 

To solve this partial differential equation, one initial condition and two boundary 

conditions must be defined over the control volume. Particular solutions for some 

practical geometries are available and can be found in the literature [89]. 

III.1.1 Mutual, self-, and tracer diffusion coefficients 

The term 𝐷𝐴𝐵 introduced above refers to the diffusion of one constituent in a 

binary system. In this thesis, preference has been given to the term mass 

diffusivity over the mutual diffusion coefficient to be consistent with most of the 

relevant literature for engineering processes. Besides, in many scientific and 
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engineering applications, it is common to assume that there is only a small 

amount of solute (A) diffusing into an infinitely large amount of solvent (B). Under 

these conditions, a mutual diffusion coefficient at infinite dilution, 𝐷𝐴𝐵0 , is used to 

describe the diffusion process, and in engineering work, it is assumed to be a 

representative value even for concentrations of A of 5 to 10 mole % [93]. This 

leads to a simplification in the treatment of the diffusion model since there is no 

need to consider the functional dependence of the mass diffusivity on the 

concentration of the solute [90]. 

In addition to the mutual diffusion coefficient, there are two other important 

definitions of the diffusion coefficient, which are also frequently used: self-, and 

tracer diffusion coefficients. Although they are all related, the difference is given 

by the nature of the diffusion process itself. The relationship between these 

coefficients are schematically depicted in Figure III-1. 

 

Figure III-1. Relationship between mutual, self and tracer diffusion coefficients in a 
binary mixture A + B (adapted from the literature [93]). 

Self-diffusion coefficient, denoted by 𝐷𝐴𝐴, is a measure of mobility of a species in 

itself. In the special case that A and B are similar in molecular weight, polarity, 

and so on, the self-diffusion coefficients of pure A and B will be approximately 

equal to the mutual diffusivity. In a binary system where A and B are the less 

mobile and more mobile components respectively, their self-diffusion coefficients 

can be used as rough lower and upper bounds of the mutual diffusion coefficient 

in some systems: 𝐷𝐴𝐴 < 𝐷𝐴𝐵 < 𝐷𝐵𝐵 [94]. 
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Tracer diffusion coefficients (sometimes referred to as intradiffusion coefficients), 

denoted as 𝐷𝐴′𝐵, relating to the diffusion of a labelled component within a 

homogeneous mixture. Like mutual diffusion coefficients, tracer diffusion 

coefficients can be a function of composition [93]. As concentration varies, tracer 

diffusivities approach mutual diffusivities at the dilute limit, and they approach 

self-diffusivities at the pure component limit. That is, at the limit of dilute A in B 𝐷𝐴′𝐵 → 𝐷𝐴𝐵0  and 𝐷𝐵′𝐴 → 𝐷𝐵𝐵; likewise, at the limit of dilute B in A, 𝐷𝐵′𝐴 → 𝐷𝐵𝐴0  and 𝐷𝐴′𝐵 → 𝐷𝐴𝐴 [94]. 

Neither the tracer diffusivity nor the self-diffusivity has much practical value 

except as a means to understand ordinary diffusion and as order-of-magnitude 

estimates of mutual diffusivities [94].  

III.1.2 Chemical potential gradient as a driving force for diffusion 

As mentioned, Fick’s diffusion laws state that the flux of a diffusing component is 

proportional to the concentration gradient, with 𝐷𝐴𝐵 being the constant of 

proportionality. However, diffusion is affected by more than just the concentration 

gradient, e.g., the intermolecular interactions of the molecules which can give 

complex composition dependence of the behaviour in addition to that from 

temperature and pressure. Thus, fluxes may not be linear in the concentration 

gradient; and Fick’s laws do not always adequately describe diffusion. This is 

especially true for multicomponent systems where the presence of non-zero 

cross-coefficients in the Fick matrix lends to characteristics quite different from 

the corresponding binary system [95]. In multicomponent systems, it is possible 

to have a diffusion flux of a component even in the absence of a composition 

gradient for that component (this phenomenon is known as osmotic diffusion). 

Furthermore, species may not diffuse at all in the presence of a concentration 

gradient for that component (known as diffusion barrier), or even species may 

diffuse opposite to their concentration gradient (known as reverse diffusion) [93]. 

Therefore, a more fundamental approach is to consider the chemical potential 

gradient as the driving force for diffusion, instead of the concentration gradient 

[93,96]. 

An alternative description of diffusion phenomena using the chemical potential 

gradient as the driving force is the generalized Maxwell-Stefan (M-S) formalism 
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[95,97]. The M-S formalism, which was derived from the kinetic gas theory and 

later extended to liquid systems, describes diffusion fluxes in terms of gradients 

in chemical potential (μi) and Maxwell-Stefan diffusion coefficients (Ð𝑖𝑗) [98]: 

 
𝑥𝑖𝑅𝑇 𝛻𝑇,𝑃𝜇𝑖 = ∑ 𝑥𝑖𝐽𝑗−𝑥𝑗𝐽𝑖𝑐 Ð𝑖𝑗𝑛𝑗=1  III-4 

Here 𝛻𝑇,𝑃𝜇𝑖 is the chemical potential gradient at constant temperature (T) and 

pressure (P); c is the molar concentration; R is the gas constant; and xi, xj, and 

Ji, Jj denote the mole fraction and molar flux of component i and j, respectively. 

Unlike mutual diffusion coefficients defined by Fick’s laws (or simply Fick 

diffusivity), which depend on the frame of reference, Ð𝑖𝑗 is independent of the 

frame of reference, and thus, commonly used in computational predictions. 

Moreover, the relationship between the M-S diffusivity and the Fick diffusivity can 

be obtained after the algebraic treatment of equation III-4. It can be demonstrated 

that for a binary system, the diffusion flux of component 1 can be written as [98]: 

 𝐽1 = −𝑐Ð12𝛤𝛻𝑥1 = −𝑐𝐷12𝛻𝑥1 III-5 

where 𝐷12 is the Fick diffusion coefficient, and thus, 𝐷12 = Ð12𝛤. Since the Fick 

diffusion coefficient was defined in terms of a concentration gradient instead of a 

chemical potential gradient, a thermodynamic correction factor 𝛤 is introduced to 

account for the nonideal behaviour of the binary mixture as follows: 

 𝛤 = 1 + 𝑥1 𝜕 ln 𝛾1𝜕𝑥1  III-6 

Here, 𝑥1 and 𝛾1 are the mole fraction and activity coefficient of component 1 in 

the mixture, respectively. Nevertheless, according to the Gibbs-Duhem equation, 𝛤 is the same regardless of whether activities and mole fractions of either 

component 1 or 2 are used in equation III-6 [93]. Moreover, the required activity 

coefficient can be obtained using several thermodynamic models based on 

excess Gibbs energy (gE). Such a model can be, for example, NRTL, Wilson, or 

UNIQUAC models [98]. By definition, the thermodynamic factor is equal to unity 

for a pure component and an ideal mixture, regardless of the state of matter. For 

gases, 𝛤 is almost always close to unity (except at high pressures), but in the 

case of liquid mixtures, significant deviations from unity are observed. With the 

use of equation III-6, the Fick and the Maxwell-Stefan diffusivities can be 

transformed into one another. Therefore, both approaches may be employed in 
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the description of diffusion fluxes once information on either type of diffusivity is 

available [92]. 

III.1.3 Effect of concentration on diffusion in liquid mixtures 

The concentration dependence of binary diffusion coefficients in liquid mixtures 

is not simple. In some systems, this dependence is quite remarkable, since the 

diffusion coefficients of the pure compounds may differ by more than an order of 

magnitude [99]. In contrast, the concentration dependence is much weaker for 

systems in which the two limiting diffusion coefficients are in the same order. Also, 

the shape of the diffusion-concentration curves differs from one system to 

another. In some cases, it varies linearly between the two limiting diffusion 

coefficients, while in others, strong positive or negative deviations from linearity 

are observed [93]. 

Although considerable research efforts have been made on the concentration 

dependence of the diffusion coefficient, there is no satisfactory theoretical 

interpretation for all liquid systems [93,99]. Nevertheless, several correlations 

have been proposed to estimate the diffusion coefficients of concentrated binary 

liquid mixtures [99–105]. In most of these correlations, the thermodynamic factor 

(𝛤) is introduced, which has a strong influence on the concentration dependence 

of the diffusion coefficient. In this sense, it has been suggested that 𝛤 be raised 

to a fractional power because it often overcorrects the diffusion coefficient [93]. 

Furthermore, in general, the developed correlations originate from different 

theories of diffusion and their formulation involves properties other than 

concentration, such as viscosity and temperature. Thus, here, the concentration 

dependence of the diffusion coefficient is considered through the theories and 

practical correlations presented in section III.3 

III.1.4 The effect of temperature on diffusion in liquid mixtures 

The temperature dependence of binary diffusion coefficients is simpler than the 

concentration dependence. In general, the diffusion coefficient increases with 

increasing temperature. This is consistent with the previous explanation that 

diffusion describes random molecular motion. At higher temperatures, more 

thermal energy is available for molecular motion. Despite this general trend, in 

the literature, several functional forms can be found for the temperature 
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dependence of the diffusion coefficients. Here we only present some of the most 

common ones. 

The Arrhenius-type equation is probably the most common functional form of the 

temperature dependence of the mutual as well as self-diffusion coefficients: 

 𝐷12 = 𝐷0exp (− 𝐸𝑎𝑅𝑇) III-7 

The temperature dependence of the self-diffusion coefficients in ionic liquids has 

also been well represented by an equation of the Vogel-Tamman-Fulcher (VTF) 

type [106,107]: 

 𝐷11 = exp (𝐴 + ( 𝐵𝑇−𝑇0))  III-8 

Another functional form of the temperature dependence of diffusion coefficients 

is the Speedy-Angell power law: 

 𝐷12 = 𝐷0 ( 𝑇𝑇𝑆 − 1)𝑚  III-9 

Infinitely dilute binary (and also self-) diffusion coefficients can be correlated with 

temperature as [93]: 

 
𝐷120 (𝑇1)𝐷120 (𝑇2) = (𝑇𝑐−𝑇1𝑇𝑐−𝑇2)𝑛

 III-10 

where Tc is the critical temperature of the solvent (component 2), and the 

parameter n is related to the heat of vaporization of the solvent. 

III.1.5 Effect of pressure on diffusion in liquid mixtures 

Transport properties of fluids tend to be a far weaker function of pressure than of 

concentration or temperature. Therefore, the effect of pressure on liquid diffusion 

coefficients has received considerably less attention [93]. In general, if an 

increase in pressure causes an increase in viscosity (or density), and 

consequently in the resistance to motion provided by the solvent, the observed 

diffusivity of the solute should decrease [90]. Ultimately, the extent of this 

reduction, which may not be as pronounced as the effect of temperature, can be 

significant at higher pressures for some systems and negligible for others. For 

example, by increasing the pressure from 20 to 30 MPa, the CO2 diffusion 

coefficient in ethyl benzoate at 333.16 K is reduced by 26.2% [108], while the 
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CO2 diffusion coefficient in methane at 298 K and 353 K only reduced by 2.4% 

and 3.8%, respectively [109]. 

III.2 Experimental methods for the determination of mass 

diffusivities 

As mentioned, there are no standard methods for determining the diffusivity of 

one substance in another. Therefore, a wide variety of experimental methods 

have been used for this purpose and can be found in the literature [110]. In this 

section, some of the most common methods used to determine the diffusion 

coefficient in fluid mixtures relevant to absorption refrigeration systems are 

described, with special emphasis on ionic liquid-based working pairs. The 

presented techniques have been used to determine diffusion coefficients in liquid-

liquid systems as well as in vapour-liquid systems. The scope of this section is to 

provide an overview and is therefore not intended to conduct a comprehensive 

literature review. 

III.2.1 Nuclear magnetic resonance 

Nuclear magnetic resonance (NMR) is a technique that measures the response 

of a nuclei to a magnetic field. In particular, in the pulsed-field gradient NMR 

(PFG-NMR) method, the attenuation of a spin-echo signal resulting from the 

dephasing of the nuclear spins due to the combination of the translational motion 

of the spins and the imposition of spatially well-defined gradient pulses is used to 

measure motion [111]. The attenuation of the signal intensity depends on the 

diffusion time as well as the gradient parameters as: 

 ln ( 𝐼𝐼0) =  −𝐷𝛾2𝑔2𝛿2(∆ − 𝛿3) III-11 

where 𝐼 is the spin-echo signal intensity, 𝐼0 the reference intensity (unattenuated 

signal intensity), 𝐷 the diffusion coefficient, 𝛾 the gyromagnetic ratio of the 

observed nucleus, 𝑔 the gradient strength, 𝛿 the length of the gradient, and ∆ the 

diffusion time. The diffusion coefficient is obtained from the slope of the plot ln ( 𝐼𝐼0) 

vs 𝛾2𝑔2𝛿2(∆ − 𝛿3). 
The NMR method is primarily used for measuring self- and tracer-diffusion 

coefficients, although NMR in the form of magnetic resonance imaging (MRI) can 
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provide information on mutual diffusion [111]. It should also be theoretically 

possible to measure mass diffusivities if individual species are labelled with 

different NMR active probes [90]. 

III.2.2 Taylor dispersion 

The Taylor dispersion technique (TDT) is one of the most popular methods for 

measuring mass diffusivities in liquid mixtures. A schematic representation of an 

experimental setup based on the TDT, and its main components, are shown 

Figure III-2. 

 

Figure III-2. Schematic of an experimental setup based on the Taylor Dispersion 
Technique (TDT) [69]. 

The TDT is based on the diffusive spreading of a small volume of a solution 

injected into a laminar stream of the same mixture but with a slightly different 

concentration [69]. The fluid mixture flows in laminar regime (using a pump) 

through an infinitely long, isothermal tube (dispersion tube), of uniform circular 

cross-section, with impermeable walls [112]. Due to the combined effects of 

convective flow and molecular diffusion, the narrow pulse of sample injected 

ultimately assumes a Gaussian distribution (see Figure III-3), whose temporal 

variance is dependent on both the average flow velocity and the mass diffusivity 

[113]. At the end of the tube, the Gaussian shape of the pulse is monitored by 

means of a suitable detector such as a flow-through spectrophotometer or a 

refractive index detector [69]. 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL STUDY OF THE ABSORPTION PROCESS OF AMMONIA IN IONIC LIQUIDS FOR ABSORPTION 
REFRIGERATION SYSTEMS 
Ronny Rives Sanz 



Chapter III 

 

Ronny Rives Sanz, Doctoral Thesis, Universitat Rovira i Virgili, 2020 III-11 

 

Figure III-3. Dispersion profile (experimental signal) and fitting curve obtained using the 
TDT [114]. 

Finally, the Gaussian signal can be interpreted using different methods to 

calculate the diffusion coefficient of interest. One of these methods is based on 

fitting the diffusion coefficient in order to minimise the difference between the 

experimental points and the analytical solution of Taylor’s equation [113,115]: 

 𝑐(𝑡) = 𝑚𝜋𝑅2√4𝜋𝐾𝑡 exp(− (𝐿−𝑢𝑡)24𝐾𝑡 ) III-12 

In Eq. III-12, 𝑐(𝑡) is the solute concentration in the solvent at time t, m the mass 

of solute injected, R the inner tube radius, K the Taylor dispersion coefficient, L 

the effective length of the dispersion tube and u the cross-section averaged axial 

velocity. The Taylor dispersion coefficient is related to the diffusion coefficient as 

follows [41,113]: 

 𝐾 = 𝐷12 + 𝑅2𝑢248𝐷12 III-13 

The TDT initially developed for binary mixtures, has also been extended to 

ternary and even quaternary mixtures [114,116]. Some of the advantages of the 

TDT include the possibility of measurements over a wide range of temperature 

and pressure; it does not require a calibration procedure with a liquid of known 

diffusivity, and it is relatively simple in realization because the setup consists of 

components available on the HPLC (High-performance liquid chromatography) 

market [116]. In addition, this is a relatively fast method due to the imposition of 

convection on diffusive transport [90]. However, several experimental constraints 
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should be implemented to perform TDT as a consistent analytical technique for 

the determination of diffusion coefficients in liquid systems [115]. In particular, the 

high viscosity of IL-containing mixtures, especially at high IL concentrations, can 

lead to several experimental problems, due to the validity of the relationships 

assumed in the mathematical formulation of the dispersion model [112]. 

III.2.3 Dynamic light scattering 

Dynamic light scattering (DLS) make use of microscopic statistical fluctuations of 

the electric susceptibility, which may be related to various diffusive processes 

[117]. Specifically, from the analysis of the time-dependent scattered light 

intensity, which contains information on the dynamics of microscopic fluctuations 

in pressure, temperature, and concentration, various properties of fluids, such as 

the mass diffusivity, can be determined [118]. 

In macroscopic thermodynamic equilibrium, the equilibration of microscopic 

fluctuations in temperature and concentration is governed by thermal and mass 

diffusivities. Then, the mean decay times of both types of fluctuations are 

analyzed by calculating the time-dependent intensity correlation function (𝑔(2)) 
[119]. If heterodyne conditions can be arranged, the normalized intensity 

correlation function is simplified. In that case, the correlation function only 

depends on the transport properties (thermal and mass diffusivities), time, the 

scattering vector, and some experimental constants [118] as: 

 𝑔(2) = 𝑏0 + 𝑏𝑡 exp(− 𝜏𝜏𝐶,𝑡) + 𝑏𝑐 exp(− 𝜏𝜏𝐶,𝑐) III-14 

Here, the decay times of the two exponential functions, 𝜏𝐶,𝑡 and 𝜏𝐶,𝑐, reflect the 

mean lifetimes of the temperature and concentration fluctuations in the binary 

mixture. The experimental constants 𝑏0, 𝑏𝑡, and 𝑏𝑐 are mainly determined by the 

intensities of the scattered and the reference light as well as by effects that are 

caused by imperfect signal collection. 𝜏𝐶,𝑡 and 𝜏𝐶,𝑐 are related to the thermal 

diffusivity (α) and the mass diffusivity D12 according to: 

 𝜏𝐶,𝑡 = 1/𝛼𝑞2 III-15 

 𝜏𝐶,𝑐 = 1/𝐷12𝑞2 III-16 
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The scattering vector q can be determined from the refractive index of the fluid, 

the laser wavelength in vacuo, and the scattering angle (the angle between the 

directions of the incident light and the analyzed scattered light in the fluid). 

Finally, the mass diffusivity can be obtained using non-linear regression of the 

correlation function with the experimental data from the correlator (a special-

purpose computer which calculates correlation functions in real-time) in the DLS 

apparatus [117]. 

The main advantages of DLS techniques include non-intrusiveness and 

determination of a wide range of transport and other thermophysical properties 

(which can be determined even simultaneously in some instances). Furthermore, 

in most cases, these techniques are based on rigorous working equations, where 

no calibration procedure is needed, and the reliability of the measurements can 

be easily checked [120]. However, the evaluation of the correlation functions has 

been reported to be considerably difficult at the limits of the concentration range 

because the small concentration of one of the components of the mixture results 

in smaller scattering intensities [121]. Furthermore, the precision of DLS 

techniques is 2 to 5 times less precise than other common methods for measuring 

diffusion coefficients, such as interferometric methods [122]. Other 

disadvantages include the relatively large expense and complexity of the 

experimental setup [97]. 

III.2.4 Gravimetric method 

The gravimetric method is a simple method, where a certain amount of IL (or 

other absorbent liquid) is brought into contact with the gas (or vapour) to be 

absorbed. The experiment is set up by filling the absorption cell with a small 

amount of absorbent liquid. In this method, the pressure is maintained constant 

over the course of the experiment, and the absorption cell is placed over a mass 

balance. As gas dissolves into the IL, the total mass of the sample in the 

absorption cell will increase, giving a direct measurement of the mass absorbed 

with time. Then, the mass of the liquid sample (absorbent liquid mass + absorbed 

vapour mass) is analyzed as a function of time with the help of a mass diffusion 

model. 
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This method has been extensively used to measure gas diffusivity in ionic liquids. 

Most of the literature works use a simplified mass diffusion model, based on 

Yokozeki's pioneering work for the analysis of time-dependent absorption of gas 

in lubricant oil [62]. This simplified model assumes:  

a) the gas dissolves through a one-dimensional diffusion process.  

b) there is a thin boundary layer between the gas and liquid phases, where 

the thermodynamic equilibrium is instantly established with the saturation 

concentration and where the concentration is constant in time at a given 

temperature and pressure.  

c) temperature and pressure remain constant during the absorption process. 

d) the gas-dissolved liquid is a highly dilute solution, and so the relevant 

thermophysical properties of the solution do not change. 

On the basis of these assumptions, the solution of the one-dimensional unsteady 

diffusion equation is usually expressed in terms of a series of trigonometric 

functions that converge satisfactorily at large times [89]: 

 𝑐(𝑧, 𝑡) =  ceq(1 − 4𝜋 ∑ (−1)𝑛2𝑛+1 cos ((2𝑛+1)𝜋2H 𝑧) exp (∞𝑛=0 − (2𝑛+1)2𝜋2𝐷12𝑡4H2 ))  III-17 

where 𝑐(𝑧, 𝑡) is the concentration at point z, and time t; ceq the saturation 

concentration; and H the liquid height in the absorption cell. 

An experimentally determined quantity at a specified time is the total 

concentration (or mass) of dissolved gas in the absorbent liquid, and not the 

concentration profile in z. Thus, this space-averaged concentration at a given 

time, 𝑐̅(𝑡), can be calculated from Eq. III-17: 

 𝑐̅(𝑡) = ∫ 𝑐(𝑧,𝑡)𝐻0 𝑑𝑧𝐻 = ceq(1 − 8𝜋2 ∑ 1(2𝑛+1)2 exp (∞𝑛=0 − (2𝑛+1)2𝜋2𝐷12𝑡4H2 )) III-18 

Finally, the mass diffusivity is obtained from a nonlinear regression procedure 

between the measured mass values and the calculated values from the mass 

diffusion model (Eq. III-18). 

III.2.5 Pressured drop method 

As mentioned above, the pressure drop method can be used to determine the 

time-dependent mass of absorbed vapour in an absorbent liquid in a closed 

isothermal system. Then, the absorption rate of the vapour in the absorbent liquid 
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can be determined by a simple mathematical treatment of the data. In this 

method, the recorded pressure data can also be used to determine the mass 

diffusivity. To do this, changes in pressure in the absorption cell are recorded 

over time until equilibrium is reached. Then, using Fick's second law in 

combination with a mass balance in the liquid phase, the following expression 

relating the pressure-drop data (𝑃(𝑡)) and the mass diffusivity (𝐷12), can be written 

[123]: 

 ln 𝑃(𝑡)𝑃0 = ( 𝑘𝐻12) ∑ 1(2𝑛+1)2 {𝑒𝑥𝑝 [− (2𝑛+1)2𝜋2𝐷12𝑡4𝐿2 ] − 1}∞𝑛=0  III-19 

where 𝑃0 is the pressure corresponding to a time t, t = 0, 𝐻12 is the Henry's Law 

constant for the studied solute in the ionic liquid, L corresponds to the liquid height 

in the absorption cell, and 𝑘 = 8𝑅𝑇𝑉𝐼𝐿𝜌𝐼𝐿/𝜋𝑉𝑀𝑊𝐼𝐿 is a parameter that depends 

on temperature (T), Gas constant (R), the volume of vapor (V), IL density (ρIL), IL 

volume (VIL), and IL molecular weight (MWIL). 

Then, using a nonlinear regression procedure of the experimental pressure 

values, the mass diffusivity and Henry constant (if not known) can be 

simultaneously determined. Figure III-4 shows the typical profiles of the system 

pressure during the absorption process of CO2 in ionic liquid [hmim][NTf2]. 

 

Figure III-4. Typical profiles of the dimensionless pressure (P/P0), (×) experimental and 
(-) predicted using the model, versus time (t) during the absorption process of CO2 in 

ionic liquid [hmim][NTf2] at 23 °C obtained in the study by Hou and Baltus [123]. 

III.2.6 Semi-infinite volume method 

The semi-infinite volume (SIV) method is based on a diffusion model 

mathematically described by Crank [89]. This method was originally implemented 
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by Camper et al. [124] and has enjoyed certain popularity among various 

research groups for the measurement of gas diffusion in ionic liquids. In this 

method, the determination of the mass of gas absorbed as a function of time is 

carried out by measuring the pressure decay in a short time (generally around 20 

minutes). Therefore, the SIV method is essentially a modification of the pressure 

drop method, and the difference lies in the assumptions made in the development 

of the diffusion model. A complete analysis of the main assumptions of the SIV 

method can be found in the study by Camper et al. [124].  

The distinctive feature of this method is the assumption that the concentration at 

the vapour-liquid interface (𝐶𝑥=0) is related to the concentration at the interface at 

time t = 0 (𝐶𝑡=𝑥=0) and experimental time by the following equation: 

 𝐶𝑥=0 = 𝐶𝑡=𝑥=0 + 𝑘√𝑡 III-20 

where k is a fitting parameter. The concentration at the interface, 𝐶𝑥=0, is 

determined from the fugacity of the gas phase in the ionic liquid using Henry’s 

Law or the Krichevsky-Kasarnovsky relation. Subsequently, a linear fitting 

procedure is performed to determine 𝐶𝑡=𝑥=0 and k from the plot of concentration 

at the interface as a function of the square root of time (𝐶𝑥=0 𝑣𝑠 𝑡0.5).  
Finally, the mass diffusivity is determined applying another linear regression 

procedure between the absorbed mass and an experimental parameter (𝜀) 

(shown in equation III-18), which includes the contributions of the determined 

fitting parameters (𝐶𝑡=𝑥=0 and k) and time: 

 𝑀𝑡 = ∫ (𝑡0 𝐷 𝛿𝐶𝛿𝑥|𝑥=0)𝑑𝑡 = √𝐷 [2𝐶𝑡=𝑥=0√𝑡𝜋 − 12 𝑘𝑡√𝜋] = √𝐷𝜀 III-21 

III.2.7 Optical interferometric methods 

Optical techniques are recognized as the most accurate instruments to measure 

mass diffusivities [91]. The use of these techniques implies the optical analysis 

of the equilibration of macroscopic concentration gradients reflected in the 

changing refractive index of the studied mixture [121]. These techniques are 

characterized by their sensitivity, non-intrusiveness and experimental flexibility 

due to the great variety of optical configurations that can be used. The main 

limitations are that the media under investigation must be transparent to the light 

source used [125]. 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL STUDY OF THE ABSORPTION PROCESS OF AMMONIA IN IONIC LIQUIDS FOR ABSORPTION 
REFRIGERATION SYSTEMS 
Ronny Rives Sanz 



Chapter III 

 

Ronny Rives Sanz, Doctoral Thesis, Universitat Rovira i Virgili, 2020 III-17 

In general, optical techniques for measuring diffusion coefficients can be sub-

divided into interferometric and non-interferometric methods. Non-interferometric 

optical methods, such as schlieren, are simply not precise enough, and cannot 

be adequately improved [122]. Thus, interferometric methods are widely 

preferred and classical interferometers, such as Jamin, Mach-Zender, Rayleigh 

and Gouy, have been routinely employed for measuring diffusivities in liquid 

mixtures [125]. Among these interferometers, Gouy interferometer is the more 

highly developed and shows an accuracy better than 0.1% [97]. However, the 

procedures behind Gouy interferometer are quite complex and involves the use 

of optical wave theory to obtain correct expressions for the fringe positions [126]. 

