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Resumen 
 

Título: Síntesis y desarollo de membranas poliméricas composites de alto rendimiento para la captura 

de CO₂* 

Autor: Maria Valentina Velasco Rueda** 

Palabras clave: Polímero, membranas a matriz mixta, membranas para la captura de CO₂, PUI, redes 

metal organicas 

Descripción: Para abordar los desafíos asociados al cambio climático y al calentamiento global, los 

procesos de separación mediante membranas se consideran soluciones industriales innovadoras. 

Entre los diferentes materiales poliméricos empleados en membranas, las membranas de matriz mixta 

(MMM, por sus siglas en inglés) resultan altamente prometedoras para la captura de CO₂. En este 

trabajo, se seleccionó como nueva matriz polimérica elastomérica un poli(urea-imida) segmentado con 

un alto contenido de poli(óxido de etileno) (70 % en peso), el cual fue dopado con la estructura metal-

orgánica ZIF-8. 

La introducción de esta nueva matriz polimérica, junto con la optimización del método de 

“preacondicionamiento” (priming), permitió alcanzar cargas de ZIF-8 excepcionalmente elevadas, 

hasta un 70 % en volumen. Se emplearon diversos métodos fisicoquímicos para estudiar la influencia 

de las interacciones entre el relleno y el polímero sobre la morfología de la membrana. 

Las propiedades de permeación de CO₂ y N₂ se evaluaron mediante mediciones de time-lag para gases 

puros, bajo condiciones estándar de captura postcombustión de CO₂ (2 bar y 35 °C). Se obtuvieron 

resultados muy prometedores para la carga más alta de ZIF-8 (70 % vol), con un incremento 

significativo en la permeabilidad al CO₂ (PCO₂ = 471 Barrer, equivalente a un aumento de 8.5 veces en 

comparación con el polímero sin modificar) y una selectividad ideal relativamente alta (αCO₂/N₂ = 

30.2). 

El modelado del desempeño de las MMM se llevó a cabo exitosamente mediante el modelo de 

Maxwell, logrando un buen ajuste incluso para contenidos elevados de ZIF-8 (hasta 60 % vol). 
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Abstract 
 
Title: Synthesis and development of high-performance composite polymer membranes for CO₂ 
capture* 
 
Author: Maria Valentina Velasco Rueda** 

Key words: Polymer, mixed matrix membranes, membranes for carbon capture, PUI, metal organic 

frameworks 

Description: Addressing the challenges of climate change and global warming, membrane separation 

processes are considered as innovative industrial solutions. Among different membrane materials, 

mixed matrix membranes are very promising for CO2 capture. In this work, a segmented poly(urea-

imide) with high poly(ethylene oxide) content (70 % wt) was selected as a new rubbery polymer matrix 

and was doped with the metal organic framework ZIF-8. 

The new polymer matrix and the optimization of the “priming” method enabled to obtain very high 

ZIF-8 loadings up to 70 % vol. Various physicochemical methods were used to study the influence of 

filler/polymer interactions on the membrane’s morphology. The CO2 and N2 permeation properties 

were evaluated by time-lag measurements for both pure gases under standard conditions for CO2 

post-combustion capture (2 bar and 35 ◦C). 

Very promising membrane performances were achieved for the highest ZIF-8 loading (70 % vol) with a 

strong increase of the CO2 permeability PCO2 = 471 Barrer (x 8.5 compared to the pristine polymer) 

and a relatively high ideal selectivity αCO2/N2 = 30.2. The modeling of the MMM’s performances was 

successfully achieved with Maxwell model up to high ZIF-8 content (60 % vol). 
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Introduction 
 

The project aims to analyze the characteristics and separation performances of a series of mixed matrix 

membranes (MMMs) for carbon capture (CC). The document will be divided into a bibliographic study 

where the main CC techniques, the different types of membranes used for CC, and their characteristics 

are compared. A zoom into the MMMs and the various types of fillers used in MMMs will also be 

explained. Afterward, the methodologies of polymer matrix and MMMs fabrication and 

characterization are explained. Then, all of the results of the experimental work are presented and 

analyzed. Moreover, the principle of the permeation measurements and an analysis of the predictive 

models are explained.  Finally, a comparison between the mathematical models and the 

selectivity/permeability performances of the studied MMMs is carried out before the conclusion and 

perspectives.  

1. Bibliographic study  
 

1.1. Introduction to CO2 capture and the main related separation processes 
The environmental crisis that the planet has been facing since the beginning of the Industrial 

Revolution has become a priority in the last few years. Changes in temperature, the sea level, 

acidification in water sources, and so on, have had important consequences including floods, 

hurricanes, storms, and melting of the polar ice caps, among others. All those natural phenomena have 

had a great impact on health, the ecosystem, agriculture, and water resources [1,2]. 

During the Egypt Conference in 2022 (COP27), warnings were again raised because of the increase in 

global temperature, especially because energy consumption does not seem to diminish, and the 

primary energy supply is fossil fuels [3]. There are new fossil fuel reserves and, because of the 

economic growth in developing countries, the energy demand is constantly increasing. In industrialized 

countries, the energy demand will increase by 0.9% per year, while in developing countries it will 

increase by 3% [4]. The goal of limiting the temperature rise to 2°C, compared with the pre-industrial 

era, was reaffirmed in the COP27. However, the temperature of the planet has risen 1.1°C since the 

industrial revolution [5,6].  

The use of fossil fuels for heat and electricity production, transport, and industry, has been identified 

as one of the main sources of greenhouse gases (essentially carbon dioxide (CO2), methane (CH4), 

nitrous oxides (NXO), and ozone (O3)) [7] [2]. The manufacturing sector has been recognized as one of 

the largest energy consumers and therefore the major producer of CO2 emissions, representing 64% 

of the global net anthropogenic greenhouse gases in 2019 [8]. Moreover, Carbon dioxide is 

accountable for 20% of the thermal absorption in the atmosphere [9].  

Due to the environmental effects that the greenhouse gases are causing, different strategies have been 

developed to mitigate their effects and counter back the environmental crisis nowadays: Technologies 

for the improvement of the energy efficiency in different equipment, implementation of low or zero-

carbon energy, achieve negative CO2 emissions and stop deforestation [10]. The transition from fossil 

fuels-based energy production to renewable energies is expensive [11] and time-consuming. Time is 

not enough to mitigate the effects of climate change; however, the transition is too fast to allow the 

fossil fuel industry to adapt [12]. 

CO2 emissions come mainly from marine bunkers, conventional thermal power, oil and gas pipelines, 

oil refining, the iron and steel industry, road and air transport, and cement production [5,13]. Carbon 
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Capture Utilization and Storage (CCUS) is a technology that acts as an emergency solution while the 

energetic transition is carried out. It is considered economically promising and an asset for industrial 

effluents that are hard to treat [5,14]. This technology has the potential to be responsible for the 

reduction of 15% of the cumulative emissions by 2050 [15]. The objective of this technology is to 

separate carbon dioxide from other gases, capture and store it in geological formations, the oceans, 

and mineral carbonates, and sometimes, it can be used in enhanced oil recovery and as a feedstock 

for industrial processes  [5,14,16,17]. This technology is classified according to its maturity at the 

industrial scale. According to Llamas et al., (2012), there are four types [5,14,16,17]: 

• Mature Market: Industrial separations, pipeline transport, enhanced oil recovery, and 

industrial utilization. 

• Economically feasible: Post-Combustion Capture, Pre-Combustion Capture, tanker transport, 

gas and oil fields, and saline aquifers. 

• Demonstration phase: Oxy-fuel combustion and enhanced coal bed methane. 

• Research phase: Ocean Storage and Mineral Carbonation. 

Since the transition to greener energies is going to take time, and society is still going to rely on fossil 

fuels, then, it is necessary to consider closely Post-Combustion treatment techniques to mitigate the 

emissions of CO2 [18]. In Post-Combustion Capture techniques, the carbon dioxide is trapped from the 

flue gas (mostly carbon dioxide and nitrogen) after the combustion of carbonaceous fuels [14,19]. The 

main objective of this treatment is to separate CO2 from N2. The common conditions of the gas to be 

treated are moderate temperatures and ambient atmosphere pressure [20]. Figure 1 resumes the 

most common techniques [21]. 

 

Figure 1. Post Combustion CO2 Capture techniques. Source: [21] 

The absorption processes are divided into chemical and physical absorption. The difference between 

the two processes is whether the CO2 reacts with the absorbent (chemical) or not (physical). Usually 

when a chemical reaction is carried out the speed of absorption is higher. The principle is the same for 

both techniques. Regarding the first category, amines are a commonly used substance for these 

purposes; they react in a fast, selectively, and in a reversible way with CO2 [22].  

The flue gas containing CO2 goes into the absorber column, normally in counter current with the 

solvent that comes from the stripping unit. The CO2 is absorbed in the solvent. During the steady 

process, a gas stream poor in CO2 is obtained and the rich solvent stream obtained at the outlet of the 

absorber column is fed into a heat exchanger [22]. For the stripping unit, the opposite procedure is 
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carried out. Depending on the nature of the liquid solvent and the type of absorption, an inert gas 

captures the absorbed CO2 regenerating the solvent that will restart the cycle in the absorber [22].  

The entrapment of the CO2 on a solid surface is called adsorption; different from absorption, which 

works with a liquid sorbent [23]. This process is also divided into two types: physical and chemical. In 

the physical process, target molecules get attached to the solid surface by Van Der Walls Forces. This 

kind of process is usually fast and reversible [24] because of the low heat of adsorption [25]. In chemical 

adsorption, there is an exchange and transfer of valence electrons between the molecules that are on 

the solid surface and the molecules that are going to be adsorbed; this generates covalent bonds [25]. 

This type of adsorption is more selective and allows it to work at high temperatures. Among the most 

popular adsorbents, there are zeolites, activated carbons and silica [24]. 

Cryogenic Carbon Capture (CCC) is a technique based on the diminution of the temperature of a CO2-

rich stream until CO2 solidifies (between -100°C and -140°C). The solid CO2 is then separated from the 

light gases [24,26]. The solidified CO2 can be compressed until the achievement of 100 to 200 times 

the atmospheric pressure [23]. 

A membrane for CCS works as a filter; some molecules can pass through it and others do not [20]. This 

depends on the permeation rates of the species, a parameter that is correlated with the relative size, 

affinity, and diffusion coefficients of the molecules in the membrane. The driving force in this 

separation process is the partial pressure difference of the species between the two sides of the 

membrane [21]. 

In Table 1 a comparison between the main CC techniques can be found. Nowadays, the main challenge 

is to find CO2 capture techniques that are competitive in energy consumption and capital cost [27]. 

Table 1. Comparison between main CC techniques 

Technique Advantages Drawbacks 

Chemical 
Absorption 
with amines   

• Amines are cheap [5]. 

• The process can be carried out even at 
low CO2 pressure [5]. 

• High selectivity. Recovery rates of 
more than 95% [22]. 

• Product purity higher than 99%vol can 
be achieved [22]. 

• Some of the normally used amines, 
such as MEA (monoethanolamine) are 
used because of their high cyclic 
capacity, their favorable absorption-
stripping kinetic rates even with low 
CO2 concentrations, and their high 
solubility in water [5]. 

• High removal efficiency, stable 
operation conditions; mature 
technology background [22]. 

• Proven technology that is 
commercially available today [22]. 

 

• Amines are highly corrosive, so it is 
imperative to use equipment made of 
resistant materials [5]. 

