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Summary 

Light olefins such as ethylene and propylene are key chemical building 

blocks that play an essential role in many chemical syntheses and 

industrial processes. Currently there are several technologies available 

for light olefin production. However, regardless of the olefin 

manufacturing route, the obtained product is always a gaseous stream 

mixture of olefins and paraffins that must be separated in further steps. 

This separation, which represents one of the most important but also 

the most challenging processes in the chemical industry usually relies 

upon energy intensive distillation-based technologies. The large capital 

investment required as well as the high energy cost associated to the 

conventional distillation process provides the incentive for ongoing 

olefin/paraffin separation technology research. Therefore the 

development of a more sustainable separation process is becoming 

increasingly important. Although in last years several technologies 

including extractive distillation, adsorption, absorption and membrane 

processes have been proposed, none of them has met the requirements 

to achieve their real application.  

 

In this thesis, novel membrane-based separations have been considered 

as promising alternatives to intensify the conventional separation 

process in a modular, compact, robust and safe way. Moreover, the use 

of ionic liquids as more efficient reaction media has been evaluated. 

Room Temperature Ionic liquids (RTILs) are organic salts with melting 

points below 373 K. They usually consist on bulky and asymmetric 

organic cations combined with a wide range of anions. The use of room 

temperature ionic liquids has been considered because in addition to 

their lack of volatility that facilitates their use in gas separations without 

solvent losses or gas stream pollution, they are termed as “designer 

solvents” as their properties can be tuned by properly selecting the 

cation and anion moieties.  

http://en.wikipedia.org/wiki/Cations
http://en.wikipedia.org/wiki/Anion
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This work comprises the selection of the most suitable ionic liquid-silver 

salt system to carry out the separation process and evaluates the 

separation performance of different membrane technologies including 

membrane contactors, supported ionic liquid membranes (SILMs) and 

polymer/ionic liquid composite membranes. 

First, a brief overview of the current light olefin industry and its 

increasing importance in the modern society is discussed, emphasizing 

the challenges in the propane/propylene separation.  

The first step of this work was the selection of the best Ag+-RTIL reaction 

medium for the separation of propane/propylene mixtures. Absorption 

equilibrium isotherms of propane and propylene in 7 ILs with different 

structures were obtained at temperatures between 288 and 308 K, silver 

concentrations in the range 0-1 M and pressures up to 7 bar. Based on 

the experimental gas solubility measurements Henry’s constants, 

standard solvation enthalpies, equilibrium constants and enthalpies of 

complexation are reported. Afterwards, a screening using the COSMO-

RS methodology was applied to select the most effective ionic liquid-

silver salt combination to carry out the separation of olefin/paraffin gas 

mixtures. 

Having defined the ionic liquid-silver salt system, the implementation of 

the separation process in gas-liquid membrane contactors was 

addressed. First, the use of different types of fibers both, polymeric 

(PVDF and PTFE) and ceramic with different structures (symmetric and 

asymmetric) has been studied. Then two different commercial 

membrane contactors, a parallel flow membrane contactor with tubular 

configuration and a hollow fiber transverse flow membrane contactor 

have been evaluated. Furthermore, a mathematical model that 

satisfactorily predicts the obtained experimental results has been 

developed. 

Last, novel facilitated transport membranes such as supported ionic 

liquid membranes (SILMs) and polymer/ionic liquid composite 
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membranes have been considered. In this part of the thesis the 

preparation method of the membranes as well as the effect of the 

membrane composition on the separation of propane/propylene gas 

mixtures are described. The separation performance of these 

membranes under different operational conditions, temperatures from 

293 to 323 K and transmembrane pressures up to 5 bar,  has been 

evaluated in terms of membrane stability, flux of gases across the 

membrane, membrane permeability and separation selectivity. Finally, 

the performance of these novel facilitated transport membranes was 

compared to a conventional distillation unit in order to gain insight 

about the feasibility of the industrial implementation of this type of 

membrane technology. 
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Resumen 

Las olefinas ligeras como el etileno y el propileno son importantes 

precursores químicos que juegan un papel esencial en muchas síntesis 

químicas y procesos industriales. Actualmente hay varias tecnologías 

disponibles para la producción de olefinas ligeras. Sin embargo, 

independientemente de la ruta de fabricación, el producto obtenido es 

siempre una corriente gaseosa mezcla de olefinas y parafinas que deben 

ser separadas en etapas posteriores. Esta separación, que representa 

uno de los más procesos importantes y a la vez más difíciles de la 

industria química se realiza por lo general mediante tecnologías de 

destilación altamente intensivas en energía. La gran inversión de capital 

requerida así como el elevado coste energético asociado  al proceso de 

destilación convencional proporciona un incentivo para la investigación 

de nuevas tecnologías de separación de mezclas olefina/parafina. Por lo 

tanto, el desarrollo de un proceso de separación más sostenible es cada 

vez más importante. Aunque en los últimos años se han propuesto una 

gran variedad de tecnologías alternativas incluyendo la destilación 

extractiva, adsorción, absorción y procesos de membrana, ninguno de 

ellos ha cumplido con los requisitos necesarios para lograr su aplicación 

real. 

 

En esta tesis se proponen nuevos procesos de separación asistidos con 

membranas como alternativas prometedoras para intensificar el proceso 

de separación convencional de una forma modular, compacta, robusta y 

segura. Por otra parte, se ha evaluado el uso de líquidos iónicos como 

medio de reacción más eficaz. Los líquidos iónicos a temperatura 

ambiente (RTILs) son sales orgánicas con puntos de fusión por debajo de 

373 K. Por lo general, consisten en cationes orgánicos asimétricos de 

gran tamaño combinados con una amplia gama de aniones. El uso de 

líquidos iónicos a temperatura ambiente se ha considerado ya que 
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además de su volatilidad prácticamente despreciable que facilita su uso 

en separaciones de gases  sin pérdidas de disolvente o  contaminación 

de la corriente de gaseosa, son designados como "disolventes de 

diseño" ya que sus propiedades se pueden modificar mediante la 

selección adecuada del catión y el anión que lo forman.  

 

Este trabajo comprende la selección del sistema líquido iónico-sal de 

plata más adecuado para llevar a cabo el proceso de separación y evalúa 

el rendimiento de la separación de diferentes tecnologías de membrana, 

incluyendo contactores de membrana, membranas de líquido iónico 

soportadas (SILMs) y membranas compuestas polímero/líquido iónico. 

En primer lugar se da una visión global de la industria de las olefinas 

ligeras en la actualidad y su creciente importancia en la sociedad 

moderna, haciendo hincapié en la problemática de la separación de 

mezclas propano/propileno. 

La primera etapa de este trabajo fue la selección del medio de reacción 

Ag+-RTIL más adecuado para llevar a cabo la separación de mezclas de 

propano/propileno. Las isotermas de absorción de propano y propileno 

en 7 ILs con diferentes estructuras fueron obtenidas a temperaturas 

entre 288 y 308 K, para diferentes concentraciones de plata en el rango 

0-1 M y presiones de hasta 7 bar. En base a los resultados 

experimentales obtenidos se determinaron los parámetros 

característicos como las constantes de Henry, las entalpías de 

solvatación estándar, las constantes de equilibrio y las entalpías de 

complejación. Posteriormente se realizó un barrido empleando la 

metodología COSMO-RS para seleccionar el sistema de líquido iónico-sal 

de plata más eficaz para llevar a cabo la separación de mezclas gaseosas 

olefina/parafina. 

Definido el sistema de líquido iónico-sal de plata, se abordó la 

implementación del proceso de separación en contactores de 

membrana gas-líquido. En primer lugar, se realizó un estudio del uso de 

diferentes tipos de fibras tanto poliméricas (PVDF y PTFE) como 

cerámicas con diferentes estructuras (simétrica y asimétrica). A 
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continuación, se evaluaron dos contactores de membrana comerciales 

diferentes, un contactor de membrana tubular de flujo paralelo y un 

contactor de flujo transversal con configuración de fibras huecas. Por 

otra parte, se desarrolló un modelo matemático capaz de predecir 

satisfactoriamente los resultados experimentales obtenidos. 

Por último, se desarrollaron nuevas membranas de transporte facilitado, 

como membranas de líquido iónico soportadas (SILMs) y membranas 

compuestas de polímero/líquido iónico. En este apartado, se describe  el 

método de preparación de las membranas, así como el efecto de la 

composición de la membrana en la separación de mezclas gaseosas 

propano/propileno. Además, se ha evaluado la capacidad de separación 

de estas membranas bajo diferentes condiciones  

de operación, temperaturas entre 293 y 323 K, y presiones 

transmembrana de hasta 5 bar, en términos de estabilidad de la 

membrana, flujo de los gases a través de la misma, permeabilidad de la 

membrana y selectividad del proceso de separación. Por último, el 

rendimiento de estas nuevas membranas de transporte facilitado se 

comparó con una unidad de destilación convencional con el fin de 

avanzar en la viabilidad de la aplicación de este tipo de tecnología de 

membranas a nivel industrial. 
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Introduction 

 

Abstract 

This thesis proposes innovative alternatives to the separation of 

olefin/paraffin gas mixtures based on the selective and reversible olefin-

silver(I) reaction, using room temperature ionic liquids as favorable 

reaction medium and different membrane technologies including 

membrane contactors, supported liquid membranes and polymer/ionic 

liquid composite membranes. This preface chapter introduces an 

overview of the light olefins world market, current separation 

technologies and the drawbacks associated to the actual technical 

approaches. The olefin π-complexation mechanism is described and the 

main features of the ionic liquids are presented. Finally, the scope and 

outline of the thesis are summarized. 
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1.1. Light olefins industry 

Light olefins such as ethylene and propylene are very important to 

petrochemical industries because they are used as main building blocks 

for many essential chemicals and products for industrial and domestic 

applications. Ethylene and propylene represent by far the largest output 

among all the petrochemical products. Thus, in 2010 the global market 

was estimated in 123.3 million metric tons for ethylene and 74.9 million 

metric tons for propylene. Moreover during the current decade it is 

expected a forecast to growth at an average of 3.5 % and 4.3 % per year 

respectively [1].  This growth is driven by the creation of new geographic 

and fast growth end-use markets mainly located in developing countries. 

Therefore in the last decade the world market of light olefins has been 

shifted from developed countries to fast emerging economies in Asia, 

especially in Middle East and China (figure 1.1) [2,3]. 

 

 
 

Figure 1.1. Evolution of the ethylene and propylene world equivalent 

trade in million metric tons. 
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Propylene is traded commercially in three grades: polymer grade  

(min. 99.5 % purity), chemical grade (90-95 % purity) and refinery grade  

(50-70 % purity). The main uses of refinery grade propylene are in 

liquefied petroleum gas (LPG) for thermal use or as an octane-enhancing 

component in motor gasoline. However the most significant market for 

refinery grade propylene is the conversion to chemical grade for use in 

the production of acrylonitrile, oxo-alcohols and propylene oxide while 

the main use of the polymer grade is the production of polypropylene 

[4]. In recent years the rising prices of light olefins are also driving 

downstream portfolio changes as many large producers increasingly 

focus on higher value derivatives, the production of polyolefins remain 

by far the largest derivative well accountings for more than half of the 

world light olefin consumption (figure 1.2) [5]. 

 

Figure 1.2. Distribution of ethylene and propylene consumption by 

derivatives in 2010 [6]. 

 

Commonly, most of the propylene consumed in the world was produced 

as a by-product of ethylene and gasoline in steam cracking and Fluidized 

Catalytic Cracking (FCC) in refineries respectively. However, currently 

steam crackers are shifting to lighter and cheaper feedstocks which 

together with the flat gasoline demand growth in some regions have 

tightened the propylene supplies. Thus, this by-product propylene 

production cannot satisfy the foreseeable future growth in the demand 

yielding a gap in the supply and demand of propylene. Consequently on-

purpose propylene production technologies are becoming increasingly 
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important in order to meet the growth projections. Indeed it is expected 

that on-purpose propylene technologies will supply 20% of global 

propylene by 2020 (figure 1.3).  

 

Figure 1.3. Propylene (chemical grade) supply and demand between 

2000 and 2020 [7]. 

 

Currently the on-purpose propylene production technologies available 

are high severity FCC, propane dehydrogenation, olefin conversion by 

metathesis and methanol to olefins (MTO) [8]. The common feature of 

most of these technologies is that they are either based on longer chain 

molecules or olefinic feed stock, originally depending on natural gas or 

crude oil. In addition as the dehydrogenation of propane requires low 

cost source of propane, it is understood that this technology will be 

limited to the Middle East region only [9]. However, the propylene 

supply dependency on natural hydrocarbons is being broken up as 

olefins can be also produced from methanol capturing the carbon from 

coal or even from renewable resources like biomass [10]. The potential 

routes currently available for producing propylene are shown in figure 

1.4 [11]. 

0 

20 

40 

60 

80 

100 

120 
2

0
0

0
 

2
0

0
1

 

2
0

0
2

 

2
0

0
3

 

2
0

0
4

 

2
0

0
5

 

2
0

0
6

 

2
0

0
7

 

2
0

0
8

 

2
0

0
9

 

2
0

1
0

 

2
0

1
1

 

2
0

1
2

 

2
0

1
3

 

2
0

1
4

 

2
0

1
5

 

2
0

1
6

 

2
0

1
7

 

2
0

1
8

 

2
0

1
9

 

2
0

2
0

 

V
o

lu
m

e 
(M

ill
io

n
 t

o
n

n
es

) 

Year 



Introduction 
__________________________________________________________________________________________________________________________________ 

 

5 
 

 

Figure 1.4. Different routes for propylene production from different 

feedstocks (adapted from [8]). 

 

However, regardless of the propylene manufacturing route, the 

obtained product is always a propylene/propane mixture. Due to the 

difference in the applications and also in the prices between propane 

and propylene these mixtures must be separated in further steps. 
 

1.2. Propane/propylene separation 

The separation of olefins from paraffins is a task of primary importance 

in the petrochemical industry. Traditionally this separation is being 

performed by distillation in a single or double column with 150-200 

trays. The columns usually operate at high pressures (16-26 bar) and 

room temperature or moderate pressures and low temperatures  

(183-233 K) working at high reflux ratios between 12 and 20. Therefore 

the process not only requires high capital investment, but also it is one 

of the most highly energy demanding processes in the petrochemical 

industry [12]. In fact, it was estimated that 0.12 Quads of energy  

(1 Quad = 1015 BTU) were used yearly only for olefin/paraffin distillation 

[13]. Thus, the conventional separation process certainly holds an 

enormous potential for capital and energy cost savings which provide an 

incentive to develop new separation technologies for olefin/paraffin 

separation. 

Coal
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Table 1.1. Propane and propylene physico-chemical properties [14]. 

 

In the last few years several technologies have been surveyed including 

extractive distillation, adsorption, absorption and membrane processes. 

However, this separation is very difficult due to the similarities in 

physicochemical properties between olefins and their corresponding 

paraffins [15,16]. Extractive distillation requires the addition of a high-

boiling polar compound which should dissolve the alkene facilitating the 

separation of the gas mixture [17]. However, the thermodynamic 

characteristics of the solvent had a major impact on the process 

economics and in most cases it was concluded that extractive distillation 

offers no advantage over traditional distillation [18]. Conventional 

   

Compound propane propylene 

Molecular formula C3H8 C3H6 

CAS number 74-98-6 115-07-1 

Molecular weight (g·mol-1) 44.09 42.08 

Melting point (K) 85.45 87.85 

Liquid density (kg·m-3) 
(1 bar at boiling point) 582 613.9 

Normal boiling point (K) 231.05 225.35 

Vapor pressure (bar) 
(293 K) 

8.7 10.3 

Critical temperature (K) 369.75 364.15 

Critical pressure (bar) 42.5 46.1 

Gas density (kg·m-3) 
(1 bar at boiling point) 

2.423 2.365 

Compressibility factor 
(1 bar and 288 K) 

0.982 0.984 

Specific gravity (air = 1) 
(1 bar and 293 K) 

1.55 1.48 

Solubility in water   
  (mol·kg-1·barr1) 

(298 K) 
0.0015 0.0048 
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physical and chemical adsorption on zeolites and molecular sieves has 

been extensively investigated. Although, high product purities can be 

achieved adsorption systems suffer from low olefin loadings and 

complicated regeneration cycles [19-26]. Absorption processes either 

physical or chemical hold a great potential for cost and energy saving. 

Despite of suffering from instability carrier issues in some cases, reactive 

absorption has been found to be more suitable due to its higher olefin 

capacity as well as separation selectivity [27-31]. In this sense 

membrane contactors have been considered to implement gas-liquid 

absorption processes in a modular, small, robust and safe way avoiding 

the disadvantages associated to direct compact equipments like spray 

towers or packed columns such as emulsion formation, flooding, 

unloading, or foaming [32-37]. In gas-liquid membrane contactors, the 

membrane offers no selectivity, it acts as a physical barrier between 

both phases allowing mass transfer between gas and liquid without 

dispersing one phase into the other with a large contacting surface area 

[38]. On the other hand, the use of membranes that play an active role 

in the olefin/paraffin separation has been also evaluated. The separation 

mechanism is based either on selective physicochemical interactions 

between olefin and the membrane material, in molecular sieving effects 

or in a combination of both. These membrane technologies can be 

categorized into three main groups: polymeric, inorganic, and facilitated 

transport membranes. Literature shows that various polymers can 

potentially be used in the development of selective membranes for 

separating olefin/paraffin gas mixtures. However the tradeoff between 

permeability and selectivity is one of the biggest issues that must be 

faced by pure polymer membranes and greatly limits their further 

application [39-44]. Inorganic membranes such as carbon molecular 

sieves (CMS) and zeolites-based membranes have been also investigated 

[45-51]. Despite their higher tolerance to harsh environments, their 

typical poor mechanical resistance, combined with their expensive and 

complex preparation methods have limited their use in large-scale 

application. Thus alternative approaches using facilitated transport 

membranes (either in solid and liquid state) which provide high olefin 
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permeabilities as well as high separation selectivities are being explored 

[52-60]. 

 

1.3. Olefin π-complexation mechanism 

The reactive absorption of olefins with transition metal cations in 

aqueous solutions has been extensively studied in literature [28,61-66]. 

The metal salts commonly used are selected from heavy metal ions such 

as Cu(I), Ag(I), Au(I), Ni(II), Pt(II) and Pd(II). Although the use of copper 

salts has been explored due to their low price [67], silver salts are 

particularly preferred since they have been proved to be the most 

effective [68]. The interaction is based on the formation of electron 

donor/acceptor complexes via π-complexation mechanism. The σ 

component of the bond results from overlapping of the vacant 

outermost s atomic orbital of the metal with the full π (bonding) 

molecular orbital of the olefin.  The π component of the bond is formed 

by a backdonation of electrons from the d orbitals of the metal to the 

olefin’s empty π antibonding (π*) orbital [16]. 

 

 

Figure 1.5. Dewar-Chatt model of π-bond Complexation (adapted from 

[16]).  
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The main advantage of chemical complexation of olefins with transition 

metal cations is that in contrast to distillation, which uses an energy 

separating agent, separations based upon reversible chemical 

complexation utilize a mass separating agent that potentially leads to 

more cost-effective processes and smaller equipments [64]. In addition 

the formed bonds are stronger than those due to Van der Waals forces 

alone. So it is possible to achieve high selectivity and high capacity for 

the component to be bounded and at the same time the bonds are still 

weak enough to be broken by temperature or pressure swings in an 

economically acceptable manner (figure 1.6). 

 

 

 
 

Figure 1.6. Bond energies of the different interactions (adapted from 

[64]). 

 

1.4. Room temperature ionic liquids (RTILs) 

Room Temperature Ionic liquids (RTILs) are organic salts with melting 

points below 373 K. In contrast to conventional ionic solutions were the 
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dissolved ions are solvated by the molecules of the solvent, ionic liquids 

are composed entirely by ions (figure 1.7). 

 
Figure 1.7. Schematic definition of ionic liquids and comparison with 

conventional ionic solutions. 

 

 

They usually consist on bulky and asymmetric organic cations such as 

imidazolium, pyridinium, pyrrolidinium, ammonium and phosphonium 

combined with a wide range of anions that range from simple halides or 

small inorganic anions such as tetrafluoroborate and 

hexafluorophosphate to large organic anions like triflate or bis-

trifluoromethylsulphonylimide. The radical groups of the cation are 

variable, although they typically are alkyl chains they can be also any of a 

wide variety of other functional groups. RTILs are compounds that 

present negligible vapor pressure, nonflammability, high thermal 

stability and chemical stability, wide liquid range, and solvating 

properties for diverse kinds of materials. Moreover, the variability of the 

anion, cation as well as the radical groups in the cation may be used to 

adjust the properties of the ionic liquids. Therefore, the possibility arises 

to optimize the ionic liquid for a specific application by stepwise tuning 

the relevant solvent properties. For this reason ionic liquids have been 

referred to as ‘‘designer solvents”. Currently, there are more than 103 

different ionic liquids available, but it has been demonstrated that there 

is at least 106 simple ionic liquids which can be synthesized in the 

laboratory. There will be 1012 binary combinations of these and 1018 

http://en.wikipedia.org/wiki/Cations
http://en.wikipedia.org/wiki/Ammonium
http://en.wikipedia.org/wiki/Anion
http://en.wikipedia.org/wiki/Halide
http://en.wikipedia.org/wiki/Tetrafluoroborate
http://en.wikipedia.org/wiki/Hexafluorophosphate
http://en.wikipedia.org/wiki/Triflate
http://en.wikipedia.org/wiki/Bistriflimide
http://en.wikipedia.org/wiki/Bistriflimide
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ternary systems possible [69-72]. These remarkable properties make 

RTILs potential substitutes for organic solvents as separating agents and 

liquid media for reactions or electrochemical processes [73-81]. In the 

context of this work besides their lack of volatility that facilitates their 

role in gas separations without solvent losses or gas stream pollution, 

ionic liquids present stronger affinity for the olefinic compounds 

compared to saturated hydrocarbons and provide stability to the metal 

cation dissolved or suspended inside. Thus ionic liquids present unique 

properties as potential solvents to carry out the separation of 

olefin/paraffin gas mixtures [82-90]. 

  

1.5. Thesis scope and outline 

This study focuses on the development of an alternative separation 

process of propane/propylene gas mixtures using ionic liquids and 

membrane technology. The work covers the selection of the most 

suitable ionic liquid to carry out the separation process and describe the 

separation performance of different membrane technologies including 

membrane contactors, supported ionic liquid membranes (SILMs) and 

polymer/ionic liquid composite membranes. 

Chapter 2 reports and describes the selection procedure of the most 

suitable ionic liquid and silver salt to accomplish the separation process. 

Experimental propane and propylene solubility into 7 ionic liquids with 

different structures, containing different concentrations of silver salt as 

a function of temperature and pressure are reported. Based on the 

experimental gas solubility measurements Henry’s constants, standard 

solvation enthalpies, C3H8/C3H6 absorption selectivity, equilibrium 

constants and enthalpies of reaction with Ag+ are reported. Moreover a 

screening of RTILs for propane/propylene separation using the COSMO-

RS methodology has been performed. 

Chapter 3 aims at the implementation of the separation process in gas-

liquid membrane contactors. The system was characterized in terms of 
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mass transfer performance. First of all a comparative analysis of 

different types of fibers including PVDF, PTFE and ceramic fibers with 

symmetric and asymmetric structure has been carried out. Afterwards 

two different contactors have been studied: a parallel flow membrane 

contactor with tubular configuration and a transverse flow membrane 

contactor with hollow fiber configuration. Furthermore the reactive 

absorption process has been described with a mathematical model 

based on the resistances in series approach. 

Chapter 4 deals with the development of facilitated transport 

membranes such as supported ionic liquid membranes (SILMs) and 

polymer/ionic liquid composite membranes to carry out the separation 

process. In this part the preparation method of the membranes as well 

as their separation performance under different operational conditions 

are presented. 

Finally, Chapter 5 collects the general conclusions of this thesis and an 

overview of the challenges and prospects for future research. 
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Screening of ionic liquids 

                            

                 

Abstract 

The solubility of propane and propylene in 7 ionic liquids, EMImBF4, 

HMImBF4, OMImBF4, BMImNO3, BMImTf2N, MOOONTf2N and 

BMMMNTf2N is evaluated in this chapter. The equilibrium isotherms of 

both pure gases were measured in the pure ionic liquids and in presence 

of a silver salt containing the same anion than the ionic liquid in a range 

of concentration of 0-1 M at temperatures between 288 and 308 K and 

pressures ranging from 0 to 7 bar. Henry’s law constants values for 

physical solubility as well as the characteristic parameters for chemical 

solubility such as chemical equilibrium constants and enthalpies of the 

chemical reactions between silver cations and propylene are reported. 

