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Abstract

This folio is a collection of three separate research papers which includes three
experiments studies and each contribution can also be read as a stand-alone article. The first
article explores the development and application of alkaline earth metal-based metal-organic
frameworks (MOFs) for the efficient removal and sensing of copper(l1) ions from aqueous
solutions. The unique structural properties of these MOFs, characterized by high porosity and
tunable surface areas, facilitate enhanced adsorption capabilities for copper ions. The study
investigates the synthesis of various MOFs and their performance in capturing copper(ll)
ions, demonstrating that specific structural modifications can significantly improve their
efficacy. Additionally, the article examines the mechanisms underlying the adsorption
processes, emphasizing the role of coordination interactions. The results highlight the
potential of alkaline earth metal-based MOFs as sustainable and effective materials for
environmental remediation, offering promising avenues for future research in heavy metal ion
removal and sensing applications. The second article investigates the efficient removal of the
pharmaceutical compounds piroxicam and ketoprofen using acid-modulated iron(l11) MOFs.
The study focuses on the synthesis of these MOFs, which are engineered through the strategic
addition of acidic components to enhance their structural properties and adsorption
capabilities. The performance of the acid-modulated iron(111) MOFs is thoroughly evaluated
in terms of their ability to adsorb and eliminate the targeted drugs from aqueous solutions.
Results demonstrate that the acid modification significantly improves the crystallinity and
surface area of the MOFs, leading to enhanced adsorption performance. The adsorption
mechanisms are also explored, providing insights into the interactions between the MOFs and
the pharmaceutical compounds. This research highlights the potential of acid-modulated
iron(111) MOFs as effective materials for the removal of contaminants from wastewater,

contributing to the development of sustainable strategies for environmental protection. The



i
third study explores the tuning of crystallinity in bismuth-based MOFs and their application
in the removal of nitric oxide (NO) from gas streams. By systematically varying synthesis
conditions, including temperature, reaction time, and ligand concentrations, we achieved
bismuth MOFs with distinct crystallinities: amorphous, semi-crystalline, and well-crystallized
structures. The impact of crystallinity on the adsorption performance for NO was rigorously
evaluated, revealing that the amorphous structure demonstrated the highest efficiency in NO
removal, followed by the semi-crystalline and well-crystallized variants. The enhanced
performance of the amorphous MOF was attributed to its increased surface area and higher
density of active sites, facilitating more effective gas adsorption. This research underscores
the significance of crystallinity in optimizing the functionality of bismuth-based MOFs and
highlights their potential as advanced materials for environmental remediation, specifically in
addressing air pollution caused by nitrogen oxides.

Keywords: Metal-organic frameworks (MOFs), single crystal, phase control, water treatment,

photocatalyst, NOx removal.
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Chapter 1. A brief review of the metal-organic framework
1.1 Introduction

Metal-organic frameworks (MOFs) are a fascinating class of porous materials that
consist of metal ions or clusters connected by organic ligands, forming a highly ordered
three-dimensional structure (Yahgi et al., 2003). Their unique properties, including high
surface area, tunable pore sizes, and versatile chemical functionalities, make them ideal
candidates for various applications (Zhou et al., 2012), particularly in environmental
remediation (Soni et al., 2023) and photocatalysis (Sun & Jiang, 2024). These characteristics
make them highly effective as adsorbents for removing contaminants from aqueous solutions,
including heavy metals like copper ions (Bakhtiari & Azizian, 2015) and organic pollutants
such as pharmaceutical and personal care products (PPCPs) (Rastogi et al., 2021).

Copper ions, prevalent in industrial wastewater, pose significant environmental
hazards due to their toxicity to aquatic life and potential to disrupt ecosystems (Wu et al.,
2023). Traditional removal methods, such as chemical precipitation and ion exchange, often
lack efficiency and sustainability (Raji et al., 2023). MOFs present a promising alternative;
their customizable structures allow for enhanced adsorption capacities and selectivity for
copper ions (Rao et al., 2017). This adaptability enables the development of tailored MOFs
that can effectively capture and remove copper from water, mitigating its harmful effects.
PPCPs, which include a wide range of substances like antibiotics, analgesics, and cosmetics,
have become ubiquitous in water bodies, raising concerns regarding their ecological impacts
and potential risks to human health. The persistent nature of these contaminants necessitates
innovative removal strategies. MOFs have shown great promise in adsorbing PPCPs due to
their large surface area and the ability to functionalize their surfaces, enhancing the

specificity of interactions with these organic pollutants (Seo et al. 2016).



In addition to their roles as adsorbents, MOFs can also function as photocatalysts,
particularly for the degradation of nitrogen oxides (NO), a significant air pollutant produced
from vehicular emissions and industrial activities (Xiao et al., 2018). When exposed to light,
specific MOFs can activate charge carriers that facilitate the breakdown of NO into less
harmful substances, offering a dual approach to environmental remediation (Wang et al.,
2012). The integration of MOFs as both adsorbents for copper ions and PPCPs and as
photocatalysts for NO removal underscores their multifaceted potential in addressing multiple
environmental challenges simultaneously.

1.2. Metal-organic framework

Metal-organic frameworks (MOFs) are crystalline materials that self-assemble
through the coordination of metal nodes (secondary building units, or SBUS) and organic
ligands via coordination bonds, resulting in infinite structures (Yahgi et al., 2003). The
tunable characteristics of these frameworks, such as porosity, surface area, crystallinity, and
degree of interpenetration, render them structure dependent functional materials (Zhou et al.,
2012). Consequently, MOFs can be applied in various fields, including gas storage and
separation, catalysis, sensing, drug delivery, adsorption, and antibacterial agents, etc (Kondo
rtal., 1999, Li et al., 2009).

A stable metal-organic framework (MOF) is typically constructed through robust
coordination bonds that can withstand attacks from guest molecules and other external
energies (Yahgi et al., 2003). When the ligands and coordination environment remain
unchanged, high charge density, high-valence metal ions can form stronger coordination
bonds, resulting in more stable frameworks (He et al., 2021). This trend aligns with Pearson's
Hard/Soft Acids and Bases (HSAB) principle and is supported by numerous observations in
the study of MOFs (Ho, 1975) (Figure 1 (a)). Early MOFs predominantly utilized borderline

transition metals such as Cu(ll), Co(ll), Ni(ll), Cd(11), and Zn(Il), which coordinated with



hard base carboxylate ligands (Hamisu et al., 2020). A notable example is Yaghi and co-
workers design a novel design concept in which negatively charged carboxylate linkers
coordinate with positively charged transition metal-based nodes, resulting in a charge-neutral
framework. This framework remains stable after the removal of solvent guest molecules,
thereby providing the first instance of MOF-5 (Yaghi et al., 1999) (Figure 1 b) that exhibits
permanent porosity. In addition, these frameworks are among the first to utilize transition
metal cluster groups as nodes, thereby laying the groundwork for the development of more
complex multinuclear secondary building units (SBUs) relative to single transition metal
ions. Subsequently, Férey and co-workers synthesized the MIL-series (MIL = Materials of
“Institut” Lavoisier) of MOFs, which employed carboxylate-based ligands as Lewis hard
bases coordinating with metal ions like Fe**, Cr®*, and AI®*. This approach not only enhances
the structural integrity of the MOFs but also ensures that they maintain their original
framework in harsh environmental conditions (Dan-Hardi et al., 2012). Similarly, borderline
acids that are classified as intermediate between soft and hard acids, such as the low-valent
metals Co(lIl), Ni(Il), Cu(ll), and Zn(ll), can also form strong bonds with azolate anions and
other soft bases (Hamisu et al., 2020). An example of this is the imidazole-based framework
derived from Zn(I1) and imidazolates. Therefore, these complementary stability profiles
illustrate how researchers can customize the design of metal-organic frameworks (MOFs) to

suit specific applications.
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1.2.1 Synthesis metal-organic framework

The methods used to synthesize MOFs significantly influence the formation of their
skeletal structures. There are various synthesis techniques for MOFs, each of which directly
affects the physical properties of the frameworks, including their crystal structure,
morphology, size, porosity, and surface area (Yusuf et al., 2022). The most commonly used
method is solvothermal synthesis (Jain et al., 2024) (Figure 2a), which typically occurs at
temperatures ranging from room temperature to 250 °C. In this process, the metal source and
ligand are dissolved in a solvent and then transferred into a Teflon-lined vessel. The
microwave method is an environmentally friendly synthesis technique which has a short
reaction time, allowing for precise control over the size of the resulting products (Liu et al.,
2021) (Figure 2b). A modular MOF synthesis strategy has been developed by exploiting the
formation of ligand and covalent bonds, in which monoacid ligands are reacted to form
ditopic ligands (Lyu et al., 2019) (Figure 2c). The mechanochemical method for synthesizing
MOFs offers several advantages, including reduced reaction times, lower solvent usage, and
the ability to achieve high yields in a more environmentally friendly manner. This solid-state
synthesis technique relies on mechanical energy, such as grinding or milling, to promote the
formation of MOFs without the need for solvents, minimizing chemical waste and enhancing
sustainability (Martinez et al., 2023) (Figure 2d). Electrosynthesis of MOFs offers significant
advantages, including enhanced control over the synthesis process and the ability to
selectively tune the framework's properties. By applying an electric field, this method
facilitates the rapid formation of MOFs with improved crystallinity and uniformity, often at
lower temperatures and in shorter reaction times compared to traditional methods (Guo et al.,
2023) (Figure 2e). The sonochemical method for synthesizing MOFs leverages ultrasonic
waves to enhance reaction kinetics, resulting in faster synthesis times and improved

crystallinity. This approach generates localized high temperatures and pressures through



cavitation bubbles, which can facilitate the self-assembly of metal ions and organic linkers
with greater efficiency (Kazemi et al., 2023) (Figure 2f). The microfluidics method for
synthesizing MOFs offers precise control over reaction conditions, enabling the rapid and
reproducible production of uniform MOF structures. By manipulating small volumes of
reactants in confined channels, this technique allows for fine-tuning of parameters such as
temperature, flow rates, and concentrations, leading to enhanced control over crystallization
and morphology (Koryakina et al., 2023) (Figure 2g). lonothermal synthesis is a powerful
method for producing MOFs that utilizes ionic liquids as both solvents and structure-directing
agents. This approach offers several advantages, including the ability to achieve high reaction
temperatures and pressures, which can promote the formation of highly crystalline and stable
MOFs. The unique properties of ionic liquids, such as their tunability and low volatility,
allow for enhanced solubility of metal salts and organic linkers, facilitating the self-assembly

process. (Azbell et al., 2023) (Figure 2h).
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Figure. 2. The typical synthetic strategies for MOFs (a) Solvothermal method (Jain et al.,
2024), (b) Microwave method (Liu et al., 2021), (c) Modular method (Lyu et al., 2019), (d)
Mechanochemical method (Martinez et al., 2023), (e) Electrochemical method (Guo et al.,
2023), (f) Sonochemical method (Kazemi et al., 2023), (g) Microfluidics method (Koryakina
et al., 2023) and (h) lonothermal method (Azbell et al., 2023).
1.2.2 MOF Nucleation and growth

Nucleation of metal-organic frameworks (MOFs) is a critical step in the formation of
these versatile materials, which are composed of metal ions or clusters coordinated to organic

ligands (Carpenter et al., 2023). MOFs are recognized for their high surface area, tunable



porosity, and functional versatility, making them suitable for applications in gas storage,
separation, catalysis, and drug delivery. The nucleation process entails the initial formation of
small clusters or nuclei that serve as the foundation for the growth of larger crystalline
structures (Carpenter et al., 2023). This process is often governed by thermodynamic and
kinetic factors, which influence the stability and growth of nuclei (Cheetham et al., 2018).
Three principal methodologies are utilized, either independently or in conjunction, to
represent the nucleation and growth of MOFs: classical nucleation theory, nonclassical
nucleation models, and the secondary building unit (SBU) model (Carpenter et al., 2023).
The process of metal-organic framework (MOF) formation, as explained by classical
nucleation theory (CNT), begins with the supersaturation of a solution containing metal ions
and organic ligands. Under these conditions, small clusters of these components form
spontaneously, competing between dissolution and growth. For a cluster to become a stable
nucleus, it must reach a critical size, which requires overcoming an energy barrier associated
with the balance of volume and surface energy contributions. Once this critical nucleus is
established, it can grow by incorporating additional metal ions and ligands from the
surrounding solution, eventually leading to the crystallization of well-defined MOF
structures. Factors such as temperature, precursor concentration, and solvent choice play
crucial roles in influencing the nucleation and growth dynamics, allowing for the
optimization of synthesis conditions to tailor the properties of the resulting frameworks (Filez
et al., 2021). The process of MOFs formation through non-classical nucleation theory
involves the emergence of intermediates and metastable phases that deviate from the
predictions of classical nucleation theory. In this framework, the initial stages of MOF
crystallization can involve the formation of molecular clusters or solute-rich areas as
precursors concentrate and phase separate from the bulk solution (Van Vleet et al., 2018).

These solute-rich regions may condense into amorphous particles or dense liquid phases,



serving as metastable states that facilitate the establishment of local supersaturation necessary
for nucleation. The transition from these metastable phases to a critical nucleus involves
overcoming an energy barrier, often through the aggregation of particles based on attractive
forces. This transition can take the form of an amorphous-to-crystalline pathway, observed in
various materials, where disordered metal-ligand-metal bonds rearrange into an ordered
structure. Once a critical nucleus is formed, MOFs can grow through mechanisms such as
particle attachment or oriented attachment, where either amorphous or crystalline precursors
integrate into the growing crystal, ultimately leading to the formation of well-defined MOF
structures. The secondary building unit (SBU) model of MOF nucleation theory posits that
the formation of MOFs occurs through the assembly of discrete, pre-formed structural units
rather than through the direct aggregation of individual metal ions and organic linkers
(Carpenter et al., 2023). In this model, SBUs are composed of metal clusters coordinated to
organic ligands, serving as the fundamental building blocks that dictate the overall
architecture of the MOF. During the nucleation process, these SBUs can combine in various
configurations to form larger aggregates, ultimately leading to the formation of the final
crystalline structure. For example, McGrail and co-workers introduce the SBU nucleation of
MIL-Cr(101), as shown in Figure 3b, all reactions leading to the SBU, initiated by
hexaaquachromium(III) ions [Cr(H20)s]** and terephthalate linkers. The terephthalate linkers,
also referred to as benzene dicarboxylate linkers, were modified at one end in their

protonated form to cap the ends of the fully formed SBU (Cantu et al., 2014).
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Figure 3. (a) A free energy diagram comparing two mechanisms: 1. monomer addition as
described by classical nucleation theory, 2. nucleation via metastable phases as outlined in
nonclassical nucleation theory (Carpenter et al., 2023). (b) Reaction series that lead to the
formation of the SBU of MIL-101 (Cantu et al., 2014).
1.2.3 Morphology control

Designable morphologies and predictable properties represent some of the most
challenging goals in materials engineering (Luczak et al.,2023). The characteristics of MOFs,
such as their shape, size, porosity, and aggregation rate, significantly influence their final
performance and can be adjusted through synthesis parameters. However, achieving this
requires a comprehensive understanding of the formation mechanisms of MOFs. Through
literature analysis, it can be concluded that there are three mechanisms for controlling
morphology: coordination modulation, protonation/deprotonation (acid-base regulation), and
the regulation by surfactants/capping agents, respectively (Jiang et al., 2021). Coordination
modulation, which involves the use of organic acids or bases that compete with ligands to
disrupt the coordination equilibrium during crystal growth, was first introduced by the
Kitagawa group in the synthesis of [{Cu2(NDC)(dabco)}]n crystals through added acetic acid
modulator that can be directly influence the coordination equilibria (Zahn et al., 2014).

Forgan and co-workers investigated the effects of different template agents and their
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quantities on the morphology of the Fe-BDPC framework, demonstrating that the
introduction of coordination modulation can slow down the self-assembly process, thereby
favoring the thermodynamic product of the interpenetrated MIL-126(Fe) framework, while
the non-interpenetrated MIL-88D(Fe) framework appears to be a kinetic product that can
only be obtained without modulation (Bara et al., 2019). Different the competitive interaction
with carboxylic acid ligands, the alteration of the acid-base environment within the reaction
system can also influence the morphology of the final product by affecting the
protonation/deprotonation equilibria. For example, Nayuk and co-workers developed a novel
method to control crystal size by utilizing an excess of bridging bidentate ligands and various
simple auxiliary monodentate ligands with different chemical functionalities (carboxylate, N-
heterocycles, and alkylamines) (Cravillon et al., 2011). The function of the monodentate
ligands can modulate the formation and deprotonation equilibrium of complexes during
crystal nucleation and growth processes. A specific additive used to regulate crystal
morphology is surfactants. The adsorption of amphiphilic compounds on the crystal surface
can play a crucial role in altering crystal morphology and controlling particle size (Figure 3c).
Depending on the affinity (interaction energy) of the surfactant for specific crystal facets, the
adsorption can be either strong or weak. This differential adsorption can lead to an
accelerated growth rate on one crystal facet while slowing down growth on another, thereby
making it more difficult or easier for reactants to adhere to the surface (Cravillon et al.,
2011). Consequently, the addition of surfactants influences the shape and size distribution of
the final product. Furthermore, amphiphilic compounds can aggregate in water and other

solvents, forming nanostructured soft matrices.
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etal., 2011). (g) Controlling the morphology of metal-organic frameworks through the
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In addition to the above mechanisms, several critical parameters, including pH,
temperature, solvent type, and metal source, significantly influence the crystallization
process, resulting in variations in particle size and morphology (Luczak et al.,2023).
Although these variations may pertain to a specific type of MOF and correspond to simulated
powder X-ray diffraction (PXRD) patterns, differing morphologies can exhibit distinct
functionalities. A comprehensive understanding of these parameters is essential for designing
MOFs for specific applications, including gas storage, catalysis, and drug delivery. Wang and
co-workers investigated the parameters for the fabrication of nanosized Dy(BTC)(H20)
metal-organic framework crystals using sodium acetate as a modulator (Guo et al., 2012).

