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Abstract

The development of efficient adsorbent materials for carbon dioxide (CO.) capture is
essential for reducing greenhouse gas emissions. In this study, high-entropy zeolitic imidazolate
frameworks (HE-ZIFs) were synthesized via a mechanochemical ball-milling approach, providing
a solvent-free and scalable route. ZIF-8 (Z8) and bimetallic ZIF (BZ) were also prepared for
comparison. The materials were functionalized with ethylenediamine (EDA) at different loadings
(15, 30, and 45 wt%) to enhance CO; adsorption and selectivity. Structural and textural analyses
confirmed that moderate amine loading improves performance, while excessive loading leads to
pore blockage. CO, adsorption results showed enhanced uptake due to combined physisorption
and chemisorption effects, with HZ-15EDA exhibiting the highest capacity (~0.81 mmol g1).
Selectivity analysis using mass spectrometry at 20 °C demonstrated superior CO2 removal (~69%)
for HZ-15EDA, while elevated temperature (100 °C) resulted in reduced performance due to the
exothermic nature of adsorption, though amine-functionalized samples maintained relatively high
selectivity. Cyclic stability tests indicated good regenerability with minimal performance loss.
Overall, mechanochemically synthesized HE-ZIFs with optimized amine functionalization show

strong potential for efficient CO; capture, particularly under elevated temperature conditions.
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Chapter 1 - Introduction

1.1 Background and Motivation

The continuous increase in atmospheric carbon dioxide (CO2) concentration, primarily
driven by fossil fuel combustion and industrial activities, has become a major contributor to global
climate change[1,2]. Global CO; emissions have reached approximately 36-37 gigatons per year,
with significant contributions from power generation, industrial processes such as cement and steel
production, and transportation sectors [2—4]. This rise in greenhouse gas concentration has led to
an increase in global temperature of about 1.1-1.3 °C above pre-industrial levels, resulting in
environmental challenges such as extreme weather events and sea-level rise [5—7]. These concerns

highlight the urgent need for effective carbon capture technologies.

Conventional carbon capture methods, particularly chemical absorption using aqueous
amine solutions, are widely used in industry due to their high efficiency [8—10]. However, they
suffer from key limitations including high energy consumption for regeneration, equipment
corrosion, and solvent degradation, which reduce process sustainability and increase operational
costs [8,9,11]. As a result, alternative approaches with improved energy efficiency and stability
are actively being explored. Among these, adsorption-based CO> capture using porous solid
materials has emerged as a promising alternative due to its lower energy requirements, operational
flexibility, and potential for cyclic use [12—14]. The effectiveness of adsorption systems largely
depends on the properties of the adsorbent, such as surface area, pore structure, and chemical

functionality [13-16].

In this context, metal-organic frameworks (MOFs) have attracted significant attention due

to their high surface area, tunable pore structures, and adjustable chemical composition, enabling
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selective gas adsorption [17-20]. A subclass known as zeolitic imidazolate frameworks (ZIFs)
offers additional advantages, combining the tunability of MOFs with enhanced thermal and
chemical stability arising from their zeolite-like structure [21-23]. Among these materials, ZIF-8
has been extensively studied due to its well-defined microporous structure and ease of synthesis.
However, ZIF-8 exhibits relatively weak interactions with CO», which can limit its adsorption
performance, particularly at elevated temperatures [24-26]. To improve performance, several
modification strategies have been explored, including metal substitution, multi-metal
incorporation, and surface functionalization [27]. In particular, amine functionalization enhances
CO; affinity through strong acid-base interactions, although it often increases regeneration energy
requirements [27,28]. More recently, multi-metal and high-entropy framework materials have
emerged as promising candidates, offering increased structural diversity and the potential for

improved adsorption performance through synergistic effects [28—31].

Despite these advances, most studies on MOFs and ZIFs have been conducted under
idealized laboratory conditions, typically involving low temperatures and pure CO; streams [32—
34]. In contrast, real industrial flue gas conditions involve elevated temperatures (40-120 °C) and
complex gas mixtures containing CO2, N2, water vapor, and trace impurities [35]. Under such
conditions, adsorption performance is significantly affected by temperature and competitive
adsorption, yet these factors remain insufficiently explored for many ZIF-based systems.
Therefore, there is a clear need to develop advanced adsorbent materials that can maintain high
performance under realistic operating conditions. In this regard, modified ZIF-based materials,
particularly those incorporating multiple metal components and functional groups, represent a

promising direction for improving CO> capture technologies.
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1.2 Adsorption-Based CO» Capture and Role of MOFs and ZIFs

Carbon capture technologies can be broadly classified into absorption, adsorption,
membrane separation, and cryogenic processes [36,37]. Among these, chemical absorption using
liquid solvents is the most mature and widely applied method; however, it is associated with high
energy consumption, corrosion, solvent degradation and environmental concerns. In contrast,
adsorption-based CO» capture using porous solid materials has emerged as a promising alternative
due to its lower energy requirement for regeneration, operational simplicity, and suitability for
cyclic adsorption-desorption processes. These advantages make adsorption an attractive option for
next-generation carbon capture systems. In this context, metal-organic frameworks (MOFs) have
gained significant attention as advanced porous materials for gas adsorption and separation. MOFs
are crystalline materials composed of metal ions or clusters coordinated with organic linkers to
form three-dimensional network structures [38]. Their key advantages include exceptionally high
surface area, tunable pore size distribution, and adjustable chemical composition, which enable

selective adsorption of gas molecules based on size and interaction with the framework.

Among the various MOF families, zeolitic imidazolate frameworks (ZIFs) have attracted
particular interest due to their enhanced thermal and chemical stability [39]. ZIFs are formed by
the coordination of transition metal ions such as Zn*" or Co*" with imidazolate-based linkers,
resulting in structures that closely resemble the topology of conventional zeolites [40—42]. ZIF-8
is one of the most extensively studied ZIF materials due to its high porosity, higher stability, SOD
topology, and relatively simple synthesis. It has been widely investigated for applications such as
gas storage and separation, photocatalysis, sensing and wastewater treatment [43—48]. Various
modification strategies have been explored to enhance its adsorption performance. Among these,

amine functionalization has shown improved CO; affinity [49]. More recently, the development
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of multi-metal and high-entropy framework materials has emerged as a promising approach for
higher catalytic activity, tunable adsorption, and defect-rich active sites compared with traditional

single-metal ZIFs [50-55].

1.3 Research Gap

Although metal-organic frameworks (MOFs) and zeolitic imidazolate frameworks (ZIFs)
have been extensively studied for CO» adsorption and separation, several limitations remain in
translating their performance to practical applications. A large portion of existing studies has
focused on single-metal ZIF systems like ZIF-8 and ZIF-67. Although various modification
approaches have been explored, research on high-entropy ZIF systems remains limited. Most
existing studies focus on catalytic applications and aromatic sulfur removal, whereas systematic

evaluation of CO; capture performance is still lacking [50-55].

Industrial flue gas involves elevated temperatures (approximately 40-120 °C) and
multicomponent gas mixtures containing CO2, N2, CH4 water vapor, and other impurities [34,56—
59]. Under such conditions, adsorption performance is strongly affected by temperature and
competitive adsorption, which can significantly influence both capacity and selectivity.
Furthermore, while various synthesis methods have been reported for MOFs and ZIFs, many
conventional approaches rely on solvothermal or hydrothermal processes that require large
amounts of solvent and long reaction times [60—63]. In comparison, mechanochemical synthesis
offers a greener and more scalable alternative; however, its application in developing advanced
high-entropy ZIF systems remains underexplored [56,64]. Single-metal ZIFs often experience a

decline in adsorption performance after repeated regeneration cycles, particularly under humid or
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reactive conditions, due to framework decomposition, structural transitions, and loss or blockage

of active sites [65—67].

Overall, there remains a lack of comprehensive understanding regarding the combined
effects of multi-metal incorporation, functionalization, synthesis methods, and operating
conditions on CO; adsorption performance. Therefore, there is a need to develop high-entropy
ZIFs synthesized via mechanochemical methods, to achieve improved adsorption capacity,
selectivity, and stability under realistic operating conditions, including high-temperature
adsorption behavior, temperature-dependent CO> selectivity, comparison with single and

bimetallic ZIFs, and cyclic regeneration efficiency.

1.4 Objectives and Scope of This Work

The primary objective of this study is to investigate the synthesis, modification, and
performance of amine-functionalized high-entropy zeolitic imidazolate frameworks (HE-ZIFs) for

CO; capture applications. The specific objectives of this work are:

1.4.1 Objectives:

e Synthesize high-entropy ZIF (HE-ZIF) materials using a mechanochemical ball-
milling approach with multiple metal species in equimolar ratios.

e Functionalize the synthesized materials with ethylenediamine (EDA) at different
loadings to enhance CO; adsorption affinity.

e Characterize the structural and textural properties of the materials using techniques
such as X-ray diffraction (XRD) and BET surface area analysis.

e Evaluate CO; adsorption capacity using gas adsorption measurements.
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e Investigate CO> selectivity using mixed-gas systems (CO2/CH4/He) analyzed by
mass spectrometry.

e Study the effect of amine loading and operating temperature on adsorption
performance (20 °C and 100 °C).

e Assess the regeneration and cyclic stability of the materials through multiple
adsorption-desorption cycles.

e Compare the performance of HE-ZIF materials with conventional ZIF-8 and

bimetallic ZIF systems.

