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Abstract 

This thesis investigates the performance of novel Mixed-Matrix Membranes 

(MMMs) incorporating Metal-Organic Frameworks (MOFs) molecular sieving 

properties and amine-based facilitated transport mechanisms for the efficient 

separation of carbon dioxide (CO2). The experimental work involved the fab-

rication of MMMs using different MOF loadings and varying membrane 

thicknesses. Membrane samples were prepared using a combination of polyvi-

nyl alcohol (PVA) and 2-(2-aminoethylamino)ethanol (AEEA), a diamine 

known for its superior CO2 separation properties, with different MOFs as filler 

material (ZIF-8, HKUST-1, and UiO-66). Gas permeation experiments were 

conducted under controlled conditions (40 °C, 90% relative humidity, and 

CO2/CH4 feed ratios of 50/50), CO2 and CH4 permeabilities were measured, 

and the selectivity of CO2 over CH4 was calculated. The results reveal that 

zinc 2-methylimidazole (ZIF-8) is the most promising MOF in terms of CO2 

permeability and CO2/CH4 selectivity. With an optimal loading of 0.5 wt% 

ZIF-8 and the addition of 50 wt% AEEA, the membrane demonstrated excel-

lent CO2 separation performance. Additionally, membrane thickness was 

found to influence permeability and selectivity, with thicker membranes gen-

erally exhibiting higher CO2 permeability due to the greater presence of 

AEEA and improved selectivity due to the increased diffusion barrier for CH4. 

However, incorporation of ZIF-8 and UiO-66 into the polymer matrix has 

posed challenges related to particle suspension, membrane homogeneity, and 

defect formation. At higher loadings of ZIF-8 (≥5 wt%), the membranes ex-

hibited a decrease in both permeability and selectivity due to the presence of 

unsuspended ZIF-8 fragments and defects in the membrane structure. At any 

rate, the introduction of AEEA into the membrane system significantly im-

proves CO2 separation performance through the reversible reaction of CO2 

with the amine groups, forming carbamates that facilitate CO2 transport 

across the membrane. This facilitated transport mechanism complements the 

standard sorption-diffusion model traditionally used to describe gas permea-

tion in polymeric membranes. The combined effects of MOF inclusion and 
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amine-facilitated transport result in membranes that offer both high permea-

bility and high selectivity, and with continued advances, membrane separa-

tions have the potential to revolutionize areas such as natural gas processing, 

carbon capture and storage (CCS), and hydrogen recovery. Furthermore, fu-

ture work should focus on further optimizing the suspension of MOFs within 

the polymer matrix, as well as exploring additional MOF structures and func-

tional groups to enhance membrane stability and performance over operating 

periods. 

 

Keywords 

Mixed-Matrix Membranes (MMMs) | PVA | AEEA | Metal-Organic Frame-

works (MOFs) | ZIF-8 | HKUST-1 | UiO-66 | Carbon Capture | Gas Separa-

tion | CO2 | CH4 | Sorption-Diffusion | Facilitated Transport  
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Sommario | Summary 

 

Introduzione 

 

Le separazioni di gas sono processi essenziali in settori quali il trattamento del 

gas naturale, la cattura del carbonio e il recupero dell'idrogeno. Nonostante il 

loro ruolo importante, le tecniche convenzionali di separazione dei gas, che 

comprendono la distillazione criogenica, l'adsorbimento a pressione variabile 

(PSA), l’adsorbimento a temperatura variabile (TSA), e l'assorbimento chimi-

co, sono dispendiose dal punto di vista energetico e comportano costi operativi 

significativi. Con le tecnologie a membrana si può ridurre notevolmente il con-

sumo energetico delle separazioni dei gas. 

 

Questa tesi si concentra sullo sviluppo di membrane a matrice mista (MMM) 

incorporando strutture metallo-organiche (MOF) in matrici polimeriche. L'uso 

dei MOF è volto a migliorare le prestazioni delle membrane nei processi di se-

parazione dei gas sfruttando le loro elevate aree superficiali, le dimensioni dei 

pori regolabili e le proprietà di setacciatura molecolare. 

 

Obiettivi specifici del lavoro di tesi 

 

- Fabbricazione di membrane a matrice mista (MMM). Avviene incorpo-

rando i MOF ZIF-8, UiO-66 e HKUST-1 nell'alcol polivinilico (PVA). 

Le membrane sono state progettate per incrementare la separazione di 

CO2 rispetto a CH4, due gas chiave difficili da separare in maniera se-

lettiva a causa delle loro dimensioni molecolari simili. 

- Meccanismo di trasporto facilitato per una migliore separazione della 

CO2. Amminoetiletanolammina (AEEA) viene aggiunta nella soluzione 

polimerica contenente MOF. L'AEEA fornisce gruppi amminici che in-

teragiscono chimicamente con la CO2, creando un meccanismo di tra-

sporto facilitato. Questo meccanismo consente di trasportare selettiva-
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mente la CO2 attraverso la membrana sotto forma di carbammato, au-

mentando la permeabilità della CO2. 

- Ottimizzazione dei parametri chiave della membrana. Il lavoro esamina 

gli effetti della variazione del carico di MOF e dello spessore della 

membrana sulle prestazioni di separazione dei gas. L'obiettivo è otti-

mizzare questi parametri per raggiungere un equilibrio tra alta permea-

bilità e selettività, mantenendo stabilità e omogeneità della membrana. 

 

Contesto industriale e necessità di efficienza energetica 

 

Il consumo di energia nei processi di separazione dei gas è uno dei principali 

costi operativi in vari settori industriali. I metodi convenzionali richiedono un 

notevole apporto di calore, pressione o reagenti chimici. Le separazioni a 

membrana offrono la possibilità di ridurre il consumo di energia fino al 90%. 

Le membrane possono funzionare a condizioni ambientali e non richiedono 

cambi di fase, il che le rende intrinsecamente più efficienti dal punto di vista 

energetico; inoltre, vengono ridotte le emissioni di gas serra, migliorando così 

la sostenibilità complessiva. Tuttavia, per essere competitive con i metodi 

convenzionali, le membrane devono superare le sfide della permeabilità e della 

selettività limitate, che questa tesi si propone di affrontare attraverso l'uso di 

membrane potenziate con i MOF e l’AEEA. 

 

Le sfide dei metodi convenzionali di separazione dei gas 

 

- Distillazione criogenica. Questo processo è ad alta intensità energetica 

perché richiede il raffreddamento della miscela di gas a temperature 

estremamente basse e la necessità di compressione lo rende poco pratico 

per l'uso su larga scala. 

- Adsorbimento a pressione variabile (PSA) e adsorbimento a temperatu-

ra variabile (TSA). Questi metodi si basano sull'uso di adsorbenti che 

catturano le molecole di gas in base alle loro dimensioni e affinità. Pur 
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essendo efficaci, PSA e TSA sono complessi e richiedono una frequente 

rigenerazione del materiale adsorbente, con conseguenti costi operativi 

elevati. 

- Assorbimento chimico. Il metodo più comune per la separazione della 

CO2 prevede l'utilizzo di composti chimici come la monoetanolammina 

(MEA), che reagisce con la CO2 formando un composto carbammato. 

Tuttavia, la rigenerazione attraverso il riscaldamento richiede un eleva-

to consumo energetico, rendendo il processo altamente energivoro. 

 

Progressi nelle separazioni dei gas tramite membrana 

 

Le membrane polimeriche sono state ampiamente adottate in vari settori in-

dustriali per la separazione dei gas, come la produzione di azoto e il recupero 

dell'idrogeno. Tuttavia, le membrane polimeriche spesso si scontrano con il 

compromesso permeabilità-selettività. Questo compromesso limita la capacità 

delle membrane polimeriche di ottenere sia un'alta permeabilità (movimento 

di un gas attraverso la membrana), sia un'alta selettività (separazione efficien-

te di un gas rispetto all’altro). 

 

Le membrane a matrice mista (MMM), che combinano materiali polimerici 

con riempitivi come i MOF, offrono una potenziale soluzione a questa sfida. I 

MOF, con la loro elevata area superficiale e le proprietà di setacciatura mole-

colare, possono migliorare le prestazioni delle membrane polimeriche fornendo 

percorsi preferenziali per la diffusione dei gas. Questa combinazione consente 

di superare i limiti delle membrane polimeriche pure, portando potenzialmente 

a una maggiore efficienza nei processi di separazione dei gas. 

 

Strutture metallo-organiche (MOF) 

 

Le strutture metallo-organiche (MOF) sono descritte come materiali cristallini 

nanoporosi, con elevate superfici interne, una dimensione dei pori regolabile e 
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flessibilità architettonica. Queste caratteristiche le rendono un'alternativa 

promettente ai materiali porosi tradizionali come zeoliti e carboni attivi. In 

questo lavoro di tesi sono state incorporate nei polimeri tre specifiche MOF: 

- UiO-66. Questa struttura è composta da cluster Zr6O4(OH)4 e sei le-

ganti benzene-1,4-dicarbossilato (BDC), l'UiO-66 è nota per la sua sta-

bilità e il suo potenziale nella cattura e separazione dei gas grazie alle 

sue proprietà chimiche e di resistenza all'acqua. 

- HKUST-1. Costituita da due leganti benzene-1,3,5-tricarbossilato 

(BTC) e tre Cu2+, con una geometria che ricorda le pale di una ruota. 

Questa MOF può esporre siti metallici insaturi per una maggiore capa-

cità di sorbimento del gas, caratteristica molto utile nelle applicazioni 

di separazione dei gas. 

- ZIF-8. Composta da due leganti 2-metilimidazolo (MeIm) e Zn2+, ZIF-8 

agisce come setaccio molecolare grazie alla sua piccola apertura dei po-

ri, e il gruppo metilico del legante organico può ruotare all'interno dei 

pori, creando un meccanismo di apertura del gate dei pori piuttosto 

flessibile che permette ai gas con diametri cinetici superiori a 3.4 Å di 

diffondere attraverso il sistema di pori. 

 

   

Figure 2.2. MOF crystal structures scaled to accurately show relative size. 
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Table 2.1. MOF structural parameters. 

MOF 
name 

Composition Metal 
cati-
on 

Ligand Limi
ting 
pore 
ap-
er-
ture 
(Å) 

BET 
sur-
face 
area 
(m2/
g) 

UiO-66 Zr6O4(OH)4(BDC)6 Zr4+ 

 

6 1,067 

HKUST-1 Cu3(BTC)2 Cu2+ 

 

9 1,500
-

2,100 

ZIF-8 Zn(MeIm)2 Zn2+ 

 

3.4 1,813 

 

Alcol polivinilico (PVA) come base delle membrane 

 

L'alcol polivinilico (PVA) è un polimero idrofilo noto per le sue eccellenti pro-

prietà di formazione di film, stabilità chimica e solubilità in acqua. In questa 

tesi il PVA viene utilizzato per la sua facilità di lavorazione e la maggiore eco-

compatibilità rispetto ad altri polimeri sintetici. 

 

Fabbricazione di membrane a matrice mista (MMM) 

 

- Preparazione delle membrane. Le membrane sono state preparate scio-

gliendo il PVA in acqua deionizzata tramite vari cicli di riscaldamento 

con microonde e miscelazione con vortex, e successivamente è stata ag-

giunta l’AEEA. La soluzione ottenuta è stata agitata per un minuto e 

poi filtrata per rimuovere eventuali particelle di polvere. I MOF sele-
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zionati (UiO-66, HKUST-1 e ZIF-8 in quantità variabili) sono stati so-

spesi nella soluzione di PVA-AEEA tramite un bagno ad ultrasuoni per 

garantire una distribuzione uniforme e ridurre al minimo l'aggregazione 

delle particelle di MOF. La soluzione è stata poi colata in delle piastre 

di Petri che sono state lasciate ad asciugare sotto cappa circa 48 ore. 

- Sfide nella sospensione dei MOF. Garantire una dispersione uniforme 

delle particelle MOF all'interno della matrice polimerica è fondamentale 

per ottimizzare le prestazioni della membrana. A carichi più elevati di 

MOF, le particelle tendono ad aggregarsi, causando difetti nella mem-

brana che ne riducono la permeabilità e la selettività. 