SEM images (Figure 5a) revealed that the addition of one equivalent of sodium acetate
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resulted in rod-shaped crystals, while two equivalents led to rod-like submicron crystals with
a gradually decreasing aspect ratio. When three equivalents of sodium acetate were present,
spherical monodisperse nanoparticles were obtained. However, when the amount of sodium
acetate exceeded 3.5 equivalents, the particle size increased again. In this case, the increase in
particle size may be attributed to the rapid formation of small nuclei or nanoparticles in the
presence of excess sodium acetate, which subsequently grow through aggregation (Guo et al.,
2012). Guo and co-workers conducted an investigation into the morphological changes of Ni-
MOF at various temperatures (Shen et al., 2022). Their findings indicated that at lower
temperatures, Ni-MOF displayed a hexagonal structure. Further magnification revealed a
clearly defined cross-linked network structure on the surface of Ni-MOF. Notably, the
surface exhibited a significant smoothing effect as the temperature increased (Shen et al.,
2022). Zhang and co-workers synthesized NH2-MIL-53(Al) samples with various
morphologies by controlling the ratios of DMF-water solvents. When pure DMF was used as
the solvent, along with a small amount of added water, the product consisted of spherical
crystal aggregates composed of numerous small crystals (Cheng et al., 2013). The
morphology elongated as the water content increased and exhibited an ellipsoidal shape.
Rhomboidal crystals were obtained when 100% water was used as the solvent (Cheng et al.,
2013). Balan and co-workers investigated the influence of different zinc precursors on the
morphology of ZIF-8 synthesis. By adjusting these parameters, various morphologies of
MOFs can be achieved (Schejn et al., 2014). Meanwhile, a comparative analysis of their X-
ray diffraction (XRD) patterns revealed that the simulated peaks remained almost unchanged.
This observation indicates that modifications to the morphology of the MOFs can effectively
lead to corresponding variations in their functional properties. Such findings underscore the

potential of tailoring MOF structures to optimize their performance for specific applications.
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Figure 5 (a) SEM images (left side) and XRD patterns (right side) of Dy(BTC)(H20)
synthesized with varying amounts of sodium acetate (Guo et al., 2012). (b) SEM images (left
side) and XRD patterns (right side) of Ni-MOF synthesized in various temperatures (Shen et
al., 2022). (c) SEM images (left side) and XRD patterns (right side) of NH2-MIL-53(Al)
were synthesized in different compositions of DMF and water (Cheng et al., 2013). (d) SEM
images (left side) and XRD patterns (right side) of ZIF-8 in various Zinc precusor (Schejn et
al., 2014).

1.2.4 Three reprehensive topologies of MOF: crystalline, semi-crystalline and amorphous

Despite the well-documented success and widespread application of crystalline
MOFs, there has been a notable surge of interest in amorphous and semicrystalline MOFs in
recent years. This growing fascination can be attributed to several factors that highlight the
unique properties and potential applications of these non-crystalline materials. Crystalline
MOFs are characterized by their ordered structures, which result from the precise
arrangement of metal ions and organic linkers (Ashling et al., 2019). This order imparts
distinct features, such as high surface area, tunable porosity, and well-defined adsorption

sites, making them highly effective for applications in gas storage, separation, catalysis, and
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drug delivery (Zou et al., 2024). However, the inherent limitations associated with crystalline
MOFs, including their stability under varying environmental conditions and the challenges in
synthesizing frameworks with uniformity and reproducibility, have led researchers to explore
alternative structures. Amorphous MOFs, in contrast, lack long-range order, which results in
a more flexible and dynamic framework. This absence of crystalline order can lead to
enhanced structural diversity, allowing for tailored properties that may not be achievable with
their crystalline counterparts (Wu et al., 2019). For instance, amorphous MOFs can exhibit
improved stability in the presence of moisture and other solvents, making them suitable for
applications in humid environments where crystalline structures might degrade (Lin et al.,
2023). Additionally, the increased flexibility of amorphous performance in gas storage and
separation applications. The semicrystalline category represents a hybrid state between
crystalline and amorphous structures, where the framework exhibits both ordered and
disordered regions. This unique characteristic allows for the retention of some desirable
properties of crystalline MOFs, such as high surface area and porosity, while simultaneously
benefiting from the enhanced stability and flexibility associated with amorphous materials.
1.3 The relationship among the three publications

The three articles all design environmentally friendly MOFs. The first article focuses
on alkaline-based metal-based MOFs, the second on iron-based MOFs, and the third one is
bismuth-based MOFs. Environmentally friendly MOFs are designed to focus on
sustainability, utilizing non-toxic metal ions and biodegradable organic linkers to minimize
environmental impact. These MOFs are constructed from non-toxic materials and renewable
resources, reducing the risk of pollution and toxicity associated with conventional MOFs that
may contain harmful chemicals. The production of these materials generates less waste and

reduces energy consumption.
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In the first article, as | have just started exploring the field of MOFs, I chose to begin
with the synthesis of single crystals, which is a crucial technique in the design and synthesis
of MOFs. By continuously adjusting the ratio of metal to ligand, as well as varying the
volume of the solvent and the reaction temperature, | successfully obtained my first single
crystal after delving into this area. This result laid the foundation for future crystal design.
Subsequently, I utilized this environmentally friendly material for the adsorption of copper
ions from aqueous solutions.

Inspired by the first article, | confirmed that adjusting the parameters in the synthesis
of MOFs can alter their morphology. Different morphologies of MOFs can lead to
significantly different applications in the same field. Therefore, in my second project, I chose
iron as the metal source and H.BPDC as the ligand. By varying the amount of acetic acid, |
aimed to modify the morphology of Fe-BPDC and apply it to the adsorption of
pharmaceuticals. | found that the Fe-BPDC synthesized with a small amount of acid exhibited
a mixed-phase structure with poor crystallinity yet demonstrated very strong adsorption
performance for the pharmaceuticals. Conversely, when a larger amount of acid was added,
the crystallinity increased, but the adsorption performance did not improve. This suggests that
the addition of the modulator agent created a competitive interaction with the ligand.
Consequently, the product with a small amount of acid contained the highest number of Fe—O
bonds. Therefore, | infer that the adsorption of pharmaceuticals by Fe—BPDC primarily relies
on coordination interactions.

In the third article, inspired by the findings of the second article, | recognized that
MOFs can consist not only of materials with high crystallinity but also of mixed-phase
materials. | pursued this direction further and discovered that recent research has extensively
studied amorphous and semi-crystalline structures of MOFs. In addition to alkaline metal

series and iron-based MOFs, bismuth—a biocompatible and environmentally friendly
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metal—has also gained attention in recent years. Therefore, in my third project, | designed
three different bismuth-based MOFs with varying degrees of crystallinity and applied them to
the degradation of nitric oxide (NO). Ultimately, | found that among the three MOFs with
different crystallinities, the amorphous structure exhibited the best performance, followed by
the semi-crystalline structure, while the well-crystallized material performed the least
effectively. This work also proposes a research direction for the development of MOFs with
different crystallinities.

Therefore, this collection of works illustrates a progressive evolution in material
design, beginning with the straightforward synthesis of alkaline metal-based MOFs,
advancing to the exploration of iron-based frameworks, and culminating in the more complex
development of bismuth-based MOFs. This trajectory not only reflects the increasing
sophistication and versatility in the design of these materials but also highlights the
innovative approaches taken to enhance their performance and applicability in various
environmental remediation processes. Each phase of this research contributes to a deeper
understanding of how adjustments in the choice of metal sources and structural characteristics
can significantly influence the effectiveness of MOFs in tackling specific challenges, such as
pollutant degradation.

By exploring the synthesis parameters and their impact on the properties and
performance of these frameworks, this thesis aims to elucidate the relationship between
material design and functionality, ultimately contributing to the advancement of sustainable
strategies for environmental remediation. Each study encapsulates significant findings that
not only demonstrate the efficacy of the developed MOFs but also pave the way for future

research in this vital field.
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Chapter 2 Paper 1-Efficient removal and sensing of copper(l1) ions by alkaline earth

metal-based metal-organic frameworks
Chen Wu?®, Kam-Hung Low®, Vonika Ka-Man Au®P*

Abstract

A class of alkaline earth metal-based metal-organic frameworks (MOFs), namely
NDCMOF(Ca) and NP MOF(Sr), has been synthesized using 2,6-naphthalenedicarboxylic acid
(NDC) as the linker. In view of the biocompatibility of the starting materials, these MOFs are
expected to be environmentally benign and, in this work, have been employed for the
removal of copper(ll) ions (Cu?*) from aqueous systems. The results showed that the
maximum adsorption capacities of N°©MOF(Ca) and N°® MOF(Sr) for Cu?* were 299.4 and
398.4 mg g1, respectively, which were comparable to those of related MOFs and porous
materials. Meanwhile, N°®MOF(Ca) and NP°MOF(Sr) displayed blue luminescence in the
solid state at room temperature upon photoexcitation with ultraviolet (UV) light. This
emission would be readily quenched after the adsorption of Cu?* ions. Such visible changes
in the observed color and emission of the MOFs have rendered them versatile adsorbents and
sensors for Cu?* in the aqueous environment.
Keywords

Metal—organic framework; alkaline earth metal; adsorptive removal; heavy metal;
copper(Il)

1.Introduction

Metal-organic frameworks (MOFs) are crystalline materials consisting of organic
linkers and inorganic metal nodes that are assembled together via coordination bonds (Zhou
et al., 2012). The diversity of metal ions and organic linkers makes it possible to generate

structures with tunable porous properties (Yaghi et al., 2003). The porosity, directional
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structure and large surface area of MOFs have made them good candidates for diverse
applications (Kitagawa et al., 2022; Long et al., 2009; Li et al., 2009; He et al., 2014 and
Zhang et al., 2022)), including gas sorption (Kondo et al., 1999) and separation (Duan et al.,
2017 and Lin et al., 2019), catalysis (Phan et al., 2011, Fang et al., 2019 and Wu et al., 2022),
drug delivery (Harrison et al., 2021 and Huxford et al., 2010) and sensing (Kumar et al., 2015
and Hu et al., 2014). Recently, there has been increasing interest in using MOFs for
environmental remediation (Howarth et al., 2015; Hossain et al.,2022; Au et al., 2021 and Au
et al., 2020) such as the adsorptive removal of heavy metal ions from aqueous media (Lv et

al., 2019).

Copper(ll) ions (Cu?*) are usually released from factories. They are one of the
common types of heavy metal ions that can be found in water, and their presence has aroused
environmental concerns (Yang et al., 2022 and Basta et al., 2005). For example, plants are
very sensitive to copper toxicity. Metabolic disturbances and growth inhibition would occur
when the copper levels in tissues are only slightly above normal (Fernandes et al., 1991).
Although the copper element plays an important role in the metabolism of biological systems
and is a kind of micronutrient for humans, excess Cu?* ions in the body would lead to serious
toxicological problems such as nausea, vomiting and stomach cramps (Krstic et al., 2018).
Therefore, it is of immense research interest to develop an efficient and economical method
to reduce the concentration of Cu?* in water sources. Adsorption is considered as an effective
method to remove toxic ions because of its simple operation, high efficiency and reasonable
cost-effectiveness( Abbasi et al., 2015). Recent biocompatibility data indicate that a few
carboxylic acids such as 2,6-naphthalenedicarboxylic acid (NDC) are relatively non-toxic due
to their highly polar character. On the other hand, alkaline earth metal-based MOFs exhibit
many advantages compared to those based on other metals, especially because of their light

and non-toxic nature (Matlinska et al., 2019). Considering that MOFs based on these
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biocompatible linkers and alkaline earth metals are relatively less studied (Purna et al., 2014),
this work targets to explore the adsorption properties of MOFs based on alkaline earth metals

and their applications in water remediation.

Herein, a series of three-dimensional MOFs based on the alkaline earth metals,
namely calcium and strontium, has been synthesized and characterized. These MOFs have
been utilized for the rapid removal and sensing of Cu?* in aqueous systems. The kinetics and

mechanism of adsorption have also been investigated in detail.

2. Experimental

2.1 Materials

Calcium nitrate tetrahydrate (99 %) and strontium nitrate (99.5 %) were purchased
from Duksan Pure Chemicals Co. Ltd. and UNI-CHEM Chemical Reagents, respectively.
Dimethylformamide (99.8 %) was obtained from TCI and 2,6-naphthalenedicarboxylic acid
was from Acros. All other reagents and solvents were commercially available and used as

received.

2.2 Physical measurements and instrumentation

Elemental analysis was performed on an Elementor vario EL cube CHNS Elemental
Analyzer. Infrared spectra were obtained on a PerkinEImer Frontier FTIR spectrometer
(4000-530 cm™1) with a universal ATR accessory. Powder X-ray diffraction data were
collected on a Bruker D8 ADVANCE Powder X-ray Diffractometer in Bragg-Brentano
(6/20) reflection mode with graphite monochromatized Cu-Ka radiation. X-Ray
photoelectron spectroscopy was performed using a Nexsa G2 Surface Analysis System with a
monochromatic 12kV aluminum K X-ray source at the University Research Facility in

Materials Characterization and Device Fabrication, The Hong Kong Polytechnic University.
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Emission spectra were obtained on an Edinburgh Spectrofluorometer FS5.
Thermogravimetric analysis was obtained on a PerkinElmer Thermogravimetric Analyzer
TGA 4000. Brunauer—Emmett—Teller nitrogen adsorption-desorption isotherm tests were
performed on a Micromeritics 3Flex adsorption analyzer. Scanning electron microscopy
(SEM) was performed on a ZEISS Sigma 500 field emission scanning electron microscope.
Ultraviolet-visible (UV-vis) absorption spectra were obtained on an Agilent Technologies

Cary 8454 UV-vis spectrophotometer.
2.3 Crystal structure determination

Crystals suitable for X-ray diffraction were mounted on a MiTeGen dual-thickness
micro-mount and placed under a cold stream of nitrogen (Oxford). Single-crystal X-ray
diffraction measurements were recorded on a Bruker D8 VENTURE Duo FIXED-CHI X-
Ray Diffractometer using a IuS micro-focus Mo-Ka radiation (A = 0.71073 A ) with a Quazar
multilayer optics. Data collection was conducted with the APEX3 v2019.3-2click4 (Bruker
Nano, 2019) program. Cell refinement and data reduction were performed with the SAINT
V8.38A (Bruker AXS Inc., 2017) program. The structure was solved using XT 2014/5
(Sheldrick et al., 2015) in the APEX3 suite and refined with SHELXL2018/3 (Sheldrick et al.,
2015). Hydrogen atoms were placed in idealized positions and were set riding on the
respective parent atoms. All non-hydrogen atoms were refined with anisotropic thermal
parameters. The structure was refined by weighted least squares refinement on F? to
convergence. All e.s.d.'s (except the e.s.d. in the dihedral angle between two least-square
planes) are estimated using the full covariance matrix. The X-ray crystallographic data of
NDCMOF(Ca) have been deposited at the Cambridge Crystallographic Data Centre (CCDC),

under the deposition number CCDC 2163583. The data can be obtained free of charge from
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the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe

Access Structures service (https://www.ccdc.cam.ac.uk/structures).

2.4 Synthesis of N°® MOF(Ca) and N° MOF(Sr)

NDCMOF(Ca) and NP MOF(Sr) were both synthesized by the solvothermal method. A
mixture of the metal nitrate precursor (0.6 mmol) and NDC (66 mg, 0.3 mmol) was dissolved
in 10 mL of dimethylformamide (DMF) and sonicated for 30 min. The mixture was
subsequently heated at 120 °C for 24 hours. After cooling to room temperature, the
crystalline product was washed with DMF and methanol, and then dried overnight under
vacuum. NP°¢MOF(Ca) (Yield: 30 mg, 30 %) and NP MOF(Sr) (Yield: 45 mg, 23 %) were
respectively obtained as crystalline light-yellow and white solids. Elemental analysis calcd.
(%) for [CaC12Hs04-DMF-0.5H,0]: C 53.56, H 4.20, N 4.16; found: C 53.61, H 3.84, N 3.78;

for [SrC12Hs04-DMF-0.5H20]: C 46.93 H 3.68, N 3.65; found: C 47.14, H 3.29, N 3.40.

3. Results and discussion

3.1 Synthesis

The alkaline metal-based metal organic frameworks, N°CMOF(Ca) and NP MOF(Sr),
were synthesized solvothermally from calcium nitrate tetrahydrate or strontium nitrate and
NDC in DMF at 120 °C. Considering their biocompatibility and regular distribution of
micropores, N°CMOF(Ca) and NP°MOF(Sr) are expected to be useful adsorbents for the
removal of heavy metal ions such as Cu?* from aqueous solutions as an environmentally
friendly material. While the detailed adsorption studies will be discussed in Sections

3.8-3.10, the characterization of the Cu®*-loaded MOFs will also be discussed in Sections

3.2-3 3.7 for the ease of comparison.

3.2 X-Ray diffraction studies
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Single crystals of N°CMOF(Ca) suitable for X-ray diffraction analysis were obtained.
Figure 1 shows the single crystal structure of as-synthesized N°®MOF(Ca) which exhibits an
orthorhombic structure with a Pnma space group and is consistent with the report by Schréder
and co-workers (Williams et al., 2008). Each calcium center is coordinated to eight oxygen
atoms to form a CaOg unit. Figure 1a illustrates a pair of CaOsg units that are connected to
each other via bridging oxygen atoms. In the crystal structure, each NDC linker is
coordinated to a calcium center as a bidentate ligand via two oxygen atoms, and one of these
oxygen atoms further coordinates to another calcium center to form a secondary building unit
(SBU) as shown in Figure 1d and c. Hence, each calcium is overall coordinated to two NDC
linkers in bidentate mode, two NDC linkers in monodentate mode, and two bridging,
disordered DMF molecules to form an eight-coordination sphere (@ ien-@ degaard et
al.,2017). Similar CaOg coordination has been observed in other calcium MOFs (You et al.,
2021) including a related MOF prepared with 1,4-naphthalenedicarboxylic acid (Kojima et
al., 2018). When the SBU is viewed along the a axis as depicted in Figure 1d, the calcium
nodes and NDC linkers would arrange in a manner that is similar to the paddlewheel units
commonly observed in other MOFs such as those of copper (Au et al., 2019 and Gao et al.,
2015) and zinc (Gadzikwa et al., 2009 and Bhunia et al., 2013). As shown in Figure 1e, the
SBUs further coordinate to each other to form an extended framework with rhomboidal pores
of about 18.1 A x 6.7 A . The coordinated DMF moieties are observed to point towards the
center of the pores, approximately bisecting the porous channels. The crystallographic data of
NDCMOF(Ca) are summarized in Table S1. Although single crystals of N°CMOF(Sr) have not
been obtained, this MOF is expected to exhibit a structure that is analogous to N°°MOF(Ca)

(Williams et al., 2008).
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Figure 1. Single crystal structure of N°®MOF(Ca): Ball and stick models showing () a pair of
coordinated calcium centers forming the CaOg core and (b) the secondary building unit (SBU)
of NP MOF(Ca). Wireframe models showing the SBU viewed (c) along the ¢ axis and (d)
along the a axis, and () the three-dimensional packing of N°°MOF(Ca). Calcium atoms are
shown in cyan, carbon in grey, nitrogen in blue and oxygen in red. Hydrogen atoms are

omitted and only one of the disordered positions of the DMF molecules is shown for clarity.
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In addition, both N° MOF(Ca) and NP°MOF(Sr) were structurally characterized by
powder X-ray diffraction (PXRD) studies. Figure S1 depicts the simulated PXRD pattern of
NDCMOF(Ca), as well as the experimental PXRD patterns of as-synthesized and Cu?*-loaded
NDCMOF(Ca) and NP MOF(Sr). The experimental pattern of N°CMOF(Ca) was found to be
consistent with the simulated pattern. The minor differences were caused by the evaporation
of solvent molecules from the N°©MOF(Ca) powder and symmetry breaking, as dried
powdery NP MOF(Ca) was used for the PXRD studies whereas the single crystal sample was
solvated. Furthermore, it has been reported in the literature that these MOFs were often
synthesized as a multiphase material (Williams et al.,2008). The crystalline product tended to
mix with the starting materials and/or other products, and this could be another probable
cause of the additional minor peaks. N\°°MOF(Sr), on the other hand, was observed to be a
monophasic material according to the PXRD studies. When the PXRD patterns of both as-
synthesized MOFs were compared, corresponding peaks could be identified and this
suggested that the structure of N°® MOF(Sr) was analogous to that of N° MOF(Ca). However,

structural changes in the MOFs were observed after the adsorption of Cu?* ions.
3.3 Infrared spectroscopy

Figure 2 illustrates the Fourier transform infrared (FTIR) spectra of the NDC linker,
the as-synthesized MOFs (N° MOF(Ca) and N°°MOF(Sr)) and the Cu?*-loaded MOFs
(Cu?*@NP°MOF(Ca) and Cu?*@"P°MOF(Sr)). NDC showed a broad O—H stretch at
2250-3250 cm! from the COOH group. The absence of this broad O—H signal in
NDCMOF(Ca) and NP MOF(Sr), as well as the shift of the v(C=0) vibration from about 1670
cm~t in NDC to about 1648 cm™! in N°CMOF(Ca) and 1645 cm~ in N°CMOF(Sr) suggested
the successful deprotonation of the carboxylic acid moieties and their coordination to calcium

and strontium in the MOFs. A broad O—H peak at 3009 cm~* for water appeared after the
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adsorption of Cu?* from aqueous solutions. In addition, the peak at 1563 cm= in
NDECMOF(Ca) and NPCMOF(Sr), which was assigned to aromatic C=C stretching, was shifted

to about 1540 cm™ in both Cu?*-loaded MOFs.
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Figure 2. FTIR spectra of the NDC ligand, N°®MOF(Ca), Cu?*@NP°MOF(Ca), N° MOF(Sr)
and Cu?*@NP°MOF(Sr).