1.4.2 Scope of the Study:

This work focuses on the development and evaluation of amine-functionalized HE-ZIF
materials synthesized via a green mechanochemical route. The study aims to understand how
multi-metal incorporation, functionalization, and operating conditions influence CO> adsorption
capacity, selectivity, and stability, with an emphasis on performance under elevated temperature

conditions relevant to practical applications.
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Chapter 2 - Literature Review

2.1 COz Capture Technologies

Carbon capture technologies are generally classified into absorption, adsorption,
membrane separation, and cryogenic processes, each differing in mechanism, energy requirement,
and applicability to industrial systems. Chemical absorption, particularly using aqueous amine
solvents such as monoethanolamine (MEA), is the most established technology for post-
combustion CO; capture. Industrial systems employing MEA can achieve capture efficiencies of
85-95%, making them suitable for large-scale applications such as power plants [10,37,68,69].
However, this process is associated with a significant energy penalty during solvent regeneration,
typically in the range of 3-4 GJ per ton of CO2, which accounts for a substantial fraction of the
total plant energy consumption [37]. Additional challenges include solvent degradation in the
presence of oxygen and impurities, equipment corrosion, and high operational costs, all of which

limit long-term process efficiency [70].

Adsorption-based CO; capture relies on porous solid materials that interact with gas
molecules through physical or chemical forces. Common absorbents include activated carbons,
zeolites, Mesoporous silica, Porous organic polymers and metal-organic frameworks (MOFs) [71].
Compared to absorption, adsorption processes generally require lower regeneration energy (often
<2 GJ per ton of CO3) and offer advantages such as rapid adsorption kinetics, modular operation,
and easier cycling through pressure or temperature swing processes. Zeolites exhibit high CO»
uptake due to strong electrostatic interactions but are sensitive to moisture, while activated carbons

provide good stability with moderate adsorption capacity [71,72]. More recently, MOF-303,
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HKUST-1 aerogels, and defect-engineered MOF-808 have demonstrated high CO» adsorption

capacities (5-8 mmol g!) at 1 bar and near-ambient temperature [73-75].

Membrane-based separation has been explored as an energy-efficient alternative due to its
compact design, continuous operation, and relatively low energy consumption. Gas separation
membranes operate based on differences in permeability and diffusivity of gas molecules.
Polymeric membranes typically exhibit CO, permeabilities in the range of 100-1000 Barrer, with
selectivity values varying depending on material composition [76—78]. However, membrane
systems are often constrained by the trade-off between permeability and selectivity, as described
by the Robeson upper bound [78]. In addition, membrane performance can be significantly
affected by impurities, pressure fluctuations, and elevated temperatures, which are common in

industrial flue gas streams [79].

Cryogenic separation is based on the condensation or desublimation of CO> at low
temperatures, enabling the production of high-purity CO; streams [80,81]. This approach is
particularly effective for gas streams with high CO> concentrations. However, the process requires
substantial energy input for refrigeration, making it less suitable for dilute CO streams such as

flue gas, where CO» concentrations are typically below 15% [82].

2.2 Adsorbent Materials for CO, Capture

A wide range of porous materials has been investigated for adsorption-based CO; capture,
including activated carbons, zeolites, silica-based materials, amine-functionalized adsorbents, and
metal-organic frameworks (MOFs). The effectiveness of these materials depends on key properties
such as surface area, pore structure, chemical functionality, and selectivity toward COo,
particularly in the presence of competing gases.
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Activated carbons are widely used due to their low cost, high thermal stability, and
resistance to moisture. These materials typically exhibit surface areas in the range of 500-2000
m?g! and CO; adsorption capacities of approximately 1-3 mmol g! at ambient conditions [83,84].
Their adsorption mechanism is primarily based on physisorption, which enables fast kinetics and
easy regeneration with relatively low energy input. However, due to the absence of specific
functional groups, activated carbons generally exhibit lower selectivity toward CO2 compared to

other adsorbents, especially in mixed-gas environments [85].

Zeolites, such as 13X and 5A, are crystalline aluminosilicate materials with well-defined
microporous structures and strong electrostatic fields [86][87]. These materials can achieve CO»
adsorption capacities of 3-5 mmol g! at 25 °C, along with high selectivity resulting from strong
interactions between CO> molecules and cationic sites within the framework[87]. Compared to
activated carbons, zeolites provide higher selectivity and stronger adsorption interactions, but they
are highly sensitive to moisture, as water molecules preferentially occupy adsorption sites and
significantly reduce CO; uptake under humid conditions [87]. This limitation restricts their

applicability in real flue gas environments.

Silica-based materials, including mesoporous structures such as SBA-15 and MCM-41,
offer high surface area and tunable pore sizes, but their intrinsic CO, adsorption capacity is
relatively low due to weak interactions with CO> molecules [88,89]. To improve performance,
these materials are often functionalized with amine groups, which enhances adsorption capacity to
approximately 2-4 mmol g!' [90-92]. While functionalized silica exhibits improved selectivity
compared to unmodified silica, the introduction of amine groups often results in higher

regeneration energy requirements, similar to other chemisorption-based systems[90,91].
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Amine-functionalized adsorbents, including grafted porous materials and polymer-
supported amines, have been extensively studied due to their high CO; selectivity and strong
adsorption affinity[93,94]. These materials capture CO; primarily through chemisorption via
carbamate formation, enabling effective adsorption even at low CO> partial pressures. Reported
CO; capacities typically range from 3-6 mmol g!, often exceeding those of activated carbons and
comparable to or higher than zeolites under certain conditions[93,95]. However, the strong
interaction between CO, and amine groups leads to higher energy requirements for regeneration,
and these materials may also suffer from oxidative degradation and reduced stability over repeated

adsorption-desorption cycles [96].

Among advanced porous materials, metal-organic frameworks (MOFs) have attracted
significant attention due to their exceptionally high surface, tunable pore structures, and adjustable
chemical functionality[97-99]. These properties enable MOFs to achieve CO. adsorption
capacities typically in the range of 2-6 mmol g'! under ambient conditions, with the potential for
enhanced selectivity through functionalization or structural design [97,98,100]. Compared to
conventional adsorbents, MOFs offer a unique advantage in terms of tunability and design
flexibility, allowing precise control over adsorption behavior. However, certain MOFs exhibit
limited stability in the presence of moisture or under harsh operating conditions, which remains a

key challenge for their practical application.
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2.3 MOFs and ZIFs for CO2 Adsorption

Metal-organic frameworks (MOFs) are a class of crystalline porous materials composed of
metal ions or metal clusters coordinated with organic linkers to form extended three-dimensional
network structures. This coordination results in highly ordered frameworks with well-defined pore
systems and exceptionally high surface areas, often exceeding 3000 m?g"'[18,101]. The structural
diversity of MOFs arises from the wide range of possible combinations between metal nodes and

organic linkers, allowing precise control over pore size, shape, and surface functionality.

Figure 2.1 Structural representation of (a) Mg-MOF-74 and (b) ZIF-8. Mg-MOF-74 consists of metal-oxide
chains connected by organic linkers with open metal sites, while ZIF-8 is formed by metal-imidazolate coordination
(~145° bond angle), creating a porous cage like structure.

The fundamental structure of MOFs is illustrated in Figure 2.1(a), where metal nodes are
connected by organic ligands to form an extended porous network with accessible channels and
cavities suitable for gas adsorption. These structural characteristics enable MOFs to selectively

adsorb gas molecules based on molecular size, polarity, and specific interactions with the
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framework. As a result, MOFs have been widely investigated for CO, capture, with reported
adsorption capacities typically ranging from 2 to 6 mmol g'! under ambient conditions, depending
on their composition and functionalization [100,102]. Several advantages make MOFs attractive
for CO; adsorption applications. Their high surface area provides abundant adsorption sites, while
their tunable pore structure allows optimization for selective gas separation. In addition, the
incorporation of functional groups into the framework can enhance interactions with CO»
molecules, improving adsorption capacity and selectivity [58]. However, despite these advantages,
some MOFs exhibit limited thermal and chemical stability, particularly in the presence of moisture,

which can restrict their practical application in industrial environments.

Within the broader MOF family, zeolitic imidazolate frameworks (ZIFs) represent a unique
subclass that combines the structural tunability of MOFs with the robustness of traditional zeolites.
ZIFs are formed by the coordination of transition metal ions, such as Zn** or Co?*, with
imidazolate-based linkers, resulting in frameworks that closely resemble zeolite topologies
[102,103]. As shown in Figure 2.1(b), ZIF structures exhibit a characteristic cage-like architecture
connected through narrow pore windows, arising from the metal-imidazolate-metal bond angle of

approximately 145°, which is analogous to the Si-O-Si bond angle in zeolites [102—104].

The zeolite-like structure of ZIFs imparts several important advantages. In particular, ZIFs
exhibit enhanced thermal and chemical stability compared to many conventional MOFs, making
them more suitable for applications involving variable temperatures and harsh operating
conditions. For example, ZIF-8 has demonstrated stability at temperatures exceeding 400 °C and
resistance to degradation in aqueous environments, which is critical for CO; capture from flue gas

streams containing moisture [105,106]. ZIF materials have also shown promising performance for
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CO; adsorption due to their microporous structure and favorable pore size distribution, which
facilitate selective adsorption of CO2 molecules. However, similar to other MOFs, the interaction
between CO> and the framework in many ZIFs is primarily governed by physisorption, leading to

moderate adsorption capacity and selectivity, particularly at elevated temperatures.

