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Summary 
 

Any improvement related to one of the pillars of sustainability, i.e., economic 

development, environmental protection and social development, drives sustainable 

growth, which should be the underlying goal of any research project. This thesis 

identifies opportunities to progress towards that target in the post-combustion gas 

streams of several industrial processes that contain compounds of industrial 

relevance. Particularly, in those processes which perform a partial combustion of 

hydrocarbons that yields a tail gas stream with high content of carbon monoxide (CO) 

and hydrogen (H2). These gases are of special interest to the chemical industry as they 

are widely employed in the synthesis of added value chemicals and could also play an 

important role as raw material for fuels in the future. However, in the best scenario, 

these gas streams are nowadays burnt in boilers generating carbon dioxide that is 

released into the atmosphere, hence contributing to the global warming and climate 

change. Therefore, the recovery of these relatively inexpensive gases by means of an 

efficient and cost-effective technology in order to reduce the impacts associated to 

these industrial processes involves a scientific and technological challenge. This 

would imply the separation of CO from the inert gas nitrogen (N2); however, this 

separation entails practical difficulties given that both gases have almost identical 

physical properties. For this reason, this separation can only be addressed nowadays 

employing an energy intensive process that involves the use of volatile, toxic and 

flammable solvents. 

In light of these facts, this thesis aims at the development of innovative and 

alternative gas separation processes for the selective recovery of CO, present at low 

to medium concentrations in N2-rich streams, by means of an energy efficient process 

that does not require the use of volatile organic or aqueous solvents. Instead, the use 

of non-volatile, non-flammable and non-toxic ionic liquids (ILs) is proposed in this 

work. This type of solvents with outstanding properties are currently being explored 
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in the field of gas separation, among many others, for carbon dioxide capture, hence 

it is expected that ILs can also provide a unique platform for the selective capture of 

CO. 

In the first part of this work, an overview of the relevance of CO, and its mixtures 

with H2, to the current chemical industry is presented along with their main industrial 

sources. In addition, alternative industrial streams that could provide abundant and 

relatively inexpensive CO and H2 are identified. Then, the conventional CO separation 

and purification technologies are presented and their weaknesses and strengths 

outlined. Also, it is explained why previous attempts to develop CO separation 

processes based on membrane technology did not succeed. Moreover, the most 

important properties of ILs and their suitability to develop novel gas separation 

processes are discussed thus laying the basis for the development of CO-selective 

ionic liquid-based separation processes. 

For that purpose, the use of a copper(I)-based IL, 1-hexyl-3-methylimidazolium 

chlorocuprate(I), is proposed due to its ability to  bind CO molecules by means of π-

complexation reversibly reaction, hence providing selectivity towards N2. The 

physical properties of this IL are then assessed as a function of temperature and 

copper(I) concentration, namely, the rheological and density studies are performed 

together with the electrochemical determination of the copper(I) transport 

properties in this medium. All the data collected in these studies are extremely useful 

to gain insight into the separation principles of the proposed CO-selective processes.  

Once the reactive IL has been characterized, the CO reactive absorption kinetics 

into an IL is evaluated for the first time in this work, since only the physical absorption 

of CO into ILs has been reported so far. The kinetic constant of the complexation 

reaction and its activation energy are determined here employing a gas-liquid stirred 

reactor, thus setting the parameters for the design of an intensified CO separation 

process based on its reactive absorption into the IL 1-hexyl-3-methylimidazolium 

chlorocuprate(I).  
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Afterwards, the selective recovery of CO employing an efficient and cost-effective 

process that relies on membrane technology is sought in this work. To that end, two 

different approaches are followed to fabricate IL-based membranes prepared with 

the CO-selective copper(I)-based IL: the incorporation of this IL into a polymer matrix 

that is formed by polymerization of another IL that has been functionalized with 

polymerizable groups (PIL-IL composites); and the immobilization of the reactive IL 

into a polymeric microporous support forming a supported ionic liquid membrane 

(SILM). As a result, the viability of enhancing the CO transport across SILMs by means 

of a carrier-mediated transport is demonstrated in this work for the first time, which 

allows performing the selective recovery of CO from its mixtures with N2 employing 

a technology that is not energy intensive. Also, the membrane performance, long-term 

stability and simultaneous H2 recovery is assessed with synthetic mixtures whose 

compositions resemble that of the industrial streams previously mentioned. 

Eventually, several opportunities are identified and discussed to improve the CO 

separation from N2-rich gas mixtures employing ILs as proposed in this work.  
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Resumen 
 

Cualquier mejora relacionada con uno de los pilares de la sostenibilidad, es decir, 

desarrollo económico, protección medioambiental y desarrollo social, conduce a un  

crecimiento sostenible que debe de ser el objetivo subyacente en cualquier proyecto 

de investigación. Esta tesis identifica oportunidades para avanzar en ese objetivo en 

las corrientes de gases post-combustión de numerosos procesos industriales que 

contienen componentes de importancia industrial. Particularmente, en aquellos 

procesos que llevan a cabo una combustión parcial de hidrocarburos que dan lugar a 

una corriente con elevado contenido en monóxido de carbono (CO) e hidrógeno (H2). 

Estos gases son de especial interés para la industria química ya que son ampliamente 

utilizados en la síntesis de compuestos de valor añadido y podrían desempeñar un 

papel importante en el futuro como materia prima en la síntesis de combustibles. Sin 

embargo, en el mejor escenario, estos compuestos son hoy en día quemados en una 

caldera dando lugar a la generación de dióxido de carbono y por tanto, contribuyendo 

al calentamiento global y al cambio climático. Por lo tanto, investigar vías para la 

recuperación selectiva de estos gases relativamente económicos mediante una 

tecnología eficiente con el fin de reducir los impactos asociados a estos procesos 

industriales supone un reto científico y tecnológico. Ello implicaría la separación del 

CO del gas inerte nitrógeno (N2); sin embargo, dicha separación entraña grandes 

dificultades prácticas ya que ambos gases poseen propiedades físicas muy similares. 

Por esta razón, esta separación tan solo se realiza hoy en día empleando procesos 

intensivos en energía que involucran el uso de disolventes volátiles, inflamables y 

tóxicos.  

A la luz de estos hechos, esta tesis doctoral aborda el desarrollo de procesos de 

separación innovadores y alternativos para realizar la recuperación selectiva de CO, 

presente en bajas y medias concentraciones en corrientes ricas en N2, eliminando el 

uso de disolventes acuosos u orgánicos volátiles. En su lugar, en este trabajo se 
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propone el empleo de líquidos iónicos que son sustancias no volátiles ni inflamables 

y, en general, no tóxicas. Esta clase de compuestos presentan una serie de 

propiedades extraordinarias por lo que actualmente su uso ya está siendo explorado 

en el campo de la separación de gases, entre muchos otros, para la captura de dióxido 

de carbono. 

En la primera parte de este trabajo, se presenta un repaso de la importancia del 

CO, y sus mezclas con H2, para la industria química actual, detallando las principales 

formas de obtención a nivel industrial. Asimismo, se exponen los procesos 

industriales alternativos que podrían proveer H2 y CO de forma abundante y 

económica. A continuación, se presentan las tecnologías convencionales de 

separación y purificación de CO señalando sus debilidades y puntos fuertes. Además, 

se explica por qué los intentos previos de desarrollar procesos de separación de CO 

basados en tecnología de membranas no han tenido éxito. También se presentan las 

propiedades más importantes de los líquidos iónicos y se discute su idoneidad para 

ser empleados en nuevos procesos de separación de gases, sentando de esta forma 

las bases para el desarrollo procesos de separación de CO basados en líquidos iónicos. 

Para tal fin, se propone el empleo de un líquido iónico que contiene cobre(I), 

clorocuprato de 1-hexyl-3-metilimidazolio, debido a su capacidad para reaccionar de 

forma reversible con las moléculas de CO formando complejos π, ofreciendo de esta 

forma selectividad frente al N2. Las propiedades físicas de este líquido iónico han sido 

evaluadas en función de la temperatura y de la concentración de cobre(I), 

concretamente, se han realizado estudios de reología y densidad así como la 

determinación electroquímica de las propiedades de transporte de cobre(I) en este 

medio. Todos los datos recogidos en estos estudios son de gran utilidad para llegar a 

comprender los fundamentos de separación selectiva de CO en los procesos que se 

proponen. 

Una vez caracterizado el líquido iónico reactivo, en este trabajo se ha evaluado por 

primera vez la cinética de absorción reactiva de CO en un líquido iónico, ya que hasta 

ahora tan sólo se había estudiado su solubilidad física en ese tipo de compuestos. La 
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constante cinética de la reacción de complejación entre el CO y el cobre(I) en este 

medio y su energía de activación se han determinado aquí empleando un reactor 

agitado gas-líquido. Por lo tanto, este conocimiento permitirá evaluar cómo se 

incrementa la velocidad de absorción del CO debido a la reacción con este líquido 

iónico, facilitando de esta forma el diseño de procesos de absorción reactiva.  

Posteriormente, en este trabajo también se ha perseguido llevar a cabo la 

recuperación selectiva de CO empleando un proceso eficiente basado en la tecnología 

de membranas. Para ello, se han seguido dos enfoques distintos para fabricar 

membranas líquidas con en el líquido iónico selectivo al CO anteriormente descrito: 

la incorporación de este líquido iónico en una matriz polimérica formada mediante la 

polimerización de otro líquido iónico al que se han incorporado grupos funcionales 

polimerizables; y la inmovilización del líquido iónico reactivo en un soporte 

polimérico microporoso formando membranas líquidas soportadas. Como resultado, 

en este trabajo se ha demostrado por primera vez la viabilidad de incrementar el 

transporte de CO a través de líquidos iónicos soportados en membranas mediante 

transporte facilitado, lo que permite separar de forma selectiva el CO de sus mezclas 

con N2 con una tecnología con bajo requerimiento energético. Igualmente, se ha 

analizado el rendimiento de las membranas, su estabilidad a largo plazo y la 

recuperación simultanea de H2 empleando mezclas sintéticas de gases con 

composiciones similares a la de los procesos industriales previamente mencionados. 

En último lugar, se identifican y discuten diferentes oportunidades que 

permitirían mejorar la separación de CO de corrientes con alto contenido en N2 

empleando líquidos iónicos. 
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Abstract 
 

Carbon monoxide (CO) is a versatile gas with huge presence in the past and current 

chemical industry as a precursor of intermediates and largely produced commodities. 

Moreover, CO may well also play an important role in the future production of fuels 

as it did in the not so distant past. In this introductory chapter, the reader will find an 

overview of the principal industrial uses of CO as well as commercial and alternative 

CO sources. Then, the established CO separation and purification technologies and 

current research trends in this field are described and an introduction to ionic liquids 

as alternative gas separation platform to traditional organic solvents is provided to 

lay the foundations for the development of CO-selective ionic liquid-based 

technologies. Finally, the scope and outline of this thesis are summarized. 
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1.1. Industrial relevance of carbon monoxide and hydrogen mixtures 

1.1.1. Uses of carbon monoxide 

Carbon monoxide (CO) is, in atmospheric conditions, an odorless, colorless and toxic 

gas that enters the atmosphere from natural processes, and mostly, from incomplete 

combustion of fossil fuels. The total annual emission of CO derived from 

anthropogenic sources was estimated at 0.9-1.6 x 109 t according to various studies 

performed in the late 1990s [1].  

Carbon monoxide is an industrially relevant gas that is increasingly being used, 

either as pure compound or as component of syngas (CO and H2 mixture), for the large 

scale production of a myriad of chemicals, hydrogen via the water-gas shift reaction 

and as reducing agent of metal ores for metal production. In regards to the synthesis 

of chemicals, phosgene is the main inorganic compound obtained from the catalyzed 

reaction between CO and chlorine which is then reacted with amines to produce 

diisocyanates, whose global consumption in 2000 was over 3.4 x 106 t with an 

estimated global annual growth of 5% associated to their use as precursors of 

addition polymers [2].  

22 COClClCO catalyst →+                                 (1.1) 

On the other hand, several organic intermediates are produced by carbonylation 

of organic substrates such as alcohols, aldehydes, amines and esters (Reppe 

reactions) as well as olefins (Koch reactions) given that the catalytic reaction with CO 

is among one of the most selective methods of introducing oxygen-containing 

functionalities [3,4]. The main exponent of these reactions is the production of acetic 

acid, an intermediate in the preparation of vinyl acetate monomer, by catalytic 

carbonylation of methanol that involves the use of more than 500 x 103 t of high purity 

CO per year [5].  

COOHCHCOOHCH catalyst
33  →+                           (1.2) 
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Also, high purity anhydrous CO is required for the carbonylation of methyl acetate 

to give acetic anhydride, the world largest produced carboxylic acid anhydride, 

widely employed for preparing acetate esters, e.g., cellulose acetate [6]. 

( ) OCOCHCOCOOCHCH catalyst
2333  →+                           (1.3) 

Another extremely useful chemical commercially prepared by oxycarbonylation 

of methanol is dimethyl carbonate (DMC), an intermediate in the synthesis of 

polycarbonates that is also employed as an organic solvent and fuel additive. This 

synthesis route is currently employed as means to avoid the traditional phosgenation 

of methanol [7,8]. 

( ) OHCOOCHCOCOOHCH catalyst
2233 2

1
+ →++        (1.4) 

Examples of other chemicals derived from the carbonylation of amines and 

hydroxycarbonylation of unsaturated hydrocarbons are N,N-dimethylformamide 

obtained from dimethylamine, acrylic acid from acetylene and propanoic acid from 

ethylene. 

( )2323 )( CHHCONCOCHHN catalyst →+                           (1.5) 

CHCOOHCHOHCOHC catalyst
2222  →++                      (1.6) 

COOHCHCHOHCOHC catalyst
23242  →++                    (1.7) 

In addition to pure CO, syngas mixtures are employed in the production of a large 

variety of chemicals ranging from alcohols, namely methanol and glycols, to linear 

aliphatic aldehydes.  

   OHCHHCO catalyst
322  →+                             (1.8) 

Moreover, liquid hydrocarbons can be produced by the coal and syngas to liquid 

process (also known as Fischer-Tropsch process). Although the economics of this 
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liquefaction process became increasingly unattractive due to relative low price of oil-

based fuels, history has shown that it can provide excellent fuels in times of crisis in 

coal-rich countries: first, during the World War II around 4 x 106 t of gasoline was 

produced annually in Germany and later, about 10 x 106 t/a of transportation fuels 

were produced in South Africa during apartheid decades in three plants that are still 

in operation [9]. Whether this technology can make a comeback will be highly 

dependent on the evolution of oil price and policies; however, it is noteworthy that 

huge research efforts are focused in the improvement of this technology nowadays 

(see Figure 1.1).         

Figure 1.1. Published papers since 2000 related to Fischer-Tropsch process sorted 

by country. Searched terms: Fischer-Tropsch (article title). Source: Scopus (Elsevier). 

The above-mentioned examples are shown to give the reader a quick impression 

of the importance of CO and syngas in the current chemical industry as well as 

opportunities for future growth. In all cases, either high purity CO (98-99%) or syngas 

mixtures with carefully adjusted H2/CO ratios are required to obtain the desired 

products, albeit CO is usually obtained as constituent of a gas mixture and therefore, 

purification steps are generally involved in its production. 
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1.1.2. Industrial sources of carbon monoxide 

The main routes to produce commercial CO at industrial level are based on steam 

reforming, partial oxidation processes and coal gasification [10]. The steam 

reforming is an extremely endothermic process in which light hydrocarbon 

feedstocks, namely natural gas but also light naphtha, are catalytically converted into 

carbon monoxide and hydrogen by the action of steam.  

 224 3HCOOHCH +⇔+                                    (1.9) 

( ) 22 2 HnmnCOOnHHC mn ++⇔+                         (1.10) 

This process is performed in tubular reformers filled with nickel-based catalysts 

at 1000-1100 K and 1-3 MPa. Although hydrogen-rich streams are typically obtained 

with final H2/CO ratios between 3 and 4.9, low H2O/C feed ratios, 2-3, lead to higher 

CO contents; while higher values, 4-5, are employed for H2 production.  

In a different process, heavier hydrocarbons are put in contact with an insufficient 

amount of oxygen for complete combustion of the feedstock. In contrast to steam 

reforming, this noncatalytic partial oxidation of hydrocarbons is a highly exothermic 

process performed at temperatures between 1500 and 1800 K and pressures ranging 

from 3 to 8 MPa. 

22 22 HmnCOOnHC mn +⇔+                            (1.11) 

Concurrently, some hydrocarbons are completely oxidized to carbon dioxide 

and water. 

( ) OHmnCOOmnHC mn 22 242 +⇔++                 (1.12) 

The product gas composition, mainly CO and H2, is strongly dependent on the 

feedstock employed, particularly on the C/H ratio, and may present a CO content up 

to 60% (dry). However, in order to prevent extreme temperature rise, in some cases 
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steam is added, which endothermically reacts with the hydrocarbon as previously 

shown (1.10), thus increasing the hydrogen content. In addition, carbon dioxide, 

methane, hydrogen sulfide and carbonyl sulfide are typical co-products of this 

process. An interesting combination of the previous processes is the so-called 

autothermal reforming, whereby the energy required for the steam reforming is 

provided by the reactions taking place in the partial oxidation zone instead of using 

an external supply. 

Another important process for CO manufacture involves the gasification of solid 

carbonaceous feedstocks in which the solid material endothermically reacts with 

water to produce syngas. To meet the energy requirements, the process is usually 

coupled with exothermic carbon combustion in autothermic processes.  

22 HCOOHC +⇔+                                   (1.13) 

22 COOC ⇔+                                      (1.14) 

In addition, other reactions have also to be considered in this process, namely, the 

exothermic water-gas shift equilibrium and the CO disproportionation (Boudouard 

reaction), which is almost completely displaced towards CO at temperatures above 

1250 K. 

222 HCOOHCO +⇔+                                       (1.15) 

CCOCO +⇔ 2                                  (1.16) 

In this process, apart from the C/H2O/O2 ratio, the gas composition strongly 

depends on temperature, nature of coal and type of gasifier employed, namely fixed-

bed, fluidized-bed and entrained-bed reactors. Particularly high CO content gas (up 

to 66% on dry basis) together with a CO/H2 ratio higher than 2 and low CO2 and CH4 

concentrations can be produced in entrained-bed reactors, in which very fine coal 

particles (<0.1 mm) are co-currently fed with the gas at high temperatures that can 

reach 1700-2200 K.  



General introduction 
 

7 
 

On the other hand, tail gases from several industrial processes have been 

proposed as abundant and relatively inexpensive sources of CO [11]. The waste CO 

emission in the 27 Member States of the European Union and the United States during 

2011 was over 23 x 106 t and 58 x 106 t, respectively, according to the European 

Environment Agency [12] and the US Environmental Protection Agency [13]. Around 

12% of these emissions are related to industrial processes, particularly to the metal 

production and chemical and allied product manufacturing. In some industrial 

processes the content of CO present in the tail gases can be rather high, e.g., 90% in 

the yellow phosphorus manufacturing, 65% in the steel converter and 12% in the 

carbon black manufacturing. A summary of the tail gas composition generated in 

these processes is presented in Table 1.1. However, although these residual streams 

are often burnt for pollution prevention and/or energy recovery purposes, the energy 

obtained as steam/electricity may exceed the needs of the industrial facility. 

Therefore, the recovery of even a fraction of the total available waste CO employing 

selective and energy-efficient separation processes may be sought. This would lead 

to a growth of CO either as key raw material for CO-based chemicals or as a precursor 

of fuels (Fischer-Tropsch process) and H2 (water-gas shift reaction). 

Table 1.1. High CO-content tail gas composition of some industrial processes. 
 Yellow 

phosphorus 
Iron and steel manufacturing1 Carbon 

black  COG BFG CG 
Lower heating 
value (KJ/Nm3) 

11700 17500-
20000 

3000-
3500 

6700-
7500 

1700-
3800 

Composition 
(vol %) 

     

CO 85-90 6 28 58-65 6-12 
H2 3-5 50-60 2-5 1 6-14 

CO2 2-4 2 12 15-20 1.5-4 

CH4 0.4 15-50 0.2  0.1-0.8 

N2 3-5  balance 15-20 32-46 

H20     29-50 

Sources [14] [15,16] [17] 
1COG: Coke oven gas; BFG: Blast furnace gas; CG: Converter gas. 
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1.2. State-of-art of carbon monoxide separation from industrial gas 

mixtures 

The CO sources described in the previous section revealed that either it comes from 

a commercial process or an alternative source, CO is always obtained as a constituent 

of a gas mixture that often contains H2, CO2, CH4 and N2 together with other reduced 

sulfur and nitrogen components and volatile organic compounds in lower amounts. 

The physical properties that constitute the required basis for any gas separation are 

listed in Table 1.2 for the principal gases that usually appear along with CO.  

While a basic washing process will remove the more acidic compounds in a 

preliminary purification step, several methods are available to further purify CO 

depending on the feed conditions and the final required specifications. These 

processes are mainly based on cryogenic distillation and liquid reactive absorption. 

Also, pressure swing adsorption (PSA) and membranes may be employed, but these 

are more suitable for pure hydrogen recovery [18]. 

Table 1.2. Physical properties of typical constituents of industrial exhausted gases. 
Property CO H2 CO2 CH4 N2 Source 

Molecular weight  
(g mol-1) 

28.01 2.02 44.01 16.04 28.01  

Kinetic diameter  
(x 1010 m) 

3.76 2.89 3.3 3.8 3.64 [19] 

Solubility in water at  
298 K (x 106 mol m-3 Pa-1) 

9.7 7.7 330 14 6.4 [20] 

Boiling point (K) 81.2 20.5 subl. 
194.7 

111.8 77.4 [21] 

Critical temperature (K) 132.9 33.2 304.2 190.6 126.2 [21] 
Critical pressure (MPa) 3.49 1.32 7.39 4.59 3.39 [21] 
Critical volume (cm3 mol-1) 93.1 64.2 94.1 98.6 90.1 [22] 
Gas density1 (kg m-3) 1.18 0.09 1.87 0.68 1.18  
Liquid density2 (kg m-3) 803.0 71.2 subl. 451.3 804.0 [22] 
Dipole moment  
(x 1018  esu cm) 

0.112 0.0 0.0 0.0 0.0 [22] 

Quadrupole moment          
(x 1026 esu cm2) 

2.5 0.65 4.3 0.0 1.4 [23,24] 

1At 0.1MPa and 288 K. 2At 0.1MPa and normal boiling point. 
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1.2.1. Cryogenic separations 

Regarding the cryogenic separations, there are two well-established large-scale 

processes, namely, low-temperature partial condensation and liquid methane wash. 

However, it is noteworthy that distillation cannot be employed to achieve high purity 

CO if N2 is present in the feed mixture given the similar boiling points of these gases. 

Moreover, any traces of water and CO2 must be initially removed, typically with 

molecular sieve adsorbents, to prevent clogging as CO2 would freeze in the 

equipment. In the partial condensation cycle, the feed stream is compressed and 

cooled to 80 K and 3-4 MPa and the liquefied gases, namely CO and CH4, collected. 

Then, the gas stream is further cooled to 70 K to condense more CO leading to a 

stream that contains up to 98% H2, while the CO-enriched liquid phase is evaporated 

to obtain gaseous CO with 98-99% purity. On the other hand, in the methane wash 

cycle the feed stream is compressed and cooled to 4 MPa and 92 K and then put in 

contact with liquid CH4 in a scrubber. In this way, a H2 product stream is obtained 

containing CO traces but small amounts of CH4 (1-1.5%). The condensed CO-CH4 

stream is flashed in a splitter column operating at 0.1-0.2 MPa to regenerate the CH4 

and obtain a CO stream with a purity of 97-99% that is balanced with H2 and CH4 

traces. The selection of one of these processes will depend on the feed H2/CO ratio, 

CH4 content and pressure and product purity restrictions. The methane wash cycle is 

preferred for low H2/CO ratio, low feed pressure and high H2 purity, and vice versa 

[18]. 

1.2.2. Separation by reactive absorption  

In contrast to distillation methods, the liquid reactive absorption processes are 

suitable to produce high purity CO at middle scale from a variety of industrial gas 

mixtures, including N2-enriched streams. In addition, it is still effective for low CO 

content streams where the distillation processes become inefficient. These processes 

are based on the use of liquid solutions containing π-complexing agents such as d-

block transition metals that selectively and reversibly bind the target compound. In 

this case, the gas molecule and the metal ion interaction is due to two contributions, 
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i.e., they form the usual σ bonds by donation of electron charges from the CO s-orbital 

to the vacant s-orbital of the metal and simultaneously, the metal can backdonate 

electron density from d-orbitals to the antibonding π-orbitals of the solute molecule 

[25]. This type of separation is advantageous given that π-complexation bonds are 

stronger (8-60 KJ mol-1) than van der Waals forces alone, what provides high 

selectivity and high capacity, yet weak enough to be broken by simple means, e.g., 

temperature raise and/or pressure decrease [26]. Among all d-block metals, copper 

and silver have been frequently employed. Particularly, it has been shown that CO is 

preferentially attracted by copper rather than silver due to a more positive charge of 

copper ions than silver ions [27]. 

To that end, the most extended reactive CO absorption technique employs a 

bimetallic cuprous salt, preferably CuAlCl4, dissolved in an excess of an aromatic 

hydrocarbon solvent, usually toluene [28-32].  

( ) 8742874 )( HCAlClCOCuHCCuAlClCO +⇔−+      (1.17) 

This process commonly referred to as the COSORB process was developed in 1974 

and presented several advantages over the previous ammoniacal copper liquor 

process that employed ammonia as ligand to dissolve a cuprous salt, namely, higher 

copper(I) complex stability and product purity as well as lower corrosion. In the 

COSORB process, the feed stream, purified to remove water and sulfur compounds if 

present, enters the absorber that operates at mild temperatures, 308-318 K, and 

moderate pressures, 0.7-3 MPa. Then, a first decompression step is performed to 

release physically dissolved gases from the loaded solution, which is eventually 

decompressed to 0.15 MPa and heated up to 408 K in the stripper to completely 

regenerate the copper complex solution [5]. In this way, high purity CO (up to 99.7%) 

can be obtained with high yield (95-99%) and less investment costs than cryogenic 

distillation. However, the complex stability and solvent loses are still serious 

drawbacks of this process that prompt the search of novel CO-complexing compounds 

and absorption processes. It is estimated that processes that employ complexes with 
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lifetimes of at least one year would be more competitive than COSORB process [18]. 

Moreover, the use of bimetallic salts reduces the copper sorbent capacity owing to 

the presence of the other salt. An account of other metals that have been explored as 

CO-complexing agents includes palladium complexes [33], iron macrocyclic 

complexes [34,35] and selenium [36]. 

1.2.3. Pressure swing adsorption and membrane separations 

With respect to PSA, although this process is indicated for small scale production and 

high purity CO (99%), the extent of CO adsorbents is somehow limited. Two small 

scale commercial plants (150-200 Nm3 h-1) were built in 1989 and 1990 in Japan 

employing active carbon to remove CO2 from converter gas in a first stage and 

sodium-type mordenite as CO adsorbent in a second unit operated at 3 MPa [37]. 

Lately, the largest CO-PSA plant was built in 2001 to treat CO gas from methanol 

direct decomposition at a rate of 1400 Nm3 h-1. Other adsorbents proposed are based 

on supported copper on active carbon and zeolites [38,39], and more recently on iron 

and copper metal organic frameworks [40,41] and soft nanoporous crystals [42]. 

Emerging gas separation processes based on membrane technology have 

attracted growing attention because of their effective performance, modularity and 

reduced energy requirement and operating costs for the same degree of separation 

achievable. Membrane separations are pressure-driven processes performed in 

modular equipment that provide a unique alternative for low energy cost gas 

separations [43], due to the absence of phase changes, in a scenario of increasing 

energy price. Membrane permeability and selectivity are the main two factors that 

influence the economics of the process. Permeability is the rate at which any 

compound permeates through a membrane and thus, it is intimately related to the 

membrane area required to treat a given amount of gas. It is a function of a 

thermodynamic factor, the solubility of the species in the membrane material, and a 

kinetic factor, the diffusion of the gas solute in that material. On the other hand, 

selectivity is the ratio of the permeability coefficients of two gases and therefore, 

higher selectivity leads to higher product purity [44]. Unfortunately, all membranes 
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suffer from a trade-off between gas permeability and selectivity, i.e., more permeable 

membranes provide lower selectivities, giving place to a theoretical limit, or upper 

bound, for any gas pair separation. A summary of present upper bound relationships 

for common gas pairs was reported by Robeson [45]. Current commercial 

membranes for gas separation are applied to natural gas “sweetening” (CO2/CH4 and 

H2S/CH4), air fractionation (O2/N2), hydrogen recovery from ammonia purge gas 

(H2/N2) and refinery gas (H2/CH4), syngas ratio adjustment (H2/CO) and dehydration 

of air and natural gas (H2O/air H2O/CH4) [46,47].  