Afterwards the predictive capability of COSMO-RS methodology was 

evaluated through a comparison of estimated values with the 

experimental solubility data. Finally the COSMO-RS approach was 

applied to do a screening of 696 RTILs and select the most suitable ionic 

liquid-silver salt for C3H6/C3H8 separation.    
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2.1. Introduction 

 

The most common absorption solvents for selective separation of olefin 

from paraffin mixtures usually consist of aqueous solutions of a 

transition metal salt [1-3]. However, in a high polar solvent the affinity 

for the gas olefin is low and the high solvation degree is equivalent to a 

reduced availability of the metal cation to react with the olefin [4-8]. 

Also, the high degree of solvation is associated to higher metal cation 

instability. Moreover the water content of the treated stream must be 

removed, particularly if the olefin is sent to a polyolefin plant that 

requires olefin streams of high purity, which finally entails a negative 

impact in the energy and economic balance of the global process  

[1-3,9,10]. Therefore some authors have proposed the use of RTILs 

containing silver ions as reaction media in the separation process of 

olefins from paraffins [11-19]. ILs can be used to control the interaction 

between the silver cation (Ag+) and its counteranion (X-) in an IL/silver 

salt system, with the result that the silver cation becomes chemically 

more active in forming silver–olefin complexes  and therefore the olefin 

capacity and selectivity can be synergetically enhanced [20,21]. The 

selection of the IL is basically affected by the solubility of the olefin. 

Camper et al. [22] reported the Henry’s law constants of a group of 

hydrocarbons in BMImPF6, BMImBF4, EMImTf2N, EMImCF3SO3 and 

EMImDca at 315 K.  Mokrushin et al. [23] studied the use of several RTILs 

as entrainers in propene-propane separation. Munson et al. [11] tested 

the separation of n-butene/butane by ionic liquids containing a silver 

salt. Galán et al. [21,24] presented the effects of different cations and 

anions in Ag+-based ILs on the absorption of ethane and ethylene. Ortiz 

et al. [16,25-27] evaluated the solubility of propane and propylene in 

BMImBF4 and BMPyBF4 containing a silver salt. They reported the 

physicochemical characteristics of the reactive system, including 

thermodynamic and kinetic data of the complexation reaction between 

propylene and silver cations in the ionic liquids BMImBF4 and BMPyBF4 

showing an improvement of the solvent capacity of ionic liquids 

compared to conventional aqueous solutions in terms of olefin uptake 
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as well as separation selectivity. This thesis corresponds to the 

continuation of the previous work done in a previous thesis by Ortiz [27]. 

 

Despite the number of publications on gas solubility in ionic liquids is 

steeply growing, the huge amount of ionic liquids that can be 

synthesized suggests the need of a tool to estimate the equilibrium 

solubility of a gas in different ionic liquids. Several methods have been 

reported to predict the thermodynamic behavior of different 

compounds in ionic liquids, ranging from molecular dynamics (MD) using 

atomistic force fields, over quantitative structure–property relationship 

(QSPR) models, to classical thermodynamic models such as NRTL, 

UNIQUAC or UNIFAC [28-32]. The main drawback is that most of the 

parameters of these models must be determined from a large amount of 

experimental data that are not available for the vast majority of ionic 

liquids [33]. On the contrary, the quantum chemistry based of the 

“conductor-like screening model for real solvents” (COSMO-RS) method 

has a small and general parameter set that does not need to be adjusted 

to specific ILs and therefore it can be applied in a predictive way to the 

full range of ILs. The COSMO-RS calculations are based on a unique 

combination of a quantum chemical treatment of solutes and solvents 

with an efficient statistical thermodynamics procedure for the molecular 

surface interactions which finally enables the efficient calculation of 

many properties that other methods can barely predict. Thus, in this 

sense COSMO-RS approach is a unique a priori computational tool which 

can be applied to predict the equilibrium solubility of a gas in a given 

ionic liquid based on the structural information of the compounds [34-

38]. 

 

The main objective of this chapter is to develop a predictive procedure 

to select the optimum set of ionic liquids and silver salt to carry out the 

separation of olefin/paraffin gas mixtures by reactive absorption. For 

this purpose the gas-liquid equilibrium behavior of propane and 

propylene into 7 ionic liquids with different structures at pressures 

between 0 and 7 bar, temperatures in the range 288-308 K and silver 

concentrations from 0 to 1 M has been characterized. Afterwards the 



Chapter 2 
__________________________________________________________________________________________________________________________________ 

 

26 
 

COSMO-RS methodology has been validated and applied to predict the 

physical solubility and thermodynamic selectivity of propane and 

propylene in different ionic liquids. A computational screening of 696 

ionic liquids was carried out, considering different structures by varying 

the types of anions and cations and also the number and length of 

radical substituents of the cation. In addition, a qualitative study of the 

solubility of 8 commercially available silver salts into ionic liquids that 

contain the same anion was performed in order to select the most 

suitable silver salt.  

 
 

2.2. Experimental methods 

2.2.1. Materials 

Propylene and propane gas were purchased from Praxair with a 

minimum purity of 99.5 %. The ionic liquids selected in this work were  

1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF4) (CAS number 

143314-16-3), 1-hexyl-3-methylimidazolium tetrafluoroborate 

(HMImBF4) (CAS number 244193-50-8), 1-octyl-3-methylimidazolium 

tetrafluoroborate (OMImBF4) (CAS number 244193-52-0),  

3-methylimidazolium nitrate (BMImNO3) (CAS number 179075-88-8), 

1-buthyl-3-methylimidazolium bis-(trifluoromethylsulphonylimide) 

(BMImTf2N) (CAS number 174899-83-3), methyltrioctylammonium 

bis(trifluoromethylsulphonylimide) (MOOONTf2N) (CAS number 375395-

33-8) and  butyltrimethylammonium bis(trifluoromethylsulphonylimide) 

(BMMMN Tf2N) (CAS number 258273-75-5) supplied by Iolitec, with a 

minimum purity of 99 % and residual halide content less than 500 ppm. 

The silver salts used in this work are silver tetrafluoroborate (CAS 

number 14104-20-2) of 99 % purity purchased from Apollo Scientific 

Ltd., silver nitrate (CAS number 7761-88-8) of 99 % purity and silver 

bis(trifluoromethylsulphonylimide) prepared in our lab from the  

reaction between silver oxide (CAS number  20667-12-3) and 

bis(trifluoromethylsulphonylimide) (CAS number 82113-65-3) supplied 

by Sigma Aldrich. 

http://www.sigmaaldrich.com/catalog/search?term=82113-65-3&interface=CAS%20No.&lang=es&region=ES&focus=product
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The 7 different ILs studied in this chapter were selected to evaluate the 

effect of the different structures, including different types of cations, 

anions and number and length of alkyl substituents, in the propane and 

propylene solubility. The chemical structures of the 7 ionic liquids used 

in this work (and two previously reported by our research group) are 

collected in table 2.1. 

 

Table 2.1. Chemical structures of the ionic liquids studied in this work 

Chemical name Abbreviation Structure 

1-ethyl-3-methylimidazolium 

tetrafluoroborate 
EMImBF4 

 

1-butyl-3-methylimidazolium 

tetrafluoroborate 
BMImBF4 

 

1-hexyl-3-methylimidazolium 

tetrafluoroborate 
HMImBF4 

 

1-octyl-3-methylimidazolium 

tetrafluoroborate 
OMImBF4 

 

1-butyl-3-methylimidazolium 

nitrate 
BMImNO3 

 

1-buthyl-3-methylimidazolium 

bis(trifluoromethylsulphonylimide) 
BMImTf2N 

 

1-butyl-3-methylpyridinium 

tetrafluoroborate 
BMPyBF4 

 

methyltrioctylammonium 

bis(trifluoromethylsulphonylimide) 
MOOONTf2N 

 

Butyltrimethylammonium 

bis(trifluoromethylsulphonylimide) 
BMMMNTf2N 
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2.2.2. Synthesis of AgTf2N 

The AgTf2N salt was prepared in our laboratory from the reaction 

between silver oxide and bis-(trifluoromethylsulphonylimide) following a 

synthesis route which is rather similar to earlier literature procedures 

[39,40]. For this preparation route, pure silver oxide (Ag2O) is dissolved 

in an aqueous solution of H[Tf2N] and the reaction takes place under 

stirring at room temperature for 8 hours. Afterwards, the mixture was 

filtered in order to remove possible solid impurities or unreacted Ag2O 

particles and subsequently the Ag[Tf2N] silver salt was isolated as a 

white solid by evaporation under vacuum (P= 1 mbar) at room 

temperature and dark conditions.  

 

2.2.3. Gas solubility measurements 

Gas solubility of C3H8 and C3H6 in the ionic liquids EMImBF4, HMImBF4, 

OMImBF4, BMImNO3, BMImTf2N, MOOONTf2N and BMMMNTf2N was 

determined using an autoclave and the isochoric saturation technique. 

This method calculates the amount of gas absorbed by subtracting the 

amount of gas that is in the vapor phase at the equilibrium from the 

total amount of gas introduced into the system. 

 In order to begin the absorption experiments 15 mL of the silver–ionic 

liquid mixture were added to the autoclave. The temperature of the 

system was controlled by fluid circulation in conjunction with computer 

controlled electric heating with a type K thermocouple (Assy) placed 

inside the lower chamber and automatically maintained within 0.1 K of 

the setpoint. Air was removed by applying vacuum (<2 mbar) to the gas 

cylinder and the stirred tank reactor by a vacuum pump Telstar 2P-3. 

The valve was closed, separating the two chambers. Then a gas sample 

was injected into the gas cylinder (V0= 144 mL) to a desired pressure (p0) 

which was measured by a digital pressure gauge (Omega Engineering 

DPG1000B-30V100G with an accuracy of ± 0.017 bar).  Afterwards, the 

stirrer was turned on (1500 rpm) and the gas was introduced into the 

autoclave. The pressure of the system changed with time as the gas was 
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being absorbed into the liquid phase. The pressure and temperature 

readings were recorded over time until the pressure remained contant 

for 10 minutes. The autoclave pressure was measured with a pressure 

transducer (Hirsschmann12B-GDM0-25 bar with an accuracy of 

± 0.001 bar). The final pressure (pf) and the final volume 

(Vf= 195 mL), which is equal to the sum of the gas cylinder (144 mL) and 

the reactor (66 mL) minus the volume occupied by the liquid (15 mL) 

inside the reactor, were used to calculate the total amount of gas 

absorbed into the ionic liquid. Once the final equilibrium conditions 

were recorded, the stirrer was stopped, and the solution was 

regenerated by stirring under vaccum (<2 mbar) for a subsequent 

absorption experiment. Figure 2.1 shows a schematic diagram of the 

experimental set up. 

 

Figure 2.1. Experimental set up for gas solubility measurements. 

1-Gas bottles, 2-Two-way valves, 3-Gas cylinder, 4-Pressure gauge, 

5-Stirred tank reactor, 6-Three-way valve, 7-Control box, 8-Liquid trap, 

9-Vacuometer, 10-Vacuum pump. 

 

Gas solubilities were obtained for the pure ionic liquids at different 

pressures between 0 and 7 bar and temperatures ranging from 288 to 
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318 K. Furthermore, the effect of the addition of a suitable silver salt 

(with the same anion as the ionic liquid) in the range 0-1 M on the 

solubility of both gases has been analyzed and the reaction parameters 

(equilibrium constants and enthalpies of reaction) between the silver 

cations and propylene were determined. 

Each experiment was performed twice and the experimental error was 

determined. The weighted standard deviation, defined by eq. 2.1 was 

calculated leading to values of σEXP< 0.02 concluding that the 

experiments were replicable. 

 

σ    
   

         
 

    
 

 

 
   

   
               (2.1) 

 

For the gas solubility calculation the following assumptions were 

undertaken: 

i. The absorption liquid was non-volatile at the absorption conditions. 
 

ii. The amount of initial gas absorbed in the ionic liquid is negligible. 
 

iii. No volume change of the liquid was observed. 
 

iv. Ideal gas behavior is observed. 
 

The total moles of gas introduced into the system are: 
 

   
     

                                                          (2.2) 

 

The mass of gas present in the pure gas phase at equilibrium is: 
 

   
     

                          (2.3) 
 

Then the gas solubility in the ionic liquid is: 
 

   
       

   
                (2.4) 
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where Ci (mol·L-1) is the gas solubility in the ionic liquid, p0 (bar) and pf 

(bar) are the initial gas pressure and the gas pressure at the equilibrium 

respectively, T (K) is the temperature of the system and R  

(bar·L· mol-1· K-1) is the universal gas constant. 

 

2.2.4. Computational details 

This study was performed in collaboration with the Departamento de 

Química Física Aplicada of the Universidad Autónoma de Madrid. The 

COSMO-RS calculations were carried out following a multistep 

procedure. First, the software Gaussian03 was used for the quantum-

chemical calculation to generate the COSMO files for each of the studied 

compounds [41]. For this purpose, the molecular geometries of the 

gaseous solutes and the ILs were optimized at the B3LYP/6-31++G** 

computational level, while the molecular geometries of the silver salts 

were optimized at the B3LYP/DGDZVP computational level. The 

optimization of the molecular geometry of every compound was 

performed considering a gas phase environment. In each case, 

vibrational frequency calculations were checked to confirm the presence 

of an energy minimum state. Two different molecular models, [C+A] and 

[CA], were used to simulate IL solvents in COSMO-RS calculations, that 

consider the ionic liquid as independent counterions, [C+A], and ion-

paired structures, [CA], respectively. To perform the molecular model of 

independent counterions in COSMO-RS calculations, ILs were treated as 

equimolar mixtures of cations and anions. The COSMO files include the 

ideal screening charges on the molecular surface of each species, 

calculated by the COSMO continuum solvation model using theory level 

BVP86/TZVP/DGA1. Subsequently, COSMO files were used as an input in 

the COSMOthermX [42] code to calculate the Henry’s law constant of 

propane and propylene and excess enthalpies of silver cations in 

different ILs. Henry’s law constants were estimated attending to the 

expression: 

 

  
                      (2.5) 
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where  is the activity coefficient of the propane or propene solute in 

the IL at infinite dilution and pi is the vapor pressure of pure propane or 

propene (MPa) at the studied temperature. According to this chosen 

quantum method, the functional, and the basis set, we used the 

corresponding parametrization (BP_TZVP_C21_0111) that is required for 

the calculation of physicochemical data and contains intrinsic 

parameters of COSMOtherm, as well as specific parameters. The errors 

in the Henry’s constants of both hydrocarbons in the different ionic 

liquids calculated using the implemented COSMO-RS approach against 

experimental data previously obtained were determined by calculating 

the mean prediction error (MPE) and the standard deviation (eqs. 2.6 

and 2.7): 
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               (2.7) 

 

where n is the total number of data used, HCOSMO-RS is the Henry’s 

constant of propane or propylene obtained by COSMO-RS and HEXP is the 

corresponding value experimentally determined. 

 

2.3. Results and discussion 

2.3.1. Physical solubility in RTILs 

To further examine the role of physical solubility in the absorption 

equilibrium curves, silver-free ionic liquids were used as absorption 

media. In previous works carried out by our research group it was 

observed that the equilibrium curves for propylene and propane 

generated with the silver-free ionic liquids showed an ideal Henry’s law 

behavior in the studied range of pressures [16]. Furthermore, solubility 
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data showed that RTILs showed higher affinity for propylene than for 

propane. As representative, Figure 2.2 shows solubility values obtained 

in this work using pure EMImBF4 as absorbing liquid. Results obtained 

with this ionic liquid follow the general observed trend, where the gas 

solubility increases with pressure (linearly), decreases with temperature 

and propylene is slightly more soluble than propane. 
 
 

Figure 2.2. Physical solubility of C3H8 and C3H6 in EMImBF4. 

 

The Henry's law is defined by the following equation: 
 

 

   
  

  
                (2.8) 

 

where Hi is the Henry’s law constant in mol·L-1·bar-1, Ci is the 

concentration of the gas in the liquid phase in mol·L-1 and pi is the gas 

partial pressure in bar. The Henry’s law constants for both gases at 

different temperatures are collected in table 2.2. In this table we include 

some data previously published by our research group [25] to facilitate 

the analysis and comparison. 
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Table 2.2. Henry’s constants (mol·L-1·bar-1) of C3H8 and C3H6 in the ionic 

liquids under study at different temperatures. 

 

T = 288 K T = 298 K T = 308 K 

 C3H8 C3H6 C3H8 C3H6 C3H8 C3H6 

EMImBF4 0.032 0.064 0.020 0.049 0.013 0.036 

BMImBF4 [25] 0.045 0.103 0.028 0.069 0.011 0.055 

HMImBF4 0.090 0.155 0.064 0.125 0.048 0.088 

OMImBF4 0.104 0.167 0.085 0.125 0.070 0.096 

BMImNO3 0.045 0.077 0.028 0.063 0.022 0.042 

BMImTf2N 0.108 0.146 0.074 0.094 0.056 0.074 

BMPyBF4 [25] 0.047 0.103 0.034 0.079 0.024 0.064 

MOOONTf2N 0.329 0.329 0.224 0.239 0.156 0.169 

BMMMNTf2N 0.103 0.169 0.070 0.129 0.054 0.092 
 

It is observed that in the 9 ionic liquids and for both gases the gas 

solubility decreases with increasing the temperature of the system. This 

dependence with temperature can be described using an Arrhenius type 

equation (eq. 2.9) [43]. 

 

        
      

                 (2.9) 

 

where H is the Henry’s constant at a given temperature (mol·L-1·bar-1), 

H0 is the pre-exponential factor, ΔHsol is the solvation enthalpy (kJ·mol-1), 

R is the gas constant (kJ·mol-1·K-1) and T is the temperature (K). 

Therefore, the logarithm of the H values of propylene and propane were 

plotted against the reciprocal of the temperature (figure 2.3), showing a 

linear relationship. From this linearization, parameters that characterize 

the solubility such as the pre-exponential factor (H0) and the standard 

solvation enthalpy for every IL were obtained (table 2.3). 
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Figure 2.3. (A) C3H8 and (B) C3H6 Henry’s constants as a function of the 

temperature.  

Table 2.3. Solubility parameters of C3H8 and C3H6 in pure ionic liquids. 

  
C3H8 C3H6 

  
H0  

(mol·L-1·bar-1) 
ΔHsol 

(kJ·mol-1) 
H0 

(mol·L-1·bar-1) 
ΔHsol 

(kJ·mol-1) 

EMImBF4 5.75·10-8 -31.6 8.52·10-6 -21.4 

BMImBF4 [25] 1.84·10-7 -29.5 4.28·10-6 -24.1 

HMImBF4 5.51·10-6 -23.2 2.79·10-5 -20.7 

OMImBF4 2.59·10-4 -14.3 3.14·10-5 -20.5 

BMImNO3 1.16·10-5 -21.6 2.88·10-6 -24.5 

BMImTf2N 4.14·10-6 -24.3 4.21·10-6 -25.0 

BMPyBF4 [25] 1.52·10-6 -24.8 6.14·10-5 -17.8 

MOOONTf2N 3.52·10-6 -27.4 1.19·10-5 -24.5 

BMMMNTf2N 3.93·10-6 -24.3 1.49·10-5 -22.4 
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2.3.2. Gas solubility in Ag+-RTILs media 

In order to improve the absorption capacity for propylene and the 

thermodynamic selectivity, silver cations as complexation agent were 

added to the ionic liquid and the effect of temperature, silver 

concentration and pressure in the separation performance were 

analyzed. In π-complexation systems, although in most cases only 

complexes with a 1:1 silver–olefin stoichiometry are formed in 

significant amounts, under certain conditions (high silver loading, high 

propylene partial pressure, and low temperature), complexes with 

different stoichiometries like the secondary complex with 1:2 silver–

olefin stoichiometry can exist. The reversible formation of 

organometallic complexes of olefin-silver in the reactive phase proceeds 

according to reactions 2.a and 2.b [8,44]. 
 

 

        
     
                         (2.a) 

 

              

     
                         (2.b) 

 

The isotherms of propylene solubility with the silver reactive media 

exhibited nonlinear profiles with pressure as shown in figure 2.4 for the 

case of EMImBF4-AgBF4 mixtures. As previously expected, the data 

showed positive influences of both, the gas pressure as well as the silver 

concentration on the solubility of propylene. However, for the system 

BMImNO3-AgNO3 the propylene solubility showed a linear dependence 

with pressure, providing the same solubility values as the pure 

BMImNO3. This fact indicates that the system containing NO3
- resulted 

ineffective to carry out the reactive absorption of propylene, which is in 

good agreement with the results obtained by Galán et al. [24] for 

ethylene absorption. 
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Figure 2.4. Equilibrium isotherms of C3H8 and C3H6 at 298K in EMImBF4. 

(markers) experimental; (lines) calculated. 

 

However, the solubility of propylene increases with decreasing the 

temperature, showing that the absorption of propylene is an exothermic 

process which can be enhanced at low temperatures (figure 2.5). The 

equilibrium constants (KEq,1 and KEq,2) for the complexation reactions  

depend on temperature and can be described by the Van’t Hoff 

equation [45]. 
 

 
      

      
  

   

 
             (2.10) 

 

where     is the equilibrium constant in L·mol-1, T is the temperature 

(K),     is the enthalpy of reaction (kJ·mol-1) and R is the gas constant 

(kJ·mol-1·K-1). 
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Figure 2.5. Equilibrium isotherms of C3H6 in EMImBF4 with 1 M AgBF4 

(markers) experimental; (lines) calculated. 

In order to successfully describe the absorption process an equilibrium 

model based on the formation of two organometallic complexes 

between silver cations and propylene was proposed [16]. The unknown 

parameters such as the enthalpies of reactions (ΔHr,1 and ΔHr,2) as well 

as the equilibrium constants at 298 K (KEq,1 (298 K), KEq,2 (298 K)) were 

estimated using the experimental data series and the parameter 

estimation tool of the software Aspen Custom Modeler. A comparison 

was made between simulated and experimental values (as 

representative, see figures 2.4 and 2.5). The weighted standard 

deviation between experimental and simulated values of the reactive 

gas absorption was calculated as σ< 0.03. The accuracy of the simulation 

is presented in the parity graph shown in figure 2.6 where predicted 

concentration values (Csim) are plotted versus experimental data (Cexp) 

obtained under the conditions studied in this work. All the results of Csim 

fall within the interval Cexp ± 10 % Cexp, showing a good agreement 

between experimental and simulated results. 
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Figure 2.6. Parity graph of propylene for simulated and experimental 

equilibrium values. 

 

The values of the estimated model parameters are shown in table 2.4. 

 

Table 2.4. Complexation enthalpies and equilibrium constants at 298 K. 

 

KEq,1 (298K) 

(L·mol-1) 

KEq,2(298K) 

(L·mol-1) 

ΔHr,1 

(kJ·mol-1) 

ΔHr,2 

(kJ·mol-1) 

EMImBF4 398 5.71 -16.1 -18.2 

BMImBF4 [25] 338 4.90 -13.1 -40.8 

HMImBF4 48.2 0.50 -64.8 -149 

OMImBF4 49.3 0.70 -80.1 -64.4 

BMImTf2N 130 5.90 -18.4 -47.5 

BMPyBF4 [25] 166 26.3 -21.3 -51.6 

BMMMNTf2N 27.8 7.50 -29.4 -38.9 
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With the equilibrium constants of the systems based on the BMIm 

cation shown in table 2.4 it is possible to assess the effect of the anion in 

the separation performance. As previously discussed, the system based 

on the NO3
- anion did not offer any enhancement when adding the silver 

salt to the IL. On the other hand, although the system based on the Tf2N
- 

anion showed an important increase in the solubility of propylene in 

presence of the silver salt AgTf2N, the ionic liquid BMImBF4 combined 

with AgBF4
- provided the best results in terms of propylene capacity and 

thermodynamic selectivity (eq. 2.11). 

            

 
     

 

     
   

 
     

     
  

                         (2.11) 

Figure 2.7. Effect of pressure on the thermodynamic selectivity with 

[Ag+]= 1 M and 298 K. 

Figure 2.7 shows the effect of pressure on the thermodynamic 

selectivity. The selectivity reached the highest value at the lowest gas 

partial pressure because the physical solubility effects were dominated 

by the chemical complexation effects. On the contrary, at partial 

pressures above 3 bar, the selectivity starts to level out because under 
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these conditions the silver sites are becoming saturated. As it can be 

seen in figure 2.7, for the ionic liquids containing the same anion 

(EMImBF4, BMImBF4, HMImBF4 and OMImBF4) the selectivity increases 

when the length of the alkyl substituents in the cation decreases. This is 

because shorter alkyl chains provide lower physical solubility of both 

gases, and therefore the separation process is dominated by the effect 

of the chemical reaction. Therefore, based upon the experimental 

results, ionic liquids based on imidazolium cations with less and shorter 

alkyl substituents improve the selective separation of these mixtures. 

Regarding the structure of the anion it was gathered that ionic liquids 

with BF4
- anion, combined with the AgBF4 silver salt provided the best 

results in terms of olefin capacity and selectivity. 

