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Summary

In the past two decades, metal-organic frameworks (MOFs), as a new class of porous
crystalline materials, have had a significant impact in catalysis, environmental science,
biomedicine, energy storage, and other fields due to their large specific surface area,
diversified structure, and adjustable porosity characteristics. However, the insolubility
associated with MOF powder form, and processing challenges make their recovery
difficult and greatly hinder their practical application. Therefore, the aim of my work is
to develop reproducible methods to create zero-dimensional (0D), one/two-dimensional
(1D/2D), and three-dimensional (3D) functional macroscopic MOF materials that can
be reused and easily separated from the reaction medium after use. A proof of concept
demonstrated its applicability as a catalyst for multiple uses in a one-pot reaction and
water purification.

0D MOF particles are widely used, especially as catalysts, because of their larger
specific surface area, favorable for abundant ion adsorption, high exposure of active
sites, and short ion transport distances. The core-shell structure is one of the main
methods for constructing functional 0D MOF particles. Although many methods for
preparing core-shell structures have been developed in recent years, it is still a great
challenge to prepare 0D MOF particles with high accessibility and recyclability.
Therefore, in my work, the magnetic core-shell hydrogen-bonded organic framework
(HOF)-on-MOF catalyst was successfully prepared through a simple solvothermal
method, using MOF as the core, incorporating magnetic Fe3O4, and porous crystalline
HOF as the shell. The crystalline porous HOF shell minimizes mass transfer restrictions
and protects the active site. This work effectively addresses the limitations of the
traditional core-shell structure, where the core serves as a catalyst and the shell
primarily acts as protection, leading to a limited number of active catalytic sites.

Compared with 0D MOF particles, 2D membranes are easier to handle and have higher



Summary/Zusammenfassung

accessibility in practical applications. However, preparing structurally stable and self-
standing MOF membranes remains a significant challenge. Based on the
electrospinning process, two kinds of independent self-standing MOF membranes with
different functions (acid and base functionalities) have been successfully prepared by
the template-assisted method. This is done by growing MOFs on a 2D electrospun
polymer template membrane. Subsequent removal of the template polymer provides
self-standing, highly stable MOF membranes with hollow fibers. These membranes are
used as acid-base catalysts in a teabag-style one-pot cascade reaction. After use, the
membranes can be easily removed and reused for several cycles without losing
efficiency.

Furthermore, a mechanically stable, hierarchically porous 3D MOF sponge was
successfully prepared by growing the MOF in situ on a polymer sponge, which was
itself created by self-assembly of short electrospun fibers during freeze-drying. The
resulting 3D MOF sponge possesses a hierarchically porous structure, high porosity,
and substantial pore volume, enabling efficient water flux and enhanced mass transfer
between molecules in the solution. Owing to these advantageous characteristics, the
prepared 3D MOF sponge demonstrated excellent practicality and recyclability as a
filter for the continuous removal of organic model pollutants from water.

The findings from this study have been successfully published in two peer-reviewed
journals (ChemCatChem, 2022, 14(22), ¢202201040; Advanced Energy and
Sustainability Research, 2023, 5(4), 2300218), and a third manuscript is currently

prepared and ready for submission.
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Zusammenfassung

In den letzten zwei Jahrzehnten hatten metallorganische Geriiste (MOFs) als neue
Klasse pordser kristalliner Materialien aufgrund ihrer groBBen spezifischen Oberflache
erhebliche Auswirkungen auf die Katalyse, die Umweltwissenschaften, die Biomedizin,
die Energiespeicherung und andere Bereiche durch ihre abwechslungsreiche Struktur
und einstellbare Porositétseigenschaften. Allerdings erschwert die mit MOF-
Partikelpulvern verbundene Unloslichkeit, und die Herausforderungen bei der
Verarbeitung ihre Gewinnung und behindern ihre praktische Anwendung erheblich.
Ziel meiner Arbeit ist daher die Entwicklung reproduzierbarer Methoden zur
Herstellung nulldimensionaler (0D), ein-/zweidimensionaler (1D/2D) und
dreidimensionaler (3D) funktionaler makroskopischer MOF-Materialien, die
wiederverwendet und nach dem Gebrauch wieder leicht vom Reaktionsmedium
getrennt werden konnen. Ein Machbarkeitsnachweis demonstrierte  seine
Anwendbarkeit als Katalysator fiir vielfdltige Anwendungen in einer Eintopfreaktion
und zur Wasserreinigung.