As with PSA, the development of membrane applications for gas mixtures 

containing H2 has been almost exclusively dedicated to H2 purification and H2/CO 

ratio adjustment given that the small size of H2 molecule makes it permeate much 

faster than other gases, particularly, N2, CO and CH4. In fact, a gas module containing 

silicon-coated polysulfone hollow fibers was the first membrane application 

developed under the trade name PRISM. On the other hand, the study of CO 

permeability through polymeric membranes is scarce owing to their limitation of 

processing syngas at high temperatures [48]. However, available data reveal that CO 

permeability in polymers is usually very low, except through two well-known high 

permeable polymers, polydimethylsiloxane (PDMS) and poly(1-trimethylsilyl-1-

propryne) (PTMSP), which offer very low selectivities [49-53]. In addition, if the 

recovery of CO from tail gases containing N2 is sought, polymeric membranes cannot 

provide CO/N2 selectivity owing to the similar properties of these gases, namely, 

kinetic diameter and solubility in polymers, which can be associated to a convenient 

measure of solute condensability such as critical temperature or normal boiling point 

[19] (see Table 1.2).  

To overcome this limitation an alternative approach has been proposed based on 

the concept of facilitated-transport supported liquid membranes (FT-SLM). As 

previously mentioned, CO can selectively and reversibly form complexes with 

transition metals what can be employed to enhance the transport of CO through FT-

SLMs [11,34,35,54,55]. To that end, the reactive solution containing the metal carrier 
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has to be immobilized into a porous support [56]. In this way, higher gas 

permeabilities relative to common polymers can be achieved due to enhanced 

molecular diffusion and greater solubility of gases in liquids than in polymers. 

However, pressure and long-term stability are major concerns regarding the use of 

SLMs prepared with volatile solvents for industrial gas separations. 

In summary, the best established gas separation technologies applicable to CO 

recovery and purification were highlighted in this section. Also, initial attempts to 

obtain a CO-selective reactive membrane and the principal shortcomings that have 

prevented further growth of this technology were described. An overview of the 

information presented is collected in Table 1.3.  

Table 1.3. Main features of CO separation processes from industrial gas mixtures. 
 Cryogenic 

distillation 
Reactive 
absorption 

Pressure swing 
adsorption 

Reactive 
membranes 

Separation 
principle 

Volatility Chemical 
solubility 

Physical 
solubility 

Permeability 

Development Commercial  Commercial Commercial  Emerging 
Application 
scale 

Large Medium Small to  
medium 

 

Energy 
requirements 

Intensive Intensive Intensive  Low 

Application High CO 
content feed 

CO-N2 
mixtures 

Low CO  
content feed 

Low CO 
content feed 

  

 

1.3. Ionic liquids in gas separation processes 

Ionic liquids (ILs) are salts entirely comprised of bulky and asymmetric organic 

cations and inorganic or organic cations, whose melting points are below 373 K. 

Typical structures of ILs usually comprise alkyl chains attached to imidazolium, 

pyridinium, ammonium, phosphonium and pyrrolidinium cations combined with a 

wide range of anionic moieties such as tetrafluoroborate, hexafluorophosphate, 

triflate, bis(trifluoromethylsulphonyl)imide, dicyanamide, halogens and many 
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others. A survey of the most common cations and anions is given in Table 1.4 together 

with their most frequent abbreviations.  

Table 1.4. Name and abbreviation of most commonly found cations and anions in ILs. 
Cations Anions 
Full name Abbr. Full name Abbr. 
1-alkyl-3-
methylimidazolium 

[Cxmim] tetrafluoroborate [BF4] 

1-alkyl-1-
methylpyridinium 

[Cxmpy] or 
[Pyx,y] 

hexafluorophosphate [PF6] 

1-alkyl-1-
methylpyrrolidinium 

[Cxmpyr] 
or [Pyrx,y] 

nitrate [NO3] 

tetraalkylammonium [Nw,x,y,z] bis(trifluoromethylsulfonyl)
-imide 

[NTf2] 

tetraalkylphosphonium [Pw,x,y,z] dicyanamide [DCA] 
  trifluoromethanesulfonate [TfO] or 

[CF3SO3] 
  alkylsulfate [CxSO4] 
  acetate [Ac], 

[CH3CO2] 
  trifluoroacetate [TFA] or 

[CF3CO2] 
  thiocyanate [SCN] 
  chloride, bromide, iodide [Cl], [Br], 

[I] 
 

This novel class of solvents have received considerable attention over the past 

decade as alternatives to conventional organic solvents [57,58]. A review of the 

physicochemical properties attributed to most ILs (not all of them present all these 

properties) makes this reasoning clear, e.g., ILs have negligible vapor pressure, are 

nonflammable and present wide liquid range, excellent solvation capacity, wide 

electrochemical window as well as thermal and chemical stability [59,60]. Moreover, 

compared to the limited number of traditional molecular solvents used nowadays in 

industrial processes, around 600, it is estimated that more than one million simple 

ILs can be easily synthesized by combining different cations and anions and 

functionalized by incorporating desirable groups for a specific application, 

consequently, ILs are commonly referred to as “designer solvents”.  
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The aforementioned remarkable properties of ILs have boosted their use as 

engineering liquids [61] and to date, ILs have already been adapted to various 

industrial processes [62]. Several of the most important applications involve mass 

transfer of gases into ILs, e.g., gas separations [63] and catalytic gas-liquid reactions 

such as hydrogenation, carbonylation, hydroformylation and so forth [64], for which 

knowledge of the solubility of gases in ILs is needed to assess the process viability. 

Particularly in the field of gas separations, ILs have shown great potential as 

alternative solvent platform to conventional amine-based solvents for the recovery 

of acid gases, namely CO2 and sulfur compounds, particularly as a means to reduce 

greenhouse gas emissions (CO2 capture) and purify natural gas (CO2 and H2S removal) 

[65-67]. Although aqueous amine solutions are highly effective to meet the required 

industrial specifications for the removal of acid gases, they are energy intensive due 

to water evaporation during the regeneration step and suffer from corrosiveness and 

volatility issues [68]. On the other hand, ILs provide improved energy efficiency as 

they present negligible vapor pressure and will not evaporate during solvent 

regeneration. However, ILs affinity towards acid gases at low pressures may not be 

enough to replace amine-based processes, for instance, in post-combustion CO2 

capture. To overcome that limitation, task-specific ionic liquids (TSIL) that contain 

functional groups capable of reacting with the target compound at low partial 

pressures are being developed [69-71]. Besides the removal of acid gases, several 

other gas separations employing ILs are being explored. Particularly, several authors 

have reported solubility in ILs of hydrofluorocarbons [72,73], ammonia [74,75], 

nitrogen oxides [76,77], inert gases [78,79] and gaseous hydrocarbons [80,81]. 

A further step towards the development of energy efficient gas separation 

processes consisted in preparing IL-based membranes by immobilization of ILs into 

porous supports, leading to the so-called supported ionic liquid membranes (SILMs). 

This novel use of ILs resulted in the stabilization of the previously mentioned SLMs 

due to the extremely low vapor pressures of ILs and their relatively high viscosities, 

compared to molecular solvents, which prevented ILs from being evaporated or 

expelled out of the membrane pores under high pressure differentials [82]. In 
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contrast to gas absorption into ILs, promising results were immediately obtained 

with this approach for the removal of CO2 from low pressure and low CO2 

concentration post-combustion gases [83-86].  

However, despite the rapid growth of research on ILs, there are still many 

challenges ahead for the industrial development of IL-based gas separation 

processes, mainly related to: the lack of systematic data on their physical properties 

and understanding of structure-property relationships for the proper 

selection/design of an IL that provides the best results in a given application [87]; the 

synthesis of ILs that do not contain impurities, e.g., water and halides, which may 

significantly alter the physical properties of ILs employed in more specialized 

applications [88]; and the assessment of their biodegradability and potential 

environmental risks [89,90].   

 

 

1.4. Background, thesis scope and outline 

This project thesis is based on earlier work developed at the Advanced Separation 

Processes group of the Universidad de Cantabria. David et al. [91] proposed the 

recovery of valuable compounds from the exhaust gas of carbon black manufacturing, 

which is mainly composed of nitrogen, hydrogen and carbon monoxide, and mainly 

focused on the recovery of hydrogen from ternary and quaternary gas mixtures 

employing dense polymeric membranes, based on a polyimide, with flat and hollow 

fiber configurations [92,93]. In addition, the selective recovery of carbon monoxide 

employing reactive ionic liquids was originally proposed and the thermodynamic 

equilibria of absorption into a carbon monoxide-selective ionic liquid were reported, 

thus proving its viability and laying the basis for future work [94]. Now, the work 

presented here aims at developing this latter idea by giving answers to many 

unsolved questions. 
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The envisaged goal of this thesis has been to give a first step towards the 

development of a process capable to selectively and efficiently recover carbon 

monoxide from industrial gas mixtures, and more specifically from nitrogen-rich 

streams, by taking advantage of the fascinating properties of ionic liquids. It 

constitutes, therefore, a renewed effort to question established energy intensive 

processes and propose innovative technologies to solve challenging problems such as 

the separation of two gases, carbon monoxide and nitrogen, which possess very 

similar properties. In doing so in a cost-effective manner, not only the purification 

costs of several industrial processes may be reduced, but also their environmental 

footprint could improve if the recovered carbon monoxide is then valorized to high 

added-value chemicals instead of converted to carbon dioxide and eventually, 

released to the atmosphere, hence contributing to the global warming.  

To attain that global aim, several specific goals have been addressed in this work, 

which can be structured in three distinct sections (see Figure 1.2). As previously 

mentioned, the physical properties of ionic liquids play an important role in the 

design of any separation process and therefore, Chapter 2 deals with the selection, 

synthesis and characterization of a CO-selective ionic liquid. Then, two different 

strategies are proposed for the recovery of carbon monoxide from high nitrogen-

content streams employing the selected reactive ionic liquid in either an absorption 

or a membrane process. In Chapter 3, the characterization of carbon monoxide mass 

transfer in a gas-liquid stirred tank is presented and, for the first time, the reaction 

kinetics of carbon monoxide absorption into a reactive ionic liquid are determined. 

On the other hand, Chapter 4 shows the second approach followed in this work 

dealing with the preparation of reactive membranes based on ionic liquids in order 

to accomplish the carbon monoxide separation from nitrogen-rich streams 

employing a technology with low energy requirements. Finally, the main conclusions 

drawn from this work as well as recommendations for future research are presented 

in Chapter 5. 
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Figure 1.2. Scheme of the thesis outline and major tasks performed.  
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Abstract 
 

The design of novel ionic liquid-based processes for gas separation relies on the 

correct knowledge of the physical and mass transport properties. In the present 

chapter, the viscosities and densities of the CO-selective halometalate-based ionic 

liquids formed by the combination of a metal halide salt, cuprous chloride, and an 

halide-based ionic liquid, 1-hexyl-3-methylimidazolium chloride, are reported as a 

function of temperature and copper(I) concentration. In addition, the flow behavior 

of these ionic liquids is assessed for the first time and their shear-dependent viscosity 

described with a model that takes into account the non-Newtonian character of these 

substances. With respect to the mass transport properties, the diffusivity and mass 

transfer coefficient of copper(I) in these ionic media as well as the influence of 

temperature on these properties are characterized by means of electrochemical 

techniques. 
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2.1. Introduction 

In the previous chapter, it was shown that industrial reactive absorption processes 

for CO recovery and purification are exclusively based on the use of copper(I) salt 

solutions that are capable to bind CO molecules forming carbonyl complexes. Yet, in 

order to overcome one of the main drawbacks of the salts employed for π-

complexations, that is, their very low solubilities in water, different strategies have 

been applied at industrial level [1]. For instance, cuprous salts can be dissolved by 

complexing with ammonia, forming [Cu(NH3)2]+, as in the ammoniacal copper liquor 

process for CO recovery. However, cuprous ions are readily oxidized by oxygen to the 

inactive cupric state in these solutions and, although limited by the ligand effect, 

disproportionation reaction is still important.  

)()(2 IICuCuICu +→                                         (2.1) 

On the other hand, it is well-known that cuprous salts can also be dissolved in 

acidic solutions of various electrolytes with the consequent formation of anionic 

complexes, e.g., the solubility of CuCl in aqueous solutions of KCl and HCl has been 

widely studied. Here, CuCl is in the form of anionic ligand complexes of the type 

Cu(Clx)1-x, where the value of x is determined by the ratio of salt concentrations. These 

anionic complexes also react with CO according to the following equation [2,3]. 

( ) ( ) x
x

x
x ClCuCOClCuCO −− ⇔+ 11

                                    (2.2) 

In the case of employing chloride anions as stabilizing ligands for copper(I) ions 

in acidified solutions, more stable cuprous solutions towards oxidation are obtained 

due to prevention of copper oxides precipitation. Moreover, the extent of 

disproportionation is further limited compared to the addition of basic ligands such 

as ammonia or amines [4]. In addition, the loss of components is minimized given 

that, unlike ammonia, chloride electrolytes have negligible vapor pressure.  
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However, some of the unfavorable factors associated to the use of aqueous 

solvents can be overcome employing nonaqueous solvents that minimize 

disproportionation of cuprous ions. Although most cuprous salts are soluble in 

coordinating solvents such as nitriles, amines, alkyl sulfydes and alkyl thiocyanates, 

the solubility of cuprous salts in aromatic hydrocarbons is generally low [5]. An 

important exception is the high solubility of tetrachloroaluminate cuprous salt 

(CuAlCl4) in aromatic hydrocarbons because of the formation of stable complexes, 

which in turn represents the basis of the COSORB process for CO recovery in toluene 

solutions described in Chapter 1. However, according to the European Chemicals 

Agency of the European Commission both ammonia and toluene solvents are 

classified as toxic and flammable compounds [6] that may also be corrosive to 

common stainless steel. In addition, the use of volatile compounds contributes to 

increase the energy requirements during the regeneration stage of the solvent in the 

stripping unit as previously stated in Chapter 1. 

In contrast to those volatile solvents, ILs represent an attractive alternative for the 

development of a CO separation process owing to their extremely low vapor 

pressures and excellent solvation properties for a wide range of inorganic substances. 

In particular, halometalate ILs can be readily synthesized by dissolving metal halide 

salts in halide-based ILs, e.g., the dissolution of metal chloride salts (AlCl3, BCl3, CuCl, 

SnCl2 and so forth) in chloride-rich ILs leads to the formation of chlorometalate-based 

ILs that contain the metals in the form of anionic complexes [7]. These are the so-

called Lewis acid-based ILs in which the equilibrium reactions between the anionic 

species result in the formation of a predominant anionic complex, whose structure 

depends on the relative proportions of the metal halide salt and the halide-based IL.  

As a consequence of the formation of these anionic complexes, unlike in aqueous 

and organic solvents, CuCl can be solubilized in high amounts in chloride-based ILs 

such as 1-alkyl-3-methylimidazolium chloride ILs, [Cxmim][Cl], hence forming the 

corresponding chlorocuprate(I)-based ILs. The chloride ion transfer equilibria in 

these halometalate ILs are:  
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( ) ( ) −−− ⇔+ 2
32 ClCuClCuCl                                    (2.3) 

( ) ( )−− ⇔+ 322 ClCuClCuCuCl                              (2.4) 

( ) ( )−−− ⇔+ 232 2 ClCuClClCu                              (2.5) 

In particular, spectroscopy evidence has been reported for the following 

predominant species in chlorocuprate(I)-based ILs: Cu(Cl3)2- in the chloride-rich 

(basic), Cu(Cl2)- in the neutral and Cu2(Cl3)- in the chloride-poor (acidic) media [8,9]. 

Very interestingly, these species are moisture-insensitive and air-stable [10], what 

could solve the problems associated with long-term degradation of the copper 

solutions currently employed in CO absorption processes. Furthermore, the 

chlorocuprate(I)-based ILs present lower melting point and viscosity as well as 

higher conductivity than the halogenated precursor [8].  

Taking that into account, the IL 1-hexyl-3-methylimidazolium chlorocuprate(I), 

[hmim][Cl]x-[CuCl]1-x (Figure 2.1), was synthesized in our earlier work [11] and it was 

demonstrated that the species formed in the chloride-rich media also have the ability 

to selectively and reversibly bind CO molecules to form carbonyl complexes 

according to the exothermic reaction: 

( ) ( ) −− ⇔+ 2
3

2
3 )( ClCOCuClCuCO                                (2.6) 

In that work, the thermodynamics of the CO absorption into the reactive IL was 

assessed. An overview of the main results obtained by David et al. [11] is shown in 

Figure 2.2, in which the solubility of CO in the chlorocuprate(I)-based IL is plotted as 

a function of the CuCl concentration. It can be observed how increasing the 

availability of copper(I) ions yielded an enhancement of the CO total solubility due to 

the occurrence of the complexation reaction given by Eq. (2.6). In addition, the 

absorption capacity of the reactive IL was greatly improved at low temperature, as 

can be seen in Figure 2.3, given that the absorption is an exothermic process.  
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Figure 2.1. Ionic structure and formula of 1-hexyl-3-methylimidazolium 

chlorocuprate(I) IL in the chloride-rich (basic) medium, in which the predominant 

anionic complex is Cu(Cl3)2-. 

Moreover, regeneration of the solvent is a key issue to be considered in the 

development of a reactive separation process. In that earlier work, it was proved that 

the absorption capacity of the IL could be completely restored applying vacuum and 

mild temperature conditions. 

Therefore, the synthesis and characterization of these chlorocuprate(I)-based ILs 

is performed in this section. Firstly, results regarding the rheology and density 

studies are given to show how the physical properties of the chloride-based IL 

precursor [hmim][Cl] are modified after the addition of CuCl. In addition, the flow 

behavior of the resulting chlorocuprate(I)-based ILs under a shear stress is 

characterized. Finally, the electrochemical determination of the mass transport 

properties of copper(I) in these supporting media is provided. 
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Figure 2.2. Total solubility of CO in 1-hexyl-3-methylimidazolium chlorocuprate(I) 

at 303 K as a function of CuCl concentration: (▲) 0.6, (■) 1, (●) 1.6, () 2 and (□) 3.8 

mol L-1. 

  
Figure 2.3. Total solubility of CO in 1-hexyl-3-methylimidazolium chlorocuprate(I) 

containing 2 mol L-1 of CuCl as a function of temperature: (▲) 303, (■) 293, (●) 283 

and () 273 K. 
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2.2. Rheology and density studies 

Accurate knowledge of the physico-chemical properties of ILs is essential for 

chemical process design [12]. Particularly, the viscosity of ILs in the range 22-40000 

mPa s are at least one or two orders of magnitude larger, in the best-case scenario, 

than the viscosities of the molecular solvents to be replaced, typically between 0.2 

and 100 mPa s [13]. Moreover, the viscosity of ILs is strongly dependent on the 

presence of water and other impurities, what usually leads to serious uncertainties. 

The high viscosity of ILs is mainly attributed to the contribution of van der Waals 

interactions and hydrogen bonding. As a rule of thumb, lengthening and ramification 

of the alkyl chain as well as fluorination result in more viscous ILs. On the other hand, 

ILs with densities close to that of water and organic molecular solvents are common, 

typically, density of ILs in the range 0.9-2.2 g cm-3 is found [14]. 

Although the rheology of aprotic ILs has been profusely studied [15], only few 

works evaluate the shear-dependent viscosity of ILs. Seddon et al. [16] first reported 

the effect of shear rate on the viscosities of a series of 1-alkyl-3-methylimidazolium 

ILs with the tetrafluoroborate and hexafluorophosphate anions at low shear rates 

(<200 s-1) and temperatures between 313 and 338 K. All of them showed Newtonian 

behavior except [C12mim][BF4] that presented shear-thinning flow in its liquid crystal 

phase at 313 K, which was not observed in the isotropic liquid phase at 338 K. Two 

other common aprotic ILs, [emim][NTf2] and [bmim][Cl], have been found to shear-

thin at moderate to high shear rates (up to 8000 s-1) [17,18]. However, although 

[bmim][Cl] has a similar structure to the IL employed in this work ([hmim][Cl]), its 

melting point is 342 K and therefore, it had to be tested at temperatures higher than 

348 K or in water mixtures, thus limiting the examination of shear-dependent 

viscosity. In addition, an important observation was made by Kulkarni et al. [19] who 

reported a change in the flow behavior of some aprotic imidazolium-based ILs from 

Newtonian to non-Newtonian on increasing the pendant alkyl chain length from octyl 

to decyl. Furthermore, common ILs that present Newtonian behavior such as 

[emim][Ac] have been found to become shear-thinning after dissolving cellulose [20]. 
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On the other hand, it has also been reported that some protic ILs may exhibit both 

shear-thinning and shear-thickening flow behavior [21-23]. 

2.2.1. Experimental 

The IL [hmim][Cl] (99.5% purity) and purified copper(I) chloride salt (>99%) were 

purchased from Iolitec and Sigma-Aldrich, respectively. Some of the main known 

properties of [hmim][Cl] are listed in Table 2.1. The chlorocuprate(I)-based ILs were 

obtained by mixing the CuCl and [hmim][Cl] at the desired ratio in a stirred vessel for 

2 h. Vacuum conditions and 333 K were applied so as to avoid the oxidation of 

copper(I) as well as to remove the possible trace amounts of water and other volatile 

compounds that may be present in the ILs. Samples containing 0.25, 0.5, 1 and 2 mol 

L-1 of CuCl were prepared and further dried at 343 K under partial vacuum of 1 kPa 

for 24 h and stored in sealed vials under nitrogen atmosphere prior to viscosity 

measurements.  

Table 2.1. Properties of [hmim][Cl] at 298 K and 101.3 kPa [24-27]. 

Density  
(g cm-3) 

Viscosity  
(Pa s) 

Surface tension 
(x 103 N m-1) 

Melting 
point (K) 

Electrochemical window1  
(V)  

1039.7 18.1 41.8 188 2.9 (-2.4/0.5) 
1In brackets, cathodic and anodic potential vs. fc/fc+ reference electrode. 

A controlled stress rheometer (AR-G2, TA Instruments) was employed to analyze 

the viscosity of ILs using a cone and plate geometry with 4 mm diameter and 2º cone 

angle. This rheometer is especially suitable for testing ILs as it only requires a very 

small amount of sample (1-2 mL) to wet the whole cone surface. Samples were 

initially equilibrated for 5 min and then, the shear rate was exponentially increased 

from 10 to 8000 s-1 via stress controlled feedback over 5 min, recording 10 points per 

decade. Since these ILs are highly hydrophilic, each measurement was performed 

with a new sample. Repetitiveness was very good with root-mean square deviations 

(RMSD) less than 5% in all series. The temperature dependence of viscosity was 

assessed between 293 and 343 K employing a Peltier plate to set the temperature. All 

measurements were performed at atmospheric pressure. Water content in IL samples 
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was determined by Karl Fisher coulometric titration (Metrohm 899) employing 

Coulomat AG (Sigma Aldrich) as anolyte solution. Density measurements of the 

chlorocuprate(I)-based ILs were performed in an Anton Paar DMA 5000 vibrating 

tube densimeter with viscosity correction and self-control temperature to ±0.01 K. 

The uncertainty in the measurement is ±3·10−5 g cm−3. 

2.2.2. Flow behavior of [hmim][Cl] 

The flow curve of [hmim][Cl] measured at 293 K presents two distinct regions as 

shown in Figure 2.4.  

 
Figure 2.4. Flow curve of [hmim][Cl] at 293 K.  

Initially, at low shear rates (<500 s-1), the shear stress, σ , proportionally 

increased with the applied shear rate, γ , thus showing a characteristic Newtonian 

flow. In this region, the apparent zero shear rate viscosity, 0η , can be obtained from 

the slope of the linear fitting of data to the following equation: 
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γησ ⋅= 0                (2.7) 

In contrast, [hmim][Cl] showed shear-thinning behavior at higher shear rates 

indicating that this IL presents some sort of ordered structure, which is disrupted 

when high shear stresses are applied. This effect has been attributed to the presence 

of both short and long ordering in imidazolium-based ILs [17,23]. In particular, 

aggregate structures have been reported for imidazolium-based ILs combined with 

halogen anions due to hydrogen-bonding interactions between both moieties [28]. In 

fact, if the active hydrogen at the C-2 position of the imidazolium ring is substituted 

by another functional group, shear-thinning may not occur since these interactions 

are significantly reduced [17]. The effect of hydrogen bonding was further assessed 

in this work by performing a series of measurements at increasing temperature. 

Figure 2.5 shows a log-log plot of shear viscosity over shear rate between 293 and 

343 K.  

 
Figure 2.5. Plot of [hmim][Cl] shear viscosity as a function of shear rate and 

temperature: (●) 293, (■) 303, (▲) 313, () 323, (○) 333 and (□) 343 K. Solid lines 

represent Cross model (Eq. (2.8)). 
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The onset of shear-thinning shifted towards higher shear rates as temperature 

increased until it was almost imperceptible at 343 K, indicating that the flow 

progressively changed from strong shear-thinning behavior at room-temperature to 

Newtonian flow at higher temperatures. In fact, at 343 K the flow can be considered 

Newtonian and Eq. (2.7) can be applied with reasonable accuracy in the whole range 

(R2 = 0.9979). These effects are rationalized in terms of formation of an IL 

temperature-disordered structure due to hydrogen-bonding breakdown at high 

temperatures [17]. 

In order to describe the shear-thinning behavior of the IL, the equation derived by 

Cross [28] for pseudoplastic flow has been employed in its actual form [29,30]: 

( )nγα
ηη

ηη
+

−
+= ∞

∞ 1
0               (2.8) 

where ∞η is the limiting viscosity at infinite shear rate and α  [s] (time constant of 

the fluid) and n are two independent constants. The values of the parameters ∞η ,  

α , and n  determined employing AR-G2 TA Instrument software are compiled in 

Table 2.2. 

Table 2.2. Parameters of Cross model (Eq. (2.8)) for [hmim][Cl] as a function of 
temperature. 

Temperature (K) 0η  (Pa s) ∞η  (Pa s) α  (x 104 s) n  
293 14.2 0.82 3.0 1.8 
303 4.64 0.94 2.5 2.1 
313 2.04 0.36 1.9 2.0 
323 0.81 0.34 1.5 2.1 
333 0.36 0.20 1.3 1.2 

Figure 2.5 demonstrates that experimental results are in good agreement with the 

simulated curves obtained employing Eq. (2.8). In addition, the reciprocal of constant 

α  represents the characteristic shear rate at which the viscosity is the average value 

between zero shear rate and infinite shear rate viscosities: 
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( )
2

1 0 ∞+
=






 ηη
α

η                          (2.9) 

The reciprocal of constant α  obtained at each temperature is plotted in Figure 

2.6, a clear shift of this parameter to higher shear rates occurred as temperature 

increased, e.g. from 3300 s-1 at 293 K to 7700 s-1 at 333 K, which is in accordance with 

the less marked non-Newtonian shear-thinning behavior observed at higher 

temperatures.  

 

Figure 2.6. Effect of temperature on the parameter α1  in the range 293-333 K.  

Moreover, the dependence of the apparent viscosity at zero shear rate on 

temperature was also assessed in the range 293-343 K. Viscosity dramatically 

decreased two orders of magnitude over that temperature range, from 14.2 to 0.22 

Pa s. This effect can be described by an Arrhenius-type equation (Figure 2.7) with 

mean activation energy in this temperature range of 70.6 kJ mol-1. With respect to 

[hmim][Cl] viscosity, a review of reported data in literature [16,32-34] indicates that 

a  certain  degree  of  scattering  exists  as  shown  in  Figure  2.8. This  is  most  likely  
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Figure 2.7. Effect of temperature on the apparent zero shear rate viscosity and fitting 

to Arrhenius-type equation.  

 
Figure 2.8. Comparison of [hmim][Cl] viscosity data reported in literature: (▲) this 

work, (♦) [16], (■) [24], (□) [32], (●) [33] and (○) [34]. 
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attributed to different water contents in the samples, which varied from 1070 [33] to 

7568 ppm [16], associated to the extremely hydrophilic nature of this IL rather than 

to different measurement techniques. In this work, the water content of [hmim][Cl] 

samples was found to be 7433 ppm as determined by Karl-Fischer titration. 

2.2.3. Flow behavior of chlorocuprate(I)-based ILs 

Once determined the shear-thinning non-Newtonian behavior of [hmim][Cl], the 

effect of mixing the metal halide salt CuCl and [hmim][Cl] is evaluated. Figure 2.9 

illustrates the shear viscosity of samples containing CuCl in several concentrations 

within the range 0-2 mol L-1 at 293 K. All chlorocuprate(I)-based ILs tested, like 

[hmim][Cl], exhibited non-Newtonian shear-thinning flow that can also be attributed 

to the presence of hydrogen bonds between hydrogen atoms of the imidazolium ring 

and chlorine atoms of the chlorocuprate(I) species [9].  

The values of α1  of the chlorocuprate(I)-based ILs slightly increased with the 

copper(I) concentration; however, this effect was significantly less marked than that 

of temperature as shown in Figure 2.10, thus indicating that copper(I) concentration 

does not significantly alter the non-Newtonian character of [hmim][Cl] as 

temperature does. It can be observed that the reciprocal of α  for pure [hmim][Cl] 

was barely larger than for the samples containing low CuCl concentrations, yet it may 

be due to the changes in the ionic structure upon addition of CuCl. 

