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Abstract 

CO2 is the major component of greenhouse gases and is responsible for the surge in 

global temperature. Therefore, carbon capture, utilization and sequestration (CCS) are the need 

of the hour to control global warming. Chitosan (CS) polymeric membranes containing amine 

carriers have received much attention in CO2 separation because of their easy fabrication, low 

cost and excellent separation performance. The optimum performance of CO2/N2 was observed 

at 85 °C temperature, 2.21 bar feed pressure, 1.21 bar sweep pressure, with feed and sweep 

moisture flow of 0.03 mL/min and 0.05 mL/min, respectively. Neat CS membrane with ~0.6 

µm active layer thickness showed CO2 separation results with CO2 permeance of 60 GPU and 

CO2/N2 selectivity of 21. The membrane performance could not surpass Robeson Upper bound 

Trade-off. To improve the separation performance many techniques were utilized and 

presented in this thesis. To increase amine content in the matrix, covalent conjugation of L-

tyrosine (Tyr) onto CS was accomplished by using carbodiimide as a coupling agent. The 

defect-free dense selective layers of tyrosine-conjugated-chitosan with thickness within the 

range of ~0.6 µm was cast and employed for mixed gas (CO2/N2) separation study. It showed 

reasonably good CO2 permeance of around 103 GPU, CO2/N2 selectivity of 31 and the 

separation performance was stable upto 150 h. But it did not show promising outcomes and 

could not surpass Robeson curve. Further modifications in CS matrix was done with 

phenylalanine (Phe) and we compared the effects of two approaches: amine blending and 

grafting with polymer matrix and their contribution to gas separation (GS) performance. The 

results suggest that the grafting and blending of Phe with CS matrix boosted the CO2 permeance 

and CO2/N2 selectivity of the fabricated membranes, respectively, when compared to the bare 

CS membrane and Tyr-c-CS membrane. The highest obtained CO2 permeance was 106 GPU 

in the Phe-grafted-CS (Phe-g-CS) membrane and optimal selectivity was 97 in the 20 wt% Phe-
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blended-CS (Phe-b-CS) membrane when both the membranes had 4 µm thick selective layer 

onto polyethersulfone (PES) support. The stability tests were also conducted for both the types 

of membranes. The results suggested that chemical grafting is more stable than physical 

blending due to its high durability upon long run of almost 400 h. Advanced membrane 

materials with higher gas separation capabilities have developed a lot of interest in CO2 

separation. So, we created MMMs of the CS matrix using L-lysine conjugated graphene oxide 

(Lys-c-GO) nanosheets as nanofillers. The fabricated defect-free dense layer with selective 

layer thickness of ~4 µm demonstrated CO2 permeance of 44 GPU and strong CO2/N2 

selectivity of 88. MOF materials has gained enormous attention as nanofiller in the field of 

MMMs. Taking this into consideration, MIL-100(Fe) nanoparticles was created using HF-free 

environment at ambient conditions and utilized as nanofillers in CS matrix to fabricate MMMs 

with desired thickness of ~1-1.5 µm onto the PES support. The fabricated MMM 15-weight % 

MIL-100(Fe) loaded membrane showed CO2/N2 selectivity and permeance of 59 and 85 GPU, 

respectively. Further, a CO2-philic zirconium-based MOF NPs (Zr BDC or UIO-66) was 

synthesized, decorated with L-lysine amino acids and utilized as nanofiller into a CS matrix to 

synthesize MMM. The high porosity and surface area of the MOF NPs aided in the 

CO2 separation permeance, while the selectivity was addressed by the amine functional groups 

present in L-lysine. After successful characterization studies, it was discovered that fabricated 

MMMs with a 7 wt % loading of lysine-conjugated Zr BDC (lys-c-ZrBDC) NPs with ~4 μm 

selective layer thickness demonstrated better results than the pristine CS and the Zr BDC-

embedded CS MMM. The composite Lys-c-ZrBDC incorporated CS MMM showed a 

CO2 permeance of 135.2 GPU and a steady CO2 separation factor of 71.5under humid 

conditions. Furthermore, extensive studies have demonstrated that, when subjected to optimal 

conditions, the engineered membranes, namely Phe-g-CS, Phe-b-CS and Lys-c-ZrBDC/CS, 

have not only shown promising separation performances but also surpassed the Robeson upper 
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bound curve. This remarkable achievement showcases the exceptional performance and 

potential of these membranes for practical and commercial applications.
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CHAPTER 1 

Introduction, Literature Survey, Objectives and Organization of thesis 

This chapter of the thesis enlightens the interactions between greenhouse gas emissions 

(GHG), climate change and its adverse effects on human health and the ecosystem. Further, 

the emphasis on how CO2 emission significantly impacts climate change amongst all the 

greenhouse gases and the importance of CO2 separation has been briefed. This chapter also 

discusses the various existing CO2 separation technologies and the advantages of membrane 

separation technology over others. After an in-depth study of membrane types, the advantage 

and importance of facilitated transport mixed matrix membranes over other membranes have 

been discussed. Finally, after a thorough literature survey, the research objectives have been 

defined based on the gaps and challenges. 

CO2

CO2

CO2

Production
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1.1. Overview of CO2 Emission  

  The Intergovernmental Panel on Climate Change (IPCC) conducted an extensive 

analysis of over 100 climate modeling simulations aligned with the goals of the Paris 

Agreement. Their 2014 report revealed that the anthropogenic increase in greenhouse gas 

(GHG) concentration is unprecedented in history.1 While industrialization has undeniably 

bolstered economies, it also stands as a significant driver of greenhouse gas emissions and thus, 

a key factor contributing to global climate change.2 Anthropogenic emissions of greenhouse 

gases, such as CO2, CH4, CO, SOx, NOx, CCl2F2, CHF3, among others, have profoundly 

disturbed the temperature distribution in the lithosphere, atmosphere and biosphere.3 Past 135 

years have witnessed the most pronounced fluctuations in the climate system, particularly over 

the last two decades.4 Of all the sources contributing to CO2 emissions, industrial activities, 

including fermentation, calcination and the combustion of fossil fuels, hold the largest share.5 

Notably, human-driven activities, such as land-use changes, fossil fuel burning, agriculture, 

industrial product release and traffic emissions, have become pivotal forces that reshape 

numerous environmental characteristics, affecting air quality and biodiversity at local, regional 

and global scales.6 

NASA has reported a continuous and escalating increase in atmospheric CO2 emissions, 

reaching a record high of 419 ppm in January 2023.7 The predominant means of meeting the 

global energy demand involves post-combustion processes, with a primary reliance on the 

combustion of coal and natural gas.8 The remarkable surge in energy demand over the 

preceding years has resulted in approximately 33 Gt of CO2 emissions in 2019. According to 

the International Energy Agency (IEA), nearly 30% of these emissions originated from coal-

fired energy generation plants.9 

Continued emissions of CO2 will cause a further rise in global temperatures, which will 
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be responsible for severe and irreversible impacts on both humans and the ecosystem. These 

impacts include the melting of sea ice and glaciers, a rise in sea levels and ecological 

imbalances. The extremely extended lifespan of CO2, estimated to be 100-300 years, in the 

atmosphere would continue to exacerbate the global warming problem for the rest of the 

century, even if humans were to stop discharging CO2 into the atmosphere.10 Thus, we can 

conclude that CO2 emissions due to fossil fuel burning may produce an irreversible effect on 

climate change on human timescales. Hence, there is an urgent need to reduce the CO2 level 

using efficient and environmentally friendly techniques. 

In the pre-industrial era, plants acted as the natural carbon sink, efficiently utilizing CO2 

through photosynthesis to synthesize their food while releasing oxygen. However, with the 

societal transition from preindustrial to industrial stages, deforestation and the rapid escalation 

of CO2 concentration levels, the photosynthesis process's productivity has been significantly 

impacted. Consequently, in the contemporary era, relying solely on plants cannot suffice to 

effectively mitigate atmospheric CO2 levels. 

To address this challenge, reducing energy demand through the adoption of cutting-

edge, energy-efficient technologies represents one viable approach. Additionally, curtailing 

CO2 emissions can be achieved by transitioning from fossil fuels to non-fossil fuel alternatives. 

Finally, the development of advanced and highly efficient carbon capture, utilization and 

sequestration technologies offers another promising avenue to tackle the issue of rising CO2 

concentrations in the atmosphere.11 

1.2. CO2 Capture Processes 

  The release of CO2 into the atmosphere could result from pre-combustion, post-

combustion, oxyfuel combustion, or chemical-looping combustion processes.12,13 Based on 
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these, the CO2 capture processes can be envisaged as follows: 

(1) Pre-combustion carbon capture: It involves the separation and capture of CO2 produced 

during the synthesis gas (H2 + CO) production after the conversion of CO into CO2; 

(2) Post-combustion carbon capture: It consists of the separation and capture of CO2 after the 

complete combustion of fossil fuels like coal, natural gas and oil, etc. in the presence of air. 

(3) Oxyfuel combustion carbon capture: It involves the separation and capture of CO2 produced 

from fossil fuel burning in the presence of a nitrogen-free, oxygen-rich atmosphere. 

(4) Chemical looping combustion capture: It involves the separation and capture of CO2 from 

burning fuels in the presence of metal oxides like CuO, Fe2O3, Mn2O3, etc. which act as oxygen 

carriers during the combustion processes. 

Flue gas streams produced from post-combustion processes contain a low CO2 

concentration of approximately 10-14%. The remaining flue gas is N2 (approximately 75%), 

excess O2, water and traces of other impurities (SOx, NOx, etc.).14 Since the flue gas is at 

atmospheric pressure, the partial pressure of CO2 is very low at approximately 0.15 bar. Low 

feed gas pressure and low CO2 concentration in the flue gas makes it difficult to separate and 

capture CO2.
15 However, the main advantage of post-combustion carbon capture is that it can 

be retrofitted in existing industrial plants like power plant, cement, iron, steel, textile 

production industries and has the liberty of upgradation, connection/disconnection according 

to the need.15 Hence, the post-combustion carbon capture process is suitable for CO2 mitigation 

from various fossil fuel-burning industries. 

1.3. CO2 Capture Technologies 

Various CO2 capture technologies have been studied, designed and patented over the 
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past few decades. The existing carbon capture technologies involve absorption, adsorption, 

cryogenic fractionation, oxyfuel combustion, redox technology and membrane separation.16 A 

brief description of these technologies is discussed below: 

1.3.1. Absorption 

Absorption is a two-stage gas-liquid mass transfer operation in which the bulk liquid 

solvent selectively absorbs the molecules or ions of the target gaseous component. The choice 

of solvent plays a critical role in scrubbing CO2 from the flue gas stream. It should have a high 

affinity towards CO2 but not dissolve other gases in the flue gas stream like N2, O2, etc. 

Alkanolamines such as monoethanolamine (MEA),17 diethanolamine (DEA),18 and 

methyldiethanolamine (MDEA)19 are some of the most commonly used amine-based, post-

combustion CO2 capture absorbents. Amines have a very high rate of reaction towards CO2 

capture and thus show high CO2 selectivity, but at the same time, they show low CO2 loading 

(kg CO2 absorbed per kg absorbent).20 Aqueous ammonia has received considerable attention 

over conventional alkanolamine solvents to capture post-combustion CO2 due to its low cost, 

low regeneration energy, no sorbent degradation and the simultaneous capture of multiple 

pollutants.21 While absorption is a matured CCS technique and does possess substantial 

advantages, it has some limitations based on the solution used, such as high solvent 

regeneration cost, low thermal resistance, poor stability in the presence of oxides such as SOx, 

NOx, etc.22 These limitations are not ignorable and motivate towards the development of more 

hybrid systems.  

1.3.2. Adsorption 

Adsorption is another widely used technique to separate CO2 from flue gas streams 

produced by fossil fuel power plants. The use of solid adsorbent to selectively adsorb the target 
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components is the fundamental theory of the adsorption separation process. This happens 

because the functional groups on the surface of the adsorbent have different affinities for the 

diffused guest molecules or ions. The target component or ions are attracted and trapped by the 

surface groups of the sorbent via chemisorption or physio-sorption process. Like absorption, 

the adsorptive gas separation process involves two main steps: adsorption and desorption. Solid 

adsorbent shows similar advantages and disadvantages as wet absorbers.  

Good adsorbent should possess a large surface area, fast absorption-desorption kinetics, 

high mechanical stability, high thermal stability, ease of regeneration ability, etc.23 The polarity 

and pore size of the adsorbent plays a vital role in the adsorption process.24 The most widely 

used and commercially available adsorbents include activated carbon,25 silica-gel,26 zeolites,27 

bauxite,28, etc. Metal oxyhydroxide-carbon composites such as Al/Fe oxyhydroxide,29 carbon, 

aluminum, magnesium and iron oxyhydroxide composites30 and metallic organic frameworks 

(MOFs) such as Zn2(cnc)2(dpt),31 PCN-26,32 etc. can be considered as new, modified and more 

efficient adsorbents. Poor selectivity, low CO2 loading capacity, high time consumption and 

non-compatibility at high temperatures are some of the major drawbacks of the adsorbents that 

make them unfit for post-combustion CO2 capture.33 Adsorbents can also be chemically 

modified using amines or other functional groups to create active sites to improve CO2 uptake 

capacities.34 The resulting adsorbents though broadly used, but low capacity, poor thermal 

stability and high cost add to their utility limitations.34 

1.3.3. Cryogenic Distillation 

Cryogenic distillation is no different than conventional distillation except that the 

temperatures are considerably lower.35 Cryogenic distillation is a process in which condensable 

compounds are separated from non-condensable gases based on their differences in freezing 

point. The process operates at very low temperatures and high pressure and separates CO2 from 
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other compounds at different locations in the column. The main advantage of cryogenic 

distillation is that it directly produces liquefied CO2, saving additional compression costs for 

transportation and storage.36 The major drawback of this separation process is that solid 

formation occurs inside the column at higher pressure, which hinders the performance of the 

process. To overcome these limitations, many researchers have modified the existing 

conventional process. Holmes et al. (1983) added heavier hydrocarbon in the condenser to 

avoid CO2 solidification and the process is called extractive cryogenic distillation.37 Clodic et 

al. (2005) have modified the process where CO2 is desublimated as a solid onto the surfaces of 

heat exchangers, followed by a regeneration step at elevated pressures.38 Further, Tuinier et al. 

(2010, 2011) have developed a process based on the periodic operation of cryogenically cooled 

packed beds.39 The process is mainly used for pre-combustion CO2 capture. However, post-

combustion CO2 capture is also possible via the application of a dynamically moving packed 

bed cryogenic separation process.40 Cryogenic distillation being a complex process with high 

energy penalty due to refrigeration and high capital expenditure than other technologies, limits 

its usage in industrial purpose.41 

1.3.4. Oxyfuel Combustion 

Oxyfuel combustion is a promising technology that greatly facilitates the capture of 

CO2 from flue gases generated by fossil fuel power plants. This process utilizes nitrogen-free 

oxygen instead of air for fuel-burning purposes. The flue gas produced has a very high 

concentration of CO2, along with some amounts of N2, O2 and water vapors. The produced flue 

gas can be stored directly or purified to remove N2, O2, H2O, etc., using dehydration followed 

by low-temperature purification.42 The main application of oxyfuel combustion is to provide 

CO2-rich flue gas for enhanced oil recovery (EOL) purposes.43 Hence this process can be 

termed as near-zero-emission technology. Both processes are energy-intensive and result in a 
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large efficiency penalty, if employed as part of the oxyfuel combustion process.44 This 

drawback limits its utility for industrial purposes. 

1.3.5. Redox Technology 

Redox technology is another method proposed by National Renewable Energy 

Laboratory to capture CO2. To bind CO2, a redox-active carrier is used at higher pressure and 

after successful binding, it is released at lower pressure.45 The technology is called redox 

technology because reduction allows the carrier to pick up CO2 while oxidation causes it to 

release the CO2. The most commonly used oxidative-reductive agents developed so far are 

CoO, Fe2O3 and NiO, etc., using Al2O3, TiO2, MgO, NiAl2O4 and YSZ (yttria-stabilized 

zirconia) by M. Ishida et al.46 

1.3.6. Membrane Separation 

In recent times, traditional separation methodologies, such as absorption, adsorption 

and cryogenic distillation, have been complemented by a novel approach involving the use of 

semi-permeable membranes. These membranes act as interfaces between two phases, 

controlling the selective transport of different components in a specific manner. The efficacy 

of these membranes relies significantly on the driving forces present across them, such as 

differences in partial pressure or concentration. Among the various technologies discussed, 

membrane technology stands out as the preferred choice for CO2 separation due to its 

noteworthy advantages: energy efficiency, cost-effectiveness and ease of handling. 

Furthermore, its modular and compact design enables seamless integration into industrial 

processes without occupying excessive space.47 Consequently, membrane technology emerges 

as the most promising solution for achieving optimal CO2 reduction.  

1.3.6.1. Brief Historical Background 
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It has been more than a century since the gas separation properties of the membrane 

have been realized. The first recorded description of semi-permeable membranes was in 1748 

when Jean Antoine (Abbe) Nollet reported that a pig bladder (i.e., a natural membrane) was 

more permeable to water than to ethanol.48 Later, in 1831, Fick observed gas transport across 

the nitrocellulose membrane and developed the very famous Adolph Fick's laws of diffusion.49 

At the same time, Mitchell et al. measured the escape rates of ten gases through natural rubber 

balloons.50 Later, in 1866, Graham et al. developed the concept of Knudsen diffusion by 

observing the separation performance of the gases through natural rubber.51 Then, in 1920, 

Daynes et al. observed the non-steady transport behavior of gases through a membrane and 

developed the relationship between the diffusion coefficient and time lag. 

Despite many experimental works, it took over a century to scale up the first membrane-

based separation plant, which was developed to concentrate the uranium-235. The major 

drawbacks associated with the early membrane separation technology were their poor 

selectivity and low fluxes. To overcome these limitations, Loeb et al. successfully prepared an 

asymmetric "skinned" cellulose acetate membrane with a thin dense layer responsible for the 

selective separation and porous sublayer that provided the mechanical strength to the selective 

dense layer with minimum resistance to the permeation of components. Since these membranes 

lost their separation properties after drying, they were found inappropriate for gas separation. 

Then Burris et al.52 added the surfactant to the water and solved the problem as the addition of 

surfactants reduced the interfacial tension between the water molecule and membrane walls. 

Ward et al. developed a composite membrane with a higher separation factor and permeance.53  

1.3.6.2. Gas Transport Mechanisms in Membranes 

 Membrane gas separation represents a pressure-driven, non-equilibrium process in 

which the desired separation is facilitated by the partial pressure difference of gases across the 
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membrane, present in both the feed and permeate sides. The gas molecules targeted for 

separation initially undergo adsorption on the upstream side of the composite membrane, 

followed by diffusion through the membrane's thickness and ultimately desorption on the 

downstream side. Various mechanisms underpinning membrane separation include capillary 

condensation, Knudson diffusion, molecular sieving, surface diffusion and solution diffusion.54 

Dense polymeric gas separation membranes primarily rely on "solution-diffusion" and 

"Facilitated transport" as the main transport mechanisms. 55  

Solution-Diffusion Mechanism 

Solution diffusion mechanism as shown in Figure 1.1 is the basic mechanism of gas 

transport through all polymeric membranes. Here selectivity and permeability are used to 

determine the separation performance of the membrane. For a binary system consisting of two 

gases, say: CO2 and N2, with CO2 as the target component. Permeability is the product of the 

solubility coefficient 
2

3 3 1( , ( ) )COS cm STP cm cmHg− −
 and diffusion coefficient 

2

2 1( , )COD cm s−  

and is given by equation 1.1.56  

2 2 2CO CO COP S D=         (1.1) 

For dense membranes, it is most commonly expressed in Barrer units.  

In contrast, for thin-film composite membranes, permeance is the more commonly used 

term defined as the permeability divided by the gas-selective layer thickness. It is most 

commonly expressed in Gas Permeation Unit (GPU). Gas solubility depends primarily upon 

the gas condensability and interaction between the gas molecule and membrane matrix. The 

diffusion coefficient depends upon the void spaces between the polymer chains called free 

volume. 

Selectivity can be viewed as the capability of the membrane to separate one gas from 
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another. It can be defined as the concentration ratio of CO2 to N2 on the permeate side over the 

concentration ratio of CO2 to N2 on the retentate side: 

2

2

2 2

2

2

/

CO

N

CO N
CO

N

y

y

x

x

 =  (1.2) 

Where   is the selectivity coefficient, 2COy
and 2Ny

are the concentration on the permeate side 

and 2COx
and 2Nx

 are the concentrations on the retentate side. Whereas ideal selectivity is given 

by equation (3) and is defined as the ratio of the two pure gas permeabilities: 

2 2 2

2 2

2 2 2

/

CO CO CO

CO N

N N N

P S D

P S D
 = =        (1.3) 

Solubility selectivity depends largely on the differences in the condensability of the 

penetrant gases. Diffusive selectivity arises from the difference in the size of the penetrant 

gases and polymer size-sieving capability.57  

Facilitated Transport Mechanism 

The transport mechanism of the gas through the membranes bearing reactive carriers, 

which can react reversibly with the target molecules or ions, is called facilitated transport 

membranes. The CO2 separation performance of the membrane is higher than that discussed 

earlier because the acidic nature of the CO2 allows the reaction with amines and alkaline 

carbonate solution.8 
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Figure 1.1. Schematic of CO2 and N2 transport across the membrane through (a) solution 

diffusion and (b) facilitated transport mechanism. 

The zwitterion mechanism explains the reaction between the CO2 and carrier amines as:58  

-

2 2 32CO RNH RHNCOO RNH ++ +  (1.4) 

' ' - '

2 22 2CO RR NH RR NCOO RR NH ++ +  (1.5) 

The above reactions show that CO2 loading is 0.5 mol of CO2 per mol of amine. The presence 

of water greatly affects CO2 loading, which can be understood by the reactions below.  

-

2 2 2 3 32 2CO RNH H O RHNCOOH RNH HCO++ + + +  (1.6) 

' ' ' -

2 2 2 32 2CO RR NH H O RR NCOOH RR NH HCO++ + + +  (1.7) 

The above reactions show that the theoretically maximum CO2 loading, i.e., 1 mol of CO2 per 

mol of amine, can be achieved in the presence of a water molecule. 

' " ' " -

2 2 32CO RR R N H O RR R N HCO++ + +  (1.8) 

The above equation states that, unlike primary and secondary amines, tertiary amines in the 

polymers cannot facilitate CO2 permeation under dry conditions.  
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In facilitated transport membranes, the CO2 is passed in two forms: CO2 molecules and 

CO2 carrier complexes. The total gas transport flux can be expressed by Fick's law of diffusion 

as: 

A AX

A A AX

D D
J C C

l l
=  +   (1.9) 

Where AD  and AXD  are the diffusion coefficients for CO2 molecule and CO-carrier complexes, 

respectively, AC  and AXC  are the concentration differences for CO2 molecule and CO-

carrier complexes, respectively and l  is the thickness of the membrane 

1.3.6.3. Classification of Membranes 

Based on the usage of base material, membrane technology can be mainly classified as 

polymeric membranes, inorganic membranes and mixed matrix membranes (MMM) as shown 

in Figure 1.2. All these membranes have their own set of advantages and disadvantages as 

discussed below: 

Polymeric Membranes 

The choice of polymer material to prepare a polymeric membrane plays a crucial role 

in separation performance. So far, the polymeric membranes have been used to separate 

different binary systems such as CO2/N2, CO2/CH4, H2/O2, He/N2, CO2/H2, etc.59,60 Cellulose 

acetate was the first material used to fabricate asymmetric membrane and also one of the 

polymers initially used in commercial gas separations.61 Houde et al. reported the separation 

performance of Cellulose Acetate for CO2/CH4 gas mixtures and found the CO2 permeability 

of 3.23 Barrer and CO2/CH4 selectivity of 33.8 at a temperature of 35 °C and feed pressure of 

10.1 bar.62 Apart from cellulose acetate, other materials such as polysulfones (PS),63 chitosan,64 

polyimides, PEBAX,65 matrimid,66 polyvinyl amine,67 etc. have also been utilized to prepare 
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membranes for gas separation. Few of these membranes follow solely the solution-diffusion 

mechanism, thus, suffer from truncated CO2 separation factor and permeance as discussed by 

Robeson's "upper-bound" curve. Few of these membranes also lack mechanical, chemical and 

thermal stability. 

Inorganic Membranes 

Inorganic membranes are generally composite membranes composed of one or more 

types of inorganic materials. The most commonly used materials for inorganic membranes are 

Al2O3, SiO2, TiO2, ZrO2, etc.68 They usually have a microporous top (or dense) layer, 

mesoporous intermediate layers and macroporous support. The dense microporous layer is a 

selective membrane where separation occurs, the support layer is used to provide mechanical 

strength and the mesoporous intermediate layers bridge the pore size difference between the 

top layer and the support layer. 

The primary transport mechanisms of gas mixtures through such membranes are 

Knudsen diffusion, bulk diffusion and viscous flow, with Knudsen transport dominating in the 

smaller pore regime. The main advantages of inorganic membranes are they can withstand high 

pressure and high temperature and are chemical resistant. Membranes are synthesized with 

various types of zeolites, such as Y-type, silicate, ZSM-5, etc., on a porous support. Zhilin et 

al. prepared a Y-type zeolite membrane and found that the permeation rate of CO2 remained 

the same while for N2 decreased, hence selectivity increased.69 However, the major limitation 

of inorganic membranes is their brittle nature and high cost. Also, preparing a crack-free 

inorganic membrane for industrial purposes is still a big challenge. 
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Figure 1.2. Morphological feature of (a) Polymeric membrane: Dense and Defect free, (b) 

Inorganic membranes: Defective and porous, (c) Mixed matrix membranes: Uniform 

distribution of fillers into the dense polymer matrix. 

Mixed Matrix Membranes (MMMs) 

Polymeric membranes face a crucial drawback concerning the balance between 

selectivity and permeability, which significantly hinders their practicality in flue gas separation 

applications. However, this limitation can be overcome by incorporating a suitable inorganic 

or organic-inorganic filler that is compatible with the polymer matrix. This incorporation leads 

to an enhanced membrane separation factor and creates a new frontier in the field of membranes 

known as mixed matrix membranes (MMMs), combining the advantages of both polymeric 

and inorganic materials. The key challenge lies in selecting the appropriate filler, as inadequate 

interactions between the polymer and filler can lead to issues such as pore blockage, filler 

agglomeration, void formation and membrane rigidity. These problems ultimately result in 

subpar gas separation performance. Therefore, careful consideration of the filler material is 

crucial to achieve optimal results in MMMs. Kulprathipanja et al. were the first who introduce 

the concept of mixed matrix membrane.70 They incorporated silicalite filler into the cellulose 

acetate polymer and found that the CO2/H2 separation factor increased to 9.6, which was 0.7 

for a plain cellulose acetate membrane. So far, various materials have been explored as fillers, 

such as zeolites, metal oxides, inorganic oxides, graphene oxide (GO), molecular sieves, 

activated alumina, carbon nanotubes, silica gel, metal-organic frameworks (MOFs), covalent-

organic frameworks (COFs), etc.71 In the past two decades, MOFs have drawn the attention of 
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many scientists as novel hybrid porous materials. Li et al. have developed a microporous MOF 

and found a CO2/N2 selectivity of 11.7. Asgharnejad et al.72 have developed Ni-AG5 with 5% 

GO-based MOF and fabricated a mixed matrix membrane and got the CO2/N2 selectivity of 52 

at 273 K and 1 bar feed pressure, i.e., three-fold higher than the selectivity of the parent MOF. 

1.4. Literature Survey 

The aim of this research work is the efficient separation of CO2 from the CO2/N2 binary 

gas mixture using membrane separation technology. So far, various polymers, including 

polyvinyl alcohol (PVA),73,74 poly(ether-block-amide) (Pebax),112-118 poly(vinylamine) 

(PVAm),119-126 polyethersulfone (PES),75 polycarbonates (PC),53 Chitosan (CS),64,76–78 

cellulose acetate, (CA)59,79 polyimide (PI, such as Matrimid®),66,80,81 polyetherimide (such as 

Ultem) and PIM-1,82,83 etc. have been utilized in the CO2 separation. Their gas permeation 

results are summarized in Table 1.1. 

Table 1.1. CO2 permeability/permeance and CO2/N2 selectivity of reported mixed matrix 

membranes (MMMs). 

Polymer Filler/Carrier 
Operation 

Condition 
𝐏𝐂𝐎𝟐 𝐒𝐂𝐎𝟐/𝐍𝟐 Reference 

Polyetherimide 

(Ultem® 1000) 
ZIF-8 

45 °C 

100 psi 
34 GPU 28 84 

Matrimid MIL-101 
35 °C 

10 bar 

5.85 

Barrer 
42 81 

Matrimid 
Benzimidazole 

(RT BIPL-101) 

35 °C 

2 bar 

27 

Barrer 
60 66 

Carboxymethyl 

chitosan  

(CMC) 

CNTs 
90 °C 

2 bar 
43 GPU 45 66 

CMC Polyamidoamine 90 °C 100 149 85 
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(PAMAM) 2 bar GPU 

Polyvinyl alcohol 

(PVA) 
PG/zeolite 

80 °C 

2 bar 
82 GPU 370 73 

PVA PEG/ Silica gel 
80 °C 

2 bar 

400 

Barrer 
210 74 

PIM-1 UIO-66(Zr) 
25 °C 

1 bar 

8000 

Barrer 
23 83 

Polyurethane 

(PU) 
SAPO-34 1.2 MPa 

28 

Barrer 
58.59 86 

PU 
UIO-66(Zr) 

 

25 °C 

4 bar 

75 

Barrer 
34 87 

Polysulfone (PSF) 

porous aromatic 

frameworks 

(PAF-56P) 

80 °C 

0.06 MPa 

151 

GPU 
38.9 88 

PU MIL-101 (Cu) 
25 °C 

4 bar 

83 

Barrer 
42 87 

CS Sericin 
90 °C 

2 bar 

112 

GPU 
73 78 

Cellulose acetate 

Multiwalled 

carbon 

nanotubes 

(MWCNTs) 

25 °C 

2 bar 

741 

GPU* 
40 79 

Polydimethylsiloxane 

(PDMS) 
Zeolite 25 °C 

1245* 

GPU 
11.1 89 

Polyvinyl amine 

(PVAm) 
- 

57 °C 

2 bar 

213 

Barrer 
48 90 

PVAm HPEI-GO 
25 °C 

0.1 MPa 
36 GPU 107 67 

PVAm 
PANI@CNTs-

GO 

25 °C 

1 bar 

264 

GPU 
149.8 91 
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A high-performance facilitated transport membrane for CO2 separation was fabricated 

by incorporating amino-functionalized carbon nanotubes into the Pebax-1657 matrix and 

reported 743 Barrer and 108 CO2 permeability and CO2/N2 selectivity, respectively, at 25 °C 

and 10 bar feed pressure.92 The results showed that the PEG-CNT filler plays multiple roles in 

improving the membrane performance as for the pure PEBAX. It was observed that despite its 

good separation properties, many efforts are still needed to improve the thermal stability of 

PEBAX membranes to commercialize in the flue gas application. 

