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Abstract 

In this thesis, composite materials resulting from the impregnation of ionic liquids (ILs) in the porous 

structure of the Zeolitic Imidazolate Framework-8 (ZIF-8), known as IL@ZIF-8, were studied to 

investigate their potential as alternative adsorbents in gas separation processes (e.g. biogas 

upgrading to biomethane).  

 

Three brand-new IL@ZIF-8 composites were synthesized, by incorporating the same molar amount 

of IL in the ZIF-8 framework to allow the proper comparison of these the materials. Their carbon 

dioxide (CO2) and methane (CH4) uptake capacity, as well as CO2/CH4 ideal selectivity, were obtained 

through adsorption equilibrium experiments, using a gravimetric method at 30ºC of temperature and 

in the pressure range of 0-16 bar. In addition, these composites were fully characterized through 

Helium (He) pycnometry, N2 adsorption-desorption at 77 K, Powder X-Ray Diffraction (PXRD), and 

Fourier Transform Infrared Spectroscopy (FT-IR).  Adsorption equilibrium measurements showed that 

none of the prepared IL@ZIF-8 surpassed the pristine ZIF-8 in CH4 and CO2 uptake capacity, 

suffering a loss of 19-50% at 1 bar, and 17-53% at 16 bar. Furthermore, one composite showed 

improvements in CO2/CH4 ideal selectivity up to 5 bar with an increase of 7.16-7.60% at 

subatmospheric pressure and 5.42% at 5 bar. The same composite also showed an increase of 

4.24% and 5.14%, at 10 and 16 bar, respectively.  

 

In addition, two of the IL@ZIF-8 composites previously prepared and studied by T. Ferreira [1] were 

incorporated at different loadings in Matrimid®5218. The main goal was to understand how these 

fillers would impact the CO2 and CH4 permeability of the membranes, and consequently their CO2/CH4 

ideal selectivity. These studies were performed at the temperature of 30ºC and 0.7 bar of relative 

pressure. The prepared mixed-matrix membranes (MMMs) were also characterized to evaluate their 

mechanical properties and hydrophobicity.  

 

Gas permeation results showed a paired growth in both CO2 and CH4 permeability, and CO2/CH4 

ideal selectivity, with an increase in filler loading, with one of membranes surpassing the CO2/CH4 

Robeson Upper Bound. Results also showed that with upon the incorporation of ZIF-8, the 

membranes become more rigid and hydrophobic than the pristine Matrimid®5218 membrane. 

Moreover, this effect is more pronounced when using IL@ZIF-8 as fillers, turning the membranes 

even more fragile and hydrophobic. Considering this, and despite the promising results obtained in 

the gas permeation experiments, the optimization of the mechanical properties of these membranes 

is fundamental for their feasible and future application in industrial gas separation processes.  

 

Keywords: Zeolitic Imidazolate Framework-8 (ZIF-8), IL@ZIF-8 composites, Matrimid®5218, mixed-

matrix membranes (MMMs), ionic liquids (ILs), gas permeation, gas adsorption. 
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Resumo 

 
Nesta tese, materiais compósitos resultantes da impregnação de líquidos iónicos (LIs) na estrutura 

porosa do Zeolitic Imidazolate Framework-8 (ZIF-8), denominados IL@ZIF-8, foram estudados para 

investigar o seu potencial como adsorventes alternativos em processos de separação gasosa (e.g. 

condicionamento de biogás a biometano). 

 

Três novos compósitos IL@ZIF-8 foram preparados, incorporando a mesma quantidade molar de LI 

na estrutura do ZIF-8, permitindo a sua válida comparação. A sua capacidade para adsorção de 

dióxido de carbono (CO2) e metano (CH4), assim como a sua seletividade ideal para CO2/CH4, foram 

obtidas através da medição de equilíbrios de adsorção usando um método gravimétrico a 30ºC de 

temperatura e na gama de pressão de 0-16 bar. Estes compósitos foram detalhadamente 

caracterizados através de picnometria de Hélio (He), adsorção-dessorção de N2 a 77 K, difração de 

raios-X de pós (PXRD) e espectroscopia de infravermelho (FT-IR). As medições de equilíbrio de 

adsorção mostram que nenhum dos compósitos IL@MOF ultrapassou o ZIF-8 relativamente à sua 

capacidade de adsorção de CO2 e CH4, tendo sofrido uma perda de 19-50% a 1 bar, e 17-53% a 16 

bar. Adicionalmente, um dos compósitos mostrou vantagens na seletividade ideal CO2/CH4 até 5 bar, 

com um aumento de 7.13-7.60% a pressão subatmosférica e 5.29% a 5 bar. O mesmo compósito 

mostrou ainda um aumento de 4.24% e 5.12%, a 10 e 16 bar, respetivamente. 

 

Adicionalmente, dois dos compósitos anteriormente preparados e estudados por T. Ferreira [1], 

foram incorporados em diferentes quantidades em Matrimid®5218. O objetivo foi perceber o impacto 

destes compósitos na permeabilidade de CO2 e CH4, e na seletividade ideal para CO2/CH4 das 

membranas. Estes ensaios foram efetuados a uma temperatura de 30ºC e a uma pressão relativa 

transmembranar de 0.7 bar. As membranas sintetizadas foram ainda caracterizadas para avaliar as 

suas propriedades mecânicas e hidrofobicidade.  

 

Os resultados de permeação gasosa mostraram um crescimento em par da permeabilidade de CO2 

e CH4, e da seletividade ideal CO2/CH4, com uma das membranas a ultrapassar o Limite Superior 

de Robeson para CO2/CH4. Os resultados obtidos mostram ainda que com a incorporação de ZIF-8 

as membranas tornaram-se mais rígidas e hidrofóbicas quando comparadas com Matrimid®5218. 

Este efeito é mais evidente quando se utiliza IL@ZIF-8, uma vez que a membranas tornaram-se 

ainda mais frágeis e hidrofóbicas. Considerando isto, e apesar dos resultados promissores obtidos 

na permeação gasosa, a otimização das propriedades mecânicas destas membranas é fundamental 

para que estas possam ser implementadas em processos industriais de separação de gases.  

 
Palavras-Chave: Zeolitic Imidazolate Framework-8 (ZIF-8), compósitos IL@ZIF-8, Matrimid®5218, 

membranas de matriz mista (MMMs), líquidos iónicos (LIs), permeação gasosa, adsorção gasosa. 
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1. Introduction 
 

1.1. Motivation 
 

While debating the world’s current situation with my sister, who studies Environmental Engineering, 

she pointed that one of the biggest challenges of the 21st century will be learning to live with the 

enormous social, economic and environmental consequences of Global Warming (GW). These 

convictions and worries are shared by many scientists [2] upon the realization that GW has a 

preponderant role in some of the planet’s most extreme events (e.g. droughts, severe wildfire seasons 

and rising of the sea level [3,4]).  

 

In addition, extreme climatic changes caused by GW can cause the disruption of basic food supplies, 

such as fresh water, cereals and cattle, as well as the increase of health costs due to insect-borne 

diseases spreading, causing intense allergy seasons and chronical respiratory problems [3,4]. 

 

GW and its impacts, are a consequence of the augmentation of the air pollution caused by the 

continuous emission of anthropogenic greenhouse gases (GHGs), enhanced by population and 

economic growth [5]. Those emissions, alongside the El Niño phenomenon [6,7], were directly 

responsible for the warming of the Earth’s surface since 1983, and for weakening the stratospheric 

ozone (O3) layer that shields the Earth from biologically-harmful solar ultraviolet (UV) radiation [5,8]. 

 

The main GHGs include methane (CH4), nitrous oxide (N2O), chlorofluorocarbons (CFCs) and carbon 

dioxide (CO2), with the latest being the most important long-lived greenhouse gas [6,9]. It is estimated 

that around 78% of the increase in GHG emissions since 1970 are associated with the release of 

CO2 into the atmosphere, due to anthropogenic activities, such as fossil fuel combustion processes 

[5,10]. 

 

Some GHG, in natural-occurring conditions, prevent a portion of the outgoing thermal radiation from 

escaping the planet and allow most of the incoming heat to penetrate the atmosphere of the Earth, 

thus keeping its temperature stable at approximately 15ºC [9]. However, the atmospheric 

concentration of these gases has been increasing, largely exceeding their natural-existent amounts.  

 

Measured data suggest that in 2016 the global average atmospheric concentration of anthropogenic 

CO2 reached 403.3 ppm, corresponding to a 145% increase of the data registered pre-industrially, 

and that the concentrations of CH4 and N2O were approximately 1853 ppb and 328.9 ppb, 

respectively [5]. 
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The continuous and incessant awareness raised over this subject, along with the provided evidential 

data, propelled governments worldwide to draw new and more efficient strategies to address these 

issues. The latest of these efforts was the 2015 Paris Climate Accord where, as of this writing, 174 

nations ratified the agreement to implement specific measures that would restrict GW to an increase 

of 1.5-2ºC [10-12]. In addition to the signature of this climate agreement, China and India – the world’s 

most pollutant countries – slowed down their economic growth, leading to an expected reduction of 

anthropogenic CO2 emissions of 2-3 Gton, by 2030 [12]. 

 

Atop of the implementation of the prementioned agreed measures, the slow rise in GW between 2014 

and 2016 is also due to the enhanced financial investment in low-carbon renewable energies e.g. 

solar power and biomass combustion, as alternatives for energy production [10-13]. Despite all the 

efforts to implement these renewable technologies, their high production and maintenance costs 

delay a larger worldwide application [15]. 

 

Despite the world’s conjoined attempts to reduce CO2 emissions, the recent political changes in the 

United States have become a cause of great concern in the world’s scientific community. While more 

than 170 nations are still committed to respect the 2015 Paris Climate Pact and its pledges, the United 

States have withdrawn their position, affecting the world’s effort to minimize GW and its 

consequences [12].  

 

The International Energy Agency (IEA) estimated that between 2014 and 2016, the CO2 

anthropogenic emissions remained flat at approximately 32.1 Gton, while global economy grew 

around 3.1% [16]. However, in 2017 a record amount of 32.5 Gton in CO2 emissions was reached, 

due to higher energy demands and slower energy efficiency improvements [17].  

 

In April and May of 2018, the Mauna Loa Observatory in Hawaii recorded an average concentration 

of atmospheric CO2 above 410 ppm, the highest monthly average ever recorded in history [18]. This 

tendency, and the continuous misuse of highly pollutant energy sources, support the predictions that 

even larger amounts of atmospheric CO2 will be registered by the end of 2018 [14].  

 

Consequently, it is expected that by the end of the 21st century, the average atmospheric 

temperatures will have suffered an increase of more than 2°C due to anthropogenic GHG emissions. 

The ongoing emissions of these gases will cause further warming and provoke larger changes than 

those observed in the 20th century [19,20]. These issues led scientists to develop new processes that 

include the application of non-biological methodologies, to prevent CO2 inclusion in the atmosphere 

by capturing it from exhaust pipes, compressing it to a supercritical fluid for transport, and storing it 

in profound reservoirs e.g. mineralization and ocean storage [15]. 
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The most common methods for capturing CO2, as an alternative to the conventional cryogenic 

separation, are absorption e.g. with amine solutions by scrubbing, adsorption e.g. through Pressure 

Swing Adsorption (PSA) and gas membrane permeation [20-22]. Adsorption has been the focus of 

several studies, especially concerning the capacity and selectivity for CO2 capture of different 

materials, such as activated carbons and zeolites, since it is an energetically less intensive option 

that presents high performance levels considering gas purity and recovery. However, the associated 

regeneration costs of the used materials can act as a limitation, since the employed adsorbent 

materials are fundamental to an optimal conditioning/separation process [24,25]. Over the years there 

has been a growing necessity to shape these materials into granules or pellets of different shapes 

and sizes, even though they offer slower kinetics [26], to counteract the excessive loss of pressure in 

the adsorption columns upon the use of powders [27].  

 

Alternative materials, such as recent metal-organic frameworks (MOFs), e.g. ZIF-8, MIL-100 and MIL-

101 [28,29], present large surface areas and pore volume that favor mass transfer from the outside 

to the internal sites and have been found to be efficient adsorbents due to their high CO2 adsorption 

capacity [27]. Likewise, ionic liquids (ILs) known by their nonflammability, negligible volatility, high 

conductivity and chemical-thermal stability, have been found to have an extremely high CO2 

absorption affinity that could promote the development of alternative strategies for GHG capture [21].  

 

Over the years, polymers such as polyamide, polyimide, polyarylether sulfone, cellulose acetate and 

silicon rubber have been widely used in industrial processes involving permeation, such as 

desalination of seawater, recovery of hydrogen from hydrocarbon gas streams, and CO2 capture 

[32,33] since they provide advanced functionalities that can be employed in high performance 

membranes with low operating costs, ease of construction and scale-up, and excellent processability 

[34]. However, these materials are not an optimal solution, due to their lack of thermal-chemical 

stability and low trade-offs between selectivity and permeability, with an improvement in permeability 

being almost always obtained at the expense of the selectivity, and vice-versa [35,36].  

 

In order to overcome the disadvantages associated with polymeric membranes, mixed-matrix 

membranes (MMMs) have been studied and found to be a promising alternative due to the 

combination of the easy processability of the polymers, with the gas separation performance of the 

filler materials [37]. MMMs also present high mechanical flexibility [33,36,38]. Recently, and 

considering the advantages of both MMMs and MOFs, MMMs with MOFs acting as fillers started to 

be studied, showing a great potential for future industrial applications in gas separation processes 

[31-35].  
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In addition, very recently, and because some MOFs can undergo structural changes when adsorbing 

different molecules [43,44] the design of new dynamic composites based on the incorporation of other 

materials, such as ILs, in the MOFs (IL@MOFs), and their posterior application as MMMs fillers, is a 

brand-new approach that could enhance both the permeability and selectivity of the newly designed 

MMMs. 

 

1.2. Theoretical Concepts 
 

1.2.1. Gas Mixtures of Interest  
 

In 1821, William Hart found the first reservoir of natural gas (NG), a colorless, shapeless and odorless 

gaseous mixture rich in hydrocarbons. Nowadays, the process of combustion of this gas accounts for 

23.7% of the primarily energy consumption sources [45]. NG is a safe energy source when it comes 

to storage, usage and transportation, and its energy has been used as heat for residential, 

commercial and industrials sites, as well as in the production of ethylene and ammonia in the 

petrochemical and fertilizer industries, respectively [46]. 