 

Caratterizzazione delle membrane 

 

- Spessore delle membrane. È stato controllato regolando il volume di so-

luzione che è stato colato nelle piastre di Petri, e poi le membrane mi-

surate tramite micrometro, ottenendo spessori dagli 8.2 μm ai 53.7 μm. 

- Esperimenti di permeazione dei gas. Le membrane sono state analizzate 

per le loro proprietà di permeazione dei gas, utilizzando un sistema di 

separazione dei gas e un gascromatografo. Le condizioni sperimentali 

hanno mantenuto un'umidità relativa (𝑅𝐻) del 90±2%, 𝑇  del forno a 

40 °C, ed è stata testata una miscela 50vol%/50vol% di CO2/CH4, con 

il gas inerte elio (He) utilizzato per spazzare il lato del permeato. 

 

 

Figure 3.2. The gas separation system used in this study. 
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Parametri chiave per la valutazione delle prestazioni delle 

membrane 

 

- Permeabilità (𝑷 ). Essa si riferisce al movimento di un gas attraverso la 

membrana ed è misurata in barrer. Valori di permeabilità più elevati 

indicano che la membrana consente ai gas di passare più facilmente. 

- Selettività (𝜶). È definita come il rapporto di permeabilità tra due gas, 

in questo caso CO2 e CH4. Una selettività più alta indica la capacità 

della membrana di differenziare i gas, il che è essenziale per una sepa-

razione efficace. 

 

Risultati ottenuti 

 

- Prestazioni di ZIF-8, UiO-66 e HKUST-1. Tra le differenti MMM con-

tenenti carichi di 5% MOF, testate e comparate all’inizio del lavoro di 

ricerca (PVA-AEEA-MOF 0.45-0.5-0.05, percentuali in massa delle 

membrane asciutte), ZIF-8 è emerso come il riempitivo più efficace. 

Mentre “PVA-AEEA-UiO-66 0.45-0.5-0.05” ha dimostrato una permea-

bilità di CO2 leggermente superiore (208.4 barrer) rispetto a “PVA-

AEEA-ZIF-8 0.45-0.5-0.05” (185.6 barrer), la sua selettività è risultata 

molto inferiore e le sue prestazioni hanno subito maggiori fluttuazioni 

nel tempo. Questa variabilità è stata attribuita alla presenza di difetti 

nella membrana causati dalla mancata sospensione delle particelle di 

UiO-66 nella soluzione polimerica. Il compromesso permeabilità-

selettività di “PVA-AEEA-HKUST-1 0.45-0.5-0.05” è risultato inferiore 

alle altre MMM, sebbene la membrana fosse omogenea e uniforme. 

- Impatto del carico di ZIF-8 e dello spessore della membrana. È stata 

esaminata attentamente la relazione tra il carico di ZIF-8 e le presta-

zioni della membrana. È stato riscontrato che il carico ottimale di ZIF-

8 per il compromesso permeabilità-selettività è dello 0.5%, con una 

permeabilità di CO2 di 269.8 barrer e una selettività CO2/CH4 di 178.3. 
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Carichi più elevati (5% e 10% di ZIF-8) hanno provocato difetti nella 

membrana, con un impatto negativo sia sulla permeabilità che sulla se-

lettività. Inoltre, lo spessore della membrana si è dimostrato un fattore 

importante nell'ottimizzazione delle prestazioni di separazione dei gas. 

Si è ipotizzato che aumentando lo spessore totale delle MMM, la per-

meabilità di CO2 sarebbe aumentata grazie alla maggiore presenza di 

AEEA nella membrana (meccanismo del trasporto facilitato). Inoltre, le 

membrane più spesse hanno generalmente mostrato una selettività più 

elevata, in quanto hanno fornito una barriera più sostanziale al passag-

gio di CH4, pur mantenendo un'adeguata permeabilità della CO2. La 

piccola dimensione dei pori dello ZIF-8 (3.4 Å) è adatta alla separazio-

ne CO2/CH4, in quanto consente il passaggio della CO2 (3.3 Å) e ferma 

le molecole di CH4 (3.8 Å), essendo più grandi. (L'aumentata selettività 

osservata nel 3% ZIF-8 rispetto a 1% ZIF-8 potrebbe essere dovuta a 

test non effettuati su membrane molto sottili, spesse circa 10 μm). 

 

 

Figure 4.4. Effect of ZIF-8 loading on 𝑃𝐶𝑂2 (hexagram) and 𝑃𝐶𝐻4 (pentagram) of TFC 

MMMs (fixed AEEA 50 wt%) at 40 °C under 𝑅𝐻 of 90% and a 𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 
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Figure 4.8. Effect of ZIF-8 loading on 𝛼𝐶𝑂2/𝐶𝐻4 of TFC MMMs (fixed AEEA 50 wt%) at 40 

°C under 𝑅𝐻 of 90% and a 𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 

 

- Prestazioni della separazione di CO2 delle membrane. Esse sono state 

valutate in condizioni diverse (𝑇  di 40 °C, miscela 50vol%/50vol% di 

CO2/CH4 con un'umidità relativa del 90%) da quelle solitamente utiliz-

zate per i grafici del limite superiore/upper bound (permeazione di gas 

puri a 35 °C e 1 atm). Si sono volute confrontare le prestazioni delle 

membrane polimeriche con incorporato ZIF-8 e contenenti AEEA con 

quelle polimeriche omogenee utilizzate per diagrammare i limiti supe-

riori, per determinare se i risultati fossero promettenti. Tutte le mem-

brane con AEEA hanno mostrato significative prestazioni, superando il 

limite superiore del 2008 di Robeson per la separazione CO2/CH4. Le 

membrane con concentrazioni di ZIF-8 ≤3% e AEEA fisso al 50% han-

no superato il limite superiore del 2019 di Comesana-Gandara. Inoltre, 

l'aumento del contenuto di AEEA (da 50% a 55%, mantenendo costan-

te ZIF-8 allo 0.5%, e diminuendo PVA da 49.5% a 44.5%) ha ulterior-

mente migliorato la permeabilità di CO2 e la selettività CO2/CH4, con-
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fermando l'impatto positivo dell'ammine sulle prestazioni di separazio-

ne, incrementate dal meccanismo del trasporto facilitato. 

 

 

Figure 4.12. CO2 separation properties of various MMMs over CH4 at 40 °C under 𝑅𝐻 of 90% 

and a 𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 

 

Conclusioni 

 

Le membrane a matrice mista (MMM), che combinano la processabilità dei 

polimeri con le proprietà uniche dei riempitivi come le strutture metallo-

organiche (MOF), offrono un promettente progresso per migliorare la separa-

zione dei gas. L'incorporazione di ZIF-8 nelle membrane polimeriche a base di 

PVA migliora le loro prestazioni nella separazione di CO2/CH4. L'aggiunta di 

ammine, come l'AEEA, migliora ulteriormente il compromesso permeabilità-

selettività di CO2, specialmente in ambienti umidi. Questo sviluppo suggerisce 

un potenziale per applicazioni industriali, dove le miscele di gas spesso con-

tengono vapore acqueo. La ricerca futura dovrebbe concentrarsi sull'affina-

mento dell’incorporazione delle MOF nei polimeri. Nonostante le sfide legate 

alla stabilità in ambienti ad alta pressione, i progressi nelle separazioni tramite 

membrana potrebbero trasformare vari settori industriali. L'innovazione con-

tinua è essenziale per ridurre il consumo di energia, diminuire le emissioni di 

CO2 e promuovere processi industriali sostenibili.  
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1. Introduction and background 

 

1.1. The importance of energy-efficient gas separa-

tions 

 

Gas separations are crucial in today's power generation and chemical indus-

tries, as they help capture fuels for combustion, purify chemical building 

blocks for plastics, and isolate pure, non-combustible gases for inerting, all of 

which are integral processes in daily life. 

Separations account for roughly half of all industrial energy consumption in 

the United States, with thermally driven separations like distillation relying 

on liquid-vapor phase changes. 

As a result, the energy input required to pass the heat of vaporization can 

make these processes extremely energy intensive, contributing significantly to 

global energy consumption levels. 

The goal is to replace distillation columns with more energy-efficient alterna-

tives, such as membrane-based technologies. 

Importantly, these membrane technologies contribute to the electrification of 

industrial processes because their pumps are powered by electricity. 

A transition to nonthermal separation methods in the petroleum, chemical, 

and papermaking sectors has the potential to reduce energy costs by 90%, 

eliminate 100 billion kg of CO2 emissions, and save 4 billion USD in energy 

costs annually in the United States alone. 

 

1.2. Current and emerging technologies for gas sepa-

rations 

 

On an industrial scale, the choice of a separation process is determined by 

several factors, including purity, recovery, flow rate, and capital cost. 
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Currently, cryogenic distillation, pressure swing adsorption (PSA), tempera-

ture swing adsorption (TSA), and chemical absorption technologies are the 

most common methods for commercial gas separation due to their low cost 

and ability to isolate high-purity products. 

Significant research is being conducted on alternative separation technologies, 

such as membrane separations, to reduce the carbon footprint and energy con-

sumption associated with traditional unit operations. 

Ideally, these alternative technologies should produce at the same scale and 

purity as existing processes while consuming less energy. 

Cryogenic distillation works similarly to conventional distillation, but at lower 

temperatures to achieve a separation based on differences in boiling points of 

the molecular components. 

As with conventional distillation, the volume and purity of the distillate and 

bottom flows are determined by the feed flow rate and composition, the num-

ber of stages, the operating temperature range and pressure, the reflux ratio, 

and the physical properties of the gaseous components to be separated. 

Taking all variables into account requires complex equipment design and 

thermal integration, resulting in long start-up and shut-down times and high 

capital costs. 

Most of the operating costs are associated with cooling and pressurizing the 

entire column to condense the gases, which is the primary mode of energy 

consumption in the process. 

PSA and TSA are promising separation technologies in which specific gaseous 

compounds in a mixture exhibit preferential and reversible adsorption at ap-

propriate temperatures and pressures. 

As a result, the PSA and TSA communities are focusing significant research 

efforts on developing adsorbent materials with higher capacities and kinetics. 

PSA and TSA have traditionally been carried out using solid-state materials 

such as zeolites and activated carbon. 

These materials are typically porous and have a high surface area, allowing 

them to adsorb gases based on molecular size or affinity. 
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In adsorption processes, weakly adsorbing gases pass through an adsorbent 

bed faster, leaving strongly adsorbing gases in the column. 

PSA regenerates the column through pressure variations, whereas TSA pro-

cesses are similar but use high temperatures to induce desorption. 

Incorporating these technologies into flow diagrams requires sufficient time for 

adsorbent regeneration, therefore, both PSA and TSA processes are typically 

designed with multiple chambers running in parallel to increase total through-

put and allow for continuous separations. 

Separation efficiency is heavily influenced by the adsorbent and mixture com-

position, but for many applications, such as oxygen purification, nitrogen en-

richment, and CO2 based separations, product purity of more than 98% is 

common. 

Because PSA and TSA are typically batch operations, and the throughput 

frequently scales linearly with the amount of adsorbent required, these pro-

cesses are often economical for medium-scale processes with lower purity re-

quirements than those obtained through distillation. 

PSA is preferred over TSA in many applications due to its ease of operation, 

while TSA faces challenges in heating adsorbent materials for a proper regen-

erative cycle. 

As a result, PSA is the primary process for many hydrogen recovery applica-

tions, including the removal of CO2 from steam reforming of hydrocarbons for 

syngas ratio adjustment the generation of high purity nitrogen. 

Chemical absorption competes directly with other CO2 separation technolo-

gies, such as natural gas sweetening and carbon capture from exhaust gas 

emissions. 

The absorbent is typically a liquid amine (e.g., monoethanolamine (MEA), di-

ethanolamine (DEA), or methyldiethanolamine (MDEA)), which reacts with 

CO2 to produce a carbamic acid that is replaced by nitrogen. 

The carbamic acid product is relatively unstable and decomposes at high tem-

peratures, releasing the trapped CO2 and regenerating the amine. 

