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Synopsis  

The fundamental objective behind the research work which are included in the thesis is to design and 

development of various advanced functional porous materials (AFPMs) for the separation of different toxic 

chemicals. In the pursuit of mitigating environmental challenges such as pollution, climate change, and 

resource depletion, the development of advanced functional porous materials has emerged as a promising 

avenue for innovative solutions. Advanced functional porous materials which represents a broad domain is 

majorly consists of metal-organic frameworks (MOFs), metal-organic gel (MOG), metal-organic polyhedra 

(MOPs), (built on metal-ligand co-ordination bond), covalent-organic frameworks (COFs), porous organic 

polymer (POPs), (built on covalent linkages between functional synthons), and their hybrid composites. 

These materials, characterized by their intricate porous structures due to diverse synthetic tunability and 

tailored chemical properties within the infinite architecture enabling the materials to act as functional host 

matrix. The pores can be designed by adding the required functional groups, which produces an exceptional 

host-guest supramolecular interaction. Because of these properties, these porous materials are garnering 

increasing attention for their ability to sequester and efficiently separate various substances from the 

surroundings. From greenhouse gas capture to the removal of hazardous pollutants from air and water, 

advanced functional porous materials have demonstrated remarkable versatility and effectiveness in 

addressing pressing global issues. Additionally, the versatility of AFPMs makes them invaluable tools in 

applications ranging from gas and solvent separation, chemical or pollutant adsorption or sequestration, gas 

storage, heterogeneous catalysis, small molecule recognition, electro-catalysis, batteries, supercapacitor, 

drug delivery etc. In this thesis work I have demonstrated how to conduct a methodical investigation to 

create innovative porous materials tailored for particular applications using various synthetic strategies. 

These newly developed AFPMs are employed as a method for the sequestration application of particular 

guest species that are environmentally hazardous. On the basis of the principles of ion exchange and host-

guest interactions, efforts have been made to design functional porous frameworks and their hybrid 

composites, such as MOF/MOG, MOP, COF, etc., for the effective separation of various toxic gases 

(radioactive organic iodides and iodine species) and water contaminants (organic pollutants and inorganic 

metal-oxoanionic species). 

 

Chapter 1. General Introduction on Advanced Functional Porous Materials Addressing 

Chemical Separation Challenges 

In this section a brief discussion about various advanced functional porous materials (AFPMs), including 

MOF, MOG, MOP, COFs, POPs, and their hybrid composites towards various potential applications are 
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included. Definition, classification, synthetic and functionalization strategies, different properties and 

various applications of MOFs, MOGs, MOPs, COFs, and POPs have been discussed further. In addition to 

this, discussion about the macroscopic shaping of AFPMs along with synthesis and application of porous 

hybrid composite materials are provided. One of the key applications for porous materials is as a tool for 

the sequestration of different harmful gaseous species and water contaminants that support a clean 

environment. Environmental pollution has been defined, categorised, and traced back to a variety of noxious 

substances, radioactive species, and hazardous compounds. The importance, scope and limitation of current 

adsorption or separation techniques and sorbent materials has been discussed. Further, it has also been 

explored the potential for strategically designing and synthesizing a variety of functionalized advanced 

porous materials for the effective separation of these chemicals from both air and water. Finally, the 

opportunity, scope and challenges with both pros and cons of AFPMs towards real-world chemical 

separation application was discussed.  

 

Section-A: Advanced Functional Porous Organic Materials for Separation of Toxic Gases and 

Water Contaminants 

In the ongoing pursuit of addressing environmental challenges and ensuring the safety and well-being of 

our communities, the development of advanced functional porous organic materials such as covalent 

organic frameworks (COFs) and porous organic polymers (POPs) has emerged as a promising solution for 

the separation of toxic gases and water contaminants. This innovative field of materials science combines 

the versatility of porous organic frameworks with sophisticated chemical design to create tailored materials 

that exhibit exceptional selectivity and efficiency in capturing and removing harmful pollutants from both 

air and water sources. With the increasing concerns over air quality and water pollution, the quest for 

efficient, sustainable, and scalable separation technologies has led to the exploration of these cutting-edge 

materials, ushering in a new era of environmental remediation and protection. In this context, this report 

delves into the fascinating realm of advanced functional porous organic materials and their pivotal role in 

mitigating the threats posed by toxic gases (such as radioactive organic iodides) and water contaminants 

(such as organic pollutants and metal-based oxoanions). This section of the thesis contains two chapters i.e. 

chapter-2 and chapter-3. In chapter-2, a systematic investigation of optimization of structural functional 

sites to modulate the organic iodides capture performance has been demonstrated with a series of crystalline 

porous organic frameworks (COFs). Next, in chapter-3, a chemically robust macro-micro hierarchical 

porous positively charged viologen organic network material is fabricated and utilized for selective 

separation of organic and inorganic toxic pollutants from water. 
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Chapter 2. Optimization of Structural Functional Sites to Modulate the Radioactive Organic 

Iodide Capture Performance of Crystalline Porous Organic Frameworks  

Recent decades have seen a significant advancement in nuclear energy as a substitute high power density 

and low-carbon energy source in light of the forthcoming global energy and environmental catastrophe. 

The emission of volatile radioactive chemicals such organic iodides, which must be removed before 

releasing the off-gas, constitutes a particular concern with nuclear reactors, though. These chemicals 

include methyl iodide (CH3I) and ethyl iodide (CH3CH2I) both of which are extremely dangerous to the 

environment and human health. By altering the amount of N-heteroatomic sites in a series of chemically 

stable porous covalent organic frameworks (COF-A to D), in this work, we showed how a strategic analysis 

can be used to understand the significance of integrated functionalities within the frameworks in organic 

iodide sequestration. As a result, the porosity or surface area as well as the N-heteroatomic or heterocyclic 

moieties, such as the imine, pyridine, and triazine sites of these COFs, were observed to positively correlate 

with the CH3I adsorption capacity. Through the N-methylation reaction mechanism, all of the COFs had 

substantial CH3I sorption capabilities in both static and dynamic conditions. COF-A stood out among them 

for having an extremely high CH3I adsorption capacity at 348 K in a static environment because of its large 

surface area and an abundance of nucleophilic groups, specifically imine functionality. 

 

Journal of Materials Chemistry A, 2023, 11, 26580-26591.  
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Chapter 3. Ordered Macro/Microporous Ionic Organic Framework for Efficient Separation of 

Toxic Pollutants from Water 

In order to gain better performance, fast mass diffusion is a crucial need for a few applications, such as 

segregation of pollutants by porous materials. Large open pores and easy and complete accessibility to 

functional recognition sites enable rapid mass movement across porous materials. In this regard, one of the 

most effective strategy would be to introduce macroporosity into these materials, giving access to large 

openpores that allow for unrestricted analyte transport and complete exposure to interaction sites. 

Additionally, the difficulty of combining macroporosity with ionic functioning could open up a remarkable 

path to an exceptional method of environmental remediation, but this avenue is still unexplored. Here, we 

developed an easy-to-tune synthetic technique for the fabrication of a positively charged hierarchically 

porous organized, interconnected macro-structure of viologen-unit grafted organic framework. Together, 

the organized large macropores and strong electrostatic interaction coming from the materials' ionic 

structure revealed highly rapid removal rates for a variety of organic and inorganic anionic hazardous 

contaminants from water. The enhanced removal efficiency of the compound towards guest anions was 

attributed to the efficient mass transport through the inter-connected ordered hierarchically porous structure 

of the materials, which was further experimentally established by the pH-dependent study and comparative 

uptake performance of meso- and nonporous identical chemical structures. 

 

Angewandte Chemie International Edition,  2023, 62, e202214095. 
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Section-B: Hybrid Composite Porous Materials for Sequestration of Toxic Water Pollutants and 

Radioiodine Species 

The sequestration of toxic water pollutants, such as toxic heavy metal-based oxoanions and radioiodine 

species presents a critical challenge in the realm of environmental protection and nuclear safety. In recent 

years, significant strides have been made in developing advanced solutions through the integration of hybrid 

composite porous materials. These materials can be fabricated by combining different porous materials, in 

order to enhance their performance. These innovative materials represent a convergence of various 

functional components, including inorganic, organic, and nanoscale elements, synergistically designed to 

address the complex task of sequestrating and immobilizing harmful waterborne contaminants and 

radioiodine species. As concerns about water quality and nuclear waste management intensify, the advent 

of these hybrid composite porous materials has become instrumental in providing efficient, reliable, and 

sustainable methods for sequestering pollutants that pose serious threats to both public health and the 

environment. This report delves into the captivating realm of hybrid composite porous materials, exploring 

their role as a transformative pathway in the sequestration of toxic water pollutants and radioiodine species, 

thereby advancing our capabilities in safeguarding our water resources and managing nuclear hazards. This 

section of the thesis contains two chapters i.e. chapter-4 and chapter-5. In chapter-4, efficient and selective 

removal of a group of toxic metal-based oxoanions from contaminated natural ground water and simulated 

industrial waste water system has been demonstrated by developing a metal-organic polyhedra incorporated 

metal-organic gel-based cationic hybrid composite material. Thereafter, in chapter-5, another hybrid 

composite material has been fabricated by covalently threading an amino functional metal-organic 

polyhedra with a covalent organic framework for effectively and selectively sequestrate iodine species from 

both contaminated air and water medium. 

 

Chapter 4. Trap Inlaid Cationic Hybrid Composite Material for Efficient Segregation of Toxic 

Chemicals from Water 

The segregation of metal-based oxoanions, particularly the arsenate has recently garnered significant 

scientific interest as they are potentially harmful pollutants that cause serious water pollution. Despite the 

fact that a number of excellent adsorbents have been utilized to manage chemicals well, their restricted 

microporous nature, non-monolithic applicability, relatively sluggish kinetics, and low selectivity 

prevented their widespread real-time application. In this work, we developed an innovative anion 

exchangeable hybrid composite lightweight material, which combines a hierarchically porous metal-
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organic gel with stable cationic metal-organic polyhedra that are programmed with specific oxoanions 

trapping moieties. The hybrid composite was found to exhibit extremely rapid and selective segregation 

efficiency toward several hazardous oxoanions, such as HAsO4
2-, SeO4

2-, ReO4
-, CrO4

2-, and MnO4
- in 

water.  In the presence of 100-fold additional interfering anions, the material was able to selectively remove 

trace HAsO4
2- even at low concentrations to well below the As(V) limit in drinking water set by the WHO. 

Additionally, in both batch and dynamic column exchange sorption experiments, the hybrid material was 

found to effectively remove arsenate from natural drinking water samples and simulated industrial effluent 

samples.  

 

 

Angewandte Chemie International Edition, 2022, 61, e202203385. 

 

 

Chapter 5. Nano-snare Implanted Ultralight Crystalline Hybrid Composite Material for 

Multiple Cooperative Interactions Mediated Efficient Sequestration of Radioiodine 

Effective management of radioactive nuclear waste, such as the sequestration of radioiodine, has received 

considerable scientific interest recently given the significance of sustainable nuclear energy. Although, a 

number of sorbents have been reported for the adsorption of iodine, the absence of appropriate design 

methodologies makes it extremely difficult to build effective adsorbent with significantly improved 

segregation properties for widespread practical application. Considering this, in this work, a hybrid 

composite crystalline aerogel material has been created using a novel hybridization synthetic strategy by 

covalently combining a stable cationic discrete metal-organic polyhedron (MOP) with an imine-
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functionalized covalent organic framework (COF). The synthesized lightweight composite material exhibit 

multifunctional properties such as large surface area with hierarchical macro-micro porosity different 

functional active binding sites, including imine, amine and metal chelating sites, which collectively interact 

with iodine species. The hybrid composite was found to demonstrate ultrafast adsorption kinetics, high 

adsorption capacity, retention efficiency, reusability, and recovery towards molecular iodine and different 

iodine species in both vapor phase and water medium. With these qualities, the proposed nano-adsorbent 

beat the majority of the previously reported adsorbents in terms of ultrahigh vapor-phase iodine absorption 

capacity in both static and dynamic condition. In addition, it was discovered that the material could rapidly 

and selectively remove iodine or polyiodides from a variety of complicated water matrixes when there was 

an abundance of interferences present, both at high and trace concentrations.    

 

Nature Communication, 2024, 15, 1278. 

 

Chapter 6. Summary, Critical Comments and Perspectives                                                                        

The insights obtained from the library of task-specific advanced functional porous materials and their 

hybrid composites mentioned in chapters 2–5 have been attempted to be summarized in this chapter. The 

crucial role of some key design parameters, multifunctional properties as well as structure modulation have 

been discussed. The experimental outcomes of the current thesis work on advanced functional porous 

materials and their porous hybrid composites towards energy-intensive separation of various chemicals, 

particularly those fostering environmental sustainability is documented in comparison to state-of-art 

materials. Finally, along with few critical comments we put forward our viewpoints on the challenges and 

opportunities of these materials toward real-world chemical separation application. 
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Abbreviations 

g Gram 

mg Miligram 

min Minutes 

mL Milliliter 

mmol Milli moles 

cm Centimeter 

RT Room Temperature 

MOF Metal-Organic Framework 

MOP Metal-Organic Polyhedra 

MOG Metal-Organic Gel 

MOC Metal-Organic Cage 

COF Covalent Organic Framework 

POP Porous Organic Polymer 

DMF N,N’-dimethylformamide 

DMAc N,N’-dimethylacetamide 

MeOH Methanol 

EtOH Ethanol 

THF Tetrahydrofuran 

SCXRD Single-Crystal X-Ray Diffraction 

PXRD Powder X-Ray Diffraction 

FT-IR Fourier transform infra-red spectroscopy 

TGA Thermo-gravimetric Analysis 

UV Ultraviolet 

FE-SEM Field Emission Scanning Electron Microscopy 

NMR Nuclear Magnetic Resonance 

EDX Energy Dispersive X-ray Analysis 

ICP-AES Inductively Coupled Plasma Atomic Emission Spectroscopy 

ICP-MS  Inductively Coupled Plasma Mass Spectroscopy 

CP-MAS Cross-Polarization Magic-Angle-Spinning 

AFM Atomic force microscopy 

HRTEM High-resolution transmission electron microscopy 

DRS Diffuse Reflectance Spectroscopy 

ITC Isothermal Titration Calorimetry 

CT Computed Tomography 

XPS X-ray Photoelectron Spectroscopy 
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1.1 Porous Materials 

The historical roots of porous materials extend back to around 1500 BC, as documented in ancient 

Egyptian literature such as the Ebers Papyrus, describing the use of porous charcoal for medical 

procedures addressing indigestion.[1] The history of porous materials is a multifaceted journey that 

encompasses geological, industrial, and scientific dimensions. Porosity, an inherent property woven 

into the fabric of nature, traditionally mandates the existence of permanent and interconnected voids 

accessible to gas molecules or liquids for a material to be deemed porous. The concept of porosity, or 

the presence of void spaces within a material, has roots in ancient times, with early thinkers like 

Archimedes considering the buoyancy of materials as an indicator of their porosity.[2, 3] Nature 

showcases such porosity in biological tissues, rocks, charcoal, and soils, harnessing it for applications 

like water purification, filtration, and cooling since ancient Egyptian times. In the latter half of the 20th 

century, amidst early research on charcoal adsorption, a distinct category of porous materials, termed 

zeolites (from the Greek words "zeo" meaning "to boil" and "lithos" meaning "stone"), gained 

recognition among scientists.[4] However, it wasn't until the 20th century that systematic studies on 

porous materials began, driven by advancements in analytical techniques and the growing recognition 

of their significance in various fields. Geologically, the exploration of porous materials gained 

prominence with the understanding of subsurface reservoirs. In the petroleum industry, the study of 

porous rocks, such as sandstone and limestone, became crucial for predicting fluid flow in oil and gas 

reservoirs. The ability of rocks to store and transport fluids became a central concern for geologists and 

engineers involved in oil exploration and extraction. In parallel, the development of synthetic porous 

materials marked a significant turning point. Zeolites, crystalline aluminosilicate minerals with well-

defined pore structures, emerged as key players in the mid-20th century.[5-7] Their use as catalysts in 

various industrial processes showcased the potential of tailoring porosity for specific applications. The 

discovery and synthesis of zeolites paved the way for the exploration of other synthetic porous 

materials, including metal-organic frameworks (MOFs), covalent organic frameworks (COFs), and 

porous polymers. Zeolites, with their ordered and tunable pore structures, found applications in 

catalysis, gas separation, and ion exchange.[8] The ability to control the size and shape of pores in these 

materials opened up new possibilities for designing advanced materials with tailored properties. The 

development of MOFs, a class of crystalline materials composed of metal ions or clusters connected by 

organic linkers, brought a new level of versatility to porous materials. MOFs exhibit an exceptional 

range of structures and properties, making them suitable for gas storage, separation, catalysis, and 

sensing applications. Their high surface area and tunable pore sizes have led to extensive research and 

innovation in fields such as environmental remediation, drug delivery, and energy storage.[9-11] In recent 

years, the exploration of porous materials has extended to other domains, such as porous ceramics, 

aerogels, and porous carbon materials. These materials find applications in diverse areas, including 
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thermal insulation, water purification, and energy storage devices.[8] Overall, the history of porous 

materials is a narrative of evolving scientific understanding and technological innovation. From ancient 

musings on buoyancy to the sophisticated design of custom-made materials with tailored porosity, the 

journey reflects the intertwined threads of geology, chemistry, and engineering that have shaped our 

ability to manipulate and leverage the unique properties of porous materials for a myriad of applications. 

Classifying porous materials based on pore size, microporous materials have pores smaller than 2 

nanometers (nm), mesoporous materials have pores ranging from 2 to 50 nm, and macroporous 

materials boast pores larger than 50 nm (Figure 1.1).[12] While conventional porous solids have long 

played an indispensable role in society, achieving target-specific applications proves challenging due 

to unclear structure-property relationships. Consequently, there is a pressing need to develop a new 

class of porous materials allowing molecular-level fine-tuning and customization. Enter advanced 

functional porous materials (AFPMs), a category that has emerged over the last two decades, signaling 

a renaissance in material engineering and chemistry. A growing global community of researchers is 

now engaged in this dynamic field, exploring limitless chemical and structural possibilities. The unique 

chemistry of organic, inorganic, or hybrid combinations in AFPMs presents exciting alternatives 

surpassing conventional porous solids in attractiveness and versatility.[13-16] This transformative era in 

material science heralds a new frontier where tailor-made materials, with unprecedented functionalities, 

are within reach, opening avenues for ground-breaking applications (Figure 1.1). 

 

1.2 Advanced Functional Porous Materials (AFPMs) 

In recent times, there has been a significant surge in global research attention focused on advanced 

functional porous materials (AFPMs) owing to their distinctive attributes and the advantages they offer 

in terms of precise molecular-level control. AFPMs, characterized by a high specific surface area and 

tailor-made pores, can be meticulously designed and synthesized. Moreover, these materials can be 

rendered processable by transforming them into monolithic aerogels, molecular beads, or thin films, 

making them compatible with practical applications (Figure 1.1). Notably, AFPMs can exhibit stimuli-

responsive behaviour, allowing them to reversibly switch between open and closed porous forms in 

response to external stimuli. Their superiority over conventional porous solids lies in the availability of 

a wide range of straightforward synthetic routes for developing AFPMs, a feature not commonly found 

in traditional porous materials.[15-17] 

Generally, there are two methods for constructing AFPMs. The first involves crafting organic-inorganic 

hybrid porous architectures using functional organic synthons and inorganic metal nodes. The second 

method utilizes purely organic functionalized molecular blocks to create metal-free porous organic  
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Figure 1.1: General schematic illustration of various types of advanced functional porous materials 

with their different properties, forms and applications. 

materials by linking them through covalent bonds and noncovalent interactions (Figure 1.1). Based on 

these, the domain of advanced functional porous materials (AFPMs) can be broadly categorized into 

two sections: inorganic-organic hybrid porous materials and pure organic porous materials. Among 

them, the inorganic-organic hybrid porous materials consist of a large spectrum of materials, including 

metal-organic frameworks (MOFs) or porous coordination polymers (PCPs), metal-organic gels 

(MOGs), metal-organic polyhedra (MOPs).[10, 11, 18-20] On the other hand, pure organic porous materials 

encompass porous organic polymers (POPs) or covalent organic frameworks (COFs), supramolecular 

organic frameworks (SOFs), hydrogen-bonded organic frameworks (HOFs), porous organic cages 
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(POCs), etc (Scheme 1.1).[21-24] The key advantage of employing these strategies is the ability to 

carefully select functional moieties for synthesizing AFPMs, thereby imparting a task-specific nature 

to these materials. The building blocks are designed with application-specific functionality incorporated 

into the framework backbone, creating a porous scaffold that is interactive and functional based on the 

specific application requirements. Porous materials are a diverse class of substances characterized by 

the presence of voids, pores, or cavities within their structure. These voids create an internal surface 

area, often significantly larger than the external surface area, and can be tailored for specific 

applications. Porous materials find extensive use in various fields, including chemistry, materials 

science, geology, environmental science, and engineering. Here's a more detailed exploration of porous 

materials: 

Classification: 

Microporous Materials: These have pores with diameters less than 2 nm. Zeolites, activated carbon, 

and certain metal-organic frameworks (MOFs) fall into this category. 

Mesoporous Materials: Pores in this category have diameters between 2 nm and 50 nm. Mesoporous 

silica materials, covalent organic frameworks (COFs), and some polymers are examples. 

Macroporous Materials: These have larger pores, typically exceeding 50 nm. Foams, certain ceramics, 

and some polymers fall into this category. 

Applications: 

Catalysis: The high surface area and accessible pores of porous materials make them effective catalysts. 

Zeolites and MOFs, for instance, are used in various catalytic processes in the chemical industry. 

Gas Storage and Separation: Porous materials are employed for storing gases, such as hydrogen, and 

for separating gas mixtures. This is crucial in applications like natural gas purification and carbon 

capture. 

Adsorption: Porous materials can selectively adsorb molecules on their surfaces, making them valuable 

in applications like water purification, air filtration, and gas masks. 

Drug Delivery: The controlled release of drugs is facilitated by porous materials, allowing for sustained 

and targeted delivery. 

Sensing: Functionalized porous materials can be used in sensors for detecting specific molecules or 

ions. 

Insulation: Certain porous materials, like aerogels, are known for their exceptional thermal insulation 

properties. 
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Examples of Advanced Functional Porous Materials (AFPMs): 

Metal-Organic Frameworks (MOFs): Crystalline porous materials consisting of metal ions or clusters 

connected by organic ligands. 

Metal-Organic Polyhedra (MOPs): Discrete crystalline porous materials consisting of metal ions or 

clusters connected by organic ligands. 

Metal-Organic Gels (MOGs): Semi-crystalline/amorphous soft porous materials consisting of metal 

ions or clusters connected by organic ligands. 

Covalent Organic Frameworks (COFs): Crystalline organic polymers with regularly spaced pores. 

Porous Organic Polymers (POPs): Amorphous polymers with intrinsic porosity, suitable for various 

applications. 

Porous Organic Cages (POCs): Discrete organic molecules with intrinsic porosity. 

Porous materials play a pivotal role in numerous scientific and industrial applications, offering a 

versatile platform for tailoring properties to meet specific needs. The ability to engineer these materials 

at the molecular and macroscopic levels opens up a wide range of possibilities for addressing challenges 

in energy, environmental sustainability, healthcare, and beyond. 

 

 

Scheme 1.1: Classification of Advanced Functional Porous Materials (AFPMs). 
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1.2.1 Inorganic-Organic Hybrid Porous Materials 

Inorganic-organic hybrid porous materials represent a versatile class of substances resulting from the 

integration of both inorganic and organic components into a unified porous structure. These materials 

often exhibit unique properties arising from the synergistic combination of the strengths of inorganic 

elements, such as metal ions or clusters, and the flexibility and functionality of organic ligands. The 

controlled assembly of these components leads to the formation of materials with tunable porosity, 

surface area, and chemical reactivity. Inorganic-organic hybrid porous materials find applications in 

various fields, including gas storage, catalysis, sensing, and drug delivery, owing to their customizable 

properties. The hybrid nature of these materials provides a platform for tailoring their characteristics to 

meet specific needs, making them valuable in the realm of materials science for diverse technological 

applications.[18-20] This category of materials majorly consists of the following three classes of materials 

such as metal-organic frameworks (MOFs), metal-organic gels (MOGs), and metal-organic polyhedra 

(MOPs) (Scheme 1.1). 

 

1.2.1.1 Metal-Organic Frameworks (MOFs) 

Metal-organic frameworks (MOFs) represent a ground-breaking class of advanced functional porous 

materials that have garnered immense interest and research across scientific disciplines. These 

crystalline structures, often referred to as a subclass of coordination polymers, are characterized by a 

unique architecture consisting of metal ions or clusters interconnected by organic ligands and 

characterized by potential voids (Figure 1.2). The resulting three-dimensional framework exhibits 

exceptional porosity, with intricately designed pores and a remarkably high surface area. The versatility 

of MOFs lies in their tunable properties, allowing precise control over pore size, surface functionality, 

and overall structure.[9-11] The synthesis of MOFs typically involves the coordination of metal nodes or 

clusters with organic ligands, with solvothermal, hydrothermal or room-temperature crystallization 

methods being commonly employed. The resulting porous structure serves as an ideal platform for a 

myriad of applications. The synthetic reaction media's solvent molecules commonly occupy the voids 

within the framework material. To access the space, these guest solvents must be removed from the 

MOF pores through vacuum treatment, heating, or a combination of both processes. Based on 

desolvation outcomes, MOFs are categorized into three generations: first, second, and third. After 

desolvation, first-generation frameworks lose structural integrity, while second-generation MOFs retain 

their framework structure. In contrast, third-generation MOFs, known as 'Dynamic frameworks,' exhibit 

flexible behavior, transforming into an alternate structure post-desolvation. A key feature is their 

reversible dynamicity, with the framework returning to its original structure after resolution.[11] Another 

approach to functional MOF synthesis is 'post-synthetic modification (PSM).' This involves using a 
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MOF, synthesized through pre-synthetic strategies, with a functional subunit within the porous structure 

(Figure 1.2). It undergoes chemical transformation to generate structurally similar but functionally 

different porous MOFs. PSM is particularly valuable for synthesizing MOFs challenging to produce 

using conventional techniques.[25] Functional MOFs can be classified based on charges into neutral 

MOFs and ionic MOFs (iMOFs). The carboxylate (-COOH) group in the organic linker typically binds 

metal nodes, forming neutral MOFs. Depending on the electrostatic nature, iMOFs are further classified 

into cationic and anionic frameworks (Figure 1.2).[26, 27] 

 

Figure 1.2: Schematic representation of synthesis and classifications of Metal-Organic Framework 

(MOF). 

 

MOFs find application across diverse fields due to their structural properties and large surface area. 

Their pore dimensions and pendant functionalities enable host-guest chemistry. MOFs find application 

in diverse fields, and their utility is broad-ranging. Gas storage and separation represent prominent areas 

of application, leveraging the high surface area and tunable pores to selectively capture and store gases, 

including hydrogen for fuel cells. Luminescent MOFs (LMOFs) emit light upon external energy 

excitation and are employed in sensing various analytes. The luminescent properties of certain MOFs 

further extend their applications to areas such as recognition and host-guest chemistry, making them 

valuable tools in diverse scientific and technological endeavours.[28] MOFs are also employed in 
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catalysis, where their active metal sites catalyze various chemical reactions. In drug delivery systems, 

the porous nature of MOFs allows for controlled encapsulation and release of pharmaceuticals. MOFs 

play a crucial role in environmental applications, particularly in water purification, owing to their ability 

to selectively adsorb contaminants.[29] The classification of MOFs into different generations, each with 

distinct characteristics post-desolvation, adds an extra layer of complexity and adaptability to their 

applications. In the realm of clean energy, MOFs are pivotal for developing materials used in 

conductors, electrochemical applications, supercapacitors, and composite materials incorporating 

nanoparticles for energy and environmental applications.[28-30] 

However, challenges such as stability and scalability continue to drive ongoing research in the field of 

MOFs. Efforts are directed towards enhancing their stability under various conditions and developing 

scalable synthesis methods to unlock their full potential for practical applications. As researchers delve 

deeper into the intricacies of MOFs, the possibilities for innovation and discovery in materials science 

seem boundless, positioning MOFs as a cornerstone in the quest for advanced materials with 

unprecedented properties and applications. 

 

1.2.1.2 Metal-Organic Gels (MOGs) 

Metal-organic gels (MOGs) represent a cutting-edge class of materials that amalgamate the unique 

characteristics of metal-organic frameworks (MOFs) and soft materials like gels. These intriguing 

materials exhibit a gel-like consistency while incorporating the inherent porosity and structural features 

of MOFs. MOGs are formed through the self-assembly of metal ions or clusters with organic ligands, 

resulting in a three-dimensional gel network (Figure 1.3).[31-33] The gelation process involves the 

formation of a viscoelastic structure, typically induced by factors like temperature, solvent conditions, 

or pH. What distinguishes MOGs is their dual nature – the ability to retain the ordered porosity of MOFs 

while displaying the deformability and responsiveness typical of gels. This combination of attributes 

renders MOGs highly adaptable for various applications. The synthesis of MOGs involves carefully 

selecting metal ions and organic ligands to achieve the desired gelation behavior. The resulting gel-like 

structures can be tuned to have specific mechanical properties, making them suitable for applications 

ranging from drug delivery to sensing. The porous nature of MOGs opens up possibilities for controlled 

release of encapsulated substances, making them promising candidates for targeted drug delivery 

systems. Additionally, their responsiveness to external stimuli, such as changes in temperature or pH, 

can be harnessed for applications in sensors and actuators. MOGs also hold potential in environmental 

and catalytic applications, leveraging their porosity and gel-like nature for efficient adsorption and 

separation processes. The combination of structural versatility and soft, gel-like characteristics positions 

MOGs as multifunctional materials with broad implications across fields such as materials science, 
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chemistry, and biotechnology.[31-33] As research in this emerging field advances, the exploration of novel 

metal-organic gel systems and their innovative applications is expected to expand, unlocking new 

avenues for responsive and adaptable soft materials in diverse technological realms. 

 

Figure 1.3: Schematic representation of synthesis of Metal-Organic Gel (MOG). 

 

1.2.1.3 Metal-Organic Polyhedra (MOPs) 

The term metal-organic polyhedra (MOP) was first introduced in the early 21st century. Unlike, MOFs, 

metal-organic polyhedra (MOPs) stand out as a captivating and intricate class of coordination 

compounds that form three-dimensional structures resembling polyhedra through the coordination-

assisted self-assembly of metal ions or clusters with organic ligands (Figure 1.4).[34-37] These polyhedral 

assemblies exhibit a diverse range of architectures, from simple geometric shapes to more complex 

structures with multiple metal nodes and ligands. The synthesis of MOPs involves carefully orchestrated 

coordination interactions between metal centers and organic ligands, leading to the formation of well-

defined polyhedral structures. The nature of the metal ions and ligands used in the synthesis imparts 

specific properties to the resulting MOP, including porosity, functionality, and reactivity. MOPs find 

applications in various fields, including gas storage, catalysis, and sensing, owing to their well-defined 

structures and tunable properties. Their geometric precision and potential for functionalization make 

them promising candidates for the design of advanced materials with tailored properties, contributing 

to the growing landscape of supramolecular chemistry and materials science.[34-37] As researchers 

continue to explore the vast design space of MOPs and their applications, these structures hold promise 

for innovations in diverse technological and scientific domains. 
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Figure 1.4: Schematic representation of synthesis of Metal-Organic Polyhedra (MOP). 

 

1.2.2 Porous Organic Materials (POMs)  

Porous organic materials (POMs) constitute a distinctive class of compounds characterized by their 

inherent porosity and predominantly organic composition. These materials feature a network of 

interconnected voids and channels created through the arrangement of organic building blocks, often 

incorporating functionalities like aromatic rings or organic linkers. POMs can exhibit high surface areas 

and tunable pore sizes, providing opportunities for selective adsorption, gas storage, and catalysis. The 

versatility of these materials is augmented by the ability to design and synthesize them with precise 

control over their structure and properties. Porous organic materials find applications in gas separation, 

water purification, and drug delivery, showcasing their significance in addressing challenges across 

environmental, energy, and biomedical domains.[38-40] The major groups of materials that make up this 

category are mostly porous organic polymers (POPs), covalent organic frameworks (COFs), and porous 

organic cages (POCs) (Scheme 1.1). 

 

1.2.2.1 Porous Organic Polymers (POPs) 

Porous Organic Polymers (POPs) represent a dynamic and innovative class of materials that combine 

the structural integrity of polymers with inherent porosity, rendering them versatile and highly 

functional. These materials are characterized by an extended network of interconnected pores within 

their polymeric frameworks, creating a large surface area and diverse chemical functionalities. Owing 

to the absence of any long-range order in their molecular-level chemical structure, these materials 

demonstrated amorphous characteristics.[40] The synthesis of POPs involves the polymerization of 

organic monomers, often containing aromatic or conjugated structures, leading to the formation of 

amorphous intricate three-dimensional networks with tunable porosity (Figure 1.5).[41] What sets POPs 
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apart is their ability to offer precise control over pore size, shape, and surface chemistry through rational 

design and synthetic strategies. This tunability along with high chemical stability makes POPs ideal for 

a range of applications, including gas storage, catalysis, and molecular separation. Their unique 

combination of structural flexibility and porosity enables POPs to accommodate a wide array of guest 

molecules selectively.[42] Moreover, the modular nature of POPs allows for tailored functionalities, 

enhancing their performance in applications such as water purification, sensing, and drug delivery. As 

research in this field advances, the development of new synthetic methodologies and a deeper 

understanding of structure-property relationships continue to expand the potential of porous organic 

polymers, positioning them at the forefront of materials science for addressing pressing challenges in 

areas such as sustainability, energy, and environmental remediation.[40-44] 

 

Figure 1.5: Schematic representation of synthesis of Porous Organic Polymers (POPs). 

 

1.2.2.2 Covalent Organic Frameworks (COFs) 

Covalent Organic Frameworks (COFs) stand at the forefront of advanced porous materials, representing 

a unique class characterized by their crystalline structures and covalent bonds linking organic building 

blocks. COFs are meticulously designed and synthesized through the formation of robust, ordered 

networks, where the organic components are connected by strong covalent bonds, leading to a stable 

and porous framework. The modular nature of COFs allows for precise control over their pore size, 

shape, and functionality, offering unprecedented tunability (Figure 1.6).[45-48] This characteristic 

tunability, coupled with their high surface area, positions COFs as versatile materials with applications 

across various domains. They find utility in gas storage, catalysis, sensing, and molecular separation 

due to their tailored porosity, allowing for selective adsorption and controlled release of molecules. 

COFs also exhibit promise in electronic and optoelectronic devices, as their crystalline structures 

facilitate charge transport. Additionally, the potential for functionalization and post-synthetic 

modifications enhances their adaptability for diverse applications, such as drug delivery systems and 
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water purification.[45-48] As research continues to unveil new synthetic strategies and further elucidate 

the structure-property relationships of COFs, these materials emerge as important contributors to the 

advancement of materials science, offering solutions to challenges in energy, environment, and 

technology. 

 

Figure 1.6: Schematic representation of synthesis of Covalent Organic Frameworks (COFs). 

 

1.2.2.3 Porous Organic Cages (POCs)  

Unlike, POPs or COFs, Porous Organic Cages (POCs) represent a highly intriguing and innovative class 

of porous materials that distinguish themselves by their cage-like discrete structures composed of 

covalently connected organic building blocks. These materials exhibit three-dimensional structures 

characterized by well-defined cavities and pores, resulting in materials with tailored porosity and 

exceptional surface area. The synthesis of POCs involves the judicious assembly of organic precursors 

through covalent bond formation, allowing for precise control over the cage dimensions and pore sizes 

(Figure 1.7).[49] The modular nature of POCs enables the incorporation of diverse functionalities into 

the structure, expanding their potential applications. POCs have shown promise in various fields, 

including gas storage, separation, catalysis, and drug delivery, owing to their selective adsorption 

properties and tunable pore environments. Additionally, the ability to design POCs with specific 

chemical functionalities facilitates their integration into molecular recognition processes, making them 

valuable in sensing applications. The controlled and predictable nature of POC synthesis, along with 

the potential for post-synthetic modifications and solution-processable nature, positions these materials 

as versatile tools for addressing challenges in areas such as environmental remediation, sustainable 

energy, and biomedicine.[49, 50] POCs are an interesting and promising class of porous materials that are 

adding to the growing field of advanced materials science as research in the subject develops. 
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Figure 1.7: Schematic representation of synthesis of Porous Organic Cage (POC). 

 

1.3 Hybrid Composite Porous Materials  

Hybrid composite porous materials represent a versatile and innovative class of substances formed by 

combining distinct components, often inorganic and organic, to yield a material that possesses a 

synergistic combination of properties. Composite material refers to a blend of two or more substances 

that preserves their inherent characteristics or, in certain instances, displays enhanced and distinctive 

features compared to the individual components used independently.[51-53] This class of materials 

typically exhibits a porous structure, offering a high surface area and tunable properties that arise from 

the unique interaction between the incorporated components. The combination of inorganic and organic 

elements enables precise tailoring of characteristics such as porosity, mechanical strength, and chemical 

reactivity. The hybrid nature of these materials often imparts multifunctionality, making them suitable 

for a diverse range of applications, including gas storage, catalysis, and environmental remediation. The 

ability to strategically choose and integrate different components allows for the optimization of 

performance and functionality, making hybrid composite porous materials a promising field in materials 

science with the potential to address challenges across various technological domains. The properties 

of composite materials rely on various factors, including the properties of the individual components, 

the relative quantities of each component, the size, shape, and distribution of the components, as well 

as the extent of interactions between the parent components. Generally, composite materials consist of 

a host matrix and functional guest species, where the guests contribute heightened activity and the host 

matrix often serves as a support. Porous materials are frequently employed as host matrices for support 

media, effectively immobilizing functional guest components to mitigate leaching and aggregation 

tendencies, resulting in a substantial enhancement in their reactivity. Moreover, these host matrices can 
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offer additional active sites that synergize with the guests in the composite material.[53, 54] Advanced 

Functional Porous Materials (AFPMs) emerge as a compelling choice as a host matrix due to their 

customizable pore environment, consistent pore topologies, multiple functional locations, and 

framework flexibility. The selection of a suitable host matrix is facilitated by leveraging an extensive 

library of AFPMs, with simulation approaches commonly employed as an efficient screening method. 

Recently, various types of porous materials were found to be used as potential components to develop 

hybrid composite porous materials, which show effectiveness in numerous leading applications. Among 

them, MOP/MOF, MOP/COF, MOF/COF, POC/MOF, etc. are the most well-known examples.[55-58] In 

the following section, a few synthetic strategies, properties, and applications of hybrid composite 

materials are discussed.  

 

1.3.1 Composite Material Synthesis Techniques: 

The size, form, and distribution of the guest species inside the host matrix determine how effective the 

composite material is. These crucial properties are greatly impacted by the development of 

straightforward production techniques, which also have a significant impact on the composite materials' 

overall performance efficiency. There aren't many methods for imploding foreign organisms into the 

host matrix. 

1.3.1.1 Assembly of guest species inside the pre-synthesized host cavity: Using this method, the 

guest precursors are immobilized inside the host matrix that has already been synthesized, resulting in 

the generation of functioning guest species. The "ship-in-bottle" strategy is the name given to this 

widely employed technique.[52, 59] Using a variety of methods, including vapor deposition, solid 

grinding, and solution infiltration, the guest precursors are initially impregnated into an AFPM matrix 

in this process before being converted to the necessary guest material. In this method, the guest species' 

ability to spread is restricted by the host pores, keeping them contained inside the pores. Nonetheless, 

there are still several issues with this method. When the guest species are in their synthetic environment, 

the host matrix ought to remain constant. A partial deterioration of the host species occurs as a result of 

the creation of greater size guest species (Figure 1.8). Exact control over the location, makeup, and 

structure of guest species inside the host cavity is challenging. The following are some techniques for 

the penetration of guest precursors into the host matrix:  

(I) Chemical vapor deposition (CVD) method: One of the earliest techniques for encasing guest 

species in the host matrix is CVD. This process involves first impregnating precursor molecules into a 

host matrix's pores through sublimation, which is then broken down by heat or photochemical 

conditions. The maximum amount of the guest species can be loaded into the host matrix thanks to this 

approach's lack of solvent usage. The bigger guest species than the host matrix, which causes a partial 
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disruption of the framework, is the process's main drawback (Figure 1.8).[52, 59] Furthermore, because it 

is hard to control the deposition process in a reproducible way, this process is still not fully understood. 

(II) Solution infiltration method: In this method, the precursor solutions are used for liquid phase 

impregnation. During this process, the guest precursor solution is submerged in enough solution to seep 

into the host matrix's open cavity. The precursors are then reduced in order to generate the necessary 

guest species. The loading capacity is determined by how soluble the guest precursors are in the 

solution. Both the characteristics of the host matrix and the guest antecedents influence the distribution 

of guest species within it.[52, 59] One drawback of this strategy is that it causes a large range of particle 

sizes to form within the host matrix (Figure 1.8). 

(III) Incipient wetness impregnation: This method and solution impregnation are identical except for 

the reduction of the guest's precursor solution to a minimum. The solubility of guest precursors in 

appropriate solvents limits the maximum loading of guest species that can be achieved in this procedure 

without breaking the framework (Figure 1.8).  

(IV) Solid-state grinding method: The infiltration of guest species into the porous host matrix can 

also be accomplished by solid-state grinding of volatile guest precursors without the need for any 

solvents. Precursor molecules are distributed evenly as a result of the volatile guest precursors 

sublimating to vapor and penetrating into the host matrix's voids during the grinding process. The 

embedded guest precursors are then reduced to create the desired small-sized guest species that are 

distributed throughout the host matrix. Without the need for solvents or post-infiltration washing 

procedures, the guest-loaded host matrix can be created fairly easily and efficiently through the grinding 

process.[52, 59] 

1.3.1.2 Construction of host around the guest species: In this method, the composite is synthesized 

by a host matrix that self-assembles around the pre-synthesized functional guest species to create the 

composite. This method is known as the "bottle-around-ship" or template synthesis technique. Pre-

synthesized guest species are typically encased in the host framework rather than found in the cavities 

of the host matrix. This method not only avoids common problems like the guest species' tendency to 

aggregate on the outside surface and to partially destroy the host framework, but it also maintains the 

guest species' morphology, size, and composition. Because the guest species are synthesized before 

encapsulation, their particle size is not restricted to the aperture size of the host frameworks. 

Nevertheless, using this technique typically results in guest species self-nucleating outside of the host 

matrix. Moreover, guest elements are typically not able to endure the host matrix's reaction state.[52, 59] 
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1.3.1.3 In situ encapsulation strategy: This method calls for mixing all of the components of the host 

matrix with functional guest precursors in an appropriate mixture so that the guest species and host 

framework can form simultaneously. Many aspects, such as precursor concentrations, solvent choice, 

reaction temperature, and modulators, have a significant impact on the balance of nucleation rates of 

both materials. Owing to its ease of use, low cost of production, and repeatability, this newly developed 

one-pot synthesis method is ideal for composite materials in real-world uses. Nevertheless, managing 

the development of these two distinct complexes is a challenging task because the guest species and the 

host matrix form simultaneously under the same reaction conditions.[52, 59] 

 

Figure 1.8: Schematic representation of strategies for synthesis of hybrid composite materials or 

growth of functional guest species into a pre-synthesized porous host matrix. 

 

1.3.2 Examples of Hybrid Composite Porous Materials 

Among the others, a few of the well-studied examples of advanced hybrid composite porous materials 

are polymer/metal-organic framework (MOF) composites, MOF/covalent organic framework (COF) 

composites, COF/metal-organic polyhedra (MOP) composites, MOP/metal-organic gel (MOG) 

composites, MOF/graphene oxide (GO) nanocomposites, COF/GO composites, MOP/MOG/MOG-

Nano-cellulose/Carbon nanotube composite, POC/Hydrogel composites, etc.[55-58] 
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1.4 Shaping of Advanced Functional Porous Materials  

The shaping of advanced functional porous materials represents a crucial aspect in harnessing their 

unique properties for tailored applications. The design and fabrication of these materials involve 

intricate processes aimed at achieving specific forms while preserving their inherent porosity and 

functionality. Researchers employ various techniques, such as templating, supercritical CO2 drying, 

freeze-drying, and sol-gel methods, to control the architecture and morphology of the materials. The 

shaping process is meticulously tuned to optimize parameters like pore size, surface area, and 

mechanical strength, ensuring the material's performance aligns with intended applications. The 

resulting structures, ranging from aerogels, foams, thin films, and membranes to intricate frameworks, 

play a pivotal role in applications such as catalysis, gas storage, and drug delivery. Among the various 

shapes of AFPMs, the development of aerogels holds significant importance due to their unique 

properties and versatile applications across various industries. Aerogels are renowned for their 

extremely low thermal conductivity, making them highly effective insulators. They are among the 

lightest solid materials, often composed of 90-99% air.[60-63] This exceptional lightness makes them 

ideal for applications where weight reduction is critical, such as in lightweight materials for 

transportation vehicles, enabling fuel efficiency and improved performance. The high surface area and 

porosity of aerogels make them excellent candidates for applications involving adsorption and catalysis. 

They can be tailored for specific chemical or gas interactions, making them valuable in environmental 

remediation, water purification, and catalytic processes in chemical manufacturing. The shaping of 

advanced functional porous materials represents a dynamic field where innovation in fabrication 

techniques continues to drive the development of materials with enhanced properties and broader utility 

in diverse technological domains. For example, the macroscopic aerogel nature of MOG, COF, or any 

other AFPMs helps in the diffusion of a large amount of mass with ultrafast kinetics through the external 

large open void space, which further triggers the adsorption and catalytic performance of the 

materials.[60-64] Thus, to achieve better performance, creating an aerogel or functional porous material 

membrane is advantageous. 

 

1.5 Applications of Advanced Functional Porous Materials (AFPMs) 

The applications of Advanced Functional Porous Materials (AFPMs) span a wide array of scientific and 

technological domains, owing to their unique properties and versatile nature. AFPMs find extensive use 

in gas storage and separation, where their tunable pore structures allow for selective adsorption of gases, 

crucial in fields such as clean energy storage and gas purification. In catalysis, AFPMs serve as effective 

catalyst support matrices, providing a high surface area and tailored environments for enhanced 

reactivity. The customizable pore environment and consistent topologies of AFPMs make them 
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excellent candidates for drug delivery systems, offering controlled release and targeted delivery of 

pharmaceuticals. Additionally, AFPMs play a pivotal role in environmental applications, particularly 

in water purification, where their porous matrices effectively immobilize contaminants. The unique 

features of AFPMs, including framework flexibility and multiple functional locations, make them ideal 

for applications in sensing and molecular recognition. Their adaptability as host matrices for 

encapsulating various functional guests positions AFPMs at the forefront of innovative materials, with 

continued research expected to uncover new applications and further enhance their impact on diverse 

technological fronts (Figure 1.9).[65-77] A few of these applications are briefly discussed in the following 

section. 

1.5.1 Gas Storage and Separation 

The application of Advanced Functional Porous Materials (AFPMs) in gas storage and separation is 

particularly noteworthy, showcasing their pivotal role in addressing pressing challenges in energy and 

environmental domains. The tunable pore structures of AFPMs enable efficient gas storage, making 

them promising candidates for storing clean energy sources such as hydrogen. Clean energy and 

environmental solutions depend on the efficient adsorption and storage of gases such as carbon dioxide, 

hydrogen, and methane in gas storage facilities. AFPMs also exhibit exceptional capabilities in gas 

separation processes, where their selective adsorption properties allow for the separation of specific 

gases from complex mixtures. This is crucial in industrial settings, enabling the extraction of pure gases 

for various applications (Figure 1.9).[65, 66, 77] The high surface area and customizable porosity of AFPMs 

contribute to their effectiveness in gas storage and separation, offering a versatile solution for enhancing 

energy storage technologies and mitigating environmental impacts associated with gas emissions. As 

research advances in this field, the continued development of AFPMs is anticipated to play a significant 

role in shaping the future of sustainable energy and gas purification technologies. 

1.5.2 Sequestration of Toxic Pollutants 

Advanced Functional Porous Materials (AFPMs) play a crucial role in the application of pollutant 

sequestration, offering innovative solutions to environmental challenges. AFPMs, with their tailored 

pore structures and high surface areas, serve as effective adsorbents for capturing and immobilizing 

various pollutants from air and water sources. These materials excel in removing contaminants such as 

heavy metals, organic pollutants, and toxic gases. The porous matrices of AFPMs provide sites for the 

selective adsorption of pollutants, preventing their release into the environment. This application is 

particularly significant in environmental remediation efforts, contributing to the purification of water 

sources and the reduction of air pollution. The versatility of AFPMs in pollutant sequestration positions 

them as valuable tools in sustainable environmental management, showcasing their potential to address 

critical issues related to pollution and contribute to the development of cleaner and healthier ecosystems 



  | Chapter 1 

 

1.20 | P a g e  
 
 

(Figure 1.9).[71, 72, 78] As research in this field progresses, the continued exploration and refinement of 

AFPMs are expected to yield even more effective and tailored solutions for pollutant sequestration. 

1.5.3 Heterogeneous Catalysis 

In the realm of heterogeneous catalysis, Advanced Functional Porous Materials (AFPMs) emerge as 

pivotal catalyst support matrices, demonstrating remarkable efficiency and versatility. AFPMs, 

characterized by their tunable pore structures and high surface areas, provide an ideal platform for the 

immobilization of catalytically active species. These materials offer tailored environments that facilitate 

enhanced reactivity, making them invaluable in a wide range of catalytic processes.[69] The porous 

matrices not only stabilize the catalytic components but also enable controlled access to active sites, 

influencing reaction kinetics and selectivity. AFPMs find application in various catalytic 

transformations, such as the synthesis of fine chemicals, environmental remediation, and energy 

conversion. The flexibility of AFPMs in accommodating different catalytic species and their ability to 

withstand harsh reaction conditions underscore their significance in advancing heterogeneous catalysis, 

offering a sustainable and efficient approach to catalytic processes with broad implications across 

industries (Figure 1.9).[29, 70] As research in this field advances, AFPMs are poised to contribute 

significantly to the development of greener and more effective catalytic technologies. 

1.5.4 Photo-catalysis and Electro-catalysis Applications 

Advanced Functional Porous Materials (AFPMs) have been instrumental in advancing sustainable 

energy and environmental remediation through their role in both photo- and electro-catalysis. In photo-

catalysis, AFPMs exhibit promising features for harnessing solar energy to drive catalytic reactions, as 

their porous architectures enable efficient light absorption and charge separation. This makes them 

valuable in applications such as water splitting for hydrogen production and the degradation of 

pollutants. In electro-catalysis, the tunable pore structures and high surface areas of AFPMs provide an 

ideal platform for immobilizing catalytically active species, enhancing reactivity and efficiency in 

various electrochemical processes.[29] This includes applications in fuel cells, electrolyzes, and other 

energy conversion devices, where AFPMs act as robust catalyst support matrices. The adaptability of 

AFPMs in accommodating different catalytic species, coupled with their ability to withstand harsh 

reaction conditions, positions them as key contributors to the evolving landscape of green and 

sustainable catalytic technologies.[69, 70] As research in this field progresses, AFPMs are poised to play 

a significant role in addressing challenges related to clean energy and environmental sustainability 

(Figure 1.9). 
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Figure 1.9: Schematic illustration of various applications of advanced functional porous materials. 

 

1.5.5 Electrochemical Applications 

Advanced Functional Porous Materials (AFPMs) exhibit a plethora of applications in electrochemistry, 

leveraging their unique properties to advance various energy storage and conversion technologies. The 

high surface area and tunable porosity of AFPMs make them excellent candidates for electrode 

materials in energy storage devices such as batteries and supercapacitors. The porous structures provide 

ample active sites for electrochemical reactions, facilitating efficient charge storage and rapid ion 

transport. Moreover, AFPMs play a crucial role in fuel cell technologies, acting as catalyst support 
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materials to enhance catalytic activity and durability. Their framework flexibility and multiple 

functional locations contribute to improved electro-catalytic performance. Additionally, AFPMs find 

applications in sensors, where their customizable pore environments enable the selective adsorption and 

detection of specific analytes.[29-48] This versatility positions AFPMs as key players in advancing 

electrochemical technologies, offering solutions to challenges in energy storage, conversion, and 

sensing for a sustainable and technologically advanced future (Figure 1.9). 

1.5.6 Molecular Recognition 

Advanced Functional Porous Materials (AFPMs) show remarkable potential in the field of molecular 

recognition, which is beneficial for various applications related to sensing and selective adsorption. The 

tailored pore structures and multiple functional locations within AFPMs enable precise molecular 

recognition, allowing them to selectively capture and distinguish specific analytes from complex 

mixtures. This molecular sieving ability finds utility in sensors, where AFPMs can be designed to detect 

and respond to target molecules, showcasing their potential for applications in environmental 

monitoring, healthcare diagnostics, and security.[28] Additionally, AFPMs serve as effective platforms 

for selective adsorption in separation processes, facilitating the purification of target molecules from 

mixtures. The customizable pore environments, consistent pore topologies, and framework flexibility 

of AFPMs collectively position them as powerful tools in molecular recognition, offering a versatile 

and adaptable solution to various challenges in analytical chemistry and materials science.[28-48, 67] 

AFPMs will probably become more and more important in determining the direction of molecular 

recognition technologies as research progresses (Figure 1.9). 

1.5.7 Magnetism Application 

Advanced Functional Porous Materials (AFPMs) may not be primarily magnetized, but their special 

structural qualities and compositional flexibility make them interesting for use in magnetism-related 

domains. Customized magnetic functions can be achieved by designing AFPMs to include magnetic 

components or nanoparticles inside their porous frameworks. These materials find application in 

magnetic separation processes, where the porous matrices aid in the immobilization of magnetic 

nanoparticles for efficient removal of contaminants or targeted delivery in biomedical applications. 

AFPMs with magnetic components also show promise in magneto-responsive drug delivery systems, 

where external magnetic fields can be employed for controlled drug release. The versatility of AFPMs 

in accommodating magnetic elements and their porous nature makes them valuable in various 

technological applications where magnetic properties are leveraged for enhanced functionality.[65-75] 

Although the field of magnetism in AFPMs is still developing, it is becoming increasingly evident that 

they have the ability to contribute to innovative technologies (Figure 1.9). 
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1.5.8 Biomedical Application 

In the field of biomedical applications, Advanced Functional Porous Materials (AFPMs) hold immense 

promise due to their tailored structures and versatile functionalities. AFPMs can be engineered to serve 

as drug delivery carriers, leveraging their porous matrices to encapsulate and release pharmaceutical 

agents in a controlled and targeted manner. The high surface area and customizable pore environments 

of AFPMs make them ideal for loading therapeutic molecules, allowing for enhanced drug efficacy and 

reduced side effects. Moreover, the ability of AFPMs to immobilize biomolecules and exhibit 

biocompatibility positions them as excellent candidates for bio-sensing applications, facilitating the 

detection of specific biomarkers associated with diseases. AFPMs also find utility in tissue engineering, 

where their porous frameworks can support cell growth and provide a scaffold for regenerative 

medicine.[73, 79] The adaptability of AFPMs in accommodating various functionalities and their 

compatibility with biological systems underscore their potential to revolutionize drug delivery, 

diagnostics, and regenerative medicine, contributing significantly to advancements in biomedical 

research and healthcare (Figure 1.9). 