 

From the NG combustion, as well as other industrial fuel combustion processes, results a gaseous 

mixture, flue gas, composed mostly of N2 and CO2, although traces of H2O and O2 can often be found 

[47]. Even though, in the flue gas provenient of the combustion of NG, the emission of SO2 is non-

significant and the emissions of N2O and CO2 are reduced by 50-60% in comparison with other fossil 

fuels, it still contains enormous amounts of GHGs that can be released to the atmosphere, heavily 

contributing to GW [48]. Due to the CO2 emissions associated with natural gas combustion, 

technologies using adsorption with amines for the removal and capture of this GHG have been 

implemented, even though their main drawbacks include corrosion issues, which leads to increased 

maintenance costs, and high energy consumption [49]. In order to overcome these drawbacks, new 

capture and purification methods have been studied e.g. fixed-site-carrier membranes [50]. 

 

Considering the issues associated with NG, and the fact that the majority of the natural reservoirs of 

important energy sources are located in politically unstable regions [51], biogas obtained from the 

anaerobic digestion of organic materials and waste residues, has a critical role as an alternative 

renewable energy source to produce power and heat. With biogas being a mixture of mostly CH4 

(ranging from 55% to 70%) and CO2 (ranging from 30% to 45%), it is possible to obtain biomethane 

from its upgrading, through CO2 removal/capture, and thus conditioning biogas into a suitable 

substitute for natural gas [52]. Focusing on developing new materials for biogas upgrading, the goal 

of this thesis was to prepare brand-new composite materials resulting from the impregnation of ILs in 

the porous structure of ZIF-8 (MOF), and to study their CO2 uptake capacity, CO2/CH4 ideal selectivity 

and CO2 permeability in gas permeation experiments.  
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1.2.2. Gas Absorption 
 

Gas absorption operations involve mass transfer from a gas (solute) to a non-volatile liquid (solvent), 

and can be classified as physical or chemical mechanisms [53]. Physical absorption is based on 

Henry’s Law, where the capacity of the solvent increases linearly with the pressure, and its 

regeneration is possible through pressure reduction or temperature increment [54]. Industrial physical 

absorption processes to capture CO2, occur at high partial pressures and non-reactive polar solvents 

with an acid gas affinity, like Selexol and Rectisol, are used [55].  

 

On the other hand, chemical absorption is a highly selective mechanism, limited by stoichiometry, 

that involves reversible and irreversible chemical reactions to enhance the effectiveness of gas 

separation processes [56]. For this mechanism, Henry’s Law can no longer be applied since different 

chemical components of the gas mixture can get involved in competing reactions, making it an 

extremely complex process [57]. Industrially, the most common chemical absorbents are 

alkanolamines, such as diethanolamine (DEA) [58], N-methyldiethanolamine (MDEA) [59] and 

monoethanolamine (MEA) [60]. MEA is the absorbent most frequently used, due to its affordability 

and availability, but also due to its high CO2 reactivity [61]. 

 

The major drawbacks associated with the use of these absorbents, are their high solvent regeneration 

energy demands and their fast rate of degradation due to the formation of carbamates resulted from 

the CO2 reaction with the amine solutions, and that can cause its neutralization and equipment 

corrosion [62]. In order to overcome these limitations, Ionic Liquids (ILs), have been intensively 

studied since the middle of the 1990s [63] as possible absorbent alternatives, and have been proved 

to improve the performance, economy and general efficiency of gas absorption operations [54]. ILs 

are often described as molten salts with hybrid organic-inorganic structures and melting points below 

100ºC [64]. These materials present nonflammability [65], negligible volatility [66], thermal stability 

[21], water immiscibility [67], solvating potential [68], electrical conductivity [69] and an outstanding 

recyclability [70,71].  

 

The growing interest in these materials comes from the fact that they are foreseen as ‘designer 

solvents’ that allow the existence of almost unlimited structural combinations, since during their 

synthesis, the choice of anion impacts their functionality/chemistry, whilst the choice of cation is linked 

to its stability [64,71].  Besides their role as absorbents in gas separation, these materials can also 

be used in membrane processes [72], and as electrolytes in batteries [73], solvents in biocatalysis 

[74] and fuel additives [75]. They are often divided into different categories, depending on their 

specific features [64]: Room-Temperature ILs (RTILs) [76,77], Task-Specific ILs (TSILs) [78,79], 

Poly(ionic) Liquids (PILs) [80,81] and IL Membranes (ILMs) [72,82]. 



 
6 

 

Nonetheless, the use of some ILs presents limitations that can condition a wider implementation in 

industrial processes, such as high production costs [83], high viscosity [72] and high energy 

consumption during the recycling procedures [84]. 

 

1.2.3. Gas Adsorption 
 

Gas adsorption is a well-established technique used in chemical industries, namely for CO2 

capture/separation, that is based on the accumulation of gas molecules (adsorbate) on the pores of 

a solid material (adsorbent) due to a bond deficiency and imbalance of atomic forces on the molecules 

of the solid surface [85–88]. The opposite process of adsorption, occurring simultaneously but at a 

different rate, is denominated desorption [89]. 

 

Adsorption can be a physical or a chemical process. Physical adsorption is a consequence of weak 

interactions associated with Van Der Waal’s forces, since the molecules of gas do not bind to a 

specific location on the adsorbent, but instead they spread along its surface, with an energy never 

exceeding 80 kJ/mol. Physical adsorption is an easily reversible process and often results in several 

layers being formed by the adsorbed molecules on the surface of the adsorbent [27,90]. On the other 

hand, chemical adsorption involves a covalent bond, stronger than the interactions found in physical 

adsorption, since electrons are shared by the surface of the adsorbent and the adsorbed molecules. 

Because the heats of adsorption involved in these chemical bonds are up to 800 kJ/mol, this is 

considered an irreversible mechanism. Unlike physical adsorption, herein the adsorbate binds to a 

specific site of the adsorbent, if its surface is clear of any molecules that might have been previously 

adsorbed, generating a single layer of adsorbed molecules [90]. In addition, the adsorption 

phenomenon can often be described as a physical-chemical process, where a chemisorbed layer is 

displayed at a higher temperature and underlying several layers of physically adsorbed molecules 

[85,90]. 

 

The impact of pressure variation in an adsorption process, can be explained by Le Chatelier’s 

principle of 1888 «Tout système en équilibre chimique éprouve, du fait de la variation d'un seul des 

facteurs de l’équilibre, une transformation dans un sens tel que, si elle se produisait seul, elle 

amanèrait una variation de signe contraire du facteur considéré» [91], meaning that when a certain 

stress is applied to a system in equilibrium, it will cause a shift in said equilibrium so as to counteract 

the effect of the constraint. Hence, adsorption is favored by an increase in pressure: when more 

pressure is added to the system, it will tend to decrease said pressure by favoring the reaction wherein 

the gas molecules are bind to the surface of the adsorbent [92,93]. The typical exothermic behavior 

of an adsorption process, can also be explained by the aforementioned principle: a decrease in 

temperature will increase the solubility of the gas molecules in the adsorbent, augmenting the extent 

of the adsorption equilibria [92,93]. 
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Being a fundamental process in the chemical industry, adsorption is often used in Pressure Swing 

Adsorption (PSA) cyclic processes, for the separation, upgrade and fractioning of gaseous mixtures 

(e.g. biogas). In these processes, the achieved separation level depends on the selectivity equilibrium 

and ratio between the different gaseous species, with said ratio corresponding to the distribution of 

each component in both the adsorbed and non-adsorbed phases [27].  

 

PSA cyclic processes can have four or more steps, and can last for a few seconds or several minutes 

[33]. These processes present efficiencies up to 95% [94], and their optimization in terms of operation 

flexibility, product purity and energy efficiency can be achieved by operating an arrangement of 

several adsorbers, instead of a single column, that will basically work in complementary cycles of 

adsorption at higher partial pressures, and desorption at lower partial pressures facilitating the use of 

common resources, and smoothing the production flow [95]. A simplified example of a four-step PSA 

system is illustrated in Figure 1.1.  

 

 

 

Figure 1.1. A possible and simple four-step PSA configuration for the upgrading of biogas in order to obtain 

biomethane. Adapted from reference [96]. 

 

Temperature Swing Adsorption (TSA) is a similar process to PSA, but rather than manipulating 

pressure, the temperature is modulated. TSA can be used for CO2 capture, since it consists of 

complementary cycles of adsorption with temperature variation, instead of pressure alteration  [96]. 

However, the duration of these cycles is superior, sometimes ranging from several minutes to several 

days [33], since it takes longer periods to attain temperature changes, rather than pressure swings 

[97].  

 

Usually, a PSA system that performs several desorption cycles at subatmospheric pressure is known 

as Vacuum Swing Adsorption (VSA) [98]. 
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1.2.3.1. Adsorption Equilibria 
 

Adsorption equilibria is described, at constant temperature, through isotherms that correlate the 

amount of adsorbate present on the surface of the adsorbent, as a function of the gas pressure. To 

better understand the curvatures of isotherms, it is important to classify the adsorbent according to 

its pore size: micropore (width < 2 nm), mesopore (2 nm < width < 50 nm) and macropore (width > 

50 nm) [99]. 

 

There are essentially six types of isotherms, recommended by IUPAC in 1985 [100], attending to the 

properties of the relation between the adsorbent and the adsorbate. The models of said isotherms 

are represented in Figure 1.2.  

 

 

 

Figure 1.2. IUPAC's recommendations for the classification of the six types of physisorption isotherms [100]. 

 

Isotherm Type I describes a reversible adsorption by microporous solids, where the uptake is 

dependent on the available microporous volume, instead of the surface area. An abrupt uptake at low 

pressure is explained by the enhanced interactions between the adsorbent and adsorbate in narrow 

micropores, resulting in their rapid filling. Thus, isotherm Type I (a) represents materials with mainly 

micropores, while Type I (b) denotes materials with micropores and, possibly, mesopores. 

 

Type II isotherm describes physical adsorption of most gases on nonporous, or macroporous, 

adsorbents. The shape of its curve is a consequence of a mono-multi layer adsorption process up to 

high pressure. In Figure 1.2 (II), point B represents the completion of the monolayer coverage, and 

the beginning of the multilayer adsorption process.  
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Isotherm Type III describes weak interactions between the adsorbate and adsorbent, and thus the 

adsorbed molecules are clustered around the most favorable binding sites on a nonporous, or 

macroporous, solid. The inexistence of point B in Figure 1.2 (III) means that the formation of a 

monolayer cannot be identified.  

 

Type IV isotherm describes mesoporous materials, and an adsorption process that is impacted by 

not only the adsorbent-adsorbate interactions, but also by the interaction between the molecules in a 

condensed phase. The initial mono-multi layer in the mesopore is followed by condensation of gas 

molecules to a liquid-like phase, at a lower pressure than the saturation pressure of the bulk liquid.  

 

Therefore, in isotherm Type IV (a) the capillary condensation is followed by hysteresis, since the pore 

width exceeds the critical width due to the influence of the adsorption mechanism and temperature, 

and Type IV (b) is observed in cylindrical and conical mesopores that are tapered at the end. 

 

Isotherm Type V describes water adsorption on hydrophobic micro and mesoporous adsorbents, 

where at lower pressures its shape is attributed to weak adsorbent-adsorbate interactions, whilst at 

higher pressures occurs molecular clustering and pore filling. 

 

Lastly, Type VI isotherm represents a layer-by-layer adsorption on an extremely nonporous and 

uniform surface. The sharpness of the steps represented in Figure 1.2 depends on the adsorption 

mechanism and its temperature, whilst the height of each step represents the uptake of each 

adsorbed layer.  

 

Adsorption equilibria depends on the selectivity of the adsorbent, which represents its ability to 

accommodate different species considering their stronger or weaker interactions. Its steric 

mechanism is associated with the dimension of the pores of the adsorbent, which should be such as 

to favor the entrance of small molecules while excluding larger ones [86–88,101]. Lastly, kinetics is 

related to the resistance of intraparticle mass transfer: slow diffusion rates of adsorbate are a 

disadvantage and can be overcome by reducing the size of the particles, though it can cause an 

increase in pressure drop [86–88,101]. 

 

According to J. Willard Gibbs, the father of statistical mechanics that inspired the development of 

physical-chemistry/thermodynamics as a science [102], when studying adsorption, one should 

consider the existence of a mathematical/hypothetical surface with no volume, that separates the 

adsorbed molecules from the unadsorbed gas phase. The extent of said dividing surface, depends 

on the amount of the solid material present in the system [103]. 
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Usually, the commonly accepted protocol to determine the Gibbs dividing surface in microporous 

solids involves the utilization of helium (He) as a probe molecule, since it is assumed inert under 

certain conditions [103,104], and setting a reference state for the adsorption measurements. The 

choice of pressure and temperature conditions is done arbitrarily by each experimentalist, and thus 

each reference state is unique and variable. This allows the measurement of different adsorption 

quantities i.e. Net, Excess and Total adsorption, further explained in section 2.1.4. 

 

1.2.3.2. Adsorbents  
 

The potential energy across the surface of an adsorbent depends on its density and crystalline 

structure [90], and thus the selection of adsorbent, considering all of its properties, is of the upmost 

importance when aiming for an efficient adsorption process. The most important characteristics when 

choosing an adsorbent are its capacity, selectivity, regenerability and compatibility [101,105,106]. A 

large capacity, representing the number of molecules that can be captured by the adsorbent 

depending on its initial condition, temperature and fluid concentration, is intrinsically related to high 

surface areas and microporous volumes [86]. 

 

Selectivity represents the affinity of a certain material to preferably adsorb a specific gas, in 

comparison to other gas species. Generally, an non-selective sorbent can capture at the same rate 

different gas species, whilst a highly selective material can uptake a single specific component at a 

faster rate [101,107].  Regenerability is the ability of an adsorbent to “go back” to its pre-adsorption 

state during sequential cycles, which can be achieved by thermal, pressure or chemical swing such 

as elution or supercritical extraction. Compatibility it linked to both chemical and physical factors that 

might damage and reduce the life and utility of an adsorbent, by causing excessive disintegration of 

its structure [101].  

 

It is also important to consider, not only the cost of an adsorbent since it should be as inexpensive as 

possible, but also its surface area, that is useful when monitoring its activity and stability, and accounts 

for its degree of exposure the gas molecules [108–111]. Associated with surface area, and 

consequently with the capacity of the adsorbent, comes its pore volume. In most materials, the pores 

only go a few molecules deep, thus many pores are needed to adsorb a larger amount of gas 

[109,110].  