The non-volatile fraction of the amines is then recycled, allowing a continuous 

process to recover or remove high-purity CO2 from product flows. 
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There are some disadvantages to this technology: first, the carbamic acid 

product requires regeneration temperatures above 100 °C, necessitating a sig-

nificant thermal input for this aqueous system; second, amines can form irre-

versible salts in the presence of traces of SO2 and NOx, necessitating the addi-

tion of more amines over time. 

Lastly, amines can degrade in the presence of O2, resulting in corrosive mix-

tures that can endanger operators and corrode the entire process if not moni-

tored. 

Compared to other processes, membrane-based separations are an appealing 

option for high-energy efficiency operation because they do not require ther-

mally driven phase changes or solid/liquid sorbents that must be regenerated 

at a cost in energy. 

Figure 1.1. summarizes an approximation of the relative energy intensities for 

each of the discussed separation technologies, as well as other unit operations. 

 

 

Figure 1.1. Comparison of relative energy required for separation unit operations, ranging 

from high to low energy. Copyright 2019 National Academies of Sciences, Engineering, and 

Medicine. 

 

Distillation accounts for approximately 50% of the energy consumed by indus-

trial separations, while non-phase change processes such as adsorption and 

membrane processes account for 7% and 4% of total energy consumption. 

Gases are separated using membranes based on differences in diffusion and 

sorption coefficients, which are molecular properties largely determined by the 

membrane material. 

Monsanto pioneered the first successful industrial implementation of a mem-

brane-based gas separation system for hydrogen purge recovery in petrochemi-

cal and ammonia plants in 1977. 
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Since then, gas separations using polymeric membranes have evolved into an 

economically viable alternative to traditional separation technologies. 

As shown in Figure 1.2., the gas separation membrane market has been suc-

cessful in four major applications and is expected to grow steadily. 

 

 

Figure 1.2. Approximate market size in millions of USD, divided by major application, of 

membrane-based gas separations in 2002 and 2018 and projected market size in 2022. 

 

Overall, membrane-based gas separations have emerged as a promising plat-

form for energy-efficient gas separation, with the potential to save capital and 

energy-related operating costs while also providing benefits such as ease of op-

eration and compact footprint. 

 

1.3. Current state of membrane-based gas separa-

tions 

 

Today, most membranes used in industrial gas separation processes are fabri-

cated using a phase-inversion technique first developed by Loeb and Sourira-

jan. 

This process creates an asymmetric membrane consisting of a thin selective 

layer (0.1-1.0 µm) on a porous support for mechanical strength. 
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Modern gas separation plants require 1,000-500,000 m2 of membrane film area, 

which directly correlates with the thickness of the selective layer. 

Finding ways to make thinner membranes reduces the required membrane ar-

ea, lowering the overall capital cost of the separation system while maintain-

ing the desired throughput. 

 

1.3.1. Applications of membranes for gas separations 

 

Membrane separations are often more economically advantageous in the gas 

separations market for smaller-scale operations due to their lower capital costs 

and linear cost-throughput scaling. 

A common challenge for membrane separations is achieving high purity sepa-

rations, which, in the absence of pressure-ratio limitations, are determined by 

the membrane material's separation performance. 

Thus, membranes typically provide adequate product recovery in applications 

where high purity is not required (for example, 99% N2 and 1% O2 from air). 

Membranes are currently used in limited industrial capacity, with major suc-

cesses in four applications that represent 80-90% of the current 1.0-1.5 bil-

lion/year USD membrane market: nitrogen production (O2/N2), natural gas 

treatment (CO2/CH4, H2S/CH4, He/CH4), hydrogen recovery (H2/N2, 

H2/CH4, H2/CO), and vapor recovery (C3H6/N2, C2H4/N2, C2H4/Ar, 

C3+/CH4, CH4/N2). 

Currently, only polymeric membranes are used in any significant industrial 

capacity; nevertheless, metal-organic frameworks (MOFs) have been success-

fully formed into crystalline films and composite materials, including mixed-

matrix membranes (MMMs), allowing researchers to develop materials with 

unprecedented properties. 

Key challenges must be overcome to turn these lab-scale curiosities into com-

mercial products, but there is a growing body of evidence that suggest a 

breakthrough is near. 
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While the commercial success of polymeric membrane separations is encourag-

ing, there is still significant room for growth in current applications as well as 

opportunities in emerging markets. 

Membranes, for example, currently account for approximately 10% of the nat-

ural gas purification market, with chemical amine absorption accounting for 

the remaining 90%, due to their low permeability and selectivity. 

In this case, membranes with higher performance would allow for more wide-

spread use. 

 

1.3.2. Polymeric membranes challenges 

 

After thousands of new materials were discovered and characterized, 90% of 

commercial membranes are made of fewer than ten polymers (e.g., polysul-

fone, cellulose acetate, polyimides, polyphenylene oxide, substituted polycar-

bonates, polyaramides, and silicone rubber), most of which were developed 

and implemented before the 1990s. 

The four “solved” membrane applications above have stagnated due to the 

small capital cost reduction from adopting many new materials. 

Improved permeability and selectivity can reduce, respectively, membrane ar-

ea and compressor size, but the high fixed costs of other process components 

in the membrane skid (e.g., pumps, compressors, steel vessels, pipes, valves) 

limit capital savings to 5-10%. 

To lower compressor and pump costs and encourage new material adoption, 

material performance must improve. 

A process flow diagram must be optimized to minimize energy and capital 

costs for “solved” and new applications to determine if membrane separation 

is competitive with current unit operations. 

Gas separation membrane researchers aim to improve membrane performance 

and stability to create materials for new applications like those above. 
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1.3.2.1. Permeability-Selectivity trade-off 

 

A membrane should maximize throughput and reduce costs by providing high 

flux and gas purity. 

The structure of membrane materials determines permeability and selectivity, 

leading to research on structure-property relationships. 

As membrane separation data increased, a trade-off relationship between gas 

permeability and ideal selectivity was discovered, first characterized for a 

large database by the Robeson upper bound in 1991 and revisited in 2008 for 

homogeneous polymeric membranes. 

These upper bounds show this trade-off relationship for pairs of common gases 

(He, H2, O2, CO2, N2, and CH4) and display the best permeability and selec-

tivity at a given time, setting a standard for new material performance met-

rics. 

Glassy, high-free volume polymers and perfluoropolymers defined the 2008 

upper bound fronts. 

Polymers of intrinsic microporosity (PIMs), a class of high-free volume poly-

mers, have been studied and developed since 2008, so researchers have estab-

lished new upper limits for some gas pairs. 

In Figure 1.3., the Robeson and Comesana-Gandara upper bounds for 

CO2/CH4 show the improvement in separation performance over time. 
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Figure 1.3. CO2/CH4 upper bound plots for homogeneous, solution-processable polymeric ma-

terials, showing the separation performance for conventional polymers (gray squares) and 

PIMs (blue circles). 

 

MOFs-based membrane advancements should be compared to state-of-the-art 

polymer performance. 

As shown in Figure 1.4., the MMMs formed by the most widely reported 

MOF fillers comprise a large portion of the data points, including ZIFs, MILs, 

UiO-66 and HKUST-1 ones. 

 

 

Figure 1.4. MMMs performance for CO2/CH4 separation as compared to the 2008 Robeson 

upper bound. 
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Typically, upper bound plots show pure-gas permeation data at 35 °C and 1 

atm, therefore, it should be noted that surpassing the upper bound should not 

be considered the objective of materials intended for industrial use, because 

these optimal testing conditions are far from industrial operating temperatures 

and pressures. 

Gas mixtures, especially condensable gases, can have different separation per-

formance than pure gases due to competitive sorption and swelling effect. 

Developing a material that exceeds the upper bound for one or more gas pairs 

is encouraging, but it is not a guarantee of industrial viability. 

 

1.3.2.2. Membrane stability 

 

Application considerations include membrane stability to process conditions 

over time. 

An industrial membrane should last three to five years and provide predicta-

ble outlet stream purity. 

These stability issues mostly involve plasticization and chemical stability. 

The first consideration is crucial for viscoelastic polymer-based membranes, 

and the second is for all materials. 

Plasticization occurs when a polymer matrix absorbs a highly sorbing gas 

(e.g., CO2, C2H4, C3H6, etc.) and swells, increasing diffusion coefficients of all 

gases and decreasing selectivity. 

In many of the interesting separations, like CO2/CH4 and C3H6/C3H8, plasti-

cization effects have a significant impact, resulting in mixed gas selectivities 

that are 2.5-10 times lower than ideal values. 

For example, natural gas mixtures consist not only of CO2 and CH4 but also 

can contain 5-15% of C2-C6 hydrocarbons and up to 500 ppm of benzene, tol-

uene, ethylbenzene, and xylene (BTEX aromatics). 

At typical pressures for natural gas processing (20-60 bar), these additional 

contaminants sorb into the polymer and cause significant plasticization and a 

corresponding loss of selectivity. 
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Finally, membranes must resist process contaminants like H2S in natural gas 

purification. 

Stability tests should be performed to determine membrane lifetime when ex-

posed to corrosive and acidic gases. 

 

1.4. Mixed-Matrix Membranes: next-generation ma-

terials for better performance 

 

Researchers are exploring alternative materials for membrane-based separa-

tions to overcome polymeric membranes' performance and stability issues and 

advance emerging applications. 

One “next-generation” approach uses MOFs as fillers in polymer matrix to 

create mixed-matrix membranes (MMMs). 

MOFs are organic-inorganic hybrids with defined pore sizes and topologies 

based on synthetic building blocks. 

Depending on the pore aperture and gas sizes, these fixed pore sizes can size-

sieve well. 

MMMs use MOFs as fillers in polymers to create new composite materials by 

combining polymers' facile membrane processability and MOFs' superior 

transport properties. 

However, MMMs have unique polymer-MOF interfacial challenges that must 

be addressed. 

Many MMMs have shown promising separation performance and plasticiza-

tion resistance, despite being a new materials space for research. 

Such findings build confidence in envisioning large-scale commercial applica-

tions of MOFs for gas separations.  
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2. State of the art 

 

2.1. MOF structures 

 

In the last 25 years, metal-organic frameworks (MOFs) have become promis-

ing crystalline nanoporous materials with diverse applications. 

MOFs are an emerging competitor to traditional porous materials like zeolites 

and activated carbons due to their high internal surface area (500-7,000 

m2/g), tunable pore aperture, adjustable organic functionality, architectural 

flexibility, and thermal/physical stability. 

Combining transition metals and multidentate anionic organic ligands creates 

a variety of MOF structures and chemistries with many applications, such as 

energy-efficient gas separation and storage. 

Increased MOF research in recent decades has produced many MOF struc-

tures with various pore sizes, surface areas, chemical functionalities, etc. 

Figure 2.1. illustrates the striking increase of the number of known MOF 

structures. 

 

 

Figure 2.1. Growth of the MOF field in terms of number of structures reported in the Cam-

bridge Structural Database (CSD). 

 



 

31 

Figure 2.2. and Table 2.1. list the crystal structures and structural parameters 

of the selection of MOFs used for the membrane gas separation-related appli-

cation discussed in this thesis. 

 

   

Figure 2.2. MOF crystal structures scaled to accurately show relative size. 

 

Table 2.1. MOF structural parameters. 

MOF 
name 

Composition Metal 
cati-
on 

Ligand Limi
ting 
pore 
ap-
er-
ture 
(Å) 

BET 
sur-
face 
area 
(m2/
g) 

UiO-66 Zr6O4(OH)4(BDC)6 Zr4+ 

 

6 1,067 

HKUST-1 Cu3(BTC)2 Cu2+ 

 

9 1,500
-

2,100 

ZIF-8 Zn(MeIm)2 Zn2+ 

 

3.4 1,813 
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2.1.1. UiO-66 

 

Named after the University of Oslo, UiO-66 consists of Zr6O4(OH)4 clusters 

coordinated with six 1,4-benzenedicarboxylate (BDC) ligands. 

UiO-66 has high thermal, chemical, and water stability. 

