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Abstract 

The objective of this work is to compare different membrane materials and different operation 

modes for the separation of CO2 from CH4. In this context, the working principles in terms of gas 

transport properties will be evaluated for three different systems. The discussion concerns: (1) 

poly(ether-b-amide) (PEBAX®1657)/polyacrylonitrile (PAN) composite hollow fibre 

membranes, (2) CO2-selective facilitated transport membranes, and (3) mixed matrix membranes 

based on Polymers of Intrinsic Microporosity (PIMs). 

The Pebax/PAN hollow fibre membranes were prepared by a new continuous coating method 

based on cross flow-filtration of a PEBAX solution. This allows simultaneous internal coating of 

a large number of the porous hollow fibres with a thin selective dense layer of PEBAX®, directly 

inside the module. The membrane preparation was optimized by modulating different 

parameters, such as coating time, polymer concentration and viscosity. The second approach 

discusses the potential use of ionic liquids as a vehicle for facilitated CO2 transport in membrane 

contactors for CO2/CH4 separation. The increase of the CO2 absorption in the ionic liquid 

[BMIM][OTf] by the use of the enzyme Carbonic Anhydrase (CA) was evaluated. The third 

approach analyzes the effect of Metal Organic Frameworks (MOFs) on the performance PIM-1 

based mixed matrix membranes, provided by the School of Chemistry, University of Manchester 

(UK). Single gas permeation measurements were carried out to determine the gas separation 

performance of the membranes. In conclusion, the different types of membranes for CO2/CH4 

separation will be compared, discussing the limitations and the advantages of all membranes and 

methods. 

 

Riassunto 

L’obiettivo di questo lavoro è comparare differenti materiali e processi a membrana per la 

separazione di CO2 dal metano. Le proprietà di trasporto dei gas e i principi di funzionamento 

dei processi di separazione per le differenti tipologie di membrane sono stati valutati. Tre 

differenti tipologie di membrane sono state studiate: membrane composite a fibre cave a base di 

poli(etere-b-ammide) (PEBAX®1657)/poliacrilonitrile (PAN), membrane con trasporto selettivo-

facilitato per la CO2, e membrane a matrice mista preparate disperdendo fillers con struttura 

metallo-organica (MOFs) in un polimero a elevata microporosità intrinseca (PIMs). Le 

membrane composite a fibra cava di Pebax/PAN sono state preparate con un nuovo metodo di 
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“coating” che si basa sulla permeazione in flusso trasversale di una soluzione di PEBAX 

attraverso supporti porosi in PAN. L’innovativo processo di ricoprimento permette la 

preparazione simultanea di un gran numero di membrane composite a fibra cava, direttamente 

quando i supporti porosi sono stati già alloggiati all'interno del modulo. Il processo di 

preparazione è stato ottimizzato cambiando diversi parametri, come il tempo di rivestimento, 

concentrazione del polimero e la viscosità. Il secondo approccio discute il potenziale uso di 

contattori a membrana per il trasporto facilitato di CO2 in liquido ionico. Il trasporto della CO2 

sarà facilitato dalla presenza nel liquido ionico dell’enzima anidrasi carbonica. L’anidrasi 

carbonica catalizza la reazione di idratazione della CO2, permettendo un trasporto facilitato della 

CO2 in forma di ione bicarbonato. Nel terzo approccio è valutato l’effetto dell’aggiunta di fillers 

in membrane a base di PIM-1, sulle proprietà di trasporto della coppia di gas CH4 e CO2. Misure 

di permeazione per i gas puri sono state effettuate in modo da studiare le prestazioni di ogni 

tipologia di membrane nei processi di separazione CO2/CH4. Limiti e vantaggi per ogni tipologia 

di membrana e il loro potenziale utilizzo in processi di upgrading sono stati valutati.  
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Preface 

 

Nowadays energy systems play an important role in economic and social development and in the 

quality of the people’s life. The energy demand is continuously increasing and the energy supply 

plays an important role in the world economy. The global environmental issues could 

significantly affect patterns of energy use around the world. Some new governmental policies 

have been adopted to encourage the introduction of energy efficiency measures, via 

technological changes and via the use of renewable and sustainable energy. In this context, waste 

biomass is one of the most promising alternative sources of energy. It is possible to obtain from 

biomass by anaerobic digestion a mixture of gases, commonly called biogas. Biogas is an 

example of a gaseous biofuel containing energy in the form of methane that can be exploited as 

hear or as fuel for vehicles, for other engines or for energy production.  

Biogas typically contains saturated water vapour, 50-65% of methane, 30-40% of CO2, traces of 

hydrogen sulphide, oxygen, nitrogen, ammonia, siloxanes and volatile organic compounds. The 

heating value of biogas is proportional to the methane concentration and for a higher efficiency, 

the removal of CO2 and other impurities is required. Furthermore, these components can cause 

corrosion and freezing problems in pipes and connections. Cleaning and upgrading of biogas can 

be carried out either by conventional separation techniques, such as pressure swing adsorption, 

water scrubbing and absorption with organic solvents, or by innovative techniques, such as 

separation and purification of biomethane by membrane processes. The membrane process 

presents various advantages with respect to the traditional techniques, such as low energy 

consumption, ease of operation and low environmental impact. One of the most important 

aspects in the biogas treatment with membrane processes is the separation of CH4 and CO2, 

which are the gases present at the highest concentrations. Over the past decades, research groups 

and commercial companies active in gas separation processes by membranes have dedicated 

major attention to this field, aiming at a good outcome in this kind of separation. Different 

membranes have been designed and developed for the CO2/CH4 separation 

The aim of the present thesis was to study and further develop different types of membranes for 

CO2/CH4 separation, and to compare the limitations and the advantages of all membranes and 

methods suitable for this use. 
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Chapter 1. Biogas as an alternative and renewable energy 

source 

 

1.1 Fossil Fuels 

Today the energy supply in the world still depends for the about 90% on traditional sources and 

the use of renewable energy has not yet had a strong development (Figure 1.1). Carbon and 

petroleum are currently the main fuels used. In the world, 25% of electricity is produced in coal-

fired plants. Instead, 35% of fossil fuel is represented by petroleum and the daily consumption is 

about 87 million barrels. The enormous fossil fuels consumption has various environmental 

consequences. In the last several years, carbon has been recognized a one of the most polluting 

energy sources, because during the extraction and combustion process, it emits a lot of CO2, 

sulfur dioxide and in addition heavy metals. The impact of petroleum in this respect is slightly 

less, but assuming that the rate and type of energy consumption can remain constant, numerous 

studies claim that the petroleum will be exhausted in the next four decades and coal in about two 

centuries [1].  

Petroleum Carbon Gas Nuclear Water Renewable fuel and waste Other

35%

23%

21.2%

6.9%

2.2%
10.9%

0.5%

 

Figure 1.1.  Energy Supply in the world [2] 

 

Natural gas is the third important source of fossil energy, extracted from underground reservoirs. 

Depending on the location of its extraction, it can be composed of methane and variable amounts 

of nitrogen or carbon dioxide, as well as hydrogen sulphide, higher hydrocarbons and minor 

other contaminants. Methane has probably the lowest impact in terms of environmental 
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problems, because of the relatively easy separation of the main contaminants via conventional 

separation techniques, to yield relatively pure methane. An unexpected side effect of methane 

extraction, which is currently compromising its extraction in for instance the North of The 

Netherlands, is the occurrence of earthquakes due to the reduction of the pressure in the gas 

bubble, with significant effect on the surface above. 

It is generally recognized that upon the combustion of fossil fuels the emission of toxic chemical 

substances, greenhouse gases like CO2, and other air pollutants causes climate change and 

environmental pollution of air, land and water. This has a negative impact on the health and the 

living quality of humans, animals, plants and other living species on earth. From here derives the 

need for look to the development and expansion of new energy sources that are green and 

renewable.  

 

1.2 Biogas as a renewable source of energy 

Biogas is a renewable energy source, generally referred to as the gas produced from organic 

matter by anaerobic digestion. Biogas is indicated by the U.E as an energy source that can 

provide a gradual reduction of the current state of pollution and it is a viable answer to the 

growing global energy demand [3]. 

 

1.2.1 Environmental benefits 

The use of biogas as source of energy decreases the dependency on the traditional fossil fuels 

carbon, petroleum and natural gas, and can offer a large range of environmental benefits. The 

main dangerous greenhouse gases are CO2 and methane and in natural degradation of biomass, 

these are produced in an uncontrolled way. In the biogas generation process, the CO2 production 

is natural and the methane production is controlled. In fact, the emission of CO2 during the 

process of anaerobic digestion is lower than the amount of CO2 absorbed by plants during 

photosynthesis because part of the biomass is converted into methane. On the contrary, the CO2 

emitted by the combustion of fossil fuels is ex-novo. Different studies [4–7], demonstrated that 

the biogas technology can be reduce the amount of greenhouse gas emission about 2.4 billion 

tons for year. Furthermore, the regulated anaerobic digestion, during the biogas production, can 

prevent the uncontrolled emissions of the methane released naturally during the decomposition 

of carcasses or organic material. In fact, methane is one of the most potent greenhouse gases and 
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it is therefore desirable to control its formation in an anaerobic digester rather than in open field 

composting, and to assure its subsequent conversion into CO2 and water by controlled 

combustion with energy recovery. 

 

Figure 1.2. Schematic representation of the sustainable cycle of anaerobic co-

digestion of animal manure and organic wastes [8]. 

 

Another important aspect is that the use of organic materials as substrate for biogas production 

can be a promising solution to the organic garbage disposal. Moreover the organic solid 

materials digested during the biogas production, generally have a high content of nitrates which 

can be added to the soil as fertilizer. This allows the increase of the soil productivity, reducing 

the necessity to expand the croplands and helping the soil conservation. In addition, biogas 

production via anaerobic digestion can be carried out via relatively small-scale processes outside 

industrialized areas. Especially in such areas the use of biogas as a source of energy decreases 

the dependency on the traditional fuels like wood, avoiding the problem of deforestation and 

related problems. The preservation of the forest, promoting the natural CO2 adsorption by the 

plants, decreases the concentration of this greenhouse gas into the atmosphere, thus mitigating 

the process of global warming.  

 

1.2.2 Health and social benefits 

The use of biogas technology presents numerous health and social benefits.  The uncontrolled 

decomposition of the animal dung, livestock waste and urban waste, is the main cause of the 
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spread of contagious diseases, especially in developing countries. The diffusion of the bio-

digesters and of a biogas policy reduces this risk directly and can furthermore prevent the 

pollution of the air and as a consequence improve the quality of the life. Moreover the 

construction of biogas installations, starting from their first design, construction and the 

exploitation and use of the entire production system promotes employment and job opportunities 

[9].  

 

1.3 Biogas status in the European context 

Recently, the world Energy council and the United Nations (UN) commission on sustainable 

development have reiterated the need for cheap, clean and renewable energy to intensify 

sustainable development [8]. Furthermore, the UN declared 2012 as the “international year of 

sustainable energy” with the purpose to provide universal access to modern energy by 2030. The 

indicative target of the UN, to achieve the climate and energy goals are: 20% reduction of 

greenhouse gas emission, 20% increase of energy efficiency, and 22.1% of the energy had to 

come from renewable sources. In this directive, the biogas produced from biomass offers new 

perspectives to realize these objectives. In Europe, the diffusion of anaerobic digestion started in 

the purification of sludge, and to day it is estimated that 1.600 digesters are operative [10]. The 

amount of biogas produced, the starting matter which is obtained and the end-use, vary 

significantly in the different EU countries (Figure 1.3). 

Germany is the leader in the biogas sector with more than half of the European energy output. 

The position of Germany is followed by the United Kingdom, Italy, France, Austria, and 

Sweden. In the United Kingdom, the biogas production from municipal waste of landfills 

represents the most important source of energy from biomass, with 450 operating plants. Organic 

waste produced annually in the European Union amounted to approximately 1.2 billion tons, of 

which about 90% are animal manure and the rest from urban and industrial organic waste [11]. 

The energy potentially recoverable annually from organic waste to anaerobic digestion in the 15 

EU countries is higher and around 209 million MWh. With the pass of time, the biogas sector is 

changing its primary objective from waste treatment to energy production and currently the 

proposal is the conversion into methane. For example, Sweden has established a market for 

biomethane as fuel for car transport, whereas Germany and Austria predominantly use their 

biogas for electricity production.  
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Figure 1.3. Biogas production in the EU countries [12]  [13] [14]  

1.4 Biogas applications 

Biogas is a vehicle of renewable energy with a potential for different end-use application as 

heating, electricity, combined heat and power generation, transportation fuel. The main 

important parameters that influence the choice to convert biogas into heating, in motion or in 

electricity are the biogas properties and in particular its purity [12]. 

 

1.4.1 Heating 

The conversion of biogas into thermal energy (heat) can be achieved in the most common way, 

using a boiler system, which does not need a high-quality biogas for combustion. The conversion 

efficiencies for heat production are typically 75-85%. The thermal energy obtained from the 

biogas is used for different applications, such as home or industrial heating, heating stables, 

heating greenhouse, stoves and refrigeration systems. The biogas with 65% of methane has a 

calorific value of about 22.35 KJ/m3. The use of such biogas as source of heat present some 

limits: the flammability, flame temperature and it is considered important to assess the flame 

speed. The flammability indicates the maximum and minimum limits of fuel mixture that is 

required for the combustion. The limits of flammability of methane are between 5% and 15% by 

volume in the mixture with air. Instead, the flame temperature of methane is a function of the 

water vapour content. The use of biogas as thermal energy is primarily exploited for cooking and 

for heating. Because of the lower purity than pipeline quality natural gas, the conventional stoves 
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need some adjustments to the combustion system and to the other components of the stove, in 

order to produce a flame regularly and continuously. There are several kinds of biogas stoves in 

use in the world: Peking stove (China), Jackwal stove (Brazil), Patel (Kenya). The efficiency of 

using biogas is 55% in stoves and this is higher than the efficiency of using biogas for other 

applications, like engines ( (24%) or lamps (3%). These applications bring comfort and reduce 

the costs increasing the income of the families.  

 

1.4.2 Electricity  

Biogas can also be converted into electricity using a fuel cell, a gas turbine, a Stirling engine, or 

it in a system for CHP (cogeneration of heat and power). The performance and characteristics of 

these technologies depend in different ways on the biogas purity and the biomethane 

concentration. In general, electrical conversion efficiency decreases with an increase of the CO2 

concentration in the biogas. For this reason, the previous purification step is important. However, 

the electrical efficiency is still low and only the 2.4 kWh of electric power can be produced from 

1m3 of biogas. The electrical power of biogas is mainly used in the form of light, especially in 

areas without the electrical network. Alternatively, biogas is implemented for lighting by using 

special gas mantle lamps with a consume about 0.07-0.14 m3 of biogas per hour, during which it 

produces heat as well. 

 

1.4.3 Power co-generation 

The process based on the simultaneous production of the thermal and electrical energy is called 

co-generation and takes place in units indicated as “Heat and Power generation engines” (CHP). 

In the co-generation system an internal combustion engine is connected to an electricity 

generator. The spark-ignition engine generates heat during the electrical production. This heat, 

which is normally released in the environment, is completely recovered and converted into the 

thermal energy by means of heat exchangers. This leads to a threefold saving: energy savings, 

economic savings and environmental savings. Most of the biogas co-generation plants in Europe 

can be operated without biogas purification if the level of sulphur compounds is low (100ppmv). 

On the other hand, some gas motors require biogas purification steps. However, the co-

generation system presents a lower consumption of fuel (30-40%) compared to the separate 

production of electricity in thermo-electric power stations and heat in a boiler.  



Chapter 1. Overview Biogas 

10 

 

1.4.4 Fuel for transportation 

One of the most important potential applications of biogas is its use as fuel for transport, after 

being upgraded to biomethane. In fact, with respect to natural gas, biogas presents the advantage 

that it can be produced in all places where there is biomass. On the other hand, biogas has about 

half the calorific value of purified natural gas. For this reason the world Energy council decided 

that biogas can be used as an automotive fuel when it has a “Wobbe number” ranging between 

43.9 and 47.3 Mj/m3, which that corresponds to a percentage of methane of 97±2%. Many 

countries are investing on the production of biogas as a fuel for cars, in particular Brazil and 

Sweden. The most important limitation is that the stored energy for a given volume of biogas is 

lower than for the same volume of liquid diesel fuel. For this reason the overall performance of 

the vehicle tends to be lower for biogas. A solution can be the use of liquefied biogas for the 

heavier vehicles that require a large amount of fuel.  The liquefaction process can be achieved 

via further compression and refrigeration, after which storage in specific tanks is needed. 

 

1.5 Biogas production via anaerobic digestion 

Biogas is obtained from biomass by anaerobic digestion. The anaerobic digestion is a complex 

bioprocess consisting of successive, often interactive steps carried out by groups of 

microorganisms with different growth rates and sensitivity to environmental conditions (pH, 

temperature, partial pressure of hydrogen, etc.). The process can be outlined as consisting of the 

following steps (Figure 1.4). 

Disintegration: The complex particulate waste disintegrates to organic polymers such as 

carbohydrates, proteins and lipids. Disintegration lumps a number of steps such as lysis, non-

enzymatic decay, phase separation and physical breakdown. 

Hydrolysis: The organic polymers (carbohydrates, proteins and fats) are hydrolysed 

(depolymerised) by extracellular enzymes to their respective monomers (sugars, amino acids, 

lipids), which can be taken up by the microorganisms for further degradation. In the case of 

particulate complex organic matter consisting of lignocellulosic material (mainly of plant origin), 

pretreatment steps are necessary to enhance hydrolysis by rendering the substrate matrix more 

amenable to enzyme attack. 
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Figure 1.4. Steps of anaerobic digestion and microbial enzymes catalyzed carbon 

flow during anaerobic digestion [16]. 

 

Acidogenesis: A versatile group of microorganisms is able to convert the simple monomers to a 

mixture of volatile fatty acids, alcohols and other simpler organic compounds. This step is also 

often called fermentation. During acidogenesis, large amounts of carbon dioxide are produced as 

well as hydrogen. Especially in the case of sugars fermentation, the amount of hydrogen 

produced can be high and may be harvested for energy recovery. The growth rate of acidogens is 



Chapter 1. Overview Biogas 

12 

quite high with a doubling time of the order of one hour or even less. They are resistant to 

relatively low pH (5–6), giving them the advantage of prevailing in the anaerobic environment 

under adverse conditions.  

Acetogenesis: The higher volatile fatty acids (propionate, butyrate, valerate, etc.) as well as the 

other organic molecules produced in the acidogenesis step are transformed to acetic acid, carbon 

dioxide and hydrogen by the acetogenic bacteria. This step is thermodynamically inhibited by 

hydrogen, meaning that there is an accumulation of mainly propionic and butyric acid, unless 

hydrogen is depleted by the hydrogen-consuming bacteria in other steps. The acetogenic bacteria 

are slow growing microorganisms with a doubling time of the order of days. 

Methanogenesis: There are two distinct groups of microorganisms that produce methane and 

carbon dioxide: (1) the acetoclastic methanogens that grow on acetic acid and produce 

approximately 70% of methane in the biogas, and (2) the hydrogen utilizing methanogens that 

consume hydrogen and carbon dioxide [15]. 

The biogas production can be influenced by process characteristics as: pH, temperature and 

pressure, and by the type of wastewater and the type of biomass. Feedstocks with high 

biomethane potential can be classified as follows: 

Ø Agricultural (livestock manure, agricultural residues, animals mortalities, energy crops) 

Ø Industrial (wastewater, sludges, by-products, slaughterhouse waste, biosolids) 

Ø Municipal (sewage sludge, organic fraction of municipal solid waste) 

 

The choice of the kind of biomass can be made in view of its potential productivity or its 

environmental impact, and depends of course on its local availability. The choice of substrate 

based on its nature is a strategy to obtain the maximum possible energy content into biogas. 

Table 1.1 reports the electrical and heating power, based on the feedstock composition. The 

lignocellulosic wastes mainly include dedicated crops and specific crop residues. There are 

dedicated crops as corn, Sorghum vulgare, Triticale, that ensure profitable production of biogas. 

Studies indicated that young plant materials possess a relatively soluble nature, hence it can 

generate comparatively higher amounts of biogas and less solid residues than woody plant 

materials that possess more non-water soluble components such as lignin, cellulose, 

hemicelluloses and polyamides [4]. However, lignocellulosic wastes have a high C/N ratio (the 

ratio between carbon and nitrogen atoms present into the substrate) that leads to a decrease in 

biogas production. For this reason the co-digestion with the organic matter is preferred, allowing 

higher production of biogas. 
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Table 1.1. Quantification of the yield of biogas as function of m3 of biomass [6]  

Feedstock ADTa 

[°C] 

DT b 

[day] 

Biogas production 

[mL/g VS] 

Methane production 

[mL/g VS] 

Lignocellulose waste: 

Rice straw 

 

37 

 

40 

 

325.3 

 

178.3 

Corn straw 37±1 35 - 216.7 

Wheat straw 35±0.5 31 449 296 

Municipal waste 35 200 - 340 

Waste sludge 37 10 Increase 50% Increase 43.5% 

a) Anerobic digestion temperature 
b) Digestion time 

 

The biogas production from municipal solid waste is a matter of great interest, opening up new 

opportunities in relation to the complex requirements for the disposal of waste and production of 

energy from renewable sources. The main advantage of this substrate is that its anaerobic 

digestion does not necessitate a higher reactor volume, while a lower amount of water and 

energy can be used in the process. The controlled anaerobic digestion of biomass for biogas 

production takes place in suitable structures designed to maximize the production of methane 

from the substrate, facilitating the fermentation of components under anaerobic conditions. The 

biogas composition and the methane concentration depend on the operation conditions and on 

the origin of the substrate (Table 1.2). 