0D MOF-Partikel werden hiaufig verwendet, insbesondere als Katalysatoren, da sie eine
groBere Oberfldche haben, die eine reichliche Ionenadsorption begiinstigt, eine hohe
Exposition aktiver Zentren besitzt und kurze lonentransportentfernungen aufweist. Die
Kern-Schale-Struktur ist eine der Hauptmethoden zum Aufbau funktioneller 0D MOF
Partikel. Obwohl in den letzten Jahren viele Methoden zur Herstellung von Kern-
Schale-Strukturen entwickelt wurden, ist es immer noch eine grof3e Herausforderung
0D MOF-Partikel mit hoher Zuginglichkeit und Recyclingfahigkeit herzustellen.
Daher wurde in meiner Arbeit der magnetische Kern-Schale-Katalysator mit
wasserstoffgebundenem organischem Geriist (HOF) auf MOF erfolgreich durch eine
einfache Solvothermalmethode hergestellt, wobei MOF als Kern, magnetisches Fe3O4
und pordses kristallines HOF als Schale verwendet wurden. Die kristalline pordse
HOF-Hiille minimiert Stofftransportbeschrankungen und schiitzt das aktive Zentrum.
Diese Arbeit befasst sich effektiv mit den Einschrinkungen der traditionellen Kern-

Schale-Struktur, bei der der Kern als Katalysator und die Schale in erster Linie als

11
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Schutz fungiert, was zu einer begrenzten Anzahl aktiver katalytischer Zentren fiihrt.
Im Vergleich zu 0D MOF Partikeln sind 2D Membranen einfacher zu handhaben und
in praktischen Anwendungen besser zuginglich. Die Herstellung strukturell stabiler
und eigenstindig stehender MOF-Membranen bleibt jedoch eine grofle
Herausforderung. Basierend auf dem Elektrospinning-Prozess wurden zwei Arten
eigenstindig stehender MOF-Membranen mit unterschiedlichen Funktionen (Séure-
und Basenfunktionalitdten) erfolgreich durch eine templatunterstiitzte Methode
hergestellt. Dies geschieht durch das Ziichten von MOFs auf einer 2D
elektrogesponnenen Polymer-Templatmembran. Durch die anschlieBende Entfernung
des Templatpolymers entstehen selbststehende, hochstabile MOF-Membranen mit
Hohlfasern. Diese Membranen werden als Sdure-Base-Katalysatoren im Teebeutel-Stil
in einer Eintopf-Kaskadenreaktion eingesetzt. Nach dem Gebrauch konnen die
Membranen problemlos entfernt und fiir mehrere Zyklen wiederverwendet werden,
ohne dass Effizienz verloren geht.

Dariiber hinaus wurde ein mechanisch stabiler, hierarchisch pordser 3D MOF-
Schwamm erfolgreich hergestellt, indem das MOF in situ auf einem Polymerschwamm
geziichtet wurde, der seinerseits durch Selbstorganisation kurzer elektrogesponnener
Fasern wihrend der Gefriertrocknung entstand. Der resultierende 3D MOF-Schwamm
besitzt eine hierarchisch pordse Struktur, eine hohe Porositdt und ein betréchtliches
Porenvolumen, was einen effizienten Wasserfluss und einen verbesserten Stofftransfer
zwischen Molekiilen in der Losung ermoglicht. Aufgrund dieser vorteilhaften
Eigenschaften zeigte der hergestellte 3D MOF-Schwamm eine hervorragende
Praktikabilitdt und Recyclingfdhigkeit als Filter fiir die kontinuierliche Entfernung
organischer Modellschadstoffe aus Wasser.