 

There are innumerous examples of adsorbents, whose both physical and chemical properties make 

them ideal for specific applications. Aluminas are inorganic compounds, mostly used as desiccants 

and catalysts due to their high thermal shock and water resistances, that present an 

opaque/crystalline structure and a surface area varying between 200 and 400 m2/g [101,112]. 
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Silicas are also inorganic materials, used in humidity control and food preservation, due to their water 

adsorption capacity of around 40 wt% and to their easiness of regeneration, at approximately 150ºC. 

They are usually amorphous and translucent mesoporous materials, with attrition/dusting resistance 

and surface areas between 300 and 900 m2/g [101,112]. Zeolites are aluminosilicates, mostly used 

as air purifiers and dehumidifiers, with crystalline and microporous surface areas varying between 

600 and 800 m2/g. While their 3D framework structure has uniform dimensions and contains 

aluminum, silicon and oxygen, their small pores have cations and water that allow the adsorption of 

gas molecules at high temperatures [112–114]. 

 

Being developed since the mid-1970s, activated carbons are obtained by carbonization of organic 

compounds (e.g. bones and wood), which propels the formation of pores and gives them a black 

granular appearance. Despite their main disadvantage being a small yield of production, these 

adsorbents present internal surface areas of approximately 1000 to 1500 m2/g making them one of 

the most common adsorbents used in industrial processes, such as water purification and air filtration 

[107,109,110].  

 

The biggest limitations for the usage of adsorbent materials are their low selectivity for a specific gas 

uptake and their high regeneration costs [24,25], and so, during the last decade, intensive studies 

have been conducted regarding Metal-Organic Frameworks (MOFs) as alternative adsorbents 

[22,23,29]. MOFs are crystalline solids with firm but flexible structures, due to the covalent bonds 

between organic ligands and inorganic clusters i.e. ionic/metallic centers [21,30,31]. Their highly 

microporous system and large surface areas beyond 6000 m2/g [115,116] favor mass transfer and 

diffusion from the outside, hence facilitating the access of gas molecules to the internal sites and 

enhancing their efficiency as adsorbents [114].  The flexibility and dynamic behavior of some of these 

materials can be classified in three types, as shown in Figure 1.3 (a) 1-dimension (1D), (b) 2-

dimension (2D) and (c) 3-dimension (3D) [114].  

 

 
 

Figure 1.3. Dynamic behaviours of MOFs when interacting with guest molecules: (a) 1-dimension (b) 2-

dimension (c) 3-dimension, where the red dots represent metal clusters and the black lines stand for the organic 

ligands. Adapted from reference [114]. 
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In Figure 1.3 (a), the rotation of the organic ligands, induced by host-guest interactions causes a 

change in volume, though the frame topology remains unaltered upon adsorption. On the other hand, 

in Figure 1.3 (b) although there is a set of firm 2D layers, covalently bind through flexible columns, 

there is an expansion of the framework, caused by the lengthening of said columns. Lastly, in Figure 

1.3 (c) the intrinsically connected 3D grids of the framework, slide apart opening or closing the pores 

of the material. 

 

The different methods for MOF syntheses [115], accompanied by the choice/design of its inorganic 

cluster and organic ligands, provide these materials different structures that allow stronger/weaker 

binding sites for lodger molecules, thus impacting their specific properties and applications [23].  

 

MOFs have been taking part as revolutionary materials, not only in gas storage/separation processes 

[117–120], but also in catalysis [121–124], sensor devices [125–127], proton conduction [128–130] 

and biomedicine, by having a preponderant role in drug storage/delivery [131–133]. For the past years 

MOFs such as MOF-177, with a BET surface area of 4500 m2/g and a CO2 uptake capacity of 33.5 

mol/kg at 35 bar, have been used for CO2 capture, storage, transport and concentration [134].  Figure 

1.4 (a) shows a comparison between several MOFs and the NoritRB2 activated carbon as reference, 

for CO2 uptake up to 42 bar and Figure 1.4 (b) shows a comparison between MOF-177, Zeolite 13X 

and MAXSORB for CO2 uptake. 

 

 

 
Figure 1.4. (a) Comparison of gravimetric CO2 capacities for several MOFs (and an activated carbon as a 

reference) at ambient temperature and pressures up to 42 bar; (b) Comparison of the volumetric CO2 capacity 

of MOF177, zeolite 13X pellets, and MAXSORB carbon powder. Adapted from reference [135]. 
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Due to high fabrication costs and low thermal/chemical stabilities of some MOFs [136,137], new ones 

have been studied, concerning their CO2 adsorption capacity and selectivity, as to evaluate their 

possible implementation in gas separation technologies. Llewellyn et al. showed that MIL-101 (Cr) 

has a CO2 capacity of 18 mol/kg at 50 bar and 304 K [29], Mu et al. reported a CO2 capacity of 23.5 

mol/kg for the MOF UMCM-1 at 24 bar and 298 K [138] and Finsy et al. discovered that up to 5 bar 

the framework of the hydroxyl groups in the MIL-53 (Al) has a strong interaction with CO2, causing its 

preferential adsorption, whilst CH4 is unselectively adsorbed [139].  

 

Most of these MOFs have been designed considering applications with high pressure operating 

conditions, which does not preclude the use of other MOFs as CO2 capturers in mixed gas systems 

operating at lower pressures [135]. Wu et al. showed that the flexible MOF [Zn2(bpdc)2(bpee)]⋅2 DMF 

has a CO2/CH4 selectivity ratio of 257 (v/v) at subatmospheric pressures [140].  

 

The biggest disadvantages in the production of MOFs are the use of non-renewable materials and 

organic solvents derived from petrochemical sources that can act as toxic contaminants [141]. In 

order to outgrow these limitations, Gassensmith et al. designed a new ‘green’ MOF, CD-MOF-2, made 

of renewable cyclic oligosaccharide γ-cyclodextrin and RbOH, that showed atypically strong affinity 

with CO2, at low pressures [142–144]. 

 

There is also a newly developed subclass of MOFs, denominated Zeolitic Imidazolate Frameworks 

(ZIFs), that are crystalline microporous materials with high thermal-chemical stabilities, water 

resistance and large specific surface areas [145]. In this family, special attention is being payed to 

the Zeolitic Imidazolate Framework-8 (ZIF-8), whose structure is made by zinc ions coordinated by 

four imidazolate rings [146]. This material maintains its thermal stability up to 673 K [147], has a high 

chemical resistance to water, as well as to alkaline solutions and organic solvents [148], pores of 11.6 

Å [149], surface area of 1300-1800 m2/g [150] and pore volume of 0.636 cm3/g [148]. The 3D 

crystalline structure of ZIF-8 is represented in Figure 1.5. 

 

 

 

Figure 1.5. Structural representation of ZIF-8, with the yellow sphere illustrating its pore size [118]. 
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ZIF-8 has been reported as an alternative material, not only for the capture of CO2 [151] but also for 

the removal of humic acid from water [152]. It can also be used as nanoreactors in effective 

biocatalytic cascades, by the  encapsulation of an enzyme/cofactor, or two or three enzymes, in its 

nanoparticles [153]. 

 

A very recent way of enhancing and improving MOFs properties, is incorporating ILs in their 

frameworks (IL@MOFs), as demonstrated by Kinik et al. who observed the doubling of the CO2/CH4 

selectivity up to 1 bar upon impregnation of the IL [BMIM][PF6] in ZIF-8 [28]. Also, in the experimental 

work developed by Sezginel et al. the IL  [BMIM][BF4] was incorporated in the MOF CuBTC, and an 

increase in CH4 selectivity of at least 1.5 times was observed [154]. This distinct behavior implies that 

the combination of the tunable properties of ILs with the choice/design of the MOFs’ structures, is an 

opportunity to develop new materials that could play a decisive role in solving future energy 

challenges [30]. 

 

The first technique to be developed for the synthesis of IL@MOFs was the ionothermal method, and 

it consists in the use of an IL, acting simultaneously as solvent and as the structure directing agent in 

the formation of the MOF, providing the template cations around which the inorganic frameworks are 

ordered [155]. The first IL@MOF was synthesized by Dybtsev et al. with the IL [BMIM][BF4] [156]. 

This is an advantageous method, due to the absence of competition between the solvent and 

template upon interaction with the growing solid, when both template and solvent are the same 

species [157]. However, only a limited number of pairs ILs/MOFs can be used in ionothermal 

synthesis, due to the thermal lability of organic ligands containing functional groups, resulting in 

problematic solubility or coordination of metal ions [30].  Considering this, a more simple and effective 

strategy has been developed to incorporate ILs in MOFs, denominated Post-Impregnation, that can 

be divided into three different impregnation methods, as follows: 

 
(1) Solution of ILs, where a solvent is used to disperse the IL and force it into the MOF structure, 

mostly through stirring [30]. Luo et al. successfully used this method to synthesize the ABIL-

OH@HKUST-1 composite, that showed good catalytic activity [158]. 

 
(2) Postsynthetic Modification, known as ‘ship-in-a-bottle’ where the IL is synthesized inside the 

MOF frame [30], allowing the incorporation of ILs with ions larger than the MOF’s aperture  [73]. Ji et 

al. confined the IL BAIL into the nanocages of the MOF-101, and it showed superior catalytic 

performance for the acetalization of benzaldehyde with glycol [159]. 

 
(3) Capillary Action, where the impregnation of the IL happens by its diffusion into the micropores 

of the MOF, for which a solution of IL + MOF should be heated and stored [30]. Fujie et al. mixed the 

IL EMI-TFSA with ZIF-8, and the mixture was heated and stored overnight to enhance diffusion of the 

IL into micropores [73]. 
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Considering this, one of the goals of this thesis was to prepare three brand new IL@ZIF-8 composites 

and test their CO2 uptake capacity and ideal CO2/CH4 selectivity, in order to evaluate their potential 

as adsorbents in gas separation processes. 

 

1.2.4. Gas Permeation 
 

Membranes have been used in industrial gas separation processes since 1977 [33], and have always 

been in direct competition with other technologies, like PSA. The choice between these technologies 

in, for example, the upgrade of biogas, is done considering the desired biomethane purity level, its 

specific commercial applications, the quality/quantity of the raw biogas, as well as the plant site and 

its conditions [160,161]. 

 

When it comes to the purity level, and considering that biogas is mostly CH4 (ranging from 55% to 

70%) and CO2 (ranging from 30% to 45%) [52], both PSA and membrane fabricants guarantee a 

typical methane content, in biomethane, between 95.0-99.0% (v/v)  [162]. In addition, investment 

costs are roughly the same for both technologies, at lower throughputs, with PSA needing € 3700.00  

and membranes needing between € 3500.00 - € 3700.00, both for 500 m3/h of biomethane [162]. 

Therefore, it is fair to admit that an optimal technology to upgrade biogas does not exist, since each 

process is directly dependent on its own designed specifications, goals and limitations.   

 

In theory, a membrane is a barrier between two bulk phases, being the permeate the phase (or 

stream) that is transported through the membrane, and the retentate, the amount of the feed inlet 

current that is retained by the membrane. The performance of a membrane is related with its 

composition (material),  robustness, thickness, durability, maintenance, structure, system design and 

configuration (e.g. flat or hollow fibber), while at the same time accounting for two distinct parameters: 

permeability (P) which is associated with its capacity to permeate gas components, and selectivity 

(S) which corresponds to its capacity to permeate one gas species preferably from another [32,36].  

 

 

 
Figure 1.6. Illustration of porous and nonporous membranes and their separation mechanisms [163]. 
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As seen in Figure 1.6, on porous membranes the separation is based on particle size, thus their main 

applications are microfiltration/ultrafiltration processes. On the other hand, on non-porous 

membranes, the separation happens considering the solubility/diffusivity of the gas in the membrane, 

and they are mainly used in gas separation and pervaporation processes [163].   

 

Polymers were the earliest materials to be used in membrane fabrication, due to their highly valued 

advantages i.e. low cost, excellent processability, easy fabrication/scale-up and mechanical flexibility 

[35,164]. Few of the most common polymers utilized in industrial permeation processes, like 

desalination of seawater, recovery of hydrogen from hydrocarbon gas streams and ultrafiltration, are 

polyamide, polyarylether sulfone, cellulose acetate and silicon rubber [32,165] since they provide 

advanced functionalities that can be employed in high performance membranes [34]. However, these 

materials are not an optimal solution, due to their lack of thermal-chemical stability and low trade-offs 

between selectivity and permeability, with an improvement in selectivity being almost always obtained 

at the expense of the permeability, and vice-versa [35,36,166]. 

 

On the other hand, inorganic membranes (e.g. zeolites) can withstand organic solvents and be used 

under harsh operating conditions, like wide ranges of pH and temperature, while maintaining a high 

permeability and thermal/mechanical stability [167]. Nonetheless, their high fabrication costs 

alongside the difficulty to prepare defect-free membranes are the major setbacks preventing a larger 

implementation in industrial processes [168]. 

 

In addition, when considering gas permeation with membranes, the materials used should have a 

modulus high enough to allow the membrane to have mechanical resistance to bear operating 

pressures and pressure fluctuations. These materials should also be resistant to abrasion and 

breakdown/deformation, as well as resistant to chemicals in order to withstand different feed 

compounds and contaminants [33]. 

 

For the last few decades, and in order to find solutions to fight the performance obstacles associated 

with the use of both polymeric and inorganic membranes [169], various polymers have been modified 

with inorganic materials, such as activated carbons, zeolites and mesoporous silica [170,171], 

producing an innovative type of membranes, the mixed matrix membranes (MMMs), which result from 

the homogenous dispersion of filler molecules in a polymeric matrix, with both components affecting 

its separation performance and morphology [38]. These membranes are expected to present low 

fabrication costs while combining the flexibility of polymeric materials with the selectivity, and thermal 

stability, of inorganic particles [36]. 
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Nonetheless, and despite these efforts, when filling a polymeric membrane with an inorganic 

compound there is often a poor polymer-filler compatibility that can result in rigid polymeric layers, 

blockage of pores and the appearance of voids in the polymer-filler interface, preventing the adhesion 

between the two phases. All of these drawbacks affect the membranes’ selectivity/permeability and 

help understand why these membranes have not yet been commercially implemented [172,173]. 

 

In order to counteract these limitations, new kinds of ‘special fillers’ are being tested: high aspect ratio 

silica-based particles (HARs) [174], ordered mesoporous silicas (OMSs) [175] and metal-organic 

frameworks (MOFs) [176].  