3.4 X-ray photoelectron spectroscopy (XPS)

In order to understand the adsorption mechanism of Cu?* by the MOFs, XPS was
conducted for both N°CMOF(Ca) and NP MOF(Sr) before and after the adsorption of Cu?*. As
shown in Figure 3a, a new Cu 2p peak appeared in the broad scan spectrum of
Cu?*@NPCMOF(Sr) at 934.58 eV (Chen et al.,2010), indicating that Cu®* was successfully
adsorbed by N°CMOF(Sr). The Cu 2p spectrum (Figure 3b) revealed obvious peaks at around
934.59 and 954.22 eV for 2ps2 and 2p1s, respectively, which was suggestive of the presence
of Cu?* (Wang et al., 2015). In addition, the presence of satellite peaks indicated the

formation of CuO and/or Cu(OH): on the surface of N°CMOF(Sr) (Wang et al., 2015; Zhu et
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al., 2017 and Biesinger et al., 2017). Furthermore, the apparent decrease in the intensity of
the Sr 3d peak suggested the reduced amount of exposed Sr centers on the surface of the
material, probably due to the binding of Cu?* ions on the surface active sites of N°CMOF(Sr).
The O 1s XPS spectrum of Cu?* @NP°°MOF(Sr) (Figure 3d), on the other hand, showed a red
shift from 531.28 eV to 531.68 eV when compared to N°CMOF(Sr) (Figure. 3c). Before the
adsorption of Cu?*, the O 1s spectrum of N° MOF(Sr) consisted of three peaks at 530.58,
531.40 and 533.03 eV, which were attributed to the oxygen component of the Sr—O bond and
the carboxylate groups of N°CMOF(Sr). Upon the adsorption of Cu?*, the O 1s spectrum
showed an additional peak at 529.83 eV, which was associated to either CuO or Cu(OH)>
formed on the MOF surface (Biesinger et al., 2017). Similar observations were also found in

the XPS analysis of N° MOF(Ca) before and after the adsorption of Cu?* (Figure. S2).
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Figure. 3. XPS spectra of N°C MOF(Sr): (a) Broad scan spectra of N°CMOF(Sr) and
Cu?*@NPCMOF(Sr). (b) Cu 2p spectrum of Cu?*@NPMOF(Sr). O 1s spectra of N°CMOF(Sr)
(c) before and (d) after the adsorption of Cu?*. Dashed and full lines represent the raw
intensity data and the deconvolution fitting intensities, respectively.

3.5 Thermogravimetric analysis (TGA) and stability tests

TGA was used to characterize the as-synthesized and Cu?*-loaded MOFs as shown in
Figure 4. The TGA profiles of the as-synthesized MOFs showed that N° MOF(Ca) and
NDCMOF(ST) first experienced a weight loss before 270 °C and 230 °C, respectively, due to
the loss of water and DMF solvent molecules. The typical weight loss in N°® MOF(Ca) and
NDCMOF(Sr) was determined to be 84.48 wt.% (starting at 270 °C) and 86.6 wt.% (starting at
230 °C), respectively, which was attributed to the removal of the organic linkers and
structural decomposition. While the as-synthesized MOFs were found to show moderate heat
stability, the TGA profiles of the Cu?*-loaded MOFs (Figure 4) revealed that the loaded
MOFs would start to decompose at a much lower temperature of about 200 °C. PXRD studies
(Section 3.2) of the Cu?*-loaded MOFs also revealed structural changes in the MOFs upon
the adsorption of Cu?* (Figure. S1), suggesting the relatively low stability of the framework
structures. Attempts have been made to recycle the MOFs by soaking the Cu?*-loaded MOFs

in methanol but it was found that Cu?* could not be readily desorbed.
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Figure 4. TGA profiles of as-synthesized and Cu?*-loaded (a) N\°® MOF(Ca) and (b)
NOCMOF(ST).

3.6 Brunauer-Emmett—Teller (BET) analysis

The nitrogen (N2) sorption isotherms for both N°©MOF(Ca) and NP MOF(Sr) at 77 K
before and after the adsorption of Cu?* were determined by the BET method as shown in
Figure. S3. Results from the N sorption experiments with N°©MOF(Ca) and NP MOF(Sr)
gave rise to pseudo-type Il isotherms with type H3 hysteresis loops at the higher P/P, region
beyond 0.87 (Sing et al., 2004). While a typical Type Il isotherm would reveal the occurrence
of monolayer-multilayer adsorption, the pseudo-type Il character of the isotherms for
NDCMOF(Ca) and NPCMOF(Sr) suggested that the adsorbed multilayer, which was formed
after complete monolayer coverage, would be metastable (Sing et al., 2004). This was
probably due to the structural non-rigidity of the MOFs (Sing et al., 2004), as shown by the
aforementioned changes in their PXRD patterns after adsorption (Figure. S3). On the basis of
the analysis of adsorption models to be discussed in Section 3.8, it was plausible that the
Langmuir model and hence monolayer adsorption played a dominant role in the adsorption of

Cu®*ions.
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After the adsorption of Cu?*, BET analysis showed a similar pseudo-type 1l isotherm.
On the other hand, a reversible type Il isotherm was observed for Cu?* @\ MOF(Sr). This
indicated that the pores of N°CMOF(Sr) were almost completely blocked after the adsorption
of Cu?* to give a non-porous structure (Sing et al., 1985). The BET surface area was
determined to be 13.38 m? g* for \°°MOF(Ca) and 9.05 m? g* for N° MOF(Sr),

respectively.
3.7 Scanning electron microscopy (SEM)

The morphologies of the MOFs were characterized by SEM. The SEM images of as-
synthesized and Cu?*-loaded NP MOF(Sr) are shown in Figure 5, whereas those for
NDCMOF(Ca) are shown in Figure S4. Both MOFs showed a homogeneous distribution of
rod- to plate-like structures. The surface morphologies of both MOFs became relatively
rough after the adsorption of Cu?*, but the overall rod- to plate-like morphologies were

preserved, as in the as-synthesized MOFs.
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Figure 5. SEM images of (a,c) N°“MOF(Sr) and (b,d) Cu?>*@"P°MOF(Sr) at different
magnifications.

3.8 Adsorption kinetics

Activated crystalline powder samples of N°©MOF(Ca) and N°C MOF(Sr) have been
utilized in the remediation of Cu?* ions, and it was observed that the adsorption of Cu?*
occurred instantaneously when the MOFs were soaked into an aqueous solution of copper(11)
nitrate. The adsorption process was monitored by UV-vis absorption studies. The linear
relationship between the concentration of Cu?* and the absorption intensity at 806 nm is
shown in Figure S5. Crystalline powder samples of N°“MOF(Ca) (100 mg) and NP MOF(Sr)
(100 mg) were respectively suspended in an aqueous solution of Cu?* (3995 mg L) and
allowed to stand in the dark at room temperature. At predetermined time intervals, a sample

(2.5 mL) was extracted from the suspension and centrifuged to obtain a clear supernatant
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solution. The concentration of Cu?* in the supernatant was determined from the absorbance
based on UV-vis absorption measurements, as shown in Figure 6a and b. The adsorption of
Cu?* by N°CMOF(Ca) and NP°MOF(Sr) was accompanied by a change in the color of the
supernatant solution from blue to colorless, as shown in the inset of Figure. 6¢. Both systems
reached equilibrium after about 500 minutes. N°“MOF(Sr) was observed to remove a higher
percentage of copper ions of around 93%, while the removal percentage for \°°MOF(Ca)

was about 87%.
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Figure. 6. Changes in the UV-vis absorption spectra of the supernatant solution at different
times for (a) N°©MOF(Ca) and (b) N° MOF(Sr). (c) Changes in the removal rate of Cu?* from
solution with respect to time for N°®MOF(Ca) and N° MOF(Sr). The inset shows (left) the
initial color of the Cu?* solution and the appearance of the supernatant solution after 500 min

in the presence of (middle) N° MOF(Ca) and (right) N° MOF(Sr).

The adsorption capacity (g;, mg g*) and Cu?* removal rate (%) were calculated by

Equations (1) and (2) (Hameed et al., 2007), respectively.

q: = (Co — CIV/m (1)

Removal rate = [(C, — C;)/C,] X 100% (2)
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where C, (mg L) is the initial concentration of the aqueous Cu?* solution, Ct (mg L~
1Y is the equilibrium concentration of Cu?* at time t, V (L) is the volume of the aqueous Cu?*
solution, and m is the mass of the MOF added. Based on equation (1), the experimental

adsorption capacity of Cu?* by N°CMOF(Ca) was found to be 347.5 mg g%, while that by

NDCMOF(Sr) was found to be 371.5 mg gt at 500 min when equilibrium was reached.

The adsorption rate is one of the key aspects regarding the performance of adsorption.
The pseudo-first order (Figure 7a) and pseudo-second-order (Figure 7b) models have been
used to study the kinetics of the Cu?* adsorption process, and the respective parameters are

presented in Table 1.

The equations for the pseudo-first order and the pseudo-second order models are

expressed by Equations (3) and (4) (Hameed et al., 2007), respectively.

In(q. — q) = Inq, — K1t (3)

t/q. = 1/(K2q2) +t/q. (4)

where ge and g are the adsorption capacities (mg g1) at equilibrium and time t,
respectively. Ki (min=t) is the rate constant of the pseudo-first-order model, whereas K (g

mg~ min-1) is the rate constant of the pseudo-second-order model.

According to the pseudo-first-order kinetic model, the calculated ge values of
NDCMOF(Ca) and NP°CMOF(Sr) were 1227 and 961.6 mg g1, respectively, which were
inconsistent with the experimental values. The pseudo-first order plot (Figure. 7a) also
deviated from linearity. In the pseudo-second-order kinetic model, when t/g: was plotted
against t, a linear plot was obtained for the adsorption of Cu?* (Figure 7b), suggesting that the

adsorption process followed pseudo-second-order kinetics.
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Figure 7. (a) Pseudo-first-order kinetic model for the adsorption of Cu?* by N°® MOF(Ca) and
NDCMOF(Sr). (b) Pseudo-second-order kinetic model for the adsorption of Cu?*

by NP°CMOF(Ca) and N°°MOF(Sr).
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Table 1. Adsorption kinetic constants for the adsorption of Cu?* by N°©MOF(Ca) and

NDCMOF(Sr).
Adsorbent NDEMOF(Ca) NDEMOF(Sr)
Pseudo-first-order kinetic model
ge (mg g™h) 1227 961.6
K (min™") 7.11 6.87
R? 0.9036 0.8972
Pseudo-second-order kinetic model
ge (mg g™") 380.2 414.9
K> (g mg! min1) 435x107° 3.23x10°°
R? 0.9984 0.9981
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3.9 Adsorption isotherm

In order to study the relationship between the initial concentration of Cu* and the
adsorption capacity, aqueous solutions of Cu?* (10 mL) with different concentrations
(255-2245 mg L) were prepared. To each of these solutions, either N°“MOF(Ca) (3 mg) or
NDCMOF(Sr) (3 mg) was added. The UV-vis absorption spectra of the supernatant solution
were measured after 24 hours. The variation of the absorption intensity at 806 nm was

measured to determine the equilibrium concentration (C.) of Cu?* in the solution.

The Langmuir and Freundlich models have been used to analyze the data and
investigate the adsorption properties of the MOFs. The Langmuir isotherm model assumes
that adsorption is confined to a single layer. In this case, the energy of adsorption is the same
for all sites and is independent of the degree of surface coverage. The adsorption to one site is
independent of the occupancy conditions of neighboring sites and there is no interaction
between neighboring adsorbed molecules (Kalam et al., 2021). The Langmuir adsorption

model (Saadi et al., 2015) is expressed as:

Ce/de = Co/Amax + 1/(qmaxKL1) (5)

where ge (Mg g1) is the amount of Cu?* adsorbed at the equilibrium
concentration, Ce (Mg L™). gmax represents the maximum adsorption capacity of the

adsorbent and K. (L mg™?) is the Langmuir constant.

On the other hand, the Freundlich model assumes that the adsorption process takes
place on the surface of a heterogeneous adsorbent and can be applied to multilayer adsorption

(Zhao et al., 2020). The Freundlich adsorption model (Mustapha et al., 2019) is expressed as:

Inq, = Inkr + 1/n (InC,) (6)
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where ge (Mg g?) indicates the equilibrium adsorption capacity, Ce (mg L™?) is the
equilibrium concentration of Cu?* in the solution. n and Kg are the Freundlich constants

which represent the adsorption capacity and adsorption intensity, respectively.

Based on the Langmuir and Freundlich adsorption models, the fitting curves for the
adsorption of Cu?* by N°CMOF(Ca) and NP°MOF(Sr) at 298 K could be plotted as shown in
Figure 8a and b. The adsorption isotherm constants could be obtained according to equations
(5) and (6), and they are listed in Table 2. It could be observed that the R? values for the
adsorption of Cu?* by both MOFs were closer to unity (0.9993 for N°“MOF(Ca) and 0.9988
for NP°CMOF(Sr)) according to the Langmuir model. Such higher coefficients of
determination suggested that the Langmuir model would be a more appropriate description of
the adsorption process, which was homogeneous and confined to a monolayer (Margariti et
al., 2017). The maximum adsorption capacity for Cu?* (gmax) could thus be estimated from
the reciprocal of the slopes of the Langmuir fitting curves, which were 299.4 and 398.4 mg

gL, respectively, for N°CMOF(Ca) and NP MOF(Sr).
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Figure 8. Fitting curves of the (a) Langmuir and (b) Freundlich adsorption isotherm models

for the adsorption of Cu?* by N°®MOF(Ca) and NP MOF(Sr).



Table 2. Adsorption isotherm constants for the adsorption of Cu?* by N°“MOF(Ca) and

NDCMOF(Sr).
Adsorbent NDCMOF(Ca) NDEMOF(Sr)
Langmuir model
gmax (mg g1 299.4 398.4
Ki (mg™) 0.01021 0.01139
R? 0.9993 0.9988
Freundlich model
Kr(mg g™ 121.0 89.00
n 6.414 6.342
R? 0.8468 0.8733

Table 3. Maximum adsorption capacities of various adsorbents for Cu?* in the literature.
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Adsorbent

Maximum adsorption

capacity (mg g™

Reference
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[Ca(HsL)(DMA):]-2DMA 67.4 Margarriti et al., 2017
WSA/starch/Fe;04 454 Foroutan et al., 2022
Modified activated carbon 84.51 Chen et al., 2022
MOF-5 290 Bakhtiari et al., 2015
EDPMTA-Zr 110.4 Guo et al., 2019
Zn(Bim)(OAc) 335.57 Xu et al., 2020
Xylan/Graphene Oxide

228 Sun et al., 2022

Composite Hydrogel

Ni/Fe-LDH-SA 192.6 Long et al., 2022
Zeolite NaX 95.29 Liang e al., 2022
Organosilica hybrid 153 Santhamoorthy et al., 2022

N-methylene phosphonic acid

276.12 Liu et al., 2021
chitosan
Graphene oxide 179.32 Zhang et al., 2023
IRMOF-3/GO 254.14 Rao et al., 2017
Zr-MOF 125 Subramaniyam et al., 2022
pz-Ui0-66 247 Shao et al., 2023

[(Zn3L3(H20)6][(Na)(NO3)] 379.13 Yu et al., 2018
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NDEMOF(Ca) 299.4 This work

NDEMOF(Sr) 398.4 This work

The values obtained were compared with those of various adsorbents for Cu?* (Table
3). It was observed that the adsorption performance of N°CMOF(Ca) and N°®MOF(Sr) was
comparable to the reported materials, with N°CMOF(Sr) showing the highest adsorption
capacity which outperformed related MOFs. This suggests that N°°MOF(Ca) and

NDCMOF(Sr) are promising candidates for the adsorptive removal of Cu?*.
3.10 Effect of co-existing ions

The presence of other ions such as Na* and Mg?* is inevitable in wastewater. To
estimate the potential of N°“MOF(Ca) and N° MOF(Sr) in practical applications, Na* and
Mg?* were introduced as co-existing ions to assess the adsorption performance of the MOFs
for Cu?* (Figure 9). The ge of both N°CMOF(Ca) and N° MOF(Sr) initially increased when
the Na* concentration was increased from 0 to 4000 mg L-* and when the Mg?* concentration
was increased from 0 to 2000 mg L. When the salinity was further increased to 8000 mg
L~ for either Na* or Mg?*, ge was found to decrease for both N° MOF(Ca) and N° MOF(Sr).
In the initial stage when the adsorption amount increased with increasing salinity, it was
probable that the adsorption process was dominated by an innersphere adsorption mechanism
(Goldberg et al., 2005), during which the polar water molecules in the first hydrated shells of
the [Cu(H20)6]?* complex ions would interact with the MOF surface groups. When the
concentration of Na* or Mg?* ions was further increased, the adsorption would be dominated
by electrostatic interactions (Chen et al., 2012). Moreover, the increasing salinity would
cause more counterions to gather at the adsorption sites and weaken the affinity of the MOFs

towards Cu?*. The competitive adsorption between Cu?* and the co-existing ions would also
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increase, leading to an overall reduction in the adsorption capacity for Cu?* ions (Chen et al.,

2012).
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Figure 9. Effects of co-existing ions on the adsorption of Cu?* by N°®MOF(Ca) and

NDC\JOF(SH).
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3.11 Emission quenching

The solid-state emission spectra of the as-synthesized and Cu?*-loaded MOFs at room
temperature have been measured to study their luminescence sensing properties. Upon
photoexcitation at 330 nm, N°CMOF(Ca) (Figure S6) and N°CMOF(Sr) (Figure 10) showed a
broad emission band which peaked at 453 and 435 nm, respectively. By comparing with the
emission spectrum of the NDC ligand (Figure S7) which showed an emission maximum at
458 nm, the emission in the MOFs was tentatively assigned to an intraligand origin. On the
other hand, both MOFs adsorbed Cu?* to give loaded MOFs with deep blue color. At the
same time, the blue emission of the as-synthesized MOFs was readily quenched upon the
adsorption of Cu?*. The representative emission changes in the presence N°®MOF(Sr) are
shown in Figure 10. Attempts have been made to conduct the emission quenching
experiments at different initial concentrations of Cu?* (Figure S8). It was observed that the
emission quenching was essentially an “on/off” phenomenon in which the emission of the
MOFs would be instantaneously and completely quenched in the presence of a trace amount
of Cu?* ions with an initial concentration as low as 50 mg L. Thus, in addition to adsorptive
removal, N° MOF(Ca) and N°®MOF(Sr) could be used as an efficient sensor for the detection

of trace amounts of Cu?* in the aqueous environment.
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Figure 10. Solid-state emission spectrum of N°® MOF(Sr) and Cu?*@NP°MOF(Sr) at 298 K
(asterisks indicate instrumental artifacts). Aex = 330 nm.