Die Ergebnisse dieser Studie wurden erfolgreich in zwei von Experten begutachteten
Fachzeitschriften veréffentlicht (ChemCatChem, 2022, 14(22), €202201040; Advanced
Energy and Sustainability Research, 2023, 5(4), 2300218), und ein drittes Manuskript

ist derzeit vorbereitet und zur Einreichung bereit.
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1. Introduction

1.1 Motivation

With the development and progress of modern society, porous materials play an
indispensable role in our daily lives. From structural materials to functions, they have
covered various fields such as adsorption, catalysis, biomedicine, and energy.!!->! Metal-
organic frameworks (MOFs), also known as porous coordination polymers, are an
emerging class of porous crystalline materials, with a periodic network structure formed
by inorganic metal centers (metal clusters/metal ions) and bridging organic ligands
connected through self-assembly.[*1% Since Prof. Yaghil'!! first proposed the concept
of MOFs in the 1990s, the field has attracted significant attention and developed rapidly.
Over the past two decades, thousands of articles about MOFs have been published
annually (Figure 1-1). Compared with traditional porous materials, MOFs offer diverse
structures (with more than 80,000 reported so far), high specific surface areas (up to
10,000 m? g'), high porosity (up to 90%), and multi-functionality.l!*!*] These
properties have had a significant impact on various fields, such as chemistry, physics,
biology, and materials science. The production scale of some MOFs has even reached
industrial levels.['6-17]

Despite all their advantages, the industrial application of MOFs in powder form is
restricted. Converting brittle MOF crystals into stable, robust, and flexible usable forms
such as membranes, films, or composites without losing their intrinsic properties is
challenging and requires innovative approaches. Additionally, recycling is limited when

18211 Tn order to make full use of the advantages of MOFs and

MOF powders are used.!
overcome the shortcomings of their powder form, it is considered a feasible strategy to
construct microcrystalline MOF materials into macroscopic structures.[?2-27! This is the
topic of my research.

In this chapter, the characteristics, types and synthesis methods of MOFs are introduced
in detail. Next, the construction strategies of macroscopic MOF materials are discussed.

Finally, the new topics and future development directions of this field are prospected.

13
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16000

12000
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Publication

4000

Figure 1-1. Articles published annually from 01. 2000 to 06. 2024. The keyword used

is metal-organic frameworks. (Web of Science database)

1.2 Introduction to MOFs

1.2.1 Characteristics of MOF's

In the structure of MOFs, there are both organic ligands and metal centers. The organic
ligands act as "backbones" in the MOF structure, while the metal centers are regarded
as inorganic secondary building units (SBUs), which act as "joints" in the structure
(Figure 1-2).1281 Generally speaking, by selecting appropriate inorganic metal centers
and organic ligands, and rationally designing the topology (assembly method), the
framework structure, channel environment, and functionality can be finely adjusted.
This provides MOF crystal materials with many unique physical and chemical

properties, such as diverse structures, large specific surface areas, and high porosity.

14
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Figure 1-2. Schematic representation of MOFs.

a) Diverse structures

A wide variety of metal ions complex and changeable organic ligand arrangements, and
flexibility of synthesis strategies jointly create the diversity of MOF material structures.
Most main group metal elements, some transition metal elements, alkaline earth metal
elements, and lanthanide metal elements have been selected to synthesize MOF
materials.[?**!] Common metal centers include transition elements such as aluminum
(Al), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), zinc (Zn) and copper
(Cu), and rare earth elements such as europium (Eu) and neodymium (Nd).*2-3¢! Figure
1-3a shows the commonly used metal SBUs.’”! The coordination configuration of
different metal ions is different. Its coordination configuration is not only determined
by its electronic structure, but also by the type, size, shape, and concentration of the
ligands.[*8] The same organic ligands combined with different metal ions can also
synthesize MOF materials with varying crystal structures. For example, using 1,4-
benzene dicarboxylate (HBDC) as an organic ligand with different metal ions such as
Zr*", Fe’', and Zn?", it is possible to create various distinct crystal morphologies, such

as regular octahedrons, hexagonal prisms, and thombohedral dodecahedrons.3%-4!]
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Figure 1-3. Some representative (a) metal SBUs, and (b) organic ligands for MOFs.