Fortunately, through the reversible reactions between the targeted gas molecule-CO2 

and reactive carriers (amines), high CO2/gas selectivity and high CO2 permeance can be 

obtained. This inspires the selection of aminated polymers, e.g., polyvinyl amine (PVAm),67 

polyethyleneimine (PEI),93 polyallylamine (PAAm),64 tetraethylenepentamine (TEPA),76 

chitosan (CS) etc. to fabricate the fixed site carrier (FSC) membranes for CO2 separation. A 

novel PVAm membrane was fabricated and tested for CO2 separation performance at 57 °C 

temperature and 2 bar feed pressure.90 They reported the CO2 permeability of 213 Barrer and 

CO2/N2 selectivity of 57. The same group has also modified PVAm to Poly(N-methyl-N-

vinylamine), sterically hindered amine by converting primary amines of PVAm to secondary 

amines and reported the CO2 permeability of 264 Barrer and CO2/N2 selectivity of 55 at the 

same temperature and pressure which are higher than that reported for pure PVAm.90 Further, 

PVAm- MMM loaded with 1 wt% polyaniline coated carbon nanotube in GO was prepared, 

which exhibited excellent long-term stability for over 300 h with CO2 permeance of 264 GPU 

and a CO2/N2 selectivity of 149.8. 

Chitosan (CS), derived from chitin, is a biopolymer characterized by the presence of a 

one hydroxyl and one amine group in its each ring, enables simple modifications for increasing 

CO2 separation efficiency. These functional groups can also form hydrogen bonds with 
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absorbed moisture and introduce a swelling effect on the membrane resulting in enhanced CO2 

diffusivity and solubility. Besides that, CO2 can react with amines reversibly in the presence 

of moisture, which was responsible for the facilitated transport of CO2.
94,95 From an 

environmental standpoint, chitosan emerges as a favourable option for CO2 capture, owing to 

its cost-effectiveness, film forming properties, ecological compatibility and the presence of 

advantageous functional groups such as -NH2 and -OH. The amino activity of chitosan enables 

CO2 to permeate through its active sites via facilitated transport mechanism more rapidly than 

other gases, making it a compelling choice for CO2 permeation. Additionally, the chemical 

structure of chitosan lends itself well to easy modification, enabling the tailoring of its 

properties to specific requirements. By either functionalizing or blending it with other 

materials, we can optimize the permeability, selectivity, and stability of chitosan membranes 

to meet the demands of various separation processes. This adaptability allows for the 

customization of chitosan membranes to effectively tackle the challenges encountered in CO2 

separation, including the need for high selectivity towards CO2 over other gases and resilience 

to harsh operating conditions. Moreover, the abundance of chitosan sourced from renewable 

outlets like shrimp and crab shells further enhances its appeal from an environmental 

sustainability standpoint. Leveraging this natural, renewable resource enables us to minimize 

the environmental footprint associated with the production and disposal of membrane 

materials. 

This unique chemical composition imparts remarkable CO2 separation capabilities to the 

material. Moreover, CS exhibits exceptional thermal stability in the absence of cross-linking, 

ensuring its suitability for high-temperature applications, the material enables the facilitated 

transport of CO2 during separation processes, contributing to enhanced separation efficiency. 

Additionally, CS possesses commendable film-forming attributes, ensuring the fabrication of 
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thin, uniform films for flue gas separation applications.96 

However, the presence of a limited amine group (only one amine in the CS ring 

structure) limits its efficacy towards CO2 separation. So, CS blended or grafted with other 

polymers, amines, or fillers have been successfully used to separate CO2 pure gas,97 binary 

gas,78 and ternary gas mixture.77 Prasad et al. added Tetraethylenepentamine (TEPA) as a 

mobile into the CS matrix and the effect on CO2 separation performance was studied at 90 °C 

and 2 bar feed pressure.76 The results show that the CO2 permeance has increased from 12.5 

GPU to 24.7 GPU and selectivity increased from 54 to 80 compared to pure CS. A novel mixed 

matrix membrane has been fabricated by incorporating silk fibroin and graphene nanoparticles 

as mobile carriers and fillers into the CS matrix.77 The fabricated membrane resulted in 159 

GPU permeability and 98 selectivity at 90 °C and 2 bar feed pressure. The other modifications 

in the CS membrane and its CO2 separation performance can be reviewed in Table 1.2. 

Table 1.2. CO2 permeability/permeance and CO2/N2 selectivity of chitosan based mixed 

matrix membranes. 

Polymer Filler/Carrier 
Operation 

Condition 
𝐏𝐂𝐎𝟐 𝐒𝐂𝐎𝟐/𝐍𝟐 Reference 

Chitosan 

(CS) 
- 

2 bar 

90 °C 
12.5 GPU 54 76 

CS 
Tetraethylenepentaamine 

(TEPA) 

2 bar 

90 °C 
24.7 GPU 80 76 

CS Polyallyl amine (PAA) 
2 bar 

90 °C 
44 GPU 260 64 

CS 
 

Silk fibroin (SF) 

2 bar 

90 °C 
140 GPU 103 98 

CS SF/GNP 

 

2 bar 

90 °C 

159 GPU 93 77 
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CS 
[emim] [AC] (IL)/ZIF-8 

(MOF) 
25 °C 

5413 

Barrer 
11.5 97 

CS 
[emim] [AC] (IL)/ 

HKUST-1 (MOF) 
25 °C 

1388 

Barrer 
19.3 97 

CS 
Trimesoyl chloride 

(TMC) 

25 °C 

2 bar 

163 

Barrer 
42 99 

CS-PEBA - 
85 °C 

2 bar 

2884 

Barrer 
65.3 100 

CS-PEBA - 
65 °C 

6 kgf/cm2 

150 

Barrer 
44.3 65 

PVAm-CS GO-HPEI 
25 °C 

0.1 MPa 
36 GPU 107 67 

 

1.5. The Objectives of This Research 

The primary objectives of this research are as follows: 

1. Selection of bio-based polymers with high affinity for CO2 molecules. 

2. Selection of suitable bio-based amine carriers for high affinity towards CO2 molecules. 

3. Selection of suitable inorganic fillers compatible with the polymer matrix to improve the 

transportation of CO2 across the membranes. 

4. Fabrication, characterization and utilization of the thin film composite membranes 

(TFCMs) and mixed matrix membranes (MMMs) for CO2 separation from CO2/N2 binary 

gas mixture. 

The following research works have been undertaken based on the above objectives: 

1. A Strategical Improvement in the Performance of CO2 Gas Permeation via Conjugation of 

L-Tyrosine onto Chitosan Membrane. 

2. An Investigation on the Effects of Both Amine Grafting and Blending with Biodegradable 

TH-3376_196107001



Introduction 

22 | P a g e    

Chitosan Membrane for Enhanced CO2 Separation. 

3. Effects of L-Lysine-Conjugated-Graphene Oxide Nanosheets on the CO2 Separation 

Performance of Mixed Matrix Chitosan Membrane 

4. Green Synthesized Hf-Free Mil-100(Fe) Nanoparticles Infused Chitosan Mixed Matrix 

Membrane for Enhanced CO2 Permeance. 

5. Surface Engineering of Zr Bdc Nanoparticles via Conjugation with Lysine to Enhance CO2 

Separation Performance of Chitosan Mixed Matrix Membrane under Dry and Humid 

Conditions. 

1.6. Thesis outline 

On the basis of the above discussion, thesis work has been divided into eight chapters. A brief 

overview of each chapter is presented below. 

Chapter 1: This chapter of the thesis shed light on the interrelationships between greenhouse 

gas (GHG) emissions, climate change and their detrimental effects on both human health and 

the environment. It specifically focused on the significant impact of CO2 emissions on climate 

change and the need for CO2 capture. Existing CO2 capture technologies are also discussed, 

with an emphasis on the advantages of membrane separation technology. After a detailed 

analysis of various membrane types, the chapter highlighted the importance and benefits of 

mixed matrix membranes over other types of membranes. Finally, the research objectives were 

defined based on the gaps and challenges identified through a comprehensive literature review. 

Chapter 2: The materials utilized to synthesize different filler materials and membranes are 

discussed in this section of the thesis. A step-by-step description of the membrane synthesis 

processes is provided, along with a detailed overview of the analytical techniques employed to 
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characterize the membranes and fillers. The gas permeation set-up is also explained, with 

accompanying illustrations and discussions. 

Chapter 3: The study presented in this work involved the fabrication and analysis of a high-

performing membrane synthesized from chitosan (CS) and L-tyrosine-conjugated-CS (Tyr-c-

CS) for the purpose of separating CO2 from CO2/N2 gas mixture. L-Tyrosine (Tyr), an amino 

acid containing an amine group, possesses elevated surface tension, a non-volatile nature, 

exceptional resistance to degradation in environments with high oxygen levels, 

environmentally friendly behavior and better CO2 loading compared to alkonoalamines. These 

features make Tyr a promising candidate to be explored as a potential carrier for CO2 separation 

applications.  So far, the collective impact of the chitosan-tyrosine conjugate on the CO2 

separation performance has remained unexplored. The thermal, physical and chemical 

properties of the membrane were thoroughly examined using various techniques in the chapter. 

The research revealed that the addition of amino acid via conjugation to the CS backbone 

significantly improved the membrane's ability to separate CO2 from N2. The conjugated L-

tyrosine's amine groups attract CO2 molecules over N2 due to the zwitterion mechanism of 

carbamate formation. The study also proposed a new technique to enhance CO2 separation 

performance by inducing plasticization and swelling. The presence of amines carrier from L-

tyrosine, along with those from the CS backbone, enables a combination of facilitated transport 

and the solution-diffusion mechanism. This unique combination significantly enhances the 

CO2 separation performance of the Tyr-c-CS matrix when compared to the pure CS membrane. 

The CO2 separation performance, including CO2 permeance and CO2/N2 selectivity, was 

analyzed for both pure CS and Tyr-c-CS membranes by varying temperature under dry and 

humid conditions. Subsequently, the effects of varying moisture flow rates in sweep stream, 

pressures and selective layer thickness were studied for the Tyr-c-CS membrane. 
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Chapter 4: In this chapter we delve into a study focusing on the utilization of another amino 

acid Phenylalanine (Phe) in place of Tyr. Phenylalanine, being easily soluble in water (not 

requiring the use of strong acid (HCl) solutions as needed for dissolving tyrosine), 

consequently its better compatibility with CS, piqued our interest for its potential utilization in 

aiding the carrier in the chitosan backbone. Also, the absence of the phenolic -OH in 

phenylalanine resulted in more basicity in the composite membranes thereby facilitating better 

interaction of the acidic CO2 with the membrane polymer. In our research, we used two 

different methods to modify the CS. The first method involved chemical grafting, where we 

used carbodiimide coupling agents. The second method was physical blending, where we 

varied the concentration of phenylalanine (Phe) in the material from 10 wt% to 40 wt%. By 

employing these techniques, we aimed to achieve specific modifications and their effects on 

the material's properties. Afterward, we proceeded to synthesize composite membranes on a 

polyethersulfone (PES) substrate using the solution casting approach. To thoroughly evaluate 

the performance of these membranes, we conducted multiple analysis by employing various 

analytical techniques, including XPS, NMR, FTIR, XRD, TGA, FESEM and AFM. These tests 

allowed us to assess the stability, mechanical strength and thermal resistance of the membranes, 

as well as their efficiency in selectively transporting CO2 over N2. 

The results of our experiments revealed the formation of a thin, defect-free, CO2-attractive and 

durable selective layer on the PES support. To determine their practical applicability, we tested 

the composite membranes on a gas separation module under different operating conditions. In 

a stability test lasting 400 hours, the Phe-g-CS membrane exhibited better consistency in CO2 

uptake capacity compared to the Phe-b-CS membrane and Tyr-c-CS membrane. Overall, this 

study offers valuable insights into the development of composite membranes for gas separation 

applications utilizing blending and grafting strategies. 

TH-3376_196107001



Introduction 

25 | P a g e    

Chapter 5: Although the amino acids incorporation into the polymer yielded high performing 

membranes for CO2 separation, the Robeson curve is yet to be well-surpassed towards 

commercialization. As explained in Chapter 1, this chapter of the thesis explores the advances 

in membrane separation technology through the invention of mixed matrix membranes 

(MMMs). Here we synthesized graphene oxide (GO) nanosheets utilizing modified Hummer’s 

method and modified their surface with L-lysine (Lys) amino acid to enhance their 

functionality. We have utilized the previously discussed conjugation method for the 

functionalization of GO nanosheets with Lys. Lys exhibits unique molecular interactions 

because it possesses two amino groups. One of these groups can form covalent bonds with 

various functional groups on the surface of GO (graphene oxide), while the other remains 

unchanged. The presence of the dual amino groups provides an advantage over tyrosine and 

phenylalanine amino acids. The modified nanosheets of GO were then added to a chitosan 

matrix to synthesize mixed matrix membrane and the study of CO2 separation using these 

membranes is presented. The Lysine-conjugated-GO nanosheets had a positive synergistic 

effect on the gas separation performance of the MMMs. The amino groups attached to the GO 

sheets provided a pathway for high CO2 selectivity. The selective barrier created by the amine, 

hydroxyl and carboxy groups of the nanosheets on the MMM surface also contributed to an 

increase in selectivity. 

Chapter 6: Metal-organic frameworks (MOFs) have become a subject of intense interest 

among researchers exploring the formation of mixed matrix membranes (MMMs) for CO2 

separation applications. The interest in MOFs arises from their exceptional properties and 

potential benefits in improving CO2 separation efficiency of membranes. In this chapter, we 

introduce a sustainable method for synthesizing MIL-100(Fe) MOF nanoparticles. These 

nanoparticles serve as nanofillers, integrated into a biodegradable CS matrix to create high-
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performing mixed matrix membranes (MMMs) for effective CO2 separation. Notably, the MIL-

100(Fe) nanoparticles were created without the use of harsh hydrofluoric acid at room 

temperature and integrated into a biodegradable CS matrix. The CO2 molecules were captured 

by the μ3-oxo-trimer of the MIL-100(Fe) NPs and the amine groups of the CS polymer, due to 

the affinity of the MOF NPs for CO2 and zwitterionic mechanism, respectively. The 

nanoparticles' high surface area provided a specific channel for gas molecule passage. The 

MMMs underwent testing for CO2 separation performance, with maximum filler incorporation 

limit and optimization of the MMM. The MMM's endurance and efficacy were tested under 

adverse conditions. The MMMs showed increased CO2 permeance and CO2/N2 selectivity with 

increasing concentration of the MIL-100(Fe) up to 15 wt%. This technique could be applied to 

other nanofiller-matrix combinations to develop more efficient MMMs and enhance CO2 

separation performance even further. 

Chapter 7: Inspired from the benefits of MOFs as filler in MMM synthesis and conjugation 

method to aid amino groups to polymer or filler, in this chapter of the thesis we describe the 

synthesis of Zr BDC (UIO-66) MOF nanoparticles and their functionalization with lysine 

amino acids via conjugation mechanism to create nanofillers for chitosan mixed matrix 

membranes (MMMs). The resulting lysine-conjugated Zr BDC MOF exhibits a strong affinity 

for CO2 molecules, making it highly selective in capturing CO2 over N2. This selectivity is 

essential for efficient and targeted CO2 separation. To fabricate the MMMs, we utilized the 

solution casting method, incorporating Zr BDC and lysine-conjugated-Zr BDC as nanofillers, 

with chitosan polymer as the compatible matrix due to its amphipathic structure. Successful 

conjugation of lysine with the nanoparticles was achieved through amide bond formation, 

which enhances CO2 adsorption. By embedding various concentrations of the nanofillers in 

chitosan and casting them onto a porous support, we obtained a dense and thermally stable 
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selective layer for CO2 separation. 

Remarkably, the lysine-conjugated-Zr BDC embedded CS MMM displayed better CO2 

separation performance than the MIL or the Lys-c-GO embedded MMMs and successfully 

surpassed Robeson's upper bound curve. This promising result suggests that this approach 

holds great potential for CO2 separation from flue gas and the development of high-performing 

gas separation membranes. 

Chapter 8: In this chapter, the present study draws its well-founded overall conclusions drawn 

from the investigation. This section also offers valuable recommendations for future research 

in the relevant field. 

Notably, all the research endeavour within this thesis have been acknowledged in international journals, namely 

Membranes (mdpi), Chemical Engineering Journal (Elsevier), Indian Chemical Engineers (Taylor & Francis), 

Industrial and Engineering Chemistry Research (ACS) and Applied Nano Materials (ACS). For specific 

publication details of journals and conferences, please refer to the research output section provided at the end of 

this thesis. 
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CHAPTER 2 

Experimental Section 

In this section of the thesis, the materials that were used to synthesize various filler materials 

and membranes are discussed. A detailed, step-by-step description of the processes utilized to 

produce various membranes is provided. Moreover, numerous analytical techniques were 

addressed for characterizing the membranes and filler. Lastly, the illustration and discussion 

are provided regarding the gas permeation set-up. 
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2.1. Reagents and Chemicals used 

Except where otherwise noted, all obtained reagents and solvents were used without further 

purification. 

The following chemicals were procured from Sigma Aldrich, USA: chitosan flakes 

(high molecular weight: 310−375 kDa, % deacetylated), ZrCl4 (purity ≥ 99.9%), graphite 

powder, acetic acid (AA) (ACS grade, purity ≥ 99.9%), N-Dimethylformamide (GC grade, ≥ 

99.9%), hydrochloric acid (ACS grade, 37%), sulphuric acid (H2SO4, 98 wt %, Merck), 

orthophosphoric acid (H3PO4, 88 wt%), hydrogen peroxide (H2O2, 30 wt%), potassium 

permanganate (KMnO4), 4-morpholineethanesulfonic acid (MES), iron (II) sulfate 

heptahydrate (FeSO4.7H2O, 99%), Trimesic acid (BTC), sodium hydroxide pellets (NaOH, 

98%), ethanol (C2H5OH), methanol (CH2OH) and terephthalic acid (purity ≥ 99%). L-tyrosine, 

L-lysine, L-phenylalanine, 1-(3-dimethyl aminopropyl)-3-ethyl carbodiimide hydrochloride 

(EDC) and N-hydroxysuccinimide (NHS) were purchased from Hi-media, India. Helium 

(purity ≥ 99.99%), Argon (purity ≥ 98%), 20% CO2 and 80% N2 binary mixture gas (purity ≥ 

99.995%) were purchased from Vadilal gases Ltd. India. In industrial flue gas, the composition 

typically includes varying percentages of carbon dioxide (CO2) and nitrogen (N2), typically 

ranging between 14-15% CO2 and 86-85% N2 by volume. However, for certain real-world 

applications and to ensure an adequate CO2 driving force across the membrane, adjustments 

may be necessary. To address this, a gas mixture containing 20% CO2 and 80% N2 has been 

employed. Membrane support (Polyethersulfone: PES) with a pore size of 0.03 µm and 

thickness of 150 µm was purchased from Sterlitech in the USA. Demineralized Millipore water 

(>18 MΩ.cm) was used during all the experiments. 

2.2. Characterization of As-synthesized Fillers and Membranes 
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Various analytical techniques utilized to characterize synthesized nanofiller materials 

and fabricated membranes are discussed listed below: 

1. To investigate the electronic environment around the elements, valence state and the possible 

interactions for the synthesized nanofillers and membranes X-ray photoelectron spectroscopy 

(XPS, Thermo Fisher Scientific, ESCALAB Xi+) was used with a monochromatic Al Kα X-

ray source. Fitting and deconvolution of the obtained data were done using XPSPEAK 4.1 

software.  

2. To investigate the interaction between functional groups of constituent materials of 

synthesized nanofillers and membranes, the Fourier transform infrared spectra (FTIR, 

SHIMADZU, IR Affinity 1, Japan) were recorded in the range of 4000-400 cm-1.  

3. To characterize the ordered crystal structure of the nanofillers (GO and MIL-100(Fe)), 

Raman spectra (Horiba LabRam HR spectrometer) were taken at an excitation wavelength of 

488 nm. 

4. To study the crystallography and phase purity of all the samples X-ray Diffractometer (XRD, 

Rigaku SMARTLAB) was used with 9kW power in the scanning range of 2θ between 3º and 

60º, using Cu Kα as the radiation source. 

5. To investigate the specific surface area and porous structure, of the nanofillers (MIL-100(Fe) 

and UIO-66(Zr)), Brunauer-Emmett- Teller (BET, Beckman-Coulter SA 3100 N2 adsorption 

apparatus) was used under a nitrogen atmosphere (77.3 K). 

6. The surface morphology of the nanofillers and membranes (cross-section and top surface) 

was visualized using advanced microscopic techniques of field emission scanning electron 

microscope (FESEM, Zeiss, Sigma). 
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7. Morphology and selected area electron diffraction (SAED) patterns of nanofillers were taken 

using field emission transmission electron microscope (FETEM, JEM-2100F). 

8. The topographical images and roughness of the membranes were recorded using atomic 

force microscopy (AFM, Innova, Bruker) under tapping mode at 0.8 MHz scan rate. The 

required images and data were extracted using WSxM 5.0 software. 

9. The elemental analysis of as-prepared samples was done using an energy-dispersive 

spectroscopy (EDS, Zeiss, Sigma) analyzer under vacuum conditions. 

10. The thermal behavior of samples was investigated using thermogravimetric (TGA, 

Shimadzu TGA-50) analysis in N2 atmosphere under dynamic and isotherm mode. 

11. The successful grafting of material onto the chitosan backbone was proved using 400 MHz 

resonance for 1H nuclear magnetic resonance (NMR) spectroscopy. The sample was dissolved 

in the solution of DCl and D2O and piped into the NMR tubes.1 

12. Contact angle measurements were also conducted for all the fabricated membranes using 

the Kruss Drop Shape Analyser-DSA-25 instrument under ambient conditions. 

 2.3. Membrane Fabrication Method 

Solution casting, also known as the wet processing method, has outperformed 

competing production techniques due to its simplicity and lack of sophisticated equipment 

requirements over other membrane fabrication methods like phase inversion, electrospinning, 

stretching, interfacial polymerization, track-etching, etc.2,3 In this study, we used a Stokes' law 

principle-based "solution casting technique" to fabricate membranes with the desired thickness. 

Usually, a polymer solution is prepared by dissolving polymer material into a suitable solvent 

under continuous stirring till homogeneity is achieved. The solvent selection is determined by 
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the solubility of the polymer. After that, the solution was centrifuged to remove bubbles and 

unreacted particles. Meanwhile, a suspension of fillers or solution amino acids was prepared. 

Then, both solutions were intermixed and left to achieve possible interaction under continuous 

agitation via mechanical stirring. Meanwhile, the PES support was cleaned by soaking it in 

Millipore water for several hours. Finally, the solution was cast onto the porous PES utilizing 

a microfilm applicator (GARDCO, Paul N. Gardner, USA) support. The standard solution 

casting process utilized in this research is illustrated in Scheme 2.1. 

 

Scheme 2.1. Step-by-step illustration of thin film composite membrane synthesis procedure 

using solution casting method. 

The thickness of the selective layer was maintained by assuming the following equation 

(Equation 2.1);4 

2 2 1 1 g0.5 l apl r c r =      (2.1) 

Where 1c  is the total solid weight concentration and 1r  is the density of the selective 

TH-3376_196107001



Experimental 

47 | P a g e    

layer solution, gl ap  is the gap between the support and the casting knife, 2l  and 2r denote the 

dried coated selective layer's thickness and density. 

Afterward, the membranes were dried initially in the laminar hood chamber for 24 

hours, followed by further drying in a hot air oven at 110 °C overnight. The as-prepared 

membranes were then stored in a desiccator to prevent any bacterial or moisture-related effects 

and ensured they are thoroughly dried before conducting any characterization study. 

2.4. CO2/N2 Gas Separation Study Set-up 

A schematic of a gas permeation set-up design is shown in Scheme 2.2. The fabricated 

membranes were cut into a circular shape with an active surface area of ~8 cm2 and placed 

within a temperature-programmable oven fitted with a counter-current permeation cell. Two 

distinct AALBORG digital mass flow controllers were used to regulate the flow of the feed gas 

mixture (20% CO2 and 80% N2) and sweep (Ar) gas to the permeation cell. For feed and sweep 
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gas, the gas flow rates were maintained at 55 mL/min and 50 mL/min, respectively. 

 

Scheme 2.2. Schematic representation of CO2/N2 gas permeation study setup. 

Back-pressure regulators and Shimadzu HPLC pumps were used to keep the pressure 

and humidity inside the cell under check, respectively. Feed side pressure is kept at 2.21 bar 

and sweep side pressure is kept at 1.21 bar. Moisture flow rates were maintained at 0.03 

mL/min in the feed gas stream and 0.05 mL/min in the sweep gas stream using HPLC pumps. 

Water knockout drums installed at leaving streams are used to dehumidify moisture of the 

permeation cell's outflow gases. With the aid of a bubble flow meter, the gas flow rates of the 

permeate and retentate streams discharged from the cell were determined. Finally, Agilent 

7890B gas chromatography (GC) outfitted with a thermal conductivity detector (TCD) was 

used to record the compositions of CO2 and N2 in the permeate and retentate streams and the 

calculations of crucial gas separation parameters: CO2/N2 selectivity; CO2, N2 permeance and 

CO2, N2 flux was done using equations presented in Appendix A1. The analysis was carried 

out by adjusting various parameters, such as temperature, feed pressure and sweep-side 
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moisture flow rates and selective layer thickness. Before taking any readings, the operating 

conditions were maintained for 7-9 hours to achieve a steady state. Each reading was taken 

three times to assess reproducibility and the average of the three readings was considered the 

final value. 
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CHAPTER 3 

A Strategical Improvement in the Performance of CO2 Gas Permeation 

via Conjugation of L-Tyrosine onto Chitosan Membrane 

This chapter discusses the CO2 separation performance of neat chitosan (CS) and the 

covalently conjugated L-tyrosine (Tyr) onto CS using carbodiimide as a coupling agent 

membranes. Here, the amino acid, Tyr, was utilized to aid carriers into the CS matrix due to 

the formation of additional cross-linking points within the CS matrix, enhancing its overall 

structural integrity and mechanical strength. Tyr helped in boosting the CO2 permeance and 

CO2/N2 selectivity across the membrane. This research work is scientifically acknowledged in 

“Membranes”. 
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3.1. Introduction 

Rubbery polymeric membranes containing amine carriers have received much attention 

in CO2 separation as they offer facilitated transport of CO2 across the membrane. These 

membranes not only allow CO2 to pass through more easily but also offer a simple and cost-

effective method of synthesis. As a result, they have garnered significant interest in the field of 

CO2 separation. In the pursuit of finding a cost-effective yet efficient polymeric material for 

CO2 separation, chitosan (CS), a biodegradable polysaccharide, has emerged as a promising 

candidate.1,2 and has been selected as a base material in the current research. Membranes, in 

general, rely on the solution-diffusion mechanism and work on the condensing ability of the 

various molecules. However, when it comes to the transport of carbonic acid gas across the CS 

membrane, it is achieved through a group of hydroxyl radicals and its high primary amine-

content. As a result, it encompasses both the solution-diffusion and facilitated transport 

mechanism.3 

The membrane performance efficiency is obtained by optimizing and tuning the CO2 

permeability and  CO2/N2 selectivity, as discussed by Robeson "upper-bound".4 Researchers 

have utilized several methods to minimize this "trade-off" by modifying the existing polymer, 

using blending,5 crosslinking,6 filler addition,7,8 and thermal/chemical conjugation,9 etc. 

In this chapter of the thesis, we used a conjugation strategy to enhance the overall 

properties of the CS membrane. By incorporating amines into the CS matrix, we aimed to 

improve the efficiency of CO2 separation. Additionally, our goal was to overcome the 

limitations posed by the Robeson "upper bound" trade-off observed in the neat CS membrane. 

L-Tyrosine (Tyr), an amino acid containing primary amine group, possesses elevated surface 

tension, a non-volatile nature, exceptional resistance to degradation in environment and 

environmentally friendly behavior. These features make Tyr a promising candidate to be 
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explored as a potential carrier for carbon dioxide (CO2) capture applications. So far, the 

collective impact of the chitosan-tyrosine conjugate on the CO2 separation performance has 

remained unexplored. The key novelty of this research study is the successful conjugation of 

L-tyrosine onto chitosan, which has aided CO2-philic functional groups and improvised the 

amorphousness of the membrane along with other properties. This novel approach has turned 

the membrane into a highly promising material for better CO2 separation from N2, 

outperforming the traditional neat CS membrane. Apart from this, the influence of important 

operating variables such as temperature under dry and humid conditions, was analyzed for both 

pure CS and Tyr-c-CS membranes. Subsequently, the effects of varying moisture flow rates in 

sweep stream, pressures and selective layer thickness were studied for the Tyr-c-CS membrane. 

3.2. Experimental Section 

3.2.1. Synthesis of l-tyrosine-conjugated-chitosan (Tyr-c-CS) 

Tyr-c-CS preparation method is outlined in Scheme 3.1. 500 mg CS flakes dissolved in 

1 vol % of 50 mL acetic acid solution in two separate flasks and stirred at room temperature 

till the homogenous solution is obtained. The experiment was performed considering maximum 

conjugation (bond formation) by calculating the maximum amount of Tyr that can be 

conjugated to the free amine group of the high molecular weight CS. The average molecular 

weight of the CS is ~310-375 kDa which will carry an average of 1694 monomeric units or 

free amine groups for conjugation (considering 100% deacetylation-for maximum 

conjugation). Thus, by reacting 1694 mole equivalent of Tyr to CS, maximum conjugation can 

be achieved. So, for the reaction 485 mg Tyr were first dissolved into a certain amount of a 

dilute HCl acid solution and to activate the carboxyl group of amino acid, NHS (1.2 mol 

equivalent to Tyr) and EDC (1.2 mol equivalent to Tyr) were introduced using sonication. To 

one homogeneous solution of CS, activated Tyr solution and HOBt (1.2 mol equivalent to Tyr) 

TH-3376_196107001



L-Tyrosine Conjugated Chitosan Membrane 

53 | P a g e   A . K a t a r e ,  e t  a l ,  M e m b r a n e s , 2 0 2 3  

were added and kept for stirring at 4 °C for 30 min followed by 24 h stirring at room 

temperature and the other CS solution was kept aside. The dialysis of the prepared Tyr-c-CS 

solution was done against demineralized water in a dialysis tube (MW limit value 13 kDa) for 

3 days. Both the solutions were centrifuged for 10 mins at 10,000 rpm to remove all unreacted 

species. 

 

Scheme 3.1. Schematic representation of the preparation of Tyr-c-CS in the presence of EDC, 

NHS and HOBt. 

3.2.2. Neat CS and Tyr-c-CS membrane fabrication 

The solution casting method was used to cast both neat CS and Tyr-c-CS solutions as 

shown in scheme 3.2. Before casting, the polyethersulfone (PES) support was soaked in water 

for several hours to eliminate unwanted particles. Once cleaned, it was carefully attached to a 

glass plate. The solutions were then poured onto the PES support and a GARDCO micrometric 

film applicator (Paul N. Gardner, USA) was employed to spread the solution evenly. The 

detailed schematic representation of the process is shown in Scheme 2.1. The resulting 

membrane was placed in a laminar airflow for 24 hours, allowing the solvent to evaporate and 

form a thin, defect-free selective layer on the PES support. Subsequently, it was dried in a hot 

air oven, with the temperature gradually increasing from ambient to 110 °C at a heating rate of 

1 °C/min and left overnight. After cooling to room temperature, the circular membrane with a 
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diameter of ~32 mm was cut and accommodated in the flat sheet membrane module to conduct 

the CO2/N2 gas permeation test. The detailed schematic representation of the gas permeation 

set-up is shown in Scheme 2.2. 

 

Scheme 3.2. Development of Tyr-c-CS flat sheet membrane for CO2 separation. 