4. Conclusion

In conclusion, a series of alkaline earth metal-based MOFs has been synthesized,
characterized and employed for the adsorptive removal of Cu?* ions. Both MOFs were found
to exhibit high adsorption capacities of 299.4 and 398.4 mg g2, respectively, for Cu?* in
aqueous media. The performance of N°CMOF(Sr), in particular, was observed to surpass
related MOFs and common adsorbents. Furthermore, the MOFs were found to exhibit blue
emission upon photoexcitation by UV light, and this emission would be readily quenched
after the adsorption of Cu?*ions. In addition to adsorptive removal, the obvious color and
emission changes have rendered these MOFs good candidates for the visual detection of Cu?*
in water, thus providing new insights for the remediation of heavy metal ions and other water

pollutants in the environment.
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5. Supplementary Data of article 1

Table S1. Selected crystallographic data and structural refinement summary for as-

synthesized N°°MOF(Ca).

NDCMOF(Ca)
Crystal system Orthorhombic
Space group Pnma
alh 6.906(10)
b/A 21.00(3)
c/A 9.941(13)
VI/A® 1442(3)
Z 4
Density (calcd) / g cm™ 1.508
w!mm? 0.46
Radiation type Mo K,
Radiation wavelength / A 0.71073
Temperature / K 200
F (000) 680
Restrained goodness-of-fit 1.287
Reflections collected 5648
Independent reflections 1590
R1 [F2 > 26( F?)] 0.1290

WR2 [F] 0.1582
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Figure S2. X-ray photoelectron spectroscopic (XPS) spectra of N°CMOF(Ca). (a) Broad
scan spectra of N°CMOF(Ca) (black line) and Cu?*@NP°MOF(Ca) (red line). (b) Cu 2p
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deconvolution fitting intensities, respectively.
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Chapter 3 Paper 2-Efficient removal of piroxicam and ketoprofen by acid-modulated

iron(111) metal-organic frameworks
Chen Wu?®, Vonika Ka-Man Au?P*
Abstract

Pharmaceutical substances such as piroxicam and ketoprofen have been detected in
worldwide water sources, posing an emerging risk to environmental health. Therefore,
developing a low-energy and efficient method to remove these pollutants from the
environment is necessary. Herein, the adsorption of piroxicam and ketoprofen from water has
been investigated by using a series of modulated metal organic frameworks, namely MIL-126
synthesized in the presence of various amounts of acetic acid. The material synthesized with
1 equivalent of the acid modulator, MIL-126-1AA, has been found to show impressive
adsorption activities, irrespective of its lower surface area than the other MOF samples
studied. MIL-126-1AA exhibits maximum adsorption capacities of 209.65 mg g~* for
piroxicam and 452.49 mg g* for ketoprofen, respectively. Such high adsorption capacities
can be attributed to the permanent porosity of MIL-126, an optimal amount of defects in the
modulated MOFs, as well as a delicate balance of hydrogen bonding and non-covalent
interactions between the MOFs and the adsorbates, as revealed from the adsorption studies
and X-ray photoelectron spectroscopic analysis. Additionally, the durability of the adsorbents
allows them to be reusable after multiple cycles without significant decrease in the adsorptive
performance, further highlighting their potentials for the remediation of pharmaceuticals and

other organic pollutants from the aqueous environment.
Keywords

Metal-organic framework, modulated synthesis, adsorption, ketoprofen, piroxicam
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1.Introduction

There has been increasing attention to the occurrence of pharmaceuticals and personal
care products (PPCPs) in the environment in recent years. In particular, the extensive use of
non-steroidal anti-inflammatory drugs (NSAIDs) has led to significant concerns regarding
their increasing occurrence in the aqueous environment globally (Rastogi et al., 2021). For
instance, the anti-inflammatory drugs piroxicam (PIR) and ketoprofen (KET) have already
been detected in raw hospital wastewater and effluents from industries (Collado et al., 2014).
Meanwhile, PIR is among the most consumed NSAIDs and has been used for nearly 30 years
to treat chronic inflammatory diseases, fever symptoms, pain and rheumatic diseases, and is
also used as a protective agent against various oxidants (Gutiérrez et al., 2019). However, the
accumulation of PIR in the water environment has been found to promote the expansion of
cyanobacterial populations by pushing eukaryotic algae back into the water systems (Aydin et
al., 2013). KET is also widely used around the world because of its availability over the
counter and at a relatively affordable price. It is commonly used to treat pain in muscles and
joints, as well as conditions such as arthritis, gout, rheumatoid osteoarthritis and general
inflammation (Georgin et al., 2022). As a result, these pharmaceutical substances are
consumed in large quantities (tons per year) due to the high demand and have been detected
in wastewater worldwide (Thelusmond et al., 2018). According to recent environmental risk
assessments, human pharmaceuticals have been detected in soils, surface waters and effluents
(Ferrari, et al., 2004 and Jin et al., 2020). Although these pollutants exist at low
concentrations in the natural environment, they are difficult to be biodegraded and may lead
to high environmental toxicity, causing negative impacts on ecosystems and human health.

For the removal of NSAIDs from water, common methods include biofiltration,
advanced oxidation processes, membrane filtration and adsorption (Rastogi et al., 2021).

Among these processes, adsorption represents a simple, energy-efficient and low-cost
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treatment with high removal efficiency for contaminants in aqueous systems (Bunmahotama
et al., 2020). Clay, zeolite, activated carbon and aluminum phosphate are well-known porous
adsorbents for the removal of water pollutants. However, the adsorption performance of these
materials tends to be limited by the lack of tailor-made design to control their surface
properties and functions (Ali, 2012). Metal-organic frameworks (MOFs), on the other hand,
are modifiable crystalline materials consisting of metal nodes and organic ligands that are
assembled via coordination bonds (Zhou, et al., 2012). The outstanding features such as
adjustable and switchable pore size (Yaghi et al., 2003, Castellanos et al., 2016 and Zhang et
al., 2022), huge surface area (Collins et al., 2007), high porosity (Ghasempour et al., 2021)
and large pore volume (Kitagawa et al., 2022) make MOFs ideal for the adsorption and
removal of pollutants (Lin et al., 2022; Wu et al., 2023 and Au et al., 2021). To obtain MOFs
with desired homogeneity and properties, one way to control the synthetic process of MOFs
is to use modulators. Novel or mixed phases of MOFs can also be generated by producing
ordered defects such as missing linkers and/or nodes to the MOFs in the presence of
modulators (Ma et al., 2022). Recent studies have also shown that the modulated synthesis of
MOFs can be considered as an excellent strategy to obtain MOFs with enhanced porosity and
more active sites (Dissegna et al., 2018), thus achieving higher adsorption efficiency.

Among various classes of MOFs, iron-based MOFs are non-toxic to the environment
and highly stable under adsorption conditions (Govarthanan et al., 2021). In particular, the
MIL (Matériaux de !'Institut Lavoisier) family of MOFs has been extensively studied due to
the high tunability and structural diversity of these frameworks with trivalent metal centers
(Dan-Hardi et al., 2012 and Kuznicki et al., 2021) While the MIL family has been used in
gas separation (Zhang et al., 2012), sensing (lacomi et al., 2022) and photocatalysts (Araya et
al., 2017), the utilization of iron-based MIL-type MOFs for the adsorption of pharmaceutical

substances from water remains relatively underexplored and is mainly limited to the use of
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MIL-53 (Navarathna et al., 2020 and Xiong et al., 2018) and MIL-101 (Li etal., 2019 and
Dong et al., 2020)

Herein, the use of a modulated iron(111) MOF, namely MIL-126 with biphenyl-4,4°-
dicarboxylate as the linker, for the adsorptive removal of pharmaceuticals is reported. The
iron(111) MOFs have been synthesized in the presence of acetic acid as a modulator to adjust
the morphology and properties. The MIL-126 samples synthesized with different equivalents
of the modulator have been characterized in detail, and utilized for the removal of PIR and
KET from the aqueous environment. The kinetics and mechanism of the adsorption have also

been investigated in detail.

2. Experimental

2.1 Chemicals

Iron(1l) chloride tetrahydrate (97 %) and biphenyl-4,4’-dicarboxylic acid (H.BPDC;
98 %) were purchased from J&K Scientific, whereas piroxicam was from Bidepharm.
Dimethylformamide (DMF; 99.8 %), methanol (99.8 %) and dichloromethane (99.8 %) were
purchased from TCI. All other reagents and solvents are commercially available and used as

received.
2.2 Physical Measurements and Instrumentation

Powder X-ray diffraction (PXRD) data were collected on a Bruker D8 ADVANCE
Powder X-ray Diffractometer in Bragg-Brentano (6/26) reflection mode with graphite
monochromatized Cu-Ka radiation. X-Ray photoelectron spectroscopy (XPS) was performed
using a Thermo ESCALA 250Xi X-ray Photoelectron Spectrometer Microprobe. Fourier-
transform infrared (FTIR) spectra were obtained on a PerkinElmer Frontier FTIR
spectrometer (4000-530 cm™1) with a universal attenuated total reflection (ATR) accessory.

Brunauer-Emmett-Teller nitrogen adsorption—desorption isotherm tests were performed on a



56

Micromeritics 3Flex adsorption analyzer. Thermogravimetric analysis (TGA) was conducted
on a PerkinElmer instruments Thermogravimetric Analyzer TGA 4000. Scanning electron
microscopy (SEM) were performed on a Sigma 500 scanning electron microscope and
energy-dispersive X-ray (EDX) spectroscopy was performed with a Bruker XFlash 6130
detector at 10 kV. Ultraviolet-visible (UV-vis) absorption spectra were obtained on an
Agilent Technologies Cary 8454 UV-vis spectrophotometer. Zeta potentials were measured
on a Zetasizer NANO ZS90, and the pH of the samples was measured by a FiveEasy F20 pH

meter.
2.3 Modulated synthesis of MIL-126

The modulated MIL-126 samples were synthesized according to a modified literature
procedure (Bara et al., 2019). Iron(ll) chloride tetrahydrate (99.5 mg, 0.50 mmol) and
biphenyl-4,4’-dicarboxylic acid (60.6 mg, 0.25 mmol) were mixed in DMF (17 ml). The
mixture was sonicated for 30 min and subsequently added with 1, 5 or 10 molar equivalents
of acetic acid. The resulting mixture was heated at 120 °C for 20 hours. After cooling to room
temperature, the product was washed with DMF, dichloromethane and methanol, and then
dried overnight under vacuum. The MIL-126 samples obtained with 1, 5 and 10 equivalents
of acetic acid are named as MIL-126-1AA, MIL-126-5AA and MIL-126-10AA, respectively.
MIL-126-1AA (Yield: 60 mg, 37.5 %), MIL-126-5AA (Yield: 30 mg, 18.75 %) and MIL-
126-10AA (Yield: 45 mg, 28.13 %) were obtained as crystalline pale orange, orange, and red-

orange powders, respectively.

2.4 Adsorption experiments

2.4.1 Kinetic experiments

An activated crystalline powder samples of the MOF under study (MIL-126-1AA,

MIL-126-5AA or MIL-126-10AA; 2 mg) was added to an aqueous solution (10 mL) of either
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PIR (20, 10 or 5 ppm) or KET (35, 20 or 5 ppm) at 25 °C. A sample (2.5 mL) is extracted
from the suspension at predetermined time intervals and centrifuged to obtain a clear
supernatant. The concentration of PIR or KET in the supernatant was determined from the
absorbance based on UV-vis absorption measurements. The adsorption capacity (g, mg g )
and the removal rate (%) were calculated by Equations (1) and (2), respectively:
qe = (Co — CV /m (1)

Removal rate = [(Cy — C;) / Co] X 100% (2)
2.4.2 Isothermal experiments

Agueous solutions of PIR and KET (10 mL) in different concentrations (5—-20 ppm
for PIR; 5-35 ppm for KET) were prepared by successive dilution of premade stock solutions
without pH adjustments. To each of these solutions, an activated crystalline sample of MIL-
126-1AA, MIL-126-5AA or MIL-126-10AA (1 mg) was added. The UV-vis absorption
spectra of the supernatant solution were measured after 24 hours. The variations of the
absorption intensity at 360 nm for PIR and 259 nm for KET were measured to determine the

respective equilibrium concentration (Ce) of PIR and KET in the supernatant solution.
2.4.3 Thermodynamic experiments

An activated crystalline sample of MIL-126-1AA, MIL-126-5AA or MIL-126-10AA
(1 mg) was added to an aqueous solution (10 ml) of PIR or KET. The resulting suspension
was kept at a constant temperature (25 °C, 35 °C and 55 °C). After 24 hours, the remaining
concentration of the pharmaceuticals in each aqueous sample was determined by performing

UV-vis absorption measurements with the supernatant solution.
2.4.4. Effect of coexisting ions and adsorption cycles

Sodium nitrate and magnesium nitrate hexahydrate were respectively used as the

source of Na* and Mg?" in the following measurements. An activated crystalline sample of
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MIL-126-1AA, MIL-126-5AA or MIL-126-10AA (1 mg) was added to an aqueous solution
(10 ml) of either PIR or KET in the presence of a known amount of Na* (0-1000 ppm) or
Mg?* (0-1000 ppm). After 24 hours, the remaining concentration of PIR and KET in the
supernatant solutions was measured.

The reusability of the MIL-126-1AA, MIL-126-5AA and MIL-126-10AA was also
determined. After the adsorption of KET, the used MIL-126 sample was washed and
centrifuged with acetone and then ethanol, and subsequently dried under vacuum overnight.
The recovered MIL-126 samples were used in subsequent cycles of adsorption after

successive reactivation.
2.4.5 Effect of pH

The pH of the aqueous PIR solutions was adjusted by adding small amounts of 0.1 M
NaOH or 0.1 M HCI solutions until the desired pH range (4-9) has been reached. In each
measurement, an activated crystalline sample of MIL-126-1AA, MIL-126-5AA or MIL-126-
10AA was soaked in one of the PIR solutions (5 ppm; 10 ml) with known pH values at 25 °C

for 24 h.

3. Results and discussion

3.1 Synthesis and characterization

The iron(11l) MOF, MIL-126, was synthesized solvothermally in the presence of
acetic acid (AA) as the modulator according to a modified literature procedure by Forgan and
co-workers (Bara et al., 2019). In MOF synthesis, ligands and modulators are reported to be
in a competitive relationship. In the presence of modulators, the growth of MOFs are
restricted and a better control of the crystallinity can be achieved (Schaate et al., 2011).
Specifically, in the present case when AA is used as the modulator, the carboxylic acid unit

of AA will compete with the carboxylic acid groups of H.BPDC for coordination to the iron
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centers. The addition of a small amount of AA can affect the equilibrium reaction and slow
down the crystallization process. On the other hand, a high concentration of AA is expected
to facilitate the capping of the metal clusters by acetates, reducing the probability for the
BPDC linkers to coordinate to iron, leading to missing linker defects. The unequal
distribution of linker defects within the MOF structure will in turn result in the formation of
missing cluster defects (Dissegna et al., 2018). Meanwhile, although Fe®* salts are commonly
used in the synthesis of iron(l11) MOFs, there have been some reports on the use of Fe?* salts
(Bara et al., 2019; Choi et al., 2007; Sanselme et al., 2004 and Guesh et al., 2017). The
autoxidation of Fe?* to Fe3* is suggested to slow down the assembly of the framework
structure. Moreover, Fe?" is a softer Lewis acid and it will increase the liability of ligands.
This will enhance the reversibility of the metal-ligand coordination, directing to the
formation of a structure with reduced defects, thus enhancing the crystallinity of the products
(Dong et al., 2020 and Sanselme et al., 2004). Together with the use of acid modulators, a
finer control on the amount of defects and crystallinity can then be achieved.

Fig. S1 illustrates the FTIR spectra of the free Ho.BPDC linker and the as-synthesized
MOFs, namely MIL-126-1AA, MIL-126-5AA and MIL-126-10AA. H,BPDC shows a broad
O—H stretch at 2250-3250 cm* from the carboxylic acid (-COOH) group. The absence of
this O—H stretch in the spectra of the MOFs suggests the successful deprotonation of
H2BPDC for coordination with iron in the MOFs. The three acid-modulated MIL-126
samples exhibit highly similar structural vibrations. The peaks at 620 and 768 cm™
correspond to the Fe—O stretching modes and C—H bending vibrations, respectively. The
characteristic absorption peaks at approximately 1687, 1604 and 1398 cm™, respectively
correspond to the C=0 stretching vibrations, C—O asymmetric vibrations and C—O symmetric
vibrations, and these vibrations mainly originate from the BPDC linkers in the MOFs (Sun et

al., 2022).
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The phase purity of the as-synthesized MIL-126 samples has been examined by
PXRD as presented in Figure S2. The experimental PXRD patterns of MIL-126-5AA and
MIL-126-10AA are in close agreement with the predicted PXRD pattern of MIL-126 (pattern
predicted from Cambridge Structural Database (CSD) reference code MIBMERS?2)
(Horcajada et al., 2011), confirming that these two samples contain MIL-126 as a pure
interpenetrating phase of the iron(I11) MOF as reported in the literature. For the sample
synthesized with a lower equivalent of the modulator, MIL-126-1AA, reduced phase purity is
observed. Additional peaks that correspond to another iron(l11) MOF, MIL-88D, can be
observed in the PXRD pattern, indicating that a mixed phase has been formed (Bara et al.,
2019).