 

2.3.3. Optimization of COSMO-RS approach to predict   

the C3H8 and C3H6 solubility in c liquids 

It was experimentally observed that the solubility of propane and 

propylene in different silver-free ionic liquids exhibited an ideal 

behavior. Hence the physical solubility of the individual gas component 

at moderate pressures can be described by the Henry’s law. In this 

section the Henry’s law is used in the form described by COSMO-RS 

(eq. 2.12). 

  
  

  

  
              (2.12) 

where Hi’ is the Henry’s constant, pi is the partial pressure of the gas in 

MPa and xi is the molar fraction of the gas in the ionic liquid. 

Thus, assuming an ideal behavior of these mixtures the equilibrium 

selectivity (αi/j) can be determined as the ratio between the Henry’s 

constant of each gas in the ionic liquid (eq. 2.13). 

α 
  
 

  
 

  
               (2.13) 
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In order to evaluate the capability of COSMO-RS to predict the Henry’s 

law constants of propane and propylene in the considered ionic liquids, 

the Henry’s constants predicted by COSMO-RS were compared against a 

set of experimental data previously obtained. The comparison included 

values of the Henry’s constants of both propane and propylene in 

different ionic liquids varying the nature of the cation, the alkyl chain 

length of the cation and the anion at temperatures in the range of 278-

318 K (figures 2.8 A and 2.8 B). The linear regressions obtained between 

experimental and computed H data (eqs. 2.14 and 2.15) suggest the 

capability of the COSMO-RS approach to predict qualitatively the trend 

of the Henry’s constants of propane and propylene in ionic liquids. 

However in order to calculate the solubility of both hydrocarbons in 

different ionic liquids more accurately the computational method was 

improved by calibrating against a limited set of experimental data 

(figures 2.8 A and 2.8 B). 

 

 

 

Figure 2.8. Comparison between experimental and predicted C3H8 and 

C3H6 Henry’s constants in different ionic liquids at temperatures 

between 278 and 318 K by standard COSMO-RS using A) [C+A] approach 

and B) [CA] approach. 
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Figures 2.8 A and 2.8 B show that although the COSMO-RS approach is 

suitable to predict general trends in the solubility of propane and 

propylene in ionic liquids it is not accurate enough to predict 

quantitative values of the Henry’s constants. Moreover, in the 

comparison between experimental and calculated data the slopes of the 

linear regression fittings for both methods, [CA] (eqs. 2.14 and 2.15) and 

[C+A] (eqs. 2.16 and 2.17) show a systematic underestimation of the 

Henry’s constants of both gases.  

 

         
                          

                (2.14) 

         
                          

               (2.15) 

         
                           

               (2.16) 

         
                           

               (2.17) 

 

This difference between calculated and experimental data was corrected 

using the linear fittings shown in eqs. 2.14 to 2.17, and therefore an 

optimization of the methodology was carried out providing an enhanced 

tool for the estimation of the propane and propylene solubility in any 

ionic liquid. The results plotted in figures 2.9 A and 2.9 B show that 

although the optimized [C+A] model is suitable to predict the trend in 

the solubility of propane and propylene in different ionic liquids, the 

[CA] model generally provides higher accuracy in the quantitative 

prediction of H coefficients in ILs (MPE< 22,9 %); thus proving the 

potential of the optimized COSMO-RS methodology developed in this 

work to predict accurately the solubility of propane and propylene in 

different ionic liquids with imidazolium and pyridinium cations.  
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Figure 2.9. Comparison between experimental and predicted C3H8 and 

C3H6 Henry’s constants in different ionic liquids at temperatures 

between 278 and 318 K by optimized COSMO-RS using A) [C+A] 

approach and B) [CA] approach. 

It must be highlighted that the major error source in this study 

corresponds to the Henry’s constant values obtained at higher 

temperatures, near 318 K, where the solubility of both hydrocarbons is 

very low. This is in agreement with the results previously obtained by 

Palomar et al. [37] where they observed that although four different 

COSMO-RS computational approaches were able to provide a qualitative 

description of the solubility-temperature trend of CO2 in the ionic liquid 

HMImTf2N in the 283-343 K temperature range, the COSMO-RS 

methodology was not suitable to carry out a quantitative analysis of the 

CO2 solubility at different temperatures. The obtained results show that 

the [C+A] approach can predict the trend in the solubility of both gases 

into ionic liquids. Moreover, the optimized COSMO-RS methodology 

using the [CA] method predicts experimental results accurately enough 

allowing to carry out a quantitative analysis. Therefore the best way to 

proceed would result from a first screening of a large number of ILs 
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using the [C+A] method in order to select those ILs having better 

performance for olefin/paraffin separation, and afterwards applying the 

[CA] method, that involves more tedious calculations to achieve a higher 

accuracy in the solubility results. The detailed statistical analysis for the 

[C+A] and [CA] models before and after the optimization are compiled in 

table 2.5. 

 

Table 2.5. Statistical results obtained from the comparison of 

experimental and predicted Henry’s law constants of C3H8 and C3H6 in ILs 

at different temperatures using different COSMO-RS computational 

approaches. 

Model Method Gas Slope y-intercept R
2
 σ MPE (%) 

COSMO-RS 

[C+A] 
C3H8 1.01 -2.37 0.66 0.59 47.4 

C3H6 1.43 -0.61 0.85 0.29 23.6 

[CA] 
C3H8 2.31 -6.05 0.90 0.31 24.4 

C3H6 2.37 -1.24 0.93 0.48 45.9 

Optimized 
COSMO-RS 

[C+A] 
C3H8 0.76 2.07 0.66 0.37 30.9 

C3H6 0.93 0.64 0.81 0.25 21.3 

[CA] 
C3H8 0.80 1.60 0.90 0.31 22.9 

C3H6 1.00 0.00 0.93 0.15 11.6 

 

2.3.4. Screening of ionic liquids 

Once the optimized COSMO-RS approach that is useful to evaluate the 

gas solubility of propane and propylene in different ionic liquids has 

been developed, the main objective of this work is to apply this 

methodology as a tool to select the most suitable ionic liquid for the 

selective separation of propane/propylene gas streams.  In order to 

minimize the experimental effort to be performed, a computational 
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screening using COSMO-RS and the [C+A] model was carried out for 696 

ionic liquids based on different cations (imidazolium, pyridinium, 

pyrrolodinium, ammonium and  phosphonium) and anions (BF4
-, PF6

-, 

NO3
-, Tf2N

-, CH3CO2
-, CF3CO2

-, CH3SO3
-, CF3SO3

-). Table 2.6 compiles the 

cation and anion structures of the ionic liquids studied in this work. 

 

Table 2.6. Molecular structures of the cations and anions studied in this 

work. 

 
 

Figures 2.10 and 2.11 show the calculated solubility (as Henry’s 

constant) of propane and propylene respectively in some of the most 

common ionic liquids. In general the solubility of propane and propylene 

follow the same trend according to the changes in the molecular 

structure of the ionic liquid. However, the physical selectivity increases 

as the solubility of both gases decreases (figure 2.12). These results are 

in good agreement with previous results obtained by Palomar et al. [33] 

working with CO2 and N2. These results point to the important role that 

the structure of both, the anion and also the cation moieties of the ionic 

liquid play on the physical solubility of both hydrocarbons as well as on 

the separation selectivity. Generally, anions with more electron donor 

character such as CH3CO2
- or CH3SO3

- present higher solubilities for 

propylene and also for propane but at the same time lower separation 

selectivities. On the other hand, small anions with disperse charge like 

BF4
- or PF6

- result in lower solubilities and higher physical selectivities. 

 



Screening of ionic liquids 
__________________________________________________________________________________________________________________________________ 

 

47 
 

Figure 2.10. Screening of C3H8 solubility in the most common ionic 

liquids at  298 K calculated by optimized COSMO-RS approach. 

 

Figure 2.11. Screening of C3H6 solubility in the most common ionic 

liquids at  298 K calculated by optimized COSMO-RS approach. 
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Figure 2.12. Screening of C3H6/C3H8 selectivity in some of the most 

common ionic liquids at 298 K calculated by optimized COSMO-RS 

approach. 

 

Figures 2.10, 2.11 and 2.12 also highlight the importance of the 

structure of the cation in the physical solubility of both hydrocarbons 

and also in the thermodynamic selectivity. In order to study in more 

depth this influence, further studies were carried out analyzing the 

influence of the nature of the cation, the alkyl chain length and the 

number of substituents in the cation. Figure 2.13 shows the influence of 

the alkyl chain length of the ionic liquid in the range from 1 to 10 carbon 

atoms for the 1-methylimidazolium tetrafluoroborate family. The 

highest solubility of both gases was obtained for the cation with the 

longest alkyl chain (C10) because increasing the number of carbon 

atoms of the aliphatic substituent provides more organic character to 

the ionic liquid, showing more affinity for both hydrocarbons. Once 

more, the selectivity follows the opposite trend, increasing from 0.7 to 

4.5 when the radical chain length was reduced from C10 to C1. 
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Figure 2.13. Effect of the length of the alkyl chain of the ionic liquid 

cation on the solubility of C3H8 and C3H6 and equilibrium selectivity. 

 

Figure 2.14 shows the influence of the number of substituents in the 

cation on the gas solubility. They were analyzed both the solubility of 

propane and propylene as well as the separation selectivity as a function 

of the number of  methyl groups included in the cation structure of the 

1-ethyl imidazolium tetrafluoroborate family (EImBF4). The results show 

that the solubility of propane and propylene slightly decreased when the 

number of methyl groups was reduced from 2 to 1; however the 

solubility was almost 7 times lower for propane and 4.6 times lower for 

propylene when the number of methyl substituents in the cation 

decreased from 1 to 0. At the same time the separation selectivity is 

increased from 2.6 for EMMImBF4 to 5.1 using EImBF4. 
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Figure 2.14. Effect of the number of substituents of the ionic liquid 

cation in the solubility of C3H8 and C3H6 and equilibrium selectivity. 

 

The last variable in the ionic liquid structure under study is the type of 

cation. 5 different types of the most common cations (ammonium, 

pyridinium, pyrrolidinium, imidazolium and phosphonium) were 

analyzed. Figure 2.15 plots the calculated solubility of propane and 

propylene and the separation selectivity as a function of the type of 

cation of the ionic liquid at 298 K with the tetrafluoroborate anion in all 

cases. It shows a strong dependence of the gas solubility and with the 

nature of the cation. The highest solubility is obtained with 

phosphonium-based ionic liquids. This is because commonly 

phosphonium-based ionic liquids have several and long substituents that 

provide high affinity for both hydrocarbons, leading at the same time to 

the lowest separation selectivity (2.3). On the other hand imidazolium, 

pyridinium and pyrrolidinium-based ionic liquids provide similar results, 

with lower gas solubilities and separation selectivity around 3. This 

comparable behavior can be attributed to the similar structure of these 

3 cations. However imidazolium-based ionic liquids generally have the 

lowest viscosities of these three families, leading to a better 

performance in the gas absorption process where the mass transfer in 
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the liquid side is often the controlling step of the process kinetics. On 

the other hand, ionic liquids based on monosubstituted butyl 

ammonium (BN+) cation provide the lowest affinity for both gases due to 

the presence of the polar acidic hydrogen groups linked to nitrogen. This 

results in ILs with a low solubility of non-polar hydrocarbons such as 

C3H6 and C3H8 leading to the highest physical selectivity both gases (5.4) 

for the ionic liquid buthylammonium tetrafluoroborate). However, 

ammonium-based ionic liquids with low number of substituents usually 

remain in solid state at room temperature which limits their application 

in this field. 

Figure 2.15. Effect of the nature of the cation in the solubility of C3H8 

and C3H6 and selectivity. 
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qualitative trend in the solubility of different silver salts. In previous 

works Palomar et al. found that gas-liquid [33,36,37], liquid-liquid [46] 

and solid-liquid [47] equilibrium data for favorable separation processes 

based on IL solvents were associated to a higher exothermicity of the 

mixing process.  This methodology was applied in this case to analyze 

the solubility of different silver salts in ionic liquids containing the same 

anion. Figure 2.16 shows the relationship between the lattice energy of 

8 commercially available silver salts reported in literature [48] and the 

calculated excess enthalpies of the mixture IL-silver salt (HE) for the 

BMIm cation family containing the same anion as the silver salt under 

study. 

 

 

Figure 2.16. Comparison of the lattice energy of 8 commercially 

available silver salts with the excess molar enthalpies of Ag+-ILs mixtures 

at 298 K, calculated by the COSMO-RS/[CA] computational approach. 

 

It can be seen that there exists a relationship between the lattice energy 

and the excess enthalpy of the silver salt-ILs mixture. This trend is in 

good agreement with the previous knowledge about the behavior of 
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easy to dissolve in ILs, for instance in BMImNO3, as in water. On the 

other hand AgBF4, which has the lowest lattice energy, is soluble in 

different ionic liquids containing the BF4
- anion such as BMImBF4 or 

BMPyBF4. COSMO-RS method anticipates that silver salts with PF6
- and 

ClO4
- should also present high solubility in ILs with common anion. 
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2.4. Conclusions 

The selection of the most suitable Ag+-RTIL reaction medium for the 

separation of propane/propylene mixtures by reactive absorption is 

crucial to achieve the optimum separation performance. In this chapter 

equilibrium data of the absorption of propane and propylene gases in 7 

ILs with different structures were obtained and the characteristic 

parameters of the physical and chemical solubility are reported. 

Afterwards a screening using the COSMO-RS methodology was applied 

to select the most effective ionic liquid-silver salt system to carry out the 

separation of olefin/paraffin gas mixtures by reactive absorption. In 

most cases the solubility of propane and propylene follow the same 

trend according to the changes in the structure of the ionic liquid. 

Therefore, since the absorption of olefins can be greatly enhanced by 

the addition of silver cations the most appropriate ionic liquid to 

perform the separation process is the one that shows the lowest 

propane solubility and at the same time is suitable to dissolve a silver 

salt. Concerning the anion selection, smaller symmetric anions such as 

BF4
- provide the lowest solubility of both hydrocarbons and also the 

highest thermodynamic selectivity. Regarding the structure of the 

cation, ionic liquids based on imidazolium, pyridinium and pyrrolidinium 

presented a similar behavior in terms of physical solubility and 

selectivity. However, the use of imidazolium-based ionic liquids is 

preferred since on the whole they have the lowest viscosities of these 

three families, leading to a better performance in gas absorption 

processes where the mass transfer in the liquid side is the controlling 

step. Additionally, the relation between  the excess enthalpy calculations 

and the lattice energy of 8 commercially available silver salts it was 

found that AgBF4 seems to be the most suitable silver salt to be 

dissolved in ionic liquids containing the same anion. Thus, based upon 

these results it can be concluded that the most suitable system to carry 

out the separation of propane/propylene gas mixtures by reactive 

absorption should be based on an ionic liquid with the BF4
- anion and an 

imidazolium-based cation with the less number and shortest alkyl 

groups as possible and silver tetrafluoroborate (AgBF4) as a silver salt. 
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2.5. Nomenclature 

C (mol·L-1)  concentration 

Hi (mol·L-1·bar-1) Henry’s constant 

H’
i (MPa)  Henry’s constant 

H0 (mol·L-1·bar-1) Henry’s law preexponential factor 

ΔHr (kJ·mol-1)  enthalpy of reaction 

ΔHsol (kJ·mol-1)  standard salvation enthalpy 

Keq (L·mol-1)  equilibrium constant 

HE (kJ·mol-1)  excess enthalpy of the mixture 

MPE (%)  mean prediction error  

n (mol)   number of moles  

pi (bar)   gas partial pressure 

R (kJ·mol-1·K-1)  universal gas constant 

T (K)   temperature 

V (L)   volume 

x (-)   molar fraction of a gas into the liquid phase 

Greel symbols 

α (-)   thermodynamic selectivity 

   (-)                   activity coefficient at infinite dilution 

σ (-)   standard deviation 

Superscripts/subscripts 

COSMO -RS  computed results using COMO-RS 

EXP   experimental results 

IL   ionic liquid 
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Ionic liquids 

Cations 

Im    Imidazolium      

Py    Pyridinium      

Pyr    Pyrrolidinium      

N    Ammonium      

P    Phosphonium 

Anions 

BF4
-   Tetrafluoroborate     

PF6
-   Hexafluorophosphate     

NO3
-   Nitrate       

Tf2N
-   Bis-(trifluoromethylsulphonylimide)   

CH3CO2
-   Acetate 

CF3CO2
-   Trifluoroacetate 

CH3SO3
-   Methanesulphonate 

CF3SO3
-   Trifluoromethanesulphonate 

Alkyl chains 

M   Methyl 

Pr   Propyl 

B   Buthyl 

Hx   Hexyl 

O   Octyl 

D   Decyl 

Hexad   Hexadecyl 
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Membrane contactors 
 

 

 

 

Abstract 

The first part of this chapter deals with the comparison in the separation 

performance between the four different membranes of different nature 

(PVDF, PTFE and ceramic membranes with asymmetric and symmetric 

structures). In the second part, the performance of two commercial 

membrane contactors with tubular configuration and different flow 

patterns of the fluid phases, i) parallel flow and ii) transverse flow has 

been evaluated. The improved fluid-dynamics of the transverse flow 

membrane contactor led to an overall mass transfer coefficient 17.6 

times higher than that reported using a parallel flow contactor and a 

process intensification by a factor of 17.4 in terms of mass transfer per 

specific area compared to a conventional stirred tank reactor. Finally, a 

detailed mathematical model that satisfactorily predicts the 

experimental behaviour has been developed.   



Chapter 3 
__________________________________________________________________________________________________________________________________ 

 

64 
 

3.1. Introduction 

Among a number of alternative separation processes for olefin/paraffin 

gas mixtures, reactive absorption using a silver salt solution has been 

considered an attractive alternative to conventional distillation 

processes. A wide range of gas-liquid contactors are commercially 

available: stirred tanks, bubble columns, packed-bed columns, plate 

columns, static or dynamic mixers and membrane equipment. Therefore 

the choice of the best absorption process is difficult, taking into account 

the high number of variables that have to be considered [1,2]. Direct 

compact equipments like spray towers or packed columns present many 

disadvantages such as emulsion formation, flooding, unloading, or 

foaming. In this respect non-dispersive gas-liquid contact offers an 

alternative technology that overcomes these disadvantages providing 

high operational flexibility, large specific area, and the capacity to 

control the gas as well as the liquid flow rates and pressures 

independently. Thus, membrane contactors constitute a unique way to 

accomplish gas-liquid absorption processes in a modular, small, robust 

and safe way. Moreover, membrane gas absorption processes provide 

several economical advantages including low investment costs, low 

pumping power consumption and for their installation no expensive civil 

engineering work is required [3]. Kreulen et al. [4] also found that 

membrane contactors were more advantageous over conventional 

devices such as bubble columns when viscous liquids were used. This is 

because in conventional contactors increasing the viscosity of the fluid 

decreases the interfacial area and the mass transfer coefficient, whereas 

when using membrane contactors the mass transfer coefficient is only 

affected. Usually, the three most common module configurations 

employed are parallel flow, cross flow and transverse flow. Many 

authors [5-10] have reported that the transverse flow module offers 

significant advantages over both, parallel flow and cross flow 

configuration, which finally lead to higher shell side mass transfer 

coefficients. This is because the liquid flowing perpendicular to the fibers 

creates local turbulence increasing the local liquid mass transfer 

coefficient in the shell side. The uniform fiber to fiber distance and the 
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presence of a central baffle also contribute to minimize flow channeling 

in the shell side. Furthermore, the improved fluid-dynamics facilitate 

process scale-up and allow for a more precise performance prediction. 

One of the major issues associated with the use of conventional 

polymeric membrane contactors is the long-term stability of the 

membranes due to wetting or chemical incompatibility with the solvent. 

Barbe et al. [11] observed that polypropylene membranes presented 

changes in their surface morphology after being exposed to water for 72 

h. Kamo et al. [12] reported solvent-induced morphological changes of 

microporous polyethylene hollow fiber membranes as a function of the 

surface tension of solvents. In addition, Rangwala [13] found that the 

membrane mass transfer coefficients for CO2 absorption were much 

lower than those theoretically calculated for completely non-wetted 

pores of polypropylene membranes in aqueous NaOH and DEA 

solutions, indicating that the pores were partially wetted. Thus, the 

appropriate selection of the absorbents and membrane materials for a 

given gas separation process must take into account the possible 

interactions between the membrane and the solvent in the long term, 

since the compatibility of the membranes and the absorbents is a real 

concern in membrane-based processes [14].  

Several authors have studied the used of gas-liquid membrane 

contactors to carry out gas separations. Nymeijer et al. [15] studied the 

separation of ethane/ethylene gas mixtures using a gas-liquid 

membrane contactor with a dense polymer coated on the porous 

support and an aqueous silver nitrate solution as absorbent. Luis et al. 

[16]  reported promising results using membrane contactors and ionic 

liquids to develop a zero solvent emission process to recover SO2. 

Moreover, Ortiz et al. [17] proved the viability of the separation of 

propane/propylene gas mixtures using Ag+-BMImBF4 as reaction medium 

in a parallel flow membrane contactor.  

In this chapter, the performance of different membrane materials 

including PVDF and PTFE polymeric membranes and ceramic membranes 

with symmetric and asymmetric structures has been evaluated. Next, 
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the separation process has been analyzed using two different 

commercial membrane contactors, a parallel flow membrane contactor 

with tubular configuration and a transverse flow membrane contactor 

with hollow fiber configuration. The mass transfer rate has been 

experimentally characterized through the evaluation of the overall mass 

transfer coefficient as a function of the operational conditions, which 

will allow to expand the comparison of the performance of these new 

devices with other contactors. Finally, a mathematical model has been 

developed in order to describe and predict the experimental behaviour. 

 

3.2. Experimental methods 

3.2.1. Materials 

Propylene and propane with 99.5 % purity were purchased from Praxair. 

The RTIL used in this study was 1-butyl-3-methylimidazolium 

tetrafluoroborate (CAS number: 174501-65-6) purchased from Iolitec, 

with a minimum purity of 99 % and residual halide content less than 500 

ppm. Silver tetrafluoroborate (AgBF4) of 99 % purity was supplied by 

Apollo Scientific Ltd. All chemicals were used as received.  

 

Regarding the hollow fibers used in the first part of this chapter, the 

polymeric membranes (PTFE and PVDF) were provided by Jiraratananon 

research group in Thailand. On the other hand, the ceramic hollow fiber 

membranes, both with symmetric and asymmetric structures were 

prepared in the Department of Chemical Engineering and Chemical 

Technology at Imperial College of London.  

 

In the second part of this chapter, the performance of two commercial 

membrane contactors is evaluated. The membrane contactors under 

study are a parallel flow MD020 TP 2N membrane contactor with tubular 

configuration supplied by Enka-Microdyn and a transverse flow 

membrane contactor Liqui-Cel® 2.5 x 8 Extra-flow module 

commercialized by Celgard LLC (Charlotte, USA) equipped with 
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microporous polypropylene hollow fibers Celgard® X50. The main 

characteristics of the membrane modules are collected in table 3.1. 

 

 

Table 3.1. Characteristics of the commercial membrane modules Enka-

Microdyn MD020 TP 2N and Liqui-Cel® 2.5 x 8 Extra-flow. 

 

Enka-Microdyn 

MD020 TP 2N 

Liqui-Cel® 2.5 x 

8 Extra-flow 

Flow pattern Parallel flow Transverse flow 

Inner diameter of the shell (m) 0.02 0.05 

Inner diameter of the fibers (m) 5.5·10-3 220·10-6 

Outer diameter of the fibers (m) 8.6·10-3 300·10-6 

Wall thickness (m) 1.55·10-3 40·10-6 

Nominal pore diameter (m) 0.2·10-6 0.04·10-6 

Porosity (%) 75 40 

Number of hollow fibers 3 10200 

Module length (m) 0.75 0.16 

Effective membrane area (m2) 0.036 1.4 

Packing density 0.55 0.45 

Tortuositya 1.4 1.4 

a Assumed as 1/ε [18] 

 

 

Figure 3.1 shows a schematic view of the structure and flow patterns of 

the two commercial membrane modules studied in this chapter. 
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Figure 3.1. Schematic view of A) parallel flow MD020 TP 2N membrane 

contactor and B) transverse flow fiber module Liqui-Cel® 2.5 x 8 Extra 

flow. 