 

Table 1.2. Composition of the biogas by landfill and of the biogas by digestor compared with the composition of 
natural gas extracted from North Sea and from the Slochteren gas field in The Netherlands [17]. 

 Biogas landfill Biogas digester North sea Netherlands 

Calorific power (MJ/Nm3) 16 23 40 31.6 

Methane (%vol) 30-65 53-70 70 - 

CO2 (%vol) 15-50 30-50 1.2 1 

 

The methane concentration of the biogas produced by landfill or in a digester is lower than that 

of most sources of natural gas. For this reason, biogas can fed into the home network or it can be 

used as a fuel only after various steps of treatment that allow adequate purification of methane 

from the other components such as CO2. Another important parameter for the estimation of 

biogas that can be produced by different types of biomass, is the percentage of the so-called 

volatile solids. The volatile solid compounds are the amount of degradable matter respect to the 
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quantity of raw material introduced into the digester. The volatile solids are on average 70-80% 

of the total solids, and knowing their content allows the estimation of amount of biogas that can 

be extracted from each tonne of biomass (Table 1.3). 

 

Table 1.3.  Amount of biogas produced per m3 of biomass. 

Matter Biogas yield  (m³/ ton SV) 

Livestock 200 - 500 

Crop waste 350 - 400 

Agro-industrial organic waste 450 - 800 

Organic waste from slaughter 550 - 1.000 

Sewage sludge 250 - 350 

Organic fraction of urban waste 400 - 600 

Crops energy 550 - 750 

 

With increasing volatile solids content the biogas yield increases to a certain extent, but the 

equilibrium and productivity of the digestion process can also be greatly affected by other 

factors. The addition of large amounts of new material in the digester may cause a temporary 

inhibition of bacterial activity and thus a decrease in the yield of the process. For this reason it is 

important to control other process parameters such as temperature, pH and retention time. 

Moreover, many actions can increase gas production during biogas digestion, including 

introduction of accelerants, biological or chemical additives. The biogas produced through 

anaerobic digestion is collected, dried, compressed and stored to be directed to the processes of 

purification. 

 

1.6 Purification process: transforming Biogas into biomethane 

The biogas from anaerobic digestion and landfills consists primarily of methane, CO2 and water 

vapour. Trace components that are present in raw biogas are hydrogen sulfide, siloxanes, 

hydrocarbons, ammonia, oxygen, carbon monoxide and nitrogen (Table 1.4). A purification 

treatment is needed in order to reach a comparable heat power between biogas and methane 

extracted from natural resources. In order to convert biogas into bio-methane two steps are 
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necessary: a cleaning process to remove the harmful components and an upgrading process to 

increase the heating value by removal of inert and mostly harmless species [18]. 

 

Table 1.4. The raw biogas composition [8] 

 Main compounds Amount (%)  Trace compound Amount (%) 

CH4 40-75  H2S 0.005-2 

CO2 15-60  Siloxanes 0-0.02 

H2O 5-10  VOC a) <0.6 

   NH3 <1 

   O2 0-1 

   CO <0.6 

   N2 0-2 

a) Volatile Organic Compounds, mostly Halogenated hydrocarbons 

 

1.6.1 Cleaning  

The purification from components, present in low concentration, is called cleaning. In this step 

the trace components that are harmful for the bio-methane pipeline and appliances are removed. 

The dehydration of the biogas is carried out by condensation, compression, adsorption (on 

silicon oxide or activated carbon) or absorption (salts or solutions based on glycols). The 

pipeline quality standards require a maximum water content of 100 mg/m3 and the water removal 

is important to avoid the reaction with H2S, NH3, and CO2, and as a consequence the formation 

of corrosive acids or basic compounds. It is also needed to prevent possible condensation of 

water in pipelines under cold conditions. 

Hydrogen sulfide removal can be do with chemical-physical precipitation in the liquid phase  of 

the digester (adding ferrous/ferric chloride to fix the sulfur) or acting on the biogas with 

adsorption, absorption and biological treatment to achieve its oxidation. 

Oxygen can be separated from the biogas with classical separation processes (e.g. adsorption on 

activated carbon or molecular sieves, or in some cases by selective membranes). The oxygen and 

nitrogen removal is expensive. Preventing the introduction of air in the biogas is far cheaper than 

gas treatment. Removal of nitrogen is more difficult than that of oxygen because of its inert 

nature and more similar properties to those of methane.  

The ammonia is contained in higher amounts in biogas produced from food waste. Typically, the 

systems are designed to minimize the production of ammonia. However, to respect the quality 
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standards of biomethane, almost always a further reduction of ammonia is required. Removal 

systems dedicated to other pollutants, such as CO2 removing units, often have good separation 

ability for NH3 as well. 

The Halogenated hydrocarbons are potentially highly corrosive agents and they are strongly 

polluting. Generally they are captured by activated carbon products, specifically designed for 

this scope.  

The siloxanes form a group of component that contain Si-O bonds in the backbone. Linear and 

cyclic siloxanes are present in significant concentrations (1-400 mg/m3). When using raw biogas, 

this in raw biogas these can cause severe damage to engines of the biogas network system. 

Because silicones tend to form inorganic glassy material upon combustion of biogas, their 

removal is necessary. The siloxanes can for instance be removed by adsorption (e.g. Active 

carbon), absorption (e.g. in mixtures of organic solvents of low volatility), cryogenic 

condensation, chemical killing (hydrolysis of the silicon-oxygen bond) or bacterial degradation. 

 

1.6.2 Upgrading: Removal of CO2  

The calorific value of biogas is proportional to the methane concentration. The upgrading is the 

process in which the CO2 is removed to adjust the relative density and to increase the 

concentration of methane to about 97-99% (typical concentration in purified natural gas) [19]. 

The process of biogas upgrading generates new possibilities for biogas use since it can then 

replace natural gas in applications where this is currently used. The main techniques for the 

removal of CO2 are:  

· Pressure swing adsorption (PSA) 

· Water scrubbing  (SW) 

· Physical and chemical CO2-absorption 

· Membrane processes  

 
The process of pressure swing adsorption exploits the potential of some materials to adsorb 

carbon dioxide in a selective way at high pressures, in particular on activated carbon and on 

zeolites. In fact, at high pressures the CO2 is adsorbed by the material that is then regenerated by 

reducing the pressure. The disadvantages of this technique are related to the materials used, 

which can lose efficiency as a consequence of irreversible adsorption of H2S, water and other 

contaminants. Furthermore, the cyclic compression-decompression can be quite energy 

intensive. 
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The scrubbing processes are based on the greater solubility of carbon dioxide than methane, or 

on the reactivity of CO2 with a specific component in the scrubbing solution. In this process the 

biogas flows upstream in a flow column. The scrubbing solution is enriched in carbon dioxide, 

whereas biogas, is enriched in methane, exits the column at the top. This process also requires a 

relatively energy-intensive regeneration of the scrubbing solution.  

The water scrubbing under pressure is the most common technique and exploits the lower 

solubility of methane in water compared to carbon dioxide. In the case of the physical scrubbing 

with organic solvents, modified ethylene glycol (Selexol®) is often used. The advantage is that 

carbon dioxide is more soluble in this solvent than in water. 

In the case of chemical scrubbing, amine solutions are used as absorbents. In particular, 

monoetanolammina (MEA) or dimethylethanolamine (DMEA) are highly reactive with CO2, but 

also with the H2S, while they have a low compatibility with the CH4. In spite of the high 

efficiency of this process, a major problem is that significant amounts of the amines evapourate 

during this process and get lost in the environment. Secondly, the regeneration of the solvents is 

relatively energy intensive. 

 

Membrane processes  

Membrane separation processes are based on the selective permeability property of a membrane. 

The separation can take place in one step or in multiple stages. With the current state-of-the art 

membranes the raw gas can be purified to maximum 92% of methane in a single step. Two or 

more steps allow to purify raw biogas to a level of 96% or more methane. Two basic systems of 

membrane separation exist for possible biogas upgrading. Firstly gas-gas separation with a gas 

phase at both sides of the membrane and secondly, gas-liquid absorption separation with the gas 

phase at one side of the membrane and the liquid absorbing the diffused molecules at the other 

side of the membrane. To extend the life of the membranes and obtain optimum separation, the 

raw gas must be carefully dried and desulphurized before putting it in contact with the 

membrane. The membrane processes present various advantages with respect to the conventional 

techniques, such as: operation simplicity, easy maintenance, safety and low operation cost. Table 

1.5 shows a comparison between the different techniques upgrading, highlighting the advantages 

and disadvantages for the respective techniques. 
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Table 1.5 Comparison of the requirements and performance of different upgrading techniques 
Technique 

Characteristics 

Pressure swing 

adsorption 

Water 

scrubbing 

Chemical 

scrubbing 

Physical 

scrubbing 

Membrane 

processes 

Preventive purification Yes No Yes No No 

Operating pressure 4-7 4-7 0 4-7 Variable 

Methane concentration (%) 98 97 92-98 96 89.5 

Efficiency (%) 93 91 90 - 80-96 

Energy consumption (KWh/Nm3) 0.25 0.3-0.6 0.15 0.24-0.33 0.14 

Heat demand no no 160°C 55-80°C no 
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Chapter 2. Membranes for CO2 removal 

 

2.1 Introduction 

Carbon dioxide separation from natural gas streams is an important industrial process where 

membrane systems are expected to play a more significant role in the coming years. In this work 

the attention will be concentrated on the current state-of-the-art membranes for CO2/CH4 

separation. After a general introduction, different membrane types will be described: dense 

polymeric membranes, facilitated transport membranes and mixed matrix membranes. The 

purpose is to highlight the structural properties, membrane morphologies, gas transport 

mechanism and performance of the different kinds of membrane for CO2/CH4 separation.  

 

2.2 Membrane definition and classification on the basis or morphology  

A membrane can be defined as an interface between two phases that regulates in a selective way 

the flux of chemical species (gas, liquids, positive or negative ions). The membrane controls the 

exchange of mass between the two phases, favoring the passage of a substance relative to 

another, according to mechanisms that control selectively the transport (Figure 2.1) [20].  

 

Feed

Permeate
 

Figure 2.1. Membrane for CO2/CH4 gas separation 
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The selective action of the membrane, allows to obtain a phase called “permeate”, enriched of 

the more permeable species. Instead, the phase called retentate is enriched in the less permeable 

species.  

 

2.2.1 Membrane morphology  

Membranes can be classified from the morphological standpoint as: 

- Porous membranes: They have pores with a more or less ordered distribution, depending on the 

preparation techniques. The separation is based on different mechanisms that depend on the 

size and the structure of the pores, and on the nature of the species to be separated [21]. 

Porous polymer membranes are generally not sufficiently selective for gas separation and in 

this field they are normally used as a porous support for thin film composite membranes or for 

supported liquid membranes. Therefore they will not be described in detail in the present 

thesis. membranes  

- Dense membranes: they are dense and homogeneous films, in which the transport of the species 

generally occurs thanks to a concentration gradient of the permeant across the membrane as 

the driving force, and a diffusive transport mechanism. Besides a pressure or a concentration 

gradient, the trans-membrane driving force can also be a temperature gradient or an electric 

potential. The transport properties are mainly dictated by the intrinsic characteristics of the 

material. This kind of membranes is typically used for pervapouration or for gas separation 

processes.  

 

2.2.2 Transport properties in relation to the membrane morphology 

Regarding the gas separation process, the gases permeate through the membranes with different 

mechanisms that depend on the size of the pores and of the free spaces of a membrane. They are 

divided into (Figure 2.2): 

v Convective flow, pore d = 0.1-10 mm 

v The Knudsen diffusion, pore d <0.1 mm 

v Molecular sieving, d = 0.5-2 nm pore. 

v Solution- diffusion, dense membranes. 
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Figure 2.2. Gas permeation mechanisms through membranes 

 

In the case of very large pores convective flow occurs and the pressure difference leads the gas 

mixture through the pores without any selectivity. For this reason, membranes with a large size 

of the pores are not usable for the separation of gas mixtures.  

Knudsen flux occurs when the size of the pores is smaller than the mean free path of the 

molecules, λ, (cm): 
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Where T is the temperature, P the pressure, R is the constant of the gas, d is the diameter of the 

molecule and rp is the pore radius. In this case, the number of collisions of the gas molecules 

with each other is negligible compared to the number of collisions between the gas and the pore 

wall. The selectivity depends exclusively on the ratio between the square roots of the molar 

masses of the diffusing permeants. This means that the gas with smaller molecular weight 

diffuses faster than the gas with the higher molecular weight. 

The flow by surface diffusion is the permeation mechanism in which a component of the gas 

mixture presents high affinity with the material of the membrane. The chemical species 

interacting strongly with the surface is thus adsorbed on the material and the diffusion through 

the pores takes place predominantly through the transport of the species along the surface of the 

membrane pores. 

The solution-diffusion mechanism is the most common mechanism occurring in dense 

polymeric membranes. The molecules are absorbed onto the surface of the membrane, 

subsequently diffuse through the bulk of the polymer to the downstream side of the membrane, 
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and finally they are desorbed from the permeate side of the membrane. The solution-diffusion 

model will be discussed in more detail in Section (2.4.1). 

 

2.3 Dense polymeric membranes: structure and preparation  

2.3.1 Membrane structure 

Dense membranes can be further classified according to their structure in three main categories, 

displayed in Figure 2.3:  

v Symmetric 

v Asymmetric 

v Composite 

 

                                                         

a) b) c) 

Selective layer

Porous support

Protective layer

Selective layer

Interlayer

Porous support
 

Figure 2.3. a) Dense membrane; b) asymmetric integrally skinned membrane; c) thin film composite 

membrane. 

 

2.3.1.1 Symmetric dense membranes 

The symmetric dense membranes are homogeneous, they do not present pores but they have 

voids between the molecular chains with a size the order of 5-10 Å, which constitute the so-

called "free volume" (Figure 2.3a).  

The symmetric dense membranes can be prepared by different techniques:  

- Solution casting: this is a technique that allows to obtain a dense flat membrane by means of 

the spreading of a polymeric solution with a defined concentration on an appropriate surface, 

followed by evapouration of the solvent. The polymeric solution is spread by knife having a 

precise gap, which defines the thickness of the membrane. Alternatively, the polymer solution 

can be cast in a petri dish or similar. A thin dense uniform polymer film is finally obtained by 

the controlled solvent evapouration. 
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- Melt pressing: the polymer is compressed between two heated plates. Typically, a pressure of 

2000–5000 psi is applied for 1–5 min, at a plate temperature just below the melting point of 

the polymer. 

- Melt extrusion: the molten polymer is extruded through a thin slit or through an annular 

opening into the form of a sheet or a hollow tube, respectively. The sheet can be mono- or 

bidirectionally stretched to increase the area and to reduce the thicknesss. The tube can be 

blown to reduce the final film thickness to several tens of microns. 

- Polymerization : in this case the membrane is obtained by means of the direct polymerization, 

for instance of a two-component silicone resin.  

The resistance to mass transport is proportional to the thickness of the membrane. The 

techniques of preparation try to find a compromise between productivity and selectivity. A 

reduction in the thickness involves an increase in productivity due to the decrease of the 

resistance to transport. However, a thinner membrane is more likely to have defects and thus a 

lower selectivity. For this reason, the choice often falls on membranes with an "integral skin" or 

on composite "multilayer" membranes. 

 

2.3.1.2 Asymmetric dense membranes 

Asymmetric membranes have a very thin dense skin, responsible of the membrane selectivity 

and a thicker macroporous support, responsible for the mechanical reisstance (Figure 2.3b). The 

low thickness of the skin allows to obtain a better efficiency, while the porous support facilitates 

the handling and improves the mechanical strength. Dense asymmetric membranes can be 

obtained by: 

- Dry-wet phase separation (or nonsolvent induced phase separation, NIPS) the precipitation of 

the polymer solution takes place upon contact of the stable polymer solution with a non-

solvent. 

- Thermally induced phase separation (TIPS) the phase inversion takes place by cooling the 

stable hot polymer solution, sometimes accompanied by partial evapouration of the solvent. 

- Dry phase inversion method (Dry NIPS), the stable polymer contains besides the volatile 

solvent also a small amount of nonvolatile nonsolvent and evapouration of the solvent leads to 

the phase separation by the action of the increasing nonsolvent concentration [22]. 

- Solvent evapouration method the complete evapouration of the solvent leads to the formation 

of a completely dense, homogeneous film.  



Chapter 2. Membranes for CO2 removal 

24 

In all cases, except for the latter where a single dense phase is formed, phase inversion leads to 

the formation of two phases: a solid phase, rich in polymer, which will form the matrix of the 

membrane, and a liquid phase with a low polymer concentration, constituting the pores  

 

2.3.1.3 Thin film composite membranes 

Thin film composite membranes are dense and structurally similar to the dense asymmetric 

membranes, but they are built by an assembly of different materials (multi-layer): the porous 

support, the intermediate layer, the selective film and, in some cases, protective layer (Figure 

2.3c). 

- The porous support: has the function of ensuring mechanical strength without inducing 

significant resistance to the transport through the membrane. 

- The intermediate layer: vents the gas from the selective layer towards the pores of the porous 

support, ensuring the adhesion between the two surfaces even when made of materials which 

are not similar; at the same time it prevents the infiltration of the polymer of the selective film 

into the porous support, in fact, this phenomenon could cause clogging of the pores and thus 

have a negative effect on the performance of the selective membrane. This layer may not be 

necessary in the case of highly permeable polymers, which can be deposited directly onto the 

porous support. 

-Protective layer:  the selective layer generally must be as thin as possible to guarantee a high 

flux and is therefore very delicate. It must be protected with a highly permeable protective 

coating. This layer does not affect the transport significantly but it protects the membrane 

during handling. 

-The selective layer: this is the intermediate layer, responsible of the separation of different 

molecular species, and represents the actual membrane and defines its efficiency. 

 

2.3.2 Dense polymer membrane materials 

On the basis of their base constituents, dense polymeric membranes can generally be classified in 

three different categories: 

· Glassy polymeric membranes 

· Rubbery polymeric membranes 

· Membranes of semi-crystalline polymers 
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This classification is made on the basis of the thermal properties of the polymer used to fabricate 

the membrane.  

Rubbery polymers are materials operating above their glass transition temperature, Tg. Above 

their transition temperature they appear in their rubbery state due to a large free-volume present 

between the polymer chains, combined with a relatively flexible polymer backbone, which 

guarantees a high mobility.  

Glassy polymers, instead, operate below their glass transition temperature where the motion of 

the polymer chains is frozen in a highly rigid state. With the exception of a few special classes, 

they are characterized by a low fraction of free-volume with few points of voids interconnection. 

The chains are generally much stiffer than those of the rubbery polymers. Exceptions are the 

glassy Perfluoropolymers (PFPs), which have a stiff polymer backbone but nevertheless present 

a high fractional free volume due to their low cohesive forces, and the so called polymers of 

intrinsic microporosity (PIMs). The latter have extraordinary stiff chains, often with a ladder 

structure, in combination with a highly contorted polymer backbone. The latter will be discussed 

in more detail in Chapter 5. 

Semi-crystalline polymers have a sufficiently regular chain structure to allow the polymers to 

rearrange themselves spatially into an ordered system and to crystallize. Depending on the chain 

stiffness, the non-crystallized amorphous phase may be either in the glassy or in the rubbery 

state. Since the crystalline phase is typically impermeable to mass transport, these polymers are 

rarely used for gas separation membranes, unless the degree of crystallinity is very low. This is 

for instance the case for the thermoplastic poly(ether-amide) elastomer, Pebax®, described in 

Chapter 3, in which the microcristallinigy serves as physical crosslinks of the rubbery phase. 

These structural differences influence the gas transport properties dramatically. The glassy 

polymers generally have high selectivity and lower flux. Instead, the rubbery polymers present 

high flows and low discriminating capacity as shown in the Robeson plot (Figure 2.4). 

The Robeson plot underlines the permeability-selectivity tradeoff in polymeric membranes and 

given example illustrates the CO2/CH4 separation performance of the rubbery and glassy 

membranes from the original 1991 Robeson curve and how it shifted during the following 

decades up to 2008. The choice of the right polymeric membrane material for a given gas 

separation generally depends on different parameters as the cost, the chemical and thermal 

stability, permeability and selectivity. 
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(b)

 

Figure 2.4. Robeson plot showing the rubbery and glassy membrane performances for CO2/CH4 

separation (a) 1991 and (b) 2008 .  