To further confirm the phase purity and to investigate the textural and morphological
properties, the modulated MOF samples have been characterized by SEM. As shown in
Figure 1a and b, modulation produces predominantly MIL-126 as larger block-like structures
in the presence of 1 equivalent of acetic acid. However, at a lower concentration of the
modulator, rod-shaped structures corresponding to MIL-88D are also observed, many of
which are intergrown with the block structures. The observations from SEM are consistent
with the PXRD pattern of MIL-126-1AA (Figure S2), which shows additional minor peaks
from MIL-88D (Bara et al., 2019). With an increase in the equivalents of the modulator, both
MIL-126-5AA (Figure 1c and d) and MIL-126-10AA (Figure 1e and f) consist predominantly
of the MIL-126 phase and a significant amount of intergrown block crystallites are observed.
In addition, MIL-126-10AA exhibits a rough surface because more defects have been
introduced upon the addition of a larger amount of the modulator (Forgan et al., 2020).
Moreover, EDX mapping analysis has been performed to map the elemental distribution in
the modulated MOFs. A uniform distribution of Fe, C, and O is observed in all of MIL-126-

1AA, MIL-126-5AA and MIL-126-10AA as shown in Figure S3.
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Figure 1. SEM images of (a,b) MIL-126-1AA, (c,d) MIL-126-5AA and (e,f) MIL-126-10AA

at different magnifications.

Meanwhile, XPS analysis has provided additional information on the elemental
contents and their oxidation states in the MOFs. The survey spectra in Figure 2a indicate the
presence of iron (Fe), carbon (C) and oxygen (O) in the modulated MIL-126 samples. Fig.
2(b) shows the high-resolution Fe 2p XPS spectra of the MOFs. The Fe 2p1/> peak is centered
at 725.3 eV for MIL-126-1AA and at 725.7 eV for MIL-126-5AA and MIL-126-10AA,
whereas the Fe 2ps/2 peak is centered at 711.4 eV for MIL-126-1AA and at 711.8 eV for

MIL-126-5AA and MIL-126-10AA. The observation of these Fe 2p12 and Fe 2ps/2 peaks
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suggests that iron is present in the MOFs in the +3 oxidation state (Tan et al., 1990), which is
consistent with the XPS analysis of other iron(I11) MOFs (Tian et al., 2019). The
deconvolution fitting in Figure 2c illustrates that the Fe 2p spectrum for each MOF sample
consists of 4 peaks corresponding to Fe 2ps. (Fe*), Fe 2pa2 (Fe**), and two additional
satellite peaks corresponding to valence interband transitions (Fu et al., 2021 and Sun et al.,
2023). This confirms the complete conversion of Fe?* into Fe* during the MOF synthesis and
thus the oxidation state of iron in the MIL-126 samples is iron(l11). Moreover, the observation

of a peak at 530 eV for all modulated MIL-126 samples is in accordance with the presence of

Fe—O—C bonds in the MOFs.
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Figure 2. (a) XPS spectra of MIL-126-1AA, MIL-126-5AA and MIL-126-10AA. (b,c) Fe 2p
spectra of MIL-126-1AA, MIL-126-5AA and MIL-126-10AA. Dots and full lines represent
the raw intensity data and the deconvolution fitting intensities, respectively.

The nitrogen adsorption isotherms of MIL-126-1AA (Sget = 447.1 m? g~1) and MIL-

126-5AA (Sget = 737.1 m? g 1) display Type | behavior while MIL-126-10AA (Sget = 1068
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m? g1) displays Type IV behavior (Sing et al., 2004) as shown in Figure 3. The lower surface
area of MIL-126-1AA is attributed to the lower phase purity in the presence of MIL-88D,
which has been reported to collapse into a non-porous form after drying (Bara et al., 2019).
The pore size distributions of the three MOFs based on the Barrett—Joyner—Halenda (BJH)
calculation method are shown in Figure S4. While MIL-126-1AA shows the smallest pore
size distribution among the three modulated MOF samples, MIL-126-10AA is found to show
the highest porosity with mesopores ranging from 7.7 nm to 40 nm in diameter. This reveals
that the use of a larger amount of the acid modulator during the synthesis can enhance the
porosity of MOFs. The higher BET surface area in MIL-126-10AA, as well as the existence
of mesopores as suggested by the Type IV isotherm, are associated to a larger amount of
missing linker and/or missing cluster defects in the framework (Dissegna et al., 2018), in
agreement with other previous studies (Marshall et al., 2018). The presence of more defects
gives rise to larger pores within the framework (Cao et al., 2023 and Zhao et al., 2023) and
hence the nitrogen uptake of MIL-126 increases with the amount of acid modulators used in

the synthesis.
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Figure 3. Nitrogen sorption isotherms of MIL-126-1AA, MIL-126-5AA and MIL-126-10AA

at 77 K. Closed and open circles represent adsorption and desorption branches, respectively.

Moreover, the stability of the MOFs have been evaluated by TGA. As the
compositions of the MIL-126 samples are essentially the same, the TGA patterns of the three
modulated MIL-126 samples exhibit similar shapes with similar decomposition temperatures
as illustrated in Figure S5. Upon heating, moisture is removed from the activated MOFs until
about 130 °C. There continues to be a slow decrease in the weight between 250 and 400 °C,
which is attributed to the removal of hydroxyl (—OH) groups from the framework (Ahmed et
al., 2023). The dehydroxylated phase is stable up to about 400 °C (Larabi et al., 2012). Based
on the weight loss between 250 and 400 °C, the concentration of —OH groups in MIL-126-
1AA, MIL-126-5AA and MIL-126-10AA are estimated to be 4.36, 3.32 and 4.56 wt.%,
respectively, corresponding to hydroxyl contents of 2.42, 1.84 and 2.53 mmol g~*(Ahmed et
al., 2023).

Above 400 °C, a significant weight loss is observed, which indicates a degradation of
the MOF structures with the removal of linkers from the framework structures. As the
amount of acetic acid was increased from 1 to 10 equivalents from MIL-126-1AA to MIL-
126-10AA, the amount of oxide residues is observed to decrease. This suggests that there are
relatively fewer FesO metal clusters per unit in MIL-126-5AA and MIL-126-10AA,
associated with larger amounts of missing cluster defects due to acid etching. On the other
hand, MIL-126-1AA with the smallest amount of defects gives the largest amount of oxide
residues after decomposition, in agreement with previous studies (Bara et al., 2019). This
indicates that MIL-126-1AA contains the highest density of Fe3O clusters among the three

modulated MIL-126 samples.

3.2 Adsorption studies
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As revealed from the characterization and morphological studies, the use of acetic
acid as a modulator has successfully promoted the synthesis of MIL-126 as the dominant
phase. With improved phase purity, the metal clusters in the MOFs can become more
exposed and accessible for the contact with guests such as pollutants, thus significantly
increasing the adsorption ability when compared to a multiphase material. To evaluate the
applications of the modulated MIL-126 samples in water remediation, adsorption studies
have been performed using activated samples of the MOFs to study their performance in the

elimination of PIR and KET from aqueous solutions.
3.2.1 Adsorption kinetics and adsorption isotherm

The effect of contact time on the adsorption of PIR and KET at different initial
concentrations is respectively shown in Figure S6 and Figure 4. The adsorption process has
been monitored by UV-vis absorption spectroscopy. The linear relationship between the
concentration of PIR and the absorption at 360 nm, and that between the concentration of
KET and the absorption intensity at 259 nm, are shown in Figure S7. The pseudo-first-order
and pseudo-second-order kinetic models have been applied to study the kinetics of the
adsorption processes, and the respective parameters are presented in Tables S1 and S2. The
equations for the pseudo-first order and pseudo-second order models are expressed by
Equations (3) and (4) (Seo et al., 2015), respectively:

In(ge — q¢) = Inq. — K1t (3)
t/qe = 1/(K,q2) +t/q. (4)

where g. and g are respectively the adsorption capacities (mg g™!) at equilibrium and

time ¢, K; (min"') is the rate constant of the pseudo-first-order model, and K> (g mg™' min™")

is the rate constant of the pseudo-second-order model.
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Figure 4. (a,d,g) Pseudo-first-order model fitting curves; (b,e,h) pseudo-second-order model
fitting curves; (c,f,i) changes in the removal rates with time for the adsorption of KET by
MIL-126-1AA, MIL-126-5AA and MIL-126-10AA at three different initial concentrations of

KET (35, 15 and 5 ppm).

The adsorption of the pharmaceuticals, especially KET, by the MIL-126 samples is

rapid at the initial stages of the contact period. Equilibrium is reached within 800 min, and
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this is probably due to the saturation of active sites as the adsorption proceeds. The removal
rates for both PIR and KET are in order of MIL-126-1AA > MIL-126-10AA > MIL-126-
5AA throughout the adsorption process irrespective of the initial concentrations of PIR and
KET.

In particular, for the adsorption of KET (Figure 4), MIL-126-1AA shows excellent
performance when compared to MIL-126-5AA and MIL-126-10AA. The adsorption reaches
equilibrium within 200 min and the removal efficiency exceeds 96 % at all initial
concentrations of KET. Almost quantitative removal (98.8 %) can be reached in 160 min
when the initial concentration is 5 ppm. As shown in Table S2, for the three modulated MOF
samples, the coefficient of determination (R?) of the pseudo-second-order model is always
higher than that of the pseudo-first-order model. Moreover, the ge obtained by the pseudo-
second-order model fitting is closer to the equilibrium adsorption capacity obtained in the
experiment (Qe,exp), indicating that the adsorption of KET follows pseudo-second-order
Kinetics.

The adsorption isotherm models have been used to explore the distribution of
adsorbed molecules on the adsorbents when the adsorption reaches equilibrium. The
Langmuir and Freundlich models (Haque et al., 2010) are chosen to analyze the experimental
data and are expressed as follows:

Langmuir model: C./q. = Co/qmax + 1/ (@maxKr) (5)
Freundlich model: Inq, = Inkr + 1/n(InC,) (6)

where ge (Mg g1) is the amount of PIR or KET adsorbed at the equilibrium
concentration, Ce (Mg L™). gmax represents the maximum adsorption capacity of the
adsorbent and K. (dm® mg™?) is the Langmuir constant. n and Kr are the Freundlich constants

which represent the adsorption capacity and adsorption intensity, respectively.
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The liner curves fitted by the Langmuir and Freundlich isotherm models for PIR and
KET are shown in Figure 5. The R? values of the liner curves fitted by the Langmuir model
are higher than those for the Freundlich model, indicating that the Langmuir model is more
suitable for describing the adsorption process. Therefore, the adsorption of PIR and KET by
the MIL-126 samples is probably dominated by monolayer adsorption, in which the
adsorption of PIR and KET mainly occur at the surface active sites of the MOFs (Yang et al.,
2020). The maximum adsorption capacities (gmax) of PIR and KET follow the order MIL-126-
1AA > MIL-126-10AA > MIL-126-5AA (Table S3). The sample prepared with the lowest
equivalent of the modulator, namely MIL-126-1AA (gmax = 452.49 for KET and Qmax =
209.65 for PIR), has been observed to show about two times higher gmax values when
compared to MIL-126-5AA and MIL-126-10AA at 298 K. The gmax Values are compared
with those of various adsorbents for the removal of PIR and KET (Table S4). It is observed
that the adsorption performance of MIL-126-1AA, MIL-126-5AA and MIL-126-10AA is
comparable to that of the reported materials, with MIL-126-1AA showing the highest
adsorption capacity that outperforms other MOFs and porous adsorbents. This suggests that

MIL-126-1AA, MIL-126-5AA and MIL-126-10AA are promising candidates for the
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adsorptive removal of NSAIDs and other PPCPs.
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Figure 5. Fitting curves of the (a,c) Langmuir and (b,d) Freundlich adsorption isotherm

models for the adsorption of PIR and KET by MIL-126-1AA, MIL-126-5AA and MIL-126-

10AA.

3.2.2 Thermodynamic experiments

The effect of temperature on the removal of PIR and KET by the MIL-126 samples

has been studied. The thermodynamic parameters of adsorption were calculated by the

following equations (Zhuang et al., 2019):

Ky, = ge/qc (7)

InK, = AS/R — AH/RT (8)
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AG = AH —TAS" (9)

where ge (Mg g*) indicates the equilibrium adsorption capacity, Ce (mg L™) is the
equilibrium concentration of PIR or KET in the solution, K. is the distribution coefficient,
AG is the Gibbs free energy, AH is the enthalpy and AS is the standard entropy. R (= 8.314J
mol? K1) is the ideal gas constant.

The values of AS and AH can respectively be obtained from the intercept and the
negative slope of the plot with 1/T as the abscissa and InK as the ordinate (Figure S8). A
higher temperature is found to promote the removal of both PIR and KET, indicating that the
adsorption process is endothermic in nature. As shown in Table S5, AG is negative at all
temperatures, revealing that the adsorption is thermodynamically favorable and occurs

spontaneously.
3.2.3 Effect of ionic strength and adsorption cycles

In real wastewater, there are many salts that will influence the removal of pollutants.
Therefore, Na* and Mg?* have been selected as representative ions to assess the effect of
ionic strength on the adsorption abilities of MIL-126-1AA, MIL-126-5AA and MIL-126-
10AA for PIR and KET as shown in Figure S9. The adsorption capacities of the three MIL-
126 samples are observed to remain more or less the same as the ionic strength increases,
indicating a negligible effect of the ionic strength on the adsorption of PIR and KET by the
adsorbents. It is likely that Na* and Mg?* might accumulate around the MOF surface, creating
an electrostatic shielding effect to prevent the adsorption of the organic drugs (Liu et al.,
2014). Moreover, the presence of Na*and Mg?* would reduce the pore size and increase the
potential resistance effect (Jin et al., 2017). However, these effects are rather insignificant
and the adsorption capacities of the modulated MIL-126 samples are not significantly
affected by the presence of coexisting ions. Therefore, compared to many other adsorbents

whose adsorption performance would rapidly decrease with increased ionic strength, these
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modulated iron(111) MOFs can be considered as attractive and highly efficient adsorbents that
may be potentially be used for the removal of PPCPs in practical scenarios.

Furthermore, the practical application of an adsorbent is determined by its reusability
and stability. As illustrated in Figure 6, MIL-126-1AA, MIL-126-5AA and MIL-126-10AA
can be reused, after washing with acetone and methanol, for at least 3 cycles with only a
slight decrease in the adsorption capacity for KET. This decrease is probably due to the
occupation of a minute amount of the MOF pores by KET. For MIL-126-1AA, its reduced e
in the first cycle is also attributed to the destruction of the pores of the trace amounts of MIL-
88D present in the sample. As aforementioned in Section 3.1, the synthesis with a small
amount of the acid modulator would give rise to a mixture of MIL-126 and MIL-88D in MIL-
126-1AA. While the interpenetrated MIL-126 phase has been reported to exhibit permanent
porosity, the non-interpenetrated MIL-88D phase would become non-porous when guest
molecules are removed from the pores after adsorption (Dan-Hardi et al., 2012).
Nevertheless, MIL-126-1AA is still the most efficient adsorbent when compared to MIL-126-
5AA and MIL-126-10AA. The reusability of the MOFs can further be supported by the FTIR

spectra of the modulated MOFs, the recycled MOFs and KET as shown in Figure S10.



72

100
i [ ] MIL-126-1AA
80 _ [ MIL-126-5AA
‘_'m 1 £e 2. +C] MIL-126-10AA
e 601 EE L
o i
- 40 -
(4]
(@ o
20
0 | - I - T - 1
0 1 2 3

Number of cycles

Figure. 6. Recyclability of MIL-126-1AA, MIL-126-5AA and MIL-126-10AA for the
adsorption of KET.

3.2.4 XPS Analysis after adsorption

XPS Tests of the modulated MIL-126 samples before and after adsorption further
confirm the interactions between the MOFs and the pharmaceutical molecules (Figure 7 and
Figure S11). Figure 7(a) and Figure S11(a) show that the binding energy of Fe 2p is slightly
decreased after the adsorption of either PIR or KET, indicating a partial increase in the Fe 2p
charge density due to the interaction between Fe and the pollutants (Zhang et al., 2021).
Moreover, the O 1s high-resolution spectra for the modulated MOFs (Figure 7b and Figure
S11b) display the peaks for C=0, C—0 and Fe—O after the adsorption of either
pharmaceutical. After the adsorption, the O 1s spectra show higher binding energy of C=0
for all of MIL-126-1AA, MIL-126-5AA and MIL-126-10AA, suggesting the involvement of
the carboxyl groups on the MOF surface in the adsorption of PIR and KET (Du et al., 2014),

possibly via hydrogen bonding interactions. The Fe—O bonding energies in all adsorbents

shift to lower energy and the relative areas of the Fe—O signals increase after the adsorption.
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This indicates the significant participation of the Fe3O iron oxide clusters in the MOFs during
the adsorption of PIR and KET. The appearance of a S=O signal in the O 1s spectra after the
adsorption of PIR further confirms the successful adsorption of the pharmaceutical molecules
by the MOFs. Further evidence of adsorption can be obtained from the N 1s spectra as
depicted in Figure 7c and Figure S11c. Before the adsorption, there is no appreciable signal
in the N 1s spectra of the adsorbents. However, the N 1s spectra after the adsorption of PIR
show a peak that can be deconvoluted into the signals from Fe—N (Poozhikunnath et al.,
2020), as well as the amide N and pyridine N from PIR. The largest contribution from Fe—N
suggests the formation of a coordination bond between Fe and the pyridine functional group
of PIR, and hence coordination bond might play an additional role in the adsorption of PIR

by the iron(111) MOFs.
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Figure 7. (a) Broad scan Fe 2p spectra of the MIL-126-1AA before and after the adsorption
of PIR and KET. (b) O 1s spectra of the modulated MOFs before and after the adsorption of
PIR and KET. Dots and full lines represent the raw intensity data and the deconvolution
fitting intensities, respectively. (c) N 1s spectra of the modulated MOFs before and after the
adsorption of PIR.

3.2.5 Effects of pH

The pH of solutions usually affects the adsorption process in the aqueous phase, as

both the adsorbents and the adsorbates can be protonated or deprotonated under different pH



75
conditions. To better understand the adsorption properties of the modulated MOFs, PIR is
selected as the representative pharmaceutical for adsorption studies at different pH. As shown
in Figure 8, PIR is zwitterionic with two pKa values (pKa1 = 1.86 and pKa2 = 5.46).
Theoretically, PIR molecules exist as cations at pH < 1.86, as zwitterionic forms at 1.86 < pH

< 5.46, and as basic forms at pH > 5.46 (Ulrich et al., 2021).
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pKa’s of the ionizable groups. Schematic diagrams showing the plausible hydrogen bonding
interactions between the iron(111) MOF surface and (d) the zwitterionic and (e) the basic form

of PIR under different pH conditions.

The modulated MOFs are found to be relatively stable in a wide pH range (pH= 4-9).
As shown in Figure 8a, the equilibrium adsorption capacity (ge) of PIR by the MOFs
decreases slightly when pH is increased to 6. This is due to the structural change of PIR from
the zwitterionic form to the basic form. The corresponding zeta potentials of the MIL-126
samples have been measured (Figure 8b). When the pH is increased from 4 to 9, the surface
charge of the iron(l111) MOFs becomes negative, leading to repulsion between PIR and the
adsorbents. However, the adsorption capacity does not show a significant decrease when the
pH value is further increased from 6 to 9. This suggests that the electrostatic effect is not the
dominant factor in the adsorption process.