 

The flexibility associated with the synthesis of MOFs, mentioned in section 1.2.3.2, allows the design 

and fabrication of these materials with specific properties that enhance the selectivity/capacity of a 

membrane towards its desired application [176], which has been showed by S. Shahid who observed 

a 200% CO2 permeability increase as well as 65% increase in CO2/CH4 selectivity in Polyimide/ZIF-

8 MMMs [177], and by Dorosti et al. who observed an increase of 94% in CO2 permeability and 84% 

in CO2/CH4 selectivity for a Matrimid/MIL-53 MMM with 15 wt% MOF loading [178].  

 

However, even with the use of MOFs as fillers, there are flexibility issues due to the MOFs’ crystalline 

nature that impacts the membranes’ mechanical properties turning them more rigid and fragile, while 

at the same time not eliminating the formation of non-selective voids in the polymer-filler interface 

[179].  

 

A possible way to outgrow these limitations, is using IL@MOF composites as MMMs fillers’, and 

basing the choice of both ILs and MOFs on their high efficiency/affinity to capture/solubilize the 

gaseous species of interest. The validity of this idea was attested by Ban et al. who observed an 

increase of more than 50% in CO2 permeability with the addiction of [BMIM][NTf2]@ZIF-8 composite 

to a MMM, as well as remarkable permeability and selectivity combinations that transcended the 

Robeson Upper Bound Limit [180].  

 

To assess the performance of polymeric membranes, with respect to a specific gas pair, in 1991 L.M. 

Robeson showed that in a selectivity versus permeability plot, the data referring to said membranes 

lies on or below a straight line, defined as the upper bound trade-off curve, that describes the inverse 

relationship between permeability and selectivity, according to expression (1) [181].   

 

𝑃i = 𝑘 𝛼ij
n  (1) 
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Where 𝑃i is the permeability of the more permeable gaseous component through the membrane, n is 

the slope of the log-log limit, 𝛼ij
n is the selectivity (described in terms of 𝑃i/𝑃j) and 𝑘 is the “front factor”. 

Figure 1.7, represents the revised upper bound relationship for CO2/CH4 in polymeric membranes at 

30ºC. 

 

 

 

Figure 1.7. Revised Robeson upper bound correlation for CO2/CH4 separation at 30ºC for polymeric 

membranes, with n = − 2.636 and k = 5369140 Barrers. Red dots represent polymeric membranes and blue dots 

represent thermally rearranged (TR) polymers. Adapted from reference [165]. 

 

Considering this, one of the goals of this thesis was to use two of the IL@MOF composites, reported 

by T. Ferreira [1], as fillers in Matrimid®5218-based MMMs in order to determine their CO2 

permeability and CO2/CH4 selectivity, expecting that the obtained results might surpass the Robeson 

Upper Bound for CO2/CH4, which would indicate that these membranes have an excellent trade-off 

between permeability and selectivity.  
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2. Experimental Work 
 

2.1. Adsorption Equilibria in IL@MOF Composites 
 

2.1.1. Materials and Preparation 
 

In order to prepare new composite materials with the impregnation of ILs in the porous structure of 

MOFs, to posteriorly study their CO2 uptake capacity and CO2/CH4 ideal selectivity, the choice of the 

MOF was of the upmost importance. It was decided that the same MOF would be incorporated with 

different ILs, to test the effect and influence of the ILs structural differences (e.g. anionic magnetic 

center). The selected MOF was Zeolitic Imidazolate Framework-8, or ZIF-8 (Basolite©Z1200 by 

BASF), due to its advantageous properties previously reported (see section 1.2.3.2).  

 

The chosen method to synthesise the IL@MOF composites was the Solution of ILs (see section 

1.2.3.2), due to its simplicity and to the fact that ZIF-8 was available in the laboratory. This method 

requires the use of a solvent, and acetone (99.8% purity, Carlo Erba) was used, since it is the most 

common solvent mentioned in literature regarding the synthesis of IL@MOFs. To guarantee a valid 

comparison between all the prepared composite samples, the same number of IL moles was 

incorporated in the structure of the ZIF-8. Using the experimental protocol, and calculations reported 

in reference [1], 15 wt% of the IL with the lowest molar mass, [C2MIM][NTf2], for 1g of ZIF-8, was 

chosen as a reference. With the molar mass of [C2MIM][NTf2] (Mw = 391.31 g.mol-1), and using 

equations 2 and 3, it is possible to determine the moles of IL needed, as well as the expected IL 

loading wt% in the MOF. The obtained values for these, are listed in Table 2.1.  

 

𝑚IL = 0.15 × (𝑚ZIF−8 + 𝑚IL) ⇔ 0.85 𝑚IL = 0.15 × 1g ⇔  𝑚IL = 0.176 g (2) 

 

𝑛IL =
0.176 g

391.31 g. mol−1
⇔ 𝑛IL = 4.5 × 10−4 mol (3) 

 

Table 2.1. Obtained results for IL masses to be weighed and their corresponding IL wt% loading. 

 
 

Ionic Liquid 
 

Moles (x10-4 mol) Molar Mass (g.mol-1) IL Mass (g) Loading (wt%) 

 

[N1 2OH 2OH 2OH][NTf2] 
 

4.50 444.37 0.2000 16.70 

 

[C4MIM]2[Co(SCN)4] 
 

4.50 569.69 0.2564 20.40 

 

[C4MIM][FeCl4] 
 

4.50 336.87 0.1516 13.20 

 

Table 2.2, shows a list of the MOF and ILs used to synthesize the different IL@MOF composites.
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Table 2.2. Chemical formula, nomenclature, name, molecular weight and structure of the chosen ILs and MOF. 

 
 

Formula 
 

Nomenclature Name Mw (g/mol) Structure 

 
C9H18F6N2O7S2 

 
[N1 2OH 2OH 2OH][NTf2] 

N,N,N-tris(2-hydroxyethyl)-N-methylammonium  
bis[(trifluoromethyl)sulfonyl]imide 

444.37  

 

 
C20H30CoN8S4 

 
[C4MIM]2[Co(SCN)4] 

1-butyl-3-methylimidazolium 
tetrathiocyanocobaltate(II) 

569.69  

 

 
C8H15Cl4FeN2 

 
[C4MIM][FeCl4] 

1-butyl-3-methylimidazolium 
tetrachloroferrate(III) 

336.87  

 

C8H10N4Zn ZIF-8 2-methylimidazole zinc salt 

 
 

 
227.58  

 
 
 

 

 

The ILs’ structure was retrieved from the NIST Ionic Liquids Database - ILThermo [182] and the structure of ZIF-8 was obtained from reference [183].
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As a first step, the mass of each IL is weighed on a Sartorius analytical balance (BL 120S model, 

maximum weight of 120 g) into a vial containing a magnetic stirrer, as seen in Figure 2.1 (a), followed 

by the addition of 10 mL of acetone, as illustrated in Figure 2.1 (b). Afterwards, the sample is stirred 

on a magnetic stirrer (VWR VMS-C7 model) during 15 minutes at room temperature, as seen in Figure 

2.1 (c), to guarantee the dissolution of the IL in the acetone.  

 

 
 

Figure 2.1. Preparation of IL@MOFs: (a) weighing the mass of IL, (b) addition of 10 mL of acetone to the IL, (c) 

stirring at room temperature. 

 

As the next step, the IL and acetone solution is added to a vial containing 1 g of ZIF-8, previously 

degassed at 100ºC for 3 hours. Posteriorly, the vial containing the mixture of ZIF-8, IL and acetone, 

is covered with a lid and left to be stirred overnight at room temperature. On the next day, after 

removing the lid, the stirring continues for another 4-5 hours as seen in Figure 2.2 (a).  

 

Afterwards, the mixture is heated up to the boiling point of acetone, as seen in Figure 2.2 (b), to 

ensure its evaporation. Lastly, the sample is dried and degassed at 100ºC for 3-4 hours on a 

Nabertherm LE14/11/B150 muffle furnace, to ensure the absence impurities and leftover solvent. The 

ideal degassing-temperature indicated by the manufacturer of ZIF-8 (BASF, Germany) had been 

previously confirmed by T. Ferreira [1]. The dried sample is shown in Figure 2.2 (c). 

 

 
 

Figure 2.2. Preparation of IL@MOFs: (a) lidless ZIF-8 + IL + acetone vials being stirred, (b) heating up the 

mixture to ensure solvent evaporation, (c) sample after being dried. 
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2.1.2. Characterization Techniques 
 

To evaluate the structural/chemical properties of the IL@MOF composites, four different 

characterization techniques were conducted: He Pycnometry, N2 Adsorption-Desorption Isotherm at 

77K, Powder X-Ray Diffraction and Fourier Transform Infrared Spectroscopy. 

 

2.1.2.1. He Pycnometry 
 

The density of the solid matrix of an adsorbent is indispensable to determine the excess amount of 

adsorption (further explained in section 2.1.4), and can be experimentally obtained using He, 

assuming its particles act as probe molecules and will not be adsorbed [104,184]. The experiment to 

determine the density of the IL@MOFs composites was conducted at 60ºC with He (>99% purity, 

Praxair) on an ISOSORP 2000 high-pressure magnetic-suspension microbalance (Rubotherm 

GmbH), the same used in adsorption equilibria measurements, whose experimental protocol is further 

described in section 2.1.3. For He pycnometry, the ‘apparent’ mass weighed by the microbalance is 

shown in equation (4), where 𝑚 is the weighed mass, 𝜌g is the density of bulk gas, 𝜌h is the density 

of the sample holder, 𝑚h is the mass of the sample holder, 𝑚s is the mass of adsorbent sample, 𝜌s is 

the density of the adsorbent’s solid matrix and 𝑞exc is the specific excess adsorption. 

 

𝑚 = 𝑚h (1 −
𝜌g

𝜌h

) + 𝑚𝑠 (1 −
𝜌g

𝜌s

+ 𝑞exc) (4) 

 

As said before, He pycnometry is conducted based on the fact that He acts as a probe molecule that 

is not adsorbed, which simplifies and transforms equation (4) into equation (5). 

 

𝑚 = 𝑚h (1 −
𝜌g

𝜌h

) + 𝑚s (1 −
𝜌g

𝜌s

) (5) 

 

From expression (5) one obtains equation (6), which is a linear type of equation (y=mx+b).  

 

𝑚 − 𝑚h (1 −
𝜌g

𝜌h

) = 𝑚s −  
𝑚s

𝜌s

𝜌g (6) 

 

Equation (6) illustrates the curve described by ‘apparent’ mass as a function of gas density, in which 

the mass of the solid matrix corresponds to the intercept of the prementioned linear equation, whilst 

the volume of the solid matrix is given by its slope. Once the mass and volume of the solid matrix are 

obtained, the determination of the solid matrix density is done dividing these two parameters.  
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2.1.2.2. N2 Adsorption-Desorption Isotherm at 77K 
 

The N2 Adsorption-Desorption Isotherm at 77 K allows the determination of several important and 

intrinsic characteristics of a solid compound, such as its specific surface area, pore size distribution 

(assuming the pores have a slit shape), total pore volume and micropore volume [185]. The 

measurements were carried out in a Micromeritics Accelerated Surface Area and Porosimetry System 

(ASAP) 2010 static volumetric unit. 

 

2.1.2.3. Powder X-Ray Diffraction  
 

The variety of crystalline structures on solid materials can be studied using a large number of distinct 

diffraction patterns formed upon interaction with different types of coherently scattered 

monochromatic waves (e.g. x-rays), whose lengths are commensurate with the lattice spacing of the 

crystalline structure. Each material has a specific powder diffraction pattern, and powder X-Ray 

diffraction (PXRD), which is the ‘fingerprint’ of a crystalline material, allowing the verification of its 

composition, purity and structure [186].  

 

In scope of this thesis, this technique confirms the absence of structural changes in the MOF upon 

impregnation with IL, if the IL@MOF spectrum presents specific peaks found in pristine ZIF-8. Said 

spectra were obtained using a Rigaku MinFlex II apparatus and the measurements for the composites 

were carried out between 2θ values of 2º and 50º with a step of 0.02º, whilst the measurements for 

the pristine MOF were carried out between 2θ values of 2º and 60º with a step of 0.02º. 

 

2.1.2.4. Fourier Transform Infrared Spectroscopy  
 

Fourier Transform Infrared Spectroscopy (FT-IR) is an analytical technique that allows the 

identification of organic/inorganic substances in a compound, measuring the infrared radiation (IR) 

absorbed by component, transmittance (%), as a function of the wavenumber (cm-1).  

 

Since each infrared absorbed band corresponds and identifies specific molecular species [187], this 

technique allows the confirmation a successful impregnation, if bands of both the IL and pristine MOF 

are visible in the spectrum of the composite. The utilized equipment was a FT-IR Spectrometer 

Spectrum two model (Perkin Elmer). 
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2.1.3. Experimental Methodology 
 

The adsorption and desorption isotherms were obtained using a static gravimetric method, where the 

measuring cell (usually with around 0.3 g of adsorbent) is coupled to a suspension magnet instead 

of hanging directly at the micro-balance, allowing the measurements to be transmitted without contact 

from the closed cell to a highly accurate Sartorius balance, located outside and under ambient 

atmosphere, as illustrated in Figure 2.3. 

 

Figure 2.3. Scheme of the adsorption operating unit: MSB - high-pressure magnetic-suspension microbalance; 

MKS – pressure transducer for 0-1bar; PT2 – pressure transducer for 0-10 bar; PT3 – pressure transducer for 

0-35 bar [40]. 

 

Because the adsorbent is constantly surrounded by gas, the balance can only register an ‘apparent’ 

weight, with it being the difference between the sample’s ‘real’ weight and the associated buoyancy 

force, including the porous volume of the sample [85].  

 

To make sure that there are no gas leaks in the system that could cause instability and adulterate the 

obtained results, a pressure of approximately 16 bar of He (99.999% purity, Praxair) is set for 24 

hours. If the pressure in the system remains constant, and no gas leaks are observed, the 

degasification process can be initiated.   
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Degasification, under vacuum for 3-4 hours at the temperature of 100ºC, ensures the absence of 

unwanted molecular species in the system that could disrupt the process of adsorption and adulterate 

the obtained results. Following degasification, and while still under vacuum, the temperature is set to 

30ºC. After equilibrium is reached, with no noticeable variations in pressure, temperature and mass, 

the ‘apparent’ weight of the sample is registered, along with the operating conditions.  

 

Pressurizing the system in consecutive steps disturbs the pre-established equilibrium stages, and 

when a new equilibrium under isothermal conditions is reached, a new value for the ‘apparent’ weight 

of the sample can be registered, as well as the pressure and temperature of the system. The number 

of points desired to obtain the adsorption isotherm determines the number of times the pressurization 

process is repeated. When the maximum desired pressure is reached, a stepwise depressurization 

of the measurement cell is done, to recheck the previously measured data and obtain a desorption 

curve [184].  