• Amines react forming stable salts in the 
presence of O2, SOX, particles, HCl, and 
HF, compromising the composition of 
the obtained gas [5,22]. 

• Amine regeneration has high energy 
requirements that are traduced in high 
quantities of low-pressure steam and 
large stripper column reboilers [5,22]. 

• Amine’s degradation [5]. 

• Need for a large volume of absorbers 
with expensive packaging to favor the 
surface mass transfer for the carbon 
dioxide reaction [22]. 

• High power loss because of the 
pressure drops in large absorbers [22].  

• Because of the high viscosity of the 
amines, problems like entraining, 
channeling, bubbling, and overflowing 
may occur [22].  
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• The need for absorbing and stripping 
columns represents a high equipment 
cost [28]. 

• Foaming in the absorbent column may 
occur in the presence of heavy 
hydrocarbons or particles like dust and 
soot [29]. 

 

Absorption 
using 
ammonia 

• Low heat of absorption compared with 
amine systems [5].  

• Multipollutant control: Absorption of 
other kinds of impurities that can be 
found in the gas stream, such as NO, 
NOX, and SOX [5,22]. 

• High CO2 transfer capacity [22]. 

• Lack of degradation during 
absorption/stripping processes [22]. 

• Tolerance of oxygen in the treated flue 
gas [22]. 

• Stripping steam is not necessary [22]. 

• The flue gas must be cooled down to 
288-300K before it gets in contact with 
the ammonia. If the change of 
temperature is not carried out, 
ammonia can pass to the gas phase 
(high volatility) [5,22]. 

Adsorption  • Solid sorbents have low energy 
requirements compared with the 
chemical absorption technology [22]. 

• The implementation of this technology 
is economically advantageous 
compared with absorption 
technologies [22]. 

• High selectivity, operation simplicity, 
low cost, ease of regeneration, and low 
corrosion of the adsorbing material 
compared with processes that use 
solvents [28]. 

• It can be implemented for continuous 
treatment of the streams [30]. 

• A large number of available adsorbents 
[31]. 

• Only used in high-pressure CO2 
separation [29]. 

• Pre-treatment stage is necessary 
(drying and compression) [30]. 

• If a chemisorption is carried out, heat 
is required to reverse chemical 
reactions [32].  

• Some adsorbents are sensitive to 
impurities [31]. 

Cryogenics • Allows a high recovery (99.99%) and 
purity (99.99%) of CO2 [30,32]. 

• The cold CO2 produced can be used as 
a cold energy source for further 
industrial applications [30]. 

• High energy requirements for 
refrigeration [32]. 

• Need of water and heavy hydrocarbon 
removal. If these substances are not 
removed, they could block the heat 
exchangers used to diminish the 
temperature [32]. 

• It is limited to streams with high CO2 
concentrations, normally more than 
50% vol [32], and economically viable 
from a concentration of 75% [29]. 
Therefore, this technique is not viable 
for low-concentrated CO2 streams, 
which is normally the case for 
industrial effluents [32]. 
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Membranes  • Energy-efficient technique [22]. 

• Polymeric membranes are a 
competitive option due to their cheap 
production on a large scale [22]. 

• A low-cost option for processes that do 
not require high purity [22]. 

• Simple modular system [22]. 

• They do not involve phase changes and 
they do not need additional separating 
agents. Therefore, no regeneration 
treatment [32]. 

• They involve small carbon footprints 
compared with other processes 
[30,32]. The materials that are used for 
their fabrication and their reduced 
energy consumption contribute to it. 

• Membranes require low maintenance 
[32] because they do not show a fast 
performance decay. They can be run 
for long periods without maintenance. 
If maintenance is necessary, it involves 
a low cost because, compared with 
other techniques, it is only necessary to 
do the membrane replacement. There 
is no need to replace a large amount of 
solvent or sorbent [20]. 

• Modular units that are compact and 
lightweight, that allow multistage 
operation [32].  

• A membrane system can integrate 
multiple separations in one unit, for 
example, the simultaneous removal of 
CO2 and H2S, which would require multi 
stages systems for other separation 
processes.  

• Some membranes can be plugged by 
impurities present in the treated gas 
stream [22]. 

• Avoiding membrane wetting is 
complicated [22].  

• Low treatment capacity [32].  

• Low driving force when treatment of 
some industrial effluents because of 
the low partial pressure of CO2 [29]. 

• In some cases, the need for energy-
consuming compression equipment, 
has an impact on the economic 
assessment for industrial-scale 
applications [24].  

• Some membranes are sensitive to 
corrosive gases, like SOX, NOX, and H2S. 
In that case, it is necessary to carry out 
pre-treatment processes for the inlet 
gas before the membrane treatment 
[30].  

• Some membrane materials are not 
resistant to practical industry 
conditions [30].  

• If the inlet stream is diluted (less than 
20% of CO2) multistage systems are 
required [30]. 

 

1.2. Introduction to gas permeation 
 

Nowadays, membranes are considered a strong competitor for CCS [14]. However, one of the greatest 

challenges is achieving simultaneously, high selectivity and permeability [32]. Different models are 

proposed to describe the permeation process in a membrane. Among the widely used models, there 

are the solution-diffusion model and the pore-flow model. With the former, the permeants dissolve 

and diffuse inside the membrane because of the chemical potential gradient [33,34]. A separation 

between the gases is carried out because of their difference in solubility in the membrane and rate of 

diffusion [34]. 
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Figure 2. Solution Diffusion model. Adapted from: [33] 

The solution-diffusion model considers that the pressure in the membrane is uniform and that the 

chemical potential gradient is expressed just as a gradient of concentration (Figure 2) [33]. The 

permeation rate is defined by Fick’s law (Equation (1)): 

𝐽𝑘 = −𝐷𝑘∇𝑐𝑘 (1) 

Where, 𝐽𝑘is defined as the permeation rate, 𝐷𝑘 is the diffusion coefficient and 𝑐𝑘 is the concentration 

of the k component in the polymer. 

If the equation is integrated between both sides of the membrane, it can be possible to determine the 

steady-state permeation flux. Considerations such as a constant diffusion coefficient and that Henry’s 

law is applicable are usually made to obtain Equation (2) [35].  

𝐽𝑘 =
𝐷𝑘𝑆𝑘

𝑒  
(𝑦𝑘𝑃𝑘−𝐻 − 𝑥𝑘𝑃𝑘−𝐿)   

 

(2) 

Where 𝑆𝑘is the solubility coefficient, e is the active thickness of the membrane, 𝑦𝑘  and 𝑃𝑘−𝐻 are the 

molar fraction and the pressure in the feed of the k species, respectively. 𝑥𝑘and 𝑃𝑘−𝐿 are the molar 

fraction of the k species and the pressure in the permeate, respectively [35]. 

Ƥ𝑘 = 𝐷𝑘𝑆𝑘 
 

(3) 

The product of the diffusion coefficient and the solubility is the permeability Ƥ𝑘 (Equation (3)). 

According to the nature of the species and the membrane, the permeability can be ruled by the 

mobility of the molecules dissolved in the membrane (diffusion) or the equilibrium concentration of 

the dissolved molecules with the gas phase (solubility). Permeability can be expressed in different 

units, the most widely used is the Barrer, which is also equivalent to 10−10 𝑁 𝑐𝑚3𝑐𝑚/(𝑠 𝑐𝑚2𝑐𝑚𝐻𝑔) 

[35]. 

There is another characteristic variable that does not depend on the thickness of the membrane, this 

is known as the permeation coefficient, and its unit is normally 𝑁 𝑚3/(ℎ 𝑚2𝑏𝑎𝑟) [35]. 

Permeability is a factor that can be used to measure the performance of the membrane, it describes 

how easily a molecule can pass through it. Furthermore, there is another parameter that measures the 

separation quality of the membrane: selectivity ∝𝑘/𝑚. The higher the selectivity, the purer the gas.  

The ideal selectivity is defined as the ratio of the permeability of the two pure gases k and m [34,35]. 
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The selectivity depends on the physicochemical interactions of the molecules present in the gas and 

the membrane, and how these species can diffuse through the membrane [36]. 

∝𝑘/𝑚=
Ƥ𝑘

Ƥ𝑚
 

( 4) 

 

1.3. Different types of membranes for CO2 capture  
 

Three main types of membranes have been fabricated for CO2 separations: ceramic (inorganic), 

polymeric (organic), and hybrid membranes (a mixture of organic and inorganic). In the industry, it is 

imperative to operate with materials with high permeability and selectivity to favor the capture of CO2. 

Membranes must be thermally and chemically stable, and economically attractive [20].  

1.3.1. Inorganic membranes  
Some of the inorganic membranes have reached the Robeson 2008 upper bounds (Figure 3); a curve 

that shows a compromise between the selectivity and the permeability for membrane separation 

materials and also the zones that are interesting at the commercial scale. This type of membranes is 

characterized by their thermal and chemical stability, and longer life span (compared with polymeric 

membranes), which make them suitable for high temperatures and rough conditions. Some of them 

provide high separation capabilities because of their narrow porous distribution [37–39]. Some others 

present high permeability, usually, with a decrease in selectivity [40]. However, they usually are brittle, 

difficult, and onerous to process; most of the time their manufacture involves high temperatures 

[37,41].  

1.3.2. Polymeric membranes 
Polymeric membranes are characterized for being operated at moderate temperatures and are easy 

to manufacture. Moreover, larger surface areas can be achieved; a necessary characteristic for the 

treatment of CO2 in the industry. They have mechanical properties that surpass those of the inorganic 

membranes [14,27]. Nevertheless, the swelling and plasticization that CO2 can trigger into the 

membrane is something that has to be solved [27], in particular for gas feeds with high CO2 partial 

pressure. 

CO2 is a gas that can diffuse rapidly in a wide range of membrane materials, including rubbery and 

glassy polymers [32]. Since the kinetic diameter of CO2 is smaller than N2 (3.3 A for the former, 3.64 A 

for the latter), the former always has a bigger diffusivity inside the membranes [20]. Liu et al., (2012) 

affirmed that CO2 has a relatively high molecular weight and a large quadruple moment, enabling it 

naturally to adsorb more strongly in polar membrane materials compared to other gas species [32]. 

Different types of polymers such as polyacetylenes, polyacetates, polyaniline, polyetherimides, 

tetramethyl hexafluoro bisphenol-A polycarbonate (TMHFPC), polysulfones, polyimides, 

polyetherimides, polycarbonates, poly (phenylene oxide), poly(ethylene oxide), polyacrylate and poly 

sulfone have been studied for Post Combustion CC [20,27,41].  

The study of the performance of many homopolymeric membranes has been carried out, and the 

trade-off phenomenon between selectivity and permeability was generally observed (Robeson upper 

bound) [42,43]. Research is focused on producing membranes that surpass the upper bound, which 

was updated by Robeson in 2008 (Figure 3) [44]. It has been proven that polymer mixes, cross-linked 

polymers, and copolymers are a potential solution for overcoming the trade-off phenomenon; 

problems that a single polymer presents can be compensated, and the different advantages offered 



 

 
 

16 
 

by different types of functional groups can be combined [27]. Among the solutions that have been 

analyzed to improve the performance of the polymer membranes include: 

• Incorporation of flexible and polar groups into the polymeric membrane [32]. These groups 

have a strong affinity with CO2 because of the dipole interactions [45]. 

• Use of soft segments inside of the polymeric chains [32].  

• Modification of block copolymers, enhancing the physical cross-linking, to achieve the desired 

mechanical properties [32]. 

• Increase the free volume of the membrane by adding nanoparticles [32]. 