Thus, the information obtained is difficult to interpret, and writing the appropriate 

computer program for data processing can be a very demanding task. 

The Mach-Zehnder and Rayleigh interferometers are recognized as reliable 

alternatives to the Gouy interferometer [97]. Mach-Zehnder interferometer (MZI), 

for example, has been used to determine diffusion coefficients in liquids for more 

than five decades [127]. Compared to the Rayleigh interferometer, MZI does not 

need the hard-to-get good cylinder lens that the Rayleigh interferometer requires 

[122]. A schematic representation of the MZI is illustrated in Figure III-5. The main 

components include a laser source, two beam splitters, two flat mirrors, and a 

detection and visualization system, such as a charge-coupled device (CCD) 

camera. The MZI uses measurable changes in the light intensity of the 

interference pattern to determine the change in the refractive index of transparent 

media that undergo a physical process, such as diffusion. In more detail, the 

working principle of an MZI can be summarized as follows. 

First, coherent light emitted from a laser source is filtered, expanded, and 

collimated using a spatial filter with a microscopic objective, and a collimating 

lens. The collimated beam then hits a beam splitter (BS1), where half of the 

amplitude of the incident wave is reflected, and the other half is refracted. One of 

the resulting beams, which is called the test (or object) beam, is directed to 

propagate through the working cell containing the fluid mixture under 

investigation using a mirror (M1). The second beam, called the reference beam, 

is directed using another mirror (M2) through the ambient air. Thus, the optical 

paths of both beams are different. Recombination of these two beams at a second 
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beam splitter (BS2), generates the interference pattern, which can be detected 

and stored in a CCD camera with the help of an objective lens. Finally, the 

interference pattern can be processed to extract the optical phase difference 

between both beams, which contains valuable information about the studied 

physical process. 

 

Figure III-5. Schematic representation of the Mach-Zehnder interferometer. 

Although the great popularity of classic interference schemes such as MZI or 

Rayleigh, their design, and alignment is a difficult, expensive, and time-

consuming task [128]. Moreover, traditional optical interferometry exhibits certain 

drawbacks that limit its applicability to various problems of practical interest. For 

example, Mach-Zehnder interferometry is limited to small deformations of the test 

beam wavefront compared with the shape of the reference wavefront. For large 

deformations of the test beam wavefront, the fringe density becomes too high to 

be resolved by the CCD camera [129].  

Furthermore, since the test and reference beams propagate along different 

optical paths, the optical elements in both arms must be practically identical and, 

consequently, be free of aberrations, creating output distortions. Therefore, the 

components used must be of high optical quality, which makes the systems more 

expensive and hardly applicable to some types of installations [128]. 

The advent of holographic interferometry at the beginning of the 1970s offered 

some advantages over classical interferometry, mainly relaxing the need for high 

optical quality elements and gaining in simplicity, at the expense of a slight 

decrease in precision [125]. The idea of optical holographic interferometry, unlike 

its classic counterpart, is based on a two-step approach [128]. In the first step (or 
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recording step), the interference pattern between the reference and test beams 

is recorded through grey levels on a photographic plate and is called the 

hologram. This pattern contains a “coding” of the object phase. In the second step 

(or reconstruction step), the object (here, the working cell) is removed, and the 

plate is developed and illuminated by the reference beam only. The diffraction of 

the reference beam by the interference pattern on the plate provides a “decoding” 

of the recorded object phase [130]. At the output of a scheme of reconstruction, 

the interference of the reference and test beams cancel optical aberrations; and 

the resulting interference field is practically free of aberration of the interferometer 

[128]. 

The basic concept of holographic interferometry is similar to that of classical 

interferometry. The basic optical scheme for recording Mach-Zehnder holograms 

is the Mach-Zehnder classic interferometer [128]. However, in opposition to 

classical interferometry, holographic interferometry provides time-differential 

measurements [129]. The main difference between classical interferometry and 

holographic interferometry is that in the latter the object beam is compared with 

itself, or more precisely, with a memory of itself at a reference (preceding) time 

(registered in the hologram) [131].  

Furthermore, the introduction of recent advances in lasers, cameras, computers, 

and data processing software has led to a considerable evolution in holographic 

interferometry. In digital holographic interferometry, the holographic plate used in 

conventional holographic interferometry is replaced by a CCD camera. This 

implies that the interference pattern of the object and reference beams is now 

recorded through grey levels by the CCD sensor during the recording step. Then, 

the diffraction of the reference beam by the recorded interference pattern is 

carried out numerically instead of physically during the reconstruction step [130]. 

This results in a much easier experimental technique that requires less cost and 

experimental effort. 

III.3 Models and correlations for the estimation of diffusion 

coefficients 

There is a growing demand for accurate diffusion properties, which experimental 

measurements alone are not able to satisfy. Moreover, considering the huge 
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family of ionic liquids, the need to estimate the mass diffusivities becomes 

evident. The estimation methods for diffusion can be broken down into four 

general approaches: hydrodynamic theory, kinetic theory, Eyring’s absolute 

reaction rate theory, and semiempirical equations based on these theories [132]. 

This section presents some of the main theoretical models and correlations 

developed from these models to estimate diffusion coefficients in binary systems. 

III.3.1 Hydrodynamic theory 

In the hydrodynamic theory, a diffusing molecule is considered a particle moving 

through a continuous medium that applies a resistance to flow. Based on this 

approach, the well-known Stokes-Einstein equation was developed [96]: 

 
𝐷12𝜇2𝑇 = 𝜅6𝜋𝑟1 III-22 

where 𝐷12 is the mass diffusivity in m2 s-1, 𝜇2 is the viscosity of the solvent in Pa 

s-1, 𝜅 is the Boltzmann’s constant (𝜅 = 1.38 x 10-23 m2 kg s-2 K-1), T is the 

temperature in K, and r1 is the radius of the ‘‘spherical’’ solute in m. 

The Stokes-Einstein equation is not of practical use in predicting the diffusion 

coefficient since the radius of the "spherical" solute is generally not known. 

Instead, this equation can be used to estimate the molecular radius of the solute, 

once the diffusion coefficient has been measured. Furthermore, this equation is 

useful for extrapolating the measured diffusivities from one temperature to 

another, since 𝐷12𝜇2/𝑇 is a constant for a solute-solvent pair. 

In the literature, several empirical modifications of the Stokes-Einstein equation 

have been proposed, to express the diffusion coefficient as a function of 

properties that are easier to measure, such as viscosity or volume. The Wilke-

Chang equation is the most widely used one, which is defined by [29,38,123,133]: 

 𝐷12/cm2s−1 = 7.4×10−8(𝜙𝑀2)1 2⁄ 𝑇𝜇2𝑉10.6  III-23 

where: 𝑀2 is the molecular weight of solvent (2), in g/mol; 𝑇 the temperature in 

K; 𝜂2 the viscosity of solvent (2) in mPa∙s; 𝑉1 the molar volume of solute (1) at its 

normal boiling temperature in cm3/mol; and 𝜙 is the solvent association factor, 

dimensionless. 
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The association factor addresses the intrinsic characteristics of the solvent 

association and size. In an attempt to eliminate the solvent association factor and 

improve the precision of the Wilke-Chang correlation, some modifications have 

been suggested, such as the Scheibel correlation [35,134]: 

 𝐷12 = C 𝑇(1+(3V2𝑉1̅̅ ̅̅ )2 3⁄ )𝜇2𝑉11 3⁄  III-24 

where C is an empirical constant, and V2 is the molar volume of the solvent (2). 

III.3.2 Kinetic theory 

In the kinetic theory, both the diffusing molecule and the solvent are treated as 

particles in which the collision between different particles acts to oppose 

diffusivity. 

In general, kinetic theory can provide accurate estimates of the diffusion 

coefficients for gases, but the situation is considerably less favourable for liquid 

mixtures. However, several correlations have been developed to estimate 

diffusivity in liquid systems based on kinetic theory. In particular, an equation 

based on a combination of kinetic and hydrodynamic theories that have been 

previously used in gas-ionic liquid systems is the Arnold equation [35,132,134]. 

 𝐷12 = [0.010𝐴1𝐴2 ] ( 1𝑀1+ 1𝑀2)1 2⁄
𝜇21 2⁄ (𝑉11 3⁄ +𝑉21 3⁄ )2 III-25 

where Ai are abnormality factors to account for nonidealities, both in the solvent 

phase and in the solute phase. 

III.3.3 Eyring’s theory of absolute reaction rates 

Eyring’s theory of absolute reaction rates states that diffusional processes may 

be modelled analogously to chemical reactions, i.e. a sufficient high initial energy 

is crucial for a diffusional process to overcome the energy barrier between the 

position of the molecule considered and an adjacent, vacant lattice site [92]. 

Based on this theory, a number of empirical correlations for predicting diffusivities 

in infinitely dilute liquid solutions have been developed. In particular, Akgerman 

and Gainer [135,136] modified the Eyring’s theory of absolute reaction rates to 

develop an equation for predicting gas diffusivities in liquids as: 
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 𝐷12 = (𝜅𝑇𝑁𝐴136 ) (𝑀2𝑀1)12  ( 1𝜇2) ( 1𝑉1𝑉2)16 exp (𝐸𝑎𝑣𝑖𝑠−𝐸𝑎𝐷𝑅𝑇 ) III-26 

where 𝑁𝐴 is the Avogadro’s number, 𝑀1 the molecular weight of the solute (1), 𝑉1 

the molar volume of the solute, 𝐸𝑎𝑣𝑖𝑠 and 𝐸𝑎𝐷 are the activation energies for viscosity 

and diffusion, respectively. The activation energy for viscosity can be obtained 

from viscosity measurements at different temperatures using an Arrhenius-type 

equation. The same applies to the activation energy for diffusion. 

III.3.4 Darken and Vignes correlations 

In concentrated binary liquid mixtures, 𝐷12 is typically described by several 

correlations as a function of composition and some limiting diffusion coefficients. 

One of the first correlations, which is still used quite frequently, was proposed by 

Darken [100] as: 

 𝐷12 = (𝑥2𝐷1∗ + 𝑥1𝐷2∗) [1 + 𝑥1 𝑑𝑙𝑛𝛾1𝑑𝑥1 ] III-27 

where 𝑥1, 𝑥2 are the mole fractions of componets 1 and 2, respectively; 𝛾1 is the 

activity coefficient of component 1; and 𝐷1∗, 𝐷2∗ are the tracer diffusion coefficient 

of components 1 and 2, respectively. Therefore, to use the Darken correlation, 

one has to know the tracer diffusion coefficient of the components, which is not 

always available in the literature. It is important to note that in this correlation 𝐷12 

is expressed by a kinetic contribution (𝑥2𝐷1∗ + 𝑥1𝐷2∗) and a thermodynamic 

contribution [1 + 𝑥1 𝑑𝑙𝑛𝛾1𝑑𝑥1 ]. This last term is the thermodynamic factor, 𝛤, as 

defined in Eq. III-6. The thermodynamic factor can be obtained from a gE model, 

as described in Annex A. 

Later, Vignes [101] conveniently replaced the tracer diffusion coefficients in the 

Darken equation by the limiting diffusion coefficients at infinite dilution. Vignes 

correlation is expressed as the product of a geometric average of the composition 

and a thermodynamic factor as follows: 

 𝐷12 = ((𝐷1∞)𝑥2(𝐷2∞)𝑥1)Γ III-28 

where 𝐷1∞, 𝐷2∞ are the limiting diffusion coefficients at infinite dilution of 

components 1 and 2, respectively. There are several available correlations for 
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calculation of diffusion coefficients at infinite dilution with reasonable success 

[93]. 

III.3.5 UNIDIF model 

In another approach, Hsu and Chen [103] developed a correlation for the mass 

diffusivity in binary liquid mixtures using statistical thermodynamics and the 

absolute reaction rate theory. The developed correlation does not involve the use 

of a thermodynamic factor; instead, it expresses the mass diffusivity as a 

reference term and an excess term. The reference term is based on a mole 

fraction average of the logarithm of the limiting diffusion coefficients. Meanwhile, 

the excess part of the diffusion coefficient is expressed as UNIQUAC equation, 

which comprises two parts due to the combinatorial and residual contributions. 

The combinatorial part depends on molecular sizes and shapes. The residual part 

includes two binary interaction parameters, which can be obtained from 

experimental data.  

In this model, the mass diffusivity in a binary mixture can be expressed as: ln 𝐷12 = 𝑥2 ln 𝐷1∞ + 𝑥1 ln 𝐷2∞ + 2 (𝑥1 ln 𝑥1𝜙1 + 𝑥2 ln 𝑥2𝜙2)+ 

+2𝑥1𝑥2 [𝜙1𝑥1 (1 − 𝜆1𝜆2) − 𝜙2𝑥2 (1 − 𝜆2𝜆1)] + 

+𝑥2𝑞1[(1 − 𝜃212 ) ln 𝜏21 + (1 − 𝜃222 )𝜏12 ln 𝜏12]+ 

 +𝑥1𝑞2[(1 − 𝜃122 ) ln 𝜏12 + (1 − 𝜃112 )𝜏21 ln 𝜏21] III-29 

Here, 𝜃𝑗𝑖 (for j or i = 1 or 2) is the local composition parameter, and it is defined 

by Abrams and Prausnitz [137] as: 

 𝜃𝑗𝑖 = 𝜃𝑗𝜏𝑗𝑖∑ 𝜃𝑙𝜏𝑙𝑖2𝑙  III-30 

where 𝜃𝑗 is the average fraction of the surface area q of the component j: 

 𝜃𝑗 = 𝑥𝑗𝑞𝑗∑ 𝑥𝑙𝑞𝑙2𝑙  III-31 𝜏𝑗𝑖 is the binary interaction parameter defined as: 

 𝜏𝑗𝑖 = 𝑒𝑥𝑝 (− 𝑎𝑗𝑖𝑇 ) III-32 

where T is the temperature and 𝑎𝑗𝑖 are the adjustable parameters. 
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Finally, 𝜙𝑖 (for i = 1 or 2) is defined as: 

 𝜙𝑖 = 𝑥𝑖𝜆𝑖∑ 𝑥𝑙𝜆𝑙2𝑙  III-33 

where 𝜆𝑖 = (𝑟𝑖)13, and ri are the UNIFAC volume parameters. 

Hsu and Chen determined values of the interaction parameters for 49 binary 

systems. These authors evaluated the performance of their correlation by testing 

1042 experimental points and found an average error of 2.3%. They compared 

their results with those from modified Darken and Vignes correlations for the 

same systems and concluded that the developed correlation gave superior 

results. 

III.3.6 Cluster diffusion model 

More recently, Kamgar et al. [104] developed a correlation to predict mass 

diffusivities in concentrated solutions. The correlation is based on the cluster 

diffusion theory proposed by Cussler [102]. In this theory, diffusion is represented 

through the movement of entire clusters of molecules. The correlation developed 

by Kamgar et al. expresses the mass diffusivity as a function of temperature (𝑇), 

viscosity (𝜂) and composition of the solution (𝑥1,𝑥2) as follows: 

 𝐷12 =  𝑘𝑇2𝜋𝜂(2−𝑛)𝛽𝑟0 ( 11+𝑌∗ 1𝑥1𝑥2(1Γ−1)) 13−𝑛
 III-34 

where 𝑘 is the Boltzmann constant, 𝑟0 is the radius of the solute molecule, 𝛤 is 

the thermodynamic factor, and 𝑛, 𝛽, 𝑌∗, are the adjustable parameters of the 

model, respectively. Here, the radius of the solute for the ionic liquid is unknown, 

so in this work, it is used as another adjustable parameter. 

Kamgar et al. [104] evaluated the prediction ability of the developed expression 

by comparison with the experimental data of 11 binary systems from literature. 

Moreover, they tested three different approaches to obtain the thermodynamic 

factor, namely NRTL, Wilson, and numerical integration of the VLE data. They 

found good agreement with the experimental data for classical binary systems, 

with an average relative error of 4.24%, 3.47%, and 13.99% when using NRTL, 

Wilson, and numerical integration, respectively. 
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III.3.7 Modified group contribution (MGC) model  

In the MGC model, the mass diffusivity is described as a diffusion coefficient for 

an ideal solution, 𝐷12𝑖𝑑, modified by a thermodynamic correction factor 𝜓 as: 

 𝐷12 = ψ𝐷12𝑖𝑑 III-35 

Here the diffusion coefficient for the ideal solution is written as follows: 

 𝐷12𝑖𝑑 = 𝐷∗ (𝑥1𝑞2+𝑥2𝑞1)𝑎(𝑥1𝑞1+𝑥2𝑞2)𝑏 √𝑇𝑒𝑥𝑝((𝑥1𝐸21+𝑥2𝐸12)𝑅𝑇 − 𝛼 298.15(𝑥1𝑟2+𝑥2𝑟1)𝑐𝑇(𝑥1𝑞1+𝑥2𝑞2)𝑑 ) III-36 

where x1 and x2 are mole fractions of components, E12 and E21 are interaction 

energies, R is the universal gas constant, T is the temperature, and q1, q2, r1, r2 

are the surface and volume parameters defined above.  

The thermodynamic correction factor is related to the thermodynamic factor by: 

 𝜓 = Γ𝛽 = [1 + 𝑥2 𝑑𝑙𝑛𝛾2𝑑𝑥2 ]𝛽
 III-37 

where 𝑥2 and 𝛾2 are the mole fraction and the activity coefficient of the small 

molecule component, respectively. In this model, there are 7 adjustable 

parameters, D*, α, β, a, b, c, and d, used to correlate the experimental data. 

III.4 Literature review on mass diffusivity measurements and 

modelling in absorption fluid mixtures 

According to the author's statistics from the NIST ILThermo database [138], prior 

to November 20th, 2020, 1318 data-points were reported for the mass diffusivity 

in different refrigerant/IL working pairs. As shown in Figure III-6, data-points for 

CO2/ILs working pairs take up the largest portion, followed by the H2O/ILs working 

pairs. These two working pairs correspond to more than half of the total data-

points. Besides, measurements of the group “Other refrigerants” accounts for 

23.7% of the total data-points. In this group, the measurements for fluorinated 

refrigerants take up the majority, while for alcohols only take quite small 

percentages. 

As the focus of this study, the natural refrigerant NH3 has 109 mass diffusivity 

data-points representing 8.3% of the total, which is considerably lower than for 

other natural refrigerants (CO2, and H2O). This fact highlights the need for more 
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experimental data to further explore the scientific potential of this refrigerant for 

an IL-based absorption refrigeration cycle. 

 

Figure III-6. Statistics of measurements of mass diffusivity for different refrigerants//IL 

working pairs. Data have been acquired from the NIST ILThermo database [138] 

before November 20th, 2020. 

In this section, the measurement methods and estimation models used in some 

of the most referenced studies in the literature are reviewed. Particular attention 

is paid to mass diffusivity measurements in natural refrigerant/IL working pairs, 

although measurements in other mixtures of interest to absorption technology are 

also covered. 

III.4.1 Mass diffusivity in CO2/ILs working pairs 

In pioneering work, Shiflett and Yokozeki [139–141] used a gravimetric method 

to determine the mass diffusivity of gases such as CO2 and hydrofluorocarbons 

(HFC) in various ionic liquids, as potential working pairs in absorption refrigeration 

systems. For example, in one of their studies [139], the authors determined the 

CO2 diffusion coefficients in two ionic liquids at different temperatures (283.15 K, 

298.15 K, 323.15 K, and 348.15 K), and pressures below 2 MPa. The temperature 

dependence of diffusion coefficients was analyzed using an Arrhenius type of 

equation. Also, the authors observed that the Stokes-Einstein equation provided 

a good description of the relationship between mass diffusivity and solution 

viscosity. Finally, measured diffusivities of CO2 in ILs were found to be 10-100 

times lower than typical values found in various organic liquids. 

In 2006, Camper et al. [124] implemented the semi-infinite volume (SIV) method 

for measuring the diffusivity of various gases in ionic liquid 

ethylmethylimidazolium bis (trifluoromethanesulfonyl) imide. The gases studied 
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were ethane, ethene, propane, propene, and CO2. Measurements were made at 

303.15 K for all gases, while for CO2, a temperature range from 303.15 K to 

343.15 K was analyzed, in 10 K intervals. In their work, Camper et al. [124] 

analyzed the influence of the molecular size of the solute and the viscosity of the 

IL on the variation of the diffusivity in the ionic liquid. The authors observed that 

the mass diffusivities decreased with increasing IL viscosity and solute molecular 

size. 

After that, Hou and Baltus [123] determined the solubility and diffusivity of CO2 in 

five ionic liquids in the temperature range from 283K to 323 K using the pressure 

drop method. The authors found that, in contrast to the gas solubility results, 

measured mass diffusivities were determined to be dependent on the ionic liquid 

cation as well as the anion. Moreover, the authors also observed that CO2 

diffusion coefficients were considerably more sensitive to temperature than were 

CO2 solubility in the ionic liquids studied. 

Moganty and Baltus [132] also used a gravimetric method to determine the mass 

diffusivity of CO2 in eight ILs at 10 °C, 25 °C and 40 °C, and infinite dilute 

conditions. The results obtained showed that the mass diffusivity is inversely 

proportional to the square root of the IL viscosity. Most of the values predicted 

with the Arnold equation showed a deviation of ±30% from measurements, 

although, in the case of ionic liquids with cation [emim]+, higher deviations 

(around +50%) were observed. The authors also developed correlations between 

CO2 diffusion, some IL properties, and system temperature. These correlations 

allowed a satisfactory prediction of the mass diffusivities, which show deviations 

within 25% to the experimentally measured values. 

Jalili et al. [142] used the SIV method to determine the mass diffusivities of CO2 

and H2S in the ionic liquid 1-ethyl-3-methylimidazolium ethylsulfate 

([emim][EtSO4]) in a range of temperatures ranging from (303.15 to 353.15) K 

and pressures up to 1.6 MPa. In their study, the authors indicated that the higher 

value of the H2S diffusivity compared to that of CO2 is due to the lower molecular 

weight of the former. The authors concluded that the mass diffusivity of both 

gases in the studied IL increase with decreasing IL viscosity and with increasing 

temperature. These authors have continued investigating the diffusion of other 

gases in various ILs using the SIV method [38,143,144]. 
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Moya et al. [145] determined the mass diffusivity of CO2 in ionic liquids using a 

gravimetric method at different temperatures (293 K-323 K) and pressures (1-20 

atm). The authors tested several models of diffusivity, which include those based 

on hydrodynamic theory, kinetic theory of liquids as well as semiempirical 

correlations. Among the diffusivity models studied, the authors selected a 

modified Wilke-Chang model as a general expression for the preliminary 

screening of ionic liquids with favourable CO2 absorption rates. Unfortunately, the 

association factor used in this model is unknown for most ILs. Furthermore, the 

few experimental values reported varying widely from ionic liquid to ionic liquid 

and from solute to solute. For example, association factor values between 0.15 

for CO2 diffusion [35], and 197.2 for H2 diffusion [133] in different imidazolium-

based ionic liquids have been reported. Therefore, the use of this model for the 

preliminary screening of ILs would require the knowledge of experimental 

diffusivity data. 

Rausch et al. [119] reported the use of the DLS method to determine the mutual 

and thermal diffusivities for mixtures of two imidazolium-based ILs with dissolved 

CO2 at temperatures from 303.15 to 333.15 K and pressures between 2 and 26 

bar. In their study, the mass diffusivity values ranged from 4.4 x 10-10 m2 s-1 to 

14.04 x 10-10 m2 s-1. The authors found a good agreement with literature data and 

only slight differences between the diffusivities measured for the two systems at 

the same temperature and comparable mole fractions of CO2 were found. Also, 

the authors observed that the mutual diffusivities increase with increasing mole 

fractions of CO2, consistent with decreasing viscosities. This was attributed to the 

weakening of molecular interactions by the dissolved gas. 

After that, Koller et al. [118] investigated the molecular diffusion in binary mixtures 

of the IL 1-ethyl-3-methylimidazolium tetracyanoborate with dissolved gases 

using DLS and molecular dynamics (MD) simulations. The gases studied include 

carbon dioxide (CO2), nitrogen (N2), carbon monoxide (CO), hydrogen (H2), 

methane (CH4), oxygen (O2), and hydrogen sulfide (H2S). Measurements were 

performed at temperatures from 298.15 to 363.15 K and pressure up to 63 bar. 

The obtained diffusivities agreed with literature data for the same or comparable 

systems as well as with the general trend of increasing diffusivities for decreasing 

IL viscosities. Also, the authors found that the experimental mutual diffusivities 
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were well reproduced by the calculated self-diffusivities of the gases in the IL for 

systems containing small mole fractions of CO2, N2, CO, and H2 below 0.09. The 

DLS and MD results revealed distinctly larger molecular diffusivities for IL-H2 

mixtures compared to mixtures with all other gases. 

As a summary of the literature reviewed, we have found that: 

• The diffusivity of CO2 in ionic liquids decreases as the alkyl chain of their 

cation increases [123,132–134]; 

• The introduction of the OH- group into the cation also leads to a decrease 

in diffusivity [38,143]; 

• The diffusivity of CO2 in pyrrolidinium ILs with the anion [NTf2]- is lower 

than the diffusivity of CO2 in imidazolium ILs with the same anion 

[123,146]; 

• The diffusivity of CO2 in ionic liquids with the same cation and different 

anions follows the order: [NTf2]-> ]BF4]-> [PF6]- [123,133,134,139]. 

III.4.2 Mass diffusivity in H2O/ILs working pairs 

In 2009, Sarraute et al. [147] reported the mass diffusivity of binary mixtures 

containing ionic liquids with water, methanol, and acetonitrile using a Taylor 

dispersion technique (TDT). The ILs studied are based on the 1-alkyl-3-

methylimidazolium-based cation, with [Cl]-, [BF4]-, and [NTf2]-, anions. 

Measurements were performed in the temperature range between 283 K and 333 

K. The measured mass diffusivities ranged from 0.57 x 10-9 m2 s-1 for 

[Omim][NTf2], in water to 3.48 x 10-9 m2 s-1 for [emim][NTf2] in acetonitrile.  

The temperature dependence of the measured diffusivities was successfully 

correlated using Arrhenius-type equations. The authors observed that the 

diffusivities decrease, for all three solvents, with the number of carbon atoms of 

the alkyl side chain for the studied ionic liquids. Furthermore, the authors found 

that the measured diffusion coefficients are not proportional to the inverse of the 

viscosity, and therefore the Stokes-Einstein equation is invalid in this case. 

Finally, the diffusion data were correlated using a modified Wilke-Chang equation 

with a correction parameter, and the standard deviations obtained did not exceed 

3%. 
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Later, Rausch et al. [121] reported the use of DSL for measuring mutual 

diffusivities in binary mixtures of ionic liquids and molecular liquids over the 

complete composition range. The fluids studied include two imidazolium based 

ILs and solvents such as acetone, acetonitrile, dichloromethane, ethanol, 

methanol, and water. Compared to conventional aqueous solutions of inorganic 

salts, the obtained values for IL solutions were somewhat lower. Additional 

measurements for IL + acetone mixtures at temperatures ranging from 278.15 K 

to 323.15 K showed that the temperature dependence of the mass diffusivity can 

be represented by Arrhenius functions and is increasing for decreasing mole 

fractions of acetone. 