 

3.2.2. Ceramic hollow fiber fabrication 

Ceramic hollow fiber membranes were fabricated using a 

spinning/sintering technique [19]. More details about the fabrication 

procedures and protocols can be found elsewhere [20,21]. Firstly, the 

dispersant (Arlacel P135) was dissolved in NMP/water solution where 

different particle sizes of Al2O3 powders (0.01 μm: 0.05 μm: 1 μm) were 

added afterwards at a ratio of 1:2:7. The suspension was rolled with 

20 mm agate milling balls for 48 h and  milling was continued for a 

further 48 h period after the addition of polyethersulfone (6.1 % w/w) as 

polymer binder. The suspension was then transferred and degassed 

under vacuum for a few hours to ensure no bubbles were trapped in the 

suspension before spinning. The presence of bubbles usually results in 

defects and holes on the membrane surface when fabricated, and 
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therefore it is desired to obtain a homogenous and smooth suspension 

to obtain defect-free fibers. Immediately after degassing, the spinning 

suspension was transferred to a syringe pump where it was extruded 

through a tube-in-orifice spinneret (OD 3 mm, ID 1.2 mm) into tap water 

with an air-gap of 15 cm. The fiber precursors were left in an external 

coagulation bath overnight and then they were taken out to be 

straightened for few days. Finally, the precursors were calcined in air 

(Carbolite furnace). The temperature was increased from room 

temperature to 873 K at a rate of 2 K·min-1 and held for 2 h, then 

increasing to 1273 K at a rate of 5 K·min-1 and held for 2 h and finally to 

1723 K at a rate of 5 K·min-1 and held for 4 h. The temperature was then 

reduced to room temperature at a rate of 3 K·min-1. Originally, 

the fabricated ceramic hollow fibers membranes present a highly 

hydrophilic character due to the presence of hydroxyl (OH-) groups on 

the surface; however, the hydrophobicity of ceramic membranes can be 

promoted by surface modification [22]. Although several methods and 

types of surface modifying agents can be used fluoroalkylsilanes (FAS) 

were selected in this study. FAS solutions are organosilanes which have 

hydrolysable groups and other hydrophobic ends in their structures. The 

hydrolysable groups are coupled with the hydroxyl groups (OH-) on the 

ceramic surface, forming a chemically bound hydrophobic layer. Several 

factors including the number of functional groups in the FAS structure, 

the length of hydrophobic tails, grafting time, and grafting temperature 

play important roles in the surface grafting process. The saline solution 

used in this work was 1H, 1H, 2H, 2H-perfluorooctylethoxysilane 

purchased from Sigma Aldrich. The sintered hollow fibers were 

immersed into a 0.01 M of FAS in hexane solution at room temperature. 

The fibers were left in the solution for 2 h to allow the coupling reaction 

to occur. After the immersion, the fibers were rinsed with hexane to 

remove any unreacted chemicals from the membrane surface and dried 

in an oven at 373 K for 12 h.  
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3.2.3. Ceramic hollow fiber characterization 

Prior to the olefin/paraffin separation experiments the hollow fiber 

membranes used in this study were characterized by scanning electron 

microscopy (SEM), mercury porosimetry, and contact angle 

measurements. First of all the membrane morphology was evaluated by 

scanning electron microscopy. The ceramic fibers were flexed at 

ambient temperature until a fracture occurred. However, due to the 

flexible character of polymeric fibers, theses were previously immersed 

in liquid nitrogen to promote a fragile fracture. Afterwards, the samples 

were coated with gold particles under vacuum for 3 min at 20 mA 

(Emitech Model K550) and SEM images at varying magnifications were 

collected (JEOL JSM–5610 LV). For the Hg intrusion analysis, the Al2O3 

hollow fiber substrates were broken into sections of approximately 3mm 

length. Then the pore size distribution of the Al2O3 hollow fiber 

substrates was measured using Hg porosimetry. Hg intrusion data were 

collected at absolute pressures between 0.01 and 2280 bar with an 

equilibrium time of 10 s (Micromeritics Autopore IV). However this 

technique is not suitable for polymeric membranes since pores with a 

diameter lower than 2 μm can not be reliably detected [18]. Therefore 

the mean pore size and pore size distribution of the PVDF and PTFE 

polymeric membranes were measured by the flow porosimetry 

technique using a capillary flow porosimeter (Porous Materials Inc., 

model CFP-1500A). Contact angle measurements were carried out using 

the goniometry method. Although this method is commonly used to 

measure the contact angles of flat-sheet surfaces, due to the high outer 

diameter of the ceramic hollow fibers (≈ 2 mm), this method can be also 

applicable. The contact angle was measured using a high resolution 

camera and software to capture and analyze the contact angle.  

3.2.4. Methods 

As explained in chapter 2 the ionic liquid BMImBF4 was used in the 

experiments because it is able to dissolve a suitable silver salt (AgBF4), 
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showing a high absorption capacity for propylene as well high separation 

selectivity. In addition, BMImBF4-silver salt mixtures are hydrophilic, so 

that it is possible to operate in non-wetting mode of the fibers. The 

compatibility of the absorbing mixtures with module housing and 

membrane material of polypropylene was also checked. In gas-liquid 

membrane contactors, the membrane offers no selectivity, it only acts 

as a physical barrier between both fluid phases allowing mass transfer 

between gas and liquid without dispersing one phase into the other 

providing a large contacting surface area. During operation the interface 

between phases must be carefully controlled. Non wetting mode is 

preferred because with liquid-filled pores the membrane resistance is 

much higher than for gas-filled pores mode. Generally, a liquid does not 

pass through the pores as long as the pressure is kept below a critical 

threshold value known as breakthrough pressure which can be 

estimated using the Young- Laplace equation [18]:  

 

    
         

  
                (3.1) 

 

where ΔP, is the breakthrough pressure,   is a form factor equal to 1 for 

cylindrical  pores, σL is the surface tension of the liquid, θ is the contact 

angle between the liquid phase and the membrane and dp is the 

maximum membrane pore diameter.  

 

A diagram of the experimental setup is shown in figure 3.2. First of all 

the flow rate of the feed gas mixture is controlled by a mass flow 

controller (Brooks Instrument SLA 5850). The gas phase circulates 

through the lumen side of the fibers while the liquid solvent is pumped 

from the storage tank through the shell side of the module in a closed 

circuit by a gear pump (Cole Parmer MicroPump 75211-35) because the 

cost of pumping a liquid with high viscosity through the lumen of the 

fibers becomes excessive when the hydrophobic fibers have small 

diameter [23,24]. The pressure of the gas phase is adjusted by means of 

a pressure controller (Brooks Instrument 5866) located at the outlet of 

the membrane module. Since the membrane used is hydrophobic, the 
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liquid pressure should be slightly higher than the gas pressure in order 

to prevent spreading of gas into the liquid phase. At the same time, the 

pressure of the liquid must not exceed the breakthrough pressure for 

this system calculated using Young-Laplace equation, in order to 

minimize the wetting phenomena of the membrane pores. This pressure 

is controlled by a needle valve placed between the membrane module 

and the storage tank. The gas flow rate at the outlet of the module is 

measured using a volumetric flowmeter equipped with a micro turbine 

(McMillan 113 series). When the liquid absorbent becomes saturated, 

the desorption step is carried out applying vacuum, pressure ≤ 0.01 bar, 

to the lumen of the fibers. The desorbed gas is accumulated in the gas 

cylinder, and using a micrometric valve the gas flow rate can be 

controlled and then it is measured using again a volumetric flowmeter 

(McMillan 113 series). Two liquid traps were placed in the gas circuit at 

the inlet and outlet of the module to check both the possible 

entrainment of fluid inside the fibers and to prevent the wetting of the 

electronic devices in the absorption and desorption steps.  

 

In order to check the reliability of the obtained results each experiment 

was performed twice and the standard deviation (defined according to 

eq. 3.2) has been calculated.  

 

  
   

      
     
 

     
 

 

 
   

   
              (3.2) 
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Figure 3.2. Experimental set up. 

1-Thermostatic bath, 2-Storage tank, 3-Gas bottles, 4-Mass flow 

controllers, 5-Two way valves, 6-Solenoid valves, 7-Three way valve, 

8-Pressure gauges, 9-Needle valve, 10-Gear pump, 11-Membrane 

module, 12-Pressure transducer, 13-Liquid trap, 14-Pressure controller, 

15-Volumetric flowmeter, 16-Vacuum pump, 17-Check valve, 18-Gas 

cylinder, 19-Micrometric valve, 20-Gas chromatograph. 

 

3.3. Model development 

The design of multiphase equipments such as membrane contactors for 

gas-liquid absorption is a difficult task due to its highly complex nature 

[25]. Moreover, among the many different types of multiphase chemical 

processes, reactive absorption is regarded as one of the most complex 

systems due to interactions between chemical reaction and mass 

transfer taking place between the gas and liquid phases. Figure 3.3 

shows a schematic diagram of the reactive absorption process of gas “i” 
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into a liquid using a membrane contactor with gas and liquid phases 

flowing in countercurrent. 

 

 
Figure 3.3. Schematic diagram of the gas-liquid reactive absorption 

process implemented in a membrane contactor with gas and liquid 

phases in countercurrent flow. 

 

3.3.1. Mass balances 

In order to develop the mass balances for all the species involved in the 

gas-liquid absorption process using membrane contactors the following 

assumptions were undertaken: 
 

i. Plug flow and negligible axial diffusion in both phases. 
 

ii. Each fiber has identical specifications. 
 

iii. Hollow fibers are hydrophobic, so the pores are completely filled by 

the gas phase. 
 

iv. Ideal gas behavior is imposed. 
 

v. The system is under isothermal operation. 

 

The mass balance for the gas “i” in the gas phase is given by eq. 3.3: 
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                    (3.3) 

 

With boundary condition: 

 

              

 

where Fi is the molar flow rate of the gas i, z is the axial position in the 

module, A is the membrane total area and L is the effective fiber length. 

 

The mass balance for the gas “i” in the liquid phase can be expressed as: 

 
 

    
 
   

  
 

   

  
 

 

    
                 (3.4) 

 

With initial and boundary conditions: 

          

        = 0          for gas and liquid flowing in co-current flow 

         = 0                     for gas and liquid flowing counter-currently 

where V is the volume of the liquid side of the membrane contactor, QIL 

is the ionic liquid flow rate and Ci  is the concentration of gas dissolved in 

the liquid flowing through the module. The material balances are 

coupled by the flux of gas across the membrane, which can be expressed 

as a function of the driving force (difference in gas concentrations 

between the gas phase and the liquid bulk) and the overall mass transfer 

coefficient (eq. 3.5): 

 

            
    

   
 

  

      
               (3.5) 

 

where Ji is the gas flux across the membrane (mol·m2·s-1), Koverall is the 

overall mass transfer coefficient (m·s-1), P is the total pressure of the gas 
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phase (bar), yi is the molar fraction of the gas in the gas phase, R is the 

constant  of ideal gases (bar·m3·mol-1·K-1), T is the temperature of the 

system (K), Hi is the Henry’s constant (mol·L-1·bar-1) and Ci is the 

concentration of the gas  in the liquid phase (mol·L-1). 

 

3.3.2. Mass transfer rate 

In membrane gas-liquid contacting processes the gas solute has to 

diffuse from the bulk of the gas phase across the membrane to the bulk 

of the liquid phase. So that there are three main resistances to mass 

transfer located in the gas phase, membrane and liquid phase boundary 

layers that must be considered [18,26,27]. In this case, the resistances-

in-series approach can be used to describe the mass transfer kinetics 

(figure 3.4). Taking into account that the mass transfer between gas and 

liquid takes place in the gas-liquid interface, and considering 

hydrophobic membranes, the resistances-in-series can be written for: a) 

the liquid flowing through the shell side, and b) liquid flowing through 

the lumen of the fibers, as eqs. (3.6) and (3.7) respectively: 

 

 

        
 

    

     
 

    

      
 

 

       
             (3.6) 

 

 

        
 

   

      
 

   

      
 

 

       
             (3.7) 

 

where Koverall is the overall mass transfer coefficient and kg, kmg, kl are the 

individual mass transfer coefficients of the gas phase, the membrane 

(when the pores are filled with gas) and the liquid phase respectively. Hdi 

represents the dimensionless Henry’s constant while dout, din and dlm are 

the outer, inner and logarithmic mean diameters of the fibers, and EA is 

the enhancement factor which takes into account the improvement in 

the overall mass transfer rate due to the chemical reaction. 
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Figure 3.4. Absorption mechanism of propane and propylene with the 

resistances in series approach in a non wetted membrane contactor. 

 

Mass transfer coefficient in the lumen side 

The local mass transfer coefficient in the lumen side can be calculated 

using different correlations available in literature. The expression 

developed by Lévêque in the restricted range of laminar flow inside the 

fibers has been widely used (eq. 3.8) [28].  
 

                             (3.8) 
 

However, the mass transfer rate can be underestimated for low Graetz 

numbers. Another correlation proposed by Hausen for laminar flow and 

low Gz number can also be used (eq. 3.9) [28,29]:  
 

 

        
        

        
 
  
                                                                       (3.9) 
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Membrane mass transfer coefficient 

The mass transfer coefficient in the hydrophobic microporous 

membrane depends on the diffusion coefficient of the gas in the gas 

phase inside the pores and on the characteristics of the membrane  

(eq. 3.10) [1]:  
 

    
    ε

  
                                (3.10) 

 

where ε, ζ and   are the porosity, tortuosity and thickness of the 

membrane respectively. Di,g is the diffusion of species in the gas phase 

inside the pores of the membrane. 

 

Mass transfer coefficient in the shell side 

For membrane contactors with parallel or transverse flow the mass 

transfer coefficient in the shell side can be estimated using several 

correlations available in literature (tables 3.2 and 3.3), being dh the 

hydraulic diameter defined in eqs. 3.11 and 3.12 for parallel flow 

membrane contactors and for transverse flow membrane contactors 

respectively; Di,l is the diffusion coefficient of species i in the liquid, L is 

the fiber length, v is the kinematic viscosity of the liquid, u is the liquid 

linear velocity, φF is the membrane packing factor and N is the number 

of fibers. 

 

   
    
       

 

      
                                (3.11) 

 

   
    
     

       
 

      
              (3.12) 
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Table 3.2. Correlations to calculate the mass transfer coefficient in the 

shell side for parallel flow membrane contactors. 

Reference Correlation 

Yang and Cussler [30]         
  
  

  
 
    

 
 

    
 

 
  

                                                        (3.13) 

Prasad and Sirkar [31]              
  

 
  

   

 
 
   

 
 

    
 

 
  

                                    (3.14) 

Wu and Chen [32]             
                 

   

 
 
   

 
 

    
 

 
  

        (3.15) 

Costello et al. [33]                  
   

 
 
    

 
 

    
 

 
  

                                   (3.16) 

Li et al. [34]          
  
  

  
 
     

 
 

    
 

 
  

                                                     (3.17)

 
 

 

Table 3.3. Correlations to calculate the mass transfer coefficient in the 
shell side for transverse flow membrane contactors. 

Reference Correlation 

Zheng et al.[9]          
   

 
 
    

 
 

    
 

 
  

                                                         (3.18)

 

Fouad et al. (mod.) [35]         
   

 
 
    

 
 

    
 

 
  

                                                         (3.19)

 

Schöner et al. [5]          
   

 
 
    

 
 

    
 

 
  

                                                         (3.20)

 

Baudot et al. [36]          
   

 
 
    

 
 

    
 

 
  

                                                         (3.21)

 

Shen et al. [37]           
   

 
 
    

 
 

    
 

 
  

                                                      (3.22)
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3.3.3. Physical properties 

The estimation of the physical properties involved in the absorption 

process such as solubility and diffusivity is one of the most important 

factors for the mathematical modeling of the gas absorption with 

chemical reaction. 

 

Physical solubility 

When a gas contacts with a liquid, it is dissolved until gas-liquid 

equilibrium is established. The concentration at equilibrium of the gas 

into a liquid is related to its partial pressure by the Henry's constant: 

   
  

  
                (3.23) 

The Henry’s constant has an important dependence with temperature 

which can be described using a van’t Hoff-type equation [38]:  

      
 
      

    
               (3.24) 

where the parameters  H0 and -ΔHsol depend on the gas to be absorbed 

and the liquid solvent. 

 

Diffusivities 

The molecular diffusion coefficient of a gas into another (    ) can be 

calculated by the Fuller’s equation (eq. 3.25) [39]:  

 

      
               

 

  
 

 

  
 
   

        
 
        

 
   
             (3.25) 

where the units of T and P are K and Pa respectively, with the resulting 

diffusivity in m2·s−1. MA and MB are the molecular weights in g·mol−1. 



Membrane contactors 
__________________________________________________________________________________________________________________________________ 

 

81 
 

    and     are the summation of atomic diffusion volumes for gases 

A and B. 

However, the diffusion coefficient of the gas A into the gas B inside the 

pores of the membrane depends not only on the molecular diffusion, 

but also on the Knudsen diffusion, which takes into account the fact that 

the gas molecules frequently collide with the pore wall. Thus, the 

diffusivity of a gas inside the membrane pores filled by gas is a 

combination between molecular diffusion and Knudsen diffusion that 

can be calculated as follows [40]:  
 

 

    
 

 

    
 

 

     
               (3.26) 

 

where the Knudsen diffusion depends on the pore diameter, the 

temperature and the molecular weight of the gas [41]:  
 

    
 

 
   

   

π   
                (3.27) 

 

where dp is the pore diameter (m), R is the gas constant (J·kmol−1·K−1), T 

is temperature (K) and MA is the molecular weight of the gas (g·mol−1). 

Diffusivity is obtained in m2·s−1. 

The diffusion coefficient of a gas into a common solvent can be 

estimated using the Wilke Chang correlation [42].  
 

     
               

 
    

μ    
               (3.28) 

 

where A and B refer to the gas and the absorption liquid respectively. φB 

is the association factor for the solvent; MB is the molecular weight of 

the solvent (g·mol−1); T is temperature (K); μB is the solvent viscosity (cP); 

VA is the molar volume of the gas at its normal boiling temperature 

(cm3·mol−1). Diffusivity is obtained in cm2·s−1.  
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Although the Wilke-Chang equation provides good results in the 

estimation of diffusion coefficients in common solvents, it is not suitable 

to calculate diffusion coefficients in more complex solvents such as ionic 

liquids. In that case the diffusion coefficient of a gas can be estimated 

using the correlation developed by Scovazzo and co-workers for 

imidazolium-based ionic liquids [43]. 

 

             
 

μ
 
            

                                                                (3.29) 

where A and B refer to solute and solvent, respectively. μB is viscosity in 

cP, VA is the molar volume of the gas in cm3 mol−1 and the diffusivity  is 

obtained in cm2 s−1. 

 

3.3.4. Chemical reaction 

Once the gas is absorbed into the liquid according to Henry’s law, 

propylene is able to react with the silver cations present in the liquid 

phase (reactions 3.a and 3.b) [44]. 

 

        
     
                         (3.a) 

 

              

     
                         (3.b) 

 

Therefore, the equilibrium constants can be defined as follows: 

 

      
           

         
  
                                                                                      (3.30) 

 

      
            

                 
             (3.31) 
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Considering all the species that can coexist at the same time in the liquid 

phase, the total concentration of propylene dissolved in the reaction 

medium is the sum of the free gas dissolved in the liquid and the gas 

molecules which have been bounded by the chemical reaction. 

 

      
                                          (3.32) 

 

Similarly a mass balance for the silver cations can be established. 

 

                                                                   (3.33) 

 

The dependence of the equilibrium constant with temperature can be 

described in most cases by the Van’t Hoff equation (eq. 3.34). 

 

    

      
  

   

 
                                                                                              (3.34) 

 

where T is the temperature in K, ΔHr is the enthalpy of reaction (kJ·mol-1) 

and R is the gas constant (kJ·mol-1·K-1). 
 

Moreover, the chemical reaction that takes place between the gas and 

the solvent can enhance the absorption flux through the enhancement 

factor which increases the overall mass transfer coefficient. This 

enhancement factor (EA) is defined as the ratio of the absorption flux of 

a gas in the liquid in the presence of a chemical reaction to the 

absorption flux in the absence of a reaction referring these fluxes to the 

same driving force.  

 

   
                   

                      
                                                        (3.35) 
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In this work the enhancement factor has been calculated using the 

approximated solution proposed by DeCoursey for absorption with 

irreversible second order reaction [45].  

 

    
   

     ∞   
  

   

     ∞   
  

  ∞   
 

   ∞   
                                      (3.36) 

 

where Ha is the Hatta number which relates the maximum conversion in 

the film and the maximum mass transport through the film and EA∞ is 

the infinite enhancement factor which can be calculated using the 

asymptotic solution proposed by Danckwerts (eqs. 3.37 and 3.38) [46].  

 

    

 

   
           

       
   

  
   
         

  
                                                         (3.37) 

 

  ∞     
        

       
     
        

       

    
 
   

                      (3.38) 

 

where k1,1 is the kinetic constant of the chemical reaction,      

       is the 

concentration of propylene at the interface,     
  is the concentration of 

silver ions in the liquid bulk phase,         is the diffusion coefficient of 

propylene in the liquid phase, and kl is the liquid side mass transfer 

coefficient. 

 

3.4. Results and discussion 

3.4.1. Comparison between different types of fibers 

Fiber characterization 

 

The morphology of the polymeric and ceramic hollow fiber membranes 

used in this work is shown in figure 3.5.  
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Figure 3.5. SEM images of the hollow fiber membranes used in this work 

A) symmetric ceramic, B) asymmetric ceramic, C) PVDF, and D) PTFE. 

It can be seen that the asymmetric structure of the ceramic membranes 

consists of approximately 80 % finger-like region and 20 % sponge-like 

region, whereas the symmetric structure consists entirely of a sponge-

like region. On the other hand, for the polymeric membranes such as 

PTFE and PVDF, the appearance of the pores on the cross section of the 

hollow fiber seems to be more obvious than the ceramic membranes. 

This is due to the fabrication methods of polymeric membranes such as 

thermally induced phase separation, non-solvent induced phased 
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separation or melting and stretching methods. These techniques usually 

results in the development of large and wide pores as recently shown by 

several authors [47,48]. On the other hand, since the ceramic hollow 

fiber membranes were obtained by a sintering technique at high 

temperatures, the pores on the outer surface of the membranes could 

be diminished significantly, and the membrane could become dense 

depending on the sintering temperature and dwelling time, as explained 

by Kingsbury and Li [20]. Nevertheless, the ceramic membranes used in 

this study were classified as permeable and microporous as confirmed 

by gas permeation and mercury intrusion analysis as follows.  
 

The pore size distribution of the polymeric and ceramic hollow fiber 

membranes are shown in figure 3.6. It can be seen that the polymeric 

membranes present only one peak around 0.2 μm for PVDF and 0.4 μm 

for PTFE. Also symmetric ceramic membranes have only one pore size 

around 0.2 μm. However the asymmetric ceramic membranes present 

two peaks. One is around 10 μm which corresponds to the finger-like 

region of the membrane and the other peak is around 0.1 μm 

corresponding to the sponge-like layer of the membrane. 

Figure 3.6. Pore size distribution of the ceramic and polymeric 

membranes used in this work. 
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Finally, to ensure that the hollow fiber membranes were hydrophobic 

enough to be utilized in membrane contactor experiments under non-

wetting conditions, the contact angles of these fibers were determined. 

The observed contact angles are shown in figure 3.7 for the ceramic 

membrane with asymmetric structure, PVDF and PTFE hollow fibers. The 

contact angle of the ceramic membrane with symmetric structure is not 

shown because it was confirmed that these membranes have the same 

hydrophobicity as the ceramic membranes with asymmetric structures 

due to the similar procedures and experimental protocols used in the 

preparation of the ceramic membranes.  
 

Figure 3.7. Contact angle measurements of the A) asymmetric ceramic, 

B) PVDF and C) PTFE hollow fiber membranes. 
 

The obtained contact angles of these fibers were 111°, 93.9° and 112.9° 

for the ceramic, PVDF, and PTFE, respectively. The characteristics and 

the properties of the ceramic and polymeric hollow fiber membranes 

obtained after characterization are summarized and collected in Table 

3.4. 
 

Table 3.4. Main characteristics of the hollow fibers used in this work. 

  
CERAMIC 

asymmetric 

CERAMIC 

symmetric 
PTFE PVDF 

din (mm) 0.9 1 1.5 0.752 

dout (mm) 2.2 1.5 1.9 1.268 

Contact angle (°) 111.1 111.1 112.9 93.9 

rp (µm) 0.10/10 0.15 0.40 0.20 

rp,max (µm) 20 0.35 0.65 0.30 
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Gas absorption experiments 

 

Once the hollow fiber membranes were characterized, membrane 

modules were prepared by using 5 hollow fibers of 22 cm in length. Gas 

absorption experiments were carried out using a solution of 0.2 M 

AgNO3 in water as absorbent, with different feed gas compositions in 

the range 0-50 % v/v C3H6/C3H8 at 1 bar and 298 K. These experiments 

were performed at liquid flow rates between 100 and 400 mL min-1 

while the total gas flow rate was kept constant at 20 mL min-1. The 

experimental molar fluxes of propylene and the overall mass transfer 

coefficients for all the experiments were obtained assuming negligible 

propane absorption in water according to eqs. 3.39 and 3.40 [49].  