 

1.6 Chemical Separation  

1.6.1 Overview and Importance in Various Industries and Environmental Contexts 

Chemical separation procedures are essential methods used in many different sectors to separate and 

purify materials according to their chemical characteristics. These procedures are essential for assuring 

product quality, resolving environmental issues, and extracting pure components from complicated 

combinations. Chemical separation involves a number of techniques, each designed for a particular use 

case. Differential affinity between components and a stationary phase is the basis for chromatography, 

whereas distillation uses variations in boiling points to separate components in a liquid mixture. 

Membrane filtration, in contrast, divides materials according to variations in solubility or size. 

The importance of chemical separation is evident in its widespread application across diverse industries. 

In the pharmaceutical sector, precise separation is essential for drug development, ensuring the purity 

and efficacy of medications. In the petrochemical industry, chemical separation processes such as 

distillation play a crucial role in refining crude oil into various valuable products like gasoline, diesel, 

and petrochemical feedstock. In the food and beverage industry, separation techniques are employed to 

purify and concentrate ingredients. Moreover, chemical separation is integral to the production of 

semiconductors, where highly pure materials are essential for electronic device fabrication.[80-82] 
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Environmental contexts also highlight the significance of chemical separation. Wastewater treatment 

relies on separation processes to remove pollutants, ensuring that discharged water meets regulatory 

standards. Additionally, the remediation of contaminated sites involves separating harmful substances 

from the soil or groundwater, mitigating the environmental impact of industrial activities. Chemical 

separation contributes to sustainable practices by enabling the recycling of materials and reducing 

overall environmental pollution.[80-85] 

 

1.6.2 Significance of Advanced Porous Materials in Chemical Separation Processes 

The significance of advanced porous materials in chemical separation processes lies in their unique 

properties and tailored design, which enable more efficient, selective, and sustainable separation 

methods compared to traditional techniques. These materials, including but not limited to metal-organic 

frameworks (MOFs), porous organic polymers (POPs), covalent organic frameworks (COFs), and 

hybrid composite materials offer distinct advantages that contribute to advancements in various 

industrial and environmental applications.[86-90] Owing to the following unique characteristics these 

materials are exclusively used for sequestration of various chemicals both from air and water. 

High Surface Area and Porosity: Advanced porous materials such as MOFs and COFs, typically 

possess large surface areas and well-defined pores. This characteristic provides an extensive contact 

area for interactions with target molecules, enhancing the adsorption and separation capacity of these 

materials. 

Tailorable Pore Structures: The tunable nature of the pore structures in advanced porous materials 

allows for precise control over the size, shape, and functionality of the pores. This tunability enables 

the design of materials specifically tailored for the separation of target molecules, leading to enhanced 

selectivity and efficiency. 

Selective Adsorption: Advanced porous materials exhibit selective adsorption properties, allowing 

them to preferentially capture certain molecules over others. This selectivity is crucial in industries such 

as pharmaceuticals, where the separation of closely related compounds is a common challenge. 

Catalytic Properties: Some advanced porous materials also exhibit catalytic activity, enabling 

simultaneous separation and reaction processes. This dual functionality is particularly advantageous in 

applications such as catalysis and chemical synthesis. 

Environmental Sustainability: The use of advanced porous materials in separation processes can 

contribute to environmentally sustainable practices. Their efficiency in capturing and isolating specific 
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components allows for the recycling of valuable materials and reduces the generation of waste, aligning 

with the principles of green chemistry. 

Energy-Efficient Separation: Ongoing research explores the integration of advanced porous materials 

into novel separation technologies, with a focus on energy efficiency. Innovations in areas such as gas 

separation and molecular sieving contribute to more sustainable and cost-effective separation processes. 

The significance of advanced porous materials in chemical separation processes stems from their unique 

properties and customizable structures, offering improved efficiency, selectivity, and sustainability 

compared to conventional separation methods. These materials contribute to advances in environmental 

stewardship and technology by playing a critical role in addressing complex separation challenges 

across industries. 

 

1.6.3 Principles of Chemical Separation by Advanced Functional Porous Materials 

The principles of chemical separation by advanced porous materials are grounded in the specific 

characteristics of these materials, such as their high surface area, tunable pore structures, and selective 

adsorption properties.[86-90] Understanding these principles is crucial for designing and optimizing 

separation processes. A few of adsorption mechanisms are listed below: 

Molecular Sieving: The porous nature of advanced materials allows for the size-based exclusion of 

molecules. Smaller molecules can penetrate and adsorb within the pores, while larger molecules are 

excluded. This molecular sieving effect is especially valuable for separating components with similar 

chemical properties but different sizes. 

Surface Interactions: The surface of advanced porous materials often contains functional groups that 

can interact selectively with specific molecules. These interactions, such as hydrogen bonding or van 

der Waals forces, contribute to the adsorption of target molecules, providing a basis for separation. 

Tailoring Materials for Targeted Separations: The ability to design and tailor the pore structures of 

advanced porous materials is a fundamental principle. Researchers and engineers can customize the 

size, shape, and chemical functionality of the pores to enhance the material's specificity for particular 

molecules or classes of compounds. 

Selectivity and Specificity: Advanced porous materials exhibit selective adsorption, meaning they can 

preferentially adsorb certain molecules over others. This selectivity is determined by the interplay of 

pore size, shape, and surface chemistry. It enables the isolation of specific components from complex 

mixtures with high precision. 
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Equilibrium and Kinetics: The adsorption process by porous materials is governed by both 

thermodynamic equilibrium and kinetic considerations. Understanding the kinetics of adsorption and 

desorption is crucial for optimizing separation processes in terms of efficiency and speed. 

Regeneration and Reusability: Advanced porous materials are designed to be reusable through 

regeneration processes. Owing to their heterogeneous nature, after adsorbing target molecules, these 

materials can often be regenerated by desorption or other means, allowing for multiple cycles of use 

without significant loss of performance. 

 

1.6.4 Utility of Advanced Functional Porous Materials in Chemical Separation 

Application 

Advanced functional porous materials have widely been used in chemical separation applications, 

including both industry and environment. A few these are listed below: 

I. Applications in Industry:  

Pharmaceutical Industry (Drug purification and synthesis), (Separation of complex chemical mixtures). 

Petrochemical Industry (Hydrocarbon separation and purification), (Catalysis using porous materials). 

II. Environmental Remediation: 

Removal of pollutants from air (Radioactive wastes such as iodine, polyiodides, toxic gases, volatile 

organic compounds (VOCs), etc.). 

Sustainable approaches to waste water treatment (Sequestration of metal ions, organic dyes, micro 

contaminants, etc.). 

In this thesis, among these various field of chemical separation application, the separation of toxic 

species both from contaminated air and waste water has been successfully demonstrated by developing 

a range of different advanced functional porous materials and their hybrid composites.  

 

1.6.5 Environmental Pollution 

The term "environmental pollution," which describes the introduction of pollutants into the natural 

environment and their detrimental effects on ecosystems, human health, and biodiversity, is a pressing 

global issue. Pollution comes from a variety of sources, such as agriculture practices, transportation 

emissions, industrial activity, and inappropriate waste disposal. The two main types of pollution—water 

pollution and air pollution—each pose unique risks to the delicate balance of our planet. Pollutants like 
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greenhouse gases, hazardous chemicals, and plastic waste are released into the atmosphere, which not 

only deteriorates the quality of the air and water but also speeds up climate change. Urgent global efforts 

are necessary to reduce the effects of environmental pollution, promote sustainable practices, and 

protect the planet's health for coming generations as the world struggles with its effects.[91-93] 

A serious environmental problem, air pollution is caused by hazardous substances remaining in the 

atmosphere of the planet. These pollutants pose serious risks to both human health and the health of the 

planet as a whole. They are frequently released from industrial activities, vehicle emissions, and other 

human-made sources. Particulate matter, carbon monoxide, sulfur dioxide, nitrogen oxides, and ozone 

are examples of common air pollutants. One particular and worrisome aspect of environmental 

degradation is air pollution resulting from nuclear waste. Although the process of producing nuclear 

power doesn't release greenhouse gases, handling and disposing of radioactive waste does. Radioactive 

pollutants released into the air from nuclear facilities, accidents, or improper waste disposal can have 

severe consequences. Radioactive isotopes, such as iodine-131 and organic iodides, can be carried by 

air currents, leading to contamination of the atmosphere. This contamination poses a threat to human 

health, causing long-term health issues and increasing the risk of cancer. Furthermore, the release of 

radioactive materials into the atmosphere can have a wide range of ecological effects on wildlife and 

ecosystems. Sufficient protocols for the secure handling, transportation, and elimination of radioactive 

waste are imperative in order to alleviate the possible air pollution linked to these substances and ensure 

the enduring viability of nuclear energy as a means of energy.[94-97] 

Water pollution, stemming from both inorganic and organic pollutants, is a pervasive environmental 

challenge with wide-ranging consequences. Inorganic pollutants, such as heavy metals like mercury 

and lead, can enter water bodies through industrial discharges, agricultural runoff, or improper disposal 

of waste. Metal oxoanions such as arsenate (HAsO4
2-), selenate (SeO4

2-), chromate (CrO4
2-), etc. are 

listed as highly toxic species in water by Environmental Protection Agency (EPA). These substances 

pose significant health risks to aquatic ecosystems and can accumulate in the food chain, impacting 

human health when contaminated water is consumed. On the other hand, organic pollutants, including 

organic dyes, antibiotics, pesticides, fertilizers, and various industrial chemicals, can contribute to water 

pollution through runoff and direct discharges. These substances can lead to nutrient imbalances, 

harmful algal blooms, and the degradation of water quality. The interplay of inorganic and organic 

pollutants leads to the degradation of water ecosystems, posing a threat to aquatic life, upsetting 

ecosystems, and compromising the accessibility of potable water for human consumption. To protect 

this essential resource, water pollution must be addressed through extensive regulatory measures, 

sustainable agricultural practices, enhanced waste management, and the creation of environmentally 

friendly technologies.[93-99] 
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1.6.6 Role of Advanced Functional Porous Materials in Environmental Remediation 

Advanced functional porous materials play a crucial role in environmental remediation by offering 

innovative and efficient solutions for the removal of pollutants from air, water, and soil. These materials, 

which include metal-organic frameworks (MOFs), covalent organic frameworks (COFs), porous 

organic polymers (POPs), and other porous structures, provide unique properties that make them well-

suited for addressing environmental challenges (Figure 1.10).[100-103] The high surface area and tunable 

porosity of advanced porous materials make them excellent candidates for adsorbing a wide range of 

contaminants. They can selectively capture pollutants such as heavy metals, organic compounds, and 

volatile organic compounds (VOCs) from air and water, contributing to the purification of these 

environmental matrices. The selectivity of advanced porous materials allows for the targeted removal 

of specific contaminants, even in the presence of complex mixtures. This capability is valuable in 

situations where the separation of one pollutant from a mixture of various substances is required for 

effective remediation. Many advanced porous materials exhibit a strong affinity for heavy metal 

oxoanions. This property is harnessed for the removal of toxic metals like arsenate, selenate, chromate, 

etc. from industrial wastewater, preventing their entry into ecosystems and potential harm to human 

health. Advanced porous materials are employed in water treatment processes to remove impurities, 

organic pollutants, and even microorganisms such as organic dyes, antibiotics, pharmaceuticals, etc. 

Their ability to selectively adsorb contaminants helps improve the quality of drinking water and protects 

aquatic ecosystems (Figure 1.10).[100-105] Porous materials with tailored structures can selectively 

capture volatile organic compounds, which are prevalent air pollutants emitted from industrial processes 

and vehicular activities. Remediation of gaseous nuclear waste such as radioactive iodine, organic 

iodides, etc. are also highly important in terms of safe and effective development of nuclear industry as 

well as reducing the environmental pollution by eliminating these toxic species before discharging into 

the air (Figure 1.10). This is also crucial for effective management of nuclear waste and thus help in the 

development of low-carbon energy based nuclear industry. In together, this aids in reducing air pollution 

and mitigating associated health risks. Some advanced porous materials possess catalytic properties that 

can facilitate the degradation of pollutants. By promoting chemical reactions that break down 

contaminants into less harmful substances, these materials contribute to the overall remediation of 

polluted environments. Porous materials with hydrophobic properties are utilized in the cleanup of oil 

spills. These materials can selectively adsorb hydrophobic substances, such as oil and hydrocarbons, 

from water surfaces, offering an effective and environmentally friendly approach to mitigating the 

impact of oil spills. Advanced porous materials are employed for capturing and removing harmful gases, 

such as nitrogen oxides and sulfur dioxide, from industrial emissions. This application aids in reducing 

air pollution and meeting environmental regulations. In water remediation, advanced porous materials 

assist in the containment and removal of contaminants, preventing their migration into groundwater and 
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minimizing the long-term impact on ecosystems. This supports sustainable waste management 

practices. The multifaceted capabilities of advanced functional porous materials make them invaluable 

tools in environmental remediation efforts (Figure 1.10).[100-107] Their use in selectively adsorbing and 

catalytically degrading pollutants contributes to the development of sustainable and efficient solutions 

for safeguarding the environment and public health. 

 

 

Figure 1.10: Schematic illustration of utilization of advanced functional porous materials towards 

chemical separation applications or remediation of environmental pollution. 

 

1.6.7 Challenges and Opportunities of Advanced Functional Porous Materials in 

Chemical Separation Application 

Although, an exclusive number of advanced porous materials have been successfully utilized for 

efficient chemical separation application, there are still many challenges that need to be addressed. 

These challenges are listed here. Some advanced porous materials may face challenges related to 

stability and durability, especially in harsh chemical environments. The continuous exposure to 

aggressive substances during separation processes can lead to degradation of the material over time, 

impacting its effectiveness. While advanced porous materials are designed to be reusable, the 

regeneration process may pose challenges. Efficient and cost-effective regeneration methods need to be 
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developed to ensure that the materials can maintain their performance over multiple cycles without 

significant degradation. Scaling up the production and application of advanced porous materials for 

industrial processes can be challenging. Achieving consistent material quality and reproducibility on a 

large scale is essential for widespread adoption but may encounter hurdles in terms of cost and 

feasibility. Achieving high selectivity in the separation of components from complex mixtures can be 

challenging. The presence of similar-sized molecules or closely related chemical species may lead to 

difficulty in achieving the desired level of specificity in certain applications. Some separation processes 

involving advanced porous materials may require elevated temperatures or pressure conditions, leading 

to increased energy consumption. Addressing energy efficiency challenges is crucial for the practical 

implementation of these materials in large-scale industrial settings. While challenges exist, the 

opportunities presented by advanced functional porous materials and their hybrid composite porous 

materials in chemical separation applications are vast. In this thesis, a few of efficient strategies have 

been documented to demonstrate the improved pollutants segregation efficiencies by developing novel 

functional porous materials. Continued research and innovation in material science, process 

optimization, and integration with other technologies hold the key to unlocking the full potential of 

these materials in addressing complex separation challenges across various industries. 

 

1.7 Thesis Overview 

The design and synthesis of task-specific advanced functional porous materials (AFPMs), such as 

covalent organic framework (COF), porous organic polymer (POP), and porous hybrid composite 

materials of metal-organic polyhedra (MOP) with metal-organic gel (MOG) and COF, are the primary 

areas of concentration for the current thesis work. These materials are intended to selectively and 

effectively sequester a variety of toxic chemicals from both water and air medium.  Task-driven AFPMs 

and their hybrids were designed with a focus on function by carefully examining several crucial design 

factors, including the appropriate choice of monomers, the strategic modulation of the post-

functionalization structure to impart the desired charge and functionalities, and the induction of 

hierarchical porosity toward target-specific applications. Leveraging on the molecular level 

configuration and macroscopic architecture control that AFPMs can offer, tailor made “nanospace” both 

in terms of hierarchical porosity, electrostatics and desired chemical specific functionalities was 

realized in all the scientific works presented in the current thesis. The overall thesis has two sections 

each of which is further sub-divided into two chapters. The first part of the thesis work describe the role 

of functionality, in terms of both chemical configuration and hierarchical porosity of porous organic 

materials (COFs and POPs) and their strategic utility as the ideal adsorbent for sequestration of toxic 

air and water contaminants. Subsequently, the second section of the thesis concentrates on the creation 
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and exploration of innovative hybrid composite porous materials for the effective sequestration of 

radioactive waste species and the successful segregation of emerging water contaminants, two urgent 

global issues that require prompt mitigation. 

In the second chapter (chapter 2) in order to understand the role of framework integrated functionalities 

of porous organic materials towards sequestration of radioactive waste species such as organic iodides, 

a series of chemically stable porous covalent organic frameworks (COFs) have been synthesized by 

varying the number of N-heteroatomic sites. The results of this systematic strategy-driven study showed 

that the porosity or surface area of these COFs, as well as their N-heteroatomic or heterocyclic functions 

like imine, pyridine, and triazine sites, positively correlated with the methyl iodide (CH3I) adsorption 

capability. This work offers guidance for the design and development of novel porous adsorbents, such 

as COFs, for pertinent adsorption applications. It also presents critical importance for understanding the 

toxic gas's adsorption mechanisms. Along this line, the knowledge gained from this work in terms of 

design, synthesis and role of tunable porosity and functionality of robust porous organic materials 

(POMs) was encouraged in the follow up work to demonstrate the role of higher order porosity such as 

macropores of POMs towards improved separation performance for a range of organic and inorganic 

toxic water pollutants, a charged chemically stable highly ordered macro-micro hierarchically porous 

organic network material was synthesized in chapter 3. The developed cationic interconnected 

macroporous viologen organic network material demonstrated ultrafast removal efficiency toward a 

range of organic and inorganic anionic toxic pollutants, including antibiotic molecules, organic dyes, 

metal oxyanions, etc. from water. Significantly, effective mass transport via the interconnected ordered 

hierarchically porous structure was identified as the cause of the compound's increased removal 

effectiveness towards guest anions. 

On our effort in crafting task-specific advanced functional porous materials (AFPMs) for energy-

efficient chemical separation application, we continued our endeavor zeroing on development of 

innovative hybrid composite porous materials. Because of their combined advantages and excellent 

performance, composite porous materials are starting to look more favorable than individual porous 

materials. According to this perspective, due to their distinctive and innovative qualities for task-

specific applications, hybrid composite materials have grown in popularity and are now a subject of 

desired research. To accomplish this, in chapter 4, a unique anion exchangeable hybrid composite 

aerogel material was fabricated by embedding a stable cationic nanosized metal-organic polyhedra with 

a hierarchically porous metal-organic gel to utilize it as a potential adsorbent for metal-based group of 

toxic oxoanions. In water with an excessive amount of other coexisting anions, the composite scavenger 

showed very selective and rapid segregation efficiency towards several hazardous metal-oxoanions 

such as HAsO4
2−, SeO4

2−, ReO4
−, CrO4

2−, and MnO4
−. The material can successfully remove arsenate 

from both natural drinking water samples and simulated industrial effluent samples. It can also 
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selectively remove trace arsenate even at low concentrations, much below the As(V) limit in drinking 

water set by the WHO. In order to verify the composite's sustainability, its practical application was 

investigated using actual drinking water samples. Outstanding reusability performance and arsenate 

trapping effectiveness were noted. Inspired by the ingenious multifunctional properties of advanced 

hybrid composite porous materials, in next chapter 5, further effort has been made in order to develop 

another hybrid aerogel material by covalently joining of amino functional cationic metal-organic 

polyhedra (MOP) with imine functional dual pore-based covalent organic framework (COF). The light-

weight composite material displayed large surface area with hierarchical macro-micro porosity and 

multifunctional active binding sites, which collectively interact with iodine, an emerging radioactive 

waste. The developed nano-adsorbent showed ultrahigh vapor phase iodine adsorption capacity in both 

static and dynamic conditions. Moreover, the composite was found to exhibit rapid adsorption kinetics 

towards both molecular iodine and polyiodide species in aqueous phase and organic solvent with high 

sorption capacity and thus provides scope for real time application. The mechanistic involvement of 

multifunctional binding sites such as metal nanocluster and heteroatom functionality, cationic nature of 

the hybrid was found to responsible behind the selective and fast adsorption of radioiodine.  
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In recent times, there has been a significant surge in global research attention focused on advanced 

functional porous materials (AFPMs) owing to their distinctive attributes and the advantages they offer 

in terms of precise molecular-level control. As was previously said, AFPMs can be broadly divided into 

two categories: pure organic porous materials and inorganic-organic hybrid porous materials. One of 

the methods used to manufacture metal-free porous organic materials is the construction of pure organic 

porous materials using only organic functionalized molecular blocks, which are connected by covalent 

bonds and noncovalent interactions. On the basis of this, the field of advanced functional porous 

materials comprises the following: hydrogen-bonded organic frameworks (HOFs), supramolecular 

organic frameworks (SOFs), covalent organic frameworks (COFs), porous organic polymers (POPs), 

porous organic cages (POCs), etc.[1, 2] In this section, utility of functional porous organic materials such 

as COFs and POPs have been demonstrated. Porous organic materials (POMs) are materials made of 

organic building blocks arranged in a network of linked voids and channels. These materials frequently 

include organic linkers or aromatic rings as functionalities. POMs have the ability to display large 

surface areas and modify the size of their pores, which opens up possibilities for gas storage, catalysis, 

and selective adsorption. The capacity to precisely regulate the structure and properties of these 

materials during design and synthesis adds to their versatility. Applications for porous organic materials 

include water purification and gas separation demonstrating their importance in tackling issues in the 

environmental, and energy realms.[3, 4] 

This section consist of two chapters i.e. chapter 2 and chapter 3. In chapter 2, a systematic strategy-

driven study has been performed to demonstrate the role of framework integrated functionalities along 

with textural properties of a series of covalent organic frameworks (COFs) towards efficient 

sequestration of toxic nuclear waste such as organic iodides from air medium. While in chapter 3, 

investigation of role of higher order porosity i.e. macro-micro hierarchical porosity over typical meso 

and micro porosity, towards improved separation of large organic persistence pollutants from water has 

been demonstrated by developing an ordered interconnected charged macro-micro porous viologen 

organic network material. In both these two chapters, the studies focuses on rational design and 

successful development of functionalized advanced organic porous materials for sequestration of toxic 

gaseous and water contaminants. 
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2.1 Introduction 

The usage of nuclear power for global energy systems has attracted significant interest and is predicted 

to increase in the near future due to the urgently growing needs for high-efficiency and economical, 

potential, and sustainable energy.[1, 2] In nuclear plants, during the generation of nuclear energy, the used 

nuclear fuel rods need to be reprocessed by dissolving in concentrated hot nitric acid. In this dissolution 

protocol, apart from the molecular iodine, nitric acid vapor, NO2, and N2O5, another highly radioactive 

dissolved off-gas (DOG) species, organic iodides, e.g., methyl iodide (CH3I) and ethyl iodide 

(CH3CH2I), are generated.[3–5] Radioactive organic iodide (ROI) vapor is extremely harmful to living 

beings due to its substantially higher activity and has therefore attracted a significant amount of public 

attention, especially in the event of a nuclear disaster.[5–7] Therefore, considering both the environmental 

as well as human health concerns along with future development and the safe generation of nuclear 

energy, efficient sequestration of these radioactive species from the air has attracted much research 

interest in recent years. However, it was found that trapping these ROI species is considerably difficult 

owing to their lower adsorption rate towards specific adsorbents (Ag@MOR)[5–7] and poor retention 

efficiency. Past studies have established the use of solid sorbent-based fixed-bed technologies for 

radionuclide sequestration as more advantageous over other traditional methods owing to their 

relatively simple operation, cost-effectiveness, and high efficiency.[8–12] Among the employed solid 

adsorbents, silver nanoparticles or ions impregnated or exchanged on silica, zeolites, alumina, activated 

carbon, aerogel, etc., have been explored as potential sorbents for the capture of radioiodine and ROIs.[5, 

7–12] However, their lower efficiency with poor selectivity, low sorption capacity, and weak retention 

ability limit their real-time utility towards ROI capture. Moreover, the high cost associated with the use 

of novel metals along with the poor regeneration capability, have kept these materials far from practical 

implementation. Most of these studies have focused on the capture of iodine but the investigation of 

ROIs sequestration is still limited. This has impelled researchers toward the development of new 

effective regenerable sorbent materials for the successful removal of radioactive ROIs from 

contaminated air. 

In the past few years, rational design strategies have yielded several excellent advanced porous materials 

for the specific sequestration of ROI species. In this regard, metal–organic frameworks (MOFs)[13–15] 

and porous organic polymers (POPs)[16, 17] or covalent organic frameworks (COFs)[18–20] are two widely-

known porous materials constructed from the coordination of metal ions/clusters with organic linkers 

and with the covalent assembly of pure organic small molecules, respectively, which have been 

successfully tested for the capture of CH3I or CH3CH2I.[7, 21–26] These materials were found to exhibit 

excellent ROI adsorption capacities due to their collective properties of high porosity with large pore 

volume and tailored surface functionalities.[21–25] Li et al. explored the potential of a chemically stable 

Cr-MOF (Cr-MIL), post-synthetically modified with tertiary amine binding sites, as an effective 
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molecular trap for the capture of radioactive organic iodides with high adsorption capacities and 

regeneration ability at a high temperature (150 °C) and at room temperature.[7] Interestingly, under 

similar conditions, the CH3I sorption capacity for this adsorbent was found to be higher than the 

commercially used adsorbent (Ag@MOR). On the other hand, as another promising class of adsorbents, 

POPs or COFs have been recently shown to exhibit outstanding ROI sorption performance.[21–25] In a 

recent report, Dai et al. investigated the utility of a pillar[5]quinone-derived multi-microporous organic 

polymer with hydrophenazine linkages for excellent iodomethane capture, which was found to be higher 

than its analogous microporous hydrophenazine-linked organic polymers.[25] In another interesting 

work, Wang reported the ultra-high adsorption capacity of methyl iodide (1.45 g g−1) under static 

sorption conditions via the methylation of bipyridine groups of a nitrogen-rich COF (SCUCOF-2).[23] 

Han et al. recently demonstrated the record high methyl iodide capture capacity (1.53 g g−1) in static 

mode at room temperature by developing a rationally functionalized COF (COFTAPT). The adsorbent 

also revealed a high iodine (I2) capture capacity in dynamic mode from a mixture of I2 and CH3I. Most 

importantly, the CH3I sorption capacity was found to depend upon the structural-functional binding 

sites of the framework, whereas the textural properties (such as porosity, surface area, and pore volume) 

were found to be not related to the iodomethane adsorption capacity.[22] All these pioneering works have 

explored effective individual strategies to develop functional porous materials based on excellent 

adsorbents for ROI capture. Among them, the doping of heteroatoms and incorporation of N-containing 

heterocyclic structural moieties, such as imine, pyridine, triazine, etc., are rational approaches for the 

potent sequestration of ROIs. However, a general study to demonstrate the systematic investigation of 

the ROI capture performance by fine-tuning functional recognition sites with a series of crystalline 

porous organic framework materials is still unexplored territory. In addition, a complete mechanistic 

understanding of the function of N-containing structural moieties along with the textural properties of 

COFs towards ROI capture is not precisely understood. Given that the radioactive organic iodides 

produced as nuclear waste from the treatment of spent nuclear fuel with a hot concentrated nitric acid 

solution, the high chemical, hydrolytic, thermal and radiological tolerance ability of the adsorbent in 

various harsh chemical conditions and reprocessing temperature is a preliminary requirement for the 

practical utilization of the sorbent. Most studies have been focused only on the adsorption capacity of 

ROI trapping either in dry or humid conditions, however, the effective sequestration of these species 

from highly acidic conditions along with operating temperature (∼150 °C) and irradiation have hardly 

been explored. This might be because of the lower chemical, thermal and radiological stability of the 

developed adsorbents. Therefore, it is particularly important to develop effective adsorbents with high 

chemical, thermal and radiological tolerance pertaining to real-time application. 

Taking these all aspects into consideration, herein, we deliberately chose a series of four imine COFs 

with well-defined porosity, constructed from the covalent threading of 2-hydroxybenzene-1,3,5-
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tricarbaldehyde with four different triamines as illustrated in figure 2.1. The architecture of the 

structurally analogous COFs featured various N-containing heterocyclic structural moieties including 

benzene core tri-phenyl (for COFA), pyridine core tri-phenyl (for COF-B), triazine core tri-phenyl (for 

COF-C), and triazine core tri-pyridine (for COF-D) as specific recognition sites that can facilitate 

variable interactions with ROIs. The microenvironment of these isostructural COFs was regulated by 

introducing functional sites on the organic linkers in the COF building units. 

 

Figure 2.1: Schematic representation of synthesis, packing diagram and chemical structure of COF-A, 

COF-B, COF-C and COF-D with their respective precursors. The number of different N sites present 

in the unit of COFs structure. 

 

The programmed functional moieties influence the interactions between the surface of the COFs and 

ROI species, therefore altering the affinity along with offering an understanding of the role of various 

N-containing sites in the sorption process of ROIs (Scheme 2.1). The detailed investigation revealed 

that under static conditions, moving from COF-A to COF-D, the ROIs' uptake capacities were found to 
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decrease systematically. Surprisingly, COF-A exhibited the highest ROI (both CH3I and CH3CH2I) 

uptake capacity, which could be attributed to the dominant factor of porosity over extra surface 

functionality (Scheme 2.1). COF-A was found to exhibit high CH3I capture capacities in both static and 

dynamic modes under all relevant conditions, including elevated temperatures (∼150 °C), irradiation, 

and the presence of acid and moisture. Systematic studies further revealed that when these COFs were 

synthesized with identical porosities, interestingly, the ROI uptake capacities were found to correspond 

positively with the adsorbent's nitrogen content (Scheme 2.1). This phenomenon can be explained by 

the combined effect of more N-doped functional sites and textural properties such as large surface area, 

pore volume and pore size (Scheme 2.1). Moreover, these chemically stable efficient adsorbents were 

found to adsorb ROIs in a cyclic manner without largely compromising their sorption efficiencies. Both 

experimental characterizations and theoretical calculations were carried out in order to demonstrate the 

in-depth mechanistic insights behind such effective binding of ROIs with different N-functional sites 

of the COFs. Our research demonstrated that the fabrication and optimization of such adsorbents can 

be expanded to other materials by a rational integration of specific N-containing functional sites along 

with robust framework configuration, which may result in the development of various effective 

adsorbents with ultrahigh enrichment indexes for radioactive ROI species from nuclear waste. 

 

 

Scheme 2.1: Schematic illustration for enhanced organic iodide capture capacity by (1) increasing 

porosity and (2) increasing N-functional sites of COFs.  
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2.2 Experimental 

2.2.1. Materials: All the reagents, starting materials and solvents were commercially purchased from 

Sigma-Aldrich, TCI Chemicals and Spectrochem depending on their availability and used without 

further purification. 1, 3, 5-tris-(4-aminophenyl)-benzene was purchased from TCI chemicals.  

2.2.2. Safety Note: Methyl iodide and ethyl iodide vapor is toxic in nature and proper protective gear 

(masks, gloves) is always to be used. The organic iodide capture protocol described in this report that 

uses acid (in dynamic sorption) in a packed tube at high temperature must be carried out under strict 

safety precautions. 

2.2.3. General Characterizations and Physical Measurements:  

2.2.3.1. Powder X-ray diffraction (PXRD): Powder X-ray diffraction (PXRD) experiments were 

performed on a Bruker D8 Advanced X-ray diffractometer at room temperature using Cu Kα radiation 

(λ = 1.5406 Å) at a scan speed of 0.5° min–1 and a step size of 0.01° in 2θ. 

2.2.3.2. Fourier transform infrared spectroscopy (FT-IR): The FT-IR spectra were acquired by 

using Bruker Optics ALPHA-II spectrophotometer using KBr pellet in 500-4000 cm–1 range. The FT-

IR data are reported with a wave number (cm–1) scale in 500-4000 cm–1 range.   

2.2.3.3. Thermogravimetric analysis (TGA): Thermogravimetric analyses were recorded on Perkin-

Elmer STA 6000 TGA analyzer by heating the samples from 40 to 800 oC under N2 atmosphere with a 

heating rate of 10 °C min–1.  

2.2.3.4. Solid-state nuclear magnetic resonance (NMR) spectroscopy: Solid-state 13C cross-

polarization-magic angle spinning (CP-MAS) spectra were conducted on a Bruker 500 MHz NMR 

spectrometer with a CP-MAS probe. Carbon chemical shifts are expressed in parts per million (δ scale).  

2.2.3.5. X-ray photoelectron spectroscopy (XPS): As-obtained powder samples was stuck to 

conductive paste and then measured by X-ray photoelectron spectroscopy using K-Alpha+model 

(Thermo Fischer Scientific, UK) with Al Kα source. 

2.2.3.6. Nitrogen adsorption-desorption isotherm measurements: N2 gas adsorption-desorption 

measurements were performed using BelSorp-Max instrument (Bel Japan). Prior to adsorption 

measurements, the activated samples were heated at 120 °C under vacuum for 12 hours using 

BelPrepvacII.   

2.2.3.7. Field emission scanning electron microscopy (FESEM): The morphology of the materials 

was recorded with a Zeiss Ultra Plus field-emission scanning electron microscope (FESEM) with an 

integral charge compensator and embedded EsB and AsB detectors (Oxford X-max instruments 80 mm2 
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(Carl Zeiss NTS, GmbH). The samples were sputter-coated with a 5-10 nm Au film to reduce charging. 

The elemental analysis was carried out using voltage of 15 KV equipped with an EDX detector. Data 

acquisition was performed with an accumulation time of >600s.  

2.2.3.8. Transmission electron microscopy (TEM): TEM, High-resolution TEM imaging and STEM-

EDS were performed on the HRTEM (JEM-2200FS, JEOL) operating at acceleration voltage of 200 

kV. For TEM analysis, all the samples were dispersed in isopropanol (0.5 mg/mL) and sonicated for 15 

min.  Then, the samples were left for 2 min, and the upper part of the solution was taken for preparing 

TEM samples on a lacey carbon-coated copper grid (Electron Microscopy Science, 200 mesh).  

2.2.3.9. Zeta potential:  Zeta potential measurements were performed on Anton Paar Litesizer 500 

series instrument. Measurement cell: Omega cuvette Mat. No. 155765, Target temperature 25.0 oC, 

Equilibration time – (Series parameter), Henry factor 1.1 (Other), Adjusted voltage (Automatic Mode), 

Number of runs 20, Solvent – water. 

2.2.3.10. UV-visible absorption spectra: UV-vis absorption studies were performed on a Shimadzu 

UV 3600 UV/vis spectrophotometer in an optical quartz cuvette (10 mm path length) over the entire 

range of 200-800 nm.  

2.2.3.11. Synthesis of 2,4,6-triformayl phenol (TFP) or 2-hydroxybenzene-1,3,5-tricarbaldehyde: 

TFP was synthesized by following a previously reported procedure.[27] A mixture of 6.9 g (65 mmol) of 

phenol was stirred with 70 mL of trifluoro acetic acid (TFA) and 20.l g (143 mmol) of 

hexamethylenetetramine (HMTA) at ~125 °C for about 20 h. After that, the reaction mixture was then 

heated to 148-150 °C and held at that temperature for 3 hours. Thereafter, the mixture was cooled to 

~120 °C, and treated with 100 mL of 3N HCl, and then heated at ~100 °C for half an hour, then cooled 

to room temperature slowly by overnight. The resulting mixture were then filtered in a glass frit and 

washed with water to give a brown crude powder. The brown powders were then recrystallized from 

DMF and the needle shaped crystals were obtained as final product. 

 

Scheme 2.2: Synthesis scheme of 2-hydroxybenzene-1, 3, 5-tricarbaldehyde. 
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2.2.3.12. Synthesis of 4,4',4''-(pyridine-2,4,6-triyl)trianiline from 2,4,6-tris(4-

nitrophenyl)pyridine: 4,4',4''-(pyridine-2,4,6-triyl)trianiline was synthesized by following a 

previously reported procedure.[28] At first 2,4,6-tris(4-nitrophenyl)pyridine was synthesized.[28] Briefly, 

10 mmol of 4-Nitrobezaldehyde and 20 mmol of 4-Nitroacetophenone were dissolved in 25 ml of acetic 

acid. Then 10 g of ammonium acetate was added to this mixture and refluxed at 110 °C for 3 hours. A 

dark red precipitate was filtered and washed with acetic acid and cold ethanol. After dried at ~80 oC, 

this dark red crude product was found as 2,4,6-tris(4-nitrophenyl)pyridine, which was further used in 

the next step for amine preparation.  

In this step, 1.5 g of above 2,4,6-tris(4-nitrophenyl)pyridine was dissolved in 20 ml EtOH. Next, about 

60 mg of ferric chloride hexahydrate and 200 mg of activated carbon were added to this solution and 

heated under reflux conditions for 30 mins. To this, 4 ml of hydrazine hydrate in 4 ml EtOH was added 

dropwise and the mixture was refluxed for 12 hours. Thereafter, the mixture was filtered as hot and the 

filtrate was poured in excess distilled water. A white yellow precipitate with high yield was appeared, 

which was filtered, washed with water and dried at 60°C overnight. 

 

 

Scheme 2.3: Synthesis scheme of 4,4',4''-(pyridine-2,4,6-triyl)trianiline. 

 

2.2.3.13. Synthesis of 2,4,6-tris(4-aminophenyl)-1,3,5-triamine: 2,4,6-tris(4-aminophenyl)-1,3,5-

triamine was synthesized from 4-aminobenzonitrile via an acid catalyzed trimerisation reaction by 

following a previously reported protocol.[29] In a typical synthesis 4-aminobenzonitrile (591 mg, 5.0 

mmol) was mixed with ~35 ml of chloroform taken in a dry RB (25 ml) and then 5.0 ml of triflic acid 

was added slowly at 0 ℃ and stirred under an inert atmosphere for 3 days. After that, the reaction 

mixture was gently poured into a beaker containing crushed ice-water and neutralized by 2M NaOH 

solution to afford yellow colored precipitate. This precipitate was filtered and washed with distilled 

water and dried at 60 °C overnight to get pure product. 
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Scheme 2.4: Synthesis scheme of 2,4,6-tris(4-aminophenyl)-1,3,5-triamine. 

 

2.2.3.14. Synthesis of 5,5',5''-(1,3,5-triazine-2,4,6-triyl)tris(pyridin-2-amine): 5,5',5''-(1,3,5-

triazine-2,4,6-triyl)tris(pyridin-2-amine) was synthesized from 6-Amino-3-pyridinecarbonitrile via an 

acid catalyzed trimerisation reaction by following a previously reported procedure.[30] In a typical 

synthesis, 1.544 g (13.076 mmol) 6-Amino-3-pyridinecarbonitrile was taken in a round bottom flask at 

-20 oC. Then 8 mL of triflic acid (CF3SO3H) was added drop wise for 20 minutes. The resulting mixture 

was stirred for 24 h at room temperature in an inert atmosphere. Subsequently, the reaction mixture was 

quenched with distilled water and was neutralized by adding 2M NaOH solution until the pH was 7. At 

this pH, a pale yellow precipitate was observed which with further increase in pH it turns white. This 

white precipitate was filtered off and washed several times with distilled water. Next, the crude product 

was dried at 60 °C overnight to get the final product. 

 

Scheme 2.5: Synthesis scheme of 5,5',5''-(1,3,5-triazine-2,4,6-triyl)tris(pyridin-2-amine). 

 

2.2.3.15. Synthesis of COF-A: COF-A was synthesized by following a previously reported 

procedure.[27] 2-hydroxybenzene-1,3,5-tricarbaldehyde (14.3 mg, 0.08 mmol), 1,3,5-tris(4-

aminophenyl)benzene (28.1 mg, 0.08 mmol), 0.5 mL of n-butanol, 0.5 mL of o-dichorobenzene and 0.1 

mL of 6 M aqueous acetic acid were added into a 20 mL glass vial. This mixture was sonicated for 15 

mins. in order to get a homogenous dispersion. Then the tube was flash frozen at 77 K (liquid N2 bath) 

and degassed. Thereafter, the tube was sealed and heated at 120 °C for 7 days. A dark red colored 

precipitate produced was collected by filtration. Then it was washed and solvent exchanged with 
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anhydrous tetrahydrofuran several times. The resultant precipitate was dried at 120 °C under vacuum 

for overnight to give a red coloured powder. 

 

Scheme 2.6: Synthesis scheme of COF-A. 

2.2.3.16. Synthesis of COF-B: COF-B was synthesized by following a previously reported procedure 

with slight modification.[31] 70.5 mg of 4,4',4''-(pyridine-2,4,6-triyl)trianiline (0.2 mmol) and 36 mg of 

2-hydroxybenzene-1,3,5-tricarbaldehyde (0.2 mmol) were added in a 20 mL glass tube and dissolved 

in 2.5 ml o-dichlorobenzene and 2.5 ml n-butanol mixture. After that 0.5 ml of 6M acetic acid was 

added to this mixture and was stirred well. Then the tube was flash frozen at 77 K (liquid N2 bath), 

degassed and sealed. The contents in the sealed tube was heated at 120 °C for 3 days. After cooling to 

room temperature, the deep brown precipitate was filtered and washed with DMF, THF, MeOH. The 

powder was dried at 120 °C, overnight. The final product was cleaned through soxhlet extraction. 

 

Scheme 2.7: Synthesis scheme of COF-B. 

2.2.3.17. Synthesis of COF-C: COF-C was synthesized by following a previously reported procedure 

with slight modification.[32] In a typical synthetic procedure a 20 mL of pyrex tube was charged with 

26.72 mg (0.15 mmol) of 2-hydroxybenzene-1,3,5-tricarbaldehyde (TFP) and 53.17 mg (0.15 mmol) of 

2,4,6-tris(4-aminophenyl)-1,3,5-triamine (TAPT). Then 2.5 mL of mesitylene and 2.5 mL of dioxane 

along with 0.5 mL of 6M acetic acid were added to the mixture. After that, the tube was sonicated for 

15 minutes in order to get a homogenous dispersion. Then the tube was flash frozen at 77 K (liquid N2 

bath) and degassed. Thereafter, the tube was sealed and heated at 120 °C for 3 days. After 3 days the 
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sealed tube was taken out to obtain deep red-color material. Finally, it was collected and washed with 

dry solvents (methanol, acetone and THF) and dried at 120 °C for 6 hours. 

 

Scheme 2.8: Synthesis scheme of COF-C. 

2.2.3.18. Synthesis of COF-D: COF-D was synthesized by following a previously reported procedure 

with slight modification.[30] 2-hydroxybenzene-1,3,5-tricarbaldehyde (53.5 mg, 0.3 mmol) and 5,5',5''-

(1,3,5-triazine-2,4,6-triyl)tris(pyridin-2-amine (107 mg, 0.3 mmol) were weighed into a Pyrex tube and 

were dissolved in 3 mL of dioxane and 3 mL of mesitylene and stirred until a red color was observed. 

To this mixture, 1.0 mL of stock acetic acid was added. Then the Pyrex tube was flash frozen in a liquid 

nitrogen bath and sealed. The Pyrex tube along with its contents was placed in an oven for heating at 

120 oC for 5 days and gradually cooled to room temperature overnight. After cooling to room 

temperature, the dark-red colored precipitate was filtered and washed with DMF, THF, MeOH and 

THF. The final product was cleaned through soxhlet extraction and dried at 80 oC for 12 h. 

 

Scheme 2.9: Synthesis scheme of COF-D. 

2.2.3.19. Synthesis of COF-A1: The synthesis procedure of COF-A1 is almost similar to COF-A, 

however the precursor amount, solvent and catalyst was changed as following. 2-hydroxybenzene-

1,3,5-tricarbaldehyde (26.8 mg, 0.15 mmol), 1,3,5-tris(4-aminophenyl)benzene (52.7 mg, 0.15 mmol), 

2.5 mL of mesitylene, 2.5 mL of dioxan and 0.5 mL of 6 M aqueous acetic acid were added into a 20 

mL glass vial. This mixture was sonicated for 15 mins. in order to get a homogenous dispersion. Then 
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the tube was flash frozen at 77 K (liquid N2 bath) and degassed. Thereafter, the tube was sealed and 

heated at 120 °C for 3 days. Rest of the procedure is same as COF-A. 

2.2.3.20. Synthesis of COF-A2: The synthesis procedure of COF-A2 is almost similar to COF-A, 

however the precursor amount, solvent and catalyst was changed as following. 2-hydroxybenzene-

1,3,5-tricarbaldehyde (26.8 mg, 0.15 mmol), 1,3,5-tris(4-aminophenyl)benzene (52.9 mg, 0.15 mmol), 

2.5 mL of mesitylene, 2.5 mL of dioxan and 1 mL of 6 M aqueous acetic acid were added into a 20 mL 

glass vial. This mixture was sonicated for 15 mins. in order to get a homogenous dispersion. Then the 

tube was flash frozen at 77 K (liquid N2 bath) and degassed. Thereafter, the tube was sealed and heated 

at 120 °C for 3 days. Rest of the procedure is same as COF-A. 

2.2.3.21. Synthesis of COF-A3: The synthesis procedure of COF-A3 is similar to COF-A, however the 

precursor amount, solvent and catalyst was changed as following. 2-hydroxybenzene-1,3,5-

tricarbaldehyde (53.5 mg, 0.3 mmol), 1,3,5-tris(4-aminophenyl)benzene (105.4 mg, 0.3 mmol), 3 mL 

of mesitylene, 3 mL of dioxan and 0.5 mL of stock acetic acid were added into a 20 mL glass vial. This 

mixture was sonicated for 15 mins. in order to get a homogenous dispersion. Then the tube was flash 

frozen at 77 K (liquid N2 bath) and degassed. Thereafter, the tube was sealed and heated at 120 °C for 

3 days. Rest of the procedure is same as COF-A. 

2.2.3.22. Synthesis of COF-D1: The synthesis procedure of COF-D1 is similar to COF-D, however the 

precursor amount, solvent and catalyst was changed as following. 2-hydroxybenzene-1,3,5-

tricarbaldehyde (53.5 mg, 0.3 mmol), 5,5',5''-(1,3,5-triazine-2,4,6-triyl)tris(pyridin-2-amine (107mg, 

0.3 mmol), 2.5 mL of mesitylene, 2.5 mL of dioxan and 1.5 mL of stock acetic acid were added into a 

10 mL glass vial. This mixture was sonicated for 15 mins. in order to get a homogenous dispersion. 

Then the tube was flash frozen at 77 K (liquid N2 bath) and degassed. Thereafter, the tube was sealed 

and heated at 120 °C for 3 days. Rest of the procedure is same as COF-D. 

2.2.3.23. General Consideration: The aqueous solution of organic dyes were prepared by dissolving 

a certain amount of solid dye into deionized water and the different concentrations were obtained by 

diluting the stock solution with the proper amount of distilled water unless otherwise indicated. The 

concentrations of dyes during all the experiments were detected by UV-vis spectroscopic analysis. All 

the adsorption experiments were performed at ambient conditions. All the data has been collected three 

times through UV-vis analysis to plot the final adsorption results. 

2.2.3.24. Vapor phase static organic iodide uptake studies: Typically, ~15 mg of desolvated COF 

sample was weighted in a small glass vial, and this vial was exposed to organic iodide (CH3I or C2H5I) 

(~3 mL) at 75 °C (348 K) in a closed system. After the corresponding adsorption time, the glass vial 

was taken out, cooled to room temperature, and weighed. Organic iodide uptake capacity of the sample 

was calculated by the weight difference of glass vials before and after adsorption, using the formula:  
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W = ((m2-m1))/m1 x 100%                                                                                                                   

Where, w (g.g-1) is the adsorption capacity of organic iodide uptake, m1 (g) and m2 (g) are the mass of 

compounds with the glass vial before and after being exposed to organic iodide vapor. The values of 

uptake capacity are the average values of at least three experiments. In case of other temperatures, such 

as 273 and 423 K, similar static CH3I adsorption experiment was conducted in a closed system. 

2.2.3.25. Recyclability test: To study the recyclability for CH3I-loaded material in static system we 

followed a reported protocol with slight modification.[22] Typically, a certain amount of CH3I-loaded 

compound with maximum adsorption capacity was taken in an glass vial containing excess amount of 

ethanol and ultra-sonicated for a certain period of time. Thereafter, the regenerated samples were dried 

under vacuum at 120 °C overnight and then reused for the next cycle CH3I adsorption test in static 

phase. 

2.2.3.26. Retention ability test: To study the adsorption stability for methyl iodide-loaded material in 

static system, a certain amount of CH3I-loaded material was taken in an open glass vial, and the vial 

was placed in an empty large bottle, which was placed open at room temperature and ambient pressure. 

After one day, the weight of the vial containing CH3I-adsorbed material was recorded and the vial was 

placed back into the empty large bottle. The large bottle was opened to further continue the experiment 

for next 7 days. 

2.2.3.27. Vapor phase dynamic methyl iodide uptake studies: The gaseous methyl iodide adsorption 

in dynamic system was performed in a home-built setup. At first, 20 mg of COF sample was packed 

into a glass column with glass wool filling the void space of both ends, which served as the adsorption 

cell. This adsorption cell along with a separate chamber containing methyl iodide was transferred into 

an oven and heated at 75 ℃ for desired time period. A nitrogen flow (5 cm3/min) passed through the 

methyl iodide vapor generator (inlet) to blow the methyl iodide vapor into the COF material in the 

adsorption cell. The effluent from the adsorption cell (outlet) was treated with 0.1 M NaOH solution. 

The adsorption capacity for methyl iodide was calculated from the weight difference of glass tubes 

before and after adsorption. The vapor phase dynamic methyl iodide capture study in the presence of 

nitric acid vapor was performed in a similar method taking HNO3 in a separate glass vial along with the 

methyl iodide vial (Appendix 2.28).  

2.2.3.28. Organic dyes capture experiments: The pollutant concentration was calculated by using 

UV-vis spectroscopy after establishing a standard curve at room temperature. The pollutant removal 

efficiency (%) by the adsorbent polymer under investigation was determined utilizing the following 

equation:  
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Removal efficiency = ((C0-Ct))/C0 x 100%                                                                                                                                               

Where, C0 (mM) and Ct (mM) represents the concentrations of pollutant solutions before and after 

adsorption, respectively. 

The amount of pollutant adsorbed by the polymer was calculated from the following equation: 

Adsorption capacity (qt) = ((C0-Ct))/m x Mw 

Where, qt (mg.g-1) is the amount of pollutant adsorbed per gm of adsorbent material at time t (min). C0 

(mmol.L-1) and Ct (mmol.L-1) represent the initial and residual concentration of pollutant in the stock 

solution and filtrate, respectively; m (gm) is the mass of adsorbent used for the study. Mw (g.mol-1) is 

the molar mass of the dyes under consideration. 

2.2.3.29. Organic dyes adsorption kinetics study: Initially 2 mL 0.1 mM aqueous stock solution of 

the respective organic dyes were taken in a UV cuvette and subsequently their initial absorbance was 

measured. 2 mg of COFs was added to the dye solution and the absorbance spectra of the supernatant 

solutions were recorded accordingly at different time intervals. The concentration of the dyes in the 

filtrate was determined by UV-Vis spectroscopy subsequently. 

The adsorption kinetics were further quantified utilizing pseudo-second-order model from which the 

apparent rate constant kobs can be obtained using following equation: 

𝑡/𝑞𝑡=𝑡/𝑞𝑒+1/𝑘𝑜𝑏𝑠𝑞𝑒2 

Where, qt and qe are the adsorbate uptakes (mg adsorbate per gm of COFs) at time t (min) and at 

equilibrium, respectively, and kobs is an apparent second-order rate constant (g.mg−1.min−1). The rate 

constant kobs can be calculated from the intercept and slope of the plot of t/qt against t. 

2.2.3.30. Column-exchange based dye capture experiment: To check the dye removal efficiency of 

COF-A after CH3I adsorption (CH3I@COF-A), a column exchange-based sorption experiment was 

conducted by packing ~100 mg of CH3I@COF-A with ~5 gm of sand inside a U shaped glass column 

as bed for orange G (OG) as a model dye capture test (Appendix 2.62). Then different volume of stock 

0.25 mmol OG aqueous solution was passed through the column bed with a flow rate of 0.5 mL/min, 

which was controlled by a water-flow-regulator, and the drops per minute was recorded with the help 

of a stopwatch. A bed-volume of ~2.1 mL of column eluted solution was collected in different 

containers. The concentration of the column eluted solutions were then analysed through UV-vis 

spectroscopy (Appendix 2.63). 

 

2.2.3.31. Determination of electrostatic surface potential (ESP), binding sites and binding energy 

of different interactions: 
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Density functional theory (DFT) computations were performed using the Discovery Studio 2016 to 

derive the ESP surface of model monomers of COF-A, B, C and D. The geometry optimization of the 

monomers were carried out using hybrid B3LYP exchange correlation function and double numeric 

plus polarization (DNP) basis set with SCF density convergence of 1 x 10-6. The electrostatic potential 

(ESP) on the van der Waals (VDW) surfaces (isodensity = 0.001 a.u.) of COF-A to COF-D monomers 

was derived based on its ground state electron density. 

The Static binding energies (ΔE) at 0 K in vacuum were calculated using the following expression: 

∆E= E(COF+CH3I) - E(COF) – E(CH3I)  

Where, Ex refers, respectively, to the total energies of the COF + CH3I complex, the COF alone, and 

the CH3I molecule respectively. 

 

2.3 Results and Discussion 

The construction of porous materials with custom polygon shapes, distinct pore sizes, and precisely 

defined pore environments are attractive for using two-dimensional (2D) COFs with identical 1D open 

channel pores.[26, 33, 34] The keto-enol-based highly crystalline imine functionalized COFs are not only 

propitious for their high chemical stabilities but are also recognized as potential materials towards 

various leading applications such as catalysis, gas separation, sensing, energy storage, pollutants 

capture, and more, owing to their collective unique properties.[35-42] Now, contemporary literature have 

presented report that imine functionality of Schiff-base COFs offer favourable interactions with methyl 

iodide.[22] Nevertheless, although in case of C3-aldehyde based proton tautomerism induced keto-enol 

COFs exhibited remarkable chemical stabilities,[43] due to their transformation to completely 

irreversible keto bonds, density of pure imine functionality becomes inaccessible[44] to further interact 

with ROIs. This is particularly accurate in case of 1,3,5-triformylphloroglucinol aldehyde based Schiff-

base COFs. Therefore, achieving high adsorption capacity of ROIs from strong chemical condition 

requires a perfect equilibrium between these factors. Considering this, in this study, all the judiciously 

selected COFs are imine-linked through the Schiff-base reaction between mono-hydroxy functionalized 

tri-aldehyde and triamine moieties to form 2D hexagonal microporous frameworks (Figure 2.1). A 

series of four different COFs were synthesized by the solvothermal condensation reaction of 2-

hydroxybenzene-1,3,5-tricarbaldehyde with 1,3,5-tris(4-aminophenyl)benzene (for COF-A), 4,4',4''-

(pyridine-2,4,6-triyl)trianiline (for COF-B), 2,4,6-tris(4-aminophenyl)-1,3,5-triamine (for COF-C), 

5,5',5''-(1,3,5-triazine-2,4,6-triyl)tris(pyridin-2-amine) (for COF-D), respectively, under particular 

reaction condition, as described in the experimental section (Figure 2.1 and Scheme 2.6-2.9).[38-41] The 

structure of the COFs indicated that one small repeating unit (amine periphery) of COF-A contains only 
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three imine-N sites. Whereas, in case of COF-B, COF-C and COF-D, all have three imine-N (common 

in all the cases) as well as one pyridine-N, three triazine-N and three triazine-N with three extra 

pyridine-N sites, respectively (Figure 2.1). The structural characterizations of these COFs was 

performed by powder X−ray diffraction (PXRD), Fourier transform infrared (FTIR), solid−state 13C 

cross-polarization magic-angle-spinning nuclear magnetic resonance (CP-MAS-NMR) spectroscopy, 

thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), low temperature nitrogen 

(N2) gas sorption measurements, etc.  