He at al. proposed a method for estimating mass diffusivities of ionic liquids-water 

mixtures based on an optofluidic chip. In total, eight 1,3-methylimidazolium ionic 

liquids-water binary systems were considered in their study, which are shown in 

Figure III-7. The results showed that the mass diffusivities follow the opposite 

order to that of the molecular weights of the ILs investigated. 

 

Figure III-7. Mass diffusivities of the eight ILs-water binary systems studied by He et al. 
[148]. 

After that, Merkel et al. [149] determined the thermophysical properties of the 

binary mixtures of water and two ammonium ILs as replacements for the 

conventional working pair water/LiBr in absorption chillers. The investigated ILs 

were diethylmethylammonium trifluoromethanesulfonate ([DEMA][OTf]) and 

diethylmethylammonium methanesulfonate ([DEMA][OMs]). The authors 

determined the diffusion coefficients of water in the ILs studied using PFG-NMR 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL STUDY OF THE ABSORPTION PROCESS OF AMMONIA IN IONIC LIQUIDS FOR ABSORPTION 
REFRIGERATION SYSTEMS 
Ronny Rives Sanz 



Chapter III 

 

Ronny Rives Sanz, Doctoral Thesis, Universitat Rovira i Virgili, 2020 III-31 

in the temperature range from 288 K to 313 K. The obtained diffusion coefficients 

of water in [DEMA][OTf] were higher than the ones in [DEMA][OMs]. Thus, the 

authors concluded that [DEMA][OTf] is favorable for better heat and mass 

transfer in absorption cycles to enhance the efficiency. However, as mentioned 

above, PFG-NMR is used primarily to determine self and tracer diffusivities, and 

the determination of mass diffusivity with this technique is not straightforward. 

Since the authors did not describe any additional procedure, it is likely that their 

measurements correspond to tracer diffusivity rather than mass diffusivity. 

Therefore, the selection of the ionic liquid that is considered most favourable for 

heat and mass transfer may be wrong. 

Krannich et al. [37] investigated the suitability as a drying agent of six hygroscopic 

ILs for technical gas dehydration processes by absorption. In particular, the mass 

diffusivity of water in the most suitable ionic liquid in their study, [emim][MeSO3], 

was measured using a gravimetric method at temperatures between (303.2 and 

373.2) K. The diffusivity values reported ranged from 2.1×10-10 m2·s-1 to 1.2×10-9 

m2·s-1, with a standard uncertainty of 0.1×10-9 m2·s−1. 

Chen et al. [105] investigated the mass diffusivities in binary mixtures of water 

and methanol with ionic liquid 1-methyl-3-methylimidazolium dimethylphosphate 

([mmim][DMP]) using digital holographic interferometry. Measurements were 

performed over a wide range of ionic liquid concentration, at atmospheric 

pressure of 101.5 kPa, and in the temperature range from 298.15 K to 328.15 K. 

The mass diffusivity values for both binary mixtures were found to increase with 

increasing temperature and decrease with increasing IL mass fraction. Chen et 

al. [105] also satisfactorily used a Modified Group Contribution (MGC) model to 

determine the mass diffusivity. The activity coefficients used in their work were 

obtained from VLE data in the literature. The authors found an excellent 

agreement with the experimental data. They obtained an average absolute 

relative deviation of 2.05% and 1.78%, for the [mmim]DMP/H2O and 

[mmim]DMP/CH3OH systems, respectively. 

More recently, Rocha and Shiflett [40] measured in situ atmospheric water 

absorption and desorption in three imidazolium ILs using a gravimetric method at 

temperatures ranging from 283.15 K to 315.15 K and relative humidity 0-70% at 

101 kPa. The diffusion coefficients ranged from 0.49 × 10-11 m2/s to 1.31 × 10-10 
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m2/s. The water diffusivity increases with water concentration in two of the ILs 

studied. However, the diffusivity of water in [bmim][BF4] decreases with water 

concentration. Diffusing radius calculations using the Stokes-Einstein relationship 

support the hypothesis about the formation of water/BF4- clusters/networks in the 

[bmim][BF4] system that increase in size with increasing water concentration. 

III.4.3 Mass diffusivity in NH3/ILs working pairs 

In 2012, Bedia et al. [36] used a gravimetric method to determine the mass 

diffusivity of ammonia (NH3) in four ILs: [EtOHmim][BF4], [choline][NTf2], 

[MTEOA][MeOSO3] and [EtOHmim][DCA]. The selection of these ILs was based 

on the calculated absorption capacity of ammonia by quantum-chemical 

COSMO-RS. The analysis of the suitability of the ILs studied was performed 

considering both kinetic and thermodynamic aspects in the absorption-desorption 

cycles. Diffusivity measurements were performed at three temperatures, 293 K, 

303 K, and 313 K. The mass diffusivity of ammonia ranged from 0.37×10-10 m2 s-

1 in [MTEOA][MeOSO3] at 293 K to 12.5×10-10 m2 s-1 in [choline][NTf2] at 303 K. 

In general, the authors observed an opposite trend for diffusivity and absorption 

capacity. Among the studied ILs, the authors selected [choline][NTf2] as the most 

suitable solvent for the absorption of NH3, because this IL shows the best 

compromise between absorption capacity and diffusivity. 

Then, as mentioned in Chapter I, our research group [28,61] determined the mass 

diffusivity of ammonia in three ionic liquids: [emim][NTf2], [EtOHmim][BF4], 

[EtOHmim][NTf2], at 303.15 K, and three different pressures, 3 bar, 4 bar, and 5 

bar. The mass diffusivity of ammonia in [emim][NTf2] was the highest among the 

ILs investigated and ranged from 4.7×10-9 m2 s-1 at P = 3 bar to 5.7×10-9 m2 s-1 

at P = 5 bar. The mass diffusivity of ammonia in [EtOHmim][BF4], the IL with the 

highest ammonia solubility among the ILs investigated, ranged from 5.2 ×10-10 

m2 s-1 at P = 3 bar to 1.2×10-9 m2 s-1 at P = 5 bar. 

After that, Turnaoglu and Shiflett [39] determined the mass diffusivity of NH3 

vapour in three imidazolium-based ILs using a gravimetric method at 

temperatures of 283.15, 298.15, 323.15, and 348.15 K and pressures up to 0.7 

MPa. The authors observed that the values obtained for the mass diffusivities of 

NH3 in the ILs studied were approximately 3 to 5 times lower than the masss 

diffusivity of NH3 in the conventional absorbent, water. Finally, the authors used 
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the Stokes-Einstein equation to correlate the diffusivity of NH3 in ILs with the 

solution viscosity. The molecular radius of NH3 calculated with the Stokes-

Einstein equation shows good agreement with a maximum error of less than 5%, 

suggesting the suitability of this equation to relate diffusivity and solution 

viscosity. However, since the viscosity of the solution was calculated with an 

empirical model, the results of using the Stokes-Einstein equation were 

inconclusive. 

More recently, our research group [150] has reported diffusion coefficients of the 

ions in mixtures of ammonia/ionic liquid (1-(2-hydroxyethyl)-3-methylimidazolium 

tetrafluoroborate) using PFG-NMR. The reported diffusion values include 

measurements for the pure ionic liquid, and various concentrations of ammonia, 

covering a temperature range from 293.15 K to 333.15 K, and at two different 

pressures, 2.5 bar and 6.0 bar. The reported values, which are not mass 

diffusivity values, are useful to describe the interactions at the molecular level of 

the binary NH3/IL mixtures. In this regard, the authors observed that regardless 

of the ammonia concentration in the mixture the changes in the diffusion 

coefficients were small. This was considered to be indicative that the average 

size of the ions did not vary significantly in the presence of ammonia. Therefore, 

the authors concluded that in the studied mixture, there is little interaction 

between ammonia and ionic liquid. 

It is not possible to make a direct comparison of the mass diffusivities of ammonia 

in IL because the few experimental data available correspond to different 

experimental conditions. Also, like in the case of CO2/IL working pair, the reported 

values correspond to average diffusivities for the absorption process where the 

absorbent concentration changes considerably. For example, the absorption 

curves used by Bedia et al. [36] to determine the mass diffusivity involved a wide 

range of concentrations ranging from zero (pure ionic liquid) at the beginning to 

molar fractions of ammonia that exceeded 50% at the end of a typical 

experimental run. In the case of measurements made by our research group 

[28,61], the absorption curves also involved a wide concentration range, from an 

initial zero concentration up to 45% mole fraction at the end of the absorption 

process. In the study by Turnaoglu and Shiflett [39], the concentration range in 

the absorption experiments was narrower than in the previous studies, less than 
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10% in mole fraction. Therefore, it is necessary to consider the ammonia 

concentration in the ammonia / IL solution when comparing the mass diffusivities 

of different ILs. 

III.4.4 Mass diffusivity in other fluid mixtures relevant to absorption 

technology 

Diffusivity values for other fluid mixtures relevant to absorption refrigeration 

systems have also been reported. 

In particular, for NH3 based systems, Kojima and Kashiwagi [57] used 

holographic interferometry to determine the mass diffusivity in several absorbent 

liquids. However, despite their great contribution, the data processing method 

used by these authors seems somewhat dated today because, for example, the 

concentration of NH3 in the liquid mixture was determined by a simple (visual) 

fringe counting procedure. Furthermore, considering the low resolution of the 

obtained interferograms, the reported diffusion data has high associated 

uncertainty. 

After that, Frank et al. [41] reported diffusion coefficients of binary mixtures, of 

CO2 and NH3 dissolved in water and methanol using the Taylor Dispersion 

technique. The measurements were performed at temperatures from 293 to 333 

K, and the ammonia mole fraction ranged from 0 to 0.312. The temperature 

dependence of the measured diffusivities was correlated using Arrhenius-type 

equations. Also, the authors found that the modified Stokes-Einstein equation 

and the Wilke-Chang equation show typical error of up to 30% for estimating 

diffusion coefficients in dilute systems. 

Richter et al. [151] reported the successful application of digital holographic 

interferometry to investigate the mass diffusivities in mixtures of methanol and 

ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF6]). 

Measurements were performed at several ionic liquid concentration at 25 ºC. The 

authors observed very low values of diffusion coefficient, in the order of 2 x 10-11 

m2 s-1, at high ionic liquid concentrations. The required measuring time was found 

to be quite long, up to 4 days. Furthermore, the concentration dependence of the 

diffusion coefficient was fitted to a second-order exponential decay function. 
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Peng et al. [152] measured ternary diffusion coefficients of diethylene glycol 

(DEG) and lithium bromide (LiBr) in an aqueous glycol-salt solution containing 

DEG + LiBr + H2O using TDT. In their work, the studied fluids are relevant for 

dehumidification systems based on liquid desiccants, and also, for absorption 

refrigeration systems. Diffusion measurements were done for temperatures of 

303.15, 308.15, and 313.15 K at solute concentrations of 10, 15, and 20 wt%. 

Also, a modified Batchelor equation was satisfactorily used to represent the 

dependence of the diffusion coefficient on temperature and concentration with an 

average deviation of 5.1%. 

More recently, He et al. [29] used the semi-infinite volume method to determine 

the diffusion coefficients of six hydrofluorocarbons in three ILs in the temperature 

range from 303.2 K to 343.2 K. Their work was performed explicitly considering 

the potential application of the fluids studied for absorption refrigeration systems. 

The measured diffusivities of hydrofluorocarbons in ILs were found to be an order 

of magnitude smaller than those of gases in traditional solvents due to the high 

viscosity of ILs. Furthermore, the authors observed that the effect of temperature 

on the absorption rate of hydrofluorocarbons in ILs was positive, meanwhile 

negative for the absorption capacity. The measured diffusion coefficients were 

satisfactorily correlated using the Wilke-Chang equation. The average absolute 

relative deviations between the experimental results and the predicted values for 

the gases in the ionic liquids studied were around 20% for all the systems studied. 

Other studies by He's research group related to the diffusion of gases in ionic 

liquids based on the semi-infinite volume method are available elsewhere 

[153,154]. 

In addition to those mentioned above, other methods have been used to some 

extent to measure diffusion coefficients in potential refrigerant/ILs working pairs. 

For example, mass diffusivities for CO2 in several ionic liquids were determined 

from the permeability of immobilized IL membranes by a lag-time technique 

[35,155]. Later, CO2 diffusivity in ionic liquid [emim][NTf2] at 303 K was 

determined from the temporal change of infrared spectra [156]. 

More recently, the classical diaphragm cell method has also been used to 

determine the mass diffusivities in binary mixtures of ethanol + ionic liquid ethyl-

methyl-imidazolium-di-ethyl-phosphate ([emim][DEP]) in the range of ionic liquid 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL STUDY OF THE ABSORPTION PROCESS OF AMMONIA IN IONIC LIQUIDS FOR ABSORPTION 
REFRIGERATION SYSTEMS 
Ronny Rives Sanz 



Chapter III 

 

Ronny Rives Sanz, Doctoral Thesis, Universitat Rovira i Virgili, 2020 III-36 

mass fraction from 0.72 to 0.845, and at temperatures ranging from 42ºC to 55ºC 

[55]. 

III.5 Conclusions 

In this chapter, the main concepts, experimental measurement methods, and 

models for the estimation of the mass diffusivity in binary mixtures relevant for 

absorption refrigeration systems were presented. 

Most of the mass diffusivity values reported for refrigerant vapours in ionic liquids 

were obtained using conventional methods, such as the gravimetric or the semi-

infinite volume methods. These methods, unlike the optical interferometric 

methods, do not provide any description about the concentration profiles of the 

refrigerant in the absorbent. 

Experimental mass diffusivity data for NH3/ILs mixtures are the scarcest 

compared to the data available for other mixtures of natural refrigerants/ILs. 

In general, increasing the length of the alkyl side chain of the cation was found to 

decrease the mass diffusivity of natural refrigerants in ILs. Moreover, the mass 

diffusivity of natural refrigerants in ILs decreases with increasing molecular 

weight of the IL. This trend is the opposite of that usually followed by the solubility 

of these refrigerants. Unlike the solubilities, mass diffusivities of natural 

refrigerants in ILs are strongly dependent on the IL cation as well as the anion. 

In the literature related to absorption heat pump and refrigeration system, there 

is confusion between the different (mass-, self-, tracer-) diffusion coefficients. A 

higher tracer diffusion coefficient value for a refrigerant/IL mixture does not 

necessarily imply better characteristics for heat and mass transfer. Furthermore, 

a direct comparison of average effective diffusivities without considering the 

concentration of the absorbent/refrigerant solution can lead to misleading 

conclusions when screening ionic liquids as absorbents. 

The Wilke-Chang correlation was found to better describe the mass diffusivity of 

refrigerants in absorbent liquids compared to other correlations. Improving the 

estimation capability of theoretical models and empirical correlations for the 

estimation of mass diffusivity is essential to reduce the research effort in the 

screening of ILs as absorbents. 
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Chapter IV 

Application of the Optical Digital 

Interferometry method to 

measure the mass diffusivity in 

aqueous ionic liquid solutions1 
 
 
 
 
 
 

In this Chapter, it is used the Optical Digital Interferometry (ODI) method to 

determine the mass diffusivity in an aqueous mixture of ionic liquid 1-(2-

hydroxyethyl)-3-methylimidazolium tetrafluoroborate. The experimental 

procedure, the image processing steps, and the working equations are 

addressed. From the measurements, the dependencies on concentration and 

temperature of the mass diffusivity are discussed. Finally, we evaluated the 

suitability of four different estimation models to describe our measurements. 

 
 
 
 
 
 
 
 
 
 
 

 
1 Part of this chapter is adapted from: R. Rives, A. Mialdun, V. Yasnou, V. Shevtsova, A. Coronas, 
Experimental determination and predictive modelling of the mutual diffusion coefficients of water 
and ionic liquid 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate, J. Mol. Liq. 296 (2019) 
111931. doi:10.1016/j.molliq.2019.111931. 
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IV.1 Optical Digital Interferometry (ODI) method 

In Chapter III, we have shown the suitability of optical interferometry to determine 

mass diffusivities in mixtures containing ionic liquids. In common literature related 

to the application of optical techniques, the mass diffusivity has been determined 

using a data processing method described by Bochner and Pipman [157]. This 

data processing method relies on the determination of the distance of two peaks 

in a concentration difference profile. The basic assumption of this method is that 

the diffusing process and the concentration difference profile are symmetrical. 

However, it has been observed that the concentration difference profile is 

asymmetrical and that the degree of asymmetry changes over time [158]. 

Besides, this method lacks the means to detect the differences between the 

experiment and the ideal physical model. Moreover, this method requires the 

visualization of the full profile of the concentration (optical phase) in the diffusion 

cell to determine the position of the extrema (peaks) in the experimental curve. 

Therefore, the diffusion cell must be provided with large optical windows, which 

is technically feasible for the investigation of diffusion in liquid mixtures (at low 

pressures) without major complications. However, in the study of gas-liquid 

systems, such as those intended to study vapor absorption processes, the size 

of the optical windows is limited by the pressure to be applied within the 

measurement volume. Thus, the data processing method used previously by 

Richter et al. [151] and Chen et al [105] lacks applicability in our current 

experimental setup (see section II.2.1). 

Consequently, alternative approaches should be used to overcome the inherent 

and practical limitations of the typical data processing method used in the 

literature [105,151]. Such alternative method could be based on fitting a 

theoretical mass diffusion model to the experimental concentration profiles 

[65,158]. This approach was used by Kojima and Kashiwagi [57], although with 

the experimental limitations mentioned above, especially those related to the 

quality of the interferograms and their processing. In this approach, the 

experimental values used in the fitting procedure can be only a portion of the full 

concentration profile. Because of this, the field of view covered by the technique, 

and thus, the size of the optical windows, can be reduced and cover only part of 

the diffusion path in the working cell. One of the data processing methods, in 
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which diffusion coefficients are determined using this approach, is the Optical 

Digital Interferometry (ODI) method [159,160]. 

The ODI method is based on sensing the refractive index changes of a fluid 

mixture to determine diffusion coefficients [160]. The unique feature of the ODI 

method is the ability to track the time-dependent evolution of temperature and 

concentration fields in the entire cell cross-section, and not just in distinctive 

points [71]. Therefore, this method has very attractive features for studying the 

absorption process of ammonia vapor in absorbent liquids. First, it allows us to 

use an approach similar to that of the literature [57], which is the only antecedent 

found aimed at studying the absorption process, and within this general objective, 

to determine the mass diffusivity of ammonia refrigerant in absorbent liquids. 

However, now the measurement tool is much more powerful, with higher quality 

optical elements and reliable computer-aided processing of digital fringe patterns. 

Second, the ODI method can be used combined with an interferometer scheme 

based on the Mach-Zehnder arrangement. In this regard, the relatively wide 

spacing between the test beam and the reference beam in the MZI provides 

better applicability to study the absorption process, allowing simultaneous 

observation of the fringe pattern and the object itself. Also, there are antecedents 

on the use of the MZI to investigate heat and mass transfer during the absorption 

process of NH3 vapor in NH3/H2O solutions [58,59]. 

The ODI method, originally developed to study thermodiffusion phenomena, has 

also been successfully extended to determine mass diffusivity values in binary 

and ternary liquid systems [65,70,161]. Furthermore, the diffusion measurements 

obtained with this method have been used for the reconstruction of the binodal 

curve in the partially miscible mixture of methanol + cyclohexane [71]. The ODI 

method was first validated using the measured diffusion coefficient of a binary 

mixture of water + ethanol [159]. Afterwards, comprehensive validation 

campaigns using Fontainebleau benchmark values for three binary mixtures have 

been performed [65]. In these campaigns, the diffusion coefficients measured 

using the ODI method were compared with other diffusion values obtained using 

conventional and novel techniques. In all cases, an excellent agreement was 

observed for both diffusion and Soret coefficients, with typical deviations in the 

range of 1%-3%. 
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In general terms, the ODI method is based on the relationship between the 

refractive index changes, ∆n(x, z, t), with temperature and concentration of a 

transparent fluid mixture [65]: 

 ∆n(x, z, t) = (𝜕𝑛𝜕𝑇)C,𝜆 𝛥𝑇(𝑥, 𝑧, 𝑡) + (𝜕𝑛𝜕𝐶)T,𝜆 𝛥𝐶(𝑥, 𝑧, 𝑡) IV-1 

where λ is the wavelength of the laser source used, 𝛥𝑇(𝑥, 𝑧, 𝑡) and 𝛥𝐶(𝑥, 𝑧, 𝑡) are 

the temperature and concentration changes at time t and point (x, z), here x-axis 

is the horizontal and z-axis is the vertical direction. The derivative terms (𝜕𝑛𝜕𝑇)C,𝜆 

and (𝜕𝑛𝜕𝐶)T,𝜆 are the optical contrast factors for the temperature and the 

concentration, which are evaluated by keeping the other property constant. At the 

same time, ∆n(x, z, t) may be obtained from the optical phase distribution, 𝛥𝜑(𝑥, 𝑧, 𝑡), which is measured by interferometry: 

 ∆𝑛(𝑥, 𝑧, 𝑡) =  𝜆2𝜋𝐿 𝛥𝜑(𝑥, 𝑧, 𝑡) IV-2 

Here L is the optical path in the fluid mixture inside the diffusion cell. 

The experimental output of the ODI method is an interference (or fringe) pattern, 

from which 𝛥𝜑(𝑥, 𝑧, 𝑡) can be extracted. To do this, two main techniques are 

generally used; the phase-shifting method and the Fourier-transform method 

[162]. The phase-shifting (PSI) method consists of acquiring a minimum of three 

phase-shifted images and calculating the phase with an algorithm. The Fourier-

transform (FFT) method consists of introducing a fringe carrier in order to be able 

to extract the fringe phase with Fourier analysis from only one image [129]. PSI 

is considered more sensitive, but FFT has the advantage of being more robust to 

external disturbances and requires only one snapshot to extract phase 

information [127,160]. Thus, in this thesis, the Fourier-transform method was 

adopted. Using this method imposes some requirements, such as a fringe pattern 

dense enough to provide a distinguishable peak in the Fourier domain without 

losing fringe contrast. More details on specific requirements of the Fourier 

transform method can be found elsewhere [163]. 

After applying the Fourier transform to the initial fringe pattern, the result is a 

spectrum of fringes in the spatial frequency domain. A typical spectrum consists 

of a central peak with information about the background intensity of the 
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interferogram and two sidebands with information about the optical phase. Then 

the next step is to filter out the central peak and one of the sidebands and shift 

the remaining sideband to the center of the spectrum. The distance of this shift 

corresponds to the spatial frequency of the initial (or reference) interference 

pattern. This operation eliminates the fringe carrier frequency from the spectrum 

and leaves only information about the change of fringe density with respect to the 

initial state, and value of the optical phase related to this change. In addition to 

determining the spatial carrier frequency, the reference interferogram has its 

phase distribution map, which must be evaluated in a separate step and then 

subtracted from the phase map of interest. In this way, the method applies the 

holography principle and tracks the only posterior optical phase variation in the 

set of images following the reference image [160]. 

In the next step, the inverse Fourier transform is applied to the filtered and shifted 

spectrum. As a result of this step, the optical phase distribution of the fringe 

pattern can be obtained. However, the optical phase calculated in this way is 

discontinuous and wrapped in the range (-π, π). Thus, an unwrapping procedure 

should be applied to construct the continuous natural phase, 𝛥𝜑(𝑥, 𝑧, 𝑡). Next, the 

refractive index changes can be calculated using equation III-23. Then, under 

isothermal conditions, the concentration change maps can be easily obtained 

using equation III-22. Subsequently, the concentration change maps are 

horizontally averaged to obtain a one-dimensional concentration profile. Finally, 

by fitting the experimental concentration profile to a mass diffusion model, the 

mass diffusivity value can be obtained as a regressed parameter. 

IV.2 Application of the ODI method to the experimental 

determination of the mass diffusivity in an aqueous ionic 

liquid solution 

The previous section highlights the enormous potential of the ODI method for the 

determination of mass diffusivity during the absorption process of ammonia vapor 

in absorbent liquids. However, this method requires fairly careful experimental 

procedures to avoid undesirable disturbances in the measurements. 

Furthermore, the mathematical formalism behind the method is quite challenging, 

and the data processing steps can be cumbersome for researchers unfamiliar 
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with the subject. Therefore, it is advisable to first become familiar with the method 

before tackling a complex process such as the absorption process.  

Following this reasoning, the ODI method can be used in a "simpler" problem of 

diffusion in a binary liquid mixture. In this case, unlike the absorption process, 

diffusion takes place without heat transfer or the presence of two phases (liquid 

and vapor). Consequently, the need to separate the contributions of 

concentration and temperature to changes in the refractive index is eliminated 

[65]. However, this training allows acquiring familiarity with the experimental 

requirements of the method and with mathematical tools such as the Fourier 

transform or the use of different boundary conditions in the formulation of the 

diffusion model. Then, the experience gained by applying the method to liquid 

mixtures can be extended to studies that involve more complex physical 

phenomena, such as those involved in the absorption process. 

Based on the above, we have applied the ODI method to the determination of 

mass diffusivities in an aqueous ionic liquid mixture. In particular, the investigation 

has been carried out during a research stay at the Université Libre de Bruxelles 

in the research group "Non-linear phenomena in fluids", led by Dr. Valentina 

Shevtsova (currently at the Mondragon University, Spain). This research group 

has extensive experience in the use of optical methods for the determination of 

mass diffusion coefficients in liquid mixtures, references can be found anywhere 

[65,159,164]. Some of the results of this investigation have been already 

published in the Journal of Molecular Liquids (Volume 296, 15 December 2019, 

111931) and other results are expected to be published soon in the Journal of 

Chemical Thermodynamics. 

In the next sections, the use of the ODI method to measure mass diffusivities in 

a binary mixture H2O + ionic liquid [EtOHmim][BF4] is discussed. Here, the 

experimental procedure, the image processing steps, and the working equations 

are addressed. Measurements were performed over the entire range of ionic 

liquid mass fraction, and at four temperatures between 298.15 K and 313.15 K. 

Also, we evaluated the suitability of four different estimation models to describe 

our measurements, namely Vignes, UNIDIF, Cluster Diffusion, Modified Group 

Contribution. These estimation models, unlike the other correlations presented in 
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sections from III-3.1 to III.3-3, can be used to investigate the concentration 

dependence of the mass diffusivity. 

IV.2.1 Materials 

For the experimental measurement of the mass diffusivity, a closed diffusion cell 

with interferometric probing was used. Ionic liquid [EtOHmim][BF4] (1-(2-

hydroxyethyl)-3-methylimidazolium tetrafluoroborate, >98%, CAS Number: 

374564-83-7, Molecular Weight: 213.97) supplied by Iolitec, and Water extra 

pure, deionized, supplied by Acros Organics were used without further 

purification. It is worth mentioning that the water was degassed to avoid the 

formation of bubbles, which can seriously affect the concentration distribution of 

the components inside the diffusion cell. Before starting the experiments, 

mixtures of H2O + [EtOHmim][BF4] were prepared gravimetrically with an 

accuracy of ±0.005 g. For each experimental run, two solutions with a small mass 

fraction difference of 1% were treated as one pair for the diffusion measurement 

at the mean composition. We have set the mean compositions of the mixtures in 

intervals of 0.1 over the entire range of ionic liquid mass fractions. Thus, a total 

of 22 samples were prepared, including pure components. 