 

     
 

 

 
                                                  (3.39)             

           

     
         

           

   
            (3.40) 

 

P is the pressure in the gas (bar), F is the gas molar flow rate (mol·s-1) 

and           is the logarithmic mean of the driving force based on gas 

phase molar fractions and taking into account the propylene 

concentration at the inlet (        ) and outlet (         ) of the 

contactor. 

Figure 3.8 shows the propylene molar flux across the membrane using 

the asymmetric ceramic membrane module at 298 K as a function of the 

propylene logarithmic mean molar fraction. The results show that the 

flux of propylene increases with increasing the partial pressure of 

propylene in the gas phase following a linear trend. Then, the values of 

the overall mass transfer coefficients were obtained from the slope as 

previously reported Luis et al. [16] and Ortiz et al. [17]. 
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Figure 3.8. Absorption flux of propylene as a function of the propylene 

logarithmic mean molar fraction in the asymmetric ceramic membrane 

contactor using 0.2 M AgNO3 in water as absorption medium at 1 bar 

and 298 K. 

 

It can be seen that the overall mass transfer coefficient increases from 

5.65·10-5 to 7.47·10-5 m·s-1 as the liquid flow rate is increased from 200 to 

400 mL·min-1. The same procedure was carried out for the rest of the 

membrane modules under study and the overall mass transfer 

coefficient was determined as a function of the liquid velocity. In order 

to compare the individual membrane mass transfer resistances 

occurring in the membrane modules, the experimental results were 

analyzed using the Wilson plot method. The Wilson plot method 

provides an outstanding tool for the analysis and design of mass transfer 

processes. It deals with the determination of the dependence of the 

mass transfer coefficients with the operational conditions based on 

measured experimental data and the resistance-in-series model [50,51]. 

Koverall
-1 versus u-α is plotted and the value of the empirical parameter, α, 

is chosen from the best fitting to a straight line. In the gas–liquid 

membrane contacting process, if the resistance in the gas phase is much 

smaller than the total resistance it becomes negligible. Thus, the y-
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intercept of the Wilson plot represents the value of membrane mass 

transfer resistance. 

Figure 3.9. Wilson-plot of the experimental mass transfer resistance in 

the absorption of propylene in 0.2 M AgNO3 aqueous solution in the 

different membrane modules used in this work at 293 K and a gas flow 

rate of 20 mL·min-1. 

From figure 3.9 it can be seen that the PVDF membrane exhibited the 

highest membrane mass transfer resistance of the 4 types of 

membranes under study. This is because the membrane pores of PVDF 

were partially wetted by the absorbing solution, which finally results in a 

much higher mass transfer resistance in the membrane. On the other 

hand, it can be noticed that the membrane mass transfer resistances for 

the PTFE, symmetric and asymmetric ceramic membranes were 

negligible in comparison with the overall mass transfer resistance. This 

confirms that these membranes did not exhibit any wetting phenomena 

due to their higher hydrophobic character. Moreover, these findings 

demonstrate that the performance of ceramic membranes were similar 

to PTFE membranes, which is considered one of the polymers with best 

performance that could be promoted to be used in commercial 

applications. 
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Long-term assessment 

 

Although a comparison at short times between the different types of 

fibers is useful to make a first choice, in order to implement an industrial 

process that can be operated for an extended period of time, it 

is necessary to conduct a long-term assessment of the fibers 

performance. For this reason, the different membrane modules were 

operated under the same experimental conditions for 60 days, and the 

overall mass transfer coefficient was experimentally determined every 

15 days. Figure 3.10 plots the dimensionless overall mass transfer 

coefficient defined as (Koverall t=t/Koverall t=0) over 2 months of operation. 

Figure 3.10. Dimensionless overall mass transfer coefficient in the 

different membrane modules used in this work for the absorption of 

propylene in 0.2 M AgNO3 aqueous solution at 293 K, gas flow rate of 

20 mL·min−1 and liquid flow rate of 200 mL·min−1. 

It can be noted that for the PTFE and ceramic membranes, the overall 

mass transfer coefficient remained constant over the operating period 

indicating that these materials did not wet or degrade within this 

investigation stage. However, the performance for the PVDF membrane 
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decreased continuously with time following a linear trend, achieving a 

value after 2 months that was 60 % lower than the initial overall mass 

transfer coefficient value. This decline can be attributed to an increase in 

the pore volume wetted with time, resulting in higher mass transfer 

resistance in the membrane that is the controlling step when using PVDF 

membranes. Furthermore, after 2 months contact with the solvent, the 

PVDF fibers turned from white to transparent, which reveals that a 

wetting phenomenon was occurring. On the other hand the appearance 

of the PTFE and ceramic membranes remained unaffected. Figure 3.11 

shows the pictures of the different fibers after being immersed in the 

reactive media for 2 months. 

Figure 3.11. Pictures of fibers after 2 months immersion in the solvent. 

A) Ceramic with asymmetric structure, B) PVDF, C) PTFE. 

Therefore it has been demonstrated that ceramic fibers can be an 

alternative to overcome the instability and durability problems 

associated with the use of traditional polymeric membranes. However 

they typically present poor mechanical resistance and suffer from 

expensive and complex preparation methods that limit their use in 

industrial applications. Thus in the separation of propane/propylene gas 

mixtures by reactive absorption the use of highly hydrophobic polymeric 

membranes (such as PTFE or polyolefins) is still preferred. Therefore, in 

next sections the use of two different commercial contactors equipped 

with polyolefin membranes are considered to carry out the separation 

process avoiding the wetting phenomena. 

 



Membrane contactors 
__________________________________________________________________________________________________________________________________ 

 

93 
 

3.4.2. Parallel flow membrane contactor 

 

This section continues and report progresses on a previous work carried 

out in our research group [17]. First of all the influence of the liquid flow 

rate in the separation performance was evaluated.  Figure 3.12 shows 

the effect of the absorbing liquid flow rate on the change in the gas 

stream composition between the inlet and outlet of the membrane 

module versus time working with constant inlet gas flow rate (50/50 % 

v/v C3H6/C3H8) and Ag+-BMImBF4 [0.25 M] as reactive medium at 298 K.  

 

 
Figure 3.12. Evolution of the outlet gas stream composition in the 

membrane module versus time for constant inlet gas flow rate (50/50 % 

v/v C3H6/C3H8) at 298 K and different liquid volumetric flow rate. 

 

As a large amount of liquid was being continuously recycled into the 

process, the reactive medium is very far from saturation and therefore a 

pseudo-steady state is reached where the outlet composition in the gas 

phase and mass transfer flux of propylene remained practically constant. 

The experimental molar fluxes of absorbed propylene and overall mass 

transfer coefficients for all the experiments performed at different liquid 
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volumetric flow rate at 298 K were obtained assuming negligible 

propane absorption according to eqs. 3.39 and 3.40.  

 

Figure 3.13 shows that for a feed composition of 50/50 % v/v of 

C3H6/C6H8, the propylene flux is enhanced from 4.1·10–5 to 1.12·10–4 

mol·m-2·s-1 when the liquid flow rate increases from 300 to 900 mL·min-1 

showing a remarkable improvement in the overall mass transfer 

coefficient. 

 

 
Figure 3.13. Effect of the liquid flow rate in the flux of propylene for 

constant inlet gas flow rate (50/50 % v/v C3H6/C3H8) at 298 K and silver 

concentration of 0.25 M. 

The absorption rate increased with increasing the liquid flow rate. This is 

because an increase in the liquid flow rate results in the decrease of the 

boundary layer thickness on the liquid side. Hence, this leads to the 

decrease of the resistance of the liquid phase, and the increase in the 

mass transfer rate. The experimental evaluation of the mass transfer 

resistances in the system was carried out through the Wilson plot (figure 

3.14). For the tubular membrane contactor Enka-Microdyn MD020 TP 

2N with the liquid absorbent flowing through the shell side the value of 

the empirical parameter α was 0.54. Equation 3.41 correlates the overall 
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mass transfer resistance to the mean superficial velocity of the liquid 

phase. 

 
 

        
        

                                                          (3.41) 

 

 

 
Figure 3.14. Wilson plot of the experimental mass transfer coefficient in 

the absorption of propylene in BMImBF4 in the Enka-Microdyn MD020 

TP 2N and Liqui-Cel® 2.5 x 8 Extra flow membrane contactor at 293 K. 

 

According to the above equation, the mass transfer resistance of the 

membrane (do/kmg dlm) can be obtained from the y-intercept value, 2873 

s·m-1, which represents less than 1 % of the overall mass transfer 

resistance, indicating that the resistances of the gas film and the 

membrane are negligible and therefore the system is controlled by the 

diffusional resistance in the liquid film. 

 

In general, the flow pattern in the shell side is not clearly understood. 

Several correlations have been proposed in the literature over the past 

few years, but none is applicable to a wide range of systems. Equations 
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that include geometrical dependence have been used successfully to 

describe the mass transfer coefficient outside the fibers (table 3.2). 

 

 
Figure 3.15. Comparison between experimental results and reported 

correlations. 

 

Figure 3.15 shows values of the Sherwood number obtained from 

experimental data together with values estimated from literature 

correlations. The correlations reported by Yang & Cussler [30], Prasad & 

Sirkar [31] and Li et al. [34] predicted closer values to the experimental 

Sh number than the correlations proposed by Wu and Chen [32] and 

Costello et al. [33] The reason for the larger deviation using the 2 latter 

correlations may be the different range of Reynolds numbers used in 

this study with respect to that used in the other works where the 

proposed correlations were obtained. Although turbulent flow can also 

be achieved in a membrane contactor, unfortunately in practice it may 

not be economically and operationally viable. In the first place, to 

maintain a turbulent flow, larger power consumption is needed and 

secondly under high liquid pressures the membrane might be wetted by 

the liquid. In this case, the mass-transfer will be greatly reduced because 

of the presence of a stagnant liquid film in the membrane pores. Next 

section deals with the use of cross-flow membrane contactors with 

improved design to reduce the liquid boundary layer resistance. 
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3.4.3. Transverse flow membrane contactor 

 

A pure propylene gas stream was flowed at 1 bar into the membrane 

contactor operating isothermally at 293 K. The gas flow rate at the outlet 

of the contactor was measured along time in experiments performed at 

different liquid flow rates obtaining non linear profiles as displayed in 

figure 3.16. The improved fluid-dynamics of the transverse flow 

membrane contactor provided higher values of the overall mass transfer 

coefficient which combined with the high interfacial area leads to 

enhanced rate of mass transfer. Thus the absorption kinetics were fast 

leading to saturation of the liquid absorbent after short operational 

times between 8 and 15 minutes. 

 

 
Figure 3.16. Evolution of the module outlet gas flow rate with time for 

an inlet gas flow rate of 860 mL·min-1 and a liquid flow rate of 

714 mL·min-1 at 293 K. 

The experimental values of the molar flux of propylene across the 

membrane during the absorption step were calculated by performing an 

overall mass balance to propylene in the contactor (eq. 3.42).  
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              (3.42) 

 

Under the operating conditions used in this study, the pressure drop due 

to the gas flow through the lumen of the hollow fibers was very low and 

thus it can be safely neglected. Many authors reported that for 

transverse flow membrane contactors the pressure drop in the shell side 

was much lower than in the lumen side. However, in our study the liquid 

flowing through the shell side is the ionic liquid BMImBF4 which presents 

a relative high viscosity (0.105 Pa·s at 293 K). Just because of the high 

viscosity of the ionic liquid the pressure drop in the shell side could be 

important. 

 

Figure 3.17. Pressure drop in the transverse flow module in the shell 

side. 

Figure 3.17 shows the dependence of the pressure drop with the liquid 

flow rate in the shell side. It can be noted that in this case the pressure 

drop in the shell side is important due to the high viscosity of the ionic 

liquid, increasing from 0.68 bar to 1.28 bar following a linear trend when 

the liquid flow rate is increased from 300 to 700 mL·min-1. On the other 

hand, it was demonstrated that the overall mass transfer resistance 
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decreases with increasing the liquid flow rate. Therefore a trade-off 

must be reached by selecting the operational flow rate that enhances 

the mass transfer rate not entailing excessive pressure drop. The values 

of the overall mass transfer coefficient have been calculated by fitting 

the experimental data to the mathematical model described in section 

3.3 using the parameter estimation tool of the software Aspen Custom 

Modeler®. Table 3.5 reports the overall mass transfer coefficient as a 

function of the flow rate of ionic liquid flowing through the shell side. 

Table 3.5. Experimental values of Koverall corresponding to different liquid 

flow rates. 

QIL (mL·min-1) Koverall·105 (m·s-1) 

385 1.21 

410 1.18 

460 1.33 

515 1.36 

570 1.41 

645 1.43 

714 1.42 

 

Figure 3.14 displays the Wilson-plot of Koverall
-1 versus u-α for the 

absorption of propylene in pure BMImBF4 used as liquid absorbent. In 

this case the experimentally obtained value of the empirical parameter α 

for the hollow fiber membrane contactor Liqui-Cel® with the liquid 

absorbent flowing through the shell side was 0.32. The experiments 

were carried out with pure propylene, so that the gas phase resistance 

was neglected. Thus the value of the mass transfer resistance offered by 

the polypropylene fibers Celgard X50® (dout/kmg·dlm) has been obtained 

from the y-intercept (1557.5 s·m-1). Equation 3.43 correlates the overall 

mass transfer resistance to the mean superficial velocity of the liquid 

phase. 

 



Chapter 3 
__________________________________________________________________________________________________________________________________ 

 

100 
 

 

        
       

                                                              (3.43) 

 

Moreover, comparing the values of the individual mass transfer 

resistances it is observed that the contribution of the membrane 

resistance to the overall mass transfer resistance is always lower than 

2.2 % as reported in table 3.6: 

 

Table 3.6. Comparison of the individual mass transfer resistances. 

QIL 

 (mL
·
min

-1
) 

Rgas 

 (s·m
-1

) 

Rm,·10
3
 

 (s·m
-1

) 

Rl,·10
4 

 (s·m
-1

) 

Roverall,·10
4 

 (s·m
-1

) 

385 0 1.56 8.12 8.28 

410 0 1.56 8.29 8.45 

460 0 1.56 7.36 7.51 

515 0 1.56 7.21 7.37 

570 0 1.56 6.94 7.10 

645 0 1.56 6.84 7.00 

714 0 1.56 6.88 7.03 

 

After having analyzed the resistance to the mass transfer process under 

the experimental conditions where the diffusional transport of the gas 

solute through the ionic liquid film becomes the slowest step, the 

analysis of the phenomena involved in the mass transfer rate through 

the liquid boundary layer becomes necessary. Many correlations have 

been published to estimate the mass transfer coefficient for the liquid 

phase flowing through the shell side in transverse flow membrane 

contactors (table 3.3). Unfortunately these correlations are usually 

developed for water or other conventional solvents and furthermore 

none is generally applicable to a wide range of systems because in 

contrast to the tube side, the module geometry, fiber arrangement and 

fluid flow pattern in the shell side are complex and poorly understood 
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yet. Therefore, in order to satisfactorily describe the mass transfer 

phenomena in the controlling step, an empirical correlation has been 

obtained by fitting the experimental data to the mathematical model 

described in section 3.3. The values of the Sherwood number obtained 

in this work were correlated to the Re and Sc numbers obtaining the 

empirical correlation shown in eq. 3.44: 
 

 

                                 (3.44) 

 

The value of the constant parameter “1.1” is within the range of the 

most common correlations reported in literature. Moreover, the 

Sherwood number dependence on the shell side Reynolds number was 

found to be very close to the values for gas-liquid systems previously 

obtained by Zheng et al. [9] (         ) and Fouad et al. [35] 

(         ). However these correlations have been usually developed 

for water or other conventional solvents and propose stronger 

dependence of the Sherwood number on the Reynolds number. The 

correlation obtained in this work is valid for the ionic liquid flowing 

through the shell side of the transverse flow membrane contactor Liqui-

Cel® 2.5 x 8 Extra-Flow at low Reynolds numbers (Re < 0.006) and 293 K. 

The low values of the Reynolds number are mainly due to the high 

viscosity of the ionic liquid that, on the other hand is responsible for the 

high pressure drop in the module (figure 3.17). Figure 3.18 shows the 

reliability of the obtained correlation for the prediction of the 

experimental results with the ionic liquid flowing through the shell side 

of the 2.5 x 8 Extra Flow module. 
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Figure 3.18. Comparison of predicted values of the shell side Sherwood 

numbers using different correlations and the experimental results of this 

work. 

Although the Reynolds numbers are low, the experimental values of the 

Sherwood number on the shell side increased from 13.5 to 17.5 as the 

Reynolds number is gradually increased. The predicted values from the 

correlation of Zheng et al. [9] were slightly higher than the experimental 

results. On the other hand, the correlations of Fouad et al. [35], Schöner 

et al. [5], Baudot et al. [36] and Shen et al. [37] greatly underestimated 

the experimental results. On the contrary, the correlation proposed in 

this study fits the experimental results with a maximum error of 10 %. 

After the mass transfer rate in the system has been evaluated, the 

separation performance of the system has been analyzed by carrying out 

experiments with 50/50 % v/v C3H8/C3H6 mixtures with different 

concentrations in the liquid absorbent in the range 0-0.25 M. Figure 3.19 

shows the evolution of molar fluxes of propane and propylene in the 

membrane module. As expected, higher fluxes of propylene are 

obtained when increasing the silver concentration in the ionic liquid. 

This also involves an increase in the flux of propane due to the higher 

propane partial pressure in the gas phase which eventually leads to a 

higher propane driving force according to eq. 3.5.  
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Figure 3.19. Evolution of the fluxes of A) propylene and B) propane in 

the membrane module versus time for constant inlet gas flow rate of 

859 mL·min-1, 298 K and different silver concentrations. 

Figure 3.20 depicts the experimentally measured change in the gas 

composition between the module inlet and outlet versus time working 

with constant inlet gas flow rate (50/50 % v/v C3H6/C3H8). Again an 

increase in the silver concentration in the reactive media results in a 

better separation performance, increasing the propylene molar fraction 
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at the module outlet from 0.54 to 0.71 when the silver concentration in 

the liquid phase is increased from 0 to 0.25 M. Although the transverse 

flow membrane contactor greatly improved the results previously 

obtained with the parallel flow membrane contactor, the system still 

presents severe limitations to mass transfer in the liquid side that limit 

the real application of this technology. Thus in order to overcome these 

limitations more research focused on finding new ionic liquids with low 

propane solubility and very low viscosity is needed. 

 

Figure 3.20. Evolution of the outlet gas compositions of A) propylene 

and B) propane in the membrane module versus time for constant inlet 

gas flow rate of 859 mL·min-1 298 K and different silver concentrations. 

 

3.4.4. Mathematical model validation 

Once the model was developed, a simulation analysis was performed in 

order to check the model sensitivity under different operational 
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the mathematical model, the equations described in section 3.3 were 

implemented in Aspen Custom Modeler®. The parallel flow membrane 

contactor with tubular configuration has low interfacial area, which 

combined with the less favorable hydrodynamics for mass transfer in the 

shell side leads to a pseudo-steady state where the liquid is very far from 

saturation. Therefore the mathematical model was validated considering 

this pseudo-steady state. On the contrary the much higher gas fluxes 

obtained with the cross flow membrane contactor together with the 

higher membrane area force a fast liquid saturation leading to a dynamic 

state where the flux and the module outlet gas composition rapidly 

change with time and therefore a dynamic state must be considered. In 

this section the mathematical model was validated using the 

experimental data previously reported by Ortiz et al. [17] and in sections 

3.4.2 and 3.4.3 of this chapter.  

Figures 3.21-3.23 show the comparison between experimental and 

simulated data in terms of gas composition at the outlet of the parallel 

flow membrane contactor with tubular configuration (Microdyn MD020 

TP 2N) with gas and liquid phases flowing in counter current mode, 

under different conditions. Based upon the comparison it can be 

confirmed that there is a good agreement between the experimental 

results and simulated data. Figure 3.21 depicts the effect of the silver 

salt concentration in the absorbing mixture, clearly showing that the 

separation efficiency improves with an increase in the concentration of 

silver. For a feed composition of 50/50 % v/v of C3H6/C6H8 in the parallel 

flow membrane contactor, the propylene flux is strongly enhanced from 

1.59·10-5 to 3.46·10-5 mol·m-2·s-1 when the silver salt is added up to a 

concentration of 0.1 M in the ionic liquid. However when the silver ion 

concentration increases from 0.1 to 0.25 M the enhancement on the 

propylene flux is negligible. This phenomenon could be attributed to the 

strong dependency of the viscosity of the Ag+-BMImBF4 reactive medium 

with the silver ions concentration, fact that induces gas diffusion rate 

limitations. Figure 3.22 depicts the comparison between experimental 

and simulated results at liquid flow rates (300-900 mL·min-1) at a silver 

concentration of 0.25 M. It can be observed that increasing the liquid 
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flow rate results in better separation performance because the 

diffusional resistance of the liquid boundary layer is decreased.  Figure 

3.23 also shows the good agreement between the experimental data 

and model predictions for various feed gas compositions and different 

silver salt contents in the ionic liquid absorbing mixtures. 

 

 

Figure 3.21. Comparison between experimental and simulated results 

at different silver concentrations (0-0.25 M), liquid flow rate of 300 

mL·min-1, gas flow rate of 16.66 mL·min-1 and a feed gas composition of 

50/50 % v/v C3H6/C3H8 at 1.2 bar. 
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Figure 3.22. Comparison between experimental and simulated results at 

liquid flow rates (300-900 mL·min-1), silver concentration of 0.25 M, gas 

flow rate of 16.66 mL·min-1 and feed gas composition of 50/50 % v/v 

C3H6/C3H8 at 1.2 bar. 
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Figure 3.23. Comparison between experimental and simulated results at 

feed gas compositions (30-70 % v/v C3H6/C3H8), liquid flow rate of 300 

mL·min-1, gas flow rate of 16.66 mL·min-1, 1.2 bar and silver salt 

concentrations of A) 0 M, B) 0.1 M and C) 0.25 M. 
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Regarding the model validation for the transverse flow membrane 

contactor figure 3.24 displays the change over time of the molar flux of 

propylene across the membrane for an inlet gas flow rate of 859  

mL·min-1 and a liquid flow rate of 714 mL·min-1 at 293 K. 

Figure 3.24. Comparison between experimental and simulated results of 

propylene flux across the membrane for an inlet gas flow rate of 859 

mL·min-1 of pure propylene and a liquid flow rate of 714 mL·min-1 at 293 

K. 

A reasonable agreement is observed between experimental results and 

model simulated curves being the standard deviation (eq.3.2) in all cases 

less than 0.12. Thus, it is concluded that the developed model based on 

the resistances in series approach, predicts satisfactorily well the 

propane/propylene separation process by reactive absorption under the 

operational conditions studied in this thesis. 
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obtained in our research group using a conventional stirred tank reactor 

are included [17] (table 3.7). The comparison between the different 

contactors has been done in terms of mass transfer coefficients and 

interfacial area. The stirred tank reactor shows a very high overall mass 

transfer coefficient. However, the interfacial area is highly dependent on 

the stirring speed, and even in the best case the interfacial area is much 

lower than the one provided by the membrane contactors under study. 