• Polymer blending and interpenetrating polymer networks [32].  

 

 

Figure 3. Robeson upper bound. Source: [46]. 

According to Han et al., (2021) polymers containing ethylene oxide (EO) units, polymeric ionic liquids, 

the perfluoropolymers, thermally arranged polymers, and glassy polymers with triptycene as building 

blocks are widely used and interesting options for CC[19]. 

The oxyethylene-rich rubbery polymers showed great performance for CO2 separation and interaction 

of high specificity with this molecule compared with other gases [27,45]. Carbon dioxide has an affinity 

with the ether group because of the quadrupole-dipole interactions. Specifically, poly(ethylene oxide) 

(PEO) has shown a high affinity with CO2. Besides the characteristics mentioned before, the oxygen of 

the ether group has a rotation ability that concedes flexibility to the polymeric chain; this favors the 

fraction of free volume in the membrane. Nevertheless, because of its weak cohesive energy if the 

molecular weight is low, PEO will not form a steady membrane. If there is a high molecular weight, it 

will tend to crystalize [45] because the flexible ether will form linkages [19] affecting the permeation 

properties. To diminish these effects, copolymerization with rigid segments, blending with polymers 

with a lower molecular weight, and triggering the formation of secondary polymer chains by cross-

linking or branching have been done [19,45].  

In the case of PEO, copolymerization with rigid segments has been a good approach [19]. PEO has the 

function of the separation of gases, because of its affinity with CO2, while the rigid segments provide 

mechanical properties for the membranes, can increase the free volume, and disrupt the chain 

packaging; avoiding the crystallization of the PEO [19]. The rigid segments can be made of polyamide, 
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polyimide, and polyester [45]. The transport properties of gas in the polymer can be controlled by the 

crystallinity and the content of EO groups in the chains. The objective is to have as many as possible of 

EO groups in the final product without triggering crystallization in the material, which would 

compromise permeability and selectivity [47]. 

Over time, different kinds of PEO copolymers have been synthesized: Pebax, Polaris, Polyactive, and 

poly(ether-urea-imide), among others [27,42]. The former is a thermoplastic elastomer that is made 

of polyamide rigid segments and polyether flexible segments (poly(ethylene oxide). The latter is a 

copolymer developed by Solimando et al., (2017) at the LCPM (Laboratory of Macromolecular Physical 

Chemistry), outstanding because of their film-forming properties, high selectivity, and improved 

physical cross-linking by the hard-aromatic blocks, which enhances the mechanical properties of the 

material. Also, it has good adhesion with different supports [42]. The soft blocks are made of 

Jeffamines (which are short oligomers with oxyethylene and oxypropylene monomer units) and the 

hard blocks are made of urea-imide. The authors carried out different experiences to define the 

optimal content in soft blocks and hard blocks, varying the weight percentage of soft blocks from 41 

to 70 %.  They concluded that the copolymer with the highest percentage of soft blocks (PUI JFAED 

2000) had the best permeability/selectivity performances among the different copolymers that were 

studied. Figure 4 shows the arrangement of the soft blocks/hard blocks of the copolymers, with their 

soft block percentage and permeability. 

 

Figure 4. Poly(ether-urea-imide) morphology with different soft block weight percentages and their permeabilities. Source: 
[42] 

1.3.3. Mixed Matrix Membranes (MMMs) 
Despite the technological improvements that have been developed regarding the structure and 

morphology of the polymers, a higher CO2/N2 selectivity is required to obtain materials that can 

compete with the other CC technologies at the industrial scale. To take advantage of the interesting 

characteristics of organic and inorganic materials, and cancel the disadvantages that they can present, 

mixed matrix polymeric membranes (MMMs) have become an interesting alternative, providing 

enhanced separation properties while maintaining acceptable flexibility of the matrix [36]. A MMM is 

made of a polymeric continuous phase where an inorganic or hydride material is dispersed as a filler 

[41,43] (Figure 5). The organic and dispersed phases must be selective for the same gas pairs [36]. The 

presence of the fillers in the membrane ameliorates permeability due to their molecular sieving effect 
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and creation of free volume [38], however, it is necessary to find a compromise between these effects 

to maintain selectivity. MMMs carry out the separation by size selection between the molecules 

present in the gas to treat or by selective transport according to the difference in solubility of the gas 

molecules in the membrane [36]. Among the advantages of MMMs, it can be found enhanced 

mechanical and thermal stability compared with simple polymer membranes, their separation 

performance is higher than simple polymer membranes and the plasticization phenomenon can be 

reduced due to the hardening of the polymer matrix by the filler particles [38].  Table 2 summarizes 

the main properties of the MMMs, polymeric and inorganic membranes, showing that MMMs provide 

a good compromise between all of the relevant properties for CC. 

 

Figure 5. Structure of a mixed matrix membrane 

Table 2. Properties comparison of MMMs, polymeric and inorganic membranes. Source: [48] 

Properties Polymeric 
membranes 

MMMs Inorganic 
Membranes 

Separation Performances Low to moderate Moderate High 

Chemical and Thermal 
Stability 

Moderate Excellent Excellent 

Mechanical Strength Excellent Good Poor 

Fabrication Cost Low Moderate High 

 

MMMs can be classified into two groups depending on the type of fillers added to the matrix. If the 

filler is porous, then the selectivity for small gas molecules can be enhanced because the size exclusion 

effect increases, or because the nanopores have a good affinity towards the gas molecules [41]. On 

the other hand, if the filler is nonporous, it modifies the molecular packing of the polymer chains [36], 

then the free volume of the membrane can increase and consequently its permeability. 

The major factors that can influence the MMM’s performances are the type of filler and polymer, the 

combination and interaction between these two (morphology of the interface), the size and texture 

properties of the filler [36,38], the interactions between the gas and the membrane [38], and the 

fabrication process [41,43].  Among the commonly used fillers, zeolites, carbon molecular sieves, 0-D 

carbon quantum dots, 1-D carbon nanotubes, activated carbon, non-porous-silica, C60, graphite, metal 

oxides nanoparticles, and Metal-Organic Frameworks (MOF) can be found [36,38,41,43]. The latter are 

hybrid materials with a porous crystalline structure composed of metal centers linked between each 
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other by organic ligands [49,50]. They have been considered an interesting choice for MMMs because 

of the high surface area that they provide (because of their high porosity), availability in different types 

and shapes, their tunable pore/channel sizes, and good compatibility with the several polymer 

matrices because of the presence of organic linkers (which reduces the non-selective defects at the 

MOF-polymer interface) [41,43,49,51].  

MMMs, in which MOFs are used as fillers, have recently been studied to overcome the permeability-

selectivity trade-off and surpass the upper boundary of Robeson’s curve. The chemical structure and 

the functional groups that are on the surface and affect the interaction with the polymer matrix are 

relevant factors for the appropriate dispersion of the MOF fillers [43].  The surface of MOFs can be 

treated to have suitable chemical functionalities that reduce the formation of microvoids between the 

organic and the inorganic phases; this is traduced in the minimization of selectivity loss [43]. Also, it is 

important to use a specific kind of MOF depending on the type of separation that must be carried out. 

According to Li et al., (2021), the MOFs that have been used for carbon capture in recent years are: x-

UiO-66, x-MIL-53, and, ZIF-8, where x is a functional group [41]. The structure-property relationships 

demonstrated that MOFs with small pores and moderate porosities can lead to MMMs with high CO2 

selectivities [31]. 

Zeolitic imidazole frameworks (ZIFs) are an attractive category of MOFs. They are composed of metal 

nodes, usually of Zn, that are interconnected with imidazolate linkers, this allows to adopt different 

kinds of 3-D structures [41,52]. ZIF-8 (Figure 6) has been deeply studied for CO2 separation because its 

pore size is around 3.4 A°, which is approximately the same value of the kinetic diameter of CO2: 3.3A°. 

Also, it is highly thermally and chemically stable [53].  

In Table 3, examples of MMMs from the literature for CO2/N2 separation are presented. For almost all 

of the data, the measurement conditions (pression and temperature) were of the same order of 

magnitude. Zheng et al., (2019), carried out a study comparing the permeability and selectivity of the 

membranes changing the size of the ZIF-8 nanoparticles dispersed in a PEBAX- MH1657 matrix. They 

concluded that the addition of the different-sized fillers gave an improvement in permeability 

compared with the free-filler membrane. However, when the charge of the filler increased, the CO2/N2 

selectivity was compromised. They justify this phenomenon by explaining that in these cases, 

microphase separation started to appear, enhancing N2 permeability [53]. This phenomenon can be 

also seen in the study of Murali et al., (2014), a direct augmentation of permeability with the increase 

of charge load, but a correlated loss of selectivity [54]. Among the presented MMMs, the polyActive 

MMM by Lee et al., (2021) [55] showed high values of carbon dioxide’s permeability and selectivity, 

demonstrating an optimal compromise between these two properties. Regarding the MMMs 

fabricated with PEBAX-1657 as the polymer matrix, with the ZIF-8 as a filler, higher values of carbon 

dioxide’s permeability were obtained compared with the values obtained when the fillers were UiO-

66. Nevertheless, higher values of selectivity were registered with the UiO-66 because of the better 

selectivity of that particular filler.  

 

Figure 6. ZIF-8 3D structure. Blue: Zinc atoms. Black: Imidazole functions. Source: [41] 
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Table 3. Examples for MMMs based on of different fillers for CO2/N2 separation. 

Polymer 
Matrix 

Filler T °C Feed 
Pressure 

(bar) 

Thickness 
(µm) 

Single/Mixed 
gases 

P CO2 
(Barrer) 

P N2 
(Barrer) 

∝𝑪𝑶𝟐
𝑵𝟐

⁄
 Ref 

PEBAX-
MH1657 

ZIF-8-90nm 
(5wt.%) 

20°C 1 - Mixed 99.7 1.67 59.6 [53] 

PEBAX-
MH1657 

ZIF-8-90nm 
(20wt.%) 

20°C 1 - Mixed 156.2 3.86 40.5 [53] 

PEBAX-
1657 

ZIF-8@CNTs 
(5wt%) 

35°C 5 80-100 Mixed ≈225 ≈ 4.6 ≈ 49 [56] 

PEBAX-
2533 

ZIF-8@GO 
(6wt%) 

25°C 1 - Mixed 249 5.2 47.6 [57] 

PEBAX-
1657 

Zeolite 4A 
(5wt.%) 

T 
amb 

4.9-24.5 - Single 71.4 ± 5.1 1.4 ± 
0.1 

52.8 ± 
3.1 

[54] 

PEBAX-
1657 

Zeolite 4A 
(10wt.%) 

T 
amb 

4.9-24.5 - Single 97.0 ± 4.9 1.8 ± 
0.1 

54.0 ± 
2.5 

[54] 

PEBAX-
1657 

Zeolite 4A 
(20wt.%) 

T 
amb 

4.9-24.5 - Single 113.7 ± 
5.5 

2.9 ± 
0.2 

39.5 ± 
1.5 

[54] 

PEBAX-
1657 

Zeolite 4A 
(30wt.%) 

T 
amb 

4.9-24.5 - Single 155.8 ± 
6.9 

12.0 ± 
1.0 

12.9 ± 
0.5 

[54] 

PEBAX MH 
1657 

ZIF-300 
(30wt.%) 

20°C 4 - Single ≈83 0.98 ≈85 [58] 

PEBAX- 
MH 1657 

GO 
(0.1wt.%) 

25°C 3 - Single ≈95 1.1 ≈83 [59] 