IV.2.2 Creation of diffusion field 

Figure IV-1 depicts schematically the evolution of the diffusion field during a typical 

experimental run using the ODI method for the determination of mass diffusivity 

in the binary liquid mixtures of H2O + [EtOHmim][BF4]. 

In the first step, two solutions of the same liquid mixture, with a slight difference 

in concentration (e.g., 1% w/w), are injected into the diffusion cell. A narrow 

concentration range is required primarily for two reasons. First, to be able to 

approximate the diffusion coefficient as constant, and second, due to the 

limitations in the resolution of the optical system. A large concentration gradient 

causes the test beam to deflect in the interface area, generating a horizontal black 

stripe in the interferogram pattern. In addition, under isothermal conditions, the 

density gradient must be in the same direction as gravity to avoid mass transport 

due to convection. Thus, the lighter solution must be injected from the top, while 

the heavier solution from the bottom of the diffusion cell.  
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Figure IV-1. Schematic representation of the evolution of the diffusion field. 

At the beginning of a typical experimental run, the diffusion field is characterized 

by a sharp interface and two well-defined zones with the injected solutions. As 

time passes, a relaxation of the interface occurs due to the diffusive transport of 

matter within the cell. At this moment, there are three zones within the diffusion 

field, two occupied by each of the injected solutions and a third where the mixing 

process is taking place. After that, diffusive transport causes the area occupied 

by the mixing process to occupy more and more space within the diffusion cell 

over time. Finally, after a long enough time, the liquid mixture inside the cell will 

reach spatial homogeneity at the mean concentration, and the diffusion process 

caused by the initial concentration gradient will cease. 

IV.2.3 Setup and experimental procedure 

The schematic design of the diffusion cell used for the experiments is shown in 

Figure IV-2. The optical path length inside the liquid bulk is L = 5.0 mm, the total 

height is H = 20.0 mm, and the width of the cell is W = 5.0 mm. The location of 

the diffusion cell in the experimental set-up can be appreciated in Figure IV-3. The 

experimental procedure was established as follows. At the beginning of each 

experimental run, the cell was filled with the heavier solution through the bottom 

inlet. We let the heavier solution flow into the cell for some time just to ensure 

that it removes any residual liquid from previous experiments. At the end of this 

phase, the injection of the heavier solution was stopped, and the lighter solution 
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was injected from the top inlet until it reaches mid-height. After that both liquids 

are injected into the cell simultaneously by a syringe pump through the orifices in 

the bottom (a denser liquid) and top (a lighter liquid) walls. The quality and 

thickness of the interface depend on the injection flow rate. While a high injection 

flow rate deforms the interface, a slow filling of the cell produces a wide interface. 

After several tests, a flow rate equal to 2 ml per hour was chosen for the 

experiments. It provides a fairly good interface sharpness, a typical example of 

which can be seen in the first snapshot in Figure IV-4. 

 

Figure IV-2. Schematic of the diffusion cell. 

The injection systems consist of a dual syringe pump from kdScientific, model 

KDS 200/200P. The diffusion cell and all optical components were maintained 

inside a thermally insulated box equipped with an active thermal control system. 

The temperature inside the box was regulated between 298.15 K to 313.15 K with 

residual fluctuations below 0.1 K. 

An optical arrangement based on a Mach–Zehnder interferometer was employed 

to sample refractive index changes inside the diffusion cell. A sketch of the 

experimental set-up is shown in Figure IV-3. The light source was an expanded 

and collimated laser beam with a wavelength of λ = 670 nm. The resulting 

interferogram was recorded by a CCD camera with a 1280 x 1024 pixels sensor. 

The resolution of the imaging system was around 15.7 μm per pixel. The image 

acquisition time step was varied from 10 s at the beginning of the experiment to 

300s at the end. Then the set of images was analyzed to extract an optical phase, 

from which the refractive index change profiles were obtained. Finally, mutual 
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diffusion coefficients were evaluated by fitting an analytical solution to the 

obtained experimental data. 

 

Figure IV-3. Schematic of the experimental set-up. 

IV.2.4 Image processing and determination of refractive index profiles 

As mentioned above, the experimental output of the ODI method is an 

interferogram. Figure IV-4 shows original experimental interferograms, 

corresponding to a variation of the refractive index at different time instances. In 

the first picture (at the beginning of the experiment), the interface is quite sharp. 

In the second image (after 15 minutes), the relaxation of the interface clearly 

indicates that a diffusion process is taking place. Here, 2D Fourier transform 

technique was employed for the extraction of an optical phase from the 

interferograms. The image processing consists of applying the 2D Fourier 

transform to the interferogram, selecting one of the lateral peaks in the Fourier 

domain, moving the selected peak towards the origin and applying the inverse 

Fourier transform. More detailed descriptions will be given in the next chapter and 

are also available in the literature [65]. After these steps, the results are a set of 

two-dimensional (2-D) phase map images wrapped into [0, 2π] range; an 

example is shown in the fourth snapshot in Figure IV-4. 

The next step in the image processing, is the selection of two phase images, one 

to be processed and the other as the reference. For a proper estimation of an 
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optical phase, a reference image is needed. This reference image will be 

subtracted from each of the following images to separate the value of interest. 

The selection of a proper reference image is a very important step because the 

presence of tiny refractive index imperfections can lead to data corruption. Ideally, 

the reference image should provide a pure background with no traces of refractive 

index differences in the diffusion cell, which is difficult to achieve in practice. We 

have thus decided to use the very last image of the experiment as the reference 

[71]. 

To minimize the computational cost, first, we made the subtraction of the 

reference phase image from the other phase image and only then we proceeded 

to perform the unwrapping. The unwrapping procedure was based on the simple 

pixel-to-pixel comparing principle but with a specifically oriented unwrapping 

path. The unwrapping was oriented from the region with the best phase quality 

toward the regions with the worst phase quality [165]. Wrapped and unwrapped 

phase maps after subtraction of the reference image are shown in the last two 

pictures in Figure IV-4 at t = 15 min. 

     

Figure IV-4. Transient diffusion fields: the three pictures on the left are fringe images at 

t = 0, 15 min and 15 hours, respectively; the following two pictures show the wrapped 

and unwrapped phase at t = 15 min after the beginning of the experiment. 

Then, the 2-D unwrapped phase map (𝛥𝜑(𝑥, 𝑧)) was converted into a map of 

refractive index (∆𝑛𝑒𝑥𝑝(𝑥, 𝑧)) by applying the relation: 

 ∆𝑛𝑒𝑥𝑝(𝑥, 𝑧) = 𝜆2𝜋𝐿 𝛥𝜑(𝑥, 𝑧) IV-3 

where x, z are the horizontal and vertical directions, respectively; L = 5.0 mm is 

the optical path length inside the liquid bulk and 𝜆 is the wavelength. 
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The ODI technique gives a unique possibility of increasing measurement 

accuracy by providing information about composition distribution along the whole 

diffusion path. It provides a two-dimensional refractive index field, although the 

distribution itself is almost one-dimensional. To apply 1D mathematical 

description of measurements, the 2-D map of the refractive index is averaged in 

the horizontal direction. The averaging also increases the reliability of the 

extracted profiles because it suppresses local noise, which is otherwise 

observable, without applying additional filters. 

IV.2.5 Working equations 

Mutual diffusion coefficients were determined by fitting an analytical solution to 

the experimental refractive index profiles. For this purpose, two different routes 

were followed. In each case, the mathematical description of the experiment is 

different, but both led to accurate fitting results. Therefore, the resulting mutual 

diffusion coefficient values using these routes did not deviate significantly from 

each other. In both routes, the calculated refractive index profile ∆𝑛𝑐𝑎𝑙(𝑧, 𝑡) is 

expressed as: 

 ∆𝑛𝑐𝑎𝑙(𝑧, 𝑡) = 𝛥𝑛0 ∗ 𝑓(𝑧, 𝑡, 𝐷12) IV-4 

where 𝛥𝑛0 is the initial refractive index difference between the top and bottom 

solutions; and 𝑓(𝑧, 𝑡, 𝐷12) is the function presenting the solution of the diffusion 

problem with initial and boundary conditions of the diffusion cell. This function 

depends on spatiotemporal variables and the unknown diffusion coefficient. The 

form of this function for the considered geometry and initial conditions here is 

shown below. 

IV.2.5.1 Long-time model 

When the diffusion time is long, the diffusing fronts reach the ends of the cell, and 

the problem should be considered as occurring in a finite medium. In this case, 

the function 𝑓(𝑧, 𝑡, 𝐷12) can be expressed as: 

 𝑓(𝑧, 𝑡, 𝐷12) = 2𝜋  ∑ 1𝑛 sin (𝑛𝜋𝑏𝐻 )∞𝑛=1 cos (𝑛𝜋𝑧𝐻 ) exp (− 𝑛2𝜋2𝐻2 𝐷12𝑡) IV-5 

where 𝑏 is the distance between the initial interface and the bottom of the diffusion 

cell, 𝐻 is the height of the cell, 𝐷12 is the mutual diffusion coefficient and 𝑡 is the 

time. 
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Then, the mutual diffusion coefficient is obtained by minimization of the deviation 

between experimental and calculated refractive index profiles as: 

 Φ =  ∑ [Δ𝑛𝑒𝑥𝑝(𝑧𝑖, 𝑡𝑗 + 𝑡0) + Δ𝑛𝑐𝑎𝑙(𝑧𝑖, 𝑡end + 𝑡0) − Δ𝑛𝑐𝑎𝑙(𝑧𝑖, 𝑡𝑗 + 𝑡0)]2𝑖,𝑗  IV-6 

Mutual diffusion coefficient and initial refractive index difference are determined 

as the result of minimization. Here, 𝑡end is the timestamp of the last image, which 

was taken as a reference. In this equation, 𝑡0 is an empirical parameter 

introduced to consider that the initial distribution of the refractive index recorded 

in the experiment does not have a perfect stepwise shape at the interface, as it 

is assumed by the analytical solution. In other words, 𝑡0 is the first time instance 

at which the theoretical profile coincides with the experimental one. Therefore, 

three unknown parameters were concurrently fitted:𝐷12, 𝛥𝑛0 and 𝑡0. 

IV.2.5.2 Short-time model 

The other route followed to obtain the mutual diffusion coefficients considers that 

the diffusion fronts does not reach the top and bottom of the diffusion cell. In this 

case, the diffusion process can be considered as occurring in an infinite medium. 

In this case, function 𝑓(𝑧, 𝑡, 𝐷) in equation IV-5 can be expressed as: 

 𝑓 =  12 [𝑒𝑟𝑓𝑐 ( 𝑧−𝑏2√𝐷𝑡) − 1] IV-7 

The fitting procedure for extracting the mutual diffusion coefficients and the other 

fitting parameters is similar to the long-time model.  

IV.2.6 Experimental diffusion results 

In this chapter, the mass diffusivity of a binary mixture H2O + [EtOHmim][BF4] at 

temperature 298.15-313.15 K was measured using optical digital interferometry. 

As detailed in section IV.2.5, two different routes were used to determine the mass 

diffusivity from experimentally sampled data. As an example, fitting results are 

discussed for the experimental measurement at T = 308.15 K and ω = 0.500 kg 

kg-1. 

Figure IV-5(a) shows refractive index profiles at two instances, one of which (the 

black curve) corresponds to the profile at an early stage of diffusion, and the other 

one corresponds to the upper limit of the short-time model. The diffusion front 

reached the top and bottom of the diffusion cell at the observation time t = 3 hours, 
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which means that the experimental data at later times can only be used for the 

long-time model. Note that the diffusion experiments lasted for about 15 hours.  

 

a)                                                                             b) 

Figure IV-5. Variation of the refractive index (∆n(z, t)) along the cell in different time 

instances for the mixture H2O + [EtOHmim][BF4]. a) Experimental data on short-time 

scale; b) Experimental data and fitting by long-time model. 

Figure IV-5(b) illustrates the fitting result of the long-time model. The successive 

curves show the time evolution of the refractive index change along the cell 

height. The fitting results obtained by the short-time and long-time models are 

very similar, i.e. D = [7.53 and 7.57] x 10-10 m2 s-1, respectively. 

Table IV-1 presents the experimental results of the mass diffusivity and its 

uncertainties at different IL mass fractions and temperatures. 

 

 

 

 

 

 

 

t2 = 3 hours 
    Experimental data 

      Fitting result 

t1 = 5 minutes 
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Table IV-1. Measured mass diffusivities of H2O + [EtOHmim][BF4] mixtures at different 

IL mass fraction, ω, and temperature, T. 

 

ω 

D12 x 1010/ m2 s-1 

T = 298.15 K T = 303.15 K T = 308.15 K T = 313.15 K 

0.0060 10.19 ±0.05 11.03 ±0.05 11.87 ±0.05 12.72 ±0.05 

0.1000 8.93 ±0.05    

0.2000 7.84 ±0.04 8.74 ±0.05 9.74 ±0.04 10.47 ±0.04 

0.3000 6.92 ±0.04    

0.4000 5.87 ±0.05    

0.5000 5.80 ±0.03 6.37 ±0.03 7.57±0.04 8.80 ±0.03 

0.6000 5.74 ±0.03    

0.7000 5.70 ±0.03    

0.8000 5.34 ±0.05 6.12 ±0.05 7.11 ±0.05 7.83 ±0.06 

0.9000 4.05 ±0.10    

0.9975 2.04 ±0.10 2.21±0.11 2.42 ±0.11 3.01 ±0.13 

IV.2.6.1 Concentration and temperature dependences of the mass 

diffusivity 

One of the targets of our research was aimed at the examination of the 

concentration dependence of the mass diffusivity. Figure IV-6 shows the 

measured mass diffusivity of H2O + [EtOHmim][BF4] as a function of IL mass 

fraction. We found that with the increase of IL mass fraction the mass diffusivity 

value diminishes. It can be related to the opposite effect of the viscosity on the 

diffusion process in binary solutions. The viscosity of this IL is considerably higher 

than that of H2O, therefore, by increasing the IL mass fraction the solution 

viscosity increases rapidly. 

Over the concentration range the mass diffusivity displays different types of 

behavior. For IL content in the mixture below 0.40, the mass diffusivity decreases 

almost linearly with mass fraction. For the composition range 0.40 < ω < 0.80, 

mass diffusivity decreases very slowly. This behaviour is relevant for absorption 

systems, which generally work in this composition range (0.50-0.80 of absorbent 
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mass fraction). At a higher content of [EtOHmim][BF4] (ω > 0.80), the mass 

diffusivity decreases sharply because the viscosity of the solution increases 

abruptly. It is worth emphasizing that the viscosity of the pure ionic liquid is 

several tens of times greater than that of water in the studied temperature range. 

 

Figure IV-6. Measured mass diffusivity at different temperatures as a function of 

composition; ω is the mass fraction of ionic liquid. 

Composition dependence of the measured mass diffusivity can be very well 

correlated with fourth-order polynomials, which are represented by dashed lines 

in Figure IV-6. The similarity in the behavior of the curves at the four experimental 

temperatures is clear. According to our results, the concentration and 

temperature dependence of the mutual diffusion coefficient can be described as: 

 𝐷12(ω, T) x 1010 = 𝐷0[1 + α(T − 𝑇0)] IV-8 

where: 

 𝐷0(ω) x 1010 = 𝑎𝜔14 + 𝑏𝜔13 + 𝑐𝜔12 + 𝑑𝜔1 + 𝐷1∞ IV-9 

Here, a, b, c, d are the polynomial coefficients; 𝐷1∞ represents the diffusion 

coefficient of [EtOHmim][BF4] at infinite dilution in H2O at reference temperature 𝑇0 (in this study, 𝑇0 = 298.15 K); and 𝛼 is an empirical parameter, which gives a 

sense of the percentage of the diffusion coefficient variation per temperature 

variation of 1 K. Coefficients of equations IV-8 and IV-9 were obtained by least 
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square regression from measured diffusion coefficients. These coefficients and 

quality of fit (R2) are listed in Table IV-2. 

Table IV-2. Coefficients of equations IV-8 and IV-9. 

Coefficient a b c d 𝐃𝟏∞ 𝛂 R2 

Value -50.42 75.85 -26.18 -6.993 9.673 0.02482 0.9918 

The absolute relative deviation (ARD) was used as the main criterion to evaluate 

the prediction ability of equation IV-8. 

 𝐴𝑅𝐷/% =  100𝑁 ∑ |𝐷𝑒𝑥𝑝−𝐷𝑐𝑎𝑙𝐷𝑒𝑥𝑝 |𝑁𝑖=1  IV-10 

where N is the number of experimental diffusion points. 

At the four studied temperatures, the ARD was found to be always less than 

4.2%. 

We have also investigated the effect of the temperature on the mass diffusivity of 

H2O + [EtOHmim][BF4] at selected compositions ω = (0.006; 0.20; 0.50; 0.80; 

0.9975). As expected, with the increase of the temperature the mass diffusivity 

grows up due to intensified molecular thermal motion. Figure IV-7 shows the mass 

diffusivity of the studied mixture as a function of temperature at the selected 

compositions. 

 

Figure IV-7. Measured mass diffusivity at different IL mass fractions (ω). 
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In Figure IV-7, it is possible to appreciate the linear relationship between the mass 

diffusivity and temperature in the studied experimental conditions. Wong et al. 

[166] also reported the linear dependency for [emim, (1-ethyl-3-

methylimidazolium)]-based ionic liquids in water at infinite dilution for 

temperatures ranging from 303.2 to 323.2 K using Taylor dispersion method. 

Here, the largest but still reasonable deviation was observed in the case ω = 

0.9975 (ARD = 4.9%). Thus, a linear fitting provides correct and important trends 

for the temperature dependence of the mass diffusivity. 

IV.2.7 Results of the models and correlations for the estimation of the mass 

diffusivity 

As mentioned, we have measured the mass diffusivity for the mixture H2O + 

[EtOHmim][BF4] at different IL mass fractions and temperatures. In total, we have 

26 experimental points in the full range of concentration. In particular, mass 

diffusivities at T = 298.15 K were measured at intervals of 0.10 IL mass fraction. 

As soon as we recognized that the concentration dependence of the mass 

diffusivity for this mixture can be reliably fitted by fourth-order polynomials, the 

need for a larger number of experimental points vanished. Thus, we used these 

polynomials to obtain the mass diffusivity at intervals of 0.10 of IL mass fraction 

for the other 3 experimental temperatures, T = (303.15; 308.15; and 313.15) K. 

From this point on, the calculated mass diffusivities were treated as experimental 

points. Therefore, instead of 26 experimental diffusion points, we extended them 

to 44 experimental points. 

Prior to comparing the performance of the different models and correlations 

considered, we need to determine the binary interaction parameters. First, we 

determined these binary parameters by means of VLE data regression using gE 

models. In this case, the parameters obtained from VLE data (see in Annex A, 

Tables A1 and A2 for NRTL and Wilson models, respectively) are used to calculate 

the thermodynamic factor, 𝛤. Next, we used the binary parameters as adjustable 

parameters with experimental diffusion data. The obtained best-fit parameters for 

this correlation are listed in the Annex B. A comparison between the results using 

both strategies is made, and some conclusions are drawn. 
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In this chapter, we examined four estimation models and binary parameters for 

each of them, except for UNIDIF model, were estimated using two different 

methodologies. The results of the analysis are summarized in Table IV-3. The 

numbers in brackets represent the number of adjustable parameters that are 

used in each model. It follows from the data in this table that the use of binary 

interaction parameters from diffusion data considerably improves the prediction 

ability of all the models, even in the simplest case of Vignes correlation. In line 

with literature data, our study confirms that among the analyzed models, the MGC 

model using the NRTL equations, provides the best predictions. 

Table IV-3. Comparison of the error (ARD%) of the models used for the estimation of 

mass diffusivity. 

 

 

 

 

 

 

In order to highlight the performance of the MGC model, we present in Figure IV-8 

our experimental data and those calculated by this model using NRTL equations. 

Not only can this model provide estimates of the mass diffusivity for the H2O + 

[EtOHmim][BF4] mixture with great precision, but it is also capable of reproducing 

the behavior of the mass diffusivity as a function of concentration. 

Finally, we have used the regressed binary parameters from diffusion data to 

calculate the excess Gibbs energy and the thermodynamic factor. Again, the 

behavior of the excess Gibbs energy and the thermodynamic factor are opposed 

as in the case when using binary parameters from VLE data. We have found that 

the predictive model with the best estimates of the mass diffusivity, i.e. MGC with 

NRTL equations, corresponds to the minimum excess Gibbs energy, and thus 

the maximum thermodynamic factor. Perhaps, it is a general trend, but, on this 

step, we cannot prove it as an examination of different liquid mixtures is required. 

 

Model 

From VLE data From diffusion experiments 

NRTL Wilson NRTL Wilson 

Vignes 76.8 (0) 70.4 (0) 17.2 (5) 26.5 (4) 

Cluster 18.3 (5) 18.7 (5) 4.1 (10) 3.4 (9) 

MGC 7.9 (7) 8.8 (7) 2.1 (12) 3.4 (11) 

UNIDIF  13.9 (2) 
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Figure IV-8. Mass diffusivity for mixture H2O + [EtOHmim][BF4]. Symbols: experimental 

data. Lines: calculations by the MGC model and NRTL equations with binary 

parameters from diffusion data. 

IV.3 Conclusions 

This chapter deals with the application of an advanced optical technique, in 

particular optical digital interferometry, to determine the mass diffusivity of a 

binary mixture of H2O + [EtOHmim][BF4]. Diffusion measurements were 

performed in the entire range of ionic liquid mass fraction and at temperatures 

ranging from 298.15 K to 313.15 K.  

As the general trend, the mass diffusivity of H2O + [EtOHmim][BF4] decreases 

with increasing the ionic liquid mass fraction. It was found that the rate of the 

decrease is essential only in regions that are IL-poor or IL-rich. In the mid-range, 

0.4<ω<0.8, the mass diffusivity is nearly constant. It was also shown that the 

measured diffusion coefficients could be perfectly described using fourth-order 

polynomials as a function of the IL mass fraction. 

We have also studied the dependence of the mass diffusivity of H2O + 

[EtOHmim][BF4] on temperature. The results showed an almost linear increase 

in the diffusion coefficient with temperature. Linearity is slightly deviated with 

increasing the mass fraction of the ionic liquid.  

Four estimation models were employed to describe the mutual diffusion 

coefficients of this mixture: Vignes, UNIDIF, Modified Group Contribution, and 
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Cluster diffusion. The binary interaction parameters of each of these models, 

except for UNIDIF model, were calculated using two different methodologies. In 

the first, binary parameters were determined by VLE data regression. In the 

second, binary parameters were treated as adjustable parameters with 

experimental diffusion data. 

Among the four examined predictive models, the MGC model provides the best 

estimates of the mass diffusivity: an overall ARD from experimental data of 7.9% 

using binary interaction parameters regressed from VLE data and 2.1% using 

binary parameters regressed from diffusion data. 

It is expected that the other estimation models presented in this chapter and, 

which themselves require experimental diffusion data, can also be employed to 

predict the diffusivities at temperatures which are experimentally more 

challenging. 

The experience acquired during the investigation of mass diffusivity in this binary 

liquid mixture has served as the basis for the modification and adaptation of the 

ODI method for its application to the study of the absorption process. 
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Chapter V 

Study of the absorption process 

of ammonia in ionic liquids 

using optical digital 

interferometry 
 
 

Modern science strives to construct its picture of the world not from 

speculations but so far as possible from facts. It verifies its 

constructs by recourse to observation. 

Ernst Mach [167] 

 

The insight into a physical process is always improved if a pattern produced by 

or related to this process can be observed by visual inspection [167]. Thus, in this 

Chapter, the absorption process of ammonia in ionic liquids is investigated using 

Optical Digital Interferometry (ODI). To this end, the information obtained by the 

Pressure Drop Method of the experiments described in Chapter II is 

complemented with new information obtained from the visualization of the 

absorption process with a Mach-Zehnder interferometer. Thus, in addition to 

temperature and pressure, records of the refractive index change over the field 

of view are also analyzed. From the experimental profiles of the refractive index 

change, the time evolution of the ammonia concentration profiles in the absorbent 

are obtained. Then, the ammonia mass diffusion in the absorbent during the 

absorption process is described using two mass diffusion models. After that, the 

experimental results of the time evolution of the ammonia concentration profiles 

in the absorbent are presented and discussed. In particular, the validation of the 

ODI method for the absorption of ammonia in water is performed, and then, the 

results for the ionic liquids selected using both mass diffusion models are 

addressed. Also, the capability of selected models to estimate the mass diffusivity 

of ammonia in ionic liquids is addressed. Finally, a comparison of solubility and 

mass diffusivity of ammonia in the ILs selected is performed. 
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V.1 Description of the Optical Digital Interferometry method to 

determine the time evolution of the ammonia concentration 

profiles in the absorbent 

As mentioned in Chapter II, when ammonia vapor and an absorbent liquid, out of 

thermodynamic equilibrium, come into contact, the ammonia vapor begins to be 

absorbed in the liquid due to the chemical affinity between the compounds. As a 

result, temperature, pressure, and the spatial distribution of ammonia 

concentration in the absorbent changes over time until equilibrium is reached. In 

turn, changes in concentration cause changes in the refractive index which can 

be visualized with an appropriate optical system, such as the Mach-Zehnder 

interferometer used in this thesis (Figure V-1), obtaining valuable information on 

the absorption process. 

 
Figure V-1. A picture of the implemented setup with the optical measuring system 

(Mach-Zehnder interferometer). 

As described in Chapters III and IV, the experimental output of the ODI method is 

an interferogram, such as those shown in Figure V-2. In this figure, two 
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experimental interferograms at different instances during the absorption process 

are shown. For visualization, the absorption cell is provided with optical windows 

(Figure V-1) allowing the test beam of the MZI to pass through the liquid bulk 

where the absorption process is taking place. The horizontal black strip observed 

corresponds to the area of the vapor-liquid interface. The meniscus shape of the 

interface deflects the test beam light in this area, and thus, this area appears in 

black in the interferograms [67]. 

Before opening the inlet valve of the absorption cell (see Figure V-1), the 

interference fringes are vertical in the liquid phase, as shown Figure V-2 (a). In our 

optical system, one of the mirrors (M2 in Figure V-1) was tilted to produce a linear 

optical phase difference in the horizontal direction. Thus, vertical interference 

fringes are observed even if the fluids in the absorption cell show optical 

uniformity. 

                

Figure V-2. Experimental output of the ODI method for the determination of the time 

evolution of the ammonia concentration profiles in ionic liquids: (a) In a time instance 

prior to start the absorption process; (b) During the absorption process. 