Details concerning the interfacial area calculation in the stirred tank 

reactor can be found in a previously published work by our research 

group [17]. On the other hand, the tubular membrane contactor with 

parallel flow operated countercurrently, offers higher interfacial area 

than the stirred tank reactor but due to the poor fluid-dynamics of the 

ionic liquid circulating through the shell side, the overall mass transfer 

coefficient is much lower. In this sense, the obtained results show that 

the improved fluid-dynamics of the transverse flow membrane 

contactor can contribute to overcome these limitations leading to an 

overall mass transfer coefficient 17.6 times higher than that reported 

using a parallel-flow contactor when the silver concentration in the ionic 

liquid is 0 M. The values of Koverall obtained with the transverse flow 

membrane contactor and a silver concentration of 0.25 M were 

obtained by simulation using the values of Koverall determined from the 

experiments without silver and the enhancement factor estimated using 

the mathematical model described in section 3.3.  These results show 

that the high specific area of the hollow fiber membrane contactor, 

together with the beneficial and improved fluid-dynamics of the 

transverse flow with the liquid circulating through the shell side, results 

in a higher mass transfer coefficient per specific area than the one 

obtained using conventional contactors. The new system, which uses a 

transverse flow membrane contactor to carry out the reactive 

absorption of propylene, succeeds also in intensifying the process by a 

factor of 17.4 in terms of mass transfer per specific area compared to 

the stirred tank reactor system (Koverall*a(MC)/ Koverall*a(CSTR)) when a 

concentration of silver ions of 0.25 M in the IL is used. 
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Table 3.7. Comparison of the performances of different contactors. 

  
a 

(m
2
·m

-3
) 

Koverall ·10
6
 

(m·s
-1

)  
Koverall·a·10

4
 

(s
-1

) 

Stirred tank reactor [Ag
+
= 0.25 M] [17] 212 111 236 

Microdyn MD020 TP 2N  [Ag
+
= 0 M] [17] 313 0.68 2.12 

Microdyn MD020 TP 2N  [Ag
+
= 0.25 M] 313 3.4 10.7 

Liqui-Cell® 2.5x8 EXTRA-FLOW  [Ag
+
= 0 M] 3500 12.1 423 

Liqui-Cell® 2.5x8 EXTRA-FLOW  [Ag
+
= 0.25 M]

*
 3500 117 4109 

*Results obtained by simulation 

 

Since for the studied conditions the main resistance to mass transport is 

located in the liquid phase, the rheological properties of the liquid 

absorbent as well as the liquid flow rate have a great influence on the 

separation efficiency. Results show that the parallel flow membrane 

contactor presents severe limitations to mass transfer. As shown in 

figure 3.14 this phenomenon is greatly attenuated when using the 

transverse flow membrane contactor where the improved fluid-

dynamics strongly reduce the diffusion rate limitations. However, the 

controlling step still remains in the liquid phase with a contribution 

above 97 %. This is mainly due to the high viscosity of BMImBF4 (0.105 

Pa·s at 293 K) which not only limits the diffusion rate of the components 

to be absorbed, but also limits the liquid velocity at which the process 

can be operated due to the high pressure drop. Therefore, new ionic 

liquids with low paraffin solubility and very low viscosity are needed to 

make the process commercially attractive. In order to solve these 

limitations the use of facilitated transport membranes will be explored 

in chapter 4. 
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3.5. Conclusions 

The separation of gas olefins from paraffins streams using membrane 

contactors by reactive absorption with silver contained in ILs has been 

considered as an alternative and more efficient process to the 

conventional distillation separation. First of all a comparative analysis of 

the performance of 4 fibers of different nature, 2 polymeric (PVDF and 

PTFE) and 2 ceramic (with symmetric and asymmetric structures), and 

different properties has been carried out. It was found that PVDF 

membranes suffered from wetting phenomena by the liquid phase, 

which became more important over time. On the other hand, PTFE and 

ceramic membranes were proved to be suitable to carry out the 

separation process. However the use of highly hydrophobic polymeric 

membranes (such as PTFE) is still preferred over ceramic membranes 

due to economic considerations and the easier fabrication procedures. 

Afterwards two different commercial membrane contactors: a parallel 

flow membrane contactor with tubular configuration and a hollow fiber 

transverse flow membrane contactor have been evaluated for the 

separation of propane/propylene gas mixtures. A mathematical model 

based on the resistances-in-series approach has been developed 

obtaining a good agreement between experimental and simulated 

results. Finally it was found that the improved fluid-dynamics of the 

transverse flow membrane contactor leads to an overall mass transfer 

coefficient 17.6 times higher than that reported using a parallel-flow 

membrane contactor. The results highlight that the process can be 

intensified by a factor of 17.4 in terms of mass transfer per specific area 

compared to a conventional stirred tank reactor system (Koverall*a(MC)/ 

Koverall*a(CSTR)) when a concentration of silver ions of 0.25 M in the IL is 

used. However, the limiting step is still located in the liquid boundary 

layer, with a contribution higher than 97.8 % to the overall mass transfer 

resistance. Therefore, new ionic liquids with low paraffin solubility and 

very low viscosity are needed in order to make the process commercially 

attractive. In order to solve these limitations the use of facilitated 

transport membranes will be explored in chapter 4. 



Membrane contactors 
__________________________________________________________________________________________________________________________________ 

 

113 
 

3.6. Nomenclature 

A  effective membrane area (m2) 

C  concentration (mol·m-3) 

D  diffusivity (m2·s-1) 

      outer diameter of the fiber (m) 

     inner diameter of the fiber (m) 

      inner diameter of the module (m) 

     outer diameter of the central delivery tube (m) 

    hydraulic diameter of the shell side (m) 

     logarithmic mean diameter of the fiber (m) 

    pore diameter (m) 

    enhancement factor (-) 

     infinite enhancement factor (-) 

F  gas molar flow (mol·s-1) 

H  Henry’s constant (mol m-3·bar-1) 

Ha  Hatta number (-) 

      dimensionless Henry’s constant (-) 

       standard solvation enthalpy (kJ·mol-1) 

J  molar flux (mol·m-2·s-1) 

     equilibrium constant (m3·mol-1) 

      kinetic constant of reaction 1,1 order (m3·mol-1·s-1) 

    mass transfer coefficient in the gas phase (m·s-1) 

      mass transfer coefficient in the membrane with the 

pores filled of gas (m·s-1) 

    mass transfer coefficient in the liquid phase (m·s-1) 
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          overall mass transfer coefficient (m·s-1) 

N  number of fibers of the membrane module 

L  effective fiber length (m) 

P  pressure (bar) 

   liquid flow rate (m3·s-1) 

R  universal gas constant (kJ·mol-1·K-1) 

T  temperature (K) 

   mean superficial velocity of the liquid (m·s-1) 

V  volume (m3) 

y  gas molar fraction (-) 

z  axial distance (m) 

 

Dimensionless numbers 

Gz  Graetz number (-)   

Sh  Sherwood number (-) 

Sc  Schmidt number (-) 

Re  Reynolds number (-) 

 

Greek letters 

   membrane thickness (m) 

ε  porosity of the membrane (-) 

                           contact angle (°) 

µ  viscosity (Pa·s) 

ν  kinematic viscosity (m2·s-1) 

ρ  density (kg·m-3) 
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σ  surface tension (N·m-1) 

   tortuosity (-) 

   form factor 

 

Superscripts/subscripts 

Ag+  silver ion 

C3H6  propylene 

C3H8  propane 

IL  ionic liquid 
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Facilitated transport 

membranes 
 

 

 

Abstract 

Novel facilitated transport membranes, including supported ionic liquid 

membranes (SILMs) and polymer/ionic liquid composite membranes, are 

proposed to carry out the separation of olefin/paraffin gas mixtures. 

First of all the performance of SILMs containing different silver salt 

concentrations were assessed. Afterwards, in order to improve the 

typical poor mechanical stability of SILMs, polymer/ionic liquid 

composite membranes were synthetised and their structural, thermal 

and mechanical properties were determined. The effect of membrane 

composition in the separation performance of both types of membranes 

was evaluated under different operational conditions and the stability of 

the membranes was also checked. The facilitated transport membranes 

herein prepared provided very promising results when tested with 50/50 

% v/v C3H8/C3H6 mixtures, placing these membranes well above the 

Robeson upper bound for polymeric and inorganic membranes.  
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4.1.  Introduction 

Membrane technology holds a great potential for energy and capital 

saving in the separation process of olefins from paraffins. The criteria for 

selecting the most suitable membrane for a given application are 

complex; nonetheless, durability, mechanical and thermal stability at the 

operating conditions, productivity and separation efficiency and costs 

are important stipulations that must be considered [1]. Among these 

requirements selectivity and permeation rate are clearly the most basic, 

while the relative importance of the rest varies with the application. 

Therefore a wide variety of different membrane alternatives can be 

considered. The use of polymeric membranes for olefin/ paraffin 

separation has been studied rather extensively [2]. Among the wide 

variety of polymeric membranes studied in literature [3], polyimide 

membranes offer the highest flux and selectivity; however their 

performance has not met the requirements for commercial applications. 

In addition, it has been proved by many authors that polymeric 

membranes suffer severe plasticization effects, that lead to a dramatic 

decrease of the selectivity [4,5]. Inorganic membranes have been also 

explored because besides their higher tolerance to harsh environments, 

the gas separation performance of inorganic membranes can surpass 

the Robeson upper bound for conventional polymeric membranes [6]. 

However, the typical poor mechanical resistance of inorganic 

membranes, combined with their expensive and complex preparation 

methods have limited their use in large-scale applications. More recently 

the use of polymer composite membranes with enhanced separation 

properties is becoming increasingly important [7]. Thus, the use of 

polymer/ionic liquid composite membranes has been successfully 

applied to CO2/H2 [8] and CO2/CH4 [9-14] mixtures enhancing the 

separation performance of the polymeric membrane by itself. On the 

other hand many researchers have turned their attention to the use of 

facilitated transport membranes, both in liquid and solid state, in order 

to improve the olefin permeability without compromising the separation 

selectivity [15]. The separation performance is mostly associated to the 

ability of the olefins to reversibly react with silver cations (Ag+), by π-
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complexation mechanism. Consequently silver ions act as carriers for the 

transport of olefins, thus facilitating their selective permeation across 

the membrane. Kang et al. [16-19] have investigated extensively the 

separation performance of different types of facilitated transport 

membranes in the solid state for olefin/paraffin separation and reported 

high separation selectivities. However, the low olefin permeabilities 

obtained and the chemical instability of the carrier should be overcome 

before this technology can be implemented. Some authors [20,21] have 

studied the performance of supported liquid membranes (SLMs) using 

aqueous silver salt solutions for propylene/propane separation. 

Although good separation performances were reported, conventional 

SLMs suffer from critical drawbacks such as the evaporative loss of 

solvent and that the liquid can be expelled from the support due to the 

high trans-membrane pressure. Other authors [22-24] proposed the use 

of non-volatile solvents in order to avoid solvent losses by evaporation. 

Scovazzo et al. [25] determined the pure gas permeabilities and 

selectivities of N2, CH4 and CO2 and compared their results to those of 

polymeric membranes in the Robeson plot and concluded that 

supported ionic liquid membranes were competitive compared to other 

membrane materials. Neves et al. [26] studied the potential of using 

supported ionic liquid membranes for CO2/N2 and CO2/CH4 gas 

separation and the influence of the structure of the ionic liquid used in 

the performance of the separation process.  

 

In this chapter, the performance of supported ionic liquid membranes 

and novel polymer-ionic liquid composite membranes to carry out the 

separation of propane/propylene mixtures is evaluated.  Ionic liquids 

(ILs) were selected because in addition to their negligible vapour 

pressure that avoids solvent losses by evaporation, they offer more 

affinity for the olefinic compounds compared to saturated hydrocarbons 

and at the same time they provide stability to the dissolved metallic 

cation acting as a medium for facilitated transport with mobile carrier 

[27-29]. Based on previous results collected in the chapter 2 of this 

thesis, the pair ionic liquid-silver salt used in this case was  

1-butyl 3-methylimidazolium tetrafluoroborate-silver tetrafluoroborate 
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(BMImBF4-AgBF4) since it provided the best results in terms of 

separation selectivity and propylene solubility. On the other hand, the 

polymer used in the fabrication of the polymer/ionic liquid composite 

membranes was poly(vinylidene fluoride-co-hexafluoropropylene) 

(PVDF-HFP) due to its well known thermal, chemical and mechanical 

properties. Furthermore, it is partially miscible with BMImBF4 and 

compatible with hydrocarbons which avoid plasticization effects. Once 

the membrane has been fabricated the ionic liquid remains integrated 

within the polymer matrix, thereby increasing the stability of the 

membrane even at high transmembrane pressures. Several experiments 

were carried out in order to study the effect of different operating 

variables (transmembrane pressure, temperature, sweep gas flow rate 

membrane composition and silver concentration in the membrane) in 

the separation process. Moreover the stability of the membranes has 

been evaluated. Finally, the performance of both types of membranes 

has been compared with the most relevant data reported in literature. 

 

4.2. Experimental methods 

4.2.1. Materials 

Propylene and propane gas were purchased from Praxair with 

a minimum purity of 99.5 %. The ionic liquid 1-buthyl-3-

methylimidazolium tetrafluoroborate (CAS number 174504-65-6) was 

supplied by Iolitec, with a minimum purity of 99 % and residual halide 

content less than 500 ppm. The silver salt used in this work is silver 

tetrafluoroborate (CAS number 14104-20-2) of 99 % purity purchased 

from Apollo Scientific Ltd. All chemicals were used as received. The 

polymeric support employed for the preparation of SILMs was a 

Durapore® plain membrane of PVDF supplied by Millipore. The polymer 

PVDF-HFP (CAS number 9011-17-0) was supplied by Sigma Aldrich. 

Tetrahydrofuran (THF) (CAS number 109-99-9) purchased from Panreac 

was used as a solvent to prepare the polymer/ionic liquid membranes. 
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4.2.2. Preparation of SILMs  

First of all the reactive solution is prepared dissolving the silver 

tetrafluoroborate in the BMImBF4 at room temperature and stirring with 

a magnet stirrer. Then the polymeric membrane used as support was 

placed in a flask, which was closed with a septum, and then vacuum was 

applied for 30 minutes in order to remove the air inside the pores. The 

microporous membrane used as polymeric support was a hydrophilic 

PVDF polymeric membrane supplied by Millipore. The main 

characteristics of the membrane are shown in table 4.1. Then 2 mL of 

the reactive solution were injected through the septum with a syringe 

and the reactive liquid fills the void pores. The system remains under 

vacuum 90 more minutes to let the reactive solution to impregnate 

completely the porous support. Finally the excess of liquid is removed 

from the polymeric surface using a tissue. The supported ionic liquid 

membrane thickness has been considered to be equal to the thickness of 

the polymeric support (125 μm). 

 

Table 4.1. Characteristics of the PVDF microporous membrane. 

 

Material PVDF 

Wettability Hydrophilic 

Refractive index 1.42 

Water flow rate (mL·min
-1

·cm
-2

) 2.5 

Bubble point at 23ºC (bar) ≥ 4.8 

Maximum operating T (K) 358 

Pore size (μm) 0.1 

Porosity (%) 70 

Thickness  (μm) 125 

Membrane diameter (mm) 90 
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4.2.3. Preparation of polymer/ionic liquid composite 

membranes  

The PVDF-HFP/BMImBF4/Ag+ composite membranes were prepared by 

the solvent casting technique. First of all the polymer is dissolved in 

10 mL of THF at 313 K for 8 hours in a closed vial to avoid evaporation of 

the solvent. Once the polymer has been dissolved, it is mixed with the 

ionic liquid and the silver salt and stirred for 5 minutes. Finally the 

membrane precursor mixture is placed in a Petri dish and the solvent is 

evaporated at 293 K and 300 mbar under dark conditions for 24 h. For 

better understanding of the results presented in this chapter, it would 

be appropriate to clarify that the silver content of the membranes is 

expressed as a percentage of the silver salt weight compared with the 

weight of the membranes without silver AgBF4/(PVDF-HFP + BMImBF4). 

The thickness of the membranes prepared in this work depends on the 

membrane composition, but in all cases they presented an average 

thickness around 120 ± 20 μm. Permeabilities have been calculated 

taking into account the real thickness of each membrane which was 

measured using a digital micrometer Mitutoyo Digmatic Series 369 

(accuracy ± 0.001 mm). 

 

4.2.4. Characterization of polymer/ionic liquid 

composite membranes  

Membranes thermal and mechanical stability was determined together 

with structural properties by thermogravimetric analysis (TGA), tensile 

tests, polarized light microscopy (PLM) and FTIR techniques. First of all 

membrane structure was analyzed by PLM using a SZH Olympus lens 

equipped with a camera CCD Color Video Camera SSC-C350P/C370P 

Sony that was used to characterize the morphology and phase behavior 

of the ionic liquid/polymer composite membranes. The thermal stability 

of the membranes has been studied by thermogravimetric analysis 

(TGA) using a thermobalance TG-DTA 60H Shimadzu. The mechanical 

strength of the membranes was assessed by tensile tests using a 
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Zwick/Roell Z100 machine according to the standard method UNE-EN 

ISO 527-3:1996 and AC:2002. In PVDF-HFP/BMImBF4 composite 

membranes, possible interactions between the cation of the ionic liquid 

and the polymer backbone can occur.  In this work, these possible 

interactions were investigated by FTIR spectroscopy using a 

spectrometer Nicolet Nexus. 

 

4.2.5. Permeation cell 

A schematic diagram of the permeation cell is shown in figure 4.1.  

 

 

Figure 4.1. Schematic diagram of the permeation cell. 

 

The upper and lower compartments, with an inner and outer diameter 

of 90 and 102 mm respectively were made of stainless steel (AISI 316L). 

The supported ionic liquid membrane is placed in the lower chamber, 

over a disc made of porous stainless steel which provides mechanical 

strength to the membrane. A gasket of synthetic rubber allows to close 

hermetically both chambers avoiding the leakage of the gas. In the 

Feed stream inlet Retentate stream outlet

Gasket

Membrane

Permeate stream outlet Sweep gas inlet
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upper chamber there are two ports which correspond to the feed gas 

inlet and the retentate gas outlet. Similarly, in the lower chamber there 

are also two connections corresponding to the sweep gas inlet and the 

permeate stream outlet. 

 

4.2.6. Methods 
 

Once the membrane has been prepared it is placed into the permeation 

cell (membrane effective area = 39.6 cm2) inside a water bath in order to 

control the temperature. In the start-up of the gas permeation 

experiments the presence of possible defects in the membrane was 

checked. Vacuum was applied to the permeate side; if the membrane 

does not present any defect the pressure fell below 1 mbar, however, if 

there were any defect (any unfilled pore in the SILMs or a small hole in 

the polymer/ionic liquid composite membranes) the gas would pass 

from the feed side to the permeate side and the vacuum of 1 mbar 

would not be achieved anymore. 

The flow rate of each gas is adjusted by a mass flow controller (Brooks 

Instrument SLA 5850) and before starting the experiment the 

composition of the feed stream is analyzed by gas chromatography. The 

feed stream flows through the upper chamber, while the nitrogen used 

as sweep gas flows through the permeate side. The pressure of both 

streams, measured by a pressure transducer (Aplisens PCE-28 with an 

accuracy of ± 0.001 bar), is controlled using two micrometric valves. The 

flow rate of the permeate stream is measured using a mass flowmeter 

(Brooks Instrument SLA 5850) and at the cell outlet the composition of 

both, the feed stream and the permeate stream are analyzed by gas 

chromatography. The analysis was performed in a gas chromatograph 

HP 6890 equipped with a thermal conductivity detector (TCD) and a 

column HP Al/S (30 m length, nominal diameter of 0.53 mm). A 

schematic diagram of the experimental set-up is shown in figure 4.2. 
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Figure 4.2. Diagram of the experimental setup. 

1-Gas bottles, 2-Mass flow controllers, 3-Two way valves, 4-Permeation 

cell, 5-Water bath 6-Mass flowmeter, 7-Pressure transducer, 

8-Micrometric valve, 9-Three way valves, 10-Gas chromatograph.  

 

In order to check the experimental reliability each experiment was 

performed twice and the standard deviation between experimental 

results and the replicates (eq. 4.1) was calculated. The obtained values 

were lower than 0.04 for the SILMs and 0.05 for the PVDF-HFP/BMImBF4 

composite membranes concluding that there was a good experimental 

reliability.  

  
   

      
     
 

     
 

 

 
   

   
  (4.1) 

 

The experimental flux of each gas was calculated by performing a mass 

balance to the permeation cell. 
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                                                     (4.2) 
 

where Fin and Fout (mol·s-1) are the total molar flow rate at the inlet and 

the outlet of the cell respectively, yi  (-) is the molar fraction of the gas, 

Ji (mol·m-2·s-1) is the flux of the specie i across the membrane and A (m2) 

is the membrane effective area. 

Then the experimental permeabilities of each gas were calculated 

according to eq. 4.3: 
 

     
   

 
               (4.3) 

 

where Pi (mol·m-1·bar-1·s-1) is the permeability of each gas, Δpi (bar) is the 

difference in the partial pressure of the gas between both sides of the 

membrane and    (m) is the thickness of the membrane. 

 

4.3. Results and discussion 

4.3.1. Supported ionic liquid membranes (SILMs) 

The separation of propane/propylene gas mixtures though supported 

ionic liquid membranes is a combination of three processes: absorption, 

diffusion and desorption which take place in the feed side, in the liquid 

membrane and in the permeate side respectively. The transport of both 

species across the membrane is a process driven by the partial pressure 

difference between both sides of the membrane. Therefore, the higher 

the transmembrane pressure, the higher driving force for the separation 

is obtained. In supported ionic liquid membranes in absence of a carrier, 

the transport of the gaseous species (propane and propylene) is due to 

Fickian diffusion. However, when a carrier (Ag+) is added to the 

membrane system, propylene permeation is the contribution of two 

mechanisms: Fickian diffusion and facilitated transport with mobile 

carrier. Based upon facilitated transport mechanism, higher carrier 

concentration in the membrane will enhance the transport of propylene 
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along the membrane thickness, and as a result the membrane would 

have a better separation performance. In this section gas mixture 

permeation experiments were carried out in order to measure gas 

permeabilities and determine the selectivities of the separation of 

C3H6/C3H8 mixtures. First of all, the effect of the silver content in the 

membrane as well as the influence of the operational conditions such as 

the transmembrane pressure (0.2-1.65 bar) and sweep gas flow rate 

(0-15 mL·min-1) on the gas permeation fluxes and separation selectivity 

was studied. Moreover, in order to increase the knowledge on the 

separation fundamentals, the results of the permeability of the 

components of gas mixtures were compared to the experiments 

performed with pure gases. 

Stability of SILMs  

The durability of the supported ionic liquid membrane was studied by 

performing medium-term gas permeation experiments working with 

50/50 % v/v C3H8/C3H6 gas mixtures. The liquid membrane showed good 

stability over the experimental period operating with a transmembrane 

pressure of 0.2 bar. Figure 4.3 shows the evolution of the permeation 

fluxes of propane and propylene across the supported ionic liquid 

membrane with time. It can be observed that during the first hours the 

flux of both gases decreases. The BMImBF4 is hygroscopic, and during 

the start-up procedure the membrane takes some water from 

atmosphere. During the first hours this water is removed from the 

membrane by evaporation and drops dragging. Thus, the viscosity of the 

liquid membrane increases and therefore the diffusivity of both species 

across the liquid membrane decreases, which finally leads to lower gas 

permeabilities. 
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Figure 4.3. Change of the fluxes of C3H8 and C3H6 across the supported 

ionic liquid membranes with time at 293 K, transmembrane pressure of 

0.2 bar, flow rate of the sweep gas 2 mL·min-1 composed by BMImBF4 

and [Ag+]= 2 M. 

One of the critical issues related to supported liquid membranes is the 

carrier poisoning with time. In the case of silver-based facilitated 

transport membranes one of the major issues is the reduction of silver 

cations to metallic silver, which is not active in the separation process, 

according to reaction 4.a.  

   
                           
                                            (4.a) 

As the cationic silver degradation is catalyzed by light, the carrier 

poisoning effects can be minimized as long as the liquid membrane 

remains under dark conditions. In this case the selectivity remained 

constant during the experiment revealing that no carrier degradation is 

taking place. The macroscopic studies confirmed that after the 

experiment the ionic liquid solution remains inside the pores of the 

membrane. Moreover the color of the membrane did not change 

indicating that the reduction of part of the silver ions to metallic silver 

was no taking place. All the experiments reported in this section were 
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obtained after all the water present in the liquid membrane was 

removed, and therefore the pseudo-steady state was achieved. 

For both components, a comparison of pure gas and mixed gas 

permeabilities under the following operation conditions: pressure of the 

feed gas of 1.2 bar, pressure of the permeate stream of 1 bar and 

temperature of 293 K was carried out. The results collected in table 4.2 

show that the permeabilities obtained from the runs with mixed gas 

feeds differ from the values obtained working with pure gas phases; 

actually propane permeability is 6.1 % lower in the mixed gas whereas 

propylene permeability is increased by 15 %. Those results are in 

agreement with the differences in gas solubilities previously determined 

in the absence of the complexing agent that showed a considerably 

lower equilibrium solubility of propane and at the same time a slightly 

higher solubility of propylene compared to the values obtained with 

pure gases [29]. A similar behavior was evidenced by the results 

obtained by Neves et al. [26] from gas permeation studies working with 

CO2/CH4 and CO2/N2 mixtures and supported ionic liquid membranes. 

Table 4.2. Pure and mixed gas permeabilities for 50/50 % v/v C3H8 and 

C3H6 gas mixtures at 293 K in the SILM without silver. 

Permeability (mol·bar-1·m-1·s-1) 

C3H8 C3H6 

PURE MIX  
        

    
      PURE MIX  

        

    
      

1.66·10
-9

 1.56·10
-9

 6.1 4.41·10
-9

 5.07·10
-9

 -15.0 

 

Effect of the sweep gas flow rate 

The effect of the sweep gas flow rate in the fluxes of propane and 

propylene across the membrane was studied in the range from 2 to 15 

mL·min-1. Non linear profiles of the flux of propylene across the 

membrane with the flow rate of the sweep gas were observed as is 

depicted in figure 4.4.  
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Figure 4.4. Effect of the sweep gas flow rate in the flux of C3H8 and C3H6 

at 293 K, at pressures of the feed and permeate streams of 1.2 and 

1.0 bar respectively and [Ag+]= 1 M. 
 