 

Figure 2.2: (a-d) Experimental PXRD patterns, (e-h) FTIR spectra of the COFs with their respective 

precursors, (i-l) N2 gas adsorption-desorption data at 77 K, (m-p) NLDFT pore size distribution plots 

of COF-A, COF-B, COF-C and COF-D, respectively. 

The experimental PXRD pattern of all the four COFs indicated highly crystalline nature with single-

phase purity (Figure 2.2a-2.2d). The PXRD pattern of COF-A indicated intense peak at 5.68o along with 

other small peaks at 9.76, 11.20, 14.89, and 25.16o, corresponding to reflections from (100), (110), 
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(200), (120, and (001) facets, respectively (Figure 2.2a).[27] The obtained experimental data matches 

well with the reported eclipsed (AA) stacking mode of COF-A. Based on these results, COF-A 

possessed a 2D structure with honeycomb−like 1D open channel pores (Figure 2.2a).[27] The crystalline 

structure of COF-B, C and D were also evaluated using PXRD analysis, which suggests similar 2D 

structural formation with eclipsed (AA) stacking mode (Figure 2.2b-2.2d).[30-32] These analysis further 

suggested that all the COFs demonstrated isostructural porous framework with hexagonal 1D pores. 

Thereafter, the presence of C-NH stretching peak at ~1678 cm-1, along with the appearance of C=N 

stretching bands at ~1582 cm-1 as well as disappearance of stretching frequencies of –CH=O bands 

(aldehyde) at ~1680 cm-1 and N−H stretching signals (primary amine –NH2) at ~3450, ~3325 and ~3204 

cm−1 in the FT-IR spectra of all the COFs confirmed the complete condensation of tri-aldehyde with 

respective tri-amine moieties (Figure 2.2e-2.2h). In addition, the intense peaks at ~1618 and 1503 cm−1 

originating from C=O and C=C stretching, along with peaks associated with C=N and C-N bonds further 

confirmed the existence of β-ketoenamine form in all the four COFs, which is generated by the 

tautomerization between the Schiff bonds (−C=N−) and the β-positioned hydroxyl groups, giving rise 

to energetically favoured intralayer hydrogen bonding.[27-30] The solid−state 13C CP-MAS NMR spectra 

of all the COF samples further validated their proposed structures as a result of successful 

polycondensation reactions to form COFs, evidenced by the appearance of characteristic resonance 

peaks of imine carbons at 158.9 and 156.1 ppm and absence of peaks at ~190 ppm corresponding to 

aldehyde carbon (–CH=O) (Appendix 2.1-2.4). Moreover, the peaks corresponding to δ = 197 ppm and 

δ = 114−124 ppm appear due to the keto form (owing to the tautomerization of –OH groups) and 

aromatic sp2 carbons of the frameworks, respectively. In addition, signals at ~149 ppm correspond to 

the sp2 carbon attached to -OH moiety of all the COFs and signals at ~169 ppm correspond to the 

triazine ring carbon of COF-C and COF-D, respectively (Appendix 2.3, 2.4). Both the FTIR and 

solid−state 13C CP-MAS NMR spectra validate that the different functional groups (such as triazine 

and/or pyridine) were introduced in the respective COFs structure (Figure 2.1). The TGA profiles for 

all the COFs under N2 atmosphere indicated no significant weight loss up to ~350 to ~450 oC, further 

suggesting the high thermal stability (Appendix 2.5-2.8). However, beyond ~450 oC the constant weight 

loss was due to the decomposition of organic moieties of the COFs. Furthermore, XPS was employed 

to investigate the surface composition along with chemical state of the COF structures. The XPS survey 

spectra of all the COFs displayed characteristic peaks of the elements, i.e., C, N and O (Appendix 2.9-

2.12). The C 1s XPS spectra of the COFs exhibited peaks in the range of ~284.3, ~285.6, and ~290.2 

eV, corresponding to aromatic carbon bond (-C=C-), carbon of imine (-C=N) or enol bond (–C-O) and 

carbon of keto bond (-C=O), respectively (Appendix 2.13).[32, 45] Also, the O 1s core energy level XPS 

spectra indicated peaks at ~531.3 and ~533.2 eV, which are associated with the oxygen atom of -C-O 

and -C=O bonds, respectively (Appendix 2.14). Moreover, the deconvoluted N 1s XPS spectra of COF-

A to COF-D revealed peaks at ~398.2 to ~400.4 eV corresponds to the N of –C=N bond (imine, pyridine 
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and triazine groups) and secondary amine nitrogen, respectively (Appendix 2.15). Thereafter, the 

permanent porosity analysis, determination of specific surface area and pore size of the synthesized 

COFs were evaluated by the low temperature (77 K) N2 gas adsorption-desorption measurement. The 

N2 sorption data of all the COFs exhibited type-I adsorption isotherm with high and rapid N2 uptake at 

low partial pressure that is characteristic to a microporous structure (Figure 2.2i-2.2l). However, the 

total gas uptake at 77 K of these COFs were found to be different and follow the order: COF-A>COF-

B>COF-C>COF-D. The Brunauer−Emmet−Teller (BET) surface area of these COFs were calculated 

as 1560 m2.g-1 for COF-A, 1335 m2.g-1 for COF-B, 1185 m2.g-1 for COF-C and 1013 m2.g-1 for COF-D. 

Further, the pore size distribution of the COFs were estimated using nonlocal density functional theory 

(NLDFT) that revealed distribution of micropores with average pore diameter of ~1.3 nm to ~1.45 nm 

(Figure 2.2m-2.2p). 

After these structural characterizations, the morphological investigation of these COFs were done by 

field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM). 

The FESEM images of COF-A, COF-B and COF-C revealed agglomerated plait-spherical with surface 

porcupine like morphology (Appendix 2.16). However, COF-D exhibited hexagonal flake-like 

morphology with stacked microstructure (Appendix 2.16). Similar observation was noted in the TEM 

and high-resolution TEM (HR-TEM) images of these COFs, which validate the abundance of 

aggregated COF nanoflakes (Appendix 2.17 and 2.18). Moreover, the elemental composition of the 

COFs were determined with the help of elemental analysis, energy-dispersive X-ray spectroscopy 

(EDS) and corresponding mapping. All the COFs manifested the presence and homogeneous 

distributions of C, N and O elements throughout the structures (Appendix 2.19 and 2.20) (Appendix 

Table 2.1). 

 

2.4 ROIs Sequestration Studies 

We have conducted both the static and dynamic organic iodide sorption experiments after the successful 

synthesis and characterization of all the COFs in order to investigate the contribution of framework 

integrated functionality of porous COFs towards effective organic iodide [namely, methyl iodide (CH3I) 

and ethyl iodide (CH3CH2I)] adsorption. Based on prior understanding of the forward dependence of 

CH3I adsorption upon the functionality of porous frameworks,[22] we hypothesized that among the 

synthesized COFs, COF-D should exhibit the highest organic iodide uptake capacity owing to its 

additional framework integrated heteroatom functionalities such as triazine, pyridine, and imine 

moieties. Further, the order of capacity should follow as COF-D>COF-C>COF-B>COF-A, provided 

all the COFs feature similar porosity. However, in our case we encountered an interesting result as 

describe below. Initially, the static CH3I adsorption test was performed to investigate the saturation 
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capacity of all the COFs. In a typical experiment, organic iodide uptake of COFs was measured 

gravimetrically at 348 K under ambient pressure in various time intervals with three parallel 

experimental set-up (see the experimental section for details). The change in the weight of the 

adsorbents (COFs) after CH3I adsorption was plotted as a function of time. The four COFs demonstrated 

high CH3I capture capacity with fast uptake kinetics, however, the uptake amounts were different. 

Notably, it was found that the adsorption capacity of CH3I reached 1.27 g.g-1 at 24 h, and the maximum 

uptake amount was 1.58 g.g-1 within 72 h for COF-A (Figure 2.3a). Surprisingly, for COF-B, C and D 

the saturation adsorption capacity of CH3I were found to be as 1.37, 1.13 and 0.98 g.g-1, respectively 

within 72 h under similar conditions (Figure 2.3b-2.3d, Appendix 2.21). The CH3I uptake kinetics of 

all the COFs were found to follow pseudo-second-order kinetic model (Appendix 2.22). It should be 

mentioned that the CH3I uptake capacity in static condition at 348 K of COF-A is one of the highest 

among most of the reported materials (Appendix Table 2.2).  

 

Figure 2.3: (a-d) CH3I adsorption capacities of COF-A, COF-B, COF-C and COF-D, respectively, as 

a function of time at 348 K under static condition. (e) CH3I uptake capacities of COF-A at 298, 348, 

and 423 K within 72 h. (f) Uptake capacities of CH3I by COF-A in dry and humid condition at 298 and 

348 K. (g) The CH3I uptake capacities of COF-A upon β-irradiation. (h) The recyclability result of 

COF-A for CH3I adsorption. (i) CH3I retention efficiency of COF-A upon exposure to air at room 
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temperature. Comparison of CH3I sorption capacities between (j) COF-A1 and COF-B, (k) COF-A2 

and COF-C, (l) COF-A3 and COF-D, and (m) COF-A3 and COF-D1, respectively. 

 

Furthermore, the uptake of CH3I vapor at different temperature including room temperature (298 K), 

and industrial relevant temperature (423 K) were performed. At 298 K, COF-A to D exhibited 0.79, 

0.71, 0.63 and 0.54 g.g-1 CH3I capture capacities, respectively (Figure 2.3e). Moreover, at 423 K, COF-

A to D showed significantly lower CH3I uptake capacities as 0.43, 0.39, 0.36 and 0.35 g.g-1, respectively 

(Figure 2.3e). Note that at both 298 and 423 K temperature the saturation adsorption capacities of all 

the COFs were considerably lower than at 348 K. However, the order of these capacities of all the COFs 

were found as almost similar with previous (at 348 K), i.e., COF-A>COF-B>COF-C>COF-D.  

That being said, in nuclear waste or off-gas stream, CH3I vapor exist with moisture along with nitric 

acid and nitrogen oxides (i.e., NO2).[5] This means that the practical adsorbents should sufficiently stable 

toward water and high acidic conditions in addition to radiation stability. Therefore, the hydrolytic, 

chemical (acidic) and radiation stability of COF-A (as model adsorbent) was investigated by treating 

with aqueous 1M nitric acid solution and range of high doses of β-irradiation. As shown in appendix 

2.23 COF-A remains intact even after treatment of HNO3 solution for 24 h. Also, the PXRD patterns of 

β-irradiated (doses of ~25 to 100 kGy) samples revealed that COF-A retains its high crystalline nature, 

further indicating the radiation tolerance ability of the adsorbent (Appendix 2.24). The excellent 

chemical, radiation and thermal stability of the adsorbent (COF-A) enabled its utilization at elevated 

operating conditions required for radio-active nuclear waste disposal.  

Considering the practical relevance, first, the uptake of CH3I in the presence of humidity by COF-A in 

static condition was evaluated (see the experimental section for details). COF-A demonstrated very 

negligible depletion in the uptake capacity of CH3I in humid condition as compared to dry condition at 

both 348 and 298 K (Figure 2.3f). Furthermore, CH3I capture in the presence of 1M HNO3 solution was 

tested, which resulted 1.47 g.g-1 uptake capacity at 348 K. In addition, almost negligible compromise 

in the CH3I sorption capacities were observed for COF-A upon irradiation of various doses of β-ray 

(Figure 2.3g). These data indicated the potential of COF-A toward effective organic iodide capture from 

simulated nuclear waste system, as humidity, acidity and irradiation has negligible impact on its 

adsorption capacity. 

Next, motivated by the high adsorption capacity of CH3I by COF-A, the recyclability test was 

performed. After the first cycle of capture, COF-A was regenerated by thorough washing with ethanol 

followed by drying was further used for next cycles of capture. Interestingly, from the recyclability test, 

COF-A was found to display high adsorption efficiency with more than ~80% in three successive 

adsorption/desorption cycles (Figure 2.3h). This data confirmed the excellent stability and long-term 
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usability of the adsorbent towards organic iodide capture. Furthermore, the retention proficiency was 

tested by exposing CH3I laden COF-A to air at room temperature for 7 days. The CH3I@COF-A was 

shown to maintain its weight with minimal loss after 7 days, indicating that the absorption is not caused 

by surface condensation but rather by the strong interaction between the structure of the COF and CH3I 

molecules (Figure 2.3i). Thereafter, along with CH3I, ethyl iodide (CH3CH2I) sorption test was per-

formed for all the COFs to explore the general feasibility of the adsorbents towards toxic gas capture. 

Interestingly, similar trends in the capture capacities of ethyl iodide adsorption was observed by the 

COFs. The respective amounts of CH3CH2I capacities under static dry condition was found as 0.76, 

0.67, 0.59 and 0.55 g.g-1 for COF-A, B, C and D, respectively (Appendix 2.25).  

Investigation to the role of various N-heteroatomic functional sites of these COFs along with the effect 

of their porosity towards organic iodide adsorption being the key targeted criterion, we further 

performed the following experiments. For this, we prepared three control COF-A samples, which were 

synthesized applying similar synthetic procedures as pristine COF-A, except the use of solvent and 

catalyst amount and combination. These analogues COFs have the identical chemical structure and 

composition as COF-A, and were denoted as COF-A1, COF-A2, and COF-A3. The PXRD analysis of 

all these COFs revealed formation of similar structural integrity with COF-A (Appendix 2.26). 

However, the crystalline nature of these COFs were found to be week as compared to pristine COF-A. 

Moreover, the surface area analysis of these COFs showed significantly lower porosity with compared 

to pristine COF-A (Appendix 2.27). Interestingly, the N2 sorption data (at 77 K) of COF-A1 indicated 

similar gas uptake with COF-B, indicating near identical surface area and pore volume (Appendix 

2.27a). Also, the N2 gas uptake and thus surface area of COF-A2 was found to be comparable but 

slightly lower than COF-C (Appendix 2.27b). On the other hand, COF-A3 revealed similar N2 gas 

uptake and surface area with COF-D (Appendix 2.27c). After their synthesis and characterizations, we 

went ahead to perform the CH3I capture with all these materials and further compared them. Under the 

similar experimental conditions, COF-A1 found to exhibit 1.18 g.g-1 CH3I uptake capacity, which was 

significantly lower than COF-B (Figure 2.3j). Also, COF-A2 demonstrated 0.88 g.g-1 capacity within 

~72 h, which was found to be lower than COF-C as well as COF-B and COF-A1 (Figure 2.3k). Notably, 

in case of COF-A3, the capacity was much lower than COF-D as well as COF-B, COF-C, COF-A1, 

and COF-A2 (Figure 2.3l). Now, all of these findings support the hypothesis that when comparing these 

isostructural COFs having similar functionality with different porosity, the CH3I adsorption is positively 

depends upon their porosity. Additionally, the functionality of these COFs directly affects the CH3I 

uptake when compared to COFs with similar porosity but different functionality. Again, to further 

validate this, we prepared another control COF-D sample (COF-D1) (see experimental section for 

details), which exhibit similar structural formation with COF-D, however displayed significantly lower 

N2 gas uptake or surface area than COF-D and COF-A3, owing to its poor crystalline nature (Appendix 
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2.26d, 2.27d). Interestingly, the CH3I adsorption capacity of COF-D1 was found to be much lower (0.53 

g.g-1), when compared with COF-A3 or COF-D (Figure 2.3m). This result further validate the role of 

framework integrated functionalities such as N-heterocyclic moieties or heteroatoms along with the 

porosity of COFs towards effective adsorption of organic iodide vapours. Inspired by the above 

interesting results, further, we sought to investigate the performance of the COFs towards dynamic CH3I 

adsorption test. For this, an experimental setup was used for CH3I capture at 348 K in dynamic condition 

under the flow of nitrogen as the carrier gas (see experimental and appendix section for detail) 

(Appendix 2.28). The dynamic test at dry condition resulted in saturation adsorption capacities of 0.71, 

0.55, 0.42 and 0.4 g.g-1 within 48 h for COF-A, B, C and D, respectively. It is important to note that a 

simulated experimental set-up was further constructed to evaluated the performance of COF-A under 

circumstances similar to spent nuclear fuel processing. As shown in appendix 2.28, the experimental 

device consists of CH3I vapor generator along with water and nitric acid solution to mimic the industrial 

relevant conditions. Nitrogen gas conveyed CH3I vapor, moisture, and nitric acid vapours into the 

sorption tube when it was permitted to pass through the generator. The COF powders packed in the 

center of the sorption tube increasingly darkened with subsequent adsorption of CH3I vapours 

(Appendix 2.29). Next, after treating COF-A with CH3I vapor in dynamic mode, the sorption capacity 

was calculated. COF-A powder exhibited 0.58 g.g-1 uptake capacity, suggesting that it could effectively 

capture organic iodide vapours under simulated dissolver off-gas conditions. In addition to this, we have 

performed both the static and dynamic vapor phase elemental iodine adsorption test at 348 K with COF-

A, which resulted maximum I2 capture capacity as 4.19 and 2.11 g.g-1, respectively. All of the 

aforementioned findings showed that these COFs may be used effectively as potential adsorbents in 

real spent nuclear fuel reprocessing.[46-49] 

 

Investigation of organic iodide-binding interactions mechanisms 

We were motivated further to look into the potential interactions between the structures of the COFs 

and methyl iodide (CH3I) because of the impressively adjustable organic iodide capture ability of the 

COFs. The investigation of CH3I-binding interactions mechanism with COF-A to COF-D was assessed 

by FESEM-EDS, elemental mapping, XPS, solid-state 13C NMR, FT-IR, TGA and zeta potential 

analysis. Initially, the FESEM-EDS and the corresponding elemental mapping images of the CH3I 

loaded COFs materials indicated the homogeneous distribution of iodine (from CH3I) element 

throughout the surface of the compounds (Appendix 2.30, 2.31). This data confirmed the successful 

loading of CH3I molecules within the framework of the COFs. Additionally, in case of 

CH3CH2I@COFs, similar observation was noted from the EDS data and elemental mapping images, 

indicated uptake of ethyl iodide by the COFs (Appendix 2.32, 2.33). It should be mentioned that after 

CH3I capture the surface morphology of all the COFs were found remain almost unchanged, as revealed 
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from the respective FESEM images of CH3I@COFs (Appendix 2.34). Identical observation was found 

in case of CH3CH2I@COFs (Appendix 2.35). These data validate the robust surface morphology of the 

compounds towards organic iodide sequestration. The TGA profiles of CH3I@COFs revealed 

continuous weight loss up to ~350 oC upon heating indicated large amount of CH3I trapped inside the 

pores of the COFs during adsorption (Appendix 2.36). The TGA profile of CH3CH2I@COFs 

demonstrated similar thermal behaviour (Appendix 2.37). The PXRD data of the COFs after CH3I 

adsorption showed no diffraction peaks when compared to pristine crystalline COFs, suggesting loss of 

order structure or transformation into amorphous architecture (Appendix 2.38). Furthermore, solid-state 

13C NMR spectra of CH3I loaded COFs showed appearance of new intense peak at ~57 ppm to ~59 

ppm, which was attributed to the C atoms of CH3I molecules, indicating the successful grafting of CH3I 

into the structure of the COFs (Figure 2.4a-2.4d).  Moreover, such grafting of CH3I resulted in salt 

formation through the methylation reactions occurred at different N sites of the COFs.[22, 23] 

 

Figure 2.4: (a-d) 13C solid-state NMR spectra of COF-A to D after adsorption of CH3I at high 

temperature. (e-h) N 1s XPS spectra of COF-A to D, before and after CH3I adsorption test. (i-l) FTIR 

spectra of COF-A to D, before and after CH3I adsorption test, respectively. 

 

Thereafter, XPS analysis was employed to understand the involvement of different functional sites or 

elements of COFs and their core energy level towards interaction with CH3I. At first, compared to the 
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pristine COFs, the XPS survey spectra of CH3I laden COFs displayed characteristic peaks at ~618.78 

eV and ~630.28 eV corresponds to the I 3d5/2 and I 3d3/2 core energy level, respectively, which were 

generated owing to the presence of CH3I molecules on the surface of the COFs (Appendix 2.39). Now, 

after the adsorption of CH3I, the N 1s electron binding energies of COF-A at ~398.5 and ~400.2 eV 

corresponds to the N of –C=N bond and secondary amine nitrogen, respectively were found to shift 

from lower to higher binding energy, indicating significant interaction with CH3I (Figure 2.4e).[22, 23] 

Similar shifting of binding energies of N 1s was observed in case of COF-B, C and D after adsorption 

of CH3I (Figure 2.4f-2.4h). In addition, the binding energies associated with N 1s of triazine and 

pyridine moieties of COF-B to COF-D were observed to be shifted towards relative higher binding 

energies, revealing involvement of these moieties towards interaction with CH3I. Also, the appearance 

of new peaks at ~401.38 eV to ~402.69 eV for all the COFs A to D indicated strong interaction between 

N sites of COFs with CH3I. Furthermore, in the FT-IR spectra of CH3I@COFs, with compared to 

pristine COFs, the characteristic shift (~1 cm-1) or intensity change of the C=N and C-N  bonds 

vibrational frequency as well as appearance of band at ~939 cm-1 indicated formation of new chemical 

bonds between the N sites of the COFs and CH3I (Figure 2.4i-2.4l).[22-25] This was further validated the 

formation of ionic species (-N-CH3)+I- upon adsorption of CH3I. Similar result was observed in the case 

of CH3CH2I@COFs (Appendix 2.40). Notably, the bond frequency corresponds to C=C bond of the 

COFs were found to unaltered after the adsorption of CH3I. That being said, all these results lend 

credence to the idea that CH3I molecules are selectively anchored to the nucleophilic N sites through 

N-methylation processes rather than being adsorbed on the phenyl rings of the COFs. In addition to 

this, to further validate the formation of cationic surface of the COFs after trapping of CH3I based on 

the methylation reaction, Zeta potential measurements were performed. With compared to the pristine 

COFs, the Zeta potential analysis of CH3I@COFs displayed high positive values, suggested the 

transformation of neutral framework into cationic skeleton after CH3I adsorption (Appendix 2.41, 2.42). 

These findings imply that nitrogen atoms in the frameworks from diverse functional moieties, including 

imine, triazine, pyridine, and secondary amine, are crucial in effectively enhancing the interactions 

between the COFs and the organic iodide molecules. 

The above discussion established the fact that after the CH3I adsorption the original neutral skeleton of 

all the COFs were converted into cationic one through methylation reaction, which further generated a 

large number of cationic center with exchangeable iodides as the free counter-ions. To cross-verify this, 

an anion-exchange study with CH3I@COF-A using anionic organic dye, orange G (OG2-) was 

performed and monitored through UV-vis measurements (see appendix section for details). As a result 

of this dye elimination test, CH3I@COF-A was found to sequestrate OG2- rapidly from a 0.1 mmol 

stock aqueous solution within 30 sec of contact time (Appendix 2.43). Whereas, pristine COF-A 

demonstrated negligible dye removal efficiency within 30 sec of contact time as the UV-vis spectra 
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showed only a small reduction in the intensity even after longer period of time (Appendix 2.44). The 

removal efficiency or decrease in the concentration with respect to time profile of COF-A and 

CH3I@COF-A exhibited ~21% and ~99% OG2- capture efficiency within 1 min, respectively (Appendix 

2.45). The rapid dye adsorption kinetics of CH3I@COF-A with compared to COF-A clearly validate 

the conversion of neutral framework (COF-A) into cationic skeleton (CH3I@COF-A). Furthermore, 

inspired by this result we have conducted a thorough organic toxics segregation study in the appendix 

section 2.6.5 (Appendix 2.43-2.65).   

 

Figure 2.5: Density functional theory (DFT) calculations: (a-l) configurations for adsorption of CH3I 

molecules with their corresponding binding energies and energy potential surface diagrams for different 

N-functional sites of COF-A, B, C, and D, respectively. Molecular simulations (MD) on the adsorption 

of CH3I molecules into COF-A. (m) A time-series of snap-shots to show the adsorbing dynamics of 

CH3I molecules into COF-A structure, (I-IV) 0, 10, 30, 50 ns, respectively. (n) Time evolution of the 

adsorption rate of CH3I molecules (blue) in COF-A. 

 

To gain more insight into the preferential binding sites of CH3I, we further conducted the density 

functional theory (DFT) simulations study to evaluate the respective binding energies of CH3I with the 

COFs. In the structure of COF-A to D, the nucleophilic N sites are majorly available in imine, pyridine 
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and triazine moieties. All of these sites are potential for interaction with CH3I. To evaluate these 

interactions simulation studies were performed using B3LYP function considering the respective 

repeating units of the COFs as the model molecules to represent the structures of COF-A to D, as shown 

in figure 2.5 appendix 2.66. Primarily, COF-A has only one N-based binding site, i.e., imine 

functionality for interaction with CH3I. The calculations revealed binding energy of -46 kJ.mol-1 for this 

interaction (Figure 2.5a-2.5c). For COF-B, the binding energies for imine and pyridine sites were 

calculated as -58 and -53 kJ.mol-1, respectively (Figure 2.5d-2.5f). The binding energies for imine and 

triazine sites for COF-C were found as -63 and -79 kJ.mol-1, respectively (Figure 2.5g-2.5i). 

Moreover, COF-D has three major CH3I binding sites, such as imine, pyridine and triazine N-sites, 

which showed binding energies of -76, -98 and -102 kJ.mol-1, respectively (Figure 2.5j-2.5l). The 

simulation showed that the imine group in the COF structure is a most preferable sites for CH3I 

adsorption.[22] In addition to this, presence of other functionalities including pyridine and triazine groups 

in the adsorbent can serve as an additional platform to improve the ability to capture CH3I vapor. These 

theoretical calculations matches with our experimental findings, which in aggregate concluded, extra 

framework functionality (N-nucleophilic sites) of COFs offer specific favourable adsorption sites for 

CH3I molecules. We further investigated the adsorption dynamics of CH3I molecules into the structure 

of COF-A using all-atom molecular dynamics (MD) simulations. The MD simulation was performed 

using GROMACS 2022. During interaction, van der Waals interaction was considered with simple 

cutoff scheme of 12 Å and periodic boundary conditions. During interaction the five production runs of 

50 ns repeats were performed. The time step of 2.0 fs was used and data collected for every 5 ps. 

Subsequently, supercells of dimension 3 x 3 x 3 was created from SBU of COF-A and from I- and -

CH3. Thereafter, the supercell of COF-A was interacted with the supercell composed of I- and -CH3. 

From the simulation it was observed that large number gaseous CH3I molecules initially started 

diffusing and were rapidly absorbed into the hollow pores of COF-A structure (Figure 2.5m(I-IV)). The 

concentration of adsorbed CH3I molecules in the COF-A structure were observed to increase over time. 

To describe this dynamics process, the adsorption rate of gaseous CH3I molecules from the external 

environment into the structure of COF-A along with the simulation time were estimated. The simulation 

results are shown in figure 2.5n, which shows that initially for less than 10 ns the adsorption percentage 

of vapor phase CH3I is above 50 % and increased to about 80 % within 30 ns and reaches almost 86 % 

after 50 ns of contact time. 

 

2.5 Conclusion 

In summary, we demonstrated a systematic investigation to understand the role of framework integrated 

N-heterocyclic or heteroatomic nucleophilic functionalities in a series of isostructural chemically stable 
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porous COFs towards selective and effective sequestration of organic iodide vapor. Among the 

synthesized COFs, COF-A, the less functionalized (only having imine groups) one exhibited highest 

CH3I adsorption capacity, owing to its highest surface area and pore volume. However, the higher 

functionalized (with pyridine or triazine or both) COFs exhibited relatively low CH3I uptake capacity, 

due to their less surface area compared to COF-A. Interestingly enough, when these COFs have 

comparable porosity, the CH3I adsorption capacity was found to positively correlate with the N-contents 

of the COFs. Detailed experimental and theoretical calculations-based mechanistic studies revealed the 

optimized contribution of both porosity and various N-nucleophilic functional groups abundant in the 

structure of COFs synergistically reinforce and contribute toward the ultrahigh CH3I adsorption 

capacity. COF-A was found to exhibit high CH3I adsorption capacities at various relevant temperatures 

in dry, humid and acidic condition under both static and dynamic phase, further advocating the practical 

utility of this adsorbent towards real-time radionuclides sequestration. Satisfyingly, the static CH3I 

sorption capacity at 348 K of COF-A was found to outperform most of the reported adsorbents. This 

work lays out a blueprint in terms of systematic molecular level materials engineering in order to 

harness augmented adsorption performance. Further, we believe the present findings will accelerate the 

development of COF-based adsorbents, and aid understanding rational modification of functional 

groups along with the porosity in solid-state materials for adsorption-based applications. 
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2.6 Appendix Section 

Appendix Section 2.6.1: Structural characterizations of the COFs 

 

Appendix 2.1:  Solid−state 13C CP-MAS NMR spectra of COF-A. 

 

Appendix 2.2: Solid−state 13C CP-MAS NMR spectra of COF-B. 
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 Appendix 2.3: Solid−state 13C CP-MAS NMR spectra of COF-C. 

 

 

 

Appendix 2.4: Solid−state 13C CP-MAS NMR spectra of COF-D. 
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 Appendix 2.5: TGA profile of COF-A. 

 

 

Appendix 2.6: TGA profile of COF-B. 
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 Appendix 2.7: TGA profile of COF-C. 

 

 

 

Appendix 2.8: TGA profile of COF-D. 
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Appendix 2.9: XPS survey spectra of COF-A, showing the presence of C, N and O elements.  

 

 

 

 

Appendix 2.10: XPS survey spectra of COF-B, showing the presence of C, N and O elements.  
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Appendix 2.11: XPS survey spectra of COF-C, showing the presence of C, N and O elements.  

 

 

 

 

Appendix 2.12: XPS survey spectra of COF-D, showing the presence of C, N and O elements.  
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Appendix 2.13: C 1s XPS spectra of (a) COF-A, (b) COF-B, (c) COF-C, and (d) COF-D. 

 

 

Appendix 2.14: O 1s XPS spectra of (a) COF-A, (b) COF-B, (c) COF-C, and (d) COF-D. 
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Appendix 2.15: N 1s XPS spectra of (a) COF-A, (b) COF-B, (c) COF-C, and (d) COF-D. 

 

 

Appendix 2.16: FESEM images of (a) COF-A, (b) COF-B, (c) COF-C, and (d) COF-D. 

 



  | Chapter 2 

 

2.36 | P a g e  
 
 

 

Appendix 2.17: TEM and HRTEM images of (a1-a3) COF-A and (b1-b3) COF-B. 

 

 

Appendix 2.18: TEM and HRTEM images of (c1-c3) COF-C and (d1-d3) COF-D. 
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Appendix 2.19: Energy-dispersive X-ray spectroscopy (EDS) data from FESEM experiment of (a) 

COF-A, (b) COF-B, (c) COF-C, and (d) COF-D. 

 



  | Chapter 2 

 

2.38 | P a g e  
 
 

 

Appendix 2.20: Elemental mapping images from FESEM experiment of (a) COF-A, (b) COF-B, (c) 

COF-C, and (d) COF-D. 

 

 

Appendix Table 2.1: Elemental analysis data of the COF-A, COF-B, COF-C and COF-D. 

 

Samples 
 

Theoretical content Experimental content 

 C [%] H [%] N [%] C [%] H [%] N [%] 

COF-A 
 

78.89 6.14 14.97 79.88 3.95 16.17 

COF-B 
 

76.47 5.79 17.74 77.82 3.99 18.19 

COF-C 
 

72.96 6.27 20.77 74.05 4.10 21.85 

COF-D 
 

68.26 5.51 26.23 69.14 3.75 27.11 
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Appendix Section 2.6.2: Organic iodide capture study results 

 

 Appendix 2.21: Static CH3I adsorption data of COF-A, COF-B, COF-C, and COF-D at 348 K. 

 

 

Appendix 2.22: Pseudo-second-order kinetic model fitting data of (a) COF-A, (b) COF-B, (c) COF-C, 

and (d) COF-D for CH3I adsorption. 
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Appendix Table 2.2: Comparison table of static CH3I adsorption data of various reported adsorbents. 

 

Sample Temp. CH3I capacity References 

COF-A 348 1.58 g.g-1 This work 

 

TFPA-TAPT 348 1.37 g.g-1 Nat. Commun. 2022, 13, 2878. 

 

COF-TAPT 348 1.53 g.g-1 Nat. Commun. 2022, 13, 2878. 

 

MIL-101-Cr-

HMTA 

348 1.35 g.g-1 Nat. Commun. 2017, 8, 485. 

SCU-COF-2 348 1.45 g.g-1 Chem 2021, 7, 699–714. 

 

COF-OH-0 348 1.4 g.g-1 Angew. Chem. Int. Ed. 2021, 60, 

22432–22440. 

MHP-P5Q 348 0.8 g.g-1 Nat. Commun. 2020, 11, 1086. 

 

COF-TAPB 348 0.81 g.g-1 Nat. Commun. 2022, 13, 2878. 

 

TPB-DMTP-COF 348 0.7 g.g-1 Adv. Mat. 2018, 30, 1801991. 
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Appendix Section 2.6.3: Chemical stability test and CH3I adsorption study. 

 

Appendix 2.23: PXRD profile of acid (1M HNO3) treated COF-A. 

 

 

 

Appendix 2.24: PXRD profile of COF-A upon irradiation of different kGy radiation. 
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Appendix 2.25: Static adsorption capacities of CH3CH2I by COF-A at 348 K. 

 

 

 

Appendix 2.26: PXRD patterns of (a) COF-A1, (b) COF-A2, (c) COF-A3, and (d) COF-D1. 
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Appendix 2.27: N2 gas sorption data at 77 K of (a) COF-A1 and COF-B, (b) COF-A2 and COF-C, (c) 

COF-A3 and COF-D, and (d) COF-D1 and COF-A3. 

 

 

 

 

 

 



  | Chapter 2 

 

2.44 | P a g e  
 
 

 

Appendix 2.28: Digital image and schematic diagram of experimental setup for vapor phase dynamic 

CH3I capture test. 

 

 

 

Appendix 2.29: Images of glass columns packed with COFs (a) before and (b) after adsorption of CH3I. 
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Appendix Section 2.6.4: Post CH3I adsorption characterizations. 

 

 

Appendix 2.30: Energy-dispersive X-ray spectroscopy (EDS) data from FESEM experiment of (a) 

CH3I@COF-A, (b) CH3I@COF-B, (c) CH3I@COF-C, and (d) CH3I@COF-D. 
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Appendix 2.31: Elemental mapping images from FESEM experiment of (a) CH3I@COF-A, (b) 

CH3I@COF-B, (c) CH3I@COF-C, and (d) CH3I@COF-D. 
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Appendix 2.32: Energy-dispersive X-ray spectroscopy (EDS) data from FESEM experiment of (a) 

CH3CH2I@COF-A, (b) CH3CH2I@COF-B, (c) CH3CH2I@COF-C, and (d) CH3CH2I@COF-D. 
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Appendix 2.33: Elemental mapping images from FESEM experiment of (a) CH3CH2I@COF-A, (b) 

CH3CH2I@COF-B, (c) CH3CH2I@COF-C, and (d) CH3CH2I@COF-D. 
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Appendix 2.34: FESEM images of (a) CH3I@COF-A, (b) CH3I@COF-B, (c) CH3I@COF-C, and (d) 

CH3I@COF-D. 

 

Appendix 2.35: FESEM images of (a) CH3CH2I@COF-A, (b) CH3CH2I@COF-B, (c) 

CH3CH2I@COF-C, and (d) CH3CH2I@COF-D. 
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Appendix 2.36: TGA profiles of (a) CH3I@COF-A, (b) CH3I@COF-B, (c) CH3I@COF-C, and (d) 

CH3I@COF-D. 

 

Appendix 2.37: TGA profiles of (a) CH3CH2I@COF-A, (b) CH3CH2I@COF-B, (c) CH3CH2I@COF-

C, and (d) CH3CH2I@COF-D. 
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Appendix 2.38: PXRD patterns of (a) CH3I@COF-A, (b) CH3I@COF-B, (c) CH3I@COF-C, and (d) 

CH3I@COF-D. 

 

Appendix 2.39: XPS survey spectra of (a) CH3I@COF-A, (b) CH3I@COF-B, (c) CH3I@COF-C, and 

(d) CH3I@COF-D. 
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Appendix 2.40: FTIR spectra of (a) CH3CH2I@COF-A, (b) CH3CH2I@COF-B, (c) CH3CH2I@COF-

C, and (d) CH3CH2I@COF-D. 
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Appendix 2.41: Zeta potential data of (a) COF-A, (b) COF-B, (c) COF-C, and (d) COF-D. 

 

 

 

 

Appendix 2.42: Zeta potential data of (a) CH3I@COF-A, (b) CH3I@COF-B, (c) CH3I@COF-C, and 

(d) CH3I@COF-D. 



  | Chapter 2 

 

2.54 | P a g e  
 
 

Appendix Section 2.6.5: Organic dye adsorption studies.  

 

 

Appendix 2.43: UV-vis spectra of OG2- dye upon treatment with CH3I@COF-A. 

 

 

Appendix 2.44: UV-vis spectra of OG2- dye upon treatment with COF-A. 
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Appendix 2.45: (a) Removal efficiency and (b) decrease in the concentration of OG2- dye with time 

upon treatment of CH3I@COF-A and COF-A. 

 

Note: That being said, in the recent past, ionic porous materials having free exchangeable counter 

anions were extensively studies for successful sequestration of various contaminants from water. 

Furthermore, inspired by two independent perspectives, one is the outstanding organic toxics capture 

performance of the COFs after CH3I adsorption, and another one is the importance of effective 

sequestration of organic persistent pollutants towards environmental remediation, we further shout to 

explore the potential of all CH3I@COFs towards water treatment application by adsorptive removal of 

toxic organic dyes from water. Initially, as a typical dye, organic G (OG2-) was selected for evaluating 

the adsorption performances of the as-prepared CH3I@COFs. The UV-vis spectroscopic analysis were 

performed to monitor the concentration of the dyes before and after the capture test. As a result, almost 

~98%, ~83%, ~62% and ~46% OG2- removal efficiency were observed in case of CH3I@COF-A, B, C 

and D, respectively within 30 sec of contact time (Appendix 2.43-2.52). Similar test was performed 

with pristine COFs, which explored relatively very sluggish OG2- removal kinetics as the UV-vis spectra 

showed no significant changes in the intensity after the capture test (Appendix 2.44-2.52). The removal 

efficiency or decrease in the concentration with respect to time profile of all the pristine COFs displayed 

only ~21%, ~7%, ~6% and ~4% removal efficiency towards OG2- dye capture (Appendix 2.45, 2.52). 

Moreover, these dye adsorption results of the pristine COFs and after CH3I adsorption were found to 

follow pseudo-second-order kinetics model with rate constant 1.048, 0.339, 0.151 and 0.0405 g.mg-

1.min-1, for CH3I@COF-A, B, C and D, respectively, towards OG2- pollutant (Appendix 2.53). Whereas, 

the rate constant for COF-A, B, C and D were calculated as 0.0229, 0.0193, 0.0302 and 0.0213 g.mg-

1.min-1, respectively (Appendix 2.54). All these findings indicated CH3I loaded COFs, owing to their 

cationic charged surface demonstrated significant potential in the improved pollutants sequestration 
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performance (Appendix 2.55). In addition, with compared to all, CH3I@COF-A exhibited as the most 

promising candidate for the ultrafast removal of organic dye (OG2-) in water (Appendix 2.56).   

Further, motivated by such excellent enrichment index towards OG2- dye adsorption, the sorption 

performance of CH3I@COF-A for other anionic dyes including alizarin red S (ARS), indigo carmine 

(IC) and methyl orange (MO) were also investigated. In a similar typical capture test, the UV-vis spectra 

of these dyes exhibited rapid diminishing of intensities with respect to time when treated with 

CH3I@COF-A (Appendix 2.57). Interestingly, very fast kinetics of capture was observed in all the cases 

with the equilibrium reaching within less than 1 min. These results indicated excellent potency of 

CH3I@COF-A in the effective adsorption of anionic dyes (OG, ARS, IC, and MO) in water medium, 

which was also associated with a distinct color change of the dye solutions visible to the naked eye 

(Appendix 2.58, 2.59). The ultrafast adsorption of anionic dyes by CH3I@COF-A emphasize the fact 

that electrostatic interactions with Coulombic attractions are the significant prevailing factor in trapping 

these molecules. 

Next, the ability of CH3I@COF-A to successfully and effectively adsorb anionic dyes owing to its 

cationic nature motivated us to investigate its selectivity based on charge specificity. For this we 

conducted the similar capture test with a cationic dye, methylene blue (MB) in water. CH3I@COF-A 

exhibited negligible adsorption ability towards MB even after treatment of 30 min (Appendix 2.60). 

Additionally, a binary dye mixture-based adsorption investigation using dye molecules that were both 

cationic and anionic was conducted. CH3I@COF-A was subjected to an equimolar combination of 1 

mL anionic MO and 1 mL cationic MB in order to observe the adsorption behavior by UV-vis 

spectroscopy. Notice that under identical experimental circumstances, almost ~98% removal efficiency 

of the anionic MO dye was observed, whereas, only ~7% of the cationic methylene blue was removed, 

(Appendix 2.61). These findings support the electrostatic interactions' predominance in determining the 

contaminants' adsorption efficiency and the selective character of CH3I@COF-A (Appendix 2.62). The 

color shift seen throughout the experiment provided more evidence of the selective adsorption behavior. 

After attaining equilibrium, the color of the mixed binary dye solution progressively shifted from green 

to blue, indicating the predominance of non-adsorbed methylene blue in the leftover stock solution 

(Appendix 2.63).  

Further, a crucial consideration when assessing an adsorbent for practical applications is its column 

extraction ability. Therefore, it was also looked into whether CH3I@COF-A was conceptually feasible 

for wastewater cleanup in real-time applications. We developed a fixed-bed stationary-phase column-

based experimental setup to put this into practice (Appendix 2.63). In this typical experiment, a stock 

OG2- dye solution was passed through a bed of CH3I@COF-A with a flow rate of 0.5 mL.min-1, and the 

column eluent solution was analyzed using UV-visible analysis (Appendix 2.64). As a result of 

breakthrough test, almost ~55 mL of outflow solution, OG2- dye removal efficiency was over 93% 
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(Appendix 2.65). After which, the C/Co ratio was gradually increased until complete adsorbent 

saturation after ~107 mL of column eluent. This result showed the remarkable dynamic capture 

efficiencies of the adsorbent towards real-time waste-water treatment. 

 

Appendix 2.46: UV-vis spectra of OG2- dye upon treatment with CH3I@COF-B. 

 

 

Appendix 2.47: UV-vis spectra of OG2- dye upon treatment with COF-B. 
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Appendix 2.48: UV-vis spectra of OG2- dye upon treatment with CH3I@COF-C. 

 

 

 

Appendix 2.49:  UV-vis spectra of OG2- dye upon treatment with COF-C. 
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Appendix 2.50: UV-vis spectra of OG2- dye upon treatment with CH3I@COF-D. 

 

 

 

Appendix 2.51: UV-vis spectra of OG2- dye upon treatment with COF-D. 
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Appendix 2.52: (a, c, e) Removal efficiency and (b, d, f) decrease in the concentration of OG2- dye with 

time upon treatment of CH3I@COF-B and COF-B, CH3I@COF-C and COF-C, and CH3I@COF-D and 

COF-D, respectively. 
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 Appendix 2.53: Pseudo-second-order model fitting of adsorption of OG2- dye by (a) CH3I@COF-A, 

(b) CH3I@COF-B, (c) CH3I@COF-C, and (d) CH3I@COF-D. 

 

Appendix 2.54: Pseudo-second-order model fitting of adsorption of OG2- dye by (a) COF-A, (b) COF-

B, (c) COF-C, and (d) COF-D. 
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Appendix 2.55: (a) Removal efficiency and decrease in the concentration of OG2- dye with time upon 

treatment of CH3I@COF-A and COF-A, CH3I@COF-B and COF-B, CH3I@COF-C and COF-C, and 

CH3I@COF-D and COF-D, respectively. 

 

 

 

Appendix 2.56: (a) Removal efficiency of OG2- aqueous solution by COF-A, B, C and D, before and 

after CH3I adsorption. 
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Appendix 2.57: UV-vis spectra of (a) alizarin red S (ARS), (b) indigo carmine (IC) and (c) methyl 

orange (MO) dyes upon treatment with CH3I@COF-A. 
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Appendix 2.58: Digital images of change in the colours of (a) orange G (OG), (b) indigo carmine (IC) 

and (c) alizarin red S (ARS), dyes with time upon treatment with CH3I@COF-A. 

 

Appendix 2.59: Digital images of change in the colors of (a) methylene blue (MB), (b) methyl orange 

(MO) and (c) mixture of MB and MO, dyes with time upon treatment with CH3I@COF-A. 
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 Appendix 2.60: UV-vis spectra of methylene blue (MB) dyes upon treatment with CH3I@COF-A. 

 

 

Appendix 2.61: UV-vis absorption spectra for the selective adsorption of MO from the binary mixture 

of MO−MB in water by CH3I@COF-A. 
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Appendix 2.62: (a) Schematic diagram and (b) images of selective capture of anionic MO dye over 

cationic MB dye in a binary mix dye capture test. 

 

 

Appendix 2.63: Digital image of CH3I@COF-A based column setup for dynamic flow-through OG2- 

dye capture test. 
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Appendix 2.64: UV-vis spectra of OG2- dye upon treatment with CH3I@COF-A based fixed bed 

column. 

 

 

Appendix 2.65: Breakthrough profile of dynamic column based OG2- capture test by CH3I@COF-A. 
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Appendix 2.66: Repeating units of the COFs as the model molecules to represent the structures of (a) 

COF-A, (b) COF-B, (c) COF-C, and (d) COF-D. 
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3.1 Introduction 

Since the incarnation of the industrial revolution together with agriculture, human activities have 

generated various toxic anions as a potential water pollutants.[1] Organic species such as dyes and 

antibiotics are considered as potentially toxics even at very low concentration.[2] Environmental self-

purification process is unable to degrade these complicated, highly-toxic, water soluble organic 

pollutants which further causes diverse health issues to the living organism.[3] In addition, inorganic 

pollutants such as metal-based oxoanions and iodine present in wastewater are generated owing to rapid 

industrial development. These are also being tagged as carcinogenic and radioactive pollutants posing 

threat to the entire ecosystem.[4, 5] Therefore, segregation of such hazardous water contaminants by 

innovative materials has received significant research attention in both scientific and industrial 

communities. Although, a variety of techniques have either been tested or are under consideration for 

water-purification, ion-exchange-based adsorption has been recently considered as favoured choice, 

owing to its high efficiency, selectivity, low cost and simplicity.[6] 

The past few years has witnessed revolutionary development of absorption followed by ion-exchange-

based separation by porous materials as potential alternatives to energy intensive sequestration 

process.[7, 8] The removal mechanism in such materials are primarily governed by analyte diffusion 

followed by accessibility of the ion-exchangeable-sites within the pores.[9, 10] In this regard, ionic porous 

organic-frameworks, such as viologen-based frameworks have gained immense interest and are 

considered more expedient over neutral frameworks, owing to its fascinating intrinsically charged 

potential porous nature.[11, 12] Constructed from rigid covalent bonds, these are furnished with stronger 

electrostatic interactions that are suitable for host-guest recognition generated from the charged 

backbone of viologen-unit. Such ionic materials have shown promising application toward elimination 

of toxic anions from water.[13–15] Although, until now, several synthetic strategies have reported been to 

construct ionic organic-network for specific sequestration of pollutants, these systematically developed 

strategies have been restricted to uniform pores.[11, 16] Therefore, the pollutant separation performance, 

especially in terms of removal kinetics has been typically limited to a great extent due to inadequate 

mass-transfer through the small pores and less accessibility of active sites on account of pore blocking 

by the presence of free exchangeable counter anions in the cationic porous skeleton.[17] Consequently, 

ionic porous organic-polymers have frequently demonstrated sluggish removal kinetics and poor 

sequestration efficacy towards decontamination of specific toxic pollutants from water. 

The introduction of hierarchical porosity (meso or macro) into the microporous structure comes forth 

as an effective approach to surpass such fundamental cardinal issues. Simultaneously, this has led to 

development of materials with higher pore volume and easy accessibility of functional sites, shortening 

the diffusion paths and facilitating fast mass transfer.[18, 19] Although, considerable efforts have been 
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made to construct mesoporous-skeleton by relative extendable ligand modification, only sporadic 

progress is observed in fabrication of macroporous structures.[20, 21] Moreover, induction of 

macroporosity into the framework can be advantageous in order to improve the mass transport in 

pollutant removal applications.[22] On the other hand, precise implantation of specific functionality (e.g., 

ionic nature) together with macroporosity could be more effective for fast and selective successful 

sequestration of targeted analytes. Although, breakthrough investigation of toxic organic pollutants 

elimination study was reported by inducing disordered macroporosity into the neutral microporous 

framework,[23] the strategic construction of charged functionalized ordered macroporous organic-

framework is highly desirable but it remains an unexplored territory. 

 

Figure 3.1: Schematic illustration of synthesis of iVOFm utilizing solid-state acid vapor assisted 

synthetic strategy. 

Under this backdrop, herein we report an effective approach to construct an anion-exchangeable ionic-

functionalized ordered macro-microporous viologen-unit grafted organic-framework (iVOFm, where, 

“i”, “VOF” and “m” stands for ionic, viologen-organic-framework, and macro, respectively) for water 

purification application by removing various toxic organic-inorganic anionic pollutants from water. 

Silica-nanoparticles template solid-state acid-vapor assisted synthetic strategy has been employed to 

deliberately incorporate macropores along with ionic moiety bearing free-exchangeable Cl- ions (Figure 

3.1). Furthermore, the size and number of macropores in the cationic backbone was finely-tuned by 

template-controllable-confinement synthetic strategy. The chemically robust iVOFm demonstrated 

ultrafast capture kinetics toward a wide variety of organic inorganic hazardous anionic pollutants such 
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as, antibiotics, organic dyes, iodine and metal-based oxoanions, in water. The excellent removal 

efficiency (99% within 30 sec) in case of all pollutants was observed for iVOFm. Additionally, iVOFm 

have been further utilized as potential competent scavenger of SDM antibiotics from water with detailed 

investigation. iVOFm showed high uptake capacity, in a selective and recyclable manner with 

unprecedented sequestration of SDM in a wide pH range. Further, to explore the role of macroporosity 

of iVOFm upon fast separation of such anions, we utilized the systematic pH dependent SDM capture 

study as a key tool. The high removal efficiency (>60%) of cationic SDM at pH=1 was attributed to the 

enhanced transport of molecules through the hierarchical pores of iVOFm. To establish this hypothesis, 

both the reported mesoporous and nonporous assembly of iVOFm, having identical framework 

configuration were synthesized and used for SDM capture study. The SDM removal trends are in order 

of macro->meso->nonporous materials in both pH=7.13 and 1. This also demonstrated the role of 

macroporosity toward ultrafast and super-efficient anions removal efficiency by iVOFm. Finally, 

isothermal titration calorimetry and molecular dynamics simulation studies were performed to 

demonstrate the thermodynamically favourable strong interaction between the charged framework and 

model anions. 

 

3.2 Experimental 

3.2.1. Materials: Starting materials, 4,4´-Dipyridyl, 1-chloro-2,4-dinitrobenzene and tetraethyl-

orthosilicate (TEOS) were purchased from Sigma-Aldrich. 4-aminobenzonitrile was purchased from 

TCI chemicals. Zinc chloride (ZnCl2) and ammonium bifluoride (NH4HF2) was purchased from Alfa-

Aesar. Triflic acid and all other solvents were purchased locally. The obtained chemicals were used 

without any further purification.  

3.2.2. Safety Note: The synthesis protocol described in this article, that uses acid in a sealed tube must 

be carried out under strict safety precautions. 

3.2.3. General Characterizations and Physical Measurements:  

3.2.3.1 Fourier transform infrared spectroscopy (FT-IR): The IR spectra were acquired by using 

NICOLET 6700 FT-IR spectrophotometer using KBr pellet in 500-4000 cm-1 range.   

3.2.3.2 Thermogravimetric analysis (TGA): Thermogravimetric analyses were recorded on Perkin-

Elmer STA 6000 TGA analyzer by heating the samples from 40 to 800 oC under N2 atmosphere with a 

heating rate of 10 °C min-1.  

3.2.3.3 Field emission scanning electron microscopy (FESEM): The morphology of the materials 

was recorded with a Zeiss Ultra Plus field-emission scanning electron microscope (FESEM) with an 
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integral charge compensator and embedded EsB and AsB detectors (Oxford X-max instruments 80 mm2 

(Carl Zeiss NTS, GmbH). The samples were sputter-coated with a 5-10 nm Au film to reduce charging. 

The elemental analysis was carried out using voltage of 15 KV equipped with an EDX detector. Data 

acquisition was performed with an accumulation time of >600 s.  

3.2.3.4 Transmission electron microscopy (TEM): For high-resolution TEM analysis, all the samples 

were dispersed in isopropanol (0.5 mg/mL) and sonicated for 30 min.  Then, the samples were left for 

2 min, and the upper part of the solution was taken for preparing TEM samples on a lacey carbon-coated 

copper grid (Electron Microscopy Science). TEM imaging and STEM-EDS were performed on the 

HRTEM (JEM-2200FS, JEOL) operating at acceleration voltage of 200 kV. 

3.2.3.5 Solid-state nuclear magnetic resonance (NMR) spectroscopy: Solid-state 13C cross-

polarization-magic angle spinning (CP-MAS) spectra were conducted on a Bruker 500 MHz NMR 

spectrometer with a CP-MAS probe. Carbon chemical shifts are expressed in parts per million (δ scale).  

3.2.3.6 Powder X-ray diffraction (PXRD): Powder X-ray diffraction (PXRD) patterns were 

performed on a Bruker D8 Advanced X-ray diffractometer at room temperature using Cu Kα radiation 

(λ = 1.5406 Å) at a scan speed of 0.5 ° min-1 and a step size of 0.01° in 2θ.  