PEBAX- 
MH 1657 

UiO-66-
NH2(7.5wt%) 

20°C 3 - Single ≈ 78 1 ≈ 76 [49] 

PEBAX- 
MH 1657 

UiO-66-
NH2(10wt%) 

20°C 3 - Single ≈ 82 1 ≈ 79 [49] 

PEBAX- 
MH 1657 

UiO-66-
NH2(7.5wt%) 

20°C 3 - Mixed ≈ 80 1.4 ≈ 58 [49] 

PEBAX- 
MH 1657 

UiO-66-
NH2(10wt%) 

20°C 3 - Mixed ≈ 84 1.3 ≈ 63 [49] 

PolyActive P@MOF2 
(40wt%) 

35°C 3 90-120 Single 425 7.61 56 [60] 

PEGDA UiO-66(20 
wt%) 

35°C 1 170-230 - 470 11.5 41 [55] 

Matrimid ZIF-8 
(30wt.%) 

35°C 2.7 - Single 14.23 0.59 24 [61] 

Matrimid ZIF-8 
(40wt.%) 

35°C 2.7 - Single 24.55 1.05 23.4 [61] 

Matrimid ZIF-8 
(50wt.%) 

35°C 2.7 - Single 4.72 0.18 26 [61] 

Matrimid ZIF-8 
(60wt.%) 

35°C 2.7 - Single 8.08 0.44 18 [61] 

  

 

1.3.4. Models for permeability prediction of MMMs   
Different models have been developed to predict MMMs performances and to establish a comparison 

between the experimental data. This comparison allows to have a better understanding of the 

properties-structure relationship of the MMM. According to Keskin et al., (2019), the predictive models 

can be classified into three categories: Resistance based models, simulation-based rigorous models, 

and effective-medium theory-based models. For the first category, the transfer in the membrane is 

understood as an electrical circuit composed of numerous layers of filler and polymer, where the gas 

flow can be parallel or in series to the two phases. In this category of models, the fillers are considered 

cubic particles regularly dispersed in the polymer matrix  [62]. The second one provides, at the 
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nanoscale, the possible relationship between the polymer and the fillers, providing information about 

the structures and properties of the MMM [63]. 

For the effective medium theory models, the volume fraction of fillers and the permeability of each 

phase are considered. This category is divided into two groups: the ideal and non-ideal models. The 

former considers that the membrane is composed of two phases (the polymer and the fillers) with 

ideal contact between both and no defects in the interface [62,64,65]. It is the simplest approach and 

the one commonly used in the literature, as the information required to analyze these models is readily 

available. Among the well-known models that belong to this category, it can be found: the Original 

Maxwell model and the Bruggeman model which consider the particles as perfect spheres randomly 

dispersed in the matrix [62].  Also, some ideal models consider the distribution, shape, or aggregation 

of the fillers, like, Lewis-Nielsen, Pal Cussler, Gonzo-Parentis-Gottifredi, Kang-Jones-Nair, the 

generalized Maxwell model, and Maxwell-Wargner-Sillar. In the frame of this project, only the ideal 

models will be presented in detail (Maxwell, Bruggeman, Pal, and Lewis-Nielsen). 

In Table 4, a summary of the models that are used in this study for the prediction of the performance 

of the ZIF-8/PUI MMMs is presented. Since carbon dioxide and nitrogen will be studied separately, the 

permeability will be calculated for the pure gases. The employed nomenclature is described below: 

• Ƥ𝑒𝑓𝑓 describes the effective steady state permeability of the MMM [64]. 

• Ƥ𝑐 corresponds to the permeability of the continuous phase.  

• Ƥ𝑑 corresponds to the permeability of the fillers (dispersed phase).  

• 𝜑𝑑 corresponds to the filler volume fraction in the MMM. 

• 𝜆𝑑𝑐 is the ratio between the permeability of the dispersed and continuous phases [66].  𝜆𝑑𝑐 =
Ƥ𝑑

Ƥ𝑐
 

• Ƥ𝑟 is the reduced permeability of the MMM. It’s the ratio between the effective permeability 

and the permeability of the continuous phase.   Ƥ𝑟 =
Ƥ𝑒𝑓𝑓

Ƥ𝐶
 

• 𝐺 geometric factor shape of the dispersed phase [67].  

• 𝑛 is a shape factor of the filler [68]. 

• 𝜑𝑚 represents the maximum packing volume fraction of filler particles.  

The meaning of 𝜑𝑚 is similar to the atomic packing factor (APF) for crystallographic cells, represented 

by Equation (5):  

𝐴𝑃𝐹 =
𝑁𝑎𝑡𝑜𝑚𝑠𝑉𝑎𝑡𝑜𝑚

𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
 

 

(5) 

𝑁𝑎𝑡𝑜𝑚𝑠 is the number of atoms in the cell, 𝑉𝑎𝑡𝑜𝑚 the volume of one atom and 𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 the volume of 

the cell. In the case of the MMMs, the atoms are represented by the fillers. Since the models that 

use  𝜑𝑚  consider the particles as spheres, the volume of one particle will correspond to the volume 

of a sphere. For a simple cubic cell, the packing factor is 0.68 and for a body-centred cubic cell, the 

packing factor is 0.52 [69].  The considered value of 0.64 is between the values presented before, 

ensuring that the analogy with the packing factor is coherent. 
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Table 4. Ideal models for MMMs used for this study 

Category Model Description Equation Restrictions and considerations 

 
 
 
 
 
 
 
 
 
 
 
 
Ideal Models that 
do not consider 
the size and 
distribution of the 
fillers 

 
 
 
 
 
 
 
 
Maxwell [64] 

The Maxwell model was 
created to calculate the 
electrical conductivity of 
particles infinitely 
diluted in a matrix [70]. 
Afterwards, it was used 
to estimate MMMs 
performance at low filler 
volume fraction [62]. 
 

 

 

Ƥ𝑒𝑓𝑓 = Ƥ𝑐

Ƥ𝑑 + 2Ƥ𝐶 − 2𝜑𝑑(Ƥ𝑐 − Ƥ𝑑)

Ƥ𝑑 + 2Ƥ𝐶 + 𝜑𝑑(Ƥ𝑐 − Ƥ𝑑)
 

(6) 

 
  

• The MMM must have less than 0.2 
volume fraction of filler [66,71], for 
higher values, the model is not 
accurate to predict the permeability 
of the MMMs [64,66]. 

• It is necessary to consider that the 
distance between the filler particles is 
large enough to ensure that the gas 
flow is not disturbed by the presence 
of other particles in the matrix [72]. 

• The model does not contemplate the 
effects of the particle size, shape and 
aggregation of the particles  [64,65]. 

• This model tends to underestimate 
the permeability for high values of 
𝜑𝑑[66]. 

• Explicit relationship, therefore easy 
to solve [66]. 

 

 
 
 
 
Bruggeman [64] 

It was originally 
developed to predict the 
electric constant of 
particle composites. It’s 
considered as an 
improvement of  
Maxwell’s equation [64]. 

 

Ƥ𝑟

1
3 (

𝜆𝑑𝑐 − 1

𝜆𝑑𝑐 − Ƥ𝑟

) = (1 − 𝜑𝑑)−1 

 

(7) 

 

• It considers systems with a larger 
amount of spherical filler particles 
distributed randomly in the matrix, 
compared with the Maxwell’s model 
[64]. However, when 𝜑𝑑  is close to 
𝜑𝑚 significant deviations are 
expected [66]. 

• All the other Maxwell’s limitations 
still apply [64]. 
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Ideal Models that 
consider the size 
or distribution or 
aggregation of the 
particles 

 
 
 
 
Lewis-Nielsen 
[64] 

The model was 
conceived to estimate 
the elastic modulus of 
spherical particulate 
composites [65,73]. 

 

Ƥ𝑟 =
1 + 2 [

𝜆𝑑𝑐 − 1
𝜆𝑑𝑐 + 2

] 𝜑𝑑

1 − [
𝜆𝑑𝑐 − 1
𝜆𝑑𝑐 + 2

] 𝜑𝑑𝜓
 

( 8) 

 
Where 𝜓  is the Lewis Nelson correction factor [74]: 
 

𝜓 = 1 + (
1 − 𝜑𝑚

𝜑𝑚
2

) 𝜑𝑑  
(9) 

 

• This model considers morphological 
characteristics of the filler using the 
𝜑𝑚 parameter. This parameter is 
affected by the size and shape of the 
fillers, as well as the aggregation of 
them [65]. 

• It represents a correct prediction for 
values between 0< 𝜑𝑑<𝜑𝑚 [64]. 

• Explicit relationship, therefore easy 
to solve [66]. 

 
 
 
Pal [64] 

This is one of the most 
recent models, 
developed to estimate 
the thermal conductivity 
of particulate 
composites and then 
adapted for the 
prediction of the 
permeability  [75]. 

 

Ƥ𝑟

1
3 (

𝜆𝑑𝑐 − 1

𝜆𝑑𝑐 − Ƥ𝑟

) = (1 −
𝜑𝑑

𝜑𝑚

)−𝜑𝑚  
(10) 

 

• It considers the packing difficulty of 
the filler [64]. 

• It considers the morphology of the 
particles as a function of 𝜑𝑚[64]. 

• It covers a wide range of particles 
volume fraction, between 0< 𝜑𝑑<𝜑𝑚 
[64]. 

• When 𝜑𝑚 is close to one, this model 
becomes Bruggeman model.  
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1.3.5. Permeation Theory 
 

The time-lag method consists of the exposure of a membrane, which is free of any dissolved gas, to a 

sudden (so-called Dirac step) increase of pressure at the upstream side of the membrane, while the 

other side (downstream) is initially under vacuum [77] (around 0.02-0 mbar in the case of the study). 

Because of the solution-diffusion gas permeation phenomena, the gas molecules will dissolve into the 

MMM, then they will diffuse in it, to finally reach the opposite side of the membrane, where the 

pressure is measured. After the Dirac step, the upstream pressure (P1) is supposed to be constant all 

over the measurement. Downstream pressure (P2) is registered over time. This method allows to have 

a direct determination of the permeability and diffusion coefficient and then, a deduction of the 

solubility coefficient (Equation (3)) [78].  

Permeability determination 

The gas permeation process is divided into two: the transient and the steady state phases. For both, 

diffusion is the limiting step. The flux of gas follows the first Fick’s law (Equation (1)).  Making the 

hypothesis that the system follows Henry’s law for polymer sorption, Equation (11) is obtained.  

𝑐 = 𝑆𝐾Ƥ𝐾 
 

(11) 

Also considering Equation (3), Equation (1) becomes Equation (12). 𝑛𝑔𝑎𝑠 corresponds to the gas moles 

that flow during a t time. A is the membrane surface and 𝑙 is the membrane thickness. In the 

international system of units, the flux will be in mol*m2*s-1 and the permeability mol*m*m-2*s-1*Pa-1.  

𝐽𝐾 = Ƥ𝐾

(𝑃1 − 𝑃2)

𝑙
=

𝑛𝑔𝑎𝑠

𝐴𝑡
 

 

(12) 

Since the downstream is supposed to be under vacuum, the value of P2 can be neglected compared to 

P1. Then, by considering that the gas molecules are responsible for the increase in the downstream 

pressure in the steady state, Equation (12) can be expressed as Equation (13), where 𝑉2 is the 

downstream volume. (
𝑑𝑃2

𝑑𝑡
)

𝑆𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒
corresponds to the slope of the linear regression obtained with 

the time and downstream pressure in the steady state. (
𝑑𝑃2

𝑑𝑡
)

𝐿𝑒𝑎𝑘𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
 corresponds to the slope of 

what is identified as the leaking rate. The latter is considered in the equation because possible leaks in 

the system can modify the outcomes of the measurement. Usually, the leaking rate is very low. For 

good data analysis, it should be at least a hundred times lower than the slope of the permeation curve 

in the steady state. This is normally easy to achieve for gases with high permeability, but it can be more 

difficult for slowly permeating gases (like nitrogen for membranes of interest in this work). Therefore, 

the leaking rate should not be neglected for low-permeating systems [65]. We considered it 

systematically for CO2 and N2 in this work. 