Moreover, topologically similar frameworks can be easily formed with substi-

tuted variations of 1,4-benzenedicarboxylate (i.e., -NH2, -COOH, -OH). 

Given the accessible functionalities in UiO-66, excellent gas cap-

ture/separation and interfacial interactions between modified UiO-66 fillers 

and polymer matrices are often reported. 

 

2.1.2. HKUST-1 

 

HKUST-1, which stands for the Hong Kong University of Science and Tech-

nology, is made up of benzene-1,3,5-tricarboxylate (BTC) ligands coordinated 

with a Cu2+ paddlewheel structure. 

HKUST-1 is stable up to 300 °C under nitrogen atmosphere and has coordina-

tively unsaturated (open) metal sites that can be exposed by removing weakly 

bound solvent or water molecules through solvent exchange and/or heating. 

These coordinatively unsaturated metal sites act as Lewis’s acids, providing 

additional gas sorption capacity compared with their coordinatively saturated 

counterparts. 

 

2.1.3. ZIF-8 

 

ZIF-8 is made up of 2-methylimidazole (MeIm) ligands coordinated with Zn2+. 

The small pore aperture makes this material a molecular sieve with length 

scales of interest for gas separations. 

Interestingly, the methyl group in the organic ligand of ZIF-8, which extends 

into the pore aperture, can rotate within the pores, creating a somewhat flexi-
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ble pore-gate opening mechanism that permits gases with kinetic diameters 

larger than 3.4 Å (e.g., C3H8, C3H6) to diffuse through the ZIF-8 pore system. 

 

2.2. Sorption-Diffusion model 

 

Two models have been used to describe permeation since membrane separa-

tions began. 

The first model is the pore-flow model, whereby permeation is described by 

internal pressure gradients established through pores within the membrane 

material. 

For water separation, this model applies to ultrafiltration (UF) and microfil-

tration (MF) membranes with large pore structures. 

The other model is the sorption-diffusion model, which is widely employed to-

day to describe gas transport in dense polymeric membranes. 

It should be noted that the more general term “sorption-diffusion” was chosen 

over “solution-diffusion” to better reflect the fact that this model is frequently 

applied to materials defined by absorption-based and adsorption-based pro-

cesses. 

In contrast, the term “solution” is frequently used to refer uniquely to “ab-

sorption”. 

According to Figure 2.3., the sorption-diffusion model states that molecular 

transport through the membrane is driven by a concentration gradient, not a 

pressure gradient. 
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Figure 2.3. Schematic of penetrant transport across a dense polymeric membrane. The up-

stream gas-phase partial pressure of each gas, 𝑝𝑖(𝑢), influences the concentration at which gas-

es sorb into the membrane. The resulting concentration gradient drives transport through the 

membrane. The downstream gas-phase partial pressure of each gas, 𝑝𝑖(𝑑), influences penetrant 

desorption from the membrane. 𝑙 represents membrane thickness, and 𝐽𝑖 represents flux. 

 

Several polymer studies, including reverse osmosis with cellulose acetate, have 

shown this mechanistic behavior. 

The sorption-diffusion model can likewise be applied to ultramicroporous ma-

terials, including MOFs, which have pores of similar sizes to free volume ele-

ments in many polymers. 

However, validation studies, such as those described for polymers, are absent 

from the porous materials community, so researchers are encouraged to con-

sider similar verification experiments for new materials that are developed. 

In gas separations, the primary factors for evaluating membrane transport 

performance are flux, permeability, and selectivity. 

For a single gas permeating through a membrane, the gas permeability, 𝑃 , 

can be described by 

 

𝑃 =
𝐽

𝑝𝑢 − 𝑝𝑑
𝑙

=
𝐽

𝛥𝑝
𝑙

(2.1. ) 

 

where 𝐽  is the steady-state gas flux, 𝑙 is the effective thickness of the mem-

brane, 𝑝𝑢 is the upstream pressure, and 𝑝𝑑 is the downstream pressure. 
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The flux is governed by the permeability and effective thickness of the mem-

brane and the operating pressure differential. 

Gas permeability is typically viewed as an intrinsic material property because 

it is defined as flux normalized by extrinsic factors; namely, membrane thick-

ness and the pressure driving force. 

For gas mixtures, 𝛥𝑝 is taken to be the partial pressure difference of the com-

ponent of interest. 

For nonideal gases, 𝛥𝑝 can be replaced by the fugacity difference across the 

membrane. 

Gas permeability is typically expressed in units of barrer: 

 

1 barrer = 7.501 ⋅ 10−18
m3(STP) ⋅ m

m2 ⋅ s ⋅ Pa
(2.2. ) 

 

Permeability coefficients differ for individual gases in a mixture, and thus, a 

larger permeability of one gas compared to that of another forms the basis for 

performing a separation. 

Derived from Fick’s law, 𝑃  can be written as the product of a concentration-

averaged diffusion coefficient, 𝐷, and a gas sorption coefficient, 𝑆, forming the 

sorption-diffusion model: 

 

𝑃 = 𝐷 ⋅ 𝑆 (2.3. ) 

 

𝑆 is normally expressed in m3(STP)/(m3(polymer)·Pa), and 𝐷 is commonly 

expressed in m2/s. 

The diffusion coefficient reflects gas molecule mobility in membrane material 

and is approximately equal to 𝑓𝜆2/6, where 𝑓 and 𝜆 represent gas random 

walk jump frequency and jump length, respectively. 

Since the jump frequency of the penetrant depends on the existence or crea-

tion of suitable gaps, diffusion coefficients are sensitive to polymer chain flexi-

bility, packing defects, gaps between chains, and other structural features that 

create polymer openings large enough for penetrant diffusion. 
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Penetrant size also has a significant effect on diffusion coefficients, as larger 

gases generally have lower diffusion coefficients because they interact with 

more segments of the polymer chain compared to smaller molecules. 

Sorption reflects the partitioning of molecules between the gas phase and the 

sorbed phase in the polymer. 

Therefore, the sorption-diffusion model considers both kinetic and thermody-

namic aspects of permeation, as determined by diffusion and sorption coeffi-

cients, respectively. 

A common parameter used to characterize the efficiency of a membrane sepa-

ration for a particular gas mixture is the separation factor, 𝛼∗. 

For a binary gas mixture permeating through a membrane, the separation fac-

tor for component 𝐴 relative to component 𝐵, 𝛼𝐴/𝐵
∗ , is defined as 

 

𝛼𝐴
𝐵

∗ =

𝑦𝐴
𝑦𝐵
𝑥𝐴
𝑥𝐵

= (
𝑃𝐴
𝑃𝐵
)

(

  
 
𝛥𝑝𝐴
𝑥𝐴
𝛥𝑝𝐵
𝑥𝐵 )

  
 

(2.4. ) 

 

where 𝑥𝐴|𝑥𝐵 is the concentration of gas 𝐴|𝐵 in the feed and 𝑦𝐴|𝑦𝐵 is the con-

centration of gas 𝐴|𝐵 in the permeate. 

The terms 𝛥𝑝𝐴 and 𝛥𝑝𝐵 are the partial pressure differences of components 𝐴 

and 𝐵 across the membrane, respectively. 

As a result, membrane selectivity is generally viewed as a factor related to in-

trinsic separation properties of the polymer, 𝑃𝐴/𝑃𝐵, and does have some pres-

sure dependence. 

When the downstream pressure is negligible relative to the upstream pressure, 

the separation factor can be written as the ideal selectivity, 𝛼𝐴/𝐵. 

 

𝛼𝐴
𝐵
=
𝑃𝐴
𝑃𝐵
= [
𝐷𝐴
𝐷𝐵
] [
𝑆𝐴
𝑆𝐵
] (2.5. ) 

 

Like membrane permeability, the ideal selectivity is an intrinsic property of a 

material. 
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It provides a convenient measure for evaluating the relative ability of various 

membrane materials to separate gas mixtures. 

The ratio 𝐷𝐴/𝐷𝐵 is the diffusivity selectivity, reflecting the relative rates of 

diffusion. 

The ratio 𝑆𝐴/𝑆𝐵 is the sorption selectivity, reflecting the relative sorption of 

the two gases in the membrane material. 

 

2.3. Mechanisms for gas transport in membrane ma-

terials 

 

The mechanism of molecular permeation through synthetic membranes is de-

termined by several factors, the most significant of which are (1) the chemical 

composition of the membrane material and its internal pore or free volume 

structure, and (2) the physical properties of the molecular mixture. 

In general, membrane materials for gas separation can be divided into three 

types: flexible polymers, semirigid polymers, and molecular sieves. 

Molecular permeation in these materials is distinguished by differences in 

sorption and diffusion mechanisms, as shown in Figure 2.4. 

 

 

Figure 2.4. Three major classes of membrane materials. (a.) Flexible polymers with character-

istic transient gaps created by segmental packing and motion. (b.) Semirigid polymers with 

interconnected micropores created by inefficient segmental packing. (c.) Molecular sieves with 

rigid ultramicropores and micropore morphology. The yellow shaded areas in semirigid poly-

mers and molecular sieves represent intrinsic and measurable porosity, which is not present in 

flexible polymers. The green shaded areas represent motion-enabled zones of activation re-

quired for diffusion. Copyright 2017 Nature Publishing Group. 
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The segmental motion of polymer chains creates a distribution of stochastical-

ly fluctuating, penetrant-sized transient gaps within the polymer matrix (Fig-

ure 2.4.a.). 

Jump lengths are nearly identical for similarly sized penetrants in flexible pol-

ymeric materials, resulting in a lack of diffusion selectivity due to imprecisely 

controlled segmental motions in the zone of activation. 

A molecular sieve (Figure 2.4.c.) is a material with uniformly sized ultrami-

cropores capable of precisely separating discrete penetrants. 

In contrast to flexible polymers, molecular sieves are distinguished by the 

highly restricted diffusion of molecules through constrictions of comparable 

size to the molecules being separated. 

To diffuse through ultramicropores, molecules must be sufficiently energetical-

ly activated to overcome the activation energy barrier imposed by the ultra-

micropore walls. 

Therefore, smaller molecules have lower activation energies for diffusion and 

diffuse faster than larger ones. 

As a result, the molecular sieving mechanism can provide high diffusion selec-

tivity, particularly when the pore size is very similar to that of the desired 

penetrant molecules. 

Semirigid polymers with intermediate rigidity have properties like flexible pol-

ymers and molecular sieves, as illustrated in Figure 2.4.b. 

Semirigid materials, such as polymers with intrinsic microporosity (PIMs) and 

thermally rearranged polymers (TR polymers), have demonstrated excellent 

separation performance and may be a viable alternative to molecular sieve 

materials. 

However, compared to molecular sieves, current semirigid materials have low-

er selectivity for many gas pairs. 

 

2.4. Gas sorption and transport in polymers 

 

The sorption coefficient (𝑆) quantifies gas-to-sorbed-phase partitioning. 
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From a thermodynamic perspective, the sorption of gases in rubbery polymers 

often behaves in an equivalent way to the sorption of gases in low molecular 

weight liquids, whereby gas concentration sorbed in the polymer often obeys 

Henry’s law: 

 

𝐶 = 𝑘𝐷𝑝 (2.6. ) 

 

where 𝑘𝐷 is the Henry’s law constant and 𝑝 is the gas pressure in contact with 

the polymer. 

For highly sorbing penetrants (e.g., organic vapors) or gases at high pressures, 

penetrant concentration in a polymer may deviate from Henry’s law, but it 

can often be satisfactorily expressed by the Flory-Huggins equation: 

 

𝑙𝑛(𝛼) = 𝑙𝑛(𝜙) + (1 − 𝜙) + 𝜒(1 − 𝜙)2 (2.7. ) 

 

where 𝛼 is penetrant activity, 𝜙 is the volume fraction of penetrant dissolved 

in the polymer, and 𝜒 is the Flory-Huggins interaction parameter. 

Moreover, since large molecules are normally more condensable than smaller 

ones, the sorption coefficient usually increases with the molecular size of the 

penetrant. 