3.3. Results and Discussions 

3.3.1. Spectroscopic Analysis 

To investigate the molecular structure changes resulting from the conjugation of CS, 

Fourier transmission infrared (FT-IR) spectra (Figure 3.1a) and X-ray diffraction (XRD) 

spectra (Figure 3.1b) were recorded and analyzed for four samples: CS powder, Tyr powder, 

CS film and the Tyr-c-CS film. In Figure 3.1a from 3100-3500 cm-1, the CS film exhibited a 

medium broad peak and the Tyr-c-CS film exhibited a broad but strong peak. These peaks are 

assigned to hydroxyl and secondary amine stretch.10 The increment in the intensity of O-H and 

N-H peaks for Tyr-c-CS partially proves the successful grafting of Tyr onto CS (Scheme 3.1).11 

Also, in the FTIR spectrum in the C-H stretch region, the lower intensity peak shift is 

observed from 2887 cm-1 for CS film to 2951 cm-1 for Tyr-c-CS film, suggesting a possible 

interaction between CS and Tyr molecules. In the Tyr-c-CS film, the presence of Tyr was 

confirmed by a weak aromatic C-H peak at 1697 cm-1, a medium aromatic C=C peak at 1555 

cm-1 and N-H bends at 1613 cm-1. An amide bond (C=O-N-H) peak formed due to the 
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interaction of CS and Tyr molecules was observed at 1646 cm-1 in the Tyr-c-CS film spectrum. 

The strong C-O stretch at 1053 cm-1 was observed for the Tyr-c-CS film, as was seen for both 

powder CS and CS film.12 Strong N-H bending vibrations of primary amines are assigned for 

the peaks at 1559 cm-1 and 1599 cm-1 arising from the inherent chemical structure of CS and 

conjugated tyrosine. Due to -CH2 scissoring, which occurred at 1465 cm-1 for CS, the band was 

broadened in conjugated CS. However, two new peaks were observed in the fingerprint region 

of the Tyr-c-CS film spectrum at 1394 cm-1 and 721 cm-1 due to phenolic OH and benzene ring, 

which further confirms the conjugation of Tyr with chitosan.13,14  

 

Figure 3.1. (a) FTIR and (b) XRD spectra of CS powder, Tyr powder, CS film and Tyr-c-CS 

film. 

Material crystallinity analysis is usually performed using the XRD technique. As shown 

in Figure 3.1b, the XRD pattern of CS powder demonstrates a weak and a strong diffraction 

peak that appeared at 2θ values of 10.25° and 20.21°, respectively. The initial peak indicates 

the amorphous region and the second peak represents the crystalline structure. Therefore, as 

expressed in the reported literature, CS creates a semi-crystalline structured polymer.15 Unlike 

the CS powder, the neat CS film exhibited a lower amplitude peak in the 2θ range of 10-20°. 

This suggests an increase in disarray in chain alignment compared to the CS powder. As 

perceived in Figure 3.1b, Tyr-c-CS film exhibited comparatively broader hump with low-
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intensity peaks, which is an indication of a highly amorphous region due to the conjugation of 

Tyr.16   

3.3.2. Thermal Stability Analysis 

A thermal stability test of CS powder, Tyr powder, CS selective layer and Tyr-c-CS 

selective layer was performed using the thermogravimetric analyzer (TGA). Specimens 5-10 

mg were heated at 10 °C/min in nitrogen flow post-evacuation in ceramic cans. The weight 

loss profiles for each of them are shown in Figure 3.2. As observed from the TGA spectra 

shown in Figure 3.2a, the temperature at the onset of thermal degradation is ∼300 °C for Tyr 

powder and 244 °C for CS powder.17,18 In Figure 3.2b thermal degradation trend is shown for 

both the prepared membranes. The CS membrane showed 8.21 % loss between 25-114 °C in 

the first stage due to the removal of unbound free moisture, followed by 15 % loss up to 227 

°C in the second stage due to the evaporation of bound free moisture content. High 

temperatures may induce plastic deformation within the polymer matrix, even with a minor 

weight reduction of 5-8% at 100°C. Despite the seemingly small weight loss, nanoscale plastic 

deformation begins at this temperature, affecting the material's mechanical properties and 

performance. This insight into thermal behavior is crucial for designing polymers suited to 

specific environments and applications. In the third stage, the membrane experienced a sudden 

weight drop from 15% to 55% between 215-358 °C, which can be ascribed to the thermal 

degradation of the polymer structure. On the other hand, the Tyr-c-CS membrane represents 

only 5% loss up to 212 °C and later experienced a sudden weight drop of 30% up to 250 °C 

followed by 48% weight loss up to 410 °C in the third stage. It has been observed that the 

thermal stability has a trend following the order of Tyr powder > CS powder > Tyr-c-CS 

membrane > CS membrane. Apart from this, the weight loss is lower in the Tyr-c-CS selective 

layer by 8% compared to the CS selective layer. Hence, CS modified with Tyr via chemical 
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conjugation has shown better thermal stability, which can be ascribed as the advantage of using 

covalent conjugation instead of blending compared with available literature.19 The amide bond 

formation upon conjugation of the two moieties resulted in the increased chemical stability of 

the molecule, which in turn enhanced the thermal stability. According to the TGA analysis, the 

fabricated Tyr-c-CS membrane is well-suitable for CO2 separation processes. 

 

Figure 3.2. TGA profile of (a) CS powder, Tyr powder and (b) CS film, Tyr-c-CS film. 

3.3.3. Morphological Analysis 

The cross-sectional and surface images of the PES support, neat CS and Tyr-c-CS 

membranes are shown in Figure 3.3. The commercial PES support provides mechanical 

strength to the CS and Tyr-c-CS selective layer in the harsh environment, which is required for 

CO2 separation. Moreover, the porous structure (average pore size ~30 nm) imparts resistance-

free transport of gas molecules across the membrane after penetrating through a dense selective 

layer (Figure 3.3a). The formation of defect-free dense selective layers of CS and Tyr-c-CS 

onto PES support required for facilitated transport of CO2 molecules along with solution–

diffusion20 is confirmed in Figure 3.3b and c. The cross-sectional view of the fabricated 

membranes (Figure 3.3d and e) clearly shows the selective layer formed with average thickness 

of ~600 nm and 4 µm (Figure 3.3f) on PES support. The cross-sectional view indicates no pore 
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filling of PES support by selective layer solution.21 The pore filling of the support layer is 

undesirable as it reduces the available diffusion space and consequently, hinders the transport 

of gas molecules.22 

 

Figure 3.3. FESEM image obtained for the top section of (a) PES support, (b) neat CS, (c) Tyr-

c-CS membrane and the cross surface of (d) neat CS, (e,f) Tyr-c-CS membrane, respectively. 

3.3.4. Surface Roughness Analysis 

A more detailed surface analysis of the CS and the Tyr-c-CS membrane was conducted 

using atomic force microscopy (AFM). The typical two-dimensional, three-dimensional and 

height profiling of the membrane images obtained from the AFM analysis is shown in Figure 

3.4. The images represent distinct peak and valley regions. The average roughness of the CS 

membrane was 5.72 nm, whereas Tyr-c-CS was 10.22 nm. The enhanced roughness in Tyr-c-

CS  can be observed from heavier bumps and valleys (Figure 3.4b) which is due to the 

conjugation of amino acid in the polymeric chain of CS, which is crucial for CO2 separation, 

as it may increase the effective area for molecular transport.23  
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Figure 3.4. AFM images (a,b) were obtained for the top surface of the CS membrane and Tyr-

c-CS membrane, respectively. 

3.4. CO2/N2 Gas Permeation Study 

Flue gas mixture (20% CO2 and 80% N2) is separated using a gas permeation setup 

design, explained in Section 2.4 and illustrated in Scheme 2.2, at different operating conditions 

such as temperature under dry and humid conditions, sweep side moisture flow, feed pressure, 

test run time and selective layer thickness etc. 

3.4.1. Effect of temperature on the CO2 separation efficiency of dry CS and Tyr-c-CS 

membrane 

Initially, the study of the CO2 separation performance of the neat CS membrane was 

performed in dry conditions (moisture flow in both feed and sweep gas streams: 0 ml/min) in 

the temperature range of 25 °C to 115 °C, feed pressure 32 psi and sweep pressure 17 psi as 

(a)

(b)

Rm= 5.722 nm

Rm= 10.22 nm
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shown in Figure 3.5a, b and compared to that of Tyr-c-CS membrane, shown in Figure 3.5c, d. 

As expected, the CO2/N2 selectivity was increased by ~4-folds, from 1.2 to 5.2 and CO2 

permeance by ~3-folds, from 7.92 GPU to 27 GPU for Tyr-c-CS membrane, when the 

temperature raised from room temperature to 85 °C. Whereas, neat CS membrane showed the 

CO2 permeance of 16 GPU and CO2/N2 selectivity of 4.3 under similar operating conditions. 

From equation 1.1, the gas permeability (P) is a product of the contribution of both the 

diffusion and sorption of the gas molecules in the membrane. At lower temperature, the 

sorption effect dominates due to higher affinity of CO2 towards -NH2, forming the carbamate, 

while the diffusion of the gas molecules is much less, resulting in low CO2 permeance of the 

membrane at lower temperature. With increase in temperature (up to 85 °C), the diffusion of 

CO2 through the membrane advances owing to the increase in diffusion coefficient (Fick’s law) 

and flexibility of the membrane with temperature. This causes the enhancement in the 

CO2 permeance of the membrane up to 85 °C. Beyond 85 °C, the sorption effect reduces due 

to the dominance of backward reaction of carbamate formation (equation 1.4-1.5), resulting in 

less solubility of the gas into the membrane. Due to this effect, the reduction in the solubility 

at higher temperature (>85 °C), there occurs a sharp decrease in the CO2 permeance of the 

membrane at higher temperature. 

Facilitated transport membranes use a carrier molecule to selectively transport 

CO2 over N2 by binding to CO2 and facilitating its transport across the membrane. The effect 

of temperature on CO2/N2 selectivity may differ between facilitated transport membranes and 

traditional membranes that rely on gas diffusion rates.27 In CS and Tyr-c-CS facilitated 

transport membranes, CO2/N2 selectivity increases with temperature up to a certain point. This 

is because the carrier molecule used in the facilitated transport mechanism can have 

temperature-dependent binding properties for CO2, which can impact the overall CO2 transport 
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rate. The reaction of CO2 with amine (-NH2) functional group is a reversible exothermic 

reaction. Thus, up to a certain temperature, the forward reaction dominates forming the 

carbamate, while, at higher temperature, the backward reaction predominates, resulting in the 

decrease in the carbamate formation.13,24–26  

 

Figure 3.5. Effect temperature on (a) CO2/N2 selectivity and (b) CO2, N2 permeance of dry CS 

membranes; Effect temperature on (c) CO2/N2 selectivity and (d) CO2, N2 permeance of dry 

Tyr-c-CS membranes. 

3.4.2. Effect of temperature on the CO2 separation efficiency of swollen CS and Tyr-c-CS 

membrane 

In practical applications, moisture in the form of water vapor is a common constituent 

of flue gas. The hydrophilic selective layer of CS and its composite (Tyr-c-CS) are susceptible 
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to swelling phenomena when exposed to this moisture. Therefore, it is essential for the 

membrane to maintain higher efficiency even under swollen conditions. This requirement 

ensures that the membrane performs effectively and consistently in real-world flue gas 

separation processes where moisture is present. The impact of temperature on the separation 

performance of CS and Tyr-c-CS membranes for CO2 and N2 gas mixture was examined under 

humid conditions. The investigation was conducted in oven, temperatures ranging from 25 °C 

to 115 °C and a feed absolute pressure of 32 psi. Controlled moisture flow rates of 0.03 mL/min 

and 0.05 mL/min were maintained in the feed and sweep gas flow streams, respectively. These 

conditions were optimized by previous research group.2 

 

Figure 3.6. Effect temperature on (a) CO2/N2 selectivity and (b) CO2, N2 permeance of swollen 

CS membranes; Effect temperature on (c) CO2/N2 selectivity and (d) CO2, N2 permeance of 

swollen Tyr-c-CS membranes. 

As depicted in Figure 3.6a and b, neat CS membrane showed the CO2 permeance of 60 GPU 
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and CO2/N2 selectivity of 21 at 85 °C temperature. Whereas, for Tyr-c-CS membrane the CO2 

permeance increased from 32 GPU to 103 GPU and CO2/N2 selectivity increased from 9 to 

31.3 when the temperature increased from 25 to 85 °C under swollen conditions as shown in 

Figure 3.6c and d. 

The CO2 in the CO2/N2 mixture is separated through a facilitated transport mechanism. 

The amine functional group-rich membrane (Lys-c-CS) interacts with more incoming CO2 

molecules in the presence of water due to the zwitterion mechanism described by Caplow in 

reactions 1.6-1.7. Consequently, the rate of CO2 adsorption on the membrane is enhanced, 

benefiting from the 1:1 CO2-NH2 interaction, which represents the maximum CO2 loading of 

amines in the presence of a water molecule.24,28 Due to the reversible formation reaction of the 

zwitterion mechanism, the adsorbed CO2 is desorbed. It then immediately reacts with the 

neighbouring -NH2 group of the Lys-c-CS polymer and travels across the membrane through a 

facilitated transport mechanism involving simultaneous reversible carbamate formation. This 

process effectively separates CO2 from the CO2/N2 gas mixture.29 

This increase in CO2 permeance and CO2/N2 selectivity can be attributed to the 

additional free amines provided by the conjugation of Tyr onto chitosan. These free amines 

actively facilitate the transport reaction and promote carbamate formation in the presence of 

water molecules. As for N2 transport, similar to the trend observed in dry conditions, there was 

not much change with an increase in temperature. However, with further increases in 

temperature from 85–115 °C, the separation performances declined due to the reduction of gas 

molecule sorption and diffusion through the membrane, resulting from the deterioration of the 

moisture-holding capacity at higher temperature ranges. 

3.4.3. Effect of moisture supply in sweep side stream on the CO2 separation efficiency of 

swollen Tyr-c-CS membrane 
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The effect of moisture flow on the sweep side gas stream on the CO2 separation 

performance of the membrane was studied in the range of 0-0.09 mL/min at an absolute 

pressure of 32 psi for feed, the temperature of 85 °C and feed side moisture of 0.03 mL/min. 

The conditions were chosen based on the study conducted on the chitosan/silk fibroin 

membrane by our previous group.30 As shown in Figure 3.7a, b, for 0 mL/min moisture flow 

rate on the sweep side, CO2 permeance and selectivity were 27.9 GPU and 5.2, respectively. 

At 0.05 mL/min sweep moisture flow rate, the CO2 permeance and selectivity were amplified 

by ∼267% and ∼496% to 103 GPU and 31.3, respectively. N2 permeance was reduced from 

5.5 GPU to 4 GPU with an increase in moisture content in sweep flow from 0 to 0.05 mL/min. 

As observed in Figure 3.7a, b, the separation performance of the membrane improved with 

increasing moisture flow on the sweep side and then decreased after 0.05 mL/min. The findings 

suggest that water plays a beneficial role in CO2 separation by aiding in the formation of CO2-

carrier complexes. The reaction between CO2 and the carrier leads to the formation of 

bicarbonate (HCO3
−) in the high-pressure feed region, which dissociates in the low-pressure 

permeate region to release CO2 and water. The diffusivity of the HCO3
− complex is greater 

than that of CO2 alone, which improves the CO2 flux or permeance compared to non-reacting 

gases, such as N2. Water-induced swelling of the membranes increases the free volume and 

reduces mass transfer resistance to gas molecules. Water also acts as a plasticizing agent, 

inducing chain relaxation and increasing membrane flexibility. CO2/N2 selectivity increases 

with sweep water flow rate up to 0.05 mL/min, beyond which further improvement is not 

observed due to carrier saturation.24,31 At 0.07 mL/min and more sweep-side moisture flow, 

due to excessive swelling effect mass transfer resistance to N2, gas decreases further. As a 

result, the CO2/N2 selectivity decreased at higher sweep moisture flow and, due to carrier 

saturation phenomena. 
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Figure 3.7. Effect of moisture flow in sweep side stream on (a) CO2/N2 selectivity and (b) CO2, 

N2 permeance of Tyr-c-CS membranes; Effect of Feed pressure on (c) CO2/N2 selectivity and 

(d) CO2, N2 permeance of Tyr-c-CS membranes. 

3.4.4. Effect of feed pressure on the CO2 separation efficiency of swollen Tyr-c-CS 

membrane 

To investigate the effect of pressure difference across the membrane, gas permeation 

tests were conducted at the different feed pressures of 32 psi, 44 psi, 59 psi and 74 psi while 

keeping sweep side pressure constant at 17 psi at an operating temperature of 85 °C sweep 

moisture flow rate at 0.05 mL/min and feed moisture flow rate at 0.03 mL/min. For binary 

CO2/N2 gases, as shown in Figure 3.7c, d, CO2 permeance and selectivity decreased from 105 

GPU to 66 GPU and 31 to 7.1, respectively, when feed pressure in the membrane increased 
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from 32 psi to 74 psi. As known, at high pressure, the facilitated transport of CO2 leads to the 

formation of complexes with amino groups. This increased formation of complexes inhibits 

the interaction of active sites with coming CO2 molecules, leading to reduced CO2 separation 

performances.2 Thus, the decreased CO2 permeance and selectivity are due to the carrier 

saturation phenomena that hamper the efficiency of facilitated transport of CO2 molecules. 

3.4.5. Effect of selective layer thickness on CO2 separation efficiency of swollen Tyr-c-CS 

membrane 

There is not a lot of information currently available in the literature about the effects of 

selective layer thickness effects on CO2 permeance and CO2/N2 selectivity. This behaviour can 

be attributed to the intricate gas transport system that exists within a facilitated transport 

membrane, which includes both solution-diffusion and reversible reactions between amine and 

CO2 molecules. The first step occurs in the bulk CO2 transport process when CO2 molecules 

are absorbed and react with amine carriers at the feed gas/membrane interface. The reaction 

products then diffuse across the membrane, moving towards the permeate side along their 

corresponding concentration gradients. Through reversible zwitterion reaction mechanism, 

CO2 molecules are released into the sweep gas on the permeate side. Additionally, a lesser 

amount of CO2 simultaneously passes through the membrane via the solution-diffusion 

mechanism as well. 

The impact of varying selective layer thickness (shown in Figure 3.3e and f) on CO2 

permanence and CO2/N2 selectivity was investigated using neat CS and Tyr-c-CS membranes. 

Table 3.1 presents the separation performance obtained from different selective layer 

thicknesses. It was observed that a membrane with selective layer thickness of approximately 

600 nm exhibited higher CO2 permeance but lower CO2/N2 selectivity. Conversely, when the 

membrane thickness was around 4.5 μm, the CO2/N2 selectivity increased, although the 
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permeance did not meet the desired standard. The increase in CO2 permeance with a decrease 

in selective layer thickness indicates that Tyr-c-CS membranes operate based on a combination 

of the solution-diffusion mechanism and facilitated transport. 

Table 3.1. Comparison of the performance of the CO2 separation performance of Tyr-c-CS 

membranes with different selective layer thickness. 

 Tyr-c-CS Membrane 

Selective layer Thickness (μm) CO2 Permeance (GPU) 𝐒𝐂𝐎𝟐/𝐍𝟐
 

0.5-0.6 103 31 

4-4.5 44 67 

 

3.4.6. Prolonged CO2 separation test of Tyr-c-CS membrane 

Durability under harsh prolonged conditions for separation performance is a vital 

necessity to be an efficient membrane. CO2 separation performance of the fabricated Tyr-c-CS 

membrane was analyzed for over 150 h at 85 °C temperature, 32 psi feed pressure, 17 psi sweep 

pressure and feed to sweep side moisture flow ratio of 1.67. Due to the covalent link formed 

between the molecules of chitosan and tyrosine during conjugation, the membrane retains its 

CO2 separation performance over a period of 150 h with barely any fluctuation, exhibiting the 

remarkable stability of the membrane performance, as shown in Figure 3.9. After the gas 

separation test, the Tyr-c-CS membrane was demounted from the module, dried in an oven and 

tested with various analytical techniques, such as FESEM, XRD, FTIR. AFM, etc. and shown 

in Figure 3.10. The FT-IR and XRD spectra of the Tyr-c-CS membrane (after stability test) 

confirmed that the crystal and electronic structure remained intact. The FESEM and AFM 

images inferred the constancy of the surface features. The obtained results demonstrate the 

stability of the membrane after passing through harsh environment provided during the 
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experiment. Thus, we can say that the membrane is stable and re-usable. 

 

Figure 3.8. CO2 separation performance of Tyr-c-CS membrane continuously run for 150 h at 

optimum operating conditions. 

Figure 3.9. (a) FESEM image of cross section, (b) FTIR spectra, (c) XRD and (d) AFM 

image of top section of Tyr-c-CS membrane analysed after the gas separation experiments to 
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confirm the stability and reusability of the membrane. 

3.4.7. Comparative study of the obtained results with the reported literature 

Robeson's upper bound curve illustrates the trade-off between CO2 permeability and 

CO2/N2 selectivity on a logarithm plot for polymeric membranes. CO2 permeability is reported 

in Barrer units and can be calculated by multiplying permeance with selective layer thickness. 

To better understand the upgraded performance of the fabricated Tyr-c-CS membrane and to 

support the utilized strategy of conjugation of amino acid onto chitosan polymer, the results 

are meticulously compared with the well-established contemporary studies on gas separation 

with FTM, presented in Table 3.2. In this comparative study, the performance of the fabricated 

membrane is evaluated from the Robeson upper bound curve (Figure 3.11) and other available 

literature.21,30,32–35 The curve clearly indicated that when compared to neat CS membrane, Tyr-

c-CS membrane showed better separation performance in both dry and wet conditions. This is 

due to the facts that, conjugation of tyrosine onto CS matrix enhanced the available amine 

active sites and also increased the roughness of the membrane. A pure CS membrane has a 

rather smooth surface, but when Tyr is conjugated, the topology of the membrane surface is 

significantly changed.36,37 Little projecting bumps with a height of 10–30 nm are created, 

enhancing the membrane's surface roughness and contributed in high CO2 permeance.38 

Moreover, Tyr-c-CS is more stable membrane than other amine blended CS membranes due to 

the conjugation. 

Table 3.2. A comparative account of the CO2 separation performance of the optimized CS and 

Tyr-c-CS composite membrane with available literature. 

Polymer Carrier Top (°C), 

P (psi) 

Thickness 

(μm) 

CO2 

Permeance 

(GPU) 

𝐒𝐂𝐎𝟐/𝐍𝟐
 

 

Reference 
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CS TEPA 90, 32 3.5 24.7 80a 32 

CS PAA 90, 32 4.5 39 260a 21 

CS SF 90, 32 3 140 103a 30 

CMC PAMAM 90, 32 2.6 100 149a 1 

CS PAMAM 40, 14 0.1 61 230a 33 

PVA/PVP PEI 25, 32 0.5 183 35b 34 

PVA SC 25, 32 25 2.16 54c 35 

CS - 85, 32 0.6 60 21a This work 

CS L-Tyr 85, 32 0.6 103 31a This work 

Gas mixture composition-a: CO2/N2:20/80; b: CO2/N2:10/80; c: Pure gas mixture. 

 

Figure 3.10. Robeson upper bound curve: Comparison of CO2 separation performance of the 

synthesized CS and Tyr-c-CS membrane with the reported literature. 

3.5. Conclusions 

In conclusion, a high-performing Tyr-c-CS membrane was fabricated and thoroughly 

characterized for flue gas separation. The conjugated membrane, with an average thickness of 

600 nm, exhibited remarkable CO2 separation properties. It demonstrated a high CO2 

permeance of 103 GPU and a reasonably good CO2/N2 selectivity of 31 at 85 °C and 32 psi 
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absolute feed pressure. The successful incorporation of amino acid conjugation on polymer 

backbones played a crucial role in enhancing CO2 separation performance. The amine groups 

from L-tyrosine facilitated CO2 attraction while excluding N2 through the zwitterion 

mechanism for carbamate formation. Moreover, the study proposed a novel method to enhance 

membrane performance by inducing plasticization and swelling. The results highlight the 

potential of this approach in designing effective membranes for CO2 separation applications.  

Although the as-synthesized membrane's overall performance has significantly 

improved, it still has the scope for improvisation by incorporating other amine-carriers 

containing molecules. 
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CHAPTER 4 

An Investigation on the Effects of Both Amine Grafting and Blending 

with Biodegradable Chitosan Membrane for Enhanced CO2 separation 

In this chapter of the thesis, comparison of the effects of two approaches: amine blending and 

grafting with polymer matrix and their contribution to gas separation (GS) performance is 

presented. A facilitated transport-cum-solution diffusion-based chitosan membranes were 

prepared by using 2-Amino-3-phenylpropanoic acid, also called phenylalanine and the 

solution casting method was used to fabricate grafted and blended membranes on PES support. 

All the fabricated membranes were utilized for CO2 separation (GS) application. This work is 

scientifically acknowledged in “Chemical Engineering Journal”. 
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4.1. Introduction 

In this chapter, we address the limitations of earlier fabricated neat CS and Tyr-c-CS 

polymeric membranes, which exhibit subpar performances, specifically the trade-off between 

selectivity and permeability as described by Robeson's upper bound. To overcome these 

limitations, we explored the use of Phenylalanine (Phe) amino acid as an alternative to Tyr. 

Phenylalanine, being easily soluble in water (not requiring the use of strong acid (HCl) 

solutions as needed for dissolving tyrosine), consequently its better compatibility with CS, 

piqued our interest for its potential utilization in aiding the carrier in the CS backbone.1–3 Also, 

the absence of the phenolic -OH in phenylalanine resulted in more basicity in the composite 

membranes thereby facilitating better interaction of the acidic CO2 with the membrane 

polymer. Both mobile and fixed carriers within the facilitated transport process demonstrate 

superior CO2 separation capabilities. However, mobile carriers suffer from reduced stability 

over time due to a leach out problem, whereas fixed carriers are more stable. 4–6 

To address these challenges, the current study concentrates on increasing the gas 

permeance of the chitosan-based membranes because CS has naturally low gas permeance. 

Two approaches grafting and blending, have been researched in which a low molecular weight 

sacrificial component was added into the CS, as shown in Scheme 4.1.  The 2-Amino-3-

phenylpropanoic acid (Phe) short-chain (MN = 165.19 Da) was grafted onto the CS backbone 

using a "chemical grafting" technique in the presence of 1-ethyl-3-(3-dimethylamino-propyl) 

carbodiimide (EDC) and N-hydroxy-succinimide (NHS).8 As an alternative, the Phe amino 

acid was also blended with the CS with 10-40 wt% amount to investigate the effects of both 

strategies. 

4.2. Experimental Section 
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4.2.1.  Amino-3-phenylpropanoic acid-blended-Chitosan (Phe-b-CS) solution preparation 

The weight% of the Phe to be blended into CS matrix was decided based on the previous 

literature where amine-containing low molecular weight components were introduced into the 

CS polymer matrix for the preparation of thin film composite membranes.9,10 1 wt% CS was 

added to 100 ml of 1 vol% acetic acid (AA) solution first, followed by the addition of calculated 

amounts of Phe into the solution. The prepared solution is continuously stirred for 24 h to attain 

desired bonding and homogeneity. Finally, the blended solutions were centrifuged to remove 

bubbles and non-interacted material before being cast onto the polyethersulfone (PES) support. 

The selective layer solutions have four different weight ratios of blends of CS and Phe, such as 

90 wt% CS + 10 wt% Phe [Phe-b-CS (10)], 80 wt% CS + 20 wt% Phe [Phe-b-CS (20)], 70 

wt% CS + 30 wt% Phe [Phe-b-CS (30)] and 60 wt% CS + 40 wt% Phe [Phe-b-CS (40)] were 

prepared successfully. The basic chemical reaction undergoing during the blending procedure 

has been demonstrated in Scheme 4.1a. 

4.2.2. 2-Amino-3-phenylpropanoic acid-grafted-Chitosan (Phe-g-CS) solution 

preparation 

The grafting reaction of Phe onto CS was conducted under normal conditions, i.e., 

water-based system and room temperature, using carbodiimide (EDC) as a coupling agent and 

NHS as a catalyst.11 The experiment was performed considering analysis discussed in section 

3.2.1. Thus, for the reaction, 6.26 moles of Phe were first dissolved into a certain amount of 1 

vol% AA solution and then 1.5 mol equivalent of EDC was added to activate the carboxyl 

groups of the Phe, followed by a 1.5 mol equivalent addition of NHS to get a stable ester. The 

activation reaction was carried out at a constant temperature of 4 °C for 30 mins. The step-by-

step chemical reactions undergoing during the grafting procedure has been demonstrated in 
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Scheme 4.1b. Separately, the CS solution was prepared as mentioned in Section 3.2.2 The 

activated Phe solution was then slowly added to the CS solution and kept stirring at room 

temperature for 36 h. The as prepared Phe-g-CS solution was dialyzed against millipore water 

for three days to remove the catalyst and unreacted impurities. 

 

Scheme 4.1. (a) Synthesis of Phe-b-CS and (b) Phe-g-CS 
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4.2.3 Membrane fabrication 

Before casting the as-prepared solutions, the PES support was immersed in water for 

several hours to remove any unwanted particles. Subsequently, it was delicately pasted onto a 

cleaned glass plate. Using a casting knife, all the prepared solutions were then cast onto the 

porous support. In order to comprehend the impact of blending and grafting on the 

enhancement of CO2 separation performance, we also casted a neat CS membrane with a 

similar thickness. All the membranes were dried in a laminar hood chamber for 24 hours, 

followed by overnight drying in a hot air oven at 110 °C. Finally, the membranes were kept in 

a desiccator for further characterization and gas separation studies. 

4.3. Results and Discussions 

4.3.1. Electronic State Characterization 

The electronic structure of the constituent elements of the fabricated membranes was 

determined using the X-ray photoelectron spectroscopy (XPS) technique. Figure 4.1a show the 

survey spectra of the three materials confirming the presence of all three elements: carbon, 

oxygen and nitrogen. To get an insight into the electronic structures of the respective materials, 

XPS was performed to obtain the core level spectra of C1s, N1s and O1s for bare, blended and 

grafted chitosan. Figure 4.1b shows the C1s core-level spectra, deconvoluted into three 

individual spectra. For bare CS, three peaks were obtained at binding energy (B.E.) of 284.82, 

286.45 and 288.11 eV corresponding to the C-C/C-H, C-N/C-O and C=O bonds in the chitosan 

backbone.12 For Phe-b-CS (20), the corresponding peaks appear at 284.88, 286.38 and 288 eV, 

while for Phe-g-CS, the corresponding peaks appear at 284.81, 286.40 and 288.14 eV. The 

negligible shift in C-C/C-H peaks for both confirms the integrity of the CS backbone. The shift 

in the C-N peak is due to the formed interaction between the CS and Phenylalanine (Phe). The 
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red shift of ~0.1 eV in the C=O peak for Phe-b-CS (20) is due to the formation of an H-bond 

between the carbonyl group of Phe and the amine group of CS, resulting in the increase in 

electron density around carbonyl C of the Phe molecule. But the negligible shift in the C=O 

peak for grafted-CS compared to bare CS is due to the formation of an amide bond between 

Phe and CS. Figure 4.1c shows the N1s core-level spectra deconvoluted into two major peaks 

for the 2°-N atom (-NH-) and 1°-N atom (-NH2). For bare CS, the peaks were obtained at 

399.57 and 401.67 eV, for Phe-b-CS (20) at 399.46 and 401.12 eV and for Phe-g-CS at 399.75 

and 401.57 eV, corresponding to the respective peaks. Due to only the formation of the H-bond 

between the carbonyl of Phe and amine of CS for Phe-b-CS (20), there is a negligible shift in 

peaks for 2°-N, confirming the integrity of the CS backbone. But in the Phe-g-CS, there is the 

formation of amide bonds between CS and Phe, resulting in a shift in the 2°-N peak position. 