 

The gases used in adsorption equilibrium measurements were CO2 (99.998% purity, Praxair) and 

CH4 (99.95% purity, Praxair). Regarding the utilized equipment, the ISOSORP 2000 high-pressure 

magnetic-suspension microbalance (Rubotherm GmbH, Bochum, Germany) has a resolution of 10-5 

g, an uncertainty of ≤0.002% and a reproducibility of ≤3x10-5 g for a maximum load of 25 g.  

Temperature measurements were obtained using a four-wire Pt100 probe (RS Amidata, Spain) and 

its control, within 0.1ºC of the set-point value, was done using a thermostatic oil bath F32 HL (Julabo 

GmbH, Germany) and a water bath ENK6-CT 2000-00053 (J. P. Selecta, Spain).  

 

The variables of interest were recorded using an in-house developed software (BioCTR) and 

subatmospheric pressure inside the microbalance was reached using an Edwards RV5 vacuum 

pump. Pressure measurements were obtained using a Baratron model 627D (MKS Instruments 

GmbH, Germany) for 0-1bar (accurate to 0.12% of the measured value) and Omegadyne Inc. 

(Sunbury, OH, USA) models with an accuracy of 0.05% of full scale: PX01C2-150A5T for 0-10 bar 

and PX01C1-500A5T for 0-35 bar.  

 

2.1.4. Adsorption Quantities  
 

The first quantity to consider when studying adsorption isotherms is net adsorption, qnet (mol/kg), and 

it represents the difference between the amount of gas present in the measurement cell, with and 

without the adsorbent [103]. The mathematical expression to calculate this quantity is represented in 

equation (7). 

 

𝑞net =
𝑚 − 𝑚s − 𝑚h + 𝑉h 𝜌g 

𝑚s

 (7) 
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Where 𝑚 is the ‘apparent’ mass weighed by the balance; 𝑚s is the mass of adsorbent measured in 

vacuum after degasification; 𝑉h and  𝑚h are the volume and mass, respectively, of all components of 

the measuring cell that contribute to buoyancy effects; and 𝜌g is the gas density for each point of the 

experiments’ different temperature and pressure values [184,188]. 

 

Secondly, there is excess adsorption, 𝑞exc (mol/kg) which is the difference between the excess 

number of gas molecules present in the measurement cell containing the adsorbent, and the number 

of gas molecules that would be present if all the system’s volume was available to be occupied by 

the gas in its bulk state. For this quantity, the skeletal density is considered and the Gibbs dividing 

line separates the bulk phase from the solid phase, including the adsorbent and the monolayer of 

adsorbed molecules [103]. 

 

𝑞exc = 𝑞net + 𝑉s 𝜌g = 𝑞net + 
 𝜌g 

𝜌s

 (8)  

 

It can be obtained using expression (8), where 𝑉s represents the volume of the adsorbent disregarding 

its pore volume, determined through Helium (He) pycnometry [103,184,188]. 

 

Lastly, in total adsorption, 𝑞t (mol/kg), the solid phase – separated from the bulk phase by the Gibbs 

diving line – includes the amount of adsorbed gas molecules, plus the molecules that were not 

adsorbed and linger inside the pore volume, meaning that both the material’s skeletal density and 

pore volume are key factors in its determination. It can be calculated using equation (9) where 𝑉p is 

the pore volume of the adsorbent impenetrable by the molecules of adsorbate [184]. 

 

𝑞t = 𝑞ex + 𝑉p 𝜌g =   𝑞net (𝑉p + 𝑉s) 𝜌g (9) 

 

Besides the adsorption quantities, that help quantify the adsorption capacity of a certain material, the 

ideal selectivity represents its affinity to preferably adsorb a specific gas, in comparison to other 

gaseous species. In scope of this thesis, the ideal selectivity was calculated with expression (10) and 

it refers to the selectivity of the IL@MOF composite to preferably adsorb CO2 instead of CH4. 

 

𝑆CO2/CH4 =  
𝑞t CO2

 

𝑞t CH4
 
 (10) 
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In order to obtain the ideal selectivity, the Sips adsorption model was used to predict the total amount 

adsorption isotherm,𝑞t (mol/kg), using to expression (11).  

 

𝑞t =  
𝑞s (𝑏𝑝)

1
𝑛

1 + (𝑏𝑝)
1
𝑛

 (11) 

 

The Solver add-in from Microsoft Excel was used to minimize the sum of the differences between the 

predicted and the experimental adsorbed amounts, by readjusting 𝑞s, 𝑏 and 𝑃 parameters for both 

CO2 and CH4 data, allowing the calculation, for the desired pressure range, of the ideal selectivity.  

 

In expression (11), 𝑞t represents the specific total amount adsorbed, 𝑞s represents the maximum 

specific adsorbed amount and 𝑝 is the total pressure. Also, 𝑛 is the heterogeneity parameter and a 

higher 𝑛 is associated with a more heterogeneous system. Regarding the affinity constant, 𝑏, one 

concludes that a higher value is associated with more adsorbate molecules being attracted to the 

surface of the adsorbent.  

 

In addition, a polynomial fitting (order 4)  was used to predict the total amount adsorption isotherm,𝑞t 

(mol/kg), even though it does not have parameters that meaningfully describe physical adsorption. 

The obtained variables for each fitting were compared, as further detailed in section 3.1.4. 

  

2.2. Gas Permeation in Mixed-Matrix Membranes 
 

2.2.1. Materials and Preparation 
 

The mixed-matrix membranes were prepared using the solvent evaporation method, and the 

selection of filler/s, solvent and polymer was of the utmost importance. The chosen polymer was 

Matrimid®5218 (Hunstman, USA) since it is an affordable material with high thermal and mechanical 

stabilities, that make it one of the most common materials used as structural composites, adhesives 

and membranes in gas separation processes [178].  

 

The solvent used was dichloromethane, CH2Cl2 (>99.9% purity, Sigma Aldrich), due to its ability to 

dissolve Matrimid®5218, and because it is more environmental-friendly than the alternatives i.e. 

chloroform and dimethylformamide [189,190].  

 

The selected fillers were the IL@MOF composites [C6MIM][NTf2]@ZIF-8 and [C2MIM][Ac]@ZIF-8 

which have shown interesting CH4 and CO2 uptake capacity and CO2/CH4 ideal selectivity, as 

reported in reference [1].  
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Table 2.3, shows the mass of IL and ZIF-8 in each membrane and Table 2.4 shows a list of the ILs 

used to synthesize the IL@MOF composites, as well as the polymer used in MMMs.  

 

Table 2.3. IL and ZIF-8 loading for each composite acting as filler. 

 

    [C6MIM][NTf2]@ZIF-8 [C2MIM][Ac]@ZIF-8 

Filler (wt%) Filler Mass (g) IL (g)  ZIF-8 (g)  IL (g) ZIF-8 (g) 

10 0.0250 0.0042 0.0208 0.0018 0.0232 

15 0.0375 0.0063 0.0312 0.0027 0.0348 

20 0.0500 0.0084 0.0416 0.0036 0.0464 

25 0.0625 0.0105 0.0520 0.0044 0.0581 

30 0.0750 0.0126 0.0624 0.0053 0.0697 

 

To produce a MMM, two vials are needed. On the first vial, 2.25 mL of dichloromethane (CH2Cl2) are 

added to 0.25 g of Matrimid®5218, while on a second vial the same volume of CH2Cl2 is added to the 

mass of filler correspondent to its desired weight percentage: 10 wt% = 0.025 g; 15 wt% = 0.0375 g; 

20 wt% = 0.05 g; 25 wt% = 0.065 g; 30 wt% = 0.075 g. The filler wt% corresponds to equation 12. 

 

𝐹𝑖𝑙𝑙𝑒𝑟 (wt%) =
𝑚filler 

𝑚polymer 

 × 100% (12) 

 

Afterwards, both vials are sealed, and the mixtures are submitted to an ultrasonic bath for 4 hours, 

and posteriorly stirred for 24 hours on a magnetic stirrer at 600 rpm. After the 24 hours, the 

Matrimid®5218 solution is poured into the vial containing the filler solution, which is then sealed and 

stirred for 1 hour at 600 rpm. After stirring, the solution is poured into a round teflon petri dish and 

placed in a desiccator until the solvent has completely evaporated.  



 
29 

 

Table 2.4. Chemical Formula, nomenclature, name, molecular weight and structure of the chosen ILs to synthesize the IL@MOF composites, and the polymer used 

in MMMs. 

 

 
Formula 

 
Nomenclature Name Mw (g/mol) Structure 

C12H19F6N3O4S2 [C6MIM][NTf2] 
1-hexyl-3-methylimidazolium 

bis[(trifluoromethyl)sulfonyl]imide 
447.41 

 

C8H14N2O2 [C2MIM][Ac] 1-ethyl-3-methylimidazolium acetate 170.21 

 

- Matrimid®5218 
5(6)-amino-1-(4' aminophenyl)-1,3,-

trimethylindane 

 
 
-  
 
 
 

 
 

The ILs structure was retrieved from the NIST Ionic Liquids Database - ILThermo [182] and the structure of Matrimid®5218 was obtained from 

reference [194]. 



 
30 

 

2.2.2. Characterization Techniques 
 

To evaluate the structural/chemical properties of the IL@MOF MMMs, two characterization 

techniques were conducted: contact angle measurements and evaluation of mechanical properties. 

 

2.2.2.1. Contact Angles 
 

The contact angle between a drop of water on the surface of a solid, is the equilibrium established 

between the drop and three interfacial tensions i.e. solid-gas (γSG), solid-liquid (γSL) and liquid-gas 

(γLG), as seen in Figure 2.4.  

 

Knowing the value of the contact angle allows the conclusion of the hydrophobic behavior of the 

synthesized membranes, with them being considered hydrophilic when the contact angle is inferior 

to 90º and hydrophobic when the angle is superior to 90º, when using water [191].  

 

 

 

Figure 2.4. Illustration of the three tensions involved in the determination of a contact angle in a solid's surface. 

Adapted from reference [195]. 

 
These measurements were done using the KSV (CAM2008) software, which is an optical system that 

captures several pictures of the drop of water on the membrane surface, and calculates the contact 

angle of both left and right side. The software captured 10 frames of the water’s drop on the 

membranes’ surface and each sample was measured 3 times, with the final value being an average 

of said 3 measurements.  

 

2.2.2.2. Mechanical Properties 
 

In this thesis, the mechanical properties of the prepared MMMs were evaluated by puncture tests, to 

determine their resistance until breakdown or deformation [192]. These measurements were 

performed with the help of Professor Vítor Alves, at Instituto Superior de Agronomia (ISA), using a 

texturometer analyzer (TA XT – Plus Texture Analyzer – Stable Micro Systems, UK). The samples 

with 3x3 cm in dimensions were tested at room temperature.  
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The results obtained by the perforation of the membrane’s sample, at the speed of 1 mm.s-1, by using 

a texturometer analyzer’s probe diameter of 2 mm, as well as the calibration of the equipment, were 

registered and controlled using an ISA-built-in software. The experiments were repeated 3 times for 

each membrane sample. Figure 2.5 shows an example of the curves obtained, showing the Force 

(N) as a function of distance (mm).  

 

 

Figure 2.5. Illustrative example of the curves obtained for Run 1 (see Table 2.5), where the three colours 

represent three replicas. 

 

According to expressions (13) and (14) the tensile strength (σ) of each membrane sample is obtained 

using the cross-sectional area (Sc), and force (F) obtained measurements and registered by the 

probe.  

𝜎 =  
𝐹

𝑆c

 (13) 

 

𝑆c =  π × 𝑟2 (14) 
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2.2.3. Experimental Methodology 
 

Gas permeation experiments are performed in a permeation cell that is divided into two 

compartments, each corresponding to the feed and permeate. The cell is submerged into a water 

bath heated up to 30ºC, controlled by a thermostat (Julabo ED, Germany), and a transducer (Druck 

PCDR 910 models 99166 and 991675, UK, with accuracies of ± 0.008 bar) is connected to each 

compartment to measure the pressure, as illustrated in Figure 2.6.  

 

 

 

Figure 2.6. Illustration of the permeation apparatus: 1 - feed compartment, 2 - permeate compartment, 3 - water 

bath, 4 - gas feed, TC - temperature controller, Pl1 & Pl2 - pressure indicators, V1 & V2 - exhaust valves, V3 & 

V4 - inlet valves [40]. 

 

Before starting the experiment, the thickness of the membrane is measured using a micrometer 

(Elcometer). Afterwards, the membrane is placed on the white circle between the cell’s two 

compartments, as seen in Figure 2.7 (a), and it is closed and sealed as presented in Figure 2.7 (b).  

 

 

 

Figure 2.7. Illustration of the gas permeation measurement cell (a) opened and (b) sealed. 

 



 
33 

 

The first step, after placing the cell in the water bath, is to purge the entire system with the gas of 

interest, keeping all the valves opened to ensure the absence of other gaseous species. Posteriorly, 

the exhaust valves are closed and a pressure of 0.7 bar is settled, after which the inlet valves are 

also closed, allowing the pressure inside the cell to stabilize. Following pressure stabilization, the 

driving force is applied by rapidly opening and closing the exhaust valve of the permeate 

compartment, which will cause the pressure to gradually increase in said compartment, while 

simultaneously decreasing in the feed’s compartment. Figure 2.8 shows an example for the feed and 

permeate pressure values obtained throughout the experiment.  

 

 

 
Figure 2.8. Illustrative example of the Feed (green) and Permeate (blue) curves obtained for CO2 Run 9 (see 

Table 2.5). 

 

To calculate the CH4 and CO2 MMMs’ permeability and selectivity, the initial moment (t0) is considered 

when the driving force is applied to the system. The analysis of the pressure data in both 

compartments, registered with PicoLog software, is done with equation (15) where β is the cell’s 

geometric parameter, Δp0 is the difference of pressure at t0, Δp is the variation of pressure through 

time, P is the permeability, t is time and I is the membrane’s thickness. 

 

1

𝛽
 × ln (

Δ𝑝0

Δ𝑝
) = 𝑃 × 

𝑡

𝑙
 (15) 

 

Hence, the graphic representation of 
1

𝛽
 × ln (

Δ𝑝0

Δ𝑝
)  as a function of 

𝑡

𝑙
 allows the determination of the 

permeability (P) values for each gas, which corresponds to the slope of the obtained curve. Figure 

2.9 is an example of the obtained curve, with the permeability value being the slope of the obtained 

linear equation.  
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Figure 2.9. Illustrative example of the curve obtained for CO2, Run 12 (see Table 2.5). 