Hence, the sorption selectivity often favors the permeation of larger and more 

condensable molecules, such as hydrocarbon vapors over light gases, and in 

the case of the application discussed in this thesis, 𝑆𝐶𝐻4 > 𝑆𝐶𝑂2, since these 

molecules have kinetic diameter 𝑑𝑘 values of 3.8 Å and 3.3 Å, respectively. 

The physical properties of glassy polymers are quite different from those of 

the rubbery polymers, with many of the differences in the sorption and 

transport properties associated with excess free volume resulting from the 

nonequilibrium nature of the glassy state (i.e., polymers below their glass 

transition temperature, or 𝑇𝑔). 

Excess free volume can be generated by inefficiencies in polymer chain pack-

ing, while equilibrium free volume is created by the dynamic molecular motion 

of polymer chain segments. 



 

40 

As illustrated in Figure 2.5., a glassy polymer shows a larger specific volume, 

𝑉𝑔, than the specific volume of an equivalent hypothetical polymer in its equi-

librium packing state, 𝑉𝑙. 

 

 

Figure 2.5. Schematic representation of nonequilibrium, excess volume, 𝑉𝑔 − 𝑉𝑙, in a glassy 

polymer. 

 

An estimate of 𝑉𝑙 can be obtained by extrapolating the specific volume data 

above 𝑇𝑔 to the temperature of the polymer (dashed line in Figure 2.5.). 

This nonequilibrium excess volume, 𝑉𝑔 − 𝑉𝑙, arises from the inability of the 

polymer chains to undergo conformational rearrangement at a sufficient rate 

to reach equilibrium once the temperature is below the 𝑇𝑔. 

Diffusion coefficients correlate with fractional free volume (𝐹𝐹𝑉 ) according to 

the Cohen-Turnbull Model, which predicts diffusion coefficients to increase as 

free volume increases. 

The relationship between diffusion coefficients and 𝐹𝐹𝑉  can be written as 

 

𝐷 = 𝐶𝐺𝐹 ⋅ 𝑒𝑥𝑝 (−
𝛾𝜈∗

𝐹𝐹𝑉
) (2.8. ) 

 

here 𝐶𝐺𝐹  is a constant related to a geometric factor, the molecular diameter, 

and the gas kinetic velocity; 𝜈∗ is the critical volume of statistically fluctuat-



 

41 

ing free volume elements required to permit a diffusive jump; and 𝛾 is an 

overlap factor introduced to prevent double counting of free volume elements. 

𝐹𝐹𝑉  is calculated as the difference between the measured experimental specif-

ic volume, 𝑉  (cm3/g), and the theoretical volume occupied by the polymer 

chain segments, 𝑉0 (cm
3/g): 

 

𝐹𝐹𝑉 =
𝑉 − 𝑉0
𝑉

(2.9. ) 

 

The term 𝑉0 is typically estimated using group contribution theory as de-

scribed by Bondi: 

 

𝑉0 = 1.3∑𝑉𝑊 (2.10. ) 

 

where 𝑉𝑊  is the van der Waals volume of functionality comprising the poly-

mer chains. 

Since both the diffusion coefficient and the sorption coefficient are strongly re-

lated to the free volume of the polymer, the gas permeability can be predicted 

by 

 

𝑃 = 𝐶𝑀1 ⋅ 𝑒𝑥𝑝 (−
𝐶𝑀2
𝐹𝐹𝑉

) (2.11. ) 

 

here 𝐶𝑀1 and 𝐶𝑀2 are materials constants for a particular gas. 

 

2.5. Membrane structure 

 

Figure 2.6. illustrates the structure of a typical thin-film composite membrane 

used in industrial gas and liquid separations. 
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Figure 2.6. Schematic drawing of the structure of a thin-film composite membrane. 

 

The mechanical strength of the membrane is provided by a microporous and 

highly permeable support material. 

Most of the membrane thickness is composed of this support, which frequently 

has an asymmetric structure with a more open structure on one side and a 

relatively low porosity “skin” on the other. 

The low-porosity side of the support is typically coated with one or more pol-

ymer layers including a gutter layer, a selective layer, and a protective or seal-

ing layer. 

The gutter layer is made of a highly permeable polymer and serves to both di-

rect the permeating gas to the support membrane pores and enhance the 

compatibility between the microporous support and selective layer. 

The gutter layer is then coated with a selective layer composed of a polymer 

with the desired separation properties. 

Finally, a high-permeability protective or sealing layer can be applied to plug 

any defects in the selective layer and prevent damage during handling. 

 

2.6. Polyvinyl alcohol (PVA) 

 

It is a linear and semicrystalline polymer consisting of a carbon chain, as the 

backbone, and a hydroxyl (OH) functional group. 

This polymer is obtained by hydrolysis of polyvinyl acetate (PVAc): during 

the hydrolysis process, ester group, existing in the structure of precursor vinyl 

acetate, is completely or incompletely replaced by OH groups. 
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The properties of PVA are principally affected by the average degree of 

polymerization and its degree of hydrolysis of its monomer. 

Figure 2.7. displays the molecular structures of completely and incompletely 

hydrolyzed PVA. 

 

 

Figure 2.7. (a.) Molecular structures of completely and (b.) incompletely hydrolyzed PVA; 

subscripts m and n denote respective degrees of polymerization. 

 

Incompletely hydrolyzed PVA could be considered as a copolymer of vinyl al-

cohol and vinyl acetate, because of the co-existence of OH and ester functional 

groups in its structure. 

On the other hand, completely hydrolyzed PVA can be considered as a homo-

polymer in its normal form. 

PVA is known as a versatile polymer due to its wide range of molecular 

weights (9,000-186,000 g/mol), and it is a water-soluble and highly hydro-

philic polymer, because of the existence of OH groups in its backbone. 

In addition to hydrophilicity, PVA has other advantageous properties such as 

the availability, low cost, excellent film formation, biodegradability, biocom-

patibility, non-toxic, heat resistance, good chemical resistance, and adhesion. 

These characteristics make the PVA an attractive choice for various purposes 

such as the formation of films, hydrogels, fibers, composites. 

Consequently, it has been the most favorable candidate for the fabrication of 

membranes, since the 1970s, being that PVA dissolved in water can be easily 

coated on the top of the porous support and work as the CO2 selective layer. 
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2.7. CO2 transport through humidified Facilitated 

Transport Membranes (FTMs) 

 

While all gaseous species are transported through the membrane according to 

the sorption-diffusion model (SDM), this conventional transport is supple-

mented by a carrier-mediated transport for CO2. 

The carrier-mediated transport exploits CO2's chemical properties to improve 

its permeation through the membrane via reversible reaction mechanisms. 

The reversible reaction between a desired component 𝐴, in this case CO2, and 

a carrier 𝐶 is shown in the following equation: 

 

Component(𝐴) + Carrier(𝐶) ⇄ 𝐴𝐶 (2.12. ) 

 

The overall mass flux of component 𝐴 (𝐽𝐴) is divided into the Fick’s diffusion 

and the carrier-mediated diffusion, which therefore reads as 

 

𝐽𝐴 =
𝐷𝐴
𝑑𝑥
(𝐶𝐴,𝑓 −𝐶𝐴,𝑝) +

𝐷𝐴𝐶
𝑑𝑥
(𝐶𝐴𝐶,𝑓 −𝐶𝐴𝐶,𝑝) (2.13. ) 

 

where 𝐷𝐴 is the diffusion coefficient of the Fick’s diffusion, and 𝐷𝐴𝐶 is the 

diffusion coefficient of the carrier-mediated transport. 

Moreover, 𝐶𝐴 and 𝐶𝐴𝐶 denote the concentration of component 𝐴 and the car-

rier solute 𝐴𝐶 on the membrane interfaces, which are further denoted with 𝑓 

for the feed side and 𝑝 for the permeate side, respectively. 

Figure 2.8. shows the carrier facilitated transport of CO2 through an FTM as 

it is commonly described in the literature. 
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Figure 2.8. Schematics of transport mechanisms in facilitated transport membranes. Copy-

right © 2013 American Chemical Society. 

 

Specific carrier materials interact with CO2 and reduce the transport re-

sistance of the membrane. 

There are two types: 

- Fixed-site carriers. Mostly polymers immobilized within the membrane. 

- Mobile carriers. Smaller molecules dissolved within the membrane. 

The reactive sites of the carriers in FTMs are usually amine groups. 

Within FTMs, two different transport models for the two carrier types, fixed-

site and mobile, have been proposed. 

In membranes that host fixed-site carriers, the reaction product experiences a 

hopping mechanism along the charged amine groups. 

For mobile carriers, a coupled diffusion mechanism in which the carrier-CO2 

adduct diffuses through the membrane along the concentration gradient of 

CO2 was proposed. 

After the transport through the membrane, the reaction between the carrier 

and CO2 is reversed, and CO2 exits the membrane in the permeate phase. 
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2.8. AEEA’s superior CO2 separation performance 

to MEA 

 

2.8.1. Molecular structures 

 

Monoethanolamine (MEA, H2N(CH2)2OH), shown in Figure 2.9., has been 

widely studied by experiments and theories as a model compound for CO2 

separation and capture. 

 

 

Figure 2.9. Molecular structure of monoethanolamine (MEA). 

 

2-(2-aminoethylamino)ethanol (AEEA, H2N(CH2)2NH(CH2)2OH) has attract-

ed attention for its superior CO2 separation and capture performance com-

pared to monoamines such as MEA. 

AEEA is a diamine with a primary and a secondary amine group and a hy-

droxyl (OH) group, as shown in Figure 2.10. 

 

 

Figure 2.10. Structure of twisted-form AEEA. Red, blue, gray, and white colors represent ox-

ygen (O), nitrogen (N), carbon (C), and hydrogen (H) atoms, respectively. 

 

For simplicity, the primary and secondary amines of AEEA are referred to as 

AEEAP and AEEAS, respectively. 

Furthermore, the twisted AEEA structure is assumed to be the reactant that 

interacts with CO2, being more stable than that in its all-trans-form. 
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2.8.2. Reaction pathways 

 

Table 2.2. Gibbs free energy (𝛥𝐺) and total energy (𝛥𝐸) of activation in reaction pathways 

of CO2 interaction with primary, secondary amines in AEEA, and primary amine in MEA. 

Type Step 𝜟𝑮 

(kcal/mol) 

𝜟𝑬 

(kcal/mol) 

Primary amine 

(AEEA) 

First (RC→INT 1) 

Second (INT 1→INT 2) 

Third (INT 2→PC) 

3.14 

-0.31 

6.29 

2.36 

0.59 

10.07 

Secondary amine 

(AEEA) 

First (RC→INT) 

Second (INT→PC) 

3.95 

13.60 

1.88 

15.77 

Primary amine 

(MEA) 

First (RC→INT) 

Second (INT→PC) 

4.30 

10.75 

1.81 

13.38 

 

AEEA is known to participate in two-step CO2 reactions to form carbamic ac-

id at each primary and secondary amine site via the following equations. 

 

Primary amine: 

 

AEEAP +CO2 +H2O⇄ AEEACOOP
− +H3O

+ (2.14. ) 

AEEACOOP
− +H3O

+ ⇄ AEEACOOPH+H2O (2.15. ) 

 

Secondary amine: 

 

AEEAS +CO2 +H2O⇄ AEEACOOS
− +H3O

+ (2.16. ) 

AEEACOOS
− +H3O

+ ⇄ AEEACOOSH+H2O (2.17. ) 

 

The first step reactions (Equations 2.14. and 2.16.) are the formation of a car-

bamate anion, while the second step reactions (Equations 2.15. and 2.17.) cor-

respond to carbamate protonation. 
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Calculations investigated the CO2 interaction with twisted AEEA as the first 

stage of CO2 separation. 

Figure 2.11. shows the pathway for CO2 interaction with AEEAP, correspond-

ing to Equations 2.14. and 2.15., which was found to be a three-step reaction 

by these calculations. 

 

 

Figure 2.11. Reaction pathway of the CO2 interaction with AEEAP (Gibbs free energy, 𝛥𝐺). 

The green, yellow, and blue markers represent hydrogen atoms 𝐻𝛼, 𝐻𝛽, and 𝐻𝛾 , respectively. 