In addition, defective MOFs obtained by modulation exhibit a larger amount of
hydrophilic functional groups, such as terminal —OH and —OH. groups (Xian et al. 2019) and
these functional groups can readily interact with adsorbents via hydrogen bonding. Figure 8c
shows the equilibrium between the neutral and zwitterionic forms of PIR and the pKa’s of the
ionizable groups. PIR can act as both the H-donor and acceptor to interact with the iron(111)
MOF, when the pH is lower than pKa2. The relatively high ge at pH 4 and 5 can thus be
attributed to the hydrogen bonding interactions between PIR and the MOFs (Ahmed et al.,
2022). This can be illustrated in Figure 8d which shows the plausible hydrogen bonding
interactions between the iron(I11) MOF surface and the zwitterionic form. It is expected that
extensive hydrogen bonding interactions can be formed around the FezO clusters via —OH,
—OH> as well as Fe—O—C units on MIL-126, giving rise to a relatively higher adsorption
capacity at 4 < pH < 5.46. When the pH is greater than the pKa2 of PIR at pH > 6, ge does not

show a significant decrease (Figure 8a). This indicates that the role of PIR as a H-donor can
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be neglected, because if this was the case, the absence of H-donating groups in PIR under
basic conditions would have led to very low e values. As depicted in Figure 8e, when the pH
is higher than 5.46, the pyridine H of PIR will be deprotonated to give the basic form. In this
case, PIR can no longer act as a proton donor and thus hydrogen bonding between PIR and
MIL-126 should occur via the —OH and —OH: groups on the surface of the modulated MOFs.
Fe—O—C units on the MOF would not participate in the hydrogen bonding, and it is likely that
each PIR molecule would interact with more than one FesO cluster for higher affinity. As a
result, the adsorption capacity would become lower when the pH is increased to 6, but remain
more or less constant as pH is further increased to 9. Moreover, n—r stacking may occur
between the aromatic units in PIR and the organic linkers of the MOFs (Zhao et al., 2021). As
aforementioned in the XPS analysis, the coordination between Fe and the nitrogen donor
units in PIR further contributes to the interactions between the MOFs and the adsorbents. A
high concentration of FesO clusters is therefore critical to the effective formation of hydrogen
bonding and Fe—N coordination with the pharmaceuticals. In this regard, despite larger
surface areas, MIL-126-5AA and MIL-126-10AA with larger amounts of missing cluster
defects would show poorer interactions with PIR and KET, and thus lower adsorption
performance. It can thus be concluded that the adsorption of PIR and KET is governed by an

interplay of non-covalent interactions, especially hydrogen bonding around the FesO clusters.
4. Conclusions

In summary, a series of modulated MIL-126 samples has been synthesized in the
presence of acetic acid as the modulator in carefully-controlled amounts. The modulated
MOFs have been utilized for the adsorption of two representative NSAIDs, namely PIR and
KET. Among the modulated MOFs studied, MIL-126-1AA shows the best performance due
to an optimal amount of defects and a high density of the FesO cluster active sites. The

kinetics, thermodynamics and mechanisms of the adsorption process have been investigated
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in detail. Although defects can increase the surface area of MOFs, this does not necessarily
imply better performance in adsorption. With the support of XPS studies, it is proposed that
the FesO clusters and hydrogen bonding play major roles in the adsorption process, and hence
MIL-126-1AA with less missing cluster defects would perform better than the more defective
MIL-126-5AA MIL-126-10AA with larger pores and surface areas. We therefore
successfully demonstrated that a fine control in the amount of defects is critical for the host-
guest interactions in MOFs and thus the adsorption kinetics and capacities. All of the
modulated MOFs are readily reused after washing with organic solvents, rendering them
attractive recyclable adsorbents for the removal of PPCPs from water. In addition to the
development of new adsorbents for the adsorptive removal of organic pollutants in the
environment, this work has provided further insights on the use of modulated synthesis for
defect engineering in MOFs to enhance the adsorption efficiency of MOF-based materials for

environmental remediation as well as other functions.
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Figure. S3. Scanning electron microscopy (SEM) images and energy dispersive X-ray (EDX)

mapping analysis of (a) MIL-126-1AA, (b) MIL-126-5AA and (c) MIL-126-10AA.
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Table S1. Adsorption kinetic constants for the adsorption of PIR by MIL-126-1AA, MIL-126-5AA and MIL-126-10AA at different initial

concentrations (C;) of PIR.

MIL-126-1AA MIL-126-5AA MIL-126-10AA

Pseudo-first-order kinetic model

Ci(mgg™")  Q(mgg™) K1 (min) R? Ge (Mg g™*) K1 (min) R*  Q.(mgg™) K1 (min) R?
20 77.70 5.110x10°  0.9550 86.16 6.970x10°3 0.8973  68.46 6.890x10° 0.9494
10 66.67 6.770x10°  0.8440 110.2 6.420x10°3 09765  66.86 5.070x10°3 0.9731
5 0.9082 0.02299 0.6562 10.98 4.460x10- 09121  8.907 9.410x10°3 0.7902

Pseudo-second-order kinetic model

Ci(mgg™)  de(mgg™  Kz(gmg™mint) R? g (Mgg™)  Kz(gmg™?min) R? ge (Mg g™) Kz (gmg™min?) R?

20 97.47 1.214x10°* 0.9990 65.53 7.765x107* 0.9951 70.22 3.007x10~* 0.9999

10 52.69 8.438x10~* 0.9975 31.82 3.470x1073 0.9865 40.39 1.820x10°3 0.9856

5 27.43 6.357x10~* 0.9996 17.81 0.02727 0.9965 21.01 0.01020 0.9869
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Table S2. Adsorption kinetic constants for the adsorption of KET by MIL-126-1AA, MIL-126-5AA and MIL-126-10AA at different initial

concentrations (Ci) of KET.

MIL-126-1AA MIL-126-5AA MIL-126-10AA
Pseudo-first-order kinetic model

Ci(mgg™)  Qe(mgg™) Ki (min™) R? Ge (Mg g Ki (min™) R? Ge(Mgg™)  Ki(min™) R®
35 45.79 4.580%x1073 0.7566 3.890x10°3 98.22 0.9765 110.1 4.200x1073 0.9731
15 14.59 3.050x10°3 0.6088 64.07 2.090x10°2 0.9251 53.50 3.110x10°2 0.9344
5 4.236 2.880x10°2 0.5643 28.06 4.270x10°3 0.9788 3.339 5.410x10°2 0.9807

Pseudo-second-order kinetic model

Ci(mgg™) de(mgg™’)  Ka2(gmg™min) R Gqe(mgg™)  Ko(gmg™ min) R ge(mgg™) Kp(gmg'min?)  R?
35 166.7 1.780x10°8 0.9998 132.9 2.518x10°° 0.9908 150.6 1.739x10°° 0.9919
15 78.50 9.870x10°° 0.9995 76.63 3.411x10* 0.9993 76.10 1.524x10~* 0.9969
5 26.55 4.030x10* 0.9991 34.92 8.401x1073 0.9941 30.97 6.957x103 0.9981
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Table S3. Adsorption isotherm constants for the adsorption of PIR and KET by MIL-126-

1AA, MIL-126-5AA and MIL-126-10AA.

Ketoprofen (KET) Piroxicam (PIR)
Adsorbent MIL-126- MIL-126- MIL-126- MIL-126- MIL-126- MIL-126-
1AA 5AA 10AA 1AA 5AA 10AA
Langmuir model
Omax
1 452.5 219.8 229.4 209.7 104.6 127.9
(mgg™)
KL
1 0.2110 0.3020 0.1360 0.2820 0.5680 0.1520
(mg™)
R? 0.9970 0.9907 0.9658 0.9961 0.9958 0.9755
Freundlich model
Kr
. 73.12 31.97 47.57 51.81 15.97 30.27
(mgg™)
n 1.460 1.820 1.990 1.660 1.520 2.160

R? 0.9662 0.8608 0.9393 0.9485 0.9552 0.9592
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Table S4. Maximum adsorption capacities of various adsorbents for PIR and KET in the

literature.
Maximum
Pollutant Adsorbent adsorption Reference
capacity (mg g ')
PIR Activated carbon, PBFG4 138 Calisto et
al., 2015
Primary paper mill sludge, PS800-150 5.82 Samghouli
’ ’ etal., 2022
Chenthama
Treated artichoke waste 20.33 ra et al,
2022
. . . Feng et al.,
Zinc chloride activated carbon 6.08
2019
MIL-126-1AA 209.7 This work
MIL-126-5AA 104.6 This work
MIL-126-10AA 127.9 This work
KET Zirconium-based MOF, UiO-66-NH; 186 feng etal,
Multi-walled carbon nanotube 233 Han et al.,
(MWCNT)/Ui10-66-NH> composite 2023
MOF/Graphite oxide composite, HKUST- 76.98 2018 et al.,
l@15%GO ’ 2018
Carbon nanotubes modified with ionic 207.65 Lawal et
liquids, CNT-IL1 ) al., 2018
MOF/Graphene oxide composite, 140 Sarker et
MIL-101_GnO (3%) al., 2018
. ) . Froéhlich et
NiFe,04/Activated carbon composite 97.75 al.. 2019
Activated carbon prepared from winery Sellaoui et
146.4
wastes al., 2021
Chitosan/MOF composite foams, 209.7 Chen et al.,
CSF@U10-66 ’ 2022



MOF/Layered double hydroxide composite,
ZIF-8@NiAl-LDHs

Chromium-based MOF, PCN-333 (Cr)

MIL-126-1AA
MIL-126-5AA

MIL-126-10AA

30.3

387.6

452.5
219.8

2294

95

Wang et al.,
2020

Zhang et
al., 2022

This work
This work

This work
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Table S5. The results of the thermodynamic experiments for the adsorption of PIR and KET

by MIL-126-1AA, MIL-126-5AA and MIL-126-10AA.

Parameters
Pollutants  Adsorbents T (°C)
AG (kI mol™Y)  AH (kI molY)  AS (J molt k1)
25 -9.383
PIR MIL-126-1AA 35 -10.33 18.78 94.50
45 -11.27
25 -5.966
MIL-126-5AA 35 -6.534 10.97 56.83
45 -7.102
25 —6.114
MIL-126-10AA 35 —7.089 22.96 97.55
45 —-8.065
25 —26.85
KET MIL-126-1AA 35 —65.06 1.310 2155
45 —67.22
25 -63.11
MIL-126-5AA 35 —65.26 1.092 215.4
45 —67.41
25 —-89.87
MIL-126-10AA 35 -92.94 1.428 306.4

45 -96.00
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Chapter 4 Paper 3-Tunning bismuth metal-organic framework topology for enhanced

photocatalytic NO oxidation

Chen Wu, Min Zhou, Jincheng Mu, Yu Huang, Xueying Wang, Pui-Yu Ho, Can

Yang, Chi-Fai Leung, Wing-Kei Ho

Abstract
Precise topological-structural control over bismuth-based metal-organic frameworks (Bi-
MOFs) is hampered by the challenge of balancing thermodynamics and kinetics. We
achieved such balance in three well-defined Bi-MOFs with crystalline, semi-crystalline, and
amorphous topologies via a straightforward secondary building unit approach in bismuth-2-
aminoterephthalic acid (Bi-BDC-NH>). The structure of Bi-BDC-NH2 was confirmed by
single-crystal X-ray diffraction (XRD) to consist of BiOg nodes. The amount of 2-
aminoterephthalic acid was varied to modulate the topology via competitive complexation
and thus control the thermodynamic and kinetic nucleation products. Through regulating the
ligand-to-metal ratio of H.BDC-NH> to Bi, an appropriate balance of the thermodynamic-vs-
kinetic structural ‘trade-off” was achieved. The fine topologies of Bi-MOFs were determined
by single-crystal XRD, high-resolution transmission electron microscopy, X-ray
photoelectron spectroscopy, and X-ray absorption fine structure. Further photocatalytic NO
oxidation experiments based on different topological-structural Bi-MOFs demonstrate that
the amorphization improves the photogenerated charge separation efficiency and adsorption
and activation of Oz. This work offers a guide in complex topological-structural control,

which is conducive for those to develop highly efficient MOFs-based photocatalysts.
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1. Introduction
Metal-organic frameworks (MOFs) are porous nanostructures formed through the self-
assembly of metal ions and organic ligands (Bara et al., 2019; Long et al., 2009; Yaghi et al.,
2003 and Zhou et al., 2012). The diversity in their lattice structures, elemental compositions,
and organic linkers presents opportunities for numerous material applications (Shi et al.,
2023; Lin et al., 2022; Liang et al., 2023; Zelepukin et al., 2022 and Marimuthu et al., 2022).
Despite the accessibility of diverse MOF architectures, their synthesis with precise
topological control is hampered by the complexities of phase formation (Xing et al., 2019;
Wu and Au, 2024 and Liu et al., 2005). MOFs can be stabilised by pairing hard acids with
hard bases or soft acids with soft bases, while borderline acids, with intermediate charge
densities, can interact with various Lewis bases following the hard and soft acids and bases
principle (Liu et al., 2005; Wang et al., 2020 and Huang et al., 2024). Bi-HHTP (HHTP =
2,3,6,7,10,11-hexahydroxytriphenylene), a highly conductive Bi-based MOF (Zhao et al.,
2024), is predominantly constructed from bridging HHTP ligands and distorted BiO4 nodes,
with Bi—O bond lengths of ~2.05 A, exemplifying the borderline acid—soft base interaction.
Despite the potential of Bi®* cations in MOF synthesis, few frameworks exhibiting varying
topologies have been developed using Bi**. This limitation is attributable to the variable
coordination numbers of Bi, from 3 to 10, and its susceptibility to hydrolysis and polarisation
(Tregnago et al., 2024; Hu et al., 2023; Yang et al., 2024 and Inge et al., 2016), which
complicate synthesis and the predictable formation of desired structures (Sadler et al., 1999).
Therefore, the manufacture and utilisation of Bi-MOFs with tuneable topology depends on
balancing a structural ‘trade-off” by controlling the ratio between the metal ion and ligand.
The secondary building unit (SBU) approach can potentially resolve this trade-off in the
design of stable Bi-MOFs with controlled topology. In the SBU model of nucleation and

growth, metal nodes and organic linkers serve as vertices and edges, respectively, connecting
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and stabilising the metal nodes within a defined geometry, promoting a rigid framework (Inge
et al., 2016). SBUs are formed through coordination chemistry between metal nodes and
organic linkers, subsequently aggregating into a critical nucleus via coordination linkages.
This aggregation is influenced by thermodynamic and kinetic factors, which determine the
robustness of the metal-ligand bonds (Eddaoudi et al., 2001). Key influences include the
nature of the coordination bonds, the structural features of the framework, interactions
between frameworks, and the coordination environment (Férey et al., 2000; Carpenter et al.,
2023; Usman et al., 2020; Liu et al., 2021 and Van Vleet et al., 2018). The ligand-to-metal
(L/M) ratio modulates both the nucleation kinetics and the species distribution (Giri et al.,
2022; Lutsko et al., 2020; Shaw et al., 2024 and Wu et al., 2019), underscoring the
significance of precise control in Bi-MOF synthesis. For instance, in synthesising zeolitic
imidazolate frameworks (ZIFs), increasing the L/M ratio from 1 to 40 significantly
accelerates the formation of ZIF-67 (Lv et al., 2022). This results in the generation of more
oligomeric nuclei, and consequently smaller average particle sizes of ZIF-67, due to the finite
concentration of Co?* in the solution. The formation of stable oligomeric nuclei necessitates
the bridging of individual monomeric complexes through 2-methylimidazole-rich complexes,
which accelerates oligomerisation. Higher L/M ratios inhibit the formation of the 2-
methylimidazole-rich complex Co(2-mIm)3:OR despite an increased contribution from Co(2-
mlm)as, hindering further nucleus and particle formation. Consequently, the nucleation rate
increases with initial increases in the L/M ratio until reaching a saturation point, where the
rate stabilises.

These observations suggest a promising method for synthesising topologically diverse Bi-
MOFs by regulating the L/M ratio. However, the underlying mechanisms remain uncertain
and no standardised synthesis protocol exists. Herein, we synthesise three chemically stable

Bi-MOFs with distinct topologies by varying the L/M ratio, following a straightforward SBU
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approach. All three Bi-MOFs are composed of Bi-BDC-NH> but exhibit different crystalline,
semi-crystalline, and amorphous phases, characterised using single-crystal X-ray diffraction
(XRD) and high-resolution transmission electron microscopy (HRTEM), marking the
systematic synthesis of Bi-MOFs with varying topologies to the best of our knowledge. X-ray
photoelectron spectroscopy (XPS) and X-ray absorption fine structure (XAFS) provide
further chemical-structure information, showing that the crystalline Bi-MOF (C-MOF) has
Bi—O bonding features, whereas the semi-crystalline Bi-MOF (S-MOF) has Bi—O and partial
Bi—N bonding, and the amorphous phase (A-MOF) exhibits numerous unique structural
features with Bi—O and Bi—N bonding. The rich variety of active Bi® ™" sites and
amorphisation shall endow the Bi-MOFs with superior photocatalytic performance for nitric
oxide (NO) oxidation under ambient conditions. This reaction, driven by the stringent
environmental regulations, has received considerable attention given its potential for efficient
dilute NO removal (Guo et al., 2023). Well-designed catalytic A-MOF improves the
photogenerated charge SEPARATION efficiency and adsorption and activation of O,

showing enhanced efficiency and stability in air purification.

2. Results and Discussion

The fine structure of MOFs synthesised using a Bi®* metal source and 2-aminoterephthalic
acid (H.BDC-NHy) ligand was first analysed using Single-crystal XRD. As shown in Table
S1, the Bi-BDC-NH: crystalises in space group P-1 with a non-interpenetrated structure
constructed from binuclear, ligand-bridged {Bi1-Bi>} centres. The bismuth centre is
coordinated to nine oxygens to form a BiOg unit, and a pair of BiOg units bridged via oxygens
and Bi** possesses a holodirected coordination environment Figure Sla (Thirumurugan et al.,
2010). Each bismuth is overall coordinated to three H.BDC-NHz> linkers in bidentate mode,
one H2.BDC-NHz linker in monodentate mode, and two water molecules, respectively, to

form an irregular dodecahedron configuration (Figure S1c). TEA promotes the deprotonation
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process of the H.BDC-NH> ligands. The strong base TEA (pKa = 11.01) can completely
deprotonate the H.BDC-NH ligands to form BDC-NH?. The metal ions exhibit a poor
binding affinity for TEA. The fully “activated” BDC-NH? ligands can coordinate with Bi
ions, while TEA does not form coordination with the metal clusters but remains free in the
voids of the crystal. It results in a three-dimensional porous structure, which is very similar to
that of MOF-31 (Kim et al., 2001 and Zhang et al., 2024). Crystallographically, the H.BDC-
NH: linker is coordinated to a bismuth centre as a bidentate ligand via two oxygens, one of
which coordinates to another bismuth centre to form an SBU (Figure S1d).