 

In addition, β can be obtained using equation (16) where A is the area of the membrane, VFeed is the 

volume of the feed compartment and VPerm is the volume of the permeate compartment. 

 

𝛽 = 𝐴 ×  (
1

𝑉Feed

+
1

𝑉Perm

) (16) 

 

The calibration of the unit was done using a PDMS membrane with the thickness of 1.20x10-4 m and 

known N2 permeability of 2.075x10-10 m2.s-1. The prementioned protocol for membrane permeation 

was followed, considering that this time the slope of the graphical representation of 
1

𝑃
 × ln (

Δ𝑝0

Δ𝑝
) as 

function of 
𝑡

𝑙
 is β (β (GP1) = 106.26 cm-1 and β (GP2) = 109.17 cm-1). 

 

Lastly, with the obtained permeability values, for the same membrane tested with different gases, it 

is possible to obtain the value of the ideal CO2/CH4 selectivity, 𝛼CO2/CH4, as seen in equation (17) 

where PCO2 is the permeability of CO2 and PCH4 is the permeability of CH4. 

 

𝛼CO2/CH4 =
𝑃CO2

𝑃CH4

(17) 

 

Table 2.5 shows the planification of the permeation experiments set in this work, where pristine 

Matrimid®5218, Matrimid®5218/ZIF-8 and Matrimid®5218/IL@ZIF-8 MMMs were assessed. 
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Table 2.5. Work plan and summary of the conducted permeation experiments. 

 

Material Filler Loading (wt%) Run Gases Observations 

 

Matrimid®5218 (Batch I) 
 

- 1 CH4 and CO2 Control 

 

Matrimid®5218 (Batch II) 
 

- 2 CH4 and CO2 Test reproducibility with different membranes 

ZIF-8 

 

10 
 

3 CH4 and CO2 - 

 

20 
 

4 CH4 and CO2 - 

 

30 
 

5 CH4 and CO2 - 

Matrimid®5218/[C2MIM][Ac]@ZIF-8 

 

10 
 

6 CH4 and CO2 - 

 

15 
 

7 CH4 and CO2 - 

 

20 
 

8 CH4 and CO2  

 

25 (Batch I) 
 

9 CH4 and CO2 Control 

 

25 (Batch II) 
 

10 CH4 and CO2 Test reproducibility with the same membrane 

 

30 
 

11 CH4 and CO2 - 

Matrimid®5218/[C6MIM][NTf2]@ZIF-8 

10 12 CH4 and CO2 - 

15 13 CH4 and CO2 - 

20 14 CH4 and CO2 - 

25 15 CH4 and CO2 - 

30 16 CH4 and CO2 - 
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3. Results and Discussion 
 

3.1. IL@MOF Composites 
 

No thermogravimetric analysis (TGA) was conducted for the composite materials, since both ZIF-8 

and ILs have degradation temperatures above 100ºC.  

 

3.1.1. He Pycnometry 
 

The determined values for the matrix density of the utilized MOF and the IL@MOF composites, 

considering the experimental protocol described in chapter 2.1.3 and the mathematical background 

presented in chapter 2.1.2.1, are listed in Table 3.1. 

 

Table 3.1. Experimental determined values for the density of the solid matrix of the IL@MOF composites. 

 

Material ρs (g/cm3) 

ZIF-8 1.49 

[N1 2OH 2OH 2OH][NTf2]@ZIF-8 1.42 

[C4MIM]2[Co(SCN)4]@ZIF-8 1.34 

[C4MIM][FeCl4]@ZIF-8 1.33 

 

The obtained value for the solid matrix of the pristine ZIF-8 was 1.49 g/cm3 which is in accordance 

with the reported literature value of 1.518(3) g/cm3 [193]. It is possible to see that all the density values 

obtained for the composites are lower than the observed value for the ZIF-8, which means that the 

impregnation of the IL in the MOF affected its solid matrix density. However, because this parameter 

is obtained with both the slope and intercept of the apparent mass as function of the helium density, 

small errors in these values might change the linear fitting, impacting the obtained density values. 

The obtained plots for each composite are presented in Appendix A.  

 

3.1.2. N2 Adsorption-Desorption Isotherms at 77K 
 

The determination of the specific surface area of the prepared composite samples was performed 

using N2 adsorption-desorption equilibrium measurements at 77 K. Through Figure 3.1, it is possible 

to confirm that the obtained isotherms for the composites are Type I, which considering IUPAC 

definition  is characteristic of microporous materials [100]. It is also possible to see that the uptake 

capacity decreased 33% in the [N12OH 2OH 2OH][NTf2]@ZIF-8 composite and about 66% in the 

[C4MIM][FeCl4]@ZIF-8 and [C4MIM]2[Co(SCN)4]@ZIF-8 composites, comparing with pristine ZIF-8. 

In addition, the ZIF-8 isotherm is close to literature data reported by Kinik et al. [28].  
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Figure 3.1. N2 adsorption-desorption isotherms at 77 K for the ZIF-8 used in this thesis (black), literature ZIF-8 

data (red) and the IL@MOF composites (blue). 

 

The obtained BET, and Langmuir, specific surface area and the total pore volume for each material 

is listed on Table 3.2.  

 

Table 3.2. Values for BET specific surface and its c constant; Langmuir specific surface area, total pore volume 

and partial pressure, obtained using MicroActive software. 

 

Sample 
BET Specific  

c 
Langmuir Specific  Total Pore  

p/p0 Surface Area 
(m2/g) 

Surface Area (m2/g) 
Volume 
(cm3/g) 

ZIF-8 1907 ± 81 407 2008 ±  83 0.67 0.97 

[N1 2OH 2OH 2OH][NTf2]@ZIF-8  1658  ± 79 171 1732  ± 88 0.49 0.97 

[C4MIM]2[Co(SCN)4]@ZIF-8 817 ± 48.77 249 847 ± 52 0.28 0.97 

[C4MIM][FeCl4]@ZIF-8 691 ± 41 270 717 ± 45 0.24 0.97 
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It is possible to see that due to the IL impregnation, the [N1 2OH 2OH 2OH][NTf2]@ZIF-8 composite shows 

a loss of 13.06% in BET specific surface area, and 26.87% in total pore volume, considering the 

pristine ZIF-8, whilst the [C4MIM][FeCl4]@ZIF-8 composite presents a loss of 63.77% in BET specific 

surface area and 64.29% in total pore volume. The composite [C4MIM]2[Co(SCN)4]@ZIF-8 presents 

a BET specific surface area loss of 57.16% and a total pore volume loss of 58.20%.  

 

A non-local density functional theory (NLDFT) analysis was conducted, with MicroActive software, to 

determine the pore size distribution for the composites, in comparison with ZIF-8, as represented in 

Figure 3.2.  

 

 

 
Figure 3.2. Pore size distribution obtained through NLDFT analysis of the ZIF-8 and the IL@ZIF-8 composites. 

 

Figure 3.2 shows a decrease on the available pore volume, which, with the obtained results depicted 

in Figure 3.1, indicates that total pore volume/quantity suffered a loss in comparison with the pristine 

ZIF-8, due to the IL impregnation. Moreover, it further accentuates the fact that these are microporous 

materials, according to IUPAC classification, since they have pores smaller than 20 Å (2 nm) [100]. 
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3.1.3. Powder X-Ray Diffraction 
 

As previously mentioned in section 2.1.2.3, PXRD allows the verification of the absence of structural 

changes in the MOF upon the IL impregnation, which can be confirmed by comparing the spectra of 

each composite with the one of the pristine ZIF-8. It can also show if the prepared materials are 

crystalline or amorphous. The atoms of crystalline materials are periodically arranged in a 3D space, 

resulting in the presence of high and narrow intensity peaks in PXRD spectra, whilst in amorphous 

compounds the atoms are randomly arranged, causing the appearance of randomly distributed and 

wider peaks [194].  

 

As shown in Figure 3.3, the results presented for ZIF-8 are in accordance with PXRD data reported 

for this material [152], as well as with literature sources stating that ZIF-8 is a crystalline material, 

since there are high and narrow intensity peaks presented in the obtained spectrums [195–197]. In 

the obtained PXRD results, the characteristic peaks of ZIF-8 are present in all the synthesized 

composites, which allows the conclusion that these materials are also crystalline.  

 

 

 
Figure 3.3. PXRD spectra for the ZIF-8 reported in literature [152] (green), the ZIF-8 used in this thesis (black), 

and for the synthesized IL@MOF composites (blue). 

0 10 20 30 40 50 0 10 20 30 40 50

[N1 2OH 2OH 2OH][NTf2]@ZIF-8 

0 10 20 30 40 50 0 10 20 30 40 50

[C4MIM]FeCl4@ZIF-8[C4MIM]2Co(SCN)4@ZIF-8

In
te

n
s
it
y

In
te

n
s
it
y

2ϴ (º) 2ϴ (º)



 
41 

 

3.1.4. Fourier Transform Infrared Spectroscopy 
 

As mentioned in chapter 2.1.2.4, FT-IR allows the identification of organic/inorganic species in a 

certain material since each infrared band, present on the plot of transmittance as a function of the 

wavenumber, corresponds to a specific molecular species. Therefore it is possible to confirm the 

success of the IL impregnation in the MOF, if bands of the first can be found in the spectra of the 

composite.  

 

The FT-IR spectra for the [N1 2OH 2OH 2OH][NTf2]@ZIF-8 composite illustrated in Figure 3.4, shows the 

presence of bands correspondent to the [NTf2]- anion: between 1250-1190 cm-1 (presumed to be C-

F3 stretch) and 1060 cm-1 (characteristic of N-S stretch) [198], which corroborate the conclusion of a 

successful IL impregnation.  

 

In Figure 3.4 the obtained FT-IR spectra for the C4[MIM]2[Co(SCN)4]@ZIF-8 composite, shows a band 

between 2150-1990 cm-1 (characteristic of the N=C=S isothiocyanate stretch) [199] found in the 

pristine IL, allowing the conclusion that this was also a successful impregnation.  

 

For [C4MIM][FeCl4]@ZIF-8, and according to literature [199], it is probable that a characteristic band 

for a metal-halogen stretch bond, specifically metal-Cl can be found between 610-220 cm-1, 

depending on the strength of the bond, the mass of the metal atom and the its valence state.  

However, in scope of this thesis, the limit wavenumber for which the measurement was conducted 

was 450 cm-1, making it impossible to validate the successfulness of the IL impregnation through this 

technique.  Nonetheless, the results presented for the N2 adsorption-desorption isotherms at 77K for 

this composite allow said conclusion.  

 

  

 

  



 
42 

 

 

 

Figure 3.4. Obtained FT-IR spectra for the studied ILs (red), the ZIF-8 (black) and the synthesized IL@MOF 

composites (blue) between (a) 4000-450 cm-1 and (b) 1650-450 cm-1. 
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3.1.4. Adsorption Equilibria for CO2 and CH4 

 

In order to assess the performance of the prepared IL@ZIF-8 composites, in terms of CH4 and CO2 

adsorption capacity as well as CO2/CH4 ideal selectivity, adsorption equilibrium measurements were 

conducted at 30ºC and between 0 and 16 bar. Table 3.3 shows the Sips adsorption isotherm model 

parameters for ZIF-8 and each composite, as well as their Average Relative Error (%).  

 

Table 3.3. Sips adsorption model parameters and Average Relative Error (%) for ZIF-8 and each IL@ZIF-8 

composite. 

 CH4 CO2 

Samples 
qs  

b n 
ARE 
(%) 

qs  
b n 

ARE 
(%) (mol/kg) (mol/kg) 

ZIF-8 10.15 0.031 0.962 0.71 12.92 0.083 0.870 4.34 

[N1 2OH 2OH 2OH][NTf2]@ZIF-8  8.62 0.028 0.985 2.17 10.27 0.091 0.860 3.62 

[C4MIM][FeCl4]@ZIF-8 4.79 0.035 0.977 1.20 6.72 0.093 0.890 4.64 

[C4MIM]2[Co(SCN)4]@ZIF-8  4.42 0.032 0.994 3.33 6.45 0.075 0.909 5.29 

 

However, the Sips adsorption model did not provide an accurate fitting of the experimental data, 

especially for CO2 at subatmospheric pressure, as exemplified in Figure 3.5, which could have an 

unpredictable impact in the selectivity of these materials.  

 

 
 

Figure 3.5. Example of the poor fitting provided by the Sips model for CO2 adsorption by ZIF-8, between 0 and 

1 bar. Open symbols are desorption and close symbols are adsorption. Straight line represents the Sips fitting. 

 

0.0

0.5

1.0

0.0 0.5 1.0

q
t 
(m

o
l/
k
g

)

p (bar)

ZIF-8 CO₂ Adsorption

Sips Model



 
44 

 

In order to overcome the poor fitting provided by the Sips model, a polynomial adjustment (order 4) 

was used, and its parameters are presented in Appendix B. Figure 3.6 shows the CH4 and CO2 

adsorption/desorption isotherms for ZIF-8 and the IL@ZIF-8 composites. 

 

 
 
Figure 3.6. CH4 and CO2 adsorption/desorption isotherms at 30ºC for ZIF-8 and its comparison with literature, 

and the IL@ZIF-8 composites. Open symbols are desorption and close symbols are adsorption. Straight lines 

represent the polynomial fitting. 

 
The adsorbed amount was represented in total adsorption (qt) since it takes into account the solid 

matrix density and its total pore volume. Considering the N2 adsorption-desorption at 77 K, all the 

composites suffered a total pore volume loss, which justifies the general lower adsorption capacity 

verified in the IL@ZIF-8 composites. Figure 3.7 shows a comparison between the CO2 and CH4 

uptake capacities for each composite. The potential use of these composites to capture CO2 from 

biogas can be evaluated by analysing their capacity towards the adsorption of both CO2 and CH4. At 

8 bar the difference between CO2 and CH4 adsorption capacity of [C4MIM]2[Co(SCN)4]@ZIF-8 and 

[C4MIM][FeCl4]@ZIF-8 is merely 1.47 mol/kg and 1.85 mol/kg, respectively.  
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On the other hand, for [N1 2OH 2OH 2OH][NTf2]@ZIF-8 this difference is 2.77 mol/kg, which considering 

that PSA processes for biogas upgrading to biomethane usually operate between 3 and 10 bar [200], 

means that this composite has a greater potential for CO2 adsorption than the other composites.   