Reprinted with permission from ref. [37]. Copyright (2019) Elsevier.

Common organic ligands include oxygen-containing and nitrogen-containing ligands,
including carboxylic acids, imidazole, and pyridines (Figure 1-3b).¥7] The structure
and physical properties of MOF materials can also be influenced to varying degrees by
using the same metal ion while introducing different functional groups (such as

hydroxyl, amino, sulfonic acid, halogen, etc.) into the organic ligand or by increasing

16
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the number of benzene rings in the organic ligand.

For example, Cavka’s research group*?! synthesized a series of UiO-66 (UiO stands for
University of Oslo) structures centered on Zr by changing the length of the ligand. The
results show that as the length of the ligand increases, the specific surface area of UiO-
X increases from 1187 to 4170 m? g1, and the pore size of the UiO-X also increases
from 6 angstroms (A) to 10A. The following year, Kandiah et al.[*3] used Zr as the
center and synthesized a series of UiO-66-X (X is -NH>, -NOg, -Br) extended structures
with different functionalities by adjusting the substituents on the ligand benzene ring.
In addition, with the same metal center and organic ligands, MOF materials with
different topological structures and properties can be obtained by adjusting parameters
such as raw material ratio, solvent type, synthesis temperature, pH value of solution,
and reaction time during the synthesis process.[#4-4%]

b) High specific surface area and porosity

Compared with the pore structure of traditional porous materials, MOFs have a spatial
structure constructed by metal nodes and organic ligands like a scaffold, so it has no
wall structure. This structure allows MOFs to have higher specific surface area, pore
volume, and lower density. There are often unreacted solvent small molecules in the
pores of synthesized MOF materials, which can be removed through activation methods
such as washing, purification, and vacuum drying so that MOFs can form a porous
structure with larger porosity.*5481 In 2010, Furukawa et al.[*l synthesized MOF-200,
which had a pore volume of 90 % of the crystal volume, resulting in the lowest crystal
density for a porous material (0.22 g cm™3). Furthermore, the pore sizes in MOFs can
range from a few A to tens of nanometers (nm), and the same material can have pores
of different sizes, both in microscale and mesoscale regions.®%-511 The porous structure
and small particle size provide MOF materials with a large specific surface area,
making them highly advantageous for applications in catalysis, gas adsorption and
storage, gas separation, and many other fields.[255]

It is well known that the maximum specific surface area of zeolite materials is 904 m?
g!, and that of activated carbon materials is 2030 m? g 1.56571 |n contrast, MOF

materials exhibit an exceptionally large specific surface area. In 2012, Farha et al. %8
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1. Introduction

synthesized NU-110E (NU stands for Northwestern University) MOF achieving a
specific surface area as high as 7140 m? g*. The theoretical upper limit of the MOF
surface area, measured by the Langmuir method, is about 14600 m? g2, or even higher.
c¢) Chemical and thermal stability