The ratio between the shear rate viscosity and the apparent zero shear rate 

viscosity, i.e., 0ηη  or reduced shear viscosity ( )*η , of pure [hmim][Cl] and 

chlorocuprate(I)-based ILs were obtained at 293 K for each CuCl concentration and 

plotted in Figure 2.11 over the reduced shear rate ( )*γ , which in this case was 

determined by multiplying the shear rate times α  at each CuCl concentration, i.e., 

αγ ⋅ . As a result, all experimental data were superimposed on one single curve 

indicating that all samples essentially presented the same degree and mechanism of 

shear-thinning regardless of CuCl concentration [18].  
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Figure 2.9. Plot of shear viscosity of [hmim][Cl] (●) and chlorocuprate(I)-based ILs 
at 293 K as a function of shear rate and copper(I) concentration: (■) 0.25, (▲) 0.5,      
() 1 and (○) 2 mol L-1. 

 
Figure 2.10. Effect of CuCl concentration on the characteristic parameter α1  in the 
range 0-2 mol L-1. 



Chapter 2 

40 
 

Figure 2.11. Plot of reduced shear viscosity ( )*η  against reduced shear rate ( )*γ  at 
293 K and various CuCl concentrations: (○) 0, (■) 0.25, (●) 0.5, (▲) 1 and (X) 2 mol   
L-1. 

Finally, viscosities of the chlorocuprate(I)-based ILs are compared to that of 

[hmim][Cl] as a function of CuCl concentration and temperature. After addition of 

CuCl to [hmim][Cl], a sharp viscosity decrease was observed from 14.16 to 3.98 Pa s 

at 293 K. In fact, as shown in Figure 2.12, a linear trend (R2 = 0.9962) was found 

between the logarithmic relative viscosity and CuCl concentration in the range under 

study. This linear trend has also been observed for the IL [bmim][Cl] after addition of 

another inorganic salt, LiCl [18]; however, in that work the addition of LiCl produced 

a sharp viscosity increase which is the opposite trend to that found after doping 

[hmim][Cl] with CuCl. Likewise, a viscosity decrease has already been reported in 

another chloride-based IL with a shorter alkyl chain length, [bmim][Cl], after addition 

of CuCl within the chloride-rich range; whereas in the chloride-poor media the 

viscosity began to increase again [8]. On the other hand, the temperature dependence 

on the chlorocuprate(I)-based ILs is plotted in Figure 2.13 along with that of 

[hmim][Cl]. As can be inferred, viscosity of all samples was similarly affected by 

temperature irrespective of CuCl concentration. 
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Figure 2.12. Log plot of relative viscosity of chlorocuprate(I)-based ILs as a function 

of CuCl concentration at 293 K. Solid line represents the linear fitting of the data. 

 
Figure 2.13. Arrhenius plot of apparent zero shear rate viscosity of chlorocuprate(I)-

based ILs: (♦) 0, (■) 0.25, (▲) 0.5, (●) 1 and (X) 2 mol L-1 of CuCl. Solid lines represent 

the linear fitting of the data. 
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2.2.4. Density study 

The density data ( )ρ  measured for [hmim][Cl] and the chlorocuprate(I)-based ILs 

are given in Figure 2.14 as a function of temperature, between 293 and 343 K, and 

metal halide salt content. The density data obtained for [hmim][Cl] is in very good 

agreement with previously reported data [24,33,35]. Regarding the results for 

chlorocuprate(I)-based ILs, it was observed that, at a given temperature, density 

monotonically increased with the concentration of CuCl in accordance with reported 

data for other Lewis acid-based ILs [8]. Moreover, the density data of all samples 

linearly varied with temperature, which can be fitted to a linear equation of the type: 

Tba ⋅−=ρ             (2.10) 

where the values of the empirical parameters a and b are listed in Table 2.3. 

 
Figure 2.14. Density of chlorocuprate(I)-based ILs as a function of temperature and 

CuCl concentration: () 0, (▲) 0.25, (●) 0.5, (■) 1 and (♦) 2 mol L-1. 
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In addition, as the concentration of CuCl increases the influence of temperature on 

the ILs density is higher as inferred from the values of the constant b. 

Table 2.3. Parameters for the determination of chlorocuprate(I)-based ILs densities 
as a function of temperature with Eq. (2.10). 

CuCl (mol L-1) a (g cm-3) b (x 104 K-1) 

0 1.206 5.642 
0.25 1.228 5.818 
0.5 1.252 6.041 
1 1.296 6.438 
2 1.378 7.223 

 

 

2.3. Electrochemical determination of mass transport properties 

In the previous section, some of the unknown physical properties of the 

chlorocuprate(I)-based ILs were reported. Now, the focus is put on the assessment of 

the copper(I) mass transport properties in these ILs. This understanding seems 

crucial for the development of CO reactive separation processes based on ILs as it is 

required to determine the reaction kinetics between CO and copper(I) in IL media 

and describe the CO absorption fluxes into the chlorocuprate(I)-based ILs. 

In this respect, several studies have assessed the electrochemical behavior and 

estimated the mass transport properties of transition metals in different ILs and 

mixtures of ILs with organic solvents for different purposes, e.g., use of copper and 

chromium as coating material [36-42], the recovery of palladium from spent nuclear 

fuel [43] or electrowinning of rare earth metals [44]. To that end, widely employed 

electrochemical techniques are cyclic voltammetry, chronoamperometry, chrono-

potentiometry and impedance spectroscopy. 
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 In light of these facts, the electrochemical determination of the copper(I) 

transport properties in the CO-selective ILs is performed. The effects of temperature 

and concentration of copper(I) ions on the mass transport properties are assessed by 

means of the constant current electrolysis and the linear sweep voltammetry 

techniques with stationary electrode. 

2.3.1. Experimental 

In this study, 1-hexyl-3-methylimidazolium chlorocuprate(I)-based ILs containing 

100 and 250 mmol L-1 of CuCl were synthesized following the previously explained 

procedure. The electrochemical experiments were performed in a jacketed glass cell 

using a three–electrode setup. A 3 mm diameter gold disk insulated with a Teflon 

sheath was employed as working electrode (7.06 x 10-2 cm2 area). A platinum-rod and 

an Ag/AgCl electrode were used as the counter electrode and the reference electrode, 

respectively. The temperature of the electrolyte was controlled by a circulating 

thermostatic bath and all the experiments were also performed under nitrogen 

atmosphere. Electrochemical measurements were conducted with a potentiostat/ 

galvanostat (AutoLab, Metrohm) that was controlled using the General Purpose 

Electrochemical System (GPES) software. The electrochemical techniques applied to 

the reduction of copper(I) ions dissolved in the IL solutions were constant current 

electrolysis and linear sweep voltammetry with stationary electrode. Before each 

experiment, the working electrode was immersed in a dilute solution of HCl and a 

constant positive potential was applied for several minutes in order to assure that 

any deposit of metallic copper was removed from the electrode surface so that all the 

experiments were performed under the same starting conditions. 

2.3.2. Diffusion coefficients 

Chronopotentiometric plots obtained for IL solutions containing 100 mM copper(I) 

at a temperature of 303 K  are shown in Figure 2.15. Reducing currents were applied 

in the range 3 to 40 µA. As well as expected, in such a system the concentration of 

electroactive species on the surface of the electrode diminished at a constant rate. In 
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this technique, the transition time ( )τ  represents the time in which, for a particular 

applied current ( )i , the concentration of electroactive species on the surface of the 

electrode is depleted. Consequently, the higher the current exerted, the lower the 

transition time due to the depletion of the reagent in a shorter period. When the 

concentration of electroactive species at the electrode surface reaches zero, the cell 

potential changes to the redox potential of another electron transfer reaction: if there 

is no other analyte, the reduction of the electrolyte begins. Since transitions times did 

not exceed 40 s in any experiment, the 100 s time limit after which apparently natural 

convection phenomena can appear [39] was not surpassed in this work. In Figure 

2.15, the copper(I) reduction to copper metal occurs at cathodic potentials around -

1.5 V vs. Ag/AgCl, which is in good agreement with values found in literature [40]. 

After the reduction of copper(I), the supporting electrolyte is reduced at -2.1 V vs. 

Ag/AgCl, which is also consistent with the cathodic limit of imidazolium-based 

cations [27,45], i.e., at that potential the imidazolium cation loses the hydrogen at the 

C-2 position and is reduced to a neutral radical [46,47].  

 
Figure 2.15. Potential-time curves of a 100 mM copper(I) solution performed with 

constant currents of -5, -10, -15 and -20 µA at 303 K. 
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Moreover, during a step electrochemical change, a non-Faradaic current may flow 

due to the charging current in the double layer [48]. Typically, the effect of these non-

Faradic currents is negligible in this type of measurement and usually is not 

considered. However, in this case, due to the high viscosity of the fluid, a meniscus 

effect is observed during a first stage in the chronopotentiometry instead of a more 

sudden change in the potential and, in fact, it may be considered that the charging of 

the double layer is the mechanism that established the change in the potential during 

this first stage. For this reason, in order to obtain a more accurate value of the 

diffusion coefficients, this effect has been subtracted in the calculation of the 

transition times.  

The quantitative relationship between the applied current and the observed 

transition time is known to depend on the transfer of electroactive species to the 

electrode surface. In quiescent liquids, i.e., under no convective flow, and assuming 

that migration effects can be neglected in the nearness of the electrode due to the 

presence of an excess of non-electroactive ions, the diffusion coefficients ( )D  can be 

calculated applying the Sand equation: 

5.0

2
−⋅⋅⋅⋅⋅

= τπ DCAFni            (2.11) 

where C  is the concentration of electroactive species in the bulk, A  is the electrode 

area, F  is the Faraday constant and n  is the number of electrons transferred. 

In Figure 2.16, experimental τ  data obtained at different temperatures are 

plotted over the applied current. The straight lines are the linear fitting of the 

experimental data, which presented correlation coefficients within the range 0.953-

0.999, indicating that results fitted well the Sand equation. The effective copper(I) 

diffusion coefficients, obtained from the slopes of the linear fitting, ranged between 

2.9 x 10-9 cm2 s-1 at 293 K and 7.7 x 10-9 cm2 s-1 at 313 K. According to similar studies 

performed in chloride-rich IL systems, these copper(I) diffusion coefficients most 

likely correspond to the three coordinated chlorocomplex Cu(Cl3)2-: Lloyd et al. [41] 
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found by UV-Vis spectroscopy that the peak of copper(I) solutions in ethaline (271 

nm) matched that of this complex species in concentrated chloride solutions; 

moreover, Vainnika et al. [39] calculated the chloride mass balance in the chloride-

enriched [bmpyr][NTf2] and also concluded that it was only satisfied if copper(I) was 

present in the form of Cu(Cl3)2-.  

With respect to the influence of temperature, Figure 2.17 shows the natural 

logarithm of the copper(I) diffusion coefficients plotted against the reciprocal of 

temperature and the fitting to an Arrhenius-type equation (R2 = 0.992) that can be 

employed to describe the effect of temperature on the diffusive process. From the 

slope of the linear fitting of the data, an activation energy of diffusion of 37.0 kJ mol-1 

was obtained, hence indicating a strong influence of temperature on the copper(I) 

diffusion coefficient that can be rationalized in terms of drastic changes of the IL 

viscosity.  

 
Figure 2.16. Determination of copper(I) diffusion coefficients from the Sand equation 

at several temperatures: (■) 293, (●) 303 and (▲) 313 K. The straight lines are the 

linear fitting of the data.  
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The diffusion coefficients obtained by chronopotentiometry in this study are 

similar to those reported in the literature for the diffusivity of copper(II) ions in 

[N8,1,1,1][Cl], 7.1 x 10-9 cm2 s-1 at 298 K [40], which is also a very viscous IL. In contrast, 

higher diffusion coefficients of copper(I) ions have been reported in less viscous 

supporting IL media, e.g., 1.1 x 10-7 cm2 s-1 in [bmpyr][NTf2] at 299 K [39], 2.8 x 10-7 

cm2 s-1 in ethaline at 298 K [41], 3.0 x 10-7 cm2 s-1 [N6,1,1,1][NTf2] at 303 K [36] and 2.3 

x 10-7 cm2 s-1 in [emim][BF4] at 303 K [37]. Furthermore, a strong temperature 

influence on the diffusion coefficients of metals in ILs is also found in those works, for 

instance Katase et al. [36] and Vainikka et al. [39] reported comparable activation 

energies for copper(I) diffusion coefficients, 39.0 and 31.7 kJ mol-1, respectively.  

 
Figure 2.17. Influence of temperature on copper(I) diffusion coefficients obtained 

from the Sand equation. 

A relationship between available copper(I) diffusivity data and IL viscosity is 

shown in Figure 2.18. The data provided by this study extends the IL viscosity range 

in which the diffusion of copper(I) has been obtained. A dependence of the diffusion 

coefficients on the viscosity of ILs to the power of -0.80 (R2 = 0.992) is obtained from 

the slope of the linear fitting of the data, which is lower than expected from classical 
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theories such as the Stokes-Einstein relationship. This means that conventional 

theories may not be applicable to ILs, which seems a reasonable supposition given 

that, for instance, ILs can be hardly ideally represented by spheres, unlike molecular 

solvents, in the Stokes-Einstein model [49]. Other clear examples that support this 

evidence are the relationship between the diffusivity of gases and IL viscosity 

proposed by Morgan et al. [50] who predicted that gas diffusion coefficients in ILs are 

proportional to µ-0.66; as well as the use of a fractional Stokes-Einstein relationship to 

describe the self-diffusivity of IL ions [51]. 

 
Figure 2.18. Relationship between diffusivity of copper(I) ions in different 

supporting media and ionic liquid viscosity: (■) Chen and Sun [37], () Vainikka et 

al. [39], (●) Lloyd et al. [41] and () data obtained in this work. 

 

2.3.3. Mass transfer coefficients 

Mass transfer coefficients ( )mk  quantify the specific mass transport rate of copper(I) 

ions in the chlorocuprate(I)-based ILs. This coefficient can be calculated from the 
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limit current value ( )LI  obtained with linear sweep voltammetry with stationary 

electrode according to:  

CkAFnI mL ⋅⋅⋅⋅=                                                (2.12) 

The linear sweep voltammogram recorded for the 250 mM copper(I) solution at 

303 K is depicted in Figure 2.19. In contrast to the potential-time curves reported in 

the previous section, two reduction waves are now clearly observed, the second one 

at ca. -1.1 V being approximately 50% lower than the first one at ca. -0.7 V.  

 
Figure 2.19. Linear sweep voltammogram of a solution containing 250 mmol L-1 of 

CuCl at 303 K (solid line) and base line (dash line) obtained with pure [hmim][Cl]. 

Scan rate: 0.5 mV s-1. 

A comparison with the almost flat voltammogram of pure [hmim][Cl] (base line) 

indicates that the IL is stable within the electrochemical conditions applied and 

confirms that copper ions are the only responsible for the observed behavior. 

However, copper(I) can just be reduced to metallic copper and if there was copper(II) 

initially undergoing reduction to copper(I), then the limit current of the second wave 
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(-4.4 µA) would have been at least twice the limit current of the first wave (-3.0 µA) 

because it is proportional to the concentration of electroactive species. Therefore, 

these two waves most likely correspond to two different chlorocomplexes.  

This surprising electrochemical behavior has also been observed in chloride-rich 

solutions of the IL [bmpyr][NTf2] by Vainikka et al. [39], who associated it to the 

equilibrium given by Eq. (2.3) between the two- and three-coordinated 

chlorocomplexes, thus further demonstrating that the reduction waves obtained in 

this work were not due to the presence of other impurities in the supporting media. 

Hence, since the degree of ion-pairing is not known in these systems, only apparent 

mass transfer coefficients for copper(I) could be obtained with this technique. The 

calculated mass transfer coefficients ranged from 1.3 to 7.8 x 10-6 cm s-1 at 

temperatures between 283 and 333 K. In addition, the effects of temperature and 

copper(I) concentration on the mass transfer coefficients are shown in Figure 2.20.  

Figure 2.20. Effect of temperature and copper(I) concentration on the mass transfer 

coefficients: (●) 100 and (○) 250 mmol L-1 of CuCl. 
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As can be observed, the initial concentration of copper(I) ions did not influence 

the results. However, it is expected that higher concentrations of copper(I) enhance 

the mass transfer coefficient because of the consequent reduction of the viscosity of 

chlorocuprate(I)-based ILs, yet experimental measurements with more concentrated 

solutions could not be performed due to the fast deposition of metallic copper in the 

electrode surface. To conclude, the temperature effect on these mass transfer 

coefficients can also be described by an Arrhenius-type equation (R2 = 0.973) with an 

activation energy of 35.9 kJ mol-1, which is almost identical as expected to that 

determined by chronopotentiometry of 37.0 kJ mol-1. 

 

 

2.4. Conclusions 

In this chapter, the rheological properties and flow behavior of the ILs 1-hexyl-3-

methylimidazolium chlorocuprate(I) and its chloride-based precursor, [hmim][Cl], 

have been assessed. The comparison of zero shear rate viscosity of [hmim][Cl] and 

chlorocuprate(I)-based ILs revealed a drastic viscosity decreased, more than three-

fold, after addition of 2 mol L-1 of CuCl. This is a very interesting result as lower 

viscosities of the reactive media will enhance the mass transfer rates in a separation 

process. Moreover, a strong influence of temperature on the zero shear rate viscosity 

of all samples has been found, which fitted Arrhenius-type equation with activation 

energies around 70 kJ mol-1.  

With respect to the flow behavior, both ILs exhibited non-Newtonian flow with 

the onset of shear-thinning at moderate shear rates. This indicates the presence of an 

ordered structure that can be attributed to hydrogen-bonding interactions between 

the active hydrogen atoms of the imidazolium ring and the chlorine atoms of the 

anions. However, the non-Newtonian behavior observed at room-temperature was 

progressively less marked upon increasing temperature and almost unnoticeable at 
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343 K due to hydrogen-bonding breakdown, i.e., viscosity decreased and the onset of 

shear-thinning gradually shifted to higher shear rates. In addition, all experimental 

data have been successfully described employing the Cross model in a wide range of 

shear rates, 10-8000 s-1, thus facilitating mass transfer characterization and design of 

an IL-based separation process. Also, the density of samples containing CuCl in the 

range 0-2 mol L-1 has been determined. Density values increased with CuCl 

concentration, up to 12% in that range, and slightly decreased with temperature, 

around 3%, in the range 293-343 K. 

On the other hand, the mass transport properties of copper(I) ions in the 

chlorocuprate(I)-based ILs have been characterized by electrochemical methods. 

Copper(I) diffusion coefficients that ranged from 2.9 x 10-9 to 7.7 x 10-9 cm2 s-1 

between 293-313 K and activation energy of the diffusive process of 37.0 kJ mol-1 

were obtained with chronopotentiometry technique. Although the influence of 

temperature is comparable to that found in other works, the values of the diffusion 

coefficients are considerably lower because of the high viscosity of the 

chlorocuprate(I)-based ILs. Moreover, it was found that the copper(I) diffusion 

coefficients obtained in this work and values already reported in literature are 

proportional to the IL viscosity employed as supporting media to the power of -0.80, 

suggesting that classical theories such as Stokes-Einstein may not be suitable to be 

employed with ILs.  

Finally, the mass transfer coefficients were also assessed for two different 

copper(I) concentrations, 100 and 250 mmol L-1, with linear sweep voltammetry 

technique with stationary electrode. These concentrations of copper(I) chloride salt 

had no significant influence on the observed apparent mass transfer coefficients, 

which varied between 1.3 x 10-6 cm s-1 and 7.8 x 10-6 cm s-1 in the temperature range 

283-333 K. An overview of the most relevant data obtained in this work regarding the 

physical and copper(I) transport properties in the IL 1-hexyl-3-methylimidazolium 

chloride are collected in Table 2.4.  
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Table 2.4.  Summary of the main properties of the IL 1-hexyl-3-methylimidazolium 
chloride as a function of temperature and copper(I) concentration. 

Property CuCl concentration in [hmim][Cl] IL (mol L-1) 
 0 0.25 0.5 1 2 
Viscosity (Pa s)      

293 K 14.2 11.9 9.9 7.8 4.0 
303 K 4.6 4.3 3.8 3.1 1.6 
313 K 2.0 1.7 1.4 1.2 0.7 

Ea (kJ mol-1) 70.6 75.1 75.4 70.9 65.5 

Density (g cm-3)      
293 K 1.041 1.058 1.075 1.107 1.166 
303 K 1.035 1.052 1.069 1.101 1.159 
313 K 1.030 1.046 1.063 1.094 1.152 

Diffusivity (x109 cm2 s-1)1      

293 K 2.9     
303 K 5.5     
313 K 7.7     

Ea (kJ mol-1) 37.0     
1Obtained in 0.1 mol L-1 CuCl solutions. 

 

 

 

 

 

 

 

 

 



Synthesis and characterization of a carbon monoxide-selective ionic liquid 

55 
 

References 

[1] R.T. Yang, π-Complexation sorbents and applications, in: R.T. Yang (Ed.), Adsorbents: 
Fundamentals and Applications, John Wiley & Sons, New Jersey, 2003, chapter 8. 

[2] D.R. Smith, J.A. Quinn, Facilitated transport of carbon monoxide through cuprous chloride 
solutions, AIChE J. 26 (1980) 112-120. 

[3] A. Dindi, R.D. Noble, J. Yu, C.A. Koval, Experimental and modelling studies of a parasitic 
binding mechanism in facilitated transport, J. Membr. Sci. 66 (1992) 55-68. 

[4] M.C. Chhabria, M.M. Sharma, Kinetics of absorption of oxygen in aqueous chloride solutions: 
(1) acidic cromous chloride, (2) acidic titanous chloride and (3) ammoniacal cuprous chloride, 
Chem. Eng. Sci. 29 (1974) 993-1002. 

[5] G.C. Blytas, Separation of unsaturates by complexing with nonaqueous solutions of cuprous 
salts, in: N.N. Li, J.M. Calo (Eds.), Separation and Purification Technology, Marcel Dekker, New 
York, 1992. 

[6] European Commision, Regulation of the European Parliament and of the Council on 
classification, labelling and packaging of substances and mixtures, No 1272/2008.  

[7] J.D. Holbrey, A.E. Visser, R.D. Rogers, Solubility and solvation in ionic liquids, in: P. 
Wasserscheid, T. Welton (Eds.), Ionic Liquids in Synthesis, Wiley-VCH, Weinheim, 2002, pp. 68-
81. 

[8] S.A. Bolkan, J.T. Yoke, Room temperature fused salts based on copper(I) chloride-1-methyl-
3-ethylimidazolium chloride mixtures. 1. Physical properties, J. Chem. Eng. Data 31 (1986) 
194–197. 

[9] R. Lü, H. Tangbo, Z. Cao, Ab initio calculation of room temperature ionic liquid 1-ethyl-3-
methyl-imidazolium chlorocuprate (I), J. Nat. Gas Chem. 16 (2007) 70–77. 

[10] C. Huang, B. Chen, J. Zhang, Z. Liu, Y. Li, Desulfurization of gasoline by extraction with new 
ionic liquids, Energ. Fuel. 18 (2004) 1862–1864. 

[11] O.C. David, G. Zarca, D. Gorri, A. Urtiaga, I. Ortiz, On the improved absorption of carbon 
monoxide in the ionic liquid 1-hexyl-3-methylimidazolium chlorocuprate, Sep. Purif. Technol. 
97 (2012) 65-72. 

[12] J.M.P. França, C.A.N. de Castro, M.M. Lopes, V.M.B. Nunes, Influence of thermophysical 
properties of ionic liquids in chemical process design, J. Chem. Eng. Data 54 (2009) 2569-2575. 

[13] N.V. Plechkova, K.R. Seddon, Applications of ionic liquids in the chemical industry, Chem. 
Soc. Rev. 37 (2008) 123-150. 

[14] S. Zhang, N. Sun, X. He, X. Lu, X. Zhang, Physical properties of ionic liquids: Database and 
evaluation, J. Phys. Chem. Ref. Data 35 (2006) 1475-1517. 

[15] G. Yu, D. Zhao, L. Wen, S. Yang, X. Chen, Viscosity of ionic liquids: database, observation, 
and quantitative structure-property relationship analysis, AIChE J. 58 (2012) 2885-2899. 

[16] K.R Seddon, A. Stark, M.J. Torres, Viscosity and density of 1-alkyl-3-methylimidazolium 
ionic liquids, ACS Sym. Ser. 819 (2002) 34-49. 



Chapter 2 

56 
 

[17] G.L. Burrell, N.F. Dunlop, F. Separovic, Non-Newtonian viscous shear thinning in ionic 
liquids, Soft Matter 6 (2010) 2080-2086.  

[18] A. Takada, K. Imaichi, T. Kagawa, Y. Takahashi, Abnormal viscosity increment observed for 
an ionic liquid by dissolving lithium chloride, J. Phys. Chem. B 112 (2008) 9660-9662. 

[19] P.S. Kulkarni, L. Branco, J.G. Crespo, M.C. Nunes, A. Raymundo, C.A.M. Afonso, Comparison 
of physicochemical properties of new ionic liquids based on imidazolium, quaternary 
ammonium, and guanidinium cations, Chem. Eur. J. 13 (2007) 8478-8488.  

[20] S.J. Haward, V. Sharma, C.P. Butts, G.H. McKinley, S.S. Rahatekar, Shear and extensional 
rheology of cellulose/ionic liquid solutions, Biomacromolecules 13 (2012) 1688-1699. 

[21] J. Jacquemin, M. Anouti, D. Lemordant, Physico-chemical properties of non-Newtonian 
shear thickening diisopropyl-ethylammonium-based protic ionic liquids and their mixtures 
with water and acetonitrile, J. Chem. Eng. Data 56 (2011) 556-564. 

[22] J.A. Smith, G.B. Webber, G.G. Warr, R. Atkin, Rheology of protic ionic liquids and their 
mixtures, J. Phys. Chem. B 117 (2013) 13930-13935. 

[23] H. Katayanagi, S. Hayashi, H. Hamaguchi, K. Nishikawa, Structure of an ionic liquid, 1-n-
butyl-3-methylimidazolium iodide, studied by wide-angle X-ray scattering and Raman 
spectroscopy, Chem. Phys. Lett. 392 (2004) 460-464. 

[24] E. Gomez, N. Gonzalez, A. Dominguez, E. Tojo, J. Tojo, Dynamic viscosities of a series of 1-
alkyl-3-methylimidazolium chloride ionic liquids and their binary mixtures with water at 
several temperatures, J. Chem. Eng. Data 51 (2006) 696-701. 

[25] M.H. Ghatee, A.R. Zolghadr, Surface tension measurements of imidazolium-based ionic 
liquids at liquid-vapor equilibrium, Fluid Phase Equilib.263(2008) 168–175. 

[26] S.P. Verevkin, D.H. Zaitsau, V.N. Emel’yanenko, R.V. Ralys, A.V. Yermalayeu, C. Schick, Does 
alkyl chain length really matter? Structure-property relationships in thermochemistry of ionic 
liquids. Thermochim. Acta 562 (2013) 84-95. 

[27] A.M. O’Mahony, D.S. Silvester, L. Aldous, C. Hardacre, R.G. Compton, Effect of water on the 
electrochemical window and potential limits of room-temperature ionic liquids, J. Chem. Eng. 
Data 53 (2008) 2884. 

[28] K. Dong, S. Zhang, D. Wang, X. Yao, Hydrogen bonds in imidazolium ionic liquids, J. Phys. 
Chem. A 110 (2006) 9775-9782. 

[29] M.M. Cross, Rheology of non-Newtonian fluids: A new flow equation for pseudoplastic 
systems, J. Coll. Sci. 20 (1965) 417-437. 

[30] H.A. Barnes, J.F. Hutton, K. Walters, An Introduction to Rheology, Elsevier, Amsterdam, 
1993. 

[31] F.J. Galindo-Rosales, F.J. Rubio-Hernandez, A. Sevilla, R.H. Ewoldt, How Dr. Malcom M. 
Cross may have tackled the development of ‘‘An apparent viscosity function for shear 
thickening fluids’’, J. Non-Newton. Fluid Mech. 166 (2011) 1421-1424. 

[32] J.G. Huddleston, A.E. Visser, W.M. Reichert, H.D. Willauer, G.A. Broker, R.D. Rogers, 
Characterization and comparison of hydrophilic and hydrophobic room temperature ionic 
liquids incorporating the imidazolium cation, Green Chem. 3 (2001) 156-164. 



Synthesis and characterization of a carbon monoxide-selective ionic liquid 

57 
 

[33] M. Iguchi, Y. Hiraga, Y. Sato, T.M. Aida, M. Watanabe, R.L. Smith, Measurement of high-
pressure densities and atmospheric viscosities of ionic liquids: 1-hexyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide and 1-hexyl-3-methylimidazolium chloride, J. Chem. Eng. 
Data 59 (2014) 709-717. 