Then, as soon as the ammonia absorption process starts, an additional optical 

phase difference is established between both arms of the interferometer. The 

additional optical phase difference is due to the local distribution of the refractive 

index of the liquid phase. If the change in the refractive index of the liquid phase 

is homogeneous, the fringes deform uniformly. On the contrary, if the change is 

not homogeneous, the fringes deform unevenly. 

Interface 

(b) (a)

Fringe bending 

Liquid phase 

Liquid phase 

Interface 
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An interferogram recorded 20 minutes after starting the absorption process is 

presented in Figure V-2 (b), observing how the fringes are bent in the region of the 

image corresponding to the liquid phase just below the interface. This means that 

the variation of the refractive index is greater in that region, than in a deeper 

region of the cell. Moreover, a thickening of the interface area is also observed, 

as between Figure V-2 (a) and (b). This thickening is mainly observed during the 

early stages of the absorption process and lasts a few minutes. After that time, it 

was observed that the meniscus thickness remained stable until the end of the 

absorption experiments (15 hours). 

At the scale of the interferogram, the optical phase difference between the 

reference beam and the test beam of the MZI lead to a time and space evolution 

of the fringe positions. By following this evolution, the MZI is an accurate 

instrument to detect local variations of the refractive index during the mass 

absorption in the liquid [67]. In this way, the implemented experimental setup 

enables to visualize the formation and evolution of the concentration diffusion 

layer inside the liquid phase. Moreover, it is possible to quantify the refractive 

index variation, and consequently, the ammonia concentration change in the 

liquid phase by extracting the optical phase difference from the obtained 

interferograms. 

V.1.1 Determination of the experimental profiles of the refractive index 

change 

Here, the optical phase extraction was performed using the Fourier transform 

technique [168]. For this reason, the interferometer was aligned to obtain a 

narrow fringe pattern [65]. To illustrate the use of this technique, the main image 

processing steps are schematically shown in Figure V-3. 

First, the two-dimensional (2D) Fourier transform is applied to each experimental 

interferogram (Figure V-3 (a)). The result is a spectrum with three peaks in the 

Fourier domain (Figure V-3 (b)). The next step, consists in selecting one of the 

lateral peaks in the Fourier domain using a Gaussian filter, and then, moving the 

selected peak towards the origin (Figure V-3 (c)). 
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Figure V-3. Image processing steps: (a) a fringe image (experimental output); (b) 

image after applied 2D fast Fourier transform (FFT); (c) filtered sideband; (d) wrapped 

phase map; (e) unwrapped phase map of liquid phase in the field of view of the 

absorption cell; (f) refractive index variation field in the absorbent liquid/ammonia 

mixture. 

In the next step, the inverse Fourier transform is applied to the filtered sideband, 

and the result is an optical phase map wrapped in the range [0, 2π] (Figure V-3 

(d)). After that, the wrapped phase map is cropped, and an unwrapping procedure 

is applied. Thus, an unwrapped optical phase map as shown in Figure V-3 (e) is 

obtained. Finally, the unwrapped optical phase map is converted into a refractive 

index map (Figure V-3 (f)) by applying the relationship between optical phase and 

refractive index. 

A code in MATLAB® [68], using a fast Fourier transform (FFT) algorithm has been 

developed to implement the above steps. Further details on the mathematical 

description of the optical phase extraction and the unwrapping procedure are 

described in Annex C. 

The ODI method gives a unique possibility of increasing measurement accuracy 

by providing information about composition distribution along the diffusion path. 

It provides a two-dimensional refractive index field, although the distribution itself 

is almost one-dimensional (1-D). To apply 1-D mathematical description of 

measurements, the 2-D map of the refractive index change (Figure V-3 (f)) is 
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averaged in the horizontal direction. The averaging also increases the reliability 

of the extracted profiles because it suppresses local noise, which is otherwise 

observable, without applying additional filters. In addition to changes in 

concentration, other factors can alter the refractive index of the mixtures. Annex 

D provides a brief analysis of the influence of these factors. 

V.1.2 Description of the optical system 

As mentioned, we have implemented an experimental setup with an optical 

system based on the Mach-Zehnder interferometer (see Figure V-1) to investigate 

the absorption process of ammonia in the ionic liquids selected. The initial 

adjustment of a Mach-Zehnder interferometer (MZI) is considered in the literature 

as one of the greatest difficulties when using this technique due to its sensitivity 

to external disturbances. Thus, the initial adjustment of an MZI usually involves 

many steps and, as a good practice, the alignment of the optical elements should 

be checked daily before beginning work with the technique. 

In our optical system, the light source used was a filtered, expanded, and 

collimated He-Ne laser (Thorlabs, HRS015B), with a wavelength λ = 632.8 nm. 

The collimated beam was divided by a beam splitter (BS1), where half of the 

amplitude was refracted, and the other half transmitted. Then, the resulting 

beams traveled through different optical paths in the experimental setup. The two 

beams are recombined at a second beam splitter (BS2) and imaged on a CCD 

camera (Basler, piA1000-60gm) by an objective lens (Fujinon, HF75HA-1B). 

The resulting interferogram was recorded by a CCD camera with a 1000 x 1000 

pixels sensor. The resolution of the imaging system was around 11.5 μm per 

pixel. The image acquisition time step was varied from 30 s at the beginning of 

the absorption process to 300s at the end. 

All optical elements are mounted on mechanical platforms that allow the accurate 

adjustment of their position. Moreover, one mirror (M2 in Figure V-1) is connected 

to a piezoelectric controller for its movement in the order of micrometers that 

facilitates the obtention of interference fringes with good visibility. In addition, due 

to the sensitivity of Mach-Zehnder interferometer, it is mounted with the 

absorption cell on a special optical table (Nexus Breadboard, 750 mm x 900 mm 

x 60 mm) with vibration isolation system. 
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V.2 Modelling the ammonia mass diffusion during the 

absorption process 

Modelling the ammonia mass diffusion in ionic liquids during the absorption 

process is a quite demanding task due to the presence of complex physical 

phenomena. Such phenomena include the possible evolution of the heat of 

absorption, liquid convection due to the local temperature difference, as well as 

the free convection due to the density difference, and the possible change in 

thermophysical properties of the liquid [169]. Nevertheless, the effect of such 

complex phenomena can be minimized with a well-designed experimental setup 

and suitable experimental conditions. In the literature [38,60,132,169–171], 

different mathematical models based on a simplified mass diffusion process have 

been used to describe the time-dependent behavior of the absorption process. 

These models and their solutions are dissimilar in terms of the interface 

thermodynamic conditions, simplifying assumptions and parameter estimation 

algorithms [60]. In this thesis, the following assumptions are considered: 

1. The ammonia refrigerant dissolves through a one-dimensional diffusion 

process, and no convective movements affects the liquid phase in the 

absorption cell [38,60,132,169–171]. 

2. For the diffusion analysis, the temperature in the absorption cell is 

considered constant [84]. In the experimental setup implemented, the 

dimensions of the absorption cell and the capacity of the thermal control 

circuit facilitate a rapid heat transfer between the ammonia/absorbent 

solution and the external fluid of the thermal bath, which allows to keep 

the temperature constant at practical effects during the absorption 

process. 

3. The ammonia/absorbent solution is a highly dilute solution, and thus, the 

relevant thermophysical properties of the solution do not significantly 

change during the absorption process [169]. 

4. The expansion in the volume of the liquid phase caused by the absorption 

of the ammonia vapor is negligible. Therefore, the height of the liquid 

phase in the absorption cell is assumed to be constant during the 

absorption process [84]. 
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5. Absorbents are considered as non-volatile. This assumption is acceptable 

in the case of water because, the mass fraction of water in the vapor phase 

is quite small (always less than 8%) at the experimental conditions studied. 

Furthermore, our interest is to establish a methodology for the 

investigation of the absorption process of ammonia vapor in (novel) 

absorbents, which are non-volatile to meet the requirements of the 

absorption refrigeration systems. Therefore, the control volume of our 

mass diffusion model is only the liquid phase (represented by dashed 

black line in Figure V-4. 

Based on the above assumptions, the ammonia concentration into the liquid 

phase can be obtained using Fick's second law as: 

 
𝜕𝑐𝜕𝑡 = 𝐷12 𝜕2c𝜕𝑧2 V-1 

where 𝑐 [mol m-3] is the ammonia concentration in the liquid phase; 𝑧 [m] is the 

vertical position along the height of the absorbent liquid in the absorption cell; 𝑡 

[s] is time; and 𝐷12 [m2 s-1] is the mass diffusivity of ammonia in the absorbent. 

Figure V-4 displays a schematic of the absorption cell and the boundary conditions 

(BCs) used to model the mass diffusion during the absorption process. 

 

Figure V-4. Schematic of the absorption cell and the boundary conditions used to 

model diffusion during the absorption process. 
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In order to solve Eq. V-1, an initial and two boundary conditions are required. Prior 

to the beginning of the absorption process, the absorbent contains no ammonia 

(i.e. the absorbent is pure fluid). Thus, in all the experiments, the initial condition 

is given by: 

 𝑐(𝑧, 𝑡)|𝑡=0 = 0        (0 ≤ 𝑧 ≤ 𝑧0) V-2 

Regarding boundary conditions, one can be conveniently located at the bottom 

of the absorption cell and the other at the vapor-liquid interface, respectively. 

In particular, at the bottom of the absorption cell, two different options can be 

considered depending on the contact time and the mass transfer rate between 

the vapor and liquid phases. 

The first option considers that the diffusion front does not reach the bottom of the 

absorption cell. This condition prevails when the absorption cell is long, or the 

time of contact between the phases is short. For this reason, the mass diffusion 

model is called short-time model. In this model, the diffusion can be considered 

as occurring in a semi-infinite medium and the boundary condition is expressed 

as: 

 𝑐 = 0         (𝑧 = 0    𝑎𝑛𝑑    𝑡 ≥ 0) V-3 

The second option considers that the contact time is long, and the diffusing front 

reaches the bottom of the absorption cell. In this case, diffusion occurs in a finite 

medium, and the mass diffusion model is called the long-time model. Since the 

bottom of the absorption cell is a rigid and impermeable boundary, there can be 

no mass transfer across the bottom of the cell. Thus, the Neumann boundary 

condition can be applied: 

 
𝜕𝑐𝜕𝑧|𝑧=0 = 0         (𝑡 > 0) V-4 

At the vapor-liquid interface, three main boundary conditions are found in the 

literature, namely, equilibrium, quasi-equilibrium, and non-equilibrium 

[60,170,172]. Tharanivasan et al. [170] examined the effects of these three 

different boundary conditions on the determined diffusion coefficients of CO2-

heavy oil and CH4-heavy oil systems using the Pressure Drop Method (PDM). 

These authors found that the mass diffusivity obtained using different boundary 

conditions can differ up to two orders. Furthermore, these authors concluded that 
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the most appropriate boundary conditions may be different depending on the pair 

of fluids studied. The quasi-equilibrium boundary condition can be considered as 

intermediate between the equilibrium and non-equilibrium conditions. Therefore, 

the adoption of these last two boundary conditions seems very reasonable to 

evaluate the proposed methodology to determine the time evolution of the 

ammonia concentration profiles in the absorbent. These models are described in 

the following subsections. 

V.2.1 Equilibrium mass diffusion model 

The main assumption of this model is the existence of a thin boundary layer 

between the vapor and liquid phases, where the thermodynamic equilibrium is 

established at the saturation concentration [28,57,67,84]. 

 𝑐(𝑧, 𝑡)|𝑧=𝑧0 = 𝑐𝑠𝑎𝑡(𝑃𝑒𝑞)        (𝑡 > 0)  V-5 

At first glance, this assumption seems rudimentary. However, it is the most 

common boundary condition in the literature related to measurements of gas 

diffusivity in ILs [28,39,141,145,169,173]. Furthermore, as the absorption process 

progresses, the concentration at the vapor-liquid interface tends to the 

equilibrium concentration. Therefore, the equilibrium model is more suitable for 

advanced stages of the absorption process. 

The short-time solution of the Eq. V-1, subjected to the initial (Eq. V-2) and BCs 

defined in Eqs V-3 and V-5 is given by Crank [89]: 

 𝑐∗(𝑧, 𝑡) =  𝑒𝑟𝑓𝑐 ( 𝑧0−𝑧2√𝐷12𝑡) = 𝑒𝑟𝑓𝑐(𝜉) V-6 

where 𝑧0 is the height of the liquid in the absorption cell, 𝑐∗(𝑧, 𝑡) =  𝑐(𝑧, 𝑡)/𝑐𝑒𝑞, 

and 𝑐𝑒𝑞 is the equilibrium concentration. 𝑐∗(𝑧, 𝑡) provides a useful indicator of the 

degree of saturation that the refrigerant/absorbent mixture reaches during the 

absorption process. 

The long-time solution of Eq. V-1, subjected to the initial (Eq. V-2) and boundary 

conditions defined in Eq.s V-4 and V-5 is conveniently expressed in 

dimensionless variables as [170]: 

 𝑐∗(𝑧, 𝑡) =  1 − 4𝜋 ∑ (−1)𝑛2𝑛+1 cos ((2𝑛+1)𝜋2 𝑧∗) exp (∞𝑛=0 − (2𝑛+1)2𝜋24 𝜏)  V-7 
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where 𝑧∗ =  𝑧/z0, and 𝜏 = 𝑡 ∙ 𝐷12/𝑧02 is the mass-transfer Fourier number. 

V.2.2 Non-equilibrium mass diffusion model 

In this model, the ammonia mass transfer flux at the interface is assumed to be 

proportional to the difference between the saturation concentration under the 

equilibrium pressure and the existing concentration at the interface [170]: 

 𝐷 𝜕𝑐𝜕𝑧|𝑧=𝑧0 = 𝑘(𝑐𝑠𝑎𝑡(𝑃𝑒𝑞) − 𝑐(𝑧, 𝑡)|𝑧=𝑧0) V-8 

where k [m2 s-1] is the mass transfer coefficient, and 1/k represents the interfacial 

resistance. This boundary condition is more realistic than the equilibrium 

condition. Furthermore, the use of this boundary condition enables the 

simultaneous experimental determination of other important mass transfer 

parameters, such as the mass transfer coefficient k, from a single test [174]. This 

parameter is typically lumped into the heat transfer coefficient, neglecting its 

importance in the analysis of absorption systems [33]. 

In this case, the short-time solution of the mass diffusion model is [89]: 

 𝑐∗(𝑧, 𝑡) = erfc(𝜉) −  exp(h(z0 − z) + h2D12𝑡) erfc(𝜉 + h√𝐷12𝑡)  V-9 

where h = k/D12. 

Meanwhile, for the long-time approach, the solution is expressed as [170]: 

 𝑐∗(𝑧, 𝑡) = 1 − 4 ∑ sin 𝜆𝑛2𝜆𝑛+sin 2𝜆𝑛 cos(λ𝑛𝑧∗) 𝑒−𝜆𝑛2 𝜏∞𝑛=1  V-10 

where λn (n = 1,2,3, ...) represents the eigenvalues, which are the positive roots 

of the characteristic equation: 

 tan 𝜆𝑛 = 𝑘𝐷𝜆𝑛 V-11 

Here, 𝑘𝐷 = 𝑘𝑧0/𝐷12, which is the mass-transfer Biot number.  

Physically, the non-equilibrium model approaches the equilibrium model when 𝑘𝐷 

is large enough, noting that 1/𝑘𝐷 represents the ratio of the interfacial resistance 

1/k for the mass transfer to the bulk resistance 𝑧0/𝐷12 for the molecular diffusion 

[170]. 
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V.2.3 Determination of the mass diffusivity of ammonia in the ionic 

liquid and the mass transfer coefficient, based on the mass 

diffusion model 

In general, the short- and long-time solutions, both led to accurate results despite 

the differences in the mathematical description of diffusion phenomena. 

However, the application of the short-time approach lacks a physical sense for 

the equilibrium model in the early stages of the absorption process. Furthermore, 

it has been reported that the long-time model provides conditions for more precise 

estimates of diffusion coefficients from the experimental point of view [85]. 

However, applying the long-time approach to the non-equilibrium model also 

makes no physical sense for the specific conditions of our experimental setup. 

Therefore, in this thesis, two different approaches were used to describe 

ammonia mass diffusion during the absorption process. In particular, we have 

used the long-time solution for the equilibrium model, and the short-time solution 

for the non-equilibrium model. 

The use of long-time solutions requires dealing with the infinite series presented 

in equation V-7 for the equilibrium model. Fortunately, it has been found that only 

the first few terms are sufficient in practical applications [36,139]. Shiflett and 

Yokozeki [139] found that, after the sum of the first 10 terms, the numerical 

contribution to concentration became less than 10-12. Furthermore, Bedia et al. 

[42] found that for their diffusivity measurements of ammonia in ionic liquids, only 

the first three terms in the series contributed significantly to changes in 

concentration. Nevertheless, to increase the precision in the early stages of the 

absorption process, and to leverage the full potential of the ODI method, we have 

considered the first 100 terms in the infinite series solution for the equilibrium 

model. 

Once the working equations for the distribution of the ammonia concentration 

have been established, the next step is to relate the concentration to the refractive 

index. To do so, it is needed to determine the changes in ammonia concentration 

of the liquid phase. 

As mentioned above, initially, there is no ammonia in the absorbent. Thus, the 

change in ammonia concentration in the absorbent between the initial or 
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reference time, 𝑡𝑟𝑒𝑓 = 0, and any other time during the absorption process, 𝑡, can 

be expressed as: 

 ∆𝑐∗(𝑧, 𝑡) = 𝑐∗(𝑧, 𝑡) − 𝑐∗(𝑧, 𝑡𝑟𝑒𝑓 = 0) = 𝑐∗(𝑧, 𝑡) − 0 = 𝑐∗(𝑧, 𝑡) V-12 

Then, the changes in ammonia concentration can be related to changes in 

refractive index of the liquid phase. On the assumption that these two quantities 

are linearly related for the concentration ranges found in the experiments [158], 

the refractive index variation profile can be calculated as: 

 ∆𝑛𝑐𝑎𝑙(𝑧, 𝑡) = 𝑚 ∙ ∆𝑐∗(𝑧, 𝑡) V-13 

where 𝑚 is the mean value of the derivative of the refractive index on 

concentration (so-called concentration contrast factor) for the experimental 

concentration range. Since this factor is unknown for the mixtures studied, it is 

determined simultaneously with the mass diffusivity using a non-linear regression 

procedure. In particular, these parameters are obtained using a non-linear least 

squares minimization of the deviation between experimental (∆𝑛𝑒𝑥𝑝(𝑧, 𝑡)) and 

calculated (∆𝑛𝑐𝑎𝑙(𝑧, 𝑡)) refractive index profiles as: 

 Φ =  ∑ [Δ𝑛𝑒𝑥𝑝(𝑧𝑖, 𝑡𝑗 + 𝑡0) + Δ𝑛𝑐𝑎𝑙(𝑧𝑖, 𝑡ref + 𝑡0) − Δ𝑛𝑐𝑎𝑙(𝑧𝑖, 𝑡𝑗 + 𝑡0)]2𝑖,𝑗  V-14 

The mass diffusivity, 𝐷12, and the concentration contrast factor, m, are 

determined as result of the minimization of Eq. V-14. In this equation, 𝑡0 is an 

empirical parameter introduced to consider that the reference time (which 

corresponds to the last image just before the absorption process begins) is not 

necessarily located at the very beginning of the absorption process. Therefore, 

three unknown parameters were concurrently fitted:𝐷12, 𝑚, and 𝑡0. In addition, in 

the case of the non-equilibrium model, a fourth parameter, the mass transfer 

coefficient, k, is also determined from the regression procedure. 

Several minimization algorithms can be found in the literature and are available 

in commercial software packages such as MATLAB ® [88]. In this thesis, the 

Nelder-Mead (simplex) [65,116] and Levenberg-Marquardt [60] algorithms were 

used to determine the unknown parameters. The minimization procedure was 

based on the sequential application of both algorithms to benefit from their 

respective advantages. Thus, we divided the fitting procedure into two steps to 

accelerate the convergence. The first step was aimed at searching for good initial 
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guesses using the Nelder-Mead (simplex) algorithm. The second step is the 

iterative process to minimize Φ, which uses the initial guess of the first step. The 

second step was performed using the Levenberg-Marquardt algorithm.  

In the next step, the standard uncertainty (standard deviation) of the fitted 

parameters was obtained. In a non-linear regression model, the standard 

uncertainty of the fitted parameters, can be obtained from the diagonal of 

variance-covariance matrix. If the model Jacobian, J, has full column rank, the 

estimated variance-covariance matrix, CovB, can expressed as [88]: 

 CovB =  (J′ ∙ J)−1 ∙  MSE V-15 

where: J′ is the Jacobian transpose, and MSE =  (R′ ∗ R)/(N − p) is the mean 

squared error. Here, R′ and R are the residuals matrix and its transpose, 

respectively; N is the number of observations, and p is the number of estimated 

parameters. 

Finally, the expanded uncertainty, 𝑈(𝐷12), can be obtained from the standard 

uncertainty in the mass diffusivity as: 

 𝑈(𝐷12) = 𝑘 ∙ 𝑢(𝐷12) V-16 

where k = 2 is the confidence coefficient, which corresponds to a degree of 

confidence of 95%. 

V.3 Experimental results of the time evolution of the ammonia 

concentration profiles in the absorbent 

As mentioned in Chapter III, traditional methods for determining the mass 

diffusivity provide time-dependent data, such as the absorbed mass in the 

gravimetric method or the pressure decay in the pressure drop method. These 

time-dependent data are usually used to determine an average effective 

diffusivity over the concentration range observed during the absorption process. 

However, the use of an average effective diffusivity determined with these 

methods may not be appropriate to describe the evolution of the spatial 

distribution of the refrigerant concentration within the absorbent. This has been 

confirmed for the absorption of gases in heavy oils, since a different trend was 

observed in terms of penetration distance and concentration distribution using a 

magnetic resonance imaging (MRI) technique [175]. 
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Unlike traditional methods, the ODI method allows us to directly visualize the 

evolution of the refractive index fields, and thus, the concentration fields within 

the refrigerant/absorbent liquid solution. Thus, providing valuable spatio-temporal 

data that can be used to determine the mass diffusivity of refrigerant vapor in the 

absorbent at a given concentration. In this regard, the shapes of the 

concentration-distance curves at different times, obtained with the ODI method, 

contain relevant information on the mechanisms of mass transfer during the 

absorption process. For example, from the analysis of the shapes of these 

curves, the concentration-dependence of the mass diffusivity for concentrated 

solutions can readily be deduced [89]. Furthermore, this information can also be 

used to validate mass transfer approaches such as two-film theory, penetration 

theory, or surface renewal theory, which are typically addressed at the (global) 

scale of the gas-liquid contactor, but rarely at the (local) scale of the vapor-liquid 

interface [67]. In this section, the experimental results of the time evolution of the 

ammonia concentration profiles in the absorbent are presented and discussed. 

V.3.1 Validation of the ODI method for the absorption of ammonia in water 

Here, the diffusivity measurements for the NH3/H2O system are used as a 

reference to validate the ODI method. In the validation, the two mass diffusion 

models described in section V.2, equilibrium, and non-equilibrium, are 

considered. 

As mentioned, the equilibrium model assumes that the vapor-liquid interface is 

always saturated with NH3 at equilibrium pressure. Therefore, this model provides 

a spatial distribution of the concentration relative to the (assumed) equilibrium 

concentration at the interface. 

Figure V-5 shows the experimental and calculated profiles of the concentration 

during the absorption process of NH3 in H2O, at 293.15 K. The successive curves 

show the time evolution of the ammonia concentration profiles in the field of view. 

In the initial stages of the absorption process, the NH3 concentration is zero in 

the lower region of the field of view, while the interface is assumed to be 

saturated. Therefore, in these stages, the maximum difference between the 

concentrations of the interface and the lower region of the field of view is 

observed. Then, this difference is reduced as the diffusion front reaches the lower 

region of the field of view throughout the absorption process. After a long enough 
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time, the concentration should be uniform across the field of view, as the system 

reaches equilibrium. In this study, at the end of the experiments (𝜏 = 0.1464 →𝑡 ≈ 15 ℎ), some differences can be observed between the concentrations at the 

interface and at the lower region of the field of view, which indicates that the 

equilibrium state is not reached. 

 

Figure V-5. Concentration distribution (C*(z, t)) in the field of view of the absorption cell 

obtained using the equilibrium model at different time instances during the absorption 

process of NH3 in H2O at 293.15 K. 

Furthermore, it is also observed that the equilibrium model represents more 

accurately the experimental concentration profiles for advanced times of the 

absorption process. This is because, as time increases, the concentration at the 

interface approaches the (assumed) equilibrium concentration and the model 

represent the mass diffusion process more realistically. In this regard, the most 

notable difference between the model and the experimental data is observed near 

the interface at shorter times. This difference is mainly due to thermal effects that 

affect the distribution of the refractive index and thus, of the concentration in the 

field of view. Despite this, in general, the equilibrium model is able to satisfactorily 

reproduce the experimental NH3 concentration profiles in the liquid phase. 

Unlike the equilibrium model, the non-equilibrium model considers the variation 

in concentration at the interface throughout the absorption process. Here, the 

non-equilibrium model is considered valid for short times of the absorption 

process, in which the diffusion front does not reach the lower region of the field 
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of view. Consequently, the NH3 concentration is zero in that region for the time 

interval considered. In particular, the determination of the time period in which 

this model is valid can be determined from the analysis of the experimental 

interferograms and the corresponding optical phase maps.  

Illustratively, Figure V-6 shows the evolution of the diffusion layer during the 

absorption process of NH3 in H2O at 303.15 K at different time instances. Two 

regions of similar size can be identified on the upper interferogram. In the region 

closest to the vapor-liquid interface, it can be observed that the fringes bend to 

the left as a consequence of the diffusion of NH3 into the H2O bulk. While in the 

region furthest from the interface and therefore closest to the lower region of the 

field of view, the fringes remain vertical. This suggests the existence of a layer 

within the liquid phase where diffusive transport of matter takes place and another 

where the liquid bulk is not affected by diffusion and therefore, only pure H2O is 

present.  

 

Figure V-6. Evolution of the diffusion layer at different time instances during the 

absorption process of NH3 in H2O at 303.15 K. a) At 40 minutes; b) At 60 minutes. 
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However, as the absorption process progresses, the mass diffusion layer 

increases in thickness as can be seen in Figure V-6 (b), and after a sufficient long 

time the diffusion front reaches the lower region of the field of view. We have 

determined the upper limit of the short time range to be 𝜏 = 0.0106 ( 𝑡 ≈75 𝑚𝑖𝑛𝑢𝑡𝑒𝑠). 

Once the period of time in which the non-equilibrium model is considered valid 

has been determined, the next step is to visualize the experimental concentration 

profiles during the absorption process in this time interval. 

Figure V-7 shows the observed concentration profiles and the fitting results for this 

model during the absorption process of NH3 in H2O, at 303.15 K. As can be seen, 

the concentration difference between the interface and the lower region of the 

field of view increases with time. As the absorption process progresses and more 

NH3 passes from the vapor phase to the liquid phase, this difference grows. The 

concentration difference increases until the diffusion front reaches the lower 

region. Thereafter, the concentration difference gradually begins to decrease as 

the interface tends to saturate and the diffusion front continues to reach the lower 

region of the field of view. Moreover, Figure V-7 also shows that the non-

equilibrium diffusion model is able to satisfactorily reproduce the experimental 

concentration profiles in the liquid phase. 