 

However, as seen in Figure 3.7, all the prepared IL@ZIF-8 composites have lower CO2 and CH4 

uptake capacity than the pristine ZIF-8. Tables 3.4 and 3.5 show the percentage of capacity loss for 

both CH4 and CO2, in all the composites at 1 and 16 bar, respectively.  

 

 
 

Figure 3.7. CH4 and CO2 adsorption-desorption isotherms at 30ºC for ZIF-8 and the studied ILs. Open symbols 

are desorption and closed symbols are adsorption. Straight lines represent the polynomial fitting. 

 

Table 3.4. CH4 and CO2 uptake capacity at 30ºC for ZIF-8 and the IL@ZIF-8 composites, as well as the 

percentage of capacity loss at 1 bar using ZIF-8 as reference.  

 

qt (mol/Kg) at 1 bar 

ZIF-8  [N1 2OH 2OH 2OH][NTf2]@ZIF-8 [C4MIM][FeCl4]@ZIF-8 [C4MIM]2[Co(SCN)4]@ZIF-8 

CH4 CO2 CH4 CO2 CH4 CO2 CH4 CO2 

0.26 0.64 0.22 0.51 0.15 0.39 0.13 0.32 

Capacity Loss (%) 14.78 19.11 42.86 38.84 48.03 49.77 

 

Table 3.5. CH4 and CO2 uptake capacity at 30ºC for ZIF-8 and the IL@ZIF-8 composites, as well as the 

percentage of capacity loss at 16 bar using ZIF-8 as reference. 

 

qt (mol/Kg) at 16 bar 

ZIF-8  [N1 2OH 2OH 2OH][NTf2]@ZIF-8 [C4MIM][FeCl4]@ZIF-8 [C4MIM]2[Co(SCN)4]@ZIF-8 

CH4 CO2 CH4 CO2 CH4 CO2 CH4 CO2 

3.25 7.39 2.64 6.16 1.70 4.07 1.48 3.49 

Capacity Loss (%) 18.82 16.60 47.69 45.00 54.47 52.83 
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As can be seen in Tables 3.4 and 3.5, the percentage of capacity loss for CO2 uptake by all the 

composites ranges between 19-50% at 1 bar, and 17-53% at 16 bar. Nonetheless, and despite the 

loss in adsorption capacity, due to the impregnation with IL that partially occupied pore volume, it is 

also important to evaluate the ideal selectivity of each composite to adsorb CO2.  

 

Figure 3.8 shows the CO2/CH4 ideal selectivity of these composites and their comparison with the 

pristine ZIF-8 and the [C2MIM][Ac]@ZIF-8 composite prepared and characterized by T. Ferreira [1]. 

And as can be seen from this comparison, the composite [C4MIM][FeCl4]@ZIF-8 surpasses the 

pristine ZIF-8 with an increase in CO2/CH4 ideal selectivity of 7.16-7.60% at subatmospheric pressure 

and 5.42% at 5 bar. However, below 5 bar its ideal selectivity is still lower than that of the 

[C2MIM][Ac]@ZIF-8 composite. The remaining composites do not show significant improvements in 

CO2/CH4 ideal selectivity when compared with ZIF-8 between 0 and 5 bar.  

 

 
 

Figure 3.8. Ideal CO2/CH4 selectivity at 30ºC for ZIF-8 and the IL@ZIF-8 composites, compared with [C2MIM][Ac] 

reported by T. Ferreira [1], and using a polynomial fitting. 
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[C4MIM][FeCl4]@ZIF-8 showing the highest CO2/CH4 ideal selectivity between 10 and 16 bar, with 

values of 2.68 and 2.39, respectively, representing an increase of 4.24% and 5.14% in comparison 

with ZIF-8. Also, in the same pressure range, [N1 2OH 2OH 2OH][NTf2]@ZIF-8 shows higher ideal 

selectivity than the pristine ZIF-8, with this difference representing an increase of 4.28% and 2.74% 

at 10 and 16 bar, respectively, which can be explained by the affinity of the anion [NTf2]- in the 

solubilisation of CO2 [100-102]. 
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As previously mentioned, PSA processes for biogas upgrade to biomethane operate between 3 and 

10 bar, which means that the slight increase in CO2/CH4 ideal selectivity presented by these materials 

between 5 and 16 bar, could be an indicator of their potential use in adsorption separation processes.  

 

However, the previously discussed CO2 uptake capacity results, show that the prepared IL@ZIF-8 

composites are not suited to be used as alternative adsorbents, since they do not show an 

improvement in CO2 uptake capacity, when compared with the pristine ZIF-8. 

 

3.2. Mixed-Matrix Membranes 
 

3.2.1. Contact Angles 
 

As previously mentioned in section 2.2.2.1, the value of the contact angle helps to qualify a membrane 

when it comes to it hydrophobicity/hydrophilicity. When using water, a surface is considered 

hydrophilic when the contact angle is inferior to 90º and hydrophobic when said angle is superior to 

90º [191]. As presented in Figure 3.9, the contact angle obtained for a pristine Matrimid®5218 

membrane was 86º which is close to reported literature value of 84º [201], making it a slightly 

hydrophilic membrane.  

 

 

 
Figure 3.9. Obtained contact angles for Matrimid®5218, Matrimid®5218/ZIF-8, 

Matrimid®5218/[C6MIM][NTf2]@ZIF-8 and Matrimid®5218/[C2MIM][Ac]@ZIF-8. 
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The obtained results for 20 wt% and 30 wt% Matrimid®5218/ZIF-8 are expected, considering the  

hydrophobic nature of ZIF-8 [202], whilst the contact angle for its 10 wt% loading can be explained 

by the influence of the pristine hydrophilic Matrimid®5218, that is present in the MMM in a larger 

amount.  

 

Results for Matrimid®5218/[C6MIM][NTf2]@ZIF-8 are also consistent with literature data, due to the 

prementioned ZIF-8 hydrophobicity, and considering the fact the [C6MIM][NTf2] IL is extremely 

hydrophobic [203,204]. The contact angles for Matrimid®5218/[C2MIM][Ac]@ZIF-8 are also within 

expected, even though [C2MIM][Ac] is a hydrophilic IL [205].  A possible explanation for this, is that 

the presence of the IL – that represents only a small percentage of the filler – was not enough to 

counteract the hydrophobicity of the MOF.   

 

3.2.2. Mechanical Properties 
 

Puncture tests, previously described in section 2.2.2.2, were conducted to determine the tensile 

strength,𝜎, of the prepared membranes. Usually, when performing such tests the elongation of the 

membrane is determined as well. However, since all the membranes broke upon the application of 

force, instead of suffering an elongation, this part of the test was not determined.  

 

As it is known, Matrimid®5218 is a polymer with good mechanical properties [206] and therefore, this 

test aimed to observe the changes in the membranes upon the incorporation with different loadings 

of ZIF-8 and the IL@MOF composites [C6MIM][NTf2]@ZIF-8 and [C2MIM][Ac]@ZIF-8. Due to 

differences on thickness of the synthesized membranes, and to ensure a proper comparison between 

the obtained results, the tensile strength, obtained using equations 12 and 13, was normalized, by 

diving the obtained tensile strength value by each membrane’s thickness.  

 

The average non-normalized tensile strength value obtained for the pristine Matrimid®5218 

membrane with no filler is 18.13 ± 0.88 MPa (see Table 3.6) for a thickness of 125.60 ± 1.54 µm, 

which, considering the error margins, is very close to reported literature values for this polymer, of 

approximately 14.89 ± 4.00 MPa for a membrane with a thickness value of 120 ± 15 μm [207].  

 
Table 3.6. Puncture test results for the Matrimid®5218/ZIF-8 membranes. 

 

 
 

Matrimid®5218/ZIF-8 
 

Filler Loading (%) 0 10 20 30 
 

Thickness (µm) 125.60 ± 1.54 69.60 ± 1.19 62.40 ± 1.04 81.20 ± 2.16 

σ (MPa) 18.13 ± 0.88  4.34 ± 0.14 1.47 ± 0.06 1.40 ± 0.16 

Normalized σ (MPa/mm) 
 

144.36 ± 7.23 62.32 ± 2.21 23.49 ± 1.05 17.28 ± 2.00 
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As can be seen in Table 3.6, when filling the polymeric matrix with the MOF, the tensile strength of 

the new membranes is lower than that of the pristine Matrimid®5218. It is also possible to observe 

that an increment in ZIF-8 loading causes the tensile strength of the membranes’ to decrease. 

 

This can be explained by the rigid crystalline structure of MOFs, whose particles might be 

agglomerated in the polymeric matrix, acting as stress concentrators and causing plastic deformation 

in the matrix [212,213]. A possible way to verify said hypothesis is by conducting an Energy-

Dispersive X-Ray (EDS) analysis, to determine the presence and quantify the distribution of chemical 

elements on the synthesized membranes [214,215]. Scanning Electron Microscopy (SEM) can also 

be used to analyse the morphology of the membranes [216,217], allowing the evaluation of the 

dispersion level of the ZIF-8 in the polymeric structure. Based on these results, it is important to note 

that the incorporation of ZIF-8 in the polymeric matrix of the Matrimid®5218 is not advantageous 

when considering the mechanical properties of Matrimid®5218-based membranes, since it turns them 

more fragile and rigid. 

 
Tables 3.7 and 3.8 show the puncture tests results for the MMMs incorporating IL@ZIF-8 composites, 

which are lower than the non-normalized tensile strength value obtained for the Matrimid®5218 

membrane, which means that none of the synthesized MMM exceed the flexibility and ductility 

properties of the pristine polymer membrane [210]. 

 

Table 3.7. Puncture test results for the Matrimid®5218/[C6MIM][NTf2]@ZIF-8 membranes. 

 

 
 

Matrimid®5218/[C6MIM][NTf2]@ZIF-8 
 

Filler Loading (%) 10 15 20 25 30 
 

Thickness (µm) 74.80 ± 1.66 70.80 ± 0.91 72.00 ± 2.19 66.80 ± 1.66 88.00 ± 1.26 

σ (MPa) 3.74 ± 0.28 2.02 ± 0.17 1.92 ± 0.07 1.06 ± 0,04 1.36 ± 0.05 

Normalized σ (MPa/mm) 
 

50.03 ± 3.88 28.52 ± 2.43 26.71 ± 1.26 15.85 ± 0.70 15.49 ± 0.62 

 

Table 3.8. Puncture test results for the Matrimid®5218/[C2MIM][Ac]@ZIF-8 membranes. 

 

 
 

Matrimid®5218/[C2MIM][Ac]@ZIF-8  
 

 Filler Loading (%)  10 15 20 25 30 
 

Thickness (mm) 
69.60 ± 3.07 65.20 ± 1.66 57.20 ± 0.91 52.00 ± 0.98 73.20 ± 1.66 

σ (MPa) 2.44 ± 0.22 1.84 ± 0.09 1.04 ± 0.29 0.70 ± 0.12 0.98 ± 0.09 

Normalized σ (MPa/mm) 
 

34.99 ± 3.47 28.27 ± 1.64 18.26 ± 5.17 13.44 ± 2.24 13.38 ± 1.25 
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The tensile strength for Matrimid®5218/[C6MIM][NTf2]@ZIF-8 is higher than the puncture strength for 

Matrimid®5218/[C2MIM][Ac]@ZIF-8, for the same loadings, which is an indicator that the presence of 

the IL [C6MIM][NTf2] turns the membranes more flexible. It is also noticeable that the normalized 

tensile strength of the Matrimid®5218/[C6MIM][NTf2]@ZIF-8 and Matrimid®5218/[C2MIM][Ac]@ZIF-

8 membranes decreases as the IL@MOF loading increases, which is expected due to the saturation 

of the polymeric matrix with filler loading.  

 

Reported literature results show that in general, the flexibility of polymer/IL@MOF membranes is 

higher than that of polymer/MOF membranes, due to the stiffness of the surrounding matrix that 

results in a smaller tendency for cracks to develop in that area. On the other hand, when the surface 

chemistry of the molecules softens the surrounding matrix, more cracks/debonding might develop in 

the interphase region [208], causing a loss of flexibility/elasticity. Considering this, and the fact that 

Matrimid®5218/ZIF-8 membranes presented higher tensile strength than Matrimid®5218/IL@ZIF-8 

membranes, it can be concluded that the polymer-filler interfacial structures are tougher/stiffer in the 

first. Another possible explanation, is the fact that at higher IL@ZIF-8 loadings, and consequently 

higher IL loadings, the intra-chain crystallisation becomes more important than the inter-chain 

crystallisation, that is relevant for network formation, which results in a loss of mechanical strength 

and elasticity [209].  

  

3.2.3. CO2 and CH4 Permeation  
 

It is important to refer that the obtained results for CO2 and CH4 permeability and ideal selectivity 

were obtained through equations 15 and 17, respectively. Tables 3.9 and 3.10, present the CO2/CH4 

ideal selectivity and CH4 and CO2 permeability results for Matrimid®5218/[C2MIM][Ac]@ZIF-8 (Runs 

8 and 9) and Matrimid®5218/[C6MIM][NTf2]@ZIF-8 (Runs 12 and 14) since these are the only 

membranes that presented trusted results in gas permeation assays.  

 

The remaining ones (see Table 2.5.) should be repeated due to experimental complications, such as 

the membrane size (that was too small to properly cover the measurement cell) and eventual gas 

leaks in the permeate compartment, that might have caused disturbances in the measured pressure. 

 
Table 3.9. CO2/CH4 ideal selectivity and CH4 and CO2 permeability results for Matrimid®5218/[C2MIM][Ac]@ZIF-

8. 

  Matrimid®5218/[C2MIM][Ac]@ZIF-8  

Filler Loading (wt%) 20 (Run 8) 25 (Run 9) 

PCO2 (Barrer) 63.31 ± 0.19 720.68 ± 0.78 

PCH4 (Barrer) 1.07 ± 0.002 11.17 ± 0.008 

αCO2/CH4 59.03 64.49 
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Table 3.10. CO2/CH4 ideal selectivity and CH4 and CO2 permeability results for 

Matrimid®5218/[C6MIM][NTf2]@ZIF-8. 