[34] S. Fendt, S. Padmanabhan, H.W. Blanch, J.M. Prausnitz, Viscosities of acetate or chloride-
based ionic liquids and some of their mixtures with water or other common solvents, J. Chem. 
Eng. Data 56 (2011) 31-34. 

[35] H. Ning, M. Hou, Q. Mei, Y. Liu, D. Yang, B. Han, The physicochemical properties of some 
imidazolium-based ionic liquids and their binary mixtures, Sci. China Chem. 55 (2012) 1509-
1518. 

[36] T. Katase, K. Murase, T. Hirato, Y. Awakura, Redox and transport behaviors of Cu(I) ions in 
TMHA-Tf2N ionic liquid solution,  J. Appl. Electrochem. 37 (2007) 339. 

[37] P.Y. Chen, I.W. Sun, Electrochemical study of copper in a basic 1-ethyl-3-
methylimidazolium tetrafluoroborate room temperature molten salt, Electrochim. Acta 45 
(1999) 441. 

[38] K. Murase, K. Nitta, T. Hirato, Y. Awakura, Electrochemical behaviour of copper in 
trimethyl-n-hexylammonium bis((trifluoromethyl)sulfonyl)amide, an ammonium imide-type 
room temperature molten salt, J. Appl. Electrochem. 31 (2001) 1089. 

[39] T. Vainikka, D. Lloyd, L. Murtomaki, J.A. Manzanares, K. Kontturi, Electrochemical study of 
copper chloride complexes in the RTIL 1-butyl-1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide, Electrochim. Acta 87 (2013) 739. 

[40] I.B. Assaker, M. Dhahbi, Electrochemical study and electrodeposition of copper in the 
hydrophobic tri-n-octylmethylammonium chloride ionic liquid media, J. Mol. Liq. 161 (2011) 
13. 

[41] D. Lloyd, T. Vainikka, L. Murtomäki, K. Kontturi, E. Ahlberg, The kinetics of the Cu2+/Cu+  
redox couple in deep eutectic solvents, Electrochim. Acta 56 (2011) 4942. 

[42] S. Eugenio, C.M. Rangel, R. Vilar, S. Quaresma, Electrochemical aspects of black chromium 
electrodeposition from 1-butyl-3-methylimidazolium tetrafluoroborate ionic liquid, 
Electrochim. Acta 56 (2011) 10347. 

[43] M. Jayakumar, K.A.Venkatesan, T.G. Srinivasan, Electrochemical behavior of fission 
palladium in 1-butyl-3-methylimidazolium chloride, Electrochim. Acta 52 (2007) 7121. 

[44] R. Kazama, M. Matsumiya, N. Tsuda, K. Tsunashima, Electrochemical analysis of diffusion 
behavior and nucleation mechanism for Dy(II) and Dy(III) in phosphonium-based ionic liquids, 
Electrochim. Acta 113 (2013) 269. 

[45] Y.O. Andriyko, W. Reischl, G.E. Nauer, Trialkyl-substituted imidazolium-based ionic liquids 
for electrochemical applications: basic physicochemical properties, J. Chem. Eng. Data 54 
(2009) 855. 

[46] D. Bruce, R. Walton, D. O’Hare (Eds.), Energy Materials, John Wiley & Sons, Padstow, 2011. 

[47] D. Aurbach (Ed.), Nonaqueous Electrochemistry, CRC Press, New York, 1999.  

[48] A.J. Bard and L.R. Faulkner (Eds.), Electrochemical Methods: Fundamentals and 
Applications, John Wiley & Sons, New Jersey, 2001. 



Chapter 2 

58 
 

[49] T. Köddermann, R. Ludwig, D.Paschek, On the validity of Stokes–Einstein and Stokes–
Einstein–Debye relations in ionic liquids and ionic-liquid mixtures, Chem. Phys. Chem. 9 (2008) 
1851-1858. 

[50] D. Morgan, L. Ferguson, P. Scovazzo, Diffusivities of gases in room-temperature ionic 
liquids: Data and correlations obtained using a lag-time technique, Ind. Eng. Chem. Res. 44 
(2005) 4815. 

[51] H. Liu, E. Maginn, A.E. Visser, N.J. Bridges, E.B. Fox, Thermal and transport properties of 
six ionic liquids: An experimental and molecular dynamics study, Ind. Eng. Chem. Res. 51 
(2012) 7242. 



Chapter 3 
Development of an ionic liquid-based reactive 

absorption process for carbon monoxide 

separation 
 

 

 

 

 

 

 

Abstract 
 

In this chapter, the assessment of the liquid-phase mass transfer coefficients of CO 

absorption into the chlorocuprate(I)-based ionic liquids is performed in first place. 

This is done employing an inert gas that presents similar diffusion properties to CO 

so as to avoid the effect of chemical reaction on the determination of the mass 

transport coefficients. In addition, concentration-dependent mass transfer 

coefficients are considered given that the physical properties of the ionic liquid 

change with its composition as previously shown. Then, reactive absorption 

experiments are performed with CO under several operating conditions in order to 

derive the kinetic constant of the complexation reaction between CO and the 

cholorocuprate(I) species. This kinetic study, which is performed for the first time in 

ionic liquid media, will allow determining the influence of the chemical reaction on 

the CO mass transfer rates and hence, the design of ionic liquid-based absorption 

processes for CO recovery. 
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3.1. Introduction 

This chapter is aimed at acquiring the required knowledge to design a reactive 

absorption process based on the use of ILs for the separation of CO. Although the 

study of CO absorption in ILs is very scarce in literature, few works have concluded 

that CO is sparingly soluble in ILs at low pressures [1-5]. However, the assessment of 

the physical absorption of gases into ILs makes more sense at high pressures. In these 

conditions, CO solubility has been reported in just four different ILs ([bmim][NTf2], 

[hmim][NTf2], [bmim][PF6] and [bmim][CH3SO4]) at pressures up to 10 MPa [6-9].  

On the other hand, whereas physical absorption in pure ILs seems to be limited to 

high pressure applications, the reactive gas absorption in functionalized ILs has been 

explored as a way to further increase the absorption capacity of ILs at low partial 

pressures of the target compound [10]. This approach has been mainly proposed for 

post-combustion CO2 capture with amino-functionalized ILs [11-15], but also for 

other applications such as olefin/paraffin separation with reactive ILs containing 

silver and copper ions [16-17].  

With respect to CO reactive separation in ILs, apart from our previous work [18], 

no other attempt to chemically absorb CO into an IL has been performed up to date. 

To understand this process let us imagine a CO molecule being absorbed into the 

cholorocuprate(I)-based IL system described in the previous chapter as depicted in 

Figure 3.1. The rate at which this molecule is being absorbed at certain temperature 

and pressure conditions depends on several factors, namely, the physical properties 

of the IL that affect the mobility of the dissolve gas and the copper(I) complexes; the 

thermodynamics that indicate both the amount of gas dissolve in the IL and the 

maximum extent of the chemical reaction between the CO and the chlorocuprate(I) 

complexes, and finally; the rate at which the reaction takes place, i.e., the reaction 

kinetics of absorption, that modifies the mass transfer rate compared to the 

absorption in the absence of chemical reaction. 
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Figure 3.1. Representation of CO reactive absorption into a chlorocuprate(I)-based 

IL. 

While the required physico-chemical properties of the IL 1-hexyl-3-

methylimidazolium chlorocuprate(I) were obtained as a function of process variables 

in Chapter 2 and the CO absorption equilibria of this system (Eq. (2.6)) were described 

in a previous work [18], a summary of which is given in Table 3.1; detail knowledge 

of the reaction kinetics of that system, required for a proper design of reactive 

absorption units, is yet to be ascertained. 

Table 3.1. Temperature influence on the equilibrium constant of Eq. (2.6) [18]. 
Temperature (K) 273 283 293 303 

Ke (kg mol-1) 16.0 13.4 12.1 8.5 

∆Hr (kJ mol-1) -13.4 
 

To that end, the physical mass transfer of CO into the chlorocuprate(I)-based ILs 

is initially assessed in the absence of chemical reaction. Later, reactive absorption 

experiments are performed to evaluate the influence of the chemical reaction on the 

mass transfer rates and to obtain the intrinsic kinetic parameters of the reaction as a 

function of process variables. 
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3.2. Determination of carbon monoxide mass transfer coefficients in a 

gas-liquid stirred batch reactor 

Mass transfer is a diffusion process driven by a concentration gradient that occurs 

spontaneously when two phases are in contact, e.g., in an absorption process the gas 

solute is transferred across the phase boundary, or interface, from the gas phase into 

a receiving liquid phase. Despite the number of studies regarding the solubility of 

gases in ILs and the wide range of potential applications under research, mass 

transfer studies on physical absorption are scant in literature [19] and almost 

exclusively focus on acid gas absorption [20-23]. As for CO absorption, only Sharma 

et al. [24] have assessed the mass transfer of CO and H2 into [bmim][PF6] as a new 

reaction medium to perform hydroformylation reactions of olefins [25]. 

With respect to the experimental equipment, there are several gas-liquid 

contactors available that allow determining mass transfer rates and assessing the 

effect of coupling a chemical reaction with the absorption process. Some of them 

present well defined flow patterns and operate in continuous mode, for instance, 

wetted-wall columns and laminar jet absorbers [26]. On the other hand, stirred cell 

reactors are batch-operated devices that are easy to use and usually have 

geometrically simple, and thus known, interfacial areas. Moreover, they present the 

advantage that the liquid phase does not have to be analyzed and only the pressure 

history of the gas phase is required [27]. 

Therefore, in this section, the mass transport of CO from a gas phase into the IL 1-

hexyl-3-methylimidazolium chlorocuprate(I) is evaluated in a stirred batch reactor 

and a dimensionless correlation that allows estimating the mass transfer coefficients 

in this system is established from the experimental analysis of the influence of 

process variables, e.g., temperature, reactant concentration and stirring rate. 

Knowledge of the physical mass transfer of CO will allow us to determine the 

influence of the chemical reaction on the absorption process in the following section. 
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3.2.1. Theoretical background for physical absorption 

The film theory is the simplest theory to describe interfacial absorption of one gas 

into a liquid considering that mass transfer occurs in a thin film of thickness l  near 

the interface, hence the name. For the case of pure CO absorption into an IL assuming 

that there is no resistance on the gas side (Figure 3.2), the steady-state absorption 

flux across the thin film, IL
COJ , is proportional to the concentration difference at the 

liquid interface and can be generally written in terms of a mass transfer coefficient, 

Lk , that depends on the hydrodynamics of the system, namely geometry and stirring 

speed, and the physical properties of the liquid [28]: 

( )IL
CO

i
COL

IL
CO CCakaJ −⋅=⋅                                       (3.1) 

where a  is the specific surface area, i
COC  is the concentration at the gas-liquid 

interface and IL
COC  is the concentration in the bulk IL. 

 
Figure 3.2. Concentration profiles of CO absorption into an IL in the absence of 

chemical reaction according to the film theory. 
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In addition, it is generally assumed that the gas and liquid phases are in 

equilibrium at the interface [29]. Therefore, the solute concentration at the liquid 

interface is connected with the concentration in the adjacent gas phase according to 

an equilibrium expression such as the Henry’s law for gas-liquid absorption: 

COCO
i
CO PHC ⋅=               (3.2) 

where COH  is the Henry coefficient and COP  is the partial pressure of CO in the gas 

phase. 

Hence for maximum driving force, i.e., negligible solute concentration in the bulk 

liquid phase, the CO flux from the gas phase to the IL is given by: 

COCOL
i
COL

IL
CO HPakCakaJ ⋅⋅=⋅=⋅             (3.3) 

The mass transfer coefficient in given conditions can be experimentally obtained 

from the pure gas pressure decrease that occurs during gas absorption experiments 

performed in a batch stirred reactor with unloaded solutions [24]. Considering the 

conservation law and the ideal gas law, the mass balances to the CO solute in the gas 

and IL phases are described by Eq. (3.4) and Eq. (3.5), respectively: 

dt
dn

dt
dP

TR
V

dt
dn ILCOCOGGCO ,, −=⋅

⋅
=             (3.4) 

( )IL
CO

i
COL

ILCO

IL

CCak
dt

dn
V

−⋅=,1
            (3.5) 

where n  is the molar hold-up, GV  is the gas phase volume, ILV is the IL phase volume, 

R  is the gas constant and T  is the temperature. 

The boundary conditions at t = 0 for the mass balances in the gas phase and IL 

phase, which is considered to have negligible vapor pressure, are respectively: 
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m
COCO PP =                      (3.6) 

0, =ILCOn                (3.7) 

where m
COP  is the loading pressure value. 

The concentration of CO in the bulk IL is obtained from a mass balance considering 

that all CO leaving the gas phase enters the IL: 

( )
TRV

VPPC
IL

GCO
m

COIL
CO ⋅⋅

−
=                       (3.8) 

After combining Eqs. (3.4) and (3.5), and subsequent integration and linearization, 

the following expression that allows determining the volumetric mass transfer 

coefficient, akL , from an absorption experiment is obtained [14,16,21]: 

( ) 








⋅−⋅+
⋅

+
=⋅ m

COCO

m
CO

L PtP
P

tak
βββ

β
)(1

ln
1

                                      

with  
COIL

G

HTRV
V

⋅⋅⋅
=β              (3.9) 

Here, the β  coefficient is also related to the initial pressure in the reactor before 

start-up ( o
COP ), which is neglected if the system has been initially evacuated, the 

maximum pressure loaded ( m
COP ) and the equilibrium pressure ( e

COP ) reached by the 

end of the absorption experiment [30] as shown in Eq. (3.10). Therefore, the mass 

transfer coefficient and the gas solubility coefficient, if unknown beforehand, can be 

determined by combination of Eqs. (3.9) and (3.10) with data from a single 

absorption experiment.   
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  e
CO

m
CO

o
CO

e
CO

PP
PP

−
−

=β                                                           (3.10) 

3.2.2. Determination of mass transfer coefficients in reactive systems  

The intrinsic CO mass transfer coefficient cannot, however, be measured directly 

in the reactive IL phase owing to the chemical complexation reaction between CO and 

the chlorocuprate(I) species. In addition, the values of the mass transfer coefficient 

will depend on the concentration of CuCl contained in the IL owing to the 

concentration-dependent viscosity of the chlorocuprate(I)-based ILs observed in 

Chapter 2. Thus, determining the mass transfer coefficients only in the IL precursor 

[hmim][Cl] would yield inaccurate results.  

Consequently, an inert model gas that resembles CO should be employed to 

measure the mass transfer coefficients in the reactive media instead. Insight into this 

problem is given by the film theory, according to which the mass transfer coefficient 

is related to the diffusion coefficient of the solute, D , and the film thickness l  [28]: 

l
Dk L =                                                                       (3.11) 

Therefore, the CO mass transfer coefficients can be calculated by determining 

those of the model gas, which does not react with the chlorocuprate(I) complexes, 

and thereafter making a correction that takes into account the ratio of diffusivities 

between CO and the inert gas [31]. Hence, the problem is reduced to finding an inert 

gas with comparable diffusion properties to CO. 

The diffusivity of gases in imidazolium-based ILs has been studied by Morgan et 

al. [32], who developed an empirical model that predicts gas diffusivity as a function 

of the IL viscosity, ILµ , and solute liquid molar volume at normal boiling point, V , 

according to: 
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04.166.0
7 11066.2

V
D

IL ⋅
×= −

µ
                          (3.12) 

where the liquid molar volume at normal boiling point can be estimated with the Tin 

and Calus method [32,33] as a function of the solute critical volume, cV : 

048.1285.0 cVV ⋅=                                                           (3.13) 

Consequently, CO2 has been selected as model gas as it does not react with the 

chlorocuprate(I) species and its estimated liquid molar volume at normal boiling 

point (33.4 cm3 mol-1) is almost the same as for CO, 33.0 cm3 mol-1. Therefore, their 

diffusivities in imidazolium-based ILs would be identical and thus, the mass transfer 

coefficients of CO can be obtained performing CO2 absorption experiments. Similar 

approaches have already been employed, for instance, Hogendoorn et al. [31] 

estimated the solubility and mass transfer coefficient of CO in COSORB solutions 

employing N2 as model gas, which also has similar diffusivity to CO, yet its solubility 

in ILs is very low and thus, measurements are subject to large uncertainties. Likewise, 

nitrous oxide is frequently used as model gas to estimate the CO2 solubility and 

diffusivity in aqueous amine solutions [34]. 

3.2.3. Experimental  

The preparation of 1-hexyl-3-methylimidazolium chlorocuprate(I)-based ILs has 

already been described in Chapter 2. High purity CO2 was provided by Air Liquid with 

a minimum purity of 99.99%. The absorption experiments were performed in a 

jacketed glass stirred cell reactor (model Picoclave type 1/100 mL, Buchi) that allows 

controlling that the absorption process proceeds with a flat liquid interface, which is  

a requirement in order to fulfill the hypothesis of constant gas-liquid interfacial area. 

The main features of the reactor are gathered in Table 3.2 and the experimental setup 

employed is depicted in Figure 3.3. Two impellers were installed in the solid stirrer 

shaft at different levels so the gas and liquid phases were perfectly mixed. In addition, 
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the reactor is equipped with a pressure transducer (Aplisens, model PCE-28, 0.2% 

accuracy) connected to a data acquisition device (Memograph M, Endress+Hausser), 

which monitors the pressure inside the reactor, and a Pt-100 temperature sensor 

connected to a cryothermostatic bath (Julabo, model F25-ME), which allows 

regulating the temperature inside the reactor ( ± 0.01 K). A vacuum pump (Edwards) 

was employed both for preparation and regeneration of the IL after the absorption 

experiment. 

Table 3.2. Characteristics of the glass stirred cell reactor. 
Element Description 

Total volume (L) 0.16  

Liquid volume (L) 0.04 

Interfacial area (m2) 2.12 x 10-3 

Specific surface area (m2 m-3 IL) 53.1 

Stirrers: 2 

Type  6-Blade Rushton turbine 

Diameter (m) 0.035 

Maximum pressure (MPa) 1 
 

 
Figure 3.3. Schematic experimental setup: 1-gas cylinder, 2-needle valve, 3-

intermediate storage tank, 4-glass stirred cell reactor, 5-temperature sensor, 6-

cryothermostatic bath, 7-pressure transducer, 8-vacuum pump, 9-data acquisition 

device. 
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Before each absorption experiment, the IL was degassed at 333 K applying 

vacuum for 2-3 h (Figure 3.4). Afterwards, the desired temperature and stirrer speed 

to perform the experiment were set and once the equilibrium conditions had been 

reached, the reactor was loaded with CO2. Since absorption started immediately after 

opening the inlet valve, the gas injection was done in a very short time, preferentially 

less than 1 s [27]. The pressure inside the reactor was digitally recorded every second 

until a constant equilibrium pressure was reached. Each experiment was at least 

duplicated and data showed good reproducibility with relative standard deviations 

lower than 2%.  

 
Figure 3.4. Photograph taken during vacuum regeneration step of the IL. 

Several absorption experiments were initially performed to assess the accuracy of 

this methodological procedure. The solubility of CO2 was determined in a common IL 

such as 1-butyl-3-methylimidazolium hexafluorophosphate, [bmim][PF6]. The Henry 

coefficients experimentally obtained at different temperatures fitted well to an 

Arrhenius-type equation (R2 = 0.9999) and were in good agreement with literature 

data as shown in Figure 3.5. 
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Figure 3.5. Solubility of CO2 in [bmim][PF6] as a function of temperature in this work 

(▲) and literature data: (■) [1], (●) [34], (▲) [35], (▼) [36].  

3.2.4. Mass transfer coefficients  

In this section, the gas-liquid mass transfer coefficients of CO2 in the chlorocuprate(I)-

based ILs are reported at different operational conditions, namely temperature, 

stirring speed and CuCl concentration. The volumetric mass transfer coefficient is 

directly obtained from experimental data of absorption at certain conditions by 

plotting the right hand side of Eq. (3.9) over time. A typical result is depicted in Figure 

3.6, where the value of the volumetric mass transfer coefficient is given by the slope 

of the straight line that fits to, approximately, 20% to 70% of the total pressure 

variation [24]. This is done to keep the assumption of dilute solution given that 

diffusion-induced convection can appear in concentrated solutions, thus modifying 

the value of the mass transfer coefficient [28]. The CO2 mass transfer coefficients 

obtained are collected in Table 3.3 along with the CO2 Henry coefficients, which are 

reported for the first time in this type of halometalate ILs. Since the estimated ratio 



Development of an ionic liquid-based reactive absorption process for carbon monoxide separation 

71 
 

of CO2 to CO diffusivity is close to unity as explained before, these values are also 

assumed to be the mass transfer coefficients of CO.  

 
Figure 3.6. Determination of the liquid-phase volumetric mass transfer coefficient 

from an individual absorption experiment (303 K, 100 rpm, 2 kmol m-3 of CuCl): (■) 

pressure and (▲) representation of Eq. (3.9). 

Table 3.3. Liquid-phase mass transfer coefficients and CO2 solubility in 1-hexyl-3-
methylimidazolium chlorocuprate(I). 

T   
(K) 

2COH   
(mol m-3 MPa-1) 

rpm  CuC   
(kmol m-3) 

akL   
(x 105 s-1) 

Lk   

(x 107 m s-1) 
293 436.4 100 0.25 1.8 3.4 
   0.5 2.0 3.8 
303 394.6 100 0.25 3.5 6.6 
     0.5 3.6 6.8 
   1 3.7 6.9 
   2 5.4 10.2 
  200 2 11.0 20.7 
  300 2 17.6 33.1 
313 360.4 100 0.25 5.8 10.9 
   0.5 6.4 12.0 
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From Table 3.3, it is clear that all the operational conditions studied had, as 

expected, a positive effect on the mass transfer coefficient. Regarding the 

hydrodynamics, in terms of the film theory, increasing the stirring speed induces a 

decrease in the film thickness due to increasing turbulence in the system, and 

therefore, the mass transfer coefficient is enhanced according to Eq. (3.11). In 

addition, the required condition of performing the experiments with a flat gas-liquid 

interface was verified by the linearity of the data in a logarithmic plot of the mass 

transfer coefficient over the stirring rate [16].  

On the other hand, the dependence of the mass transport coefficient on 

temperature and CuCl concentration is related to the influence of those variables on 

the IL viscosity, i.e., increasing the temperature and/or the CuCl concentration 

reduces the IL viscosity, hence increasing the gas diffusivity and the mass transfer 

coefficient. The logarithmic plot of all the mass transfer coefficients obtained at the 

same stirring rate (100 rpm) in this work over the IL viscosity revealed that the mass 

transfer coefficients are proportional to the viscosity to the power of -0.5 (Figure 3.7). 

 
Figure 3.7. Dependence of the mass transfer coefficient on the IL viscosity. The solid 

line is the linear regression of the data (R2 = 0.9679).  
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Despite the viscosity decrease after addition of CuCl to [hmim][Cl], the mass 

transfer coefficients obtained in IL media in this work are still two orders of 

magnitude larger than those observed in COSORB solutions (CuAlCl4 in toluene) by 

Hogendoorn et al. [31] and Gholap et al. [38]. Hence the resistance to mass transfer 

in ILs is identified in this work as one of the main challenges to face for further 

development of this absorption technology. 

Finally, it is usually convenient to employ dimensionless correlations as a compact 

way of expressing experimental results that afterwards can be employed to make 

reasonably quick and accurate estimations under different operating conditions. For 

gas-liquid mass transfer in stirred reactors, the following type of correlation is 

commonly employed [27,28,30,39]: 

cba ScSh ⋅⋅= Re10            (3.14) 

Although the power of the Sc  number can be fixed to 0.5 according to other 

absorption theories, it has been reported that this criteria underestimates the effect 

of viscosity on the mass transfer coefficients in ILs and therefore, it is advisable to let 

it free as an adjustable parameter [24]. The power of the Re  number (b = 1.07) was 

obtained from the experiments performed at the same CuCl concentration (2 M) and 

different stirring speeds as shown in Figure 3.8. The value of the other coefficients, a 

= -2.64 and c = 0.75, were then determined from the plot shown in Figure 3.9. 

The accuracy of the predictions in this work was assessed by the relative root-

mean square deviation (RMSD), which is lower than 8%. However setting the 

exponent c = 0.5 in the correlation yielded a larger RMSD value of 13%. The parity 

graph of predicted versus experimental volumetric mass transfer coefficients is 

presented in Figure 3.10. It is worth noticing that the empirical correlation obtained 

is only valid in the studied range of operational conditions providing that a flat gas-

liquid interface is maintained. 
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Figure 3.8. Logarithmic plot of Sherwood number over Reynolds number for the 

experiments performed with 2 M CuCl and several stirring rates. The solid line is the 

linear regression of the data (R2 = 0.9989). 

 
Figure 3.9. Determination of coefficients a  and c  of the dimensionless correlation 

given by Eq. (3.14). The solid line is the linear regression of the data (R2 = 0.9952). 
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Figure 3.10. Parity plot between observed volumetric mass transfer coefficients and 

calculated with the empirical correlation. 

 

 

3.3. Kinetics of carbon monoxide reactive absorption into ionic liquids 

In the previous section, the mass transfer coefficients of CO in the reactive IL 1-hexyl-

3-methylimidazolium chlorocuprate(I) were assessed at different operational 

conditions. An inert gas (CO2) was employed in order to take into account the 

modification of the physical properties of the IL precursor [hmim][Cl] after addition 

of CuCl. Now, the reactive uptake of CO in the chlorocuprate(I)-based ILs is performed 

under the same conditions to assess the effect of the chemical reaction on the gas-

liquid mass transfer rate. In this way, the kinetic parameters of the reaction between 

CO and the chlorocuprate(I) species will be obtained from these experiments in IL 

media for the first time. In this work, an overall second order reaction, first order with 

respect to free copper(I) concentration and first order with respect to CO partial 
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pressure, is proposed for the reaction represented by Eq. (2.6). This hypothesis seems 

reasonable according to expressions reported in similar studies on the kinetics of 

reactive absorption of olefins with copper(I) and silver(I) [16,40], which are based on 

the same reaction mechanism, as well as the reactions of CO2 with amines in either 

aqueous or IL media [12-14,31,41-46]; nevertheless, the validity of this assumption 

will be verified throughout this kinetic study. 

3.3.1. Theoretical background for reactive absorption 

In the case of absorption accompanied by chemical reaction, it is generally convenient 

to rationalize the influence of the chemical reaction on the mass transfer rate in terms 

of the enhancement factor, AE , which is defined as the ratio of the amount of gas 

absorbed into a reacting liquid to the amount that would be absorbed in the absence 

of chemical reaction at identical driving force, i.e., concentration difference of 

absorbing gas [47]. For our particular case, COE  is given by: 

IL
CO

CuIL
CO

CO J
JE

+

=                                       (3.15) 

Consequently, the reactive absorption flux of CO at maximum driving force, i.e., 

when lean solutions are employed, is derived from Eq. (3.3): 

COCOCOL
CuIL

CO PHEakaJ ⋅⋅⋅=⋅+                                                                   (3.16) 

where the absorption flux of CO in a batch reactor is related to the change in the CO 

concentration according to a mass balance in the gas phase: 
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Therefore, the combination of Eqs. (3.16) and (3.17) yields the expression that 

allows determining the experimental enhancement factor of CO during the reactive 

absorption process in the chlorocuprate(I)-based ILs:  
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=
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This experimental enhancement factor can then be related to two different 

variables: the infinite or asymptotic enhancement factor, ∞E , at infinite reaction 

rates, that is, instantaneous reaction with respect to mas transfer; and the Hatta 

number, Ha , which represents the maximum conversion in the liquid boundary 

layer divided by the maximum mass transport through the film. Thus, for an 

irreversible reaction of mth-order in the gas reactant and nth-order in the liquid 

reactant, the general expression of Ha is given by [47]:  
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2 −⋅
+=                                  (3.19) 

where nmk ,  is the kinetic constant of reaction. 

Although this expression of the Ha  number was, a priori, obtained only for 

irreversible reactions, Hogendoorn et al. [48] demonstrated that the reversibility of 

the reaction, as well as other factors such as the chemical loading and the unequal 

diffusivities of the reactants and products, mostly affect the value of the infinite 

enhancement factor. Therefore, as long as the reversibility of the reaction is 

considered in determining the asymptotic enhancement factor, the expression of the 

Hatta number given in Eq. (3.19) for reactions that proceed irreversibly can also be 

employed for reversible reactions.  