Despite these limitations, ZIFs remain highly promising for CO; capture due to their
structural stability, tunability, and compatibility with various modification strategies. Approaches
such as metal substitution, multi-metal incorporation, and surface functionalization can be used to
enhance adsorption performance and tailor material properties. These features make ZIF-based
materials, especially advanced systems such as multi-metal and high-entropy ZIFs, attractive

candidates for further development in adsorption-based carbon capture technologies.

2.4 CO; Adsorption Mechanism in ZIFs

The adsorption of CO; in zeolitic imidazolate frameworks (ZIFs) is predominantly
governed by physisorption mechanisms, particularly in non-functionalized systems such as ZIF-8.
In this process, gas molecules are adsorbed onto the internal surfaces of porous materials through
relatively weak intermolecular forces, including van der Waals interactions and electrostatic

forces, without the formation of strong chemical bonds [107-109]. This mechanism is
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characterized by low adsorption enthalpy, rapid adsorption-desorption kinetics, and good

reversibility, making it suitable for cyclic CO; capture processes.
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Figure 2.2 Schematic of CO, adsorption in ZIF-8, illustrating diffusion into pore cages and adsorption via weak
van der Waals interactions.

ZIF-8
Structure

A schematic representation of CO» adsorption within porous frameworks is shown in
Figure 2.2, where CO; molecules are confined within the pore network and interact with the
internal surface of the material. The efficiency of this process is strongly influenced by the pore

architecture, particularly in ZIF materials with well-defined crystalline structures.

ZIF-8, one of the most widely studied ZIF materials, exhibits a sodalite (SOD) topology,
consisting of large internal cavities (cages) interconnected by narrow pore openings (windows).
The cage diameter of ZIF-8 is approximately 11.6 A, while the window aperture is about 3.4 A
[59,110,111]. In comparison, the kinetic diameter of a CO, molecule is approximately 3.3 A,
which is very close to the window size [112,113]. This size compatibility allows CO> molecules
to diffuse through the pore openings and be adsorbed within the cages, as illustrated in Figure 2.2.
In contrast, slightly larger or less interactive molecules may experience restricted diffusion,

contributing to selective adsorption.

The zeolite-like structure of ZIFs, particularly their SOD topology, plays a crucial role in

enhancing CO» capture performance [114]. The narrow pore windows act as molecular sieves,
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allowing selective access based on molecular size, while the larger internal cages provide sufficient
space for adsorption. This combination of size-selective diffusion and pore confinement enhances
the interaction between CO> molecules and the framework, even though the overall interaction
remains primarily physical in nature [111]. The pore confinement effect is especially important in
microporous materials, where the proximity of pore walls increases the interaction potential
between gas molecules and the adsorbent surface. In addition, the presence of metal sites within
the framework can influence adsorption behavior [115,116]. Although ZIF-8 does not possess
highly polar or open metal sites, modifications such as metal substitution or multi-metal
incorporation can introduce regions of enhanced electrostatic interaction, potentially improving

CO; affinity.

Despite these advantages, the physisorption mechanism is inherently sensitive to operating
conditions. At elevated temperatures, the strength of van der Waals interactions decreases,
resulting in reduced adsorption capacity [111]. Furthermore, in multicomponent systems,
competitive adsorption may occur, where gases such as Nyor water vapor occupy available
adsorption sites, affecting both capacity and selectivity. Understanding the relationship between
framework structure, pore geometry, and intermolecular interactions is therefore essential for
optimizing ZIF materials for CO; capture. These insights provide a basis for designing advanced

materials with improved performance under realistic conditions.

2.5 High-Entropy ZIFs

The incorporation of multiple metal species into zeolitic imidazolate frameworks (ZIFs)
has emerged as an effective strategy for tuning structural and adsorption properties. In particular,

the concept of high-entropy materials, originally developed for metallic alloys, has recently been
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extended to porous framework systems. Early efforts in this direction focused on bimetallic ZIF
systems, in which two different metal ions (e.g., Zn*" and Co?") are incorporated into the
framework [117,118]. These systems have demonstrated improvements in CO; adsorption
performance compared to single-metal ZIFs, primarily due to modifications in local electronic
structure, pore environment, and metal-ligand interactions [117-119]. High-entropy materials
typically consist of five or more elements distributed within a single crystalline lattice, where the
configurational entropy plays a key role in stabilizing the structure. In high-entropy ZIFs (HE-
ZIFs), multiple metal ions are incorporated into a single framework, forming a uniform multi-

metal distribution, as illustrated in Figure 2.3.
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Figure 2.3 Schematic representation of high-entropy ZIF (HE-ZIF) formation, illustrating the
incorporation and uniform distribution of multiple metal ions (Ni?*, Cd?”, Co?”, Cu?*, and Zn?") coordinated
with 2-methylimidazolate linkers.
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The configurational entropy associated with such systems can be expressed as:
ASCOTlfig = —R z X In X
i

where x; represents the mole fraction of each metal component. As the number of metal
species increases, configurational entropy increases, promoting the formation of a stable single-

phase structure [120,121].

The thermodynamic stability of high-entropy ZIFs can be further understood using the

Gibbs free energy relationship:
AG = AH — TAS

An increase in configurational entropy (ASconfig) contributes to lowering the Gibbs free
energy of the system, thereby favoring the formation of a thermodynamically stable framework.
This entropy-driven stabilization is particularly important in multi-metal systems, where it helps

suppress phase separation and maintain structural integrity [121-123].

In addition to improved stability, high-entropy ZIFs offer several advantages over
conventional and bimetallic systems. The presence of multiple metal species introduces structural
and chemical heterogeneity, which can enhance interactions between CO2 molecules and the
framework [123]. Furthermore, synergistic effects between different metal centers can create a
diverse range of adsorption sites with varying binding strengths, potentially improving both
adsorption capacity and selectivity [123—125]. The incorporation of multiple metals can also
induce lattice distortion and modification of pore environments, influencing diffusion behavior
and adsorption characteristics [124,125].
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Another important advantage of high-entropy ZIFs is their potential for improved thermal
stability and resistance to harsh operating conditions. The entropy-driven stabilization mechanism
can enhance resistance to structural degradation at elevated temperatures, which is critical for
applications involving flue gas streams [126,127]. This makes HE-ZIFs particularly attractive for
high-temperature CO; capture, where conventional ZIF materials often exhibit reduced

performance.

Despite these promising characteristics, research on high-entropy ZIFs remains relatively
limited[124,125]. Most reported studies have focused on the successful synthesis and structural
characterization of multi-metal frameworks, demonstrating uniform metal distribution and stable
crystalline structures. Some studies have reported enhanced surface area, modified pore structures,
and improved gas adsorption performance compared to single-metal systems [124,125]. However,
systematic investigations into CO> adsorption capacity, selectivity, and stability under realistic
conditions are still scarce. In particular, there is a lack of studies evaluating the performance of
high-entropy ZIFs at elevated temperatures and in multicomponent gas systems, where
competitive adsorption and thermal effects significantly influence performance. As a result, the
full potential of HE-ZIF materials for practical CO> capture applications remains largely

unexplored.

2.6 Amine-Functionalized Adsorbents and Chemisorption

Amine-functionalized adsorbents have been extensively investigated for CO> capture due
to their high selectivity and strong affinity toward CO> molecules [128]. Unlike conventional

porous materials such as ZIFs, where adsorption is primarily governed by physisorption, amine-
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based systems rely on chemisorption mechanisms, involving the formation of chemical bonds

between CO> and amine groups [129,130].

The primary mechanism of CO> capture in amine-functionalized materials is the formation
of carbamate species through an acid-base reaction between CO; and primary or secondary amines.

This reaction can be represented as:

CO, + 2RNH, —» RNHCOO~ + RNH}

Step 1: Step 2: Step 3: Step 4:
Initial reactants Zwitterionic Intermediate Proton transfer Final products
I O
0=C=0 R. )J\ )
i q i
. g N —_Ar Carbamate
NHy —mm— ﬁ C-0—— Hz C-O0——> (RNHCOO")
Nucleophilic attack 2
Q RNH3*

R—NH 2 Protonated amine

CO, + 2RNH, — RNHCOO™ + RNH3"

Figure 2.4 Stepwise mechanism of CO2 chemisorption on amine-functionalized adsorbents, showing
nucleophilic attack, zwitterion formation, proton transfer, and formation of carbamate (RNHCOO-) and protonated
amine (RNH3+).

As illustrated in Figure 2.4, CO; molecules react with amine groups anchored on the
adsorbent surface to form carbamate ions, resulting in strong and selective adsorption. In some
cases, particularly in the presence of moisture, CO, may also form bicarbonate species, which can
further influence adsorption behavior[129-132]. This chemisorption mechanism provides several

advantages for CO; capture. Most notably, amine-functionalized adsorbents exhibit high
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selectivity toward COa, even in the presence of other gases such as N> or CH4. The strong
interaction between CO> and amine groups allows effective capture at low CO; partial pressures,
making these materials particularly suitable for post-combustion applications [129,131,132].
Additionally, amine-functionalized materials can achieve relatively high adsorption capacities,

often in the range of 3-6 mmol g'!, depending on amine loading and material structure.

However, the strong chemical bonding associated with chemisorption also introduces
certain limitations. The regeneration of amine-based adsorbents requires higher energy input
compared to physisorption-based systems, as the carbamate bonds must be broken during
desorption [133]. This results in increased thermal energy demand and can reduce overall process
efficiency. Furthermore, amine-functionalized materials may experience degradation over
repeated adsorption-desorption cycles, particularly in the presence of oxygen, moisture, or acidic
impurities, which can affect long-term stability [134—137]. Despite these challenges, amine-
functionalized adsorbents remain an important class of materials for CO; capture due to their high
selectivity and strong adsorption performance. Their behavior also provides a useful contrast to
physisorption-based systems such as ZIFs, highlighting the trade-off between adsorption strength

and regeneration energy in the design of effective carbon capture materials.