 

Figure V-7. Concentration distribution (C*(z, t)) in the field of view of the absorption cell 

obtained using the non-equilibrium model at different time instances during the 

absorption process of NH3 in H2O at 303.15 K. 
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Once the concentration profiles during the absorption of NH3 in H2O have been 

observed using the two mass diffusion models, the next step is to compare the 

obtained mass diffusivity values. As mentioned, the determination of the mass 

diffusivity was performed by minimizing the differences between the calculated 

and experimental refractive index variation profiles (see Eq. V-14). Table V-1 lists 

the results of the diffusivity values obtained together with the literature ones. 

Table V-1. Comparison between reported and determined mass diffusivity values (D12 x 

109 [m2 s-1]) of NH3 in H2O at different temperatures and pressures. 

 

T/ K 

Literature1 This thesis 

D12 x 109/ m2 s-

1 
P/ kPa D12 x 109/ m2 s-

1 
P2/ kPa Diffusion 

model 

 

293.2 

 

1.51 [41] 

 

101.32 

1.80 ±0.10 

1.42 ±0.12 

12.74 Equilibrium 

13.84 Non-
equilibrium 

 

303.2 

 

1.90 [41] 

 

101.32 

2.26 ±0.08 

1.98 ±0.10 

22.78 Equilibrium 

27.07 Non-
equilibrium 

 

1
 Measurements were performed using a Taylor Dispersion Technique. 

2 Average pressure in the time interval used in the determination of the mass diffusivity. 

In general, an overestimation of the mass diffusivity value is observed using the 

equilibrium model. The overestimation may be due to the assumption of an 

equilibrium concentration at the vapor-liquid interface from the beginning of the 

absorption process. Nevertheless, the relative deviations between the 

experimental and reported values are around +20 %, which is still a reasonable 

agreement. In the case of the non-equilibrium model, our results are closer to the 

literature values. The relative deviations are -5.3% and 4.2% at 293.15 K and 

303.15 K, respectively. As expected, the use of a more realistic boundary 

condition at the vapor-liquid interface lead to a more precise determination of the 

mass diffusivity. 

In Table V-1 are also listed the experimental pressure in our measurements. The 

values from the literature were obtained at atmospheric pressure. Although the 

mass diffusivity dependence on pressure is weak [39], this property could have 

influenced the small differences between the values obtained for the non-

equilibrium model and those reported in the literature. Despite this, based on the 
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observed deviations, it is considered that the ODI method describes with enough 

precision the mass diffusion phenomena during the absorption process of 

ammonia vapor in water. Therefore, the described methodology was considered 

validated and used to determine the mass diffusivity of ammonia in the ionic 

liquids studied. The results for the equilibrium and non-equilibrium diffusion 

models are shown in the following subsections, respectively. 

V.3.2 Results for the ionic liquids selected using the equilibrium mass 

diffusion model 

As discussed, the equilibrium mass diffusion model provides an acceptable 

description of the diffusion phenomena during the absorption process of NH3 in 

H2O. Furthermore, the equilibrium model is the most widely used in the literature 

to determine the mass diffusivity of refrigerant vapor in ionic liquids. Therefore, it 

is used here to compare our results with the experimental values available in the 

literature. 

As an example, fitting results are discussed for the experimental measurements 

that corresponds to the absorption process of NH3 in [emim][BF4] at 303.15 K. 

Figure V-8 shows the time evolution of the refractive index change profiles during 

the absorption process.  

 

Figure V-8. Evolution of the refractive index change (Δn) profiles in the field of view of 

the absorption cell using the equilibrium diffusion model during the absorption process 

of NH3 in [emim][BF4] at 303.15 K. 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL STUDY OF THE ABSORPTION PROCESS OF AMMONIA IN IONIC LIQUIDS FOR ABSORPTION 
REFRIGERATION SYSTEMS 
Ronny Rives Sanz 



Chapter V 

 

Ronny Rives Sanz, Doctoral Thesis, Universitat Rovira i Virgili, 2020 V-21 

As expected, the model represents more accurately the experimental profiles of 

the refractive index variation for advanced times of the absorption process. 

Moreover, the absolute variation of the refractive index is around 2.2 x 10-3 

refractive index units (RIU). 

Figure V-9 shows the time evolution of the refractive index change profiles during 

the absorption process of NH3 in EAN at 303 K, after six hours from the beginning 

of the absorption process.  

 

Figure V-9. Evolution of the refractive index change (Δn) profiles in the field of view of 

the absorption cell using the equilibrium diffusion model during the absorption process 

of NH3 in EAN at 303.15 K. 

As can be seen, from this moment on, the variation of the refractive index in the 

field of vision follows a virtually linear distribution. Moreover, the absolute 

variation of the refractive index in the time interval shown is much greater in EAN 

than during the entire absorption process in [emim][BF4]. This may suggest that 

the concentration contrast factor, which is the variation of the refractive index with 

concentration, for the NH3/EAN mixture is higher than for the NH3/[emim][BF4] 

mixture. However, it is necessary to consider that the amount of NH3 dissolved in 

EAN is greater than in [emim][BF4] at the same temperature. According to our 

measurements of the absorption rate described in Chapter II, after 15 hours from 

the beginning of the absorption process, at 303 K, the mass fraction of NH3 (ωNH3) 

in EAN is ωNH3 = 0.64%, while in [emim][BF4] ωNH3 = 0.43%. Therefore, the 
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concentration contrast factor of NH3/[emim][BF4] mixture is greater than that of 

the NH3/EAN. 

Table V-2 presents the experimental results of the mass diffusivity and its 

uncertainties at different temperatures and pressures for the equilibrium model. 

The value of D12 in the ionic liquids studied follows the order [EAN] > [emim][BF4]> 

[bmim][BF4], in accordance with the absorption rate results discussed in Chapter 

II. In particular, our diffusivity values ranged from 4.86 x 10-10 m2 s-1 at 293 K for  

[bmim][BF4] to 9.01 x 10-10 m2 s-1 at 303 K for EAN. Moreover, the mass diffusivity 

of NH3 in the ILs studied increases with temperature. 

Table V-2. Experimental mass diffusivity (D12 x 1010 /m2 s-1) of NH3 in the ILs studied at 

different temperatures and pressures using an equilibrium mass diffusion model. 

 

Ionic liquid 

 

T/ K 

Literature This thesis 

D12 x 1010  
/ m2 s-1 

P/ kPa D12 x 1010  

/ m2 s-1 
P3/ kPa 

EAN 293.2 -  7.39 ±0.12 16.9 

EAN 303.2 -  9.01 ±0.08 15.7 

[emim][BF4] 293.2   6.23 ±0.10 60.7 

61.7 [emim][BF4] 303.2   8.68 ±0.10 

[bmim][BF4] 293.2 2.104 [36]  4.86 ±0.11 59.5 

[bmim][BF4] 303.2 7.515 [36] 

 1.06 [39] 

 

50 

5.26 ±0.10 52.7 

 

3 Average pressure in the time interval used in the calculation of the mass diffusivity in this thesis. 
4 Average effective diffusivity reported at the partial pressure of ammonia in a gas mixture of NH3/N2, and 
xNH3 ≈ 0.3 using a gravimetric method. 
5 Average effective diffusivity reported at the partial pressure of ammonia in a gas mixture of NH3/N2 using 
a gravimetric method. 
6 Average effective diffusivity reported at 298 K, 50 kPa, and xNH3 = 0.16 using a gravimetric method. 

For comparison with our values, literature values are also listed in Table V-2. In 

the cases of the NH3/EAN and NH3/[emim][BF4] mixtures, no references are 

available, while for the NH3/[bmim][BF4] mixture we have found different results 

in the literature. In particular, Bedia et al. [36] reported an average effective mass 

diffusivity 𝐷̅12 = 2.10 × 10−10𝑚2𝑠−1 at 293 K, and after that, Turnaoglu and 

Shiflett [39] reported 𝐷̅12 = 1.0 × 10−10𝑚2𝑠−1 at 298 K, which represents only 

47.6% of the value reported by Bedia et al. at lower temperature. This difference 
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may be given by the amount of ammonia dissolved in the IL, xNH3 ≈ 0.3 at 293.15 

K, and xNH3 = 0.16 at 298 K, in the studies of Bedia et al., and Turnaoglu and 

Shiflett, respectively. However, Turnaoglu and Shiflett [39] also reported 𝐷̅12 =1.4 × 10−10𝑚2𝑠−1 at 298 K, P = 128 kPa, and xNH3 = 0.31, indicating inconsistency 

of the values reported in these studies even though both use a gravimetric 

method. 

As can be seen in Table V-2, the diffusivity values obtained are in the same order 

as the literature values. In particular, compared to the values of Bedia et al. [36], 

our diffusivity at 293.15 K is higher, while at 303 K it is lower. Whereas in 

comparison with Turnaoglu and Shiflett [39] our results are quite higher. 

Moreover, in general, our values are closer to those of Bedia et al. than to those 

of Turnaoglu and Shiflett. In the next subsection we discuss the results obtained 

with the non-equilibrium model, which more realistically describes the diffusion 

phenomena during the absorption process. 

V.3.3 Results for the ionic liquids selected using the non-equilibrium mass 

diffusion model 

Figure V-10 shows the time evolution of the refractive index change profiles during 

the absorption process of NH3 in the ionic liquid [bmim][BF4] at 293.15 K. As can 

be seen, the non-equilibrium model successfully reproduces the experimental 

refractive index change profiles in the liquid phase. In this regard, the most 

notable differences between the model and the experimental data is observed 

near the vapor-liquid interface region. In this region, the absorption thermal 

effects affect the experimental profiles of the refractive index change. 

Nonetheless, this model is very useful to visualize the penetration depth of NH3 

at different instances during the absorption process. In this case, we have 

determined the upper limit of the short time range to be around 𝜏 = 0.0028 ( 𝑡 ≈225 𝑚𝑖𝑛𝑢𝑡𝑒𝑠). 

Table V-3 shows the results obtained for the mass diffusivity and mass transfer 

coefficient using the non-equilibrium model.  
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Figure V-10. Evolution of the refractive index change (Δn) profiles in the field of view of 

the absorption cell using the non-equilibrium diffusion model during the absorption 

process of NH3 in [bmim][BF4] at 293.15 K. 

Table V-3. Experimental mass diffusivities (D12 x 1010 [m2 s-1]) and mass-transfer 

coefficient (k x 107 [m2 s-1]) of NH3 in the ILs studied at different temperatures and 

pressures using a non-equilibrium diffusion model. 

 

Ionic liquid 

 

T/ K 

Literature This thesis 

D12 x 1010  

/ m2 s-1 

P/ kPa D12 x 1010  

/ m2 s-1 

k x 107 

/m s-1 

P7/ kPa 

EAN 293.2 -  3.81 ±0.12 16.03 25.1 

EAN 303.2 -  5.71 ±0.11 19.92 28.7 

[emim][BF4] 293.2 -  3.34 ±0.10 11.52 76.4 

[emim][BF4] 303.2 -  4.98 ±0.10 14.88 79.9 

[bmim][BF4] 293.2 2.108 [36]  

 

1.18 ±0.11 9.98 70.5 

[bmim][BF4] 303.2 7.519 [36] 

1.010 [39] 

 

50 

3.22 ±0.10 10.56 69.7 

 

7 Average pressure in the time interval used in the calculation of the mass diffusivity in this thesis. 
8 Average effective diffusivity reported at the partial pressure of ammonia in a gas mixture of NH3/N2, where 
xNH3 ≈ 0.3 using a gravimetric method. 
9 Average effective diffusivity reported at the partial pressure of ammonia in a gas mixture of NH3/N2. 
10 Average effective diffusivity reported at 298 K, and xNH3 = 0.16 using a gravimetric method. 
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The diffusivity values obtained are considerably lower than for the equilibrium 

model and closer to those reported in the literature. In particular, the values 

obtained are quite close to the expected trend of the measurements of Bedia et 

al [36]. Although at 303 K the difference is quite remarkable, if the strong 

dependence of diffusivity with concentration is considered, a value close to that 

reported by these authors could be expected. Compared to Turnaoglu and Shiflett 

[39], our diffusivity value is still considerably higher. 

Table V-3 also shows the values obtained for the mass-transfer coefficient (k). 

The values obtained ranged from 9.98 x 10-7 m s-1 for [bmim][BF4] at 293.15 K to 

19.92 x 10-7 m s-1 for EAN at 303.15 K. Furthermore, the relationship between 

the mass transfer coefficients and the mass diffusivity values obtained follows a 

trend closer to the linear than to the square-root. This suggests that the simple 

two-film theory may provide an acceptable description of mass transfer for the 

mixtures studied in our measurement system [91]. Moreover, mass-transfer Biot 

numbers (kD), calculated from the diffusivities and mass transfer coefficients, 

show that the bulk resistance to the molecular diffusion is larger than the 

interfacial resistance to the mass transfer [170]. kD ranged from 63 for [emim][BF4] 

at 303.15 K to 200 for [bmim][BF4] at 293.15 K. 

V.4 Estimation of mass diffusivity of ammonia vapor in ionic 

liquids 

So far, the importance of mass diffusivity is limited, while priority was given to 

VLE and viscosity data. As a result, diffusion data and models in liquid mixtures 

are still scarce and lack the required level of accuracy [92]. Hence, there is great 

interest in improving the accuracy of the models and correlations, such as those 

shown in Chapter III, to estimate gas diffusivities in liquids. Here, we have 

evaluated the accuracy of some of the most widely applied correlations to 

describe gas diffusivity in ionic liquids. 

The correlations evaluated here are appropriate only for dilute solutions. 

Therefore, among the values reported in the literature for the mass diffusivity of 

ammonia in ionic liquids, only the experimental data for dilute solutions have been 

considered. In this thesis, dilute solutions are considered those that have less 

than 10% mole fraction of ammonia. Thus, in addition to our experimental data, 
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11 data-points reported by Turnaoglu and Shiflett [39] were considered to 

evaluate the accuracy of the correlations used. The correlations evaluated 

include some of those shown in section III.3, such as Wilke-Chang, Scheibel, 

Arnold, Akgerman-Gainer, and also other empirical correlations developed for the 

diffusion of gases, mainly CO2, in ionic liquids. In all cases, the absolute relative 

deviation (ARD), the maximum relative deviation (MRD), and the coefficient of 

determination (R2) were used as the main criteria to evaluate the estimation 

capability of these correlations: 

 𝐴𝑅𝐷/% =  100𝑁 ∑ |𝐷𝑒𝑥𝑝−𝐷𝑐𝑎𝑙𝐷𝑒𝑥𝑝 |𝑁𝑖=1  V-17 

 𝑀𝑅𝐷/% = 100 ∙ max |𝐷𝑒𝑥𝑝−𝐷𝑐𝑎𝑙𝐷𝑒𝑥𝑝 | V-18 

 𝑅2 = 1 − ∑ [𝑦(𝑖)𝑐𝑎𝑙𝑐−𝑦(𝑖)𝑒𝑥𝑝]2𝑁𝑖=1∑ [𝑦(𝑖)𝑐𝑎𝑙𝑐−𝑦̅𝑒𝑥𝑝]2𝑁𝑖=1  V-19 

We found that the Scheibel, Arnold, and Akgerman-Gainer correlations were 

unable to reproduce the behavior of ammonia diffusivity in the ionic liquids 

studied. Illustratively, Figure V-11 shows the ability of Arnold’s correlation to 

describe experimental measures of diffusivity.  

 

Figure V-11. Experimentally determined diffusivities versus diffusivities calculated by 

Arnold correlation. 

The Arnold correlation contains an empirical fitting parameter (the abnormality 

factors, 𝐴1𝐴2); therefore, we adjusted this parameter to fit the ionic liquid data. 
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We found that the optimal value of 𝐴1𝐴2 is 2.421 for the diffusivity of NH3, while 𝐴1𝐴2 has been reported in the literature to be equal to 0.714 for the diffusivity of 

CO2 in ionic liquids [35]. 

As can be seen, many of the predicted data points fall well below the experimental 

values. This behaviour is more pronounced for higher diffusivity values. In this 

case, the average relative deviation is close to 38%, while the maximum relative 

deviation is close to -114%, with an unacceptable R2 = 2.789E-02. These typical 

lower values of R2 have been previously reported in the literature for the diffusion 

of CO2 in imidazolium ILs [134]. 

We have also assessed the estimation capability of the Wilke-Chang correlation, 

and the results are plotted in Figure V-12. In general, this correlation provides 

better estimates than the previous ones, with a higher R2 = 4.524e-01, and 

deviations from the experimental data of the order of 48% and 75% for ARD, and 

MRD, respectively.  

 
Figure V-12. Experimentally determined diffusivities versus diffusivities predicted by 

Wilke-Chang correlation. 

In this correlation, the association factor (𝜙 in equation III-25) is an adjustable 

parameter, which is determined by a non-linear regression procedure of the 

experimental data. Since 𝜙 is only related to the physicochemical character of 

the solvent, there should be an association factor for each ionic liquid studied 

[38]. Despite this, several authors used a common value for 𝜙 for the diffusion of 

gases (CO2 [35,132] and H2 [133]) in different ILs. In this thesis, in consideration 
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of the limited availability of experimental data, a common value of 𝜙 is used to 

describe the diffusivity of ammonia in the different ionic liquids studied. 

We have determined 𝜙 to be equal to 1.73, which is between the value for ethanol 

(𝜙 = 1.5), and for methanol (𝜙 = 1.9). Typical 𝜙 values in ionic liquids are 

considerably higher compared to traditional solvents. The relatively low value of 𝜙 obtained for the Wilke-Chang correlation could be indicative of the 

inappropriateness of using this conventional solvent correlation for ILs [35]. 

Nevertheless, other authors have also found similar values of 𝜙 for the diffusion 

of gases in ionic liquids. For example, He at al. [29] reported a value of 𝜙 = 2.4 

for the diffusion of hydrofluorocarbons in ionic liquid [hmim][NTf2], a value lower 

than for water (𝜙 = 2.6). Furthermore, Hou and Baltus [123] suggested that the 

poor agreement between the diffusivities measured and those predicted using 

the Wilke-Change correlation could be due to the fact that 𝜙 is temperature-

dependent for gas-ILs systems. Here, to investigate the possible influence of the 

temperature on 𝜙, and hence, on the estimation capability of the Wilke-Chang 

correlation, we assumed an Arrhenius-type dependence for 𝜙: 

 𝜙 =  𝜙0 exp (𝜙1𝑅𝑇) V-20 

where 𝜙0, and 𝜙1 are the adjustable parameters of the Wilke-Chang correlation 

with temperature-dependent association factor. 

The results of this modified Wilke-Chang correlation are depicted in Figure V-13. 

The adjustable parameters were found to be 𝜙0 = 2.332e-05, and 𝜙1 = 30.90. 

Thus, 𝜙 = 4.92 at 303.15 K, which is a more appropriate value since large values 

for the association factor were found to be characteristic of the ionic association 

nature in ionic liquids [38]. 

As can be seen in the figure, the use of a temperature-dependent association 

factor improves the prediction ability of the Wilke-Chang correlation. In this case, 

R2 = 6.398E-01, ARD = 30%, and MRD = 62%. However, like the original, the 

modified correlation also underestimates the diffusivity. This may be because 

both correlations assume a greater dependence on viscosity (𝐷12 ∝ 𝜇−1) than that 

observed for ionic liquids (𝐷12 ∝ 𝜇−0.6) [35]. 
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Figure V-13. Experimentally determined diffusivities versus diffusivities predicted by a 

modified Wilke-Chang correlation with temperature-dependent association factor. 

As shown in Figures V-11 to V-13, previous correlations, which were originally 

developed for conventional solvents, did not perform satisfactory for ammonia 

diffusivity in ionic liquids. Thus, new empirical correlations have recently been 

proposed to describe gas diffusivity in ionic liquids [35,123,132]. 

Morgan et al. [35] developed a correlation, which expresses mass diffusivity as a 

function of the solvent viscosity and solvent and solute molar masses and molar 

volumes: 

 𝐷12 =  𝜆0𝜇2𝜆1𝑀1𝜆2𝑀2𝜆3𝑉̅1𝜆4𝑉̅2𝜆5    V-21 

where the constants 𝜆𝑖 are adjustable parameters. After a statistical analysis of 

their experimental data, Morgan et al. [35] found that not all the parameters had 

a significant influence on the estimation of mass diffusivity. Therefore, the authors 

simplified their correlation, finally arriving at an expression for diffusivity that was 

only a function of the viscosity of the solvent and the molar volume of the solute. 

After that, Hou and Baltus [123] developed another correlation for gas diffusivities 

in imidazolium-based ILs using the IL viscosity, molar mass, density, and 

temperature: 

 𝐷12 =  𝜆0𝜇2𝜆1𝑀2𝜆2𝜌1𝜆3𝑇𝜆4   V-22 
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In this correlation, the effect of temperature is included explicitly and not as in the 

Morgan correlation that only does it implicitly in viscosity. 

In another experimental study, Moganty and Baltus [132] found that their 

diffusivity values could not be represented by a single equation. Therefore, these 

authors developed two correlations on the basis of anion class.  

For ionic liquids with the anion bis((trifluoromethyl)sulfonyl)imide ([NTf2]-), the 

diffusivity was correlated with viscosity, temperature, and activation energy of 

viscosity, 𝐸𝑎𝑣𝑖𝑠: 

 𝐷12 =  𝜆0𝜇2𝜆1 exp (𝜆2𝐸𝑎𝑣𝑖𝑠𝑇 ) V-23 

For the ionic liquids with anion other than [NTf2]-, viscosity, molecular weight, and 

density were found to be statistically significant in representing the gas diffusivity: 

 𝐷12 =  𝜆0𝜇2𝜆1𝑀2𝜆2𝜌1𝜆3   V-24 

We have assessed the estimation capability of the Morgan, Hou-Baltus, and 

Moganty-Baltus correlations to estimate the mass diffusivity of ammonia in ionic 

liquids. In all cases, the results were superior to those observed for the 

correlations developed for conventional solvents. Furthermore, all these new 

correlations yield similar results for the experimental data considered here, R2 ≈ 

0.76; ARD ≈ 22%, and MRD ≈ 62%. Although, in the particular case of the 

Moganty-Baltus correlation, we have observed that equation V-24 performed 

better than equation V-23 even for ionic liquids with the [NTf2]- cation. Thus, we 

only used equation V-24 to estimate the mass diffusivity of ammonia in the ionic 

liquids studied when evaluating the accuracy of the Moganty-Baltus correlation. 

Despite their better performance, these new correlations involved a significant 

number of adjustable parameters if the availability of experimental data is 

considered. Therefore, based on these correlations, we have made some 

modifications in order to reduce the number of adjustable parameters. The 

resulting correlation is shown in equation V-25: 

 𝐷12 = 1.58×10−3𝜇2𝜆1 ( 𝑇𝑉̅2𝑉̅1𝑀2)𝜆2   V-25 

where 𝜆1, and 𝜆2 are the two adjustable parameters of the modified correlation. 
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Unlike the Morgan and Moganty-Baltus correlations (and similar to the Hou-

Baltus correlation), the modified correlation explicitly correlates the mass 

diffusivity with temperature. It also groups the precursor properties in two terms. 

One term involves only the ionic liquid viscosity and the other includes, in addition 

to temperature, the molar volumes of ammonia and ionic liquid, and the molar 

mass of the latter. The value (1.58 × 10−3) in the numerator of equation V-25 was 

taken from Morgan et al. [35]. We found the values of the adjustable parameters 

to be 𝜆1 = 0.7951, and 𝜆2 = -1.5440. The results of the modified correlation with 

these parameters are depicted in Figure V-14. 

A glance at this figure, reveals better estimation capability that the correlations 

developed for conventional solvents. In this case, R2 = 6.850e-01, ARD = 28% 

and MRD = 58%, results slightly higher than those of the Wilke-Chang correlation 

with the temperature-dependent association factor. Nonetheless, the correlation 

also underestimates some experimental values, especially for our diffusivity 

values at T = 303.15 K. This suggests that the temperature dependence of 

diffusivity may be somewhat stronger than that found using the modified 

correlation. 

 

Figure V-14. Experimentally determined diffusivities versus diffusivities predicted by the 

modified empirical correlation. 

In all the above correlations, it is apparent that there is an intrinsic relationship 

between the mass diffusivity of ammonia and the viscosity of the ionic liquid. To 
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shed some light on this topic, we have used the Hayduk and Cheng correlation 

[35,93,123,132]: 

 𝐷12 = 𝐴𝜇𝐵  V-26 

where A, and B are adjustable parameters.  

Figure V-15 shows the experimental values of ammonia diffusivity as a function of 

the viscosity of the ionic liquid, and the fitting results using the Hayduk and Cheng 

correlation. We have determined the adjustable parameters for our experimental 

data set and found that A = 3.6858, while B = -0.7424, with R2 = 5.276e-01, ARD 

= 34%, and MRD = 56%. The value of the exponent (parameter B) in the Hayduk-

Cheng correlation is close to that found for the viscosity in the modified empirical 

correlation (0.7951). In Figure V-15, the decreasing trend of diffusivity with 

increasing viscosity can be clearly observed. The dependence of diffusivity on 

the viscosity of ionic liquids follows a negative power trend with an exponent 

much less than 1, which is consistent with the literature. However, the absolute 

value of B in this study is higher than that found for the diffusion of CO2 in ionic 

liquids, which has been reported between 0.35 and 0.66 [132]. This is indicative 

that the mass diffusivity of ammonia has a stronger dependence on the viscosity 

of ionic liquids than that of CO2. 

 

Figure V-15. Experimentally determined diffusivities as a function of viscosities of the 

studied ionic liquids. The solid line represents the fitting results using the Hayduk-

Cheng equation. 
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To the best of the author’s knowledge, this is the first time that these correlations 

have been used to estimate the mass diffusivity of ammonia in ionic liquids. 

V.5 Investigation of the relevance to the performance of the 

absorption process of the solubility and mass diffusivity of 

ammonia in selected ionic liquids  

This section analyzes the relevance of the solubility and mass diffusivity of 

ammonia in the ionic liquids selected for the absorption process based on some 

thermodynamic and transport properties of the studied mixtures, and the 

performance of an absorption cycle obtained from of a mass balance model in 

the components of the cycle. 

V.5.1 Solubility and transport properties data for the NH3/absorbent 

mixtures studied 

In the literature, great attention has been paid to the investigation of the solubility 

of natural refrigerants in ionic liquids. However, this is not the case for the 

transport properties and, in particular, for the mass diffusivity of ammonia in ionic 

liquids, as discussed in Chapter III. 

In general, transport properties determine the rates of heat and mass transfer 

between the refrigerant and the absorbent in the components of the absorption 

cycle. In particular, since mass transfer is slow compared to heat transfer, it is 

expected to be dominant, and it should, therefore, be more relevant predicting 

the performance of absorption systems [56]. 