For reversible reactions of the type CBA ⇔+ , as Eq. (2.6), an expression for 

the enhancement factor for instantaneous reactions according to the film model that 
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implies knowledge of the equilibrium constant of reaction as well as diffusivity of 

reactants and products was obtained by Olander [49,50]. 
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Yet, for unequal diffusivities of the reactants as expected in this work for CO and 

the chlorocuprate(I) complexes, large deviations (up to 20%) may be found between 

the asymptotic enhancement factor given by the film theory and that of the 

penetration and surface renewal theories [48], which are more realistic models that 

assume unsteady-state diffusion of component A from the boundary phase to the bulk 

fluid. However, considering that the reversibility of the reaction will not play an 

important role during the absorption experiments under the conditions applied in 

this work, as will be shown later, a simplified expression of the enhancement factor 

at infinite rate for irreversible reactions adapted to the penetration theory, which has 

already been used in other kinetic studies of reversible reactions [14,16,41], will be 

employed here to determine the infinite enhancement factors [51]. 
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Finally, relationships between AE , ∞E  and Ha  have also been obtained for the 

film, penetration and surface renewal theories. DeCoursey [52] proposed the 

following explicit approximate solution for gas absorption with irreversible second-

order reaction according to the Danckwerts surface renewal model that provides 

good accuracy and is mathematically simpler than the solutions for the other theories.  
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It is worth noticing that the solution of Eq. (3.22), graphically plotted in Figure 

3.11, presents several limiting behaviors associated to different kinetic regimes.  

 
Figure 3.11. Representation of the enhancement factor for second-order irreversible 

reactions as a function of the Hatta number, with the infinite enhancement factor as 

parameter, according to the approximate solution given by DeCoursey for the surface 

renewal theory. 

 First, when 1<<Ha , then 1≈AE  (A). In this situation, the reaction is very slow 

and has a negligible effect on the enhancement of the mass transfer rates, thus 

physical absorption predominates as derived from Eq. (3.15). 

 Secondly, if 25 >>∞ HaE , then AE  lies on the line formed by the points (B)-

(C) for which HaEA = . Under these circumstances the reaction is fast and 

completely occurs within the liquid boundary layer where there is no significant 

depletion of BC , hence its concentration is constant everywhere and equals the 

initial concentration of the reactant; therefore, the reaction follows the so-called 
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pseudo first-order kinetics. In this case, the absorption rate presents the 

particularity, as will be shown later, that it does not depend on the mass transfer 

coefficient [27,29].  

 Finally, when 25 >> ∞EHa , the instantaneous regime is met, which is the 

asymptotic solution of the previous case, hence ∞= EE A . Here, the reaction is 

so fast that the reactant is depleted in the neighborhood of the surface to the 

extent that the rate of absorption is completely limited by diffusion alone and 

thus, it is not possible to derive the reaction kinetics from absorption 

experiments performed in this kinetic regime. 

3.3.2. Methodology to assess the reactive absorption kinetics 

Therefore, in order to determine the kinetics of reaction, the experimental conditions 

should be such that the instantaneous regime is not attained. In this work, if 

experiments are performed with low CO partial pressures and the IL solution is 

unloaded before starting the experiment, the chlorocuprate(I) concentration in the 

bulk liquid phase would be much larger than that of the absorbed CO and thus, it can 

be assumed (i) that the concentration of the copper(I) anionic species in the reaction 

zone remains unchanged during the absorption process and (ii) that the reverse 

reaction becomes negligible given that the concentration of the reaction product 

remains very small (Figure 3.12). In these conditions, the second-order reaction 

kinetics of Eq. (2.6) can be regarded as (pseudo) first-order and the reaction rate can 

be expressed in terms of an overall kinetic constant ( ovk ) [12,41]: 

COovCuCOCO CkCCkr ···1,1 ==                                         (3. 23) 

Consequently, the Hatta number for this particular case, obtained from Eq. (3.19), 

is given by the following expression: 
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and the kinetic rate constant can be obtained straightforwardly from the 

experimental absorption rate in this pseudo first-order kinetic regime simply 

substituting COE  in Eq. (3.16) by the expression of Ha given in Eq. (3.24): 

 COovCOCO
CuIL

CO DkPHJ ⋅⋅⋅=+                                                    (3.25) 

 
Figure 3.12. Concentration profiles of CO and chlorocuprate(I) species during the 

reactive absorption in the pseudo first-order kinetic regime according to the film 

theory. 

As previously mentioned, it is noteworthy that the absorption rate in the pseudo 

first-order kinetic regime does not depend on the mass transfer coefficient, which 

favors the determination of the intrinsic kinetics of the chemical reaction given that 

additional sources of uncertainty are eliminated. However, it is necessary to verify 

the hypothesis that experiments were strictly performed in this regime. 

In this chapter, the kinetics of the reaction between CO and the chlorocuprate(I) 

species will be determined from reactive absorption experiments following two 

different methodologies as illustrated in Figure 3.13: (i) directly from Eq. (3.25) 
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assuming that under the experimental conditions applied the reactive absorption 

experiments were performed in the pseudo first-order kinetic regime and (ii) 

employing the approximation of DeCoursey, Eq. (3.22), which implies knowledge of 

the mass transfer coefficients obtained in the previous section. Then, results obtained 

with both approaches will be compared. 

 
Figure 3.13. Procedure applied in this work to determine the reaction kinetics 

between CO and the chlorocuprate(I)-based ILs and most relevant input data 

required in each step. 
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3.3.3. Experimental procedure 

The measurement procedure is similar to that described in the previous section. 

Initially, the IL was degassed at 333 K applying vacuum for 2 h. Then, the desired 

temperature and stirrer speed for the experiment were set and once the equilibrium 

had been reached, the reactor was loaded with CO (Air Liquid). In order to keep the 

hypothesis of a constant gas-liquid interfacial area, the stirring rate was such that the 

absorption process proceeded with a flat and horizontal gas-liquid interface. The 

pressure decrease during the absorption was recorded every 2 s. Experiments were 

not left to reach equilibrium conditions as only absorption data of the beginning of 

the experiment are required so as to fulfill the hypothesis of performing the 

experiments in the pseudo first-order kinetic regime. In order to assess 

reproducibility of the measurements, three replicates were performed for each set of 

operating conditions and the calculated relative standard deviation led to values 

between 2% and 11%, the highest deviations being related to the lower copper(I) 

concentrations. 

In the following section, the kinetics of the reaction between CO and the 

chlorocuprate(I) complexes present in the IL are determined. First, the enhancement 

of the absorption rate due to the chemical reaction with respect to the mass transfer 

rate in the absence of chemical reaction is assessed and compared with the maximum 

enhancement that could be achieved. Then, the kinetic regime in which the reaction 

takes place is discriminated and the overall and second-order kinetic constants of the 

reaction are calculated accordingly. These results are eventually compared to those 

obtained with the assumption that experiments were performed in the pseudo first-

order kinetic regime. 

3.3.4. Mass transfer enhancement due to the chemical reaction 

The experimental enhancement factors of the CO reactive absorption in 

chlorocuprate(I)-based ILs were determined at several temperatures and copper(I) 

concentrations. To that end, the experimentally obtained kinetic data at different 
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operating conditions were fitted to the analytical solution of Eq. (3.18), as shown in 

Figure 3.14, given by: 

t
V

TRVHak
EPP

G

ILCOL
CO

m
COCO ⋅

⋅⋅⋅⋅
⋅−= )ln()ln(                   (3.26) 

 
Figure 3.14. Determination of the enhancement factor from an absorption 

experiment at 303 K, 100 rpm and 2 kmol m-3 of CuCl. The straight line is the linear 

fitting of the data to Eq. (3.26) (R2 = 0.9993). 

The experimental enhancement factors can be calculated from the slope of the 

linear fitting provided that the mass transfer coefficients and the CO Henry 

coefficients are known. While the former were determined in the previous section, 

the CO Henry coefficients in the reactive media also had to be estimated with an 

analogy; in this case, absorption experiments in the chlorocuprate(I)-based ILs were 

performed with N2. Then, the N2 solubility coefficients obtained with Eqs. (3.9) and 

(3.10) were multiplied by a correction factor of 1.5 proposed by Hogendoorn et al. 

[31], which is the approximate ratio between CO and N2 solubilities in common 
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solvents, in order to estimate the CO solubility coefficients. The resulting 

enhancement factors determined at temperatures between 293 and 313 K with IL 

solutions containing copper(I) in the range 0.25-2 kmol m-3 are collected in Table 3.4. 

As can be seen, all the observed enhancement factors were higher than 1, i.e., the CO 

mass transfer rates were enhanced due to the complexation reaction with the 

chlorocuprate(I)-based ILs in comparison with the absorption rate in the absence of 

chemical reaction. In addition, the experimental enhancement factors increased as 

expected with the concentration of copper(I) in the IL, e.g., the enhancement factor in 

the IL containing 2 kmol m-3 CuCl increased 3-fold with respect to that obtained in the 

0.25 kmol m-3 solution at 303 K. On the other hand, although a slight decreasing trend 

was perceived at increasing temperatures, the influence of temperature was not 

significant in the range under study. These results are comparable to that found by 

Gholap and Chaudhari [38] for the case of CO reactive absorption in CuAlCl4-toluene 

complexes (COSORB solutions), which ranged between 3.8 and 13.6 for copper(I) 

concentrations up to 1 kmol m-3.   

Table 3.4. Experimental enhancement factors of CO obtained in the chlorocuprate(I)-
based ILs. 

T (K) Estimated 
COH   

(mol m-3 MPa-1) 
CuC  

(kmol m-3) 
akL  

(x 105 s-1) 

i
COC  

(mol m-3) COE  

293 46.6 0.25 1.8 5.8 2.4 
  0.5 2.0 5.8 2.7 

303 33.5 0.25 3.5 4.7 2.3 
  0.5 3.6 4.8 2.6 
  1 3.6 4.9 3.5 
  2 5.4 5.4 6.8 

313 24.7 0.25 5.8 2.6 2.1 
  0.5 6.4 3.2 2.7 

The hypothesis that experiments were performed in the pseudo first-order kinetic 

regime can be initially verified plotting the logarithm of the enhancement factor over 

the logarithm of copper(I) concentration. If experiments were certainly performed in 
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this regime, then HaECO = , so if the rest of variables are kept constant, the reaction 

order with respect to the liquid reactant can be obtained from the slope of the linear 

fitting of the data, which equals 2n  according to Eq. (3.19). This evaluation is shown 

in Figure 3.15 for the data obtained in this work at 303 K and the data from Gholap 

and Chaudhari [38] at 313 K. In this work, the slope of the linear fitting is 0.51, thus 

the reaction order with respect to the chlorocuprate(I) complexes is close to 1 as 

expected; however, the slope calculated fitting the data obtained by Gholap and 

Chaudhari is 0.96, hence n = 2, which indicates that their experiments were not really 

performed in the pseudo first-order regime as intended, yet most likely were 

obtained in the instantaneous regime as remarked by Hogendoorn et al. [31].  

 
Figure 3.15. Verification of the hypothesis of pseudo first-order kinetic regime: (■) 

results obtained in this work at 303 K and (●) comparison with results of Gholap and 

Chaudhari [38] for CO absorption in COSORB solutions at 313 K.   

Then, the infinite enhancement factors for a second order reaction were 

determined according to Eq. (3.21) and compared with the experimental 

enhancement factors in Table 3.5. The required values of the CO diffusivity were 
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determined as a function of viscosity employing Eq. (3.12). On the other hand, the 

diffusivity of chlorocuprate(I) complexes were previously obtained in Chapter 2 by 

chronopotentiometry technique in the solution containing 0.1 kmol m-3 CuCl. The 

diffusion coefficients in the other concentrated solutions were estimated from the 

value of diffusivity in that solution multiplied times the ratio of viscosities at each 

concentration so as to consider the change in the IL viscosity after addition of CuCl. 

The results, collected in Table 3.5, indicates that the asymptotic enhancement factors, 

∞,COE , calculated for each set of operating conditions exceeded the experimentally 

observed enhancement factors by a factor of 6 to 14-fold. These results are also in 

good agreement with the fact that experiments were performed in the pseudo first-

order kinetic regime as previously shown in Figure 3.11 [16,31,53]. 

Table 3.5. Comparison between observed enhancement factors and calculated 
infinite enhancement factors. 

T  (K) CuC  
(kmol m-3) 

COD  
(x 107 cm2 s-1) 

CuD  
(x 109 cm2 s-1) ∞,COE  

CO

CO

E
E ∞,  

293 0.25 1.4 3.4 14.6 6.1 
 0.5 1.6 4.1 22.3 8.2 

303 0.25 3.0 5.9 17.3 7.5 
 0.5 3.3 6.9 26.6 10.2 
 1 4.4 10.6 47.3 13.5 
 2 6.2 17.7 93.9 13.8 
313 0.25 6.2 9.6 20.7 9.9 
 0.5 6.7 10.7 33.8 12.5 

 

 3.3.5. Reactive absorption kinetics 

In this section the reaction kinetics between CO and the chlorocuprate(I) complexes 

in IL media are evaluated. From the values of the experimental enhancement factors, 

it is clear that the experiments were not performed in the instantaneous regime given 

that the infinite enhancement factors were not achieved in any experiment. 



Chapter 3 

88  
 

Consequently, it is possible to derive the reaction kinetics from the CO absorption 

fluxes. 

Therefore, the values of the Hatta number were determined following the 

DeCoursey approach in order to confirm whether the reactive experiments were 

performed in the fast pseudo first-order regime or in an intermediate regime. To do 

so, Eq. (3.22) was solved for Ha employing the observed values of the enhancement 

factor and the calculated values of the infinite enhancement factor of each experiment 

as input data. Thereafter, the overall kinetic constant of reaction was obtained at 

every temperature and copper(I) concentration from the definition of Ha according 

to Eq. (3.24), which takes into account the mass transfer coefficients previously 

determined in this chapter. The resulting values of Ha  and ovk  are gathered in Table 

3.6.  

Table 3.6. Reaction kinetics between CO and chlorocuprate(I) complexes in IL media 
obtained with two different approaches. 

T  
(K) 

CuC   
(kmol m-3) 

Hypothesis of pseudo 
first-order kinetics  

DeCoursey 
approximation 1,1k  (x 104         

m3 mol-1 s-1) HaECO =  ovk  (s-1) Ha  ovk  (s-1) 
293 0.25 2.4 0.046 2.2 0.041 

1.60  0.5 2.7 0.068 2.6 0.062 

303 0.25 2.3 0.074 2.1 0.065 

2.45 
 0.5 2.6 0.092 2.4 0.083 
 1 3.5 0.125 3.4 0.160 
 2 6.8 0.773 6.9 0.801 

313 0.25 2.1 0.084 1.9 0.070 
3.01  0.5 2.7 0.129 2.6 0.143 

In addition, these values are compared to those obtained with the other approach 

followed in this work, i.e., assuming that experiments were performed in the pseudo 

first-order kinetic regime. In this case, it was assumed that HaECO =  and the 

overall and second-order kinetic constants of reaction were straightforwardly 
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calculated employing Eqs. (3.25) and (3.23), respectively. Results obtained with both 

approaches were in good agreement as shown in Figure 3.16. 

  

Figure 3.16. Parity plot between the overall kinetic constants of reaction obtained 

with both approaches followed in this work: (i) assumption of pseudo first-order 

reaction kinetics, and (ii) applying the DeCoursey approximation. 

The values of Ha  obtained according to DeCoursey approximation are higher 

than 2 and almost identical to the observed enhancement factors, which is the 

confirmation that the reactive absorption experiments were certainly performed in 

the pseudo first-order kinetic regime. The influence of temperature on the kinetic 

constant can be described by Arrhenius-type behavior with an activation energy of 

23.7 kJ mol-1 as illustrated in Figure 3.17. Since previous studies of the reaction 

kinetics of the COSORB process were most likely performed in the diffusion-

controlled regime [31], in which the kinetic rate constants cannot be determined, it is 

not possible to compare the kinetic constants obtained here with other studies.  
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Once determined the intrinsic parameters of the reaction kinetics between CO and 

the chlorocuprate(I)-based ILs, the way  in which this information can be employed 

to describe the reactive absorption fluxes is shown in the next section. 

 
Figure 3.17. Temperature effect on the second order rate constant. The straight line 

is the linear fitting of the data (R2 = 0.9539). 

3.3.6. Reactive absorption rates 

The kinetic constants of the chemical reaction between CO and chlorocuprate(I) 

complexes in IL solutions derived from the analysis of reactive absorption 

experiments in the previous section can be employed now to describe the CO 

absorption process as a function of the operating conditions according to the general 

Eqs. (3.1) and (3.15), and more specifically, with Eq. (3.26) for low CO loadings in the 

characteristic gas-liquid reactor employed in this work.  

In Figure 3.18, an excellent agreement is found between the predicted values 

obtained with this methodology and the experimental data collected in this work. It 

is worth mentioning that the fluxes seem to decrease linearly with time, but this is 
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only because the experimental data were collected at the beginning of the experiment 

in order to ensure that absorption process was constrained to the pseudo first-order 

kinetic regime. In addition, the CO flux in the IL [hmim][Cl], for which physical 

absorption is the only mechanism of absorption available in the absence of chemical 

reaction, is also plotted for comparison purposes. It can be observed how the 

absorption rates in the chlorocuprate(I)-based ILs are modified due to the 

complexation reaction compared to the absorption rate when there is no chemical 

reaction. 

 
Figure 3.18. Reactive absorption of CO in chlorocuprate(I)-based ILs at 303 K, 100 

rpm and several copper(I) concentrations: (+) 0, (●) 0.25, (▲) 0.5, (■) 1 and (♦) 2  

kmol m-3. Comparison between experimental and simulated data with Eq. (3.26) 

(solid line). 

To conclude, all the absorption fluxes of CO that were obtained in this work at 

different operating conditions are collected in Table 3.7. The CO reactive absorption 

flux determined in the pseudo first-order kinetic regime at maximum driving force 

was greatly enhanced by increasing the copper(I) concentration, e.g., it improved 
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from 3.4 to 20.1 x 10-4 mol m-3 s-1 when the copper(I) concentration increased from 

0.25 to 2 kmol m-3. On the other hand, a less marked influence of temperature on the 

absorption flux was found. Since these experiments were performed in the pseudo 

first-order kinetic regime, the reactive absorption fluxes can be described by Eq. 

(3.25), according to which the main variables affected by temperature are the CO 

solubility coefficient, the overall kinetic constant and the CO diffusion coefficient. It 

should be recall that these variables are distinctly affected by an increase in 

temperature: while gas solubility decreases, the kinetic constant and the diffusion 

coefficient increase. Therefore, the resulting temperature effect on the reactive 

absorption fluxes depends on the trade-off between these variables. 

Table 3.7. Reactive absorption fluxes of CO in the chlorocuprate(I)-based ILs for the 
experiments performed in the pseudo first-order kinetic regime with unloaded 
solutions and flat gas-liquid interface. 

T  (K) CuC  (kmol m-3) i
COC  (mol m-3) aJ CuIL

CO ⋅+  (x 104 mol m-3 s-1) 

293 0.25 5.8 2.3 
  0.5 5.8 3.1 
303 0.25 4.7 3.4 
 0.5 4.8 4.2 
 1 4.9 7.0 
  2 5.4 20.1 
313 0.25 2.6 2.9 
  0.5 3.2 5.3 

 

In order to obtain the reactive absorption rate in any other gas-liquid contactor, 

the CO enhancement factor ( COE ) has to be initially determined as a function of the 

process variables (temperature and copper(I) concentration) and the hydrodynamics 

of the system employed (mass transfer coefficient) applying the DeCoursey approach 

given by Eq. (3.22). Then, provided that the absorption rate is enhanced by the 

chemical reaction, i.e., 1>COE , the kinetic regime in which the absorption is being 

performed (instantaneous, intermediate or fast regime) has to be discriminated by 
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comparing COE  with the asymptotic enhancement factor ( ∞,COE ) and the Hatta 

number ( Ha ) so as to apply the right assumptions in each case. In the simplest 

situation, the instantaneous regime is met and diffusion alone controls the mass 

transfer rate. On the other hand, in an intermediate regime both diffusion and the 

reaction kinetics have to be considered, whereas in the fast pseudo mth-order kinetic 

regime the absorption rate is completely limited by the reaction rate. 

 

 

3.4. Conclusions 

The Lewis acid-based IL 1-hexyl-3-methylimidazolium chlorocuprate(I) is proposed 

as an alternative absorption medium to the solutions based on the use of volatile 

aromatic hydrocarbons, such as toluene, for the separation of CO from nitrogen-rich 

multicomponent mixtures. In this chapter, the single contribution of the physical 

absorption to the mass transfer rates into the reactive medium was initially assessed 

in a batch operated stirred reactor, hence providing the basis for the kinetic analysis 

and modeling of the reversible complexation reaction between CO and the 

chlorocuprate(I) complexes in a second stage.  

In this study, concentration-dependent mass transfer coefficients were 

considered given that the addition of CuCl to the chloride-based IL precursor, 

[hmim][Cl], significantly modified the physico-chemical properties of the ionic 

solution as shown in Chapter 2. To that end, an analogy between CO and an inert 

model gas (CO2) was proposed and the CO mas transfer coefficients in the 

chlorocuprate(I)-based ILs were obtained from CO2 absorption experiments, 

corrected for the change in diffusivity of both gases. The liquid side mass transfer 

coefficient was found to be strongly affected by temperature, which can be 

rationalized by the strong influence of temperature on the viscosity of ILs. Moreover, 

although the addition of low concentrations of copper(I) had a weak effect on the 
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mass transfer coefficient, it was significantly modified at the highest concentrations 

and thus, this variable has to be taken into account accordingly. The global effect of 

temperature and copper(I) concentration has been eventually related to the IL 

viscosity according to a potential relationship of the type 5.0−∝ µLk . In addition, a 

correlation based on dimensionless numbers that allows estimating the mass transfer 

coefficient within the studied range of temperature, CuCl concentration, and stirring 

rate has been proposed. The CO mass transfer coefficients found in IL media in this 

work are around two orders of magnitude larger than those reported in hydrocarbon 

aromatic solutions, therefore this finding represents a challenge for the future 

development of CO reactive absorption processes based on ILs. 

Once the mass transfer rates in the absence of chemical reaction had been 

determined, reactive absorption experiments were performed to address the 

assessment of the kinetics of absorption of CO into the chlorocuprate(I)-based ILs. 

The reactive absorption rates were obtained in the same stirred reactor under several 

operating conditions, namely, temperature and copper(I) concentration were varied 

in the range 293-313 K and 0-2 kmol m-3, respectively. Then, the way in which mass 

transfer was enhanced by the chemical reaction was analyzed following two different 

approaches: (i) assuming that experiments were performed in the pseudo first-order 

kinetic regime and (ii) applying the DeCoursey solution for second-order irreversible 

reactions. The comparison of results obtained applying both methodologies revealed 

that experiments were performed, as intended, in the pseudo first-order kinetic 

regime under the experimental conditions applied –low CO partial pressure, 

unloaded solution, flat gas-liquid interface-, which favors the determination of the 

reaction kinetics as the influence of the mass transfer coefficient on the absorption 

rate is neglected. It was confirmed that the reaction is first-order in each reactant and 

overall second-order with a forward kinetic constant of 3.0 x 10-4 m3 mol-1 s-1 at 313 

K. Moreover, the influence of temperature was described by an Arrhenius-type 

behavior with an activation energy of 23.7 kJ mol-1. To conclude, the CO absorption 
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rates were methodologically calculated with the kinetic model obtained in this work, 

showing an excellent agreement with the experimental results.   

In summary, for the first time the reaction kinetics of CO absorption in IL media 

are derived from the experiments performed in this study. The information collected 

here allows the design and optimization of novel separation processes to selectively 

recover CO from industrial gas mixtures, which represent a promising alternative to 

the conventional process based on the use of volatile aromatic hydrocarbons.  
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Nomenclature 

a  specific surface area [m2 m-3] 

C  concentration [mol m-3] 

d  stirrer diameter [m] 

D  diffusion coefficient [cm2 s-1] 

AE  enhancement factor [-] 

∞E  infinite (asymptotic) enhancement factor [-] 

H  Henry coefficient [mol m-3 MPa-1] 

Ha  Hatta number [-] 

J  molar flux [mol m-2 s-1] 

1,1k  second order forward rate constant [m3 mol-1 s-1] 

1−k  backward rate constant [s-1] 

ovk  pseudo-first order kinetic constant [s-1] 

Lk  liquid phase mass transfer coefficient [m s-1] 

akL  liquid phase volumetric mass transfer coefficient [s-1] 

K  equilibrium constant [m3 mol-1] 

l  film thickness [m] 

n  molar hold-up [mol] 

N  stirring rate [s-1] 

P  pressure [MPa] 

r  reaction rate [mol m-3 s-1] 
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R  universal gas constant [MPa m3 mol-1 K-1] 

eR  µρ 2dN ⋅⋅= , Reynolds number [-] 

Sc  ( )D⋅= ρµ , Schmidt number [-] 

Sh  DdakL
2⋅= , Sherwood number [-] 

t time [s] 

T  temperature [K] 

V  volume [m3] 

V  liquid molar volume at normal boiling point [cm3 mol-1] 

Greek letter 

β  group of parameters in Eq. (3.9) [-] 

µ  viscosity [Pa s] 

ρ  density [kg m-3] 

Superscript / subscript 

c critical conditions 

CO carbon monoxide 

Cu  copper(I) 

e equilibrium condition 

G  gas phase 

i  interface condition 

IL  ionic liquid phase 

m condition at maximum value 

o condition at time equals zero 
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Abstract 
 

Previous chapters dealt with the characterization of the physico-chemical properties 

of a CO-selective ionic liquid, which contains a transition metal –copper- in the form 

of anionic complexes, and the description of the absorption reaction kinetics between 

these species and CO. Now, the separation of CO from N2-rich streams employing an 

efficient technology with low energy requirements is sought. For this purpose, the 

chlorocuprate(I)-based reactive ionic liquids are proposed as facilitators of CO 

transport through membranes, via carrier-mediated transport mechanism, in order 

to foster the selective separation of CO from N2. The various alternatives to fabricate 

ionic liquid-based membranes are described in this chapter and two of them are 

selected to prepare CO-selective membranes. Then, the gas permeation properties of 

CO, N2 and other constituents of industrial gas streams are determined through these 

membranes. Finally, the membranes which report better performance are tested with 

synthetic gas mixtures in continuous operation so as to evaluate their real 

performance and long-term stability. 
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4.1. Introduction 

Membranes have been highlighted as an emerging technology for several gas 

separation applications in Chapter 1. Moreover, a discussion followed on the 

challenge that represents the use of membranes for the separation of CO from N2-rich 

streams owing to the small differences in the physical properties of both gases, 

namely, kinetic diameter (diffusion properties) and critical temperature (solubility in 

polymers). Hence, the conclusion drawn from that analysis is clear, the development 

of a membrane process that will allow the selective recovery of CO from N2 must rely 

on a chemical separation rather than on a physical separation. In order to accomplish 

that goal, facilitated-transport supported liquid membranes (FT-SLMs) have already 

proved their ability to enhance both the typically low permeability of CO through 

polymers and the CO/N2 separation efficacy by the reversible complexation reaction 

between CO and a metal carrier [1]. Yet, these membranes employed aqueous or 

organic volatile solutions with questionable long-term stability and troublesome 

industrial implementation [2].  

 

Although several approaches have been proposed to overcome the instability 

problems associated to the use of SLMs, namely, partial gelation of the liquid phase 

[3], additional top layer formation by interfacial polymerization [4] and new 

membrane configurations, e.g., stagnant sandwich [5]; it has been the use of ILs as 

replacement of the conventional volatile solvents that has burgeoned as one of the 

most promising alternatives to improve the stability of SLMs over the past decade. 

Gas separations employing the so-called supported ionic liquid membranes (SILMs) 

have been widely studied, particularly, for CO2 capture from post-combustion gases 

and acid gas removal from raw natural gas owing to the enhanced solubility of CO2 

over that of other gases, mainly N2 and CH4, which is provided by the interaction 

between the CO2 quadrupole moment and the electric charge of the ILs [6,7]. The 

concept of facilitated-transport mechanism has been also implemented in SILMs in 

order to improve the separation at low partial pressure of the target compound, 

particularly for CO2 capture [8]. This was done by exploiting the possibility of 
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incorporating any functional group into the cation or anion moieties of the ILs, for 

instance, synthesizing amine-functionalized ILs that are capable to capture CO2 

through chemical complexation, which yields the formation of bicarbonates and 

carbamates depending on whether water is present in the feed gas [9,10]. Apart from 

the use of amine-tethered ILs, other strategies applied consisted in employing amino 

acid-based, carboxylate-based and acetate-based SILMs [11-14]. Besides, several 

research groups have assessed the reactive separation of alkenes from alkanes with 

FT-SILMs in which mixtures of ILs with either silver salts (usually containing the 

same anion as the IL) or silver nanoparticles were employed [15,16]. 

Despite the considerable improvement achieved with SILMs, various strategies to 

further enhance the membrane stability have been performed. The three main 

approaches focus on: (i) the gelation of the IL phase, (ii) the preparation of composite 

polymer-IL membranes and (iii) the synthesis of polymerizable ILs (PILs) and 

preparation of PIL-IL composite films. To a lesser extent, gelled membranes have 

been prepared by combining ILs with small loadings, typically within 2%, of a gelator, 

e.g., gelatine, oligomeric electrolytes, saturated fatty acids and aspartame-based 

cyclo(dipeptide)s [17-20]. Although these membranes became mechanically stable at 

moderate pressures, the gas permeability decreased between 10-50% compared to 

conventional SILMs and the thermal stability was somehow limited by the gelation 

temperature, that is, the temperature at which the gel becomes a fluid.  