2.7 Regeneration and Stability of ZIF Adsorbents

For practical CO> capture applications, the performance of an adsorbent is determined not
only by its adsorption capacity and selectivity but also by its regeneration ability and long-term
stability. Regeneration refers to the removal of adsorbed gas molecules from the adsorbent surface,

allowing the material to be reused in repeated adsorption-desorption cycles. In industrial systems,
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adsorbents operate continuously under cyclic conditions; therefore, maintaining structural integrity

and consistent performance over multiple cycles is essential.

Regeneration of ZIF adsorbents is typically achieved through temperature swing
adsorption (TSA) or pressure swing adsorption (PSA) processes [138]. In TSA, the material is
heated to desorb CO», while in PSA, pressure reduction facilitates gas release. These processes
rely on the reversible nature of adsorption, particularly in ZIF materials where physisorption
dominates, enabling relatively efficient regeneration with lower energy requirements compared to
chemisorption-based systems [139,140]. ZIF materials are known for their high thermal and
chemical stability, which makes them suitable for repeated adsorption-desorption cycles. For
example, ZIF-8 has been reported to maintain structural stability at temperatures exceeding 400
°C, indicating strong resistance to thermal degradation [138,139,141]. This stability allows ZIF
adsorbents to retain their framework structure and adsorption performance over multiple cycles.
However, adsorption capacity may decrease at elevated temperatures due to the weakening of
physisorption interactions. The cyclic performance of ZIF adsorbents is generally favorable, as the
reversible adsorption mechanism minimizes structural changes during operation. Several studies
have demonstrated that ZIF materials can maintain a significant portion of their initial CO;
adsorption capacity over repeated cycles [134,135,138,140]. Nevertheless, factors such as
moisture exposure, impurities, and pore blockage can gradually affect performance, particularly
under realistic operating conditions. Modifications to ZIF structures, including metal substitution,
multi-metal incorporation, and functionalization, can influence regeneration behavior. While these
modifications often enhance adsorption capacity or selectivity, they may also alter pore
accessibility, adsorption strength, and thermal stability, potentially affecting regeneration

efficiency.
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In particular, amine-functionalized ZIF adsorbents exhibit different regeneration
characteristics compared to non-functionalized systems. The strong interaction between CO> and
amine groups, associated with chemisorption, leads to higher regeneration energy requirements
due to the need to break carbamate bonds during desorption. Additionally, repeated adsorption-
desorption cycles may result in gradual degradation of amine groups or loss of active sites, which

can reduce long-term performance.
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Chapter 3 - Experimental Methods

3.1 Materials

All chemicals used in this study were of analytical grade and used without further
purification. Zinc oxide (ZnO), copper oxide (CuO), cadmium oxide (CdO), nickel acetate
tetrahydrate (Ni(OAc)>-4H>0), and cobalt acetate tetrahydrate (Co(OAc)2:4H>0O) were used as
metal precursors for the synthesis of zeolitic imidazolate frameworks. The CuO and CdO used in
this study were prepared by thermal decomposition of copper nitrate tetrahydrate
(Cu(NO3)2-4H20) and cadmium nitrate tetrahydrate (Cd(NO3)2-4H>0), respectively, in a furnace

at 450 °C for 5 hours.

2-methylimidazole (Hmim) was used as the organic ligand for framework formation.
Methanol (MeOH) was used as the solvent for liquid-assisted grinding during mechanochemical
synthesis and also for washing the synthesized materials. Ethylenediamine (EDA) was used as the
amine functionalization agent for post-synthetic modification of the synthesized ZIF materials.
The amine functionalization was performed at different loadings to evaluate its influence on CO»

adsorption and selectivity.

For adsorption and selectivity experiments, carbon dioxide (CO;), methane (CH4), and
helium (He) gases with high purity were used as feed gases. These gases were supplied through
mass flow controllers during the gas adsorption and selectivity measurements. Methanol were used

during liquid assisted Grinding (LAG) and washing the excess ligand.
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3.2 Mechanochemical Synthesis of ZIF Materials

All zeolitic imidazolate framework (ZIF) materials used in this study were synthesized
using an Across International PQ-N2 planetary ball mill following a mechanochemical synthesis
process. Mechanochemical synthesis was selected due to its rapid reaction kinetics, reduced
solvent consumption, scalability, and scalability, and ability to synthesize at room temperature. A
ball mill equipped with zirconia milling balls was used to induce the coordination reaction between

metal precursors and the organic ligand through mechanical energy.

In all syntheses, liquid-assisted grinding (LAG) was employed by adding a small amount
of methanol to improve the interaction between metal precursors and the organic ligand. Milling
was performed at 400 rpm using 10 mm zirconia balls with a ball-to-powder ratio of 10:1. After
milling, the synthesized powders were washed with methanol to remove residual reactants and

then dried prior to characterization and adsorption experiments.

The synthesis procedures for the high-entropy ZIF, conventional ZIF-8, and bimetallic ZIF

materials are described in the following subsections.

3.2.1 Synthesis of High-Entropy ZIF (HE-ZIF)

High-entropy zeolitic imidazolate framework (HE-ZIF) was synthesized using a
mechanochemical ball-milling method with stepwise incorporation of multiple metal precursors.

The composition and synthesis parameters are summarized in Table 3.1.
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Table 3.1 Composition and synthesis conditions of HE-ZIF

Component Type Chemical Amount (g) Mols (mol)  Milling
Time (min)
Metal Source ZnO 0.33 0.004 10
CuO 0.32 0.004 5
CdoO 0.51 0.004 5
Ni(OAc)2 4H20 1.00 0.004 5
Co(OAc),"4H,O 0.99 0.004 5
Organic Linker ~ 2-methylimidazole 8.21 0.1
(Hmim)
Solvent (LAG) Methanol (MeOH) 0.50 mL

Zinc oxide (ZnO), copper oxide (CuO), cadmium oxide (CdO), nickel acetate tetrahydrate
(Ni(OAc)2:4H>0), and cobalt acetate tetrahydrate (Co(OAc)2-4H>0O) were used as metal sources
in equimolar amounts (0.004 mol each), resulting in a total metal content of 0.02 mol. The organic

ligand, 2-methylimidazole (Hmim), was added to maintain a metal-to-ligand molar ratio of 1:5.

The synthesis was carried out in a ball mill using 10 mm zirconia milling balls in a 300 mL
stainless steel canister, with a ball-to-powder ratio of 10:1. Liquid-assisted grinding (LAG) was
employed by adding 0.5 mL of methanol (0.044 pL/mg) to facilitate coordination between the
metal ions and the organic ligand. Initially, ZnO and Hmim were milled at 400 rpm for 10 minutes.

The remaining metal precursors (CuO, CdO, Ni(OAc)-4H>0, and Co(OAc)2-4H>0) were then
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added sequentially, with each addition followed by 5 minutes of milling under identical conditions.
After incorporation of the final metal precursor, an additional 10 minutes of milling was performed

to complete the synthesis.

To evaluate the effect of milling duration on the formation and crystallinity of HE-ZIF,
post-milling was applied after the initial synthesis step. As presented in Table 3.2, post-milling
times of 10, 30, and 60 minutes were used, resulting in total milling durations of 40, 60, and 90
minutes, respectively. The resulting samples were labeled as HZ-40, HZ-60, and HZ-90 based on

their total milling time.

Table 3.2 Post-milling and total milling times of HE-ZIF samples

Sample Name Initial Milling (min)  Post-Milling (min) Total Time (min)
HZ-40 30 10 40
HZ-60 30 30 60
HZ-90 30 60 90
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Ball Milling Vortex Washing Centrifugation Oven Drying Vacuum Drying
(400 rpm, 60 min) (2500 rpm, 3 min) (3500 rpm, 15 min) (60 °C, 16 h) (120°C, 16 h)

Figure 3.1 Schematic of HE-ZIF synthesis and processing steps.

A schematic representation of the synthesis and post-processing steps is shown in Figure
3.1, illustrating the sequential processes involved, including ball milling, vortex washing,

centrifugation, and drying.

Following synthesis, the obtained powder was washed with methanol to remove unreacted
precursors and residual ligand. The sample was dispersed in 30 mL of methanol and vortex-washed
at 2500 rpm for 3 minutes, followed by centrifugation at 3500 rpm for 15 minutes. This washing
cycle was repeated three times. The collected precipitate was then dried in an oven at 60 °C for
approximately 16 hours, followed by vacuum drying at 120 °C for 16 hours to remove residual

solvent and activate the porous structure.

3.2.2 Synthesis of ZIF-8

ZIF-8 was synthesized using zinc oxide (ZnO) as the metal precursor and 2-
methylimidazole (Hmim) as the organic ligand, maintaining a metal-to-ligand molar ratio of 1:2.

The reactants were mixed with 0.5 mL methanol to facilitate liquid-assisted grinding and placed
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in a 300 mL stainless steel canister containing 10 mm zirconia milling balls with a ball-to-powder
ratio of 10:1. The mixture was milled at 400 rpm for 60 minutes to promote coordination between

zinc ions and the ligand, resulting in the formation of the ZIF-8 framework.