Bi-MOFs with different topologies are synthesised solvothermally with a mixed solvent of
dimethylformamide (DMF) and ethanol, adjusting the L/M ratio to control the nucleation
rate, at 120 °C for 24 h (Figure 1a). In the reaction medium, higher ligand concentration
increases the viscosity via n-n stacking interactions, promoting a crystalline topology (Liu et
al., 2024). The increased viscosity hinders Bi** diffusion, favouring the coordination of —
COOH and Bi®*, whereas the —~NH_ groups remain non-coordinated. This is because the
protons in solution resulting from increased ligand concentration protonate —NH2 groups into
—NHs*, hindering their coordination with metal ions (Zhu et al., 2024). Furthermore, the pKa
of —-COOH is lower than that of —-NHo, facilitating deprotonation of -COOH to form —COO-,
which coordinates with Bi** to create polynuclear clusters acting as SBUs (Wang et al.,
2021). Therefore, increasing the H.BDC-NH. concentration promotes the formation of
thermodynamically stable products (with the lowest Gibbs free energy), corresponding to the
crystalline topology (Zhu et al., 2017). When the L/M ratio is reduced, the coordination
reactions simultaneously involve both terminal and bridging modes, providing versatility in
the ligand’s interaction with metal ions (Rao et al., 2004). Borderline Lewis-acidic Bi®*
exhibits an affinity for -NH. according to the principle of hard and soft (Lewis) acids and

bases theory (HSAB) (Sharifzadeh et al., 2023), thus providing coordination sites. This



102

interaction allows oxygen from —COOH to bond with Bi®*, forming O—-Bi—N bonds and
increasing the complexity of the coordination network. This unusual phenomenon was also
observed in other borderline Lewis acids that coordinate with -NH: in the metal-H,BDC-NH:
system, such as Zn(Il) (Saha et al., 2017) and Mn(ll) (Zhang et al., 2008) based on the
principle that carboxylate groups, as ligands, can adopt terminal (monodentate and bidentate)
and bridging (mainly anti—anti, anti-syn, and syn-syn) coordination modes. Therefore, the
excess Bi®* resulting from a decreased L/M ratio disrupts the long-range order of the
coordination network, resulting in irregular coordination patterns and kinetic amorphous

products.
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Figure 1. (a) Possible nucleation mechanisms of Bi-MOF at high and low L/M ratios and
Gibbs free energy of formation products. Experimental XRD patterns at different times for
(b) C-MOF, (c) S-MOF, and (d) A-MOF. Left: HRTEM images; right: SAED pattern,
followed by three enlarged HRTEM images of the white dashed boxes of (e) C-MOF, (f) S-
MOF, and (g) A-MOF. (h) Top to bottom: predicted PXRD pattern of Bi-BDC-NHj;
experimental PXRD patterns of as-synthesised C-MOF, S-MOF, and A-MOF.
Time-resolved XRD (Figures 1b-d) shows that at high ligand concentrations, S-MOF is

produced within 4 h, whereas the crystallinity increases after 12 h. At medium ligand
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concentrations, the Bi-MOFs exhibit primarily amorphous peaks within the first 8 h, with
sharp peaks emerging at 12 h and remaining stable thereafter. Conversely, at low precursor
concentrations, the Bi-MOF shows very low crystallinity at 4 h, but three sharp peaks of A-
MOF at 26 = 5.3° and 6.3° indicate the presence of certain crystalline phases, while the peak
at 11°is likely associated with hydrated bismuth oxide nitrate hydroxide
(BisOs(OH)2(NO3)4-2H20), a member of the basic bismuth nitrate compounds (Ma et al.,
2018). At this stage, the nitrate (NO3") ions and water (H20) from the bismuth source still
coordinate with Bi®*, which is crucial for maintaining the structural integrity of the MOF. The
H.BDC-NH: gradually replace the H2O and NOs™ as the reaction progresses due to their
stronger coordination ability with the metal ions. After 20 h, all the sharp peaks disappear,
forming a completely amorphous phase. To test the hypothesis that high L/M ratios result in
diverse topologies, we investigated the morphological and phase differences of the as-
synthesised materials using scanning electron microscopy (SEM), TEM, and XRD. The Bi-
MOFs synthesised at high L/M ratios exhibit a bulk morphology, with a crystallite size of
approximately 900 nm. The slower nucleation rate allows for more extended crystal growth
periods, leading to well-defined structures (Wu et al., 2024). While those produced at low
L/M ratios demonstrate spherical and densely packed growth structures with a crystallite size
of about 50 nm. In this case, the quick formation of numerous nucleation sites restricts the
time available for crystal growth (Figure S2) (Cravillon et al., 2009). At intermediate L/M
ratios, spherical structures associated with low-L/M products and bulk structures linked to
high-L/M products coexist, consistent with the TEM results (Figures S3 and S4). The lattice
fringes of the high-L/M product exhibit an ordered alignment, indicating high crystallinity
(Figure 1e). Selected-area electron diffraction (SAED) and XRD patterns (Figure 1h) exhibit
sharp, well-defined diffraction peaks, confirming the high crystallinity of the L/M product.

The XRD peaks of C-MOF at 20 = 8.2°,9.7°, 11.2°, 12.8°, 16.1°, 17.8°, 18.2°, and 19.5°
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correspond closely to the simulated peaks. Slight discrepancies might be attributable to
solvent evaporation from the C-MOF powder and symmetry breaking, as the powder XRD
(PXRD) studies utilised dried powder, whereas the single-crystal sample was solvated (Wu et
al., 2023).

Additionally, C-MOF may have mixed with the starting materials and/or other byproducts,
potentially explaining the additional minor peaks. In Figure 1, the magnified HRTEM images
in the white box indicate that the crystalline structure has lattice spacings averaging ~0.284
nm, according to fast Fourier transform image analysis. Three magnified HRTEM images
(Figure 1f) illustrate that the crystalline regions (areas 1 and 2) are highly ordered, while the
amorphous region (area 3) lacks long-range order, with entangled chains indicative of
disorder. This suggests that the synthesised Bi-MOFs possess a semi-crystalline character,
being partially crystalline and partially amorphous. This is consistent with the XRD results,
showing broader peaks due to weak crystallinity, namely S-MOF. In contrast, the HRTEM
image of the low-L/M product (Figure 1g) reveals no crystallinity whatsoever. SAED
patterns corroborate this observation, showing no distinct diffraction rings, indicating that the
low-L/M product lacks long-range order, characterising it as A-MOF. These findings are
consistent with the XRD patterns, with broad, diffuse peaks due to the non-periodic atomic
arrangement, resulting in scattering manifesting as wide ‘humps’. Such broad peaks typically
suggest an amorphous region of the sample, indicating that the structure lacks a regular lattice
arrangement, corroborating the amorphousness of A-MOF.

The chemical structure and composition of the as-obtained Bi-MOFs with different
topologies were analysed by Fourier-transform infrared (FTIR) spectroscopy and XPS
(Figures S5, S6, and 2a-c). For H,BDC-NHj, the peaks at 3507 and 3394 cm™! are attributed
to the stretching of N—H bonds in NH2, while the large peak at 2900 cm™! corresponds to —

OH group stretching. Two clear sharp peaks at 3463 and 3333 cm™! are assigned to
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asymmetric and symmetric vibrations of NHz in C-MOF, confirming that NH2 is not
coordinated with Bi®*. Unlike in C-MOF, the broadened and weakened characteristic peak of
—NH: in S-MOF may indicate multiple overlapping absorptions for complex mixtures or
compounds, suggesting a lower concentration of —-NH; in S-MOF. In A-MOF, the sharp
peaks of —~NH; are weak and become broader, indicating that —NH2 bonds with Bi** via Bi-N
bonds. The stretching vibration peak of -NH. in H.BDC-NH> disappears in the as-
synthesised Bi-MOFs, suggesting the formation of coordination bonds between Bi®* and —
NH.. The characteristic absorption peaks at 1664, 1620, and 1359 cm™! correspond to the
C=0 stretching vibrations, asymmetric, and symmetric vibrations of C-O bonds,
respectively. These vibrations mainly originate from the H.BDC-NHz linkers.

The survey spectrum (Figure S6) indicates the presence of Bi, C, N, and O in the as-
synthesised Bi-MOFs, which is consistent with the result of energy-dispersive X-ray (EDX)
spectroscopy (Figure S7). For C-MOF, Bi 4f displays two contributions, corresponding to Bi
4fs0 and Bi 4f72, with binding energies of 165.0 and 159.6 eV, respectively (Figures 2a and
S8). For S-MOF, primary peaks at 164.8 and 159.4 eV are attributed to Bi®*, while the
additional peaks at lower binding energies of 163.4 and 158.2 eV are associated with a lower
valence state, Bi® ™", indicating oxygen vacancies (Wang et al., 2022). A-MOF has a
significantly higher concentration of Bi® ™+, with binding energies at 163.9 and 158.5 eV.
For C-MOF, the N 1s spectrum is divided into three peaks at 398.6 eV (C-N), 399.4 eV (-
NH>), and 401.9 eV (-NH3"), indicating that —\NH> is not bonded to Bi ions (Figure 2b). For
A-MOF, the characteristic peak for —-NH> disappears and only two peaks corresponding to
Bi—N and C-N interactions are observed. The N 1s spectrum of S-MOF displays a complex
coordination environment, reflecting the combined features of A-MOF and C-MOF. The O 1s

spectrum for the as-synthesised Bi-MOFs contains peaks of C-0, O-C=0, and Bi—O bonds
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(Figure 2c). The content of Bi—O bonds increases as the degree of crystallinity decreases,
consistent with the thermogravimetric analysis (TGA; Figure S9).

The coordination environment in Bi-MOFs was analysed by X-ray absorption
spectroscopy. In the X-ray absorption near-edge structure (XANES) spectrum of the Bi Ls-
edge, the absorption edge of the Bi-MOFs is located near that of Bi2Os, slightly shifted
toward the Bi foil (Figure 2d). This suggests that the average valence state of Bi in the Bi-
MOFs is (3—X)*, indicating mixed valence states. This is consistent with the Bi 4f XPS
spectrum. Fourier-transform EXAFS (FT-EXAFS) spectra of Bi-MOFs and the reference
Bi>Os and Bi foil were plotted to obtain structural information. The EXAFS of the R space in
Bi203 shows the main peak located at ~1.66 A, whereas the main peak in A-MOF is slightly
shifted to ~1.63 A, suggesting the presence of Bi—O and Bi—N bonds in Bi-MOFs (Wang et
al., 2023). In contrast, no oscillations related to Bi—Bi coordination are observed near 3.0 A,
suggesting no Bi® formation. Wavelet transform EXAFS (WT-EXAFS) was performed with
high resolution in k space (Figure 2f). Compared with Bi2Os3, the distinct bicentric
characteristic of Bi-MOFs can be ascribed to the Bi—N and Bi—O bond signals (Wang et al.,
2024). No Bi-Bi bonds are observed in the Bi-MOFs, revealing that Bi®* remains coordinated

with the ligands and does not aggregate into particles.
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Figure 2. High-resolution XPS spectra of Bi 4f (a), N 1s (b), and O 1s (c) for C-MOF, S-
MOF, and A-MOF. Dots and full lines represent the raw intensity data and the deconvolution
fitting intensities, respectively. Bi Ls-edge XANES (d), EXAFS spectra (e), and WT-EXAFS
(f) of Bi-MOFs (A-MOF) and reference samples of Bi foil and Bi2Os.

The optical absorption properties and electronic structure of the as-synthesised Bi-MOFs
were measured by UV-visible diffuse reflectance spectroscopy (UV-vis DRS). The
absorption edge of C-MOF is located at 460 nm, with an absorption tail extending to 750 nm
(Figure 3a). The S-MOF and A-MOF absorption edges are at 525 nm and 650 nm,
respectively, indicating significantly enhanced visible-light absorption than C-MOF. This
enhancement corresponds well with the observed colour change of the as-synthesised Bi-
MOFs from light yellow to deep orange. Two prominent peaks at 265 nm and 350 nm are
attributed to Bi-oxo clusters and —NH2 groups grafted onto the BDC linkers (Liu et al., 2023).
For A-MOF, the broadened peaks attributed to the Bi-oxo clusters and —NH2 groups reflect

the irregular arrangement of Bi-oxo and ligands characteristic of the amorphous structure.
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The shoulder peak at 480 nm is attributed to electron transfer from the —NH> ligands to the
metal centre on the linker, illustrating the electronic interactions within the as-synthesised Bi-
MOFs. The calculated bandgaps for C-MOF, S-MOF, and A-MOF are approximately 2.78,
2.35, and 2.05 eV, respectively (Figure 3b). To investigate the electronic structure, Mott—
Schottky plots were used to analyse the conduction band (CB) and valence band (VB)
positions of the as-synthesised MOFs (Figure 3c). The CB potentials for C-MOF, S-MOF,
and A-MOF are —0.17, —0.25, and —0.36 V (vs. NHE), respectively. Based on the bandgaps
obtained from UV-vis DRS, the VB positions for C-MOF, S-MOF, and A-MOF are
approximately 2.61, 2.15, and 1.69 V (vs. NHE), respectively (Figure S10).

The Kkinetic properties of the as-obtained Bi-MOFs were investigated using
photoelectrochemical tests. The photocurrent response of A-MOF is significantly higher than
those of S-MOF and C-MOF, suggesting that the photogenerated carriers are more efficiently
separated over A-MOF than S-MOF or C-MOF (Figure 3d). A-MOF has the smallest radius
among the electrochemical impedance spectroscopy (EIS) plots (Figure 3e), which usually
implies lower electron-transfer resistance, suggesting better electron mobility. In the steady-
state photoluminescence (PL) spectrum (Figure 3f), the PL intensity of A-MOF under
excitation at 380 nm is significantly lower than those of S-MOF and C-MOF. This indicates
the recombination suppression of photogenerated carriers in A-MOF, consistent with the
photocurrent measurements. Time-resolved photoluminescence (TRPL) was conducted to
determine the average fluorescence lifetimes (t). As shown in Figure 3g, for A-MOF (t =
1.14 ns), which is longer than for S-MOF (0.79 ns) and C-MOF (0.55 ns), suggesting the
superior charge-carrier properties of A-MOF. Oz-temperature-programmed desorption (O2-
TPD) was conducted to evaluate the affinity between Oz and Bi-MOFs. All the as-synthesised
samples exhibit desorption peaks in both the mid- and high-temperature range, suggesting the

presence of surface-adsorbed oxygen and lattice oxygen in the Bi-MOFs (Figure 3h). A-MOF
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releases surface-adsorbed oxygen at 255 °C, significantly lower than S-MOF (285 °C) and C-

MOF (330 °C), indicating higher surface-oxygen affinity. In addition, the linear scanning

voltammetry (LSV) curves of oxygen reduction reaction (ORR) (Figure 3i) for A-MOF

exhibit a stronger positive half-wave potential. The LSV curves of Bi-MOFs measured at

different rotational speeds show that A-MOF has higher rotating speed plots than C-MOF and

S-MOF (Figure S11), implying the reductive ability of A-MOF. Based on the above-

mentioned result and discussion, the differences in charge-separation and transport properties

among the Bi-MOFs result from the electronic structure differences and may influence the

photocatalytic performance.
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time, (h) O2-TPD spectra, and (i) ORR tests of C-MOF, S-MOF, and A-MOF at a scanning
rate of 5 mV s and rotating speeds keep at 1600 rpm.

To elucidate the topology—catalytic performance relationship, photocatalytic NO oxidation
was used as a probe reaction to evaluate the effect of electronic structure regulation over Bi-
MOFs. Both S-MOF and A-MOF reached their maximum NO removal rates within 10 min
under visible-light irradiation, after which the rates stabilised (Figure 4a). Except for C-MOF,
A-MOF exhibits the highest NO removal rate of 73.7%, followed by S-MOF at 32.0%, likely
due to concentration differences in the Bi—N active sites among the three phases. In contrast,
C-MOF as the main phase typically exhibits non-smooth edge boundaries between the
different crystal phases, resulting in strong scattering losses. A-MOF as an amorphous phase
has also been proven to display higher electrical conductivity compared to its crystalline
counterparts due to the presence of abundant defects and has demonstrated better
performance in the fields of photocatalysis (Zhang et al., 2024). The fitted first-order rate
constants (Figure 4b) indicate that the reaction rate of A-MOF is 5.8-fold higher than that of
S-MOF. Cycle testing was conducted to estimate the stability of the optimised A-MOF
photocatalyst. No obvious decrease in the NO removal rate is observed after seven cycles,
and the emitted NO2 concentration remained below 35 ppb, indicating that A-MOF is a stable
photocatalyst for NO removal (Figures 4c, d, S12 and Table S2). This NO2 concentration is
significantly lower than the threshold set by the national ambient air quality standards (EPA-
456/F-99-006a), i.e., 53 ppb. The active species, including e, h*, -OH, and -O2", involved in
NO photooxidation were identified using KoCr207, K2C204, tert-butyl alcohol (TBA), and p-
benzoquinone (PBQ) as scavengers, respectively. The NO removal efficiency decreased
significantly upon adding PBQ and K2Cr.0~ to the reaction mixture, indicating that -O2™ and
e are the main active species (Figure 4e). This was corroborated by electron paramagnetic

resonance (EPR; Figures 4g and S13). 5,5-Dimethyl-1-pyrroline-N-oxide (DMPQ) was used
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as a spin-trapping agent for EPR detection of -O . Under visible-light irradiation, the as-

synthesised A-MOF shows a higher characteristic peak intensity of -O> than C-MOF and S-

MOF. In-situ FTIR spectroscopy was used to probe the reaction intermediates and pathway of

NO photooxidation over A-MOF (Figure 4h). Nitrate species gradually accumulate on the

surface of A-MOF, as revealed by peak intensities of major bidentate NOs™ (1481, 1516,

1533, and 1549 cm™!), monodentate NO3~ (1315 cm™!), bidentate NO,~ (1407 cm™'), and -O2~

(1076 cm).1%1 Based on the preceding experiments, a possible photocatalytic removal

pathway of NO in the A-MOF system was proposed (Figure S14). These results confirm the

effectiveness of balancing thermodynamic and kinetic processes in regulating Bi-MOF

topology via the L/M ratio, allowing modulation of the fundamental electronic structure.
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Figure 4. (a) Photocatalytic NO removal activity, (b) first-order rate constants, (c) NO2
concentration during photocatalysis by as-synthesised C-MOF, S-MOF, and A-MOF. (d) NO
removal stability tests and changes in NO2 concentration emitted by A-MOF during seven
consecutive cycles. (e) Effects of various scavengers on NO removal by A-MOF, (f)
generated NO> intermediate in the presence of different scavengers, (g) DMPO ESR
spectrum of -O2" in dimethyl sulfoxide dispersions under visible-light irradiation, (h) FTIR
band distributions for NO adsorption over A-MOF.

3. Conclusion

We propose a facile SBU approach to regulate Bi-MOF topology by balancing the
thermodynamic and kinetic factors affecting nucleation. Through adjusting the L/M ratio, C-
MOF, S-MOF, and A-MOF with different topologies are obtained for photocatalytic NO
oxidation. The L/M ratio has been identified as one of the most important criteria for
topology modulation and catalytic properties. An L/M of 6/1 results in the thermodynamic
product, namely the crystalline phase, whereas an L/M of 1/1 appears to generate the Kinetic
product, namely the amorphous phase. In addition, a coordination interaction occurs between
the borderline Lewis acid Bi®* and soft Lewis basic functional groups on the H.BDC-NH;
ligands. The obtained A-MOF and S-MOF with different topologies exhibit NO removal
efficiencies of 74% and 32%, while C-MOF shows negligible efficiency, possibly attributable
to the amorphization and different concentrations of Bi—N active sites among the three
phases. This study offers guidance in designing Bi-MOF topologies by regulating the
thermodynamic—kinetic trade-off, and underscores their potential in solar energy conversion
for different applications.