But in the case of -NH2 peak for Phe-b-CS (20), there is a decrease in BE of ~0.5eV due to the 

formation of H-bond between the NH2 group of CS and carbonyl group of Phe resulting in an 

increase in electron density around the N-atom. Finally, in Figure 4.1d, the O1s core-level 

spectra are deconvoluted into three peaks corresponding to C=O, C-O and surface-adsorbed 

H2O molecules. For bare CS, the respective peaks were obtained at 531.42, 532.55 and 533.28 

eV; for blended-CS at 531.82, 532.73 and 533.48 eV and Phe-g-CS at 531.49, 532.57 and 

533.36 eV, respectively. The blue shift of the C=O peak for Phe-b-CS (20) compared to bare 

CS is due to the formation of an H-bond between the carbonyl of Phe and amine of CS, resulting 

in a decrease in the electron density of the carbonyl O atom. Similarly, due to the H-bond 

formation between the carbonyl of Phe and hydroxyl of CS, there is a decrease in BE of C-O 

for blended-CS. The C=O and C-O peaks for grafted-CS showed negligible shifts confirming 

the formation of an amide bond between CS and Phe. 
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Figure 4.1. (a) Survey spectra of C1s, N1s and O1s (b) High resolution spectra of C1s, (c) 

High resolution spectra of N1s, (d) High resolution spectra of O1s of all three: bare CS, Phe-

g-CS and Phe-b-CS (20) membranes. 

4.3.2. 1H-Nuclear Magnetic Resonance Spectroscopy Analysis 

Proton (1H) nuclear magnetic resonance (1H NMR) spectroscopy technique was used 

to validate the successful bond formation between the Phe and CS molecules upon grafting. 1H 

NMR was recorded for Phe, CS and Phe-g-CS using a 600 MHz spectrometer by dissolving all 

three samples in 1% DCl/D2O solvent at 25 °C, as shown in Figure 4.2. Addressing Phe-g-CS, 

the proton-containing N-acetyl glucosamine units of CS were responsible for the solitary peak 

at 2.08 ppm.13 The protons on the glycan ring of CS are responsible for the single peak at 

2.89 ppm and several peaks at approximately 3.30-3.60 ppm. The successful grafting of Phe 
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onto CS can be confirmed with the presence of benzene ring (5H, C6H5) peaks observed at δ 

(ppm): 7.37,7.37, 7.34, 7.34, 7.33, 7.33 in 1H MNR spectra of Phe shift to: 7.83,7.83, 7.57,7.57, 

7.56, 7.56 in 1H NMR of Phe-g-CS.11 Meanwhile, a secondary amine bond peak that arises 

during amide bond formation between CS and Phe is also observed at δ (ppm): 7.33 in Phe-g-

CS. 

 

Figure 4.2. NMR spectra of (a) Phe (b) CS and (c) Phe-g-CS 

4.3.3. Structural and Thermal Stability Analysis 

To identify the chemical bonds, functional groups and to confirm the successful 

interaction between the Phe and CS molecules upon blending and grafting, Fourier transform 

infrared (FTIR) spectroscopy technique was employed. The FTIR spectra of pure Phe, CS 

membrane and fabricated composite membranes are shown in Figure 4.3a. For CS membrane, 

(a) (b)

(c)
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the absorption band in the range of 3400-3100 cm-1 is assigned to the N-H and O-H stretching 

vibration. The appearance of peaks in the range of 2936-2881 cm-1 are ascribed to the 

symmetric stretching vibration of –CH3 and asymmetric stretching vibration of –CH2, 

respectively. The peaks at 1647 cm-1 and 1554 cm-1 has been assigned to the C=O stretching 

and N-H bending vibration. Upon blending CS with phenylalanine, a significant variation in 

the peaks was observed. A new peak at 2122 cm-1 has appeared, the characteristic peak of L-

amino acid, signifying the presence of phenylalanine.14 The FTIR analysis of the CS-Phe 

blends also revealed notable shifts in the primary amine peaks around 1563 cm-1, along with 

changes in peak intensities for OH and N-H stretching vibrations (3400-3100 cm-1). These 

alterations signify the formation of hydrogen bonds between CS and Phe within the blend. 

Additionally, the new peaks at 1416 cm-1 and between 745-600 cm-1 are attributed to the 

aromatic C=C stretching and aromatic C-H bending vibration of phenylalanine. The intensity 

of the peaks has increased with increasing the percentage of blending from 10% to 40%. The 

FTIR spectra of phenylalanine grafted chitosan is also displayed in Figure 4.3a, showing the 

characteristic peaks of chitosan and phenylalanine along with the appearance of distinct new 

peaks, which attributed to the formation of new covalent bonds between chitosan and 

phenylalanine. The new peak at 1704 cm-1 is due to the ester bond. The increase in the peak 

intensity at 1554 cm-1 can be assigned to amide II, confirming the formation of a new amide 

bond between the carboxyl group of phenylalanine and the amino group of chitosan.11 

To investigate the crystallinity, phase behavior and crystal structure of all the materials 

powder X-ray diffractometer (XRD) technique was utilized. The powder XRD pattern of 

chitosan displayed in Figure 4.3b shows two diffraction peaks 2θ = 9.75° and 20.21°, which 

are attributed to the amorphous and crystalline nature of chitosan, respectively. The powder 

XRD pattern of phenylalanine demonstrated in Figure 4.3b displays diffraction peaks at 5.85°, 
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17.02°, 22.91°, 28.65° and 34.5° which matches with the earlier reported data of the anhydrous 

phase.11,15 The Phe-b-CS membranes show peaks at 6.74°, 15.18° and 20.80°, whose intensity 

increases upon increasing the blending percentage.16–18 The new observed peaks correspond to 

the monohydrate phase of the phenylalanine.19,20 The phase change of Phe from anhydrous to 

monohydrate form confirms the successful blending, i.e., the formation of H-bonds between 

the Phe and CS molecules, as shown in Scheme 4.1. The Phe-g-CS shows peaks at 5.73°, 

16.95°, 17.83°, 22.75°, 25.48° and 34.32° corresponding to the anhydrous form of the 

phenylalanine.21,22 The presence of the peaks verifies the presence of Phe in the CS polymer. 

Both, the grafted and blended membranes show the broad peak of amorphous chitosan, 

ascertaining the polymeric structure of the CS molecule.23 

 

Figure 4.3. (a) FTIR spectra and (b) XRD spectra of Phe and all the fabricated composite 

membranes, (c) Dynamic TGA study of all the fabricated membranes, and (d) TGA isotherm 
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of neat CS, Phe-g-CS and Phe-b-CS (20) membranes. 

Thermogravimetric analysis (TGA) accessed to study thermal degradation and stability 

of the pure CS, Phe-g-CS and Phe-b-CS membranes is shown in Figure 4.3c. The TGA profile 

of neat chitosan shows three consecutive weight loss steps. The first weight loss of about 6% 

occurs between 30-150 °C due to moisture loss. The second weight loss of about 40% occurs 

from 260 °C due to the scission of the ether linkage. The third weight loss of about 26 % occurs 

from 338 °C due to the degradation of glucosamine residue. While in the profile of Phe-g-CS, 

shown in Figure 4.3c, the second weight loss starts earlier at about 154 °C. The early weight 

loss might be due to the formation of a new covalent bond between the polymer and the amino 

acid, which blocks the chitosan's free amino group, leading to a decrease in the intermolecular 

polymeric chain interaction.24,25 The residue percentage of the conjugate has also been reduced 

compared to the pristine polymer, indicating a decrease in the conjugated compound's thermal 

stability. The TGA profile of the blended membranes shows three consecutive weight losses, 

with the second and third weight losses starting much earlier than chitosan.13 A minor decrease 

in the degradation temperature was observed with increasing phenylalanine percentage. The 

decrease in the thermal stability might be due to the decrease in the intermolecular chain 

attraction occurring due to the formation of hydrogen bonds between the amino group of 

chitosan and the hydroxyl group of phenylalanine. 

TGA isotherm tests on the pure CS, Phe-g-CS and Phe-b-CS (20) membranes 

demonstrated their thermal stability at the experimental temperature range. When the 

membrane was held at 85 °C for 30 minutes, a loss of 2.01 % was observed, as shown in Figure 

4.3d. This minute loss was caused by eliminating moisture from the membrane matrix. Further, 

when the membrane was heated for 30 minutes at 105 °C and 145 °C, respectively, another 1.2 

% and 0.95 % loss was noticed. The slight losses to 145 °C may have resulted from the total 
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moisture removed from the membrane.26 Later, the melting of Phe in the selective layer was 

the cause of the weight loss. Therefore, it is possible to ensure the membrane is stable under 

the experimental operating conditions. 

 

Figure 4.4. FESEM images of cross section and top surface of (a) Pure CS, (b) Phe-b-CS (10), 

(c) Phe-b-CS (20), (d) Phe-b-CS (30), (e) Phe-b-CS (40) and (f) Phe-g-CS membranes. 

4.3.4. Morphological Analysis 

To visualize the surface texture and to elucidate the actual thickness of the fabricated 

membranes, field emission scanning electron microscopy (FESEM) technique was employed. 

As perceived in the FESEM images in Figure 4.4, the top surfaces of Phe-b-CS (10 & 20) and 
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Phe-g-CS, when compared to that of pure CS, have similar smooth-homogeneous surfaces, 

suggesting proper interaction of Phe with the CS matrix. The magnified image of Phe-g-CS 

shows the defect-free selective layer is made-up of Phe-g-CS. Phe gets aggregated on the 

membrane surface when its content in the CS matrix is increased to 30 % and 40 %. Instead of 

offering an alternative pathway for CO2 molecules, the aggregated Phe may impede their 

passage across the membrane.  

4.3.5. Surface Roughness Analysis 

The variation in the surface roughness of CS membrane upon interaction with Phe due 

to blending and grafting has been demonstrated using the atomic force microscopy (AFM) 

technique. The AFM images and the obtained roughness values (Ra) of the neat CS membrane 

and all the composite membranes are shown in Figure 4.5. The increase in the roughness for 

blended and grafted membranes revealed the development of interaction between Phe and the 

CS matrix. The calculated surface roughness demonstrated that the grafting led to greater 

roughness of the composite CS membranes than the blending, which might benefit the CO2 

molecule passage across the composite membrane. In blending, the weaker interaction of Phe 

and CS at high loading of Phe, leads to non-uniform and agglomerated distribution of the amino 

acid that lead to marginal increment in roughness values compared to neat CS membrane.27–29   

Upon grafting, the formation of a strong amide bond between Phe and CS chain led 

increased immobilization of Phe on the membrane surface.30,31 The high modification of the 

CS upon grafting with Phe resulted in the formation of hills and valleys that uniformly covered 

the entire surface (visible from Figure 4.5f) and resulted in significantly higher roughness 

compared to neat and blended CS membranes.32,33 The top surface view of the various casted 

membranes with varied Phe content in CS, such as Phe-b-CS (0-40%) and Phe-g-CS presented 
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in the Figure 4.4 confirm the similar smoother topology. Hence, we can say that the AFM 

results are in good agreement with FESEM results. 

 

 

Figure 4.5. AFM images of (a) Pure CS, (b) Phe-b-CS (10), (c) Phe-b-CS (20), (d) Phe-b-CS 

(30), (e) Phe-b-CS (40) and (f) Phe-g-CS membranes. 

4.4. Gas separation (GS) performance of the membrane 

Flue gas mixture (20% CO2 and 80% N2) is separated using a gas permeation setup 

design, explained in Section 2.4 and illustrated in Scheme 2.2, at different operating conditions 

such as blending and grafting approaches, the temperature and run time under humid 

conditions. 

4.4.1. Effect of Phe blending and grafting on CO2 separation 

The gas separation performance of the fabricated membranes was studied at an 

optimum temperature of 85 °C with a constant moisture flow ratio of feed/sweep as 0.667 at 

an absolute pressure of 2.21/1.21 bar (feed/sweep). To boost the carrier in the selective layer, 
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Phe was blended into the CS matrix at various weights % ranging from 10% to 40%. The gas 

separation results in Figure 4.6 show that the blending of Phe with CS boosted CO2 selectivity 

and permeance compared to that for the neat CS membrane. The enhancement in performance 

upon blending is due to the availability of an additional mobile carrier that helps in providing 

an additional pathway for CO2 gas molecules and, consequently, improves the rate of facilitated 

CO2 transport across the composite membrane. Among all the Phe-b-CS (10, 20, 30 and 40) 

membranes, the addition of 20 wt% Phe into CS showed the highest CO2 permeance and 

CO2/N2 selectivity. The neat CS membrane showed a CO2 permeance of 15 GPU and CO2/N2 

selectivity of 48 and that for the best performing Phe blended CS (Phe-b-CS (20)) is 72(±0.5) 

GPU and 97, respectively. This enhancement in the separation performance of the synthesized 

composite membrane [Phe-b-CS (20)], when compared to neat CS, can be explained by the 

zwitterion reversible reaction between CO2 and -NH2 groups.34,35 As per the zwitterion 

reaction, CO2 is first taken up by an amine functional group, which then produces zwitterionic 

intermediates. These intermediates subsequently combine with another amine functional group 

to make carbamate. Therefore, for amino acids containing one amine group and two amine 

groups, the theoretical maximal absorptions are 0.5 mol CO2/mol amine and 1 mol CO2/mol 

amine. The blending of lower wt% (10) may be unable to provide sufficient CO2 carriers and 

the blending of a higher amount creates a barrier in the CO2 molecule pathway, consequently 

responsible for the deterioration in separation performance. 
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Figure 4.6. Effect of Phe grafting and blending on (a) CO2/N2 selectivity and CO2, N2 

permeance and (b) CO2, N2 flux of all the fabricated membranes at 85 °C temperature, 2.21 bar 

feed pressure under humid condition. 

To understand the effect of stronger interaction (amide bond formation) between CS 

and amino acid towards its activity for CO2 separation, the grafting methodology was 

employed. Interestingly, even at the same operating conditions: temperature of 85 °C with a 

constant water flow ratio of feed/sweep as 0.667 at an absolute pressure of 2.21/1.21 bar 

(feed/sweep), the uptake capacity reached 106 GPU CO2 permeance and 89 CO2/N2 selectivity 

when Phe is grafted onto the CS matrix; similar results are obtained by Xia et al.21 This can be 

explained as the covalent tethering of amines onto polymer matrix is an effective way of 

increasing CO2 separation capacity and selectivity because CO2 has a higher affinity towards 

polar amine or amide groups than other flue gases like N2. The amide bond formation 

contributes to a larger quadruple moment and Polaris ability. The X-ray photoelectron and 

Fourier transform infrared spectra revealed a high density of amide groups in the polymer 

matrix after grafting, which enabled high permeance to CO2. Also, the grafted membrane 

displays improved membrane hydrophilicity and surface roughness (as shown by AFM) 

because of amide bond formation, which also contributed to membrane CO2 separation 

performance enhancement. Therefore, as the results show, the polymers retained polar amide 
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groups of Phe intact; thus, there was no need for any secondary chemical modification to make 

them selective to CO2. As a result, we may conclude that adding pendant amide (-CONH-) 

groups to polymers is seen to be a potential way to increase CO2 uptake because amides act as 

both donors and acceptors of hydrogen bonds (through C=O) (via N-H).36 

4.4.2. Effect of temperature on CO2 separation performance of Phe-b-CS (20) 

The CO2 separation performance of the 20 wt% loaded, optimized Phe-b-CS was 

examined at different operating temperatures. As shown in Figure 4.7a and b the CO2 gas 

permeance and the flux increased significantly from 48.6 GPU to 100.1 GPU and 976 ×10-6 

cm3(STP)/cm2s to 1470 ×10-6 cm3(STP)/cm2s with an increase in operating temperature from 

65 to 95 °C and the selectivity of CO2 improved from 37.3 to 97 with an increase in operating 

temperature from 65 to 85 °C. Also, a minor increment from 1.1 GPU to 1.9 GPU is observed 

for N2 gas permeance and 71.6 ×10-6 cm3(STP)/cm2s to 162.4 ×10-6 cm3(STP)/cm2s with an 

increase in operating temperature from 65 to 105 °C is observed.   
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Figure 4.7. Temperature effects on CO2/N2 selectivity and CO2, N2 permeance of (a) Phe-b-

CS membrane and (c) Phe-g-CS membrane; Temperature effects on CO2, N2 flux of (b) Phe-

b-CS membrane and (d) Phe-g-CS membrane at 2.21 bar feed pressure under humid 

conditions. 

This increase in CO2 and N2 permeance and flux up to a certain temperature is consistent with 

the literature.10,37 This significant rise in CO2 transport properties and minor rise in the N2 

transport properties across the Phe-b-CS (20) composite membrane can be explained by the 

fact that, at higher temperature, the enhanced polymer chain mobility raises the diffusion 

coefficients for both CO2 and N2, as well as accelerates the rate at which CO2 molecules and 

amine carriers react and consequently CO2 molecules can be transported more easily than N2 

molecules. 

However, N2 with a larger molecular size is less impacted than CO2; hence higher 

temperatures up to 85 °C enhance N2 permeance and increase CO2/N2 selectivity. Further, rise 

in the operating temperature to 105 °C results in a significant loss of CO2 permeance and 
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selectivity. This can be explained by the fact that when the temperature rises, the moisture 

retention capacity of the membrane decreases, lowering the facilitated transport rate of CO2 

molecules across the membrane and consequently responsible for the decline in the separation 

performance of the membrane.38 

4.4.3. Effect of temperature on the CO2 separation performance of Phe-g-CS 

Temperature effects on CO2 flux, N2 flux, CO2 permeance, N2 permeance and CO2/N2 

selectivity for the Phe-g-CS membrane were studied by ranging the temperature from 65 to 105 

°C. The absolute pressures on the feed and sweep sides were kept constant at 2.21 bar and 1.21 

bar, respectively. In addition, the feed/sweep side water flow ratio was held constant at 0.667. 

Figure 4.7c demonstrates the influence of temperature on CO2 and N2 permeance and CO2/N2 

selectivity, while Figure 4.7d shows the CO2 and N2 fluxes for the membrane. The 

representation of the data points in Figure 4.7c indicates that temperature differences do not 

affect the films' permeance performance significantly between 75-95 °C. As can be observed 

from the permeance (Figure 4.7c) and flux (Figure 4.7d) graph, grafting improved the 

temperature effects of the membrane when compared to blending, as the permeance increased 

from 40 to 99 GPU when the temperature rose from 65 to 75 °C, then it remained constant at 

106 GPU at 85 °C and 95 °C. The CO2 permeance decreased to 89 GPU at 105 °C on the further 

rise in the temperature. The results clearly show that the grafting has removed the effect of high 

temperature on the CO2 separation performance of the membrane, as can be validated with 

TGA results too, when compared to the blended membrane, thus giving scope for operating at 

temperatures up to 95 °C. Grafting has demonstrated superior separation performance 

compared to blended membranes, which can be attributed to the introduction of pendant amide 

(-CONH-) groups into the polymer structure. The incorporation of these amide groups is 

considered a promising strategy for enhancing CO2 uptake, primarily because they facilitate 
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the formation of hydrogen bonds. Amides act as both hydrogen bond acceptors (through the 

C=O moiety) and donors (via the N-H group), which leads to improved gas selectivity and 

permeability in the membrane. Amide groups have the same positive effect on the adsorption 

of CO2 as the widely reported amine (-NH2) groups by facilitating dipole-quadruple 

interactions. However, these two analogous functional groups have different structural and 

chemical characteristics.39 

4.4.4. Effect of experiment run time 

The Phe-g-CS and Phe-b-CS (20) membranes' stability was tested for 400 h at the 

optimal operating conditions of 85 °C, 2.21 bar feed pressure, 1.21 bar sweep side pressure and 

0.667 feed-flow ratios of feed/sweep and represented in Figure 4.9. It was discovered that the 

Phe-g-CS membrane has better consistency of CO2 uptake capacity than the Phe-b-CS (20) 

membrane. This is clear from the fact that although grafting produces the greatest covalent 

bond formation between amino acid and polymer functional groups, blending produces the 

weakest H-bond formation. A number of techniques, like physical blending and chemical 

grafting, are used to introduce Phe to CS. Physical blending can be the preferred option due to 

its simplicity. However, Phe frequently migrates out of the CS materials during material aging, 

impairing their characteristics. As an alternative, (graft) copolymers may stop polyether 

migration and provide the opportunity to change the final product's soft/hard segment ratio to 

modify its mechanical capabilities, hydrophilic/hydrophobic traits and rate of degradation. 
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Figure 4.8. Effect of the experiment run time on (a) CO2 permeance and (b) CO2/N2 selectivity 

of both Phe-b-CS (20) membrane and Phe-g-CS membrane. 

4.4.5. Comparative study of the obtained results with the reported literature  

The Robeson upper bound curve, which assesses the trade-off between selectivity and 

permeability in each membrane, is typically used to measure the separation performance of 

polymeric membranes.40 The as-synthesized membrane's selective layer thickness is multiplied 

by the acquired CO2 permeance to attain CO2 permeability in barrer. The Robeson upper bound 

curve (2008) (Figure 4.10) and other high-performing composite membranes as the fixed and 

mobile site carriers (Table 4.2) were used to compare the performance of the as-prepared bare 

CS, Phe-b-CS (20) and Phe-g-CS membranes in this work. In addition, we have also compared 

the obtained performances with earlier published similar work for CO2 separation from our 

previous groups.6,9,26,29,39,41–43 The obtained results for Phe-g-CS and Phe-b-CS (20) 

membranes showed significant improvements in terms of CO2/N2 selectivity, CO2 permeance, 

reproducibility and stability in the performance when compared to neat CS and many of the 

earlier reported works from our group. Grafting has contributed to improving the permeance 

by providing additional pathways for CO2 to transport, whereas blending contributed to CO2/N2 

selectivity enhancement by providing aided mobile carriers. 
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Table 4.1. A comparative account of the CO2 separation Performance of the optimized Phe-b-

CS (20) and Phe-g-CS membranes with available literature. 

Polymer/ 

Carrier 

Temperature 

(°C) 

Thickness 

(μm) 

Feed 

absolute 

pressure 

(bar) 

CO2 

Permeance 

(GPU) 

SCO2/N2
 

 

Ref. 

CS/ TEPA 90 3.5 2.21 24.7 80 1 

CS/PAA 90 4.5 2.21 39 260 29 

CMC/ 

PAMAM 
90 2.6 2.21 100 149 26 

PVA-PVP/PEI 25 0.5 2.21 183 35 22 

PVA/SC 25 25 2.21 2.16 54 44 

PVAm/PG 57 0.17 1.11 1100 140 45 

Pebax®MH 

1657/SG 
25 0.12 75-100 1023a 91 46 

PVAm-CH3/ 

PZEA-Sar 
57 0.17 0.17 1071 183 47 

Pebax/amino-

PDMS/PAN 
25 - 5 147 62 48 

PVC/PEGb 25 - 20 5.82a 109 49 

PVA/PVP/PEI/ 

TEPA 
100 45 2.8 30.44 270 41 

CS/SF 90 3 2.21 140 103 42 

CS/SC 90 3 2.21 164 52 6 

CS/Phe 

(grafted) 
85 ~ 4 2.21 106 89 

This 

work 

CS/Phe 

(blended) 
85 ~ 4 2.21 72 97 

This 

work 

a barrer, b pure gas permeation test. 

Abbreviations: TEPA - Tetraethylenepentamine, PAA - Poly(allylamine), PAMAM -

poly(amidoamine), PVP - Poly (vinylpyrrolidone), PEI - Polyethylenimine, SC - sericin, PZEA-
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Sar - 2-(1-piperazinyl)ethylamine sarcosinate, PDMS - Polydimethylsiloxane, PAN – 

Polyacrylonitrile, PVC – Polyvinylchloride, PEG – Polyethyleneglycol. 

 

Figure 4.9. Robeson upper bound curve: Comparison of the CO2 separation performance of 

the synthesized bare CS, Phe-b-CS and Phe-g-CS membrane with the reported literature. 

4.5. Conclusions 

In this research, various graft copolymers and polymer blends were developed to create 

membranes with labile thermal, mechanical and chemical properties for efficient CO2 gas 

movement. Phenylalanine was incorporated as a sacrificed element using physical blending 

and chemical grafting approaches. Membrane stability and separation performances were 

compared effectively. Under optimal conditions (85 °C, 2.21 bar feed pressure, 1.21 bar sweep 

side pressure and 0.667 feed/sweep moisture flow ratio), the Phe-g-CS membrane (4.5 µm 

thickness) exhibited CO2/N2 selectivity of 89 and CO2 permeance of 106 GPU, while the Phe-

b-CS (20) membrane showed 97 selectivity and 72 GPU permeance. The Phe-g-CS membrane 

demonstrated better CO2 uptake consistency, attributed to stronger covalent bonds between 

functional groups of the polymer and amino acids compared to blending, which results in 
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weaker H-bond formation.  

The as-synthesized membrane shows a notable improvement in performance compared 

to neat CS and Tyr-c-CS membranes. However, there is still room for further enhancement 

through the incorporation of filler materials. 
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Effects of L-Lysine-Conjugated-Graphene Oxide Nanosheets on 

the CO2 Separation Performance of Chitosan Mixed Matrix 

Membrane 

The invention of mixed matrix membranes has opened a new dimension in the field of 

membrane separation technology and this chapter of the thesis discusses the same. We have 

synthesized highly functional layers of graphene oxide sheets and utilized L-lysine for their 

surface modification. The modified nanosheets of GO are incorporated into the chitosan matrix 

and their CO2 separation study is presented. This research work is scientifically acknowledged 
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5.1. Introduction 

Swollen and dry polymeric membranes have significantly different CO2 separation 

performances, yet in any of the conditions, the majority of polymeric membranes fail to meet 

the expectations. Despite decades of research on the carefully optimized polymer backbone 

structure, the Robeson upper bound, a trade-off between gas permeability and selectivity, is 

still a problem for polymeric membranes.1 

Mixed matrix membranes (MMMs), formed of a polymer matrix as continuous phase 

and inorganic particles as the dispersion phase, have exceptional permeability and selectivity. 

They illustrate the benefits of polymers and inorganic particles and have received tremendous 

attention in recent years.2 Membrane-based gas separation is in desperate need of new 

membrane materials with better gas separation capabilities. In membrane fabrication, it is 

common to use traditional inorganic fillers like silica gel and zeolites, which are non-porous 

solid fillers. However, researchers have also explored a newer class of porous solid fillers, 

including carbon nanotubes, activated carbon, graphene oxides and metal-organic frameworks 

(MOFs). These novel fillers offer unique properties and open up exciting possibilities for 

enhancing the performance of membranes.3–6 Regarding gas separation, one of the most popular 

choices has been the standard two-dimensional (2D) nanosheet materials: graphene oxide (GO). 

Because GO is formed by oxidizing natural graphene, it is one of the 2D laminar materials 

containing many different oxygen-containing groups. The resultant material show promise in 

terms of thinness, flexibility, mechanical strength, chemical stability and the capacity to build 

an atom-thick 2D carbon nanomaterial, thereby opening several prospects for nanomaterials 

science and technology study.7 Unlike conventional filler materials (e.g., zeolite), GOs are 

soluble in water and can be easily processed with polymeric materials.8 The surface 

modification of GO sheets with CO2-philic functional groups has been demonstrated to 
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significantly improve the separation performance of membranes, as evidenced in the study by 

Prasad et al.31 Building upon this finding, we have opted to employ L-lysine (Lys) amino acids, 

a distinct biomaterial, for the functionalization of GO sheets. The reason behind this choice 

stems from the presence of two amine groups within the molecular structure of Lys, which 

indicates a higher CO2-philicity compared to Tyr or Phe. This heightened CO2-philicity 

characteristic has piqued our interest in using L-lysine amino acids as a potential carrier 

material. Hence, this work aims to develop a stable, proficient and compatible Lysine-

conjugated-Graphene Oxide (Lys-c-GO) incorporated mixed matrix membrane for efficient 

CO2 separation. The key novelty of this research study is the successful synthesis and 

impregnation of Lys-c-GO filler into the CS matrix, which has increased the stability, 

amorphousness and mechanical strength of the membrane and proven to be a promising 

membrane material for the effective separation of CO2 from CO2/N2 gas mixture.  

5.2. Experimental Section 

5.2.1. Preparation of GO and Lysine-Conjugated-GO (Lys-c-GO) 

The GO and Lys-c-GO preparation method is outlined in Scheme 5.1. A modified 

Hummers' method was used to make GO from graphite flakes. Briefly, 0.5 g of graphite powder 

was disseminated and swirled in a solution of H2SO4 and H3PO4 in a ratio of 63:7 for 30 minutes 

at room temperature. Then, KMnO4 was slowly added to the solution in an ice bath; the solution 

was agitated for an hour to ensure the temperature change was less than 5 °C. The reaction 

temperature (oxidation) was raised to 30 °C and the mixture was agitated for another 12 hours. 

After that, 150 mL of water was added to the solution, followed by H2O2 (4 mL) and kept for 

stirring for a few hours. To remove unreacted graphite from the obtained solution, the mixture 

was centrifuged at 10,000 rpm. Then obtained gel was washed three times with a dilute HCl 

solution. Finally, the supernatant was washed with water to obtain neutral pH and the vacuum 
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dried to obtain GO sheets. 

 

Scheme 5.1. Schematic representation of GO and Lys-c-GO synthesis. 

The Lys functionalization of GO was carried out according to a previously published 

approach with minor changes.9 An aqueous solution of GO was prepared (100 mL, 7.5 mg/mL) 

and mixed with Lys solution (7.5 g, 75 mmol), which was catalyzed by EDC (4.79 g, 25 mmol) 

and NHS (2.475 g, 22 mmol) and stirred for 24 hours at room temperature. Subsequently, the 

resulting solution was centrifuged for 5 minutes at 5,000 rpm and rinsed with ultrapure water 

to remove any unreacted impurities. The obtained product was then dried overnight at 60 °C in 

a vacuum oven and labeled as Lys-c-GO sheets for further studies. 

5.2.2. Fabrication of Lys-c-GO filled CS MMMs 

The fabrication process for the Lys-c-GO filled CS mixed matrix membrane (MMM) 

is illustrated in Figure 5.1. Firstly, 1 wt% CS flakes were dissolved in a 1 vol% acetic acid 

solution. Simultaneously, Lys-c-GO solutions with filler concentrations of 0.5 wt%, 1 wt% and 

2 wt% were prepared, following previous research findings by our group. The CS and Lys-c-

GO solutions were then thoroughly mixed and continuously agitated for 12 hours at 200 rpm. 

Afterward, the resulting solution was centrifuged for 5 minutes at 5,000 rpm to remove 

undissolved particles and bubbles (Model: Sigma 3-30k). Then each sample was spread on a 

polyethersulfone (PES) support pasted onto a glass plate. An adjustable micrometer casting 

Graphite Graphene Oxide Lysine Lys-conjugated-GO
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knife was used to cast the membranes with the desired thickness. Subsequently, the casted 

membranes were dried in a laminar hood chamber for 24 hours, followed by drying in an hot 

air oven for 12 hours at 110 °C. The resultant membranes were labeled as Lys-c-GO@CS(0.5), 

Lys-c-GO@CS(1) and Lys-c-GO@CS(2) for 0.5, 1 and 2 wt% of Lys-c-GO filler. We have 

also prepared neat CS membranes as described in section 3.2.2 to gain a better understanding 

of the changes that occur during MMM fabrication. 