Following synthesis, the obtained powder was washed with methanol to remove unreacted
precursors and residual ligand. The sample was dispersed in 30 mL of methanol, vortex-mixed at
2500 rpm for 3 minutes, and centrifuged at 3500 rpm for 15 minutes. This washing cycle was
repeated three times. The collected precipitate was dried in an oven at 60 °C for approximately 16
hours, followed by vacuum drying at 120 °C for 16 hours to remove residual solvent and activate

the porous structure.

3.2.3 Synthesis of Bimetallic ZIF

A bimetallic ZIF was synthesized using zinc oxide (ZnQO) and cobalt acetate tetrahydrate
(Co(OA()2:4H20) as metal precursors in equimolar amounts (0.02 mol each). The metal
precursors were combined with 2-methylimidazole (Hmim) as the organic ligand, maintaining a

metal-to-ligand molar ratio of 1:4.

The reactant mixture was placed in a 300 mL stainless steel canister containing 10 mm
zirconia milling balls with a ball-to-powder ratio of 10:1. Liquid-assisted grinding was performed
by adding 0.5 mL methanol. The mixture was milled at 400 rpm for 60 minutes to promote
coordination between the metal ions and the ligand, resulting in the formation of the bimetallic

ZIF framework.

Following synthesis, the obtained powder was washed with methanol to remove unreacted

precursors and residual ligand. The sample was dispersed in 30 mL of methanol, vortex-mixed at

38



2500 rpm for 3 minutes, and centrifuged at 3500 rpm for 15 minutes. This washing cycle was
repeated three times. The collected precipitate was dried in an oven at 60 °C for approximately 16
hours, followed by vacuum drying at 120 °C for 16 hours to remove residual solvent and activate

the porous structure.

3.3 Amine Functionalization Procedure

Amine functionalization of the synthesized ZIF materials was performed using
ethylenediamine (EDA) through a post-synthetic impregnation method. This modification was
carried out to introduce amine functional groups into the porous framework in order to enhance

the interaction between the adsorbent surface and carbon dioxide molecules.

In a typical procedure, 1 g of the synthesized ZIF material was dispersed in 20 mL of
methanol in a glass container. Ethylenediamine was then added to the solution to obtain the desired
amine loading. Three different EDA loadings were prepared: 15 wt%, 30 wt%, and 45 wt%. For
example, in the case of the 15 wt% sample, 0.15 g of ethylenediamine was added to the mixture

containing 1 g of ZIF material.

The mixture was stirred using a magnetic stirrer for approximately 3 hours to allow the
ethylenediamine molecules to diffuse into the pores of the ZIF structure and interact with the
internal surfaces of the framework. This impregnation process allowed the amine molecules to be

incorporated into the porous structure of the material.

After the functionalization process, the mixture was dried in an oven at 60 °C for 16 hours
to remove excess methanol. The material was then further dried under vacuum at 120 °C for 16

hours to remove residual solvent and stabilize the amine-functionalized structure.
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This functionalization procedure was applied to the high-entropy ZIF, ZIF-8, and
bimetallic ZIF materials. The resulting amine-functionalized samples were subsequently used for
structural characterization, surface area measurements, CO> adsorption analysis, and mixed-gas

selectivity experiments.

3.4 Characterization Methods

The structural and textural properties of the synthesized ZIF materials were characterized
using X-ray diffraction (XRD) and nitrogen adsorption-desorption analysis. These techniques
were used to evaluate the crystallinity, surface area, and pore structure of the materials before and

after amine functionalization.

3.5.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) analysis was conducted using a Proto Manufacturing AXRD
Benchtop Powder X-ray Diffractometer to determine the crystalline structure and phase purity of
the synthesized ZIF materials. The obtained diffraction patterns were used to confirm framework
formation and assess the crystallinity of the samples. Powder XRD measurements were conducted
using a diffractometer equipped with Cu Ka radiation. The diffraction patterns were recorded over
a 20 range of 5°-60°, which covers the characteristic diffraction peaks associated with ZIF
structures. The obtained diffraction patterns were compared with reference patterns reported in the
literature for ZIF-8 to verify successful framework formation. XRD analysis was carried out for
all synthesized materials, including the pure ZIF samples (HE-ZIF, ZIF-8, and bimetallic ZIF) as
well as the amine-functionalized samples containing 15 wt%, 30 wt%, and 45 wt%
ethylenediamine (EDA). Comparison of the diffraction patterns allowed evaluation of the effects

of mechanochemical synthesis conditions and amine loading on the crystallinity and structural
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integrity of the ZIF materials. The XRD results were further used to determine the optimal
synthesis conditions for HE-ZIF and to evaluate whether the framework structure was preserved

after amine functionalization.

3.5.2 BET Surface Area and Porosity

The surface area and pore structure of the synthesized ZIF materials were analyzed using
a Micromeritics TriStar II Surface Area and Porosity Analyzer through nitrogen adsorption-
desorption measurements. This technique was used to evaluate the textural properties of the
materials, including surface area, pore volume, and pore size distribution. Prior to measurement,
the samples were degassed under vacuum at 120 °C for 16 hours to remove adsorbed moisture and
residual solvent molecules from the pores. This activation step ensured that the internal pore
structure of the materials was accessible for nitrogen adsorption. Nitrogen adsorption-desorption
isotherms were obtained at liquid nitrogen temperature (77 K). The specific surface area of the
samples was calculated using the Brunauer-Emmett-Teller (BET) method and reported in m?/g. In
addition, the total pore volume (cm?/g) and maximum pore width (A) were determined from the
adsorption data to characterize the pore structure of the materials. BET measurements were
conducted for all synthesized materials, including the pure ZIF samples (HE-ZIF, ZIF-8, and
bimetallic ZIF) as well as their corresponding amine-functionalized samples containing 15 wt%,
30 wt%, and 45 wt% ethylenediamine (EDA). These measurements were used to evaluate the
effect of amine functionalization on the surface area and pore structure of the ZIF materials. The
BET analysis provided important information regarding the structural properties of the materials
and helped explain variations in CO> adsorption performance observed during gas adsorption

experiments.
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3.6 CO2 Adsorption Measurement

The CO» adsorption capacity of the synthesized ZIF materials was evaluated using a
Micromeritics TriStar II Surface Area and Porosity Analyzer. The measurements were conducted
to determine the amount of CO, adsorbed by each material at room temperature. Prior to
measurement, the samples were degassed under vacuum at 120 °C for 16 hours to remove adsorbed
moisture and residual solvent molecules from the pores. This activation step ensured that the
internal surface area and pore structure of the materials were accessible for CO> adsorption. After
degassing, CO; adsorption measurements were performed at room temperature, and the adsorption
isotherm was obtained using the instrument. From the adsorption data, the total amount of CO»
adsorbed by each sample was determined. The adsorption capacity was reported in mmol g,
representing the amount of CO> captured per gram of adsorbent. CO; adsorption experiments were
carried out for all synthesized materials, including HE-ZIF, ZIF-8, and bimetallic ZIF, as well as
their corresponding amine-functionalized samples containing 15 wt%, 30 wt%, and 45 wt%
ethylenediamine (EDA). The adsorption results were used to compare the CO> capture
performance of the different materials and to evaluate the influence of amine loading on adsorption
capacity. The adsorption measurements provided important information regarding the CO; uptake
behavior of the materials and were later used to analyze the relationship between surface area, pore

structure, and gas adsorption performance.

3.7 CO; Selectivity Measurement

The preferential adsorption of CO, over other gases was evaluated through mixed-gas
experiments coupled with mass spectrometry analysis using an MKS Cirrus 2 Mass Spectrometer.
This approach enabled the assessment of CO; selectivity under competitive adsorption conditions

in a multi-component gas system. A mixed gas stream consisting of CO>, CH4, and He was used
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for the selectivity experiment. Each gas was introduced at a flow rate of 20 mL/min using mass
flow controllers, resulting in a total flow rate of 60 mL/min and an initial gas composition of
approximately 33.33% CO», 33.33% CHa, and 33.33% He. For the adsorption experiment, 0.4 g
of the adsorbent material was packed into a glass tube (internal diameter ~0.35 inches, length 30
inches) and secured in place using glass wool. The packed tube was then placed inside a tube
furnace, allowing precise control of the system temperature during the experiment. The mixed gas
stream was first analyzed using the mass spectrometer in bypass mode for 5 minutes to establish
the baseline gas composition. The gas mixture was then passed through the packed adsorption tube
containing the ZIF material for 60 minutes, during which the outlet gas composition was
continuously monitored using the mass spectrometer. Finally, the system was returned to bypass
mode for an additional 5 minutes to confirm the outlet composition after adsorption. The selectivity
behavior of the material was determined by comparing the outlet gas composition with the baseline
mixture. A decrease in CO; concentration at the outlet relative to CH4 and He indicated preferential
adsorption of CO; by the adsorbent. The adsorption experiments were conducted at two different
temperatures, 20 °C and 100 °C, to evaluate the influence of temperature on CO; selectivity. Each
adsorption test was carried out for approximately one hour to ensure that the adsorption behavior
reached a stable condition. These selectivity measurements were performed for all synthesized
materials, including HE-ZIF, ZIF-8, and bimetallic ZIF, as well as their corresponding amine-
functionalized samples containing 15 wt%, 30 wt%, and 45 wt% ethylenediamine (EDA). The
results were used to compare the CO; selectivity of the different materials and to evaluate the effect

of amine functionalization and temperature on gas separation performance.
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3.9 Regeneration and Cyclic Stability Test