4. Experimental section

Material: Bismuth nitrate pentahydrate (99%) and 2-aminoterephthalic acid (99%) were

purchased from Oriental Chemicals and Lab. Supplies Ltd. Dimethylformamide (99.8%) was
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obtained from TCI, and TEA was obtained from Acros. All other reagents and solvents were

commercially available and used as received.

Synthesis of single-crystal Bi-BDC-NH2: Bismuth trinitrate pentahydrate (8 mg, 1.0 mmol)
and 2-aminoterephthalic acid (18 mg, 1.0 mmol) were mixed in DMF (400 uL), then the
mixture was sonicated for 5 min and subsequently 1 uL of TEA was added. The resulting
mixture was heated at 115°C for 24 h in a long glass tube. After cooling to room temperature,

yellow crystals were obtained.

Synthesis of a series of Bi-BDC-NH2 with different crystallinities: Bi** (484 mg, 1.0
mmol) and ligand, with L/M ratios of 6:1, 4:1, and 1:1, were dissolved in a mixed solution of
60 mL DMF and 10 mL ethanol. The resulting mixture was heated at 120°C for 24 h. After
cooling to room temperature, the products were washed with DMF, dichloromethane, and

methanol, and then dried overnight under vacuum.

Characterisations: PXRD data were collected on a Bruker D8 ADVANCE powder X-ray
diffractometer in Bragg—Brentano (6/26) reflection mode with graphite monochromatised
Cu-Ka radiation. XPS was performed using a Thermo ESCALA 250Xi X-ray photoelectron
spectrometer microprobe. FTIR spectra were obtained on a PerkinElmer Frontier FTIR
spectrometer (4000-530 cm™!) with a universal attenuated total reflection accessory.
Brunauer—Emmett—Teller nitrogen adsorption-desorption isotherm tests were performed on a
Micromeritics 3Flex adsorption analyser. TGA was conducted on a PerkinElmer TGA 4000.
SEM was performed on a Sigma 500 scanning electron microscope and EDX spectroscopy
was performed with a Bruker XFlash 6130 detector at 10 kV. UV—-Vis DRS was performed
on a Varian Cary 100 Scan UV-Vis system. Bi L-edge analysis was performed with Si(311)
crystal monochromators at the BL11B beamlines at the Shanghai Synchrotron Radiation

Facility (Shanghai, China). Before the analysis at the beamline, samples were pressed into
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thin sheets of 1 cm diameter and sealed using Kapton tape film. XAFS spectra were recorded
at room temperature using a 4-channel silicon drift detector (Bruker 5040). The XAFS
spectra of the standard samples (Bi foil and Bi>O3) were recorded in transmission mode
(fluorescence mode). The spectra were processed and analysed using Athena and Artemis
software. EPR spectra were obtained from an ELEXSYS E500 spectrometer (Bruker,
Germany) at room temperature. DMPO was used to capture superoxide (-O2") signals in

methanol.

Crystal structure determination: Crystals suitable for XRD were mounted on a MiTeGen
dual-thickness micro-mount and placed under a cold stream of nitrogen (Oxford). Single-
crystal XRD measurements were recorded on a Bruker D8 VENTURE Duo FIXED-CHI X-
ray diffractometer using 1uS micro-focus Mo-Ka radiation (A = 0.71073 A) with Quazar
multilayer optics. The structure was solved using XT 2014/5 in the APEXS3 suite and refined
with SHELXL2018/3 by weighted least squares refinement on F? to convergence. All
estimated standard deviation (e.s.d.) values (except the e.s.d. for the dihedral angle between
two least-square planes) were estimated using the full covariance matrix. The X-ray
crystallographic data of Bi-BDC-NH> have been deposited at the Cambridge Crystallographic
Data Centre (CCDC), under deposition number CCDC 2358956. The data can be obtained

free of charge from the CCDC (https://www.ccdc.cam.ac.uk/structures/).

Assessment of photocatalytic performance: The photocatalytic efficiencies of the prepared
photocatalysts were assessed by subjecting them to a continuous-flow rectangular reactor at
ambient temperature, where the photodegradation of NO was carried out at the parts per
billion (ppb) level. The light source utilised in this experiment was a lamp powered by a
light-emitting diode. Positioned vertically above the reactor, the lamp was approximately 6.5

cm away from the surface of the sample. To prepare the photocatalyst, approximately 0.2 g of
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the material was added to 20 mL of still water and subjected to ultrasonication for 30 min.
Following this, the resulting suspension was transferred to a glass dish with a diameter of
11.5 cm and heated at 60°C on a heater until the water evaporated. The starting level of NO
was reduced to around 650 ppb by introducing an air stream from a zero-air generator located
in a compressed gas cylinder. This air stream was regulated by mass flow controllers. The
NO and air streams were mixed thoroughly using a gas blender, and the overall flow rate was
maintained at 500 mL min~! by another mass flow controller. Once the adsorption-desorption
equilibrium was established, the LED lamp (30 W) was activated for a single-cycle reaction
lasting 1 h before being switched off. The removal efficiency was calculated as follows: o
(%) = (Co — C)/Co x 100%, where Co and C refer to the NO concentration determined before

and after the reaction.
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Supplementary Data of article 3

Table S1. Selected crystallographic data and structural refinement summary for as-

synthesised Bi-BDC-NHa.

Parameter Bi-BDC-NH:
Crystal system Triclinic
Space group P-1

alh 8.2043(10)
b/A 10.2283(11)
c/A 11.9378(15)
V/A® 883.85(18)
VA 1

Density (calcd) / g cm= 2.137

u/ mm 10.022
Radiation type Mo-Ka
Radiation wavelength / A 0.71073
Temperature / K 296

F (000) 542
Restrained goodness-of-fit 1.017
Reflections collected 19299
Independent reflections 3085

Ry [F? > 26(F?)] 0.0331

WR, [F2] 0.0767
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Figure S1. Single crystal structure of Bi-BDC-NH2: Ball-and-stick models showing (a) a pair
of coordinated bismuth centres forming the BiOg core and (b) the secondary building unit
(SBU) of Bi-BDC-NH> viewed along the b axis and along the (c) an axis, and (d) the three-
dimensional packing of Bi-BDC-NH,. Bismuth atoms are shown in orange, carbon in grey,
nitrogen in blue, and oxygen in red. Hydrogen atoms are omitted and only one of the

disordered positions of the TEA molecules is shown for clarity.
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Figure S2. Scanning electron microscopy (SEM) images of (a, b) C-MOF (c, d) S-MOF, and

(e, ) A-MOF at different magnifications.
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Figure S3. TEM images of (a, b) C-MOF, (c, d) S-MOF, and (e, f) A-MOF with different

scales.
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Figure S4. (a) Nitrogen sorption isotherms of C-MOF, S-MOF, and A-MOF at 77 K. Closed
and open circles represent adsorption and desorption branches, respectively. A magnified
version of the nitrogen sorption isotherms for C-MOF and S-MOF. (b) Pore size distributions
(calculated by the Barrett—Joyner—Halenda method) of the as-synthesised C-MOF, S-MOF,
and A-MOF. (b) A magnified version of the pore size distribution for C-MOF and S-MOF.
The nitrogen adsorption isotherms of C-MOF (Sger = 1.66 m? g~!) and S-MOF (Sger = 2.64
m? g1) display Type IV behaviour. The hysteresis loops at a relatively high pressure,

between 0.7 and 1.0, can be assigned as the Ha type. A-MOF (Sget = 117.1 m? g1) displays
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Type 111 behaviour (Fig. S7). The smaller surface area of C-MOF and S-MOF can be
attributed to their highly ordered structures, which are known to collapse into a non-porous
form upon drying, and this lower surface area also agrees with the result in the formation of
larger particles. This phenomenon also matches previously reported observations for Bi-
BDC. In contrast, A-MOF exhibits a significantly different pore size distribution, revealing
the presence of larger pores with diameters ranging from 6 to 280 nm. This increased pore
size is a result of the higher degree of disconnection in A-MOF and also agrees with the

smaller particle size as shown in the result of SEM.
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Figure S6. XPS survey spectrum of C-MOF, S-MOF, and A-MOF.
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Figure S7. TEM images and energy-dispersive X-ray (EDX) spectroscopy mapping analysis

of (a) A-MOF, (b) S-MOF, and (c) C-MOF.
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Figure S8. High-resolution XPS spectra of Bi 4f for C-MOF, S-MOF, and A-MOF.
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Figure S9. Thermogravimetric analysis (TGA) profiles of (a) C-MOF, (b) S-MOF, and (c) A-

MOF.

TGA (Figure S9) was conducted to investigate the thermal stability of Bi-MOFs with
different topologies and varying content of metal oxides after high-temperature
decomposition. Figure S9c shows that A-MOF retained a significantly higher percentage of
residual metal oxides after heat treatment, measuring 72.8%, compared with C-MOF (Figure

S9a), which exhibited a residual weight of 39.1%. S-MOF (Figure S9b) had an intermediate
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residual weight of 52.8%. This variation can be attributed to the structural differences among
these materials. In A-MOF, more Bi**—ligand bonds formed, resulting in an irregular and
disordered structure. This disorder allowed for more metal content to remain after thermal
decomposition. In contrast, the Bi* ions in C-MOF are arranged regularly and well-defined,
facilitating a more predictable and stepwise decomposition pathway. Meanwhile, the three
different topological structures of Bi-MOFs exhibit similar decomposition temperatures.
Even though A-MOF contains unusual Bi-N coordination, this does not lower the
decomposition temperature, demonstrating that the Bi—N bonds formed in A-MOF are also
quite strong. Therefore, the chemical stability of the Bi-MOFs shall be affected by the

synergetic effects on crystallinity and metal-ligand bond.
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Figure S12. SEM images of A-MOF at different magnifications after photocatalytic NO

oxidation.
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Table S2. The Comparison is based on metal-organic frameworks-based photocatalysts for

the NO removal.

Entry Samples Light source Initial NO Removal Decline in Reference
concentration rate recycling test
1 2CN/NU6-rGO-80 Xenon lamp 600 ppb 65.8% 4 Sing et al.,
(300 W) 2024
2 65-NMIL Xenon lamp 520 ppb 65.49% 2 Huang et
(300 W) a., 2023
3 D-NM-125/EY Halogen lamp 500 ppb 62.05% 5 Yang et al.,
(150 W) 2028
4 NTM-2 Halogen lamp 500 ppb 68.07% 5 Xu et al.,
(150 W) 2024
5 CDs@NH,-MIL- LED lamp 520 ppb 53.0% 5 He et al.,
125(Ti) (12 W) 2021
6  Au@NML-(Cu/Ti) LED lamp 100 ppm 43 % 5 He et al.,
(12 W) 2022
7 Zr-MOF- LED lamp 520 ppb 46.4 % 2 Lietal,
s(Pt)(Zr/Ti)-R) (12'W) 2023
8 A-MOF LED lamp 650 ppb 73.4 % 7 This work

(30W)
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Chapter 5 - Discussion and Conclusions

5.1 Brief discussion about three articles

The first alkaline earth metal-based metal-organic frameworks (MOFs) demonstrate
significant potential for the efficient removal and sensing of copper(ll) ions. Their unique
structural properties, high surface area, and tunable pore sizes facilitate effective adsorption
and selective binding of Cu?* ions, making them suitable for environmental remediation
applications. acid-modulated iron(I11) metal-organic frameworks (MOFs) exhibit remarkable
efficiency in the removal of piroxicam and ketoprofen from aqueous solutions. The
modification of these frameworks enhances their adsorption capacity and selectivity, making
them effective for the removal of pharmaceutical contaminants. The unique structural
characteristics of iron(I11) MOFs, combined with acid modulation, improve their interaction
with the targeted drugs, facilitating a higher uptake. This study highlights the potential of
using tailored MOFs for environmental applications, particularly in addressing the challenges
posed by pharmaceutical pollutants in water systems. The, third tuning the topology of
bismuth metal-organic frameworks (MOFs) significantly enhances their photocatalytic
activity for nitrogen oxide (NO) oxidation. The strategic modification of framework
structures improves light absorption and increases the availability of active sites, leading to
more efficient photocatalytic performance. This research underscores the importance of
structural design in optimizing photocatalytic materials, paving the way for the development
of advanced MOFs that can effectively address air pollution challenges.
Comparing the results of the three publications
5.2 Comparing the results of the three articles

Metal-organic frameworks (MOFs) have gained significant attention in water
treatment applications due to their unique properties, including high surface area, tunable

porosity, and chemical stability. Alkaline MOFs, such as those based on calcium, have shown
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promise as effective adsorbents for removing copper ions from aqueous solutions. Their
alkaline nature allows for enhanced ion exchange processes, where positively charged copper
ions can easily interact with the negatively charged sites within the MOF structure. This
interaction not only facilitates the adsorption of copper but also improves the selectivity and
capacity of these materials for heavy metal ions. Additionally, alkaline MOFs can be
synthesized from inexpensive and abundant materials, making them a cost-effective option
for large-scale applications in water treatment.

On the other hand, iron MOFs, particularly when modified with acids as modulators,
demonstrate a robust capacity for adsorbing pharmaceutical and personal care products
(PPCPs) from contaminated water. The addition of acid can refine the crystallinity and pore
structure of iron MOFs, enhancing their adsorption performance. The acidic conditions can
facilitate better coordination between the iron centers and organic pollutants, leading to
increased removal efficiency. Moreover, the iron within the MOF can also engage in redox
reactions, further contributing to the degradation of PPCPs. This dual functionality—
adsorption coupled with potential catalytic activity—positions iron MOFs as a valuable tool
in addressing complex wastewater challenges, particularly in treating effluents that contain a
mixture of organic contaminants.

In contrast, bismuth MOFs are predominantly studied for their photocatalytic
properties, especially for removing nitrogen oxides (NOx) from air. Controlling the
crystallinity of bismuth MOFs is crucial for optimizing their photocatalytic performance.
Well-structured MOFs exhibit improved charge separation and transfer, which are essential
for efficient photocatalysis. When exposed to light, these bismuth-based frameworks can
effectively degrade NO into less harmful species through oxidation processes. Unlike alkaline
and iron MOFs, which primarily function as adsorbents, bismuth MOFs harness light energy

to drive chemical reactions, thus targeting gaseous pollutants. This distinct mechanism of
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action highlights the complementary roles that different MOFs can play in environmental
remediation, addressing both aqueous and gaseous contaminants in a holistic water treatment
strategy. Overall, the choice between alkaline MOFs, iron MOFs with acid modulation, and
bismuth MOFs for specific applications depends on the type of pollutant, the desired removal
mechanism, and the operational conditions.

5.3 Directions for future research

The future directions for metal-organic frameworks (MOFs) as both adsorbents and
photocatalysts are rich with potential innovations that can enhance their performance and
broaden their application spectrum. One promising area of research is the development of
MOF-on-MOF constructs. By synthesizing layered or core-shell MOF structures, researchers
can create active sites that leverage the unique properties of different frameworks. For
instance, a core of an iron MOF could be enveloped in an alkaline MOF shell, allowing for
both effective heavy metal adsorption and catalytic degradation of organic pollutants. This
approach can maximize the synergistic effects of different MOFs, leading to improved
efficiency in pollutant removal.

Another significant direction involves manipulating the phase composition of MOFs
to optimize their functional properties. By selectively altering the ratios of the metal ions or
organic linkers during synthesis, researchers can fine-tune the structural characteristics, such
as pore size and surface chemistry. These modifications can enhance the interaction between
MOFs and target pollutants, improving adsorption capacities and kinetics. Additionally,
transitioning between different phases—such as from a crystalline to an amorphous state—
may unlock new pathways for catalysis, as amorphous materials often exhibit high activity
due to their increased surface area and defect sites.

Moreover, the incorporation of dopants or co-catalysts into MOFs presents another

exciting avenue for enhancing photocatalytic activity. Doping with metals such as titanium or
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zinc can facilitate charge separation and enhance light absorption, which are critical for
effective photocatalysis. Similarly, coupling MOFs with other nanomaterials, such as
graphene or carbon nanotubes, can create hybrid systems that exhibit improved charge
transfer properties. These advanced materials can offer enhanced photocatalytic performance
for the degradation of nitrogen oxides and other gaseous pollutants, making them highly
suitable for air purification applications.

Finally, the applications of wastewater treatment and photocatalytic degradation of
nitrogen monoxide, there are significant differences in the material design and performance
requirements of MOFs. For wastewater treatment, MOFs must possess high selectivity and
stability to effectively adsorb dissolved pollutants, while also considering the material's
regeneration capacity and water resistance. In contrast, for gas-phase photocatalysis, MOFs
need to optimize their light absorption capability and charge separation efficiency to enhance
catalytic activity at specific wavelengths, while also maintaining stability under varying
humidity and temperature conditions.

The feasibility of developing a simple MOF that effectively couples the
functionalities of wastewater treatment and photocatalytic degradation of nitrogen monoxide
hinges on strategic material design. By tailoring the structural and chemical properties of
MOFs, it is possible to create a hybrid system that addresses the requirements of both
applications.

Incorporating functional groups that enhance hydrophilicity can improve the
adsorption capacity of MOFs for dissolved pollutants in agueous environments. This can be
achieved through the introduction of polar ligands or metal centers that interact favorably
with water molecules, thus facilitating efficient pollutant capture. Additionally, optimizing
pore size and surface area is crucial; larger pores can accommodate the steric demands of

various contaminants while maintaining high surface area to promote adsorption.
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Simultaneously, for photocatalytic activity, the MOF's light absorption characteristics
must be engineered to ensure effective use of solar energy. This can involve doping the
framework with metal or non-metal elements to shift the absorption spectrum into the visible
range, thereby enhancing photocatalytic efficiency. Furthermore, the design must consider
the charge separation mechanisms, which can be improved through the incorporation of
electron acceptors within the MOF structure, promoting faster reaction kinetics for gas-phase
nitrogen monoxide degradation.

In current reports, MIL-125-NHz and UIO-66-NH. have been widely applied as
photocatalysts for the removal of NO. Both materials feature light-harvesting amine groups (-
NH.). In wastewater treatment, numerous experimental results have demonstrated that metal-
organic frameworks containing -NH> groups can effectively couple with various types of
heavy metal ions and organic pollutants.

Although the mechanisms of the two experiments are completely different, there are
materials in both fields that have demonstrated the ability to function as adsorbents for
pollutants while also serving as photocatalysts for NO removal. Therefore, developing a
simple biocompatible metal-organic framework is feasible.

In summary, the future of MOFs as adsorbents and photocatalysts lies in innovative
structural designs, phase composition adjustments, and the integration of responsive
elements. These advancements promise to enhance the efficiency and applicability of MOFs
in addressing pressing environmental challenges, paving the way for more sustainable water

treatment and air purification technologies.
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