3.2.3.7 Nitrogen adsorption-desorption isotherm measurements: N2 gas adsorption measurements 

were performed using BelSorp-Max instrument (Bel Japan). Prior to adsorption measurements, the 

activated samples were heated at 120 °C under vacuum for 12 hours using BelPrepvacII.   

3.2.3.8 Mercury intrusion porosimetry measurements: The macropores distribution was measured 

by mercury intrusion porosimetry (Anton Paar Quantachrome Instruments POREMASTER). 

3.2.3.9 UV-visible absorption spectra: UV-vis absorption studies were performed on a Shimadzu UV 

3600 UV /vis /NIR spectrophotometer in an optical quartz cuvette (10 mm path length) over the entire 

range of 200-800 nm.  

3.2.3.10 X-ray photoelectron spectroscopy (XPS): As-obtained powder samples was stuck to 

conductive paste and then measured by X-ray photoelectron spectroscopy using K-Alpha+model 

(Thermo Fischer Scientific, UK) with Al Kα source. 

3.2.3.11 Electron paramagnetic resonance spectroscopy (EPR): Solid-state EPR spectra were 

recorded at room temperature (298 K) on CMS 8400 EPR spectrometer with a centerfield at 337 mT, 

sweep width of 20 mT, and power attenuation of 20 dB, and visualized with EPR Commander 6.0. 

3.2.3.12 Zeta potential:  Zeta potential measurements were performed on a Anton Paar Litesizer 500 

series instrument. Measurement cell: Omega cuvette Mat. No. 155765, Target temperature 25.0 oC, 
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Equilibration time – (Series parameter), Henry factor 1.1 (Other), Adjusted voltage (Automatic Mode), 

Number of runs 20, Solvent – water. 

3.2.3.13 Raman measurements: Raman spectra were acquired with an Xplora PLUS Raman 

microscope (Horiba Company) (785 nm laser and a 1200 lines/mm grating). 

3.2.3.14 Electron tomography measurements: Electron tomography measurement has been carried 

out in TEM instrument, model-JEM2200FS, make-JEOL, operating at acceleration voltage of 200 kV. 

For electron tomography analysis, all the samples were dispersed in isopropanol (0.5 mg/mL) and 

sonicated for 10 min.  Then the samples were left for 2 min, and the upper part of the solution was taken 

for preparing the samples on a lacey carbon-coated copper grid (Electron Microscopy Science). Thus, 

prepared copper grid was cut into two equal portions, among them one portion, loaded with compound 

was subjected to mount into the instrument. 

3.2.3.15 Isothermal titration calorimetry: The ITC experiments were performed on a Malvern 

MicroCal PEAQ-ITC microcalorimeter having 20 (19+1) injection cycle method capacity, the sample 

volume of 280 µL with a sample cell size of 200 µL and injection syringe volume of 40 µL for each set 

of experiments. 

3.2.3.16 FESEM image processing software: The FESEM images were processed using the image 

analysis software SPIP 6.0.9 (Image Metrology). MATLAB (by The MathWorks Inc.) was used for 

numerical calculations. 

3.2.3.17 Electron tomography image processing software: The electron tomography images were 

processed using the image analysis software Visualiser Evo d Composer from JEOL for 3D image. 

 

3.2.3.18 Synthesis of precursor-1: Precursor-1, 1,1’-bis(2,4-dinitrophenyl)-[4,4’-bipyridine]-1,1’-

diium dichloride was synthesized according to the previously reported procedure without any 

modifications.[24] 

 

Scheme 3.1: Synthesis of precursor-1. 
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3.2.3.19 Synthesis of precursor-2: Precursor-2, 1,1’-bis(4-cyanophenyl)-[4,4’-bipyridine]-1,1’-diium 

dichloride was also synthesized according to the previously reported procedure without any 

modifications.[25] 

 

Scheme 3.2: Synthesis of precursor-2. 

 

3.2.3.20 Synthesis of precursor-3: Precursor-3, 4,4´,4´´-(1,3,5-triazine-2,4,6-triyl) trianiline was 

synthesized from 4-aminobenzonitrile via an acid catalyzed trimerisation reaction by following a 

previously reported protocol.[26] 

  

Scheme 3.3: Synthesis of precursor-3. 

 

3.2.3.21 Synthesis of monodispersed silica nanoparticles: Monodisperse silica nanoparticles (SiO2 

NPs) were synthesized according to Stöber method.[27] Briefly, 5 mL of tetraethylorthosilicate was 

slowly added to a stirring mixture of aqueous ethanolic solution (78 ml) and 32.8 wt% of ammonia 

aqueous solution (4.1 ml,) with vigorous stirring. Then, the above mixture was left to stand for 2 hours 

at room temperature to yield uniform silica nanoparticles. The precipitated silica microspheres were 

separated by centrifugation and washed with ethanol repeatedly. Finally, the compound was dried under 

vacuum at 80 oC. Further, to obtain different size-based silica nanoparticles, the temperature of the 

reaction system was gradually raised to 70 oC from room temperature. The silica nanoparticles with an 

average diameter of   ~330, ~210 and ~160 nm was synthesized at a temperature of 25, 40 and 55 oC, 

respectively.[28] 
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3.2.3.22 Synthetic procedure of macro ionic VOF (iVOFm) (Compound-1a): Macro ionic viologen 

organic framework (iVOFm) (Compound-1a) was synthesized according to the following protocol. In 

a clean 25 mL round-bottom flask, 90 mg of viologen monomer (Precursor-2) and 250 mg of as 

synthesized silica nanoparticle (as template) were well dispersed in 6 ml of tetrahydrofuran in an 

ultrasonic bath for 30 min. Then the solvent (THF) was removed using rotary evaporator.  During this 

process of solvent evaporation, the viologen monomer precipitated out and filled the gaps between the 

3D close-stacked silica spheres to form the initial SiO2 NPs@viologen monomer composite 

precursor.[29] Then thus formed composite precursor was carefully transferred into a small glass vial.  

After that the small vial with SiO2 NPs@viologen monomer composite precursor was placed into a 

bigger glass vial with Teflon cap, in which there was another small vial containing ~0.45 mL of triflic 

acid. Then the big glass vial was degassed, refilled with nitrogen and sealed off followed by heating up 

to ~110 oC in a regular oven. After cooling the vessel down to room temperature, the product was 

immersed in water and washed with diluted ammonia solution and pure water to remove the residual 

TfOH.  Thereafter, the silica templates were etched by using 15 ml of 4 M aqueous ammonium 

bifluoride (NH4HF2) solution. The resultant products were washed with pure water, THF, ethanol, 

acetone and aqueous NaCl solution, respectively, until the supernatant appeared clear. Finally, the 

product was dried under vacuum at 55 oC for further use (Figure 3.1). 

 

3.2.3.23 Synthetic procedure of Compound-1b: Compound-1b, was synthesized according to the 

previously reported procedure.[25] Precursor-2, 1,1’-bis(4-cyanophenyl)-[4,4’-bipyridine]-1,1’-diium 

dichloride and anhydrous ZnCl2 (5 eq.)  were transferred into a quartz ampoule under inert atmosphere.  

The ampoule was evacuated and sealed. After that the sealed ampoule was transferred into a 

temperature-programmed furnace and heated to 450 oC temperatures with a heating rate of 1oC/min and 

kept at that temperature for additional 48 h.  After cooling to the room temperature, the ampoule was 

carefully opened. The obtained black solid was then grounded into a fine powder and washed with water 

in order to remove excess ZnCl2. Then, the solid product was stirred in 1M HCl for 1 day and washed 

several times with water, THF, ethanol and acetone, respectively.  Finally, the powder was dried at 120 

oC for 12 h under vacuum to yield Compound-1b (Scheme 3.4).   
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Scheme 3.4: Synthesis of compound-1b via ionothermal reaction. 

 

3.2.3.24 Synthetic procedure of Compound-1c: Compound-1c, was synthesized according to our 

previously reported protocol, via Zincke reaction.[30] Precursor-1, 1,1’-bis(2,4-dinitrophenyl)-[4,4’-

bipyridine]-1,1’-diium dichloride (560 mg, 0.75 mmol) and precursor-3, 4,4´,4´´-(1,3,5-triazine-2,4,6-

triyl)trianiline (178 mg, 0.5  mmol)  were introduced into a 50-mL Schlenk reaction tube. A total volume 

of 60 mL of 1:1:1 mixture of ethanol, 1,4 dioxane and chlorobenzene was added, and the Zincke reaction 

was carried out under refluxed condition for 2 days in nitrogen atmosphere. After that the solid product 

was subsequently cooled to room temperature and the precipitate was collected by filtration and washed 

with anhydrous ethanol, DMF, THF, MeCN, each by five times and with water several time, until the 

supernatant appeared clear. The solid product was dried overnight in a vacuum oven at 45 °C (Scheme 

3.5).  

 

Scheme 3.5: Synthesis of compound-1c through Zincke reaction. 
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3.2.3.25 Time dependent adsorption study: The standard procedure that we adopted for the adsorption 

experiments was as follows. The time dependent capture study of various analytes was performed in 

small vial equipped with magnetic stir bar with constant stirring rate of 550 r.p.m. Firstly, 2.5 mg of 

iVOFm was taken in 2.5 mL of certain concentration of each stock solution and stirred for selected 

time. The adsorbent was filtered off with syringe filter (0.22 µm). After that we recorded the 

corresponding absorbance spectra of the supernatant solution. The kinetic adsorption study was 

measured at different time interval.  From this time dependent study, we calculated the removal % and 

decreasing concentration of the analytes with time using the following equations, 

Dt = (C0-Ct)*100/C0   =  (A0-At)*100/A0;   

Where, Dt = exchange capacity, C0= initial concentration, A0=initial absorbance, Ct= final 

concentration, At= final absorbance at specific time. 

Furthermore, kinetics data were fitted in a pseudo-second-order model with the help of the following 

equation, 

Qt = (k2Qe
2t)/(1+k2Qet) 

Where, t is the time in minutes, and Qt and Qe are the amounts of adsorbate (mg/g) on the adsorbent at 

different time intervals and at equilibrium respectively. 

3.2.3.26 Adsorption isotherm experiment: In this experiment, 5 mg of the adsorbent was added to 5 

mL of stock solution with different concentrations. The mixture was stirred at a constant speed of 550 

rpm at room temperature for 12 hours. After equilibrium was established, the adsorbent was filtered off 

with syringe filter (0.22 µm), and the analytes concentration in the solution after adsorption was 

measured on a UV-vis spectrophotometer and further fitted with following equations, 

Langmuir Model, Qe = (Qm.Ce)/(Kd + Ce); Where, Ce (ppm) and Qe (mg/g) are the concentration of 

analyte  at  equilibrium  and  amount  of  analyte  adsorbed  at  equilibrium  respectively.  Qm (mg/g) is 

the maximum amount of analyte per mass of adsorbent to form a complete monolayer. Kd (mg/L) is a 

constant to the affinity of the binding sites.    

Freundlich Model, Qe = Kf.Ce1/n; Where, Kf and 1/n  are  the  Freundlich  model  constant, indicating 

capacity and intensity of adsorption respectively.   

However, it is due to the very high intensity of absorption maxima, we were unable to calculate the 

absorbance of high concentration SDM solution. Thus, the intensity maxima of the stock solution were 

measured by multiplying with the low concentration absorption maxima with certain values. 

3.2.3.27 Study of adsorption in the presence of coexisting anions: In this study, we took ~100-fold-

concentrated Cl-, Br-, SO4
2- and NO3

- ions as the competing anions and equimolar fulvic acid (FA) as 
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dissolved organic species, which are omnipresent in common water sources and waste waters. We took 

10 ppm aqueous solution of targeted SDM antibiotic along with the hundred fold-concentrated 

competing anion and equimolar FA. To the mixture, 2.5 mg of activated iVOFm was added and stirred 

for 10 min. After that, the solution was filtered off to separate the compound, and the solution was 

characterized with UV-vis spectroscopy. The obtained solution was diluted 10 times to measure the 

UV-vis spectroscopy, and furthermore the relative capture efficiency of iVOFm in the presence of other 

anions was studied by comparison with a blank (Blank: only 10 ppm of the SDM was taken instead of 

a mixture). 

3.2.3.28 Calculation of capacity: To calculate the capacity or the amount of SDM adsorbed per gram 

was determined by exposing 5 mg of activated iVOFm in 5 mL of the 500 ppm SDM solution for 12 

hours under stirring conditions. After 12 hours, iVOFm was filtered out and the filtrate was used for 

further characterization. UV-vis measurements were carried out by diluting the solution. From the initial 

and final absorbance values of the SDM solutions we calculated the storage capacity of iVOFm using 

the following equation, 

Qm = {(C0-Ct)*V}/m;  

Where, Qm, C0, Ct, V and m are the capacity of the adsorbent, the initial concentration of the SDM 

solution, the concentration of the SDM solution at specific times, the volume of the solution and the 

mass used for the adsorbent respectively. 

3.2.3.29 pH-dependent adsorption study: The effect of pH on capture study of SDM were recorded 

in a wide range of pH and compared with the data at pH=7.13 for relative performance. pH adjustments 

were made using 0.1 M HCl and 0.1 M NaOH in the pH range of 1 to 12.4 and the initial concentration 

of SDM solution was taken as 10 ppm. 2.5 mg iVOFm was immersed in 2.5 mL solution of 10 ppm 

SDM having different pH, and stirred for 1 hours at room temperature. After that UV-vis study was 

carried out to check the relative removal efficiency of iVOFm towards SDM. 

3.2.3.30 Recyclability test of iVOFm: SDM loaded iVOFm was regenerated with excess diluted HCl 

and methanolic solution by keeping it for 8 hours. Reusability of the regenerated material was checked 

with the similar aforementioned standard procedure. After ~8 hours, the concentrations of the SDM 

solutions were measured by UV-vis spectroscopy. These studies were repeated for five cycles. 

3.2.3.31 Column-exchange based capture experiment: To check the various toxic anions removal 

efficacy of the material (iVOFm), a column exchange-based sorption experiment was conducted by 

packing ~100 mg of iVOFm with ~5 gm of sand inside a glass column (bed length ~ 5 cm and diameter 

~ 0.75 cm) as bed for anions capture (Appendix Scheme 3.6). Then different volume of stock [(0.1 

mmol MO), (~50 ppm I2+KI), (~50 ppm of KMnO4) aqueous solution was individually passed through 
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the column bed with a flow rate of 0.5 mL/min, which was controlled by a water-flow-regulator, and 

the drops per minute was recorded with the help of a stopwatch. A bed-volume of ~2.5 mL of column 

eluted solution was collected in different container. The concentration of the respective anions in these 

solutions were then analyzed through UV-vis spectroscopy (Appendix Figure 3.33-3.35).   

3.2.3.32 SDM removal study in real-water systems: For real-water system-based SDM capture 

analysis, different water samples (such as river water, lake water, sea water, potable water) were spiked 

with ~1 ppm of SDM to prepare the stock solution. 2.5 mg of iVOFm was mixed with 2.5 ml of this 

spiked solution. The solutions were stirred for 12 h to ensure sufficient contact time and after 12 h, 

suspensions were separated and solution was further analysis by UV-vis spectroscopy. 

3.2.3.33 Breakthrough SDM capture study: 20 mg of compound was packed inside a glass column 

as bed for SDM capture. Then different volumes of stock ~50 ppm of SDM solution was passed through 

the column bed with a flow rate of 0.5 mL/min, which was controlled by a water-flow-regulator, and 

the drops per minute was recorded with the help of a stopwatch. A bed volume of ~5 mL of column 

eluted solution was collected in a different respective container. The concentration of SDM in these 

solutions were then analyzed through UV-vis spectroscopy analysis. The recyclability test of the column 

exchanged-based SDM capture study was performed by washing the column with pure water, followed 

by excess dilute HCl solution after each cycle. The filtrate of each cycle was collected at the bottom of 

the column. Before and after capture studies, the concentration of SDM solutions were analyzed. 

3.2.3.34 Quantum calculation method: First-principles calculations based on density functional 

theory (DFT) were performed using Discovery Studio 2017 (Accelrys) program. The calculations were 

performed considering subunit (SBU) of the compound. We performed single-point energy calculation 

using three parameters B3LYP function. All the calculations were performed at fine quality calculation 

level. Initially, the molecular structure of selected unit of compound-1a was fully relaxed using 

geometry optimization, keeping Multiplicity factor to Auto mode with Double Numeric Plus Polarizing 

(DNP+) basis set and water as solvent. Subsequently, the structural simulation using simulated 

annealing technique was performed on geometry relaxed compound-1a to find plausible interaction site 

of the SDM. On the basis of ground state electron density, the electrostatic potential (ESP) on the van 

der Waals surfaces of iVOFm with SDM was derived (isodensity = 0.001 a.u.).   

3.2.3.35 Molecular dynamics calculation: Using GROMACS 2022 we performed molecular dynamic 

(MD) simulations. For trajectory visualization and analysis VMD software was used. The simulation 

was carried out at 300 K with periodic boundary conditions. Using TIP3P water model, the water 

environment simulated. Initially, supercell of dimension 2X2X2 created from SBU of compound-1a. 

During simulation SBU was frozen and subsequently SDM was introduced. During interaction, van der 

Waals interaction was considered with simple cutoff scheme of 12 Å. During interaction the five 
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production runs of 50 ns repeats were performed. The time step of 2.0 fs was used and data collected 

for every 5 ps. The total accumulation time was more than 500 ns. 

 

3.3 Results and Discussion 

The hierarchical porous viologen based cationic organic-framework (iVOFm) was synthesized by 

introducing the viologen-units into the framework using cyanophenyl substituted viologen di-cation-

unit through triflic acid (TfOH) vapor-assisted synthetic protocol in solid-phase as schematically 

represented in figure 3.1. Initially, the mono-dispersed silica-nanoparticles (SiO2-NPs) have been 

synthesized and further used as template to systematically fabricate the macroporous network. 

Typically, the precursor-2 was well-mixed with silica-nanoparticles in THF solvent. Then the mixture 

was dried under pressure to obtain the tightly packed SiO2-NPs@viologen monomer composite material 

which was later transferred into a small vial-in-vial setup, containing triflic acid in another vial. Finally, 

the resulting complete setup was heated during which period the polymerization reaction takes place. 

Finally, after removing the SiO2-NPs, the desired macro ionic VOF (iVOFm) was obtained 

(experimental section for details). Insolubility of the compound in common solvents, primarily 

indicated the formation of the extended network. Further, thus prepared compound was thoroughly 

characterized by following techniques. The Fourier transform infrared (FT-IR) spectrum of iVOFm 

exhibited prominent peaks at 1495 and 1358 cm-1, owing to the typical vibrational and stretching 

frequencies of aromatic C–N bonds, which demonstrated successful formation of triazine moiety 

(Figure 3.2A).[31] In addition, the absence of the signal at 2235 cm-1, the characteristic nitrile stretching 

of terminal cyano group of precursor-2 and the presence of signal at ~1639 and 1413 cm-1 attributed to 

typical -C=N stretching of viologen salt, confirmed both the complete consumption of precursor-2 and 

construction of the bipyridinium subunits containing triazine network, respectively (Appendix 3.1).[14, 

25] Moreover, solid-state 13C cross-polarization-magic-angle-spinning (CP-MAS) NMR was employed 

to characterize iVOFm at molecular level, which demonstrated the characteristic peak of the sp2 carbon 

of the triazine ring at 170 ppm, indicating the presence of triazine unit in the network (Appendix 3.2).[32] 

Along with this, signals in the chemical shift range of 110-150 ppm can be assigned to the viologen 

moiety and other aromatic carbons of the framework structure (Appendix 3.2).[31] Thereafter, thermal 

stability of the compound was investigated by performing thermogravimetric analysis (TGA) under 

nitrogen atmosphere. The TGA profile of iVOFm showed an initial weight loss due to the removal of 

solvent molecules from the structure and an excellent thermal stability >400 oC (Appendix 3.3). 

Moreover, to elucidate the porous nature and specific surface-area of iVOFm, low-temperature nitrogen 

sorption isotherm study was conducted. Figure 3.2B exhibited typical type-I isotherm with an additional 

sharp significant increase at high relative pressure in the nitrogen sorption study. This indicated 
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presence of microporous and induction of macroporous in iVOFm.[21] The density functional theory 

(DFT) pore size distribution (PSD) was investigated from the N2 porosity measurement of iVOFm 

(Appendix 3.4a). The Brunauer-Emmett-Teller surface area of iVOFm was calculated to be 815 cm3.g-

1. Further, the presence of macropores in iVOFm was confirmed by the mercury intrusion porosimetry, 

which explored the macroporous distribution in the range of ~20 to ~200 nm in the compound 

(Appendix 3.4b and 3.4c). 

 

Figure 3.2: A) FT-IR spectra, B) Nitrogen gas sorption, C) FESEM image, D) High-magnifying 

FESEM image, E) TEM image, F) STEM mapping image, G, H) 3D Electron tomography image, I) 

AFM image of iVOFm. 

Further, the morphological evaluation of macroscopic structure of iVOFm was investigated by field 

emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), 3D 

electron-tomography and atomic force microscopy (AFM) analysis. The FESEM images of SiO2-
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nanoparticles indicated successful formation of SiO2-NPs with an average diameter of 210 nm 

(Appendix 3.5). During the solvent (THF) evaporation process, the monodispersed silica-nanoparticles 

reorganized into a 3D close-stacked structure, and the viologen monomer precipitated out and filled the 

organized gaps between the silica-spheres to form the initial SiO2-NPs@viologen monomer composite 

precursor. The silica-microspheres form a homogeneous stable suspension without any sedimentation. 

This aids in the fabrication of uniform and homogeneous SiO2-NPs@VOF composite as revealed from 

the SEM image (Appendix 3.6). After the successful elimination of silica-template by salt etching 

method, the interconnected uniform ordered macroscopic structure of iVOFm throughout the large area 

of the material was observed (Figure 3.2C and Appendix 3.7). The high-magnification SEM images of 

iVOFm displayed the formation of uniform interconnected macroporous polymeric network with an 

average diameter of 210 nm (Figure 3.2D and Appendix 3.8). Additional SEM images suggested the 

uniformity of the macroporous construction throughout the material, along with rigid and robust 

macroscopic architecture of iVOFm, as no apparent collapse of the macro-skeleton has been observed 

after removing the silica-template (Appendix 3.9). In addition to this, TEM images also confirmed the 

interconnected ordered macroscopic structure of the iVOFm (Figure 3.2E and Appendix 3.10). Again, 

the homogeneous distribution of all the relevant elements in the TEM elemental mapping of iVOFm 

was investigated by energy dispersive spectroscopy (EDS) analysis (Figure 3.2F and Appendix 3.11). 

Moreover, from the color-modified SEM/TEM images, few randomly distributed small pores, 

connected with each-other through the macropores in the skeleton of the iVOFm was observed, which 

should be favourable for enhanced mass transfer, e.g., in the separation of pollutants from water 

(Appendix 3.12 and 3.13).[23] 

Moreover, to further insight into the hierarchical porous structure of iVOFm, 3D electron-tomography 

experiment was performed. Similar to TEM images, the cross-sectional electron-tomography images 

indicated homogeneous distribution of large open pores throughout the framework (Appendix 3.14). 

For better realization of the macrostructure, volume rendered 3D electron-tomography images have 

been reconstructed by probing a segment of iVOFm, which demonstrated the color-coded visualization 

of wide distribution bearing large nanometer size interconnected macropores throughout the volume of 

iVOFm (Figure 3.2G, 3.2H, Appendix 3.15  and 3.16). The homogeneous distribution of macropores 

throughout the structure was also visualized by the AFM image (Figure 3.2I). Furthermore, iVOFm 

demonstrated weak diffraction peaks at 2Ѳ~4.5° correlating to the reflection from the (100) plane, 

indicating the existence of long-range molecular order as revealed from the PXRD data (Appendix 

3.17).[29, 33] We also observed, a broad diffraction peak at 2Ѳ~26°, indicating the existence of stacking 

structure in the polymeric network.[14, 33] 

Moreover, zeta-potential measurement showed positive surface charge (ζ-potential=+37.6mV), owing 

to the abundance of viologen subunits in the skeleton of the network (Appendix 3.18).[14] Furthermore, 
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in order to evaluate the chemical stability, iVOFm was treated with 1M HCl and 1M NaOH aqueous 

solution, and further characterized by FT-IR, FESEM, TGA and N2 sorption measurement. FT-IR data 

revealed no noticeable change in characteristic stretching frequencies advocating the chemical 

robustness of iVOFm in acidic and basic medium (Appendix 3.19). The TGA profile of acid-base 

treated samples showed identical thermal behaviours (Appendix 3.20). The FESEM images and N2 

sorption data demonstrated that iVOFm maintained its interconnected uniform ordered macroscopic 

morphological-features and structural robustness, respectively, even after acid-base treatment which 

further confirmed the high chemical stability of the compound (Appendix 3.21 and 3.22).  

 

Figure 3.3: (A, C, E) FESEM, (B, D, F) TEM images of compounds, synthesized with 50, 150 and 250 

mg of SiO2-NPs, (G, J, M) FESEM images of SiO2-NPs with size 160, 210 and 330 nm. (H, K, N) 

FESEM, (I, L, O) TEM images of the compounds, synthesized with 160, 210 and 330 nm size of silica-

NPs, respectively. 

Presumably, it can be hypothesized that the distribution and nature of macropores in iVOFm is majorly 

governed by the replica-template (SiO2-NPs) amount and size used during the synthesis. This 

engrossing observation inspired us, further to investigate the influence of silica-nanoparticle amount 

and size-based macroscopic morphological diversification of the synthesized structure. At first, 

different amount of silica-particles (50, 150, 250, 350 mg) template was used to construct the respective 

macro polymers with viologen backbone, keeping the weight of the monomer constant in the initial step 

of polymerization. All compounds thus synthesized exhibited similar FT-IR patterns with iVOFm, 

demonstrating successful formation of the viologen-based polymer (Appendix 3.23). Both the FESEM 

and TEM images of the compounds, synthesized with 50 and 150 mg silica-template, illustrated fewer, 

inhomogeneous and less interconnected macroporous structure (Figure 3.3A-3.3D). This might be 
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attributed to the use of smaller number of templates. However, the morphology of the compounds, 

synthesized with 250 and 350 mg silica-template are well comparable, which is homogeneous and 

interconnected in nature (Figure 3.3E and 3.3F). Apart from this, different size of silica-nanoparticles 

(~160, ~210, ~330 nm) were employed to fabricate a series of VOF with various macro pore sizes 

(Figure 3.3G, 3.3J and 3.3M). As revealed from the FESEM and TEM images, the expected matching 

macro pore sizes (~160, ~210, ~330 nm) were observed in case of these compounds (Figure 3.3H-

3.3O). Further, FT-IR spectra of these compounds indicated successful formation of the polymer 

(Appendix 3.24). Finally, these findings underscore the use of various amount and size of SiO2-NPs as 

templates as a simple yet versatile strategy for the successful construction of cationic networks with 

variable macroporous architecture. 

 

3.4 Capture Study 

Chemically stable ionic framework materials are widely investigated as potential adsorbent for the 

elimination of various toxic pollutants from water.[14, 15, 30] To this end, induction of macroporosity 

within the polymeric material can provide fast mass diffusion with unhindered transport of the specific 

target analytes. Therefore, in this study, the macro ionic framework (iVOFm) was deliberately 

employed in the removal of various organic-inorganic toxic pollutants from water (Appendix Section-

3.6.3). The iVOFm demonstrated ultrafast (within ~30 sec) removal efficiency toward various types of 

environmentally relevant anionic pollutants such as dyes: Methyl Orange (MO) and Alizarin Red S 

(ARS), antibiotics: sulfadimethoxine (SDM) and sulfamethazine (SMT), oxoanions: potassium 

permanganate (KMnO4) and potassium perrhenate (KReO4), and iodine (I2) (as polyiodides) in water 

(Figure 3.4A and Appendix 3.25). From the kinetics experiments it was found that removal of ~99% 

for SDM, ~96% for SMT, ~89% for MO, ~83% for ARS, ~99% for KMnO4, ~97% for KReO4, and 

~95% for I3¯ in water was achieved within 30 sec from the respective aqueous solution by iVOFm 

(Figure 3.4B and Appendix 3.26-3.32). The rapid equilibrium efficiencies of iVOFm toward this diverse 

class of pollutants was attributed to the presence of macropores, distributed homogeneously throughout 

the cationic structure of iVOFm, which accelerated the diffusion of the analytes.[23] Moreover, in order 

to check the order of capture efficiencies, the capacities of individual pollutants have been calculated, 

and further plotted against removal time. The pollutant uptake was found to follow pseudo-second-

order model with a significant rate constant values (Figure 3.4C). Such fast removal kinetics of iVOFm 

towards dye molecules (MO and ARS), antibiotics (SDM and SMT) and oxoanions (KMnO4 and 

KReO4) were found to be well comparable with other reported porous materials (Appendix Table 3.2-

3.5). Inspired by such rapid uptake, as a proof of concept toward practical implementation, a stationary-

phase column-based MO, KMnO4 and I3¯ capture experiments were performed with iVOFm. Results 
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exhibited ultrafast removal efficiencies, as the compound embedded column successfully 

decontaminated all the pollutants rapidly from aqueous media (Appendix 3.33).  

 

Figure 3.4: A) Removal kinetics of all pollutants, B) % removal of pollutants at time 30 sec, C) Psuedo-

second-order fitting plots of pollutants, D) Langmuir isotherm model for SDM, E) Selective removal 

of SDM in presence of other species, F) Recyclability test result. 

Among all the tested pollutants, iVOFm shows ultrafast removal (~100% within 60 sec) of SDM 

antibiotic from water with a high exchange capacity. The saturation uptake capacity for SDM was found 

to be 376 mg/g, which is believed to be one of the highest among the reported materials (Appendix 

Table 3.3). The sorption isotherm plot of SDM adsorption fitted well with the Langmuir isotherm model 

(Figure 3.4D). In real-world scenario waste-water contains number of other coexisting anions (NO3¯, 

SO4
2¯, Cl¯, Br¯) as well as organic interferent like fulvic acid (FA) along with the SDM antibiotic.[34] 

Further, we sought to explore the selective SDM capture experiment in the presence of ~100-fold excess 

of the aforementioned competitive analytes in water. Interestingly, it was found that iVOFm could 

remove SDM selectively with a high adsorption kinetics (99% removal in 60 sec) even in the presence 

of other excess concurrent anions and FA (Figure 3.4E). Moreover, the reusability of iVOFm was also 

performed, which resulted the excellent recyclability up to nine cycles with almost intact capture 

efficiency validating its potency and sustainability (Figure 3.4F).[36] Also, the compound was found to 

exhibit high SDM removal efficiencies in different real water samples in batch sorption (Appendix 

3.34) and column-based breakthrough sorption experiments (Appendix 3.35).  
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Hereafter, we move ahead to explore the underlying mechanism of such unprecedented anions 

segregation efficacy by iVOFm. We first try to elucidate the role of macropores of iVOFm toward fast 

separation of anions from water. For this, a following systematic pH dependent SDM capture study has 

been performed and the complete finding was used as a key strategy to understand the role of 

macroporosity upon enhanced removal performance. Considering the fact that the pH of antibiotic 

contaminated waste-water can vary in a wide pH range (from pH=1 to 12),[34] we sought to investigated 

the effect of pH upon the SDM adsorption performance by iVOFm in both acidic and alkaline medium. 

An interesting observation in the adsorption trend was noted. After a very careful and discreet 

investigation upon SDM capture experiment at different pH, it was found that different sequestration 

efficiency of SDM by iVOFm has been observed at different pH range which can be explained by the 

structure-properties correlation of both SDM molecule and viologen subunit present in the framework. 

The maximum capture efficiency (~99%) was observed in the pH range of 6.44-7.2 (Figure 3.5A). 

Above pH 7.2 to 12 (alkaline media) there was a continuous decrease in the removal efficiency of 

iVOFm, as it reduced from ~99% to 84-65% (Figure 3.5A). Again, in the acidic medium (pH range of 

2 to 6.44) the capture efficiency of iVOFm was found to decrease, as it drops to 81-78% from its 

maximum (99%) (Figure 3.5A).  In addition, surprisingly, in more acidic condition (pH=1) iVOFm 

exhibited ~61% removal efficiency of SDM molecules (Figure 3.5A). Now, this intriguing observation 

can be explained on the basis of dissociation constants of SDM molecule, one at pKa1=1.30 and the 

other at pKa2=6.21,[34] which suggest that below pH=1.30, SDM molecule exists in complete cationic 

form. Also, in the pH range from >1.30 to 6.21 it exists in its neutral form, while above pH>6.21 the 

anionic nature of SDM molecule is dominant in water (Figure 3.5B). On the other hand, it is well known 

that in alkaline medium the viologen units reduced to radical-cations form, from its di-cationic nature, 

which are subsist in acidic media (Figure 3.5B).[35] The tunable pH dependent removal efficiency by 

iVOFm can be explained from the correlation between the pH-dependent structures of both viologen-

subunits and analyte SDM molecules, with the experimental result, as described below (Figure 3.5A 

and 3.5B). As mention above, the maximum removal efficiency (>99%) was observed in the pH range 

of 6.4 to 7.2, which is attributed due to the maximum electrostatic interactions between the macroporous 

cationic surface of iVOFm and anionic SDM molecules (Figure 3.5B). In alkaline medium (pH>7.2 to 

12), the continuous decrease in the removal efficiency can be explained due to lesser affinity of iVOFm 

toward anionic SDM, as in basic medium viologen di-cationic units get reduced to radical-cationic form 

(Appendix 3.36a).[35] Moreover, the relatively greater decrease in the % removal of SDM in acidic pH 

range (pH=2 to 6.44) can be rationalized by considering the conversion of SDM molecules from its 

anionic form to neutral form (pKa2=6.21) which demonstrated comparatively lower affinity than 

anionic SDM towards di-cationic form of viologen-units of iVOFm. It is noteworthy to mention that 

the relative increment in the % removal (~3-4%) in basic medium (pH>7.2 to 12) (84-65%) than acidic 

media (pH<6.21 to 1) (81-61%), may be due to the higher molecular interactions between anionic SDM 
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molecules and radical-cationic viologen units in basic media compared to relatively lower molecular 

interactions between the neutral SDM molecules and di-cationic viologen-units of iVOFm in acidic 

media. Moreover, the relative higher porosity of radical-cation form of viologen-units (in basic 

medium) with respect to di-cationic form of viologen-units (in acidic media) might be a significant 

reason behind this accession of removal efficiency (Appendix 3.36b).[14] In addition, about ~61% 

removal efficiency of cationic SDM at pH=1 significantly indicated that adsorption is not only caused 

due to the electrostatic interaction, but macroporosity of iVOFm also plays a key role on the fast SDM 

adsorption. In a nutshell, considering the laid above discussion, along with the underlying integral 

rationale, i.e., electrostatic interactions and molecular interactions, macroporosity of iVOFm are other 

imperative requirements for such ultrafast, high SDM capture efficiency at different pH media. 

 

Figure 3.5: A) pH-dependent SDM removal study, B) Structures of viologen-subunit and SDM at 

different pH, C) Synthesis scheme of compound-1b and -1c, D) Nitrogen gas sorption data. (E) Relative 

SDM % removal of all compounds at pH=1, (inset, concentration decrease with time at pH=7.13). 

Enthused from this aforediscussed observation, we went ahead to explore the role of macroporosity of 

iVOFm towards efficient anions capture in more details. Therefore, we synthesized two compounds 

having similar chemical structure with iVOFm, utilizing two reported protocols, (1) via ionothermal 

solid-state reaction, which produced micro-mesoporous charged network[25] (compound-1b) and (2) via 

Zincke’s reaction, which yielded a nonporous cationic viologen-organic-framework[30] (Compound-1c) 

(Figure 3.5C).  Thus, synthesized compounds have been thoroughly characterized by FT-IR, solid-state 

13C-NMR, TGA, N2 adsorption, FESEM, etc. (Appendix Section 3.6.4). Both FT-IR, solid-state 13C-
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NMR and TGA profile of compound-1b and 1c indicated formation of polymeric network (Appendix 

3.37-3.42). The morphology and elemental analysis of both compounds was characterized by FESEM-

EDS (Appendix 3.43 and 3.44). Moreover, according to the reported literature, XPS, PXRD and Raman 

spectroscopy were employed to elucidated the chemical and electronic structure of compound-1b and -

1c (Appendix 3.45-3.47).[25, 30] Further, to establish the porosity of both compounds, nitrogen sorption 

measurements were performed. In case of compound-1b, high uptake of N2 at low relative pressure 

(type I) and moderate uptake at high pressure (type IV) indicated the coexistence of both micropores 

and mesopores (Figure 3.5D).[25] However, compound-1c demonstrated very low uptake of N2 at 77K 

indicating low permanent porosity with less surface area (Figure 3.5D).[30] After the successful 

characterization, thus synthesized compound-1b and 1c along with compound-1a (iVOFm) were 

employed toward SDM capture at pH=7.13 and pH=1. The comparative % removal of SDM by 

compound-1a, 1b and 1c, at pH = 7.13 are presented in figure 3.5E, Appendix 3.48 and 3.49, which 

indicated ~99%, ~32% and ~19% removal of SDM, respectively, within 1 min. Such high uptake 

(~99%) of SDM by compound-1a at pH = 7.13 might be attributed to the abundant macroporosity in 

synergy with strong molecular interactions between anionic SDM and cationic surface of compound-

1a. Whereas, the relatively low percentage removal of SDM by compound-1b and 1c with respect to 

compound-1a can be explained by the reduced porosity of respective compounds, which makes the 

interactive surface less accessible for analytes inclusion.[23] At pH=1, compound-1b and 1c 

demonstrated ~26% and ~11% removal efficiency, respectively, which is much lower than compound-

1a (~61%) (Figure 3.5E). The reason behind these trends in capture efficiency of respective compounds 

can be described by the macro-microporous to meso-microporous to nonporous nature of compound-

1a, 1b and 1c, respectively. This result suggested that inducing macroporosity within compound-1a 

(iVOFm) is indispensable in accomplishing the highest removal efficiency than comparatively less 

porous identical cationic compounds at pH=7.13 and 1. Again, after the pollutant removal experiment, 

no significant structural as well as morphological changes has been observed, which confirmed the 

robust nature of the iVOFm toward real-world water treatment application (Appendix 3.50 and 3.51). 

Additionally, the loading of SDM molecules into the pores of the compounds after capture experiment 

was characterized by FT-IR, SEM-EDS and N2 sorption measurements (Appendix 3.50 and 3.51). This 

result demonstrated the advantage of order inter-connected macropores over less porous compounds 

toward achieving rapid and high degree of separation efficiency. Further, in order to validate the 

thermodynamically favourable interactions between SDM antibiotic and iVOFm, isothermal titration 

calorimetry (ITC) experiment was carried out. The ITC result indicated that the adsorption of anionic 

SDM molecules onto iVOFm is an exothermic process with negative Gibbs free energy, which 

suggested the strong binding affinity of SDM on iVOFm was a thermodynamically favourable process 

(Figure 3.6A and 3.6B).  
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Figure 3.6: A) ITC thermogram with parameters, B) Heat of injection of SDM sorption, C) HOMO-

LUMO energy profile, D) Runs of distance between center of mass of SDM and surface of iVOFm 

segment. Binding pattern of SDM along (E) top, (F) side-view, G) SDM binding-energy surface of the 

compound, (I-IV) simulation snapshots with different free binding energy. 

Moreover, in order to get further insight on the experimental observation, the binding pattern and 

sorption pathway, molecular dynamics simulations study along with binding energy calculation of the 

interaction between the surface of iVOFm and SDM molecules has been done with the help of density 

functional theory (DFT). The simulation result validated the role of various supramolecular non-

covalent interactions towards high and rapid SDM adsorption by iVOFm (Appendix Section 3.6.6). The 

HOMO-LUMO energy-state of the compound with the SDM molecule has been calculated, which 

indicated the presence of energy maxima and minima sites favourable for the interaction with minimum 

binding energy (Figure 3.6C). The binding energy of interaction was observed to be -123 kJ/mol. Thus, 

iVOFm is in ‘Switch-ON’ condition during the interaction with SDM.   Further, in the simulation study, 

within a very short period of time (time~1ns), the SDM molecules were found to be absorbed into the 

cavity surface of the iVOFm, as showed by the decreased of center of mass with respect to the distance 

of SDM to the surface of the compound in the runs (Figure 3.6D-3.6F). These runs indicated the 
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energetically favourable binding modes of SDM and iVOFm. The geometry-optimized structures for a 

minimized unit of iVOFm with SDM revealed crucial insights regarding the preferable binding sites 

(Appendix 3.55). Moreover, to further demonstrate the probable multiple binding modes and sorption 

patterns of SDM into the surface of the iVOFm, binding free energy has been calculated, which 

indicated different binding free energy basin located at different contact area (Acont.) and distance (Dcom.) 

between SDM and iVOFm (Figure 3.6G and Appendix 3.56). Interestingly, the binding energies for 

SDM molecule within the geometry-optimized unit of the compound were quite significant that 

elucidates the exceptional binding affinity along with high uptake competency. Additionally, the 

different configuration of binding of SDM with the cavity surface of the compound in corresponding to 

the free energy basins of the interactions has been demonstrated with the respective snapshots of specific 

SDM-iVOFm binding modes (Figure 3.6(I-IV)). Finally, the simulation data validate our experimental 

findings and further supports our understanding for the observed efficient separation performance of 

iVOFm towards SDM anions in water. 

 

3.5 Conclusion 

While targeting an effective method for significant enhancement in adsorption followed by ion-

exchange performance of sorbent, we have developed a simple yet facile strategy to construct rare ionic 

hierarchical porous-organic-framework with order interconnected homogeneously distributed 

macropores, utilizing silica-nanoparticle mediated templating synthesis protocol. The use of specific 

size and amount of silica-template offers fine control over fabrication of specific size and amount of 

macropores on the polymeric material. Optimizing this strategy, we have succeeded in fabrication of an 

efficient ionic adsorbent, intentionally decorated with interconnected uniform macropores, which 

demonstrated excellent removal performance aided by enhanced diffusion towards a variety of toxic 

pollutants in water. The ultrafast sorption capability of the macroporous cationic scavenger was further 

compared with two identical structures with relatively less porous nature, which validated the role of 

large pores in the structure toward triggered pollutants separation application. Such efficient chemical 

segregation ability of iVOFm highlighted that this promising strategy is practically viable and can be 

extended for the construction of various other functional groups containing macro-microporous 

materials and further exploration toward task-specific applications. 
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3.6 Appendix Section 

Appendix Section 3.6.1: Characterizations of iVOFm 

 

Appendix 3.1:  FT-IR spectra of iVOFm and its precursor-2, indicated formation of the material. 

 

 

Appendix 3.2: 13C CPMAS NMR spectra of iVOFm (The asterisks denote spinning side bands). 
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 Appendix 3.3: Thermal gravimetric analysis (TGA) profile of iVOFm. 

 

Appendix 3.4a: The DFT pore size distribution of iVOFm measured from the nitrogen sorption data. 
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Appendix 3.4b: Intrusion and extrusion profile of iVOFm measured by mercury intrusion porosimetry. 

 

 

 

 

Appendix 3.4c:  The pore size distribution of iVOFm measured by mercury intrusion porosimetry. 
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Appendix 3.5: FESEM images of monodisperse silica nanoparticles (SiO2 NPs) in different magnification 

(a, b) with an average diameter of ~ 210 nm. 

 

 

 

 

Appendix 3.6: FESEM images of SiO2 NPs@VOF composite in different magnification (a, b). 
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Appendix 3.7: Additional FESEM images of macro ionic VOF (iVOFm) after removing the silica template. 

(Scale bar 1 micron) (The colour of the original images has been modified using mentioned software for 

better visualization). 

 

 

 

 

Appendix 3.8: Additional high-magnification FESEM images of macro ionic VOF (iVOFm) after removing 

the silica template. (Scale bar 200 nm) (The colour of the original images has been modified using 

mentioned software for better visualization). 

 

 



  | Chapter 3 

 

3.29 | P a g e  
 
 

 

Appendix 3.9: Additional FESEM image of macro ionic VOF (iVOFm). (Scale bar 200 nm) (The colour of 

the original images has been modified using mentioned software for better visualization). 

 

 

 

Appendix 3.10: Additional TEM image of macro ionic VOF (iVOFm). (Scale bar 500 nm) (The colour of 

the original images has been modified using mentioned software for better visualization). 
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Appendix 3.11: EDS analysis of iVOFm. 

 

 

 

Appendix 3.12: High magnification colour-modified SEM images of iVOFm showing few randomly 

distributed small pores, connected with each-other through the large macropores. (The color of the original 

images has been modified using mentioned software for better visualization). 
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Appendix 3.13: High magnification colour-modified TEM images of iVOFm showing few randomly 

distributed small pores, connected with each-other through the large macropores. (The color of the original 

images has been modified using mentioned software for better visualization). 

 

 

Appendix 3.14: 2D cross-sectional electron tomography image of iVOFm. 
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Appendix 3.15: Electron tomography 3D images of iVOFm, showing homogeneous distribution of 

interconnected macropores throughout the cationic network of the material. 
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Appendix 3.16: High-magnifying electron tomography 3D images of iVOFm. 

 

 

 

Appendix 3.17: PXRD pattern of iVOFm. 
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Appendix 3.18: Zeta potential measurement plot of iVOFm shows an average charge of +37.6 mV. 
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Appendix Section 3.6.2: Chemical Stability Test of iVOFm 

 

Appendix 3.19: FT-IR spectra of iVOFm (red), 1 M HCl treated iVOFm (wine) and 1 M NaOH treated 

iVOFm (purple). 

 

Appendix 3.20: (a) TGA profile of iVOFm (red), 1 M HCl treated iVOFm (wine) and 1 M NaOH treated 

iVOFm (purple). 
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Appendix 3.21a: FESEM images of iVOFm after treating with 1 M HCl (a) and 1 M NaOH (b). 

 

 

 

Appendix 3.21b: EDS analysis of iVOFm after treating with 1 M HCl (a) and 1 M NaOH (b). 
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Appendix 3.22: Nitrogen sorption data (77 K) of iVOFm after treating with 1 M HCl and 1 M NaOH. 
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Appendix 3.23: FT-IR spectra of compound, synthesized with (a) ~250 mg, (b) ~150 mg and (c) ~50 mg 

of SiO2 nanoparticles. 

 

 

 

Appendix 3.24: FT-IR spectra of compound, synthesized with (a) ~160 nm, (b) ~210 nm and (c) ~330 nm 

of SiO2 nanoparticles. 
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Appendix Section 3.6.3:  Sorption Study 

General consideration: All the adsorption kinetic studies has been carried out taking following respective 

concentration of different anionic analytes (Appendix 3.25) in pure aqueous solution. For organic dyes 

(methyl orange (MO) and alizarin red s (ARS)) the stock solution was prepared with 0.1 mmol of each dye 

in water. However, for the antibiotic solution (sulfadimethoxine (SDM) and sulfamethazine (SMT)), a stock 

solution of 10 ppm has been chosen for the kinetic study by iVOFm. Further, in case of stock solution of 

oxoanions (potassium permanganate (KMnO4) and potassium perrhenate (KReO4)), the initial concentration 

was 50 ppm. Moreover, due to low intense absorption maximum, iodide (I3
-) stock solution (solution of I2 

and KI in DI water) was prepared at 50 ppm concentration. 

 

 

Appendix 3.25: Chemical structures of various organic-inorganic pollutants, used for capture study. 
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Appendix 3.26: Capture study of methyl orange (MO): (a) UV-vis spectra of MO shows diminishing in the 

absorbance with increasing time, (b) % removal vs time, (c) Decrease in the concentration with time, (d) Pseudo-

second-order model fitting for MO capture. 

 

Appendix 3.27: Capture study of alizarin red S (ARS): (a) UV-vis spectra of ARS shows diminishing in the 

absorbance with increasing time, (b) % removal vs time, (c) Decrease in the concentration with time, (d) Pseudo-

second-order model fitting for ARS capture. 
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Appendix 3.28: Capture study of sulfadimethoxine (SDM): (a) UV-vis spectra of SDM shows diminishing in 

the absorbance with increasing time, (b) % removal vs time, (c) Decrease in the concentration with time, (d) 

Pseudo-second-order model fitting for SDM capture. 

 

Appendix 3.29: Capture study of sulfamethazine (SMT): (a) UV-vis spectra of SMT shows diminishing in the 

absorbance with increasing time, (b) % removal vs time, (c) Decrease in the concentration with time, (d) Pseudo-

second-order model fitting for SMT capture. 
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Appendix 3.30: Capture study of iodine with KI in water (I3
-): (a) UV-vis spectra of I2 shows diminishing in 

the absorbance with increasing time, (b) % removal vs time, (c) Decrease in the concentration with time, (d) 

Pseudo-second-order model fitting for I2 capture. 

 

Appendix 3.31: Capture study of potassium permanganate (KMnO4): (a) UV-vis spectra of MnO4
- shows 

diminishing in the absorbance with increasing time, (b) % removal vs time, (c) Decrease in the concentration 

with time, (d) Pseudo-second-order model fitting for MnO4
- capture. 
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Appendix 3.32: Capture study of potassium perrhenate (KReO4): (a) UV-vis spectra of ReO4
- shows 

diminishing in the absorbance with increasing time, (b) % removal vs time, (c) Decrease in the concentration 

with time, (d) Pseudo-second-order model fitting for ReO4
- capture. 
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Appendix Scheme 3.6: Schematic diagram and digital image of experimental set-up of column-exchange 

based pollutants sorption experiment. 

 

 

 

Appendix 3.33a: Column exchange-based capture study of methyl orange (MO): (a) Column setup for MO 

capture study, (b) UV-vis spectra of MO shows diminishing in the absorbance while passing through the 

iVOFm embedded column bed. 
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Appendix 3.33b: Column exchange-based capture study of iodine with KI in water (I3
-): (a) Column setup for 

I3
- capture study, (b) UV-vis spectra of I3

- shows diminishing in the absorbance while passing through the iVOFm 

embedded column bed. 

 

 

 

Appendix 3.33c: Column exchange-based capture study of potassium permanganate (KMnO4): (a) Column 

setup for MnO4
- capture study, (b) UV-vis spectra of MnO4

- shows diminishing in the absorbance while passing 

through the iVOFm embedded column bed. 
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 Appendix 3.34: SDM sorption data by iVOFm tested in different real water samples. 

 

 

Appendix 3.35: Breakthrough SDM sorption data by iVOFm tested in 50 ppm water samples. 
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Appendix 3.36a: Solid-state EPR spectra of iVOFm in alkaline medium. 

 

 

 

 

Appendix 3.36b: Nitrogen sorption data of iVOFm in alkaline medium at 77K. 
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Appendix Section 3.6.4: Characterizations of Compound-1b, 1c and Relative SDM Capture 

 

 

Appendix 3.37: FT-IR spectra of compound-1b with its precursor-2. 

 

 

Appendix 3.38: FT-IR spectra of compound-1c with its precursor-1 and precursor-3. 
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 Appendix 3.39: 13C CPMAS NMR spectra of compound-1b. 

 

 

 

Appendix 3.40: 13C CPMAS NMR spectra of compound-1c. 
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Appendix 3.41: TGA profile of compound-1b. 

 

 

Appendix 3.42: TGA profile of compound-1c. 
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Appendix 3.43: (a, b) High and low magnifying FESEM images, (c) EDS data (element, carbon (C), 

nitrogen (N), chlorine (Cl)), and (b) Elemental mapping image of compound-1b. 

 

Appendix 3.44: (a, b) High and low magnifying FESEM images, (c) EDS data (element, carbon (C), 

nitrogen (N), oxygen (O), chlorine (Cl)), and (b) Elemental mapping image of compound-1c. 



  | Chapter 3 

 

3.52 | P a g e  
 
 

 

 Appendix 3.45: X-ray photoelectron spectroscopy (XPS) analysis: (a) XPS survey spectra of compound-

1b, (b, c, d) XPS spectra of C1s, N1s and Cl2p orbital, respectively. Which indicated formation of the 

material. 

 

Appendix 3.46: Powder X-ray Diffraction (PXRD) analysis of (a) compound-1b and (b) compound-1c. 
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 Appendix 3.47: Raman spectra of compound-1b, shows the dominant D and G band. 

 

 

Appendix 3.48: Removal percentage of SDM molecule by compound-1a (iVOFm), -1b and -1c at pH = 

7.13. 
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Appendix 3.49: Psuedo-second order model fitting for SDM molecule capture by compound-1a (iVOFm), 

-1b and -1c at pH = 7.13. 
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Appendix Section 3.6.5: Post Adsorption Characterization of iVOFm 

 

 

Appendix 3.50a: FT-IR spectra of SDM, iVOFm and after sorption of SDM by iVOFm. 

 

 

 

Appendix 3.50b: FESEM images of iVOFm, after sorption study. 
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Appendix 3.51a: SEM-EDS data of iVOFm, after SDM sorption study. 

 

 

 

Appendix 3.51b: Nitrogen gas sorption data of iVOFm, after SDM sorption study. 
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Isothermal titration calorimetry (ITC): Isothermal titration calorimetry (ITC) experiment has been conducted 

for the thermodynamic validation of such favourable interactions between the anionic SDM molecule and 

iVOFm in aqueous medium at pH = 7.38 (adjusted by 1M NaOH solution).[37] ITC experiment quantitatively 

provides the change in enthalpy, entropy and Gibbs free energy associated with the adsorption followed by the 

ion-exchange process between adsorbent and adsorbate.[38] In this typical experiment, first, the reference cell 

was filled with deionized water, and a homogeneous aqueous suspension of adsorbate (iVOFm) (stock as, 2.5 

mg compound in 10 mL of H2O (pH = 7.38)) (consider as 1 mmol in the experiment) was poured into the sample 

cell and the 10 mmol concentration of adsorbent (SDM) aqueous solution (pH = 7.38) was placed into the 

syringe, while the complete mixture was stirring at 750 rpm. In this study, we recorded the thermograms for 

SDM molecule adsorption by the iVOFm. The first injection of each titration was fixed at 0.4 μL. At least two 

titrations for each analyte-compound pair were collected. Data analysis was performed in y. MicroCal PEAQ-

ITC analysis software. The heats of injection for blank titrations (analyte [SDM] into blank) were subtracted 

from the heats of injection into compound suspensions. The recorded thermogram (Figure 3.6a and Appendix 

3.52) demonstrated a high association constant with the exothermic binding event along with the following 

thermodynamic parameters (Appendix 3.53 and Appendix Table 3.1). This result indicated the adsorption of 

SDM by iVOFm was thermodynamically favourable as the Gibbs free energy of the process was found to be 

negative with positive association constant (Ka) and negative entropy.[39] Thus, these ITC data clearly indicated 

the similarities between the thermodynamic parameters and the bulk-scale experimental data of strong 

interactions between SDM molecule and iVOFm in water. 