The regeneration ability and cyclic stability of the synthesized adsorbents were evaluated
through repeated CO; adsorption-desorption cycles. The experiment was conducted to determine
whether the materials could maintain their adsorption performance after multiple regeneration
steps. For this purpose, HE-ZIF, bimetallic ZIF, and ZIF-8 samples were subjected to seven
consecutive adsorption-desorption cycles. In each cycle, CO; adsorption measurements were first
performed using the Micromeritics Surface Area and Porosity Analyzer at room temperature to
determine the CO> adsorption capacity of the sample. After completion of the adsorption
measurement, the CO»-loaded sample was removed from the instrument and regenerated to remove
the adsorbed CO> molecules. Regeneration was carried out in a vacuum oven at 170 °C for 16
hours, which allowed desorption of the adsorbed gas and reactivation of the porous structure.
Following regeneration, the sample was cooled to room temperature under a nitrogen (N3)
atmosphere and subjected to the next CO> adsorption cycle under the same experimental
conditions. This procedure was repeated for a total of seven adsorption-desorption cycles. The
adsorption capacity obtained in each cycle was compared to evaluate the stability and reusability
of the materials. The regeneration study provided insight into the durability of the synthesized ZIF

materials and their potential applicability for repeated CO> capture operations.
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Chapter 4 - Results and Discussion

4.1 Optimization of HE-ZIF Synthesis

To determine the optimal synthesis conditions for HE-ZIF, the effect of milling time on
the crystallinity and CO> adsorption performance of the material was investigated. HE-ZIF
samples prepared at different milling times (HZ-40, HZ-60, and HZ-90) were compared with a

reference ZIF-8 sample (Z8-60).
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Figure 4.1 XRD patterns of ZIF samples synthesized at three different milling times.

The structural properties of these samples were analyzed using X-ray diffraction (XRD),

and the patterns are shown in Figure 4.1. All samples exhibit diffraction peaks consistent with the
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characteristic crystal structure of Z8-60, indicating that the mechanochemical synthesis
successfully produced ZIF-type frameworks despite the presence of multiple metal species. The
major peaks appear at approximately 7.3°, 10.4°, 12.6°, 16.5°, and 18.0°, corresponding to the
(011), (002), (112), (013), and (222) crystallographic planes associated with the sodalite (SOD)
topology typical of ZIF-8 materials. However, differences in peak intensity and sharpness were
observed among the samples. The HZ-60 sample exhibited the highest peak intensity and sharpest
peaks, indicating a higher degree of crystallinity. In comparison, HZ-40 showed broader and
weaker peaks, suggesting incomplete framework formation due to insufficient milling time, while
HZ-90 displayed slightly reduced peak intensity, which may result from structural disorder caused
by excessive mechanical energy during prolonged milling. To further investigate the effect of
milling time on adsorption behavior, CO; adsorption measurements were performed, and the

results are presented in Figure 4.2.
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Figure 4.2 XRD patterns of ZIF samples synthesized at three different milling times.
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The measured CO; adsorption capacities were 0.4976 mmol g! for HZ-40, 0.6929 mmol
g'! for HZ-60, and 0.6081 mmol g! for HZ-90. Among the three samples, HZ-60 exhibited the
highest CO; adsorption capacity, which is consistent with its superior crystallinity observed in the
XRD analysis. Crystallinity mainly controls how well-defined and accessible the designed pore
system is. The lower adsorption capacity of HZ-40 is likely due to incomplete framework
formation, resulting in reduced pore accessibility. under-milling leaves partially reacted or poorly
crystalline material with low porosity, so CO: uptake is lower. This type of behavior is seen in
several mechanochemical MOF systems where the best CO: capacity coincides with the condition
giving highest crystallinity and ultramicropore volume [142—144]. In contrast, the slightly lower
adsorption of HZ-90 compared to HZ-60 may be attributed to structural deformation,
reduced micropore volume and phase transformation caused by over-milling [145-147]. These
results indicate that an optimal milling duration is required to achieve a balance between complete
framework formation and structural stability. Based on both XRD analysis and CO, adsorption
performance, the HZ-60 sample was selected as the optimized HE-ZIF material for subsequent

amine functionalization and further adsorption studies.

4.2 Structural Characterization of ZIF Materials

The crystal structures of the synthesized ZIF materials were analyzed using X-ray
diffraction (XRD) to evaluate the formation of the framework and the effect of metal composition
and amine functionalization on structural stability. The XRD patterns of ZIF-8 (Z8-60), high-
entropy ZIF (HZ-60), and bimetallic ZIF (BZ-60) synthesized using a 60-minute milling time are

shown in Figure 4.3, while the XRD patterns of the amine-functionalized samples are presented in
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Figures 4.4, 4.5, and 4.6 for ZIF-8, bimetallic ZIF, and HE-ZIF, respectively.
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Figure 4.3 XRD patterns of ZIF-8 (Z8-60), HE-ZIF (HZ-60), and bimetallic ZIF (BZ-60)

As shown in Figure 4.3, all synthesized samples exhibit diffraction peaks consistent with
the characteristic ZIF-8 crystal structure, confirming successful formation of the framework
through mechanochemical synthesis. The major peaks appear at approximately 7.3°, 10.4°, 12.6°,
16.5°, and 18.0°, corresponding to the (011), (002), (112), (013), and (222) crystallographic planes
associated with the sodalite (SOD) topology. The presence of these peaks in Z8-60, BZ-60, and
HZ-60 indicates that the incorporation of multiple metal ions in the bimetallic and high-entropy
systems does not disrupt the fundamental ZIF framework. Although the overall structure remains
similar, slight variations in peak intensity are observed among the samples, which may arise from

differences in metal composition and crystallinity.
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Figure 4.4 XRD patterns of ZIF-8 before and after ethylenediamine (EDA) functionalization at 15, 30, and 45
wt% loadings.

As shown in Figure 4.4, the XRD patterns of ZIF-8 after EDA functionalization (Z8-
15EDA, Z8-30EDA, and Z8-45EDA) retain the characteristic diffraction peaks of the ZIF-8 SOD
topology, indicating that the framework structure remains intact after amine loading. However, a
gradual decrease in peak intensity is observed with increasing EDA content, with crystallinity
beginning to decline from Z8-30EDA. This behavior is attributed to the incorporation of amine
molecules within the pores, leading to partial pore filling and increased structural disorder [148].
Additionally, excess amine groups can compete with 2-methylimidazole for Zn(II), altering local
coordination and generating defects or mixed phases [149,150]. At higher amine loadings, the

formation of Zn-amine or Zn-acetate species and framework distortion further disrupts crystallinity
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[149]. These structural changes reduce coherent scattering, resulting in broader and less intense

XRD peaks while the overall topology remains preserved.
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Figure 4.5 XRD patterns of BZ before and after ethylenediamine (EDA) functionalization
at 15, 30, and 45 wt% loadings.

similar trend is observed for the BZ samples shown in Figure 4.5. The diffraction peaks of BZ-
15EDA, BZ-30EDA, and BZ-45EDA remain consistent with those of the parent BZ, indicating
that EDA functionalization preserves the overall crystal structure. However, a gradual decrease in
peak intensity is evident with increasing amine loading, suggesting reduced crystallinity due to
pore filling, increased structural disorder, and partial occupation of active sites. Additionally,
competitive coordination of amine groups with 2-methylimidazole at Zn(II) centers, along with
the possible formation of secondary Zn—amine or Zn—acetate phases, further disrupts the
framework and contributes to peak broadening and intensity loss. This effect is more pronounced

at higher loadings (45 wt% EDA), where the incorporation of EDA within the micropores and on
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the internal surface likely introduces structural disorder and partially occupies pore space, leading

to diminished diffraction intensity.
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Figure 4.6 XRD patterns of HZ before and after ethylenediamine (EDA) functionalization
at 15, 30, and 45 wt% loadings.

The XRD patterns of HE-ZIF (HZ) and its amine-functionalized samples (HZ-15EDA, HZ-
30EDA, and HZ-45EDA) are shown in Figure 4.6. The major diffraction peaks remain consistent
across all samples, indicating that the fundamental crystal structure of HZ is preserved after EDA
functionalization. At low amine loading (HZ-15EDA), the peaks remain sharp with slightly
increased intensity, suggesting improved ordering or surface interaction without structural
disruption. This may be attributed to partial pore reopening and enhanced accessibility at low

amine content, which can improve apparent crystallinity [148].
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However, with increasing EDA loading (HZ-30EDA and HZ-45EDA), a noticeable
reduction in peak intensity and slight broadening are observed, indicating a gradual decline in
crystallinity. This behavior can be attributed to the incorporation of EDA molecules within the
micropores and on the internal surface, which introduces structural disorder and partially occupies
pore space. The effect is more pronounced at higher loadings, where excessive amine content leads

to pore blocking, framework distortion, and a reduction in overall crystallinity.

4.3 Porosity and Surface Area Analysis

The porosity characteristics of the synthesized ZIF materials were evaluated using N
adsorption-desorption measurements obtained from a Micromeritics surface area and porosity

analyzer.

Table 4. 1 Surface area, total pore volume, and maximum pore width of synthesized ZIF materials.