 

Many different polymers are investigated as materials for gas separation: Polyimides (PI), 

Polyammidi, Polyalkynes, Perfluorinated polymers, Polyphenyleneoxide (PPO), Polysulfone 

(PSf), Polydimethylsiloxane (PDMS). The performances of these polymers, in terms of CO2/CH4 

separation, are reported in Table 2.1. 

 

Table 2.1. Permeability and selectivity of polymeric membranes 

Type Material 
Pe CO2 

[Barrer] 

CO2/CH4 

Selectivity 
Ref. 

Rubbery Poly(organosiloxanes): 

-PDMS (polydimethylsiloxane) 

 

2700 

 

3.38 

 

[23]  

 Poly(ether-block-amides): 

- Pebax® 1657 

- Pebax® 2533 

 

76.2 

257 

 

18.6 

8.3 

 

[18]  

[24]  

Glassy Polyimides (PI): 

- Matrimid 

- Kapton 

 

10 

 

35.71 

 

[24] 

 Polyalkynes: 

- PTMSP (poly(1-trimethylsilyl propyne) 

- PMP Poly(4-methyl-2-pentyne) 

 
84.6 
6700 

 
5.75 
3.75 

 
[25]  
[18] 

 Perfluorinated polymers: 

- Hyflon AD60x-AD80x 

- Teflon AF 2400 

 

260-280 

3600 

 

9-11 

5.7 

[2,8,25,26] 

 - PSf (polysulfone) 5.6 22.4 [28] 

Semi-crystalline - PPO poly(phenyleneoxide) 60.93 22.40 [18] 
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Among these different classes of polymers listed here, PDMS presents a very high CO2 

permeability with a relatively lowest CO2/CH4 selectivity. Instead, Polysulfone (PSf) has the 

lowest CO2 permeability. PI-based membranes present a higher CO2/CH4 selectivity than PPO 

(35.7 and 22, respectively). An important fact is that PPO membrane showed a stable permeation 

rate with the time, while the permeability of PI decreased notably over 3 months of operation 

[29]. Regarding the Perfluorinated polymers, Teflon AF 1600 presents a higher CO2 and CH4 

permeability than Hyflon AD60 [30][26]. For both Perfluorinated polymers the loss of 

permeability, which generally occurs in the presence of water, was minor relative to other 

polymeric membranes. This behavior reflects the low solubility of water in these systems. These 

features mean that both perfluorinated polymeric membranes can be utilized in applications 

where gas pretreatment to remove water is difficult, like in biogas upgrading. The polymers 

PTMSP and PMP are characterized by a high free-volume and present a higher CO2 permeability 

but very low efficiency to discern between CH4 and CO2 (low selectivity) [31]. For this reason it 

is important to reach a compromise between the permeability and the selectivity finding a 

material with high efficiency (high CO2/CH4 selectivity) and elevated productivity (excellent 

CO2 permeability). The rubbery Pebax® is a good candidate for the separation of this pair of 

gases. It presents a good compromise between CO2 permeability and CO2/CH4 selectivity. 

 

2.4 Gas transport in dense membranes 

2.4.1 The solution-diffusion mechanism in homogeneous membranes 

As anticipated above, the molecules of gases move in the polymeric membrane with different 

transport mechanisms, depending on the nature of the membrane. Generally, in the dense glassy 

or rubbery membranes the gases are transported on the basis of the well-known solution-

diffusion mechanism. In the solution-diffusion model the gas permeation in the membrane is 

constituted by three stages:  

Ø Absorption of the molecules from the gas or vapour phase at the side of the membrane in 

contact with the feed and dissolution into the polymer bulk. The degree of solubility of a 

component in the first step of the process is related to the energy required for the species 

to dissolve in the polymer. 
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Ø Diffusion is the step during which the species diffuse through the membrane matrix. The 

diffusion depends on the concentration of the feed, by the kind of polymer that makes up 

the membrane, the dimensions of the permeating species, and by the operating 

conditions. 

Ø Desorption is the last step of the process in which the permeating species desorb from 

the polymer at the permeate side of the membrane. The diffusion of the gases trough the 

membrane in the stationary state can be described by Fick’s law  (Figure 2.5). 

 

 

Figure 2.5. Representation of the concentration profile of a gas across a dense polymer membrane 

governed by Fick's law. 

 

The flux of permeate trough a membrane can be described by the following equation: 
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Where J is the permeate flux, C1 and C2 the concentration of species at the two sides of the 

membrane, and D isthe diffusion coefficient. When there is a linear relationship between the gas 

pressure P and the concentration C at the interface of the membrane, the concentration at the 

interface is given by Henry's law: 

 

 pSC ×=   Eq. 2.3 
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where S is the solubility coefficient of the gas that assumes a constant value. When D is a 

constant, replacing Eqs. (2.2) in (2.3) and integrating gives: 
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Where P is the gas permeability at steady state across the membrane having a thickness ℓ, when 

applied pressures Ph and Pl at the high pressure (feed/retentate) side and the low pressure 

(permeate) side, respectively. 

The solubility and diffusion contribute differently to the determination of the permeation. In fact, 

the permeability can also be expressed as the product of the two: 

 

 SDP ×=  Eq. 2.5 

 

where S is the solubility coefficient, and D the diffusion coefficient. 

The selectivity of component i with respect to the component j is given by their permeability 

ratio, which in turn can be expressed as the product of the diffusivity selectivity, Di/Dj, and the 

and the solubility selectivity, Si/Sj: 
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The Diffusion is a kinetic phenomenon and is strongly linked to the free volume of dense 

materials and to the molecular size of the penetrating species. In the membrane, the extension of 

free volume elements or 'voids' like a 'network of channels' can be advantageous for the 

transport. This is the principle to which the so-called Polymers of Intrinsic Microporosity (PIMs) 

owe their high perm3ability, as will be discussed in Chapter 5. 

How much the diffusion depends on the molecular size of the permeating species is clearly 

shown in Figure 2.6 for the Van der Waals volume of a large number of molecules.  
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Figure 2.6. Diffusion coefficient as a function of molecules dimension [21]. 

 

The permeability tends to increase with the decreases of kinetic diameter (Table 2.2). This is 

generally valid for all different species, but several factors may determine deviations of this 

trend: 

ü Chemical nature of the permeating species, the occupation of the orbitals and the distance 

between the atoms vary from substance to substance and make the molecules more or less 

compact. For instance, fluorinated species may behave different from the equivalent 

hydrocarbons. 

ü Form of molecules, the distribution of atoms makes the molecules more elongated (eg. planar 

form of the CO2) or more compact (tetrahedral, e.g. CH4). 

 

Table 2.2. Kinetic diameter and molecular weight of various gases [33]  

Gas Kinetic Diameter (Å) Molecular weight (g/mol) 

He 2.6 4 
H2 2.89 2 
NO 3.17 30 
CO2 3.3 44 
Ar 3.4 40 
O2 3.46 32 
N2 3.64 28 
CO 3.76 28 
CH4 3.8 16 
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On the contrary, the solubility is a thermodynamic parameter. It depends on the interactions 

between the gas and the polymeric matrix of the membranes. The solubility increases with the 

size of the permeating species [32], which in turn is correlated with for instance its critical 

volume or its Van der Waals volume (Figure 2.7). 

 

 

Figure 2.7. Solubility coefficient as a function of the molecular 

dimension, expressed as the Van der Waals volume [21]. 

 

Moreover, the main factor that determines the solubility in a polymer matrix is the ability of the 

penetrant gases to condense. For example, the CO2 is more permeable than CH4 due to the larger 

condensability, as indicated by the critical temperature, Tc (CO2, Tc = 304K; CH4,Tc = 191 K). 

 

2.4.2 Dual mode sorption 

For glassy polymers, the solubility of penentrant molecules in the matrix is usually described by 

the dual-mode sorption model, which consists of two types of sorption: Langmuir sorption 

mechanism and a Henry’s law dissolution mechanism (Figure 2.8).  

 



Chapter 2. Membranes for CO2 removal 

32 

 

Figure 2.8. Schematic representation of a dual-mode sorption [21]. 

 

Henry’s law can be expressed as: 

 

fKC DD ×=  Eq. 2.7 

 

Where CD is the gas concentration in the polymer due to its dissolution in the matrix membrane, 

KD is Henry’s law solubility coefficient and f is the gas fugacity. In ideal cases, the gas pressure 

rather than its fugacity can be used in this equation. 

The Langmuir equation is the following: 
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 Eq. 2.8 

 

CH is the gas concentration in the microvoids “frozen” in the polymeric matrix, C’H the gas 

concentration in the saturated hole and b is the Langmuir affinity constant, which represents the 

ratio of the rate constant of gas adsorption and desorption in the microvoids or defects. The basic 

idea of the Langmuir sorption mode is that in a glassy matrix part of the sorption takes place in 

pre-existing voids, similar to sorption in porous materials such as zeolites. Its capacity is limited 

and the occupation of the voids at any pressure depends on the pressure itself, the total capacity 

and on the gas affinity. The Henry type sorption is proportional to the feed pressure and is the 

only mechanism present in rubbery polymers. Within certain limits, it linearly increases with the 

pressure as a result of the gradual swelling of the polymer matrix. 
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The total concentration of gas in the membrane will be given by the sum of the two 

contributions: 
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 Eq. 2.9 

 

This equation, defined as the dual mode sorption model, thus consists of the combination of the 

Langmuir isotherm and Henry's law. It is schematically illustrated in Figure 2.8.  

 

2.4.3 Facilitated transport membrane 

In the last years the membranes with the facilitated transport have found an increasing interest in 

the CO2-CH4 separation process. The separation process of these membranes is based on the use 

of a specific carrier for the gas. The difference with the standard solution-diffusion mechanism is 

that the carrier is actively involved in the transport, usually via chemical reaction or via a 

specific interaction. In the case of facilitated CO2 transport, the carrier is most of the time a basic 

compound, specific for the interaction with CO2. The reactive carrier interacting with the CO2 

achieves high selectivity without sacrificing the permeability or vice versa. The carrier reacts 

with the CO2 dissolving on the feed side and forms a carrier-CO2 complex. The carrier-CO2 

complex itself moves across to the membrane and releases the CO2 on the low pressure side 

along the direction of concentration driving force. Alternatively, the carrier helps CO2 to achieve 

a much higher concentration and the facilitated transport consists in an accelerated ‘hopping’ of 

a CO2 molecule from one carrier molecule to the next one. 

The CO2 reacting with the basic compound passes through the membrane with a facilitated 

diffusion mechanism in addition to the regular solution-diffusion transport. The gas that does not 

show any affinity for the carrier will permeate only according to the normal solution-diffusion 

mechanism. As a result, higher CO2 selectivity can be achieved while the permeability is also 

maintained or even increased. The basic compound can be a fixed carrier on the surface of the 

membrane (Figure 2.9) or a mobile carrier dissolved in a liquid (Figure 2.9)b. The last situation 

is the case in for instance supported liquid membranes (SLMs). 

In the case of basic carriers, the most efficient facilitated CO2 transport is based on the 

mechanism in which the CO2 is transformed into HCO3
- due to the interaction between CO2 and 

a water molecule. The CO2 transfer will be facilitated in the form of the small mobile ion. 
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a) 

 

b) 

Facilitated membrane transport 

CO2 /CH4

CO2

CA HCO3
-

H2O

CH4

 

Figure 2.9. a) Schematic representation of a facilitated transport with a fixed carrier. b) Schematic 

representation of a facilitated transport with a mobile carrier. 

 

2.4.3.1 Fixed carrier membranes (FCMs) 

In the case of fixed carrier membrane, the CO2-carrier is usually in the form of small molecules 

containing amine groups, incorporated by blending the membrane material with the CO2-

transporter [33–35] The amino groups can be part of a mono, di or tri-substituted amine (R-NH2, 

R2-NH, R3-N). It depends on the bond between the carrier and the surface membrane but also by 

the reaction between the amino groups and the CO2. In the last case, the tri-substituted or tertiary 

amine is used, there is no hydrogen atom available to be displaced by CO2 to form HCO3
-. This 

phenomenon is called deactivation of the carrier and it is the more important limitation for this 

membrane. It can be happen when the carrier is tri-bound on the membrane surface or when the 

mono or di-substituted amines react for prolonged time. For this reason, the mobile carriers are 

preferred respectively to the fixed carrier membrane. The deactivation of the carrier can be 

avoided when the CO2 facilitated transport is carried out in the water swollen membrane. Many 

studies have demonstrated that the water swollen membranes have a higher permeability and 

selectivity than the corresponding dry membranes. In fact, the presence of water guarantees a 

high hydrogen availability. In this way, the amino group is not consumed and it can act only as 

base catalyst to improve the hydration of the CO2 and the transport in the form of HCO3-. 
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2.4.3.2 Mobile carrier membrane (MCMs) 

On the other hand, in membranes with a mobile carrier, the transport of CO2 is facilitated in the 

form of different small mobile molecule as ion HCO3
-, which gives similar transport mobility as 

in a mobile carrier membrane. The enzyme most widely known for catalysis of specific reactions 

with carbon dioxide is carbonic anhydrase (Figure 2.10). This is a zinc metal-protein that 

catalyzes the reversible hydration of carbon dioxide: 

 

CO2 + H2O ↔ HCO3
− + H+. 

 

Many studies on gas separation are focusing on the use of this enzyme for the CO2-facilitated 

transport [36,37]. For mobile carrier membranes, one of the main disadvantages is the loss of 

carriers by evapouration. For this reason, new solvents are continuously investigated in order to 

find new classes with a higher solubility for CO2, lower vapour pressure, low viscosity and 

moderate hydrophilicity. 
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Figure 2.10. Carbonic Anhydrase Enzyme structure and schematic representation of the 

catalytic reaction 

 

2.4.4 Mixed matrix membranes 

The mixed matrix membranes (MMMs) represent a different type of membranes relying on the 

solution-diffusion mechanism. They are prepared via dispersion of organic, inorganic or 

metalorganic particles in a dense polymeric matrix. The filler particles can be linked to the 

polymeric matrix by covalent bonds, by van der Waals forces or via hydrogen bonds. The scope 
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is to combine the characteristics of two different materials and to improve the membrane 

performance in terms of permeability and selectivity. The particles can affect the membrane 

transport in two different ways. In the first case they can act as molecular sieves and, as a 

consequence, they form a barrier for large molecules and reduce their permeability, with a 

positive consequence on the selectivity. In the second case they improve the permeability by 

increasing the free volume of the MMM with respect to the neat polymeric matrix. The first 

studies of hybrid membranes for gas separation date back to the 70s' with the discovery of the 

effect of the addition of zeolites into the polymer matrix (PDMS) [40]. Since then, the effects of 

adding heterogeneous fillers as additives to polymer membranes on their properties have been 

the subject of many studies.  

 

2.4.4.1 Filler materials 

Typical fillers are: functionalized zeolite nanoparticles, carbon molecular sieves (CMS), carbon 

nanotubes (CNTs), metal–organic frameworks (MOFs) and covalent organic frameworks 

(COFs), graphite and non-porous silica that offer attractive gas transport properties (Figure 2.11). 

 

a) 

 

b) 

 

c) 

 

d) 

 

 

Figure 2.11. Several examples of the molecular sieving materials: a) zeolite; b) carbon molecular sieves 

(CMS); c) carbon nanotubes (CNTs); d) metal–organic frameworks (MOFs). 

 

Zeolites are crystalline aluminosilicates consisting of AlO4 and SiO4 tetrahedra that are 

connected to form a network of channels and cavities with size that vary in the range of 

molecular dimensions between 0.3 and 1.0 nm (Figure 2.11a). Substitution of Si atoms by Al 

atoms in the crystal structure results in excess negative charge compensated by monovalent or 

divalent cations (K+, Na+, Ca2+), rendering the structure more polar. As a result, the polar species 

(e.g. water, ammonia, carbon dioxide, nitrogen and aromatic hydrocarbons) are strongly 
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adsorbed by these zeolites [41]. This is not necessarily an advantage because in the case of 

humid gases, such as raw biogas, this might eventually lead to the undesired pore blocking by 

the condensed water. 

Carbon molecular Sieves (CMSs) are prepared from carbon containing chemical compounds 

and polymers (Figure 2.11b). These materials have high surface area to volume ratios, a 

relatively uniform pore size and small pores. Swaidan et al. have demonstrated that a CMS 

membrane derived from a conventional polyimide precursor (P84) exhibited a good CO2 

permeability (499 Barrer) but a somewhat unusual, because higher, selectivity for the mixture 

(CO2/CH4 = 97) compared to the pure-gas selectivities (CO2/CH4 = 87) [42]. 

Carbon Nanotubes (CNTs) are long cylinders of covalently bonded carbon atoms and the CO2 

adsorption takes place on both the external and the internal surfaces of the nanotubes (Figure 

2.11c). Deng et al. reported that the CO2 permeance of the CNTs reinforced nanocomposite 

membranes improved significantly compared to the membrane without CNTs, while the 

CO2/CH4 selectivity remained similar [43]. On the other hand, Sedláková et al. showed that 

CNTs in a rubbery poly(ethylene-co-octene) matrix behave as an impermeable barrier, rather 

than promoting the transport [44]. 

Metal organic frameworks (MOFs) are a relatively new family of nanoporous crystalline 

compounds formed by self-assembly of transition metal ions or clusters that are linked by 

bridging organic ligands through strong bonds (Figure 2.11d). They present a new class of 

compounds with a many attractive characteristics, such as adjustable chemical functionality, pore 

shape and connectivity, high thermal stability, low density, ordered structure, high porosity, and 

tunable pore structure. Moreover, the CO2 storage capacity in some MOFs is remarkably higher 

compared to zeolites and other carbonaceous materials. They are studied in more detail in this 

thesis work for the preparation of mixed matrix membranes based on the archetypal polymer of 

intrinsic microporosity, PIM-1.. Their effect on the CO2/CH4 transport properties and on the 

transport of other gases will be studied in Chapter 5. 

 

2.4.4.2 Gas Transport in mixed matrix membranes. 

In the ideal case, the gas transport through MMMs depends above all on the properties of the 

polymer matrix and on those of the filler particle itself. In less ideal cases, the polymer-particle 

interface can play a major role, making even membranes based on non-porous filler particles 

more permeable and/or more selective than the neat polymer [45]. It can be mathematically 

described by different theoretical models of which most are adapted from thermal/electrical 
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conductivity models [46]. In fact, the constitutive equations governing electrical potential and 

the flux through membranes are analogues. A particularly useful model was developed by 

Maxwell in 1873 to predict the permittivity of a dielectric and this model can be use to predict 

the transport in mixed matrix membranes. 

Maxwell model provides a simple and quantitative framework to calculate gas permeability in 

mixed matrix materials with aspect ratio near unity (e.g. spherical particles) for the dispersed 

phase and a relatively low particle loading. For such situations, the effective gas permeability in 

the mixed matrix membrane can be described according to two-phase equation: 
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2 2
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 Eq. 2.10 

 

where Peff is the effective permeability in the mixed matrix material, F  is the volume fraction 

and the subscripts D and C refer to the dispersed and continuous phase, respectively. Other 

relations have also been proposed to describe the gas transport properties in MMMs, including 

three-phase Maxwell model, Higuchi model, effective media theory and Bruggeman model 

[45,46]. Several studies have compared the predictions of these various models and the results 

have been quite similar [49]. These models, however, are complicated in nature and the results 

do not always provide significant improvement over the two-phase Maxwell equation. Therefore, 

the two-phase Maxwell equation has been widely used as the key theoretical framework to 

correlate the transport properties in a polymer matrix embedded with spherical inorganic 

particles. MMMs with non-spherical particles, especially with high aspect ratio, require also 

different approaches, for instance the model proposed by Cussler for flake-like particles [50].  
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Chapter 3. Pebax®/PAN hollow fibre membranes for 

CO2/CH4 separation # 

 

Abstract 

Poly(ether-b-amide) (Pebax®1657)/ polyacrylonitrile (PAN) composite hollow fibre membranes 

for a potential use in CO2/CH4 separation were prepared by a new continuous coating method, 

referred to as cross-flow filtration. This technique allows to obtain the simultaneous coating of a 

large number of fibres, facilitating the scale-up. The dense layer was deposited in the lumen of 

the fibres allowing the coating of all the fibres in a single step. The coating on the inner surface 

of the fibres avoids the negative effects such as sticking or accidental mechanical damages 

occurring in the case of external coating. The membrane preparation was optimized by 

modulating different parameters. The optimal range of viscosity and concentration of the  

polymer solution to obtain a selective homogeneous Pebax® layer was identified. The presence 

of the Pebax®1657 dense layer was confirmed by IR spectroscopy and the morphology of the 

composite membranes was observed by SEM analysis. The gas separation performance of the 

membrane modules was determined by single gas permeation measurements. A preliminary 

optimization yielded membranes with PCO2= 5*10-3 [m3 m-2 h-1 bar-1], αCO2/CH4 = 18 equal to that 

of the neat dense polymer. The PEBAX®/PAN hollow fibres modules are potentially useful for 

application in the purification of biogas.  