Figure 5.1. Development of Lys-c-GO embedded CS MMMs for CO2 separation. 

5.3. Results and Discussions 

5.3.1. Characterization of GO and Lys-c-GO 

5.3.1.1 Structural Analysis 

The XRD patterns of graphite, GO and Lys-c-GO are shown in Figure 5.2a. The (002) 

reflection plane produces a diffraction peak in graphite powder at 2θ = 26.53º. When graphite 

oxidizes to GO, the peak at 26.53º disappears and a new peak arises at 2θ value of 11.18° 

corresponding to the (001) plane, indicating the 2D nature of the GO due to the existence of 

oxygen-containing functional groups connected to GO sheet.10 For Lys-c-GO, the peak at 2θ = 

11.55º corresponds to the (001) plane of GO. The change in the d-spacing confirms the 

presence of additional functional groups brought by Lys molecules in the composite. 

The bending and stretching of functional groups present in the GO and Lys-c-GO, were 
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studied using FTIR measurement and shown in Figure 5.2b. The distinctive peaks at 3361 cm-

1 and 1723 cm-1 correspond to O-H and C=O bending, respectively, from the -OH and -COOH 

functionalities of GO. The additional peaks at 1617 cm-1 and 1043 cm-1, respectively, 

correspond to C=C bending and phenolic C-O-C stretching. Due to the conjugation of Lys  with 

GO, additional peaks at 3364 cm-1 and 1629 cm-1 were generated in the lys-c-GO spectra, 

matching the -NH2 and amide groups, respectively.11 The intensity of the -OH peak went down 

after Lys was conjugated. This is because oxygen-containing functionalities were lost. These 

findings demonstrate that Lys has been effectively conjugated onto GO. 

Figure 5.2. (a) XRD, (b) FTIR and (c) Raman spectra of GO and Lys-c-GO, respectively. 

Raman spectroscopy was used to investigate the crystal structure of GO and Lys-c-GO, 

as shown in Figure 5.2c. D-band for carbon atom vibration was detected at 1353 cm-1 in 

disordered graphite, while a G-band was detected at 1591 cm-1 in GO, indicating the change in 

the electronic structure of graphite after oxidation. After conjugating Lys onto the GO surface, 

both D and G-bands shifted down to 1355 cm-1 and 1598 cm-1, compared to bare GO.12 This 

could be because there were more sp3 carbon atoms on the surface of GO after conjugation. 

The intensity ratio of the D and G-bands (ID/IG) for GO is 0.48 and rises to 0.51 for Lys-c-GO, 

which is attributable to the formation of covalent bonds between Lys and GO. Consistent with 
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previously described GO functionalization systems, these results indicate that the functional 

Lys has been well adsorbed on GO after the conjugation. 

 

Figure 5.3. (a), (b) and (c) are FESEM, FETEM and SAED images of GO and (d), (e) and (f) 

are FESEM, FETEM and SAED images of Lys-c-GO, respectively. 

5.3.1.2. Morphological Analysis 

To study the morphological structure of GO and Lys-c-GO, FESEM and FETEM 

measurements were performed, as shown in Figure 5.3. We can clearly see that in its native 

state, GO has a flake-like and wrinkled appearance. This might be attributed to the presence of 

various chemically active functional groups on their basal planes, such as epoxy, carboxyl and 

hydroxyl, as GO has a natural tendency to unfold and present wrinkled morphology. Compared 

to GO, more transparent, wrinkled and folded nanosheets were observed for Lys-c-GO. This 

might be due to Lys's multifunctionality resulting in the interaction between the functionalized 

GO sheets and the polar groups attached to Lys.13,14 The microscopic images confirm that the 
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morphology of the GO sheets has not been affected after conjugation with Lys. In addition, 

Figure 5.3c and f, display the SAED pattern of Lys-c-GO, which shows the amorphous nature 

of GO and Lys-c-GO. 

5.3.1.3. Thermal Stability Analysis 

The thermal stability of GO and Lys-c-GO was investigated using TGA analysis and 

the findings are presented in Figure 5.4a. For the GO curve, weight loss of 16.13 % up to 166 

ºC is observed due to the evaporation of residual water. At around 213 ºC, a weight loss of 

32.19 % is observed due to the removal of bounded moisture content from GO layers. Finally, 

a gradual weight loss was observed due to the decomposition of remaining oxygenated 

functional groups.15 For the Lys-c-GO, a weight loss of 10.45% was observed upto 160 °C, 

then 28.7% loss between 158 ºC and 220 ºC was observed and finally, a gradual weight loss 

indicating a decrease in the amount of oxygen-containing functional groups in Lys-c-GO. The 

weight loss in the Lys-c-GO sample is observed to be smaller than those of GO, which indicates 

that the thermal stability has enhanced and Lys has been well adsorbed on GO after the 

conjugation reaction.16 

5.3.2. Characterization of Lys-c-GO@CS(x) MMMs 

5.3.2.1. Thermal Stability Analysis 

The thermal stability test of the neat CS membrane and Lys-c-GO embedded MMMs 

was conducted using TGA analysis (Figure 5.4b). The primary weight loss for all the 

membranes occurred at around 115 ºC, attributed to the loss of unbound moisture content. 

Subsequently, weight loss at approximately 198 ºC was observed, corresponding to the 

depolymerization and decomposition of polymer units. Finally, a significant weight loss was 

observed at around 290 ºC, which was attributed to the saccharide ring degradation of the CS 

matrix. For neat chitosan and Lys-c-GO blended chitosan, the total weight loss was 43.1%, 
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40.66% (Lys-c-GO@CS(0.5)), 40% (Lys-c-GO@CS(1)) and 35.89% (Lys-c-GO@CS(2)), 

respectively. This weight loss was due to the pyrolysis of organic moieties, as confirmed by 

other literature.17,18 

 

Figure 5.4. (a) TGA analysis of Lys, GO and Lys-c-GO, respectively and (b) TGA analysis of 

Lys-c-GO incorporated MMMs. 

5.3.2.2. Structural Analysis 

Figure 5.5a depicts the FTIR spectra of a neat CS membrane and Lys-c-GO embedded 

MMMs. For chitosan, the peak at 1361 cm-1 and 1557 cm-1 corresponds to -NH bending of -

NH3 and strong N-O carbon stretching of the nitro group, respectively. The peaks at 1637 cm-

1 represent the C=C stretching vibrations of alkene groups. Additionally, the peak observed in 

chitosan at 3321 cm-1 results from the overlapping of weak -NH and -OH stretching vibrations. 

All of these peaks are present in the chitosan membrane, as confirmed by other literature.19,20 

With the addition of Lys-c-GO onto the chitosan membrane, three new peaks were discovered. 

For CS-lys-GO, the peak at 1647 cm-1 corresponds to the C=O stretching band of carboxylic 

acid and the peak at 1147 cm-1 corresponds to C-O stretching, revealing the presence of GO on 

the chitosan membrane.21,22 

To study the effects of Lys-c-GO on chitosan structure, the XRD pattern of chitosan 
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membrane with different weight % of Lys-c-GO has been recorded and showed in Figure 5.5b. 

There are two distinct types of XRD patterns persist in the pristine CS: crystalline and 

amorphous phases. The strong and wide distinctive peak at 2θ = 10.25º and 2θ = 20.75º were 

generated by the coexistence of the crystalline and non-crystalline phases. The peak intensity 

rapidly reduces with the addition of Lys-c- GO. This shows that the crystalline segment of the 

CS is inhibited by the addition of uniformly distributed Lys-c-GO. Hence more transport 

networks are created when the crystalline phase of the polymer decreases, which is expected 

to enhance the CO2 permeance of membrane.23 

 

Figure 5.5. (a) FTIR and (b) XRD spectra of CS, Lys-c-GO@CS(0.5), Lys-c-GO@CS(1) and 

Lys-c-GO@CS(2) MMMs, respectively. 
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Figure 5.6. AFM images of top surfaces of (a) Lys-c-GO@CS(0.5), (b) Lys-c-GO@CS(1) and 

(c) Lys-c-GO@CS(2) MMMs, respectively. 

5.3.2.3. Surface Roughness Analysis 

The formation of a complete mixing of Lys-c-GO sheets with the CS matrix for the 

dense selective layer of the membranes was confimed by AFM images in Figure 5.6. When the 

filler concentration was increased from 0.5 to 2 wt%, the expected increment in the surface 

roughness was observed24 and showed in Figure 5.6. The degree of surface roughness has been 

indicated by the obtained Rm values. 
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Figure 5.7. FESEM images obtained for the cross-section and top surfaces of (a), (b) Lys-c-

GO@CS(0.5); (c), (d) Lys-c-GO@CS(1) and (e), (f) Lys-c-GO@CS(2) MMMs respectively. 

5.3.2.4. Morphological Analysis 

The top surface and cross-sectional morphologies of the neat CS membrane and Lys-c-

GO filled CS MMMs were investigated using FESEM as shown in the Figure 5.7. For all the 

fabricated membranes, thin dense layer of around 4.5 µm was observed. Since the viscosity of 

casting solution was maintained above 1200 cp, the selective layer has not penetrated into the 

pores and thus well casted on PES support.25 From Figure 5.7b, d and f, it can be observed that 

the CS with 1 wt% Lys-c-GO loading has the smooth and homogeneous surface. In contrast, 

as the loading of the Lys-c-GO increases the agglomeration of nanosheets on the matrix of the 

membrane increases. The surface of the Lys-c-GO loaded membrane is found to be more 

uniform depicting the good interface compatibility of filler with the polymer.  
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5.4. CO2/N2 Gas permeation study 

The binary gas mixture of 20% CO2 and 80% N2 is separated using a gas permeation 

setup design, explained in Section 2.4 and illustrated in Scheme 2.2 and the influence of 

important operating variables such as Lys-c-GO content, temperature and transmembrane 

pressure is investigated precisely. 

5.4.1. Effect of Lys-c-GO loading (wt%) on CO2 separation performance of MMMs 

To gain insight into the effect of Lys-c-GO content on the CO2 separation performance, 

gas permeation studies of neat CS, Lys-c-GO@CS (x) MMMs were performed at the optimized 

operating conditions: temperature 85 °C, sweep to feed water supply ratio of 1.67, sweep 

absolute pressure 1.21 bar and feed absolute pressure 2 bar and shown in Figure 5.8. As the 

Lys-c-GO content rises, the membrane gas permeance performance increases at first, then 

declines at higher loading, which is consistent with the literature. 26,27,28 The reduction might 

be attributed to filler aggregation at increased loading, which reduces filler effective surface 

area.  

 

Figure 5.8. Effect of Lys-c-GO content on the gas separation performance of MMMs: (a) 

CO2/N2 selectivity, (b) CO2, N2 permeance and (c) CO2, N2 flux, respectively. 

Lys-c-GO@CS(1) has showed the best performance as CO2 permeance of 44.04 GPU 

and a CO2/N2 selectivity of 82.5. The CO2 permeance of the Lys-c-GO@CS(1) membrane 
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increased from 15 GPU to 44 GPU compared to the pristine CS membrane, while the CO2/N2 

selectivity rises from 48 to 82.5. The reduction in the separation performance at 2 wt% loading 

of Lys-c-GO is due to the poor interfacial compatibility of the Lys-c-GO with CS at higher 

loading that caused some interfacial defects and aggregation, which hindered the gas transport 

across the membrane. 

5.4.2. Effect of operating temperature on CO2 separation performance of optimized Lys-

c-GO@CS(1) MMMs 

Operating temperature and pressure have a major impact on the gas separation process. 

Initially, the influence of operating temperature on the gas permeation properties was examined 

as shown in Figure 5.9. In the temperatures between 25 and 115 °C with a sweep-to-feed water 

supply ratio of 1.67, an absolute pressure of 2 bar for feed gas and a 1.21 bar for sweep gas, 

CO2 flux, CO2 permeance and CO2/N2 selectivity were studied. At 25 °C, CO2 flux, CO2 

permeance and CO2/N2 selectivity were 251 cm3(STP)/cm2s, 17.29 GPU and, 32.8, 

respectively. These values increased to 753 cm3(STP)/cm2s, 44.10 GPU and 82.5 at 85 oC, 

respectively. When the membrane’s temperature increases, the polymer chains become more 

flexible, resulting in an increase in their diffusivity.29 CO2 permeance increased rapidly with 

temperature as the membrane showed much faster CO2 transport. There is less energy barrier 

for the Lys-c-GO@CS(1) membrane, which is more evidence that the CO2 separation 

efficiency was improved by using GO laminates rather than just bare CS membrane. 
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Figure 5.9. Effect of operating temperature on the gas separation performance of Lys-c-

GO@CS(1) MMM: (a) CO2/N2 selectivity, (b) CO2, N2 permeance and (c) CO2, N2 flux, 

respectively. 

 

 Figure 5.10. Effect of transmembrane pressure difference on the gas separation performance 

of Lys-c-GO@CS (1) MMM: (a) CO2/N2 selectivity, (b) CO2, N2 permeance and (c) CO2, N2 

flux, respectively. 

5.4.3. Effect of transmembrane pressure difference on CO2 separation performance of 

optimized Lys-c-GO@CS(1) MMMs 

To observe how pressure conditions can affect gas separation performance of Lys-c-

GO@CS(1) MMM, transmembrane pressure across the membrane was varied from 0.8 bar to 

6.4 bar. While other operating conditions were retained constant at 85 °C temperature, 1.67 

sweep-to-feed water supply ratio. The obtained CO2 permeance and CO2/N2 selectivity of the 

CO2 permeance are shown in Figure 5.10. The CO2/N2 selectivity declines from 82.5 to 34.3 

and the CO2 permeance declines from 44.04 GPU to 15.38 GPU when the transmembrane 

pressure difference increases from 0.8 bar to 6.4 bar. Compaction of the polymeric matrix and 

GO sheets result in a smaller interlayer gap between layers, increasing gas transport resistance 

and consequently responsible for reduction in CO2 permeation and CO2/gas selectivity.30
 

5.4.4. Comparative study of the obtained results with the reported literature  

The microstructures, physicochemical characteristics and gas transport behaviors of 

MMMs are all influenced by amino acid modified GO sheets. With the Lys-c-GO loading, the 
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effective molecular transport area was varying and higher loading of Lys-c-GO caused a 

polymer to become stiffer. The obtained results for Lys-c-GO@CS(1) were compared with 

literature and shown in Figure 5.12 and Table 5.2. The Lys-c-GO@CS membranes 

demonstrated a clear increment in the CO2 separation performance after introducing Lys-c-GO 

sheets, breaking the trade-off relationship. Transcending Robeson’ 2008 upper bound curve. 

Table 5.1. A comparative account of the CO2 separation Performance of the optimized Lys-c-

GO@CS (1) MMM with available literature. 

Polymer Filler Operating 

conditions 

CO2 

permeability 

(Barrer) 

CO2/N2 

selectivity 

References 

CS - 
85 °C, 

2.21 bar 
60 48 This work 

CS 

Silk 

fibroin/Graphene 

Oxide 

90 °C, 

2.21 bar 
93 81 31 

Pebax 

Polyethylene 

Glycol– 

polyethylenimine –

GO 

30 °C, 

2 bar 
1330 120 27 

PVAm/CS GO 
25 °C, 

1 bar 
81 107 32 

PEBAX 

MH1657 
Aminated-GO 

25 °C, 

4 bar 
47.5 83.2 33 

PEBAX 

MH1657 
Aligned-GO 

25 °C, 

4 bar 
83.2 28.1 34 

PEBAX 

MH1657 
Random-GO 

25 °C, 

4 bar 
29.6 142.9 34 

CS Lys-c-GO 
85°C, 2.21 

bar 
176 82.5 This Work 
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Figure 5.11. Robeson upper bound curve: Comparison of the CO2 separation performance of 

the optimized Lys-c-GO@CS (1) MMM with the reported literature. 

5.5. Conclusion 

To enhance the separation efficiency of chitosan (CS), we successfully synthesized 

Lysine-functionalized graphene oxide embedded mixed matrix membranes (MMMs) by 

incorporating Lys-c-GO nanosheets into the CS matrix. Among the various Lys-c-GO 

concentrations studied, MMMs doped with 1 wt% Lys-c-GO demonstrated superior CO2 

separation performance compared to those with 0.5 wt% and 2 wt% Lys-c-GO. The CO2 

separation results revealed that MMMs containing 1 wt% Lys-c-GO exhibited commendable 

CO2 permeance and CO2/N2 selectivity, achieving values of 44 GPU and 82.5, respectively. 

The presence of Lys-c-GO had a positive synergistic effect on the gas separation performance, 

significantly contributing to enhanced CO2 selectivity. The introduction of amino groups linked 

to the GO sheets within the MMM structure played a pivotal role in facilitating high CO2 

selectivity. These amino groups acted as efficient pathways, allowing for preferential CO2 

transport through the membrane. Moreover, the selective barrier provided by the amine, 
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hydroxyl and carboxy groups of the Lys-c-GO nanosheets on the MMM surface contributed to 

the increased selectivity of the membrane. 

Overall, our findings demonstrate the promising potential of Lys-c-GO@CS MMMs as 

efficient membranes for CO2 separation, driven by the favorable interactions between Lys-c-

GO nanosheets and the chitosan matrix, paving the way for advanced gas separation 

applications. 
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CHAPTER 6 

Green Synthesized HF-free MIL-100(Fe) Nanoparticles Infused 

Chitosan Mixed Matrix Membrane for Enhanced CO2 Permeance 

In this chapter of the thesis, we adopted a green route to synthesis MIL-100(Fe) MOF. The 

MOF nanoparticles are utilized as nanofiller to synthesize CS MMM. The advantages of the 

zwitterion mechanism via amine groups of CS and the high surface area and CO2 affinity via 

open-metal sites of MIL-100(Fe) nanoparticles are exploited in the study. The effect of MOF 

addition on the chemical, physical, thermal structure and CO2 separation performance of 

synthesized MMMs are presented and compared with the pristine CS membrane. This research 

work is scientifically acknowledged in “ACS Industrial & Engineering Chemistry Research”. 
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6.1. Introduction 

  Metal-organic frameworks (MOFs), an emerging class of porous crystalline 

nanomaterials, have seen a surge in interest in employing fillers to construct MMMs for gas 

separation over the last decade due to the synergistic effect of both organic ligand and metal 

center.1,2 The partial organic nature reduces the solubility difficulty of fillers into a polymeric 

matrix while the high oxidation state of the metal center adds to the acid stability during the 

CO2 separation.3 Furthermore, MOF materials offer enhanced versatility in their structure, 

allowing for the synthesis of a wide range of shapes and sizes, surpassing the capabilities of 

graphene oxide (GO). Therefore, nano-sized MOF material adds on intrinsic properties towards 

the enhanced CO2 separation activity. In this regard, a variety of MOFs were developed to 

utilize as nanofiller for MMMs, such as Cu-BPY-HFS,4 HKUST-1,5 ZIF-8,6 UiO-66,7-8 Mil-

53,9 MIL-100, including MIL-100(Fe, Al, Cr, Ni, etc.) for gas separation.10–12  

The green synthesis route for producing filler and mixed matrix membranes (MMMs) 

to capture CO2 from the gaseous mixture is highly recommendable. Taking this into account, 

out of the countless MOFs available, we have chosen MIL-100 (Fe) as nanofiller. The synthesis 

of MIL-100(Fe) nanoparticles at ambient conditions with the usage of low-cost green 

chemicals and the absence of corrosive inorganic acids establish a sustainable approach for the 

development of the MMM. 

MIL-100(Fe) is one of the few thermodynamically stable MOFs with high surface area 

and strong adsorption separation properties especially at humid conditions.13 In MIL-100(Fe), 

the μ3-Oxo-bridged trinuclear metal nodes have three terminal coordination sites occupied by 

water or solvent molecules used in the synthesis process. At high temperature these terminal 

water molecules are eliminated resulting into formation of open-metal sites that have the 

potential to interact with the incoming guest molecules. The presence of Fe, as an earth 
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abundant element, makes the MIL-100(Fe) environmentally friendly nano-material compared 

to other MOFs with Cr, Ni, Cu and Co as the central ions. Additionally, the synthesis of MIL-

100(Fe) nanoparticles at ambient conditions with the usage of low-cost green chemicals and 

the absence of corrosive inorganic acids establish a sustainable approach for the development 

of the MMM. 

The MMMs developed by Nabais et al. with various loading percentages (10 wt%, 20 

wt% and 30 wt%) of Fe(BTC) as a nanofiller into Matrimid®5218 polymer surpassed the 

known Robeson upper-bound correlation at 80 °C, making them a good choice for CO2 

separation.14 Dorosti et al. reported a PEBAX/Fe-BTC membrane with the highest CO2 

permeability of 425.4 Barrer at 40% loading and a selectivity of 22.19. He also noticed that a 

25% loading into the membrane increased CO2 permeability and selectivity by 50% and 9% at 

7 bar compared to the base polymer.15 

Even though MIL-100(Fe) nanoparticles (NPs) and CS have been the subject of several 

application-based studies independently and jointly, their combined performance in the CO2 

separation application has not yet been investigated. In this contribution, we focused on the 

development of MIL-100(Fe) MOF as a nanofiller via a green synthetic route, with chitosan 

(CS) as a base material. Both materials are combined in different weight ratios to fabricate the 

mixed matrix membrane with optimum filler loading. Furthermore, the CO2 separation over 

the N2 study is also evaluated with the different conditions. 

6.2. Experimental Section 

6.2.1. Synthesis of HF-free MIL-100(Fe) Nanoparticles 

MIL-100(Fe) nanoparticles were synthesized via HF-free route at room temperature, as 

shown in Scheme 6.1, according to the previously reported literature with some 
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modifications.16 11 mmol of iron (II) sulfate heptahydrate (FeSO4.7H2O) was dissolved in 100 

mL of Millipore water and named Solution-I and 8 mmol of Trimesic acid was dissolved in 25 

mL of 1 M NaOH solution and named Solution-II. Solution-II was added dropwise to Solution-

I and stirred for 24 hours at room temperature. The obtained product was repeatedly washed 

with water and ethanol and later recovered via centrifugation at 4000 rpm. The recovered 

product was activated in methanol solution for 3 days and then kept for vacuum drying at 120 

ºC for 10 h. The final product was weighed, labeled as HF-free MIL-100(Fe) and kept in a 

desiccator for further characterization and experimental studies. 

 

Scheme 6.1. Schematic representation of the HF-free route of MIL-100(Fe) NPs synthesis. 

6.2.2. Fabrication of MIL-100(Fe) embedded CS (CSM) MMMs 

1 wt% of chitosan solution (aqueous) was prepared by dissolving chitosan flakes into a 

100 mL of 1 vol% acetic acid (AA) solution. The MIL-100(Fe) nanoparticles (5, 10, 15 and 20 

wt%) were dispersed in AA solution and sonicated for a few minutes to obtain a homogeneous 

MOF suspension. The MOF suspension was mixed with the prepared chitosan solution and 

stirred overnight. Undissolved particles and formed bubbles (due to continuous stirring) from 

the solution were removed via centrifuging for 4-5 minutes at 5,000 rpm. The solution casting 
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method was used to cast the membranes on polyethersulfone (PES) support and their thickness 

was monitored using a film-casting blade. The casted membranes were then dried in a laminar 

hood for 24 hours. To completely remove all the moisture, the membranes were dried in a hot 

air oven for 12 hours at 110 °C. To support the enhancement of properties upon incorporation 

of MOF particles into the CS matrix, a neat CS membrane was also prepared under the same 

experimental conditions onto the PES support. The prepared membranes with 0, 5, 10, 15 and 

20 wt% HF free MIL-100(Fe) nanoparticles (NPs) in the CS matrix were named CS, CSM-5, 

CSM-10, CSM-15 and CSM-20, respectively. The digital images of the prepared membranes 

are shown the Figure 6.1. Finally, the prepared membranes were cut to modular size for the 

CO2 separation study.  

 

Figure 6.1: The digital images of the membranes: (a) CS, (b) CSM-5, (c) CSM-10, (d) CSM-

15 and (e) CSM-20. 

6.3. Results and Discussions 

6.3.1. Characterization of synthesized HF-free MIL-100(Fe) NPs 

6.3.1.1. Electronic State Analysis 

The state of different elements of HF-free MIL-100(Fe) MOF was examined using X-

ray photoelectron spectroscopy (XPS) and shown in Figure 6.2. The survey scan, as shown in 

Figure 6.2a, demonstrates the formation of the MOF nanoparticles as they comprise the three 
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elements Fe, O and C. High-resolution core-level spectra of all three elements Fe, C and O are 

displayed in Figure 6.2b, c and d, respectively. 

 

Figure 6.2. XPS spectra of HF free MIL-100(Fe) NPs: (a) survey spectra, (b) Fe 2p, (c) C 1s 

and (d) O 1s. 

The four deconvoluted peaks from the high-resolution Fe 2p spectra are shown in 

Figure 6.2b. Those four peaks at binding energies (B.E.) of 710.81 eV, 714.41 eV, 724.21 eV 

and 727.7 eV, are related to the Fe3+ (2p3/2) and Fe3+ (2p1/2) peaks. It confirms the presence of 

Fe metal in +3 oxidation state formed during the synthesis of MOF.17 As displayed in Figure 

6.2c, the high-resolution spectra of C 1s have three peaks at B.E. of 284.75 eV, 286.01 eV and 

288.64 eV; these peaks are associated with phenyl, surface and carboxyl signals.18 Figure 6.2d 
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displays the XPS core level 1s spectrum of oxygen, which can be deconvoluted into two peaks 

at B.E. of 531.75 eV and 533.25 eV that correspond to Fe-O-C species in the crystal lattice and 

adsorbed water molecules.17,18 XPS spectra amply support the effective formation of HF-free 

MIL-100(Fe) nanoparticles. 

 

Figure 6.3. (a) SEM images, (b, b’) TEM images, (c) EDX spectra and (d) EDX mapping of 

the synthesized HF-free MIL-100(Fe) NPs showing the uniform distribution of carbon (green), 

oxygen (blue) and iron (red). 

6.3.1.2. Morphological and Elemental Analysis 

The scanning electron microscopy (SEM), transmission electron microscopy (TEM) 

and energy dispersive X-ray spectroscopy (EDX) images of the fabricated HF-free MIL-

100(Fe) nanoparticles are displayed in Figure 6.3. MIL-100(Fe) has irregular octahedron 

morphologies with particle size in the range of 50-150 nm, as evidenced in SEM images in 

Figure 6.3a and TEM images in Figure 3b, which is consistent with earlier findings in the 

literature.19 The EDX spectra and elemental mapping as shown in Figure 6.3c and d, 
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respectively, confirm the presence of the primary constituents (Fe, C and O) of MIL-100(Fe) 

nanoparticles. 

6.3.1.3. Structural Analysis 

Figure 6.4a display the Fourier transform infrared (FTIR) spectra of the synthesized 

HF-free MIL-100(Fe) NPs. The vibration of the O-H group causes a broad peak at 3000-3300 

cm-1 in the MIL-100(Fe) spectra. Strong peaks at 755 cm-1 and 701 cm-1 are indicative of the 

1,3,5-tri-substitution of the benzene ring. The peaks at 1635 cm-1, 1453 cm-1 and 1378 cm-1 are 

attributable to the asymmetrical and symmetrical vibrations of the complementary carboxyl 

group. The characteristic peak of NPs is seen at 618 cm-1, which depicts the vibration of the 

Fe-O bond in MIL-100(Fe).20 The aforementioned results showed that although the carboxyl 

group of BTC has lost its bond, the BTC base frame is still present in the MIL-100(Fe) 

structure. This is in line with earlier studies and supports the creation of bonds between Fe 

metal ions and the BTC organic ligand. 

The crystal purity of the synthesized Hf-free Mil-10(Fe) NPs was confirmed from the 

X-ray diffraction (XRD) spectra as shown in Figure 6.4b. The diffraction planes found at 2θ 

values of 5.18°, 10.09°, 19.05°, 23.03° and 27.29° was matched with the crystallographic 

database (CCDC standard no. 640536)13,21,22 which corresponds to the cubic (isometric) 

crystal.23,24 The XRD spectra of the MOF confirms the successful formation of MIL-100(Fe) 

NPs, synthesized under ambient-temperature and HF-free conditions. 

As shown in the Raman spectra in Figure 6.4c, the unique MIL-100(Fe) peaks in the 0-

1800 cm-1 region can be seen in typical MOF.23 Peaks between 165-225 cm-1 are related to the 

ordered crystalline iron-based structure, while the band at about 496 cm-1 is assigned to lattice 

vibrations and network binding modes. The key peaks are the two aromatic ring peaks at 810 
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cm-1 and 1001 cm-1, which are the fingerprints of the trimesate linker. The C-O-Fe stretching 

of Fe-trimesate generates the peak at 1226 cm-1; however, the H-O-H bonding vibrations in the 

F bands from 1368 cm-1 to 1606 cm-1 show that the Fe-trimesate network contains coordinated 

water.25  

6.3.1.4. Thermal Stability Analysis 

The thermal stability of the synthesized MIL-100(Fe) NPs was demonstrated utilizing 

thermogravimetric analysis (TGA). Figure 6.4d depicts three stages of the weight loss profile 

during the thermal stability test of HF-free MIL-100(Fe) NPs. The first stage of the 8 % weight 

loss in the temperature range of 25-149 °C is the elimination of physically adsorbed water 

molecules that were entrapped inside MIL-100(Fe) pores. The second stage exhibits weight 

loss of 7 % at 149-301 °C, which demonstrates the stability of MIL-100(Fe) in this temperature 

range. This weight loss is attributed to the removal of chemically adsorbed water molecules 

and carboxylic groups. At temperatures between 301 °C and 486 °C, a weight loss of 33% is 

observed in the third stage. When ligand degradation occurs at temperatures greater than 349 

°C, MIL-100(Fe) structural collapse results from BTC degradation, MOF structure 

disintegration and organic matter evaporation.26 As the framework continues to disintegrate 

and the amount of organic ligand in the structure decreases, a noticeable weight loss begins at 

486 °C. The third stage's degradation ends at 486 °C, demonstrating that MIL-100(Fe) NPs 

have completely decomposed into Fe2O3. As a result, it is concluded that the synthesized MIL-

100(Fe) NPs are thermally stable below 301 °C and suitable for its use in CO2 separation 

application. 
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Figure 6.4. (a) FTIR spectra, (b) XRD pattern, (c) Raman spectra, (d) TGA profile and (e,f) 

N2 adsorption-desorption isotherms at 77 K of synthesized HF-free MIL-100(Fe) MOF NPs. 
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6.3.1.5. Surface Area Analysis 

According to the IUPAC classification of porous nano-materials, the isotherm pattern 

of MIL-100(Fe) NPs belongs to type I and type II shapes, which are linked to materials having 

a wide range of pore sizes, including broader micropores and narrower mesopores.12,14 Figure 

6.4e and f show the Brunauer–Emmett–Teller (BET) analysis of the synthesized HF-free MIL-

100(Fe) NPs and shows a highly porous structure and type II adsorption isotherms. Types I and 

II are sought-after isotherms because they provide high removal at low pressure and 

concentration and lack hysteresis. The N2 adsorption-desorption isotherms can be used to 

calculate the porosity of metal-organic framework. The complete merging of the N2 adsorption-

desorption isotherms for MIL-100(Fe) shows that the adsorbed N2 was completely desorbed 

and that a sizeable amount of N2 adsorption took place below the relative pressure of 0.1. When 

the pore width increases, the available surface area inside the pores decreases relative to the 

volume due to which with increasing the pore width, pore volume is decreasing. The textural 

properties are listed in Table 6.1 which include specific surface area, total pore volume and 

average pore size. 