Mass transfer processes are usually characterized by dimensionless numbers, 

such as the Schmidt number (Sc), which is defined as: 

 𝑆𝑐 = 𝜇𝜌𝐷12 = 𝜈𝐷12  V-27 

where 𝜇 is the dynamic viscosity, 𝜌 the density, 𝐷12 the mass diffusivity, and 𝜈 =𝜇𝜌 the kinematic viscosity. This dimensionless number represents the ratio of the 

momentum diffusivity to mass diffusivity and is the analogue to the Prandtl 

number in heat transfer. The use of Sc number for the screening analysis of ILs 

is very convenient because it groups the viscosity and the mass diffusivity into a 

single term. A small value of Sc is desired, since this means that the kinematic 
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viscosity is small compared to the mass diffusivity, which could lead to better heat 

and mass transfer performance. 

To calculate the Sc number for the NH3/absorbent mixtures studied, density, 

viscosity and mass diffusivity data are needed. Here, the mass diffusivity data 

were obtained from our results using the ODI method, while, viscosity and density 

data were taken from the literature [74,176]. Furthermore, the viscosity and 

density values correspond to those of the pure ionic liquid. Therefore, the 

calculated Sc values can be interpreted as a limiting value for Sc. 

Table V-4 lists the Schmidt numbers (Sc) and the Henry’s constants (which are 

usually used to represent solubility data) of NH3 into the ILs studied at 293.15 K 

and 303.15 K. The lower the Henry’s constant (kH) value, the greater the solubility 

of the refrigerant in the absorbent. Here, the kH values for EAN were calculated 

following a similar procedure to that of Turnaoglu and Shiflett [39] and using our 

VLE data [76]. The Henry’s constants for [emim][BF4] and [bmim][BF4] at the 

temperatures studied were taken from the literature [78]. 

It can be seen that, although the solubility of ammonia in water is comparable to 

that in EAN, the transport properties (represented by Sc) of water are tens of 

times lower than for ionic liquids. Therefore, in this comparison, we focused our 

analysis on the properties of the ionic liquids studied as potential absorbents for 

ammonia refrigerant. 

Table V-4. Schmidt (Sc) numbers and Henry’s constants (kH) of NH3 in ionic liquids: 

EAN, [emim][BF4], [bmim][BF4], at two temperatures: 293.15 K, and 303.15 K. 
 

T = 293.15 K T = 303.15 K 

Absorbent kH / kPa Sc kH / kPa Sc 

Water 73.9 707 118.17 564 

EAN 56.0 23624 84.8 17380 

[emim][BF4] 610.5 24848 1099.2 17722 

[bmim][BF4] 416.2 75628 800.4 47363 

Among the ionic liquids studied, the kH values of NH3 in EAN are much lower than 

in the others. It is also observed that the kH values for [bmim][BF4] are lower than, 

yet comparable to, those of [emim][BF4]. Meanwhile, Sc values for EAN are also 
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lower than for the other IL studied, but unlike the kH values, comparable to those 

of [emim][BF4]. In this sense, other ILs with the same [emim]+cation and different 

anions have been reported to show favourable kinetics behavior for ammonia 

absorption [28,43]. Furthermore, [bmim][BF4] presents the least favourable 

transport properties, with Sc values between two and three times higher than 

those of EAN and [emim][BF4] at the studied temperatures.  

Analysis of the data in Table V-4 shows an opposite trend for solubility and 

transport properties with temperature for all ILs studied. However, the influence 

of temperature on the properties analyzed is different for each ionic liquid. The 

variation of kH from 293.15 K to 303.15 K represents 51%, 80%, and 92% of the 

corresponding value at 293.15 K for EAN, [emim][BF4], and [bmim][BF4], 

respectively. In the case of the Sc values, the variations are -26%, -29%, and -

37% for EAN, [emim][BF4], and [bmim][BF4], respectively. Therefore, the 

properties of [bmim][BF4] are more sensitive to variations in temperature than the 

other ILs in the temperature range studied. 

V.5.2 Influence of mass diffusivity in the absorption process of ammonia 

in the ionic liquids selected 

As mentioned in Chapter I, absorption refrigeration systems using NH3/ILs show 

a detrimentally high solution circulation ratio compared to the conventional 

NH3/H2O working pair. The solution circulation ratio depends on the equilibrium 

concentration and on the deviation from that equilibrium, due to the mass transfer 

resistances. In turn, the equilibrium concentration is determined by the solubility 

of the refrigerant in the absorbent, while the mass transfer resistances are 

determined by transport properties of the working mixtures such as mass 

diffusivity. These properties determine how much of the absorption potential can 

be utilized [33]. 

So far, researchers have placed more importance on the solubility than the mass 

diffusivity of the refrigerant in the absorbent. However, in practice, large 

deviations from steady state are frequently observed [33,53]. Furthermore, as in 

real absorption machines, the areas available for heat and mass transfer are 

limited, and therefore the residence time of the solution within the absorber, the 

mass diffusivity, which determines the rate of the absorption process, may play a 

preponderant role compared to solubility. 
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To illustrate this, we rely on the mass diffusivity values determined in this chapter 

in subsection V.3.3 using the ODI method, and also on the experiments described 

in Chapter II in section II.7 devoted to the determination of the absorption rate of 

ammonia in selected ionic liquids. Furthermore, since in general the 

thermodynamic and transport properties of EAN are much more favourable than 

those of imidazolium-based ionic liquids, we have used the latter to make the 

comparison. 

Figure V-16 shows the observed degree of saturation that is reached during the 

absorption process of ammonia in [emim][BF4] and [bmim][BF4] at 303.15 K. 

Here, the degree of saturation is defined as the real concentration in the 

ammonia/ionic liquid solution during the absorption process over the 

concentration under saturated conditions (that is, the solubility of ammonia in the 

ILs at a given temperature and equilibrium pressure).  

 

Figure V-16. Absorption completion of NH3 in [emim][BF4] and [bmim][BF4] at 303.15 K. 

As shown, the degree of saturation is a function of time and mass diffusivity of 

ammonia in the ionic liquid. Thus, the higher mass diffusivity of ammonia in 

[emim][BF4] leads to a more complete absorption process than in [bmim][BF4]. 

This is observed throughout the absorption process, where on average the 

degree of saturation in [emim][BF4] is 10.2 percentage points higher than in 

[emim][BF4], with a maximum difference of 17.9 percentage points around 55 

minutes after the beginning of the absorption process. Therefore, it must be 
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considered that in an absorption machine, under the same operating conditions, 

it is easier to reach saturation at the absorber outlet, when [emim][BF4] is used 

than when [bmim][BF4] is used as absorbent for ammonia refrigerant. 

Despite its importance, the degree of saturation reached by the 

absorbent/refrigerant solution after the absorption process is not usually 

considered when evaluating the thermodynamic performance of the absorption 

cycle. Wang et al. [47], for instance, found that the COP of an absorption heat 

pump using NH3/[emim][BF4] and NH3/[bmim][BF4] working pairs was quite 

similar, while the solution circulation ratio was considerably more favourable for 

NH3/[bmim][BF4]. 

However, using experimental VLE data reported by Li et al. [78] for both working 

pairs, and our experimental results on the degree of saturation, we found that the 

solution circulation ratio varies to a greater extent and in a more unfavorable 

manner for NH3/[bmim][BF4] than for NH3/[emim][BF4]. 

Table V-5 shows the degree of saturation and the corresponding solution 

circulation ratio at different instances during the absorption process of ammonia 

in [emim][BF4] and [bmim][BF4] at 303.15 K. The values of the solution circulation 

ratio (f) shown in this table were obtained from the modelling of a single stage 

absorption refrigeration cycle using both working pairs, based on mass balances 

in each component of the cycle. 

Table V-5. Calculated solution circulation ratio (f) and experimental degree of 
saturation (x/x_eq) during the absorption process of ammonia in ionic liquids 

[emim][BF4] and [bmim][BF4] at 303.15 K. 
 

time/ h 
[emim][BF4] [bmim][BF4] Δx/x_eq 

/%  
Δf/  
% x/x_eq f x/x_eq f 

0.25 0.381 30.79 0.238 39.90 60.08 -22.83 
0.5 0.437 26.79 0.293 32.43 49.15 -17.39 

0.75 0.482 24.32 0.325 29.22 48.31 -16.77 
1 0.511 22.92 0.357 26.56 43.14 -13.70 
2 0.567 20.66 0.456 20.81 24.34 -0.72 
3 0.610 19.20 0.498 19.07 22.49 0.68 
5 0.686 17.07 0.584 16.25 17.47 5.05 

10 0.757 15.47 0.672 14.14 12.65 9.41 
15 0.812 14.42 0.725 13.10 12.00 10.08 

Moreover, the following assumptions and operating conditions were considered 

to model mass balances in the absorption cycle: 
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• Temperature of the solution at the outlet of the absorber, TA = 30 ° C, which 

correspond to one of the experimental temperatures in this thesis. 

• Temperature of the refrigerant at the outlet of the evaporator, TE= 10°C. 

• Temperature of the solution at the outlet of the generator, TG=100°C. 

• Temperature of the refrigerant at the outlet of the condenser, TC=40°C. 

• Fixed mass flow of the refrigerant at the inlet of the evaporator, 1 kg/s. 

• The refrigerant leaving the condenser and the evaporator is saturated 

liquid and saturated vapor, respectively. 

These operating conditions correspond to those used by Yokozeki and Shiflett 

[18,44] for other NH3/IL-based working pairs in absorption refrigeration cycles. A 

comparison between our results (f = 12.85) and those reported by Yokozeki and 

Shiflett [44] (f = 12.98) using the VLE data reported by the these authors for the 

NH3/[emim][BF4] working pair revealed excellent agreement. 

We have also determined the solution circulation ratio for the NH3/[emim][BF4] 

and NH3/[bmim][BF4] working pairs using VLE data from Li et al. [78], and 

considering that saturation is reached at the absorber outlet. In accordance with 

Wang et al. [47], the results show a better circulation ratio for NH3/[bmim][BF4] (f 

= 9.49) than for NH3/[emim][BF4] (f = 11.72). However, once we have considered 

the degree of saturation, which reflects the influence of mass diffusivity on the 

rate at which the absorption process occurs, we have found that the solution 

circulation ratio may be more favourable for the NH3/[emim][BF4]. 

In particular, from Table V-5 it is observed that the degree of saturation is much 

higher for the NH3/[emim][BF4] pair at the beginning of the absorption process. 

Consequently, the solution circulation ratio is considerably more favourable for 

this working pair than for the NH3/[bmim][BF4] pair. After three hours of the 

beginning of the absorption process, although the degree of saturation for the 

NH3/[emim][BF4] pair is still higher (due to the higher diffusivity) than for the 

NH3/[bmim][BF4] pair, the solution circulation ratio is more favourable for the last 

working pair due to its higher ammonia solubility. Despite this, the solution 

circulation ratio for both working pair is comparable until the end of the absorption 

experiments (15 hours). Thus, considering the much more favourable transport 

properties, [emim][BF4] should be more suitable for its use as absorbent for 

ammonia in absorption refrigeration systems than [bmim][BF4]. 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL STUDY OF THE ABSORPTION PROCESS OF AMMONIA IN IONIC LIQUIDS FOR ABSORPTION 
REFRIGERATION SYSTEMS 
Ronny Rives Sanz 



Chapter V 

 

Ronny Rives Sanz, Doctoral Thesis, Universitat Rovira i Virgili, 2020 V-39 

V.6 Conclusions 

In this chapter, we have implemented an optical system based on the Mach-

Zehnder interferometer to investigate the absorption process of ammonia in ionic 

liquids. In particular, the experimental profiles of the refractive index change, and 

thus, the ammonia concentration profiles in the absorbent were obtained using a 

processing method based on Optical Digital Interferometry. Two mass diffusion 

models based on a one-dimensional unsteady state diffusion equation were used 

to describe the ammonia mass diffusion in the ionic liquids during the absorption 

process. The two mass diffusion models, namely, equilibrium model and non-

equilibrium model, are dissimilar in the key assumptions and boundary conditions 

used. 

The experimental method was validated using the working pair H2O/NH3 as 

reference fluid mixture. The relative deviations obtained were around 20% and 

5%, for the equilibrium and non-equilibrium mass diffusion models, respectively. 

Both diffusion models are capable of successfully reproducing the experimental 

profiles of the ammonia concentration in the absorbent. Nonetheless, the 

precision of the equilibrium model improves as more time passes after the start 

of the absorption process. While the application of non-equilibrium is restricted to 

short times of the absorption process in which the diffusion front does not reach 

the bottom of the field of vision. 

A quantitative comparison between the experimental mass diffusivity and 

literature values was performed. Globally, a reasonable agreement is observed, 

although the measured values somehow overestimate the values of the literature. 

In all cases, the determined mass diffusivity of ammonia in the ionic liquids 

studied increased with temperature. 

In the case of the equilibrium model, the mass diffusivity of ammonia vapor in the 

ionic liquids studied varies from 2.49 x 1010 m2 s-1 to 9.01 x 1010 m2 s-1 and follows 

the order: [EAN] > [emim][BF4] > [bmim][BF4].  

In the case of the non-equilibrium model, the mass diffusivity of ammonia vapor 

in the ionic liquids studied ranges from 1.18 x 1010 m2 s-1 to 5.71 x 1010 m2 s-1 and 

follows the order: [EAN]>[emim][BF4]>[bmim][BF4]. Moreover, the non-
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equilibrium model shows a better agreement with the literature than the 

equilibrium model. 

The accuracy of several models and empirical correlations for the estimation of 

the mass diffusivity of ammonia in ionic liquid have been evaluated. Among the 

correlations investigated, a modified empirical correlation with R2 = 6.850e-01, 

ARD = 28% and MRD = 58%, provide the best results. The mass diffusivity of 

NH3 was found to have a stronger dependence on the viscosity of ionic liquids 

than that of CO2. 

Finally, an investigation of the relevance to the performance of the absorption 

process of the solubility and mass diffusivity of ammonia in selected ionic liquids 

studied was performed. The transport properties represented by the 

nondimensional number of Schmidt of water are tens of times lower than for ionic 

liquids studied. Among the ILs investigated, EAN shows the most favorable 

thermodynamic and kinetic characteristics for ammonia absorption. The 

properties of [bmim][BF4] are more sensitive to variations in temperature than the 

other ILs in the temperature range studied.  

The influence of the mass diffusivity on the absorption process, reflected by 

degree of saturation reached by the solution during the absorption process, was 

also analyzed. For the analysis, a model based on the mass balances in the 

components of an absorption cycle were used. The results revealed comparable 

solution circulation ratio for NH3/[emim][BF4] and NH3/[bmim][BF4] working pairs. 

Furthermore, considering the much more favourable transport properties of 

[emim][BF4], it should be more suitable for ammonia absorption than [bmim][BF4]. 

The analysis performed illustrates the importance of considering favourable mass 

diffusivity in addition to good solubility characteristics when selecting ILs as 

absorbents. 
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Chapter VI 

Conclusions and 

Recommendations 

VI.1 Conclusions 

This thesis studies the absorption process of ammonia in ionic liquids for 

absorption refrigeration systems. It combines experimental and theoretical work 

to determine the time evolution of the absorption rate and the concentration 

profiles of ammonia refrigerant in ionic liquids using the Pressure Drop Method 

and Optical Digital Interferometry, respectively. These experimental data are 

useful for developing and validating mass transfer models during the absorption 

process of ammonia in ionic liquids. 

For the experimental investigation, we selected three ionic liquids – EAN, 

[emim][BF4] and [bmim][BF4] – to illustrate the importance of considering mass 

diffusivity in addition to solubility in the screening analysis of ionic liquids as 

absorbents. 

The experimental setup was based on the pressure drop method (PDM) to 

determine the time evolution of the absorption rate of ammonia in selected ionic 

liquids. To determine the time evolution of the absorption rate, experiments 

lasting 15 hours from the start of the absorption process were performed on each 

selected IL at two temperatures: 293.15 K and 303.15 K. The experiments were 

performed at infinite dilution conditions. In addition to the ILs selected, water was 

used as a reference to validate the PDM and determine the absorption rate. 

The thermal and pressure-drop behaviours of the mixtures during the absorption 

process were analyzed using the raw experimental data. The rise in temperature 

observed during the absorption process of NH3 in EAN was comparable to that 

of water, or even higher. We also recorded the temperature at different depths in 

the liquid phase so that we could investigate the thermal diffusivity of the 

mixtures. The drop in pressure during the absorption process was different for 
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each NH3/IL pair analyzed. At the end of the experiments, the pressure was close 

to half of the initial pressure for the cases of absorption in [emim][BF4], and 

[bmim][BF4]. The pressure measurements revealed three different stages in the 

absorption process: incubation, transition, and linear decay. 

Then, the absorption rate of NH3 in water was determined to validate the PDM. 

At the very beginning of the absorption process it was observed to be around 12 

g m-2 s-1, which was in agreement with the literature. Therefore, the PDM was 

considered to have been validated and was used to determine the absorption rate 

of NH3 in the selected IL. It was more than 20 times lower than in water and 

followed the order: EAN> [emim][BF4] > [bmim][BF4]. 

The third chapter discussed mass diffusivity as an essential transport property in 

absorption refrigeration systems. It first focused on some of the main concepts of 

diffusion, and then the experimental measurement methods and the models for 

estimating this property were presented. Optical interferometry methods stand 

out from other methods for their non-intrusiveness in the process as well as for 

their high precision. Finally, we provided a review of the literature on mass 

diffusivity measurement and modeling in working fluid mixtures used in 

absorption technology. There is much less data available on the experimental 

diffusivity of NH3/IL mixtures than of other mixtures of natural refrigerants/ILs. 

Moreover, the prediction ability of theoretical models and the empirical 

correlations for estimating mass diffusivity must be improved to facilitate the 

research into the screening analysis of ILs as absorbents. 

We found that Optical Digital Interferometry (ODI) is a powerful method for 

studying the absorption process of NH3 in ILs. However, it requires careful 

experimental procedures, familiarity with some mathematical tools, and 

knowledge of the essential steps so that the interferograms can be properly 

processed. Therefore, the method needs to be understood well before the 

absorption process is addressed. Therefore, we used this method to determine 

the mass diffusivity in binary liquid mixtures of the natural refrigerant, water, and 

the ionic liquid [EtOHmim][BF4]. 

The mass diffusivity of water + [EtOHmim][BF4] decreased when the ionic liquid 

mass fraction increased. It was found that the rate of the decrease of the mass 

diffusivity is essential only in regions that are IL-poor or IL-rich. The measured 
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mass diffusivities were described using fourth-order polynomials as a function of 

the IL mass fraction. The results showed an almost linear increase in the diffusion 

coefficient with temperature. Linearity deviated slightly as the mass fraction of the 

ionic liquid increased. 

Four estimation models were used to describe the mass diffusivity of the mixture: 

Vignes, UNIDIF, modified group contribution, and cluster diffusion. With the 

exception of UNIDIF, the binary interaction parameters of each of these models 

were calculated using two different methodologies. In the first, binary parameters 

were determined by VLE data regression. In the second, binary parameters were 

treated as adjustable parameters with experimental diffusion data. 

Of the four predictive models examined, the MGC model provides the best mass 

diffusivity estimates. The overall ARD from experimental data was 7.9% using 

binary interaction parameters regressed from VLE data and 2.1% using binary 

parameters regressed from diffusion data. It is expected that the other estimation 

models presented, which themselves require experimental diffusion data, can 

also be employed to predict the diffusivities at temperatures which are 

experimentally more challenging. 

Finally, we leveraged the experience gained during the investigation of mass 

diffusivity in the aqueous ionic liquid solution to modify and adapt the ODI method 

so that we could study the absorption process of NH3 in ILs. In particular, the 

absorption experiments based on the Pressure Drop Method and described in 

Chapter II, were visualized with a Mach-Zehnder interferometer, and analyzed 

using the ODI method. 

Two mass diffusion models based on a one-dimensional unsteady state equation 

were used to describe the ammonia mass diffusion phenomena as a result of the 

absorption process. The ODI method was validated using the working pair 

H2O/NH3 as a reference fluid mixture. The relative deviations obtained were 

around 20% and 5% for the equilibrium and non-equilibrium models considered. 

Both models were capable of successfully reproducing the experimental profiles 

of of the ammonia concentration in the absorbent depending on the time analyzed 

during the absorption process. 
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Reasonable agreement with the literature values was observed for the 

NH3/[bmim][BF4] mixture, especially for the non-equilibrium model. The 

measured mass diffusivity increased with temperature. The mass diffusivity of 

ammonia vapor in the ionic liquids studied using the non-equilibrium model 

ranged from 1.18 x 1010 m2 s-1 to 5.71 x 1010 m2 s-1 in the order: 

[EAN]>[emim][BF4]>[bmim][BF4]. Mass-transfer coefficient values ranged from 

9.98 x 10-7 m s-1 for [bmim][BF4] at 293.15 K to 19.92 x 10-7 m s-1 for EAN at 

303.15 K. 

The performance of several models and empirical correlations in the estimation 

of the mass diffusivity of ammonia in ionic liquid was tested. Among the 

correlations investigated, we obtained a modified empirical correlation that 

provided the best results with R2 = 6.850e-01, ARD = 28% and MRD = 58%. The 

mass diffusivity of NH3 was found to have a stronger dependence on the viscosity 

of ionic liquids than that of CO2. 

The importance of the solubility and mass diffusivity of ammonia in the ionic 

liquids to the absorption process was studied. We analyzed the influence of the 

mass diffusivity on the absorption process, reflected by the degree of saturation 

reached by the solution during the absorption process. For the analysis, the 

model used was based on the mass balances in the components of an absorption 

cycle. The results revealed comparable solution circulation ratios for 

NH3/[emim][BF4] and NH3/[emim][BF4] working pairs. Furthermore, considering 

its much more favourable transport properties, [emim][BF4] should be more 

suitable for ammonia absorption than [bmim][BF4]. 

The results obtained in this thesis show the potential of optical digital 

interferometry for studying the absorption process of natural refrigerants in ionic 

liquids by direct visualization of the process. 

Furthermore, this research is essential if we are to be able to identify, model and 

predict time-dependent data from the absorption process of ammonia refrigerant 

in ionic liquids. This thesis provides new experimental data on the mass diffusivity 

of natural refrigerants in ILs, information that is essential if we are to proceed to 

the detailed study of the heat and mass transfer performance of these working 

pairs and, therefore, to the proper design of IL-based absorption systems. 
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VI.2 Recommendations 

Below there are some recommendations for improving the methodology used and 

taking better advantage of the capabilities of the experimental technique. They 

are: 

1. Quantify the contributions of solubility and diffusivity to the performance of 

absorption refrigeration systems by implementing a heat and mass transfer 

model for a given absorber geometry using the determined mass diffusivity 

values. 

2. Perform simulations of absorption cycles using NH3/IL working pairs by 

varying the operating conditions of the cycle and considering the deviation 

from equilibrium state at the absorber outlet. Perform a sensitivity analysis of 

the influence of mass diffusivity on the overall performance of the absorption 

cycle for the NH3/ILs working pairs studied 

3. Improve the thermal design of the experimental setup 

• Design the thermal system so that heat transfer from the fluid mixture to 

the external thermal control circuit is one-dimensional and in the vertical 

direction towards the bottom of the absorption cell. Thus, a thermal 

diffusion layer will develop within the fluid mixture in the same direction as 

the mass diffusion layer, allowing a one-dimensional analysis of 

simultaneous heat and mass transfer. In addition to the temperature 

probes already installed in the absorption cell, this will ultimately facilitate 

the simultaneous determination of the mass and thermal diffusivities using 

an inverse approach. 

• Locate two additional temperature probes in the absorption cell, one at the 

inlet and the other at the outlet of the external thermal control circuit. In 

this way, the amount of heat that is extracted from the fluid mixture will be 

known, and the heat of absorption of the fluid mixture can be estimated. 

• Control more precisely the temperature of the absorption process by using 

an external thermal circuit for the cylindrical tank of ammonia vapor. 

4. Use more realistic diffusion models of the absorption process 

• Use more realistic boundary conditions at the vapor-liquid interface. This 

can be achieved by considering a time-dependent saturation 

concentration instead of a constant saturation concentration when 
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formulating the 3rd type (Robin) boundary condition at the vapor-liquid 

interface for the non-equilibrium model. 

• Use a maximum likelihood approach instead of a least-square method for 

estimating mass diffusivity, and the other fitting parameters. 

• Develop a mass diffusion model that considers evaporation for volatile 

absorbent liquids. 

• Perform simulations to estimate the influence of the meniscus shape of the 

vapor-liquid interface on the mass transfer mechanism. 
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Annexes 
 
Annex A: Calculation of the thermodynamic factor from VLE data 
using gE models 

The thermodynamic factor can be calculated from VLE data using different gE 

models. The excess Gibbs energy is defined by the activity coefficients 𝛾i of all 

components of the mixture, which represents the deviation from ideal mixing 

behavior, as: 

 
𝑔𝐸𝑅𝑇 = ∑ 𝑥𝑖 ln 𝛾𝑖 A-1 

Different gE models, such as NRTL or Wilson, rest on this relation to describe 

phase behavior, like VLE, with algebraic expressions for the excess Gibbs 

energy. These models describe activity coefficients as a function of interaction 

parameters that can be obtained from experimental data by regression.  

At the same time, activity coefficient, 𝛾i, can be calculated from the phase 

equilibrium equation as [93]: 

 γ𝑖 = 𝑦𝑖𝜙𝑖𝑃𝑥𝑖𝜙𝑖𝑠𝑃𝑖𝑠 A-2 

where 𝑃 and 𝑃𝑖𝑠 are vapor pressure of liquid mixture and pure component i at 

system temperature, respectively; 𝑦𝑖 and 𝑥𝑖 represent mole fraction of component 

i in the vapor phase and liquid phase, respectively; 𝜙𝑖 and 𝜙𝑖𝑠 are the fugacity 

coefficient of component i in the vapor mixture, and in its saturated state. Here, 

the vapor pressure of the pure component can be calculated using the Antoine 

equation. 

For the studied mixture, i.e., H2O(1) + [EtOHmim][BF4](2), the vapor phase can 

be considered as pure water vapor (𝑦𝑖 = 1) due to the non-volatility of the IL. 

Since the vapor phase composition for such binary system and for the pure 

solvent is same, and the pressure difference between them is relatively small, the 

fugacity coefficient correction can be cancelled out. Therefore, equation A-2 

reduces to: 

 γ𝑖 = 𝑃𝑥𝑖𝑃𝑖𝑠 A-3 
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The use of this expression in combination with different gE models provides the 

interaction parameters needed to calculate the thermodynamic factor. This is 

done by minimizing the difference between the experimental value of the activity 

coefficient (or pressure) and the value calculated by the model. 

For the binary mixture H2O + [EtOHmim][BF4], we found VLE data only in one 

source. Kim et al. [177] measured the vapor pressure of three binary mixtures 

containing water + ionic liquid (including H2O + [EtOHmim][BF4]) in the 

temperature range of (304.8 to 475.2) K and in the concentration range of (0.200 

to 0.800) ILs mole fraction using the boiling-point method. They correlated the 

experimental results with an Antoine-type equation with very good fitting quality. 