A more extended approach to the stabilization of IL-based membranes has been 

the development of composite films by blending ILs with common polymers such as 

polyimides, poly(vinylidene fluoride) and copolymers like poly(vinylidene fluoride-

hexafluoropropylene) or polyether block amides [21-32]. These membranes are 

easily prepared by solution casting of a mixture containing the IL, the polymer and a 

proper solvent. After evaporation of the solvent, the IL phase is found embedded 

within the polymer matrix, which prevents the expelling of the IL at high pressure 

differences. The permeability of light gases through polymer-IL films increased, with 

respect to that of the neat polymer, with increasing IL content owing to the faster gas 
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diffusion in ILs than in polymers; yet this happened at the expense of slightly 

decreasing the selectivity, except for CO2/H2 separation, and worsening the 

mechanical and thermal stabilities due to the fact that both the Young’s modulus and 

melting temperature of the composites also decreased. The observed gas transport 

behavior through these composite membranes presumably indicates that while 

diffusivity differences promote the gas separation at low IL contents, it is the 

solubility selectivity that dominates at high IL contents, as also occurred in SILMs.   

Another approach to face the stability drawbacks attributed to SILMs relies on 

tethering polymerizable functional groups to the cation or anion of ILs and 

subsequent polymerization of these IL monomers to form self-supported 

polymerized ionic liquids (PILs) [33]. Despite the wide number of PIL-based 

membranes synthesized varying the polymerizable groups (vinyl, styrene, acrylate) 

as well as the length and chemical composition of the pendant groups, these PILs 

commonly presented substantially lower permeabilities, up to 1-2 orders of 

magnitude, than their analogous non-polymerizable ILs [34-41]. In addition, most 

PILs are brittle and mechanically weak and therefore, some block copolymers have 

also been synthesized by the combination of common polymers and PILs in order to 

strengthen the resulting mechanical properties. However, these copolymers usually 

exhibited even lower permeabilities than the previous homo-PIL membranes due to 

an increased density and reduced fractional free volume [42-46], except in a few cases 

in which induced nanoscale phase-separation of the two blocks leads to very high 

permeable membranes that offer relatively low selectivities [20,47]. Also, very 

promising results were obtained with film layers of phenolate-containing PILs casted 

on top of cross-linked polysiloxane support [48].  

In light of these facts, composite membranes synthesized by blending PILs with 

“free” non-polymerizable ILs seems to be the most promising strategy to obtain 

membranes that preserve the mechanical and thermal stability of common polymers 

[49] while providing high permeation rates and separation factors close to those 

obtained with SILMs, which are attractive for industrial purposes. Although these PIL-
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IL composites are analogous to the polymer-IL composites previously mentioned, 

here, additional Coulombic attractions provide strong ion-ion interactions between 

the charged polymer and the IL phase (Figure 4.1). This allows forming stable blends 

with high free IL content. Simultaneously, the IL serves as plasticizer of the rigid PIL 

matrix thus enhancing the diffusivity of the gas species and although most of the 

initial results did not meet the expected performance, there are certain combinations 

that provide separation efficiencies very close or even above the Robeson upper-

bound plots in terms of permeability of target species and selectivity over other 

compounds [50-58]. In addition, supported thin-film (nano layers) of PIL-IL 

composites have been recently reported to exhibit excellent CO2 permeation rates 

together with acceptable CO2/N2 selectivities [59], thus indicating that there is still a 

lot of room for improvement in the development of this type of membranes [60].  

 
Figure 4.1. Schematic representation of (a) PIL-IL and (b) polymer-IL structures. 

Moreover, it is noteworthy that facilitated-transport composite membranes have 

already been tested for alkene/alkane separations employing both polymer-IL and 

PIL-IL membranes containing silver salts [61,62]. Similarly, the design of novel 

facilitated-transport membranes for CO separation from N2-rich streams is addressed 

in the present chapter. Two of the aforementioned approaches are applied in order 

to synthesize membranes that contain copper(I) ions dissolved into an IL phase. In 

this way, it is expected that the resulting membranes have the ability to enhance the 

CO permeation rates over that of actual polymeric membranes due to a carrier-
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mediated transport, while providing selectivity over N2 and higher stability than 

previous attempts of preparing facilitated-transport supported liquid membranes 

with aqueous or organic phases. 

 

 

4.2. Synthesis of copper-containing membranes based on ionic liquids 

This section is aimed at designing reactive membranes that enable the selective 

recovery of CO from nitrogen-rich streams via facilitated-transport mechanism while 

maintaining a long-term stability. According to the previous discussion, two different 

approaches have been followed in this work to prepare IL-based membranes in which 

the underlying mechanism of the separation is the reversible reaction between CO 

and the chlorocuprate(I)-based ILs described in previous chapters -Eq. (2.6)-: (i) 

supported ionic liquid membranes (SILMs) and (ii) PIL-IL membranes composed of 

polymerized ILs and reactive “free” chlorocuprate(I)-based ILs. 

4.2.1. Preparation of SILMs 

Considering that the ILs employed are very hydrophilic, a hydrophilic material 

was also selected as support of the SILMs in order to ensure a good wettability, in this 

case polylvinylidene fluoride (PVDF) microporous membranes (FP-Vericel, 0.2 µm 

average pore size, 70% porosity, Pall Corporation) were used. The PVDF membrane 

thickness was determined using a digital micrometer (Mitutoyo 369-250, ±0.001 mm 

accuracy), being the average value 129 µm. To prepare a SILM, first of all, the IL was 

heated at 343 K for 1-2 h while applying vacuum (<100 Pa) in order to remove water 

and any other traces of volatile compounds before its impregnation on the porous 

support as well as to avoid copper(I) oxidation. Then, the PVDF membrane support, 

cut to a 45 mm diameter disc, was left to soak up the IL for 2 h in a vacuum oven thus 

allowing the removal of air from the membrane pores at the same time. After 

impregnation, the SILM was allowed to drip overnight in order to remove excess 
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liquid from the surface. In this work, the SILMs were prepared with pure [hmim][Cl] 

and chlorocuprate(I)-based ILs containing 1.5 and 2 mol L-1 of CuCl, which were 

synthesized as explained in section 2.2.1. Then, these SILMs were placed between two 

hydrophobic polypropylene membranes (PolySep, 0.22 µm average pore size) to 

avoid IL leakage from the membrane pores and the whole assembly was positioned 

over a metal frit into a permeation test cell with an effective area of 12.5 cm2 as 

depicted in Figure 4.2.  

 
Figure 4.2. Schematic diagram of the permeation test cell and SILM photograph: the 

membrane assembly, composed of a SILM located between two hydrophobic 

membranes, is placed over a metal frit inside the permeation test cell. In addition, two 

Viton O-rings are employed to seal the test cell. 

Finally, a N2 stream was fed at 150 kPa to the upper chamber until a constant N2 

flux across the SILM was reached, typically within 2-3 hours, thus leading to stable 

membranes with good repeatability. During this latter step, the N2 flux across the 

SILM was found to decrease exponentially with time. This behavior may be attributed 

to the combination of two factors: the complete filling of the membrane pores with 

the IL after applying pressure and the removal of moisture from the SILM. The 

amount of IL contained in the membranes was determined by weighting the PVDF 

supports before impregnation and after the experiments and it was found to be fairly 
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constant among all the prepared SILMs, 150 mg on average. The pore size of the 

membrane, the surface tension of the ILs, higher than that of traditional organic 

solvents [63], as well as membrane wettability, are key factors affecting SILM stability 

[64]. In this work, the maximum transmembrane pressure that can be applied across 

the SILM in order to avoid the displacement of the IL from the pores was estimated 

applying the Young-Laplace equation to be approximately 300 kPa at 303 K. However, 

since that equation is only applicable to ideal cylindrical pores with a narrow pore 

size distribution, this result is a rough estimation and therefore, the real critical 

pressure may be lower.  

4.2.2. Preparation of PIL-IL composites 

The synthesis of cholorocuprate(I)-based PIL-IL composites requires the 

combination of an IL-based monomer that contains a polymerizable functional group 

and a compatible non-polymerizable IL. The IL monomer 1-butyl-3-vinylimidazolium 

bis(trifluoromethanesulfonyl)imide, [bvim][NTf2], which has already been employed 

in other works [38,52], was used here to fabricate the polymeric matrix. On the other 

hand, two different ILs were initially selected as “free” ILs: [bmim][Cl], which easily 

dissolves CuCl to yield the desired chlorocuprate(I)-based species as stated in 

previous chapters; and [emim][NTf2], which contains an anion in common with the IL 

monomer so as to increase the chemical compatibility and is much less viscous than 

[bmim][Cl]. The general structures of the IL monomer and non-polymerizable ILs are 

depicted in Figure 4.3. In this work, [bmim][Cl] and [emim][NTf2] were synthesized 

following classical literature procedures [65,66], whereas the IL-based monomer 

[bvim][NTf2] was prepared as follows: 1-chlorobutane (220 mmol) was dissolved 

dropwise in 1-vinylimidazole (110 mmol) in a 100-mL tube. Acetonitrile (20 mL) was 

then added and the solution heated under stirring for 48 h at 353 K. After this time, 

the quaternization reaction was stopped and the mixture poured in diethyl ether (300 

mL) and placed in a freezer overnight to obtain [bvim][Cl] by precipitation. To 

proceed with the anion-exchange reaction, the diethyl ether phase was decanted and 

the product dissolved in deionised water (125 mL) in a round-bottom flask. The 
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aqueous phase was washed three times with ethyl acetate (3 x 100 mL). Then, lithium 

bis(trifluoromethanesulfonyl)imide salt (120 mmol), Li(NTf2), was added and the 

mixture stirred for 1 h at room-temperature. Afterwards, the organic phase was dried 

over anhydrous magnesium sulphate and the filtrate reduced in a rotary evaporator. 

Finally, the product was further dried under vacuum at 313 K while stirring overnight 

and obtained as a transparent liquid. 

 

Figure 4.3. Structures of (1) IL-based monomer [bvim][NTf2] and non-polymerizable 

ILs: (2a)  [bmim][Cl] and (2b) [emim][NTf2]. 

The composite PIL-IL membranes were prepared combining in several molar 

ratios the IL-based monomer (1), a non-polymerizable IL (2a or 2b) and the copper(I) 

salt CuCl. Both non-polymerizable ILs considered in this work were soluble in the IL 

monomer [bvim][NTf2]; however, CuCl could not be solubilized in the binary mixture 

of [bvim][NTf2] and [emim][NTf2] and a particle suspension was obtained instead, 

thus indicating that an excess of chloride anions was required to form the 

chlorocuprate(I) complexes and obtain an homogeneous IL solution. Therefore, 

composite PIL-IL membranes were only fabricated blending [bvim][NTf2], [bmim][Cl] 

and CuCl. Mixing these three ionic substances yielded a red-colored solution thus 

indicating that some favorable interactions were taking place, most likely the 

coordination between the chlorocuprate(I) species and the vinyl group of the IL-

based monomer. To obtain a PIL-IL composite film the photoinitiator 2-hydroxy-2-

methylpropiophenone (1 wt %) was added to the ternary ionic solution which was 

then homogenized employing a vibrating mixer. Afterwards, the solution was poured 



Chapter 4  

112   
 

on a piece of microporous nylon membrane (0.45 µm pore size, 0.8 porosity, Nylaflo, 

Pall) that had been placed on top of a hydrophobically treated quartz plate. A second 

plate, also coated, was then positioned on top and the whole assembly was placed 

under a 365 nm UV lamp (UV crosslinker, VWR) for 3 h until complete polymerization. 

Finally, the membrane was cut to a 47 mm diameter disc with a final thickness around 

150 µm (Figure 4.4). Portions of self-supported PIL-IL composites (without support) 

were collected for characterization with Fourier transform infrared (FTIR) 

spectroscopy (Spectrum 2, Perkin-Elmer). 

 

Figure 4.4. Photograph of PIL-IL composite membrane in the permeation cell and 

chemical structures of the membrane constituents.  

The composite PIL-IL membranes were analyzed with FTIR spectroscopy in order 

to evaluate the degree of polymerization, i.e., the vinyl group conversion. The FTIR 

spectra of the ionic solution before UV-polymerization and that of the resulting 

membrane are shown in Figure 4.5. The characteristic peaks of the vinyl group, which 

can be observed at IR wavenumbers of 916 and 958 cm-1 (CH2 and CH wag) and 1659    

cm-1 (C=C stretching) [55], completely disappeared after polymerization hence 

indicating a high degree of monomer conversion (>95%) after 3 h. This was observed 
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for all the membranes synthesized regardless of the IL-based monomer 

concentration. 

 
Figure 4.5. The FTIR spectra of a PIL-IL composite membrane before (dot line) and 

after (solid line) UV-polymerization. 

 

 

4.3. Facilitated-transport of carbon monoxide through ionic liquid-

based membranes 

The previous section described the fabrication of two types of copper(I)-containing 

ionic liquid-based membranes, SILMs and PIL-IL composites. Here, the theoretical 

background of membrane gas separations is given and the experimental setups 

employed to evaluate the permeability of gases through the synthesized membranes 

described. Then, the results regarding the transport of CO through these membranes 

and the separation performance with respect to N2 are discussed. 
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4.3.1. Theoretical background for gas permeation without facilitated-transport 

The steady-state gas flux through a membrane ( )iJ  is a pressure-driven process that 

is generally expressed as: 

i
i

i PJ ∆⋅
℘

=
δ

               (4.1) 

where i℘  is the gas permeability coefficient of the component i, δ  is the membrane 

thickness and iP∆  is the partial pressure gradient between the feed and permeate 

side. The units of the permeability coefficient in the S.I. are 
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mmol

2
; however, it is 

most commonly measured in barrer -named after Richard M. Barrer, a pioneer in gas 

permeability measurements-, which is a well-stablished and accepted unit among 

scientists in the field of membrane technology. The barrer is then defined as: 

( )
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16
2

3
10 1035.3101 −− ⋅==            (4.2) 

The gas transport through a dense, non-porous, polymer or liquid membrane is 

usually explained in terms of the solution-diffusion mechanism, which is also 

applicable to reverse osmosis and pervaporation [67]. According to this model, the 

gas solute dissolves in the membrane, in which the concentration of the species at the 

surface is at equilibrium with the feed stream. Once dissolved in the membrane, the 

permeating molecules move across the membrane by molecular diffusion until the 

permeate side where the gas molecules are desorbed. Therefore, the permeability 

coefficient that must be experimentally determined can be expressed as the product 

of the solubility coefficient ( )iS  times the diffusion coefficient ( )iD  of the gas 

molecule. 

iii DS ⋅=℘              (4.3) 
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Therefore, the membrane ability to separate two different gases, known as 

membrane selectivity ( )ijα , is defined as the ratio of the individual gas 

permeabilities, hence it can also be expressed as the product of the ratio of diffusion 

coefficients (diffusivity selectivity) times the ratio of solubility coefficients (solubility 

selectivity). 
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4.3.2. Theoretical background for gas permeation with facilitated-transport 

In facilitated-transport membranes, an additional transport mechanism appears 

for those components that interact with a complexing agent, called carrier, through a 

reversible complexation reaction. This transport mechanism is synergistic with the 

previously described solution-diffusion mechanism, that is, when the solute dissolves 

in the membrane it can diffuse or react with the carrier to form solute-carrier 

complexes that also diffuse until the permeate side where the reverse reaction occurs, 

thus releasing the gas solute [68]. This is illustrated in Figure 4.6 for one of the 

systems studied in this work. Therefore, the total flux of active species through the 

membrane is the sum of both contributions. It should be noticed at this point that the 

facilitated-transport flux is not always linearly proportional to the driving force 

across the membrane given that at high pressure gradients, all the carrier species are 

bound to the solute molecules and, under these conditions, any additional increase in 

driving force does not result in an additional facilitation effect. In contrast, at low 

driving forces, the major contribution is due to diffusion of the carrier-solute 

complex, whereas diffusion of unbounded species is reduced. For this reason, 

facilitated-transport membranes are particularly suitable to provide high 

permeability and selectivity at low concentration driving forces of the target 

compound. 
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Figure 4.6. Representation of gas transport mechanisms through a copper(I)-

containing SILM for CO/N2 separation: (i) solution-diffusion and (ii) carrier-mediated 

transport for CO molecules due to reversible chemical complexation with a transition 

metal carrier (M). 

The performance of a facilitated-transport membrane can be expressed with a 

facilitation factor ( )F  as the ratio of the total solute flux with complexation reaction 

to the solute diffusional flux. 

 
fluxdiffusion

carrierwithfluxF =                                          (4.5) 

Considering that the main feature of facilitated-transport membranes is the 

combination of a diffusion process and a reversible complexation reaction, one 

should notice that different situations may occur which are analogous to those 

described in the previous chapter. The most frequent case is finding that the transport 

rate is controlled by diffusion (fast reactions). For this case, the solute flux through 

the membrane ( )iFTJ ,  can be described with a dual-mode transport mechanism that 

takes into account the contribution of the two available transport mechanisms. 

Therefore, the total flux is obtained combining the solution-diffusion model and the 

Fick’s law applied to the carrier [69] thus, assuming that the partial pressure of the 

solute equals zero on the permeate side, the facilitated-flux is: 
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where T
CC  is the total carrier concentration, eK  is the equilibrium constant of the 

complexation reaction, iCD −  is the carrier-solute complex diffusion (usually 

considered to be the same as carrier diffusivity), and iP  is the feed partial pressure 

of the gas solute. Hence, the facilitation factor can be expressed as follows: 
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An examination of Eq. (4.7) reveals that the facilitation factor is mainly affected by 

the equilibrium constant of reaction ( eK ) and the total concentration of carrier in the 

membrane ( T
CC ). An increase of either of these variables yields an enhancement of 

the facilitated-transport flux. In addition, it is desirable to find small size complexing 

agents in order to increase the diffusion of the carrier through the membrane. To 

conclude, it can be observed how the facilitation improves at low partial pressures of 

the gas solute, as previously stated. 

4.3.3. Experimental  

Different well-stablished experimental setups and procedures were used in this work 

to test the two type of membranes prepared. All the results related to SILMs were 

obtained in a continuous permeation process, whereas results regarding the PIL-IL 

composite membranes were acquired in a discontinuous time-lag apparatus. The 

procedure as well as the main advantages and shortcomings of each technique are 

discussed here. 
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Time-lag technique 

The time-lag measurement apparatus employs a stainless steel 47-mm filter 

holder (Millipore, USA) with and effective area of 14.5 cm2 as permeation cell, which 

is equipped with gas and vacuum lines. The pressure and temperature inside the feed 

and permeate chambers are measured with absolute pressure sensors (Omega 

PX303, USA) and temperature sensors (National Semiconductor LM34CAZ, USA) and 

the data collected with LabView Software (National Instruments, USA). The 

permeability of the single gases N2, CO2, H2 and a N2/CO mixture (90/10 vol %) were 

measured at room-temperature (293 K). To that end, membranes were degassed 

between runs applying dynamic vacuum (<100 Pa) overnight. Then, the selected gas 

was added to the feed chamber at 0.2 MPa against the vacuum of the permeate 

chamber. At that point, the gas started to permeate and the pressure increase over 

time in the permeate chamber was recorded. The feed volume was 4-fold the volume 

of the permeate chamber in order to keep a constant driving force throughout the 

experiment. Three replicates were performed for each gas.  

A typical plot of the permeate volume profile obtained in these experiments is 

shown in Figure 4.7. The permeability of one single gas through the composite 

membranes was then obtained from the steady-state flux, which is proportional to 

the permeate pressure increase with time, that is, the slope of the steady-state portion 

of Figure 4.7, 
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where pV  is the permeate chamber volume, A  is the membrane area, T  is the 

temperature and φ  the porosity of the support employed. 
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On the other hand, with this technique it is also possible to obtain the gas 

diffusivity through the membrane by extrapolating the slope of the steady-state flux 

towards the time axis. The intercept is known as the time-lag ( )θ  of the gas and is 

related to the gas diffusivity and the membrane thickness according to Eq. (4.9). Then 

the solubility coefficient can be directly obtained from the relationship given by Eq. 

(4.3). 

θ
δ
6

2

=iD                                      (4.9) 

Figure 4.7. Permeate volume data of CO2 through a PIL-IL composite membrane and 

determination of gas permeation properties employing the time-lag technique. 

Although this technique is most commonly applied to pure gases, for the case of 

the N2/CO gas mixture, the CO facilitation factor can be also found considering the 

steady-state fluxes of pure N2 and N2/CO mixture through the membranes with and 

without carrier under the same pressure gradient [70]. 
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Steady-state continuous permeation 

In contrast to the time-lag technique, the second experimental setup employed in 

this work to evaluate the gas transport through the SILMs allowed continuous 

operation under steady-state conditions. The setup, depicted in Figure 4.8, consisted 

of a series of pure gas cylinders that fed individual mass flow controllers (Brooks 

5850S, flow rate: 0-100 cm3 (NTP) min-1) with which the feed composition, either a 

pure gases or a gas mixture, was regulated. Moreover, a cylinder containing a plastic 

coil inside was placed before the test cell to assure complete gas mixing. The stainless 

steel permeation cell, with an effective are of 12.5 cm2, was thermostated inside a 

heating oven in order to conduct experiments at several temperatures and had four 

1/8” tube connections as previously shown (see Figure 4.2). The retentate stream left 

the permeation cell via a backpressure regulator (Brooks 5866) that controlled the 

absolute pressure in the feed chamber. In the permeate compartment, which was kept 

at atmospheric pressure, the permeate gas was removed by an argon (Ar) sweep 

stream (Brooks 5850S, flow rate: 4 cm3 (NTP) min-1) and eventually, the 

concentration of each gas was determined in a gas chromatograph (Agilent 3000 

Micro GC) equipped with two columns: a molecular sieve (5 Å) for the permanent 

gases (CO, N2 and H2) that employed Ar as carrier gas and a PLOT U for CO2 with He 

as carrier gas.  

Two different chromatographic methods were prepared, one for the fast 

permeating gases (CO2 and H2) and one for the slow permeating gases (CO and N2) 

with a 20-fold higher injection time so as to increase the accuracy of the analysis at 

low concentrations of these gases (see Appendix A.4). The accuracy of the 

chromatographic methods was assessed with a standard gas mixture (Air Liquid) and 

was kept within 0.4%.  
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Figure 4.8. Schematic experimental setup: 1-gas cylinders, 2-mass flow controllers, 

3-gas mixer, 4-pressure indicator, 5-heating oven, 6-permeation cell, 7-pressure 

transducer, 8-gas mass flowmeter, 9-gas chromatograph. 

The gas permeation experiments were performed at specific conditions of 

pressure and temperature. Each experiment was allowed to proceed until the 

permeate composition remained unchanged for at least 2 h. When the temperature 

was shifted, a N2 stream was applied overnight until a steady permeate flux was 

reached at the desired temperature. Permeation data were obtained through at least 

two SILMs prepared under the same conditions. The mean absolute error of the 

replicated experiments did not surpass ±7% in any case. In this case, the permeability 

of each gas through the SILMs ( )iSILM ,℘  was determined from the steady-state gas flux 

( )iSILMJ ,  according to the following relationship: 

i
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where pQ  is the permeate flow rate and iC  is the concentration of component i in 

the permeate stream. However, the permeability of gases is most commonly referred 

to the bulk IL ( )iIL,℘  thus removing the influence of the support for comparison 
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purposes. To that end, the porosity ( )φ  and tortuosity ( )τ  of the porous support have 

to be considered. 

iSILMiIL ,, ℘⋅







=℘

φ
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4.3.4. Pure gas permeation results through PIL-IL composite membranes 

So far, the synthesis of metal-containing PIL-IL composite membranes by UV-

photopolymerization has not been reported. Only silver-containing PIL-IL 

membranes that provided selective transport of ethylene over ethane have been 

obtained by Tomé et al. [61], but in that case, they blended a silver salt dissolved in a 

non-polymerizable IL with an already polymerized IL dissolved in acetone and then, 

casted the membrane. 

For this reason, in this work, the membrane compositions that would yield 

mechanically stable films was completely unknown beforehand and more than 20 

different PIL-IL composite films were initially fabricated combining the IL-based 

monomer (1), the non-polymerizable IL (2a) and cuprous chloride salt in several 

proportions. It was found that the IL-based polymer, poly([bvim][NTf2]), was brittle 

whereas PIL-IL membranes containing [bmim][Cl] were rubbery-like due to the 

presence of free IL that acted as a plasticizer of the polymer matrix. Moreover, it was 

determined that the ratio of [bmim][Cl] to CuCl has to be around 4-5 in order to obtain 

self-supported copper(I)-based membranes; otherwise, either a sticky gel was 

obtained or the membrane formed was too brittle to handle. The lower content of IL-

based monomer with which stable membranes could be fabricated was 50 mol %. 

Among these membranes, five were selected to perform the gas permeability 

measurements, whose composition is listed in Table 4.1. Membrane 1 was pure 

poly([bvim][NTf2]), membranes 2 and 3 combined the IL-based monomer with up to 

25 mol % of free [bmim][Cl] and membranes 4 and 5 also contained CuCl in different 

proportions.  
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Table 4.1. Composition of PIL-IL composite membranes. 
PIL-IL membrane Composition (mol %) 

[bvim][NTf2] [bmim][Cl] CuCl 

1 100 0 0 

2 90 10 0 

3 75 25 0 

4 70 25 5 

5 60 32 8 

The gas permeation properties of PIL-IL membranes without copper(I)-carrier 

are discussed in first place now. The experimental permeability, diffusivity and 

solubility coefficients obtained through these membranes are collected in Table 4.2. 

The neat poly([bvim][NTf2]), membrane 1, exhibited low gas permeabilities, 

particularly, if they are compared to other PIL membranes with the same alkyl chain 

length but different polymerizable functional groups. For instance, the CO2 

permeability was just 5.2 barrer in the vinyl-based PIL while Bara et al. [34] found 

permeabilities of 20 and 22 in the styrene- and acrylate-functionalized analogous 

polymers, respectively.  

In any case, these low permeability values are typical for many PIL membranes 

[35-37,40,55,57,71]. In fact, the CO2 permeability obtained through 

poly([bvim][NTf2]) is consistent with the result found by Carlisle et al. [38], e.g., CO2 

permeability of 4.8 barrer through poly([mvim][NTf2]), which is another 

vinylimidazolium-based polymer with a shorter alkyl chain than the one used in this 

work. Results of H2 permeability are also in accordance with the scarce number of 

works that report permeability data for this gas, for instance, Bhavsar et al. [37] 

reported H2 permeabilities that ranged between 1.4 and 18.3 barrer through several 

PIL membranes. These results can be attributed to the formation of a rigid polymer 

matrix in which gas diffusion is restricted as can be inferred from the rather low 

diffusion coefficients, e.g., 0.22 and 7.8 x 10-8 cm2 s-1 for CO2 and H2, respectively. 

Regarding the N2 permeability, it was one order lower than that of CO2 and H2 and 
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identical to the permeability of the N2/CO mixture indicating that both N2 and CO 

possess very low permeabilities owing to their subtle solubilities. Unfortunately, 

determining the time-lag of the gases with very low permeation rates could not be 

done without high uncertainty, thus diffusivity and solubility data for CO and N2 are 

not reported here. On the other hand, the gas permeation after inclusion of a non-

polymerizable IL within the polymer matrix was assessed through the 

poly([bvim][NTf2])-[bmim][Cl] (membranes 2 and 3). As expected, the permeability 

of all gases increased with the presence of [bmim][Cl] due to the faster gas diffusivity 

through the non-polymerized IL phase than through the PIL matrix. 

Table 4.2. Gas permeation properties through poly([bvim][NTf2])-[bmim][Cl] 
composite membranes at 293 K.

1N/A: time-lag could not be accurately determined due to very slow permeation rate. 

Let us now consider the effect of copper(I) chloride salt addition on the gas 

transport properties through the composite membranes 4 and 5, which are collected 

in Table 4.3 together with membrane 3 for comparison purposes. The comparison of 

membranes 3 and 4, which contain the same amount of free [bmim][Cl], reveals that 

gas permeability significantly decreased after addition of 5% CuCl, e.g., H2 

permeability decreased from 9.9 to 5.7 barrer. These results can be attributed to an 

inhibition of gas diffusion, which was reduced from 21.6 to 5.3 x 10-7 cm2 s-1. This 

 Membrane Gas i℘  (barrer) D1 (x 107 cm2 s-1) S (cm3 cm-3 MPa-1) 

1 N2 0.3 N/A N/A 
 CO2 5.2 0.22 18.1 
 H2 4.9 7.8 0.48 
 N2/CO 0.3 N/A N/A 
2 N2 0.3 N/A N/A 
 CO2 7.2 0.37 14.5 
 H2 5.4 12.4 0.33 
 N2/CO 0.3 N/A N/A 
3 N2 0.9 N/A N/A 
 CO2 26.7 0.91 22.0 
 H2 9.9 21.6 0.35 
 N2/CO 1.0 N/A N/A 
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trend, however, is not surprising as it had already been observed by Tomé et al. [61] 

in the previously mentioned silver-containing membranes. In that work, the observed 

general reduction of gas diffusivity upon increasing concentration of silver salt was 

attributed to an increased packing efficiency, and consequently reduced fractional 

free volume, owing to strong interactions between the silver salt and the IL. With 

respect to the CO facilitated flux, there was no evidence of carrier-mediated transport 

through the membranes prepared in this work as can be observed from the almost 

identical permeability values of N2 and N2/CO mixture (90/10 vol %) through the 

copper(I)-containing PIL-IL membranes 4 and 5. 