 

  Matrimid®5218/[C6MIM][NTf2]@ZIF-8 

Filler Loading (wt%) 10 (Run 12) 20 (Run 14) 

PCO2 (Barrer) 11.85 ± 0.02 101.72 ± 0.13 

PCH4 (Barrer) 0.93 ± 0.0005 2.84 ± 0.002 

αCO2/CH4 12.75 35.84 

 

According to the data in Tables 3.9 and 3.10, all the membranes show a higher CO2 permeability in 

contrast with CH4. A possible explanation for this is the diffusion-solution mechanism that describes 

gas transport in non-porous membranes, translated through equation 17, where the permeability (P) 

depends on the solubility (S) and diffusivity (D) coefficients of a specific gas [210]. 

 

𝑃 = 𝐷 × 𝑆 (17) 

 

In polymers, the CO2 solubility coefficient is higher than that of CH4 [211,212] which in addition to its 

lower energy barrier for diffusion, explains why it presents higher diffusivity and solubility rates 

through the ZIF-8’s porous network and the Matrimid®5218 polymeric structure [212,213], and 

consequently higher permeability. In addition, and despite ZIF-8 having cavities of 1.1 nm connected 

by narrow windows of 0.34 nm, upon IL impregnation its structure might suffer structural changes that 

favour the transport of smaller molecules like CO2 (kinetic diameter of 0.33 nm) instead of larger 

molecules like CH4 (kinetic diameter of 0.38 nm) [213,214].  

 

A general tendency for a paired growth in both permeability and selectivity with loading increase, can 

be justified not only by the absence of non-selective voids and a good polymer-filler compatibility 

[215], but also by the presence of ZIF-8, which has a high CO2 uptake capacity, and by the influence 

of the IL in terms of affinity to favour CO2 solubility instead of CH4.  

 

The [NTf2]- anion has been proved to have a good CO2 affinity [100-102], just like the [C2MIM][Ac] [1] 

which help explain the results obtained for these MMMs, as depicted in Figure 3.10, showing the ideal 

CO2/CH4 selectivities as function of the CO2 permeability for the studied membranes, as well as 

literature values for Matrimid®5218 [219] and Matrimid®5218/ZIF-8 [220] in comparison with the 

CO2/CH4 Robeson Upper Bound at 30ºC [166].  

 
 
 



 
52 

 

 
 

Figure 3.10. CO2/CH4 selectivity as function of the CO2 permeability (Barrers) at 30ºC. 

 

The extremely encouraging results obtained for Matrimid®5218/[C2MIM][Ac]@ZIF-8 25 wt% are in 

accordance with the good adsorption equilibria results reported by T. Ferreira [1] where this 

composite presented the highest CO2 uptake capacity. The fact that this membrane surpasses the 

CO2/CH4 Robeson Upper Bound is a good indicator that it is a promising improvement over the 

reported literature data so far. However, its poor results in mechanical properties show that there is 

a need for optimization on what concerns its ductility/flexibility, and consequently its physical 

resistance to stress.   
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4. Conclusion 
 

One of the goals of this thesis was to assess the CO2 uptake capacity and CO2/CH4 selectivity of 

three brand-new IL@MOF composites: [N1 2OH 2OH 2OH][NTf2]@ZIF-8, [C4MIM]2[Co(SCN)4]@ZIF-8 and 

[C4MIM][FeCl4]@ZIF-8, for a feasible application in biogas upgrading processes. The prepared 

IL@ZIF-8 composites were fully characterized in order to understand the effect of the IL in the 

structure of ZIF-8. 

 

He pycnometry showed that the IL@ZIF-8 composites have lower solid matrix density values than 

the pristine ZIF-8, which allows the conclusion of a successful IL impregnation. N2 adsorption-

desorption at 77 K, alongside NLDFT analysis, showed that all composited have a Type I isotherm 

and pores smaller than 20 Å, which according to IUPAC classification is a characteristic of 

microporous materials [100]. It also showed that upon IL impregnation, the IL@ZIF-8 composites 

suffered a loss in BET specific surface area and pore volume. For [N1 2OH 2OH 2OH][NTf2]@ZIF-8 the 

loss in BET specific surface area and total pore volume was of 13.06% and 26.87%, respectively. For 

[C4MIM][FeCl4]@ZIF-8 these losses were more drastic, with BET surface area and total pore volume 

suffering a decrease of 63.77% and 64.29%, respectively. The composite [C4MIM]2[Co(SCN)4]@ZIF-

8 presented a BET specific surface area loss of 57.16% and a total pore volume loss of 58.20%. 

 

In Powder X-Ray Diffraction (PXRD), and due to an organized atomic 3D structure, crystalline 

materials present high and narrow intensity peaks. Since the characteristic peaks of ZIF-8, a 

crystalline material, were present in all the synthesized composites, PXRD allowed the conclusion 

that these materials are also crystalline. Fourier Transform Infrared Spectroscopy (FT-IR) showed 

the presence of infrared bands, characteristic of each IL on the plot of transmittance as a function of 

the wavenumber of the [N1 2OH 2OH 2OH][NTf2]@ZIF-8 and [C4MIM]2[Co(SCN)4]@ZIF-8 composites, 

which is a further indicator of a successful IL impregnation.  

 

Adsorption equilibria, conducted through a static gravimetric method at the temperature of 30ºC and 

in the pressure range of 0-16 bar showed that for both CH4 and CO2 uptake capacity none of the 

prepared IL@ZIF-8 composites surpass the pristine ZIF-8 due to the IL impregnation that partially 

occupied pore volume and surface area. All the composites suffered losses in CO2 uptake capacity 

between 19-50% at 1 bar, and between 17-53% at 16 bar, when compared with the pristine ZIF-8.  

 

When it comes to ideal selectivity, the obtained results indicate that up to 5 bar, none of the 

composites surfaced the [C2MIM][Ac]@ZIF-8 prepared by T. Ferreira. However, the composite 

[C4MIM][FeCl4]@ZIF-8 surpasses the pristine ZIF-8 with an increase of 7.16-7.60% at 

subatmospheric pressure and 5.42% at 5 bar. 
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Between 10 and 16 bar, the [C4MIM][FeCl4]@ZIF-8 composite presented the highest CO2/CH4 ideal 

selectivity with values of 2.68 and 2.39 for 10 and 16 bar, respectively, which represent an increase of 

4.24% and 5.14% regarding the pristine ZIF-8. Furthermore, [N1 2OH 2OH 2OH][NTf2]@ZIF- 8 also showed 

higher ideal selectivity values than the pristine ZIF-8, with increases of 4.28% and 2.74% for 10 and 

16 bar, respectively. 

 

In parallel, this thesis also aimed to test the CO2 permeability and CO2/CH4 ideal selectivity in 

Matrimid®5218-based mixed-matrix membranes with the [C6MIM][NTf2]@ZIF-8 and 

[C2MIM][Ac]@ZIF-8 composites, reported by T. Ferreira, as fillers. For this, the membranes were 

prepared using the solvent evaporation method and posteriorly characterized for their mechanical 

properties and hydrophobicity. 

 

Gas permeation experiments showed that all the membranes have higher CO2 permeability than CH4, 

which can be explained by CO2 having a higher solubility coefficient in polymers, and by its lower 

energy barrier for diffusion. Both permeability and selectivity increase with the filler loading, not only 

due to the absence of non-selective voids and good polymer-filler compatibility, but also, and more 

importantly, due to the presence of ZIF-8 which has a high CO2 uptake capacity and to the influence 

of the ILs that have a good affinity towards CO2 solubility. The obtained results for the 

Matrimid®5218/[C2MIM][Ac]@ZIF-8 membrane that surpasses the Robeson Upper Bound, show that 

this polymer/filler combination is an improvement over the reported literature data so far when it 

comes to establishing a good trade-off relationship between permeability and selectivity. 

 

As for the mechanical properties of the prepared MMMs, the ones containing ZIF-8 as filler were more 

fragile and rigid than the pristine Matrimid®5218, due to the agglomeration of ZIF-8 particles in the 

polymeric matrix that act as stress concentrators and can cause plastic deformation in the matrix, and 

thus the incorporation of this MOF in this polymeric matrix is not advantageous. Usually the flexibility 

of a membrane is enhanced upon incorporation with an IL. However, when the membranes were 

loaded with IL@MOF composites, it was verified a loss of elasticity and mechanical strength. 

 

Despite the promising results obtained in the gas permeation experiments, the optimization of the 

mechanical properties of these membranes is of the upmost importance for a future application in 

industrial gas separation processes. 
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5. Future Work 
 

After the developed work in this thesis, regarding adsorption equilibria for the composites [N1 2OH 2OH 

2OH][NTf2]@ZIF-8, [C4MIM]2[Co(SCN)4]@ZIF-8 and [C4MIM][FeCl4]@ZIF-8, and the membranes 

Matrimid®5218/[C6MIM][NTf2]@ZIF-8 and Matrimid®5218/[C2MIM][Ac]@ZIF-8, and considering the 

fact that there are hundreds of IL@MOFs’ possible combinations, there are some aspects that can 

be further investigated, as follows: 

 

(1) Test adsorption for the utilized materials, with a binary mixture that represents the typical 

biogas stream; 

(2) Incorporate higher IL loadings in IL@MOF composites to study its effect and impacts 

regarding both adsorption and gas permeation; 

(3) Perform gas permeation in higher pressure/temperature ranges to evaluate the performance 

differences of the membranes (partially) studied in this thesis; 

(4) Conduct a FT-IR analysis on the reported membranes, to understand the existent bonds 

between filler and matrix; 

(5) Test IL impregnation in different MOFs that might have better CO2 uptake capacity and 

selectivity; 

(6) Synthesize, for a posterior IL@MOF composite creation, an IL with an [Ac]- anion and a [N1 

2OH 2OH 2OH]+ cation and test its adsorption and gas permeation performance; 

(7) Test all the utilized composites, on adsorption and gas permeation with membranes, for 

CO2/N2 mixtures; 

(8) Try different polymeric matrixes 
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7. Appendixes 

7.1. Appendix A – He Pycnometry Data 

 

Before measuring the data related to He Pycnometry in the gravimetric unit, the sampler holder’s 

mass and volume has to be determined, with a blank measurement. These results are listed below. 

 
 

 
 

Sample Holder 1 Sample Holder 2 

 

Mass (g) 
 

5.35086 6.32864 

Volume (cm3) 
 

0.68146 0.80339 

 

Afterwords, the He pycnometry measurements were performed and the plots in this appendix 

represent the apparent mass (ms) as function He density (pg) for the measured composites [N1 2OH 

2OH 2OH][NTf2]@ZIF-8, [C4MIM]2[Co(SCN)4]@ZIF-8 and [C4MIM][FeCl4]@ZIF-8. The trendline 

presented solely describes the adsorption points. The value of its intercept is the solid’s matrix mass 

(discounting the mass of the sample holder) and its slope is the solid’s matrixs volume (discounting 

the volume of the sample holder).  The values of the He density at different pressure and temperatures 

were obtained from reference [107]. 

 

 [N1 2OH 2OH 2OH][NTf2]@ZIF-8 

 

T P ms ρ He 

(ºC) (bar) (g) (kg/cm3) 

59.98 0.00000 5.64710 0.0000 

60.09 0.50280 5.64704 0.0726 

60.06 1.65333 5.64691 0.2387 

60.05 7.67774 5.64617 1.1058 

60.00 14.50018 5.64527 2.0831 

59.92 25.42915 5.64386 3.6379 

59.88 30.13225 5.64326 4.3030 

59.98 27.68904 5.64358 3.9569 

60.11 19.56491 5.64462 2.8040 

60.10 16.92759 5.64498 2.4287 

60.08 10.47257 5.64579 1.5066 

60.08 4.40385 5.64656 0.6351 

60.12 0.19490 5.64707 0.0282 

59.91 0.00000 5.64706 0.0000 
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 [C4MIM]2[Co(SCN)4]@ZIF-8 

 

T P ms ρ He 

(ºC) (bar) (g) (kg/cm3) 

60.00 0.00000 6.63038 0.0000 

60.13 0.49980 6.63030 0.0722 

60.12 1.57938 6.63016 0.2280 

60.06 7.60413 6.62928 1.0952 

60.03 14.92695 6.62817 2.1438 

59.94 25.85300 6.62656 3.6977 

59.88 29.84647 6.62599 4.2627 

59.98 27.64865 6.62630 3.9512 

60.05 20.93120 6.62730 2.9987 

60.05 17.72959 6.62777 2.5433 

60.11 10.78561 6.62879 1.5513 

60.01 4.23062 6.62978 0.6103 

60.06 0.19720 6.63035 0.0285 

59.92 0.00000 6.63031 0.0000 

 

 

 [C4MIM][FeCl4]@ZIF-8 

 

T P ms ρ He 

(ºC) (bar) (g) (kg/cm3) 

59.96 0.00000 6.67118 0.0000 

60.07 0.54580 6.67112 0.0788 

60.08 1.88827 6.67093 0.2726 

60.04 7.60653 6.67006 1.0957 

60.01 14.58094 6.66897 2.0945 

59.88 26.26607 6.66722 3.7568 

59.89 32.08629 6.66634 4.5784 

59.99 28.78884 6.66684 4.1121 

60.07 20.77325 6.66806 2.9761 

60.08 17.04837 6.66862 2.4460 

60.12 9.69609 6.66976 1.3951 

60.06 3.97813 6.67063 0.5738 

60.09 0.19860 6.67120 0.0287 

59.88 0.00000 6.67116 0.0000 
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7.2. Appendix B – Polynomial Fitting Parameters  

 

Table 7.1 presents the obtained parameters upon fitting the adsorption equilibria experimental data with a polynomial (order 4) adjustment. 

 

Table 7.1. Parameters of the polynomial fitting. 

 CH4 CO2 

Samples a b c d e 
ARE 
(%) 

a b c d e 
ARE 
(%) 

ZIF-8 -2.52E-06 -3.11E-05 -2.43E-03 2.60E-01 0 1.23 1.46E-04 -5.05E-03 3.43E-02 6.07E-01 0 2.52 

[N1 2OH 2OH 2OH][NTf2]@ZIF-8  1.21E-06 -3.21E-05 -3.44E-03 2.23E-01 0 1.55 1.81E-04 -6.06E-03 4.49E-02 4.76E-01 0 4.44 

[C4MIM][FeCl4]@ZIF-8 6.18E-07 -3.10E-05 -2.38E-03 1.50E-01 0 0.99 9.62E-05 -3.01E-03 1.59E-02 3.76E-01 0 4.87 

[C4MIM]2[Co(SCN)4]@ZIF-8  -4.04E-06 1.24E-04 -3.78E-03 1.38E-01 0 3.41 5.76E-05 -1.89E-03 9.61E-03 3.21E-01 0 2.41 

 

 

 

 

 

 

 

 

 
 
 
 
 
 