 

 

Appendix 3.52: (a) ITC thermogram of adsorption of SDM onto iVOFm. (b) Corresponding single-site model 

fitted integrated heat data exhibited the exothermic binding phenomena of SDM in iVOFm. 
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Appendix 3.53: Thermodynamic parameter, ΔH, TΔS, ΔG values for sorption of SDM on iVOFm. 

 

Appendix Table 3.1: Thermodynamic parameter of interaction between SDM molecules and iVOFm in 

aqueous solution at pH = 7.38 

 

Parameters Values 

Model One set of sites 

Cell (M) 1.00e-3 

Syn (M) 10.0e-3 

KD (M) 6.04e-6 ± 4.19e-6 

ΔH (kcal/mol) -0.628 ± 4.2e-2 

ΔG (kcal/mol)  -7.12 

TΔS (kcal/mol) 6.49 
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Appendix 3.54: (a) ITC thermogram of SDM with blank (water). (b) Corresponding integrated heat data of 

SDM with blank (water). 

 

 

Appendix Section 3.6.6: Theoretical Studies and Binding Energy Calculation 

 

Along with the different experimental investigation, theoretical calculation has also been carried out, 

utilizing density functional theory (DFT) studies, in order to further insight into the selective interaction of 

SDM molecule with iVOFm. The binding energy of interaction of SDM with iVOFm was observed to be -

123 kJ/mol, which is equivalent to -1.2 eV. Thus, SDM interaction with iVOFm making its HOMO-LUMO 

interaction favourable. Thus, iVOFm is in Switch ON condition during the interaction with SDM.   (Figure 

3.6c in the main text). The molecular dynamic simulation studies indicated that within a very short period 

of time (~1 ns) the SDM molecules was adsorbed into the potential large porous cavity of iVOFm. However, 

in case of other individual runs, the time taken for adsorbed the SDM molecule by the iVOFm is greater than 

~1 ns, as demonstrated by relatively slow decrease in the center of mass (COM) with the distances of SDM 

to the upper surface of the iVOFm (Figure 3.6d in the main text). This rapid decrease in the COM of SDM 

indicated strong binding possibility with the surface of iVOFm (Appendix 3.55). These individual runs 

suggests that the binding pattern between the SDM and iVOFm is energetically favourable. Now, to further 

elucidate the binding modes as well as sorption patterns of SDM inside the channels of iVOFm, binding 

energy was calculated. The binding free energy was computed by W (Acont, Dcom) = −KbTlnP(Acont, Dcom), 

where Kb is the Boltzmann constant, T is the temperature, Acont is the contact area between SDM and 

compound-1a, and Dcom is the COM distances of SDM to the surface of iVOFm, and P(Acont, Dcom) is the 

probability of finding SDM at position (Acont, Dcom). The binding free energy surface profile demonstrated 
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four individual free energy basins which are located at (i) 6.9 Å, 2.7 Å2, (ii) 4.1 Å, 2.8 Å2, (iii) 8.8 Å, 6.1 Å2, 

(iv) 8.9 Å, 9.3 Å2, respectively, with different binding energies (Appendix 3.56). These four individual 

binding free energy basins revealed four different binding modes of SDM with the surface of the iVOFm 

(Appendix 3.57). These different binding modes explored the various non-covalent supramolecular 

interactions, such as hydrogen bonding interaction, Van-der-waals interaction, and plays key role behind 

such efficient capture of SDM by the iVOFm in water medium. 

 

 

 

 

Appendix 3.55: The top (a) and side (b) view of simulation pattern of SDM with the surface of iVOFm. 
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Appendix 3.56: The SDM binding free energy surface with iVOFm. The colour bar indicated the free energy 

(in kJ/mol).  

 

 

 

Appendix 3.57: Snapshots of the specific binding of SDM with the surface of iVOFm along with 

corresponding binding energies. 
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Appendix Section 3.6.7: Tables 

Appendix Table 3.2: Comparison of this work with other related investigations of MO and ARS dye 

capture by various adsorbents. (N.D.: Not Done). 

Compound name Contact time for 

removal 

Analyte Reference 

iVOFm 5 min MO This work 

iVOFm 5 min ARS This work 

3D-ionic-COF-1 30 min MO J. Am. Chem. Soc. 2017, 139, 

17771 − 17774 

CX4-BD-1 COF 

CX4-BD-2 COF 

120 min MO J. Am. Chem. Soc. 2021, 143, 

3407 −3415 

PCEC-C composite 720 min MO 

ARS 

ACS Sustainable Chem. Eng. 

2017, 5, 2, 1871–1880 

VS4/CP nanocomposites 30 min MO ACS Sustainable Chem. Eng. 

2017, 5, 9, 7690–7699 

CANEX sorbents 130 min MO ACS Appl. Mater. Interfaces 

2018, 10, 24, 20499–20511 

SWCNT and MWCNT 65.0 and 100 min ARS J. Phys. Chem. C 2016, 120, 32, 

18296–18306 

IPM-MOF-201 120 min ARS iscience,2018, 3, 21-30 

CBA 

SSZ-13 

300 min ARS Journal of Hazardous 

Materials,2021, 416, 125925 

P5-P polymer 30 min MO J. Mater. Chem. A, 2017,5, 

24217-24222 

A-MnO2 120 min MO J. Mater. Chem. A, 2015,3, 

19000-19010 

 

 

Appendix Table 3.3: Comparison of this work with other related investigations of SDM, SMT and other 

antibiotics capture by various adsorbents. (N.D.: Not Done). 

POP: Porous Organic Polymer, COF: Covalent Organic Framework, MOF: Metal-Organic Framework 

Types 

of 

compo

und 

Compound 

name 

Initial 

conc. 

Cont

act 

time 

Analyte Stability 

(Acid/B

ase) 

Porosity Capacity Reference 

POP Compound-

1a (iVOFm) 

50 

ppm 

1 

min 

SDM 1M HCl 

1M 

NaOH 

Micro/

Macro 

porous 

376 mg/g This work 

POP TPFC-MIM 10 

ppm 

300 

min 

SDM N.D. Microp

orous 

393.7 

mg/g 

Ind. Eng. Chem. Res. 2019, 

58, 16629−16635 

carbon 

nanotu

bes 

multiwalled 

carbon 

nanotubes  

6.0 × 

10−3 

mmol

/L 

N.D. SMX N.D. N.D. 23.8 

mg/g 

Langmuir., 2009, 25, 

11608–11613 
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Appendix Table 3.4: Comparison of this work with other related investigations of KReO4 oxoanions 

capture by various adsorbents. (N.D.: Not Done). 

Compound name Contact time for 

removal 

Reference 

iVOFm 1 min This work 

MOF  MIL-

101(Cr) 

10 

mg/L 

2 

min 

SDM YES Microp

orous 

588.24 

mg/g 

Journal of Molecular 

Liquids, 2019, 274, 632-638 

carbon 

nanotu

bes 

CNT 0.05–

1.20 

mg/L 

N.D. SDM N.D. Porous 16.3 

mg/g 

Chem. Eng. J., 2017, 312, 

167-179 

MOF UiO-66-NH2 - 240 

min 

SMT N.D. Microp

orous 

N.D. Faraday Discuss., 2021, 

231, 356-370 

MOF-

compo

site 

MIL53(Fe)

@percarbon

ate 

0.02 

mM 

60 

min 

SMT N.D. Porous N.D. Appl. Surf. Sci., 2018, 457, 

726–734 

carbon 

nanotu

bes 

CNF mats 50 

µM 

N.D. SDM 

SMX 

N.D. N.D. 123 mg/g 

32 mg/g 

ACS Appl. Mater. Interfaces 

2016, 8, 18, 11431–11440 

COF TpMa-COF 

and TpMa-

CON 

10 

ppm 

3000 

min 

SMX 

 

YES Porous N.D. ACS Appl. Mater. Interfaces 

2021, 13, 35, 42035–42043 

Metal 

salt 

potassium 

permanganat

e 

10 

μmol 

L−1 

120 

min 

SDM N.D. N.D. N.D. Science of The Total 

Environment, 2019, 671, 

705-713 

Clay 

materi

al 

soil 

mediated by 

extracellular 

oxidoreduct

ases 

1 M) 72 h SDM N.D. N.D. N.D. Environmental Science and 

Pollution Research, 2015, 

22(21), 16868-16874 

MOF cobalt(II)-

based MOF 

5 mg 

L−1 

180 

min 

SMT 

SDZ 

N.D. N.D. 49.5 

mg/g 

48.2 

mg/g 

Dalton Trans., 2020, 49, 

8959-8966 

POP microporous 

organic 

polymers  

100 

ppm 

360 

min 

SMT N.D. Porous 483 mg/g  Microporous Mesoporous 

Mater. 2020, 296, 109979 

Activat

ed 

Carbon 

Activated 

Carbon 

100 

ppm 

360 

min 

SMT N.D. N.D. 259 mg/g  Microporous Mesoporous 

Mater. 2020, 296, 109979 

Hydro

gel 

poly(HEA/N

MMA)–CuS 

hydrogel 

0.2 

mM 

360 

min 

SMX N.D. N.D. 3.8 mg/g Applied Catalysis B: 

Environmental, 2017, 217, 

603-614 

MOF ZIF-8 100 

mg/L 

12 h SMX N.D. N.D. 22 mg/g Catalysis Today. 2018, 301, 

90–97 

MOF MDC-1000 100 

mg/L 

12 h SMX N.D. N.D. 435 mg/g Catalysis Today. 2018, 301, 

90–97 

Activat

ed 

Carbon 

Commercial 

AC 

100 

mg/L 

12 h SMX N.D. N.D. 110 mg/g Catalysis Today., 2018, 301, 

90–97 
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SCU-COF-1 1 min Chem. Sci. 2019, 10, 4293-4305 

IPcomp-3(200) < 2 min ACS Cent. Sci. 2020, 6, 1534-1541 

-MOC-1 and -MOC-2 10 min ACS Appl. Nano Mater. 2019, 2, 

5824-5832 

SCU-100 (ReO4
-/TcO4

-) 30 min (TcO4
-) Environ. Sci. Technol. 2017, 51, 3471-

3479 

SBN 10 min Environ. Sci. Technol. Lett. 2017, 4, 

316-322 

SCU-101 (ReO4
-/TcO4

-) 10 min (TcO4
-) J. Am. Chem. Soc. 2017, 139, 14873-

14876 

SLUG-21 60 min J. Am. Chem. Soc. 2010, 132, 7202-

7209 

Compound-1 60 min Chem. Sci. 2018, 9, 7874-7881 

PAF-1-F 24 h Chem. Eur. J. 2016, 22, 17581-17584 

iPOP-3  25 min Chem. Eur. J. 2021, 27, 1-9 

iPOP-4 30 min Chem. Eur. J. 2021, 27, 1-9 

TbDa-COF 2 min Chem. 2020, 6, 2796-2809 

bis-PC2(Cl)@MIL-101 30 sec ACS Cent. Sci. 2020, 6, 12, 2354-2361 

SCU-CPN-1 30 sec Nat. Comm. 2018, 9, 3007 

CPN-tpm 20 min Small. 2021, 17, 2007994 

SCU-CPN-4 1 min ACS Cent. Sci. 2021, 7, 1441-1450 

 

 

Appendix Table 3.5: Comparison of this work with other related investigations of KMnO4 oxoanions 

capture by various adsorbents. (N.D.: Not Done). 

Compound name Contact time for 

removal 

Reference 

iVOFm 30 sec This work 

IPcomp-3(200) < 2 min ACS Cent. Sci. 2020, 6, 1534−1541 

SLUG-21 48 h J. Am. Chem. Soc. 2011, 133, 

11110−11113 

SLUG-21 96 h J. Am. Chem. Soc. 2010, 132, 

7202−7209 

Compound-1 5 min Chem. Sci. 2018, 9, 7874−7881 

3D-ionic-COF-1 30 min J. Am. Chem. Soc. 2017, 139, 

17771−17774 

1-SO4 24 h Angew.Chem.Int. Ed. 2016, 55, 7811–

7815 

Tp-Pa-2-foam <30 sec J. Am. Chem. Soc. 2019, 141, 

7572−7581 

SCNU-Z1-Cl 16 min Inorg. Chem. 2019, 58, 4, 2899–2909 

1.NO3 >130 min ACS Appl. Mater. Interfaces 2017, 9, 

7202−7208 
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A hybrid composite porous material is a combination of two or more porous materials that retains some 

of its inherent characteristics or, in certain cases, exhibits improved and unique properties as compared 

to the individual components utilized separately.[1] The materials in this class usually have a porous 

structure, which allows them to have a high surface area and tunable properties due to the special 

interaction between the integrated components. It is possible to precisely control properties like 

porosity, mechanical strength, chemical reactivity, and stability by combining inorganic and organic 

constituents. These materials' hybrid nature frequently bestows multifunctionalities, rendering them 

appropriate for a wide range of uses, such as environmental remediation, gas storage, and catalysis.[2] 

Composite materials are typically made up of a host matrix and functional guest species, where the host 

matrix frequently acts as a support and the guests provide increased activity. When used as host matrices 

for support media, porous materials effectively immobilize functional guest components to reduce 

leaching and aggregation tendencies and significantly increase their reactivity. Furthermore, in the 

composite material, these host matrices can provide extra active sites that complement the guests. Due 

to their various functional groups, consistent pore topologies, framework flexibility, and configurable 

pore environment, Advanced Functional Porous Materials (AFPMs) are an appealing option for both 

host and guest materials. It has recently been discovered that a variety of porous materials can be used 

to create hybrid composite porous materials, both as active guest materials and as porous supports. 

Among them, there are well-developed materials with a variety of applications, such as MOFs/COFs, 

MOPs/MOFs, MOPs/COFs, etc.[3] 

Based on all these rationale this section is also consist of two chapters: chapter 4 and chapter 5. In 

chapter 4, a hybrid composite porous material has been fabricated by embedding cationic Zr(IV)-based 

MOPs inside a hierarchical porous metal-organic gel (MOG) matrix. The developed hybrid was used 

for efficient segregation of a group of toxic metal-oxoanions from simulated wastewater system. While 

in chapter 5, an imine functional COF aerogel and an amino-functionalized cationic MOP were 

hybridized using a novel covalent hybridization technique to create another composite porous material. 

The hybrid COF aerogel was used to effectively sequester iodine or polyiodide species from both water 

and air media. The investigations in these two chapters center on the effective creation and rational 

layout of functionalized advanced hybrid composite porous materials for the sequestration of hazardous 

water and gaseous radioactive pollutants. 
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4.1 Introduction  

In terms of significant impact, the World Economic Forum documented water crisis as the largest 

worldwide risk.[1] Due to accelerating urbanization along with rapid industrialization, an ever growing 

number of toxic contaminants are entering the fresh water supplies.[2–4] In the priority list, the 

Environment Protection Agency (EPA) listed metal-based oxoanions as potential toxic inorganic 

pollutants in wastewater.[5] In response, considering the escalating demand for clean water, coupled 

with the potential influence of these hazardous oxoanions in contaminated water, environmental 

remediation has attracted intense attention for sustainable life and has become a topical research interest 

in recent years.[6, 7] Both environment and human health concerns are driving efforts to develop various 

efficient technologies to disinfect and decontaminate wastewater.[8, 9] Among them, adsorption followed 

by ion-exchange-based purification techniques are emerging, and are considered as promising over 

other conventional methods.[10, 11] Although several adsorbents have been devoted to remove waste from 

wastewater, the poor selectivity towards isolating trace toxic ions, in the presence of a high 

concentration of coexisting salts and slow removal kinetics limits the overall efficiency of the 

materials.[12, 13] Therefore, to address these issues, tremendous development of effective regenerable 

materials with substantially improved segregation properties has received special attention. That being 

said, pioneering endeavours have been employed to identify efficient adsorbents for the removal of 

specific oxoanions from contaminated water.[14–16] However, as a long-term battle, improvement in 

terms of high selectivity, fast kinetics and capacities towards a group of toxic oxoanions at trace 

concentration, from natural groundwater sources to point-of-use are still needed for practical 

application, which is unexplored due to the lack of rational synthetic strategies. 

In this regard, by virtue of predesigned tunable reticular structure, advanced porous materials have been 

recognized as promising platforms for various leading applications.[17–19] Recently, composite materials 

are emerging as advantageous over individual materials, owing to their collective benefits and effective 

performance.[20, 21] Based on this view, hybrid composite materials have commanded research interest 

in recent years because of their unique and ingenious properties towards task-specific applications.[22–

24] Now, for host–guest hybrid composite material-based ideal adsorbents, the guest should be 

homogeneously distributed throughout the host matrix and decorated with functional groups that can 

strongly interact with the host matrix. In this context, discrete metal–organic polyhedra (MOP), a zero-

dimensional crystalline material, constructed from predesigned organic linkers with a metal cluster, 

could be an ideal solution as a guest material and therefore attract interest in various applications, such 

as separation, catalysis, gas storage, sensing, biology, etc.[25, 26] However, most of the MOPs are found 

to be less chemically stable which limits their practical utility in aqueous or chemical environments.[27] 

In this regard, recently, Zr(IV)-based MOPs were recognized for their high chemical stabilities and thus 

have great potential towards different applications.[28–30] Nevertheless, owing to the unavoidable 
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aggregation-induced blockage of the active sites, upon removal of the guest in the solid-state, 

unfortunately, MOPs are far from their conceivable capability.[31] Again, attempts have been made to 

address these critical issues by encapsulating polyhedra into various porous matrices, such as metal–

organic frameworks, silica, etc.,[32, 33] but the heterogeneous nature of these host matrices restricts the 

practical utilization of the overall nanocomposite as a different workable, more coherent monolithic 

form, which are promising for separation applications. In a recent report, we demonstrated a strategic 

fabrication of an ionic hybrid material by covalently embedding stable cationic metal–organic 

polyhedra (MOP) with a covalent organic framework (COF) to develop a nanotrap as an efficient anion-

exchange material.[34] The synchronous existence of multifunctionalities enabled the rapid and efficient 

extraction of various toxic oxoanions from aqueous medium. However, the highly dispersed nature 

along with the non-monolithic applicability thwarted large-scale real-world applications. Considering 

this, here we envisioned that the use of a metal–organic gel (MOG) with a soft porous hybrid structure[35] 

could be an ideal choice as an efficient host matrix for encasing guest-MOPs with an advantageous 

“bottle-around-ship” strategy to construct composite materials, having the characteristics of both a 

framework and a gel in terms of hierarchical porosity, high surface area, superior crack resistance 

capability for shaping. 

 

Figure 4.1 Schematic representation of the synthesis of cationic metal–organic polyhedra embedded 

metal–organic gel hybrid composite material (IPcomp-6). The free-standing wet-gel composite is 
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luminescent in nature. The lightweight aerogel form of IPcomp-6. The schematic illustration of the 

MOP exhibiting the Zr-SBU and free Cl¯ ions inside the gel matrix. 

 

The facile synthesis of metal–organic gel-based materials facilitate aerogel as well as xerogel 

monolithic architectures.[36] However, the high-density nature of xerogel materials often suffers from 

assorted limitations such as volume shrinking upon drying, which subsequently obstructs the internal 

pores, and therefore restricts their efficiencies.[37] The fabrication of ultralight, free-standing, stable, 

low-density sponge-like skeletal, aerogel materials without compromising their hierarchical porous 

properties is an effective alternative to address the aforementioned issues.[38] In this regard, we have 

synthesized and shaped an efficient ionic hybrid composite aerogel material (hereafter denoted as 

IPcomp-6 (where “IP” stands for IISER Pune, and “comp” stands for composite)) with excellent anion-

exchange ability by encapsulating a cationic MOP[39] inside a hierarchically porous MOG,[40] utilizing 

the “bottle-around-ship” encapsulation strategy (Figure 4.1).[41] The strategic implantation of a multi-

functionalized trap (MOP) with a stable host (MOG) is demonstrated for efficient removal of oxoanions 

(Scheme 4.1). The deliberately grafted Cp3Zr3O-(OH)3 secondary building units (SBUs) of the MOP 

molecule result in high selectivity towards trapping various oxoanions,[42] whereas, the amine group 

along with freely exchangeable Cl¯ ions enhanced the anion-exchange process.[43, 44] In addition, the 

host, MOG tied up the MOP molecules separately, boosts the diffusion of oxoanions towards the active 

nanotrap (MOP) through its hierarchically (micro to macro) porous nature. IPcomp-6 exhibited rapid 

and selective entrapment of different metalloid and metal-based oxoanions like HAsO4
2¯, SeO4

2¯, 

ReO4¯, CrO4
2¯ and MnO4¯ in the presence of a large excess of other coexisting common interfering 

anions in both high (~50 ppm) and ultralow (~1000 ppb) concentration. Thereafter, considering the 

pernicious consequences of arsenic in groundwater, IPcomp-6 was applied to the removal of arsenic 

from natural contaminated groundwater samples. It reduced the concentration of arsenic to much below 

the permissible limit for drinking water, set by world health organization (WHO) (<10 ppb).[45] Such a 

fast and efficient adsorption performance by cooperative multifunctionalities of IPcomp-6 was further 

justified by various experimental and water-flow simulations as well as other theoretical calculation 

studies. 
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Scheme 4.1 Schematic representation of aqueous phase efficient removal of toxic oxoanions by 

IPcomp-6. 

 

4.2 Experimental 

4.2.1 Materials: All the reagents, starting materials and solvents were commercially purchased from 

Sigma-Aldrich, TCI Chemicals, Alfa aesar depending on their availability and used without further 

purification. All oxoanions salts are toxic in nature and proper protective gear (masks, gloves) is always 

to be used. 

4.2.2 General Characterization and Physical Measurements:  

4.2.2.1 Powder X-ray diffraction (PXRD): Powder X-ray diffraction (PXRD) experiments were 

performed on a Bruker D8 Advanced X-ray diffractometer at room temperature using Cu Kα radiation 

(λ = 1.5406 Å) at a scan speed of 0.5 ° min–1 and a step size of 0.01° in 2θ.  

4.2.2.2 Fourier transform infrared spectroscopy (FT-IR): The IR Spectra were acquired by using a 

Bruker Optics ALPHA-E spectrometer with a universal Zn-Se ATR (attenuated total reflection) 

accessory.  FT-IR data are reported with a wave number (cm–1) scale in 500-4000 cm–1 range.   

4.2.2.3 Thermogravimetric analysis (TGA): Thermogravimetric analyses were recorded on Perkin-

Elmer STA 6000 TGA analyzer by heating the samples from 40 oC to 800 oC under N2 atmosphere with 

a heating rate of 10 °C min–1.  

4.2.2.4 Scanning electron microscopy (SEM): The morphology of the crystalline materials was 

recorded with a Zeiss Ultra Plus field-emission scanning electron microscope (FESEM) with an integral 
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charge compensator and embedded EsB and AsB detectors (Oxford X-max instruments 80 mm2 (Carl 

Zeiss NTS, GmbH). The samples were sputter-coated with a 5-10 nm Au film to reduce charging. The 

elemental analysis was carried out using voltage of 15 KV equipped with an EDX detector. Data 

acquisition was performed with an accumulation time of 600s.  

4.2.2.5 Transmission electron microscopy (TEM): TEM imaging and STEM-EDS were performed 

on the HRTEM (JEM-2200FS, JEOL) operating at an acceleration voltage of 200 kV. For TEM 

analysis, all the samples were dispersed in isopropanol and sonicated.  Then, the samples were left for 

2 min, and the upper part of the solution was taken for preparing TEM samples on a lacey carbon-coated 

copper grid (Electron Microscopy Science, 200 mesh).  

4.2.2.6 Nitrogen adsorption-desorption isotherm measurements: N2 gas adsorption measurements 

were performed using BelSorp-Max instrument (Bel Japan). Prior to adsorption measurements, the 

activated samples were heated at 120 °C under vacuum for 12 hours using BelPrepvacII.   

4.2.2.7 X-ray photoelectron spectroscopy (XPS): As-obtained powder samples were stuck to 

conductive paste and then measured by X-ray photoelectron spectroscopy using K-Alpha+model 

(Thermo Fischer Scientific, UK) with Al Kα source. 

4.2.2.8 Nuclear magnetic resonance (NMR): 1H and 13C NMR spectra were recorded on Bruker 400 

MHz NMR spectrometer. The chemical shifts are expressed in parts per million (δ scale). 

4.2.2.9 High-resolution mass spectroscopy (HRMS): The mass analysis of the MOPs was carried out 

using high-resolution mass spectrometry (HRMS-ESI-Q-TOF LC-MS) and Applied Bio system 4800 

PLUS matrix-assisted laser desorption/ionization (MALDI) TOF/TOF analyzer. 

4.2.2.10 Confocal laser scanning microscope (CLSM): Confocal laser scanning microscope (Zeiss, 

Oberkochen, Germany Model LSM 10) was used to achieve background free high-resolution images of 

all the compounds. 

4.2.2.11 UV-visible absorption spectra: UV-vis absorption studies were performed on a Shimadzu 

UV 3600 UV /vis /NIR spectrophotometer in an optical quartz cuvette (10 mm path length) over the 

entire range of 200-800 nm.  

4.2.2.12 Steady state photoluminescence spectra: The steady-state photoluminescence studies were 

recorded on a Fluorolog-3 spectrofluorometer (HORIBA Scientific).   

4.2.2.13 Fluorescence measurements: All fluorescence measurements were done on Jobin Yvon 

Fluoromax-4 spectrofluorometer. 

4.2.2.14 Inductively coupled plasma atomic absorption/emission spectrometry (ICP-AAS/AES) 

and mass spectrometry (ICP-MS): ICP-AAS analysis was performed on Thermo Scientific iCE 3000 
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Series. ICP-AES analysis was performed on ARCOS, Simultaneous ICP Spectrometer. ICP-MS was 

performed on Quadrupole inductively coupled plasma mass spectrometry (Q‐ICP MS; Thermo 

Scientific iCAP Q) instrument. Multielement standards were purchased from inorganic ventures. 

4.2.2.15 Supercritical CO2 activation: Supercritical CO2 activation process was performed using a 

TOUSIMIS Samdri instrument. A freshly filled liquid CO2 cylinder was used for the experiment. 

4.2.2.16 Compression test:  The mechanical strength test was conducted with a vernier caliper and 

each data was collected for three times. Compressive strength was measured in non-confined mode, 

using universal testing machine (Model Instron 5943) equipped with 1 kN load cell and stainless-steel 

compression plates. 

4.2.2.17 Isothermal Titration Calorimetry (ITC): The ITC experiments were performed on a 

Malvern MicroCal PEAQ-ITC microcalorimeter having 20 (19+1) injection cycle method capacity, 

thevsample volume of 280 µL with a sample cell size of 200 µL and injection syringe volume of 40 µL 

for each set of experiments.  

4.2.2.18 3D X-ray tomography:  Aerogels were imaged using X-ray microtomography (Xradia 510 

Versa X-ray Microscope, Zeiss X-ray Microscopy, Pleasanton, CA, USA) to study its morphology, 

porosity and pore-size distribution. Specimens were loaded onto the sample holder, kept in between the 

X-ray source and the detector assembly. Detector assembly consisted of a scintillator, 20X optics and a 

CCD camera. X-ray source was ramped up to 60 kV and 5 W. The tomographic image acquisitions 

were completed by acquiring 3201 projections over 360° of rotation with a pixel size of 0.80 microns 

for a sample size of 0.8 x 0.8 x 0.8 mm3. Each projection was recorded with 5 seconds of exposure time. 

In addition, projections without the samples in the beam (reference images) were also collected and 

averaged. The filtered back-projection algorithm was used for the reconstruction of the projections to 

generate two-dimensional (2D) virtual cross-sections of the specimens. Image de-noising, filtration, 

segmentation and further processing were performed using GeoDict software package (GeoDict® 2018, 

Math2Market GmBH, Germany). 2D images were trimmed down to a sub-volume (100 x 100 x 100 

voxels with 0.80 cubic micron per voxel), filtered to remove noise and segmented after OTSU threshold 

selection based on local minima from the grayscale histogram. Resultant 3D reconstructed model was 

used to estimate the pore characteristics such as porosity, pore-size distribution, etc. using PoroDict® 

software package (GeoDict® 2018, Math2Market GmBH, Germany), where radius pore is determined 

by fitting spheres into the pore volume. 

4.2.2.19 IPcomp-6 digestion process and 1H NMR analysis: ~30 mg of NH2-MOP@MOA composite 

material was digested in ~1 mL of 1 mol/L NaOH solution over ~6 hours. Then, 2.0 mL of DI water 

was added to the mixture and the overall solution was then sonicated properly for a certain time. 

Thereafter, the solution was left standing for one day with aqueous Al(OH)3 precipitating. Further, the 
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ppt of Al(OH)3 was removed by a membrane filtration (0.2 µm pores) to give a clear solution containing 

the corresponding organic ligands of metal-organic gel (BTC3–) and metal-organic polyhedron (ATA2–

). Now, in order to remove the solvent molecules, the mixture was subjected to undergo dynamic 

vacuum at 60 °C overnight. Thus, resultant residual solid was ground in a mortar pestle to give fine 

powder, which was further put under dynamic vacuum at 80 °C for 10 hours. After that the powder was 

dispersed in 1.2 mL of D2O and followed by the addition of few drops of 40 wt% NaOD, which result 

a clear solution. This clear solution was than analyzed for 1H NMR. 

 

4.2.3 Detailed procedures for synthetic preparation  

4.2.3.1 Synthesis of Metal-Organic Aerogel (MOA) and Xerogel: The Al-MOG was synthesized 

with slight modification based on the report from Cheng-Yong Su et al.[38] In a simple reaction setup, 

105 mg of the organic ligand (trimesic acid [H3BTC]) and 281.4 mg of Al(NO3)2.9H2O metal salt were 

each dissolved in DMF (~7.5 mL), followed by rapid mixing of the solution with the addition of 

triethylamine. Thereafter, the resulting transparent solution was transferred in a closed container and 

allowed to stand in oven at 110 oC for ~10 h, when the gelation was occurred. The gelation process was 

further aged for next 36 h. After cooling to room temperature, the wet-gel was subjected to wash 

followed by solvent exchanged with EtOH. Now, to obtain the aerogel compound from the wet-gel, a 

typical supercritical CO2 activation process was performed using a TOUSIMIS Samdri instrument. (See 

section 4.2.3.4 for details) Moreover, to obtain the xerogel, thus, prepared wet-gel was further dried in 

an oven after spreading it on a petri dish leading to formation of the shrunk xerogel. Finally, the resulting 

material was dried under vacuum for overnight to obtain the product. 

4.2.3.2 Synthesis of NH2-MOP: The NH2-MOP was synthesized with slight modification based on the 

report from Zhao et al.[39] 2-aminoterephthalic acid (50 mg) and Zirconocene dichloride (150 mg) were 

dissolved in N, N-dimethylacetamide (DMA, 10 mL) with a trace amount of water (40 drops) and kept 

it at room temperature and left undisturbed state for 72 hours. The yellow cubic block crystals were 

collected by filtration and dried under vacuum. 

4.2.3.3 Synthesis of BDC-MOP: The BDC-MOP was synthesized with slight modification based on 

the report from Hong et al.[54] Terephthalic acid (48 mg) and Zirconocene dichloride (150 mg) were 

dissolved in N, N-dimethylacetamide (DMA, 10 mL) with a trace amount of water (40 drops) and kept 

it at 65 oC and left undisturbed state for 24 hours. The white cubic block crystals were collected by 

filtration and dried under vacuum. 

4.2.3.4. Synthesis of NH2-MOP@MOA (IPcomp-6): The hybrid materials were synthesized by 

‘’bottle-around-ship’’ encapsulation strategy in a two steps procedure. In the first step, the wet-gel form 
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of the composite was synthesized. At first, a certain number of NH2-MOPs was dissolved in an aqueous 

DMF solution (few drops of H2O in DMF). In an another mixture 35 mg of H3BTC and 95.6 mg of 

Al(NO3)2.9H2O were individually dissolved in DMF solution. After that, all these solutions were mixed 

well together in a closed container, followed by addition of triethylamine which was then placed in an 

oven for gelation at 110 oC for ~10-12 h. After, ~12 hours the wet-gel was formed. This wet-gel was 

further aged for 36 h at 80 oC to get the final product. Primarily, the high luminescent nature of the 

compound indicated encapsulation of the NH2-MOP inside the mesoporous cavities of the MOG(Al) 

(Appendix 4.1). Now, in order to get the aerogel (MOA) form of the hybrid composite materials, in the 

second step, thus-prepared hybrid wet-gel compound was subjected to through solvent exchange with 

ethanol before being carefully transferred into a plastic cell, which was then placed to the supercritical 

CO2 activation instrument (TOUSIMIS Samdri). After that, a typical supercritical drying process was 

performed by cooling to 0 oC to 5 oC and filling the instrument chamber with liquid CO2, followed by 

purge, soaked in liquid CO2. The purge and soaking cycle (each ~20 min) were repeated for 6 times. 

Then the temperature of the system was raised to 35-40 oC for next ~2 h. After transforming the system 

to the supercritical temperature and pressure, it was allowed to slowly bleed overnight. At last, the auto 

vending of the SC-CO2 equipment result the light weight aerogel monolith, which was used for further 

characterization and application. It should be pointed out that the proper number of purge-soaking 

cycles is essential for the final structure and robustness of the aerogel monoliths. Subsequently the 

xerogel form of the composite (NH2-MOP@MOG) was synthesized via direct drying of the wet-gel 

hybrid compound at room temperature followed by in an oven at 80 oC. 

In addition to this, different batches of the hybrid composite materials were synthesized by varying the 

amount of the NH2-MOPs (5 mg, 25 mg, 45 mg, 50 mg, 60 mg, 75 mg, 80 mg, 100 mg, and 120 mg) 

and keeping the fixed amount of the precursors of the MOG. Now, for the primary screening test, we 

performed the As(V) oxoanion capture studies with all of these hybrid materials. However, the 

composite material fabricated with 45 mg of NH2-MOP, demonstrated the most efficient capture 

performance (Appendix 4.28 and Appendix Table 4.7). Therefore, in this work, we chose 45 mg NH2-

MOP@MOA composite material (termed as IPcomp-6) for further study.  

4.2.3.5 Synthesis of BDC-MOP@MOA: Another hybrid composite material BDC-MOP@MOA was 

synthesized by taking the BDC-MOP (BDC: terephthalic acid) as guest material, following the similar 

protocol, described in the above paragraph.  

 

4.2.4 Oxoanions capture study 

4.2.4.1 General consideration: The aqueous solution of different oxoanions was prepared by 

dissolving a certain amount of sodium or potassium salts of different oxoanions into deionized water 
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and the different concentrations were obtained by diluting the stock solution with the proper amount of 

distilled water unless otherwise indicated. The pH values of the solutions were adjusted by HNO3 or 

NaOH aqueous solution. The concentrations of oxoanions during all the experiments were detected by 

ICP-AES and ICP-MS (for ultra-low concentrations) analysis. All the adsorption experiments were 

performed at ambient conditions. All the data has been collected three times through ICP analysis to 

plot the final adsorption results. 

4.2.4.2 Adsorption kinetics studies: The standard procedure that we adopted for the adsorption 

kinetics experiments was as follows. The capture study of various oxoanions (HAsO4
2¯, SeO4

2¯, ReO4¯, 

CrO4
2¯, MnO4¯) was performed in 15 mL glass vial equipped with magnetic stir bars with a constant 

stirring rate of 350 r.p.m. Firstly; 5 mg of material was taken in 5 mL of 50 ppm stock solution of 

different oxoanions, individually. After continuous stirring for different time at room temperature the 

solution was collected by a syringe with having 0.22 μm nylon membrane filter. The concentration of 

this filtrate was measured through ICP-AES (for HAsO4
2¯, SeO4

2¯, ReO4¯) and UV-vis spectroscopy 

(for CrO4
2¯, MnO4¯) and the kinetic adsorption study were measured at different time intervals.  From 

the time-dependent study, we calculated the removal % and decreasing concentration of the respective 

oxoanions with time using the following equations:  

Dt = (Co-Ct)*100/Co = (Ao-At)*100/Ao, Where, Dt = oxoanions removal efficiency (%), Co = initial 

concentration, Ao = initial absorbance, Ct = final concentration, At = final absorbance at specific time. 

4.2.4.3 As(V) adsorption isotherm experiment: 5 mg of material was immersed in 10 mL aqueous 

solution of arsenate having different concentrations. After ~10 hours the filtrate was collected through 

syringe filter (0.22 μm) and measured the concentration through ICP-AES and further fitted with 

following equations, 

Langmuir model, Qe = Qm.Ce/(Kd+Ce); Where, Ce(ppm) and Qe(mg.g-1) are the As(V) concentration at 

equilibrium and amount of HAsO4
2¯ adsorbed at equilibrium respectively. Qm (mg.g-1) is the maximum 

amount of As(V) per mass of adsorbent to form a complete monolayer. Kd (mg.L-1) is a constant to the 

affinity of the binding sites.   

Freundlich model, Qe = Kf.Ce1/n; Where, Kf and 1/n are the Freundlich model constant, indicating 

capacity and intensity of adsorption respectively.   

4.2.4.4 Pseudo-second-order model: The pseudo-second-order equation can be expressed as follows: 

t/qt = 1/K2qe
2 +  t/qe Where, qt and qe represent the adsorbed amount (mg.g-1) at time and at equilibrium 

t (min), respectively, k2 represent the Pseudo-second-order rate constant of adsorption (g.mg-1.min-1). 

The experimental data was fitted using Pseudo-second-order kinetic model. 
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4.2.4.5 Distribution coefficient (Kd) value calculation: The distribution coefficient (Kd) value as used 

for the determination of the affinity and selectivity of sorbents for oxoanions, is given by the equation: 

Kd = [V{(Co - Ce)/Ce}]/m;  

Where, V is the volume of the testing solution (mL), m is the amount of solid adsorbent (g), Co is the 

initial concentration of As(V), and Ce is the equilibrium concentration of As(V). 

4.2.4.6 Oxoanions capture capacity: The amount of oxoanions adsorbed per gram of material was 

determined by exposing 5 mg of material to 10 mL of ~500/1000 ppm concentrated solution of 

respective oxoanions salts for ~12 hours under stirring conditions at room temperature. After 24 hours, 

the composite material was filtered off and the filtrate was characterized through ICP-AES/UV-vis by 

diluting the solution. The adsorption capacity per gm was calculated using following equation:   

Qt  =  (Co-Ct)*V/m;  

Where, Qt, Co, Ct, V and m are the capacity of adsorbent, initial concentration of the oxoanions solution, 

final concentration of oxoanions at a specific time, volumes of the solution and mass of the material 

used for the adsorption study respectively. 

4.2.4.7 Oxoanions capture study in presence of other competing ions: For testing the influence of 

competing ions, large excess (~100-fold) of competing salts such as, NaCl, NaBr, NaNO3, NaClO4, 

Na2SO4 were added to the different aforementioned oxoanions aqueous solution and carried out the 

capture studies by following the aforementioned method. The capture studies were monitored through 

ICP-AES (for HAsO4
2¯, SeO4

2¯, ReO4¯,) and UV-vis spectroscopy (for CrO4
2¯, MnO4¯).  

4.2.4.8 pH-dependent As(V) extraction study: The effect of pH on As(V) removal performance was 

recorded in a wide range of pH and compared with the data at pH-7 to check the relative performance. 

The variation of pH values was realized by the addition of either acid (HCl) or base (NaOH). We 

adopted the similar adsorption experiment for this study. 

4.2.4.9 Trace amount capture study: Trace amount (1 ppm) of As(V) capture study was performed 

following the similar kinetic adsorption experiment described above. The kinetic adsorption study was 

measured at different particular time interval, taking ~1000 ppb stock solution of As(V) in water. The 

ICP-MS experiments were carried out for analyse the removal efficiency of the materials. 

4.2.4.10 Recyclability test: The first cycle of As(V) uptake in the recyclable experiment was performed 

according to the aforementioned adsorption protocol. After the first run of adsorption, the As(V) 

containing material was regenerated by treatment with a saturated Na2SO4 aqueous solution. The 

resulting solid was dried and washed three times with pure deionized water. After being finally dried 

under vacuum, the resultant material was used for the next cycle adsorption experiments.  
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4.2.4.11 Dynamic column exchange-based flow-through As(V) capture study: To check the 

continuous As(V) oxoanion removal efficiency by the hybrid aerogel material (IPcomp-6), a column 

exchange-based flow-through experiment was conducted by packing the hybrid aerogel inside a column 

as bed for oxoanion capture. After that, to mimic the simulated industrial waste water system different 

volume of stock ~19.8 ppm of As(V) aqueous solution along with ~100-fold excess concentration of 

other interfering anions (such as NO3
−, Cl−, Br−, ClO4

−, SO4
2−) were mixed. Thereafter, this mixture was 

passed through the column bed with a flow rate of 0.5 mL/min, which was controlled by a water-flow-

regulator, and the drops per minute was recorded with the help of a stopwatch. A bed-volume of ~4.2 

mL of column eluted solution was collected in a different respective container. The concentration of 

As(V) in these solutions were then analyzed through ICP-MS analysis. The recyclability test of the 

column exchanged-based As(V) capture study was performed by washing the column with pure water, 

followed by saturated Na2SO4 solution after each cycle. The filtrate of each cycle was collected at the 

bottom of the column (Appendix 4.39). Before and after capture studies, the concentration of As(V) 

solutions were analyzed through ICP-MS analysis. We have also performed the IPcomp-6 embedded 

column-exchange based As(V) capture experiment with the natural groundwater samples having initial 

concentration of ~56 ppb for sample-1 and ~43 ppb for sample-2. This samples were run through the 

column as received from their location of availability, without any further modification. 

4.2.4.12 ICP Calibration: The calibration curve was recorded before each ICP measurement using 

various standard samples prepared by dilution of respective oxoanion salts aqueous solution of a known 

concentration with 2% w/w HNO3. The following calibration curves indicated the regression line with 

high correlation coefficient (R2 = 0.999, R2 = 0.998). Most of the ICP data were conducted triplicate. 

Whereas, few critical ICP data (such as kinetics of oxoanions capture, capacities of oxoanions removal) 

has been collected and verified from three different instruments. 

 

 

Scheme 4.2 Regression line from the ICP measurement indicated calibration for oxoanion 

measurement. 
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4.2.5 Theoretical calculation and simulation studies 

Determination of electrostatic-potential surface (ESP), binding sites and binding energy of interactions: 

The molecular-level interactions between the amino functionalized cationic MOP and oxoanion, 

HAsO4
2¯ were simulated using Discovery Studio 2017 (Accelrys). The DFT simulation was performed 

at fine quality calculation level. At first, using DMOL3 and B3LYP hybrid function the single unit of 

the MOP was fully geometry relaxed by keeping the Multiplicity factor to Auto mode, double numeric 

plus polarizing (DNP+) basis set with water as solvent. Using simulated annealing technique structural 

simulation on the geometry relaxed MOP structure was realized to find a feasible interaction site of the 

HAsO4
2¯ within the relaxed MOP unit. The electrostatic potential (ESP) on the van der Waals (VDW) 

surfaces (isodensity = 0.001 a.u.) of MOP unit was derived from ground-state electron density of the 

system. 

The Static binding energies (ΔE) at 0 K in vacuum were calculated using the following expression  

∆E= E(MOP+Anion) - E(MOP+) - EAnion  

Where, Ex refers, respectively, to the total energies of the MOP + Anion complex, the charged MOP+ 

alone, and the anion molecule respectively. 

 

4.3 Results and Discussion 

The choice of cage-topology-based framework materials as host matrix is suitable for encapsulating 

guest molecules by “bottle-around-ship” strategy to fabricate excellent composite materials, as the 

probability of leaching of guest become reduced due to the benefit of larger cavity size than lower pore 

window.[46] Keeping this in mind, in this work, in-situ realization of an ionic host-guest hybrid 

composite materials has been constructed with a hydrolytically stable hierarchical porous metal (Al) 

organic gel having two distinct mesoporous cages with size 2.5 nm and 2.9 nm in its MTN topology 

(MTN  = zeolite socony mobilthirtynine)[47] as host matrix along with a stable cationic nanosized (~2 

nm) Zr(IV)-based polyhedra as guest molecules (Appendix 4.2 and 4.3).[39] 

The amino-functionalized cationic MOP ({[Cp3Zr3O(OH)3]4(NH2−BDC)6}·Cl4) and Al-metal organic 

xerogel (MOG) and further, metal-organic aerogel (MOA) was synthesized and characterized by 

previously reported method (Appendix 4.4 and 4.5).[39,47] While, single step “bottle-around-ship” 

encapsulating strategy has been adopted to fabricated the composite material. Briefly, individual 

mixture of aqueous N,N’-dimethylformamide (DMF) solution of MOPs and DMF solution of mixture 

of metal [Al(NO3)3.9H2O] and bridging ligand (1,3,5-trimisic acid) were mixed together to get a 

homogeneous solution. Then, the complete mixture was heated at an optimized temperature to afford 
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the hybrid composite gel-type luminescent material (Figure 4.1).  Thereafter, the composite material 

was carefully dried under supercritical CO2 drying procedure to fabricate nanotrap-MOP embedded 

cationic hybrid composite aerogel material (NH2-MOP@MOA) (IPcomp-6) (Figure 4.1, see 

experimental section for detail synthetic procedure). It should be pointed out that the direct air or hot 

drying of the composite, yielded xerogel-type material (NH2-MOP@MOG) due to mass losses of the 

pore-entrapped solvents molecules. Thus, synthesized cationic composite materials has been 

characterized by following physical and spectroscopic techniques. Powder X-ray diffraction (PXRD) 

analysis of IPcomp-6 indicated well resolved diffraction peaks that precisely match with the simulated 

patterns of the reported Al-MIL-100, MOF (Appendix 4.6).[47] However, the PXRD patterns of both 

wet gel and xerogel composite exhibited broad peaks, which further indicated relative lower crystalline 

nature then aerogel composite (IPcomp-6). The Fourier transform infrared spectroscopy (FT-IR) spectra 

of IPcomp-6 established both the formation of host aerogel (MOA) matrix (characteristic peaks at 

~1072 cm-1, ~1525 cm-1 and ~950 cm-1, corresponding to -C=O, Al-O and bridging μ-OH group bond 

frequencies, respectively)[47] and the presence of guest amino-functionalized Zr(IV)-MOP 

(characteristic peaks at~1380 cm-1, ~3515 cm-1, ~3390 cm-1, corresponding to Zr-O, symmetric and 

asymmetric stretching frequencies of -NH2 group, respectively)[48, 49] in the composite material 

(Appendix 4.7). After that, to check the existence as well as leaching test of guest (cationic MOP) from 

IPcomp-6, nuclear magnetic resonance (NMR), high resolution mass spectrometry (HRMS) and 

inductively coupled plasma (ICP) experiments have been performed. Initially, HRMS, 1H NMR spectra 

and ICP data of without washing as-synthesized composite materials indicated existence of MOP 

molecules, which can be explained by the easy release of MOP molecules present on the surface of the 

composite (Appendix 4.8).[48] After through washing with aqueous methanolic solution, the HRMS and 

1H NMR spectra along with ICP data of IPcomp-6 treated supernatant exhibited no presence of MOPs, 

which ruled out the existence of excess MOPs on the surface of IPcomp-6 along with no liberation of 

MOPs from the cage-based cavity of the host-MOA (Appendix 4.9). Moreover, the relevant peaks of 

corresponding organic linkers of both MOA and MOP in 1H NMR spectra along with the presence of 

Zr-metal in the ICP data of digested sample of IPcomp-6 support the presence of trapped cationic MOPs 

inside the porous MOA matrix (Appendix 4.10).  These results validated the advantage of “bottle-

around-ship” strategy to successfully encapsulate nanosized MOP inside the relatively larger cavity 

with smaller window size of the host-Al-MOA matrix, along with no leaching of guest molecules 

(Figure 4.1). 
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Figure 4.2 (a) XPS survey spectra of IPcomp-6 along with pristine MOP and MOA. (b) FESEM image 

of IPcomp-6. (c) HR-TEM image of the composite material. (d) STEM image with High-angle annular 

dark-field TEM (HAADF-TEM) elemental mapping of IPcomp-6. (e) Segmented 3D volume-rendered 

X-ray tomographic image of IPcomp-6. (f) Visualization of micron pore-size distribution with color-

scale CT image. (g) Micron size pore distribution histogram. (h) Low temperature N2 gas sorption 

measurement. (i) Pore size distribution from N2 gas sorption data of IPcomp-6. (j, k) Confocal 

fluorescence microscopic images of MOA and hybrid aerogel materials, respectively. 

 

Compared with pristine MOA, the X-ray photoelectron spectroscopy (XPS) survey spectra of IPcomp-

6 exhibited peaks corresponding to elements Zr and N along with Al, C and O indicated successful 

grafting of MOPs in the porous MOA matrix (Figure 4.2a). Moreover, compared with MOA, the 

characteristic peaks for Al at binding energy ~75.5 eV was observed to be shifted towards relatively 

higher binding energy with peak broadening in case of IPcomp-6, which suggest significant interaction 
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between the host matrix and guest-MOP molecules (Appendix 4.11). The thermogravimetric analysis 

(TGA) of IPcomp-6 showed properties of both MOP and MOA, and disclosed the improved thermal 

behaviour of MOP in the composite (Appendix 4.12). Thereafter, the surface morphology of IPcomp-6 

has been characterized by field emission scanning electron microscopy (FESEM) and transmission 

electron microscopy (TEM). Compared with cubic microcrystalline MOPs and sponge-like MOA, the 

morphology of the IPcomp-6 was found wormhole-like with disordered arrangement of interconnected 

large void spaces, suggesting the highly porous nature of the hybrid aerogel materials (Figure 4.2b and 

Appendix 4.13). The SEM images of IPcomp-6 exhibited the existence of macropores (~1 to ~50 μm) 

throughout the aerogel composite. Moreover, the high-magnification SEM images of MOP embedded 

hybrid aerogel revealed nanoparticles cross-linked with interparticle voids of the composite materials 

(Appendix 4.13). TEM images showed the interconnected agglomerated particles in the hybrid aerogel 

material with large void spaces (Appendix 4.14). Further, the high-resolution TEM (HR-TEM) images 

demonstrated the entity of nanosized MOPs throughout the host-matrix with an average diameter of 

~2.1 nm (Figure 4.2c and Appendix 4.15). The appearance of few non-identical sizes of MOPs in the 

aerogel matrix might be attributed to the minimal aggregation of several MOPs throughout the 

hierarchical pores of host gel matrix.[40] Apart from this, a close inspection in the energy-dispersive X-

ray (EDX) data from both SEM and TEM, exposed the elements Zr/Cl ratio ~3.0 (accord with the 

crystallographic information of the Zr(IV)-MOP) in IPcomp-6, validated the stable existence of cationic 

MOPs in the hybrid aerogel (Appendix Tables 4.1-4.6). In addition, High-angle annular dark-field 

(HAADF) TEM elemental mapping exhibited the expected homogeneous distribution of all relevant 

elements throughout the composite (Figure 4.2d). Similar result was observed from SEM elemental 

mapping data (Appendix 4.16-4.18). Furthermore, in order to explore the hierarchical porous nature of 

the hybrid nanocomposite, microscale X-ray computed tomography (CT) experiment has been 

performed. From the 2D cross-sectional CT images, it was found that the heterogeneous distribution of 

large micrometer range pores (~1 to ~50 μm) within the aerogel-composite material (Appendix 4.19). 

Further, for better understanding, segmented 3D models of IPcomp-6 were obtained via reconstruction 

of the 2D images stacking. The volume-rendered 3D CT images of IPcomp-6 exhibited disorder packing 

of interconnected macropores throughout its volume (Figure 4.2e, 4.2f and Appendix 4.20). Along with 

this, the large pore size distribution (average pore size of 20 microns) with void space ~89.2 ± 2 % 

within the total volume of IPcomp-6 was clearly realized by the respective color code in the 3D CT 

images (Figure 4.2f and Appendix 4.21). Moreover, the pore-size distribution of IPcomp-6 was 

calculated, which demonstrated large volume fraction in the micron size range (~1 to ~50 μm with 

maximum at 20 μm) (Figure 4.2g). These results clearly indicated the 3D morphological features with 

existence of extrinsic macroporous throughout the nanocomposite. 
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Low temperature N2 gas adsorption measurement has been performed in order to evaluate the micro 

and meso porosity of the nanocomposite along with the pristine materials. The sorption data of IPcomp-

6 at 77K exhibited a steep uptake of N2 gas at low pressure along with high gas adsorption at ~1 bar 

pressure, indicated the presence of both microporous and mesoporous characteristic, respectively 

(Figure 4.2h).[38] Whereas, the pristine aerogel material showed similar sorption profile with relative 

higher N2 uptake, especially in high relative pressure (mesoporous region) (Figure 4.2h). Compared 

with pristine aerogel, the reduction in the porosity of IPcomp-6 is majorly attributed to the occupation 

of nonporous guest-MOP molecules in the mesopores of the host. Further, the pore size distribution of 

IPcomp-6 was calculated by non-local density functional theory (NLDFT) and Barrett-Joyner-Halenda 

(BJH) model, which indicated the presence of micropores (<2 nm) and meso/macropores (>2 nm to 150 

nm), within the hybrid composite, respectively (Figure 4.2i and Appendix 4.22). Again, the decrease in 

the pore sizes with compared to pristine material, demonstrated encapsulation of guest-MOP molecules 

in the gel matrix (Appendix 4.23). In aggregate, the afore-discussed X-ray tomographic analysis 

together with N2 gas adsorption measurement revealed that IPcomp-6 possess hierarchical porosity with 

macropores (~20 μm), mesopores (>2 nm) and micropores (<2 nm). 

Furthermore, the successful loading of amino-functionalized cationic MOPs in the hybrid material was 

characterized by optical properties of IPcomp-6. The UV-vis diffuse reflectance spectroscopy (DRS) 

spectra of IPcomp-6 exhibited characteristic adsorption bands for both MOA and MOP (Appendix 

4.24). Similar observation was found in case of solid-state photoluminescence spectra of the composite 

with a significant blue-shift in the characteristics peak, which is due to the confinement of nanosized 

discrete MOP molecules inside the gel-matrix.  (Appendix 4.25). In addition, with compared to the non-

emissive pristine MOA, the confocal fluorescent microscopic imaging displayed highly-emissive nature 

of IPcomp-6, which might be due to the effective grafting of emissive MOP molecules into the host 

(Figure 4.2j and 4.2k). Along with this, the confocal 3D images also indicated the presence of plenty of 

extrinsic large open pores (μm-sized macropores), distributed throughout the scattered inter-connected 

nanoparticles morphology of the hybrid aerogel material (Appendix 4.26). Apart from this, the IPcomp-

6 demonstrated promises mechanical stability as shown in appendix 4.27. 