Table 6.1. N2 adsorption-desorption study of HF-free MIL-100(Fe) NPs. 

Material BET Surface Area Total pore volume Average Pore 

diameter 

HF-free MIL-100(Fe) 1288 m2/g 0.78 cm3/g 2.42 nm 

 

6.3.2. Characterization of CSM-x MMMs 

6.3.2.1. Structural Analysis 
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To characterize the synthesized membranes, we have performed the FTIR analysis. 

Figure 6.5a display the FTIR spectra of the synthesized neat CS membrane and CSM MMMs. 

The broad peak between 3400-3200 cm-1 confirms the -OH and -NH bending of CS polymer. 

The peaks at 2873 cm-1, 1652 cm-1, 1549 cm-1 and 1369 cm-1 correspond to the C-H, C-N, N-

H and C=O stretching respectively. Figure 6.5b shows the zoomed in X-axis of the FTIR 

spectra for all the membranes. The peaks at 760 cm-1 and 711 cm-1 corresponding to the C-H 

benzene stretching and at 616 cm-1 corresponding to the Fe-O stretching, confirms the presence 

of MIL-100(Fe) NPs in the CS matrix. 

Further, the XRD study is conducted and shown in Figure 6.5c to check the influence 

of MIL-100(Fe) NPs on the crystallinity of all the CS matrix. The CS membrane and CSM 

MMMs showed broad peaks at 2θ value of 9.4° and 20.1° attributable to crystalline and non-

crystalline phase, respectively of CS.27 The presence of MIL-100(Fe) nanoparticles in the CSM 

MMMs is shown by the new peak of MIL-100(Fe) nanoparticles that appear at about 10.9° (2θ) 

in the XRD spectra.25 The intensity of the peak at 10.9° increases with increase in the filler 

concentration (5-20 wt%) and becomes much prominent in CSM-20 MMM which may be due 

to the agglomeration of the MIL-100(Fe) NPs in CS matrix can be observed from FESEM 

images (Figure 6.6f).  

6.3.2.2. Thermal Stability Analysis 

The thermal stability of the membrane is very crucial in CO2 separation applications. 

TGA was used to test the thermal degradation of CS membrane and all CSM MMMs in a 

nitrogen environment between 25 °C and 800 °C and the outcomes are displayed in Figure 

6.5d. The TGA curves show the typical three stage curves of thermal degradation: removal of 

unbound or free water from embedded MOF nanoparticles and CS at 114 °C, removal of bound 

moisture from embedded MOF nanoparticles at around 200 °C and the onset of deacetylation 
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of the CS matrix and breakdown of organic linkers of embedded MOF nanoparticles at around 

400 °C. The weight loss before 114 °C is ~2% for CS and ~5% for CSM MMMs since the 

incorporation of MOF NPs into the CS matrix resulted more water adsorption owing to the 

large surface area of 1228 m2/g (seen in Figure 6.4e and f) of the synthesized MIL-100(Fe) 

NPs. The third stage degradation at 460 °C confirms that the thermal stability of the CS 

membrane is not affected with the incorporation of MOF NPs. 

 

Figure 6.5. (a) and (b) FTIR spectra, (c) XRD patterns, (d) TGA profiles of CS membrane and 

all the CSM MMMs. 

6.3.2.3. Morphological and Elemental Analysis 
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Figure 6.6 represents the top surface images of the, PES support, fabricated CS 

membrane and CSM MMMs along with EDX data. Figure 6.6a display the porous structure of 

the PES support and Figure 6.6b. displays the formation of defect free layer of CS onto the 

PES support. MIL-100(Fe) NPs are uniformly dispersed at loadings of 5 wt% to 15 wt%, 

respectively, as can be observed from Figure 6.6c, d and e. At higher loading of MOF, i.e., 20 

wt%, non-uniform and agglomerated MOF clusters were observed, respectively, as shown in 

Figure 6.6f. The saturation of the gaps of the polymer matrix led to the particles' agglomeration 

at higher loading levels. 

 

Figure 6.6. Top surface images and EDX data of (a) PES support, (b) CS membrane, (c) CSM-

5, (d) CSM-10, (e) CSM-15 and (f) CSM-20 MMMs, respectively. 

The obtained EDX results match the experimental approach; that is, increasing the 

amount of MIL-100(Fe) in the CS matrix, its atomic % is also increasing, as proven by obtained 

EDX data. Due to the limit of loading of MOF NPs at 15 wt%, we have chosen the CSM-15 as 

the optimized MMM for further studies. 
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The cross-section images of the MMMs, made by embedding MIL-100(Fe) NPs into 

the CS polymer matrix, are shown in Figure 6.7. PES support, CS membrane and all the CSM 

MMMs showed uniform surfaces and comparable cross-sections. The thickness of the selective 

layer of the produced membranes ranges between 1.2 and 1.5 µm, as shown in Figure 6.7. The 

cross-sectional images also demonstrate the strong adhesion between the support and selective 

layer and no pore filling. 

 

Figure 6.7. Cross-sectional images (a) PES support, (b) CS membrane, (c) CSM-5, (d) CSM-

10, (e) CSM-15 and (f) CSM-20 MMMs, respectively. 

6.3.2.4. Electronic State Analysis of optimized CSM-15 MMM 

Based on the CSM characterizations and the CO2 separation performance, 15 wt% is 

considered the optimum filler concentration in the CSM MMMs. Thus, the electronic structure 

of the bare CS and optimized CSM-15 MMM was examined by utilizing the XPS analysis, , to 

understand the filler-matrix interactions and shown in Figure 6.8. The survey spectra of CSM-
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15 MMM shown in Figure 6.8a, confirm the presence of C, O, N, Fe at B.E. of 285 eV, 532 

eV, 400 eV and 710 eV, respectively. The Fe 2p core level spectrum has been deconvoluted 

into Fe 2p1/2 and Fe 2p3/2 centered at B.E. of 724.04 eV and 710.68 eV, respectively as shown 

in Figure 6.8b. The B.E. of Fe 2p3/2 at 711.43 eV proves that Fe is present in a tri-valence  
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Figure 6.8. XPS spectra: (a) survey spectra of CSM-15 MMM, (b) Fe 2p spectra of CSM-15 

MMM, (c) C 1s spectra of CS membrane and CSM-15 MMM; (d) O 1s spectra of CS membrane 

and CSM-15 MMM. 

oxidation state in the fabricated CSM-15 MMM.30 The peaks at B.E. of 287.92 eV, 286.49 eV 

and 284.86 eV in the high-resolution XPS spectra of C 1s are attributed to the carbons in the 

O=C-N and O=C-O; C-N and C-C or C=C bonds of bare CS membrane, respectively depicted 

in Figure 6.8c. For the CSM-15 MMM the respective peaks are obtained at B.E. of 287.87 eV, 

286.44 eV and 284.83 eV in the high-resolution XPS spectra of C 1s. The shift in the peak 

validate the interaction of the CS and MIL-100(Fe) NPs. In Figure 6.8d the peak at B.E. of 

531.82 eV is attributed to lattice oxygen in the CS polymer and the peak at B.E. of 532.16 eV 

is attributed to surface adsorbed water. For the CSM-15 MMM the peak at B.E. of 531.45 eV 

and 532.45 eV corresponds to the lattice oxygen present in the CS and the MIL-100(Fe), 

respectively, while the peak at 533.08 eV is attributed to water molecules as shown in Figure 

6.8d.30,31 The shift in the peak in O 1s spectra also validate the strong interaction of the CS and 

MIL-100(Fe) NPs. 

6.4. CO2/N2 Gas permeation study 

The systematic study of the separation of a Mixture of 20 % CO2 and 80% N2 gas is 

conducted in the gas permeation cell (as shown in Scheme 2.2) by varying the following 

parameters: Loading of MIL-100(Fe) NPs from 0-20 wt%, temperature from 65-105 °C and 

sweep side humidity from 0.01-0.09 mL/min. and thickness of selective layer ~ 0.5 µm to ~ 4 

µm. A detailed explanation of the gas permeation cell was discussed in the Section 2.4. 

6.4.1. Effect of MIL-100(Fe) NPs content on CO2 separation performances of CSM 

MMMs 
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Prior to the CO2/N2 gas permeation study, all the fabricated membranes were cut into 

the equal dimension of ~8 cm2 surface area and mounted in the membrane module, as shown 

in Scheme 2.2. The temperature of the module is upheld at 85 °C, feed gas pressure (20% CO2 

and 80% N2) and sweep gas (Ar) pressure were kept at 2.21 bar and 1.21 bar. The humid 

conditions (introduced through HPLC pump) were maintained in the feed gas and sweep gas 

with 0.03 mL/min and 0.05 mL/min. Table 6.2 displays the mixed gas selectivity, CO2 

permeance, N2 permeance, CO2 flux and N2 flux of the bare CS membrane and CSM MMMs. 

In the current study, for the neat CS membrane we have achieved 24 GPU CO2 permeance and 

29 CO2/N2 selectivity as mentioned in chapter 3. With increasing the loading of the MIL-

100(Fe) NPs, the CO2 separation performance enhanced and for CSM-15 MMM maximum 

permeance of up to 85 GPU and CO2/N2 selectivity of 59 for the CSM-15 MMM were 

achieved. Produced MMMs with MIL-100(Fe) in the current research exhibit significant 

increases in CO2 and N2 permeances compared to bare polymeric membranes. 

The gas separation mechanism is explained based on the reactivity of the MOF NPs 

and the amine groups of the CS matrix. The high surface and strong adsorption separation 

property of MIL-100(Fe) due to presence of μ3-Oxo-bridged trinuclear metal nodes.28 These 

metal nodes have terminal coordination sites occupied by water molecules which at high 

temperature are eliminated leaving open-metal sites. These open-metal sites have affinity 

towards CO2 molecules thus separating them from the CO2/N2 gas mixture. Moreover, the 

chitosan matrix has amine functional groups which also has the tendency to interact with the 

incoming CO2 molecules (reversible zwitterion reaction described by Caplow) via facilitated 

transport mechanism as discussed in section 1.3.6.2 (eqn 1.4-1.7).29 
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Thus, the contemporary increase in CO2 and N2 permeance concerning the bare polymer 

membrane is due to combinational effects of both CS (facilitated transport mechanism) and 

MIL-100(Fe) (open-metal sites) as represented in Scheme 6.2. 

 

Scheme 6.2. Schematic representation of the plausible mechanism of the CO2 separation from 

CO2/N2 mixture via dual effects of CS and MIL-100(Fe) in CSM MMMs. 

With increasing the MOF concentration, the available open metal sites also increase 

thereby enhancing the CO2 permeance and CO2/N2 selectivity. On further increment of the 

MOF loading in CS matrix up to 20 wt% the decline in the separation performance was 

observed. This can be attributed to the filler agglomeration as confirmed by the top surface 
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SEM images of the membranes (Figure 6.6f). The aggregation of NPs causes reduction in the 

active surface area and thus obstructs the CO2 to travel across the membrane. Additionally, the 

cluster formation at higher loading causes steric hindrance for the open-metal sites to efficiently 

bind to the incoming CO2 gas molecules, thereby ~1.5-fold reduction in the CO2 permeance 

and ~2-fold reduction in CO2/N2 selectivity was observed. 

Table 6.2. CO2 separation performances of CSM MMMs at different MOF loadings. 

MIL-100(Fe) 

content 

(wt%) 

CO2/ N2 

Selectivity 

CO2 

Permeance 

(GPU) 

N2 

Permeance 

(GPU) 

CO2 Flux 

(×10-6 cm3 

(STP)/cm2s) 

N2 Flux 

(×10-6 cm3 

(STP)/cm2s) 

0 29 24 0.9 307 47 

5 36 44 1.2 650 111 94 

10 44 61 1.6 1004 135 

15 59 85 1.9 1086 108 

20 37 48 1.6 705 115 

 

6.4.2. Effect of Temperature on CO2 separation performances of optimized CSM-15 

MMM 

To assess the endurance and performance under adverse conditions, we utilized the 

optimized CSM-15 MMM for further studies. Particularly for high-temperature applications 

like flue gas separation, it is crucial to analyse how temperature affects the membrane 

absorption capacity and identify the ideal operating temperature range.24,32 Therefore, the 

temperature effects on CO2 separation performance of the optimized CSM-15 MMM were 

determined by varying the membrane module temperature from 65 °C to 105 °C, while feed 
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side pressure and moisture flow were maintained at 2.21 bar and 0.03 mL/min, respectively 

along with 1.21 bar sweep side pressure and 0.05 mL/min sweep side moisture flow. 

According to Figure 6.9a and b, the CO2 permeance, CO2/N2 selectivity and CO2 flux 

increased from 42 GPU to 85 GPU, 37 to 59 and 998×10-6 cm3 (STP)/cm2s to 1086×10-6 cm3 

(STP)/cm2s, respectively when the temperature was raised from 65 °C to 85 °C. This can be 

attributed to the dual contribution of the matrix and the filler. In CS matrix, firstly, the 

reversible zwitterion reaction between amine molecules of the polymer matrix and CO2 

molecules, which increases as the temperature increases (according to facilitated transport 

mechanism), contributing to CO2 separation enhancement; and secondly, the enhancement in 

the flexibility of polymer chain at high temperature increases the mobility of the CO2 gas 

molecules through the embedded highly porous MIL-100(Fe) MOF particles. While in case of 

filler the high surface and strong adsorption separation property of MIL-100(Fe) due to 

presence of μ3-Oxo-bridged trinuclear metal nodes regulates the gas separation performance 

of the MMMs. These metal nodes have terminal coordination sites occupied by water 

molecules which at high temperature are eliminated leaving open-metal sites. These open-

metal sites have strong affinity towards CO2 molecules thus separating them from the CO2/N2 

gas mixture. At high temperature more open-metal sites are made available for the incoming 

CO2 molecules, thereby increasing the active centers which increases the separation 

performance of the MMMs due to more gas adsorption onto its surface. The CO2 separation 

performances of the CSM-15 MMM initially increased as the operating temperature raised 

from 65 to 85 °C, reached its optimum value and then again began to decline when the 

temperature went to 105 °C.33 The observed gas permeability trend with rise in temperature 

can be deconvoluted to solubility and diffusivity coefficients. The permeability (P) of gas in 

the membrane is determined by the combined effects of gas diffusion and gas sorption.34 

TH-3376_196107001



MIL-100(Fe) Nanoparticles Infused Chitosan MMM 

153 | P a g e           A . K a t a r e ,  e t  a l ,  A C S  I n d .  E n g .  C h e m .  R e s .  , 2 0 2 3  

P = D x S  (6.1)  

where, D and S are the diffusivity and solubility coefficients, respectively. 

 

Figure 6.9. Operating temperature and sweep side moisture flow effects on (a), (c) CO2 

permeance, N2 permeance and CO2/N2 selectivity and (b), (d) CO2 flux, N2 flux at 0.03 mL/min 

feed moisture flow, 2.21 bar feed pressure and 1.21 bar sweep side pressure. 

The dominance of the sorption effect at lower temperatures is attributed to the higher 

affinity of CO2 towards -NH2, leading to the formation of carbamate. Consequently, the 

diffusion of gas molecules is significantly limited, resulting in a low permeance of CO2 through 

the membrane. As the temperature increases (up to 85 °C), the diffusion of CO2 improves due 

to the higher diffusion coefficient (Fick's law) and increased flexibility of the membrane with 

temperature. This leads to an enhancement in the membrane's CO2 permeance up to 85 °C. 

However, beyond 85 °C, the sorption effect diminishes as the backward reaction of carbamate 
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formation becomes dominant, resulting in reduced gas solubility within the membrane. 

Consequently, the solubility decreases at higher temperatures (> 85 °C) causing a decline in 

the membrane's CO2 permeance.  

6.4.3. Effect of sweep side moisture flow on CO2 separation performance of optimized 

CSM-15 MMM 

In order to conduct further research, the stability and CO2 and N2 gas transport 

behaviour of the optimised CSM-15 MMM was tested by varying the sweep moisture flow rate 

from 0.01 to 0.09 mL/min as shown in Figure 6.9c and d. During the test, the operating 

temperature was upheld at 85 °C, absolute pressure of 2.21/1.21 bar (feed/sweep) and the feed 

gas humidity was maintained with 0.03 mL/min moisture flow. It has been discovered that as 

moisture flow of the sweep gas increased from 0.01 mL/min to 0.09 mL/min, CO2 permeance 

improved from 43 GPU to 95 GPU and N2 permeance increased from ~1 GPU to ~3 GPU. The 

enhancement in the CO2 and N2 permeance can be attributed to the increased moisture content 

inside the membrane matrix thereby inducing flexibility in the polymeric chains by 

plasticization effect which reduced the mass transport resistance for the gas molecules across 

the membrane.49 Moreover, the difference in the water content across the membrane (feed to 

sweep side: 0.03 to 0.05 mL/min) dilutes the concentration of the permeated CO2 thus 

increasing the driving force of CO2 transport.35-36 At the same time, the increment in the CO2/N2 

selectivity from 43 to 59 was observed when sweep moisture flow was raised from 0.01 to 0.05 

mL/min, this resulted from the enhanced facilitated transportation of CO2 molecules due to 

reversible zwitterion reaction. The CO2/N2 selectivity reached its maximum value at 0.05 

mL/min of moisture flow with further no significant changes upon rise in the sweep side 

moisture flow. This may be due to carrier saturation phenomena and competitive N2 transport 

across the membrane. 
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6.4.4. Effect of selective layer thickness on CO2 separation performance of optimized 

CSM-15 MMM 

 

Figure 6.10. FESEM images of cross section optimized CSM-15 MMMs with different 

selective layer thickness. 

The selective layer thickness (shown in Figure 6.7e and Figure 6.10) significantly 

influences the separation performance of the membranes for CO2 and N2. Increasing the coating 

layer thickness to around 4-4.5 μm considerably enhances the selectivity of CO2 over N2. 

Conversely, a thicker selective layer reduces the permeance of CO2 as demonstrated in in Table 

6.3. When the selective layer thickness is reduced from 1-1.5 μm to around 0.5 μm, the CO2 

permeance increased from 85 to 139 GPU, while the CO2 selectivity decreased significantly 

from 59 to 36. The relationship between CO2/N2 selectivity and CO2 permeance, along with 

the increasing selective layer thickness, supports the hypothesis that CO2 transport in this 

membrane is primarily governed by the CO2-carrier reaction rate and the diffusion of the CO2-

carrier complex, with the contribution of CO2 molecule solution-diffusion being less significant 

than in solution-diffusion governed membranes.  

(a)

0.6 µm

1 µm

(b)

4.1 µm

2 µm
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Table 6.3. Comparison of the CO2 separation performance of the CSM-15 MMM with different 

selective layer thickness. 

 CSM-15 MMM 

Selective layer Thickness (μm) CO2 Permeance (GPU) SCO2/N2
 

0.5-0.6 139 36 

1-1.5 85 59 

4-4.5 59 65 

 

6.4.5. Comparative study of obtained results with reported literature 

Concerning the Robeson trade-off line, the separation performance of our membranes 

for the CO2/N2 gas pair is compared to that of existing MMMs in the literature shown in Figure 

6.11 and Table 6.4. The performance of CSM MMMs lies near the 2008 upper bound for 

polymeric membrane performance. Specifically, CSM-15 with MIL-100(Fe) NPs loading of 

15 wt% exhibits excellent CO2 permeance of 85 GPU and reasonably good CO2/N2 selectivity 

of 59. As can be analysed from the comparative Table 6.4, the as-fabricated CSM-15 MMM 

shows comparable permeance and reasonably good CO2/N2 selectivity for CO2 separation from 

flue gases than other reported MMMs containing MOFs, CNT, GO, or other filler materials 

and can be utilized for other application as well like biogas or field natural gas. 

Table 6.4. A comparative account of the CO2 separation performance of the synthesized CSM-

15 MMM with available literature. 
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Material Filler Operating 

conditions 

CO2 

Permeance 

(GPU) 

CO2/ N2 

Selectivity 

References 

Bare CS - 
85 °C, 

2.21 bar 
24 29 This work 

Carboxymethyl 

CS 
Hydro-talcite 

80 °C, 

2.21 bar 
70 13 35 

Carboxymethyl 

CS 

Carbon 

nanotubes 

(CNT) 

80 °C, 

2.21 bar 
43 45 36 

Matrimid 

®5218 
Fe(BTC) 

90 °C, 

0.7 bar 
80 218a 14 

Polyvinyl 

amine/CS 

Modified 

Graphene oxide 

(GO) 

1 bar, 

25 °C 
36 107 37 

Pebax Modified CNT 
2 bar, 

40 °C 
369.1b 110.8 38 

Polysulfone 
Vertically 

aligned ZIF-8 

3 bar, 

30 °C 
89.7 b 30 38 

CS 
HF-free MIL-

100(Fe) NPs 

85 °C, 

2.21 bar 
85 59 This work 

a
 an ideal gas selectivity, b barrer units. 
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Figure 6.11. Robeson upper bound curve: Comparison of the CO2 separation performance of 

the synthesized CSM MMMs with the reported literature. 

6.5. Conclusions 

This article presents high-performance MMMs synthesized with the green route for effective 

CO2 separation. MIL-100(Fe) with average particle size of ~100 nm, were synthesized under 

HF-free circumstances at ambient conditions and incorporated into a biodegradable CS matrix. 

The μ3-oxo-trimer of the MIL-100(Fe) NPs aided the diffusion mechanism along with the 

amine groups of CS polymer for the capture of CO2 molecules. The dual advantages of the 

zwitterion mechanism via amine groups and the CO2 affinity via open-metal sites of the MOF 

NPs were exploited in this study. The high surface area of the nanoparticles also added the 

specific channel for the passage of the gas molecules. The prepared MMMs were characterized 

and tested for the CO2 separation performance and compared with those for the neat CS 

membrane. The maximum limit of filler incorporation into the CS matrix was also evaluated 

and the optimized MMM was subjected to adverse test conditions to examine its endurance 

and efficacy. The CO2 permeance and CO2/N2 selectivity were in trend with the increasing 

concentration of the MIL-100(Fe) up to 15 wt%; thereafter, a fall in the performance was 

observed. The CSM-15 demonstrated a CO2 permeance of 85 GPU and CO2/N2 selectivity of 

59; thus, a ~4-fold increment in permeance and ~15-fold increment in selectivity were obtained 

for the MMM compared to the neat CS membrane. The demonstrated technique may be utilized 

for various other nanofiller-matrix combinations to develop more efficient MMMs and further 

enhance CO2 separation performance. 
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CHAPTER 7 

Surface Engineering of Zr BDC Nanoparticles via Conjugation with 

Lysine to Enhance CO2 Separation Performance of Chitosan Mixed 

Matrix Membrane under Dry and Humid Conditions 

This chapter focuses on synthetization of Zr BDC (UIO-66) nanoparticles and their 

conjugation with L-lysine amino acid. The conjugation of NPs was done in the presence of 

carbodiimide to produce the CO2 selective nanofillers with better compatibility into CS matrix. 

The effects and degree of conjugation on the properties of Zr BDC is confirmed using various 

characterization techniques. For the comparative study and to better understand the effect of 

conjugation, we have also prepared Zr BDC embedded CS MMMs and neat CS membrane with 

identical thickness. This research work is scientifically acknowledged in “ACS Applied Nano 

Materials”. 
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7.1. Introduction 

Among all the metal-organic frameworks (MOFs) studied in the past two decades, Zr-

MOFs, specifically ZrBDC (UiO-66), have been widely utilized as filler due to their 

robustness, cost-effectiveness, superior thermal and chemical stability, exceptionally high 

surface area and non-toxic nature.1 Its stronger affinity for CO2 makes it more efficient for CO2 

separation compared to GO and MIL-100(Fe).  

Despite ongoing efforts, challenges related to poor polymer-MOF affinity, interfacial 

defects and gas leakage persist. To address these issues, researchers have explored 

functionalizing the ligand of UiO-66 with polar groups such as −NH2, −Br, −NO2, −(CF3)2, 

−SO3H and −CO2H. Among these functional groups, controlled and appropriate 

functionalization of UiO-66 with the use of amino groups has shown particular promise in 

enhancing CO2 adsorption selectivity and polymer binding affinity while maintaining the 

stability. MOFs with alkyl amine-functionalized (R1NHR2 or RNH2) surfaces or/and pores 

have proven to be efficient for selective CO2 sorption.2 In line with these concept, biomaterial 

amino acids can be employed for engineering Zr BDC MOFs via conjugation approach. The 

presence of amine groups in amino acid, such as lysine, makes it a suitable candidate to 

introduce nitrogen source in the composite thereby increasing the CO2 adsorption capacity via 

the zwitterion reaction mechanism. 

In this view, CO2-philic zirconium-based MOF nanoparticles (NPs) (Zr BDC or UIO-

66) were synthesized and decorated with L-lysine (Lys) amino acids to incorporate into 

chitosan (CS) polymer matrix. The high porosity and surface area of the MOF NPs aided to the 

CO2 separation permeance while the selectivity was addressed by amine functional groups 

present in Lys. The covalently bonded Lys onto Zr BDC NPs has a greater CO2 affinity due to 

the dangling amine groups. Additionally, the amine conjugation strengthened the hydrogen 
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bonds between MOF and the CS matrix thereby improving the dispersibility of MOF in the 

polymer matrix. The importance of this work lies in the fact that appropriate combination of 

highly stable Zr BDC MOF and Lys amino acid enhanced the overall performance of the mixed 

matrix membrane (MMM). 

7.2. Experimental Section 

7.2.1. Synthesis of Zr BDC and Lysine-conjugated-Zr-BDC (Lys-c-Zr BDC) Nanofillers 

Zr BDC nanoparticles were produced using the hydrothermal method2 with HCl serving 

as modulator. In a typical preparation procedure, equal amounts (10 mmol each) of zirconium 

chloride and terephthalic acid (TPA) were dissolved in a solution of N,N-dimethylformamide 

and HCl (DMF, 58 mL+ HCl 4 mL) using ultrasonic waves until they completely dissolved. 

Then, the zirconium chloride and TPA solutions were combined and sonicated for an additional 

10 minutes. The resulting solution was subjected to a hydrothermal treatment at 120 °C for 24 

hours. Once the treatment was completed, the sample was allowed to cool to room temperature 

and then separated using a centrifuge. To eliminate any remaining unreacted metal salts and 

organic components, the sample was thoroughly rinsed with methanol multiple times. Finally, 

it was centrifuged again after being soaked in methanol for 72 hours to activate the pores of 

the material. 

The conjugation of as-synthesized nanoparticles was done using the previously reported 

method.3 In the typical preparation method described in Scheme 7.1, the process began by 

combining 25 mL of MES buffer with 8 mmol of EDC and 4 mmol of NHS. To this solution, 

4 mmol of Lys was added. Subsequently, a certain amount of Zr BDC was introduced into the 

mixture. The entire solution was subjected to vigorous stirring for a duration of 12 hours, 

allowing the reaction to take place effectively. Once the reaction was complete, the amino acid-
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conjugated Zr BDC nanoparticles (referred to as Lys-c-Zr BDC) were obtained from the 

reaction mixture. To remove any excess reagents and impurities, the Lys-c-Zr BDC 

nanoparticles were repeatedly washed using deionized water. After thorough washing, the 

nanoparticles were subjected to vacuum drying to yield the final product. The main objective 

of this method was to successfully conjugate Lys with Zr BDC nanoparticles and each step was 

carefully executed to ensure the efficient attachment of the amino acid onto the surface of the 

nanoparticles. 

 

Scheme 7.1. Conjugation of Lys amino acid with Zr BDC nanoparticles in the presence of 

EDC and NHS. 

7.2.2. Synthesis of Zr BDC and Lys-c-Zr BDC nanofillers embedded CS MMMs 

The solution-casting technique was used to fabricate all of the MMMs. First, a 

homogeneous solution was produced by dissolving 1-wt % of CS flakes in a 1 vol% AA 

solution for 12 h at room temperature. In order to achieve uniform dispersion of MOF into a 

neat CS solution, a specific amount (3, 7 and 10 wt%) of Lys-c-Zr BDC in water was sonicated 

and added to the CS solution followed by 24 h stirring. Then they were subjected to ultrasonic 

treatment for an additional 2 h to remove air bubbles. The mixed solutions were then casted 

onto polyethersulfone (PES) support that had been adhered to glass plates, dried in a laminar 

36 hr stirring

EDC, NHS

L-lysine

ZrBDC

Lys-c-ZrBDC
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hood chamber for 24 h and then dried in a hot air oven at 110 °C to remove any remaining 

solvent. In this work, Lys-c-Zr BDC/CS with different loadings of Lys-c-Zr BDC as 3, 7 and 

10 wt% were prepared using equation 7.1. The fabricated MMMs were designated as Lys-c-Zr 

BDC/CS (X), where X = 3, 7 and 10, referring to the weight percentage (wt %) of Lys-c-Zr 

BDC. 

The Lys-c-Zr BDC loading is found using the following formula:  

lys-c-Zr BDC

lys-c  BDC CS-Zr

m
MOF loading (wt%)= ×100%

m
   

m+
 

(7.1) 

Where lys-c- CZr BDm is the mass of Lys-c-Zr BDC nanoparticles and CSm is the mass of chitosan.  

To show the effects of Lys conjugation on Zr BDC NPs for CO2 separation we have 

also synthesized MMMs with only Zr BDC incorporation into CS matrix utilizing the same 

experimental conditions. The fabricated membranes were designated as Zr BDC/CS (3), Zr 

BDC/CS (7) and Zr BDC/CS (10) for 3, 7, 10 wt% Zr BDC loading respectively. 

7.3. RESULTS AND DISCUSSIONS 

7.3.1. Characterization of Zr BDC and Lys-c-Zr BDC MOF nanoparticles 

7.3.1.1. Morphological and Elemental Analysis 

The as-synthesized Zr BDC and Lys-c-Zr BDC NPs were characterized utilizing 

various analytical and spectroscopic techniques to validate its successful formation. Figure 7.1 

shows the SEM images, TEM images and SAED pattern of the parent Zr BDC and Lys-c-Zr 

BDC MOF nanoparticles. As shown in the FESEM and FETEM images in Figure 7.1a-d, the 

synthesized NPs have a size of 80-120 nm and attained spherical morphology due to the usage 

of HCl acid as a modulator.4 It was also found that the conjugation of Lys has not affected the 
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geometry of the Zr BDC NPs. The increase in amorphous nature upon conjugation with Lys is 

supported by SAED patterns as shown in Figure 7.1e,f. 

Energy Dispersive X-Ray Spectroscopy (EDX) is a non-destructive analysis used to 

recognize the elemental composition of the synthesized NPs. It is obvious from the Figure 7.1g 

and h that Zr BDC contains C, O and Zr as the basic elements and after conjugation with Lys, 

it contains C, O, Zr and N atoms confirming the successful conjugation of Lys with Zr BDC 

nanoparticle.5 The degree of conjugation was evaluated from the EDX data utilizing the 

normalization method. In 1 mole of both Zr BDC and lys-c-Zr BDC, the atomic content of Zr 

will be same so we have considered as standard to quantify the N content. The percentage 

increase of N was evaluated for the degree of conjugation using the following formula; 

Degree of modification (%) = 100 ­ 

[
 
 
 

{
 

 (
𝐴𝑡%N

𝐴𝑡%𝑍𝑟
)

ZrBDC

(
𝐴𝑡%N

𝐴𝑡%Zr
)

Lys­c­ZrBDC}
 

 

×100

]
 
 
 

 

 

(7.2) 

Where, the At% is the atomic percentage of the respective elements. 