 

3.1 Introduction 

Nowadays, the development of green alternative sources of energy is an active research area 

owing to an increase of the global energy demand. The use of sustainable and renewable energy 

sources is necessary because of environmental pollution and global warming due to the emission 

of greenhouse gases. In this context, biomass is one of the most promising alternative energy 

sources. The biomass is converted into biogas via anaerobic digestion by microorganisms. The 
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resulting is saturated water vapour saturated and contains 50-65% of methane, 30-40% of CO2, 

traces of hydrogen sulphide, oxygen, nitrogen, ammonia, siloxanes and volatile organic 

compounds [51]. Since the heating value of biogas is proportional to the methane concentration, 

the removal of CO2 and other impurities is required. Furthermore, these components can cause 

corrosion and freezing problems in pipes and connections. Cleaning and upgrading of biogas can 

be carried out either by conventional techniques (pressure swing adsorption, water scrubbing, 

absorption with organic solvents) or by innovative techniques such as the separation and 

purification of biomethane by membrane processes.  

Among the possible biogas purification techniques, membrane processes present the advantage 

of operation simplicity, easy maintenance, safety and low operation cost [52] [53]. The choice of 

a membrane material for gas separation applications is a key factor based on specific physical 

and chemical properties, since these materials should be tailored to separate specific gas 

mixtures. Among the materials with high CO2 affinity, Pebax® is a thermoplastic elastomer 

suitable for the CO2/CH4 separation. It is a multiblock copolymer containing linear chains of 

rigid polyamide segments interspaced with flexible polyether segments [54]. The balance of the 

hard and soft blocks provides a good CO2 separation performance without loss of its 

permeability [55]. The hard polyamide blocks supply mechanical strength and the presence of 

the polar ethylene oxide (EO) group, increases the affinity for CO2, allowing a good CO2/non 

polar (H2, N2, and CH4) species separation and permselectivity [56]. For these reasons, the 

polyether/amide block copolymers are interesting membrane materials for the particular gas 

polar-non polar mixture of CO2/CH4 from a natural stream as raw biogas.  

Another very important aspect in the membrane preparation for gas separation is the polymer 

processability into hollow fibre membranes. Tasselli et al. [57]reported that the preparation of 

Pebax®-based composite hollow fibre membranes by direct spinning is not a viable route to 

fabricate stable, defect-free hollow fibres. However, Pebax® can be successfully used as a 

coating material for composite membranes, especially asymmetric hollow fibers for gas 

separation, adopting other preparation techniques. Composite Pebax®3533/PEI membranes were 

reported by Kim et al. [58]as suitable materials for the separation of sour gases (SO2 and CO2) 

from non-polar N2. Ren et al. [59] used Pebax®1657 as selective material for CO2 with 

multilayer PEI/PDMS/Pebax®1657/PDMS composite membrane according to dip-coating 

method. Liu et al. [60] investigated the effects of several parameters involved in the procedure of 

polysulfone hollow fiber spinning and Pebax®2533 coating on the permselectivity of the 

resulting composite membrane. For the Pebax®/polysulfone composite membranes a 
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permselectivity very close to the intrinsic permselectivity of a Pebax® dense membrane was 

found. Hollow fibre membranes for gas separation are usually made of a selective layer on the 

outer side according to the dip-coating method. However, in the case of the hollow fiber 

modules, it is difficult to obtain an inner separation layer using this method [61].  

In this work, the possibility to obtain a poly(ether-b-amide) (Pebax®1657)/ polyacrylonitrile 

copolymer (PAN) composite hollow fibre membranes by a dynamic coating in the inner side of 

hollow fibres was studied. This method is promising for a future preparation of hollow fibres on 

an industrial scale because it allows the simultaneous and continuous preparation of many fibres. 

In addition, the deposition of the dense selective layer on the inner side is an advantageous 

configuration as it ensures the protection of the dense selective layer. The gas transport into the 

hollow fibre composite membranes was studied and the possibility to apply hollow fibre modules 

in the process of biogas purification was evaluated. 

 

3.2 Experimental 

3.2.1 Materials 

Polyacrylonitrile containing 8 wt.% of vinyl acetate comonomer (PAN), MW 40,000 Da was 

supplied by Montefibre SpA (Italy). Pebax®1657, composed of 60% polythyleneoxide (PEO) 

and 40% of nylon 6, was supplied by Arkema (Italy) as pellets. Polyvinylpyrrolidone (PVP) and 

dimethylformamide (DMF) were purchased from BASF (Germany) and Sigma–Aldrich (Italy), 

respectively. Ethanol (99.5%) (EtOH) was purchased from Carlo Erba Reagenti (Italy) and used 

without further purification. All polymers were used as received. A two components epoxy resin 

(Stycast 1266, Emerson&Cuming, Belgium) was used in membrane module assembling. The 

gases for the permeation tests (nitrogen, methane, helium and carbon dioxide, all with purity of 

99.99+ %) were purchased from Pirossigeno (Italy). 

 

3.3 Membrane preparation 

3.3.1 Hollow fibre preparation 

Polymer solutions were prepared by adding the polymer powders (first PAN and then PVP) to 

DMF in a glass flask at 70 °C, under mechanical stirring until complete polymer dissolution. The 



Chapter 3. Pebax®/PAN hollow fiber membranes for CO2/CH4 separation 

 

42 

dope solution was then transferred into a tank, kept at a constant temperature (70 °C) and 

degassed under vacuum. 

Asymmetric porous PAN hollow fibre supports were prepared by the dry–wet spinning 

technique according to the phase inversion process. The spinning set-up was already described 

previously[62]. Tap water was used as the external coagulant, while a mixture of distilled water 

and DMF was used as the bore fluid. The spinning conditions are reported in Table 3.1. The spun 

fibres were cut in pieces of 30 cm and immersed for 24 hours in pure water by refreshing water 

at least three times to remove residual solvent and soluble additive (PVP). The fibres were then 

kept in a 20 wt.% aqueous glycerol solution for further 24 hours to prevent the pore collapse 

upon drying at room temperature.  

Membrane modules were prepared by potting four hollow fibres with epoxy resin inside 20 cm 

long glass tubes. The effective length of fibres was 18 cm and the membrane surface area was 

about 25 cm2. 

 

Table 3.1. Summary of spinning conditions for the preparation of 
PAN hollow fibres. 

Dope composition ( wt.%)  PAN: 15 

   PVP: 15 

  DMF: 70 

Dope flow rate (g min−1)  12 

Bore fluid flow rate (cm3 min−1)  15 

Bore fluid composition: DMF/Water (wt./wt.)  60/40 

External coagulant temperature (°C)  25±2 

Air gap (cm)  60 

Spinneret dimensions (ID/OD)(mm)  1.0/2.0 

Room temperature (°C)   20±2 

Relative Humidity (%)  60 

 

3.3.2 Composite Pebax ® /PAN membrane preparation by dynamic coating method 

Composite membranes were produced by inner coating of the porous PAN hollow fibres with 

Pebax®1657. Pebax® solutions were prepared by swelling polymer pellets in a mixture of 

distilled water and ethanol (ratio 30:70 wt./wt.) at room temperature. Subsequently, a 

homogeneous dope solution was obtained by heating up to 80 °C under magnetic stirring.  
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The experimental setup used for the cross-flow filtration is illustrated in Figure 3.1. The Pebax® 

solution was fed into the lumen side of the PAN hollow fibres by means of a circulation pump 

and forced to filtrate through the hollow fibre bundle under a fixed trans-membrane pressure. 

Thereafter, the module was dried by flushing air in the shell side.    

 

1
2

3

4

6

5

 

Figure 3.1. Scheme of the cross-flow filtration coating setup: 1) Pebax® solution tank; 2) circulation 

pump; 3) PAN hollow fibre module; 4) permeate; 5) manometer 6) pressure control valve. 

 

3.4 Characterization techniques 

3.4.1 Chemical and morphological analysis 

The morphology of the hollow fibres was investigated by scanning electron microscopy (SEM) 

using a FEI QUANTA 200 instrument. Infrared spectroscopy (FTIR) analyses were performed 

by using a Spectrum Spotlight Chemical Imaging Instrument (Perkin Elmer). Membrane samples 

were immersed in liquid nitrogen to avoid deformation and to ensure a quick and uniform break, 

the cross section were observed. The presence and the thickness of the Pebax® coating layer on 

the inner surface of the hollow fibres were also determined via SEM observation.  

 

3.4.2 Rheological characterization of the Pebax ®1657 solution 

The viscosity of Pebax®1657 solutions at different concentrations was determined using a DV-III 

ultra rheometer (Brookfield), with concentric cylinders having a diameter of 82 mm. Rheological 

measurements were carried out on an ARES-RFS rheometer (TA Instruments, USA), equipped 

with a parallel plate geometry (Φ = 50 mm with a gap of 1.5±0.1 mm). A strain sweep test was 
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carried out in the deformation range from 1 to 100% (10 steps per decade) at a frequency of 1 Hz 

to determine the linear response region that was found between 6 and 20%. A value of 10% was 

assumed for all measurements that were carried out at 25°C. Silicon oil was used to prevent 

solvent evapouration. 

The rheological properties of one representative Pebax® solution of 8 wt.% were determined by 

small amplitude oscillation tests, measuring the dynamic moduli, G′ (storage modulus) and G″ 

(the loss modulus), and the ‘loss angle’ tan(δ), the latter defined as [63]: 

 

( )
'

"
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G

G
=d   Eq. 3.1 

 

This in turn is a measure of the relative weight of the liquid like behavior respect to the solid like 

one: less tan(d) more solid like behavior and vice versa. 

A time sweep test 1 Hz in the linear region lasting about 6000s was performed to investigate the 

occurrence of a change from liquid to gel structure.  

 

3.5 Transport properties 

3.5.1 Water permeability 

The water permeance of the PAN hollow fibres was measured using distilled water fed into the 

bore side of the fibres. The water flux (Jw) is determined from the volume of permeate (VP) 

collected per unit of time (t) through a membrane surface area (A) at fixed trans-membrane 

pressure (ΔP) values:  
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The measurements of the permeation rate were performed at steady-state condition under 

different Δp. The water permeance is defined as: 
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P

J
P w

w D
=  Eq. 3.3 

 

and can be calculated from the slope of the plot of Jw versus ΔP. 

 

3.5.2 Gas permeability  

The gas transport properties of both the porous PAN support and the Pebax®/PAN composite 

membranes were determined by pure gas permeation measurements in the set-up indicated in 

Figure 3.2. The effective thickness of the coating was determined from a plot of the measured 

permeance as a function of the known permeability coefficient for different gases. The 

measurements were carried out at different feed pressures (Δp = 1-4 bar) and at room 

temperature (25 °C), in a dead-end mode, flushing the permeate side of the module with the 

same gas before each measurement to ensure that polarization of back-diffusion phenomena can 

be excluded. 

 

CO2 CH4 N2He

FORWARD 

PRESSURE CONTROLLER

MANOMETER

FIBER MODULE

BUBBLE FLOW METER
 

Figure 3.2. Scheme of the single gas permeation setup. 

 

The gas permeance was calculated by the following equation:  

 

pQ
P

A p
=

× D
 Eq. 3.4 

 

where QP is the permeate flow rate through a membrane with an effective area A under a trans-

membrane pressure difference, Δp [64]. The flow rate QP is measured volumetrically with a 
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manual soap bubble flow meter (Supelco, 0-1cc for composite membrane, 100-1000cc for the 

uncoated support).  

The ideal permselectivity was calculated as: 

 

B

A
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A

P

P
=a  Eq. 3.5 

 

where PA and PB are the permeances of the pure gas A and B, respectively. 

 

3.6 Results and discussion 

3.6.1 Porous hollow fibre supports  

The characteristics of the membranes prepared and used as support are given in Table 3.1 Since 

PAN solutions tend to undergo instantaneous demixing, resulting in the formation of a dense 

skin, PVP was added as a pore former [21]. A proper matching of the dope and bore fluid 

composition is fundamental for obtaining an open porous structure with sufficient mechanical 

resistance, without adding significant resistance to the gas transport in the final composite 

membrane.  

The morphology of the support and of the composite hollow fibre membranes was investigated 

by SEM (Figure 3.5). The hollow fibre support shows an asymmetric morphology, characterized 

by a three-layer structure: a sponge-like structure in the fibre core, and two regions with finger-

like macrovoids of different size close to the inner and outer surface (Figure 3.5a). The latter is 

due to the different compositions of the bore fluid and coagulation bath, as reported in Table 3.2. 

DMF was added to the bore fluid in order to delay the demixing rate and to reduce the polymer 

concentration in the interface, thus avoiding the formation of a dense skin layer on the inner 

surface of the fibre which would cause an additional resistance to the mass transport. The 

amount of DMF in the bore fluid also allows to tailor the pore size, a fundamental property for 

successful coating of the support [65]. Measurements of the pore size distribution of the prepared 

hollow fibres, carried out with N2 at pressure up to 15 bar, showed that 90% of the pores lies in 

the 10-100 nm range.  

The transport properties of the porous support were evaluated measuring the water and single gas 

permeability at room temperature. The water flux, Jw, increased in ca. 10 minutes to a plateau 
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value due to the removal of viscous glycerol during this operation. It is a function of the applied 

Δp and it is linear up to 1.5 bar; the water permeability coefficient was determined as the slope of 

the corresponding straight line (Figure 3.3a). The value of 184 L h-1 m-² bar-1 lies in the typical 

range of porous ultrafiltration membranes. Permeation rate measurements with pure He, CH4, N2, 

and CO2 confirm the expected Knudsen transport mechanism, where the permeance is inversely 

proportional to the square root of the molar mass of the gases (Figure 3.3b). This mechanism 

makes the porous support slightly selective for methane, with a CO2/CH4 permselectivity of 0.6. 

Minor deviations from the linear trend may indicate a not completely negligible resistance of the 

more open support structure in the core of the hollow fibre membrane, where viscous transport 

may also occur.  
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a) b) 

Figure 3.3. Transport properties of the hollow fibre porous support. a) Water permeability. b) Gas 

permeance of He, CH4, N2, CO2 at room temperature and ΔP = 0.5 bar. 

 

3.7 Thin film composite hollow fibre membranes  

3.7.1 Membrane preparation  

During the preparation of the composite membrane by cross-flow filtration of the Pebax® 

solution (Figure 3.1), the porous structure of the PAN fibres allows the permeation of the 

solvent, while a sufficiently small pore size guarantees that a Pebax® layer can be deposited on 
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the fibre internal surface. Thus, the formation of the coating on the inner surface of the hollow 

fibre support occurs similarly to that of the cake layer during membrane fouling. To enhance the 

coating efficiency, the coating treatments were carried out in laminar flow conditions (Reynolds 

number lower than 10). Finally, the evapouration of the solvent consolidates the thin selective 

Pebax® layer. 

The effect of different parameters such as concentration and viscosity of Pebax® solutions, 

coating time, operation pressure was investigated in order to identify the best conditions to 

obtain thin defect-free Pebax® layers. All the coating experiments were carried out at ΔP = 2 bar 

with a temperature solution of 25 °C.  

For a better understanding of the mechanism of the coating layer formation, different amount of 

Pebax® was dissolved in the mixture of EtOH/water (70/30 wt./wt.). The permeation of liquid 

mixture of EtOH/water (70/30 wt./wt.) was also compared with that of these polymeric solutions. 
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Figure 3.4. Permeation rate of  Pebax® solution at different concentration (left side) 

and of the EtOH/water mixture (right side) through a PAN porous 

support during coating process. 

 

As shown in Figure 3.4, the permeance of the EtOH/water mixture is higher than that of Pebax® 

solutions, and as expected, the permeance further decreases as the Pebax® concentration 

increases. The permeance of the polymer solution becomes virtually constant after few minutes 

of filtration at high Pebax® concentration (8 wt.%), while at low concentration (≤ 2 wt.%) it takes 

more than 30 minutes. This means that the dense layer formation takes place at different time, 
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depending on the Pebax® concentration. Interestingly, compared to the uncoated film, the liquid 

permeability of the membranes is ten times lower. This is in stark contrast with the gas 

permeability of the dried membranes, which decreases by more than 4 orders of magnitude as 

discussed below. This shows that the deposited polymer film during the cross-flow filtration 

process remains in a highly swollen state, resulting in a relatively low resistance to transport. 

 

3.7.2 Membrane morphology and structure  

The presence of the Pebax® coating layer on the inner surface of the hollow fibre is shown in 

Figure 3.5a The zoom in Figure 3.5b shows the good adhesion of the homogeneous, dense 

Pebax® coating layer on the support. Depending on the operating conditions, thicknesses ranging 

from ca. 1 to 15 microns were obtained. The thickness of the Pebax® layer for the most selective 

samples was about 5 microns. 

 

a b

 

Figure 3.5. SEM images of the cross section of: a) C3 composite hollow fibre membrane; b) detail of the 

Pebax® coating layer on the inner surface. 

 

The FTIR analysis of Pebax®/PAN composite membrane (Figure 3.6b) confirms the presence of 

the Pebax® coating layer on the support. The characteristic peak at 2243 cm-1 due to nitrile 

stretching of acrylonitrile [66] is absent after the cross-flow treatment, while two distinct peaks, 

characteristic for the different Pebax® blocks,  appear. The ether stretching of the PEO block is 

present at 1106 cm-1 while nylon-6 gives a peak at 3300 cm-1 due to N-H stretching [67] and a 

peak at 1640 cm-1 related to the amide -C=O stretching [57]. Other peaks in the spectrum of 

composite membrane at 2920 cm-1 and 2852 cm-1 can be attributed to the asymmetric and 

symmetric stretching of C-H bond .  
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Figure 3.6. a) Structure of the polymers; b) FTIR spectra of PAN porous support and of a Pebax® 

composite membrane. 

 

3.7.3 Transport properties of Pebax® /PAN composite hollow fibre membranes 

An overview of the most significant samples and their transport property are given in Table 3.2.  

 

Table 3.2. Transport properties of composite hollow fibre membranes coated at different conditions. 

Composite 
membrane 

Pebax® 
wt.% 

Coating 
layers 

Treatment 
time [min]  

Permeance 
 αCO2/CH4 

 
[m3 m-2 h-1 bar-1] 

 
     

CO2 CH4  
A1 2 1 60 

 
0.18 0.095 

 
1.9 

         
B1 4 1 30 

 
0.045 0.017 

 
2.6 

         
C1 4 1 60 

 
0.13 0.020 

 
6.5 

C2 4 2 60 
 

0.071 0.0096 
 

7.4 

C3 4 3 60 
 

0.041 0.0022 
 

18.6 

         
D1 8 1 6 

 
0.074 0.0097 

 
7.6 

D2 8 2 6 
 

0.047 0.0026 
 

18.1 

         
E1 10 1 3 

 
0.052 0.0029 

 
18.0 

F1 10 1 6 
 

0.0194 0.0011 
 

18.0 

 

The coating treatment significantly reduces the gas permeance of the original porous fibres by 3-

4 orders of magnitude for all membranes and increases the permselectivity, as shown in Table 

3.2, relating to the CO2/CH4 pair. The permselectivity for CO2 means that the gas transport in 

composite membranes obeys to a solution-diffusion mechanism, typical for non porous 
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membranes. The Pebax® layer controls the gas transport, while the presence of pinholes/defects 

in some samples causes a difference between the actual CO2/CH4 permselectivity and the ideal 

value of ca 18.5 [55], reported as reference line in Figure 3.7a.  

 

3.7.4 Effect of the Pebax® concentration  

A Pebax®concentration below 4 wt.% always produces poorly selective samples, also after a 

prolonged treatment time. At a concentration of 4 wt.%, the CO2/CH4 permselectivity increases 

from 3 to 6 when increasing the coating time from 30 to 60 minutes (samples B1,C1 in Table 

3.2). However, a single treatment is never effective for reaching the ideal of the neat polymer, 

even if the time of the treatment is further increased. Only after three successive coatings with 

intermediate drying, the composite membrane becomes completely selective (Figure 3.7a), while 

CO2 becomes three times less permeable with respect to the first treatment (samples C3 and C1) . 

The single gas permeation measurements, carried out in the pressure range 1-3 bar on membrane 

C3, allow to determine the effective thickness of the coating layer. The permeance for all gases 

results quite constant in the investigated pressure range (Figure 3.7b) and the gas permeance 

order is the following: PCO2> PHe> PCH4> PN2, in line with the values for neat Pebax® and with 

the hypothesis of a solution-diffusion mechanism.  
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Figure 3.7. a) CO2/CH4 permselectivity vs. concentration and number of coating for Pebax®/PAN 

composite membranes; b) Influence of feed pressure on gas permeability of CO2, He, CH4, 

and N2 at room temperature for membrane C3; c) Permeance through C3 membrane vs. the 

permeability of different gases through a neat Pebax® dense membrane [24]. 
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The gas permeance of all composite membranes, is plotted vs. the permeability of the same gases 

in the neat Pebax®, expressed in m3(STP) µm m-2 h-1 bar-1. Thus, the effective thickness of the 

coating layer for permeation can be calculated from the slope of the linear regression in this plot 

[24]. In the case of membrane C3, the effective Pebax® layer was found to be 5 µm thick (see 

Figure 3.7c); this estimation is in a good agreement with the thickness observed in SEM 

micrograph (Figure 3.5b). The good correlation between the permeance of the composite 

membrane and the neat Pebax®, confirms that the transport is not affected by the porous support. 