Ƥ𝐾 =
𝑛𝑔𝑎𝑠𝑙

𝐴𝑡𝑃1
=

𝑉2

𝑅𝑇
 

𝑙

𝐴𝑃1
((

𝑑𝑃2

𝑑𝑡
)

𝑆𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒
− (

𝑑𝑃2

𝑑𝑡
)

𝐿𝑒𝑎𝑘𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
) 

(13) 

 

If the international system was used for the Equation (13), the permeability in Barrer (Ƥ𝐾𝐵)  is obtained 

with the Equation (14) [78].  

Ƥ𝐾𝐵 = 2.953 ∗ 1015 Ƥ𝐾 (14) 
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Determination of diffusion coefficient and sorption coefficient 

The diffusion coefficient is determined from the time-lag (𝜃), which is defined as the intercept between 

the leaking rate straight line and the steady state straight line (Figure 7). According to the literature 

and as explained before, the slope of the steady-state curve should be at least 100 times bigger than 

the leaking rate curve [78]. Note that the steady state is obtained after a time equal to 5𝜃 and for 

calculating the slope of the steady-state regime, we made a linear regression of the data obtained in 

the time range of 5𝜃 to 10𝜃. 

With Equation (15) the diffusion coefficient is determined, and with Equation (3), the solubility 

coefficient is obtained as the ratio of permeability and diffusion coefficient.  

𝜃 =
𝑙2

6𝐷
 

(15) 

 

 

                          Figure 7. Time-lag determination 

 

1.4. Conclusion of the bibliographic study and introduction to the Master Project  
 

The addition of MOFs into a polymer matrix is much easier to achieve on the industrial scale than the 

production of inorganic-hybrid membranes because traditional techniques for polymer synthesis can 

be used [51]. Nevertheless, there are some drawbacks concerning the implementation of this 

technology. In the first place, achieving the fabrication of MMMs where the fillers are well dispersed 

and compatibilized is challenging. Moreover, the performance of the recent membrane technologies 

does not surpass the performance that conventional CO2 extraction technologies can offer. 

Additionally, there is not a full understanding of the mechanism of separation in these membranes at 

the microscopic scale, therefore it is still difficult to predict or propose a refinement of the already 

proposed mechanisms [55].  
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The objective of this project is to evaluate the performance of a series of novel Mixed Matrix 

Membranes (MMMs) for post-combustion carbon capture, specifically focusing on the CO₂/N₂ 

separation process. The study was based on the most effective copolymer synthesized by Solimando 

et al. (2017) in a previous LCPM study on PEO-based poly(urea-imide) (PUI JFAED 2000), which has 

been previously introduced.  

The ZIF-8 filler was selected for the development of the new MMMs due to its high CO₂ permeability, 

its well-documented performance reported in the literature, as well as its optimal particle size and 

large-scale commercial availability from BASF. In this study, membranes incorporating ZIF-8 filler in 

quantities ranging from 10% to 70% vol/vol was analyzed to investigate the effect of filler content on 

membrane performance. 

The PUI 2000 has already shown high performances for CO2 capture, corresponding to a permeability 

of 57 Barrer and a selectivity CO2/N2 of 50 (measures carried out with a feed pressure of 2 bar and at 

35°C) [42]. The objective of the project is to obtain new Mixed Matrix Membranes expecting even 

higher performances (selectivity and permeability) than the single polymer matrix. 

In this document, the methodology and results for each objective are presented together for clarity. 

 

GENERAL OBJECTIVE 

Study the separation performance of CO2/N2 of the PEO-based poly(urea imide)(PUI JFAED 2000) 

MMMs with ZIF-8 as the filler.  

SPECIFIC OBJECTIVES  

• Elaborate Mixed Matrix Membranes (MMMs) with potential for carbon capture and perform 

their physicochemical characterization. 

• Conduct permeation measurements to obtain CO2 and N2 permeability, as well as CO2/N2  

selectivity.  

• Compare the experimental data with the theoretical values calculated using predictive models. 
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2. Methodology and results 
 

2.1. 1ST Objective: Elaborate Mixed Matrix Membranes (MMMs) with potential for 

carbon capture and perform their physicochemical characterization. 
 

2.1.1. Methodology 
 

2.1.1.1.  Polymer 

 

2.1.1.1.1.  Polymer synthesis 

 

The reaction scheme is based on the synthesis of Solimando et al., (2017) (Figure 8). The synthesis of 

the PUI copolymer is a polycondensation from a macro-diisocyanate. In the first step, the terminal 

amine groups of the Jeffamine diamine oligomer reacted with the NCO terminal groups of the aromatic 

diisocyanate (MDI). This reaction gives as a result a micro-diisocyanate. As a second step, a chain 

extension is carried out by adding the 6-FDA. This reaction is catalyzed by the triethylamine. As a 

secondary product of this reaction, carbon dioxide is obtained. To finally obtain the PUI, the thermal 

cyclization triggered the reaction between the amine and acid groups, giving as a result the imide and 

water, as a secondary product. This synthesis allowed the obtention of UI hard blocks with strong 

physical crosslinking interactions, improving the mechanical properties of the material [42].  

 

Figure 8. Reactions for linear PUI synthesis. Source: [42] 
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Figure 9. Linear PUI structure. Adapted from: [42] 

Table 5. Solvents, reagents, and catalyst for PUI and membrane syntheses 

Substance Function Purification Stocking 

Jeffamine (JFAED 2000) Reagent Vacuum drying at 
40°C. 

Under dehydrated 
argon and at 4°C 

Methylene diphenyl diisocyanate 
(MDI) 

Reagent Vacuum distillation at 
175°C. 

Under dehydrated 
argon and at -20°C 

4,4'-
(Hexafluoroisopropylidene)diphthalic 

Anhydride (6-FDA) 

Reagent Vacuum sublimation 
at 225°C 

Under dehydrated 
argon and at room 

temperature 

N, N- Dimethylformamide (DMF) Solvent Fractional distillation 
under vacuum over 
calcium hydride at 

40°C. 

Under dehydrated 
argon, activated 

molecular sieve at 
room temperature. 

Chloroform Solvent - At room 
temperature 

Triethylamine (Net3) Catalyst Distillation over KOH 
at 90°C. 

Under dehydrated 
argon, molecular 

sieve at room 
temperature. 

 

Before starting the PUI copolymer synthesis, it was necessary to define the masses of the different 

reagents JFAED 2000, MDI, and 6-FDA corresponding to the target stoichiometry as shown in Table 6. 

The real number-average molar mass of the employed Jeffamine is 2102 g/mol (as formerly 

determined at LCPM by titration of its amine end groups), however, it will be called JFAED 2000, which 

refers to its commercial name. 

Table 6. Molar masses and stoichiometry of reagents 

Reagent Molar mass (g/mol) Equivalents in the repeating motif 

JFAED 2000 2102 1 

MDI 250.25 2 

6-FDA 444.24 1 

 

Taking as a calculation basis 5 g of JFAED 2000, the quantity of MDI and 6-FDA is determined as follows: 

𝒎𝒐𝒍𝒔 𝒐𝒇 𝑱𝑭𝑨𝑬𝑫 = 5 𝑔 𝐽𝐹𝐴𝐸𝐷 ∗
1

2102 
𝑔

𝑚𝑜𝑙

= 2.38 ∗ 10−3 𝑚𝑜𝑙 𝐽𝐹𝐴𝐸𝐷 

𝑴𝑫𝑰 𝒎𝒂𝒔𝒔 = 2.38 ∗ 10−3 𝑚𝑜𝑙 𝐽𝐹𝐴𝐸𝐷 ∗
2 𝑚𝑜𝑙 𝑀𝐷𝐼

1 𝑚𝑜𝑙 𝐽𝐹𝐴𝐸𝐷
∗

250.25 𝑔 𝑀𝐷𝐼

𝑚𝑜𝑙 𝑀𝐷𝐼
= 1.1905 𝑔 𝑜𝑓 𝑀𝐷𝐼 
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𝟔 − 𝑭𝑫𝑨 𝒎𝒂𝒔𝒔 = 2.38 ∗ 10−3 𝑚𝑜𝑙 𝐽𝐹𝐴𝐸𝐷 ∗
1 𝑚𝑜𝑙 6 − 𝐹𝐷𝐴

1 𝑚𝑜𝑙 𝐽𝐹𝐴𝐸𝐷
∗

444.24 𝑔 6 − 𝐹𝐷𝐴

𝑚𝑜𝑙 6 − 𝐹𝐷𝐴
= 1.0567 𝑔 𝑜𝑓 6 − 𝐹𝐷𝐴 

The synthesis of the PUI copolymer was carried out over a five-day period. On the first day, Jeffamine 

2000 was removed from the refrigerator and MDI from the freezer at the end of the day, allowing both 

reagents to return to room temperature overnight. 

On the second day, approximately 5 g of Jeffamine 2000 were weighed and dissolved in 15 mL of 

anhydrous DMF under stirring and a dry argon atmosphere. Full dissolution was achieved within 3–4h. 

Based on the exact Jeffamine mass, the required amounts of MDI (approximately 1.19 g) and 6-FDA 

(approximately 1.06 g) were recalculated. The MDI was weighed in a separate flask and then added to 

the Jeffamine solution. The mixture was stirred under argon at room temperature for 3 h. 

Subsequently, 45 mL of DMF and five drops of triethylamine were added, followed by the gradual 

addition of 6-FDA under inert conditions. The temperature was increased to 60 °C and maintained for 

1.5 h, then raised to 80 °C for 8 h. To prevent pressure buildup from CO₂ evolution, the reaction flask 

was kept slightly open. 

On the third day, the reaction mixture was concentrated using a rotary evaporator and precipitated in 

water under vigorous stirring to form a vortex. Once precipitation began, the mixture was filtered and 

the polymer was transferred into Teflon molds. This process was repeated until the full solution was 

processed. The molds were left overnight under a fume hood to remove residual water. 

On the fourth day, the polymer was further dried in a vacuum autoclave at 60 °C for 6 h, with the liquid 

trap cleaned during the process. The temperature was then increased to 130 °C and maintained 

overnight to promote thermal cyclization of the imide rings. 

On the fifth day, the resulting polymeric films were de-molded and collected for further use. 

 

2.1.1.1.2. Characterization of the polymer 

 

• Polymer yield 

To evaluate the performance of the polymer synthesis, the following equations are used: 

𝑻𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 𝒑𝒐𝒍𝒚𝒎𝒆𝒓 𝒎𝒂𝒔𝒔 = 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐽𝐹𝐴𝐸𝐷 (𝑔) ∗
𝑚𝑜𝑙

2102 𝑔
 ∗

2958 𝑔 𝑟𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔 𝑚𝑜𝑡𝑖𝑓

𝑚𝑜𝑙
 

 

(16) 

 

𝒀𝒊𝒆𝒍𝒅 =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑚𝑎𝑠𝑠

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑚𝑎𝑠𝑠
∗ 100% 

(17) 

 

The experimental moles of the JFAED 2000 were calculated considering the weighed mass. Since, for 

one mol of the repeating motif there is one mol of JFAED, the number of theoretical moles of the 

repeating motif was calculated. Finally, with the molar mass of the repeating motif (2958 g/mol), the 

theoretical mass was calculated and compared with the weight of the recovered polymer to obtain the 

yield.  
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• Fourier transform Infrared (FTIR) 

 

Infrared spectra were obtained using a Bruker Invenio S with a micro-ATR device. The measurements 

were performed under dry air atmosphere and the obtained data was treated with the OPUS software.   