Table 4.3. Gas permeation properties of copper(I)-containing poly([bvim][NTf2])-
[bmim][Cl] composite membranes at 293 K.

1N/A: time-lag could not be accurately determined due to very slow permeation rate. 

In respect of the resulting ideal gas selectivities of CO2 and H2 towards N2 through 

the composite membranes assessed, it is interesting to observe their evolution 

plotted in Figure 4.9 as a function of the PIL-IL membrane composition. The CO2/N2 

and H2/N2 ideal selectivities through the neat poly([bvim][NTf2]) were 19.5 and 18.5, 

respectively, at 293 K. After addition of [bmim][Cl], the selectivities of CO2 and H2 

towards N2 were affected in distinct manner in membranes 2 and 3: CO2/N2 

selectivity increased, most likely owing to the preferential solubility of CO2 over that 

 Membrane Gas i℘  (barrer) D1 (x 107 cm2 s-1) S (cm3 cm-3 MPa-1) 

3 N2 0.9 N/A N/A 
 CO2 26.7 0.91 22.0 
 H2 9.9 21.6 0.35 
 N2/CO 1.0 N/A N/A 
4 N2 0.35 N/A N/A 
 CO2 11.2 0.55 15.6 
 H2 5.7 5.3 0.81 
 N2/CO 0.34 N/A N/A 
5 N2 0.25 N/A N/A 
 CO2 8.4 1.3 5.03 
 H2 7.0 16.3 0.33 
 N2/CO 0.25 N/A N/A 
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of N2 into ILs [72]; on the contrary, H2/N2 selectivity diminished probably due to a 

slightly higher solubility in ILs of N2 over that of H2, what can be related to its more 

condensable character as previously explained [73,74]. This is not surprising as 

comparable trends have already been described for CO2/N2 and H2/N2 selectivities 

upon increasing the free IL content in composite membranes based on polymer-IL 

blends [21,30]. 

 
Figure 4.9. Ideal CO2/N2 (solid bar) and H2/N2 (striped bar) selectivity through the 

PIL-IL membranes prepared in this work. 

In contrast, in membranes 4 and 5, both CO2/N2 and H2/N2 ideal selectivities 

increased with the content of CuCl, yet this increase was more significant in the case 

of H2/N2 selectivity. This trend may be attributed to how these gases are affected by 

the trade-off between diffusivity and selectivity upon the simultaneous increase of 

CuCl and non-polymerizable IL contents. Let us consider CO2/N2 separation in first 

place, in this case a similar reduction of the mobility of both gases is expected owing 

to their similar molecular size (see Table 1.2); however, the solubility of CO2 will be 

favored over that of N2 in membrane 5, in which the content of non-polymerizable IL 
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was increased with respect to membrane 4 from 25 to 32 mol %, hence the 

enhancement of CO2/N2 selectivity. With respect to H2/N2 separation, both H2 and N2 

are just slightly soluble in ILs and therefore, their solubility would be similarly 

affected by increasing content of free IL. However, it is expected that increasing the 

content of CuCl from 5 to 8 mol % affects more negatively N2 diffusivity than H2 

diffusivity, due to its higher kinetic diameter. This would also explain the 

improvement of H2/N2 selectivity in membrane 5 with respect to membrane 4. 

On the whole, the expected performance of the fabricated PIL-IL composite 

membranes with respect to the facilitated-transport of CO was not observed. 

Employing a N2/CO gas mixture with the composition 90/10 vol % may have 

hindered the evaluation of this transport mechanism in the membranes prepared, 

which presented relatively low permeation fluxes. In addition, although determining 

the diffusivity and solubility coefficients of gases with poor solubilities such as H2, N2 

and CO with the time-lag technique, the permeability results obtained indicate that 

apart from the solubility selectivity, which can be tuned by inclusion of free IL 

content, it is also possible to modify the diffusivity selectivity by incorporating a metal 

salt into the PIL-IL composite membranes, what would be beneficial for size-sieving-

based gas separations such as H2/N2.  

4.3.5. Characterization of SILMs and validation of the experimental methodology 

In this section, the results obtained with the membranes prepared by immobilization 

into a porous support of the CO-selective chlorocuprate(I)-based ILs proposed in this 

work are discussed.  

In order to provide permeability data related to the bulk IL phase, the porosity 

and tortuosity of the PVDF supporting membrane must be known. While the value of 

the porosity, 0.7, was given by the membrane supplier, the tortuosity had to be 

determined. To that end, SILMs were prepared immobilizing the ILs [bmim][PF6] and 

[bmim][NTf2] into the same PVDF support and permeation results of CO2 and C2H4 

were obtained and compared to available permeability data of these gases through 
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the selected bulk ILs. The estimated membrane tortuosity calculated according to Eq. 

(4.12) is shown in Table 4.4. The resulting average value of 3.0 will be used 

throughout this work. 

Table 4.4. Determination of membrane tortuosity. 
Ionic liquid Gas Permeability (barrer) Tortuosity 
  SILM℘  IL℘ 1  
[bmim][PF6] CO2 136.1 544.3 2.8 

Ethylene 32.4 140.5 3.0 
[bmim][NTf2] CO2 289.5 1344.3 3.3 

 1Data from [75]. 

In addition, due to the lack of information related to gas permeability through the 

IL [hmim][Cl], the performance of SILMs prepared with the non-reactive IL was 

initially benchmarked against estimations obtained employing existing predictive 

models. Scovazzo [75] proposed the correlations given by Eqs. (4.13) and (4.14) to 

predict CO2 permeability and CO2/N2 selectivity, at 303 K, exclusively as a function of 

two properties of ILs, their viscosity and molar volume. 

( ) 388.0
4953

2

IL
CO µ

=℘                 (4.13) 

( ) 865.0
2895

2
2

ILN
CO V

=α                  (4.14) 

The experimentally obtained CO2 permeability and CO2/N2 ideal gas selectivity 

through [hmim][Cl] ( 9.195=ILV  cm3 mol-1 at 303 K) were in good agreement with 

the values predicted with Eqs. (4.13) and (4.14) as shown in Table 4.5. As can be 

observed, the permeabilities of CO2 and N2 through [hmim][Cl] are relatively low, 

particularly if they are compared to the permeabilities reported in literature for the 

same permeants through less viscous ILs [75-78]. However, the CO2 permeability 

through [hmim][Cl] is very close to that found through other bulk ILs with similar 

viscosities, for instance, the CO2 permeability through [dumbbell][NTf2]2                                
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( 2420=ILµ  mPa s) and [P(14)444][DBS] ( 3011=ILµ  mPa s) are 173.5 [75] and 231.7 

barrer [77], respectively. Therefore, these results support the adequacy of the 

methodology employed for the evaluation of gas permeation through the highly 

viscous [hmim][Cl] in a SILM configuration. 

Table 4.5. Experimental and predicted CO2 permeability and CO2/N2 selectivity 
through [hmim][Cl] at 303 K. 

Source IL℘ (barrers) 
2

2
N

COα  

 CO2 N2  

This work  212.1  6.0  35.4  
Predicted by Eqs. (4.13) and (4.14) 187.2  30.1 

Once characterized the membrane support and tested the validity of the proposed 

experimental methodology, the effect of copper(I)-carrier concentration on the gas 

permeation properties of SILMs was then assessed focusing on the performance for 

CO/N2 separation. To that end, the gas permeation properties through [hmim][Cl]-

SILMs were determined in first place, then these results were compared to those 

obtained through chlorocuprate(I)-based supported ILs. 

4.3.6. Pure gas permeation properties through [hmim][Cl]-SILMs 

In order to characterize gas permeation through the IL [hmim][Cl], the pure gases N2, 

CO, H2 and CO2 were fed individually to the membrane test cell and the permeate 

fluxes were determined. In this set of experiments, the permeability of CO2 was 

analyzed in the last place so as to avoid possible modifications of the other gas 

permeabilities such as those reported by Cserjési et al. [79], who described a decrease 

in H2 permeability between 15-30% after permeation of CO2. The experimental gas 

permeate fluxes obtained at 303 K applying different pressure gradients, which were 

varied between 150 and 250 kPa, are shown in Table 4.6. A further increase of the 

applied pressure gradient resulted on a sharp raise of the permeate flux due to 

expelling of the IL from the porous support when the breakout pressure was reached. 

The gas permeability coefficients through the bulk IL were calculated according to the 



Chapter 4  

130   
 

steady-state gas flux equation -Eq. (4.11)- by fitting the experimental data of 

permeate flux over applied pressure gradient to a straight line that passes through 

the origin (see Figure 4.10), and thereafter, corrected with Eq. (4.12) to remove the 

influence of the support. 

Table 4.6. Pure gas permeate flux and permeability through supported 1-hexyl-3-
methylimidazolium chloride IL at 303 K. 

P∆  (kPa) Permeate Flux (x 107 mol m2 s-1) 
 N2 CO H2 CO2 
150 6.9 13.4 66.3 197.8 
200 9.1 18.7 87.7 264.0 
250 10.6 22.1 113.3 320.7 

SILM℘  (barrer) 1.4 2.8 15.8 49.5 

IL℘       (barrer) 6.0 11.8 67.7 212.1 
Fitting to Eq. (4.11): R2 0.96 0.98 0.99 0.99 

 

Figure 4.10. Gas permeate fluxes through [hmim][Cl]-SILM at 303K: (●) CO and (♦) 

N2. The solid lines are the linear regression of the data. 
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A comparison of the gas permeabilities shows that CO2 is the most permeable gas 

-followed by H2, CO and N2- given that its solubility in ILs is at least one order of 

magnitude higher than that of the other gases [72]. In the case of H2, its high 

permeability is attributed to the small kinetic diameter of this molecule (2.89 Å) that 

results on fast diffusion through the IL despite being the least condensable gas of all 

four, as already stated in Chapter 1. Finally, with respect to CO and N2, the CO 

permeability barely doubles that of N2, a fact that has also been observed in gas 

permeation through polymeric membranes [80]. This can be attributed to a slightly 

higher solubility of CO over N2, since the diffusivity of both gases is expected to be 

almost the same due to their similar kinetic diameters (3.76 and 3.64 Å for CO and N2, 

respectively). In addition, it is worth mentioning that all gas permeabilities through 

the bulk [hmim][Cl] IL are significantly higher, over one order of magnitude, than 

through the PIL-IL composites discussed in previous sections. 

Moreover, the effect of temperature on the pure gas permeability and ideal 

selectivity has also been assessed for the three major compounds found in CO-rich 

post-combustion flue gases. The permeability data obtained between 303 and 323 K 

are shown in Table 4.7. In all three cases, permeability increased at higher 

temperatures, therefore, this fact indicates that there is a higher influence of 

temperature on gas diffusivity than on gas solubility, which usually has an opposite 

trend, i.e., solubility decreases as temperature increases. In addition, it should be 

considered that viscosity of ILs strongly decreases at high temperatures which also 

enhances gas diffusion. This trend has also been reported for H2 in a number of ILs by 

Cserjési et al. [81] and for CO2 and CH4 by Barghi et al [76] and Adibi et al. [82]. The 

effect of temperature on gas permeability can be well described by an Arrhenius-type 

equation [74]: 

( )TREpe ⋅−℘=℘ 0           (4.15) 
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Table 4.7. Influence of temperature on gas permeability and selectivity.  
T (K) Permeability (barrer) Selectivity 
 N2 CO H2 H2/N2 H2/CO CO/N2 
303 6.0 11.8 67.7 11.3 5.7 2.0 
313 7.2 12.7 78.4 11.0 6.2 1.8 
323 8.6 16.0 90.9 10.5 5.7 1.9 
Ep (kJ mol-1) 12.4 14.7 12.0    
Fitting to Eq. (4.15): R2 0.999 0.913 1.0    

By plotting the natural logarithm of permeability versus the reciprocal of 

temperature, the activation energy of permeation, Ep, can be obtained from the slope 

of the linear fitting of the data as shown in Figure 4.11. These values, which are also 

shown in Table 4.7, indicate that N2, CO and H2 were similarly affected by 

temperature. Consequently, the calculated ideal gas selectivities were not 

significantly affected when temperature was increased from 303 to 323 K.  

 
Figure 4.11. Temperature effect on gas permeate fluxes through [hmim][Cl]-SILM: 

(∎) H2, CO (●) and N2 (♦). The solid lines are the linear regression of the data. 
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4.3.7. Facilitated-transport of CO through copper(I)-containing SILMs 

Once characterized the pure gas permeation properties through the non-reactive IL 

[hmim][Cl], chlorocuprate(I)-based SILMs were then prepared in order to determine 

whether the carrier-mediated transport of CO takes place through the reactive ILs. To 

that end, SILMs were fabricated with two different concentrations of CuCl dissolved 

in [hmim][Cl]: the molar ratios of copper(I) salt to IL were 0.38 and 0.5, which 

correspond to 1.6 and 2.0 mol L-1 CuCl solutions, respectively. In this type of 

membranes, it is expected that the reaction between CO and the chlorocuprate(I) 

complexes described by Eq. (2.6) occurs at the feed side of the membrane to form the 

solute-carrier complex [ ] −2
3)( ClCOCu ; while at the permeate side, the low partial 

pressure of CO shifts the reaction to the left side, hence releasing the CO molecules 

into the sweep gas stream. The Ar sweep gas flow rate was initially varied in the range 

2-10 cm3 (STP) min-1 so as to assure that the maximum driving force was achieved in 

these experiments. The results showed that the CO flux across the SILMs was 

unaffected by this variable, hence a flow rate of 4 cm3 min-1 was selected to perform 

the experiments. 

The N2 and CO permeabilities obtained through the chlorocuprate(I)-ILs at 

various temperatures and applied driving force of 150 kPa are collected in Table 4.8 

and the data obtained at 323 K also plotted in Figure 4.12. The values of the 

facilitation factor of CO through the copper(I)-based ILs are shown alongside the CO 

permeability measured at each temperature. As can be observed, while the N2 

permeability underwent a minimal increase from the pure [hmim][Cl] to the 

copper(I)-containing ILs that is assigned to the decrease in the IL viscosity after the 

addition of CuCl, the permeability of CO through the chlorocuprate(I)-based ILs was 

enhanced as a result of the increased capacity of the medium to solubilize CO owing 

to the π-complexation reaction between CO and the copper(I)-carrier. The values of 

the facilitation factor of CO ranged between 1.3 and 2.3, i.e., the CO facilitation flux 

was more than 2-fold the flux obtained through [hmim][Cl] in the absence of carrier 

at 323 K.  
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Table 4.8. Pure gas permeability of CO and N2 through the chlorocuprate(I)-based 
ILs as a function of temperature and carrier concentration and experimental CO 
facilitation factor.  

Carrier concentration 
(mol L-1) 

Temperature 
(K)  

IL℘  (barrer) COF  

   N2 CO  
0 303 6.0 11.8  
 313 7.2 12.7  
  323 8.6 16.0  
1.5 303 6.4 14.9 1.3 
 313 7.6 20.6 1.6 
  323 10.2 30.9 1.9 
2.0 303 6.4 16.4 1.4 
 313 8.3 23.1 1.8 
  323 11.4 37.3 2.3 

Figure 4.12. Pure gas permeability through supported 1-hexyl-3-

methyilimidazolium chlorocuprate(I) ILs at 303 K and various CuCl concentrations: 

0 (white bar) 1.5 (striped bar) and 2  mol L-1 (black bar). 

The resulting CO/N2 selectivities in [hmim][Cl] and the chlorocuprate(I)-based ILs 

are plotted in Figure 4.13 as a function of temperature and carrier concentration. 

While the selectivity remained almost constant with increasing temperature in the 
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pure [hmim][Cl] IL, the CO/N2 selectivity through the chlorocuprate(I)-based ILs 

notably increased with temperature and copper(I) concentration, although the latter 

effect was less significant in the range under study. This small, yet conspicuous, 

increase in selectivity between both copper(I)-containing SILMs is explained in terms 

of the low pressure gradient applied and the relatively low equilibrium constant of 

Eq. (2.6), i.e., a higher driving force would be needed in this case so as to achieve 

higher selectivities with increasing carrier concentration [67], being SILM stability 

the main constraint to overcome. With respect to the influence of temperature on the 

membrane performance, the CO/N2 selectivity was clearly promoted by an increase 

in temperature in spite of the expected decrease of CO solubility in the reactive 

medium. This trend can only be attributed to the drastic viscosity decrease and 

consequent enhancement of the permeate-carrier diffusivity upon increasing 

temperature.  

 
Figure 4.13. Influence of temperature and carrier concentration on CO/N2 ideal 

selectivity through chlorocuprate(I)-based ILs at several CuCl concentrations: (♦) 0, 

(●) 1.5 and (▲) 2 mol L-1. 
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In summary, the chlorocuprate(I)-based ILs provided an improved performance 

for CO separation from N2 in terms of both permeability-selectivity and membrane 

stability enhancements, e.g., CO permeability and CO/N2 ideal selectivity increased 

from 16.0 to 37.3 barrer and 1.9 to 3.3, respectively, at 323 K. However, this enhanced 

performance was lower than that reported by Dindi et al. [70] and Smith et al. [83] 

through conventional SLMs based on aqueous copper(I) solutions. This difference is 

most likely attributed to two factors: (i) the lower value of the equilibrium constant 

of the complexation reaction between CO and copper(I) in the IL-based system, and 

(ii) the faster mobility of diffusive species in conventional molecular solvents than in 

the proposed chlorocuprate(I)-based IL. Yet, an improved membrane stability of 

SILMs prepared in this work was achieved. 

4.3.8. Simultaneous recovery of H2 and CO through chlorocuprate(I)-based ILs 

An interesting consequence of the small size of H2 and its high permeability is the 

possibility of recovering both H2 and CO at the same time employing the 

chlorocuprate(I)-based SILMs proposed in this work. As indicated in Chapter 1, H2 is 

a major component of the flue gases generated after partial combustion of 

hydrocarbons and syngas mixtures (H2 and CO) are widely employed for chemical 

synthesis, hence the recovery of both compounds may be sought.  

For that reason, H2 permeability was also evaluated in these CO-selective ILs at 

various temperatures and carrier concentrations. The permeability results obtained 

at 323 K are plotted in Figure 4.14 along with the H2/N2 and H2/CO ideal selectivities. 

As can be observed, the H2 permeability through the chlorocuprate(I)-based ILs was 

slightly higher than through the IL without carrier, which was attributed to the 

viscosity decrease after addition of the copper(I) salt. This trend was also described 

for N2 in the previous section and therefore it was expected for other gases.  

On the other hand, the comparison of the ideal gas selectivities shows that H2/N2 

selectivity slightly decreased with increasing carrier concentration from 10.6 to 8.9, 

whereas H2/CO selectivity was more strongly affected, decreased from 5.7 to 2.7, 
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owing to the enhanced CO-transport. Consequently, the chlorocuprate(I)-based ILs 

may be employed for the simultaneous recovery of H2 and CO from N2-rich gas 

streams, for instance, considering a stream containing N2/CO/H2 in a ratio 1/0.3/0.3, 

which is a typical composition found in the flue gas of carbon-black manufacturing, a 

permeate stream could be ideally obtained with the composition 1/1/2.4 at 323 K in 

a one-stage separation. It is worth mentioning that this synergistic separation cannot 

be performed with polymeric membranes which are generally H2-permselective and 

do not promote the transport of CO over N2.  

Figure 4.14. Permeability of H2 through 1-hexyl-3-methylimidazolium 

chlorocuprate(I) ILs (striped bar) and (■) H2/N2 and (▲) H2/CO ideal selectivities  at 

323 K. Dashed lines are visual guides. 
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4.4. Carbon monoxide recovery from synthetic gas mixtures 

Regarding process design, it is important to know whether the real performance of 

SILMs when mixed gases are employed approximates the ideal behavior described 

with pure gases. While data shown in the previous sections only referred to pure gas 

permeation, in this section, results obtained with mixed gas feed streams are shown 

in order to account for possible deviations from the ideal performance. First, the 

performance of SILMs to separate binary mixtures of CO and N2 is assessed. Then, the 

effect of feeding a fast permeating gas, H2, is evaluated with binary and ternary 

mixtures. Finally, the influence of the presence of minor concentrations of CO2 in the 

feed stream on the other gas permeabilities is discussed. 

4.4.1. Permeation properties of CO/N2 binary mixtures  

Mixed gas permeation experiments were performed to determine CO and N2 

permeability and CO/N2 selectivity and to compare these results with those 

previously obtained with pure feed gases. These permeation experiments were 

performed with various carrier concentrations at temperatures from 303 to 323 K. A 

comparison between the CO/N2 selectivity calculated from pure gas permeation data 

and that obtained with a 50/50 vol % mixed gas feed through the chlorocuprate(I)-

based IL containing 1.5 mol L-1 of CuCl is shown in Figure 4.15 at various 

temperatures. As can be observed, the CO/N2 selectivity suffered around a 20% 

decrease in all the experiments performed with mixed gas feed with respect to the 

ideal selectivity. Moreover, this reduction in CO/N2 selectivity was associated to an 

increase in N2 permeability in the mixed gas experiments rather than a reduction of 

CO transport.  

Although slight differences between ideal and mixed gas selectivities have also 

been described for the gas pairs CO2/N2 and CO2/CH4 through SILMs by Neves et al. 

[84] and Scovazzo et al. [85], this trend is much less noticeable than in polymer 

membranes, in which the mixed gas selectivities may be one-half or less than the 

calculated value from pure gas measurements if the gases in the mixture strongly 
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interact with the membrane material. This difference between SILMs and polymer 

membranes is a direct consequence of the key factor that determines membrane 

selectivity for a given gas pair. In the case of SILMs, solubility selectivity governs the 

membrane separation efficiency; on the contrary, diffusivity selectivity is the main 

factor controlling in strongly size-sieving polymer membranes (glassy membranes) 

[85]. Accordingly, a change in the diffusivity selectivity as a consequence of 

membrane swelling -produced by the sorption of condensable components- can 

strongly affect the selectivity of glassy membranes [74], whereas it does not affect 

SILM selectivity.  

 
Figure 4.15. Ideal (black bar) and mixed gas (white bar) CO/N2 selectivity through 

chlorocuprate(I)-based IL containing 1.5 mol L-1 of CuCl at several temperatures. 

4.4.2. Influence of H2 on mixed gas permeation properties 

In this section, mixed gas permeation data through [hmim][Cl] of binary and ternary 

mixtures containing a fast permeating gas, H2, are reported to assess possible 

deviations from the ideal behavior.  
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As inferred from Table 4.9, the results obtained with binary mixtures revealed that 

H2 permeability slightly decreased, around 5-10%, with respect to the pure gas 

permeability. In contrast, the permeability of both CO and N2 was remarkably reduced 

between 15% and 30% compared to the pure gas permeability. Considering the 

thermodynamic and kinetic properties of these gases, the changes observed in the 

mixed gas permeability may be rationalized in terms of a negative coupling effect 

[86,87], i.e., competition of the gases for a limited number of sorption sites in the IL 

phase. While the permeability of the more condensable gases CO and N2 decreased 

due to the coupling effect, the high H2 permeability is mainly associated to its fast 

diffusivity and thus, it was not much affected by changes in the gas solubility. This 

deviation from ideality has already been observed in rubbery PDMS membranes and 

was also attributed to changes in the solubility of the gases [88]. Accordingly, the 

mixed gas selectivity of H2 towards CO and N2 was increased to some extent whereas 

the CO/N2 mixed gas selectivity was similar to the ideal gas selectivity. 

In the case of a ternary mixture with high content of N2, analogous to that found 

in flue gas streams, the aforementioned effects are also applicable, i.e., a slight 

decrease of H2 permeability and a greater decrease of CO and N2 permeability were 

also observed, as shown in Table 4.9.   

Table 4.9. Pure and mixed gas permeability and selectivity at 303 K through 
[hmim][Cl]. 

Gas 
mixture 

 Ratio 
(vol %) Permeability (barrer) Selectivity  

  N2 CO H2 H2/N2 H2/CO CO/N2 
Pure gas  6.0 11.8 67.7 11.3 5.7 2.0 
CO/N2 50/50 4.4 9.7    2.2 
H2/N2 50/50 5.5  64.4 11.6   
H2/CO 50/50  8.6 62.4  7.3  
N2/CO/H2 60/20/20 4.9 9.5 62.8 12.9 6.6 1.9 
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4.4.3. Effect of minor contents of CO2 

In this section, it is evaluated whether low and medium concentrations of CO2 alter 

the permeability of the gases that are in greater proportion in the gas stream. To that 

end, quaternary mixtures containing from 5-20% of CO2 were fed to the permeation 

cell.  

The permeability of CO2, H2, CO and N2 obtained at increasing CO2 concentrations 

with mixed gas feed is shown in Figure 4.16, for which the exact composition of each 

quaternary mixture is listed in Table 4.10. For comparison purposes, the data of the 

single gas permeability have also been included (plotted at 0 vol %). The most 

remarkable effect observed was a drastic decrease, around 40-50%, of the CO2 

permeability at very low CO2 concentrations (5 vol %) compared to the single gas 

permeability, while a further increase in the CO2 concentration has a small influence. 

Moreover, the permeability of the other gases of the mixture decreased an additional 

10-20% with respect to that obtained with ternary mixtures without CO2, yet this 

effect is less marked for H2. This trend may be also ascribed to a competitive sorption 

in the IL that is more significant for the most condensable gases, i.e., those gases with 

preferential solubility in ILs.   

Consequently, the H2/N2 and H2/CO mixed gas selectivities increased with respect 

to both the ideal gas selectivity and that obtained with ternary mixtures without CO2, 

as shown in Table 4.10, because H2 mixed gas permeability was less affected than CO 

and N2. In contrast, the CO/N2 mixed gas selectivity slightly decreased compared to 

the ideal gas selectivity.  
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Figure 4.16. Influence of CO2 concentration on gas permeability with quaternary gas 

feeds: (a) CO2 (●) and H2 (▲); (b) CO (■) and N2 (♦). Data corresponding to 0 vol % 

represent pure gas permeability. Feed composition listed in Table 4.10. 
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Table 4.10. Ideal selectivity and mixed gas selectivities of ternary and quaternary 
mixtures containing carbon dioxide (5-20 vol %) at 303 K. 
Feed gas composition  Selectivity 
N2/CO/H2/CO2 (vol %) H2/N2 H2/CO CO/N2 
Ideal selectivity (pure gases) 11.3 5.7 2.0 
60/20/20/0 12.9 6.6 1.9 
55/20/20/5 13.6 7.5 1.8 
50/20/20/10 13.4 8.4 1.6 
55/15/15/15 13.2 8.9 1.5 
50/15/15/20 14.0 8.9 1.6 

4.4.4. Stability of SILMs 

The use of ILs as supporting media for the preparation of gas separation membranes 

advocated in this work is now tested for long-term stability. Regarding SILMs 

stability, it was found that when the pressure difference across the SILM was set 

above 250 kPa a sharp change of the gas flux took place within 1-2 days of operation. 

Since the flux did not return to the original value when the previous pressure 

conditions were established again, it was concluded that the applied pressure 

exceeded the burst out pressure of the IL. On the contrary, at 150 kPa, SILMs were far 

more stable, to the point that they were removed at the conclusion of the testing 

period without any noticeable loss of performance.  

In addition, the same SILM was employed to test different experimental conditions 

over periods up to two weeks. As an example, Figure 4.17 collects the data of all the 

experiments performed with a copper(I)-containing SILM including pure and mixed 

gas as well as temperature shifts. The exponential decrease of N2 permeability 

observed during the first hours of operation corresponds to the stabilization of the 

SILM under pressure described in the experimental section. Concerning the carrier 

stability, a partial oxidation of the copper(I)-carrier was not observed since, as it can 

be appreciated in Figure 4.17, the permeability of CO was enhanced even after long 

operation time.  
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Figure 4.17. History of effective chlorocuprate(I)-based SILM permeability with pure 

(hollow symbols) and mixed gases (filled symbols) over time: N2 (squares) and CO 

(circles). ∆P = 150 kPa. 

 

 

4.5. Conclusions 

In this chapter, the ability of the chlorocuprate(I) species described throughout this 

work to provide facilitated-transport of CO through IL-based membranes has been 

explored for the first time and the membrane performance to selectively separate CO 

from N2 assessed. Here, two different types of membranes, among the various 

approaches described in literature to fabricate IL-based membranes, have been 

selected on the basis of long-term stability and high permeation rates, namely, 

polymerized ionic liquid-ionic liquid composite membranes (PIL-IL) and supported 

ionic liquid membranes (SILM) were prepared. 
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Composite copper(I)-containing PIL-IL membranes with several compositions 

were successfully prepared by UV-photopolymerization, however, the permeation 

properties of the gases under study seemed to be very limited by the rigid polymer 

matrix formed. Although the gas transport through these membranes increased with 

higher contents of non-polymerizable IL, there was no evidence of facilitated-

transport of CO through this type of membranes.  