Starting from a 8 wt.% Pebax® solution, a final composite membrane with the permselectivity 

close to that of the neat polymer is already obtained after 2 coatings of 6 minutes each (Sample 

D2). After a single coating, the membrane still has some pinhole defects, decreasing the 

permselectivity to 8. 

A further increase of the Pebax® concentration to 10%, yields composite membranes with the 

appropriate permselectivity with a single coating. The time of the treatment does not affect but 

the effective thickness reduces from ca. 11 to 5 microns when reducing the treatment time from 6 

to 3 minutes (samples E1 and E2). 

 

3.7.5 Effect of Pebax®  solution viscosity 

The solution viscosity depends on the polymer concentration [68], and in order to explain in-

depth the effect of the Pebax® concentration during the coating treatment, the viscosity of the 

solutions was measured as a function of time and concentration. The viscosity of 4 wt.%, 8 wt.% 

and 10 wt.% Pebax® solutions at 25 °C is plotted as a function of time in Figure 3.8. The initial 

viscosity of the solutions increases from 13 cP to 100 cP as the Pebax® concentration increases 

from 4 to 10 wt.%. The viscosity of 4 wt.% solutions at 25 °C is approximately constant in the 

time. On the contrary, for the 8 wt.% solution, the viscosity increases from 30 cP to 40 cP and 

for the10 wt.% Pebax® solution it increases dramatically up to 800 cP after 30 minutes. This 

means that, at low Pebax® concentrations, the viscosity of the solution remains roughly constant 

during the coating treatment, whereas at high Pebax® concentrations (e.g. 10 wt.%) only short 

coating treatments can be carried out with a stable solution. On the other hand, only when 

operating with the concentrated solutions with a viscosity of about 100 cP, defect-free composite 

Pebax®/PAN membranes were obtained after a single coating. Less concentrated solutions 

require multiple or long time treatment to reach a homogeneous defect-free Pebax® layer with 

the ideal Pebax® permselectivity. The less concentrated solutions are not viscous enough to 
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prevent the massive infiltration into the porous support and are unable to produce a continuous 

layer that covers all pores on the inner surface of the hollow fibres. Subsequent treatments allow 

to repair the residual small pinholes still present in the selective layer.  

Interestingly, in spite of an increase in viscosity of the 8 wt.% solution as a function of time, a 

prolonged coating treatment does not lead to a better membrane. While the permeance decreases 

as could be expected for an increased layer thickness, the permselectivity decreased as well 

(Figure 3.8b). 
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Figure 3.8. a) Viscosity (T = 25°C) as a function of time for Pebax®1657 solutions with 

different concentrations. b) Resulting permeability and permselectivity of 

membranes coated with the 8 wt.% solution for different coating times . 

 

The origin of the viscosity increase as a function of time was studied in more detail by 

rheological analysis under small-amplitude oscillatory shear during a time sweep test. Figure 3.9 

shows that at beginning the solution behavior is liquid like because the value of the liquid 

component prevailed (G”>G’), thereafter a very strong increase of both the moduli G’ and  G” is 

exhibited in two hours, but, while G’ increases over more than 5 orders of magnitude, G” still 

increases significantly but much less. Then, a cross-over of G’ respect to G” at 30 minutes 

occurs and according to Winter gel theory [69], this corresponds to the onset of a gel structure to 

which corresponds either a high value of viscosity and elasticity, with a marked solid like 

behavior corresponding to a value of tagd@ 0,3. This result apparently appears in contrast with 

the data found for the 8% solution in the shear viscosity test that does not give this great change 

in the rheological behavior. It is well known that the shear viscosity experiment, even at low 
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shear rates, tends to continuously destroy the onset of the forming gel structure. On the contrary, 

oscillatory measurement are at equilibrium, thus allowing the gel structure formation. In Figure 

3.8b it was seen that the CO2 permeance decreased up to approximately the same coating time 

while longer coating times give comparable CO2 permeances. This effect can be ascribed to an 

increased thickness of the deposited polymer layer up to ca. 30 minutes, whereas the microgel 

particles formed in the solution at longer times are subject to too high shear forces to be 

effectively deposited onto the membrane surface. The microgel particles also compromise the 

formation of a defect-free film and may even damage the existing film, resulting in a slightly 

lower permselectivity. Apparently, an increasing viscosity of the coating solution is only 

beneficial if this viscosity derives from the increasing polymer concentration and not from time 

related gelation. Although after gelation of the more dilute solutions, the latter are still capable of 

coating the membrane, the integrity of the resulting membrane is insufficient, leaving pinhole 

defects and reducing the permselectivity.  
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Figure 3.9. Influence of time on the rheological properties of a 

8wt.% Pebax® solution at 25°C. 

 

3.7.6 Effect of Pebax® solution temperature 

Gelation in semi-crystalline polymers is normally due to the formation of microcrystalline 

domains, in this case of the polyamide block in Pebax®. The solution stability is 

thermodynamically controlled and depends on the temperature, while the crystallization rate is 



Chapter 3. Pebax®/PAN hollow fiber membranes for CO2/CH4 separation 

 

55 

kinetically controlled and depends on the degree of supercooling and on the polymer 

concentration. As a further validation of the combined role of concentration and viscosity of the 

coating solutions, the effect of the temperature on the dense layer formation was investigated. 

Thus, a set of composite membranes was prepared using a 10 wt.% solution and a coating time 

of three minutes, at three different temperatures. The viscosity analysis of the starting polymeric 

solutions and the performance of the prepared composite membranes are reported in Figure 3.10. 
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Figure 3.10. Effect of temperature on: a) Viscosity of 10 wt.% Pebax®1657 solutions. b) CO2/CH4 

permselectivity and c) CO2 permeance of composite membranes coated with a 10 %wt 

solution at three different temperatures ( 25 °C; 35 °C; 45 °C). 

 

The viscosity of a 10 wt.% Pebax® solution at 25 °C, 35 °C, and 45 °C was monitored for 30 

minutes (Figure 3.10a). The initial value decreased from 100 cP to 30 cP as the temperature 

increased from 25 °C to 45 °C. The solution at 45 °C keeps an almost constant viscosity during 

the experiment, whereas the solutions at 35 °C and especially at 25 °C show an exponential 

increase of their viscosity. The composite Pebax® /PAN membranes, prepared by a single 

coating for 3 minutes with these three different solutions, were tested for the gas separation: 

CO2/CH4 permselectivity and CO2 permeance are reported in Figure 3.10b and 10c. CO2/CH4 

permselectivity decreases as the temperature of the coating solution increases. This trend can be 

explained in terms of low viscosity causing a significant permeation of the coating solution 

through the porous support. This makes more difficult the formation of a homogeneous dense 

layer on the inner surface and consequently, the membrane permselectivity decreases. It occurs 

in analogy with the results obtained in a single coating when diluted Pebax® solutions were used 

(A1, B1 and C1 samples in Table 3.2). As shown in Figure 3.10c, the highest CO2 permeance was 

observed on the sample treated with the solution at 45 °C. In this case, a defective layer of less 
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than 1 mm was formed. The Pebax® solution at 35 °C with an initial viscosity of 45 cP shows the 

lowest CO2 permeance probably due to the filling of the support pores by the Pebax® . Only at 25 

°C the polymer solution has the appropriate viscosity that guarantees a layer of 5 mm, well 

adhered to the porous support, and having the same CO2/CH4 permselectivity of thicker neat 

Pebax® films. This confirms again that a solution with a viscosity around 100 cP is required for 

obtaining defect-free Pebax® /PAN composite membranes. 

 

3.8 Modelling of the transport properties 

For a better understanding of the parameters playing a role in the membrane preparation process, 

a model was developed in collaboration with D. I. M. E. S. This model correlates the preparation 

conditions to the two most important parameters describing the membrane performance: the CO2 

permeability, which can also be expressed as an effective membrane thickness, and the CO2/CH4 

selectivity, which is a measure of the membrane integrity for a given material. 

 

3.8.1 Setup of an Artificial Neural Network 

The ANN is composed of a number of neurons operating in parallel. It is possible to distinguish 

two kinds of neurons: input neurons and output neurons. The simplest kind of neuron is 

characterized by a scalar input, predicting the performance of Pebax®/PAN membranes as a 

function of some key coating process variables, such as the number of coatings, the polymer 

concentration, the duration of the treatment and the trans-membrane pressure (Inputs). These 

input variables exhibit a major influence on both CH4 and CO2 permeance (Outputs). Among the 

possible neural models, one of the most common ones is the perceptron, which represents a 

single layer network, whose weights and biases are continuously adjusted to obtain a correct 

target vector when presented with the corresponding input vector. A multilayer perceptron 

(MLP) network is a supervised network consisting of, at least, three layers: an input layer, one or 

more hidden layers and an output layer Figure 3.11.  

The developed ANN consists of an input layer with 4 neurons (corresponding to the system 

inputs); a hidden layer with 20 neurons, and an output layer comprising 2 neurons, which 

correspond to system outputs. The proposed model has to be considered as general and versatile, 

since it allows predicting both system outputs, the two gas permeances. The latter produces the 
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final network output, which is compared to a target vector, generally represented by a set of 

available experimental data. The proposed neural model was implemented to predict the 

dependence of system outputs upon the considered inputs. An iterative algorithm was exploited 

to eventually achieve the final neural model structure: 

 

: Neuron belonging to the input layer : Neuron belonging to the hidden layer : Neuron belonging to the output layer

Number of
Coating

Polymer
concentration

Treatment
duration DP

Permeance
CH4

Permeance
CO2

Structure of the implemented ANN model
 

Figure 3.11. Structure of the implemented ANN model 

 

The original experimental data, corresponding to 40 unique measurements, was randomly 

subdivided into three different datasets, reserving 70% of the points to achieve neural network 

training and 15% of the points to validate the neural model predictions during ANN 

development. The remaining 15% of the experimental measurements were finally used to 

perform the so-called post-simulation analysis, aimed at testing the neural model reliability in a 

set of conditions never exploited before. A set of proper convergence criteria, based on the 

calculation of the maximum errors between the experimental data (target) and the neural model 

predictions, was used to verify that the ANN was actually capable of predicting the influence of  

the operating conditions used in membrane preparation on its macroscopic performance, 

expressed in terms of CH4 and CO2 permeance.  
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Figure 3.12. The flow diagram of the ANN algorithm. 

 

The following two figures prove that the developed neural model can be actually considered as 

highly reliable. A comparison between the original experimental values (target) and the neural 

model outputs shows a very good agreement either with a dataset used during ANN development 

(training) or with a set of data never exploited during the so-called learning phase.  
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Neural Model Performance referred to Training and Test datasets

 

Figure 3.13. Neural model performance referred to training and structure of the test data. 

 

Based on the previous results, the present ANN represents a power fool to obtain indications 

about the actual system behaviour in a set of conditions never tested during the already-

performed experimental analysis. This is particularly useful because it enables the prediction of 

the membrane performance under given permeation conditions, even if these conditions have 

never been tried before. Obviously, the next step would be to find a model which is able to 

predict the optimum conditions for designing the membrane with the best possible performance. 

Figure 3.14a and Figure 3.14b show the effect of the polymer concentration on the CH4 and CO2 

permeance.  

 

Number of coating:1; Treatment duration: 30 min; TMP = 2 bar Number of coating:1; Treatment duration: 60 min; TMP = 1 bar

a) b)

 

Figure 3.14. Comparison between experimental values and neural model predictions using as input 

variables: a) a single coating, 30 min coating time and trans-membrane pressure bar. b) a 

single coating, 60 min coating time and trans-membrane pressure bar. 
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The ANN was exploited both in a set of conditions already tested in the lab-scale plant (a very 

good agreement can be noticed) and in a completely new set of experimental conditions. This is 

important and means that since the proposed model allows achieving a detailed knowledge of the 

system at hand, without performing costly and labor intensive experiments. In addition, by the 

proposed neural model, it will be possible to identify which set of operating conditions has to be 

chosen in order to achieve specific objectives, regarding for instance, the maximization of CO2-

CH4 selectivity, which is extremely important in biogas upgrading. 

 

3.8.2 Construction of a hybrid model for model validation and determination of the 

effective thickness of the dense layer in the case of pinhole defects 

3.8.2.1 Introduction on the transport in thin film composite membranes 

The gas or vapour permeance, p, of polymeric membranes is generally defined as the volumetric 

flow rate per unit area and driving force and is generally expressed in m3
STP/(m2 h bar): 

 

 Eq. 3.6 

 

In porous membranes various mechanisms may occur, with or without interaction with the 

membrane material. For light gases with little or no interaction with the membrane material, the 

main transport mechanisms are viscous flow and Knudsen diffusion. Viscous flow dominates for 

large pores and at high pressures, whereas Knudsen flux is the main mechanism at low pressure 

and in the case of very small pores. Their ratio can be used to calculate the average pore size 

[70]. The permeance depends on the nature of the pores, rather than on the membrane material. 

In dense membranes, the permeance p, relates to the materials properties and it is inversely 

proportional to the dense film thickness. Multiplication of the permeance and the film thickness, 

L, therefore yields the permeability coefficient, P, which is only a property of the material: 

 

 Eq. 3.7 
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The transport in dense membranes is governed by the well-known solution-diffusion mechanism 

[59] and the permeability coefficient is a product of the gas diffusion coefficient, D, and its 

solubility, S: 

 

 Eq. 3.8 

 

In ideal cases P, D and S are constants and knowing two of them is sufficient to calculate the 

third. 

In thin film composite membranes without a gutter layer only the film above the open pores of 

the porous support membrane is active for transport. Hence, the permeance is a function of the 

dense film thickness and of the surface porosity. In this case, one can define an effective 

thickness of the dense skin, Leff, as the ratio of the known permeability coefficient of the dense 

polymer and the measured permeance of the composite membrane. The value of Leff can be 

calculated from the measured permeance via the equation: 

 

 Eq. 3.9 

 

This is an important performance indicator for the membranes, because a lower thickness 

corresponds to higher fluxes. 

The second performance indicator of a membrane is its selectivity. The ideal selectivity, aA/B, is 

defined as the ratio of the permeability coefficient of two different gases A and B: 

 

 Eq. 3.10 

 

3.8.2.2 Quantification of the transport properties of thin film composite membranes 

In real membranes, the selectivity is often lower than the ideal selectivity due to the presence of 

pinhole defects in the thin selective layer. Indeed, in the present work, due to incomplete coating 

of the porous support fibres the selectivity of various membranes is lower than that of a defect-

free neat Pebax film. Gas transport in the small pinholes takes place via Knudsen diffusion, 

which is inversely proportional to the square root of the molar mass. Thus the permeance of gas 
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species i for a membrane with pinhole defects can be expressed by the sum of a solution-

diffusion term through the dense film, and a Knudsen diffusion term through the pinhole defects: 

 

 Eq. 3.11 

 

Where CKn is a constant related to Knudsen diffusion, depending on the surface porosity, 

tortuosity, pore size and temperature. These parameters do not depend on the gas type and 

therefore CKn is the same for all gases. For two different gases, Eq. 3.11 can be solved 

numerically, yielding the value of the effective thickness and the Knudsen constant. Thus, this 

equation allows the correct calculation of the effective thickness of the skin, even in a membrane 

with pinhole defects if the number of pinholes is not so large that they dominate the transport. 

When the permeation data are known for more than two gases, the same equation can be used 

but it must be solved by a least squares optimization method, as described previously [13],[60]. 

Alternatively, CKn and Leff can be calculated numerically using only two gases, and the additional 

gases can be used for the validation of the model. 

An example of the calculation of the effective membrane thickness, Leff, via Eq. 3.11 is given in 

Figure 3.15 for two different representative membranes. For a selective membrane, a plot of the 

permeance as a function of the permeability coefficient of He, N2, CO2 and CH4 yields a 

virtually perfect correlation (Figure 3.15A) and the effective membrane thickness is given by the 

reciprocal slope of the curve and equals 5 mm. At the same time there is no correlation between 

the permeance and the square root of the molar mass of the gases (Figure 3.15C), excluding the 

Knudsen diffusion mechanism. For the less selective membrane, there is a fair correlation 

between the permeance and the permeability coefficient, but the fit clearly does not pass through 

the origin (Crosses and blue line in Figure 3.15B). Similarly, there is a fair correlation with the 

square root of the molar mass, except for CO2 (Crosses and blue line in Figure 3.15D) which has 

a much higher permeance than predicted by the Knudsen diffusion mechanism due to a 

significant contribution of the solution-diffusion mechanism. Interestingly, the total permeance 

can be decomposed into a contribution of solution-diffusion (green circles and line in Figure 

3.15B) and a contribution of Knudsen diffusion magenta circles and line in Figure 3.15D). In 

spite of the clear presence of pinhole defects, giving rise to significant contribution of Knudsen 

diffusion for the relatively less permeable He, N2 and CH4, the slope of the green line in Figure 

3.15B still allows an accurate estimation of the effective membrane thickness (3.3 mm) 
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The procedure discussed here to calculate the effective membrane thickness based on the 

permeation data of each membrane for all available gases thus allows the construction of a 

hybrid model which will be the aim of future work.   

 

(A) 

 

(B) 

 

(C) 

 

(D) 

 

Figure 3.15. Graphical visualization of the determination of the effective membrane thickness for two 

representative thin film composite membrane according to the fitting procedure with Eq. 3.11 

described in the text. Graphs (A, C) represent a selective membrane with negligible pinhole 

defects; graphs (B,D) represent a moderately selective membrane with pinhole defects. Neat 

Pebax® 1657 data are taken from Ref. [61]. 

 

3.9 Conclusions 

Composite Pebax® /PAN hollow fibre membranes were successfully prepared by means of a 

dynamic cross-flow filtration coating method. This method is suitable for coating of fibres at the 
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inside and has the advantage that it can be applied simultaneously to a large number of fibres 

while they are already mounted in a membrane module. By controlling different parameters, 

such as the concentration and the viscosity of the polymer solution, the time and number of 

coating treatments, the thickness and the permeability of the membranes can be tailored. It was 

found that the viscosity of Pebax® solutions is the most influent parameter determining the dense 

layer formation during the coating process. 

The viscosity depends on two parameters: the concentration and the temperature of the Pebax® 

solution, related to the amount of polymer and its aggregation state, respectively. Both factors 

have a strong effect on the dense layer formation. Increasing the concentration of the polymer 

solution yields dense film after a smaller number of coatings. In particular, three subsequent 

coatings are needed when using a 4 wt.% solution, two for an 8 wt.% solution and only one for a 

10 wt.% solution. This can be explained because a high polymer concentration prevents intrusion 

of the polymer solution into the support pores and forms a more coherent film. On the other 

hand, a high coating temperature increases the solution stability but decreases the viscosity of the 

polymer solution, making the formation of a dense layer more difficult and causing a decrease of 

the CO2/CH4 permselectivity. The time of the treatment has an effect on the gas permeance but 

hardly on the permselectivity. The appropriate conditions to obtain in a single coating a dense 

and selective Pebax® layer were found: Pebax® viscosity of 100 cP and dynamic coating time of 

3 minutes. The membranes prepared with these parameters demonstrate an optimum thickness of 

less than 5 µm and a CO2/CH4 permselectivity of ca.18, similar to that observed for the neat 

polymer. The FT-IR analysis confirms the presence of Pebax® dense layer, while the single gas 

permeation tests and the SEM analysis tests of the composites allow the calculation of the 

effective membrane thickness. The selective composite Pebax®/PAN hollow fibre membranes 

can be used to separate the CH4 from CO2 and could be potentially employed for biogas 

treatment. In the present work the coating technique was applied to obtain dense gas separation 

membranes and the method can in principle be extended to other membrane types.  
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Chapter 4. Preliminary study on the potential use of 

membrane contactors for CO2/CH4 separation by 

facilitated CO2 transport in ionic liquids 

 

4.1 Abstract 

The present study reports a way to increase the CO2 solubility in the ionic liquid [BMIM][OTf] 

by the use of the enzyme Carbonic Anhydrase (CA), and the investigation of this principle as an 

approach to achieve CO2 facilitated-transport in membrane contactors. For this purpose, a 

membrane contactor with polyacrylonitrile (PAN) hollow fibres, filled with the ionic liquid, is 

tested for gas sorption of a mixture of CO2 and CH4. The objective is to verify the possibility to 

use this principle for the purification of methane from biogas by selective removed of CO2. The 

most abundant impurity in biogas is CO2 and its removal is necessary in order to increase the 

methane concentration, and thus the energy density of the biomethane. Among the various 

CO2/CH4 separation techniques, a potentially suitable method is represented by the CO2 capture 

with ionic liquids (ILs). The idea to use Carbonic Anhydrase is inspired by the fact that Room 

Temperature Ionic Liquids are often used as a reactive medium for homogeneous catalysis, 

suitable for various applications, while enzymes are known in some cases to preserve their 

activity in ILs. 