The flux of propane is almost unaffected by changes in the sweep gas 

flow rate. However, the flux of propylene increases as the sweep gas 

flow rate was increased, at a higher rate at low flow rates and achieving 

asymptotically a maximum value at flow rates of the sweep gas over 

10 mL·min-1. This is because higher flow rates of the sweep gas remove 

more efficiently the gas molecules which arrive to the permeate side, 

allowing to operate with higher driving forces. For this reason a trade-off 

solution must be found in order to maximize the flux of propylene across 

the membrane without diluting in excess the permeate stream. 
 

Effect of the transmembrane pressure 

The effect of the transmembrane pressure was studied in the range 

from 0.2 to 1.65 bar. Figure 4.5 shows that higher transmembrane 

pressures result in higher fluxes of both gases due to the higher driving 

force (eq. 4.3). At the same time it is worth noticing that increasing the 

transmembrane pressure in the range 0.2-1.65 bar the selectivity is not 

affected. Therefore, it would be interesting to work at the highest 

0.0E+00 

2.0E-05 

4.0E-05 

6.0E-05 

8.0E-05 

1.0E-04 

1.2E-04 

1.4E-04 

1.6E-04 

1.8E-04 

0 5 10 15 20 

J C
3

H
x 

(m
o

l·
m

-2
·s

-1
) 

QN2 (mL·min-1) 

C3H6 

C3H8 



Facilitated transport membranes 
__________________________________________________________________________________________________________________________________ 

 

135 
 

possible transmembrane pressure, in order to maximize the flux of 

propylene, without compromising the stability of the supported ionic 

liquid membrane. In order to check the maximum transmembrane 

pressure at which the supported ionic liquid membranes under study 

could operate, the stability against pressure was assessed. For this 

purpose as the pressure in the permeate side remained constant at 

1 bar, the pressure in the feed stream was increased gradually at 

intervals of 0.25 bar. It was observed that the liquid membranes 

remained stable until a threshold differential pressure between both 

sides of the membrane of 2.75 bar was achieved.  Above this pressure it 

was observed that the separation capability of the membrane gradually 

decreased because part of the ionic liquid that was immobilized inside 

the polymeric support was being expelled from the membrane pores. 

Figure 4.5. Effect of the transmembrane pressure in the flux of C3H8 and 

C3H6 at 293 K, and a [Ag+]= 0.1 M and a flow rate of the sweep gas of 

2 mL·min-1. 
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Effect of silver ions concentration 

Many authors have reported previously the enhancement in the 

permeation flux of olefins across a supported liquid membrane under 

the presence of silver cations. This is because the silver ions act as 

carriers facilitating the transport of the olefins from the feed stream to 

the permeate side [23,30]. Several experiments were carried out at 

different silver concentrations and results are shown in figure 4.6: 

 

Figure 4.6. Effect of the silver concentration in the flux of C3H8 and C3H6 

at 293 K, a pressure of the feed and permeate streams of 1.2 and 1.0 bar 

respectively and a flow rate of the sweep gas which allows to operate 

with the maximum driving force. 

Figure 4.6 shows that although the flux of propane is no influenced 

by the addition of silver to the supported liquid membrane  

(≈ 9.4·10-6 mol·m-2·s-1), the flux of propylene is gradually increased from 

2·10-5 to 1.5·10-4 mol·m-2·s-1 following a linear trend when the silver 

concentration in the membrane was increased from 0 to 1 moles per 

liter. The mixed gas permeabilities were calculated from the 

experimental results according to eq. 4.3. The selectivity for a given gas 
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pair (    ) is calculated as the ratio of the permeabilities of the gases of 

interest (eq. 4.4): 
 

     
  

  
  (4.4) 

where αi/j is the selectivity and Pi and Pj are the experimental 

permeabilities of the species i and j respectively.  
 

Table 4.3. Influence of silver concentration on the permeabilities and 

selectivities at 293 K, pressure of the feed and permeate streams of 1.2 

and 1.0 bar respectively and a flow rate of the sweep gas that allows 

operation with the maximum driving force. 

[Ag+] 
(M)  

  P C3H8 

(mol·bar-1·m-1·s-1)   
  P C3H6 

(mol·bar-1·m-1·s-1)  
αi/j 

(-) 

0 1.56·10-9 5.07·10-9 3.25 

0.1 1.91·10-9 7.52·10-9 3.93 

0.25 1.82·10-9 1.11·10-8 9.26 

0.5 1.88·10-9 2.09·10-8 11.2 

1 2.03·10-9 3.96·10-8 19.5 

2 1.06·10-9 5.51·10-8 52.9 
 

The achieved selectivity in the separation process using pure BMImBF4, 

with no addition of silver ions, in the supported liquid membrane is 3.25. 

However this selectivity is increased to almost 53 when the silver 

concentration is increased up to 2 mol·L-1. The permeability of a gas is a 

contribution of both, the solubility and the diffusivity through the 

membrane (eq. 4.5). 
 

           (4.5)  

 

where Pi is the permeability of each gas and Si and Di are the solubility 

coefficient and diffusivity of the specie “i” in the supported ionic liquid 

membrane.  
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The solubility coefficients were obtained from the solubility isotherms of 

propane and propylene in the BMImBF4-Ag+ medium, thus after having 

calculated the experimental permeabilities in this work it is possible to 

calculate the experimental diffusivities of propane and propylene in the 

ionic liquid membrane at different concentrations of silver ions 

(table 4.4). 

 

Table 4.4. Experimental solubility coefficients and diffusivities for C3H8 

and C3H6 at 293 K and different silver concentrations. 

[Ag+] 
(M) 

S C3H8 
(mol·m-3·bar-1) 

D C3H8 
(m2·s-1) 

S C3H6 
(mol·m-3·bar-1) 

D C3H6 
(m2·s-1) 

0 33.7 4.62·10-11 85.3 5.94·10-11 

0.1 33.7 5.67·10-11 200 3.76·10-11 

0.25 33.7 5.39·10-11 372 2.98·10-11 

0.5 33.7 5.58·10-11 659 3.17·10-11 

1 33.7 6.03·10-11 1233 3.22·10-11 
 

 

The diffusivities of gases in the Ag+-BMImBF4 liquid membrane were also 

predicted using the correlation proposed by Morgan for imidazolium-

based ionic liquids in terms of the gas molar volume and the ionic liquid 

viscosity [31] (eq. 4.6). 
 

             
 

  
           

           (4.6) 

 

where D12 is the diffusivity of the gas in the ionic liquid in cm2·s-1, μ2 is 

the ionic liquid viscosity in cP and V1 is the molar volume of the gas in 

cm3·mol-1. 
 

It is also known that the rheological properties of the ionic liquid may 

change with the concentration of silver salts. This influence previously 

reported by Ortiz et al. [28]  must be considered in the estimation of the 
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diffusivity of both gases using equation 4.6. Figure 4.7 shows a 

comparison between the experimentally determined diffusivities and 

the diffusivities obtained using eq. 4.6. It can be seen that the 

diffusivities of propane and propylene irrespective of the concentration 

of silver ions in the membrane are well predicted by Morgan’s equation. 

Moreover, figure 4.7 shows that the diffusivity of propylene in the liquid 

membrane slightly decreases when adding silver cations. This is in good 

agreement with previous results published by Teramoto et al. [32]  who 

reported a decrease in the observed diffusivity of ethylene in water 

from 1.45·10−9 to 9.83·10−10 m2·s−1 when the concentration of silver 

nitrate was increased from 0 to 4 mol L-1. This can be attributed to the 

formation of the olefin-silver complex with a bigger molar volume and 

therefore lower diffusivity. Then the observed diffusivity results from 

the contributions of the diffusivity of free propylene in the liquid 

membrane and the diffusion of the different organometallic complexes 

formed. 
 

Figure 4.7. Comparison between experimental diffusivities of C3H8 and 

C3H6 and calculated using Morgan’s equation. 
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N2-free basis. This is because due to the high difference in the normal 

boiling points between nitrogen (≈ 77 K) and propane (≈ 231 K) and 

propylene (≈ 226 K), after obtaining a permeate stream mixture of 

nitrogen, propane and propylene it would be easy to remove the 

nitrogen from the mixture by just compressing and partially condensing 

this stream. Then on one hand pure nitrogen ready to be reused as 

sweep gas would be obtained, and on the other hand a final stream with 

high purity in propylene could be stored for example as liquefied gas. As 

depicted in figure 4.8, the propylene percentage in the permeate stream 

greatly increases when increasing the silver concentration in the liquid 

membrane. At silver concentrations in the membrane above 1 M, the 

propylene purity in the permeate stream is high enough to be used in 

most applications of propylene with the exception of the fabrication of 

polyolefins. 

 

Figure 4.8. Composition of the permeate stream (on N2-free basis)at 

different silver concentrations in the membrane at 293 K, pressure of 

the feed and permeate streams of 1.2 and 1.0 bar respectively and flow 

rate of the sweep gas that allows to operate with the maximum driving 

force. 

0% 

10% 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

100% 

0 0.1 0.25 0.5 1 2 

73.0 76.9 
82.6 

89.5 
93.4 

97.9 

 C
C

3
H

x 
(%

) 

[Ag+] (M) 

C3H8 

C3H6 



Facilitated transport membranes 
__________________________________________________________________________________________________________________________________ 

 

141 
 

4.3.2. Polymer/ionic liquid composite membranes 
 

Membrane characterization  

In this work PLM was used to characterize the morphology and phase 

behavior of the ionic liquid/polymer composite membranes.  Figure 4.9 

shows the PLM images of pure PVDF-HFP, BMImBF4 and different 

polymer/ionic liquid composite membranes. The images of pure 

PVDF-HFP and pure BMImBF4 are smooth and clear. The PLM image of 

the membrane composed by 80 % PVDF-HFP/20 % BMImBF4 is both 

clear and homogeneous, that indicates the miscibility of the components 

highlighting that the ionic liquid is embedded inside the polymer matrix. 

Nevertheless, as the percentage of ionic liquid increases, phase 

separation phenomena can be observed, leading to the formation of 

microcapsules of ionic liquid that become more obvious when increasing 

the ionic liquid percentage in the membrane. 

 

Figure 4.9. Polarized light microscopy images of the pure components 

and blend membranes. A) Pure PVDF-HFP, B) 80 % PVDF-HFP/20 % 

BMImBF4, C) 65 % PVDF-HFP/35 % BMImBF4, D) 50 % PVDF-HFP/50 % 

BMImBF4, E) 35 % PVDF-HFP/65 % BMImBF4, F) Pure BMImBF4. 
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The thermal stability of the membranes has been studied by 

thermogravimetric analysis (TGA). Figure 4.10 shows the 

thermogravimetric curves of pure PVDF-HFP, pure BMImBF4 and for 

PVDF-HFP/BMImBF4 composite membranes containing different 

amounts of ionic liquid. Pure PVDF-HFP decomposes at ≈ 707 K and pure 

BMImBF4 decomposes at 661 K (figure 4.10) in a single step. However, 

the polymer/ionic liquid composite membranes began to degrade at 

temperatures around 615 K that is below the degradation temperature 

of the pure components. These results are in agreement with those 

previously reported by Shalu et al. [33] who found that the PVDF-HFP/IL 

membranes exhibited a multistep decomposition mechanism. 

 

Figure 4.10. Thermogravimetric analysis of the PVDF-HFP/BMImBF4 

composite membranes. 

 

The mechanical strength of the membranes was assessed by tensile 
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rupture strain (εM) decrease as the IL content in the membrane is 

increased. Similar behavior has been previously reported by Jansen et al. 

[10] for PVDF-HFP/[EMIm][TFSI] mixtures and by Chen et al. [8] for 

PVDF/[EMIm][B(CN)4] mixtures. On the other hand, the yield strain 

slightly increases as the IL content in the membrane is increased until a 

critical IL content is achieved (65 %) when the elastic deformation of the 

membrane greatly decreases (table 4.5). Nevertheless, although the 

addition of the ionic liquid inside the polymer matrix compromises the 

mechanical resistance of the film, the mechanical properties of the 

membrane with 80 % polymer/20 % IL are good enough to prevent 

rupture of the membrane under the operating conditions employed in 

this work. 

 

Figure 4.11. Tensile tests of the PVDF-HFP/BMImBF4 composite 

membranes. 
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Table 4.5. Mechanical parameters of the PVDF-HFP/BMImBF4 composite 

membranes. 

% polymer % IL 
σy 

(MPa) 
σM 

(MPa) 
ε in σy 

(%) 
ε in σM 

(%) 
Young Modulus 

(MPa) 

100 0 20.5 47.2 13.7 868 1.5 

80 20 11.9 29.8 18.7 984 0.64 

65 35 7.80 17.4 19.5 693 0.40 

50 50 5.61 10.0 22.4 493 0.25 

35 65 0.75 4.62 6.02 195 0.12 
 

In PVDF-HFP/BMImBF4 composite membranes, possible interactions 

between the cation of the ionic liquid and the polymer backbone can 

occur.  In this work, these possible interactions were investigated by 

FTIR spectroscopy using a spectrometer Nicolet Nexus. The FTIR spectra 

of pure PVDF-HFP, pure BMImBF4 and PVDF-HFP/BMImBF4 membranes 

with different compositions in the region 500-4000 cm-1 are shown in 

figure 4.12. Two regions, region-I and region-II in the spectra of figure 5 

are of particular interest for the present discussion. The peaks in region I 

are due to the C-H stretching vibrations of butyl chain of IL (also those of 

polymer backbone stretching) and imidazolium cation ring of BMImBF4 

respectively. Although an overview of the peaks located in zones 1 and 2 

of region I do not show significant changes, Shalu et al. [33] carried out a 

deconvolution explaining that there exist some peaks shifting. This 

indicates that a certain interaction between the imidazolium ring of the 

ionic liquid and the polymer chains is taking place. Therefore they 

concluded that at low amounts of BMImBF4 doped into the PVDF-HFP 

membrane, most of the IL complexes with the polymer and less 

uncomplexed IL is entrapped in the matrix. This uncomplexed IL 

increases as the total IL content in the membrane is increased which is in 

good agreement with the results obtained by PLM in this work. The 

expanded spectra of region II correspond with the vibrational bands of 

the crystalline phase (zone 4) of the PVDF-HFP while the bands located 

around 850 cm-1 are related to the amorphous phase of the polymer 
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(zone 3). Upon incorporation of BMImBF4 to the PVDF-HFP the peak 

located at 750 cm-1 shifts to 755 cm-1 when the IL content is increased. 

Moreover the bands at 850 cm-1 become more prominent indicating that 

the addition of BMImBF4 to the membrane increases the polymer 

amorphicity. 

 

 

Figure 4.12. FTIR spectra of pure PVDF-HFP, pure BMImBF4 and PVDF-

HFP/BMImBF4 composite membranes with different compositions. 
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Gas permeation 

Mixed gas permeation experiments were carried out in order to 

measure gas permeabilities and determine the C3H6/C3H8 separation 

selectivity. The influence of the membrane composition as well as the 

different operational conditions such as the sweep gas flow rate 

(0-20 mL·min-1), gas partial pressure (0.5-3 bar) and temperature 

(293-323 K) on the separation of propane/propylene gas mixtures was 

studied. 

 

Effect of the membrane composition 

To investigate the effect of membrane composition the permeation of 

50/50 % v/v C3H8/C3H6 mixtures across composite membranes without 

silver salt at 293 K was analyzed in first place. Membranes with 

compositions ranging from 0 % PVDF-HFP/100 % BMImBF4 (supported 

liquid membrane) to 100 % PVDF-HFP/0 % BMImBF4 (conventional 

polymeric membrane) were analyzed. As depicted in figures 4.13 A and 

4.13 B, in absence of silver salt in the membrane the permeability of 

both gases across the membrane decreases as the polymer content of 

the membrane increases. Moreover, the permeability curve presents a 

breakthrough around 70 % of polymer content which is around the 

composition range where 2 phase formation occurs as evidenced by 

PLM. However, when the silver salt is added to the membrane the 

permeation flux of propylene greatly increases regardless of the polymer 

content of the membrane. This occurs until a limit value is achieved 

above 80 % of polymer when the permeation flux of propylene is 

compromised. This phenomenon may be due to the decrease of the 

liquid concentration in the membrane below a threshold value that 

restricts the mobility of the carrier, therefore decreasing the flux of the 

transported gas across the membrane. Moreover, from figure 4.13 B it 

can be noted that the addition of silver salt to the membrane leads to a 

slight increase in the flux of propane. This fact will be discussed later. 
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 Figure 4.13. Effect of the membrane composition on the permeability of 

propylene A) and propane B) at 293 K. 
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Stability of PVDF-HFP/BMImBF4-Ag+ membranes 

As the main issue of the facilitated transport membranes is the carrier 

stability with time, long-term experiments were performed for 10 days, 

with a feed stream composed by 50/50 % v/v C3H6/C3H8 at 1 bar and 

293 K.  The evolution of propylene and propane fluxes with time is 

plotted in figure 4.14, where it can be observed that during the first 

hours the flux of both gases decreases. As explained before, the 

BMImBF4 is hygroscopic and therefore during the start-up procedure the 

membrane takes some water from atmosphere. During the first 80 

hours this water, together with some traces of THF that may remain in 

the membrane are removed from the membrane by evaporation and 

dragging. As a consequence the polymer chains mobility decreases and 

at the same time the BMImBF4 viscosity increases leading to lower fluxes 

of both gases until a steady state is achieved when no further water or 

THF remain in the membrane. The PVDF-HFP/BMImBF4/Ag+ showed 

excellent stability as evidenced by the steady C3H6 and C3H8 partial fluxes 

of 1.2·10-4 and 2.2·10-7 mol·m-2·s-1 respectively. Therefore an 

exceptionally high C3H6/C3H8 separation selectivity value of 545 was 

obtained and kept constant during long-term stability tests of 10 days. 

After the experiments it was checked that the IL remained entrapped 

inside the polymer matrix and no carrier degradation had occurred. In 

this sense several authors have reported that the use of some polymers 

or ionic liquids can minimize the reduction of the silver cations [34,35]. 

Thus the combined effect of the presence of the ionic liquid and the 

polymer contributes to stabilize the silver cations under the operational 

conditions used in this work over a period of 10 days. It is also worth 

noting that experiments were carried out in the absence of any reducing 

gas so that longer times together with the use of real streams that 

contain traces of reducing components such as H2 or H2S should be 

performed in further stability analysis. All the experiments reported in 

this work were obtained after 100 hour operating time to assure that 

pseudo-steady state had been achieved. 
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Figure 4.14. Long-term stability experiments of with the 80 % PVDF-

HFP/20 % BMImBF4/60 % AgBF4 membrane at 293 K. 

 

Effect of the sweep gas flow rate 

The effect of the sweep gas flow rate in the fluxes of propane and 

propylene across the membrane was studied. Figure 4.15 shows that 
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excessive dilution of the permeate stream. All the experiments in this 

0 

100 

200 

300 

400 

500 

600 

700 

800 

2.E-07 

1.E-04 

2.E-04 

3.E-04 

4.E-04 

5.E-04 

6.E-04 

7.E-04 

8.E-04 

9.E-04 

0 50 100 150 200 250 

Se
le

ct
iv

it
y 

(-
) 

J C
3

H
x 

(m
o

l·
m

-2
·s

-1
) 

t (h) 

C3H8 C3H6 Selectivity 



Chapter 4 
__________________________________________________________________________________________________________________________________ 

 

150 
 

work were performed using a flow rate of the sweep gas that allows the 

operation under the maximum driving force. 

 

Figure 4.15. Effect of the sweep gas flow rate in the fluxes of C3H6 and 

C3H8 at 293 K in 80 % PVDF-HFP/20 % BMimBF4/60 % AgBF4 membrane. 
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greatly increases the flux of propylene, which indeed could sweep some 

propane molecules dissolved in the membrane.  

 

 

Figure 4.16. Effect of temperature and silver concentration in 

80 % PVDF-HFP/ 20 % BMimBF4 membrane on the propylene A) and 

propane B) permeabilities. 
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Regarding the effect of temperature the results show that higher 

operating temperatures increase gas permeability. This can be explained 

because at higher temperatures two simultaneous effects take place; 

the polymer chain mobility increases and the viscosity of the ionic liquid 

drastically decreases. These two phenomena lead to higher diffusion 

coefficients for both C3H8 and C3H6. However, C3H8 is affected to a larger 

extent over C3H6 that already had a very fast permeation due to 

facilitated transport. As a consequence, the higher temperature 

decreases the permeation advantage of C3H6 over C3H8 resulting in lower 

separation selectivities. The temperature dependence of the 

permeabilities of both gases can be described by an Arrhenius-type 

equation [36]. 

Following the same procedure described in section 4.3.1 for SILMs, 

figure 4.17 shows the influence of silver concentration in the membrane 

on the composition of the permeate stream.  

Figure 4.17. Composition of the permeate stream at different silver 

loadings in the membrane at 293 K, pressure of the feed and permeate 

streams of 1.0 and a flow rate of the sweep gas that allows to operate 

under the maximum driving force. 
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Again it can be noted that the propylene composition in the permeate 

stream greatly increases when increasing the amount of silver in the 

membrane. At silver loadings in the membrane above 40 %, the 

propylene purity in the permeate stream is high enough to be used in 

any application of propylene including the production of polyolefins 

which commonly requires propylene purities above 99.5 %. 

 

Effect of pressure 

The effect of feed pressure on C3H6 and C3H8 permeability and flux was 

investigated in the pressure range of 0.5-3 bar. Figure 4.18 illustrates the 

effect of pressure on permeation fluxes of both gases at 293 K for PVDF-

HFP/BMImBF4 with and without silver salt.   

Figure 4.18. Effect of the pressure on the fluxes of C3H8 and C3H6 in 

80 % PVDF-HFP/ 20 % BMImBF4 membranes and different AgBF4 

loadings. 
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for propylene. On the other hand, as expected the membrane with 80 % 

AgBF4 exhibits much higher fluxes of propylene because facilitated 

transport mechanism takes place. Nevertheless, when the feed pressure 

is increased only a slightly increment on the flux of propylene has been 

observed. This indicates that most of the carrier molecules are saturated 

even at low propylene partial pressures. Therefore it is suggested that 

the total observed flux of propylene is the sum of two contributions: the 

first one that depends on the concentration driving force within the 

membrane, as predicted from Fick’s law and the second one that is the 

facilitated transport contribution by both mechanisms, with fixed carrier 

and mobile carrier (eqs. 4.7 and 4.8) which is in good agreement with 

the results obtained by Rabago et al. [37] Figure 4.19 shows a schematic 

diagram of the transport mechanisms of propane and propylene across 

the polymer/ionic liquid composite membranes studied in this section. 

 

Figure 4.19. Transport mechanisms of propane and propylene in a 

polymer/ionic liquid composite membrane. 
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Therefore, the polymer/ionic liquid facilitated transport membranes 

studied in this work would be suitable for operation even with feed 

streams with low olefin content, allowing to obtain high olefin fluxes 

combined with good separation selectivities. 

 

4.3.3. Comparison with other membranes 

The gas separation properties of PVDF-HFP/BMImBF4-Ag+ composite 

membranes for C3H6/C3H8 separation has been compared with other 

existing membranes on a Robeson plot including the most relevant data 

published in literature updated to 2013 (figure 4.20). On this chart, the 

selectivity for a gas pair is plotted against permeability expressed in 

barrers            
           

           
   of the more permeable gas on a log-log 

scale.  The empirical ‘‘upper bound’’ in this plot, that shows the well-

known flux/selectivity tradeoff for a given type of membrane, 

approximates the best selectivity/permeability combination for a certain 

separation. The results collect most of the different types of membranes 

studied for this application, including conventional polymeric 

membranes, inorganic membranes such as carbon molecular sieve and 

zeolite-based membranes as well as facilitated transport membranes in 

both the liquid and solid state. In order to facilitate the data comparison 

with some of the most common membranes the “upper bound” for 

conventional polymeric [38] and inorganic membranes [39] have been 

represented. The values obtained in this work represented in the 

Robeson plot were obtained after more than 100 hours operating time 

to assure that the pseudo-steady state has been reached. 

From figure 4.20 it can be seen that for the BMImBF4-Ag+ SILMs studied 

in this work the separation selectivity strongly depends on the carrier 

concentration in the membrane. However these membranes resulted 

highly permeable towards propylene even at silver concentrations. This 

was previously expected due to the high propylene solubility together 

with the fast diffusion rate of species in the liquid state compared to 
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that observed in solid membranes. From the experimental results it can 

be noted that the SILMs prepared in this work with carrier 

concentrations higher than 0.25 M are located well above the upper 

bound previously reported for organic and inorganic membranes. 