Sample Name Surface Area (m%*/g)  Total Pore Volume Maximum Pore width
(em’/g) (A)
78 804.0344 0.429 376.546
Z8-15EDA 840.410 0.431 366.173
BZ 1154.727 0.587 388.895
HZ 1063.146 0.572 366.058
HZ-15EDA 1187.108 0.620 372.579
HZ-30 EDA 848.288 0.455 367.235
HZ-45 EDA 745.567 0.405 358.793
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As shown in Table 4.1, the parent ZIF materials exhibit relatively high BET surface areas
typical of microporous ZIF frameworks. Among the three materials, bimetallic ZIF (BZ) shows
the highest surface area (1154.7 m?g™!), followed by HE-ZIF (HZ) with 1063.1 m?g’!, while ZIF-
8 (Z8) exhibits a comparatively lower surface area (806.6 m?g!). The bimetallic ZIF also shows
the largest total pore volume (0.5868 cm® g'!) and maximum pore width (388.9 A), indicating a
more accessible pore structure. The higher surface area and porosity of BZ compared to ZIF-8 can
be attributed to metal mixing (Zn**/Co**), which modifies nucleation and crystal growth behavior
while preserving the SOD topology [151,152]. This often leads to smaller and more uniform
crystals, increased interparticle voids, and the development of hierarchical micro-mesoporous
structures, thereby enhancing accessible surface area and pore volume [153,154]. In the case of
HE-ZIF, the incorporation of multiple metal species introduces greater structural disorder and
defect sites. While the framework still retains the open SOD topology and remains highly
microporous, resulting in a higher surface area than ZIF-8, excessive disorder and partial pore
blocking can limit pore accessibility compared to the more optimally organized bimetallic system

[155—157]. As a result, HZ exhibits an intermediate surface area between ZIF-8 and BZ.

These results suggest that the incorporation of additional metal centers can influence the

development of the porous framework and increase the accessible surface area.
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Figure 4.7 Effect of EDA loading on BET surface area and maximum pore width of HE-ZIF samples.

The influence of amine functionalization on the HE-ZIF structure is presented in Figure
4.7. The introduction of 15 wt% EDA (HZ-15EDA) slightly increases the BET surface area to
1187.1 m* g'. This enhancement can be attributed to the removal of occluded species or reopening
of previously inaccessible micropores, along with slight changes in particle packing that create
additional interparticle voids [148]. However, increasing the EDA loading to 30 wt% and 45 wt%
results in a noticeable reduction in surface area, as shown in Table 4.1 and Figure 4.7. This
decrease is due to partial pore occupation and blocking by amine molecules, as well as narrowing
of pore windows through coordinated or tethered amines, which limits accessibility to the
microporous network [148,158]. At higher loadings, excessive amine incorporation can also
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introduce structural defects and reduce crystallinity, further decreasing the effective pore volume

and surface area . Overall, the results indicate that amine functionalization strongly influences the

porosity of HE-ZIF, with an optimal loading level where pore accessibility is preserved while

functional groups are successfully introduced.

4.4 CO2 Adsorption Performance and Effect of Amine Loading

The CO; adsorption performance of the synthesized ZIF materials was evaluated to

understand the influence of framework composition and amine functionalization.

Table 4.2 CO, adsorption capacities of Z8, BZ, and HZ before and after EDA functionalization (0-45 wt%) at

STP

Material Samples CO; Adsorption (mmol g'! STP)

ZIF-8 78 0.413

Z8-15EDA 0.533

Z8-30EDA 0.639

Z8-45EDA 0.550

Bimetallic ZIF BZ 0.791

BZ-15EDA 0.802

BZ-30EDA 0.788

BZ-45EDA 0.808

HE-ZIF HZ 0.693

HZ-15EDA 0.811
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HZ-30EDA 0.537

HZ-45EDA 0.479

As shown in Table 4.2, the parent materials exhibit distinct CO, adsorption behaviors.
Among the unmodified samples, bimetallic ZIF (BZ) shows the highest CO, uptake (0.7912 mmol
g, followed by HE-ZIF (HZ, 0.6929 mmol g'!), while ZIF-8 (Z8) exhibits the lowest adsorption
(0.4127 mmol g™). This trend is consistent with the porosity results discussed in Section 4.3, where
higher surface area and pore volume provide more accessible adsorption sites. In these parent
materials, CO; uptake is primarily governed by physisorption, driven by van der Waals interactions
within the microporous structure. Upon EDA functionalization, the adsorption capacities change
significantly, as summarized in Table 4.2. For ZIF-8, CO: uptake increases from 0.4127 mmol g’
1'(Z8) to 0.6384 mmol g! (Z8-30EDA), followed by a slight decrease at higher loading (0.5500
mmol g! for Z8-45EDA). In contrast, bimetallic ZIF shows relatively stable adsorption values
(0.7879-0.8081mmol g') across different EDA loadings. For HE-ZIF, adsorption initially
increases from 0.6929 mmol g! (HZ) to 0.8108 mmol g! (HZ-15EDA), but then decreases
significantly at higher loadings (0.5373 mmol g! for HZ-30EDA and 0.4787 mmol g for HZ-

45EDA).
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Figure 4.8 CO2 adsorption of Z8, BZ, and HZ as a function of EDA loading (0—45 wt%,)

These variations are more clearly visualized in Figure 4.8, which illustrates the trend of
CO; adsorption as a function of EDA loading. The figures show that ZIF-8 experiences a moderate
increase in adsorption with increasing amine content up to an optimal loading, after which a decline
occurs. Bimetallic ZIF exhibits minimal variation, maintaining consistently high adsorption across
all loadings. In contrast, HE-ZIF demonstrates a pronounced peak at low EDA loading (15 wt%),

followed by a sharp decrease at higher loadings.

The observed trends arise from the balance between physisorption and chemisorption. The
introduction of ethylenediamine (EDA) provides amine functional groups (-NHz), which create

additional high-affinity adsorption sites through acid—base interactions, hydrogen bonding, and

57



reversible carbamate or bicarbonate formation. At low to moderate loadings, these interactions
increase the binding strength and enhance CO: uptake, sometimes aided by slight pore reopening
or improved accessibility. However, as amine loading increases, the molecules progressively
occupy and obstruct micropores, reducing available pore volume and limiting CO: diffusion into
the framework. In addition, each amine group can bind only a limited amount of CO., so excess

amine does not proportionally increase capacity but instead displaces free adsorption space.

This effect is particularly pronounced in HE-ZIF, where the more defect-rich and sensitive
pore structure is more easily disrupted by amine incorporation, leading to a sharp decline in
adsorption at higher loadings. In contrast, bimetallic ZIF maintains relatively stable performance
due to its higher and more robust porosity, which better accommodates amine groups without

significant loss of accessible adsorption sites.

4.5 COz Selectivity Analysis at Ambient Temperature

The CO; selectivity of ZIF-8 (Z8), bimetallic ZIF (BZ), and high-entropy ZIF (HZ)
materials were evaluated at ambient temperature (20 °C) using mass spectrometry (MS) by
monitoring the inlet and outlet gas compositions. The selectivity is expressed as CO2 removal (%),

calculated from the reduction in CO» concentration between the feed and outlet streams.
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Figure 4.9 Mass spectrometry profiles of CO2, CH4, and He gas concentrations for (a) Z8, (b) Z8-15EDA, (c)
Z8-30EDA, and (d) Z8-45EDA at 20 °C

The dynamic breakthrough profiles for the Z8 series are shown in Figure 4.9. A relatively
small decrease in CO2 concentration is observed after introducing the adsorption bed, indicating
limited adsorption capacity. For example, in Figure 4.9(c) (Z8-30EDA), the CO> concentration
decreased from 30.933% at the inlet to 25.324% at the outlet. In contrast, CHs and He
concentrations remained nearly unchanged, demonstrating negligible adsorption of these gases and
confirming selective CO; uptake. However, the overall selectivity remains low due to the limited

interaction strength between CO> and the ZIF-8 framework.
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Figure 4.10 Mass spectrometry profiles of outlet CO2, CH4, and He concentrations for (a) BZ, (b) BZ-
15EDA, (c) BZ-30EDA, and (d) BZ-45EDA at 20 °C

In contrast, the BZ series in Figure 4.10 exhibits significantly enhanced CO> adsorption. A
pronounced drop in CO; concentration is observed upon passing through the adsorbent bed, while
CH4 and He show minimal variation. Notably, in Figure 4.10(d) (BZ-45EDA), the CO>
concentration decreases sharply from 29.718% to 9.637%, indicating strong CO> capture. This
improvement is attributed to the combined effect of the bimetallic framework and amine

functionalization, which increases the number of active adsorption sites while maintaining

sufficient pore accessibility.
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Figure 4.11 Mass spectrometry profiles of outlet CO2, CH4, and He concentrations for (a) HZ, (b) HZ-15EDA,
(c) HZ-30EDA, and (d) HZ-45EDA at 20 °C

Similarly, the HZ series presented in Figure 4.11 demonstrates strong CO> adsorption at moderate
amine loading. In Figure 4.11(b) (HZ-15EDA), the CO: concentration drops from 29.477% at the
inlet to 9.156% at the outlet, representing one of the highest adsorption performances among all
samples. However, at higher amine loading, the reduction in CO2 concentration becomes less

significant, suggesting that excessive amine content leads to pore blockage and restricts gas

diffusion.

61



=78
80 s
—A—HZ
70 - . R
52 607 o,
© U e
3504
3 /
o 40 &
=
O 304
20 -
g R S ]
10 -
I | I l I I ! ' T r
0 10 20 30 0 u

Amine Loading (wt %)

Figure 4.12 CO, removal (%) of Z8, BZ, and HZ as a function of amine loading (wt%) at 20 °C

A quantitative comparison of CO2 removal as a function of amine loading is summarized
in Figure 4.12. The Z8 samples exhibit low CO> removal (13—18%), with only slight improvement
at moderate loading. In contrast, BZ shows consistently high CO; removal, increasing from ~51%
to ~68% with increasing amine content, with BZ-45EDA achieving the highest performance. The
HZ samples display optimal behavior at 15 wt% EDA (~69%), after which the removal decreases

significantly at higher loadings.