• Proton nuclear magnetic resonance (1H NMR) 

 

1H NMR analyses were conducted to verify the chemical structure and the stoichiometry of the 

different monomer units in the polymer. Around 15 mg of polymer were dissolved in 0.7 ml of DMSO-

d6. The measurements were carried out with a Bruker AvanceNeo 400 at 400.18 MHz. The data 

treatment was developed with the TOPSIN software. 

 

2.1.1.2. MMM 

 

2.1.1.2.1. MMMs elaboration 

 
Before elaborating the membranes, it was necessary to perform some calculations to define the mass 

of the ZIF-8 filler according to the target volume fraction (Table 7). A value of 0.35 g/cm3 was 

considered for the density of the ZIF-8 particles [76], and a value of 1.3 g/cm3 for the linear PUI (former 

determination at LCPM for closely related PUIs). For the different ZIF-8 loadings, with a constant 

polymer mass value of 0.7g the following data was obtained.  

Table 7. Mass and ZIF-8 volume fraction 

ZIF-8 volume fraction Theoretical Mass ZIF-8 (g) Experimental Mass ZIF-8 
(g) 

0.1 0.021 - 

0.2 0.047 0.0469 

0.3 0.081 0.0802 

0.4 0.126 0.1263 

0.5 0.188 0.1887 

0.6 0.283 0.282 

0.7 0.440 0.4397 
 

To ensure safe handling of ZIF-8, the team adhered to the nanoparticle safety protocols established by 

the French Institute for Occupational Safety and Health (INRS), despite the particle size being in the 

micrometer range. The required personal protective equipment (PPE) included a laboratory coat (worn 

over a standard coat), a mob cap, shoe covers, a double pair of gloves, protective goggles, and an FFP3 

face mask (specifically, the 3M 4279+ model). 

Initially, 0.7 g of PUI were dissolved in 15 mL of chloroform in a 25 mL flask (flask 1). The solution was 

stirred until complete dissolution of the polymer was achieved. To remove potential dust particles and 

microgels, the polymer solution was filtered through cotton before further use. 

In a separate 25 mL flask, ZIF-8 was redispersed in 5 mL of chloroform (flask 2) using an ultrasonic bath 

(37 Hz, 80% power) maintained at an ice-water temperature for 15 min. Following this step, 1 mL of 

the polymer solution (from flask 1) was transferred into the second flask, a step referred to as simple 
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priming, which facilitates the pre-coating of the filler particles with the polymer to enhance 

compatibility between the filler and the polymer matrix. The dispersion was further homogenized in 

the ultrasonic bath under the same conditions for an additional 15 min. 

In order to enhance the compatibility between ZIF-8 and the continuous phase, among the different 

techniques available to improve it (such as increasing viscosity to reduce sedimentation of the 

dispersed particles, priming, and filler modification [77]), priming was selected. The team performed 

a design of experiments in which the visual aspects of the membranes were evaluated, including the 

surface roughness of the fabricated membranes as well as SEM-EDX images, to verify the good 

dispersion of the particles. Therefore, the simple priming technique was applied for ZIF-8 volume 

fractions ranging from 10% to 40%. For higher filler loadings, double priming (for 50% vol.) and triple 

priming (for 60% and 70% vol.) were employed to ensure uniform dispersion. After the priming 

process, the remaining polymer solution (flask 1) was added to the primed ZIF-8 suspension (flask 2). 

The final mixture was then subjected to ultrasonic homogenization under the previously defined 

conditions for 60 min to ensure optimal dispersion of the filler within the polymer matrix.  

The obtained suspension was poured into a Teflon mold with a 60 mm diameter. The horizontality of 

the mold was verified before pouring the solution. Then, the solvent was slowly evaporated in an 

autoclave for 48 h at room temperature. The final drying was carried out under vacuum and at 60°C 

for 15 h.  

 

2.1.1.2.1. MMMs characterization 

 

• Electronic scanning microscopy and energy-dispersive X-ray (SEM/EDX) 

 

The cross-section and surface images of the membranes were obtained with the scanning electron 

microscope (SEM) JEOL JSM-6490LV at 5kV. This SEM was combined with an energy-dispersive X-ray 

(EDX) imaging of Zn atoms that are present in the ZIF-8. The cross-section images were obtained with 

samples that were freeze-fractured after being immersed in liquid nitrogen. With the aim of having a 

better identification of the Zn particles, EDX images were retreated with an image format 

/transparency coefficient of 15%. 

 

• Thermogravimetric analysis (TGA) 

 

Thermogravimetric analyses were performed with a SERATAM analyzer between 20 to 1000°C, with 

an increase of temperature of 5°C per minute. The data acquisition Software was Setsoft 2000. 

 

• Differential scanning calorimetry (DSC) 

 

DSC measurements were performed with a TA Instruments DSC Q2000. Two heating and cooling cycles 

were executed between -80°C and 200°C. The second heating cycle was the one chosen for further 

analysis. Glass transition temperatures were calculated at the transition mid-point with the TA 

Instrument data treatment software. 
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2.1.2. Results 
 

 2.1.2.1. Polymer 

 

• Yield 

The results for the syntheses are summarized in Table 8. 

Table 8. Polymer's yield. 

Polymer Experimental 
JFAED (g) 

Experimental 
MDI (g) 

Experimental 
6-FDA (g) 

Theoretical 
polymer mass 

(g) 

Experimental 
polymer 
mass (g) 

Yield 
(%) 

MV1 5.0292 1.2027 1.06409 7.079 5.69 80.3 

MV2 5.3509 1.2782 1.1371 7.5318 5.8447 77.6 

MV4 5.0095 1.19517 1.06278 7.0512 6.3325 89.8 

MV5 5.0038 1.20509 1.11787 7.04326 6.283 89.2 

MV6 5.0153 1.20945 1.09572 7.05942 6.3428 89.8 

 

For the syntheses MV1 and MV2, the copolymer yields were unusually low (around 80%). Moreover, 

the appearance of MV2 was different from what was expected; it did not have the characteristic 

yellowish color but a green color. In addition, the surface of the polymer was rough and not smooth 

(as it should be because of its film-forming properties). Regarding the synthesis of MV3, it was not 

accomplished because it was decided to restart the synthesis of the polymer with some changes in the 

protocol due to problems with MV1 and MV2 copolymers. 

In particular, the filtration of the polymers MV1 and MV2 was not successful during membrane 

elaboration; a large amount of microgels were present in the solution, hindering the filtration process.  

It turned out that the conditions for the syntheses of MV1 and MV2 were wrong, the reaction mixtures 

having been improperly heated because they were not well immersed in the thermal bath. 

Furthermore, the likely JFAED2000 partial contamination by water (it was an “old” sample dehydrated 

in 2021) may also have contributed to the partial cross-linking of the copolymers MV1 and MV2. For 

the sake of timing convenience, the precipitation of MV1 and MV2 was carried out after 2 days of 

refrigeration of the reaction mixture, which may have also favored cross-linking reactions involving the 

terminal isocyanate groups and the urea groups. 

Finally, for all these reasons, it was decided to restart the syntheses of the copolymer (syntheses of 

the copolymers MV4, MV5, and MV6) with a freshly dehydrated JFAED2000, taking care to properly 

immerse the reaction mixture in the heating bath and to precipitate the copolymers immediately after 

the syntheses.  

With all these changes, the copolymer yields greatly increased and reached values of ca. 90%, as was 

expected from the former work of Solimando et al., (2017). Furthermore, the MV4, MV5, and MV6 

polymer filtrations were carried out with no problem (no formation of major microgels in the solution), 

allowing the elaboration of the different composite membranes. In Table 7 a summary of all the key 

parameters of the polymer synthesis. 
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• Fourier transform Infrared (FTIR) 

 

This technique was used in order to validate the stoichiometry of the synthetized polymer. The 

obtained spectrum of MV5 is represented in Figure 10. The characteristic bands of the polymer are 

divided into 3 categories corresponding to the 3 main chemical groups present in the copolymer: urea, 

imide, and ether. For the urea, 3 main bands are identified: at 3283 cm-1 (νNH), at 1650 cm-1 (amide I), 

and at 1540 cm-1 (amide II). Regarding the imide, 5 bands are identified: 1781 cm-1 (νCO), 1724 cm-1 

(amide I), 1511 cm-1 (amide II), 1375 cm-1 (νCN), 722 cm-1 (δCO). The bands amide I and amide II have 

been named by analogy with the corresponding bands for an amide group, as it is usually done for 

imide and urea groups.  Finally, the ether band of the JFAED 2000 is placed at 1090 cm-1, characteristic 

of the soft block of the polymer.  

 

Figure 10. FTIR spectrum of Linear PUI after precipitation 

 

• Proton nuclear magnetic resonance (1H NMR) 

 

The assignment of the different protons was made in good agreement with the formerly published 

work (Solimando et al., 2017). It confirmed the chemical structure of the different copolymers with 

protons characteristic for each monomer unit appearing in specific ranges in the 1H NMR spectrum 

(Figure 11). 

Relationships between the number of hydrogens present in the JFAED2000, the MDI, and the 6-FDA 

monomer units were established to verify the stoichiometry of the copolymer. Two calculation 

methods were used, they will be detailed for the MV5 synthesis. 

The values of x and z (JFAED) were calculated by the team doing an acid-base titration (x+z=5.14). To 

establish the relationship between the monomers in the repeating unit, for the JFAED 2000, only the 

protons in the methyl groups (m) were considered, giving a total of 18.42 theoretical protons. 
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For the 6-FDA, 6 hydrogens are present in the monomer (i,j,k). Regarding the MDI, for the analysis of 

the spectra, only the protons present on the aromatic rings were considered, giving a total of 16 

hydrogens for the two MDI monomers in the repeating unit (a,b,d,e).  

 

Figure 11. 1HNMR spectrum of MV5 

Among all the analyses made for the different polymer syntheses, residual DMF was detected in the 

spectra. The peaks that correspond to DMF in the DMSO-d6 are at 2.73 ppm, 2.89 ppm, and 7.95 ppm. 

The latter is also in a zone where the peaks of the 6-FDA are placed, therefore it was more convenient 

to analyze the MDI peaks. Nevertheless, it is important to recognize that in the MDI zone of the spectra, 

there are signals that do not correspond to the monomer, like the labile hydrogens, which may induce 

a slight error in the estimation of the integration of the MDI aromatic peaks. Moreover, titration is a 

method that gives a good estimate but not an exact value, in this case of x and z (JFAED), being also a 

small source of error. Because of all of the factors mentioned before and also of the complexity of the 

polymer, it is expected an error of around 10%.  