Now, an optimized reaction condition exhibited that the loading capacity of the guest-MOP molecules 

in the composite aerogel using 45 mg of MOPs showed maximum capture efficiencies towards arsenate 

in water (Appendix 4.28 and Appendix Table 4.7). We hypothesized that utilization of a greater number 

of MOPs causes unavoidable aggregation through interconnected mesoporous network of the host 

matrix, which causes deduction in the porosity as well as making unavailability of the active sites of 

the overall nanocomposite. Which result, further diminished in the segregation efficiencies. 
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4.4 Capture Study 

Owing to the creation of unique multifunctional properties, such as hierarchical (micro to macro) 

porosity, cationic nature with free exchangeable Cl− ions, pendant amine functional groups, Zr(IV) SBU 

and stable 3D micro-structure of hybrid aerogel, the sequestration capability of IPcopm-6 towards 

removal of various metalloid and metal-based toxic oxoanions [i.e.; HAsO4
2−, SeO4

2−, CrO4
2−, MnO4

− 

and ReO4
− (later two are consider as surrogate oxoanion for radioactive TcO4

−)] was investigated. A 

typical adsorption capture experiment (see experimental section for details) was performed in water to 

detoxify the aforementioned oxoanions contaminated water samples by the hybrid nano-adsorbent. 

Inductively coupled plasma atomic emission spectroscopy/mass spectrometry (ICP-AES/MS) analysis 

and UV-vis spectroscopy techniques were employed for monitoring the decrease in the concentration 

of As(V), Se(VI), Re(VII) and Cr(VI), Mn(VII), respectively. Initially, the removal kinetic study was 

performed using high concentration (~50 ppm) of all oxoanions, individually in water. The ICP-AES 

analysis exhibited rapid entrapment of As(V), Se(VI) and Re(VII) by IPcomp-6 with respect of contact 

time (Appendix 4.29). Similarly, the UV-vis spectra indicated fastest diminishing of Cr(VI) and 

Mn(VII) concentration in water (Appendix 4.30 and 4.31). This result also demonstrated the rapid 

removal kinetics (up to ~98% within 5 min) of all oxoanions from water by IPcomp-6 (Appendix 4.32 

and 4.33). The sorption kinetic rates towards oxoanions were found to follow pseudo-second-order 

model, with high correlation coefficient and rate constant values, further indicated ultrafast capture 

efficiencies (Appendix 4.34). Hereafter, considering the “real-world” application, such as detoxification 

of industrial wastewater or groundwater, an ideal adsorbent should selectively eliminate targeted 

pollutants in presence of large excess of other interfering pollutants in water. In general, oxoanions 

contaminated industrial wastewater contains various anions, such as NO3
−, Cl−, Br−, ClO4

−, SO4
2−, etc. 

in high excess amount, which seriously affects the overall sorption performance of the adsorbent.[50] 

Therefore, keeping this in mind, along with to explore the selectivity of the hybrid nano-adsorbent, the 

capture experiments of oxoanions were performed in presence of ~100-fold excess interfering 

coexisting anions. From the ICP-AES and UV-vis data, it was found that the scaffold, IPcomp-6 rapidly 

eliminated all the oxoanions, individually, from the contaminated water samples in presence of ~100-

fold excess competitive anions (Figure 4.3a-4.3e). Almost >80% removal efficiencies of all oxoanions 

within 1 min and further complete removal within 5 min were achieved, which validated the negligible 

impact of other coexisting anions on the fastest sequestration ability of the hybrid aerogel material 

(Figure 4.3a-4.3f). That being said, among all the selected oxoanions, arsenic is considered as one of 

the most problematic groundwater pollutants, due to its pernicious consequences on human health as 

well as upon entire ecosystem, commonly exist in the natural drinking water.  
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Figure 4.3 Oxoanions removal studies: % removal with respect to contact time profiles of high 

concentration (~50 ppm) of respective oxoanions in presence of ~100-fold excess of other non-metal-

based anions (a) HAsO4
2−, (b) SeO4

2−, (c) ReO4
−, (d) CrO4

2−, (e) MnO4
−, (f) Overall different oxoanions 

removal efficiencies of IPcomp-6. 

 

Therefore, in this report, the further capture studies by IPcopm-6 have been performed using HAsO4
2−, 

as a model oxoanion in water. In order to elucidate the advancement of the hybrid composite material 

(IPcomp-6) towards efficient capture performance, a comparison study of As(V) removal kinetic 

experiment by nanocomposite was performed along with the host-pristine metal-organic aerogel 

(MOA) and guest-MOP molecules. Compared with both MOP and MOA, the IPcomp-6 demonstrated 

high removal rate (~93% removal within 1 min) with exceptional selectivity for As(V) in water (Figure 

4.4a). In line, pristine MOP and MOA exhibited significantly lower capture efficiencies, ~28% and 

~16% within 1 min, respectively. This result explored the advanced role of hybrid composite over 

individual materials towards decontamination application. Thereafter, the adsorption of As(V) by 

IPcomp-6 was found to follows the Langmuir isotherm model (Figure 4.4b and Appendix 4.35). The 

ex-change capacity of arsenic (As) was calculated as 157 mg per gram of adsorbent. Moreover, the 

hybrid aerogel material showed efficient As(V) segregation performance in a wide pH range (Appendix 

4.36). In addition, IPcomp-6 exhibited excellent recyclability towards removal of As(V), as it retained 

its removal efficiency up to ~84% even after five cycles (Figure 4.4c). Such ultrafast capture efficiencies 

along with unparalleled selectivity towards a group of metalloids and metal-based oxoanions in water, 

positioned IPcomp-6 as a potential adsorbent in comparison to other existing materials (Appendix 

Tables 4.11-4.14). 
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Figure 4.4 (a) Comparison of As(V) capture kinetics between IPcomp-6 and pristine MOP and MOA. 

(b) Adsorption isotherms of IPcomp-6 towards HAsO4
2− uptake. (c) As(V) recyclable study of IPcomp-

6. (d) Sorption kinetics study of low concentration (~1 ppm) of HAsO4
2− by IPcomp-6 (inset: 

comparison of ~1 ppm As(V) removal studies between hybrid material and pristine compounds. (e)  

Arsenic removal study on natural ground water sample. (f)  Comparison of As(V) capture studies 

between various composites and their respective pristine materials. 

 

It is worthy to note, in literature, most of the reported oxoanions removal studies have been performed 

using high concentration samples only, and focused mostly on the removal kinetics along with exchange 

capacity (Appendix Tables 4.11-4.14). But scanty attention has been devoted to the selective and rapid 

extraction of oxoanions from very low concentration in presence of large excess concentration of other 

interfering anions, which is immensely important for real-time water-treatment application.[51] 

Motivated by the excellent capture efficiencies of IPcomp-6 at high concentration, further, we sought 

to investigate the removal performance of the cationic nanotrap composite towards a very low 

concentration (~1 ppm) oxoanions contaminated water samples in presence of ~100-fold other 

competitive nonmetal-based anions. In order to check the efficiency of the hybrid material to satisfy the 

current EPA standards for metal-based oxoanions in drinking water, a ~1000 ppb aqueous solution of 

HAsO4
2− oxoanion was selected for capture and the lowering in the concentration was monitored 

through ICP-MS analysis. Within 1 min, the concentration of As(V) in the sample was found to be 

decreased to much below the permitted level in drinking water, set by WHO (Figure 4.4d). In 
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comparison, the pristine MOP and MOA compounds showed relatively less selective capture 

efficiencies towards As(V) even in low concentration (Inset: Figure 4.4d). Inspired from this, we 

performed the real, naturally polluted water treatment by IPcomp-6, taking arsenic-contaminated 

groundwater samples, collected from two well-known arsenic contamination affected areas (viz. 

Sample-1; Englishbazar, As, 43 ppb; and Sample-2; Kaliachalk block-I, As, 56 ppb from Malda, West 

Bengal, India).[52,53] Notably, the hybrid aerogel demonstrated rapid elimination of As(V) from the 

drinking water samples to much below the EPA permitted level (10 ppb) (Figure 4.4e). These results 

promoted IPcomp-6 as a potential scavenger for the successful detoxification of hazardous oxoanions 

contaminated synthetic industrial water samples as well as natural drinking water samples. 

Hereafter, to reveal the role of multifunctionalities of IPcomp-6 towards efficient oxoanion sorption 

performance, a comparative control study on As(V) capture has been performed using xerogel analogue 

(NH2-MOP@MOG) of hybrid composite material (IPcomp-6) and non-amino functionalized MOP-

based[54] hybrid aerogel (BDC-MOP@MOA) and xerogel (BDC-MOP@MOG). The removal 

percentage of As(V) anions with contact time indicated that IPcomp-6 demonstrated highest removal 

efficiency, in comparison with other hybrid materials (Figure 4.4f). The overall removal efficiency 

order was found as, IPcomp-6 (NH2-MOP@MOA) > NH2-MOP@MOG > BDC-MOP@MOA > BDC-

MOP@MOG (Figure 4.4f). In comparison to IPcomp-6, the relatively less sorption efficiency of BDC-

MOP@MOA can be ascribed to the absence of amino functionality, which is potential for toxic 

oxoanion capture.[43] On the other hand, the deduction in the removal efficiencies of xerogel-analogue 

composites might be attributed to the inexistence of macropores throughout its matrix, which are 

commonly present in the hybrid aerogels, that triggered the fast large mass diffusion of analytes.[38, 55, 

56] This result indicated the key role of both large hierarchical (nm to μm) porosity along with free amino 

functionality of IPcomp-6 over other hybrid cationic materials for excellent oxoanion sequestration 

capability in water. Again, the potential advantage of host-guest-based hybrid composite materials, 

constructed through “bottle-around-ship” encapsulation strategy was demonstrated by a comparison 

capture study over the composite material, prepared by physical mixing of MOPs and MOA or with 

post MOP loaded MOA composite material (Appendix 4.37). Taking advantage of the ultrafast capture 

efficiency of IPcomp-6 by its functionalized hierarchical porosity, we are encouraged to further 

performed the flow-through adsorption experiment by the nano-adsorbent packed column, towards 

arsenate with simulated-industrial and natural drinking water sample (Figure 4.5a, Appendix 4.39, 

appendix section 4.6.4).  
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Figure 4.5 (a) Schematic diagram of dynamic column-exchange-based As(V) adsorption experiment. 

(b) Result of dynamic sorption-based recyclable As(V) capture. (c) Concentration decreases of As(V) 

in natural drinking water samples by column sorption experiment. (d, e) 3D Visualization of average 

flow-velocity inside the large pores of hybrid aerogel material with respective color-code. (f) XPS 

survey spectra of pristine and As(V) treated IPcomp-6. (g) ITC thermogram and thermodynamic 

parameter (inset) for injections of HAsO4
2− titrated against IPcomp-6. (h, i) Energy optimized structure 

of interaction between HAsO4
2− and Zr-SBU of the MOP shows the possible binding sites and the 

respective zoom view of the interaction sites. 

 

For this typical experiment, ~19.8 ppm As(V) stock solution along with other interfering anions was 

passed through the hybrid aerogel fitted column with flow rate of 0.5 mL/min, and the concentration of 

the column eluted solution was measured by ICP-MS. Interestingly, almost 99% removal efficiency of 

As(V) was observed passing ~58.8 mL of arsenate solution (Figure 4.5b). Moreover, the regeneration 

ability of the column was investigated using saturated Na2SO4 solution that demonstrated significant 
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removal efficiency (~94.8%) in all the three cycles (Figure 4.5b). Further, the column successfully 

reduced the level of arsenate to far below the WHO set limit (10 ppb), when treated with toxic natural 

drinking water sample (Figure 4.5c). From the viewpoint of practical application, this result indicated 

the remarkable segregation efficiency of IPcomp-6 packed column towards As(V) in both 

environmental and industrial contaminated water. Such excellent selective separation capability of 

IPcomp-6 is believed to result from the cooperative effect of large macropores along with high surface 

area, presence of Zr-SBU, free -NH2 group and exchangeable Cl− ions of the overall nanocomposite. 

Thereafter, following experiments and characterizations were carried out to support this probable 

mechanism. At first, to explore the role of interconnected large voids (macropores) of the hybrid aerogel 

towards efficient capture, the in-silico mass transport simulation was performed in the real 3D porous 

structure of hybrid aerogel, for an evidence-based prediction of dynamic events taken place during the 

water purification process (appendix section 4.6.4). Numerical simulator computes digital flow 

experiments in all three directions viz. X, Y and Z axis, using appropriate solver at 250 oC, 20 Pa 

pressure-drop, etc, and the outcome visualizes the average flow velocity profiles. Results of the 

numerical simulation process predicts the feasible average flow profiles through the inter-connected 

pore-structure of hybrid aerogel (Figure 4.5d, Appendix 4.40). The result indicated the average flow 

velocity in the X, Y and Z-directions are 1.42, 2.59 and 7.78 x 10−2 m.s−1, respectively. Such high mass-

flow range in the hybrid aerogel exhibited the interconnected hierarchical pores, which significantly 

helps for the efficient sorption performance (Figure 4.5e). Thereafter, we further gain insight to the 

adsorption mechanism both by experimental and theoretical understanding. The retained structural 

integrity of the composite material was found from the identical PXRD analysis after the capture study 

(Appendix 4.41). In literature, Zr(IV)-SBU and amino functional groups are well explored for their 

selective oxoanions binding ability.[43, 57, 58] Therefore, the cationic guest (NH2-MOPs) in the composite 

material plays the key role for the selective oxoanion capture owing to its multifunctional properties. 

However, the pristine MOP molecules undergo unavoidable random self-aggregation,[31] which make 

the functional groups inaccessible to interact with the oxoanions, subsequently, reduced the capture 

efficiency. Nevertheless, in case of hybrid composite, most of the nanosized MOPs are encapsulated 

separately in the mesoporous cavities of the host MOA matrix, which restricts the aggregation process 

and consequently exposed all the functional moieties towards efficient capture. Furthermore, detail XPS 

analysis, isothermal titration calorimetry (ITC) measurement, FT-IR and EDX-mapping (see appendix 

section 4.6.5) established the oxoanion sorption mechanism of IPcomp-6 by multiple functionalities, 

such as, oxoanions exchange with free Cl− ions,[44, 59] strong H-bonding between HAsO4
2− and free -

NH2 group of MOP, and especially, optimum interaction with Zr-SBU (Figure 4.5f, 4.5g and Appendix 

4.42-4.49).[43, 58] Moreover such strong interaction between the oxoanions and MOPs of the composite 

was further validated by theoretical calculation using Density Functional Theory (DFT) simulation 
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study, which support the experimental values (see appendix section 4.6.6) (Figure 4.5h, 4.5i and 

Appendix 4.50-4.53). The calculations showed that Zr(IV)-SBU of the MOPs selectively interacts with 

HAsO4
2− at a binding energy -330 kJ/mol and other binding through a hydroxy group (OH−) mediated 

interaction way. Additional interactions with relatively lower binding energies are presented in the 

supporting information file.  

 

4.5 Conclusion 

In conclusion, a successful demonstration of excellent chemical segregation performance towards a 

group of metal-based oxoanions has been conducted by synthesizing a unique efficient anion 

exchangeable hybrid composite material by encapsulating nanosized cationic MOPs in a hierarchical 

porous MOA matrix, utilizing ‘’bottle-around-ship’’ strategy. The systematic structural and optical 

characterizations have been performed to elucidate the detailed insight of the hybrid aerogel material. 

The inter-connected large hierarchical porous composite matrix along with deliberately embedded Zr-

SBU and free amino group-based discrete cationic nanotrap (MOP) exhibited a rapid and very selective, 

excellent sorption ability towards various oxoanions in water. Notably, the hybrid aerogel demonstrated 

a remarkable uptake performance especially towards HAsO4
2− both in batch as well as dynamic column 

sorption method for simulated industrial waste water and natural ground water samples. An optimizing 

development of the hybrid material explored the multifunctional role towards fast, selective and 

recyclable adsorption capability, which render the material as a potential adsorbent for continuous 

wastewater treatment application. We believe that the present finding i.e.; efficient chemical separation 

with the hybrid aerogel material can pave the way to the development of a variety of promising materials 

for efficient water remediation application.  

 

 

 

 

 

 

 

 



  | Chapter 4 

 

4.25 | P a g e  
 
 

4.6 Appendix Section 

Appendix Section-4.6.1: Structural characterization of materials 

 

 

Appendix 4.1: Digital images of hybrid composite material. (a) The as-synthesized wet-gel of IPcomp-

6. (b) Luminescent nature of the hybrid composite material. (c) Hybrid aerogel material (IPcomp-6). 

(d) Light weight nature of the hybrid aerogel material. 

 

 

Appendix 4.2: Structural features of the metal-organic gel, MOG(Al): (a, b) Two different types of 

mesoporous cages exist in the framework structure of the MOG. (c, d) Hexagonal and pentagonal windows 

of the mesoporous cavities of the MOG.  
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Appendix 4.3: Structural features of the (a) Zr(IV)-based amino functionalized metal-organic polyhedra 

(MOPs). (b) Organic linker, (c) Zr(IV)-based secondary building unit (SBU) of the MOP. 

 

Appendix 4.4: Structural characterization of the metal-organic polyhedra (MOPs): (a) ESI-TOF-MS analysis 

of as-synthesized NH2-MOP, indicated the formation of the MOPs. (b) 1H NMR spectra of the NH2-MOPs in 

MeOD and D2O. (c) FESEM image of the MOPs, indicated highly cubic microcrystalline morphology. (d) 

PXRD analysis of the NH2-MOP indicated formation of bulk phase purity of the MOP in as-synthesized 

phase, also the PXRD data of the desolvated phase showed the weak crystalline nature of the MOPs, which 

is cause of self-aggregation upon desolvation. 
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Appendix 4.5: Structural characterization of the metal-organic gel: (a) PXRD pattern of simulated MIL-

100(Al) MOF and as-synthesized MOG. (b) FT-IR spectra of the MOG show the characteristic peaks 

corresponding to relevant frequencies [(C=C), (C=O), (Al-O),]. (c) FESEM image of the pristine MOA. (d) 

Nitrogen gas adsorption-desorption measurement at 77K of the MOG, suggested the existence of hierarchical 

(meso and micro) porosity. (MOG = metal-organic xerogel, MOA = metal-organic aerogel). 
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Appendix 4.6: PXRD pattern of IPcomp-6, along with simulated MIL-100(Al) MOF, as-synthesized MOA, 

MOP, hybrid xerogel and hybrid wet-gel material. 

 

Appendix 4.7: FT-IR spectra of IPcomp-6, along with pristine MOA and MOP. 
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Appendix 4.8: Characterizations of the MOPs before washing the hybrid material: (a) HRMS spectra of 

MOPs, (b) 1H NMR spectra of MOPs in MeOD, D2O mixture, (c) ICP analysis of Zr(IV) metal in the 

supernatant of hybrid material exposed to aqueous methanolic solution. 

 

 

 

Appendix 4.9: Characterizations of the MOPs after washing the hybrid material: (a) HRMS spectra of MOPs, 

(b) 1H NMR spectra of MOPs, (c) ICP analysis of Zr(IV) metal in the supernatant of hybrid material exposed 

to aqueous methanolic solution. These results suggested that no existence of MOPs on the surface of the MOA 

as well as no leaching of MOPs from the mesoporous cages of the MOA matrix could be detected by both 

mass-spectroscopy and 1H NMR. 
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Appendix 4.10: Characterizations of the digested sample of the composite: (a) 1H NMR spectra of the 

respective organic linkers of MOA and MOPs, in NaOD/D2O solvent. (b) ICP analysis of Zr(IV) metal in 

the supernatant of the digested hybrid material. 

 

 

 

Appendix 4.11: XPS spectra of Al 2p of pristine MOA and IPcomp-6. 
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Appendix 4.12: TGA profile of IPcomp-6 along with pristine MOP and MOA. 

 

 

 

Appendix 4.13: SEM analyses of the hybrid aerogel (IPcomp-6) showing interconnected nanoparticles of the 

gel materials, (a) 1 μm, (b) 200 nm. (The numerical values represent the scale bars of the images). 
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Appendix 4.14: TEM analyses of the hybrid aerogel (IPcomp-6) confirm the existence of interconnected 

nanoparticles of the gel matrix. (a) 500 nm, (b) 100 nm. (The numerical values represent the scale bars of the 

images). 

 

 

Appendix 4.15: HRTEM analyses of the hybrid aerogel (IPcomp-6) confirm the presence of dispersed 

nanoparticles of MOPs into the MOA matrix. 
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Appendix Table 4.1: EDX elemental analyses from FESEM experiment of pristine gel compound showing 

presence of C, O and Al elements (a). 

 

 

Appendix 4.16: SEM elemental mapping analyses of pristine gel compound (b). 

 

Appendix Table 4.2: EDX elemental analyses from FESEM experiment of NH2-MOP molecules showing 

presence of C, N, O, Cl and Zr elements (a). 

 

Appendix 4.17: SEM elemental mapping analyses of NH2-MOP molecules (b). 
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Appendix Table 4.3: EDX elemental analyses from FESEM experiment of hybrid composite, constructed 

with ~5 mg of MOPs showing presence of C, N, O, Al, Cl and Zr elements. 

 

 

 

Appendix Table 4.4: EDX elemental analyses from FESEM experiment of hybrid composite, constructed 

with ~25 mg of MOPs showing presence of C, N, O, Al, Cl and Zr elements. 
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Appendix Table 4.5: EDX elemental analyses from (a) FESEM and (b) TEM experiment of IPcomp-6, 

constructed with ~45 mg of MOPs showing presence of C, N, O, Al, Cl and Zr elements. 

 

Appendix Table 4.6: EDX elemental analyses from FESEM experiment of hybrid composite, constructed 

with ~80 mg of MOPs showing presence of C, N, O, Al, Cl and Zr elements.  
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Appendix 4.18: SEM elemental mapping of IPcomp-6 composite material indicated homogeneous 

distribution of all relevant elements. 

 

 

Appendix 4.19: Two-dimensional cross-sectional tomography images of IPcomp-6 showing the large 

macropores distributed throughout the matrix. 
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Appendix 4.20: Computed X-ray tomographic 3D image of IPcomp-6 showing the large macropores 

distributed throughout the matrix. 

 

 

Appendix 4.21: Visualization of color-coded pore size distribution from tomography images of IPcomp-6 

showing the large macropores distributed throughout the matrix. 

 



  | Chapter 4 

 

4.38 | P a g e  
 
 

 

 Appendix 4.22: Pore size distributions of IPcomp-6 calculated in Barrett-Joyner-Halenda (BJH) method. 

 

Appendix 4.23: Pore size distributions of IPcomp-6 and pristine MOA based on 77K N2 sorption data. 
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Appendix Section-4.6.2: Optical characterization and mechanical strength 

 

 Appendix 4.24: Solid-state UV-vis spectra of IPcomp-6, along with pristine MOP and MOA. 

 

Appendix 4.25: Solid-state photoluminescence spectra of IPcomp-6, along with pristine MOP and MOA. 



  | Chapter 4 

 

4.40 | P a g e  
 
 

 

Appendix 4.26: Confocal 3D fluorescence images of IPcomp-6 showing existence of large pores throughout 

the hybrid matrix. 

 

 

Appendix 4.27: Compressive stress-strain curves of the hybrid aerogel show promising mechanical 

stability. The hybrid aerogel shows compressive stress as 1039  39 KPa and strain as 75  4%. 
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Appendix Section-4.6.3: Capture studies 

 

Appendix 4.28: An optimization study of As(V) capture, using different amounts of guest-MOP molecules 

in the hybrid materials exhibiting, hybrid material constructed by ~45 mg MOPs showed highest removal 

efficiency. [Condition: initial As(V) concentration = ~50 ppm, adsorbent amount = 5 mg, contact time = 5 

min] 

 

Appendix Table 4.7: Sorption kinetics data for As(V) uptake by different amount of MOPs containing hybrid 

composite materials. 
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 Appendix 4.29: ICP analyses of decrease in the concentration of As(V), Se(VI) and Re(VII) by IPcomp-6. 

 

 

Appendix 4.30: UV-vis spectra of Cr(VI) solution showing rapid dismissing by the treatment of IPcomp-6. 
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Appendix 4.31: UV-vis spectra of Mn(VII) solution showing rapid dismissing by the treatment of IPcomp-

6. 

 

Appendix 4.32: Removal % with contact time: As(V), Se(VI), Re(VII), Cr(VI) and Mn(VII) oxoanions 

removal profile by IPcomp-6. 
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Appendix 4.33: Relative % removal efficiencies for different oxoanions by IPcomp-6, within contact time of 

5 min. 

 

Appendix Table 4.8: Sorption kinetics data from ICP measurement for uptake of As(V) by IPcomp-6. 

 

Co (ppm) Time (t) 

(min) 

Cf (ppm) % Removal Kd (mL/g) qt (mg/g) 

 

 

 

 

 

50.6 

0 

 

50.6 0 0 0 

0.5 

 

9.41 81.42 4.37 X 103 41.19 

1 

 

3.98 92.13 1.17 X 104 46.62 

2 

 

1.79 96.46 2.72 X 104 48.81 

5 

 

0.06 99.86 8.42 X 105 50.54 

7 

 

N.D. >99.99 5.06 X 106 50.60 
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Appendix 4.34a: Sorption capacity with time and Pseudo-second-order model fitting for different oxoanions: 

(a, b) As(V), (c, d) Se(VI), (e, f) Re(VII). 
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Appendix 4.34b: Sorption capacity with time and Pseudo-second-order model fitting for different oxoanions: 

(g, h) Cr(VI) and (i, j) Mn(VII). 

 

Appendix 4.35: Concentration dependent adsorption profiles of IPcomp-6 towards As(V) with corresponding 

Langmuir linear fitting model. 
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 Appendix 4.36: pH dependent As(V) capture study by IPcomp-6. 

 

 

Appendix 4.37: Removal % of As(V) with time, comparison study of IPcomp-6 and physical mixing of MOP 

and MOA. 
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Appendix 4.38: Leaching test of oxoanion: As(V) from IPcomp-6. (No significant leaching of As(V) form 

the hybrid aerogel materials indicated strong binding affinity). 

 

Appendix 4.39: Digital image and schematic diagram of experimental set-up of dynamic column-exchange 

based As(V)-oxoanion sorption experiment. 
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Appendix Section-4.6.4: Numerical simulation studies 

Simulation studies: Numerical simulation of mass transport properties in the hybrid aerogels were performed 

on their real 3D reconstructed model, using FlowDict® software package (GeoDict® 2018, Math2Market 

GmBH, Germany). Explicit jump solver is employed which follows Stokes equation, and are ideal for 

application in flows when the flow velocity dependence is linear.  Flow of water at 25 oC is simulated with a 

pressure drop of 20 Pa, from all three directions (X, Y and Z axis) of the real 3D structure. Iterations in the 

range of 250 to 450 were undertaken with maximum error bound less than 0.8 %. Average flow velocity fields 

are calculated by explicit jump solver in the three directions by setting up the virtual pressure drop and 

selecting the computation directions or boundary conditions. 

Considering the dynamic events taken place during the filtration process, these velocity profiles also predict 

the possible flow direction of As(V) stock solution through the stacked layers of the hybrid aerogel, in ZY 

plane. Such events involving the transport of aqueous arsenate solution, typically results in overall wetting of 

the hybrid aerogel walls with the solute. The process ultimately facilitates the deposition or adsorption of 

solute across all the interconnected pores of the hybrid aerogel. Therefore, these velocity profiles itself may 

be considered as an effective evidence for the higher saturation of pore channels in aerogels with As(V) 

solution. 

 

 

 

 

Appendix 4.40: Flow velocity measurement:  The flow velocity simulation study has been performed for 

IPcomp-6.  The average flow velocity has been calculated from the numerical simulation study. 
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Appendix Section-4.6.5a: Post capture characterizations 

 

 Appendix 4.41: PXRD analysis of IPcomp-6, before and after As(V) capture study. 

 

 

Appendix 4.42: FT-IR analysis of IPcomp-6 and before and after As(V) capture study. The intense peak at 

841 cm−1 is assigned to the stretching vibration of As−O, indicating the successful adsorption of As(V) species 

onto IPcomp-6. 
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Appendix 4.43: SEM EDX and elemental mapping analysis of IPcomp-6 after exposed to As(V) aqueous 

solution. The corresponding EDX surface scan and elemental mapping data showing the homogeneous 

distribution of all relevant elements, especially arsenic in the surface of the As(V) treated compound. 

 

Appendix Section-4.6.5b: X-ray Photoelectron Spectroscopy (XPS) studies 

The X-ray photoelectron spectroscopy (XPS) was conducted in order to investigate the surface composition 

as well as to elucidate the interactions of As(V) with the hybrid composite materials along with all the 

relevant pristine materials. The XPS survey spectra in the main text (Figure 4.5f) of the IPcomp-6 before 

and after exposure to 50 ppm stock arsenate aqueous solution indicated the presence of all the relevant 

elements (Al, Zr, O, N, C, Cl for IPcomp-6 and Al, Zr, O, N, C, As for As(V) treated compound confirms 

the successful sorption of As(V) by hybrid material. Whereas, the high resolution As 3d XPS spectrum of 

the As(V)@IPcomp-6 along with Na2HAsO4 and pristine IPcomp-6, indicate that the characteristics peaks 

for As 3d in the XPS spectra of As(V)@IPcomp-6, shifted to higher binding energy (~0.8 eV) with compare 

to As 3d core peak of Na2HAsO4, which support the strong interaction between As(V) and the composite 

material (Appendix  4.44).[58] Apart from this, with compare to the pristine IPcomp-6, the characteristics 

peaks for Zr 3d in the XPS spectra of the As(V) treated IPcomp-6 was found to be shifted to lower binding 

energy (~0.3 eV), which is attributed to the direct interaction between As(V) and the Zr SBU of the cationic 

MOP molecules in the composite (Appendix 4.45).[60, 61] Similarly, the binding energy of the nitrogen (N) 

1s orbital of the amino functionalized MOP molecules was observed to be fine altered with compared to the 

pristine IPcomp-6 and As(V) treated hybrid compound, which indicated the hydrogen bonding interaction 

between the guest-MOP molecules and host-MOG matrix as well as between As(V) and IPcomp-6 

(Appendix  4.46). 
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Appendix 4.44: As 3d XPS spectra of the source of As(V)-sodium arsenate metal salt (Na2HAsO4) and 

the hybrid materials (IPcomp-6) before and after exposure to 50 ppm of stock As(V) solution. 

 

 

Appendix 4.45: Zr 3d XPS spectra of the hybrid materials (IPcomp-6) before and after exposure to 50 

ppm of stock As(V) solution. 
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Appendix 4.46: N 1s XPS spectra of the pristine MOPs and hybrid materials (IPcomp-6) before and after 

exposure to 50 ppm of stock As(V) solution. 

 

Appendix Section-4.6.5c: Isothermal titration calorimetry (ITC) studies 

Further, beyond the XPS and other experimental investigations, we have also performed isothermal titration 

calorimetry (ITC) for the thermodynamic validation of such favourable interactions between targeted 

oxoanion (HAsO4
2-) and hybrid aerogel material in aqueous medium.[62] ITC experiment quantitatively 

provides the change in enthalpy, entropy and Gibbs free energy associated with the adsorption followed by 

the ion-exchange process between adsorbent and adsorbate.[63] In this typical experiment, first, the reference 

cell was filled with deionized water, and a homogeneous aqueous suspension of 1 mmol adsorbate (IPcomp-

6) (which was grounded into fine powder) was poured into the sample cell and the 10 mmol concentration 

of adsorbent (As(V)) aqueous solution was placed into the syringe, while the complete mixture was stirring 

at 750 rpm. In aqueous medium at pH 7, the arsenate [As(V)] oxoanion exists as the HAsO4
2- anions.[45] 

Therefore, in this study, we recorded the thermograms for hydrogen arsenate adsorption in the composite. 

The first injection of each titration was fixed at 0.4 μL. The analyte concentration was determined by ICP-

MS. At least two titrations for each analyte-compound pair were collected. Data analysis was performed in 

y. MicroCal PEAQ-ITC analysis software. The heats of injection for blank titrations (analyte [As(V)] into 

blank) were subtracted from the heats of injection into compound suspensions. The recorded thermogram 

(Figure 4.5g), (Appendix  4.49) demonstrated a high association constant with the endothermic binding 

event along with the following thermodynamic parameters (Appendix  Table 4.9 and Appendix  4.50). This 
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result indicated the adsorption of HAsO4
2- by IPcomp-6 was thermodynamically favourable as the Gibbs 

free energy of the process was found to be negative with positive association constant (Ka) and positive 

entropy.[64] Thus, these ITC data clearly indicated the similarities between the thermodynamic parameters 

and the bulk-scale experimental data of strong interactions of HAsO4
2- with IPcomp-6 in water. 

 

Appendix 4.47: (a) ITC thermograms and (b) integrated heat plots simultaneously for injections of HAsO4
2-

titrated against IPcomp-6. 

 

 

Appendix 4.48: Thermodynamic parameters for interacting analytes HAsO4
2- indicating changes in Gibbs 

free energy, enthalpy, entropy for the interactions with IPcomp-6. 
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Appendix Table 4.9: The concentration and thermodynamic parameters derived from ITC experiment for 

injections of HAsO4
2- titrated against IPcomp-6. 

 

 

 

 

 

 

 

 

 

Appendix 4.49: ITC thermograms and integrated heat plots for injections for (a) & (b) Blank titrated against 

blank (syringe, cell, pH=7). (c) & (d) Aqueous HAsO4
2- (10 mM, syringe loaded, pH 7) titrated against 

blank (cell loaded, pH 7) and (e) & (f) Blank (syringe loaded, pH 7) is titrated against suspension of IPcomp-

6 (1 mM, cell loaded, pH 7). 

Ion HAsO4
2- 

Temperature (oC) 25.1 

Bin Binding 

[Syr] (M) 10.0e-03 

[Cell] (M) 1.00e-03 

Model One Set of Sites 

N (sites) 8.5e-3 ± 4.9e-2 

KD (M) 406e-6 ± 61.9e-6 

ΔH (kcal/mol) 80.0 ± 461 

ΔG (kcal/mol) -4.63 

-TΔS (kcal/mol) -84.6 
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Appendix Section-4.6.6: DFT simulation studies 

IPcomp-6 exhibited highly efficient selective removal of different oxoanions, such as HAsO4
2-, SeO4

2-, ReO4
-

, CrO4
2- and MnO4

- from the contaminated water system. The multifunctional nature of the hybrid aerogel 

material is caused for such good capture efficiencies. Among them, the hierarchical (micro-macro) porous 

structure of the composite material helps for fast mass diffusion of oxoanions (HAsO4
2-) through its large 

open pores towards the main active sites (guest- amino functionalized Zr(IV)-SBU-based cationic MOPs) of 

the hybrid aerogel. Thereafter, the oxoanion HAsO4
2- interact with the Zr-SBU and the free -NH2 group of the 

cationic MOP, followed by exchange with Cl- ions. Such interactions are majorly attributed to the dispersive 

interactions or supramolecular interactions, dipole interactions of the HAsO4
2- with the functional groups of 

MOP molecules of the composite material. To validate this, we have calculated the respective binding energies 

of HAsO4
2- with the MOP molecules of the hybrid compound. The molecular-level interactions between the 

amino functionalized cationic MOP and oxoanion, HAsO4
2- were simulated using Discovery Studio 2017 

(Accelrys). The DFT simulation was performed at fine quality calculation level. At first, using DMOL3 and 

B3LYP hybrid function the single unit of the MOP was fully geometry relaxed by keeping the Multiplicity 

factor to Auto mode, double numeric plus polarizing (DNP+) basis set with water as solvent. Using simulated 

annealing technique structural simulation on the geometry relaxed MOP structure was realized to find a 

feasible interaction site of the HAsO4
2- within the relaxed MOP unit. The electrostatic potential (ESP) on the 

van der Waals (VDW) surfaces (isodensity = 0.001 a.u.) of MOP unit was derived from ground state electron 

density of the system. The DFT calculation reveals that the HAsO4
2- interact with Zr-SBU and free amine (-

NH2) groups of the MOP with following major possible binding sites, with binding energies of 330, 323, 289, 

256, 242 kJ/mol (Appendix 4.50-4.53). 

 

 

Appendix 4.50: Electrostatic Potential (ESP) diagram of different interaction between Zr-SBU of MOP in 

the hybrid composite and oxoanions viz. HAsO4
2-, (a) Binding energy: -330 kJ/mol, (b) -323 kJ/mol and (c) -

289 kJ/mol. 
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Appendix 4.51: Electrostatic Potential (ESP) diagram of different interaction between -NH2 group of MOPs 

in the hybrid composite and oxoanions viz. HAsO4
2-, (d) Binding energy: -256 kJ/mol, and (e) -242 kJ/mol. 

 

 

Appendix 4.52: DFT optimized structures with corresponding binding energies showing hydrogen bonding 

interactions between Zr-SBU of the MOP of IPcomp-6 with oxoanions viz. HAsO4
2-. 
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Appendix 4.53: DFT optimized structures with corresponding binding energies showing hydrogen bonding 

interactions between the -NH2 group of MOPs of IPcomp-6 with oxoanions viz. HAsO4
2-. 
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Appendix Section-4.6.7: Comparison tables 

Appendix Table 4.11: Comparison of this work with other related investigations of As(V) capture by 

various adsorbents. (N.D.: Not Done). 

Compound name Contact time 

for removal 

In presence of 

other 

ions/Selectivity 

Capture 

capacity 

Reference 

IPcomp-6 ~ 5 min Cl-, Br-, SO4
2-, 

NO3
-, ClO4

- 

157 mg/g This work 

IPcomp-3(200) < 2 min Cl-, Br-, SO4
2-, 

NO3
-, ClO4

- 

N.D ACS Cent. Sci. 2020, 6, 1534-1541 

 

Fe-BTC 10 min N.D. 57.705 mg/g J. Phys. Chem. C 2012, 116, 8601-

8607. 

NH2-MIL-88(Fe) 60 min Various cations 

and anions 

125 mg/g J. Mater. Chem. A 2017, 5, 23794-

23804. 

Fe3O4@UiO-66 100 min N.D. 73.2 mg/g Microporous and Mesoporous 

Mater. 2018, 276, 68-75. 

Zn-MOF-74 150 min Cl-, NO3
-, PO4

3- 325 mg/g Journal of Solid-State Chemistry. 

2019, 269, 264-270. 

AUBM-1 3 h CO3
2-, NO3

- 103.1 mg/g Dalton Trans. 2018, 47, 799-806. 

MOF-808 4 h N.D. 24.83 mg/g Materials Letters. 2015, 160, 412-

414. 

ZIF-8 7 h Cl-, F-, NO3
-, 

SO4
2-, PO4

3- 

76.5 mg/g J. Phys. Chem. C. 2014, 118, 

27382-27387. 

MIL-53(Al) 11 h Cl-, F-, NO3
-, 

SO4
2-, PO4

3- 

106.5 mg/g Water Sci. Technol. 2014, 70, 

1391-139. 

UiO-66 24 h Cl-, NO3
-, CO3

2-, 

SO4
2- 

303.4 mg/g at 

pH=2  

Sci Rep. 2015, 5, 16613. 

Fe3O4@MIL101(Cr) 24 h Ca2+, Mg2+, PO4
3- 12.29 mg/g Eur. J. Inorg. Chem. 2016, 4395-

4401. 

UiO-66-(SH)2 24 h N.D. 40 mg/g Chem. Sci. 2016, 7, 6492-6498. 

Fe-Mn chitosan 

beads 

36 h SO4
2-, HCO3

-, 

SiO4
2-, HPO4

2-, 

Ca2+, Mg2+ 

39.1 mg/g Bioresource Technology. 2015, 

193, 243-249. 

iMOF-1C 72 h Cl-, NO3
-, CO3

2-, 

SO4
2-, HCO3

- 

84 mg/g Angew. Chem. Int. Ed. 2020, 59, 

7788-7792. 

iMOF-3C 5 min Cl-, NO3
-, CO3

2-, 

SO4
2-, HCO3

- 

75.5 mg/g J. Mater. Chem. A. 2021, 9, 6499-

6507. 
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Appendix Table 4.12: Comparison of this work with other related investigations of Se(VI) capture by 

various adsorbents. (N.D.: Not Done). 

Compound name Contact time 

for removal 

In presence of 

other 

ions/Selectivity 

Capture 

capacity 

Reference 

IPcomp-6 ~ 5 min Cl-, Br-, SO4
2-, 

NO3
-, ClO4

-              

109 mg/g This work 

NU-1000 <1 min N.D. 85 mg/g J. Am. Chem. Soc. 2015, 137, 

7488-7494. 

IPcomp-3(200) <2 min Cl-, Br-, SO4
2-, 

NO3
-, ClO4

-              

N.D. ACS Cent. Sci. 2020, 6, 1534-

1541. 

MOF-808 5 min N.D.            118 mg/g CrystEngComm. 2018, 20, 6140-

6145. 

MgAl-MoS4-LDH 30 min N.D.               85 mg/g J. Am. Chem. Soc. 2017, 139, 

12745-12757. 

Mg-Al LDH - - 120 mg/g at 

pH=7 

J. Mater. Chem. A 2014, 2, 15995-

16007. 

UiO-66 - - - Environ. Sci.: Nano. 2018, 5, 

1441-1453. 
UiO-66-NH2 - - - 

Y2(OH)5Cl 12 h NO3
-, SO4

2-, 

CO3
2-, HPO4

2-  

124 mg/g Environ. Sci. Technol. 2017, 51, 

8606-8615. 

MgFeAl LDH 120 min N.D.               N.D. RSC Adv. 2014, 4, 61817-61822. 

UiO-66-HCl 10 h N.D.               N.D. Chem. Eng. J. 2017, 330, 1012-

1021. 

Iron oxide 

impregnated CNTs 

4 h N.D. N.D. J. Bioinorg. Chem. Appl. 2017, 

4323619. 

Al2O3/Chitosan 1440 min N.D. N.D. Water Research. 2014, 50, 373-

381. 

Polyamine-type Ion 

Exchange Resin 

180 min SO4
2- and Cl- 243 mg/g Separation Science and 

Technology. 2014, 42, 3155-3167. 

Cu+ @diamino-

functionalized 

MCM-41 

600 min SO4
2-, Cl-, NO3

- 83 mg/g Bull. Chem. Soc. Jpn. 2003, 76, 

2225-2232. 

iMOF-1C 72 h Cl-, NO3
-, CO3

2-, 

SO4
2-, HCO3

- 

100 mg/g Angew. Chem. Int. Ed. 2020, 59, 

7788-7792. 

iMOF-3C 5 min Cl-, NO3
-, CO3

2-, 

SO4
2-, HCO3

- 

73 mg/g J. Mater. Chem. A. 2021, 9, 6499-

6507. 
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Appendix Table 4.13: Comparison of this work with other related investigations of Re(VII) capture by 

various adsorbents. (N.D.: Not Done). 

Compound name Contact time 

for removal 

In presence of 

other 

ions/Selectivity 

Capture 

capacity 

Reference 

IPcomp-6 ~ 5 min Cl-, Br-, SO4
2-, 

NO3
-, ClO4

- 

529 mg/g This work 

SCU-COF-1 1 min CO3
2-, SO4

2-, 

PO4
3-, NO3

- 

702.4 mg/g Chem. Sci. 2019, 10, 4293-4305. 

IPcomp-3(200) < 2 min Cl-, Br-, SO4
2-, 

NO3
-, ClO4

- 

600.1 mg/g ACS Cent. Sci. 2020, 6, 1534-

1541. 

-MOC-1 and -

MOC-2 

10 min Cl-, NO3
-, Br-, 

SO4
2-, CO3

2- 

350 mg/g 

583.9 mg/g 

ACS Appl. Nano Mater. 2019, 2, 

5824-5832. 

SCU-100 (ReO4
-

/TcO4
-) 

30 min (TcO4
-

) 

CO3
2-, NO3

-, 

SO4
2-, PO4

3- 

541 mg/g 

(ReO4
-) 

Environ. Sci. Technol. 2017, 51, 

3471-3479. 

SCU-101 (ReO4
-

/TcO4
-) 

10 min (TcO4
-

) 

CO3
2-, NO3

-, 

SO4
2-, PO4

3-,  

217 mg/g 

(ReO4
-) 

J. Am. Chem. Soc. 2017, 139, 

14873-14876. 

SLUG-21 60 min N.D. 602 mg/g J. Am. Chem. Soc. 2010, 132, 

7202-7209. 

Compound-1 60 min Cl-, NO3
-, Br-, 

SO4
2- 

517 mg/g Chem. Sci. 2018, 9, 7874-7881. 

PAF-1-F 24 h SO4
2-, PO4

3- 420 mg/g Chem. Eur. J. 2016, 22, 17581-

17584. 

iPOP-3  25 min SO4
2-, Cl-, Br-, 

NO3
- 

515.5 mg/g  Chem. Eur .J. 2021, 27, 13442–

13449. 

iPOP-4 30 min SO4
2-, Cl-, Br-, 

NO3
- 

350.3 mg/g Chem. Eur. J. 2021, 27, 13442–

13449. 

TbDa-COF 2 min Cl-, NO3
-, CO3

2-, 

SO4
2-, PO4

3- 

952 mg/g Chem. 2020, 6, 2796-2809. 

bis-PC2(Cl)@MIL-

101 

30 sec N.D. 362 mg/g ACS Cent. Sci. 2020, 6, 12, 2354-

2361. 

SCU-CPN-1 30 sec NO3
-, SO4

2- 876 mg/g Nat. Comm. 2018, 9, 3007. 

CPN-tpm 20 min NO3
-, SO4

2-, 

AsO4
3- 

1133 mg/g Small. 2021, 17, 2007994. 

SCU-CPN-4 1 min NO3
-, SO4

2- 437 mg/g ACS Cent. Sci. 2021, 7, 1441-

1450. 
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Appendix Table 4.14: Comparison of this work with other related investigations of Cr(VI) capture by 

various adsorbents. (N.D.: Not Done). 

Compound name Contact time 

for removal 

In presence of 

other 

ions/Selectivity 

Capture 

capacity 

Reference 

IPcomp-6 ~ 5 min Cl-, Br-, SO4
2-, 

NO3
-, ClO4

- 

243 mg/g This work 

MOR-2 1 min Cl-, NO3
-, HCO3

- 194 mg/g J. Mater. Chem. A 2017, 5, 14707-

14719. 

IPcomp-3(200) < 2 min Cl-, Br-, SO4
2-, 

NO3
-, ClO4

- 

274.4 mg/g ACS Cent. Sci. 2020, 6, 1534-

1541. 

POP-Ims (Cr2O7
2-) 5 min Cl-, NO3

-, SO4
2- 171.99 mg/g ACS Appl. Mater. Interfaces 2016, 

8, 18904-18911. 

Zn-Co-SLUG-35 4 h NO3
-, SO4

2- 68.5 mg/g Chem. Mater. 2013, 25, 647-652. 

IMIP-Br(Cr2O7
2-) 30 min NO3

-, SO4
2-, Cl-, 

BF4
- 

318 mg/g J. Mater. Chem. A 2016, 4, 12554-

12560. 

Compound-1 30 min Cl-, NO3
-, Br-, 

SO4
2- 

133 mg/g Chem. Sci. 2018, 9, 7874-7881. 

FIR-53 and FIR-54 4 h Cl-, Br-, NO3
-, 

CO3
2-, ClO4

-, SO4
2- 

74.2 mg/g 

103 mg/g 

Chem. Mater. 2015, 27, 205-210. 

1-ClO4 8 h Halide anions 62.88 mg/g Chem. Commun. 2012, 48, 8231-

8233. 

ZJU-101 10 min Cl-, F-, I-, Br-, 

NO3
-, SO4

2- 

245 mg/g Chem. Commun., 2015, 51, 14732-

14734. 

aMOC-1 and 

aMOC-2 

6 min Cl-, Br-, NO3
-, 

SO4
2-, CO3

2- 

157.4 mg/g 

242.0 mg/g 

ACS Appl. Nano Mater. 2019, 2, 

5824-5832. 

1-SO4 (Cr2O7
2-) 24 h CF3SO3

-, BF4
-, 

NO3
-, ClO4

- 

166 mg/g Angew. Chem. Int. Ed. 2016, 55, 

7811-7815. 

TJU-1 24 h Cl-, HCO3
-, NO3

-, 

SO4
2- 

279 mg/g Chem. Commun. 2017, 53, 7064-

7067. 

ABT.2ClO4 

(Cr2O7
2-) 

48 h CF3SO3
-, BF4

-, 

NO3
- 

0.73 mol/mol Angew. Chem. Int. Ed. 2013, 52, 

13769-13773. 

iPOP-3 60 min SO4
2-, Br-, Cl-, 

NO3
- 

170 mg/g Chem. Eur. J. 2021, 27, 13442–

13449. 

iPOP-4 30 min SO4
2-, Br-, Cl-, 

NO3
- 

141 mg/g Chem. Eur. J. 2021, 27, 13442–

13449. 
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5.1 Introduction 

The limitations associated with the spent nuclear fuel reprocessing and improper disposal of 

radionuclides wastes have thwarted the further sustainable development of nuclear energy.[1-5] In 

nuclear plant, during reprocessing and in subsequent steps of spent nuclear fuel by dissolving in hot 

nitric acid solution, various highly toxic radionuclides are generated.[6, 7] Among them, volatile 

radioactive iodine isotopes (e.g., 129I and 131I) has attracted significant attention to the environment and 

safety point of view, owing to its hazardous impact with radiological (longest half-life t1/2 = 1.6x107 

years), chemical (high-mobility) and biological (rapid bioaccumulation) toxicity.[8-10] Moreover, water 

discharged from nuclear reactor chiller plants contain a significant amount of radioactive iodine, 

directly contaminating substantial watery environments.[11-14] Therefore, considering both the 

importance of sustainable future development of nuclear energy and water purification along with the 

practical relevance for essential medical uses, efficient and selective sequestration of radioactive iodine 

both from vapor and aqueous phase counts as a priority research topic.[15-17]  

To address this cardinal issue, recently, utilizing rational synthetic strategies, pioneering endeavours 

have been devoted to develop various excellent porous materials for the exceptional enrichment of 

iodine from contaminated samples.[17-31] Nevertheless, most of the studies are still limited to exploration 

of fast kinetics, high capacity, capture at high temperature and improved selectivity, which has actuated 

researchers to develop novel materials for the efficient capture of iodine. Not but what, few of these 

performance criterion were full-filled by individual adsorbents, due to the scarcity of systematic 

synthetic strategies, development of a single material that enable highly selective entrapment of iodine 

with fast kinetics, high capacity, large retention efficiency, recyclability and capture in different relevant 

temperatures from both air and water medium is remain an unexplored territory. 

To accomplish this, it is important to gain insights into the underlying chemistry of the active interaction 

sites. This can be revamped by taking into account the specific interactions between iodine and the 

sorbent material at molecular level. With this aim, designing an effective adsorbent for high 

performance iodine capture, we reconsidered the previous studies and investigated their insight 

mechanism towards efficient iodine uptake. The high adsorption capacity of iodine is predominantly 

governed by the textural features (such as surface area, pore size and pore volume) of the porous 

sorbents.[26-28] Moreover, the strong interactions between the electron-deficient iodine molecules with 

the optimistic dense binding sites of electronically rich low-density porous materials are favourable for 

high iodine uptake, owing to the formation of suitable charge-transfer complex.[23-29] On the other hand, 

several individual or collective effect of multiple functionalities, such as induction of pi-electron rich 

conjugated frameworks,[28] presence of heterocyclic moieties,[29] incorporation of specific 

heteroatoms,[32] have shown clear benefits towards improved I2 capture efficiency. Among the 
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heterocyclic sites, various N-doped structural moieties, including imine, triazine, pyridine, amine, etc. 

have been infused inside aromatic networks to expedite a large iodine enrichment.[26, 29] In addition, 

integration of cationic functionality bearing free anions inside the adsorbent can trigger the I2 vapor 

adsorption competence by generating strong electrostatic interactions with in-situ formed polyiodide 

species.[5, 25, 26] These framework integrated counter anions facilitate energetically favourable 

interactions with iodine in vapor phase.[5] Also, these exchangeable free anions aid in the trapping of I3
- 

anions in aqueous phase.[12] Other studies demonstrated that in comparison to its powder counterparts, 

the strategic fabrication of crystalline aerogels enable greatly enhanced I2 capture with rapid kinetics.[33, 

34] Furthermore, studies suggest that materials featuring Zr-secondary building units (SBU) with 

hydroxyl groups exhibit selective strong interactions with iodine than that of other interference e.g., 

NO2, a major off-gas species.[19] 

 

Figure 5.1: Schematic representation of fabrication of NH2-Zr(IV)-MOP embedded COF hybrid 

aerogel (IPcomp-7). IPcomp-7 aerogel is crystalline and light weight in nature. The schematic 

illustration of the MOP exhibiting Zr(IV)-SBU, free Cl− ions and 2-aminoterepthalate ligand. (a, b) 3D 
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X-ray tomographic images of the hybrid aerogel showing presence of hierarchical macropores 

throughout the structure. 

Integrating all these features in a single material to develop an excellent I2/I3
- adsorbent is challenging, 

and remains largely unexplored due to shortfall of systematic synthetic preparation. In this regard, 

development of advanced hybrid composite porous materials can be beneficial in order to achieve 

upgraded performance toward target specific applications. Through carefully orchestrated molecular 

engineering, several innovative porous materials have recently been acknowledged as viable platforms 

for numerous activities due to their predesigned adjustable reticular structure.[35, 36] That being said, 

efficacious performance with collective excellence of different functional materials can be achieved 

through the fabrication of composite materials.[37, 38] Towards this aim, in case of host-guest hybrid 

material-based ideal adsorbents, the guest should be evenly dispersed throughout the host matrix and 

adorned with chelating groups that can strongly interact with the host surface. In this sense, metal–

organic polyhedra (MOP) and covalent organic framework (COF), could be the perfect choice for guest 

and host matrix, respectively. MOPs and COFs are two well-known crystalline porous solid materials, 

constructed from coordination assembly of metal ions/cluster with organic ligands and covalent 

threading of pure organic molecules, respectively.[39-42] The unique solution processable nature of MOPs 

and high chemical stability with long-range order of COFs promote them as promising compatible 

materials towards fabrication of composites. Nevertheless, unfortunately, MOPs fall short of their 

conceivable potential pertaining to their inevitable aggregation-induced blocking of the active sites in 

solid-state after the removal of guest.[43] With this interest, only a few efforts have been performed to 

alleviate these key issues by encapsulating MOPs into various porous matrix including MOFs and silica 

or connecting with other polymer membranes.[44-46] However, development of hybrid composite porous 

material by covalently strapping of MOPs with COFs, utilizing unique hybridization strategy and 

further construction of crystalline hybrid aerogel is still an unfinished challenge. 