The degree of conjugation of Lys onto Zr BDC was evaluated from the EDX using the 

Equation 7.2 and was found to be 72%. This confirms the successful covalent bond formation 

between the Lys and Zr BDC. 
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Figure 7.1. (a, b) SEM images, (c,d) TEM images, (e,f) SAED patterns and (g,h) EDX spectra 

of Zr BDC  and Lys-c-Zr BDC  NPs, respectively. 

7.3.1.2. Structural Analysis 

The crystalline structure of Zr BDC and modified Zr BDC NPs were analyzed through 

XRD and shown in Figure 7.2a. The existence of major planes (111), (002) and (006) at 2θ 

values of 7.35°, 8.52° and 25.94°, resembles the diffraction pattern of Zr BDC.6 In addition, it 

is evident from the XRD patterns that the Zr BDC after decorating with Lys, exhibits no 

discernible changes. This finding implies that the surface-decorated Lys modulators had no 

negative effects on the inherent crystalline structure of the Zr BDC nanoparticles confirming 

the integrity of the Zr BDC skeleton.7  
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The chemical structure of Lys, Zr BDC and lys-c-Zr BDC was investigated using FTIR 

spectroscopy as shown in Figure 7.2b. The band at 1584 cm-1 and 1394 cm-1 can be assigned to 

the asymmetrical stretching and symmetrical stretching of C-O and C=C from carboxylates. 

The peak at a wavenumber of 745 cm-1 is for the aromatic organic compound and 547 cm-1 

belongs to the Zr-O-C bond vibration.8-9 The increase in the intensity of existing peaks and 

formation of new peaks observed at a wavenumber of 1652 cm-1 corresponds to the  N-H 

bending confirming the conjugation of Lys with Zr BDC. The degree of modification via 

conjugation of Lys onto Zr BDC was determined from the FTIR spectra. Upon conjugation, 

the intensity of the C=O (amide) stretching at 1650 cm-1 intensifies due to the amide bond 

formation between dangling –COOH of Zr BDC and side chain –NH2 of Lys. In particular, 

bands at around 2926 cm−1 region is attributed to the aliphatic C-H stretching of the amino acid 

arising due to the conjugation with lysine with UiO-66. This change is measured with respect 

to –CH (benzene ring) stretching peak at 745 cm-1 as a standard to correct for differences in 

sample concentration. From the FTIR spectra of Zr BDC and Lys-c-Zr BDC in Figures 7.2b, 

the absorbance (A) was recorded at wavenumber 1650 cm-1 and 745 cm-1 by the following 

formula;10 

( ) ( )Absorbance A  = 2 – log % Transmittance  (7.3) 

1650

745 ZrBDC

1650

745 Lys-c-ZrBDC

A
A

Degree of modification (%) = 100 - ×100
A

A

   
       

         

 

 

(7.4) 

Where A1650 and A745 are the absorbance at 1650 cm-1 and 745 cm-1 respectively. 

On substituting all the values in the Eqn 7.4, the extend of conjugation was found to be ~66 %, 

suggesting a successful interaction between the Lys and the Zr BDC nanoparticles.  

Table 7.1: Values of transmittance and absorbance for Zr BDC and Lys-c-Zr BDC at different 
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wavenumbers of 1650 and 750 cm-1. 

 Transmittance (%) Absorbance (%) 

1650A for ZrBDC 97 0.013228 

745A  for Zr BDC 79 0.102373 

1650A for Lys-c-Zr BDC 93 0.031517 

745A  for Zr BDC 83 0.080922 

 

7.3.1.3. Thermal Stability Analysis 

The thermal stability of Zr BDC and Lys-c-Zr BDC NPs was investigated using 

thermogravimetric analysis (TGA) from ambient temperature to 800 °C, as shown in Figure 

7.2c. The curve exhibited three different stages of weight loss. The initial weight loss was 

observed at around 110 °C due to the evaporation of moisture from the pores of Zr-MOF. At 

110 to 470 °C, a minimal weight loss of ~11% was observed indicating the thermal stability of 

the material. Finally, post 470 °C to 590 °C there was a sudden drop in weight% due to the 

degradation of the backbone structure of the organic ligand.11,8 It can be observed upon Lys 

conjugation, the modified MOF displayed similar TGA plot with better thermal stability. To 

prove the enhanced thermal stability, we have evaluated the derivative thermogravimetric 

(DTG) curves from the dynamic TGA plots of Zr BDC and Lys-c-Zr BDC. As can be seen 

from the Figure 7.2d, at ~77 °C the first degradation peak appears which corresponds to the 

initiation of water loss. The more thermal degradation for Zr BDC indicates its more water 

loss. The second degradation peak at ~560 °C is the initiation of the breakdown of the organic 

moiety. For Lys-c-Zr BDC, the peak is less intense compared to that of Zr BDC confirming its 

high stability induced by the conjugation of two molecules.  
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Figure 7.2. (a) XRD spectra, (b) FTIR spectra, (c) TGA profiles, and (d) DTG profiles of Lys, 

Zr BDC and Lys-c-Zr BDC nanoparticles; (e), (f) N2 adsorption-desorption isotherms of Zr 

BDC and Lys-c-Zr BDC nanoparticles. 

7.3.1.4. Surface Area Analysis 

The surface area and porosity of the nanoparticles were analyzed by N2 sorption 
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Brunauer-Emmet-Teller (BET) and the result is presented in Figure 7.2e and f and tabulated in 

Table 7.2. Zr BDC NPs exhibited an exceptionally high surface area of 1134 m²/g and type I 

isotherms, indicating a microporous structure. After conjugation, the lys-c-Zr BDC NPs 

exhibited a reduced surface area indicating the binding of non-porous amino acid, Lys, onto 

the surface of Zr BDC NPs. The pore size distribution analysis showed that after post synthesis 

modification (PSM) of Zr BDC, the effective pore volume decreased while the pore size 

decreased slightly. Thus, the modification of the MOF does not alter the pore structure of Zr 

BDC NPs. Similar results were reported in the other literature.7,12–14 

Table 7.2: BET and Langmuir surface area and pore volume of Zr BDC and Lys-c-Zr BDC 

 
Zr BDC Lys-c-Zr BDC 

BET surface area (m2 g-1) 1134.7 619.2 

Langmuir surface area (m2 g-1) 1664.1 905.8 

Pore volume (cm2 g-1) 0.668 0.272 

Pore diameter (nm) 2.356 2.322 

 

7.3.2. Characterization of Lys-c-Zr BDC nanofillers embedded CS MMMs (Lys-c-Zr 

BDC/CS) 

7.3.2.1. Morphological and Elemental Analysis 

FESEM analysis was used to study the surface morphology and thickness of fabricated 

Lys-c-Zr BDC/CS membranes and presented in Figure 7.3. The top surface images of the 

different membranes (3 wt%, 7 wt% and 10 wt% of Lys-c-Zr BDC) obtained from FESEM, as 

shown in Figure 7.3a,c,e clearly depicted the agglomeration of nanoparticles at higher 

nanofiller loading. All the samples showed a void-free and dense structure, suggesting the 
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compatibility of the interface between the Lys-c-Zr BDC and CS membrane.15  

 

Figure 7.3. FESEM images of (a,c,e) top surfaces and (b,d,f) cross-section of Lys-c-Zr 

BDC/CS (3), Lys-c-Zr BDC/CS (7), Lys-c-Zr BDC /CS (10), respectively, (g) EDX mapping 

of Lys-c-Zr BDC/CS (7) MMM showing the presence of C, O, N, Zr elements, respectively. 

The cross-section images shown in Figure 7.3b,d,f clearly showed the formation of a 

defect-free selective layer on the support with an approximate thickness of 4 (± 0.5) µm. The 

uniform distribution of all the elements was confirmed form the EDX mapping analysis of lys-

c-Zr BDC/CS (7) MMM. Figure 7.3g shows the presence of all elements with carbon (yellow), 

oxygen (cyan), nitrogen (green) and Zr (purple), respectively. As observed the presence of Zr 

throughout the surface of the membrane confirms the uniform distribution of the Lys-c-Zr BDC 

filler into CS matrix. 

 

7.3.2.2. Surface Roughness Analysis 

Atomic force microscopy (AFM) was performed to investigate the dimensional 
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morphology of the top surface of the composite membranes. The AFM technique produces 

two- and three-dimensional (2D and 3D) images of materials by randomly counting the 

diameter and height of particles, which present valuable information about the surface 

morphology and topology of the top surfaces of the membranes.16  

 

Figure 7.4. AFM images of (a,b,c) top surfaces of Lys-c-Zr BDC/CS (3), Lys-c-Zr BDC/CS 

(7) and Lys-c-Zr BDC/CS (10), respectively. 

The obtained results, as shown in Figure 7.4 demonstrated that with increasing the MOF 

loading from 3 to 7 wt%, the surface roughness increases and then decreases on further 

increment to 10 wt%.  This reduction in the roughness at 10 wt % MOF loading is due to the 

aggregation of the nanoparticles at specific regions of the CS membrane causing non-

uniformity in the Lys-c-Zr BDC/CS (10) MMM. SEM and AFM results show co-relevance 

with each other and reveal that the loading densities of MOF nanoparticles greatly influence 

the surface morphologies and microstructures of the fabricated membranes. 
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7.3.2.3. Structural Analysis 

The FTIR analysis was done to analyze the chemical interaction between the CS and 

Lys-c-Zr BDC nanoparticles in the fabricated membranes. Figure 7.5a showed the 

characteristics absorbance band of C=O stretching vibration of the amide group at 1651 cm-1. 

The absorbance band at 1553 cm-1 and 653 cm-1 corresponds to the Zr-O vibration of Zr-O-C.17 

The band observed at 2863 cm-1 corresponds to the asymmetric stretching of CH3 and CH2 in 

the chitosan membrane. Furthermore, the peak between 3200-3500 cm-1 is of the hydroxyl (-

OH) and (-NH2) group in the CS membrane.18  

The XRD analysis was performed to show any crystalline structure change of the 

nanocomposite membrane due to the incorporation of Lys-c-Zr BDC on the structure of the 

fabricated membrane. Figure 7.5b shows a strong and a wide distinctive peaks at 2θ values of 

9.25º and 19.75º due to coexistence of the CS crystalline phase and other non-crystalline 

phases.19,20 The peak intensity rapidly decreases as the loading of Lys-c-Zr BDC increases from 

3 wt% to 7 wt%. This created more transport networks due to the decrease in the polymer 

crystalline phase, which is expected to enhance its CO2 permeance. 

7.3.2.4. Surface Hydrophilicity Analysis 

The surface hydrophilicity of the composite membrane was analyzed by contact angle 

measurement. Due to the hydrophilic amine (-NH2) group in the chitosan structure, the pure 

chitosan membrane exhibits hydrophilicity with a contact angle of 40°. However, excessive 

hydrophilicity of the CS membrane compromises its fragility in CO2 separation application by 

causing excessive water uptake, producing a lot of swelling and lowering the mechanical 

strength. As the loading of Lys-c-Zr BDC increases and reaches an optimum concentration of 

7 wt %, the contact angle value increases to 65° thereby improving the wettability condition of 
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the composite membrane due to the presence of the Zr BDC nanoparticle, depicted in Figure 

7.5c. It is important to anticipate the balance between the hydrophobicity/hydrophilicity of the 

framework surface to achieve energy-efficient CO2 separation.21 This result is in a good 

agreement with the contact angle outcomes. 

7.3.2.5. Thermal Stability Analysis 

TGA was done to investigate the thermal stability of the MMMs. As depicted in Figure 

7.5d, the weight loss was primarily observed at around 110 °C due to the loss of unbound 

moisture content. The second weight loss was observed at around 210 °C due to the 

decomposition of the polymer unit. It can be observed that the pristine chitosan membrane 

shows more weight loss as compared to the Lys-c-Zr BDC loaded CS membranes. With the 

increase in the concentration of Lys-c-Zr BDC from 3 wt% to 7 wt%, the rate of weight loss 

decreased confirming the enhanced thermal stability upon formation of MMMs. Beyond 7 wt% 

incorporation, the weight loss increased due to the presence of agglomerated nanoparticles. 

Finally, the major weight loss occurred at around 300 °C-400 °C due to pyrolysis of organic 

moieties, as confirmed by the other literature.22 The TGA results demonstrated that the 

incorporation of Lys-c-Zr BDC to the fabricated membrane enhanced its thermal stability much 

required for the CO2 separation and allowed it to endure temperatures up to 210 °C. 

TGA isotherm at 95 °C, 115 °C and 145 °C was used to determine the thermal stability 

of the fabricated and optimized Lys-c-Zr BDC/CS (7) flat sheet mixed matrix membrane as 

shown in Figure 7.5e. The composite MMM was tested for maximum 145 °C to show its 

stability for practical conditions, as in general the temperature of flue gas is not more than 120 

℃. A minimal weight loss was observed during the 45 min linear isotherm at 95, 115 and 145 

°C thus confirming its high thermal stability without any cross linking within the membrane. 
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Figure 7.5. (a) FTIR spectra, (b) XRD spectra, (c) Contact angle, (d) Dynamic TGA study of 

all the fabricated and (e) TGA isotherm for Lys-c-Zr BDC/CS (7) membrane at 95 °C, 115 °C 

and 145 °C. 

7.3.2.6. Characterization of Zr BDC embedded CS MMM 

The uniform distribution of all the elements was confirmed form the EDX mapping analysis of 

pristine CS membrane, Zr BDC/CS (7) MMM. Figure 7.6a and b shows the presence of all 

elements with carbon (yellow), oxygen (cyan), nitrogen (green) and Zr (purple), respectively. 

As observed the presence of Zr throughout the surface of the membrane confirms the uniform 

distribution of the Zr BDC filler into CS matrix. The cross sectional and top surface FESEM 

images of the Zr BDC/CS (7), fabricated under similar conditions, are shown in Figure 7.6c 

and d to compare the thickness and uniformity of the formed MMM with composite of CS and 
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Zr BDC nanofillers. 

 

Figure 7.6. EDX mapping of (a) pristine CS membrane and (b) Zr BDC/CS (7) MMM showing 

the presence of the respective constituent elements, (c) cross-section FESEM image, (d) Top 

surface FESEM image, (e) FTIR spectra and (f) Dynamic TGA profile of optimized Zr 

BDC/CS (7) MMM. 

FTIR spectra was obtained for the Zr BDC/CS (7) membrane, shown in Figure 7.6e, 

confirming the presence of similar chemical interactions and successful embedment of the Zr 
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the Zr BDC/CS (7) membrane is shown in Figure 7.6f, but the extend of weight loss was at the 

intermediate of the pristine CS and Lys-c-Zr BDC/CS membranes. This observation suggests 

the importance of Lys conjugation for the increment in the thermal stability of the MMMs for 

CO2 separation applications. 

7.4. CO2/N2 gas separation study 

Flue gas mixture (20% CO2 and 80% N2) is separated using a gas permeation setup 

design, explained in Section 2.4 and illustrated in Scheme 2.2, at different operating conditions 

such as filler loading for Zr BDC/CS and Lys-c-Zr BDC/CS; the temperature under dry and 

humid conditions, pressure, sweep/feed humidity flow and selective layer thickness for 

optimized Lys-c-ZrBDC/CS (7) MMM etc. 

7.4.1. Effects of Zr BDC and Lys-c-Zr BDC nanofillers loading (wt%) on CO2 separation 

performance of MMMs 

Gas permeation measurements investigated the CO2 separation (GS) properties of the 

fabricated thin film Zr BDC /CS and lys-c-Zr BDC /CS mixed matrix flat sheet composite 

membranes. CO2 and N2 permeance, flux and CO2/N2 selectivity were tested across the 

fabricated membranes at 0.221 MPa feed pressure and 85 °C module temperature and with a 

sweep/feed moisture flow ratio of 1.67. CO2 separation performance of the pristine CS 

membrane were taken from chapter 3. The gas permeance and CO2/N2 selectivity were 

significantly influenced by the presence of Zr BDC and lys-c-Zr BDC in the CS matrix, as 

shown in Figure 7.7. For the Zr BDC/CS MMM as shown in Figure 7.7a, b, c, the CO2 

separation performance improved with an increase in the loading of Lys-c-Zr BDC up to 7 

wt%. However, a notable decline in performance was observed when the filler loading was 

further increased to 10 wt%. 
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Figure 7.7. Effects of Zr BDC and Lys-c-Zr BDC loading (wt%) on (a,d) CO2, N2 permeance, 

(b,e) CO2/N2 selectivity, (c,f) CO2, N2 flux respectively. 

Similarly, for the Lys-c-Zr BDC/CS MMM depicted in Figure 7.7d, e, f, a loading of 7 

wt% of Lys-c-Zr BDC led to a remarkable 981% increase in CO2 permeance and a 32% 

increase in selectivity, when compared to neat CS while N2 permeance remained relatively 

unchanged, the obtained GC data is presented in Figure A1 and the calculations are described 

in Appendix A1. However, when the filler loading was increased beyond 7%, there was a 
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modest reduction in CO2 permeance (from 135.2 GPU to 130.2 GPU), accompanied by a 

significant increase in N2 permeance (from 2.3 GPU to 4.1 GPU) was observed. As a result, 

there was a substantial loss in CO2/N2 selectivity. 

The reactive gas molecules, such as CO2, reversibly react with the carrier sites, such as 

-NH2 functional groups, to generate carbamate ion (HCO3-) via the zwitter ion mechanism and 

facilitate the CO2 transport across the membrane (from feed to permeate side) through the 

dissolution process. As a result, the facilitated transport MMM demonstrated strong CO2 

selectivity over N2, whereas N2, as an inert gas molecule, cannot react with the carrier sites.24 

The primary function of conjugation of Lys amino acid onto Zr BDC MOF surface was to offer 

more fixed carrier sites with its -NH2 groups,3 as well as providing physical and chemical 

micro-environment for CO2 and N2 gas transport across the MOF's channels and polymer 

networks. This is consistent with obtained results too, which showed that at 0% MOF loading 

(pristine CS), selectivity and permeance are quite lower (Table 7.3) than the results obtained 

by our research at 7 wt% nanofillers loading. In other words, by increasing the lys-c-Zr BDC 

content in the CS matrix, more fixed carrier sites were provided for better CO2 facilitation and 

additional transport channels for N2 and CO2 gas molecules were established within the MOF 

network.23 With the increase in the Zr BDC and lys-c-Zr BDC content in the CS matrix from 

3 wt% to 7 wt%, there was increment in both CO2 permeance and CO2/N2 selectivity for either 

case. Upon further increase in the nanofiller content (10 wt%), there was decrement in the CO2 

performance for both Zr BDC/CS and Lys-c-Zr BDC/CS. Thus, 7 wt% was found to be the 

optimum concentration of filler into the CS matrix for the formation of composite MMMs. 

Comparing the CO2 permeance and selectivity results for pristine CS, Zr BDC/CS and Lys-c-

Zr BDC/CS (Figure 7.7 and Table 7.3), under similar operating conditions, it was found that 

the Lys conjugation has advance effect on the CO2 separation performance. Thereby, all the 
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advance parameter studies for the CO2 separation performance were carried out using the Lys-

c-Zr BDC/CS (7) MMM. 

Table 7.3. Comparison of CO2 separation performances of optimized bare CS, Zr BDC/CS(7) 

and Lys-c-Zr BDC/CS(7) MMMs. 

Polymer Filler (wt%) Operating 

conditions 

CO2 

permeance 

(GPU) 

CO2/N2 

selectivity 

References 

CS - 
85 °C, 

0.221 MPa 
15 48 This work 

CS Zr BDC (7) 
85 °C, 

0.221 MPa 
79 60 This Work 

CS Lys-c-Zr BDC (7) 
85 °C, 

0.221 MPa 
135 71 This Work 

 

7.4.2. Effects of temperature on CO2 separation performance of optimized Lys-c-Zr 

BDC/CS(7) MMM 

Despite the fact that average temperature of the flue gas after a flue gas desulfurization 

(FGD) is 57 °C,25 however, a rise in the operating temperature is observed due to the 

requirement of mild compression of the feed gas in the range of 0.15-0.4 MPa for most 

separation processes for post-combustion carbon capture. Studies showed that if the flue gas is 

compressed to 1.5 atm, the temperature rises from 57 to around 85 °C.26 Figure 7.8a,b,c 

demonstrates the effect of temperature change at a feed pressure of 0.221 MPa under dry 

conditions (No moisture supply in feed and sweep gas streams) on the CO2, N2 permeance, 

CO2/N2 selectivity and CO2, N2 flux for the optimized Lys-c-Zr BDC/CS (7) MMM. For dry 

conditions, all the three parameters, CO2 permeance, selectivity and flux, increased from 20.9 

GPU to 34.6 GPU, 12 to 29.4 and 332 ×10-6 cm3 (STP)/cm2sec to 552×10-6 cm3 (STP)/cm2sec, 
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respectively, as the feed temperature increased until 85 °C. The obtained results showed 13%, 

145% and 66.26% enhancement in CO2 permeance, CO2/N2 selectivity and CO2 flux, 

respectively. Then a sharp fall in the membrane performance was observed on a further rise in 

the temperature from 85 °C to 105 °C. The trend followed by separation performance of the 

Lys-c-Zr BDC/CS (7) MMM can be attributed to the following reasons; (1) from zwitterion 

mechanism it can be understood that the CO2 molecules are reacting reversibly with amines, 

present on the Lys-c-Zr BDC surface and polymer matrix. The temperature increment increased 

the reaction rate between CO2 and amines and contributed to the performance enhancement. 

(2) With rise in temperature, the kinetic energy of gas molecules increased and consequently 

the diffusivity of the gas molecules through the Lys-c-Zr BDC pores and polymer matrix 

increased and resulted in enhancement in the CO2 separation performance until 85 °C. 

For the swollen Lys-c-Zr BDC/CS (7) membrane, as can be seen in Figure 7.8d,e,f, the 

CO2 permeance increased by ~5.2 folds, CO2/N2 selectivity increased by ~1.7 folds and CO2 

flux increased by ~1.9 folds when the temperature was raised from ambient temperature until 

85 °C. This enhancement in the performance of the swollen membranes can be explained as 

follows. Firstly, according to the zwitterion mechanisms, in dry conditions, 1 mole of CO2 

requires 2 moles of amines to react reversibly, whereas in the presence of water it requires only 

1 mol of amines to take away 1 mole of CO2 molecule form the mixture gas.24,27 The presence 

of water and the rise in temperature greatly contributed to the enhancement of membrane 

separation. Secondly, the movement of polymer chains has been accelerated, which might 

enhance the diffusion of gases through the membrane.28 However, as the temperature rises from 

85 °C to 105 °C, the CO2/N2 selectivity decrease for Lys-c-Zr BDC/CS (7) MMM due to the 

drying of the membrane matrix. 
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Figure 7.8. Effects of operating temperature on (a,d) CO2, N2 permeance, (b,e) CO2/N2 

selectivity and (c,f) CO2, N2 flux under dry conditions and humid conditions, respectively, on 

Lys-c-Zr BDC/CS (7) MMM. 

Along with CO2 permeance, the increase in temperature has greater impact on the N2 

permeance as well. In fact, as the temperature rises and the polymer chain movement increases, 

larger gas molecules like N2 have a greater chance of passing through the membrane more 

quickly, which results in the declination in CO2/N2 selectivity.29 Since N2 permeate through 
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the membrane via dominant diffusivity, their rate of diffusion was higher at high temperatures 

than CO2, thus shifting the selectivity of CO2 over N2 to the higher temperature range. 

7.4.3.  Effect of feed pressure CO2 separation performance of optimized Lys-c-Zr 

BDC/CS(7) MMM 

Permeance tests at various feed pressures of 2.2, 3.2, 4.2 and 5.2 bar have been carried 

out to learn more about the effect of feed pressure on the CO2 separation performance of 

membranes and displayed in Figure 7.9a,b,c. The graph illustrates the enhancement of the CO2 

permeance with the drop in the selectivity as feed pressure increased from 2.2 bar to 4.2 bar. 

The observed results due to the pressure enhancement on polymeric MMM can be attributed 

to the following reasons;30,31 (1) decline in permeance followed by a reduction in polymer free 

volume; (2) an increase in driving force; and (3) plasticization effect brought on by increased 

gas concentration in the polymer matrix. On further rise in the pressure from 4.2 to 5.2 bar, a 

drastic decline in the permeance and selectivity was observed. As the literature suggests, the 

compactness effect of CS chains and amine carrier saturation led to a decrement in CO2 

separation performances.32 

7.4.4. Effect Sweep/feed humidity CO2 separation performance of optimized Lys-c-Zr 

BDC/CS(7) MMM 

The facilitation of CO2 molecule transport through membranes containing reactive CO2 

carriers (amines) depends critically on the presence of moisture. A number of variables, 

including fuel type (particularly moisture content), combustion parameters and exhaust 

temperature, have an impact on the water content of flue gas.33 In this study, moisture was fed 

into the feed and sweep gases in controlled amount before entering the permeation cell. Using 

a Lys-c-Zr BDC/CS (7) MMM with an approximate selective layer thickness of 4 µm on the 
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porous PES support, the effect of moisture content on the membrane separation performance 

at 85 °C were examined. At sweep/feed moisture ratios of 0, 0.33, 1, 1.67, 2.33 and 3, the 

separation performances were observed with the feed gas (composed of 20% CO2 and 80% N2) 

fed to the membrane module.  

 

Figure 7.9. Effects of pressure and sweep/feed moisture flow on (a,d) CO2, N2 permeance, 

(b,e) CO2/N2 selectivity and (c,f) CO2 and N2 flux, respectively, under humid conditions on 

Lys-c-Zr BDC/CS (7) membrane. 
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As shown in Figure 7.8a,b,c, the dry membrane has 34.9 GPU permeance, 29.4 CO2/N2 

selectivity and 332 ×10-6 cm3 (STP)/cm2sec flux. These values gradually increased when 

humidified gases were supplied to the module and sweep/feed moisture content increased from 

0 to 1.67. At 1.67 sweep/feed ratio as shown in Figure 7.9d,e,f, the fabricated membrane 

obtained optimum values of 135.2 GPU, 71.7 CO2/N2 selectivity and 1455 ×10-6 cm3 

(STP)/cm2sec flux. The reaction rates of CO2 with amine carriers increases with the moisture 

content and higher moisture content on the permeate side increases water retention inside the 

membrane, thereby increasing the mobility of both mobile and fixed carriers of Zr BDC filler 

and CS matrix. Additionally, higher moisture content on the sweep side dilutes the permeated 

CO2 concentration through the membrane in the sweep side, thus increasing the driving force. 

According to Quinn et al.,34 the moisture content in the feed and sweep side increases CO2 

permeability. On further increase in the moisture content beyond 1.67, a minor loss in the CO2 

permeance and flux but a major loss in the CO2/N2 selectivity were observed due to the swelling 

of the CS matrix. 

 

Figure 7.10. FESEM images of cross section Lys-c-Zr BDC/CS (7) with different selective 

layer thickness. 

7.4.5. Effect of selective layer thickness CO2 separation performance of optimized Lys-c-

Zr BDC/CS(7) MMM 
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The thickness of the selective layer in a membrane plays a crucial role in determining 

its CO2 permeance and selectivity of CO2 over N2. For the optimized Lys-c-ZrBDC/CS (7) 

MMM, we have synthesized it with three different selective layer thicknesses: ~0.5 µm, 1-1.5 

µm and 4-4.5 µm as shown in Figure 7.3d and Figure 7.10. The selective layer is responsible 

for allowing certain gases to pass through while blocking others based on their size, solubility 

and diffusivity and reversible reactivity with amine carriers. As shown in Table 7.4 CO2 

permeance has increased from 135 GPU to 247 GPU but the CO2/N2 selectivity is significantly 

decreased from 71 to 43 when selective layer thickness decreased form ~4.5 µm to ~0.5 µm. 

As expected, the thinner the selective layer, the higher the CO2 permeance when all other 

parameters are kept constant. A thinner selective layer offers less resistance to gas diffusion, 

allowing gas molecules to pass through more easily. A higher selectivity indicates better 

separation performance. The thickness of the selective layer can also influence the selectivity 

of CO2 over N2. Thicker selective layers hinder the diffusion of larger molecules like N2, while 

still allowing smaller CO2 molecules to pass through more easily. As a result, the membrane 

achieves a higher selectivity for CO2 over N2. However, there is a limit to this effect and at 

some point, further increasing the thickness showed diminishing returns and led to reduced 

selectivity due to increased resistance for all gases. 

Table 7.4 Comparison of the performance of the optimized Lys-c-ZrBDC/CS (7) MMM with 

different selective layer thickness. 

 Lys-c-ZrBDC/CS (7) 

Selective layer Thickness (μm) CO2 Permeance (GPU) SCO2/N2
 

0.5-0.6 247 43 

1-1.5 169 58 

4-4.5 135 71 
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7.4.6. Comparative study of the obtained results with the reported literature  

Compared to neat CS and other reported literature, as shown in Table 7.5, the CO2 

separation data showed improvement in the separation performance of Zr BDC/CS (7) and 

Lys-c-Zr BDC/CS (7) MMM at optimum temperature of 85 °C. Its potential for use in gas 

purification is indicated by presenting the data on the Robeson upper bound curve Figure 7.11. 

From the curve, it is observed that, at room temperature and under humid conditions, the CO2 

separation performance of the Lys-c-Zr BDC/CS (7) membrane is comparable with that of the 

reported literature. However, with rise in temperature, due to the reversible zwitter ion reaction 

of CO2 molecules with carrier amine, the CO2 permeance and CO2/N2 selectivity increases, 

consequently surpassing the Robeson’s upper bound curve. These results show the potential of 

post-synthetic modification on a Zr BDC NPs structure for use in an MMM, where one can 

finely tune the interaction between permeability and selectivity. 

 

Figure 7.11. Robeson upper bound curve: Comparison of the CO2 separation performance of 

the optimized Lys-c-Zr BDC/CS (7) MMM with the reported literature. 
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Table 7.5. A comparative account of the CO2 separation performance of the optimized Lys-c-

ZrBDC/CS (7) MMM with available literature. 