 

In the first reaction step (from the reactant (RC) to intermediate (INT) 1), 

AEEAP is attacked by CO2 to form AEEA(NH2)PCOO. 

The OH group and secondary amine form hydrogen bonds with H2O in the 

RC structure, assuming that the H2O molecule is captured by the OH group. 

CO2 forms a covalent C-N bond (1.59 Å in length) with the primary amine in 

the INT 1 structure. 

It can be considered that the first RC→INT 1 step is the middle stage of 

Equation 2.14.; that is, AEEA(NH2)PCOO is formed as an intermediate before 

the formation of carbamate anion by deprotonation. 

The Gibbs free energy of activation (𝛥𝐺) from RC to INT 1 was found to be 

3.14 kcal/mol (see Table 2.2.). 

In the second step (INT 1→INT 2), the hydrogen bond between AEEAS and 

H2O is broken, and H2O moves away from AEEAS. 
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Transition state (TS) 2 is more stable than INT 1, and 𝛥𝐺 for this reaction 

step has a negative value of -0.31 kcal/mol, and the total energy of activation 

(𝛥𝐸) has a positive value of 0.59 kcal/mol (Table 2.2.). 

The third step (INT 2→PC) includes three atomic movements. 

i. The hydrogen (H) atom of the primary amine (𝐻𝛼) in AEEA transfers 

to the OH group. 

ii. The H atom of the OH group (𝐻𝛾) moves to H2O. 

iii. The H atom of H2O (𝐻𝛽) moves to CO2. 

The concerted movement of these three protons (𝐻𝛼
+, 𝐻𝛽

+, and 𝐻𝛾
+) around 

the AEEAP is referred to as “three-proton transfer”. 

The movement of H2O in the INT 1→INT 2 step is what is required to initi-

ate the three-proton transfer. 

Here, the movement (i) corresponds to deprotonation from AEEAP. 

It can be seen in TS 3 that a hydronium ion (H3O+) is formed by H2O and 𝐻𝛾 

at INT 2, being that it is known that activation energy decreases by forming 

H3O+ in the TS 3. 

In the product complex (PC) structure, the deprotonation from H3O+ causes 

the 𝐻𝛽 movement to CO2 (movement (iii)) to form carbamic acid, and the PC 

is much more stable than the RC, INT 1, and INT 2. 

This means that the deprotonation of AEEAP and the formation of carbamic 

acid through the three-proton transfer at the third step may contribute signif-

icantly to the stability of the PC structure. 

Another H atom in AEEAP that is not transferred in TS 3 forms a hydrogen 

bond with H2O. 

In the third step, the protonation of COO- and the deprotonation of the 

AEEAP occur simultaneously. 

Thus, the last step corresponds to the reaction from the middle stage of Equa-

tion 2.14. to 2.15. 

The activation energy of the third step is larger than that of the other steps, 

meaning that it is the rate-limiting process in the reaction. 
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Figure 2.12. shows the reaction pathway of CO2 interaction with AEEAS. 

 

 

Figure 2.12. Reaction pathway of the CO2 interaction with the AEEAS (Gibbs free energy, 

𝛥𝐺). See the caption of Figure 2.11. regarding colored markers. 

 

Based on these calculations, this is a two-step reaction. 

In the first step (RC→INT), AEEAS is attacked by CO2 to form 

AEEA(NH)SCOO. 

In the RC structure, H2O is captured via hydrogen bonding by both the OH 

group and AEEAS. 

CO2 forms a covalent bond with the AEEAS in the INT structure (C-N bond, 

1.60 Å in length). 

In addition, the O-C-O angle changes from around 180° to 135°. 

The first step of the reaction can be considered as the middle stage in Equa-

tion 2.16. 

As a result, AEEA(NH)SCOO is formed as an intermediate before the for-

mation of the carbamate anion. 

𝛥𝐺 for this reaction is 3.95 kcal/mol (see Table 2.2.). 
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The structure of the RC and INT have almost the same energy, and it is pos-

sible that the relatively high 𝛥𝐺 of TS 2 is due to the stability of INT. 

In the second step (INT→PC), the H atom of the secondary amine (𝐻𝛼) is 

transferred to H2O while the H atom of H2O (𝐻𝛽) is moved to CO2 as shown 

in Figure 2.12. 

In this study, the concerted movement of two protons (𝐻𝛼
+ and 𝐻𝛽

+) around 

AEEAS is referred to as “two-proton transfer”. 

H3O+ forms as part of TS 2, like the case of AEEAP. 

Unlike the AEEAP case, H3O+ in TS 2 is formed only from H2O and 𝐻𝛽 in 

INT. 

It should be stressed that in TS 2, the OH group is not directly involved in 

the proton transfer reaction, although it is indirectly related to the two-proton 

transfer because it plays a role in capturing H2O in the RC. 

The second step corresponds to reacting from the middle stage of Equation 

2.16. to Equation 2.17. and to the third step of the AEEAP reaction. 

Carbamic acid forms in the PC, and its energy is more stable than the RC 

and INT. 

The 𝛥𝐺 of the second step is 9.65 kcal/mol higher than that of the first step 

(Table 2.2.), indicating that the second step is rate-limiting, like the third step 

of AEEAP case. 

Furthermore, results suggest that AEEAP is about 7 kcal/mol more likely to 

react with CO2 than AEEAS in their rate-limiting steps (Table 2.2.). 

Thus, AEEAP has a higher CO2 sorption performance than AEEAS, but lower 

regarding CO2 desorption. 
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Figure 2.13. shows CO2 interaction with the primary amine of MEA. 

 

 

Figure 2.13. Reaction pathway of the CO2 interaction with the primary amine in MEA (Gibbs 

free energy, 𝛥𝐺). See the caption of Figure 2.11. regarding colored markers. 

 

CO2 forms a covalent bond with the primary amine of MEA in the first 

RC→INT step, and the three-proton transfer occurs in the second INT→PC 

step, like AEEAP. 

The 𝛥𝐺 for this reaction is 10.75 kcal/mol, which is 4.46 kcal/mol greater 

than that for AEEAP but 2.85 kcal/mol less than that for AEEAS (see Table 

2.2.). 

That is, the order of CO2 sorption ability can be considered as AEEAP > 

MEA > AEEAS. 

The PC in the MEA reaction is 4.34 kcal/mol more stable than its RC (see 

Figure 2.13.). 

Meanwhile, the two PC structures in the AEEAP and AEEAS reactions are 

5.97 and 2.70 kcal/mol more stable than their corresponding RC structures, 

respectively (see Figures 2.11. and 2.12.). 
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Because the order of energy difference between the RC and PC (= RC - PC) 

is AEEAP > MEA > AEEAS, the order of CO2 desorption ability can be stat-

ed as AEEAS > MEA > AEEAP. 

If the sorption process is rate-limiting, the order of CO2 separation perfor-

mance follows the sorption ability as AEEAP > MEA > AEEAS. 

When the desorption is rate-limiting, CO2 separation performance follows the 

desorption ability order as AEEAS > MEA > AEEAP. 

Therefore, regardless of whether sorption or desorption acts as the rate-

limiting factor, AEEA is superior to MEA in CO2 separation performance by 

virtue of either the high sorption ability of AEEAP or the high desorption 

ability of AEEAS.  
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3. Experimental 

 

3.1. Materials 

 

1. PVA (white solid, (C2H4O)n, 𝑀𝑊  ≈ 60,000; degree of hydrolysis ≥ 

98%) was purchased from Merck Millipore (Darmstadt, Germany). 

2. AEEA (transparent liquid, C4H12N2O, 𝑀𝑊  = 104.15, purity > 99%) 

was purchased from TCI (Tokyo, Japan). 

3. UiO-66 (white powder, C48H28O32Zr6, 𝑀𝑊  = 1,664.06), HKUST-1 (blue 

solid, C18H6Cu3O12, 𝑀𝑊  = 604.87) and ZIF-8 (white solid, C8H10N4Zn, 

𝑀𝑊  = 227.58) were purchased from Strem Chemicals (Newburyport, 

Massachusetts, USA). 

Gases with the highest purity grade commercially available (< 99.99%) were 

used for gas permeation experiment. 

 

3.2. Membrane preparation process 

 

0.5 g of PVA was mixed with 9.5 g of deionized water in a glass container and 

heated in a microwave until the solution foamed due to the formation of water 

bubbles at around 100 °C; the glass container was then placed on a vortex 

mixer, to increase turbulence and decrease polymer dissolution time. 

This process (see Image 3.1.) was repeated several times until the PVA was 

completely dissolved in the water, leaving no visible residue. 
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Image 3.1. Vortex mixer and microwave. 

 

Following that, the obtained PVA solution was mixed with 0.5 g of AEEA 

that had been extracted using a Pasteur pipette (see Image 3.2.). 

 

 

Image 3.2. Extracting AEEA with a Pasteur pipette. 
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After stirring for one minute, the resulting mixture was filtered through a 

membrane filter unit with a nominal pore size of 0.45 µm (Millex®, Merck 

Millipore) to remove dust particles, then cast on a plastic Petri dish with 6 cm 

in diameter (BioLite™, Thermo Fisher Scientific) utilizing a fixed-volume mi-

cro-pipette and dried at room temperature for 48 hours inside a fume hood. 

A transparent, self-standing membrane was obtained, as shown in Image 3.3. 

 

 

Image 3.3. PVA-AEEA membrane. 

 

On the other hand, the following procedures were followed in order to create a 

Mixed-Matrix Membrane (MMM): the Metal-Organic Framework (MOF) was 

crushed using a mortar and pestle (only in the case of ZIF-8) to further reduce 

the size of the solid particles, weighed and then added to the glass container 

containing the PVA aqueous solution that had already been filtered, either 

with or without AEEA. 

To achieve uniform suspension of the MOFs particles in the solution, the glass 

container was subjected to an ultrasonic bath operating at 40 Hz for a period 

that varied between 30 minutes and 5 hours, while the temperature was main-

tained between 60 °C and 65 °C (see Image 3.4.). 
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Image 3.4. Ultrasonic bath at 61 °C and 40 Hz. 

 

The centrifuge machine was not suitable to further remove air bubbles and 

impurities from the final solution intended for casting, after being centrifuged 

for 5 minutes, as it caused the Metal-Organic Frameworks (MOFs) to sedi-

ment out of the suspension. 

Therefore, the solution was directly cast on the Petri dish. 

 

3.3. Membranes characterization 

 

Figure 3.1. presents the different membrane compositions that were tested. 

 

 

Figure 3.1. Membrane synthesis solutions. Values represent mass fractions in dry membranes. 
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The membrane thickness was controlled by varying the casting amount and 

measured using Mitutoyo digimatic micrometer (Tokyo, Japan). 

Membranes with a thickness ranging from 8.2 µm to 53.7 µm were obtained. 

 

3.4. Membrane samples 

 

Here are some images of ZIF-8-containing membrane samples in various com-

positions. 

 

 

PVA-AEEA-ZIF-8 0.4975-0.5-0.0025 

The obtained aqueous solution was homogeneous and transparent, ZIF-8 sus-

pended completely in about 30 minutes in the ultrasonic bath. 

The resulting membrane appeared transparent without any visible residue. 
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PVA-AEEA-ZIF-8 0.495-0.5-0.005 

The obtained aqueous solution was homogeneous and transparent, ZIF-8 sus-

pended completely in about 1 hour in the ultrasonic bath. 

The resulting membrane appeared transparent without any visible residue. 

 

 

PVA-AEEA-ZIF-8 0.49-0.5-0.01 

The obtained aqueous solution was homogeneous and transparent, ZIF-8 sus-

pended completely in about 2 hours in the ultrasonic bath. 

The resulting membrane appeared transparent without any visible residue. 
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PVA-AEEA-ZIF-8 0.47-0.5-0.03 

The resulting aqueous solution was transparent with a slight azure tinge and 

appeared homogeneous, but after stopping the ultrasonic bath after about 3 

hours, only a few tiny fragments of ZIF-8 were visible from a close distance. 