Taking all these factors into consideration, herein, we designed and fabricated a crystalline hybrid ionic 

aerogel material (IPcomp-7, where “IP” stands for IISER Pune, and “comp” stands for composite) by 

covalent grafting of amino functionalized Zr(IV)-MOP with COF, which exhibited highly efficient 

sequestration efficacy towards I2 and I3
- from both vapor and aqueous medium (Figure 5.1). The 

strategic embedding of free amine groups pendent cationic discrete chemically stable MOP with a imine 

functionalized non-interpenetrated 2D COF with 1D open channelled dual-pores, showcased unique 

structural features with multifunctional properties including, high crystallinity with large surface area, 

presence of heteroatoms, highly dense N-containing moieties, e.g., imine, amine groups, cationic nature 

with free Cl- ions, Cp3Zr3O(OH)3 SBU, and low density ultralight aerogel scaffold (Figure 5.1). Owing 

to these multifunctional characteristics, IPcomp-7 displayed unprecedented sequestration efficiency in 

terms of high adsorption capacity, fast kinetics, superior selectivity, retention, recovery and 
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recyclability towards I2 and polyiodides under static and dynamic conditions at different temperatures 

in both vapor and aqueous medium. Moreover, the hybrid composite exhibited rapid and highly 

selective enrichment of both molecular iodine and polyiodine anions in the presence of large excess of 

other interference from different challenging water systems. Consequently, in order to demonstrate the 

practical utility, as a proof-of-concept device, IPcomp-7 embedded column breakthrough test 

manifested cyclic efficient capture and recovery of iodine/polyiodides. 

 

5.2 Experimental  

5.2.1 Materials: All the reagents, starting materials and solvents were commercially purchased from 

Sigma-Aldrich, TCI Chemicals, Alfa aesar depending on their availability and used without further 

purification.  

5.2.2 Safety Note: Iodine vapor is toxic in nature and proper protective gear (masks, gloves) is always 

to be used. The iodine capture protocol described in this article, that uses acid (in dynamic sorption) in 

a packed tube at high temperature must be carried out under strict safety precautions. 

5.2.3 General Characterizations and Physical Measurements:  

5.2.3.1 Powder X-ray diffraction (PXRD): Powder X-ray diffraction (PXRD) experiments were 

performed on a Bruker D8 Advanced X-ray diffractometer at room temperature using Cu Kα radiation 

(λ = 1.5406 Å) at a scan speed of 0.5 ° min–1 and a step size of 0.01° in 2θ. 

5.2.3.2 Fourier transform infrared spectroscopy (FT-IR): The FT-IR spectra were acquired by using 

NICOLET 6700 FT-IR spectrophotometer using KBr pellet in 500-4000 cm-1 range.  The AIR Spectra 

were acquired by using a Bruker Optics ALPHA-E spectrometer with a universal Zn-Se ATR 

(attenuated total reflection) accessory.  FT-IR/ATR data are reported with a wave number (cm–1) scale 

in 500-4000 cm–1 range.   

5.2.3.3 Thermogravimetric analysis (TGA): Thermogravimetric analyses were recorded on Perkin-

Elmer STA 6000 TGA analyzer by heating the samples from 40 to 800 oC under N2 atmosphere with a 

heating rate of 10 °C min-1.  

5.2.3.4 Field emission scanning electron microscopy (FESEM): The morphology of the materials 

was recorded with a Zeiss Ultra Plus field-emission scanning electron microscope.  

5.2.3.5 Transmission electron microscopy (TEM): TEM, High-resolution TEM imaging and STEM-

EDS were performed on the HRTEM (JEM-2200FS, JEOL) operating at acceleration voltage of 200 

kV. For TEM analysis, all the samples were dispersed in isopropanol (0.5 mg/mL) and sonicated for 15 
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min.  Then, the samples were left for 2 min, and the upper part of the solution was taken for preparing 

TEM samples on a lacey carbon-coated copper grid (Electron Microscopy Science, 200 mesh).  

5.2.3.6 Solid-state nuclear magnetic resonance (NMR) spectroscopy: Solid-state 13C cross-

polarization-magic angle spinning (CP-MAS) spectra were conducted on a Bruker 500 MHz NMR 

spectrometer with a CP-MAS probe. Carbon chemical shifts are expressed in parts per million (δ scale).  

5.2.3.7 Nuclear magnetic resonance (NMR): 1H NMR spectra were recorded on Bruker 400 MHz 

NMR spectrometer. The chemical shifts are expressed in parts per million (δ scale). 

5.2.3.8 High-resolution mass spectroscopy (HRMS): The mass analysis of the MOPs were carried 

out using high-resolution mass spectrometry (HRMS-ESI-Q-TOF LC-MS) and Applied Bio system 

4800 PLUS matrix-assisted laser desorption/ionization (MALDI) TOF/TOF analyzer. 

5.2.3.9 Nitrogen adsorption-desorption isotherm measurements: N2 gas adsorption-desorption 

measurements were performed using BelSorp-Max instrument (Bel Japan). Prior to adsorption 

measurements, the activated samples were heated at 120 °C under vacuum for 12 hours using 

BelPrepvacII.   

5.2.3.10 UV-visible absorption spectra: UV-vis absorption studies were performed on a Shimadzu 

UV 3600 UV /vis /NIR spectrophotometer in an optical quartz cuvette (10 mm path length) over the 

entire range of 200-800 nm.  

5.2.3.11 Steady state photoluminescence spectra: The steady-state photoluminescence studies were 

recorded on a Fluorolog-3 spectrofluorometer (HORIBA Scientific).   

5.2.3.12 Fluorescence measurements: All fluorescence measurements were done on Jobin Yvon 

Fluoromax-4 spectrofluorometer. 

5.2.3.13 X-ray photoelectron spectroscopy (XPS): As-obtained powder samples was stuck to 

conductive paste and then measured by X-ray photoelectron spectroscopy using K-Alpha+model 

(Thermo Fischer Scientific, UK) with Al Kα source. 

5.2.3.14 Zeta potential:  Zeta potential measurements were performed on Anton Paar Litesizer 500 

series instrument. Measurement cell: Omega cuvette Mat. No. 155765, Target temperature 25.0 oC, 

Equilibration time – (Series parameter), Henry factor 1.1 (Other), Adjusted voltage (Automatic Mode), 

Number of runs 20, Solvent – water. 

5.2.3.15 Raman measurements: Raman spectra were acquired with an Xplora PLUS Raman 

microscope (Horiba Company) (785 nm laser and a 1200 lines/mm grating). 
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5.2.3.16 Raman mapping analysis: Raman mapping images were acquired with a Renishaw, UK 

model-Invia Reflex make Raman microscope. Spectrograph equipped with a research-grade microscope 

capable of producing Raman (wavenumber transfer 50 to 4000 cm-1) and PL (330 nm to 1.6 microns). 

Spectral Range of spectrometer: 200 nm – 1600 nm. 

5.2.3.17 Supercritical CO2 activation: Supercritical CO2 activation process was performed using a 

TOUSIMIS Samdri instrument. A freshly filled liquid CO2 cylinder was used for the experiment. 

5.2.3.18 Compression test:  The mechanical strength test was conducted with a vernier caliper and 

each data was collected for three times. Compressive strength was measured in non-confined mode, 

using universal testing machine (Model Instron 5943) equipped with 1 kN load cell and stainless-steel 

compression plates. The mechanical compression data was collected at room temperature. 

5.2.3.19 Electron paramagnetic resonance (EPR) spectroscopy: EPR spectroscopy was carried out 

on a Bruker EMX plus spectrometer.  

5.2.3.20 Conductivity measurement: Four probe DC conductivity measurements were done on 

pressed pellets of compounds in Keithley 6221 source meter instrument. 

5.2.3.21 Fluorescence microscopy imaging: Fluorescence microscopy imaging (Leica Microscopes 

Model D3) was used to achieve background free high-resolution images of all the compounds. 

Hamamatsu orca flash4 camera with 20x objective (HC Pl APO 20x/0.80) was used for capturing the 

digital images of the compound. 

 

5.2.4 Detailed procedures for synthetic preparation 

5.2.4.1 Synthesis of TPE-NO2 (tetrakis(4-nitrophenyl)ethylene): TPE-NO2 was synthesized by 

following a previously reported procedure.[21] In an ice bath, 40 mL of acetic acid and 40 mL of fuming 

nitric acid were added to a 250 mL round bottom flask. Then 5 gm of TPE (15 mmol) was added in 

small portions over a 20 min period before the reaction was warmed to room temperature with stirring 

for 3h. After that the reaction mixture was poured into 300 mL ice water, which yielded yellow 

precipitation. This precipitate was collected by filtration, washed with an excess of water, and air dried, 

affording a light yellow powder with high yield (Scheme 5.1).  

5.2.4.2 Synthesis of TPE-NH2 (tetrakis(4-aminophenyl)ethylene): TPE-NH2 was synthesized by 

following a previously reported procedure.[21] 2.50 gm of tetrakis(4-nitrophenyl)ethylene (4.34 mmol) 

was dissolved in 25 mL of anhydrous THF in a 250 mL round bottom flask under nitrogen atmosphere. 

After that 500 mg of palladium on carbon (wt 10 % Pd) and 25 mL of NH2NH2·H2O (516 mmol) were 

added to the solution slowly before the reaction mixture was refluxed for 48 hours. Then the reaction 
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mixture was cooled down to room temperature, and the insoluble residues were filtered off. Further, the 

solvent of the filtrate was removed under reduced pressure to afford a brown solid of TPE-NH2 (Scheme 

5.1). 

 

Scheme 5.1: Synthesis of TPE-NH2 from TPE. 

 

5.2.4.3 Synthesis of COF aerogel: The pristine TPE-COF aerogel was synthesized with slight 

modification based on the report from Rafael Verduzco et al.[33] In a reaction glass vial (4 mL), 23.5 mg 

(0.06 mmol) of 4, 4', 4'', 4'''-(ethene-1, 1, 2, 2-tetrayl)tetraaniline [ETTA] and 16.1 mg (0.12 mmol) 

terephthalaldehyde [TPD] were each dissolved completely in 0.5 mL dimethyl sulfoxide (DMSO), 

followed by rapid mixing of the solution with the addition of 0.1 mL 6M acetic acid aqueous solution. 

Upon addition of acetic acid solution, the mixture became cloudy immediately and underwent a gelation 

process within a few minutes. Thereafter, the resulting cloudy solution was sealed using Teflon tape to 

prevent the solvent leakage and further transferred in a closed container and allowed to stand in oven at 

80 oC for ~12 h. In this time period the gelation was occurred. The gelation process was further aged 

for next 12 h at room temperature. After that the wet-gels were removed from the vials and was 

subjected to wash followed by solvent exchanged with tetrahydrofuran, acetone and ethanol, each for 

three times. After solvent exchange, to obtain the aerogel, a typical supercritical CO2 (ScCO2) activation 

process was performed using a TOUSIMIS Samdri instrument. Thereafter, these aerogels was further 

reactivated in dioxane (~2 mL) solvent with catalytic amount of 6M acetic acid (0.1 mL) at 80 oC for 

another one day. After 24 hours, again, these reactivated aerogels were subjected to solvent exchange 

and drying under supercritical CO2 condition with the similar protocol mentioned above. Finally, the 

resulting material was dried under vacuum for overnight to obtain the COF aerogel. 

5.2.4.4 Synthesis of NH2-Zr(IV)-MOP: The NH2-Zr(IV)-MOP was synthesized with slight 

modification based on the report from Zhao et al.[47] 2-aminoterephthalic acid (50 mg) and Zirconocene 

dichloride (150 mg) were dissolved in N, N-dimethylacetamide (DMA, 10 mL) with a trace amount of 

water (40 drops). This mixture was heated in an oven at 65 oC for 12 hours and then kept at room 
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temperature in undisturbed state for 72 hours. The yellow cubic block crystals were collected by 

filtration and dried under vacuum. 

5.2.4.5 General Synthesis of NH2-Zr(IV)-MOP/COF hybrid composites aerogel (IPcomp-7): In a 

typical synthesis procedure, at first, certain amount of -NH2 functionalized Zr(IV)-MOP was reacted 

with TPD in ethanolic solution with catalytic amount of 3M acetic acid for 12 hours at 65 °C under 

mild-stirring condition. Upon competition of the reaction, the yellow coloured precipitate was collected 

by centrifugation at 7500 rpm for 5 min and dried under vacuum. This product was termed as 

TPD@NH2-Zr(IV)-MOPs.  

The hybrid materials were synthesized by systematic hybridization synthetic strategy via two steps 

procedure. In the first step, the hybrid wet-gel form of the composite was synthesized. At first, a certain 

amount of TPD@NH2-Zr(IV)-MOPs were dissolved in an aqueous dimethyl sulfoxide (DMSO) 

solution (few drops of H2O in DMSO). In another vial, precursor of COF, i.e., 23.5 mg (0.06 mmol) of 

4, 4', 4'', 4'''-(ethene-1, 1, 2, 2-tetrayl)tetraaniline [ETTA] and 16.1 mg (0.12 mmol) terephthalaldehyde 

[TPD] were each dissolved completely in 0.45 mL dimethyl sulfoxide (DMSO). Thereafter, both of 

these two solution were mixed with each other in a 4 mL reaction glass vial. In this solution, 0.1 mL 

6M acetic acid aqueous solution was introduced, upon which the mixture became cloudy immediately 

and underwent a gelation process within a few minutes. Thereafter, the resulting cloudy solution was 

sealed using Teflon tape to prevent the solvent leakage and further transferred in a closed container and 

allowed to stand in oven at 80 oC for ~12 h. In this time period the gelation was occurred. After, ~12 

hours the hybrid wet-gel was formed (Appendix 5.1), which was further aged for another ~12 h at room 

temperature.  

Now, in order to get the hybrid aerogel (IPcomp-7), in the second step, thus-prepared hybrid wet-gel 

compound was subjected to through solvent exchange with tetrahydrofuran, acetone and ethanol (each 

exchange for three times) before being carefully transferred into a plastic cell, which was then placed 

to the supercritical CO2 (ScCO2) activation camber of the automated critical point dryer instrument 

(TOUSIMIS Samdri). After that, a typical supercritical drying process was performed by addition of 

~20 mL of pure ethanol, cooling to 0 to 5 oC and filling the instrument chamber with liquid CO2, 

followed by purge, soaked in liquid CO2. The purge and soaking cycle (each ~10 min) were repeated 

for 8 times. Then the temperature of the system was raised to 35-40 oC for next ~2 h. After transforming 

the system to the supercritical temperature and pressure, it was allowed to slowly bleed overnight. At 

last, the auto vending of the ScCO2 equipment result the light weight aerogel monolith of the hybrid 

composite (Appendix 5.1), which was used for further characterization and application. It should be 

pointed out that the proper number of purge-soaking cycles is essential for the final structure and 

robustness of the hybrid aerogel monoliths. Thereafter, these hybrid aerogels were further reactivated 

in dioxane (~2 mL) solvent with catalytic amount of 6M acetic acid (0.1 mL) at 80 oC for another one 
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day. After 24 hours, again, these reactivated aerogels were subjected to solvent exchange and drying 

under supercritical CO2 condition with the similar protocol mentioned above. Finally, the resulting 

material was dried under vacuum for overnight to obtain the hybrid aerogel. In addition to this, different 

batches of the hybrid composite materials were synthesized by varying the amount of the TPD@NH2-

Zr(IV)-MOPs (1 mg, 5 mg, 15 mg, 25 mg, 35 mg, 45 mg, 50 mg, 100 mg) and keeping the fixed amount 

of the precursors of the COF. Now, for the primary screening test, we performed the vapor phase static 

iodine capture studies with all of these hybrid materials. As a result, the composite material fabricated 

with ~15 mg of TPD@NH2-Zr(IV)-MOPs, demonstrated the most efficient capture performance 

(Appendix 5.34). Therefore, in this work, we chose ~15 mg NH2-Zr(IV)-MOP@COF hybrid aerogel 

material (termed as IPcomp-7) for further study.  

5.2.4.6 Digestion process and 1H NMR analysis of IPcomp-7: Almost, 30 mg of NH2-Zr(IV)-

MOP/COF composite aerogel material (IPcomp-7) was digested in ~2 mL of 1 mol/L NaOH solution 

over ~6 hours. Then, 2 mL of DI water was added to the mixture and the overall solution was then 

sonicated properly for a certain time. Thereafter, the solution was left standing for one day for 

precipitating. Further, the precipitate was removed by a membrane filtration (0.2 µm pores) to give a 

clear solution containing the corresponding organic ligands of metal-organic polyhedron, 2-

aminoterepthalate (2ATA2–). Now, in order to remove the solvent molecules, the mixture was subjected 

to undergo dynamic vacuum at 80 °C overnight to obtain the solid powder with very low yield. After 

that the powder was dispersed in 1.2 mL of D2O and followed by the addition of few drops of 40 wt% 

NaOD, which result a clear solution. This clear solution was than analysed for 1H NMR. 

 

5.2.5 Iodine Sequestration studies 

5.2.5.1 General Consideration: The aqueous or organic solution of iodine (I2) or triiodide (I3
-) were 

prepared by dissolving a certain amount of solid iodine or iodine-potassium iodide (I2/KI) into deionized 

water or n-hexane solution and the different concentrations were obtained by diluting the stock solution 

with the proper amount of distilled water/n-hexane unless otherwise indicated. The concentrations of 

I2/I3
- during all the experiments were detected by UV-vis spectroscopic analysis. All the adsorption 

experiments were performed at ambient conditions. All the data has been collected three times through 

UV-vis analysis to plot the final adsorption results. 

5.2.5.2 Vapor phase static iodine uptake studies: IPcomp-7 (10 mg) was weighted in a small glass 

vial, and this vial was exposed to molecular iodine for 24 h at 75 °C in a closed system. After the 

corresponding adsorption time, the glass vial was taken out, cooled to room temperature, and weighed. 

Iodine uptake capacity of the compound was calculated by the weight difference of glass vials before 

and after adsorption, using the formula:  
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W = ((m2-m1))/m1  x 100%                                                                                                                           ……………(1) 

Where, w (g.g-1) is the adsorption capacity of iodine uptake, m1 (g) and m2 (g) are the mass of 

compounds with the glass vial before and after being exposed to iodine vapor. The values of uptake 

capacity are the average values of at least three experiments. 

5.2.5.3 Recyclability test in static condition: To study the recyclability for iodine-loaded material in 

static system we followed a reported protocol with slight modification.[34] We first investigated the 

desorption efficiency. A certain amount of iodine-loaded compound (I2@IPcomp-7) with maximum 

adsorption capacity was taken in an open glass vial and heated at ~150 ºC for a certain period of time. 

The iodine desorption efficiency was calculated by weight difference: Desorption efficiency = (w3 – 

w2)/w1 × 100%, where w1 (g) is the weight of iodine in I2@IPcomp-7 before desorption. w2 (g) is the 

weight of I2@IPcomp-7 after desorption, and w3 (g) is the weight of I2@IPcomp-7 before desorption. 

For the recyclability test, the I2@IPcomp-7 powder was heated at ~150 ºC for ~16 h to achieve the 

complete desorption and used for the next cycle of iodine adsorption. 

5.2.5.4 Retention ability test: To study the adsorption stability for iodine-loaded material in static 

system, a certain amount of iodine-loaded material (I2@IPcomp-7) was taken in an open glass vial, and 

the vial was placed in an empty large bottle, which was placed at room temperature and ambient 

pressure. After one day, the weight of the vial containing iodine-adsorbed material was recorded and 

the vial was placed back into the empty large bottle. The large bottle was opened to further continue the 

experiment for next 7 days. 

5.2.5.5 Iodine (I2) release studies in hexane: Time-dependent UV-Vis measurements were carried out 

in n-hexane to record the I2 releasing efficiency from the I2@IPcomp-7. In a typical experiment, 2 mg 

of I2@IPcomp-7 was immersed in ~4 mL of n-hexane in a reaction vial with mild shaking. The UV-Vis 

adsorptions were recorded by periodically removing a 2 mL of n-hexane solution from the mother 

solution and then transferred back. 

5.2.5.6 Vapor phase dynamic iodine uptake studies: The gaseous iodine adsorption in dynamic 

system was performed in a home-built setup. 20 mg IPcomp-7 was packed into a glass tube with glass 

wool filling the void space of both ends, which served as the adsorption cell. The temperature control 

system was set to 75 ℃, and valve 1 and valve 2 were opened and valve 3 was closed. A nitrogen flow 

(10 cm3/min) passed through the iodine vapor generator to blow the iodine vapor into the hybrid 

composite material in the adsorption cell. The flow rate of I2 gas was about ~41±2 mg/h, determined 

through trial and error. The effluent from the adsorption cell was treated with 0.1 M NaOH solution in 

outlet. The adsorption capacity for iodine was calculated from the weight difference of compound 

containing glass tubes before and after adsorption. 
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5.2.5.7 Recyclability test in dynamic condition: To study the recyclability for iodine-loaded 

compound in dynamic system, valve 1 and valve 2 were closed and valve 3 was opened. The iodine- 

loaded compound with maximum adsorption capacity in the adsorption cell was heated at ~150 ºC for 

16 h with a nitrogen flow (10 cm3/min) to achieve the complete desorption, Then, valve 1 and valve 2 

were opened and valve 3 was closed, and the temperature control system was set to 75 ℃ for the next 

cycle of iodine adsorption. 

5.2.5.8 Aqueous phase static molecular iodine (I2) capture studies: To study the iodine adsorption 

performance in aqueous solution system, we first prepared the molecular iodine (I2) solutions in water. 

To prepare the saturated iodine aqueous solution, an excess of iodine was added into 1 L deionized 

water, and after stirred for ~6 h the mixture was filtered to remove the undissolved iodine. The iodine 

concentration in the saturated iodine aqueous solution is about 300 ppm. 

5.2.5.9 Aqueous phase static triiodide (I3
−) capture studies: The I3

− solutions were freshly prepared 

before experiments by mixing 300 mg I2 and 600 mg KI in 20 mL deionized water sonication. The 

iodine concentration in this I2/KI aqueous solution is 15000 ppm.  

5.2.5.10 Static iodine (I2) capture studies in hexane: 3000 mg of iodine was dissolved in 1 L n-hexane 

to prepare the n-hexane solution of iodine (3000 ppm). 

5.2.5.11 Solution phase adsorption kinetic studies: For the time-dependent study for I3
− removal, we 

took 3 mL of 100 ppm stock aqueous I3
− solution in a cuvette. We recorded the initial absorbance value 

with the help of UV−visible (UV−vis) spectroscopy. Then, 3 mg of IPcomp-7 was added to the cuvette. 

After treating the compound, we recorded the absorbance spectra of the supernatant solution at regular 

time intervals. We calculated the % removal data of I3
−, decrease in the concentration of the I3

− vs time, 

and uptake of I3
− from this study using the following equations: 

Dt = ((C0-Ct))/C0 x 100% = ((A0-At))/A0 x 100%                                                                               ……(2) 

(C0-Ct)/C0 = (A0-At)/A0                                                                                                                    …………(3) 

Ct = C0 x [1-(A0-At/A0)]                                                                                                             ……….(4) 

Qt = (Ct-C0) x v/m                                                                                                                     ………..(5) 

Dt is the exchange capacity, C0 and A0 are the initial concentration and absorbance of the I3
− solution, 

respectively, and Ct and At are the concentration and absorbance of the I3
− solution at specific times, 

respectively. Qt is the uptake amount in time t in mg g-1, V is the volume of the solution in mL, and m 

is the mass of the compound in gm. The kinetics data were fitted to a pseudo-second-order kinetic model 

using the following equation. 
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5.2.5.12 Pseudo-second-order model fitting: To investigate the kinetic adsorption behaviour towards 

iodine, pseudo-second-order kinetic model was used to evaluate the adsorption data, and its linear form 

can be expressed as follow: 

t/Qt = 1/(k2 Qe^2 ) + t/Qe                                                                                         …………………...(6) 

Where, Qt and Qe represent the adsorbed amount (mg.g-1) at time and at equilibrium t (min), 

respectively, k2 represent the Pseudo-second-order rate constant of adsorption (g mg-1 min-1). The 

experimental data was fitted using Pseudo-second-order kinetic model, and R2 is the correlation 

coefficient of the fitting curve. 

5.2.5.13 Iodine uptake capacity studies: 5 mg of IPcomp-7 were kept in contact with 5 mL of I3
− 

solutions bearing different concentrations (15000 to 50 ppm solution) for 24 h under stirring conditions. 

After 24 h, compounds were filtered out, and the filtrate was analysed by UV−vis studies. The 

absorbance was recorded by diluting the solution, and the uptake amount was calculated from the initial 

and final absorbance value of the filtrate using equations (2−5). 

Langmuir model, Qe = Qm.Ce/(Kd+Ce); Where, Ce(ppm) and Qe(mg.g-1) are the I3
− concentration at 

equilibrium and amount of I3
− adsorbed at equilibrium respectively. Qm (mg.g-1) is the maximum 

amount of I3
− per mass of adsorbent to form a complete monolayer. Kd (mg L-1) is a constant to the 

affinity of the binding sites.   

Freundlich model, Qe = Kf.Ce1/n; Where, Kf and 1/n are the Freundlich model constant, indicating 

capacity and intensity of adsorption respectively.   

5.2.5.14 Distribution coefficient (Kd) value calculation: The distribution coefficient (Kd) value as 

used for the determination of the affinity and selectivity of sorbents for triiodide (I3
−), is given by the 

equation: 

Kd = ((C0-Ce)/Ce) x v/m                                                                                      ………………………(7) 

Where, v is the volume of the testing solution (mL), m is the amount of solid adsorbent (g), Co is the 

initial concentration of I3
−, and Ce is the equilibrium concentration of I3

−. 

5.2.5.15 Selectivity test in presence of other competing ions: For testing the influence of competing 

ions, in this study, 2 mg each of IPcomp-7 was kept in contact separately with a binary solution 

containing 1 mL of I3
− solution and 1 mL each of various competing anions solution (NO3

−, Cl−, Br−, 

ClO4
−, SO4

2−) with equal concentration as well as ~100-fold excess for 24 h under stirring conditions. 

Then, after 24 h, the compounds were filtered, and the filtrate was analysed by UV−vis studies using 

the protocol discussed above. The efficiency of the capture process in the presence of competing anions 

was measured with respect to a blank where 1 mL of water is used instead of the competing anion 
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solution. The absorbance was recorded by diluting the solution, and the uptake amount was calculated 

from the initial and final absorbance value of the filtrate using equations 2−5. The iodine uptake in the 

presence of a mixture of competing ions was also carried using the same protocol. 

5.2.5.16 I3
− capture study in different water systems: A stock solution of 100 ppm I3

− was prepared 

using different water matrix, such as seawater, river water, lake water, etc. Then, 5 mg of IPcomp-7 

was kept in contact with 5 mL of I3
− ion those water stock solution for 12 h under stirring conditions. 

After 12 h, compounds were filtered out, and the filtrate was analysed by UV−vis studies. The 

absorbance was recorded by diluting the solution, and the uptake amount was calculated from the initial 

and final absorbance value of the filtrate using equations 2−5. 

5.2.5.17 Dynamic column-based flow-through I2 capture study in water: We conducted a dynamic 

column-based flow-through I2 capture experiment with the flow of saturated iodine aqueous solution. 

IPcomp-7 was packed into a glass column with addition of cotton, and the saturated iodine aqueous 

solution was passed through the cell with a flow rate of 0.75 mL.min-1. The colour of IPcomp-7 material 

gradually became darker when iodine was adsorbed. The filtrate was clear, and the iodine 

concentrations of filtrate and the original solution were detected by UV-Vis spectrophotometer 

(Appendix 5.68). 

5.2.5.18 Dynamic column-based flow-through I3
− capture study in water: To check the continuous 

I3
− capture efficiency by the hybrid aerogel material (IPcomp-7), a column exchange-based flow-

through experiment was conducted by packing the hybrid aerogel inside a column as bed. After that, to 

mimic the ground water system different volume of stock ~100 ppm of I3
− aqueous solution along with 

~100-fold excess concentration of other interfering anions (such as NO3
−, Cl−, Br−, ClO4

−, SO4
2−) were 

mixed. Thereafter, this mixture was passed through the column bed with a flow rate of 0.5 mL/min, 

which was controlled by a water-flow-regulator, and the drops per minute was recorded with the help 

of a stopwatch. A bed-volume of ~4.2-~4.5 mL of column eluted solution was collected in a different 

respective container. The concentration of I3
− in these solutions were then analysed through UV-vis 

analysis. The recyclability test of the column exchanged-based I3
− capture study was performed by 

washing the column with pure water, followed by excess n-hexane and saturated NaCl solution after 

each cycle. The filtrate of each cycle was collected at the bottom of the column (Appendix 5.70). Before 

and after capture studies, the concentration of I3
− solutions were analysed through UV-vis analysis.  

5.2.5.19 Recovery of solid iodine by heating: The recovery of solid iodine was performed in a home-

built setup as shown in appendix 5.72. A certain amount of iodine loaded (captured through vapor 

phase) compound (I2@IPcomp-7) was heated in a closed camber at ~150 oC under the flow of nitrogen. 

The iodine vapor generated from the compound upon heating was further subjected to condense in a 

separate glass flask, which was dipped in an ice-cool bath for a period of time. After that the glass flask 
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was removed from the system. It was found that solid crystals of iodine was condensed on the surface 

of the glass flask. These solid iodine crystals were then measured and recovered in a separate storage 

vial. 

5.2.5.20 Recovery of solid iodine by treating in pentane: A certain amount of iodine loaded (captured 

through vapor phase) compound (I2@IPcomp-7) was treated with excess amount of pentane. Upon this 

treatment the colour of pentane solution was become dark violet colour, which indicated liberation of 

large amount of iodine from I2@IPcomp-7. Thereafter, this iodine containing pentane was transferred 

into a glass petri dish, which was further kept at room temperature for evaporation for few minutes.  

After complete evaporation of pentane a large amount of solid iodine was found to crystalize on the top 

of the glass dish. This recovered iodine crystals were then stored in a separate glass vial (Appendix 

5.73).  

 

5.2.6 Determination of electrostatic surface potential (ESP), binding sites and binding energy of 

different interactions: 

The molecular-level interactions between the amino functionalized cationic Zr(IV)-MOP and repeating 

unit of COF along with  iodine/polyiodide species were simulated using Discovery Studio 2017 

(Accelrys). The DFT simulation was performed at fine quality calculation level. At first, using DMOL3 

and B3LYP hybrid function the single unit of the MOP and repeating unit of the COF was fully 

geometry relaxed by keeping the Multiplicity factor to Auto mode, double numeric plus polarizing 

(DNP+) basis set with water as solvent. Using simulated annealing technique structural simulation on 

the geometry relaxed MOP and COF structure was realized to find a feasible interaction site of the I2/I3
- 

within the relaxed MOP and COF unit. The electrostatic potential (ESP) on the van der Waals (VDW) 

surfaces (isodensity = 0.001 a.u.) of MOP and COF unit was derived from ground-state electron density 

of the system. 

The Static binding energies (ΔE) at 0 K in vacuum were calculated using the following expression  

∆E= E(MOP+I2/I3
-) - E(MOP+) - EI2/I3

-  

∆E= E(COF+I2/I3
-) - E(COF+) - EI2/I3

-  

Where Ex refers, respectively, to the total energies of the MOP + I2/I3
- or COF + I2/I3

- complex, the 

charged MOP+ and COF+ alone, and the I2/I3
- molecule/anions respectively. 
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5.3 Results and Discussion 

To construct the host-guest-based unique hybrid composite ionic aerogel material, a cationic MOP and 

a 2D imine COF was selected as suitable guest and host materials, respectively. At first, the individual 

components, i.e., the nanosized Zr(IV)-based chemically stable amino-functionalized MOP 

({[Cp3Zr3O-(OH)3]4(NH2-BDC)6}·Cl4)[47] (Figure 5.1 and Appendix 5.2) and the tetradentate core based 

1D channel-type dual-pore containing hierarchical porous COF[48, 49] aerogel[33] (Figure 5.1 and 

Appendix 5.3) were synthesized and thoroughly characterized (Appendix 5.4-5.13). The hybrid material 

(IPcomp-7) was synthesized via stepwise systematic covalent hybridization synthetic strategy. Initially, 

the amino-group pendent MOP was functionalized with terepthaldehyde and further reacted with the 

precursors of the COF, tetraamino-tetraphenylethylene along with excess terepthaldehyde to construct 

the hybrid wet-gel material (Figure 5.1). In the subsequent step, after the reactivation and solvent-

exchange process this hybrid wet-gel was subjected to conversion into aerogel by applying supercritical 

CO2 drying procedure to fabricate a covalently threaded nano-snare(Zr(IV)-MOP) decorated cationic 

crystalline ultralight hybrid composite aerogel material (Zr(IV)-MOP/COF) (IPcomp-7) (Figure 5.1, 

see the experimental section for the detailed synthetic procedure).[33] The following physical and 

spectroscopic techniques were employed to characterize the structural and morphological features of 

the synthesized composite material. Powder X-ray diffraction (PXRD) analysis of IPcomp-7 indicated 

well-resolved strong diffraction peaks that precisely match with the simulated patterns of the reported 

COF system, suggesting the highly crystalline nature along with dual-pore structure of the composite 

(Figure 5.2a).[48, 49]  The Fourier transform infrared spectroscopy (FT-IR) spectra of IPcomp-7 verified 

both the formation of the imine COF-based aerogel host-matrix (characteristic peaks at ~1622 and 

~1691 cm-1, corresponding to the appearance of C=N stretching vibration band, and the attenuation of 

aldehyde frequencies, respectively)[47-49] and the presence of guest amino-functionalized Zr(IV)-MOP 

(characteristic peaks at ~1380, ~3515, ~3390 cm-1, corresponding to metal-carboxylate (Zr-O) bonds, 

symmetric and asymmetric stretching frequencies of free -NH2 group, respectively)[50] in the hybrid 

composite material (Appendix 5.14). This data evidenced the grafting of NH2-MOP into the COF 

aerogel matrix along with exposed Zr(IV)-SBU and excessive free amino functional groups. 

Furthermore, as compared to pristine COF aerogel, the X-ray photoelectron spectroscopy (XPS) survey 

spectra of IPcomp-7 showed peaks related to elements Zr and Cl along with  C, N and O, indicating 

successful implantation of cationic MOPs into the COF aerogel matrix (Figure 5.2b). Also, the Zr 3d 

XPS spectra of the pristine MOP was found to shift notably after binding with COF-aerogel, indicating 

significant interaction between host and guest (Figure 5.2c). The elevated thermal behaviour of the 

MOPs in the composite was observed by the thermogravimetric analysis (TGA) of IPcomp-7, which 

also displayed features of both MOPs and COF aerogel (Appendix 5.15). 
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In addition to this, 13C solid-state nuclear magnetic resonance (NMR) analysis was performed in order 

to structurally characterize the types of molecular level interactions that occur between the host-COF 

matrix and guest-MOP molecules in IPcomp-7.  

 

Figure 5.2: (a) PXRD pattern of IPcomp-7. (b) XPS survey spectra of IPcomp-7 with MOP and COF. 

(c) Zr 3d XPS spectra for MOP and IP-comp-7. (d) FESEM image, (e) HRTEM with d-spacing and 

FFT image, (f) HAADF-TEM elemental mapping of the composite. (g) Color-coded 3D confocal 

microscopic image of IPcomp-7. (h) Colour-scale visualization of 3D X-ray tomographic image with 
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pore-size distribution of IPcomp-7 (grey colour represents solid volume). (j) Void volume of IPcomp-

7 with colour-scale (blue to red colour represents void volume). (k) N2 gas sorption data. (i, l) Micron 

size and NLDFT pore distribution histogram of IPcomp-7, respectively. 

The presence of distinct peaks in the spectra of IPcomp-7 demonstrates that the hybrid composite 

contained both MOP and COF functionalities (Appendix 5.16). Additionally, the appearance of new 

characteristic signal at ~171 ppm in the spectra of IPcomp-7 indicated formation of novel imine bond 

between the amine group of MOP and aldehyde moiety of COF.[51, 52] Following this, NMR, high-

resolution mass spectrometry (HRMS), and inductively coupled plasma (ICP) experiments have been 

carried out to verify the presence, as well as leaching test of guest MOP molecules from IPcomp-7.[47, 

50]   

The analysis of the aqueous supernatant collected from the unwashed pristine composite using 1H NMR, 

HRMS, and ICP data revealed the presence of MOP molecules (Appendix 5.17). This finding can be 

attributed to the simple liberation of non-covalently bonded MOP molecules from the surface of 

IPcomp-7. However, the analysis of IPcomp-7 treated supernatant, showed no presence of MOPs after 

through washing with aqueous methanolic solution, arguing out the occurrence of excess MOPs on the 

surface of the composite and the absence of MOP liberation from the COF aerogel matrix (Appendix 

5.18). Additionally, the appearance of Zr metal in the ICP data of digested sample of IPcomp-7 and the 

relevant peaks of the corresponding organic linkers of MOP in the 1H NMR spectra confirmed the 

existence of covalently connected amino-Zr(IV)-MOPs in the hierarchical porous COF aerogel matrix 

(Appendix 5.19). 

Afterwards, the surface morphological investigation of IPcomp-7 was performed by field emission 

scanning electron microscopy (FESEM), transmission electron microscopy (TEM) and confocal laser 

microscopy. It was discovered from the FESEM images of IPcomp-7, the morphology resembled 

sponge-like architecture, in which COF nanolayers were assembled into fiber-like microstructure 

(Figure 5.2d and Appendix 5.20).[33] Moreover, the high-magnification FESEM images of MOP-

embedded hybrid COF aerogel revealed a disordered pattern of interconnecting fibers with meso-macro 

hierarchical large void spaces (~5-50 µm), which suggested the 3D hybrid aerogel was highly porous 

in nature (Appendix 5.20). Analysis of TEM images revealed the interconnected agglomerated particles 

with irregular large voids caused by the random stacking of the fiber-like nanolayers (Appendix 5.21). 

Further, to gain insight into the nanostructure of the hybrid aerogel we closely analysed the high-

resolution transmission electron microscopy (HRTEM) images of IPcomp-7. The HRTEM images 

displayed a characteristic interplanar spacing of 0.23 nm, which is in good agreement with the d-spacing 

of the COF structure (Figure 5.2e).[48, 49] This observation established the highly ordered/crystalline 

nature of the MOP loaded hybrid COF aerogel system (fast Fourier transformation, (FFT) data, inset of 

figure 5.2e).[29, 53] A detailed examination of the FESEM and TEM energy-dispersive X-ray (EDX) data 
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of IPcomp-7 revealed the element Zr/Cl ratio ~3.0, which is in agreement with the crystallographic 

composition of the Zr(IV)-MOP,[47] supported the stable existence of the cationic MOPs in the hybrid 

COF aerogel (Appendix Table 5.1-5.6). Moreover, high-angle annular dark-field (HAADF) TEM and 

FESEM elemental mapping demonstrated the consistent homogenous distribution of all pertinent 

elements of the cationic MOPs throughout the structure of the composite (Figure 5.2f and Appendix 

5.22-5.25). Furthermore, the confocal fluorescent microscopic 3D imaging of IPcomp-7 indicated 

plenty of extrinsic micron sized pores (macropores) with weakly interconnected nanoparticles surface 

morphology (Figure 5.2g and Appendix 5.26). 

Additionally, microscale X-ray computed tomography (CT) experiments were carried out to investigate 

the 3D macroscopic hierarchical porous structure of the hybrid nanocomposite. The 2D cross-sectional 

CT images of the hybrid aerogel material was discovered to include a heterogeneous distribution of 

large micron-sized pores (~1-20 µm) throughout the structure (Appendix 5.27). The segmented 3D 

models of IPcomp-7 were created using reconstruction of 2D CT images for improved comprehension. 

A disordered pattern of interconnecting macropores was visible across the volume of IPcomp-7 in the 

segmented 3D CT image (Figure 5.2h and Appendix 5.28). Also, the corresponding color-coded 3D CT 

images made it easy to recognize the large pore size distribution (PSD) (high volume fraction within 

~1-20 µm with maximum size of 5-7 µm) and 80.2±2% void space inside the entire volume of IPcomp-

7 (Figure 5.2i, 5.2j and Appendix 5.29). These findings demonstrated the presence of extrinsic 

macropores throughout the nanocomposite together with 3D morphological characteristics, all of which 

are advantageous for rapid mass transfer within porous materials along with easy and complete 

accessibility of functional sites, and shortened diffusion paths, beneficial towards effective iodine 

adsorption.[54]  

Furthermore, the micro- and mesoporosity of IPcomp-7 was examined using low-temperature (77K) N2 

gas sorption studies. A sharp uptake at low pressure (below P/P0 = 0.01) (type I) with a step at P/P0 = 

0.15-0.20 bar pressure (type IV) were identified from the sorption data of IPcomp-7, demonstrating the 

presence of both microporous and mesoporous features, respectively (Figure 5.2k).[38, 55, 56] Similar 

observation was noted in the case of pristine COF-aerogel (Figure 5.2k). However, it was found that 

com-pared to the bare COF-aerogel, IPcomp-7 exhibited significant lower gas uptake or less porosity. 

This phenomenon can be explained due to the accommodation of nonporous guest-MOP molecules into 

the hierarchical porous COF-aerogel matrix. The Brunauer−Emmett−Teller (BET) surface area of 

IPcomp-7 was calculated to be 1463 m2g-1. The pore size distribution was calculated using nonlocal 

density functional theory (NLDFT) methods revealed the presence of micropores (<2 nm) and 

mesopores (>2 nm) within the hybrid material (Figure 5.2l). All these experiments collectively 

confirmed that IPcomp-7 exhibited hierarchical porosity with micropores (<2 nm), mesopores (>2 nm) 

and macropores (~5 µm). In addition, optical characterizations also indicated successful formation of 
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the MOP/COF hybrid composite.[51, 55] The optical characteristics of IPcomp-7 were further utilized to 

demonstrate the successful grafting of amino-functionalized cationic MOPs in the structure of the COF 

aerogel. The UV-vis diffuse reflectance spectroscopy (DRS) spectra exhibited typical adsorption bands 

for MOP and COF-aerogel, demonstrating the presence of both constituents in the hybrid 

nanocomposite (Appendix 5.30). The solid-state photoluminescence spectra of IPcomp-7 yielded 

identical observation with a noticeable blue shift in the characteristic peak due to the entrapment of 

discrete MOP molecules inside the COF aerogel matrix (Appendix 5.31). In addition, once the amino 

group containing MOP molecules were successfully grafted, the weakly emissive COF aerogel was 

transformed into a highly emissive material, which is further emphasized by fluorescence microscopic 

imaging (Appendix 5.32). To our delight, in spite of their low density and high porosity, IPcomp-7 

demonstrated excellent mechanical flexibility, making them sturdy enough to be used in sequestration 

applications (Appendix 5.33).[33] 

 

5.4 Iodine Sequestration Study 

Initially, we examined the optimal amount MOPs utilized in the hybrid composite synthesis that enabled 

the highest efficacy toward iodine vapor capture under optimized conditions. It was found that the 

composite synthesized by taking ~15 mg of MOP molecules gave the best result (Appendix 5.34). We 

postulated that using excess MOPs lead to the inevitable aggregation through the host matrix's inter-

connected hierarchical framework, which reduces porosity and renders a large number of active sites of 

the over-all nanocomposite inaccessible. This ultimately resulted in lowering of the I2 sequestration 

efficiencies. The static iodine capture performance of the nano-adsorbent (IPcomp-7) along with the 

pristine materials was investigated following a typical procedure (see Supporting Information for 

details). Interestingly, the colour of the samples became dark-black upon exposure of iodine indicating 

excess occlusion of iodine into the porous structure of the hybrid composite (Appendix 5.35). From the 

kinetics experiment, it was found the maximum or equilibrium adsorption capacity of IPcomp-7 was 

9.98 g.g-1 within 24h of operation, with a sequestrate step of 7.87 and 9.18 g.g-1 in 6 and 12h, 

respectively (Figure 5.3a). The maximum capacity of IPcomp-7 was found to be much higher than the 

pristine MOP (2.31 g.g-1) and COF-aerogel (6.11 g.g-1) materials, which clearly indicated the advanced 

role of the multi-functional optimum hybrid composite over individual materials towards efficient 

sequestration of gaseous iodine (Figure 5.3a). The iodine adsorption kinetic of IPcomp-7 was found to 

follow pseudo-second-order model, which explored the kinetic rate constant as high as 0.0707 g.g−1h−1 

(Appendix 5.36). This value suggested the rapid iodine sequestration rate of IPcomp-7, owing to its 

macro-micro hierarchical interconnected low-density 3D porous structure. Furthermore, considering 

the industrially relevant conditions, the iodine capture experiment has been performed at different 
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temperatures, such as 25 and 150 oC in both dry and humid condition. The result indicated 4.27 and 

2.89 g.g-1 iodine capture capacities at 25 and 150 oC temperature, respectively, at dry condition (Figure 

5.3b). In addition, under humid condition, only a small reduction in the adsorption capacities of IPcomp-

7 were recorded (Figure 5.3b). These results demonstrates that humidity had a negligible impact on the 

ability to efficiently extract iodine from vapor by IPcomp-7. That being said, reusability is an important 

parameter for an ideal adsorbent towards effective iodine sequestration.  

 

Figure 5.3: (a) Gaseous iodine uptake capacities of IPcomp-7, COF and MOP in static system at 75 oC. 

(b) Relative static iodine uptake capacities of IPcomp-7 at different temperatures. (c) Iodine retention 

efficiency of IPcomp-7, COF and MOP. (d) Iodine uptake capacities of IPcomp-7, COF and MOP in 

dynamic condition at 75 oC. Iodine removal efficiency of IPcomp-7, COF and MOP in (e) water as I2, 

(f) n-hexane, (g) water as I2/KI. (h) Distribution coefficient (Kd) profile of IPcomp-7 for I3
− uptake. (i) 

Relative I3
− uptake efficiency by IPcomp-7 in different water systems. 

Therefore, recyclability of IPcomp-7 was evaluated by performing the desorption test of iodine laden 

composite. The desorption test resulted ~97% iodine release efficiency in the first cycle. IPcomp-7 
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demonstrated high sorption capacity (>7.61 g.g-1) even after five consecutive capture-release cycles 

indicating superior reusability of the material (Appendix 5.37). The release of captured iodine was also 

performed by treating the I2@IPcomp-7 with hexane solution. Based on the UV-vis data, the 

concentration of iodine in n-hexane increased as the treatment progressed, which resulted >96% release 

of iodine within 2 h of contact time (Appendix 5.38 and 5.39). In this way, IPcomp-7 can be reused for 

iodine vapor capture, which demonstrated improved recyclability up to five cycles maintaining high 

efficiency and capacity. Apart from recyclability, another important parameter for an ideal iodine 

sorbent is retention efficiency. IPcomp-7 exhibited very high adsorption stability (>94% up to 7 days) 

with minimal liberation of iodine, indicating strong binding affinity of iodine with the nano-adsorbent 

(Figure 5.3c). However, in comparison to IPcomp-7, the retention efficiency of the pristine COF-

aerogel and MOP was found to be significantly lower.  

Pertaining to the practical implementation of the material towards efficient iodine adsorption 

application, dynamic vapor phase iodine sorption experiments were carried out following the standard 

procedure as described in the supporting information file (Appendix 5.40 and 5.41). The dynamic iodine 

adsorption test at 75 oC of IPcomp-7 resulted 3.76 g.g-1 capture capacity (Figure 5.3d). Also, the kinetic 

constant of IPcomp-7 for dynamic iodine capture was calculated to be high 0.0837 g.g−1h−1 indicating 

fast diffusion of iodine within hierarchical pores of hybrid aerogel (Appendix 5.42). However, when 

compared to IPcomp-7, the pristine COF-aerogel and MOP exhibited significantly lower dynamic 

iodine adsorption capacity. Moreover, the recyclability test of IPcomp-7 under dynamic condition was 

elucidated. As was observed, after five capture and release cycles, the iodine capacity of IPcomp-7 was 

found to be more than 2.48 g.g−1 (Appendix 5.43). 

Notably, the majority of the described iodine uptake experiments only demonstrated vapor-phase iodine 

extraction, and primarily examined the exchange capacity. Yet, despite being crucial for real-time water 

treatment applications, selective and speedy extraction of iodine from aqueous-phase extremely low 

concentrations in the presence of a significant excess of other interfering anions has received scant 

attention. Therefore, the ability of iodine uptake from its aqueous solution was evaluated with IPcomp-

7 along with the pristine MOP and COF-aerogel materials. The UV-vis studies indicated the almost 

instantaneous diminishing of iodine concentration from the saturated aqueous solution upon treating 

with IPcomp-7 (Appendix 5.44). However, the decrement in the intensity/concentration of iodine by 

MOP and COF-aerogel was relatively less compared to IPcomp-7 (Appendix 5.45-5.48). This result 

demonstrated the rapid uptake kinetics (~99.3% removal within 1 min) of molecular iodine from water 

by IPcomp-7 (Figure 5.3e). Conversely, the iodine uptake efficiency of pristine MOP and COF-aerogel 

was found to be inferior to that of IPcomp-7 (Figure 5.3e). The aqueous phase iodine removal kinetics 

of IPcomp-7 was found to follow pseudo-second–order kinetics model (Appendix 5.49 and 5.50).  

Moreover, the iodine uptake capacity of IPcomp-7 from water was calculated to be 4.74 g.g-1. In 
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addition, IPcomp-7 was further applied for sequestrate iodine from n-hexane medium, which 

demonstrated highly efficient capture as ~97.9% removal of iodine was observed from the stock 

solution within 60 min of contact time (Figure 5.3f and Appendix 5.51). Whereas, relatively lower 

efficiency in iodine uptake was found in case of pristine MOP and COF-aerogel (Figure 5.3f and 

Appendix 5.52-5.55). The rate constant and Langmuir model-based maximum iodine uptake capacity 

of IPcomp-7 in n-hexane was 0.00311 g.mg-1.min-1 and 5.89 g.g-1, respectively (Appendix 5.56-5.57). 

Furthermore, considering the cationic nature of IPcomp-7 with free exchangeable chloride anions, 

sequestration of iodine in the form of polyiodide species (such as I3
-) from water was performed by 

treating IPcomp-7 with concentrated aqueous solution of KI and I2. From the time-dependent UV-vis 

studies, it was found that IPcomp-7 exhibited ultrafast iodide (I3
-) removal kinetics (>99% removal 

within 1 min) from KI/I2 solution, whereas, pristine materials showed relatively sluggish uptake rate 

(Figure 3g and Appendix 5.58-5.62). The I3
- uptake process by IPcomp-7 found to follow pseudo-

second-order kinetics model with rate constant 0.5148 g.mg-1.min-1, which suggested the ultrafast 

capture efficiency (Appendix 5.63). Moreover, the concentration-dependent equilibrium uptake 

capacities of KI/I2 were fitted well with the Langmuir isotherm model, which determined the maximum 

iodine sorption capacity of IPcomp-7, was 5.16 g.g-1 (Appendix 5.64). Furthermore, the distribution 

coefficient (Kd) value is an important parameter, which suggests the affinity of a sorbent material toward 

the sorbate, and Kd>103 mL.g-1 is considered as exceptional.[12] Hence, the Kd value for I3
- capture by 

IPcomp-7 was also investigated and calculated to be in the range of ~106 mL.g-1, indicating a significant 

affinity for I3
- in water (Figure 5.3h). 
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Figure 5.4: (a) Digital image of dynamic column-based aqueous phase molecular iodine capture test. 

(b) Result of dynamic column-based I2 capture experiment. (c) Schematic diagram of IPcomp-7 

embedded column-based flow-through I2/KI capture study. (d) Break-through profile of column-based 

I2/KI capture test. (e, f) Images of solid iodine recovery test set-up and recovered iodine crystals. 

Henceforth, considering the real-world applications, such as detoxification of groundwater, an ideal 

adsorbent should selectively remove targeted contaminants in the presence of a large excess of other 

interferences in water. Typically, anions like NO3
-, Cl-, SO4

2-, Br- etc. are present in significant excess 

amounts with I3
- contaminated water, which negatively impacts the adsorbent's overall sorption 

effectiveness.[56] Therefore, to test the binary and mixture selectivity, I3
- capture study has been 

performed in the presence of equimolar as well as~100-fold excess other competing anions. IPcomp-7 

demonstrated highly efficient extraction of I3
- with removal efficiency of >97.9% in case of both 

equimolar and ~100-fold excess anions (Appendix 5.65, 5.66). Moreover, the corresponding Kd values 

for all the binary/mix-competing mixture were evaluated and were found in the order of ~105/106 mL.g-

1,  advocating exceptional binding affinity of IPcomp-7 towards I3
- (Figure 5.3h). Motivated by such 

highly efficient and selective entrapment of I3
- anions by IPcomp-7 in water, further sequestration of I3

- 

from different complex water matrixes, including seawater, lake-water, river-water, etc. have been 

performed. Interestingly, in all the water systems, the hybrid composite exhibited almost >85% removal 

efficiency of I3
- anions within 1 min (Figure 5.3i). Additionally, the maximum capture capacity and Kd 

value of IPcomp-7 for I3
- in seawater was calculated as 5.09 g.g-1 and ~105 mL.g-1, respectively. Given 

the seawater contain large excess of competing ions and fouling agents, these values are extraordinarily 

high. 

Inspired by the ultrafast and efficient sequestration of molecular iodine and triiodides from water, we 

sought to explore further the potential of the hybrid composite toward dynamic column-based aqueous 

phase iodine capture experiments. Initially, to test the flow-through-based iodine capture from water, a 

column was packed with IPcomp-7 and aqueous iodine solution having range of different concentration 

was passed through it (Appendix section for details) (Figure 5.4a and Appendix 5.68). The initial 

dark/light-yellow iodine solution eventually turned colourless after passing through the column. 

Additionally, the UV-vis analyses indicated that IPcomp-7 was able to capture more than ~96% of 

iodine from water across all the concentrations (Figure 5.4b and Appendix 5.69). Furthermore, we were 

en-couraged to perform the aqueous phase I3- breakthrough adsorption experiment with IPcomp-7 

embedded column as schematically represented in figure 5.4c and Appendix 5.70 (Appendix section 

for details). In this typical experiment, the column was charged with aqueous solution of I2+KI along 

with other competing anions with a flow-rate of 0.5 mL.min-1, and the concentration of the column-

eluted solution was determined by UV-vis analyses. Noteworthy, almost >99% elimination efficiency 

of triiodide was observed passing >200 mL of solution in the first cycle of the breakthrough test (Figure 
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5.4d). Additionally, the column's capability toward regeneration was examined using aqueous NaCl and 

hexane solution, which revealed notable removal efficiency with admirable uptake capacity over the 

course of three cycles (Figure 5.4d and Appendix 5.71). In view of practical implication, these results 

demonstrated impressive segregation effectiveness of IPcomp-7 packed column towards iodine in both 

environmental and industrially contaminated water. Such selective, regenarable and large iodine uptake 

capacities of the overall nano-composite is believed to an outcome of the cooperative effect of Zr(IV)-

SBU, free -NH2 groups, cationic nature with exchangeable Cl- ions of the guest-MOP molecules 

combined with heteroatom functionality, hierarchical macro-micro porosity with large surface area of 

low density COF-aerogel matrix. 

Moving ahead, we performed the recovery test of solid iodine both from vapor and organic solvent 

medium as described in the appendix section. In a typical experimental setup, vapor-phase iodine loaded 

compound was heated at a specific temperature to produce substantial amounts of solid molecular iodine 

(Figure 5.4e, 5.4f and Appendix 5.72). Moreover, the compound embedded iodine was also recovered 

by treating the I2@IPcomp-7 with pentane solvent (Appendix 5.73). The rapid evaporation of pentane 

at room temperature afforded large quantity of iodine crystals (Appendix 5.74). These experiments 

demonstrated the facile and potential recovery of iodine form vapor phase by IPcomp-7. 