Method of calculation 

This method is based on a proportionality between the integral of the peaks and the proportion of the 

number of corresponding protons of these peaks. Theoretically, for 18.42 protons of JFAED, there 

should be 16 protons that correspond to the two monomer units of the MDI (a,b,d,e,). Then, the 

MDI/JFAED2000 ratio, should be 2:1. Let us consider 𝑋𝐽𝐹𝐴𝐸𝐷 the number of JFAED2000 units in the 

copolymer for two MDI monomer units, A1 the area of the JFAED2000 CH3 protons and 𝐴2 corresponds 

to the area of the aromatic protons of the two monomer units of the MDI. 

𝐴1

𝐴2
=

𝑁° 𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝐽𝐹𝐴𝐸𝐷

𝑁° 𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑀𝐷𝐼
=

[(𝑥 + 𝑧) ∗ 3 + 3]

16
𝑋𝐽𝐹𝐴𝐸𝐷 

 

(18) 

Taking as an example the polymer MV5. The calculations are as follow: 

16.323

16
=

18.42

16
𝑋𝐽𝐹𝐴𝐸𝐷 
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𝑋𝐽𝐹𝐴𝐸𝐷 = 0.89 

The error is 11%, showing also by this method that the synthesis was successful.  

The results of all the polymer synthesis are summarized in Table 9. In conclusion 1H NMR showed that 

the synthesized polymers matched the expected stoichiometry and chemical structure apart for 

copolymer MV2 whose 1H NMR spectrum showed abnormality in the 6-FDA region.  

Table 9. Results NMR for the synthesis of the linear PUI 

Polymer JFAED integral MDI Integral 𝑿𝑱𝑭𝑨𝑬𝑫 Experimental 
Error 

MV1 15.978 16 0.87 13% 

MV2 16.011 16 0.87 13% 

MV4 16.41 16 0.89 11% 

MV5 16.323 16 0.89 11% 

MV6 15.988 16 0.87 13% 

 

3.1.2.2. Membrane characterization 

 

• Fourier transform Infrared (FTIR) 

 

 

Figure 12. Infrared spectrum of the linear PUI, ZIF-8 and membranes with ZIF-8 charges from 10% to 70%. 

The pure polymer, the membranes with different volume fractions of ZIF-8, and the ZIF-8 spectra were 

stacked and compared. The characteristic bands related to the chemical groups imide and urea of the 

polymer hard blocks at 1724 cm-1, 1540 cm-1, and 1511 cm-1 were present in all the spectrums of the 

membranes with different volume fractions of ZIF-8 and their wavenumber did not change significantly 

with the ZIF-8 content (Figure 12). Moreover, the bands with the highest intensity in the ZIF-8 spectrum 

(1311 cm-1, 1146 cm-1, and 759 cm-1) increased their intensity when the volume fraction of the charge 

in the membranes increased too. Finally, regarding the band related to the ether groups of the 

JFAED2000 soft blocks (Figure 13), a shift was observed for the membranes containing at least 50% of 
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ZIF-8, and this shift increased with the ZIF-8 content. The same trend has also been observed by Kang 

et al. (2020) for MMMs containing ZIF-8 and a polymer matrix made from a SBS-g-POEM copolymer 

[80]. This shift in the ether band can be due to the interactions between the PUI soft blocks and the 

fillers, which start to be considerable for high-volume fractions. 

 

Figure 13. Shift of the ether band for the linear PUI, ZIF-8 and membranes with ZIF-8 from 10% to 70%. 

 

• Electronic scanning microscopy and energy-dispersive X-ray (SEM/EDX) 

 

 

Figure 14. SEM/EDX of membrane surfaces 
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Based on the SEM results of the membrane surfaces, it can be concluded that increasing the volume 

fraction of fillers leads to a rougher membrane surface (Figures 14 and 15). Nevertheless, the surfaces 

were free of major defects.  

Moreover, the EDX identified the Zn atoms (which are present in the ZIF-8). It can be observed a higher 

density of Zinc atoms in the matrix with the increase of the volume fraction of the charge, which is 

expected. The cross-section images showed the same characteristics as the surface images. For both 

cases, a homogenous dispersion of the filler is detectable for ZIF-8 contents up to 60%, showing the 

efficiency of the triple priming for this filler content. Nevertheless, for the membranes with 70% of 

filler, some agglomerations and voids in the matrix can be seen in the SEM-EDX imaging of the 

composite membrane.  

 

Figure 15. SEM/EDX of membrane cross-sections. 

Regarding the classic photos (Figure 16), the transparency of the membranes decreased when the 

volume fraction of the charges increased. This is because light cannot pass through ZIF-8 particles. 

Also, some defects on the surfaces of the membranes are detected. They were produced because of 

the swelling of the materials when they were dried under vacuum; the solvent was coming out of the 

material and the membranes detached from the Teflon mold generating the defects that can be seen 

at the border of the membranes.  

 

Figure 16. PUI-ZIF-8 Membranes with their ZIF-8 volume fraction. 
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• Thermogravimetric analysis (TGA) 

 

For all the membranes and the PUI copolymer, a weight loss of less than 5% is presented at 

temperatures around 200°C. Since the polymer matrix is highly hydrophilic, this is the temperature at 

which the water molecules absorbed by the PEO are desorbed. Regarding the degradation of the PUI 

copolymer, it is carried out in two stages; the first one is between 300-400°C and the second one is 

between 500-550°C. In the first one, the degradation of the soft blocks (JFAED) is carried out. In the 

second one, the degradation of the hard blocks (MDI/6-FDA) happens.  

Also, a right shift of the curves when increasing the volume fraction of ZIF-8 is detected, approaching 

the curve of the ZIF-8. The decrease in polymer volume fraction is expected as the ZIF-8 volume fraction 

increases. This means there will be less polymer (organic) and more hybrid material in the MMM. As a 

result, the weight loss percentage at the same temperature will be lower. With this shift, two zones 

can be identified. With the materials with a volume fraction of ZIF-8 below 40%, a stronger thermal 

degradation compared with the behavior of the single polymer matrix is presented. This is a surprising 

phenomenon that could be explained because of a catalytic effect; Zn atoms are present in the 

materials, and they could enhance thermo-oxidative degradation of the polymer matrix. For materials 

with a volume fraction of the fillers over 50%, degradation is diminished compared with the PUI. In this 

case, the catalytic effect is still present; however, the presence of high filler volume fractions 

compensates the effect generated by the catalysis, and the membranes try to adopt the degradation 

behaviour of the ZIF-8; which is clearly more stable than the other analyzed materials presented in 

Figure 17.  

 

Figure 17. Thermogravimetric analysis of the linear PUI, the membranes with ZIF-8 volume fractions from 10% to 70% and 
ZIF-8. 
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• Differential scanning calorimetry (DSC) 

 

With the thermograms that were obtained (Figure 18), only the glassy transition temperature of the 

soft blocks of the PUI could be identified since the maximum temperature was 200°C (for both, the 

membranes, and the pure copolymer). This was because the hard block glassy transition temperatures 

are higher than the decomposition temperature of the soft blocks. Regarding the thermogram of just 

the copolymer, its glassy transition temperature corresponds to -38°C. Comparing it with the value of 

the glassy transition temperature of the JFAED2000 (-65°C) [43], the augmentation of the glassy 

transition temperature for the PUI demonstrated the physical cross-linking generated by the aromatic 

chemical functions in the copolymer (hard blocks).  

Regarding the glassy transition temperature of the soft blocks in the composite membranes, it 

remained low and did not vary significantly for ZIF-8 contents below 50%. However, from the ZIF-8 

volume fraction of 50%, an increase in this parameter was observed. This phenomenon corresponds 

to the increase of rigidity of the PUI soft blocks with a higher volume fraction of fillers. The results 

obtained in DSC are well correlated with the shift of the ether band related to the PUI soft blocks for 

the FTIR spectra, which also started around 40-50% of ZIF-8. Therefore, for high volume fractions of 

ZIF-8, the interaction between the JFAED2000 soft blocks and the filler particles is stronger, leading to 

a rigidification of the flexible chains, which is also traduced into an increase of the soft blocks’ glassy 

transition temperature.  

 

Figure 18. Thermograms (DSC) for PUI and membranes with ZIF-8 from 10% to 70%. 
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2.2.  2nd Objective: Conduct permeation measurements to obtain CO2 and N2 

permeability, as well as CO2/N2  selectivity. 
 

2.2.1. Methodology 
 

The schematic of the time lag device is shown in Figure 19. Three gas reservoirs (N2, CO2, CH4) are 

connected to the upstream gas tank via electronically controlled valves (VG1, VG2 and, VG3). Sensor 

P1 measures the upstream pressure of the cell, while sensor P2 monitors the downstream pressure of 

the cell.  

The permeation measurements started with the measurement of the thickness of the membrane. For 

this, a precision thickness gauge was used (Elcometer): Around 8 measures in different points of the 

membrane were carried out on the active area of the membrane (2 cm2) and the mean value was 

considered as the average thickness of the MMM. The standard deviation of the membrane thickness 

was lower than 5 micrometers for membrane thicknesses higher than 100 microns. Then, the 

membrane was placed in the cell. Afterward, a mode of operation was selected for the automated 

time-lag, where the number of desired measures, the thickness of the membrane, the time for 

measurements, and membrane drying were defined. In the first place, the upstream reservoir was 

filled with the gas to analyze to achieve around 2030-2040 mbar. Since the membranes that were 

analyzed are very hydrophilic, drying under vacuum for 15 h was conducted to eliminate the possible 

humidity that the EO groups had absorbed from the synthesis of the material until the permeability 

tests. For this sequence of the automated operation, the vacuum pump was on, the Evon, MaAPAm, 

and MaAPAv valves were closed and the VSup and Vinf valves were open to let the upstream and 

downstream sides of the membrane under dynamic vacuum.  

Then, the Evon valve was opened and the Vsup and Vinf valves were closed to measure the leaking 

rate. An hour was established to obtain stabilized data and then the leaking rate was measured for 

150s. Therefore, data on the change of pressure on downstream of the cell over time was registered. 

With this set of data, the slope of the downstream pressure increase was calculated (this is the leaking 

rate, useful for further calculations). Then, the permeation measurement started by opening the gas 

admission valve (Evon). Since the time lag value is unknown, in the first permeation measure a trial 

and error process with a long measurement time was carried out to identify this parameter and then, 

the time for the other measures was settled: 10 times the time lag to get enough data in the steady 

state regime for permeability calculation as explained earlier on. Afterward, all of the steps mentioned 

before (vacuum drying, measurement of leaking rate, and permeation) were repeated until the total 

number of measurements was completed. Five measurements were made for each membrane and 

gas to assess measurement reproducibility, and the average permeability and standard deviation were 

calculated for each system. For a gas change, the gas tank was emptied under vacuum and then filled 

with the new gas, and this procedure was repeated twice to be sure to have a pure new gas in the 

tank. This procedure of gas change was made in an automated way. 
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Figure 19. Time-lag set-up. Source: Sivault (2023) 

The timing and parameters for each gas used across all membranes are summarized in Table 10. For 

all materials, a total of five cycles were performed. Prior to each cycle, the membrane was placed in 

the cell and subjected to an initial vacuum drying step lasting 15 h. 