The resulting membrane appeared transparent, with a slight azure tinge at 

the edges of the Petri dish, contained only a few and tiny residues visible. 

 

 

PVA-AEEA-ZIF-8 0.45-0.5-0.05 

The resulting aqueous solution was not transparent but appeared with a slight 

azure tinge and was inhomogeneous, and after 5 hours of ultrasonic bath, re-

maining ZIF-8 fragments were easily visible. 
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Apparently, when the solution was removed from the ultrasonic bath, small 

fragments of ZIF-8 agglomerated with the larger ones. 

The resulting membrane appeared with a slight azure tinge and contained vis-

ible residues. 

 

 

PVA-AEEA-ZIF-8 0.4-0.5-0.1 

The resulting aqueous solution was slightly azure in color and totally inhomo-

geneous, and after 5 hours of ultrasonic bath, a lot of unsuspended ZIF-8 

fragments were present. 

The resulting membrane was slightly azure in color, much more noticeable at 

the edges of the Petri dish and contained residues. 
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PVA-ZIF-8 0.99-0.01 

The obtained aqueous solution was homogeneous and transparent, ZIF-8 sus-

pended completely in about 2 hours in the ultrasonic bath. 

The resulting membrane appeared transparent without any visible residue. 

 

 

PVA-ZIF-8 0.97-0.03 

The resulting aqueous solution was transparent but was inhomogeneous, and 

after 4 hours of ultrasonic bath, remaining ZIF-8 fragments were easily visible. 

The fragments were smaller than those in PVA-AEEA-ZIF-8 0.45-0.5-0.05 but 

differed because they had a more uniform dispersion in the matrix. 
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Instead, they were larger and more visible than those present in PVA-AEEA-

ZIF-8 0.47-0.5-0.03, so the presence of the amine is assumed to play a role in 

the suspension of ZIF-8. 

The resulting membrane appeared transparent and contained residues. 

 

3.5. Gas permeation experiment 

 

3.5.1. Start-up of the gas separation system 

 

The gas separation properties of the obtained MMMs were determined under 

isobaric conditions. 

The polymeric membranes were placed on a porous polyvinylidene difluoride 

(PVDF) support with a nominal pore size of 0.1 µm (Durapore® membrane 

filter, VVLP02500, Merck Millipore), and the thin-film composite (TFC) 

membrane was set in a custom-made flat sheet membrane cell (Image 3.5.), in 

which the effective membrane area was 2.27·10-4 m2. 

 

 

Image 3.5. Custom-made flat sheet membrane cell. 
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CO2/CH4 mixture was humidified by passing through a water bath and fed to 

the membrane cell, while humidified He was supplied to the permeate side of 

the cell as a sweep gas. 

Here, the relative humidity on both sides was identical to avoid the effect of 

water vapor transportation across the membranes. 

Gaseous species in both the retentate and permeate were quantified on a GC-

2014 Gas Chromatograph with a thermal conductivity detector (Shimadzu 

Corporation, Kyoto, Japan). 

The gas separation system used is schematically drawn in Figure 3.2. 

 

 

Figure 3.2. The gas separation system used in this study. 

 

3.5.2. Operating parameters 

 

- Volumetric flow rate: CO2 feed line 25±0.25 mL/min, CH4 feed line 

25±0.25 mL/min, He sweep line 25±0.25 mL/min. 

- Oven temperature (𝑇𝑜𝑣): 40 °C. 

- Relative humidity (𝑅𝐻): feed line 90±2%, sweep line 90±2%. 

Based on the 𝑅𝐻 value, we calculated the dew point temperature 𝑇𝑑𝑝 in the 

feed and sweep lines using the following simple approximate equation, which 

has an accuracy of about ±1 °C if the relative humidity is above 50%: 

 

𝑇𝑑𝑝 ≈ 𝑇𝑜𝑣 −
100 − 𝑅𝐻

5
(3.1. ) 
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Subsequently, to relate dew point temperature to saturation vapor pressure, 

Buck's equation (1996) was used, which is significantly more accurate than 

other correlations in the literature: 

 

𝑃𝑠𝑎𝑡(𝑇𝑑𝑝) = 0.61121 ⋅ 𝑒𝑥𝑝((18.678 −
𝑇𝑑𝑝
234.5

)(
𝑇𝑑𝑝

257.14 + 𝑇𝑑𝑝
))(3.2. ) 

 

where 𝑃𝑠𝑎𝑡 is the saturation vapor pressure in kPa, and 𝑇𝑑𝑝 is in °C. 

After determining 𝑃𝑠𝑎𝑡, we calculated the partial pressures of the individual 

gases in both the feed and permeate lines: 

 

𝑝𝐶𝑂2,𝑓𝑒𝑒𝑑 = (𝑃𝑎𝑡𝑚 + 𝑃𝑓𝑒𝑒𝑑 − 𝑃𝑠𝑎𝑡,𝑓𝑒𝑒𝑑) ⋅ 𝑥𝐶𝑂2 (3.3. ) 

𝑝𝐶𝐻4,𝑓𝑒𝑒𝑑 = (𝑃𝑎𝑡𝑚 + 𝑃𝑓𝑒𝑒𝑑 − 𝑃𝑠𝑎𝑡,𝑓𝑒𝑒𝑑) ⋅ 𝑥𝐶𝐻4 (3.4. ) 

𝑝𝐶𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 = (𝑃𝑎𝑡𝑚 + 𝑃𝑠𝑤𝑒𝑒𝑝 − 𝑃𝑠𝑎𝑡,𝑠𝑤𝑒𝑒𝑝) ⋅ 𝑦𝐶𝑂2 (3.5. ) 

𝑝𝐶𝐻4,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 = (𝑃𝑎𝑡𝑚 + 𝑃𝑠𝑤𝑒𝑒𝑝 − 𝑃𝑠𝑎𝑡,𝑠𝑤𝑒𝑒𝑝) ⋅ 𝑦𝐶𝐻4 (3.6. ) 

 

where 𝑃𝑎𝑡𝑚 is the atmospheric pressure, 𝑃𝑓𝑒𝑒𝑑 and 𝑃𝑠𝑤𝑒𝑒𝑝 are the pressures of 

the feed and sweep lines, 𝑃𝑠𝑎𝑡,𝑓𝑒𝑒𝑑 and 𝑃𝑠𝑎𝑡,𝑠𝑤𝑒𝑒𝑝 are the saturation vapor pres-

sures at the dew point temperatures of the feed and sweep lines, respectively. 

Moreover, 𝑥𝐶𝑂2|𝑥𝐶𝐻4 is the concentration of CO2|CH4 in the feed, 𝑦𝐶𝑂2|𝑦𝐶𝐻4 

is the concentration of CO2|CH4 in the permeate. 

As a result, the partial pressure differences across the membrane were found 

to be: 𝛥𝑝𝐶𝑂2 ≈ 50 kPa, 𝛥𝑝𝐶𝐻4 ≈ 50 kPa. 

The gas permeabilities are defined by the following Equations: 

 

𝑃𝐶𝑂2 =
𝐽𝐶𝑂2
𝛥𝑝𝐶𝑂2
𝑙

(3.7. ) 

𝑃𝐶𝐻4 =
𝐽𝐶𝐻4
𝛥𝑝𝐶𝐻4
𝑙

(3.8. ) 
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where 𝐽𝐶𝑂2|𝐽𝐶𝐻4, 𝛥𝑝𝐶𝑂2|𝛥𝑝𝐶𝐻4 and 𝑙 are the CO2|CH4 flux at standard tem-

perature and pressure (STP), partial pressure difference of CO2|CH4, and 

membrane thickness of the thin film, respectively. 

Since the downstream pressure is negligible compared to the upstream pres-

sure, separation factor 𝛼𝐶𝑂2/𝐶𝐻4
∗  can be written as ideal selectivity 𝛼𝐶𝑂2/𝐶𝐻4: 

 

𝛼𝐶𝑂2
𝐶𝐻4

∗ =

𝑦𝐶𝑂2
𝑦𝐶𝐻4
𝑥𝐶𝑂2
𝑥𝐶𝐻4

≈ 𝛼𝐶𝑂2
𝐶𝐻4

= (
𝑃𝐶𝑂2
𝑃𝐶𝐻4

) (3.9. ) 

 

where 𝑥𝐶𝑂2|𝑥𝐶𝐻4 is the concentration of CO2|CH4 in the feed, 𝑦𝐶𝑂2|𝑦𝐶𝐻4 is 

the concentration of CO2|CH4 in the permeate and 𝑃𝐶𝑂2|𝑃𝐶𝐻4 is the permea-

bility of CO2|CH4.  
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4. Results and discussion 

 

4.1. The choice of MOF 

 

All tests for this thesis were conducted daily on varying schedules. 

The gas chromatograph recorded component concentration data every hour 

until the test was stopped. 

Testing restarted once the membrane in the cell was replaced with a different 

one. 

The evaluation of membrane performance began by testing three distinct 

membranes, each produced with the same mass fraction ratios but incorporat-

ing a different type of MOF. 

 

 

Figure 4.1. Change in CO2 separation properties of PVA-AEEA-ZIF-8 0.45-0.5-0.05 TFC 

membrane as a function of time at 40 °C under 𝑅𝐻 of 90% and a 𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 

Average values: 𝑃𝐶𝑂2 = 185.6 barrer | 𝑃𝐶𝐻4 = 1.2 barrer | 𝛼𝐶𝑂2/𝐶𝐻4 = 160.7 
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Figure 4.2. Change in CO2 separation properties of PVA-AEEA-UiO-66 0.45-0.5-0.05 TFC 

membrane as a function of time at 40 °C under 𝑅𝐻 of 90% and a 𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 

Average values: 𝑃𝐶𝑂2 = 208.4 barrer | 𝑃𝐶𝐻4 = 2.2 barrer | 𝛼𝐶𝑂2/𝐶𝐻4 = 98.5 

 

 

Figure 4.3. Change in CO2 separation properties of PVA-AEEA-HKUST-1 0.45-0.5-0.05 TFC 

membrane as a function of time at 40 °C under 𝑅𝐻 of 90% and a 𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 

Average values: 𝑃𝐶𝑂2 = 116.6 barrer | 𝑃𝐶𝐻4 = 1 barrer | 𝛼𝐶𝑂2/𝐶𝐻4 = 118.5 
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After analyzing the various graphs, we decided to proceed with the fabrication 

and study of different membranes by varying the loading of ZIF-8. 

This decision is based on the following observations: 

1. The membrane with a 5% ZIF-8 loading showed higher average 

𝛼𝐶𝑂2/𝐶𝐻4 compared to the other membranes. Although the membrane 

with 5% UiO-66 loading exhibited an average 𝑃𝐶𝑂2 that was about 20 

barrer higher than that of the 5% ZIF-8 membrane, the 5% ZIF-8 

membrane had an average 𝛼𝐶𝑂2/𝐶𝐻4 approximately 60 units higher 

than the 5% UiO-66 membrane, a significantly larger difference. 

2. Based on the graphs: after 5 hours, 𝑃𝐶𝑂2 of 5% UiO-66 membrane de-

creased and then remained approximately constant for the next 16 

hours, followed by fluctuating values in the final hours. Additionally, 

the 𝛼𝐶𝑂2/𝐶𝐻4 gradually decreased over time, indicating an increase of 

𝑃𝐶𝐻4; 5% HKUST-1 membrane exhibited fluctuating 𝛼𝐶𝑂2/𝐶𝐻4 and 

𝑃𝐶𝑂2 values. Instead, the 5% ZIF-8 membrane exhibited an almost con-

stant 𝑃𝐶𝑂2 over time. Although the 𝛼𝐶𝑂2/𝐶𝐻4 values fluctuated, they 

remained around 160, the average value, at both the start and end of 

the test. This suggests that the 5% ZIF-8 membrane is more stable 

than the others. 