 

4.2 Introduction 

Among the different types of membranes used for the separation of carbon dioxide, a new class 

of membranes is becoming increasingly important: supported liquid membranes (SLMs) with a 

facilitated transport of CO2  [68–71]. Supported liquid membranes generally consist of a selective 

solvent that is impregnated into the pores of a membrane support. The liquid of the selective 

layer can give a superior performance in terms of permeability and selectivity with respect to 

dense polymeric membranes. However, SLMs in industry suffer from the loss of volatile organic 

solvents. To address this problem, Ionic liquids (ILs) are proposed as alternatives to organic 
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solvents to act as separation media in SLMs. They represent a new generation of membranes: 

supported ionic liquid membranes (SILMs) [71–74]. The ionic liquids are molten salts at room 

temperature, with a negligible vapour pressure, high thermal stability, high ionic conductivity 

and finally they are able to solvate various compounds with their widely varying polarity [75]. 

They are called “designer-solvents” because ILs have malleable physical-chemical properties, 

given by the possibility to choose a cation and an anion among thousands of different 

combinations. Furthermore, their interest is rising as environmental friendly solvents for many 

synthetic and catalytic processes [67]. Additionally, ionic liquids with a particular ability to 

solubilize and concentrate CO2 (task-specific ionic liquids), will provide the perfect environment 

for the reaction catalyzed by specific CO2 carriers. Membranes, in which an enzyme, solubilized 

in a suitable IL as the solvent, is circulated through the lumen of hollow fibres, can be one of the 

most attractive facilitated transport membranes to be used in gas separation. Ionic liquids with 

high affinity for CO2 assure an enhanced local concentration of CO2 and the necessary level of 

water. The CO2-facilitated transport is operated by a carrier and the main carrier with a high 

affinity for the CO2 is the enzyme Carbonic Anhydrase (CA). This kind of facilitated transport is 

based on the same principle as the biological system of the human respiration, in which the 

enzyme catalyzes the reversible reaction of carbon dioxide with the water to produce the 

bicarbonate [8]. This chapter reports a way to increase the CO2 solubility in the ionic liquids by 

the use of the enzyme Carbonic Anhydrase (CA). The investigation of this principle may 

eventually lead to an approach to achieve facilitated CO2 transport in membrane contactors. 

 

4.3 Experimental section 

4.3.1 Materials 

4.3.1.1 Ionic liquids 

All ionic liquids used in this chapter belong to the imidazolium-based family (Figure 4.1). The 

ionic liquids used are six: [BMIM][NTf2], [BMIM][PF6], [BMIM][OTf]; [EMIM][NTf2], 

[EMIM][BF4], [EMIM][dca] supplied by Merck (Table 4.1). The first three ILs contain the 

cation [BMIM+] with the butyl group in the 1-nitrogen position. The others contain the cation 

[EMIM+] with the ethyl substituent in the 1-nitrogen position. The anions are different for most 

ionic liquids. 
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Figure 4.1. Imidazolium cation structure used in this work and specific structures 

 

Table 4.1. Chemical structures and  conventional codes of the ionic liquids studied  
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4.3.1.2 Carbonic anhydrase enzyme 

Freeze dried Carbonic anhydrase from bovine erythrocytes was obtained from Sigma–Aldrich 

(USA) (reference C3934) and was used in this work without any additional purification. 

Solutions of the carbonic anhydrase enzyme in the ionic liquid were prepared using the ionic 

liquid [BMIM][OTf] and adding 0.3 and 0.5% wt into 7 ml of ionic liquid. 

 

4.3.1.3 Hollow fibres 

PAN hollow fibres were supplied by F. Tasselli of ITM-CNR and were prepared as described in 

section 3.3.1. Asymmetric porous PAN hollow fibre supports were prepared by the dry–wet 
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spinning technique according to the phase inversion process as described previously. The 

spinning set-up was described previously [61]. Contactor membrane modules were prepared by 

potting five PAN hollow fibres with epoxy resin inside 20 cm long glass tubes with two lateral 

connections for the sweep or retentate flow. PAN polymer solutions were prepared by adding the 

polymer powder to DMF in a glass flask at 70 °C, under mechanical stirring until complete 

polymer dissolution. The dope solution was then transferred into a jacketed tank, kept at a 

constant temperature (70 °C) and degassed under vacuum. 

 

4.3.2 Pure gas sorption experiments  

4.3.2.1 Method 

The experimental setup used to determine the gas solubility and diffusivity is show in Figure 4.2. 

This involved monitoring the evolution of the pressure decay with time. The pressure decay is 

related to the absorption of the gas by the ionic liquid. The experimental setup is composed of 

two parts: the feed compartment (FV) pressurized until a 1.7 bar (abs) constant pressure of the 

pure gas, and the absorption compartment (AC), in which a volume of 0.5ml of IL was 

collocated selected. The two parts were separated by a valve. At the opening the valve, the gas 

was expands from FV to AC. The pressure decay was followed in the system using a pressure 

transducer (Duck, PDCR 910 model, England). 

 

P

t

P

CO2CH4

FV

PI

AC

TC

 

Figure 4.2. Pressure-decay experimental setup: FV feed volume, AC gas absorption 

compartment, TC temperature controller, PI pressure transducer. 
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The solubility and diffusivity were determined by fitting the pressure decay curve to a one-

dimensional diffusion model for solute uptake into the liquid. Several assumptions were 

considered: (i) only diffusive transport occurs in the system; (ii), equilibrium is established at the 

gas/liquid interface; (iii) CO2 and CH4 concentration in the liquid phase boundary is described by 

Henry’s Law and (iv) CO2 and CH4 diffusion coefficients are independent of their concentration 

for the partial pressures tested (0.7 bar). It is also considered that solvent properties such as 

viscosity and density are constant at a given temperature [61]. 

Combining Fick’s first law of diffusion with a mole balance written on the liquid-phase yield: 
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This equation may be integrated over a thin-liquid film with the following boundary conditions: 

 

t =0; P =P0;                        Cgas = 0       Eq. 4.2 
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d
 = 0      Eq. 4.3 
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   Eq. 4.4 

 

where z is the vertical position within the solvent (m), Cgas is the gas concentration (mol dm-3), D 

is the diffusion coefficient (m2s-1), t is the time (s), L is the thickness of solvent film (m), ρsolvent is 

the solvent density (g cm-3), Hgas is the Henry’s Law constant for the gas in the solvent (bar) and 

MWsolvent (g mol-1) is the molecular weight [77].  

The method was already described previously. An analytical solution is available from Crank 

[78]: 
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Considering that pressure (P) is determined by a molar balance in the gas phase, Eq. 4.5 can be 

rearranged: 
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Where V corresponds to the volume of gas (cm3) in the gas compartment, Vsolvent is the volume of 

solvent (cm3) in the absorption compartment (AC), respectively. Eq. 4.6 was fitted to the 

experimental transient pressure results, by adjusting Hgas and Dgas using a nonlinear regression 

method using the Matlab method.  

Figure 4.3 shows reported the set-up for the gas mixture measurements in a membrane contactor. 

A mixture was prepared feeding into the gas tank CO2 and CH4 to a composition of 60% and 

40%, respectively. The set-up is composed of two parts: the gas compartment (GC) pressurized 

until a 0.7 bar constant pressure of the gas mixture, and the membrane contactor (MC). The two 

parts were separated by a valve. At the opening of the valve, the gas mixture expanded from the 

GMT to the shell side of the MC. In these preliminary tests, there was no real separation. 

CO2CH4

GMT

PI

GCMC

IL + CA

 

Figure 4.3. Gas experimental with mixture set-up: GMT Gas mixture tank, MC membrane 

contactor, GC Gas chromatograph with computer. 
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The membrane contactor served as a reservoir for the IL, allowing measurement of the pressure 

decay. The composition of the gas mixture was analyzed over time by gas chromatography, in 

order to evaluate the ability of the membrane contactor to absorb the CO2. 

 

4.4 Results and discussion 

4.4.1 Comparison of the CO2 solubility in different ionic liquids 

4.4.1.1 Effect of the cation 

The CO2 solubility tests were carried out with two ILs having the same anion but different 

cation, in order to understand the effect of cation on the CO2 absorption. The CO2 solubilities of 

[BMIM][NTf2] and [EMIM][NTf2] are shown in Figure 4.4. 
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Figure 4.4. CO2 solubility for [BMIM][NTf2] and [EMIM][NTf2] ILs with the 

same anion and different cation. 

 

The CO2 solubility increased only marginally with increasing chain length. In fact the CO2 

solubility of the [BMIM][NTf2], with a butyl-chain on the 1-Nitrogen, is slightly higher than that 

of [EMIM][NTf2], with an ethyl chain. However the difference of CO2 solubility between 



Chapter 4. membrane for CO2/CH4 separation by facilitated CO2 transport in ionic liquids 

 

72 

[BMIM][NTf2] and [EMIM][NTf2], is very little and negligible compared to the experimental 

errors. This suggests that the primary interaction that involves between the CO2 and the ILs, 

occurs with the anion and not with the cation [79]. 

 

4.4.1.2 Effect of different anions when the cation is the [EMIM] 

In order to understand the effect of the interaction between the anion and CO2, the CO2 solubility 

for the three ionic liquids with the same cation but different anions [EMIM][NTf2], 

[EMIM][BF4] and [EMIM][dca] were investigated. All of the ILs have the same 1-ethyl-3-

methylimidazolium ([EMIM]) cation, but the anions span a wide range of basicity. The anions 

are [BF4
-], [NTf2

-], [dca-]. 

The CO2 solubility for the ionic liquids [EMIM][NTf2], [EMIM][BF4] and [EMIM][dca] is 

shown in Figure 4.5. The two ionic liquids having the anion with fluorine atoms present a higher 

solubility than that of the ionic liquid without fluorine atoms ([EMIM][dca]). This presumes that 

the CO2 solubility increases in the presence of fluorine because this atom makes the nitrogen 

more nucleophilic for the interaction with the CO2 molecule. The highest CO2 solubility was 

proven for the IL with the anion BF4
-, probably because it shows a higher basicity than that of 

the anion NTf2
-. In addition, it has a lower molecular weight and thus a higher concentration of 

ions. The diffusion decreases with the increase of viscosity and solubility as expected.  
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Figure 4.5. a) CO2 solubility and b) CO2 Diffusion for [BMIM][BF4], [EMIM][NTf2], [EMIM][dca]. 

ILs with different anions and same [EMIM] cation. 
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4.4.1.3 Effect of different anion when the cation is [BMIM] 

For a further validation, that the primary interaction between ionic liquids and CO2 occurs with 

the anion, the CO2 solubility in [BMIM][NTf2], [BMIM][PF6] and [BMIM][OTf] was 

investigated. All of the ILs have the same 1-buyl-3-methylimidazolium ([BMIM]) cation, but 

different anions: [PF6
-], [NTf2

-], [OTf-]. Figure 4.6 shows the CO2 solubility as a function of 

different anion present in the ionic liquids. The CO2 solubility increases when increasing the 

presence of the fluorine containing groups in the anion (BF6
->NTf2>OTf). This means that the 

stronger interaction of CO2 with the fluorine can increase the affinity of ionic liquid for CO2. The 

lowest CO2 solubility was proved for [BMIM][OTf]. [BMIM][PF6] and [BMIM][NTf2] present 

the same number of fluorine atoms, but the CO2 solubility of [BMIM][PF6] is higher than that of 

[BMIM][NTf2]. The PF6
- anion apparently has a stronger interaction with the CO2 than that of the 

NTf2
- anion. The diffusion decreases with the increase of solubility. Probably the lower 

interaction of the ions with the CO2 allows a faster diffusion. 
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Figure 4.6. a) CO2 solubility; b) CO2 Diffusion and permeability for different ILs with same cation and 

different anions ([BMIM][PF6], [BMIM][NTf2] and [BMIM][OTf]). 

 

4.4.2 Comparison of the interaction between the enzyme and hydrophilic and 

hydrophobic ILs 

The ionic liquids show a particular ability to solubilize and concentrate CO2 and provide the 

perfect environmental for the reaction that the thermo-resistant carbonic anhydrase enzyme 
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catalyzes Figure 4.7. Ionic liquids with affinity for CO2 assure an enhanced local concentration 

of CO2 and the necessary level of water [80], which guarantees the adequate enzyme activity and 

stability. 

CO2  +  H2O HCO3
- +  H+

Carbonic anhydrase

 

Figure 4.7. The equilibrium reaction of CO2 to bicarbonate by carbonic anhydrase. 

 

However, the ionic liquids that show a higher CO2 affinity at the same time are the ionic liquids 

with high hydrophilic character and vice versa. For this reason, it is important to find a 

compromise between the hydrophilic/hydrophobic character and the affinity for CO2. Among all 

the ionic liquids studied, those with a good affinity for CO2 were chosen; at least one with a 

hydrophobic character [BMIM][OTf] and another one with a more hydrophilic character 

[EMIM][BF4] were chosen. 
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Figure 4.8. CO2 solubility for all ionic liquids in the present studies. 

 

As reported in Figure 4.8 and in Table 4.2, the [EMIM][BF4] is the ionic liquid with the highest 

CO2 solubility, whereas the [BMIM][OTf] showed a much lower CO2 solubility. The choice of 

these two ionic liquids allows the study of the CO2 solubility in two opposite situations. In one 

case the performance of a hydrophilic ionic liquid [EMIM][BF4] with high affinity for CO2 was 

studied. In the second case an ionic liquid with lower solubility for carbon dioxide but while 

more hydrophobic character was used. 
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Table 4.2. Characteristics of ionic liquids studied 

Ionic Liquids 
S* CO2  

[mol/mol bar] 

Viscosity** 

(cP) 

Density**  

(g/cm3) 

MW** 

(g/mol) 

[EMIM][BF4] 5.14 37 1.28 197.97 

[BMIM][PF6] 1.60 182 1.37 284.14 

[EMIM][NTf2] 1.41 27 1.51 391.31 

[BMIM][NTf2] 1.43 40 1.43 419.36 

[BMIM][OTf] 1.06 109 1.29 288.29 

[EMIM][dca] 0.94 17 1.08 177.21 

* Solubility of ionic liquids measured 

** Viscosity, density and molecular weight (MW) reported as reference [81] 

 

Figure 4.9 shows the CO2 solubility for pure [EMIM][BF4] and [BMIM][OTf] pure and with 

0.5% of enzyme. The starting CO2 solubility in [EMIM][BF4] is higher than of [BMIM][OTf], as 

discussed above, probably because the anion BF4
- shows a more nucleophilic character than OTf- 

anion [82]. This causes a stronger interaction between [EMIM][BF4] and CO2, as a consequence, 

a higher CO2 solubility was found. In the presence of the enzyme, the CO2 solubility increased 

only for [BMIM][OTf], instead for [EMIM][BF4] there is a drastic decrease. This behaviour is 

probably caused by the hydrophilic character of the [EMIM][BF4] that subtracts the water for the 

reaction from the enzyme. Instead, the CO2 affinity for [BMIM][OTf] increases in the presence 

of the enzyme.  
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Figure 4.9. CO2 solubility (a), CO2 Diffusion (b), CO2 Permeability (c) for [EMIM][BF4] and 

[BMIM][OTf] pure and with 0.5% of enzyme. 

 

a b c 
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The hydrophobic character of [BMIM][OTf] leaves the initial affinity of the ionic liquid 

unchanged and ensures the availability of water molecules for the enzyme catalysis. This 

behaviour confirms that the enzyme stability was in agreement with the hydrophobicity of ILs 

and that the enzyme is more stable in hydrophobic ILs [BMIM][OTf] than in the hydrophilic 

[EMIM][BF4]. The diffusion, as expected, decreases for both ionic liquids possibly due to an 

increase of the viscosity after the addition of the enzyme. The CO2 permeance for the 

[EMIM][BF4] decreases dramatically in the presence of the enzyme due to the drastic reduction 

of the solubility. Instead for [BMIM][OTf] the CO2 permeance increases as a consequence of the 

stronger solubility effect. 

 

4.4.3 CO2 sorption in IL with different water activity 

The ionic liquids must have a good affinity for CO2 and must contain the necessary level of 

water for the reaction. The biocatalytic activity is very sensitive to enzyme hydration, it is 

important to control water activity when determining the effect of the solvent on the enzyme 

activity. The water activity, a, is defined as a relative index to the amount of water which, in a 

given product is free from special links with the other components, or more simply, as the ratio 

of the actual pressure, p, and the saturated vapour pressure, p0: 

 

0

p
a

p
=  Eq. 4.8 

 

Saturated salt solutions may be used for pre-equilibrating a system to a defined water activity 

through the vapour phase. The salt solutions and corresponding water activity values selected for 

this study are shown in Figure 4.10. Saturated salt solutions were prepared by mixing inorganic 

salts with distilled water in order to obtain a solution with a high solid fraction. The 

[BMIM][OTf] pre-equilibrated in a closed vessel in the presence of the enzyme, with the vapour 

phase in contact with the appropriate saturated salt solution. Through the equilibrium period (one 

week), the temperature was controlled at 30°C. The equilibrium process was monitored by Karl-

Fisher in order to determine the water content of the samples. The CO2 absorption tests, with 

different levels of water activity were carried out Figure 4.10. 
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Figure 4.10. CO2 solubility for the [BMIM][OTf] as function of different water 

activity. The curve is indicated as a guide to the eye. 

 

It was found that the CO2 solubility decreases with increasing water activity. This makes it 

necessary to choose a suitable compromise between a high enough  water concentration to allow 

the reaction to occur, and low enough concentration not to decrease the CO2 solubility 

significantly. In this preliminary study, the IL with a water activity of 0.2 still exhibited a good 

affinity for CO2 (0.62 mol / mol bar). 

 

4.4.4 CO2 and CH4 sorption results on [BMIM][OTf] IL with carbonic anhydrase  

For a further validation of the positive effects of the enzyme on the CO2 solubility, a set of CO2 

absorption experiments were carried out with different enzyme concentrations in the ionic liquid 

[BMIM][OTf]. As shown in Figure 4.11a, the CO2 solubility increased as the enzyme 

concetration increased. Figure 4.11b reports the effect of the enzyme concentration on the CO2 

diffusion. The diffusion decreased, which might be a consequence of the increasing viscosity in 

the presence of the enzyme, but more likely the diffusion coefficient of the bicarbonate anion is 

lower than that of free CO2, dissolved as a gas. 
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Figure 4.11. a) CO2 solubility and b) CO2 diffusion coefficient in [BMIM][OTf] as function of the 

enzyme concentration. 

 

4.4.5 CO2 and CH4 adsorption in a Membrane Contactor with stagnant IL 

As a preliminary test for the potential use of membrane contators for CO2/CH4 separation, some 

experiments were carried out to measure the sorption behaviour of the stagnant ionic liquid 

inside a hollow fibre membrane contactor without recirculation, in the setup shown in Figure 4.3. 

The bore of the PVDF hollow fibres was filled with a selected ionic liquid, [BMIM][OTf]. Gas 

sorption measurements were carried out with a mixture of CO2/CH4 with a composition of 60/40 

vol.%/vol.%. The mixture was fed into the shell side of the module. The composition was then 

monitored as a function of time, assuming that the variation of the mixture composition is due to 

the absorption of gases by the ionic liquid.  

Figure 4.12 shows the trend of the gas mixture composition in the time. The CO2 decreases form 

60% to 48% in two hours. Instead, the methane concentration increases from almost 40% to 

51%. This behaviour can be attributed at the CO2 absorption by the ionic liquid, which shows a 

lower affinity for methane than for CO2. The addition of the enzyme in the lumen of the hollow 

fibres with the ionic liquid can improve in terms of velocity and efficiency in the separation 

process. 

 

a b 
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Figure 4.12. Gas composition in the shell side for membrane 

contactor with PAN hollow fibres and [BMIM][OTf]. 

 

4.4.6 Pure CO2 sorption in membrane contactor with recirculation of the IL 

The ionic liquid [BMIM][OTf], equilibrated in the presence of CH3COOK to a given water 

content, was fed into the lumen of the hollow fibre module under continuous recirculation, as 

displayed in Figure 4.3. Gas sorption measurements were carried out with a mixture of CO2/CH4 

with a composition of 70/30% mol/mol. The gas mixture was fed into the shell side of the 

module in dead-end mode and the composition of shell side with the pressure was followed as 

function of time Figure 4.13.  

The CO2 was adsorbed in greater quantities than methane and a good sorption selectivity of 3.5 

for the CO2/CH4 mixture with the membrane contactor of PAN hollow fibres was obtained. 
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Figure 4.13. Trend in the gas concentration as a function of time, and calculated solubility of CO2 and 

CH4 in the IL [BMIM][OTf]. 

 

4.5 Conclusions 

The CO2 solubility was investigated for six different imidazolium-based ionic liquids to evaluate 

the dependence on the choice of anion and on the substituents on the cation. The interaction 

between the CO2 and the ionic liquid occurs in primary way with the anion, the cation playing a 

secondary role. In fact, the ionic liquids [EMIM][NTf2] and [BMIM][NTf2] demonstrated the 

same CO2 solubility. The CO2 solubility increases slightly and in an almost negligible way with 

increasing chain length on the 1-nitrogen of the cation ring ([BMIM][NTf2] ≥ EMIMNTf2). The 

use of fluorinated groups such as NTf2 or OTf  might increase carbon dioxide solubility. The 

anion of ionic liquids with fluoro-atoms have a higher CO2 solubility affinity than that of the 

nonfluorinated inorganic anions; In fact, the [EMIM][dca] showed the lowest CO2 solubility. 