 

Investigation of the Iodine Adsorption Mechanism: 

We were inspired to investigate the adsorption mechanism of IPcomp-7 because of its exceptional 

iodine capture performance. To understand the iodine sorption mechanism, a series of experiments were 

implemented on I2@IPcomp-7. FESEM images of IPcomp-7 taken before and after I2 absorption show 

nearly unaltered morphologies, demonstrating high stability of the material (Appendix 5.75). The 

homogenous iodine distribution over IPcomp-7 was revealed by FESEM-EDX data and elemental 

mapping images, which implies that excessive I2 was absorbed by the hybrid composite (Appendix 

5.76, 5.77). The X-ray 3D CT images of I2@IPcomp-7 indicated the retention of micron-sized 

macroscopic hierarchical porous structure (Appendix 5.78). Moreover, the pore size distribution with 

high volume percentage within ~1 to ~20 µm of IPcomp-7 after the iodine adsorption were clearly 

visible on the accompanying color-coded 3D CT images (Figure 5.5a and Appendix 5.79). The 

fluorescence microscopic imaging of I2@IPcomp-7 displayed significant quenching of intensity after 

the iodine adsorption (Appendix 5.80). 

Next, the time-resolved FT-IR spectra of iodine treated compound indicated obvious shift or reduced 

intensities of C=N bond stretching vibration from ~1622 cm-1 for IPcomp-7 to ~1631 cm-1 for 

I2@IPcomp-7 (Figure 5.5b).[24] Similar diminished intensities in the vibration bands of C=C, C-H and 

C-N bonds of phenyl rings at ~1556, ~1410 and ~1196 cm-1 were observed. In addition, the bands 
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associated with the Zr-metal-carboxylate (Zr-O) bonds at ~1380 cm-1 of the MOP underwent a gradual 

shift after adsorbing iodine. All these spectral changes suggested the occurrence of strong charge-

transfer induced interaction between the absorbed iodine molecules and the multiple functionalities, 

including imine, amine, phenyl and other heteroatoms of the composite.[25, 29]  Thereafter, XPS was 

employed to investigate in detail the existing state of trapped iodine as well as the binding nature of 

iodine/polyiodide anions with the hybrid composite. As compared to IPcomp-7, the XPS survey spectra 

of I2@IPcomp-7 clearly indicated the appearance of characteristic peaks for iodine (Appendix 5.81). 

The I 3d XPS spectra of I2@IPcomp-7 displayed two noticeable peaks located at 618.9 and 630.3 eV 

associated to I 3d5/2 and I 3d3/2 orbitals of iodine molecules respectively, which further indicated that 

the adsorbed iodine partially exists as molecule (Figure 5.5c).[25, 57] There were also two additional 

peaks, with energies of 620.6 and 631.9 eV, which are ascribed to the generation of polyiodide anions 

like I3
- and I5

-.[14, 57, 58] Also, after iodine adsorption, the N 1s spectra of IPcomp-7 was found to shift 

from 400.1 eV to 400.2 eV, respectively, indicated interaction of iodine with heteroatom-N (from imine 

and amine moieties) of the composite (Appendix 5.82). In addition, the emergence of a new peak 

fraction at 401.3 eV related to the N-I bond revealed the formation of charge-transfer complexes 

between I2 and N-center of IPcomp-7.[26, 29] Importantly, the Zr 3d XPS peaks of I2@IPcomp-7 was 

observed to shift towards relatively higher binding energy, suggesting potential interaction of iodine 

with Zr-SBU of the MOP of hybrid composite (Figure 5.5d).[19] Moreover, after I2 adsorption on 

IPcomp-7, the peak of the Cl 2p core energy level shifted from 197.5 and 198.9 eV to 198.8 and 200.2 

eV, respectively, suggesting that Cl- was also engaged in the I2 uptake (Figure 5.5e).[5, 9] All these results 

demonstrated that along with the COF matrix, the amino functionalized cationic Zr(IV)-MOP (as nano-

snare) actively participate in the iodine sorption process. Further, the Raman spectra of I2@IPcomp-7 

showed distinct bands at ~106.1, ~141.2 and ~168.7 cm-1 following iodine adsorption, indicating strong 

charge-transfer inter-action of iodine with IPcomp-7 and generation of multitude of anionic polynuclear 

iodide species (Figure 5.5g and Appendix 5.83).[14] Among them band at ~106.1 and ~141.2 cm-1 can 

be assigned to the symmetric and asymmetric stretching vibration of I3
−, respectively, whereas, band at 

168.7 cm−1 is attributed to the stretching vibration of I5
− polyiodide species.[14, 25, 26, 29, 57, 58] In addition 

to this, peaks associated with symmetric and asymmetric stretching vibration bands of  [I2Cl]− at 112.8 

and 145.9 cm-1, respectively, and stretching vibration bands of [2I2Cl]− at 171.2 cm-1 were observed, 

which indicated potential interaction of iodine with free Cl− anions of the composite.[5, 25] Moreover, the 

spatial distribution of iodine species throughout the structure of IPcomp-7 was investigated by Raman 

spectroscopy mapping analysis. The color-coded Raman mapping of I2@IPcomp-7 exhibited 

distribution of absorbed iodine species with significant intensities of respective bands (Figure 5.5f and 

Appendix 5.84). The solid-state UV-vis spectra of I2@IPcomp-7 displayed characteristic broad 

absorption peak, which indicated formation of charge-transfer complexes between polyiodide anions 

and IPcomp-7 (Appendix 5.85).[14] Further, to confirm the existence of such charge transfer interactions, 
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electron paramagnetic resonance (EPR) studies was conducted. The iodine loaded compo-site revealed 

sharp EPR signals, however, almost no paramagnetic signals were observed in case of pristine IP-comp-

7 (Figure 5.5h). Importantly, the EPR signal was noticeably less after desorption of iodine from IPcomp-

7. These findings compel us to hypothesize that I2@IPcomp-7 contains radicals, which most likely 

originate from an electron transfer between the electron-rich moieties of IPcomp-7 and entrapped iodine 

species.[14] Also, notably following the capture of I2, the signal in the solid-state 13C NMR spectra of 

I2@IPcomp-7 clearly broadens (Appendix 5.86). 

 

Figure 5.5: (a) Colour-scale 3D CT image of I2@IPcomp-7. (b) Time-dependent FT-IR spectra of 

I2@IPcomp-7. (c) I 3d, (d) Zr 3d, (e) Cl 2p XPS spectra of IPcomp-7 before and after iodine adsorption. 

(f) Raman mapping, (g) Raman spectra of I2@IPcomp-7. (h) EPR spectra of IPcomp-7, I2@IPcomp-7 

and desorbed I2@IPcomp-7. (i) Current-voltage (I-V) plots of I2@IPcomp-7. 

This may result from a strong affinity between the π-electron rich moieties of IPcomp-7 and the 

electron-deficient iodine molecules.[26, 29] The PXRD patterns of I2@IPcomp-7 exhibited no diffraction 
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peaks, indicated loading of amorphous iodine in the pores of the composite as well as eliminating the 

possibility of deposition or recrystallization of I2 on the surface of IPcomp-7 (Appendix 5.87).[26, 29] The 

TGA profile of I2@IPcomp-7 indicated high weight loss, demonstrating large quantity of iodine 

occupied into the pores of IPcomp-7 (Appendix 5.88). Furthermore, the electrical conductivity (σ) of 

the iodine loaded composite was measured, which yielded bulk σ value of ∼7.83x10−5 S.cm-1 (Figure 

5.5i). This value suggested the successful occupation of excess iodine or polyiodide anions into the 

pores of IPcomp-7.[12, 20] Moreover, in order to investigate the role of NH2-MOP towards iodine 

adsorption, 1H NMR time-dependent titration experiments of I2@NH2-MOP were performed, which 

disclosed the significant degree of shift in the signals for the protons of the respective moieties 

(Appendix 5.89). This shift in the signals demonstrated that these moieties had a preferential location 

for interacting with iodine species. All of these findings demonstrated that contribution of both 

physisorption and chemisorption were at play in tandem to selectively adsorb the iodine species by the 

different multiple functionalities, including heteroatomic sites, amine, imine, phenyl moieties, Zr(IV)-

SBU, free Cl− counter-anions, etc. of IPcomp-7. 

We were also encouraged to disseminate the advancement of low-density hybrid aerogel with 

hierarchical micron sized interconnected macropores towards the ultrafast iodine capture kinetics of 

IPcomp-7 in both vapor and aqueous phase. For this, confocal microscopic experiment and flow 

velocity analysis of iodine contaminated vapor and water was estimated by numerical simulations 

studies. The 3D confocal images of IPcomp-7 showed existence of large number of open voids 

(macropores) throughout the surface (Appendix 5.90). These large open pores enable easy 

encapsulation of iodine molecules or polyiodide anions through the inter-connected pore channels, 

which allow continuous rapid mass flow. The 2.5D confocal images shown were acquired from several 

layers of the composite. The modified 2.5D images of different layers (5th, 25th, 45th, and 65th) 

displayed dispersive adsorption of analyte within the different 2D layers of the whole matrix of IPcomp-

7, as opposed to only surface of the composite. This support the easy and fast penetration of water or 

vapor through the open pores of IPcomp-7 further promotes the excessive adsorption of iodine and 

polyiodide anions (Figure 5.6a(I-IV) and Appendix 5.91). Moreover, in order to make an evidence-

based forecast of the rapid and dynamic events occurring throughout the porous structure towards I2/I3
− 

entrapment process in vapor and water, an in-silico mass transport simulation was carried out in the 

segmented 3D tomographic model of IPcomp-7. Using an appropriate numerical solver at 25 °C, 20 Pa 

pressure-drop, etc., a simulation study was performed to visualize flow in the vertical axis (Y axis), and 

the outcome visualizes the average flow velocity profiles. The findings of the numerical simulation 

method forecast the practicable average flow profiles through the inter-connected void-space of 

IPcomp-7 (Figure 5.6b). The simulation results indicated entrapment of vapor through the porous 

structure of the hybrid aerogel. The average flow velocity in Y-direction was calculated as ~4.2×10-3 



  | Chapter 5 

 

5.29 | P a g e  
 
 

ms-1, with flow resistivity of 3.4×107 kg/(m3s) and permeability of 5.3×10-13 m2,  respectively (Figure 

5.6c and Appendix 5.92-5.93). The result of water flow-velocity range in the hybrid aerogel 

demonstrated interconnected hierarchical pores of IPcomp-7 greatly aids in the massive mass-transport 

for rapid and high iodine uptake efficiency. This study further suggests the significance of low-density 

aerogel materials for effective iodine sequestration. 

 

Figure 5.6: (a) The 2.5D confocal fluorescence microscopic images of IPcomp-7 with different 2D 

layers. (b) 3D images of IPcomp-7, generated by the numerical solver, depicting the entrapment process 

of iodine vapor, at three different stages, in the voids of the hybrid aerogel. (c) The water flow-velocity 

profile inside IPcomp-7, estimated by the numerical solver, visualizing the flow paths. (d) Energy-

optimized structure of various interaction between iodine molecule and (I) Zr-SBU, (II) Cl− ions, (III) 
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free –NH2 group of the MOP, and (IV) imine functional group of the COF shows the possible binding 

sites. 

The potential of Zr(IV)-SBU and amino functional groups to selectively interact with 

iodine/polyiodides is well established in the literature.[11, 19]  Therefore, the cationic nano-snare (NH2-

Zr(IV)-MOPs) in the hybrid composite effectively contributes towards the selective iodine capture 

owing to its multifunctional properties. However, the functional groups of the pristine MOPs become 

inaccessible to interact with I2/I3
− as a result of inevitable random self-aggregation, which significantly 

lowers the capture efficiency. Howbeit, in regard to the hybrid composite, the host COF-matrix wired 

up the MOPs separately, keeping the majority of the active sites well exposed, facilitating the diffusion 

of I2/I3
− species toward the active nano-snare through the macroscopic hierarchical porosity. All these 

discussion established the iodine or polyiodide uptake mechanism of IPcomp-7 by the cooperative 

interactions of multiple functionalities, such as strong interaction between heteroatom containing 

electron rich moieties of the composite with iodine, H-bonding with free -NH2 group of MOP, 

energetically favourable binding as well as exchange with free Cl− ions in vapor and aqueous phase, 

respectively, and the selective preferential affinity towards I2 with deliberately grafted unique Zr(IV)-

SBU of the MOP. 

Additionally, the theoretical calculation utilizing the density functional theory (DFT) simulation study 

was conducted, which corroborated with the experimental findings, further verifying the strong 

interaction between iodine/polyiodide anions and host-guest of the hybrid composite. We used TPE 

backbone of the COF and crystal structure of the NH2-MOP as model molecules for calculating the 

binding energies with I2/I3
− species. The calculations showed that along with others the imine 

functionality of COF, binding with hydroxy group (-OH) of Zr(IV)-SBU, free -NH2 group and Cl− ions 

of the MOPs selectively interacts with iodine with binding energies of -34.8, -26.8, -23.3 and -25.2 eV, 

respectively (Figure 5.6d(I-IV) and Appendix 5.94-5.100). Particularly, the optimized geometries 

disclosed the selective strong interaction between the terminal –OH group of Zr-cluster and 

iodine/polyiodide anions, which further donates the maximum negative charges to the adsorbed iodine, 

indicating the maximum charge separation between the iodine at-oms (Figure 5.6d and Appendix 5.94-

5.95).[19] Moreover, the DFT calculation displayed that the adsorption configuration of the I2 molecule 

interacting directly with Cl− was found energetically favourable (Figure 5.6dII).[5] According to these 

studies, installation of ionic functionality with free Cl− ions, Zr-metal cluster, amino and other electron-

rich moieties by covalent grafting of the cationic MOP into the imine-COF-aerogel matrix increases the 

number and strength of selective binding sites for I2/I3
− adsorption by virtue of Coulomb interactions to 

generate thermodynamically more stable complexes.[26] 
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5.5 Conclusion 

In summary, remarkable sequestration efficacy towards iodine have been demonstrated by successfully 

synthesizing a unique crystalline hybrid aerogel material by covalent-linking of nanosized cationic 

MOPs with a hierarchical porous COF-aerogel matrix, utilizing systematic hybridization synthetic 

strategy. We intensively investigated the structural, morphological and optical properties of such novel 

hybrid aerogel to elucidate detailed insights of the multifunctional composite material. Effective 

entrapment of iodine being the key targeted criterion, the combined interconnected hierarchical macro-

microporosity, low-density ultralight weight, high mechanical stiffness along with deliberately grafted 

Zr(IV)-SBU and free amino group-based discrete cationic nano-snare (MOP) into a imine-COF aerogel 

matrix exhibited ultrafast, selective and high enrichment towards iodine uptake. Importantly, the hybrid 

aerogel illustrated a striking performance towards rapid and selective uptake with outstanding capacities 

of iodine or polyiodides in both static and dynamic vapor phase as well as aqueous phase condition, 

which underscore its full potential for large-scale real-time applications. The results revealed that the 

newly developed hybrid composite is of great scientific significance as a potential adsorbent for 

effective radioiodine sequestration owing to its rapid uptake kinetics, high sorption capacity, 

exceptional selectivity, superior retention, recovery and satisfying recyclability. We expect that the 

insight gained in this research are of fundamental importance to understand the rational design and 

development of novel innovative hybrid composite materials for efficient sequestration and other 

applications demanding for porous and macroscopic scaffolds. 
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5.6 Appendix Section 

 

 

 

Appendix 5.1: Digital images of the hybrid composite material (IPcomp-7). (a, b) The as-synthesized 

wet-gel form of IPcomp-7. (b) Ultra-light weight nature of the crystalline hybrid aerogel. 

 

 

 

Appendix 5.2: Structural features of the (a) NH2-Zr(IV)-based cationic metal-organic polyhedra (MOPs), 

(b) Zr(IV)-based secondary building unit (SBU), (c) Organic linker (2-aminoterepthalate) of the MOP.  



  | Chapter 5 

 

5.33 | P a g e  
 
 

 

 

Appendix 5.3: Structural features of the covalent-organic framework (COF): (a) Chemical structure of the 

TPE core-based imine functional 2D COF. (b) Packing structure of 1D channel-based dual pore TPE-COF. 

(c, d) Hexagonal and triangle pores of the COF, respectively.  



  | Chapter 5 

 

5.34 | P a g e  
 
 

 
Appendix 5.4: Structural characterization of the metal-organic polyhedra (MOPs): ESI-TOF-MS analysis 

of as-synthesized Zr(IV)-MOP, indicated the formation of the MOPs. 

 

 

 

Appendix 5.5: 1H NMR spectra of the Zr(IV)-MOPs in MeOD and D2O. 
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Appendix 5.6: FESEM image of the Zr(IV)-MOPs, indicated highly cubic micro-crystalline morphology. 

 

 

Appendix 5.7: PXRD analysis of the Zr(IV)-MOP indicated formation of bulk phase purity of the MOP in 

as-synthesized phase, also the PXRD data of the desolvated phase showed the weak crystalline nature of the 

MOPs, which is cause of self-aggregation upon desolvation. 
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Appendix 5.8: PXRD profile of the COF aerogel.  

 

 

Appendix 5.9: FT-IR spectra of the COF aerogel along with its precursors. 
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Appendix 5.10: (a) SEM and (b) FESEM images of the pristine COF aerogel. 

 

 

Appendix 5.11: (a) TEM and (b) HRTEM images of the pristine COF aerogel. 
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Appendix 5.12: Nitrogen gas adsorption-desorption measurement of the COF aerogel at 77K, indicating 

the existence of hierarchical (micro and meso) porosity. 

 

 

Appendix 5.13: NLDFT pore size distribution profile of the dual-pore COF aerogel. 
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Appendix 5.14: FT-IR spectra of IPcomp-7, along with the pristine MOP, TPD@MOP, COF-aerogel. 
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Appendix 5.15: TGA profile of IPcomp-7, along with pristine COF-aerogel and MOP. 

 

 

 

Appendix 5.16: 13C CP-MAS NMR spectra of IPcomp-7, along with pristine COF-aerogel and MOP. 
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Appendix 5.17: Characterizations data of IPcomp-7 treated supernatant, indicating the presence of guest-

MOP molecules before washing IPcomp-7 with aqueous methanolic solution: (a) 1H NMR spectra of the 

MOP in MeOD, D2O mixture, (b) HRMS spectra of the MOP, (c) ICP analysis of Zr(IV) metal in the 

supernatant of hybrid material exposed to aqueous methanolic solution. 

 

Appendix 5.18: Characterizations data of IPcomp-7 treated supernatant, indicating no presence of guest-

MOP molecules after washing IPcomp-7 with aqueous methanolic solution: (a) 1H NMR spectra, (b) HRMS 

spectra, (c) ICP analysis of Zr(IV) metal in the supernatant of hybrid material exposed to aqueous 

methanolic solution. 
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Appendix 5.19: Characterizations of the digested sample of IPcomp-7: (a) 1H NMR spectra of the organic 

linker of MOP in NaOD/D2O solvent. (b) ICP analysis of Zr(IV) metal in the supernatant of the digested 

hybrid material. 

 

Appendix 5.20: FESEM images of the hybrid aerogel (IPcomp-7) (a) 20 μm, (b) 2 μm. (The numerical 

values represent the scale bars of the images). 

 

Appendix 5.21: TEM/HRTEM images of the hybrid composite (IPcomp-7) (a) 100 nm, (b) 10 nm. (The 

numerical values represent the scale bars of the images). 



  | Chapter 5 

 

5.43 | P a g e  
 
 

Appendix Table 5.1: EDX elemental analyses from FESEM experiment of NH2-Zr(IV)-MOP molecules 

showing presence of C, N, O, Cl and Zr elements (a). 

 

Appendix 5.22: (b) SEM elemental mapping images of the NH2-Zr(IV)-MOP molecules. 

 

 

Appendix Table 5.2: EDX elemental analyses from FESEM experiment of the COF-aerogel showing 

presence of C and N elements (a). 

 

Appendix 5.23: (b) SEM elemental mapping images of the COF-aerogel. 
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Appendix Table 5.3: EDX elemental analyses from (a) FESEM and (b) TEM experiment of IPcomp-7, 

constructed with ~15 mg of MOPs showing the presence of C, N, O, Al, Cl and Zr elements. 

 

 

 

 

Appendix Table 5.4: EDX elemental analyses from FESEM experiment of the hybrid composite, 

constructed with ~35 mg of MOPs showing presence of C, N, O, Al, Cl and Zr elements. 
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Appendix Table 5.5: EDX elemental analyses from FESEM experiment of the hybrid composite, 

constructed with ~50 mg of MOPs showing presence of C, N, O, Al, Cl and Zr elements. 

 

 

 

Appendix Table 5.6: EDX elemental analyses from FESEM experiment of the hybrid composite, 

constructed with ~100 mg of MOPs showing presence of C, N, O, Al, Cl and Zr elements.  
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Appendix 5.24: SEM elemental mapping images of IPcomp-7 indicated homogeneous distribution of all 

relevant elements (Carbon (C), Nitrogen (N), Oxygen (O), Zirconium (Zr) and Chlorine (Cl)). 

 

 

 

 

Appendix 5.25: Zeta potential measurement of IPcomp-7 indicated cationic nature of the composite with 

potential value of +46.3 mV. 
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Appendix 5.26: Confocal fluorescence 3D images of IPcomp-7 indicated the distribution of extrinsic 

macropores throughout the surface of the composite. 

 

 

 

Appendix 5.27: Two-dimensional cross-sectional tomography images of IPcomp-7 indicated distribution 

of large macropores throughout the composite matrix. 

 

 

 



  | Chapter 5 

 

5.48 | P a g e  
 
 

 

Appendix 5.28: Computed X-ray tomographic segmented 3D models of IPcomp-7 showing the distribution 

of large open voids (macropores) throughout the structure of the composite. 

 

 

Appendix 5.29: Color-coded 3D CT images of IPcomp-7 demonstrating the visualization of pore size 

distribution of the large macropores throughout the structure. 
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Appendix 5.30: Solid-state UV-vis spectra of IPcomp-7, along with pristine MOP and COF-aerogel. 

 

 

Appendix 5.31: Solid-state PL spectra of IPcomp-7, along with pristine MOP and COF-aerogel. 
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Appendix 5.32: 3D fluorescence images of IPcomp-7 showing the highly emissive nature of the composite. 

 

 

 

Appendix 5.33: Compressive stress-strain curves of the hybrid aerogel show promising mechanical 

stability.  
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Appendix 5.34: An optimization study of iodine capture, using different amounts of guest-MOP 

molecules in the hybrid composite exhibiting, IPcomp-7 constructed by ~15 mg MOPs showed highest 

sequestration capacity. (1 = 1 mg, 2 = 5 mg, 3 = 15 mg (IPcomp-7), 4 = 25 mg, 5 = 50 mg MOPs used 

in the synthesis of the composite, 6 = COF, and 7 = MOP) [Condition: adsorbent amount = 10 mg, 

contact time = 24 hours]. 

 

 

 

Appendix 5.35: Digital images of IPcomp-7 before and after exposing to iodine at different temperatures 

for 24 hours. 
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Appendix 5.36: Pseudo-second-order model fitting for vapor phase static iodine capture study by IPcomp-

7 at 75 oC. 

 

 

 

Appendix 5.37: The recyclability result of IPcomp-7 towards vapor phase iodine capture in static system. 
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Appendix 5.38: Time-dependent UV-vis spectra of iodine released from I2@IPcomp-7 in n-hexane 

solution. 

 

 

Appendix 5.39: Time-dependent images of the iodine released process from I2@IPcomp-7 in n-hexane 

solution as the treatment progressed. 
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Appendix 5.40: Schematic representation of the instrument setup for dynamic gaseous iodine adsorption 

experiment at high temperature. 

 

 

 

 

 

Appendix 5.41: Digital images of IPcomp-7 packed glass columns before and after dynamic gaseous iodine 

adsorption experiment at 348 K. 
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Appendix 5.42: Pseudo-second-order model fitting for vapor phase dynamic iodine capture study by 

IPcomp-7 at 75 oC. 

 

 

 

Appendix 5.43: The recyclability result of IPcomp-7 towards vapor phase dynamic iodine capture. 
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Appendix 5.44: Time-dependent UV-vis spectra of molecular iodine (I2) in water showing rapid dismissing 

by the treatment of IPcomp-7. 

 

 

Appendix 5.45: Time-dependent UV-vis spectra of molecular iodine (I2) in water showing rapid dismissing 

by the treatment of COF-aerogel. 
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Appendix 5.46: Time-dependent UV-vis spectra of molecular iodine (I2) in water showing rapid dismissing 

by the treatment of MOP. 

 

 

Appendix 5.47: Profile of decrease in the concentration of iodine in water with time by the treatment of 

IPcomp-7, COF-aerogel and MOP. 
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Appendix 5.48: Digital images of color changes of the saturated iodine aqueous solutions with time upon 

treatment of IPcomp-7, COF-aerogel and MOP. 

 

Appendix 5.49, 5.50: Pseudo-second-order kinetic model fitting plots and parameters for capture of a 

saturated iodine aqueous solution by (a, b) IPcomp-7, (c) COF-aerogel and (d) MOP. 
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Appendix 5.51: Time-dependent UV-vis spectra of molecular iodine (I2) in n-hexane showing rapid 

dismissing by the treatment of IPcomp-7. 

 

 

Appendix 5.52: Time-dependent UV-vis spectra of molecular iodine (I2) in n-hexane showing rapid 

dismissing by the treatment of COF-aerogel. 
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Appendix 5.53: Time-dependent UV-vis spectra of molecular iodine (I2) in n-hexane showing rapid 

dismissing by the treatment of MOP. 

 

 

Appendix 5.54: Profile of decrease in the concentration of iodine in n-hexane with time by the treatment 

of IPcomp-7, COF-aerogel and MOP. 
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Appendix 5.55: Digital images of color changes of the iodine solutions in n-hexane with time upon 

treatment of IPcomp-7, COF-aerogel and MOP. 

 

Appendix 5.56, 5.57: Pseudo-second-order kinetic model fitting plots and parameters for capture of iodine 

solution in n-hexane by (a, b) IPcomp-7, (c) COF-aerogel and (d) MOP. 
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Appendix 5.58: Time-dependent UV-vis spectra of triiodides (I3
-) (KI/I2) in water showing rapid dismissing 

by the treatment of IPcomp-7. 

 

 

Appendix 5.59: Time-dependent UV-vis spectra of triiodides (I3
-) (KI/I2) in water showing rapid dismissing 

by the treatment of COF-aerogel. 
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Appendix 5.60: Time-dependent UV-vis spectra of triiodides (I3
-) (KI/I2) in water showing rapid dismissing 

by the treatment of MOP. 

 

Appendix 5.61: Profile of decrease in the concentration of triiodides (I3
-) (KI/I2) in water with time by the 

treatment of IPcomp-7, COF-aerogel and MOP. 
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Appendix 5.62: Digital images of color changes of the triiodides (I3
-) (KI/I2) solution in water with time 

upon treatment of IPcomp-7, COF-aerogel and MOP. 

 

Appendix 5.63, 5.64: Pseudo-second-order kinetic model fitting plots and parameters for capture of 

triiodides (I3
-) (KI/I2) solution in water by (a, b) IPcomp-7, (c) COF-aerogel and (d) MOP. 
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Appendix 5.65: Selectivity test: relative uptake for I3
− anions in equimolar binary mixture of competing 

anions. 

 

 

Appendix 5.66: Selectivity test: relative uptake for I3
− anions in ~100-fold excess binary mixture of 

competing anions. 



  | Chapter 5 

 

5.66 | P a g e  
 
 

 

Appendix 5.67: Digital images of I2 or I3
- uptake study by IPcomp-7 in different solvents, 15000 ppm I2/KI 

in water, 6500 ppm I2 in cyclohexane, and 6500 ppm I2 in n-hexane. [Condition: slution 2 mL, time 48 

hours]. 

 

Appendix 5.68: Schematic representation of column-based aqueous phase iodine capture experiments. 
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Appendix 5.69: (a-e) UV-vis spectra of aqueous solutions of iodine at different concentrations, before and 

after column-based capture experiments. (f) Relative I2 uptake efficiency of IPcomp-7 embedded column 

at different concentrations. 
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Appendix 5.70: Digital image of IPcomp-7 embedded column-based flow-through I2/KI capture 

experiment. 

 

Appendix 5.71: Iodide uptake capacities in different cycles in case of column-based flow-through I2/KI 

capture experiment. 
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Appendix 5.72: Schematic representation and digital image of recovery of solid iodine setup by heating of 

I2@IPcomp-7 at 150 oC. 
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Appendix 5.73: Schematic representation of recovery of solid iodine crystals by treating of I2@IPcomp-7 

in pentane solvent. 

 

 

 

Appendix 5.74: Digital images of recovery of solid iodine crystals by treating of I2@IPcomp-7 in pentane 

solvent. 
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Appendix 5.75: FESEM image of IPcomp-7 after I2 absorption test. 

 

 

 

Appendix 5.76: FESEM-EDX data of IPcomp-7 after I2 absorption test. 
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Appendix 5.77: Elemental mapping images from FESEM experiment of IPcomp-7 after I2 absorption test. 

 

 

Appendix 5.78: X-ray 3D tomographic image of IPcomp-7 after I2 absorption test. 
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Appendix 5.79: Color-coded X-ray 3D tomographic image of I2@IPcomp-7 showing the retention of 

micron size pores even after the iodine adsorption. 
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Appendix 5.80: Fluorescence microscopic images of IPcomp-7 before and after I2 absorption test. 

 

 

 

 

Appendix 5.81: XPS survey spectra of IPcomp-7 before and after I2 absorption test. 
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 Appendix 5.82: N 1s XPS spectra of IPcomp-7 before and after I2 absorption test. 

 

 

Appendix 5.83: Raman spectra of IPcomp-7 before and after I2 absorption test. 
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Appendix 5.84: Corresponding Raman spectroscopy image for mapping of IPcomp-7 after I2 absorption 

test. 

 

 

Appendix 5.85: Solid-state UV-vis spectra of IPcomp-7 before and after I2 absorption test. 
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Appendix 5.86: Solid-state 13C NMR spectra of IPcomp-7 before and after I2 absorption test. 

 

 

Appendix 5.87: PXRD profile of IPcomp-7 before and after I2 absorption test. 



  | Chapter 5 

 

5.78 | P a g e  
 
 

 

Appendix 5.88: TGA profile of IPcomp-7 before and after I2 absorption test. 

 

 

Appendix 5.89: Time-dependent 1H NMR spectra of the stepwise treatment of I2 to NH2-Zr(IV)-MOP. 
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Appendix 5.90: Color-coded 3D confocal laser scanning microscopic images of IPcomp-7. 

 

Appendix 5.91: 2.5 D confocal laser scanning microscopic processed images of different 2D layers of 

IPcomp-7 after treatment of dye. 



  | Chapter 5 

 

5.80 | P a g e  
 
 

 

 

 

Appendix 5.92: The water flow velocity simulation analysis for IPcomp-7 by X-ray tomography. The 

average flow velocity has been calculated from the numerical simulation study. 
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Appendix 5.93: The average water flow velocity simulation analysis in all three x, y, z direction for 

IPcomp-7 by X-ray tomography. The average flow velocity has been calculated from the numerical 

simulation study. 
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DFT simulation studies 

IPcomp-7 exhibited highly efficient selective uptake of iodine or triiodide anion from both vapor and 

aqueous phase. The multifunctional nature of the hybrid aerogel material is caused for such potent capture 

efficiencies. Among them, the hierarchical (micro-macro) porous structure of the composite material helps 

for fast mass diffusion of iodine/iodides through its large open pores towards the main active sites (guest- 

amino functionalized Zr(IV)-SBU-based cationic MOPs) of the hybrid composite. Thereafter, the 

iodine/iodides species interact with the Zr-SBU, free -NH2 group and with the free chlorine anions of the 

cationic MOP. Such interactions are majorly attributed to the dispersive interactions or supramolecular 

interactions, dipole interactions of the iodine/iodides species (I2/I3
-) with the functional groups of MOP 

molecules of the composite material. To validate this, we have calculated the respective binding energies 

of I2/I3
- with the MOP molecules and unit of COF structure of the hybrid compound. The molecular-level 

interactions between the amino functionalized cationic MOP, imine functionalized 2D COF and 

iodine/iodides species were simulated using Discovery Studio 2017 (Accelrys). The DFT simulation was 

performed at fine quality calculation level. At first, using DMOL3 and B3LYP hybrid function the single 

unit of the MOP and COF was fully geometry relaxed by keeping the Multiplicity factor to Auto mode, 

double numeric plus polarizing (DNP+) basis set. Using simulated annealing technique structural simulation 

on the geometry relaxed MOP/COF (unit) structure was realized to find a feasible interaction site of the 

I2/I3
- within the relaxed MOP/COF unit. The electrostatic potential (ESP) on the van der Waals (VDW) 

surfaces (isodensity = 0.001 a.u.) of MOP/COF unit was derived from ground state electron density of the 

system. The DFT calculation reveals that I2/I3
-  interact with Zr-SBU, free amine (-NH2) groups, free Cl- 

ions of the MOP and imine or other functional groups of COF unit with following major possible binding 

sites, (Supplementary Figure-94-100). Furthermore, we also optimized the Zr-SBU of the MOP interacting 

with H2O and NO2 molecules.  

Appendix 5.94: Electrostatic Potential (ESP) diagram and corresponding DFT optimized structures with 

respective binding energies of different interaction between Zr-SBU of MOP in the hybrid composite with 

iodine molecule. (a) Interaction between iodine and oxygen of hydroxyl group of the Zr-SBU, (b) 
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Interaction between iodine and hydrogen of hydroxyl group of the Zr-SBU, (c) Interaction between iodine 

and hydrogen of Cp-ring of the Zr-SBU, respectively. 

 

 

Appendix 5.95: Electrostatic Potential (ESP) diagram and corresponding DFT optimized structures with 

respective binding energies of different interaction between Zr-SBU of MOP in the hybrid composite with 

triiodide anions. (a) Interaction between triiodide and oxygen of hydroxyl group of the Zr-SBU, (b) 

Interaction between triiodide and hydrogen of hydroxyl group of the Zr-SBU, (c) Interaction between 

triiodide and hydrogen of Cp-ring of the Zr-SBU, respectively. 

 

 

Appendix 5.96: Electrostatic Potential (ESP) diagram and corresponding DFT optimized structures with 

respective binding energies of interaction between -NH2 groups of MOP in the hybrid composite with iodine 

molecule. 
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Appendix 5.97: Electrostatic Potential (ESP) diagram and corresponding DFT optimized structures with 

respective binding energies of interaction between –NH2 groups of MOP in the hybrid composite with 

triiodide anions. 

 

 

 

 

Appendix 5.98: Electrostatic Potential (ESP) diagram and corresponding DFT optimized structures with 

respective binding energies of interaction between free chlorine (Cl-) anions of MOP in the hybrid 

composite with iodine molecule. 
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Appendix 5.99: Electrostatic Potential (ESP) diagram and corresponding DFT optimized structures with 

respective binding energies of different interaction between the TPE-core based COF units of the hybrid 

composite with iodine molecule. (a) Interaction between iodine and imine-N site of the COF, (b) Interaction 

between iodine and hydrogen of TPE-core of the COF, (c, d) Interaction between iodine and hydrogen of 

TPD-core of the COF, respectively. 

 

 

Appendix 5.100: Electrostatic Potential (ESP) diagram and corresponding DFT optimized structures with 

respective binding energies of different interaction between the TPE-core based COF units of the hybrid 

composite with triiodide anions. (a) Interaction between triiodide and imine-N site of the COF, (b) 

Interaction between triiodide and hydrogen of TPE-core of the COF, (c, d) Interaction between triiodide 

and hydrogen of TPD-core of the COF, respectively. 
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6.1 Summary, Critical Comments and Perspectives 

Advanced functional porous materials (AFPMs) and their hybrid composites have earned great deal of 

research attention in the recent past owing to their potential applicability in wide range of applications. 

The studies documented in the current thesis work include in-depth research into rational design and 

development of various advanced functional porous organic materials and their composites with 

inorganic-organic hybrid materials for energy efficient chemical separation application, particularly 

those fostering environmental sustainability. In the first section of the thesis, strategic synthesis of task-

specific porous organic materials (POMs) have been done in order to demonstrate efficient 

sequestration of radioactive waste species such as organic iodides as well as inorganic/organic persistent 

pollutants  from contaminated water. Briefly, the role of framework integrated functionalities along 

with textural properties of POMs towards toxic gas (i.e. methyl iodide) capture has been investigated 

by rationally fabricating a series of covalent organic frameworks (COFs). Moreover, the role of higher 

order porosity such as inducing ordered interconnected macroporosity into charged organic framework 

material towards enhanced pollutants separation performance has been studied. Conversely, recently, 

hybrid composite porous materials catches topical research interest over individual porous materials 

due to their ingenious characteristics, collective benefits and effective performance. Motivated by this, 

in the second section of the thesis work focuses on the fabrication of porous hybrid composite materials 

based adsorbents to sequestrate hazardous water contaminants and toxic gaseous iodine or polyiodides 

species. A MOPs embedded MOG-based hybrid nanocomposite has been developed to act as active 

nanotrap towards a class of heavy metal-based toxic oxoanionic chemicals in wastewater. Following 

this, another ultralight aerogel based multifunctional hybrid composite has been constructed by unique 

covalent hybridization strategy between an amino functional MOP with a 2D imine COF.  Thus 

developed hybrid was utilized in efficient sequestration of molecular iodine as well as polyiodide 

species from gaseous phase and aqueous medium with large sorption capacity, high retention efficiency, 

superior selectivity and recyclability. All the works are highlighted in their potency toward practical 

implementation in terms of efficiency, scope, processability as well as ‘proof of concept’ based real-

time applicability towards chemical separation application. 

Despite the exceptional accomplishments that have been made in this thesis works in the field of AFPMs 

and their hybrid composites development for potential utility in energy efficient chemical separation 

application, there are still many challenges that need to be addressed. These critical comments 

associated with each of these works are described below. (I) In case of COFs based organic iodide 

capture work, although, along with the exploration of insightful molecular level adsorption chemistry, 

the adsorbents demonstrated high sorption capacity towards methyl iodide in both static and dynamic 

condition, the chemical, thermal and radiation stability of the COFs under extreme practical radioactive 

conditions is a challenge that remains to be clarified. The stability or retention of framework 
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configuration in high radiation and strong acidic environment (actual radioactive waste condition) is a 

serious matter of concern for practical implementation. Also, due to the robust adsorption mechanism 

of CH3I with COFs, the higher order recyclability of these adsorbents is difficult. (II) In case of 

hierarchically porous cationic viologen organic network based chemical separation work, the 

homogeneous distribution of interconnected ordered macropores along with active ionic sites 

throughout the complete area of the material is still a significant challenge. Apart from this, the 

scalability and the high chemical stability of the material towards large-scale practical chemical 

separation application is a major problem. In the investigation of multifunctional hybrid composites, a 

major challenge remains the distribution of active sites with acceptable porosity while maintaining 

numerous specific components. (III) Although, the hybrid composite synthesized with MOP and MOG 

exhibited efficient segregation of toxic metal oxoanions, their molecular level reproducible synthesis 

and fabrication into light weight aerogel is quite challenging. In this line, specific positioning of 

individual active nanotrap (MOPs) into the pores of MOG is not always ‘easy to syntheses’. The use of 

super critical drying technique during synthesis of this material is not feasible in terms of operational 

cost, time and labour. Moreover, the chemical and thermal stability of this particular material is quite 

less with respect to the practical toxic chemicals segregation application. (IV) In the last work, where 

surrogate radioactive iodine species was sequestrated by developing another MOP@COF hybrid 

aerogel material, the composite invariably experience compromised surface areas as a result of pore 

blockage due to the placement of MOPs inside the COF. Again, there are still unresolved issues 

regarding the material's chemical, thermal, and radiation stability in extremely realistic radioactive 

environments. The retention of similar efficiency, processability as well as stability in real-time 

application towards radioactive iodine waste sequestration is great challenge for this material. Aside 

from each of these particular problems, the enthalpy of adsorption—a crucial thermodynamic parameter 

that needs further study—is closely linked to other parameters associated with the adsorption of 

chemical species, including diffusion kinetics, sorption capacity, molecular sieving, etc. Above all, 

there is a need to relentlessly seek the industrial use of these high-performance materials that have been 

evaluated in laboratories in this thesis works. Moreover, comparatively expensive raw ingredients like 

as solvents, catalysts, and monomers, together with challenging reaction methods and processability of 

these works, obstruct large-scale manufacturing and efficient material processing for immediate 

industrial use. 

The most significant learning from the present thesis work is the strategic design and synthesis of 

materials that combine the benefits of structural robustness, function-led design, and improved 

performance. Understanding the intricate roles played by the hierarchical porosities and molecular level 

functionalities of porous materials in separation is crucial for designing and developing new adsorbents 

that will be useful in various applications. It also provides guidance for adsorption mechanisms. 
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Additionally, composite preparation techniques, including shaping of AFPMs such as aerogels, solve a 

significant flaw in powder materials' processability. The significance of prudent structural alterations is 

further underscored by the creation of diverse porous organic materials that may be effectively utilized 

in different applications. Moreover, the advancement of developing hybrid composites out of the 

individual porous materials towards improved sorption performance has been demonstrated. The main 

goal of all the scientific research done for this thesis has been to create task-specific functionality for 

applications that are target-specific. Giving AFPMs iconicity and ordered macroporosity can be 

beneficial, but they are currently understudied and need further investigation. Much more in-depth 

understanding into the complex chemical structure of hybrid composites and their improved 

performance should be investigated in detail, which can be done by through characterizations and 

analysis of the materials. Long-term performance retention under operating conditions and cost-

effective scaling are other critical issues that require a lot of focus. An abundance of expertise and 

information in this field is provided by the commercial successes of several well-known porous 

materials, such as polymeric separation membranes and ion exchange and adsorption resins. Therefore, 

there is a lot of potential for academics to expand on and help create task-specific AFPMs in the next 

years to address significant industrial and environmental challenges. 
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Unraveling mechanistic insights into covalent
organic frameworks for highly efficient
sequestration of organic iodides from simulated
nuclear waste†

Sahel Fajal, a Dipanjan Majumder, a Writakshi Mandal, a Sumanta Let, a

Gourab K. Dam, a Mandar M. Shirolkar bc and Sujit K. Ghosh *ad

Over the last few decades, given the impending global energy and environmental crises, paramount

development in nuclear energy as an alternative high power density and low-carbon energy source has

been widely observed. However, this development is hindered due to certain problems associated with

nuclear reactors, including the emission of volatile radioactive substances, like organic iodides and

iodine, which must be eliminated before releasing the off-gas. These substances include methyl iodide

(CH3I), ethyl iodide (CH3CH2I), and iodine, which are exceedingly harmful to both the environment and

human health. Although several porous solid adsorbents have been successfully employed to sequester

organic iodides (generally CH3I) from the vapor phase, the majority of the earlier investigations have

largely focused on the saturation capacity and kinetic study of CH3I capture. However, the importance of

the porous adsorbents' strategic functions in the unique binding interaction with organic iodides has

been grossly underappreciated and poorly understood. Also, certain crucial difficulties pertaining to the

practical capturing of radioactive organic iodides from nuclear waste were thwarted in the endeavors to

construct innovative adsorbents. Herein, we have demonstrated a systematic strategy-driven study to

understand the roles of framework-integrated functionalities towards organic iodide sequestration by

varying the number of N-heteroatomic sites in a series of chemically stable porous covalent organic

frameworks (COFs). The CH3I adsorption capacity was found to be positively correlated with the porosity

or surface area as well as with the N-heteroatomic or heterocyclic functionalities, such as the imine,

pyridine, and triazine sites of these COFs. Under both static and dynamic conditions, all the COFs

exhibited high CH3I sorption capacities through the N-methylation reaction mechanism. This work is of

fundamental importance to understanding the CH3I adsorption mechanisms and also offers direction for

the design and development of novel adsorbents for relevant applications.

1. Introduction

The usage of nuclear power for global energy systems has
attracted signicant interest and is predicted to increase in the
near future due to the urgently growing needs for high-efficiency
and economical, potential, and sustainable energy.1,2 In nuclear
plants, during the generation of nuclear energy, the used nuclear
fuel rods need to be reprocessed by dissolving in concentrated

hot nitric acid. In this dissolution protocol, apart from the
molecular iodine, nitric acid vapor, NO2, and N2O5, another
highly radioactive dissolved off-gas (DOG) species, organic
iodides, e.g., methyl iodide (CH3I) and ethyl iodide (CH3CH2I),
are generated.3–5 Radioactive organic iodide (ROI) vapor is
extremely harmful to living beings due to its substantially higher
activity and has therefore attracted a signicant amount of
public attention, especially in the event of a nuclear disaster.5–7

Therefore, considering both the environmental as well as human
health concerns along with future development and the safe
generation of nuclear energy, efficient sequestration of these
radioactive species from the air has attracted much research
interest in recent years. However, it was found that trapping
these ROI species is considerably difficult owing to their lower
adsorption rate towards specic adsorbents (Ag@MOR)5–7 and
poor retention efficiency. Past studies have established the use of
solid sorbent-based xed-bed technologies for radionuclide
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Water Purification

Ordered Macro/Microporous Ionic Organic Framework for Efficient
Separation of Toxic Pollutants from Water

Sahel Fajal, Atikur Hassan+, Writakshi Mandal+, Mandar M. Shirolkar, Sumanta Let,
Neeladri Das, and Sujit K. Ghosh*

Dedicated to Professor Susumu Kitagawa on the occasion of 10th publication from our group in this journal.

Abstract: In case of pollutant segregation, fast mass
diffusion is a fundamental criterion in order to achieve
improved performance. The rapid mass transport
through porous materials can be achieved by availing
large open pores followed by easy and complete
accessibility of functional sites. Inducing macroporosity
into such materials could serve as ideal solution
providing access to large macropores that offer unhin-
dered transport of analyte and full exposure to inter-
active sites. Moreover, the challenge to configure the
ionic-functionality with macroporosity could emerge as
an unparalleled avenue toward pollutants separation.
Herein, we strategized a synthetic protocol for construc-
tion of a positively charged hierarchically-porous or-
dered interconnected macro-structure of organic frame-
work where the size and number of macropores can
easily be tuned. The ordered macropores with strong
electrostatic interaction synergistically exhibited ultra-
fast removal efficiency towards various toxic pollutants.

Introduction

Since the incarnation of the industrial revolution together
with agriculture, human activities have generated various

toxic anions as a potential water pollutants.[1] Organic
species such as dyes and antibiotics are considered as
potentially toxics even at very low concentration.[2] Environ-
mental self-purification process is unable to degrade these
complicated, highly-toxic, water soluble organic pollutants
which further causes diverse health issues to the living
organism.[3] In addition, inorganic pollutants such as metal-
based oxoanions and iodine present in wastewater are
generated owing to rapid industrial development. These are
also being tagged as carcinogenic and radioactive pollutants
posing threat to the entire ecosystem.[4,5] Therefore, segrega-
tion of such hazardous water contaminants by innovative
materials has received significant research attention in both
scientific and industrial communities. Although, a variety of
techniques have either been tested or are under consider-
ation for water-purification, ion-exchange-based adsorption
has been recently considered as favored choice, owing to its
high efficiency, selectivity, low cost and simplicity.[6]

The past few years has witnessed revolutionary develop-
ment of absorption followed by ion-exchange-based separa-
tion by porous materials as potential alternatives to energy-
intensive sequestration process.[7,8] The removal mechanism
in such materials are primarily governed by analyte diffusion
followed by accessibility of the ion-exchangeable-sites within
the pores.[9,10] In this regard, ionic porous organic-frame-
works, such as viologen-based frameworks have gained
immense interest and are considered more expedient over
neutral frameworks, owing to its fascinating intrinsically
charged potential porous nature.[11,12] Constructed from rigid
covalent bonds, these are furnished with stronger electro-
static interactions that are suitable for host-guest recognition
generated from the charged backbone of viologen-unit. Such
ionic materials have shown promising application toward
elimination of toxic anions from water.[13–15] Although, until
now, several synthetic strategies have reported been to
construct ionic organic-network for specific sequestration of
pollutants, these systematically developed strategies have
been restricted to uniform pores.[11,16] Therefore, the pollu-
tant separation performance, especially in terms of removal
kinetics has been typically limited to a great extent due to
inadequate mass-transfer through the small pores and less
accessibility of active sites on account of pore blocking by
the presence of free exchangeable counter anions in the
cationic porous skeleton.[17] Consequently, ionic porous-
organic-polymers have frequently demonstrated sluggish
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Trap Inlaid Cationic Hybrid Composite Material for Efficient
Segregation of Toxic Chemicals from Water

Sahel Fajal, Writakshi Mandal, Samraj Mollick, Yogeshwer D. More, Arun Torris,
Satyam Saurabh, Mandar M. Shirolkar, and Sujit K. Ghosh*

Abstract: Metal-based oxoanions are potentially toxic
pollutants that can cause serious water pollution. There-
fore, the segregation of such species has recently
received significant research attention. Even though
several adsorbents have been employed for effective
management of chemicals, their limited microporous
nature along with non-monolithic applicability has
thwarted their large-scale real-time application. Herein,
we developed a unique anion exchangeable hybrid
composite aerogel material (IPcomp-6), integrating a
stable cationic metal–organic polyhedron with a hier-
archically porous metal–organic gel. The composite
scavenger demonstrated a highly selective and very fast
segregation efficiency for various hazardous oxoanions
such as, HAsO4

2� , SeO4
2� , ReO4

� , CrO4
2� , MnO4

� , in
water, in the presence of 100-fold excess of other
coexisting anions. The material was able to selectively
eliminate trace HAsO4

2� even at low concentration to
well below the AsV limit in drinking water defined by
WHO.

Introduction

In terms of significant impact, the World Economic Forum
documented water crisis as the largest worldwide risk.[1] Due
to accelerating urbanization along with rapid industrializa-
tion, an ever growing number of toxic contaminants are
entering the fresh water supplies.[2–4] In the priority list, the
Environment Protection Agency (EPA) listed metal-based
oxoanions as potential toxic inorganic pollutants in
wastewater.[5] In response, considering the escalating de-

mand for clean water, coupled with the potential influence
of these hazardous oxoanions in contaminated water,
environmental remediation has attracted intense attention
for sustainable life and has become a topical research
interest in recent years.[6,7] Both environment and human
health concerns are driving efforts to develop various
efficient technologies to disinfect and de-contaminate
wastewater.[8,9] Among them, adsorption followed by ion-
exchange-based purification techniques are emerging, and
are considered as promising over other conventional
methods.[10,11] Although several adsorbents have been de-
voted to remove waste from wastewater, the poor selectivity
towards isolating trace toxic ions, in the presence of a high
concentration of coexisting salts and slow removal kinetics
limits the overall efficiency of the materials.[12,13] Therefore,
to address these issues, tremendous development of effec-
tive regenerable materials with substantially improved
segregation properties has received special attention. That
being said, pioneering endeavors have been employed to
identify efficient adsorbents for the removal of specific
oxoanions from contaminated water.[14–16] However, as a
long-term battle, improvement in terms of high selectivity,
fast kinetics and capacities towards a group of toxic
oxoanions at trace concentration, from natural groundwater
sources to point-of-use are still needed for practical
application, which is unexplored due to the lack of rational
synthetic strategies.

In this regard, by virtue of predesigned tunable reticular
structure, advanced porous materials have been recognized
as promising platforms for various leading applications.[17–19]

Recently, composite materials are emerging as advantageous
over individual materials, owing to their collective benefits
and effective performance.[20,21] Based on this view, hybrid
composite materials have commanded research interest in
recent years because of their unique and ingenious proper-
ties towards task-specific applications.[22–24] Now, for host–
guest hybrid composite material-based ideal adsorbents, the
guest should be homogeneously distributed throughout the
host matrix and decorated with functional groups that can
strongly interact with the host matrix. In this context,
discrete metal–organic polyhedra (MOP), a zero-dimen-
sional crystalline material, constructed from predesigned
organic linkers with a metal cluster, could be an ideal
solution as a guest material and therefore attract interest in
various applications, such as separation, catalysis, gas
storage, sensing, biology, etc.[25,26] However, most of the
MOPs are found to be less chemically stable which limits
their practical utility in aqueous or chemical
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Ultralight crystalline hybrid composite
material for highly efficient sequestration
of radioiodine

Sahel Fajal 1, Writakshi Mandal 1, Arun Torris 2, Dipanjan Majumder 1,
Sumanta Let 1, Arunabha Sen 1, Fayis Kanheerampockil 2,
Mandar M. Shirolkar 3,4 & Sujit K. Ghosh 1,5

Considering the importance of sustainable nuclear energy, effective man-
agement of radioactive nuclear waste, such as sequestration of radioiodine
has inflicted a significant research attention in recent years. Despite the fact
thatmaterials have been reported for the adsorption of iodine, development
of effective adsorbentwith significantly improved segregation properties for
widespread practical applications still remain exceedingly difficult due to
lack of proper design strategies. Herein, utilizing unique hybridization syn-
thetic strategy, a composite crystalline aerogel material has been fabricated
by covalent stepping of an amino-functionalized stable cationic discrete
metal-organic polyhedra with dual-pore containing imine-functionalized
covalent organic framework. The ultralight hybrid composite exhibits
large surface area with hierarchical macro-micro porosity and multi-
functional binding sites, which collectively interact with iodine. The devel-
oped nano-adsorbent demonstrate ultrahigh vapor and aqueous-phase
iodine adsorption capacities of 9.98 g.g−1 and 4.74 g.g−1, respectively, in static
conditionswith fast adsorption kinetics, high retention efficiency, reusability
and recovery.

The limitations associatedwith the spent nuclear fuel reprocessing and
improper disposal of radionuclides wastes have thwarted the further
sustainable development of nuclear energy1–5. In nuclear plant, during
reprocessing and in subsequent steps of spent nuclear fuel by dissol-
ving in hot nitric acid solution, various highly toxic radionuclides are
generated6,7. Among them, volatile radioactive iodine isotopes (e.g., 129I
and 131I) has attracted significant attention from the environment and
safety point of view, owing to its hazardous impact with radiological
(longest half-life t1/2 = 1.6×107 years), chemical (high-mobility) and
biological (rapid bio-accumulation) toxicity8–10. Moreover, water dis-
charged from nuclear reactor chiller plants contain a significant
amount of radioactive iodine, directly contaminating substantial

watery environments11–14. Therefore, considering both the importance
of sustainable future development of nuclear energy and water pur-
ification along with the practical relevance for essential medical uses,
efficient and selective sequestration of radioactive iodine both from
vapor and aqueous phase counts as a priority research topic15–17.

To address this cardinal issue, recently, utilizing rational synthetic
strategies, pioneering endeavors have been devoted to develop var-
ious excellent porous materials for the exceptional enrichment of
iodine from contaminated samples17–31. Nevertheless, most of the stu-
dies are still limited to the exploration of fast kinetics, high capacity,
capture at high temperature and improved selectivity, which has
actuated researchers to develop novel materials for the efficient
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