Table 10. Timing for permeation measurements of the PUI JFAED2000 membranes 

Gas Stage Time 

CO2 Vacuum drying of the material 1 h 

Stabilization 1 h 

Leaking rate 150s 

Permeation measurement 1h 

N2 Vacuum drying of the material 1h 

Stabilization 1h 

Leaking rate 150 s 

Permeation measurement 4 h 

 

This device (Figure 19) was conceived and automated by Jean-Claude SIVAULT, engineer assistant at 

CNRS, on the basis of the former experience of the team members on time-lag measurements. It is 

different from the other analog devices that the team had used before because of the fully automatic 

control system. During the development of this project, the calibration and final upgrades of the device 

were carried out. In the first place, a polyethylene film was placed inside the cell and data was compiled 

to adjust and ameliorate the device and automation software. Afterward, calibration with a well-

known polymer: PEBAX 1074 was carried out to obtain the downstream volume accessible for the gas 

(named V2 in the former equations). For performing calibration, the CO2 permeability of 132.7 Barrer 

reported in our former work ([42]) was considered and a value of 3.52*10-5 m3 was obtained for the 

downstream volume V2. 
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2.2.2. Results 
 

Compared to the pristine polymer, the membranes developed in this study demonstrated significantly 

enhanced carbon dioxide permeability. The most notable increase was observed in the membrane 

containing 70 vol% ZIF-8, which exhibited a CO₂ permeability nearly eight times higher than that of the 

pristine polymer (Figure 20). Although a reduction in CO₂/N₂ selectivity was observed with increasing 

ZIF-8 content, this decline was relatively modest when compared to the substantial gains in 

permeability. Even at the highest ZIF-8 loading, the selectivity remained above half of that observed in 

the pristine membrane. This indicates a trade-off primarily driven by the formation of voids at the 

polymer–filler interface, which facilitates CO₂ transport. However, at high filler loadings, the 

rigidification of the polymer matrix appears to have partially offset the loss in selectivity by restricting 

N₂ diffusion more than expected. All of the results of this study for permeability, selectivity, diffusion 

and solubility  for carbon dioxide and nitrogen are presented in the Table 11. 

Compared to the pristine polymer, the membranes developed in this study demonstrated significantly 

enhanced carbon dioxide permeability. The most notable increase was observed in the membrane 

containing 70 vol% ZIF-8, which exhibited a CO₂ permeability nearly eight times higher than that of the 

pristine polymer. Although a reduction in CO₂/N₂ selectivity was observed with increasing ZIF-8 

content, this decline was relatively modest when compared to the substantial gains in permeability. 

Even at the highest ZIF-8 loading, the selectivity remained above half of that observed in the pristine 

membrane. This indicates a trade-off primarily driven by the formation of voids at the polymer–filler 

interface, which facilitates CO₂ transport. However, at high filler loadings, the rigidification of the 

polymer matrix appears to have partially offset the loss in selectivity by restricting N₂ diffusion more 

than expected. 

 

Figure 20. Carbon dioxide permeability (blue bar) and selectivity (green triangles) for the different MMMs with different    
ZIF-8 volume fractions (0-70%). 
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Figure 21. Carbon dioxide permeability (blue bar) and selectivity (green triangles) for the different MMMs with different    
ZIF-8 volume fractions (0-70%). 

 P (CO2) 

(Barrer) 

P (N2) 

(Barrer) 

D (CO2) x 

108 (cm2/s) 

D (N2) x 108 

(cm2/s) 

S (CO2) x 103 

(cm3(STP).cm-

3.cmHg-1) 

S (N2) x 103 

(cm3(STP).cm-

3.cmHg-1) 

PUI JFAED 2000 56.7± 

2.3 

1.13 ± 0.39 26.6± 1.51 18.85± 9.1 21.32 0.6 

PUI JFAED 2000 

+ ZIF-8 (20 % 

vol) 

85.37± 

1.9 

 

1.85± 0.04 27.05± 1.9 8.81± 0.09 31.66± 1.5 2.10± 0.04 

PUI JFAED 2000 

+ ZIF-8 (30 % 

vol) 

87.47± 

0.2 

 

2.22± 0.05 27.46± 0.24 7.57± 0.27 31.86± 0.23 2.94± 0.04 

PUI JFAED 2000 

+ ZIF-8 (40 % 

vol) 

113.77± 

0.2 

 

3.04± 0.25 30.06± 0.19 8.92± 0.3 37.85± 0.21 3.42± 0.3 

PUI JFAED 2000 

+ ZIF-8 (50 % 

vol) 

151.95± 

0.4 

 

4.11± 0.03 34.81± 0.43 7.72± 0.09 43.65± 0.65 5.32± 0.09 

PUI JFAED 2000 

+ ZIF-8 (60 % 

vol) 

224.61± 

0.3 

 

6.17± 0.27 44.15± 0.21 9.78± 0.23 50.88± 0.24 6.32± 0.4 

PUI JFAED 2000 

+ ZIF-8 (70 % 

vol) 

471± 

0.5 

 

15.62± 0.15 105.60± 

0.15 

21.23± 0.44 44.66± 0.07 7.36± 0.1 

Table 11. Influence of the ZIF-8 loading on the CO2 permeability and N2 permeability for the MMMs obtained from the 
segmented copolymer PUI JFAED2000 at 2 bar and 35 °C 

As shown in Figure 21, the CO₂ diffusion coefficient increased exponentially with ZIF-8 content, nearly 

quadrupling between 20 and 70 vol%. This significant enhancement is likely due to the formation of 

filler aggregates—clearly visible in SEM images—and the interfacial defects they generate. In parallel, 

the CO₂ sorption coefficient, calculated from permeability and diffusion data, increased approximately 

linearly with ZIF-8 content up to 60 vol%, nearly doubling within that range. However, a slight decrease 

in sorption was noted at 70 vol%, possibly due to increased matrix rigidity limiting gas uptake. 

Therefore, in membranes containing up to 60 vol% ZIF-8, both sorption and diffusion contributed to 

the rise in CO₂ permeability. At 70 vol%, however, diffusion—enhanced by aggregate formation—

became the dominant transport mechanism. 
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Figure 22. Carbon dioxide sorption (orange) and diffusion (purple) coefficients for carbon dioxide for the different MMMs 
with ZIF-8 volume fractions from 0-70%. 

As shown in Figure 22, the MMMs developed in this study—when compared with other MMMs 

reported in the literature (summarized in Table 3), featuring different polymer matrices and fillers—

demonstrated improved performance in some cases. Notably, the MMM with 70 vol% ZIF-8 

approached the Robeson upper bound, indicating a promising balance between permeability and 

selectivity.  

 

Figure 23. Robeson upper bound and experimental results. 
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2.3. 3rd Objective: Compare the experimental data with the theoretical values 

calculated using predictive models. 
 

2.3.1. Methodology 
 

In this study, the models that were studied were presented in the state of art. This analysis was made 

with the objective of having a deeper understanding of the gas transport properties in MMMs. The 

maximum packing volume fraction (𝜑𝑚) was assumed to be 0.64, which corresponds to the typical 

value for a random close-packed distribution of uniform spheres [71,75].  

To evaluate the accuracy of the permeability models, the average absolute deviation (%AAD) between 

the experimental and calculated permeability values was calculated for each gas using Equation 19. 

%AAD =
100

N
∑ |

Pi,calc−Pi,exp

Pi,calc
|N

i=1                                                           (19) 

 

For the continuous phase (i.e., polymer matrix) used in this work, the permeability values for carbon 

dioxide and nitrogen were extracted from Solimando et al., (2017), since the authors developed the 

exact same polymer matrix studied in this project. Accordingly, the permeability for the CO2 is 56.7 

Barrer and that of N2 is 1.13 Barrer [42]. For the dispersed phase ZIF-8, the permeability values 

reported by Diestel et al. (2014) were used: 623 Barrer for CO2 and 260 Barrer for N2 [79]. 

For the resolution of the equations, when they were explicit, the direct formula was used in Excel. For 

the equations where the permeability was implicit, the Solver function was used to determine the 

permeability value. 

 

2.3.2. Results 
 

Regarding the comparison with the permeability models (Figures 23 and 24), for filler volume fractions 

below 30%, all the evaluated models provided comparable estimations of the effective CO₂ 

permeability. However, beyond 30% filler content, the predictions began to diverge more significantly. 

Although the Maxwell model is traditionally applied to systems with low filler loadings and does not 

account for particle shape or interfacial effects in mixed-matrix membranes (MMMs), it demonstrated 

strong predictive capability for the PUI JFAED 2000 + ZIF-8 system analyzed in this study. Across the 

full range of ZIF-8 loadings examined, the Maxwell model yielded average absolute deviations (AAD) 

of 8.5% for CO₂ and 3.5% for N₂ permeabilities. These values—both under 10%—highlight the model’s 

effectiveness in capturing the permeability behavior of pure gases in the MMMs, even at high filler 

contents up to 60 vol%. 

The good modeling by the historical Maxwell model showed that these MMMs behaved as ideal binary 

systems up to a ZIF-8 loading of 60 % vol and that neither the polymer-filler interactions (revealed by 

FTIR-ATR) nor the slight increase in the soft block Tg (observed by DSC) significantly impaired this ideal 

behavior. However, as expected, all models failed to predict the gas permeation behavior of the MMM 

with the highest ZIF-8 loading (70 % vol). 
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However, as expected, all models failed to predict the gas permeation behavior of the MMM with the 

highest ZIF-8 loading (70 % vol). This fact was most likely due to the presence of some aggregates and 

the related interfacial defects, which strongly increased the diffusion of gas molecules. For the models 

of Lewis-Nielsen and Pal, it was also related to the inability of these models to make predictions above 

the theoretical maximum volume fraction of the filler ( = 0.64 considered in this work). 

 

Figure 24. Modeling of carbon dioxide permeability by four semi-predictive ideal models (Maxwell, Bruggeman, 
Lewis−Nielsen, and Pal) and experimental data for the MMMs obtained from the rubbery segmented copolymer PUI JFAED 

2000 and ZIF-8 at 2 bar and 35 °C. 

 

Figure 25. Modeling of nitrogen permeability by four semi-predictive ideal models (Maxwell, Bruggeman, Lewis−Nielsen, and 
Pal) and experimental data for the MMMs obtained from the rubbery segmented copolymer PUI JFAED 2000 and ZIF-8 at 2 

bar and 35°C. 
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3. Conclusions and perspectives 
 

This study aimed to characterize and evaluate the CO₂ separation performance of mixed-matrix 

membranes (MMMs) composed of the metal–organic framework ZIF-8 and a newly synthesized 

multiblock copolymer, PUI JFAED 2000. The successful synthesis of the target copolymer, confirmed 

by spectroscopic analysis and high mass yields (~90%), enabled the fabrication of dense, homogeneous 

MMMs with high ZIF-8 loadings—up to 70 vol%—through an optimized priming method. This method 

proved highly effective in promoting good interfacial compatibility between the polymer matrix and 

the dispersed filler phase, as evidenced by the absence of major morphological defects and the 

retention of microphase separation between hard and soft blocks even at high filler contents. 

Physicochemical characterization revealed rigidification of the soft blocks of the polymer at high filler 

content as well as the formation of aggregates. The membrane with 70 vol% ZIF-8 achieved a high CO₂ 

permeability of 471 Barrer and an ideal selectivity of 30.2 under conditions relevant to post-

combustion capture (2 bar, 35 °C), placing it among the top-performing MMMs reported in the 

literature. 

Despite some presence of aggregates and minor interfacial defects, the experimental data up to 60 

vol% ZIF-8 aligned well with predictions from the Maxwell model, with average absolute deviations 

below 10% for both CO₂ and N₂ permeabilities. This demonstrates the model's suitability even for 

MMMs with relatively high filler loadings. 

Future work may focus on more advanced polymer architectures, such as graft copolymers or ternary 

MMMs to further enhance filler–matrix interactions. Additionally, comparing the experimental results 

with non-ideal models from effective medium theory could offer deeper insights into interfacial 

phenomena and defect contributions. 
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