In this study the effect of the enzyme carbonic anhydrase on the CO2 solubility in ILs was also 

investigated. The CO2 solubility in  hydrophilic ionic liquid [EMIM][BF4], decreased after the 

addition of the enzyme. Probably  due to the hydrophilic character, the ionic liquid subtracts the 

water from the catalyst, and it does not allow the conversion of CO2 into bicarbonate. Instead, 

when the hydrophobic ionic liquid [BMIM][OTf] was used, the solubility increased. Increasing 

the amount of the enzyme, the CO2 and CH4 solubility increased for both but the methane 

diffusion coefficient decreases more than the CO2 diffusion coefficient. This means that in 
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presence of the enzyme a benefit in the CO2 permeability can be expected and, as a consequence 

in the CO2/CH4 selectivity. 

A good separation in the time was obtained for the CO2/CH4 mixture with the membrane 

contactor composed of PAN hollow fibres and [BMIM][OTf] ionic liquid. Further studies are 

needed for the evaluation of the contactor performance in the presence of the enzyme carbonic 

anhydrase for the Biogas treatment under real operation conditions. 
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Chapter 5. Mixed matrix membranes with Zr/Cr-based 

MOFs dispersed in PIM-1 for CO2/CH4 separation 

 

Abstract 

Gas separation using metal organic framework (MOF) based Mixed Matrix Membranes 

(MMMs) is becoming an active and important research field. This work presents the study of gas 

transport properties for the PIM-1 polymer of intrinsic microporosity loaded with two different 

kinds of MOF: MIL-101 and UiO-66. The effect of the ligand functionalization, as amino group 

(NH2) and oxalic acid (COOH)2, for the MOF type UiO-66(Zr) and of ethylenediamine (ED) for 

MOF type MIL-101 were studied. The permeability of pure He, H2, N2, O2, CO2 and CH4 was 

studied, focusing the attention on the potential use of these membranes for CO2/CH4 separation, 

and on how the functionalization of these MOFs affects the gas transport through the 

membranes. Finally, a comparison between the two kinds of MOFs-based Mixed Matrix 

membranes on the gas separation performance was evaluated. 

 

5.1 Introduction 

Mixed Matrix Membranes (MMMs) offer the opportunity to combine the benefits of low cost 

and easily processable polymeric materials with the excellent transport performance of inorganic 

fillers. The design of these new materials for gas separation has the objective to produce 

innovative membranes with enhanced permeability and selectivity, exceeding the Robeson upper 

bound limit. Moreover, the MMMs developed for gas separation offer all the advantages of the 

good transport properties of polymers (high gas permeability) and the good transport properties 

of inorganic materials (high selectivity). The choice of the polymer and the filler particle loading 

are the most important parameters affecting the morphology and the performance of MMMs. In 

this work a polymer characterized by a high intrinsic microporosity: 5,5,6,6-tetrahydroxy-

3,3,3,3-tetramethyl-1,1-spirobisindane and tetrafluoroterephtalonitrile (PIM-1) was used. The 

bulk structure of this polymer presents interconnected voids or free volume elements. The 

interconnected voids are formed as a direct consequence of the highly contorted shape and 

extreme rigidity of the polymer backbone [83]. The presence of high free volume, due to by the 
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existence of a bulky group with a contort site in the main chain combined with the highly 

stiffness of the main chain, makes this polymer a successful candidate for the development of 

highly permeable membranes [84]. There is an active research field that is developing MMMs 

using the PIM-1 as the polymer matrix. MMMs derived from a polymer of intrinsic 

microporosity and silicalite-1 were prepared by et Ahn et al. They found that the incorporation of 

fillers increased overall gas permeability compared to the neat polymer but the trend is not linear 

with the amount of the silica nanoparticles added [85]. Bushell et al. prepared MMMs based on 

the polymeric matrix of PIM-1 and the zeolitic imidazolate framework, ZIF-8 [87]. They 

reported that an increase in MOFs incorporated results in an increase in the permeability 

coefficient and selectivity, but there is an exception for the CO2/CH4 pair where the selectivity is 

more or less independent of the ZIF-8 loading in the membrane. 

In the present chapter, the effect of the addition for different MOFs on the gas transport 

properties of the PIM-1 will be investigated. The MOFs are a new group of nanoporous materials 

made by linking organic units with metal inorganic complex [88]. The inorganic units form the 

vertices of a frame work, on the other hand the organic linkers form the porous structure with a 

definite dimension and size shape [87]. The MOFs present a lot of advantages respect to the 

inorganic fillers: as a better compatibility with the polymer due to the organic nature of MOFs, 

they have a large variety of structures with different pore size and shapes and finally they have 

higher pore volume with a lower density [88]. The pre-defined dimension of the cages and 

eventually the fictionalization of the ligands can make the MOFs more affine for specific gases, 

making the MOFs interesting for the gas separation application [89]. In this work the effect of 

the addition into the PIM-1 of different functionalized Zr-based MOFs and Cr-based MOFs on 

the gas transport properties was evaluated. Nik et al., prepared and characterized CO2/CH4 gas 

separation properties of mixed matrix membranes made with Zr-based MOFs (UiO-66) and 

6FDA–ODA polyimide as the polymeric matrix. They compared the gas transport of non-

functionalized and (-NH2) functionalized UiO-66 MOFs, demonstrating that the presence of –

NH2 functional groups in the MOF structure decreases the CO2 permeability from 50 to 13.7 

Barrers, while the CO2/CH4 selectivity increases from 46 to 51 [90]. Instead, Wu et al. reported 

that UiO-66(Zr)–(COOH)2 based membranes is highly CO2-selective for CO2/CH4 separation 

respect to the non-functionalized UiO-66(Zr)-based membrane on the basis of a computational 

exploration study [91]. Instead, Jeazet et al. incorporated metal-organic framework MIL-101 into 

a polysulfone matrix and demonstrated an almost 7-fold increase in permeability for the fast gas 

CO2 (from 5 to 35 Barrers) with a slight increases in ideal CO2/CH4 selectivity (from 15 to 20) 
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with the increasing MIL-101 content [92]. In this work the pure gas permeation properties of 

PIM-1/ Zr-based MOFs and Cr-based MOFs MMMs for of He, H2, O2, N2, CO2, CH4 were 

investigated for different MOF loadings. The measured permeability coefficient and 

permeselectivities were compared with the state of art data using Robeson diagrams. 

 

5.2 Experimental 

5.2.1 Materials 

5.2.1.1 Polymers 

The polymer used is the PIM-1 synthesized by the School of Chemistry, University of 

Manchester, (UK) (Figure 5.1) [83]. The crude polymer was dissolved in chloroform and 

reprecipitated from methanol. The product was refluxed for six hours in deionized water and 

then dried at 100 °C for two days, yield. The thus polymer was used for the membrane 

preparation. 

O

O

O

O

N

N

n

 

Figure 5.1. Chemical structure of PIM-1 

 

5.2.1.2 MOFs 

The MOFs used in this work are a family of Zr-terephthalate and Cr-terephthalate based metal–

organic frameworks, namely UiO-66 and MIL-101, respectively [93][97]. In the cubic Zr-

terephthalate (UiO-66), each Zr6O4(OH)4 octahedron is surrounded by maximally 12 

terephthalate linkers, resulting in large octahedral and small tetrahedral cages [98]. For this 

reason, these MOFs can have a cubic and 3D structure, characterized by octahedral and 

tetrahedral cavities with diameters of 11Å and 8Å, respectively (Figure 5.2a). Triangular 
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windows with a diameter of 6Å guarantee the selective gas passage [99]. In the literature it is 

possible to find that the UiO-66 materials generally were synthesized with eight benzene-1,4-

dicarboxylates. Each of these UiO-66 MOFs differs from the others for the functionalization of 

the benzene-1,4-dicarboxylates linker that allows to obtain a family of isoreticular UiO-66. The 

UiO-66-isoreticular used in this work are UiO-66-NH2 and the UiO-66-(COOH)2 functionalized 

with an amino group (-NH2) and with two carboxylic groups  (-COOH)2, respectively (Figure 

5.2c). 

 

a)

 

b)

 

c)

 

 

Figure 5.2. a) Illustration of Octahedral (left) and tetrahedral (right) cages of UiO-66 Color 

scheme: Zr (cyan); O (red); C (gray); H (white), adapted from [99]; b) non-

functionalized benzene-1,4-dicarboxylates and functionalized with (-NH2) and 

(COOH)2 ligands . c) Zeotype architecture of  MIL-101 showing mesoporous cages 

with diameters of 29 Å (green) and 34 Å (red). d) 12 Å pentagonal (A) and 15 Å 

hexagonal (B) windows of cages. d) ethylene diamine (ED) ligand used to 

functionalize the MIL-101. 

 

Instead, MIL-101 (3D-[Cr3O(BDC)3(F,OH)-(H2O)2] is a crystalline Cr-terephthalate with a 

framework made by two different kinds of cages with an internal free diameters of 29 and 34Å, 

and a prevolumes of 12 and 20Å, respectively. The smallest cages exhibit pentagonal windows 

with a free opening of 12 Å, while the larger cages possess both pentagonal and larger hexagonal 

windows of a 14.5 Å x 16 Å free aperture [97],[100] (Figure 5.2b). The MIL-101 used in this 

work is the ED-MIL-101 in which the co-ordinatively unsaturated metal sites were 

b 

c d 

a 
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functionalized with ethylene diamine (NHCH2CH2NH2) (Figure 5.2d). The presence of co-

ordinatively unsaturated metal sites could be used to induce regioselectivity and shape or size 

selectivity for the passage of specific gas. 

 

5.2.2 Membrane preparation  

The membranes used in the present chapter were provided by the School of Chemistry, 

University of Manchester (UK). To test the effect of substituent on the gas transport property 

different MOFs were embedded into the PIM-1 polymeric matrix: UiO-66 neat, UiO-66-NH2, 

UiO-66-(COOH)2, and ED-MIL-101. The membranes were prepared with the following method: 

the MOF particles were dispersed in anhydrous chloroform and stirred overnight in a vial. At the 

same time, PIM-1 was dissolved in anhydrous chloroform and stirred overnight in a vial. The 

particles were sonicated in an ultrasonic bath for 30 minutes before filtering the PIM-1 solution 

trough glass wool into the MOF suspension. The resulting dispersion was stirred overnight. The 

solution was then cast into a levelled flat-bottom glass petri-dish in a desiccator, and left to 

evaporate over 3-5 days. The amounts used for each membrane are given in Table 5.1. 

 

Table 5.1. Composition of the membranes studied in the present chapter 

MOF type PIM-1:Filler ratio Amount of filler (%wt) 

UiO-66 neat 10:1 

10:2 

10:3 

10:4 

9 

71 

23 

29 

UiO-66-(NH2) 10:1 

10:2 

10:3 

10:4 

9 

17 

23 

29 

UiO-66-(COOH)2 10:1 

10:2 

10:3 

10:4 

9 

17 

23 

29 

ED-MIL-101 10:1 

10:2 

10:3 

10:4 

9 

17 

23 

29 
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5.2.3 Gas permeation measurements  

The permeation experiments were performed on a fixed volume/pressure increase instrument 

constructed by GKSS (Geesthacht, Germany). The feed gas pressure was set at 1 bar (the actual 

value was read with a resolution of 0.1 mbar); the permeate pressure was measured in the range 

from 0 to maximum, 13.3 mbar, with a resolution of 0.001 mbar. The gases were always tested 

in the same order (He, H2, N2, O2, CH4, and CO2), although it was verified by repeating a 

measurement cycle that if sufficiently long vacuum was applied to completely remove the 

previous gas, the measurement order for these materials was irrelevant. Feed pressure, permeate 

pressure, and temperature are continuously recorded during each measurement run. The 

temperature was controlled at a constant temperature of 25 ± 1 °C. Before the first measurement, 

the membrane cell was evacuated for sufficient time (at least 1 h) with a two-stage rotary pump. 

Between two subsequent measurements, the system was evacuated for a period of at least five 

times the time lag of the previous species in order to guarantee the complete removal of the 

previous gas. Circular membranes, with an effective exposed surface area of 2.14 cm2 were used. 

The pressure increase on the permeate side was recorded as a function of time from the moment 

that the membrane was exposed to the feed gas. The whole permeation curve takes the following 

form: 
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in which pt is the permeate pressure at time t and p0 is the starting pressure, typically less than 

0.05 mbar. The baseline slope (dp/dt)0 is usually negligible for a defect-free membrane. R is the 

universal gas constant, T is the absolute temperature, A is the exposed membrane area, VP is the 

permeate volume, Vm is the molar volume of a gas in standard conditions (0 °C and 1 atm), pf is 

the feed pressure, S is the gas solubility, D the gas diffusion coefficient, and l  the membrane 

thickness. The time lag method was applied to the recorded data to determine the gas diffusion 

coefficient (Figure 5.3, Figure 5.4) [100].  

 



Chapter 5.  Mixed Matrix Membrane 

 

88 

 

Figure 5.3. Schematic representation of a permeation measurement 

with the determination of the time lag from the tangent to 

the steady state pressure increase curve. 

 

The permeability coefficient, P, is calculated from the following equation, describing the steady 

state permeation: 
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the last term in Equation (5.2) corrects for the so-called permeation time lag, Θ, which is 

inversely proportional to the diffusion coefficient of the gas: 

 

2

6D
Q =

2

 Eq. 5.3 

 

the gas solubility coefficient, S, was obtained indirectly as the ratio of the permeability to the 

diffusion coefficient by assuming the solution-diffusion transport mechanism: 

 

DPS /=  Eq. 5.4 

 

Permeabilities are reported in Barrer [1 Barrer=10-10 cm3(STP) cm cm-2 s-1 cm Hg-1]. 
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A practical example of the permeate pressure increase measurement and the time lag 

determination is given in Figure 5.4 
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Figure 5.4. Example of the pressure increase curves with indication of the time lag determination for 

six permanent gases He, H2, N2, O2, CH4 and CO2 in membrane Uio-66-(COOH)2 10:1 

 



Chapter 5.  Mixed Matrix Membrane 

 

90 

5.3 Results and discussion 

5.3.1 Theory for gas transport in mixed-matrix membranes 

The simplest model which is usually used to describe the gas transport in mixed matrix 

membranes is the Maxwell model [104]: 
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 Eq. 5.5 

 

Where the PMMM is the effective permeability of the mixed matrix membrane, Pc and Pd represent 

the gas permeabilities in the continuous and dispersed phase, respectively and F D is the volume 

fraction of dispersed phase. The Maxwell model is applied to the systems containing spherical 

fillers with a relatively low loading [49]. The transport can occur in different ways depending on 

the types of nanoparticles dispersion. In fact, the incorporation of fillers into the polymer phase 

can significantly alter the transport properties of gases through the MMM. For this reason, the 

preparation of mixed matrix membranes with a polymer continuous phase is a crucial step that 

will influence the gas transport properties. 

Several fundamentally different cases may occur, as displayed schematically in Figure 5.5.  

 

a)

 

b)

 

c)

 

Figure 5.5. Schematic representation of the gas permeation trough the mixed-matrix membrane: a) 

According the first case Pd » Pc; b) According the second case Pd « Pc; c) According the 

Maxwell-model (0 < Pd < ∞) (figures adapted from [107]); 
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First case 

This situation occurs when the interaction between the polymer and filler particles is bad, giving 

rise to the formation of undesirable channels between both phases. This occurs when the polymer 

chains do not completely adhere to the surface of the fillers (Figure 5.5a).  

In this case, since the permeability of the gas in the dispersed phase and around the particles is 

much higher than that of the continuous phase, we find: 

 

Pd » Pc Eq. 5.6 

 

Thus, Pd can be considered infinite (Pd ~ ∞) and equation 5.5 then becomes: 

  

d

d
cMMM PP

F-
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=
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21
 Eq. 5.7 

 

The formation of these non-selective voids at the interface allows bypassing of the gas around 

the fillers particles. At low filler loadings this results in a higher permeability but constant 

selectivity. At relatively high filler loadings, above the percolation threshold, continuous 

channels are formed across the membrane, which deteriorates the selectivity of the MMM, and 

thus the gas separation performance of the membrane [105]. 

 

Second case 

Another phenomena that can happened during the MMM preparation is the partial or complete 

blockage of the MOF cage by the polymer phase (Figure 5.5b). In this situation the permeability 

of the gas in the dispersed phase is much lower than that of the continuous phase: 

 

Pd « Pc  Eq. 5.8 

 

The permeability of the dispersed phase can then be considered negligible (Pd ≈ 0) and equation 

5.5 becomes: 
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Thus, the fillers behave as impermeable obstacles to the transport and in this case no positive 

effects of the addition of fillers on the transport properties of the membrane will be observed 

[106]. 

 

Third case 

Generally, the permeability of the gases through the dispersed phase is comprised between the 

two extreme cases discussed above, for which Pd=0 and Pd= ∞. 

 

0 < Pd < ∞  Eq. 5.10 

 

The fillers exhibit an intrinsic permeability. This permeability will be different from that of the 

polymer matrix and its behaviour must be described by the complete Maxwell equation (Eq. 5.5). 

This occurs when the MOFs are well distributed within the polymer matrix causing a greatly 

modification of the membrane free-volume (Figure 5.6). 
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Figure 5.6. Graphic representation of gas transport properties of the previous cases for 

different filler concentrations. The dashed lines delimit the range of permeabilities 

predicted by the Maxwell model. The points indicate an example where the filler 

in the MMM slightly increases the permeability of the polymer matrix. 
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Fourth case 

This is a special example of the previous situation, in which the permeability of the continuous 

phase is exactly equal to that of the dispersed phase: 

 

Pc=Pd  Eq. 5.11 

 

Thus, equation 5.5 simplifies to: 

 

cMMM PP =   Eq. 5.12 

 

This means that the presence of the nanoparticles has no influence on the gas transport properties 

of the membrane. If the polymer matrix is not otherwise affected, the filler should have no 

influence on the MMM permeability and selectivity with respect to the neat polymer. In this 

case, the mixed matrix membrane will show an identical permeability as the neat polymer 

membrane. This may be the case for one single gas, but rarely will it be the case for more gases 

of different size or solubility. Therefore, the selectivity of these membranes is likely to be 

affected by the filler, because in at least one of the gases of a gas pair PC ≠ PD, and thus the 

selectivity will change. 

These non-ideal effects in organic-inorganic materials for gas separation were also investigated 

by Koros et al. [105]. They described the relationship between mixed matrix membranes 

morphologies and transport properties for a number of different situations, shown in Figure 5.7. 

Between the two limiting cases it is possible to recognize other specific nanoscale morphologies 

of the mixed matrix membranes that affect the gas transport properties of the membranes. Figure 

5.7 shows the gas transport properties for five cases of different interface morphology. The 

complete Maxwell equation previously described corresponds to the “0 case” in which a good 

interface interaction was obtained with an ideal gas transport properties. In fact, the gas transport 

is characterized by a simultaneous rise in permeability and in selectivity of the MMMs respect to 

the neat membrane, due to the loading of the fillers. “Case I” corresponds to a region of the 

external rigidified polymer layer that causes a reduced permeability, but it maintains the positive 

effect on the selectivity. “Case II and III” present voids at the interface and case III is only a 

specific example of case II, where the effective void size is equal to the gas size. Cases IV and V 

are both characterized by a reduction of gas permeability due to a strong interaction of gases 

with the membrane matrix. In the specific situation of case IV, the gas is completely withheld by 
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the membrane and the permeability decreases without affecting the selectivity. Instead, for the V 

case the diffusion of the gas is slowed down due to the presence of an additional resistance at the 

interface inside the filler particle, making it even more selective. Thus, while the permeability 

decreases, the selectivity slightly increases. 