Regarding the experimental results for the PVDF-HFP/BMImBF4-Ag+ 

composite membranes herein reported correspond to the values 

obtained with 80 % PVDF-HFP/20 % BMImBF4 membranes with AgBF4 

contents varying from 0 to 80 % w/w. Although commonly dense solid 

membranes present relative low permeabilities, as it can be observed in 

figure 4.20, the facilitated transport membranes herein presented 

provided high permeabilities for propylene and with reasonable 

separation selectivities. This is due to the presence of the ionic liquid 

phase integrated within the polymer matrix that provides a medium for 

facilitated transport in liquid state, similar to that present in 

conventional liquid membranes. At the same time, the membranes 

showed very low propane permeability which finally leads to high 

separation selectivities. Again it was observed a big influence of the 

silver concentration on the propylene permeability as well as on the 

separation selectivity. On the other hand as the temperature increases 

the permeability of propylene greatly increases at the expense of 

decreasing the efficiency of the separation. Based upon the 

experimental results it can be concluded that with the exception of the 

results obtained with the membranes without carrier, all the data 

obtained with PVDF-HFP/BMImBF4-Ag+ composite membranes greatly 

surpass the upper bounds for the most common membranes reported in 

literature placing these membranes in the commercially attractive zone 

in the Robeson plot. 
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Figure 4.20. Robeson plot for C3H6/C3H8 separation. 

 

4.3.4. Comparison with distillation 
 

As described in chapter 1 of this thesis, the cracking of different 

feedstocks remains one of the most important and widely employed 

processes for light olefins production. It typically consists of four distinct 

steps: cracking stage and quenching, compression and acid gas removal 

(H2S, CO2, etc.), subcooling and product separation and refrigeration. 

The feedstocks are fed to a bank of parallel pyrolysis furnaces where 

they are cracked at temperatures above 873 K. At the exit of the 

cracking furnace, the outputs are immediately cooled to about 623 K in a 

transfer-line exchanger to stop reactions and recover the waste heat for 

steam generation. The cracked gases are cooled to about 313 K in a 

water quench tower to condense the heavy products like fuel oil and 

most of the dilution steam. The cooled gases are then compressed in 
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different compression stages scrubbed with caustic gas to remove H2S 

and CO2. Afterwards the gases are cooled to about 288 K and 

dehydrated with molecular sieves. The dried gases are chilled to low 

temperatures in a series of heat exchangers before they enter the 

separation section. Then a train of distillation units separates the gases 

attending to the different number of carbon atoms. In the demethanizer 

methane is obtained overhead and the C2+ fraction goes into the 

deethanizer. There C2 fraction is recovered on the top of the distillation 

column and the bottoms consisting on a fraction heavier than C3 is 

introduced into the depropanizer where C3 components are separated 

from the heavier components (C4+). The deethanizer and depropanizer 

overheads are hydrogenated in a catalytic reactor to convert acetylene 

into ethylene and propyne into propylene respectively, increasing the 

process yield to olefins. Figure 4.21 illustrates a schematic flow diagram 

for a typical light olefins production process.  

 

 
Figure 4.21. Flow diagram of a typical ethylene production process 
(adapted from [40]). 
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production capacity increase, by-products minimizing, revamp 

economics, and reduction of greenhouse gases. However, due to the low 

relative volatilities between olefins and their corresponding paraffins 

about 70 % of the total required energy is consumed in the 

purification/separation subsystem. Therefore, any reduction in energy 

consumed mainly in the compression and refrigeration load will result in 

a significant decrease of the operating cost of the entire plant. As stated 

in literature [41], ethane/ethylene, and propane/propylene separations 

are potential steps for an energy saving of 33 % through hybrid 

technologies involving both membranes and distillation processes. 

Different technologies were investigated to intensify the traditional 

distillation processes. Ghosh et al. [42] evaluated the potential of a 

hybrid adsorption–distillation system for propane/propylene separation. 

According to their findings, although there is a reduction in energy 

requirements there is a need of an innovative adsorption–desorption 

process or new adsorbents with higher selectivity. Schmal et al. [43] 

compared the use of a heat integrated distillation column (HIDiC) with a 

vapor recompression (VR) distillation column. They found HIDiC to be 

14 % more economical than VR in operating cost. Finally, membranes 

combined with distillation columns were demonstrated in the literature 

as a technological option to optimize the performance of hydrocarbon 

separation and purification [44-48]. In this section membrane 

separations, which are generally less energy-intensive than distillation 

processes, have been considered as promising alternatives to enhance 

the purity of ethylene and propylene as well as to reduce the capital and 

operating costs of the existing separation processes. For the discussion 

the comparison between the propane/propylene splitter and the 

PVDF-HFP/BMImBF4-Ag+ membranes described in section 4.3.2 of this 

chapter will be considered.  

 

Figure 4.22 shows the operational conditions of a conventional 

propane/propylene splitter. The unit allows the treatment of 

285 kmol·h-1 of a liquid stream at nearly 325 K with a propylene content 

around 59 % v/v. The productivity of the plant is fixed, to meet the 

demand of propylene, in 160 kmol·h-1 for a medium-size plant. High 
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reflux ratios (≈ 14) are required to achieve the required purity of the 

propylene stream above 99 % in order to meet the commercial 

requirements of propylene, that correspond to a propylene recovery of 

96 %. 

Figure 4.22. Operational conditions of a propane/propylene splitter. 

The objective is to compare the distillation unit for propane/propylene 

separation above described with a membrane system which allows to 

replace the distillation column obtaining the same streams as the 

conventional process. The membranes considered for the separation 

are the composite membranes studied in this chapter with 

80 % PVDF-HFP/20 % BMImBF4-80 % AgBF4 as they showed the best 

separation performance combined with a good stability. At 323 K and 1 

bar these membranes exhibited a flux of propylene of 7.76 ·10-3 

kmol·m-2·h-1 and a separation selectivity of 206. Therefore, the required 
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membrane area to meet the propylene production requirements of 

162.64 kmol·h-1 is 57800 m2. 

 

Taking into account the processability of the composite membranes, the 

most convenient module configuration to consider is the spiral wound 

configuration (figure 4.23).  

 

 
Figure 4.23. Structure of a spiral-wound module [49]. 

 

Although the major application of spiral-wound modules is in 

desalination of sea and brackish water by reverse osmosis, they are also 

extensively used in gas separation. The, spiral-wound configuration 

usually provides a membrane area per unit volume in the range 800-

1000 m2·m-3. Large-scale production is quite cost effective and module 

costs per membrane area are quite low. However, the spiral-wound 

module is quite sensitive to fouling, and the feed channels can easily be 

blocked, so the presence of particles and other impurities should be 

carefully controlled from the feed stream by a proper pretreatment 

procedure [50]. Therefore the required volume of equipment 

considering the fabrication of the composite membranes herein 

prepared in spiral-wound configuration is 57.8 m3. This represents an 
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important reduction in volume of the equipment compared to the 

conventional distillation unit of 6 m diameter and up to 100 m tall. In 

addition the reduction in the heating, cooling and compressing 

requirements that often results in huge equipments should be also 

considered. Moreover, the major part of the energy consumption 

associated to the conventional splitter could be saved, since no liquid 

pumping, compressing, heating or cooling facilities are required. Thus 

the PVDF-HFP/BMImBF4-Ag+ facilitated transport membranes studied in 

this work, represent a progress towards the development of new 

technologies to carry out the separation of gaseous olefin/paraffin 

mixtures more efficiently, reducing the equipment size, the required  

capital investment and the associated operating costs. 
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4.4. Conclusions 

The use novel facilitated transport membranes for the separation of 

propane/propylene mixtures like supported ionic liquid membranes 

(SILMs) and polymer/ionic liquid composite membranes has been 

evaluated. It was observed that for the SILMs the flux of propane across 

the membrane does not depend on the carrier concentration; however 

the flux of propylene increases following a linear trend with the 

concentration of Ag+. Increasing the flow rate of the sweep gas, the 

fluxes of both gases are increased because the molecules of gas that 

arrive at the permeate side were removed more efficiently. Also higher 

transmembrane pressures result in higher fluxes because the driving 

force is higher, whereas the stability of the SILM could be compromised. 

In order to improve the stability of SILMs new PVDF-HFP/BMImBF4-Ag+ 

facilitated transport membranes were synthesized and characterized by 

polarized light microscopy, thermogravimetric analysis, tensile tests and 

FTIR spectroscopy. The membranes containing 80 % PVDF-HFP/20 % 

BMImBF4 exhibited the best trade-off between separation performance 

and mechanical resistance. Results showed that again for the PVDF-

HFP/BMImBF4-Ag+ facilitated transport membranes an increase in the 

silver concentration has a positive effect in the propylene permeabilities 

but at the same time the permeability of propane slightly increases due 

to sweeping effects. Regarding the effect of temperature, the flux of 

both gases greatly increases with temperature following an Arrhenius-

type dependence in the range 293-323 K while the separation selectivity 

decreases. The facilitated transport membranes studied in this work 

exhibited an excellent stability along time and provided very promising 

results placing these membranes well above the Robeson upper bound. 

Finally the performance of these composite facilitated transport 

membranes was compared to a conventional distillation unit. Based 

upon the obtained results the PVDF-HFP/BMImBF4-Ag+ facilitated 

transport membranes studied in this work, represent a progress toward 

the development of new technologies to carry out the separation of 

gaseous olefin/paraffin mixtures more efficiently, reducing the required 

capital investment and the associated operating costs. 
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4.5. Nomenclature 

A  effective membrane area (m2) 

D  diffusivity (m2·s-1) 

F  gas molar flow (mol·s-1) 

J  molar flux (mol·m-2·s-1) 

P  permeability (mol·bar-1·m-1·s-1) 

p  pressure (bar) 

S  solubility coefficient (mol·m-3·bar-1) 

V  molar volume (m3) 

y  gas molar fraction (-) 

 

Greek letters 

   membrane thickness (m) 

µ  viscosity (Pa s) 

σ  standard deviation (-) 

 

Superscripts/subscripts 

C3H6  propylene 

C3H8  propane 
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Abstract 

The aim of this thesis has been the development of a novel 

olefin/paraffin separation process through the integration of the 

reaction between olefins and silver ions, ionic liquids and membrane 

technology. After the detailed description of the objectives of this work, 

this chapter summarizes the main results that have been achieved, 

draws the conclusions derived from the analysis of the results and 

highlights future challenges and perspectives in the separation of olefins 

from paraffins in order to boost the practical application of the novel 

separation process.    
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5.1.  Conclusions 

This thesis focuses on the development of an alternative separation 

process of olefin/paraffin gas mixtures through the integration of ionic 

liquids and membrane technology. The work covers the selection of the 

most suitable ionic liquid-silver salt system to carry out the separation 

process as well as the evaluation of the separation performance of 

different membrane technologies including membrane contactors, 

supported ionic liquid membranes (SILMs) and polymer/ionic liquid 

composite membranes. 

The first step was the selection of the most favorable Ag+-RTIL reaction 

medium for the separation of propane/propylene mixtures. Equilibrium 

data of the absorption of propane and propylene in 7 ILs with different 

structures were obtained and the characteristic parameters of the 

physical and chemical solubility were determined. Afterwards, a 

screening  of ILs using the COSMO-RS methodology was applied to select 

the most effective ionic liquid-silver salt system to carry out the 

separation of olefin/paraffin gas mixtures. Based upon the obtained 

results it can be concluded that the most suitable system to carry out 

the separation of propane/propylene gas mixtures by reactive 

absorption should be based on an ionic liquid with the BF4
- anion and an 

imidazolium-based cation with the lowest number and shortest alkyl 

groups as possible and silver tetrafluoroborate (AgBF4) as silver salt. 

Having defined the ionic liquid-silver salt system, the implementation of 

the separation process in gas-liquid membrane contactors was 

addressed. First of all a comparative analysis of the performance of 

different fibers including both, polymeric (PVDF, PTFE) and ceramic (with 

symmetric and asymmetric structures) has been carried out. It was 

found that PVDF membranes suffered from wetting, which became 

more important over time. On the other hand, PTFE and ceramic 

membranes were proved to be suitable to accomplish the separation 

process. However the use of highly hydrophobic polymeric membranes 
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(such as PTFE or polyolefin) is still preferred over ceramic membranes 

due to economic considerations and the easier fabrication procedures. 

Afterwards, two different membrane contactors, a parallel flow 

membrane contactor with tubular configuration and a hollow fiber 

transverse flow membrane contactor have been evaluated. A 

mathematical model based on the resistances-in-series approach has 

been developed obtaining a good agreement between experimental and 

simulated results. It was found that the improved fluid-dynamics of the 

transverse flow membrane contactor leads to an overall mass transfer 

coefficient 17.6 times higher than that reported using a parallel-flow 

contactor. At the same time it was achieved a process intensification by 

a factor of 17.4 in terms of mass transfer per specific area compared to a 

conventional stirred tank reactor system (Koverall*a(MC)/Koverall*a(CSTR)) 

when a concentration of silver ions of 0.25 M in the IL is used. However, 

the rate limiting step was still located in the liquid boundary layer, with a 

contribution higher than 97.8 % to the overall mass transfer resistance. 

In order to overcome the observed mass transfer limitations the use of 

novel facilitated transport membranes was proposed. 

First, the use of supported ionic liquid membranes (SILMs) and was 

considered. It was observed that the flux of propane across the 

membrane does not depend on the carrier concentration; however the 

flux of propylene increases following a linear trend with the 

concentration of Ag+. Increasing the flow rate of the sweep gas, leads to 

an increment of the fluxes of both gases because the molecules of gas 

that arrive at the permeate side are removed more effectively. Also 

higher transmembrane pressures result in higher fluxes because the 

driving force is higher, whereas the stability of the SILM could be 

compromised. In order to improve the stability of SILMs, new composite 

(PVDF-HFP/BMImBF4-Ag+) facilitated transport membranes were 

synthesized and characterized by polarized light microscopy, 

thermogravimetric analysis, tensile tests and FTIR spectroscopy. The 

membranes containing 80 % PVDF-HFP/20 % BMImBF4 presented the 

best trade-off between separation performance and mechanical 
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resistance. Results showed that again for the PVDF-HFP/BMImBF4-Ag+ 

facilitated transport membranes an increase in the silver concentration 

has a positive effect in the propylene permeabilities but at the same 

time the permeability of propane slightly increases due to sweeping 

effects. Regarding the effect of temperature, the flux of both gases 

greatly increases with temperature following an Arrhenius-type 

dependence in the range 293-323 K while the separation selectivity 

decreases. The facilitated transport membranes studied in this work 

exhibited an excellent stability along time and provided very promising 

results placing these membranes well above the Robeson upper bound. 

Finally, the performance of these composite facilitated transport 

membranes was compared to a conventional distillation unit. Based 

upon the obtained results the PVDF-HFP/BMImBF4-Ag+ facilitated 

transport membranes studied in this work, represent a big progress in 

the development of new technologies to carry out the separation of 

gaseous olefin/paraffin mixtures more efficiently, reducing the required 

capital investment as well as the operating costs associated to the 

conventional distillation process. 

 

5.2. Challenges for future research 

This thesis intends to open up the possibility of new pathways to the 

development of an alternative separation process of olefin/paraffin gas 

mixtures. Despite the achievements that have been described through 

the chapters of this thesis, there are still new challenges ahead and 

disadvantages that must be overcome before the separation of gaseous 

olefins from their corresponding paraffins assisted by membranes 

becomes a reality. 

Room temperature ionic liquids (RTILs) containing a silver salt have been 

proved to be suitable solvents for the separation of olefin/paraffin gas 

mixtures. Nevertheless, more solubility data and a better understanding 

of the molecular interactions that take place in such a complex system 

are needed. In addition, as the main disadvantage of ionic liquids is their 
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relatively high viscosity, new ionic liquids with very low viscosity and 

higher inherent selectivity towards the olefin are still needed. In this 

sense the development of novel ionic liquids that incorporate the silver 

ions as integral components of the ionic liquid at the molecular level can 

suppose a possible solution. 

Regarding the polymer/ionic liquid composite membranes it is necessary 

to increase the fundamental knowledge of the transport mechanisms 

that are taking place. Furthermore, it might be also interesting to test 

the performance of these membranes with real streams in order to 

check the membrane and the possible carrier poisoning effect in the 

long-term under harsh conditions. Furthermore, in order to bring the 

polymer/ionic liquid composite membrane technology to its real 

implementation it is essential to adapt and scale-up the current 

manufacturing process to produce spiral wound membrane modules, 

that will allow to obtain devices with high specific area. 
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Conclusiones y retos para 
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Abstract 

El objetivo del trabajo descrito en esta tesis es el desarrollo de un nuevo 

proceso de separación de mezclas olefina/parafina a través de la 

integración de la reacción selectiva entre las olefinas y los iones plata, 

líquidos iónicos y tecnologías de membrana. Después de haber descrito 

en detalle los principales aspectos de este trabajo, este capítulo resume 

los principales resultados obtenidos, destaca las conclusiones que se 

derivan del análisis de los resultados  y expone los retos y perspectivas 

para futuras investigaciones en la separación de mezclas 

olefina/parafina con el fin de desarrollar un nuevo proceso de 

separación.   
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5.1. Conclusiones 

Esta tesis se centra en el desarrollo de un nuevo proceso de separación 

alternativo de mezclas de olefina/parafina mediante la integración de 

líquidos iónicos y tecnologías de membrana. El trabajo abarca la 

selección de la combinación líquido iónico-sal de plata más adecuada 

para llevar a cabo el proceso de separación así como el estudio de la 

eficacia de separación de diferentes tecnologías de membrana, 

incluyendo contactores de membrana, membranas de líquido iónico 

soportadas (SILMs) y membranas compuestas polímero/líquido iónico. 

El primer paso fue la selección del medio de reacción Ag+-RTIL más 

adecuado para llevar a cabo la separación de mezclas 

propano/propileno. Se obtuvieron datos de equilibrio de absorción 

ambos gases en 7 iónicos con diferentes estructuras y se calcularon los 

parámetros característicos de solubilidad tanto física como química. 

Posteriormente se realizó un barrido de líquidos iónicos empleando la 

metodología COSMO-RS para seleccionar el sistema de líquido iónico-sal 

de plata más eficaz para llevar a cabo el proceso de separación. De 

acuerdo con los resultados obtenidos, se puede concluir que el sistema 

más adecuado para llevar a cabo la separación de mezclas gaseosas 

propano/propileno mediante absorción reactiva debe basarse en un 

líquido iónico con el anión BF4
- y un catión con base imidazolio con el 

menor número de grupos alquilo tan cortos como sea posible y 

tetrafluoroborato de plata (AgBF4) como sal de plata. 

Definido el sistema líquido iónico-sal de plata para llevar a cabo el 

proceso de separación, se abordó la implementación del proceso en 

contactores de membrana gas-líquido. En primer lugar se realizó un 

análisis comparativo de la utilización de diferentes tipos de fibras 

poliméricas (PVDF y PTFE) y cerámicas (con estructura simétrica y 

asimétrica). Se observó que las membranas de PVDF presentaron 

fenómenos de mojado, que se hicieron más importantes con el paso del 

tiempo. Por otro lado, las membranas de PTFE y cerámicas resultaron 

ser apropiadas para llevar a cabo el proceso de separación. Sin embargo, 
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para esta aplicación resulta más adecuado el uso de membranas 

poliméricas altamente hidrófobas (PTFE o poliolefina) en lugar de 

membranas cerámicas debido a consideraciones económicas y a que 

habitualmente sus procedimientos de fabricación son más sencillos. 

Posteriormente se analizaron dos contactores de membrana diferentes, 

un contactor de membranas de flujo paralelo con configuración tubular 

y un contactor de fibras huecas de flujo transversal. Además se 

desarrolló un modelo matemático basado en la aproximación de 

resistencias en serie que permite describir de forma satisfactoria los 

resultados experimentales obtenidos. Se observó que la mejora de la 

fluidodinámica del  contactor de membranas de flujo transversal se 

traduce en un coeficiente de transferencia de materia global 17.6 veces 

más alto que el obtenido previamente empleando un contactor de flujo 

paralelo. Al mismo tiempo se logra un intensificación del proceso de 

separación por un factor de 17.4 en términos de transferencia de 

materia por área específica en comparación con un sistema de reactor 

de tanque agitado convencional (Koverall*a(MC)/ Koverall*a(CSTR)) cuando 

la concentración de iones de plata en el IL es 0,25 M. Sin embargo, la 

etapa limitante se encuentra localizada todavía en la capa límite de la 

fase líquida, con una contribución superior al 97,8 % a la resistencia 

global de transferencia de materia. Con el fin de superar las limitaciones 

de transferencia de masa observadas se propuso el uso de nuevas 

membranas de transporte facilitado. 

En primer lugar se consideró el uso de membranas de líquido iónico 

soportadas (SILMs). Se observó que el flujo de propano a través de la 

membrana no depende de la concentración de portadores, sin embargo 

el flujo de propileno aumenta siguiendo una tendencia lineal con la 

concentración de Ag+. El aumento del caudal del gas de arrastre conlleva 

un incremento de los flujos de ambos gases debido a que las moléculas 

de gas que llegan al lado del permeado son arrastradas de manera más 

eficiente. Del mismo modo, presiones transmembrana más elevadas 

resultan en flujos de ambos gases más altos debido a que la fuerza 

impulsora es mayor, sin embargo a elevadas diferencias de presión la 
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estabilidad de la SILM podría verse comprometida. Con el fin de mejorar 

la estabilidad de las SILMs, nuevas membranas compuestas 

(PVDF-HFP/BMImBF4-Ag+) de transporte facilitado fueron sintetizadas y 

caracterizadas mediante microscopía de luz polarizada, análisis 

termogravimétrico, ensayos de tracción y espectroscopia de FTIR. Se 

comprobó que las membranas compuestas por 80 % PVDF-HFP/20 % 

BMImBF4 presentaron el mejor compromiso entre eficacia de separación 

y resistencia mecánica. Los resultados mostraron que de nuevo para las 

membranas de PVDF-HFP/BMImBF4-Ag+ de transporte facilitado un 

aumento en la concentración de plata tiene un efecto positivo en la 

permeabilidad de propileno, pero al mismo tiempo la permeabilidad del 

propano aumenta ligeramente debido a efectos de arrastre. En cuanto al 

efecto de la temperatura, el flujo de ambos gases aumenta de forma 

notable con la temperatura mostrando una dependencia de tipo 

Arrhenius en el rango de 293-323 K mientras que la selectividad de la 

separación disminuye. Las membranas de transporte facilitado 

estudiadas en este trabajo mostraron una excelente estabilidad a lo 

largo del tiempo a la vez que proporcionaron resultados muy 

prometedores situándolas muy por encima del límite superior en el 

gráfico de Robeson. Por último, se comparó el rendimiento de estas 

membranas de transporte facilitado compuestas con una unidad de 

destilación convencional. En base a los resultados obtenidos, se puede 

concluir que las membranas de transporte facilitado 

PVDF-HFP/BMImBF4-Ag+ estudiadas en este trabajo, representan un 

considerable progreso hacia el desarrollo de nuevas tecnologías para 

llevar a cabo la separación de mezclas gaseosas olefina/parafina de 

manera más eficiente, reduciendo los costes de inversión de capital y los 

costes de operación asociados con el proceso de destilación 

convencional. 
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5.2. Retos para investigaciones futuras 

Esta tesis pretende abrir nuevas vías para el desarrollo de un proceso de 

separación alternativo de mezclas de olefina/parafina. A pesar de los 

logros descritos en los capítulos de esta tesis, todavía hay nuevos retos 

por delante y desventajas que deben ser superados antes de la 

separación de olefinas gaseosas de sus correspondientes parafinas 

asistida por membranas sea una realidad. 

Los líquidos iónicos a temperatura ambiente (RTILs) que contienen una 

sal de plata han demostrado ser disolventes adecuados para la 

separación de mezclas gaseosas olefina/parafina. Sin embargo, se 

necesitan más datos de solubilidad y una mejor comprensión de las 

interacciones moleculares que tienen lugar en un sistema tan complejo. 

Además, dado que la principal desventaja de los líquidos iónicos es su 

relativamente alta viscosidad, es necesaria la obtención de nuevos 

líquidos iónicos con muy baja viscosidad y mayor selectividad hacia la 

olefina. En este sentido, el desarrollo de nuevos líquidos iónicos que 

incorporen los iones  plata como componentes integrales a nivel 

molecular puede suponer una posible solución. 

Respecto a las membranas compuestas de polímero/líquido iónico, es 

necesario avanzar en el conocimiento fundamental de los mecanismos 

de transporte que tienen lugar durante el proceso de separación. Por 

otra parte, también sería interesante evaluar el rendimiento de estas 

membranas con corrientes reales con el fin de comprobar la estabilidad 

de la membrana y el posible efecto de envenenamiento del portador a 

largo plazo. Del mismo modo, con la finalidad de acercar la tecnología de 

membranas compuestas polímero/líquido iónico a su aplicación real 

resulta fundamental adaptar y escalar el proceso de fabricación actual 

de las membranas para producir módulos de membrana con 

configuración en espiral, que proporcionen equipos con elevada área 

específica. 
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