3. Lastly, the membrane with 5% UiO-66 loading exhibited visible defects. 

During its fabrication, the resulting aqueous solution was transparent 

but inhomogeneous, containing numerous fragments of UiO-66 that 

were much harder to suspend compared to ZIF-8. In contrast, HKUST-

1 suspended rapidly within approximately 15 minutes, producing a ho-

mogeneous blue aqueous solution and a uniform membrane. 
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4.2. Effects of ZIF-8 loading and membrane thick-

ness 

 

4.2.1. Effect on CO2 permeability 

 

 

Figure 4.4. Effect of ZIF-8 loading on 𝑃𝐶𝑂2 (hexagram) and 𝑃𝐶𝐻4 (pentagram) of TFC 

MMMs (fixed AEEA 50 wt%) at 40 °C under 𝑅𝐻 of 90% and a 𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 

 

Each permeability value showed on Figure 4.4. represents the arithmetic mean 

of the average values obtained from each test conducted for each membrane 

type. 

𝑃𝐶𝑂2 without ZIF-8 is found to be 267.9 barrer. 

With a ZIF-8 loading of 0.25%, the CO2 permeability initially decreases to 

239.3 barrer, but then increases, reaching its maximum value of 269.8 barrer 

with a ZIF-8 loading of just 0.5%. 

During the testing phase, only three membranes without ZIF-8 were tested, 

having a thickness range of 38.4-42.1 μm. 
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In contrast, nine membranes with a ZIF-8 loading of 0.25% were tested, with 

their thicknesses ranging from 8.2 to 42.8 μm. 

CO2 permeability increases with membrane thickness, as illustrated by the 

trend line in Figure 4.5. 

 

 

Figure 4.5. Effect of membrane thickness on 𝑃𝐶𝑂2 (hexagram) and 𝑃𝐶𝐻4 (pentagram) of 

PVA-AEEA-ZIF-8 0.4975-0.5-0.0025 TFC membranes at 40 °C under 𝑅𝐻 of 90% and a 

𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 

 

It was hypothesized that increasing the total thickness of the MMM would 

enhance CO2 permeability due to the greater presence of AEEA in the mem-

brane (facilitated transport mechanism). 

This effect might explain why the CO2 permeability at 0% ZIF-8 loading is 

higher than at 0.25% ZIF-8 loading, as very thin membranes, around 10 μm, 

were not tested. 
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Referring to Figure 4.6., it is evident that even with a 0.5% ZIF-8 loading, 

𝑃𝐶𝑂2 increases with membrane thickness. 

 

 

Figure 4.6. Effect of membrane thickness on 𝑃𝐶𝑂2 (hexagram) and 𝑃𝐶𝐻4 (pentagram) of 

PVA-AEEA-ZIF-8 0.495-0.5-0.005 TFC membranes at 40 °C under 𝑅𝐻 of 90% and a 𝛥𝑝𝐶𝑂2 

≈ 50 kPa. 

 

After testing nine membranes with thicknesses ranging from 8.5 to 43.2 μm, 

an average CO2 permeability value was obtained. 

This value is more accurate compared to the results from testing only high 

thickness membranes (0% ZIF-8 loading), confirming that the CO2 permeabil-

ity at 0.5% ZIF-8 loading is higher than that at 0% and 0.25% ZIF-8 loading. 
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For the 1% ZIF-8 loading, nine membranes were tested, with thicknesses rang-

ing from 9.1 to 53.7 μm. 

Figure 4.7. illustrates that 𝑃𝐶𝑂2 increases with membrane thickness. 

 

 

Figure 4.7. Effect of membrane thickness on 𝑃𝐶𝑂2 (hexagram) and 𝑃𝐶𝐻4 (pentagram) of 

PVA-AEEA-ZIF-8 0.49-0.5-0.01 TFC membranes at 40 °C under 𝑅𝐻 of 90% and a 𝛥𝑝𝐶𝑂2 ≈ 

50 kPa. 

 

The arithmetic mean of CO2 permeability average values for these membranes 

is 259.8 barrer, which is lower than the value obtained with a 0.5% ZIF-8 

loading. 

Figure 4.4. shows that further increasing the ZIF-8 loading to 3% (200.9 bar-

rer), 5% (155.6 barrer), and 10% (159.9 barrer) results in decreased CO2 per-

meability performance. 

This negative effect is likely due to membrane defects caused by unsuspended 

ZIF-8 fragments, which become more influential as the loading increases. 
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4.2.2. Effect on CO2/CH4 selectivity 

 

 

Figure 4.8. Effect of ZIF-8 loading on 𝛼𝐶𝑂2/𝐶𝐻4 of TFC MMMs (fixed AEEA 50 wt%) at 40 

°C under 𝑅𝐻 of 90% and a 𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 

 

Each selectivity value on Figure 4.8. represents the arithmetic mean of the av-

erage values obtained from each test conducted for each membrane type. 

𝛼𝐶𝑂2/𝐶𝐻4 without ZIF-8 is found to be 94.5. 

Increasing the ZIF-8 loading to 0.25% and 0.5% significantly boosts selectivi-

ty, which then drops slightly at a 1% ZIF-8 loading. 

The respective values are 145.7, 178.3 and 154.1. 

Figures 4.9., 4.10., and 4.11., show how selectivity increases with membrane 

thickness. 
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Figure 4.9. Effect of membrane thickness on 𝛼𝐶𝑂2/𝐶𝐻4 of PVA-AEEA-ZIF-8 0.4975-0.5-0.0025 

TFC membranes at 40 °C under 𝑅𝐻 of 90% and a 𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 

 

 

Figure 4.10. Effect of membrane thickness on 𝛼𝐶𝑂2/𝐶𝐻4 of PVA-AEEA-ZIF-8 0.495-0.5-0.005 

TFC membranes at 40 °C under 𝑅𝐻 of 90% and a 𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 
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Figure 4.11. Effect of membrane thickness on 𝛼𝐶𝑂2/𝐶𝐻4 of PVA-AEEA-ZIF-8 0.49-0.5-0.01 

TFC membranes at 40 °C under 𝑅𝐻 of 90% and a 𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 

 

Thicker membranes have generally higher selectivity values than thinner 

membranes, which are about 10 μm thick. 

This correlation arises because thicker membranes create a more substantial 

barrier to molecular permeation. 

This makes it particularly challenging for unwanted molecules, such as CH4, 

to pass through, leading to higher 𝛼𝐶𝑂2/𝐶𝐻4 compared to thinner membranes. 

Following this observation, despite testing only high thickness membranes 

with 0% ZIF-8 loading, satisfactory average selectivity values were achieved 

across various membrane thicknesses for ZIF-8 loadings of 0.25%, 0.5%, and 

1%. 

This indicates that the addition of ZIF-8 significantly improves selectivity; 

specifically, a loading of 0.5% ZIF-8 nearly doubles the selectivity compared to 

0% ZIF-8. 

This effect is likely because increasing the ZIF-8 loading results in more pores 

that can effectively size-sieve. 
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Consequently, the molecular sieving mechanism can offer high diffusion selec-

tivity, especially when the pore aperture (ZIF-8 3.4 Å) closely matches the 

size of the desired penetrant molecule (CO2 kinetic diameter 𝑑𝑘 = 3.3 Å). 

With a 3% loading of ZIF-8, there is a noticeable improvement in selectivity 

(179.6) compared to 1% ZIF-8 loading (see Figure 4.8.). 

This differs from previous observations where increasing loading led to more 

membrane defects and decreased CO2 permeability performance. 

Only four MMMs with 3% ZIF-8 loading, ranging from 22.9 to 38.3 μm, were 

tested. 

Hence, the increased selectivity observed may be due to the omission of test-

ing very thin membranes, approximately 10 μm thick. 

Their inclusion would likely have influenced the mean value, leading to a re-

duction of selectivity. 

Instead, with 5% and 10% ZIF-8 loadings, a decrease in selectivity was ob-

served, with values of 135.8 and 106, respectively. 

 

4.3. CO2 separation performance 

 

As explained in chapter 1.3.2.1., while upper bound plots typically show pure 

gas permeation data at 35 °C and 1 atm (conditions not used in this thesis), 

the tests here were performed on a humidified gas mixture (50/50 CO2/CH4 

feed ratios and 90% 𝑅𝐻) at a different temperature (40 °C) and different gas 

partial pressures. 

With such facilitated transport membranes (FTMs), the separation perfor-

mance becomes higher with the decrease of CO2 partial pressure. 

As a result, the behavior can vary significantly from the ideal conditions used 

to plot the upper bounds. 

However, we intended to compare the results obtained with our MOF-based 

amine-containing membranes to the state-of-the-art performance of homoge-

neous polymers reported in the literature to determine whether our findings 

are promising. 
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The following formula was used to plot both upper bounds 

 

𝑃𝐶𝑂2 = 𝑘 ⋅ 𝛼𝐶𝑂2
𝐶𝐻4

𝑛 (4.1. ) 

 

with the fitting parameters provided in Table 4.1. 

 

Table 4.1. Fitting parameters for the 2008 and 2019 CO2/CH4 upper bounds where 𝑘 is the 

front factor and 𝑛 is the slope. 

Upper Bound 𝒌 (barrer) 𝒏 

2008 Robeson 5.369·106 -2.636 

2019 Comesana-Gandara 22.584·106 -2.401 

 

 

Figure 4.12. CO2 separation properties of various MMMs over CH4 at 40 °C under 𝑅𝐻 of 90% 

and a 𝛥𝑝𝐶𝑂2 ≈ 50 kPa. 

 

As illustrated in Figure 4.12., all the MMMs with AEEA surpass the Robeson 

2008 upper bound. 

To highlight the positive impact of the amine on CO2 separation performance, 

we tested two MMMs without AEEA, with 1% and 3% ZIF-8 loading; as a re-

sult, these samples did not exceed the Robeson 2008 upper bound. 

As many as five membranes surpassed the Robeson 2008 upper bound. 
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This group includes one membrane without ZIF-8, membranes with ZIF-8 

loadings of 5% and 10%, and membranes with 5% loadings of the other two 

types of MOF: UiO-66 and HKUST-1. 

While all these membranes exhibit great performance, they are still inferior to 

those that will be discussed later. 

The membranes with a ZIF-8 loading of 3% or less all exceeded the 

Comesana-Gandara 2019 upper bound. 

In particular, the membrane with the best CO2 separation performance had a 

ZIF-8 loading of 0.5%, as discussed in chapter 4.2. 

As a result, an attempt was made to increase the AEEA content to 55 wt%, 

while keeping the ZIF-8 loading at 0.5%. 

On average, these tested membranes had higher CO2 permeability and selec-

tivity than the MMMs with 50 wt% AEEA and 0.5% ZIF-8 loading. 

This clearly demonstrates that increasing amine content improves CO2 sepa-

ration performance.  
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5. Conclusions 

 

Mixed-Matrix Membranes (MMMs), which combine the processability of pol-

ymers with the unique properties of fillers such as Metal-Organic Frameworks 

(MOFs), have emerged as a promising solution to overcome the limitations of 

traditional polymeric membranes. 

The incorporation of MOFs into polymer matrices has made it possible to fi-

ne-tune membrane properties, particularly permeability and selectivity, offer-

ing a potential breakthrough in gas separation. 

From the research explored in this thesis, ZIF-8 has been incorporated into 

PVA polymeric membranes, significantly improving separation performance. 

It has been shown to be an optimal filler, demonstrating significant improve-

ments in CO2/CH4 separation, with sustained stability and performance over 

test periods. 

The addition of amines such as AEEA further improved the CO2 separation 

capabilities of these membranes, particularly under humid conditions; this is a 

significant development, as the humidification suggests their potential viabil-

ity for industrial applications where gas mixtures usually contain water vapor. 

Future research should focus on further refining MOFs for specific industrial 

applications, particularly those requiring high-purity separations. 

The incorporation of emerging MOF structures with polymer matrices repre-

sents an exciting frontier, as does the exploration of other nanomaterials that 

could function as effective fillers. 

Stability remains a challenge, especially in high-pressure environments, but 

with continued advances, membrane separations have the potential to revolu-

tionize areas such as natural gas processing, carbon capture and storage 

(CCS), and hydrogen recovery. 

In conclusion, this work shows that, with continued innovation, membrane 

technologies can play a crucial role in reducing industrial energy consumption, 

mitigating CO2 emissions and advancing the field of sustainable industrial 

processing.  
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