 

 

Figure 5.7. Summary of relationship between the morphology at the interface and gas transport 

properties of a generic mixed matrix membrane. Adapted from [105] 

 

5.3.2 Gas permeation data 

5.3.2.1 MIL-101 based MMMs 

The results of the permeability measurements for the “as cast” ED-MIL-101 MMMs are given in 

Figure 5.8a. The most permeable species is CO2, confirming a solubility controlled transport for 

this gas, which is typical for CO2 in PIMs.  The permeation order of different gases is not 

affected by the MOFs addition (CO2 > H2 >He > O2 > CH4 > N2). Although some of the 

permeabilities of MMMs are higher than that of neat PIM-1 for all gases, there is a clear trend of 

decreasing permeability with increasing filler content (Figure 5.8a). The reason for this 

discrepancy with the neat polymer is not fully understood, but it is might be due to minor 

differences in the membrane preparation protocol, which is known to influence the membrane 

properties for PIMs. The neat polymer solution is cast as such, just after its preparation, whereas 
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the solutions for the MMMs undergo sonication (of the fillers), mixing with the polymer 

solution, and more extended stirring of the particle suspension. Furthermore, it is known that any 

fillers in the PIM matrix may affect the free volume of the polymer itself [106]. The latter may 

have caused the step increase, while the further effect of the filler is a decrease. Nevertheless, the 

gas transport properties of the MMMs can be described satisfactorily with the Maxwell model 

(Eq. 5.5).  
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Figure 5.8. a) Permeabilities for CO2, H2, He, O2, CH4, N2, of MMMs as a function of MOF ED-MIL-

101 loading (wt%), compared to that of neat PIM-1; b) CO2 and CH4 permeabilities as a 

function of ED-MIL-101(wt %) concentration. The lines correspond to the fit of the 

experimental data with Maxwell equation for the lower limit and the upper limit with Pd=0 

and Pd = ∞, respectively; c) Diffusion and d) Solubility coefficient as a function of the MOFs 

concentration. Except in figure b), the lines are solely reported ad a guide to the eye. 
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When plotting the permeabilities of the gas pair of major interest (CO2/CH4) as a function of 

MOFs concentration in the Maxwell windows for the two limit cases (Pd=0 and Pd=∞), the 

permeabilities of both gases are close to the lower limit, for which Pd=0 Figure 5.8b. This means 

that the fillers act on the MMM performance as obstacles with low permeability. 

The decrease in permeability of the MMMs with increasing filler content reflects mostly the 

changes in the diffusion coefficient (Figure 5.8c). Remarkably, all MMMs present a higher 

diffusion coefficient compared to the neat membrane, highlighting a similar discontinuity in the 

trend as a function of the filler content as was already observed for the permeability. 

On the other hand, the solubility hardly depends on the filler content (Figure 5.8d), confirming 

that the influence of the filler on the permeability is mostly related to how the diffusion path is 

affected. 

 

5.3.2.2 UiO-66 based MMMs 

Instead, for three MOFs of the UiO family (UiO-66, UiO-66-NH2, UiO-66-(COOH)2) without 

functionalization, with amine functionalization and with acid functionalization, the related “As 

cast” MMMs showed different behaviour, as shown in Figure 5.9, Figure 5.10 and Figure 5.11, 

respectively. In all cases, the increasing weight percentage of UiO-66 tends to give more 

permeable membranes (Figure 5.9a, Figure 5.10a and Figure 5.11a). The higher permeability of 

the MMMs with respect to the neat membranes is due to the enhanced diffusivity of the gas 

through the definite size of the sieves MOFs (8-11 Å) (Figure 5.9c, Figure 5.10c and Figure 

5.11c), which offer a favourable diffusion path. Also in this case, the solubility is hardly affected 

by the presence of the UiO fillers (Figure 5.9d, Figure 5.10d and Figure 5.11d) 
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Figure 5.9. a) Permeabilities for CO2, H2, He, O2, CH4, N2, of MMMs as a function of the UiO-66(Zr) 

loading (wt%), compared to that of neat PIM-1; b) CO2 and CH4 permeabilities as a function 

of the UiO-66(Zr) concentration. The lines correspond to the fit of the experimental data with 

Maxwell equation for the lower limit and the upper limit with Pd=0 and Pd = ∞, respectively; 

c) Diffusion and d) Solubility coefficient as a function of the MOFs concentration. The lines 

are solely reported ad a guide to the eye. 

 

The positive effect of the UiO filler on the permeability of CO2 and CH4 is clearly seen when 

plotting the permeability together with the upper and lower limits defined by the Maxwell 

equation (Figure 5.9b, Figure 5.10b and Figure 5.11b), especially for the non-functionalized 

UiO-66-(Zr). As above, the position of neat PIM-1 with respect of the MMMs may slightly 

depend on the membrane preparation conditions. In all cases,the measured data fall within the 

window defined by the Maxwell equation, indicating that there ar no anomalies. 
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Figure 5.10. a) Permeabilities for CO2, H2, He, O2, CH4, N2, of MMMs as a function of the UiO-66-NH2 

loading, compared to that of neat PIM-1; b) CO2 and CH4 permeabilities as a function of 

the UiO-66-NH2 concentration. The lines correspond to the fit of the experimental data 

with Maxwell equation for the lower limit and the upper limit with Pd=0 and Pd = ∞, 

respectively; c) Diffusion and d) Solubility coefficient as a function of the MOFs 

concentration. The lines are solely reported ad a guide to the eye. 
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Figure 5.11. a) Permeabilities for CO2, H2, He, O2, CH4, N2, of MMMs as a function of the UiO-66-

(COOH)2 loading (wt%), compared to that of neat PIM-1; b) CO2 and CH4 permeabilities as 

a function of the UiO-66-(COOH)2 concentration. The lines correspond to the fit of the 

experimental data with Maxwell equation for the lower limit and the upper limit with Pd=0 

and Pd = ∞, respectively; c) Diffusion and d) Solubility coefficient as a function of the 

MOFs concentration. The lines are solely reported ad a guide to the eye. 

 

For those mixed matrix membrane that were not mechanically damaged during the testing, the 

gas measurements were carried out in “as cast” conditions and after methanol treatment of the 

membrane. It is known that high free volume of polymer as PIM-1 are sensitive to treatment with 

alcohols like methanol (MeOH) [105], which removes residual casting solvent and increases the 

free volume. Moreover, the alcohol-treatment of the membrane containing MOFs may serve to 

remove the residual casting solvent blocked inside the MOF cavities and to active the fillers 

[107]. The comparison of the CO2 and CH4 permeability in the “as cast” membranes and after 



Chapter 5.  Mixed Matrix Membrane 

 

100 

MeOH treatment is shown in Figure 5.12 for all four MOFs. In all cases, the permeabilities after 

alcohol-treatment are significantly higher than those of the “as cast” membranes. In most cases, 

the permeabilities after methanol-treatment show a more monotonous trend than the trend 

observed for the “as cast” membranes. This is because the methanol treatment cancels the 

differences in the casting history.  
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Figure 5.12. CO2 and CH4 permeability as cast (black) and MeOH (white). a) increasing the ED-

MIL-101 loaded; b) increasing the UiO-66 loaded; c) increasing the UiO-66-(NH2) 

loaded; d) increasing the UiO-66-(COOH)2 loaded. 

 

For the ED-MIL-101 filler, the negative effect of the filler on the permeability is also confirmed 

after the MeOH treatment. Only for methane, the permeability in neat PIM is lower than that of 

the MMMs. This is most likely due to the formation of microfractures in the sample because of 
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the pressure of the sealing ring during the measurement of the as-cast membrane, which reduce 

the membrane selectivity. The UiO-based membranes confirm the strongest positive effect of the 

MOF on the permeability of the membrane for UiO-66-(Zr), whereas the –NH2 functionalized 

UiO-66 seems to have only a slightly positive effect. The effect of the –COOH functionalized 

UiO-66 in absolute terms seems to be negative, but with increasing filler concentration there is 

clearly an increasing trend in permeability. Unfortunately, very small sample specimens were 

available for this work and only single measurements could be performed. Of course, duplo- or 

triplo- measurements would greatly enhance the reliability of the conclusions and perhaps 

finding more subtle changes rather than general trends. 

 

5.3.3 Comparative study based on the Robeson diagram 

The performance of MMMs, in comparison with polymeric membranes in general, is usually 

evaluated by looking at the position of the MMMs with respect to Robeson’s upper bound 

[108,109]. A summary of the present results is given in Figure 5.13. The CO2/CH4 selectivity for 

the all MMMs overtake the upper bound in the region close to the neat PIM-1. 

Figure 5.13a clearly shows the negative effect of the filler ED-MIL101 on the performance of 

PIM-1 membranes, because the filler causes a decrease in terms of selectivity and in terms of 

permeabiity. The data thus shift to the lower left corner of the Robeson diagram.  

 

The reduction in terms of selectivity respect to the neat PIM-1 (moving from high to low into the 

Robeson’s plot) can be described as a consequence of a bad dispersion of MOFs inside the 

matrix. Instead, the reduction in terms of permeability with respect to the neat polymer can be 

associated to the clogged sieve phenomena that occurs when the free volume of the polymer 

matrix is occupied by the fillers [86]. On the other hand, for the UiO-66-NH2 and UiO-66 based 

MMMs an increase in the permeabilities with the MOFs concentration was observed and at the 

same time only a slight decrease of the CO2/CH4 selectivity took place, remaining nevertheless 

close to the value of neat PIM-1 Figure 5.13b and c. Finally, the Permeability of the membrane 

with UiO-66-(COOH)2, increased slightly, but the selectivity remained more or less constant, 

close to that of neat PIM-1. 
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Figure 5.13. Robeson’s plot of CO2/CH4 selectivity for a) ED-MIL101 b) UiO-66-(NH2) c) UiO-66 d) 

UiO-66-(COOH)2/PIM-1 membranes with 9wt % (yellow), 17 wt% (blue), 23wt% (green), 

30 wt% (red). PIM-1 data are reported for comparison (open symbols). The red line 

represents the Robeson 2008 upper bound [109]. 

 

5.4 Conclusions 

This work reported the study of gas transport properties for Zr/Cr-based metal organic 

frameworks dispersed into the PIM-1 a polymer with high intrinsic microporosity. The studies 

show that the gas transport through the mixed matrix membranes could in most cases described 

effectively by the Maxwell model indicating a good dispersion of the fillers in the organic 
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polymer matrix. More specifically, the dispersion of Cr-based MOFs (ED-MIL-101) decreases 

the permeability of PIM-1 with increasing filler loading. Instead, all the Zr-based MOFs (UiO-

66, UiO-66(NH2) and UiO-66(COOH)2) increase the PIM-1 permeabilities with different effect 

on the ideal CO2/CH4 selectivity. For UiO-66 and UiO-66(NH2), the increasing CO2 

permeabilities are accompanied by a decrease of the ideal CO2/CH4 selectivity. Finally, the UiO-

66-(COOH)2 based MMMs improve the PIM-1 performance in terms of permeabilities 

overtaking the upper bound in the region of higher permeability and the ideal CO2/CH4 

selectivity keeps the ideal value close to that of neat PIM-1. The methanol treatment seems to 

improve the permeability for all membranes but further investigation needs to understand if this 

effect is ascribed to the activation of MOFs or for the only benefits on the free volume of PIM-1. 

Unfortunately, very small sample specimens were available for this work and only single 

measurements could be performed. For future work, duplicate or triplicate measurements would 

greatly enhance the reliability of the measurements and their conclusions. 
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Chapter 6. General Conclusions 

 

The scope of this work was to study different kinds of membrane-based technology for the 

CO2/CH4 separation process for biogas upgrading, in order to understand their working principle 

in terms of gas transport properties and their limits and advantages for this use. Three different 

types of membranes were examined: Thin film composite Pebax®/PAN Hollow fibre 

membranes, membrane contactors for CO2/CH4 separation by facilitated CO2 transport in ionic 

liquids, and Mixed Matrix Membranes based on the polymer of intrinsic microporosity PIM-1 

and various metal organic framework fillers. The approaches used for each type of membrane 

and the associated problems were reviewed and discussed. 

 

6.1 Advantages and limitations of Pebax®/PAN Hollow fibre membranes  

The thin film composite Pebax®/PAN hollow fibre membranes were successfully tested for 

potential use in CO2/CH4 separation via preliminary studies of pure gas permeation. They 

present a lot of advantages respect to the other kinds of membranes, such as low cost, excellent 

mechanical stability at high pressure, high density of packaging and easy processability.  

 

6.1.1 Cost of membrane and their marketing 

The marketing of membrane systems for gas separation has reached in 2000 a total value of 160 

million dollars, and according to some estimates it will reach 730 million dollars in 2020. 

Different systems for upgrading at small-scale were developed (Table 6.1), the first of which 

were introduced by Grace Membrane system, Separex and Cynara companies. 

The cost of a membrane depends primarily on two factors: on the cost of the polymer needed for 

the manufacture and on the type of module design. The cost for the membrane made with 50g of 

polymer characterized by good separating properties and high cost is in the $50/m2-500/m2 range 

(1$/g-10$/g of polymer). The Pebax/PAN composite hollow fibre made in this work present an 

active dense layer of 5 μm thick, so a smaller amount of polymer is required for the membrane 

preparation. Considering that the cost of this polymer is relatively low, the membrane 

manufacture for this kind of membrane can be done at relatively low cost, although the total 

membrane cost should of course also include the cost of the porous support material. 
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Table 6.1. Principal Suppliers of membrane natural gas separation system [111] 

Company Membrane material  Membrane module type 

Medal polyimide  Hollow fibre 

W.R.Grace Cellulose acetate  Spiral-wound 

Separex Cellulose acetate  Spiral-wound 

Cynara Cellulose acetate  Hollow fibre 

ABB/MTR Perfluoro polymers 

silicon rubbery 

 Spiral-wound 

Permea polysulfone  Hollow fibre 

 

6.1.2 Mechanical and performance stability 

Regarding, the membrane stability in terms of mechanical resistance and performance in the 

time, the Pebax/PAN hallow fibre studied, showed a pressure resistance, up to at least 14 bar, 

which was the physical limit of the setup used. Moreover, the coating on the inner surface of the 

fibres avoids the negative effects such as sticking or accidental mechanical damages occurring in 

the case of external coating, ensuring a greater performance stability of membrane in the time 

and easier handling. 
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Figure 6.1. Aging effect on the a) CO2/CH4 selectivity and b) in the CO2 permeance of 

Pebax/PAN hollow fibres. 
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In fact, Figure 6.1 shows that the selectivity and permeability slightly decrease after one year but 

they remain in the same order of magnitude, showing an excellent performance stability due to a 

good mechanical resistance.  

 

6.1.3 Processability and scale-up 

Generally, polymeric membranes offer an easy processability into different configurations, to 

both flat sheets and hollow fibres, and straightforward scalability. In this specific case, using a 

new coating method based on the cross flow filtration, it is possible to obtain the simultaneous 

coating of a large number of fibres. This facilitates the scale-up because the coating can be 

applied directly onto existing hollow fibre modules. 

 

6.2 Advantages and limitations of membrane contactors for CO2/CH4 

separation by facilitated CO2 transport in ionic liquids 

This work discussed the potential use of membrane contactors for the upgrading process in 

which facilitated transport of CO2 takes place by means of a mobile carrier. Generally, the main 

limitation for long-term operation of facilitated transport membranes is the loss of carriers by 

evaporation of reactive media or solvent. In this work, the stability problem due to the 

evaporation of carrier was avoided, using as the solvent an ionic liquid, characterized by 

negligible vapour pressure at room temperature. Moreover, the carriers are contained inside the 

lumen of fibres to avoid its loss. However, for most of facilitated membrane feed precondition 

with water are necessary to increase the mobility of carrier or to accelerate the reaction rate. The 

advantage of this membrane for upgrading process is that the precondition with water is not 

necessary because the raw biogas contains at least 85% relative humidity. Another crucial point 

for membrane contactors for facilitated CO2 transport in ionic liquids is the compatibility 

between the solvent (in this case ionic liquid) and hollow fibre material in order to avoid 

problems related to the solvent-induced deterioration, membrane wetting and pore blocking. The 

membrane contactor studied in this work showed no problems with operation stability over 2 

hours and a good separation in time for the CO2/CH4 mixture. Obviously, long term tests are 

needed in future research on this topic. The CO2 was adsorbed in greater quantities than methane 

with a solubility selectivity of 3. The study of the contactor performance with the Carbonic 

Anhydrase enzyme-doped ionic liquid provided the proof of principle for the potential use in the 
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upgrading of biogas, but for a better understanding of the entire process, this still needs further 

investigation. The goal is to develop a facilitated transport membrane that can maintain its 

permeability and selectivity without the loss of this performance in time. Moreover, the principle 

of separation for this type of membrane is based on a biocatalytic process and the CO2 produced 

may have the requirements to be used in the food market. In order to use not only the methane 

from biogas as a source of energy but in order to recover also the CO2 and to avoid its disposal 

into the atmosphere. 

 

6.3 Advantages of mixed Matrix membranes 

Mixed matrix membrane with Zr/Cr-based MOF dispersed in PIM-1 were prepared with the 

objective to increase the selectivity and/or the permeability of the organic polymer PIM-1. The 

MOFs can affect the membrane transport in two different ways: by acting as molecular sieves 

they can increase the selectivity, or by increasing the free volume of PIM-1 they can improve the 

permeability. The main limit for this kind of membrane is that the transport properties are 

strongly dependent on the morphology of the membrane. The interfacial contact zone appears to 

be equally important to achieve optimum transport properties. PIM-1 membranes exhibit very 

high permeability (PeCO2 ≈ 4800 Barrer) and a great CO2/CH4 selectivity (α = 17). The MMM 

may further improve these two parameters depending on the MOF type and on the quality of the 

dispersion. The best improvement of the PIM-1 performance were obtained loading the UiO-66-

(COOH)2 based MOFs. In the case of UiO-66-(COOH)2 is possible to obtain simultaneously an 

increase in permeability (PeCO2 ≈ 6000 Barrer) maintaining the CO2/CH4 selectivity close to that 

of neat polymer; The ED-MIL-101 decreases permeability and selectivity of PIM-1 probably due 

to the bad dispersion of fillers. On the other hand, the UiO-66 and UiO-66-(NH2) increase the 

CO2 permeability decreasing the ideal CO2/CH4 selectivity. But further investigations are needed 

to activate and make accessible the cages with specific dimensions of MOFs. 

 

6.4 Comparison between different kind of membranes and future directions 

The energy consumption, permeability, selectivity, chemical absorbent, transport mechanism and 

cost for the different membranes types are compared in Table 6.2. This table shows an overview 

of the overall cost and performance of each membrane kind.  
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Table 6.2. Comparison of different types of membranes for CO2/CH4 separation adapted from [111] 

Polymer type Membrane type Transport Mechanism 

Energy 

consumption Permeability Selectivity 

Chemical 

absorbent Cost 

Polymeric 
Composite hollow 

fibres 
Solution-diffusion Low Good Good No Low 

Polymeric ionic liquid 
Membrane 

contactor 
Facilitated transport High Low Good Yes 

Medium to 

high 

Hybrid: 

Polymeric + MOFs 

Mixed matrix 

membranes 

Solution-Diffusion with 

Maxwell model 
Medium High Good No 

Medium to 

high 

 

The Pebax®/PAN hollow fibres modules allow large areas of membrane to be packaged into 

compact membrane modules with respect to the membrane contactor and flat mixed matrix 

membranes. Moreover, the cost of the polymer is much lower than the material cost for the 

fabrication of other kinds of membranes. The PAN porous support and the thin selective Pebax 

layer are made with low cost polymers ($50/m2-500/m2) [110]. Instead, the cost of ionic liquid 

for the facilitated transport membrane contactor and of the enzyme are higher (1$/g and 0.1$/g). 

The highest cost of material is for the mixed matrix membranes: MOFs (30-80$/g) and unknown 

for PIM-1 (being a material of new synthesis). However, the cost of membranes used in gas 

separation processes is a relatively small fraction of the final membrane process cost. The cost 

depend primarily on the equipment, such as pressure vessels, pipes, flanges, and valves that are 

required. One possible way to reduce membrane skid cost is to increase the permeance of the 

membranes, allowing a smaller membrane area to be used to treat the same volume of gas. For 

this reason, the mixed matrix membrane can represent a valid solution to this problem with a 

good trade-off between the material cost for membrane fabrication and membrane performance. 

In fact, these membranes present a good CO2/CH4 selectivity (α 17-20), similar to the 

Pebax®/PAN hollow fibres (α = 18), but with a much higher CO2 permeability with respect to the 

Pebax composite membranes. In conclusion, this work demonstrated that:  

1. Composite Pebax® /PAN hollow fibre membranes can be successfully prepared by 

means of a dynamic cross-flow filtration coating method. The membranes show a high 

CO2/CH4 selectivity = 18, with a good CO2 permeability (76.2 barrer).  

2. A good sorption selectivity (αs= 3) was obtained for the CO2/CH4 mixture with the 

membrane contactor of PAN hollow fibres and ionic liquid [BMIM][OTf]. This 

membrane does not require water removal before gas separation step and the separation 

principle is based on a process of biocatalysis that requires further investigation to 

understand its full potential. 



Chapter 6. General conclusions 

109 

3. Zr/Cr-based MOFs, dispersed into the PIM-1 for the fabrication of mixed matrix 

membranes show excellent gas transport properties. The addition of fillers can increase 

this performance depending on the MOF type. Zr-based MOFs of the UiO-66 family 

increases permeability of PIM-1 decreasing selectivity. Instead, Cr-based MOFs of the 

MIL-101 family decrease the PIM-1 permeability with increasing filler concentration. 

The best improvement of the PIM-1 performance was obtained with the UiO-66-

(COOH)2 dispersion which yielded a simultaneous increase in permeability (PeCO2 ≈ 6000 

Barrer), maintaining the CO2/CH4 selectivity close to that of neat polymer. 

Definitely, the membrane technology offers a potentially valid alternative to the traditional 

techniques of CO2/CH4 separation in from various points of view. Nevertheless, each of the 

systems studied in the present work still needs further investigation to evaluate the performance 

under real operating conditions. 
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