In contrast, gas permeability through the supported chlorocuprate(I)-based ILs 

was clearly higher than through PIL-IL membranes and more importantly, facilitated-

transport of CO was achieved through these membranes. The facilitated-flux of CO, 

and consequently the CO/N2 selectivity, increased with temperature and copper(I) 

carrier concentration, yet the effect of carrier concentration was less significant at the 

low pressure differences applied across the membrane. In the best conditions tested, 

a CO permeability of 37.3 barrer and CO/N2 ideal selectivity of 3.3 were found, which 

is a clear signal of the challenging separation that is being addressed. In the field of 

gas separation, the difficulty of the CO/N2 separation could be compared to the 

oxygen recovery from air, for which the most permeable polymeric membranes 

(>100 barrer) roughly present O2/N2 ideal selectivities above 4 [89]. In addition, the 

results obtained suggest that this kind of membranes could also be useful for the 

simultaneous recovery of H2 and CO from N2-rich streams due to the combination of 

high H2 permeability and improved CO transport over that of N2.  

Finally, these membranes were tested in continuous operation with synthetic 

mixtures containing CO, N2, H2 and minor concentrations of CO2. Mixed gas 

experiments performed with CO and N2 through the reactive SILMs revealed a slight 

CO/N2 selectivity decrease of ~20% with respect to the ideal selectivity calculated 

with pure gas permeabilities. Moreover, a negative coupling effect was observed for 

ternary and quaternary mixtures that significantly altered the permeability of the 

most soluble gases, particularly CO2. With respect to membrane stability, several 

SILMs were tested in continuous operation under different operating conditions for 

more than one week without loss of performance, thus demonstrating the suitability 
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of employing ILs, which have negligible vapor pressure, as replacement of 

conventional volatile solvents. 
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Abstract 
 

This chapter highlights the most important milestones reached in the development of 

innovative gas separation processes for the selective recovery of CO from N2-rich 

streams. The main conclusions drawn from the analysis of the experimental results 

presented throughout this thesis and the convenience of using the novel element 

proposed in this work to address such separation, i.e., ionic liquids, are now 

presented. Even more importantly, the main challenges ahead for further 

development of the proposed technologies are identified and a number of research 

opportunities are eventually provided for their future exploration. 
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5.1. General conclusions 

This thesis aims at the development of innovative and alternative gas separation 

processes for the selective recovery of valuable compounds from industrial 

multicomponent systems. Particularly, the separation of CO present at low to medium 

concentrations in N2-rich streams is sought by means of an energy efficient process 

that does not require the use of volatile, toxic and flammable solvents. Therefore, 

ionic liquids are proposed as alternative solvents to perform the aforementioned 

separation instead of the aromatic hydrocarbons conventionally employed for the 

same purpose, principally, toluene. 

In order to achieve that global aim, this thesis has been structured in three distinct 

parts that comprehend: (i) the selection and characterization of a suitable ionic liquid 

that provides selectivity towards the desired target compound, i.e., CO; (ii) the study 

of the absorption kinetics of CO in ionic liquid media; and (iii) the development of 

ionic liquid-based membranes to perform the separation of CO from N2 and other 

typical constituents of industrial streams. 

The main conclusions drawn from the analysis of the results obtained in this work 

are now highlighted: 

1) Given the almost identical physical properties of CO and N2, their separation 

must rely on a reactive process. By analogy with the currently applied 

COSORB process that employs a copper(I) salt dissolved in toluene to 

selectively absorb CO, halometalate-based ionic liquids whose ability to bind 

CO molecules was demonstrated in a previous work of this research group 

(O.C. David et al., Sep. Purif. Technol. 97 (2012) 65-72), are proposed to 

perform this separation. The selected ionic liquid is formed by blending a 

halide-based ionic liquid with a transition metal halide salt in different 

proportions; in this case, 1-hexyl-3-methylimidazolium chloride 

([hmim][Cl]) and cuprous chloride (CuCl) were employed as precursors. The 

resulting ionic liquids consist of a series of chlorocuprate(I) anionic 
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complexes whose chemical composition depends on the availability of 

chloride anions. 

 

2) Ionic liquids have great solvation capacity, thus their use avoids the 

limitation of dissolving copper(I) salts in molecular solvents. While the 

COSORB process employs a bimetallic salt, CuAlCl4, coordinated with an 

aromatic hydrocarbon, the ionic liquid [hmim][Cl] can dissolve huge 

amounts of CuCl. Furthermore, the chlorocuprate(I) species in ionic liquid 

media are stabilized against oxidation and disproportionation, hence one of 

the main problems associated to the use of molecular solvents is overcome. 

 
3) Moreover, ionic liquids are usually viscous liquids, particularly [hmim][Cl], 

which presents hydrogen-bonding interactions and highly localized charge 

on the small chloride anions. Density and viscosity measurements of the 1-

hexyl-3-methylimidazolium chlorocuprate(I) ionic liquids are reported in 

this work for the first time as function of CuCl concentration and 

temperature. It was found that the addition of CuCl produces a sharp 

viscosity decrease, e.g., more than 3-fold in 2 mol L-1 CuCl solutions, hence 

the mass transfer resistance of the resulting ionic liquids is significantly 

reduced. Also, temperature have a strong effect on the ionic liquid viscosity 

regardless of the CuCl concentration. In addition, the study of the flow 

behavior of these ionic liquids was performed revealing that they present a 

strong non-Newtonian shear-thinning character at room-temperature. Yet, 

they become Newtonian fluids on increasing the temperature owing to 

hydrogen network breakdown. 

 

4) Also, the transport properties of copper(I) were characterized by 

electrochemical methods so as to determine the mobility of copper(I) in the 

above-mentioned ionic liquids. Copper(I) diffusion coefficients ranged from 

2.9 x 10-9 to 7.7 x 10-9 cm2 s-1 between 293-313 K with and activation energy 

of 37.0 kJ mol-1 in 0.1 mol L-1 CuCl solutions. These diffusion coefficients are 
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relatively low owing to the viscosity of the ionic liquid at that CuCl 

concentration what may hinder the development of an absorption process 

based on this halometalate ionic liquid. However, it should be noticed that 

diffusion will be enhanced at higher CuCl concentrations for which the 

viscosity of the system is drastically reduced. 

 
5) Once characterized the ionic liquid transport properties, the kinetics of the 

CO reactive absorption process have been assessed for the first time in ionic 

liquid media. So far, the kinetics of the reactive absorption of CO had only 

been derived in aqueous or organic solvents. The kinetic constant of the 

reaction between CO and the chlorocuprate(I) anionic complexes of the ionic 

liquid was obtained from reactive absorption experiments performed in a 

batchwise-operated reactor at several temperatures and CuCl 

concentrations. Two different methodologies were employed to ensure the 

accuracy of the kinetic results: (i) assuming that experiments were 

performed in the pseudo first-order kinetic regime (which does not require 

knowledge of CO mass transfer in the absence of reaction), and (ii) 

determining in first place the mass transfer coefficients in the absence of 

chemical reaction with an inert model gas and then employing the results 

from the CO reactive absorption experiments to derive the kinetic constants 

of reaction applying the DeCoursey approach. The complexation reaction is 

first-order in each reactant and overall second-order. The forward kinetic 

constant is 2.45 x 10-4 m3 mol-1 s-1 at 303 K and the activation energy is 23.7 

kJ mol-1. The results obtained in this work will allow designing and 

optimizing the reactive uptake of CO in chlorocuprate(I)-based ionic liquids.  

 

6) Finally, with the aim of performing the CO/N2 separation with an efficient 

and cost-effective technology, two different types of ionic liquid-based 

membranes have been fabricated with the CO-selective ionic liquid system: 

(i) PIL-IL composite films and (ii) SILMs. Although the former configuration 

has higher stability, there was no evidence of CO facilitated-transport 
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through this type of membranes due to the formation of a rigid matrix in 

which gas diffusion is restricted. In contrast, this work has proved for the 

first time that the CO transport can be enhanced through SILMs, which in this 

case were prepared with chlorocuprate(I)-based ionic liquids, hence the 

viability to selectively separate CO from N2 employing SILMs has been 

demonstrated. This is a very interesting finding as polymeric membranes 

cannot provide CO/N2 selectivity and previous attempts to improve the CO 

transport through liquid membranes employed volatile aqueous or organic 

solvents that yielded chemically and mechanically unstable membranes with 

difficult industrial implementation. Continuous experiments performed with 

SILMs revealed that the carrier activity does not decay and SILMs are 

mechanically stable provided that the burst out pressure of the ionic liquid 

is not exceeded. Moreover, experiments performed with synthetic gas 

mixtures with similar compositions than those found in industrial streams 

indicate that although the real performance of this type of membranes may 

be lower than the ideal behavior commonly reported, this worsening of the 

separation effectiveness may be not as sharp as in some polymeric 

membranes. 

On the whole, the application of CO-selective ionic liquids that enable the selective 

recovery of CO by means of a reversible complexation reaction is studied in this work 

for the first time. However, results presented here may be insufficient to meet the 

industrial requirements for an efficient and cost-effective separation process. This 

work, therefore, represents just a first milestone on the use of ionic liquids for the 

purpose of selectively recovering CO from N2-rich industrial gas streams and more 

research efforts aimed at solving the main drawbacks found during the development 

of this project could certainly lead to a competitive separation process based on the 

technology proposed here.  
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5.2. Recommendations for future research 

A survey of research strategies that can be explored to improve the performance of 

an ionic liquid-based separation process for CO selective recovery is now given: 

1) A reduction of the viscosity of the ionic liquid system is required to enhance 

the mass transfer rates and reduce energy costs associated to a potential 

separation process by reactive absorption. To that end, blending ionic liquids 

with high-boiling point low viscous organic solvents, e.g., imidazoles, can be 

explored. Moreover, the assessment of new ionic liquid-metal salt systems in 

which the charge density is more delocalized than in chloride anions is 

proposed in Table 5.1 in order to reduce the resulting viscosity. 

 

Table 5.1. Properties of ionic liquid-metal salt systems employed in this work and 
proposed for further development.  
Ionic liquid 
 

Viscosity 20ºC 
(mPa s) 

m.p. 
(K) 

Price 
(€/250 g) 

Related 
copper(I) salt  

Price  
(€/25 g) 

[hmim][Cl] 14160 188 265  CuCl            76 

[emim][SCN] 29 267 170  CuSCN        43 

[emim][CF3SO3] 52 262 310  CuCF3SO3    600 

[emim][CH3CO2] 91-202 253 175  CuCH3CO2  350 

 

2) If these low viscous ionic liquids provide CO/N2 selectivity, their 

incorporation into composite poly(ionic liquid)-ionic liquid or polymer-ionic 

liquid membranes may lead to very stable membranes with improved CO 

transport rates. 

 

3) Apart from the diffusivity of reactants, it has been shown that the equilibrium 

constant of the complexation reaction is a key parameter that greatly 

contributes to the facilitated-transport in membranes as long as the reaction 

maintains its reversible character. A combination of different CO-complexing 
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transition metals, e.g., nickel, cobalt, iron, may prove a useful approach to 

improve both the CO sorption capacity and CO facilitated-transport. 

 
4) Similarly, metal-organic frameworks (MOFs) based on transition metals with 

very high CO sorption capacity, up to 6 mmol g-1, have been reported (E.D. 

Bloch et al., J. Am. Chem. Soc. 136 (2014) 10752-10761). This type of 

adsorbents may represent an excellent opportunity to fabricate stable 

mixed-matrix membranes (MMMs) that provide CO/N2 selectivity. 
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5.3. Conclusiones generales 

El objetivo de esta tesis es el desarrollo de procesos de separación innovadores de 

gases que permitan llevar a cabo la recuperación selectiva de componentes de interés 

industrial, como por ejemplo el CO y el H2, a partir de sistemas multicomponente 

presentes en la industria química actual. En particular, se persigue conseguir la 

separación del CO presente en baja y media concentración en corrientes con elevado 

contenido de N2 mediante un proceso energéticamente eficiente que no requiera del 

empleo de disolventes volátiles, tóxicos o inflamables. Por esta razón, se propone el 

uso de líquidos iónicos como absorbentes alternativos para llevar a cabo dicha 

separación con el fin de reemplazar los hidrocarburos aromáticos, p. ej., tolueno, 

actualmente empleados para tal fin. 

Para lograr este objetivo global, esta tesis se ha estructurado en tres partes 

diferenciadas que comprenden: (i) la selección y caracterización de un líquido iónico 

adecuado que ofrezca selectividad hacia el compuesto de interés, es decir, el CO;        

(ii) el estudio de la cinética de absorción de CO en medio líquido iónico; (iii) el 

desarrollo de membranas basadas en líquidos iónicos para llevar a la separación de 

CO de N2 y otros gases constituyentes de las corrientes industriales. 

Las principales conclusiones derivadas del análisis de los resultados obtenidos en 

este trabajo se destacan a continuación: 

1) Debido a las propiedades casi idénticas del CO y el N2, su separación selectiva 

debe basarse en un proceso reactivo. Por analogía con el proceso COSORB 

actualmente aplicado, el cual emplea una sal de cobre(I) disuelta en tolueno 

para absorber selectivamente el CO, se propone en este trabajo el empleo de 

líquidos iónicos que contienen halometalatos, cuya habilidad para reaccionar 

con las moléculas de CO fue demostrada en un trabajo previo de este grupo 

de investigación (O.C. David et al., Sep. Purif. Technol. 97 (2012) 65-72). El 

líquido iónico seleccionado se forma combinando un líquido iónico con anión 

halógeno con una sal metálica en diferentes proporciones; en este caso, el 

cloruro de 1-hexil-3-metilimidazolio ([hmim][Cl]) y cloruro cuproso (CuCl) 
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fueron empleados como precursores. El líquido iónico resultante está 

compuesto por una serie de complejos aniónicos clorocupratos, cuya 

composición química depende de la disponibilidad de aniones cloruro.  

 

2) Los líquidos iónicos presentan una gran capacidad de disolución, por lo que 

su uso elimina la dificultad que entraña disolver sales cuprosas en 

disolventes moleculares acuosos u orgánicos. Mientras que el proceso 

COSORB emplea un sal bimetálica, CuAlCl4, coordinada con hidrocarburos 

aromáticos, el líquido iónico [hmim][Cl] puede disolver grandes cantidades 

de CuCl. Además, las especies clorocuprato(I) en medio líquido iónico se 

encuentran estabilizadas frente a la oxidación y desproporción, por lo que de 

esta forma también se elimina uno de los principales problemas asociados al 

uso de disolventes moleculares. 

 
3) Asimismo, los líquidos iónicos son habitualmente compuestos viscosos, en 

especial el [hmim][Cl] debido a que presenta interacciones por puentes de 

hidrógeno y una densidad de carga muy localizada en unos átomos pequeños, 

los aniones cloruro. La densidad y la viscosidad del líquido iónico reactivo 

clorocuprato(I) de 1-hexil-3-metilimidazolio se ha medido por primera vez 

en este trabajo en función de la concentración de CuCl y de la temperatura. 

Se ha encontrado que la adición de CuCl produce una importante 

disminución de la viscosidad, p. ej., más de tres veces en las disoluciones que 

contienen CuCl en concentración 2 mol L-1, dando lugar por tanto a una 

reducción de la resistencia a la transferencia de materia en el líquido iónico 

resultante.  Además, la temperatura afecta significativamente a la viscosidad 

de los líquidos iónicos independientemente de la concentración de CuCl. 

Igualmente, el estudio del comportamiento reológico de estos líquidos 

iónicos reveló que presentan un marcado carácter no-Newtoniano 

característico de fluidos pseudoplásticos. No obstante, al aumentar la 

temperatura  (>343 K) se convierten en fluidos Newtonianos debido a la 

ruptura de la red de puentes de hidrógeno.  
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4) Igualmente, las propiedades de transporte del cobre(I) fueron estudiadas 

mediante técnicas electroquímicas para determinar la movilidad del cobre 

en el líquido iónico antes mencionado. El coeficiente de difusión del cobre(I) 

en disoluciones de 0.1 mol L-1 CuCl varía entre 2.9 x 10-9 a 293 K y  7.7 x 10-9 

cm2 s-1 a 313 K, con una energía de activación de 37.0 kJ mol-1. Estos 

coeficientes de difusión son relativamente bajos debido a la viscosidad del 

líquido iónico a esa concentración de CuCl, lo que puede dificultar el 

desarrollo de un proceso de absorción basado en el empleo de estos líquidos 

iónicos. Sin embargo, debe tenerse en cuenta que la difusividad de las 

especies de cobre será superior en disoluciones más concentradas en las que 

la viscosidad del líquido iónico se reduce drásticamente. 

 
5) Una vez caracterizadas las propiedades de transporte del cobre en el líquido 

iónico, la cinética de la absorción reactiva de CO se ha evaluado por primera 

vez en medio líquido iónico, ya que hasta ahora, tan solo había sido descrita 

en disolventes de base acuosa u orgánica. La constante cinética de la reacción 

entre el CO y los complejos aniónicos clorocuprato(I) presentes en el líquido 

iónico fue obtenida a partir de experimentos de absorción reactiva llevados 

a cabo en un reactor discontinuo a distintas temperaturas y concentraciones 

de CuCl. Dos metodologías diferentes fueron aplicadas para asegurar la 

exactitud de los resultados cinéticos: (i) asumiendo que los experimentos se 

realizaron en el régimen cinético de pseudo primer-orden (en el que no es 

necesario tener conocimiento previo de la velocidad de la transferencia de 

materia en ausencia de reacción química), y (ii) determinando en primer 

lugar los coeficientes de transferencia de materia en ausencia de reacción 

química, para lo que se empleó un gas modelo inerte, y posteriormente 

utilizando los resultados de la absorción reactiva con CO para obtener la 

constante cinética de reacción aplicando la aproximación de DeCoursey. La 

reacción de complejación entre el CO y las especies clorocuprato(I) es de 

segundo orden, es decir, primer orden respecto a cada uno de los reactivos. 

La constante cinética de la reacción directa es 2.45 x 10-4 m3 mol-1 s-1 a 303 K 
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y la energía de activación es 23.7 kJ mol-1. Los resultados obtenidos en este 

trabajo permiten realizar el diseño y optimización de un proceso de 

absorción reactiva de CO en líquidos iónicos. 

 

6) Finalmente, con el objetivo de llevar a cabo la separación CO/N2 de forma 

eficiente empleando una tecnología con bajo requerimiento energético, se 

han fabricado dos tipos de membranas basadas en los líquidos iónicos 

selectivos al CO propuestos en este trabajo: (i) membranas compuestas 

formadas combinando un líquido iónico polimerizado y un líquido iónico sin 

polimerizar y (ii) membranas líquidas soportadas. Aunque la primera de las 

configuraciones presenta mayor estabilidad, en ellas no se encontró ninguna 

evidencia de transporte facilitado de CO probablemente debido a la 

formación de una matriz polimérica rígida en la que la difusividad de los 

gases se encuentra enormemente restringida. Contrariamente, este trabajo 

ha demostrado por primera vez la viabilidad de incrementar el transporte de 

CO a través de membranas líquidas soportadas preparadas con un líquido 

iónico, y en consecuencia, de llevar a cabo la separación CO/N2. Se trata por 

tanto de un resultado de gran interés puesto que las membranas poliméricas 

comúnmente empleadas en separación de gases no ofrecen selectividad para 

realizar esta separación. Asimismo, intentos previos de incrementar el 

transporte de CO a través de membranas líquidas soportadas preparadas con 

fases acuosas u orgánicas daban lugar a membranas química y 

mecánicamente inestables, lo que dificulta su implementación a nivel 

industrial. En este trabajo, experimentos llevados a cabo en continuo con 

líquidos iónicos soportados en membranas revelaron que la actividad del 

agente transportador –cobre(I)- no se veía afectada a corto plazo y que las 

membranas preparadas eran mecánicamente estables siempre que la 

presión a la que el líquido iónico es expulsado de los poros de la membrana 

no fuese superada. Además, experimentos llevados a cabo con mezclas 

sintéticas de gases con composiciones similares a las encontradas en 
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corrientes industriales indicaron que aunque la eficacia de la separación se 

reduce en comparación con el comportamiento idealmente esperado, este 

empeoramiento puede no ser tan acusado como el que podría encontrarse 

actualmente en ciertas membranas poliméricas. 

En resumen, en esta tesis se ha estudiado por primera vez el uso de líquidos 

iónicos que permiten la recuperación selectiva de CO por medio de una reacción de 

complejación reversible. Sin embargo, los resultados presentados aquí podrían 

resultar insuficientes para alcanzar los requerimientos industriales para llevar a cabo 

un proceso de separación de forma eficiente.  Este trabajo, por lo tanto, representa 

tan solo el primer hito en el uso de líquidos iónicos con el propósito de separar 

selectivamente CO de corrientes industriales con elevado contenido de N2. En 

conclusión, es necesario un mayor número de proyectos de investigación en este 

campo encaminados a superar las principales dificultades identificadas en este 

trabajo para dar lugar a un proceso de separación competitivo basado en la tecnología 

aquí propuesta. 
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5.4. Recomendaciones de trabajo futuro 

A continuación se enumera una serie de estrategias que pueden ser exploradas con el 

fin de mejorar el rendimiento de los procesos de separación basados en líquidos 

iónicos para la recuperación selectiva de CO: 

1) Con el fin de mejorar la transferencia de materia y reducir los costes 

asociados a un potencial proceso de separación mediante absorción reactiva 

se hace necesario reducir la viscosidad del líquido iónico empleado. Para ello, 

podría explorarse la combinación de líquidos iónicos con disolventes 

orgánicos de elevado punto de ebullición y baja viscosidad, p. ej., imidazoles. 

Asimismo, se propone en la Tabla 5.1 la evaluación de nuevos sistemas 

formados por otras sales de cobre(I) y líquidos iónicos análogos con baja 

viscosidad en los que la densidad de carga se encuentre más deslocalizada 

que en los aniones cloruro, de forma que podría incrementarse la 

disponibilidad y movilidad del cobre(I). 

 

Tabla 5.1. Propiedades del sistema líquido iónico-sal metálica utilizado en este 
trabajo y de nuevos sistemas propuestos para un desarrollo futuro.  
Líquido iónico 
 

Viscosidad 293 K 
(mPa s) 

p.e. 
(K) 

Precio 
(€/250 g) 

Sal de 
cobre(I)  

Precio 
(€/25 g) 

[hmim][Cl] 14160 188 265  CuCl            76 

[emim][SCN] 29 267 170  CuSCN        43 

[emim][CF3SO3] 52 262 310  CuCF3SO3    600 

[emim][CH3CO2] 91-202 253 175  CuCH3CO2  350 

 

2) En el caso de que los nuevos sistemas propuestos permitieran llevar a cabo 

la separación CO/N2, su combinación con  líquidos iónicos polimerizados o 

polímeros para formar membranas compuestas podría resultar en la 

consecución de membranas con gran estabilidad mecánica y transporte de 

CO mejorado. 
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3) A parte de la difusividad de los reactivos, se ha mostrado que la constante de 

equilibrio de la reacción de complejación desempeña un papel fundamental 

en el transporte facilitado de CO en membranas, y que esta variable debería 

ser lo más grande posible, siempre y cuando la reacción mantenga su 

carácter reversible. Una combinación de diferentes metales de transición con 

capacidad de complejar al CO, p. ej., níquel, cobalto, hierro, podría resultar un 

enfoque útil para aumentar tanto la capacidad de absorción como el 

transporte facilitado de CO en membranas.  

 
4) Igualmente, nuevos materiales orgánicos microporosos que contienen 

metales en el interior de su estructura  (Metal-Organic Frameworks o MOFs) 

y que presentan una gran capacidad de absorción de CO, de hasta 6 mmol g-1 

(E.D. Bloch et al., J. Am. Chem. Soc. 136 (2014) 10752-10761), pueden 

emplearse para fabricar las denominadas membranas de matriz compuesta 

(Mixed-Matrix Membranes o MMMs) que también pueden representar una 

excelente oportunidad para obtener membranas estables que ofrezcan 

selectividad hacia el CO. 
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A.3. Health and safety considerations 

Acute exposure guideline levels (AEGLs) and threshold limit value of carbon 
monoxide 

The AEGLs are divided in three distinct categories according to the National 
Academies of Science, Engineering and Medicine (U.S.A.): 

AEGL-1: is the airborne concentration, expressed as parts per million or milligrams 
per cubic meter (ppm or mg/m3) of a substance above which it is predicted that the 
general population, including susceptible individuals, could experience notable 
discomfort, irritation, or certain asymptomatic nonsensory effects. However, the 
effects are not disabling and are transient and reversible upon cessation of exposure. 

AEGL-2: is the airborne concentration (expressed as ppm or mg/m3) of a substance 
above which it is predicted that the general population, including susceptible 
individuals, could experience irreversible or other serious, long-lasting adverse 
health effects or an impaired ability to escape. 

AEGL-3: is the airborne concentration (expressed as ppm or mg/m3) of a substance 
above which it is predicted that the general population, including susceptible 
individuals, could experience life-threatening health effects or death. 

In addition, the Threshold Limit Value – Time Weighted Average (TLV-TWA) 
established by the American Conference of Governmental Industrial Hygienists, and 
applicable in Spain (Instituto Nacional de Seguridad e Higiene en el Trabajo, 2014), is 
defined as: the time-weighted average concentration for a normal 8-hour workday 
and a 40-hour workweek, to which nearly all workers may be repeatedly exposed, 
day after day, without adverse effect. 

Table A.1. AEGL and TLV-TWA values for CO. 
AEGL Level 10 min 30 min 1 h 4 h 8 h 

AEGL-1a - - - - - 

AEGL-2 420 ppm - 

480 mg/m3 

150 ppm - 

170 mg/m3 

83 ppm - 

95 mg/m3 

33 ppm - 

 38 mg/m3 

27 ppm - 

 31 mg/m3 

AEGL-3 1700 ppm - 

1900 mg/m3 

600 ppm - 

690 mg/m3 

330 ppm - 

380 mg/m3 

150 ppm - 

170 mg/m3 

130 ppm - 

150 mg/m3 

TLV-TWA - - - - 25 ppm –  

31  mg/m3 

aNot recommended because susceptible persons may experience more serious effects (equivalent to AEGL-
2 level) at concentrations, which do not yet cause AEGL-1 effects in the general population. 
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Symptoms of carbon monoxide poisoning 

Table A.2. Concentrations of CO and associated symptoms (M. Goldstein, J. Emerg. 
Nurs. 34 (2008) 538-542). 

Concentration (ppm) Symptoms 
35 Headache and dizziness within 6 to 8 h of constant 

exposure 
100-400 Slight headache within 1 to 3 h 
800 Dizziness, nausea, and convulsions within 45 min; 

insensible within 2 h 
1600 Headache, tachycardia, dizziness, and nausea within 20 

min; death in less than 2 h 
3200 Headache, dizziness, and nausea in 5 to 10 min; death 

within 30 min 
6400 Headache and dizziness in 1 to 2 min; convulsions, 

respiratory arrest, and death in less than 20 min 
12800 Death in less than 3 min 

 

 

Warning detection alarms and security equipment 

The following detection alarms are installed in the laboratory: 

- Carbon monoxide detector (1) 
- Carbon dioxide detector (1) 
- Explosive gas detectors (2) 
- Oxygen detectors (2) 

Table A.3. Detector warnings. 
Detector Alarm 1 Alarm 2 Alarm 3 

Carbon monoxide (ppm) 50 100 200 

Carbon dioxide (%) 0.49 1.0 1.49 

Explosive gas (%) 15.0 30.0 50.0 

Oxygen (%) 19.5 18.4 17.5 

 

In addition, the laboratory is equipped with a portable autonomous breathing 
equipment and fire extinguishers.  
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A.4. Chromatographic methods 

Table A.4. Gas chromatograph configuration. 
3000 GC Configuration Column A Column B 
Injector type Backflush Timed 
Carrier gas Argon Helium 
Column type Molecular sieve Plot U 
Detector type TCD TCD 

Anlyzed gases H2, N2, CO CO2 
 

Table A.5. Gas chromatograph method. 
3000 GC Setpoints  Column A Column B 
Sample Inlet Temperature (°C) 100 100 
Injector Temperature (°C)  100 70 
Column Temperature (°C)  100 65 
Sampling Time (s)  10 10 

Inject Time (ms)  10a 30 
Run Time (s)  150 150 
Post Run Time (s) 10 10 
Pressure Equilibration Time (s)  10 10 
Column Pressure (kPa)  276 103 
Post Run Pressure (kPa)  276 172 
Detector Filament  Enabled Enabled 
Detector Sensitivity  Standard Standard 
Detector Data Rate (Hz) 50 50 
Baseline Offset (mV) 0 0 
Backflush Time (s) 9.5 - 

aInject time is 200 ms for N2 and CO measurements. 
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