The superior selective CO; adsorption observed in BZ-45EDA and HZ-15EDA compared
to CH4 and He arises from the combined effects of framework structure and amine functionality.
CO; possesses a significant quadrupole moment, enabling stronger interactions with polar surfaces

and amine groups, whereas CHs is nonpolar and He is inert, interacting only through weak
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dispersion forces. The introduction of EDA provides primary amine groups that enhance CO>
affinity through acid—base interactions, hydrogen bonding, and possible carbamate formation,
thereby increasing the isosteric heat of adsorption and creating CO> specific binding sites. Since
CH. and He are not significantly affected by these functional groups, CO> adsorption increases

more selectively, improving CO2/CH4 and CO»/He separation performance.

In BZ-45EDA, the bimetallic framework maintains higher pore accessibility and structural
robustness even at elevated amine loading, allowing efficient diffusion while accommodating a
large number of active amine sites. In HZ-15EDA, an optimal balance between preserved
microporosity and introduced amine functionality is achieved, where additional CO> specific sites

enhance adsorption without significantly restricting pore accessibility.

At higher amine loadings, however, excessive EDA begins to occupy and narrow the pore
network, reducing micropore volume and limiting gas diffusion. Crowding of amine chains can
make some adsorption sites sterically inaccessible and reduce overall pore accessibility, leading to
a decline in CO; uptake and separation performance despite the higher amine content. As a result,
CO: removal and selectivity pass through an optimum at moderate loading and decrease at higher

amine concentrations, particularly in the more structurally sensitive HE-ZIF system.
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4.6 CO2 Selectivity at Elevated Temperature

The effect of temperature on CO: selectivity was investigated at 100 °C using mass
spectrometry (MS) and compared with the results obtained at ambient temperature (20 °C). The
dynamic breakthrough profiles for selected samples are shown in Figures 4.13 and 4.14, while the

corresponding CO> removal efficiencies are summarized in Figure 4.15.
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Figure 4.13 Mass spectrometry profiles of outlet CO,, CHa4, and He concentrations for (a) Z8-30EDA and (b)
BZ-45EDA at 100 °C.
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As shown in Figure 4.13(a), the Z8-30EDA sample exhibits a relatively small decrease in
CO; concentration, from 31.671% at the inlet to 26.676% at the outlet, indicating weak adsorption
performance at elevated temperature. In contrast, Figure 4.13(b) shows that BZ-45EDA
demonstrates a much stronger reduction in CO: concentration, decreasing from 34.326% to

14.044%, confirming its superior adsorption capability even at 100 °C.
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Figure 4.14 Mass spectrometry profiles of outlet CO,, CH,4, and He concentrations for (a) HZ, (b) HZ-15EDA,
(c) HZ-30EDA, (d) HZ-45EDA,

The behavior of HE-ZIF materials is presented in Figure 4.14. The parent HZ sample
(Figure 4.14a) shows negligible CO; adsorption, with the outlet concentration (38.825%)

exceeding the inlet concentration (33.603%), indicating minimal uptake and possible displacement
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of pre-adsorbed gases. However, significant improvement is observed upon amine
functionalization. For HZ-15EDA (Figure 4.14b), the CO> concentration decreases sharply from
33.127% to 10.905%, demonstrating excellent adsorption performance. Similarly, HZ-30EDA
(Figure 4.14c) shows a reduction from 33.304% to 16.462%, while HZ-45EDA (Figure 4.14d)

exhibits a decrease from 32.949% to 23.088%.
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Figure 4.15 CO, removal efficiency of selected ZIF materials at 20 °C and 100 °C, highlighting the influence
of temperature and amine loading on adsorption behavior

A quantitative comparison of CO> removal is presented in Figure 4.15, where an overall
decrease in CO> removal is observed at elevated temperature for all materials. This trend is
expected, as CO2 adsorption in ZIF-based materials is predominantly exothermic, and increasing
temperature reduces adsorption capacity, particularly for physisorption-dominated systems. For
Z8-30EDA, CO: removal decreases from 18.13% at 20 °C to 15.77% at 100 °C, confirming weak
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temperature stability. Similarly, the parent HZ sample shows a slight decrease from 40.07% to

38.83%.

In contrast, BZ-45EDA maintains relatively high performance, with CO> removal
decreasing from 67.61% to 58.98%, indicating that amine-assisted chemisorption helps retain
adsorption capacity at elevated temperature. Among all samples, HZ-15EDA exhibits the best
thermal stability, with CO2 removal decreasing only slightly from 68.94% to 67.08%, suggesting
an optimal balance between physisorption and chemisorption. However, higher amine loadings
lead to more pronounced reductions, with HZ-30EDA decreasing from 55.24% to 50.72% and HZ-

45EDA from 32.28% to 29.93%.

These results can be explained by the temperature dependence of both physisorption and
chemisorption. In ZIF-based materials, CO>, CH4, and He are primarily adsorbed through
exothermic physisorption, so increasing temperature weakens these interactions and reduces
uptake. The introduction of EDA adds a chemisorption component through CO; amine
interactions, which enhances adsorption at lower temperatures but is also sensitive to heating. As
temperature increases, these stronger CO; amine interactions are destabilized, and equilibrium
shifts toward the gas phase, leading to a reduction in CO; capacity. This effect is more pronounced
at higher amine loadings, where a larger fraction of adsorption relies on specific amine sites that

lose occupancy more rapidly with temperature.

As a result, CO; selective adsorption over CHs and He is still maintained at elevated
temperature due to stronger interactions with amine-functionalized sites, but the overall
performance declines. BZ-45EDA and HZ-15EDA retain higher performance because their

balanced structure allows both sufficient pore accessibility and stable adsorption sites. In contrast,
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Z8-30EDA and pristine HZ exhibit weaker adsorption dominated by physisorption, while higher
amine loading further reduces performance due to pore blockage, diffusion limitations, and

increased temperature sensitivity of chemisorbed species.

4.7 Regeneration and Cyclic Stability

The regeneration and cyclic stability of the synthesized ZIF materials were evaluated over
seven consecutive adsorption-desorption cycles (A1-A7), where A1 represents the first adsorption
cycle, followed by A2, A3, and so on up to A7. This analysis was performed to assess the
reusability of the materials for CO, capture applications. The corresponding CO, adsorption

capacities are presented in Figure 4.16.
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Figure 4.16 Regeneration and cyclic stability of Z8, BZ, and HZ over seven CO; adsorption-desorption cycles.
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As shown in Figure 4.16, all materials exhibit a gradual decrease in CO; adsorption
capacity with increasing cycle number, indicating some degree of performance loss during
repeated use. For ZIF-8 (Z8), the adsorption decreases from 0.4127 mmol g'! (A1) to 0.3582 mmol
g'! (A7), showing a noticeable reduction. This behavior is mainly attributed to its physisorption-
dominated mechanism, where weaker interactions are more susceptible to performance loss during

repeated cycling.

In contrast, bimetallic ZIF (BZ) demonstrates relatively stable performance, with
adsorption decreasing slightly from 0.7912 mmol g! (A1) to 0.7196 mmol g*! (A7). The smaller
reduction indicates better structural robustness and stronger adsorption interactions, likely due to
a combination of framework stability and partial chemisorption effects. Similarly, HE-ZIF (HZ)
shows moderate stability, with CO» adsorption decreasing from 0.6929 mmol g (A1) to 0.6177
mmol g! (A7). Although a decline is observed, the material retains a significant portion of its

adsorption capacity, suggesting improved resistance to degradation compared to ZIF-8.

The gradual decrease in adsorption capacity across cycles can be attributed to several
factors. Incomplete desorption may leave a small fraction of CO; trapped in narrow pores or strong
adsorption sites, effectively blocking them in subsequent cycles. Repeated heating and cooling
during regeneration can also induce minor structural changes, such as partial loss of micropore
volume, slight alterations in the coordination environment, or microstructural damage such as
particle fracture and pore collapse. Over multiple cycles, even small reductions in accessible pore

volume can cumulatively decrease adsorption capacity.

However, the relatively small loss observed in BZ and HZ samples indicates good

regenerability and cyclic stability, highlighting the advantage of more robust frameworks and
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stronger adsorption interactions in maintaining performance over repeated adsorption—desorption

cycles.
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Chapter 5 - Conclusions

This study investigated the synthesis, functionalization, and performance of high-entropy
ZIF (HE-ZIF) materials for CO: capture. Mechanochemical synthesis was shown to be an effective
method, with milling time significantly influencing crystallinity and performance, where the 60-
minute milled sample provided optimal results. Amine functionalization with ethylenediamine
(EDA) revealed that CO, adsorption is governed by a balance between physisorption and
chemisorption. Moderate amine loading enhanced CO> uptake and selectivity, while higher
loading led to pore blockage and reduced accessibility, highlighting the importance of
optimization. Comparison among materials showed that bimetallic ZIF exhibits the most stable
and consistent performance, whereas HE-ZIF demonstrates superior performance when optimally
functionalized (HZ-15EDA). Temperature studies confirmed that adsorption decreases at elevated
temperature due to reduced physisorption, while chemisorption helps maintain selectivity in
amine-functionalized samples. Regeneration results further indicated good reusability, particularly
for bimetallic and HE-ZIF materials. Overall, this work highlights the importance of tuning both
framework composition and functionalization to achieve efficient CO> capture. Optimized amine-
functionalized HE-ZIF materials show strong potential for selective CO> adsorption, especially

under elevated temperature conditions.
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