In this work, we have correlated their experimental results using two gE models, 

NRTL (Non-random, two-liquid) and Wilson, to obtain the binary interaction 

parameters. These gE models are among the most popular for describing VLE in 

binary systems containing aqueous solutions of ionic liquids. The absolute 

relative deviation (ARD%) is used as criteria to evaluate the quality of the fitting: 

 𝐴𝑅𝐷% =  100𝑁 ∑ |𝑃𝑒𝑥𝑝−𝑃𝑐𝑎𝑙𝑃𝑒𝑥𝑝 |𝑁𝑖=1  A-4 

where: N is the number of experimental pressure points, 𝑃𝑒𝑥𝑝 is the experimental 

pressure obtained from Kim et al. [177] and 𝑃𝑐𝑎𝑙 is the calculated pressure using 

equation A-3 in combination with a gE model. 

The procedure followed to calculate the thermodynamic factor from VLE data 

using NRTL and Wilson models is described below.  

A.1 Calculation of the thermodynamic factor from NRTL model 

NRTL model have been widely used for describing VLE in H2O + ionic liquid 

binary systems [178,179]. Moreover, the NRTL equations are applicable to both 

vapor-liquid and liquid-liquid equilibria. Therefore, mutual solubility data can be 

used to determine NRTL parameters. NRTL model can also predict reliable 

results for partially and completely miscible systems [93]. In this model the excess 

Gibs energy is expressed as: 

 

 
𝑔𝐸𝑅𝑇 = 𝑥1𝑥2 ( 𝜏21𝐺21𝑥1+𝑥2𝐺21 + 𝜏12𝐺12𝑥2+𝑥1𝐺12) A-5 
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where: 

 𝐺12 = exp (−𝛼12𝜏12)                  𝐺21 = exp (−𝛼12𝜏21) A-6 

with 

 𝜏12 = Δ𝑔12𝑅𝑇                                  𝜏21 = Δ𝑔21𝑅𝑇  A-7 

Here, 𝛼12 is the non-randomness parameter; and 𝜏12, 𝜏21 are the binary 

interaction parameters. These are the three adjustable parameters of the NRTL 

model. 

The activity coefficient is the partial molar excess Gibbs energy and can therefore 

be obtained from partial derivatives with respect to the mole fraction. Thus, the 

activity coefficient of component 1 can be calculated as follows: 

 𝑙𝑛𝛾1 = 𝑥22 [𝜏21 ( 𝐺21𝑥1+𝑥2𝐺21)2 + 𝜏12 ( 𝐺12𝑥2+𝑥1𝐺12)2] A-8 

The thermodynamic factor contains the derivative of ln 𝛾𝑖 with respect to 𝑙𝑛𝑥1. 

After some algebraic treatment, it is possible to show that the thermodynamic 

factor can be calculated from NRTL model as [93]: 

 Γ = 1 + 𝑑𝑙𝑛𝛾1𝑑𝑙𝑛𝑥1 = 1 − 2𝑥1𝑥2 [ 𝜏21𝐺212(𝑥1+𝑥2𝐺21)3 + 𝜏12𝐺122(𝑥2+𝑥1𝐺12)3] A-9 

To calculate the thermodynamic factor from VLE data using this model, it is 

necessary to determine 𝛼, 𝜏12, and 𝜏21 Moreover, the temperature dependency 

of the binary interaction parameters can be modeled by several approaches. In 

this thesis, we considered a dependency in the format [178]: 

 𝜏12 = 𝜏12(0) + 𝜏12(1)𝑇                            𝜏21 = 𝜏21(0) + 𝜏21(1)𝑇  A-10 

So, when NRTL model was used to fit experimental VLE data in this thesis, there 

were 5 adjustable parameters, 𝛼, 𝜏12(0), 𝜏12(1), 𝜏21(0), 𝜏21(1). The regressed parameters 

for this model and the average relative error (ARD) from VLE data are listed in 

Table A-1. Figure A-1 shows the experimental vapor pressure and the calculated 

by the NRTL model at different mole fractions. 
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Table A-1. NRTL model parameters. 

Parameter 𝜶 𝝉𝟏𝟐(𝟎)
 𝝉𝟏𝟐(𝟏)

 𝝉𝟐𝟏(𝟎)
 𝝉𝟐𝟏(𝟏)

 ARD/ % 

Value 0.278 -7.446E-02 -2.155 1.215E+03 -2.134e+02 3.28 

 

Figure A-1. Vapor pressure at different mole fractions for mixture H2O + 
[EtOHmim][BF4]. Symbols: experimental data. Lines: calculations by the NRTL model. 

A.2 Calculation of the thermodynamic factor from Wilson model 

Wilson model is another gE model widely used to describe VLE. It is 

recommended for strongly nonideal binary mixtures, because, unlike the NRTL 

equation, it contains only two adjustable parameters. However, the original 

Wilson model is not applicable to a mixture that exhibits a miscibility gap. 

Although, there is a modified Wilson model capable to overcome this shortcoming 

[71]. In this model the excess Gibs energy is expressed as: 

 
𝑔𝐸𝑅𝑇 = −𝑥1 ln(𝑥1 + Λ12𝑥2) − 𝑥2 ln(𝑥2 + Λ21𝑥1) A-11 

where: 

 Λ12 = 𝑣2𝑣1 𝑒𝑥𝑝 (− 𝜆12−𝜆11𝑅𝑇 )            Λ21 = 𝑣1𝑣2 𝑒𝑥𝑝 (− 𝜆21−𝜆22𝑅𝑇 ) A-12 

Here, 𝑣1 and 𝑣2 are pure component molar volumes of components 1 and 2, 

respectively;  𝜆12 − 𝜆11, and  𝜆12 − 𝜆11 are interaction energy parameters. Pure 

component molar volumes as a function of temperature are taken from literature 

[42] and [180]. 
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In this model, activity coefficient of component 1 can be calculated as: 

 𝑙𝑛𝛾1 = −𝑙𝑛(𝑥1 + Λ12𝑥2) − 𝑥2 ( Λ12𝑥1+Λ12𝑥2 − Λ21Λ21𝑥1+𝑥2) A-13 

Then, the expression to calculate the thermodynamic factor is [181]: 

 Γ = 1 − 𝑥1𝑥1+𝑥2Λ12 + 𝑥1Λ21𝑥2+𝑥1Λ21 − 𝑥1𝑥2 [ Λ12(1−Λ12)(𝑥1+𝑥2Λ12)2 + Λ21(1−Λ21)(𝑥2+𝑥1Λ21)2] A-14 

In this thesis, Λ12 and Λ21 were used as adjustable parameters. The temperature 

dependency of these parameters can be modeled as [182]: 

 Λ12 = exp (𝑎12 + 𝑏12𝑇 )              Λ21 = exp (𝑎21 + 𝑏21𝑇 ) A-15 

So, when Wilson model was used to fit experimental VLE data, there were 4 

adjustable parameters, 𝑎12, 𝑎21, 𝑏12, and 𝑏21. The regressed parameters for this 

model and the ARD from VLE data are listed in Table A-2. Figure A-2 shows the 

experimental vapor pressure and the calculated by the Wilson model at different 

mole fractions. 

Table A-1. Wilson model parameters. 

Parameter 𝒂𝟏𝟐 𝒂𝟐𝟏 𝒃𝟏𝟐 𝒃𝟐𝟏 ARD/ % 

Value 2.722 -2.301 -5.643E+02 9.849E+02 3.19 

 

 

Figure A-2. Vapor pressure at different mole fractions for mixture H2O + 

[EtOHmim][BF4]. Symbols: experimental data. Lines: calculations by the Wilson model. 
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Annex B: Best-fit parameters of the models and correlations 

used to estimate the mass diffusivity in the binary mixture 

of H2O + [EtOHmimBF4] 

 
Table A-3. Best-fit parameters for cluster diffusion model with binary parameters from 

VLE data. 
Parameter NRTL Wilson 

c -4.943e-02 -4.798e-01 𝒏 2.000e+00 1.999+00 𝜷 2.345e-01 7.264e-01 𝒓𝟎 8.533-09 7.862e-09 

Y -3.146+02 6.262e+01 

 

Table A-4. Best-fit parameters for MGC model with binary parameters from VLE data. 

Parameter NRTL Wilson 

D* 1.176e-08 1.898e+02 𝜶 3.885e-01 1.372e+01 𝜷 -6.925e-01 -1.659e+00 

a 1.130e+00 -1.262e+01 

b 2.222e+00 -8.524e-01 

c 1.388e+00 -2.751-01 

d -8.188e-02 -2.833e-01 

 

Table A-5. Best-fit parameters for Vignes correlation with binary parameters regressed 
from diffusion data. 

NRTL Wilson 
Parameter Value Parameter Value 𝜶𝟏𝟐 1.954e+00 𝑎12 -1.573e+02 𝝉𝟏𝟐(𝟎) -6.327e+00 𝑎21 -2.152e-01 𝝉𝟏𝟐(𝟏) -2.263e+00 𝑏12 -1.813e+07 𝝉𝟐𝟏(𝟎) 1.927e+03 𝑏21 -8.145e-05 𝝉𝟐𝟏(𝟏) 9.835e+02   

 

Table A-6. Best-fit parameters for UNIDIF model. 

Parameter Value 
a12 6.983e-01 
a21 3.245e+00 

UNIVERSITAT ROVIRA I VIRGILI 
THEORETICAL AND EXPERIMENTAL STUDY OF THE ABSORPTION PROCESS OF AMMONIA IN IONIC LIQUIDS FOR ABSORPTION 
REFRIGERATION SYSTEMS 
Ronny Rives Sanz 



Annexes 

 

Ronny Rives Sanz, Doctoral Thesis, Universitat Rovira i Virgili, 2020 7 

Table A-7. Best-fit parameters for cluster diffusion model with binary parameters from 
diffusion data. 

NRTL Wilson 

Parameter Value Parameter Value 

c 7.817e-02 c -3.367e-02 𝒏 1.992e+00 𝑛 1.410+00 𝜷 1.429e+00 𝛽 5.434e-01 𝒓𝟎 2.175e-11 𝑟0 1.311e-10 

Y -2.551e+03 Y 9.917e+00 𝜶𝟏𝟐 8.921e+00 𝑎12 -5.014e+00 𝝉𝟏𝟐(𝟎) 2.759e-03 𝑏12 8.663e+02 𝝉𝟏𝟐(𝟏) -1.065e-01 𝑎21 -7.978e+00 𝝉𝟐𝟏(𝟎) 6.880e+01 𝑏21 5.591e+02 𝝉𝟐𝟏(𝟏) -1.375e+01   

 

Table A-8. Best-fit parameters for MGC model with binary parameters from diffusion 
data. 

NRTL Wilson 

Parameter Value Parameter Value 

D* 5.183e-11 D* 4.315e-09 𝜶 4.813e-01 𝛼 8.803e-01 𝜷 -3.212e+00 𝛽 -8.353e+01 

a 7.362e+00 a -6.140e+00 

b -1.662e+00 b 7.152e+00 

c 1.136e+00 c 9.252e-01 

d 5.147e-01 d -4.623e-01 𝜶𝟏𝟐 1.276e-01 𝑎12 2.213e+00 𝝉𝟏𝟐(𝟎) -5.732e+00 𝑎21 -2.013e+00 𝝉𝟏𝟐(𝟏) 4.327e+02 𝑏12 -8.202e+02 𝝉𝟐𝟏(𝟎) 4.356e+00 𝑏21 4.505e+02 𝝉𝟐𝟏(𝟏) -2.962e+03   
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Annex C: Optical phase extraction from the interferograms and 
unwrapping procedure 

C.1 Optical phase extraction from the interferograms 

The obtained interferograms are essentially digital images with the measured 

light intensity in each pixel. The measured intensity distribution can be expressed 

as: 

 𝑖(𝑥, 𝑧) =  𝑖0(𝑥, 𝑧) + 𝑚(𝑥, 𝑧) · 𝑐𝑜𝑠 [2u0x + 𝛥𝜑(𝑥, 𝑧)] A-16 

where 𝑖0(𝑥, 𝑧) represents the background variation and 𝑚(𝑥, 𝑧) is related to the 

local contrast of the pattern. 2u0x is the linear phase introduced by the tilted 

mirror, u0  is related with the spatial frequency of the fringes and 𝛥𝜑(𝑥, 𝑧) is the 

remaining optical phase difference between the interferometer arms. Now the 

fringe-pattern formula, Eq. A-17, can be written as one term around the zero 

frequency and two terms around the frequency u0: 

 𝑖(𝑥, 𝑧) =  𝑖0(𝑥, 𝑧) +  exp[j2u0x] . 𝑐(𝑥, 𝑧) +   exp[−j2u0x] . 𝑐∗(𝑥, 𝑧) A-17 

where: 

 𝑐(𝑥, 𝑧) = 12 𝑚(𝑥, 𝑧) · exp[j𝛥𝜑(𝑥, 𝑧)]   A-18 

with 𝑗 = √−1 and * denoting the complex conjugate. The terms of interest in Eq. 

A-18 are 𝑐(𝑥, 𝑧) and 𝑐∗(𝑥, 𝑧), which contain the optical phase difference term. 

Now, Eq. A-18 needs to be Fourier transformed, which gives: 

 𝐼(𝑢, v) =  𝐼0(𝑢, v) + 𝐶(𝑢, v) ∗ δ(𝑢 − u0) +  𝐶∗(−𝑢, −v) ∗ δ(𝑢 + u0) A-18 

were ∗ represents the convolution operator, and the term C is the Fourier 

transform of 𝑐(𝑥, 𝑧). C and C* are placed symmetrically to the origin at frequencies ±u0 respectively. These terms contain equivalent information about the optical 

phase difference. Therefore, the next step is to filter out either one of the two 

spectra. Applying a Gaussian filter centered at −u0, all frequencies except those 

that belong to C*, can be filtered out. Then, C* is shifted to the zero frequency 

and the inverse Fourier transform is applied, and, consequently, the term 𝑐∗(𝑥, z), 

defined in Eq. A-18 is obtained. Finally, the optical phase difference between the 

interferometer arms (without the linear phase introduced by the mirror) is 

calculated from 𝑐∗(𝑥, z) as: 
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 ∆𝜑(𝑥, 𝑧) = 𝑎𝑟𝑐𝑡𝑎𝑛 {𝐼𝑚[𝑐∗(𝑥,𝑧)]𝑅𝑒[𝑐∗(𝑥,𝑧)]} A-19 

where 𝐼𝑚[𝑐∗(𝑥, 𝑧)] and 𝑅𝑒[𝑐∗(𝑥, 𝑧)] denote the real part and the imaginary part, 

respectively. 

The optical phase map calculated from Eq. A-19 is wrapped in the range [-π, π]. 

A typical wrapped phase map, and the corresponding wrapped phase profile on 

a line located at the center of the phase map can be appreciated in Figure A-3. 

Two different regions can be distinguished in Figure A-3 a). A region characterized 

by phase lines and another where no pattern is observed. This last region 

corresponds to the vapor-liquid interface and the vapor phase. To determine the 

mutual diffusion coefficient, our main interest relies on physical phenomena 

taking place in the liquid bulk. Therefore, the subsequent analysis focuses on this 

region. In the liquid bulk, it is also possible to differentiate two areas. An area 

where the phase lines are closer to each other (just below the vapor-liquid 

interface) and another area located at the bottom of the phase map, where the 

phase lines are further apart. Near the vapor-liquid interface, the proximity of the 

phase lines implies a higher refractive index gradient than in the lower area. In 

this last area, the delay imposed by diffusive mass transport causes separation 

of the phase lines. Figure A-3 b) shows the wrapped phase profile over a line (red 

line in Figure A-3 a)) located at the center of the phase map. As expected, the 

optical phase difference shows a discontinuous profile, wrapped between -π and 

π. Also, it is possible to observe, the jump of the optical phase in the vapor-liquid 

interface. This profile shows more clearly the two areas described within the liquid 

bulk. 

Next, we need to separate from the others, the contribution of the concentration 

to the variation of the refractive index of the liquid phase during the absorption 

process. For this, the wrapped phase of the reference interferogram is subtracted 

from the wrapped phase map of subsequent interferograms. Here, the reference 

interferogram was taken as the last image recorded just before the start of the 

absorption process. Then, the optical phase of subsequent interferograms 

includes contributions to the variation of the refractive index due to changes not 

only in concentration but also in temperature and pressure. To determine the 

mass diffusivity, we need to isolate the concentration contribution to the optical 
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phase shift from the other contributions. The influence of these contributions in 

the determination of the mass diffusivity will be considered in Appendix D. 

  

Figure A-3. Typical wrapped phase: a) Wrapped phase map; b) and the corresponding 

profile in the central line (red line) of the phase map. 

C.2 Phase unwrapping 

Two-dimensional phase unwrapping could be a demanding task, especially for 

noisy fringe images, for which sophisticated unwrapping techniques are required 

[65]. In our case, 2-D phase maps have typically good quality, thus, an approach 

based on the method described by Kreis [183] was adopted. The unwrapping 

procedure starts from the selected reference pixel. The phase of this pixel is 

compared with a neighboring pixel. If the magnitude of the difference between 

the two neighboring pixels is less than π, the optical phase remains unchanged. 

If the difference between two pixels is less than -π, then, 2π is added to the 

wrapped phase; otherwise, if the difference is more than π, 2π is subtracted from 

the wrapped phase at that pixel [162]. Each pixel was compared with a previously 

validated one in the x and z-directions, and this iterative procedure can be 

expressed as follows: 𝑘(𝑥𝑚/2, 𝑧1) = 0 

 𝑘(𝑥𝑗 , 𝑧1) =  { 𝑘(𝑥𝑗−1, 𝑧1)      𝑖𝑓  |∆𝜑(𝑥𝑗 , 𝑧1) − ∆𝜑(𝑥𝑗−1, 𝑧1)| < 𝜋𝑘(𝑥𝑗−1, 𝑧1) + 1    𝑖𝑓    ∆𝜑(𝑥𝑗 , 𝑧1) − ∆φ(𝑥𝑗−1, 𝑧1) ≤  −𝜋  𝑘(𝑥𝑗−1, 𝑧1) − 1    𝑖𝑓    ∆φ(𝑥𝑗 , 𝑧1) − ∆𝜑(𝑥𝑗−1, 𝑧1) ≥  𝜋  C-1 
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where 𝑗 = 𝑚2 , 𝑚2 + 1, … , 𝑚   𝑎𝑛𝑑   𝑚2 , 𝑚2 − 1, … ,2 

 𝑘(𝑥𝑗 , 𝑧𝑖) =  { 𝑘(𝑥𝑗 , 𝑧𝑖−1)      𝑖𝑓  |∆𝜑(𝑥𝑗 , 𝑧𝑖) − ∆𝜑(𝑥𝑗 , 𝑧𝑖−1)| < 𝜋𝑘(𝑥𝑗 , 𝑧𝑖−1) + 1    𝑖𝑓    ∆𝜑(𝑥𝑗 , 𝑧𝑖) − ∆𝜑(𝑥𝑗 , 𝑧𝑖−1) ≤  −𝜋  𝑘(𝑥𝑗 , 𝑧𝑖−1) − 1    𝑖𝑓    ∆𝜑(𝑥𝑗 , 𝑧𝑖) − ∆𝜑(𝑥𝑗 , 𝑧𝑖−1) ≥  𝜋  C-2 

where 𝑖 = 2,3, … 𝑙 
 ∆𝜑𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 = ∆𝜑(𝑥𝑗 , 𝑧𝑖) + 2𝜋𝑘(𝑥𝑗 , 𝑧𝑖)                 𝑖. 𝑗 = 1,2, … C-3 

here, i and j are coordinate index of pixels in z (vertical) and x (horizontal) 

directions, respectively, and m and 𝑙 are number of pixels in x and z direction, 

respectively.  
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Annex D: Influence of thermal, pressure, and other effects on the 
refractive index variations 

In this annex, the influence of thermal, pressure, and other effects in the refractive 

index variations is discussed. At a given wavelength, λ, the refractive index 

variation includes contributions from temperature, 𝛥𝑇(𝑧, 𝑡), pressure, 𝛥𝑃(𝑧, 𝑡), 

and concentration, 𝛥𝐶(𝑧, 𝑡), variations [184]: 

 ∆n(z, t) = (𝜕𝑛𝜕𝑇)𝑃0,𝐶0,𝜆 𝛥𝑇(𝑧, 𝑡) + (𝜕𝑛𝜕𝑃)𝑇0,𝐶0,𝜆 𝛥𝑃(𝑧, 𝑡) + (𝜕𝑛𝜕𝐶)𝑇0,𝑃0,𝜆 𝛥𝐶(𝑧, 𝑡) A-20 

where 𝑇0, 𝑃0 and 𝐶0 are the temperature, pressure, concentration of the absorbent 

liquid at reference time, 𝑡𝑟𝑒𝑓, and the derivative terms (called optical contrast 

factors) represent the variation of the refractive index with these variables, 

respectively. 

Based on the above relation, the validity of the proposed methodology for the 

determination of the ammonia concentration profiles in the absorbent is verified. 

D.1 Thermal effects on the refractive index variations 

The absorption process of ammonia vapor in the studied absorbent liquids is 

slightly exothermic. As temperature variations can induce refractive index 

variations, the absorption thermal effects should be considered and analyzed. 

The thermal behavior of the mixtures studied during the absorption process was 

discussed in Chapter II. However, for the sake of analyzing its influence in the 

refractive index fields, it is briefly addressed again here. For this purpose, Figure 

A-4 shows the temperature evolution in the absorption cell during the absorption 

process of ammonia vapor in the ionic liquid [emim][BF4] at 303.15 K. After 

opening the valve to allow ammonia vapor and ionic liquid to come into contact, 

the temperature in the absorption cell increases rapidly. The temperature rise is 

determined by the heat of absorption, which includes the latent heat of 

condensation of ammonia and the heat of dissolution. In this case, the 

temperature increase is small compared to the temperature increase in the other 

absorbent liquids studied. As the absorption process progresses, the temperature 

rise decreases rapidly. After half an hour, the temperature remains fairly stable, 

with slight variations until the end of the experiment at 15 hours. These small 

variations (lower than 0.5 K) are due to the limited capacity of our thermal control 

system. Therefore, the effects of these variations on the refractive index must be 
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considered in the uncertainty analysis. In summary, we can conclude that the 

thermal effects on the refractive index fields are significant at the beginning of the 

absorption process and become negligible after a short time. 

 
Figure A-4. Temperature behavior in the absorption cell during the absorption process 

of ammonia vapor in [emim][BF4] at 303.15 K. 

D.2 Pressure effects on the refractive index variations 

It is well-known that pressure variations can also induce refractive index 

variations [184]. The pressure dependence of the refractive index has been 

reported for some gaseous systems [185]. Moreover, there are available 

correlations for the calculation of refractive index of gases that consider the 

contribution of pressure, such as the Edlén formula and its modifications for the 

refractive index of air [186]. However, there is very scarce data about the 

pressure dependence of the refractive in liquid mixtures [187,188]. Unfortunately, 

most of the data reported on this issue are at very high pressures. At high 

pressures, the molecular structure of liquids approaches its densest form, which 

differs from the structure of the liquid at normal atmospheric pressure or near it 

[189]. 

In general, the relationship between the refractive index and other thermophysical 

properties of a liquid system is established through density, using correlations 

such as Lorentz-Lorenz [184]. Therefore, if the relationship between density and 

pressure is well-known (for example, an appropriate equation of state for the 

studied mixture), the dependence of the refractive index on pressure could be 
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quantified. However, no universal relationship provides satisfactory results for all 

mixtures. Especially in strongly non-ideal liquid mixtures, such as those 

containing ionic liquids, estimates of the refractive index using different 

relationships such as that of Lorentz-Lorenz, yield results quite far from reality. 

In this thesis, the system pressure during the absorption process is always less 

than atmospheric pressure. At or near atmospheric pressure, generally in the 

estimation of the density of liquids (and, therefore, on the refractive index) only 

temperature dependence is considered, and pressure dependence is neglected. 

D.3 Influence of other effects on the refractive index variations 

In addition to the influence of temperature and pressure, other unwanted effects 

may cause variations in the refractive index of the ammonia/absorbent liquid 

mixture. We have used a Mach-Zehnder interferometer, which is a very sensitive 

technique to any sort of errors. An exhaustive analysis, including geometrical, 

instrumental, and environmental errors, regarding the use of a Mach-Zehnder 

interferometer to determine refractive index variations, can be found in the work 

of Rahman and Saghir [190]. Here, it is discussed only errors peculiar to our 

experimental set-up and procedure. 

An important source of error in experiments performed with water as absorbent 

liquid could be the evaporation of water. Water evaporation would lead to a 

temperature decrease due to the latent heat, inducing small refractive variations 

at the interface and an increase of the water density [67]. Water evaporation is 

subjected to the existing temperature and pressure conditions in the absorption 

cell. As discussed above, temperature and pressure of the absorption system 

remains virtually unchanged after a certain time from the beginning of the 

absorption process. In the case of experiments with water, temperature and 

pressure quickly attained approximately constant values. The amount of water in 

vapor phase after 15 hours from the beginning of the absorption process was 

small for all the experiments (water mass fraction in vapor phase was always less 

than 8%). Therefore, it is considered that the thermal effects due to water 

evaporation does not significantly influence the refractive index fields. Moreover, 

in the literature has been reported that the evaporation of water can induce 

surface tension gradients along the water surface that ultimately lead to a surface 

driven flow, known as Marangoni convection [191]. Marangoni convection in the 
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NH3/H2O absorption process with/without heat transfer additives has been 

studied using holographic interferometry by Kang and Kashiwagi [192]. The 

authors observed Marangoni convection near the vapor-liquid interface only in 

the cases with heat transfer additive. In perfect compliance with the above, here, 

no convection was visualized in any of the experiments performed with water as 

absorbent.  

In vapor-liquid absorption experiments, a critical issue in diffusion measurements 

is to avoid the appearance of convection currents in the liquid phase. If the 

ammonia/absorbent liquid mixture is denser than the absorbent liquid itself, the 

system is unstable, and density-driven natural convection will be set up after a 

short time of contact. The onset of natural convection flows in the absorption 

process of CO2 in aqueous and oleic systems have been visualized using a 

schlieren technique by Khosrokhavar et al. [193]. However, the absorption 

process of NH3 in the absorbent liquids studied always leads to a decrease in the 

density of the liquid phase. Therefore, density-driven natural convection does not 

occur in any of the absorption experiments performed. It is important to notice 

that this is not the general case and the possible appearance of convective 

currents should be investigated for each particular fluid pairs. 

Other source of error in the absorption experiments could be the temperature 

drop caused by the expansion of the ammonia vapor (Joule-Thompson effects). 

To investigate if these effects can significantly disturb the refractive index fields 

a preliminary test experiment was performed. The pressure drop due to ammonia 

vapor expansion was recorded after the valve was opened using an initially dry 

evacuated absorption cell. The temperature and pressure drops were found to be 

less than 0.5 K and 10% of the initial pressure in the cylindrical tank, respectively. 

Moreover, Joule-Thompson effects have the greatest influence for time intervals 

that immediately follow the opening of the inlet valve of the absorption cell to start 

the measurements. Therefore, these effects are negligible for the time interval 

used in determining the diffusion coefficient. 
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