Polymer Filler Operating 

conditions 

CO2 

permeability 

(Barrer) 

CO2/N2 

selectivity 

References 

PEBAX UIO-66@HNT 
25 °C, 

0.5 MPa 
119 76.26 35 

Polyurethane UIO-66 
25 °C, 

0.4 MPa 
34.2 75.2 36 

PEG/PPG–

PDMS 
UiO-66-NB 

30°C, 

0.1 MPa 
585 53 37 

PVAm 
PVA-g-UIO-66 

NH2 
25°C ~90 45 38 

Polyimide UiO-66-NH2@GO 
25°C, 0.3 

MPa 
7.28 52 39 

CS Lys-c-Zr BDC 

25°C, 

0.221 

MPa 

101 43 This Work 

CS Lys-c-Zr BDC 

85°C, 

0.221 

MPa 

541.92 71.18 This Work 

 

7.5. Conclusions 

The intrinsic structural amphipathicity of CS polymer offered strong compatibility to 

the Zr-BDC nanoparticles and thus functioned as a viable polymer matrix for high-performing 

MMMs. Zr-BDC NPs were successfully conjugated with the CO2-philic Lys amino acid via 

the amide bond formation among the dangling –COOH of the MOF and side chain –NH2 of 

Lys. The solution casting method resulted in the formation of 4 (±0.5) µm thick, dense, 

TH-3376_196107001



Lysine Conjugated Zr BDC Nanoparticles Incorporated Chitosan MMM 

195 | P a g e        A . K a t a r e ,  e t  a l ,  A C S  A p p l i e d  N a n o  M a t e r i a l s  , 2 0 2 3  

amorphous and thermally stable selective layers for the CO2 separation purpose. Relative to 

the neat polymer, the 7 wt% loaded Zr BDC and Lys-c-Zr BDC was found to be the optimum 

loading amount for considerable improvement in CO2 permeance and CO2/N2 selectivity. The 

fabricated Lys-c-Zr BDC/CS (7) membrane showed CO2 permeance of 34.6 GPU, CO2/N2 

selectivity of 29.4 in dry conditions and CO2 permeance of 135 GPU, CO2/N2 selectivity of 

71.5 in humid conditions at 85 °C and 0.221 feed pressure. From Robeson's curve, it is observed 

that, at room temperature and under humid conditions, the CO2 separation performance of the 

Lys-c-Zr BDC/CS (7) membrane is comparable with the reported literature. However, as the 

temperature rises, due to the facilitated transport of CO2 molecules, the CO2 permeance and 

CO2/N2 selectivity increase, consequently surpassing the Robeson’s upper bound curve. Hence, 

it is advisable to use the fabricated membranes at a higher temperature. The obtained results 

show that amine conjugation with MOF nanoparticles approach is very promising for CO2 

separation from flue gas. We consider that the current findings will pave the way for a new 

technique for MMM interface assessment in high-performance gas separation applications. 
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CHAPTER 8 

Overall Conclusion and Recommendations for Future Work 

This section provides an overview of the findings and the current thesis. It also describes 

potential future modifications that could be made to the polymer and filler to enhance the 

overall performance of the CO2 separation. 

8.1. Overall Conclusions 

The overall advantages of the membranes synthesised in this work compared to the already 

published work can be iterated with the following key points: The membranes used in this 

study were synthesized from Chitosan, an affordable biodegradable biopolymer. Chitosan's 

inherent amino and hydroxy functional groups proved effective for CO2/N2 separation. To 

preserve the membranes' biodegradability and ensure they could be easily disposed of without 

generating secondary pollutants, various amino acids were used for modification. Additionally, 

different filler materials, such as graphene oxide (GO), MIL-100(Fe), and ZrBDC MOF, were 

incorporated. The MIL-100(Fe) was synthesized using a green route, but the production of GO 

and ZrBDC was costlier due to the use of expensive ZrCl4 salt and other chemicals. 

➢ A high-performing biodegradable polymeric material, chitosan (CS), was carefully 

chosen as the base material for a thin film composite membrane fabrication for CO2 separation 

study. The performance of CS was further enhanced by modifying it with tyrosine amino acid 

using a conjugation technique. Comprehensive characterization of the resulting membranes, 

both the modified Tyr-c-CS and the neat CS membranes, was carried out using various 

analytical techniques like FTIR, XRD, TGA, AFM, FESEM. This research highlights the 

significant impact of amino acid conjugation on the CS backbone and its role in improving 

CO2 separation efficiency. The presence of amine groups in the conjugated L-tyrosine plays a 
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vital role in selectively attracting CO2 molecules, while effectively excluding N2, due to the 

zwitterion mechanism for carbamate formation. The synthesized conjugated membrane, with 

an average thickness of 4 µm, demonstrated superior CO2 permeance of 67 GPU and CO2/N2 

selectivity of 44. In comparison, the neat CS membrane only exhibited CO2 permeance of 15 

GPU and CO2/N2 selectivity of 48 under the similar operating conditions (85 °C and 32 psi 

absolute feed pressure). This enhanced performance of the Tyr-c-CS matrix can be attributed 

to the combined effect of facilitated transport and the solution-diffusion mechanism.  

➢ Phenylalanine amino acid was used to create various polymer blends and graft 

copolymers, forming thin film composite membranes designed for efficient CO2 gas transport. 

The incorporation of primary amine-containing Phe components in the membranes improved 

CO2 transfer by introducing both mobile and stationary carriers, enhancing gas permeance 

through increased free volume. The membranes underwent extensive characterization using 

techniques like XPS, NMR, FTIR, XRD, TGA, FESEM, AFM, etc. and were compared to the 

pristine CS membrane. Tested under different operating conditions, the Phe-g-CS membrane 

with ~4 µm selective layer thickness showed an impressive CO2/N2 selectivity of 89 and CO2 

permeance of 106 GPU at optimized conditions (85 °C, 2.21 bar feed pressure, 1.21 bar sweep 

side pressure and 0.667 moisture flow ratio). The Phe-b-CS (20) membrane exhibited a CO2/N2 

selectivity of 97 and CO2 permeance of 72 GPU under the same conditions. Stability testing 

for 400 hours demonstrated that the Phe-g-CS membrane maintained consistent CO2 uptake 

capacity, outperforming the Phe-b-CS membrane. The results surpassed Robeson's upper 

bound curve, affirming the membranes' suitability for commercial CO2 separation applications. 

➢ To further enhance the separation efficiency of CS, we synthesized Lys-c-GO@CS 

MMM by incorporating Lys-c-GO nanosheets into a CS matrix. Various analytical techniques, 

such as FTIR, TGA, XRD, SEM, TEM and AFM, were used to characterize filler and the 

MMM. Comparing different doping levels, we found that MMMs with 1 wt% Lys-c-GO 
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showed superior CO2 separation performance compared to those with 0.5 wt% and 2 wt% Lys-

c-GO. Specifically, the MMMs containing 1 wt% Lys-c-GO with ~4 µm selective layer 

thickness demonstrated reasonably good CO2 permeance of 44 GPU and CO2/N2 selectivity of 

82.5. The presence of Lys-c-GO had a positive synergistic effect on gas separation 

performance. The amino groups linked to the GO sheets acted as pathways, promoting high 

CO2 selectivity. Furthermore, the selective barrier formed by the amine, hydroxyl and carboxy 

groups of the GO nanosheets on the MMM surface contributed to increased selectivity in the 

membrane. In summary, the introduction of Lys-c-GO nanosheets into the CS matrix 

significantly improved the CO2 separation efficiency of the MMM, making it a promising 

approach for enhancing gas separation performance. 

➢ MIL-100(Fe) nanoparticles with an average particle size of approximately 100 nm were 

synthesized under HF-free conditions at ambient temperatures. These nanoparticles were then 

integrated into a biodegradable CS matrix to create mixed matrix membranes (MMMs) for CO2 

separation applications. The presence of the μ3-oxo-trimer of the MIL-100(Fe) nanoparticles 

facilitated the diffusion mechanism, while the amine groups of the CS polymer aided in 

capturing CO2 molecules during the separation process. To optimize the MMM's performance, 

the maximum limit of filler incorporation into the CS matrix was assessed. Subsequently, the 

optimized MMM underwent testing under adverse conditions to evaluate its endurance and 

effectiveness. Remarkably, the CS MMM with 15 wt% loading of MIL-100(Fe) with ~4 µm 

selective layer thickness exhibited a CO2 permeance of 59 GPU and a CO2/N2 selectivity of 

65, demonstrating its potential as a promising membrane for efficient CO2 separation over N2. 

➢ Zr BDC and lysine-conjugated Zr BDC MOF nanoparticles were used as fillers and 

incorporated into a CS matrix to create a mixed matrix membrane (MMM). The successful 

conjugation of lysine with Zr-BDC NPs was achieved by forming an amide bond between the 

dangling –COOH of the MOF and the side chain –NH2 of lysine, which was crucial for CO2 
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adsorption. Various analytical and spectroscopic techniques such as TEM, SEM, FTIR, XRD, 

TGA, EDX and AFM were employed to characterize the as-synthesized materials and MMMs. 

The characterization confirmed the successful conjugation of lysine with the MOF NPs, which 

greatly enhances CO2 adsorption capabilities. The solution casting method yielded thin, dense, 

amorphous and thermally stable selective layers, specifically designed for CO2 separation 

purposes. Among the various loadings tested, the MMM with 7 wt% of Zr BDC and lys-c-Zr 

BDC was identified as the optimum loading amount, significantly improving CO2 permeance 

and CO2/N2 selectivity compared to the neat polymer. The resulting lys-c-Zr BDC/CS (7) with 

~4 µm selective layer thickness MMM exhibited CO2 permeance of 34.6 GPU and CO2/N2 

selectivity of 29.4 under dry conditions, while under humid conditions at 85 °C and 0.221 feed 

pressure, it showed CO2 permeance of 135 GPU and CO2/N2 selectivity of 71.5. In conclusion, 

the incorporation of lysine-conjugated Zr BDC MOF nanoparticles into the CS matrix resulted 

in an optimized mixed matrix membrane with excellent CO2 separation performance, making 

it a promising candidate for practical applications. 

Table 8.1. A comparative account on the CO2 separation performance by the membranes with 

~4 µm selective layer thickness conducted under this research study at 85 °C and absolute 

feed/sweep pressure = 2.21/1.21 bar having feed/sweep water flow rate of 0.03/0.05 mL/min. 

Membrane composition Membrane code CO2 

permeance 

(GPU) 

CO2/N2 

selectivity 

Neat CS CS 15 48 

Tyrosine-conjugated-CS Tyr-c-CS 44 67 

Phenyalanine-blended-CS Phe-b-CS 72 97 

Phenylalanine-grafted-CS Phe-g-CS 106 89 
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1 wt% Lysine-conjugated-

Graphene Oxide/CS 

Lys-c-GO@CS (1) 44 82 

15 wt% MIL-100(Fe)/CS CSM-15 59 65 

7 wt% Lysine-conjugated-Zr 

BDC/CS 

Lys-c-ZrBDC/CS (7) 135 71 

 

The thesis focused on the membrane-based separation of CO2 from the simulated flue 

gas and the various strategies to be employed to enhance the overall performance. All study 

mainly aimed for the modification of chitosan membranes to enhance the CO2 separation 

efficiency via facilitated transport mechanism. Two general approaches were taken for this 

purpose. The first approach involved using non-toxic, biodegradable and cost-effective amino 

acids (Tyrosine, Phenylalanine and Lysine) as carriers owing to the presence of the amine 

functional groups. The second approach involved incorporating filler materials (GO, MIL-

100(Fe) and ZrBDC (UIO-66)) into the CS polymer due to their high surface area and 

adsorption activity. 

Tyrosine was employed through conjugation and Phenylalanine was used both through 

conjugation and blending with the CS polymer. The addition of these amino acids increased 

the carrier content, facilitating CO2 transportation, resulting in promising performance as 

compared to the bare CS membrane. Phenylalanine, being more soluble, was considered over 

the tyrosine for the blending and grafting process. Also, the absence of the phenolic -OH in 

phenylalanine resulted in more basicity in the composite membranes thereby increasing the 

interaction of the acidic CO2 with the membrane polymer. As a result, we observed better CO2 

separation performance for phenylalanine modified CS membranes, shown in Table 8.1. 

Although modification of the polymer backbone yielded better separation results, but a 

promising membrane was yet to be achieved. Thus, to further modify the CS membranes, 
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another strategy of mixed matrix membrane was opted for. To align with the current trend of 

the mixed matrix membranes for CO2 separation applications, various filler materials such as 

graphene oxide, MIL-100(Fe) MOF and Zr BDC (UIO-66) MOFs were synthesized. As surface 

area plays a crucial role in the gas separation performance, the 2-dimensional (2D) graphene 

oxide was explored as filler material. Lysine amino acid was utilized to modify the surface of 

the 2D GO, enhancing its affinity for CO2 separation with incorporation of amine functional 

groups. 

This strategy even though yielded high selectivity, the permeance was yet much low. 

Therefore, the research focused on the utilization of 3-dimensional (3D) MOF materials due to 

high surface area and high pore volumes. The MIL-100(Fe) MOF as filler resulted in a higher 

permeance than the Lys-c-GO@CS (1) (Table 8.1) with selectivity being the challenge. The Zr 

BDC, owing to the presence of both tetrahedral and octahedral voids, when utilized as filler 

yielded higher permeance compared to the MIL-100(Fe). The lysine amino acid was thereby 

utilized to modify the 3D Zr BDC MOF to induce amine functionality into the moiety. This 

strategy resulted in enhanced CO2 separation performance with much higher permeance and 

improved selectivity. 

Among the library of prepared composite membranes, the Lys-c-Zr BDC MOF as a 

filler material demonstrated the best permeance and carrier stability, while the Phe blended and 

grafted CS membrane exhibited superior selectivity and permeance, respectively. Thus, an 

optimal balance between permeance and selectivity was achieved along with long-term 

stability test of the membranes. The Phe-g-CS membrane displayed the best stability and 

consistent CO2 separation efficiency over 400 hours due to its non-leaching behavior. The 

incorporation of the Zr BDC nanoparticles into the nanocomposite membrane helped prevent 

support pore blocking during gas permeation tests. Furthermore, exploring the surface-
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modified lysine conjugated Zr BDC MOF showed encouraging performance in gas permeation 

tests, owing to enhanced carriers and the active surface area of MOF nanoparticles. 

Further I would like to add, in this research, all the flat sheet dense facilitated transport 

membranes were synthesized with an effective surface area of approximately 7.5 cm² using 

chitosan (CS) biopolymer for CO2/N2 separation studies. However, the scalability and 

commercialization of MMMs have been a sluggish process because they require much larger 

surface areas than those prepared for lab-scale experiments, which can be achieved by using 

asymmetric hollow fibre membranes. The primary challenge in synthesizing a defect-free 

MMM with a significantly larger surface area is the production and availability of porous filler 

materials, other than zeolite, in sufficient quantities, with the desired properties, at affordable 

and economically feasible prices. Additionally, the defect-free infusion of fillers into the active 

layer of the MMM presents further challenges to an already complicated process. 

Overall, these studies introduce an innovative approach to utilize biopolymers for CO2 

separation, contributing to waste-to-wealth conversion and having a positive impact on energy 

and the environment. 

8.2. Future Recommendations 

Chitosan-based membranes and mixed matrix membranes have garnered a lot of 

interest for CO2 separation because to their high CO2 affinity, low cost, wide availability, film-

forming capacity, biodegradability, mechanical and thermal durability, among other properties. 

To enhance the CO2 performance of chitosan membrane in future, the following 

recommendations might be considered: 

1. The current work focuses on experimental studies only. To validate the separation 

performance, ASPEN custom modeler can be used. This will also provide more insights in 
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the reaction mechanism which will in turn help to understand the shortcomings in the current 

method. 

2. In this study, simulated flue gas mixture with a composition of 20% CO2 and 80% N2 was 

used. However, it's important to note that the composition of CO2 in real-world flue gas 

varies from 10-14% along with the presence of SOx, NOx, O2 and water vapor. Future 

experiments could use feed gas with more realistic CO2 composition for testing. 

3. It is recommended to explore the incorporation of a gutter layer between the selective layer 

and the support in order to better understand its effects.  

4. The conversion of the separated CO2 from the flue gas to various useful compounds is also 

a great challenge. To incorporate the two techniques, separation and reduction of CO2, in 

single-step process is worth effective.  

5. In order to make informed decisions regarding the future implementation of these 

membranes, it is highly recommended to conduct a comprehensive economic assessment. 

This assessment will play a pivotal role in determining the suitability and practical 

applications of the prepared membranes across various industries and CO2 capture 

processes. 

6. Life cycle analysis (LCA) for quantifying the overall environmental benefits of synthesized, 

emerging CO2-selective CS-based membranes.
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Appendix 1 

A.1. Gas Transport Parameters Calculation and Gas Chromatography Data: 

Gas transport parameters (CO2 and N2 fluxes, CO2 and N2 permeability, CO2/N2 selectivity) 

calculation (The calculation procedure adapted here was originally taken from PhD thesis of Arijit 

Mondal, reference given at the end of the Appendix) 

η𝑅 (mol/min) = retentate molar flow rate = PV/RT 

Where, 

P (atmospheric pressure at which the retentate gas is emitting) = 1 atm. 

V (volumetric flow rate of mixed gas at retentate side) = 55 cc/min = 55 ×10-6 m3/min. T (room 

temperature at °K) = 298.15 °K. 

R (universal gas constant) = 8.205746 × 10-5 m3 atm /°K mol. 

η
R
 mol/min = 

1 X 55 X 10
­6

8.205746 X 10
­5 

X 298.15 
=2.24 X 10

­3
mole/min 

η
Ar (mol/min) = argon (carrier gas) molar flow rate = PV/RT  

Where, 

P (atmospheric pressure at which the carrier gas is emitting) = 1 atm 

V (volumetric flow rate of carrier gas at permeate side) = 50 cc/min = 50 × 10-6 m3/min. T (room 

temperature at °K) = 298.15 °K. 

R (universal gas constant) = 8.205746 × 10-5 m3 atm /°K mol. 

η
Ar

 mol/min= 
1 X 50 X 10

­6

8.205746 X 10
­5 

X 298.15 
=2.04 X 10

­3
mole/min 

𝜂𝐏 (mol/min) = permeate molar flow rate = 
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[CO
2
mole fraction X 

CO2 (P)
G.C.

CO2 (P)
F.C.

+(N2mole fraction X 
N2 (P)G.C.
N2 (P)F.C.

 )]  

X 
Ar molar flow rate(mol/min)

[1­ (CO2mole fraction X 
CO2 (P)

G.C.

CO2 (P)
F.C.

)+(N2mole fraction X 
N2 (P)G.C.
N2 (P)F.C.

 )] 

 

 

Where, 

CO2 (P)G.C.. = CO2 mole fraction at permeate side from G.C. analysis (Figure A2.1)  

CO2(F)G.C. = CO2 mole fraction at feed side from G.C. analysis (Figure A2.1) 

N2(P)G.C. = N2 mole fraction at permeate side from G.C. analysis (Figure A2.1) 

N2(F)G.C. = N2 mole fraction at feed side from G.C. analysis (Figure A2.1) 

CO2 mole fraction = 0.192  

N2 mole fraction = 0.808 

Ar molar flow rate = 2.04 × 10-3 mol /min. 

𝜂𝐏 (mol/min) = permeate molar flow rate = 4.17 × 10-5 mol/min. 

𝒑𝑪𝑶
𝟐 (R,psi) = CO2 partial pressure at retentate side = 

         [BP
F(psig)

+ Pambient (kPa) X 
14.7

101.325 
]  X  

[η
R

­0.5 X η
R

] (mol/min) X [CO
2
mole fraction X [0.5+ 0.5 X

CO2 (R)G.C.
CO2 (F)G.C.

] 

[η
R

­0.5 X η
R

] (mol/min)+ 
[(0.5 X H2OF)+(0.5 X H2OdistributionX (H2OF+H2OS))](ml/min)

18 (ml/mol)

 

Where, 

BPF =Back pressure (psig) at feed side of the membrane = 14.7 psig. 

TH-3376_196107001



 

212 | P a g e          

 Pambient = Ambient pressure (kPa) =101.6 kPa 

CO2 (R)G.C. = CO2 mole fraction at retentate side from G.C. analysis (Figure A2.1) 

CO2 (F)G.C.= CO2 mole fraction at feed side from G.C. analysis (Figure A2.1) 

 H2OF = Feed side water flow rate (ml/min) = 0.03 ml /min 

H2OS = Sweep side water flow rate (ml/min) = 0.05 ml/min 

H2O distribution = Total water distribution = 

Retentate side water knockout volume

Retentate side water knockout volume+ Sweep side water knockout volume 
=0.64 

η𝑅 = 2.24 × 10-3 mole /min 

 ηP = 4.17 × 10-5 mol/min 

CO2 mole fraction = 0.19 

𝒑𝑪𝑶
𝟐 (R,psi) = CO2 partial pressure at retentate side = 2.85 psi 

𝒑𝑪𝑶
𝟐 (P, psi) = CO2 partial pressure at permeate side = 

  [BP
S(psig)

+ Pambient (kPa) X 
14.7

101.325 
] X   

[η
Ar

­0.5 X η
p
] (mol/min) X [CO

2
mole fraction X 0.5 X

CO2 (P)G.C.
CO2 (F)G.C.

] 

[η
Ar

­ 0.5 X η
P
] (mol/min)+ 

[(0.5 X H2OF)+(0.5 X(1­ H2Odistribution)X (H2OF+H2OS))](ml/min)

18 (ml/mol)

 

BPS = Back pressure at Sweep side of the membrane module = 4 psig.  

Pambient = Ambient pressure (kPa) =101.6 k Pa 

CO2 (P)G.C. = CO2 mole fraction at permeate side from G.C. analysis (Figure A2.1) 

CO2 (R)G.C. = CO2 mole fraction at feed side from G.C. analysis (Figure A2.1) 
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H2OF = Feed side water flow rate (ml/min) = 0.03 ml /min 

H2OS = Sweep side water flow rate (ml/min) = 0.05 ml/min 

\ H2Odistribution = Total water distribution = 0.64 

ηAr = 2.04 × 10-3 mole /min 

 ηP = 4.17 × 10-5 mol/min 

CO2 mole fraction = 0.192 

𝒑𝑪𝑶
𝟐 (P,psi) = CO2 partial pressure at permeate side = 0.08 psi 

𝒑𝑵𝟐 (R,psi) = 𝑵𝟐 partial pressure at retentate side = 

         [BP
F(psig)

+ Pambient (kPa) X 
14.7

101.325 
] X 

[η
r
­0.5 X η

p
] (mol/min) X N2mole fraction X [0.5+0.5 X

N2 (R)G.C.
N2 (F)G.C.

] 

[η
R

­0.5 X η
p
] (mol/min)+ 

[(0.5 X H2OF)+(0.5 X H2OdistributionX (H2OF+H2OS))](ml/min)

18 (ml/mol)

 

Where, 

𝐵𝑃𝐹 = Back pressure (psig) at feed side of the membrane module = 14.7 psig 

𝑃𝑎𝑚𝑏𝑖𝑒𝑛𝑡 = Ambient pressure (kPa) =101.6kPa 

N2(R)G.C.= N2 mole fraction at retentate side from G.C. analysis (Figure A2.1) 

N2(F)G.C.= N2 mole fraction at feed side from G.C. analysis (Figure A2.1) 

𝐻2𝑂𝐹 = Feed side water flow rate (ml/min) = 0.03 ml/min 

𝐻2𝑂𝑆 = Sweep side water flow rate (ml/min) = 0.05 ml/min 

𝐻𝟐𝑂𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛= Total water distribution = 0.375 

Molecular weight of water = 18 g/mol = 18 ml/min (if density of water is 1) 
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ηAr = 2.04 × 10-3 mole /min 

ηP = 4.17 × 10-5 mol/min 

𝑁2 mole fraction = 0.808 

𝒑𝑵𝟐 (R,psi) = 𝑵𝟐 partial pressure at retentate side = 13.25 psi 

𝒑𝑵𝟐 (P,psi) = 𝑵𝟐 partial pressure at permeate side = 

 [BP
S(psig)

+ Pambient (kPa) X 
14.7

101.325 
]  

[η
Ar

+0.5 X η
p
] (mol/min) X N2mole fraction X 0.5 X 

N2 (P)G.C.
N2 (F)G.C.

 

[η
Ar

+0.5 X η
P
] (mol/min)+ 

[(0.5 X H2OS)+(0.5 X(1­ H2Odistribution)X (H2OF+H2OS))](ml/min)

18 (ml/mol)

 

Where, 

𝐵𝑃𝑆 = Back pressure (psig) at sweep side of the membrane module = 4 psig 

𝑃𝑎𝑚𝑏𝑖𝑒𝑛𝑡 = Ambient pressure (kPa) =101.6kPa 

N2(P)G.C. = N2 mole fraction at permeate side from G.C. analysis (Figure A2.1) 

N2(F)G.C. = N2 mole fraction at feed side from G.C. analysis (Figure A2.1) 

H2OF = Feed side water flow rate (ml/min) = 0.03 ml/min 

H2OS = Sweep side water flow rate (ml/min) = 0.05 ml/min 

H𝟐𝑂𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 = Total water distribution = 0.64 

ηAr = 2.04 × 10-3 mol /min 

ηP = 4.17 × 10-5 mol/min 

𝑁2 mole fraction = 0.808 
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𝑝𝑁
2 (P,psi)= 𝑵𝟐 partial pressure at permeate side = 0.0062 psi 

Volumetric flow rates calculations: 

𝑉𝐶𝑂2(cm3/sec) = permeate side volumetric flow rate of 𝐶𝑂2 at STP = 

η
Ar

 X  CO2 (P)G.C. X CO2mole fraction X 8.314 X 273.15 X 1000000 

 CO2 (F)G.C. X 101325 X 60 X [1­(CO
2
mole fraction X 

CO2 (P)G.C.
CO2 (F)G.C.

)­ (N
2
mole fraction X 

N2 (R)G.C.
N2 (F)G.C.

 )

 

VCO2(𝒄𝒎
𝟑/𝒔𝒆𝒄) = permeate volumetric gas flow rate of 𝑪𝑶𝟐 = 1.445 × 𝟏𝟎−𝟎2 𝒄𝒎𝟑/sec 

𝑉𝑁2(𝑐𝑚
3/𝑠𝑒𝑐) = permeate volumetric gas flow rate of 𝑁2= 

η
Ar

 X  N2 (P)G.C. X N2mole fraction X 8.314 X 273.15 X 1000000 

 N2 (F)G.C. X 101325 X 60 X [1­(CO
2
mole fraction X 

CO2 (P)G.C.
CO2 (F)G.C.

)­ (N
2
mole fraction X 

N2 (R)G.C.
N2 (F)G.C.

 )

 

𝑉𝑁2 (𝐜𝐦
𝟑𝐬𝐞𝐜) = permeate volumetric gas flow rate of 𝑵𝟐= 1.12 ×𝟏𝟎−𝟎3 𝐜𝐦𝟑/sec 

CO2 Flux (10-6 cm3(STP)/cm2sec), CO2 Permeability (Barrer), CO2 Permeance (GPU)                  and 

CO2/NO2 Selectivity calculations: 

(𝛥𝑝)𝐶𝑂2 
at psi = partial pressure difference at psi = 𝑝𝐶𝑂2 

(R, psi) - 𝑝𝐶𝑂2 
(P, psi) 

(𝛥𝑝)𝐶𝑂2 
at psi = 3.2 psi 

(𝛥𝑝)𝐶𝑂2 
at cmHg = partial pressure difference at cmHg  = 

(∆P)CO2
at psi

14.7
 X 76 

(𝛥𝑝)𝐶𝑂2 
= 14.32 cm Hg 

CO2 Flux= 
VCO2

cm3/sec

area of membrane (cm2)
 

Where, 

 𝑉𝐶𝑂2 (cm3/sec) = 1.44 × 𝟏𝟎−𝟎2 (cm3/sec) Area of membrane = 7.5 cm2 

TH-3376_196107001



 

216 | P a g e          

CO2 flux = 1627 × 10-6 cm3 (STP)/cm2s 

CO2 Permeability= 
VCO2

cm3/sec X thickness (cm)

area of membrane (cm2) X (∆P)CO2 at cm Hg
 

Where, 

𝑉𝐶𝑂2 (cm3/sec) = 9.66 × 10-3 cm3/sec 

Area of membrane = 7.5 cm2  

Thickness = 0.0004 cm = 4 µm 

(𝛥𝑝)𝐶𝑂2 
at cm Hg = 14.32 cm Hg 

CO2 Permeability = ~538 × 10-10 cm3 (STP) cm/cm2s cmHg = 538 Barrer 

CO2Permeance= 
CO2Permeability

Thickness
=
538 (Barrer)

4
=~134.56 GPU 

1 GPU = 10-6 𝑐𝑚3 (STP)/cm2s cm.Hg 

CO2

N2

 Selectivity= 

CO2 (P)G.C.
N2 (P)G.C.

CO2 (R)G.C.
N2 (R)G.C.

=70.45  

N2 Flux (10-6 cm3 (STP)/cm2sec), N2 Permeability (Barrer) and N2 Permeance (GPU): 

 (𝛥𝑝)𝑁2 
(psi) = partial pressure difference at psi = 𝑝𝑁2 

(R, psi) - 𝑝𝑁2 
(P, psi) 

 (𝛥𝑝)𝑁2  
= Partial pressure difference at cm Hg = (𝛥𝑝)𝑁2  

/ 14.7) x 76 

(𝛥𝑝)𝑁2 
= 68.47 cm Hg 

N2Flux = 
VN2

cm3/sec

area of membrane (cm2)
 

𝑉𝑁2(cm3/ sec) = 1.12 ×10-03 (cm3/sec) 
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Area of membrane = 7.5 cm2 

N2 flux = ~ 149 × 10-6 cm3(STP)/cm2s 

N2 Permeability= 
VN2

cm3/sec X thickness (cm)

area of membrane (cm2) X (∆P)𝑁2at cm Hg
 

Where, 

𝑉𝑁2= 1.12 × 10-03 (cm3/sec) 

Area of membrane = 7.5 cm2 Thickness = 0.0004 cm = 4 µm 

(Δ𝑝)𝑁2 
at cm Hg = 68.47 cm Hg 

N2 Permeability = 8.8 × 10-10 cm3 (STP) cm/cm2s cmHg = 8.8 Barrer 

N2Permeance= 
N2Permeability

Thickness
=

8.8

4
=2.19 GPU 

1 GPU = 10-6 cm3(STP)/cm2s cmHg 

A.2. Gas Chromatography Operating Protocol 

Here, we have used Agilent 7890b for all the permeation experiments. The detail G.C. operating protocols 

are mentioned below: 

Injector programing: Heater (ON) at 120 °C 

Time (min) Split state Split ratio 

Initial ON 1 

0.00 ON 1 

1.00 ON 1 

 

Oven programing: 
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Column oven (ON) and Rear oven (ON) at 100 °C 

Rate (°C /min)  Temperature (°C) Time (min) Total time (min) 

Initial    40  2.00   2.00 

10    70  5.00   10.00 

Total time = 10.00 min 

Column pneumatics: (pressure program) 

Rate (psi/min) Pressure (psi) Time (min) Total time (min) 

Initial 15 10.00 10.00 

 

Total time = 10.00 min 

Detector (TCD) programing: Heater (ON) at 95 °C Electronics (ON) 

Filament temperature at 235 °C Filament temperature limit at 390 °C 

TCD event table 

Time (min) Range Auto zero Polarity 

Initial 0.05 YES Negative 

Gas sampling valve (GSV) programing: 

Time (min) Gas sampling valve 

Initial Fill 

0.02 Inject 

A.3. Detail Purity Percentage of all Calibration Gases 
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Name Purity compositions 

4 % CO2 + 4 % N2, balance Argon CO2 (99.999 %), N2 (99.999 %), Ar (99.999 %), H2O 

(< 2 ppm) and CO (< 0.5 ppm) 

8 % CO2 + 8 % N2, balance Argon CO2 (99.999 %), N2 (99.999 %), Ar (99.999 %), H2O 

(< 2 ppm) and CO (< 0.5 ppm) 

12 % CO2 + 12 % N2, balance Argon CO2 (99.999 %), N2 (99.999), Ar (99.999 %), H2O (< 

2 ppm) and CO (< 0.5 ppm) 

20 % CO2, balance N2 CO2 (99.999 %), N2 (99.999 %), H2O (< 2 ppm) and 

CO (< 0.5 ppm) 

40 % CO2, balance N2 CO2 (99.999 %), N2 (99.999 %), H2O (< 2 ppm) and 

CO (< 0.5 ppm) 

Pure CO2 CO2 (99.999 %) 

Pure N2 N2 (99.999 %) 

Pure H2 H2 (99.999 %) 
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Figure A1. GC peaks of Lys-c-ZrBDC/CS MMM at 85 °C and 2.21/1.21 bar (feed/sweep) 

pressure having sweep/feed moisture flow ratio 1.67.
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