MOFs also show excellent chemical and thermal stability. For example, MIL-101(Al)
(MIL stands for materials of institute Lavoisier) synthesized by Serra-Crespo et al. has
high thermal and chemical stability and will only decompose in the air at temperatures
above 650 K. The triazole-based bridged framework Cu-BTTri MOF (reaction of
CuCl; 2H,0  with  1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene ~ (H3BTTri)  in
dimethylformamide (DMF) at 100 <C) reported by Demessence et al.l% showed
excellent stability after being soaked in boiling water for 3 days or in hydrochloric acid
(HCI) solution (pH = 3) for 1 day. Wang and co-workers obtained macro-porous MOF
MIP-200 (MIP stands for materials of the institute of porous materials from Paris) via
a reaction of Zr** and 3,3',5,5'-tetracarboxydiphenylmethane (Hsmdip) that shows
excellent stability under extremely harsh conditions such as concentrated acids (HCI
and nitric acid (HNO3)), high concentrations of phosphoric acid (H3PO.) and sulfuric
acid (H2SOg4), and ammonium hydroxide (NH4OH) vapor.®l Lu and co-workers
synthesized the metal azolate framework MAF-X27-Cl, which can maintain its original
crystalline state for at least 1 week in acidic (0.001 M HCI) or strongly alkaline (1.0 M
potassium hydroxide (KOH)) solutions.[521 Stable MOF structures can be rationally
designed based on the hard and soft acids and bases (HSAB) theory. For example,
carboxylate-based ligands of hard bases can form stable MOFs with high-valent metal
ions (hard acids, Ti**, Zr**, AI**, Fe**, and Cr3*).[63-651 Similarly, the assembly of soft
azole ligands (such as imidazole, pyrazole, triazole, and tetrazole) and soft divalent
metal ions (such as Zn?*, Cu?*, Ni**, Mn?*, and Ag*) can also form a stable MOF

framework.[66-67]

1.2.2 Typical MOF series

So far, more than tens of thousands of MOFs have been synthesized. Among them,
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IRMOF (iso-reticular metal-organic framework, refers to a series of MOFs with the
same network topology but different pore sizes)®, MIL (a class of porous metal
carboxylate composed of different trivalent metal cations such as iron (I11), aluminum
(1), gallium (111), indium (111), vanadium (111) and chromium (I11) with carboxylic acid
ligands),[6*7°1 UiO, and ZIF (zeolite imidazolate framework) series are the most typical.
Below I will introduce the typical MOF materials that | used in my research work.

a) UiO series

Among the many subclasses of MOFs, the UiO family (UiO-66, UiO-67, UiO-68) is
cited most frequently. They are three-dimensional porous materials composed of Zr4*
and dicarboxylic acid, the most representative of which is UiO-66. Other UiOs are
derived from the UiO-66 network.["!l MOFs based on zirconium clusters have received
widespread attention since Cavka’s research group at the University of Oslo first
reported a Zr-MOF (molecular formula: ZrsO4(OH)4(BDC)s) in 2008. Compared with
other MOFs, UiO-66 has extremely high stability. UiO-66 can remain stable in solvents
such as water, DMF, benzene, or acetone, and has strong acid resistance and certain
alkali resistance. In addition, its crystal structure can remain intact till about 500 <C. 42
The reason UiO-66 is so stable is that the cubic octahedral structure of the metal cluster
provides 12 extension sites for coordination with terephthalic acid, which is the highest
coordination number among MOFs.[72-73]

In addition, another attractive aspect of the UiO series is that it has a wide range of
structures without requiring major changes to the synthesis program. For example, in
2013, Biswas et al.["l synthesized a novel functionalized UiO-66-X framework (X = -
SOsH, -COzH, -I), using three linking groups containing BDC-X (BDC:1,4-benzene
dicarboxylate). In 2014, Hu et al.[”® prepared a series of amino-functionalized Zr-
MOFs through solvothermal synthesis, whose ideal structural formula is ZreOs
(OH)4(BDC)s-6X(ABDC)sX (where ABDC is 2-aminobenzene-1,4-dicarboxylic acid).
In 2015, Hu et al.l[’81 used the modulated hydrothermal (MHT) synthesis method to
synthesize other water-stable MOFs with the same structure as UiO-66, such as UiO-
66-(F)4, Ui0-66-(OCH,CHz3), and UiO-66-(COOH).. The excellent chemical stability,

easy functionalization, and wide range of structures of the UiO series provide them with
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promising prospects in catalysis, separation, and adsorption.[7-82]

b) ZIF series

The ZIF series is an important subfamily of MOFs. It is composed of N atoms in the
imidazolate ring and self-assembly of tetrahedrally coordinated divalent cations
(structural formula: M-Im-M, M represents a metal cation, for example, Zn?* or Co?*,
Im represents imidazolate ligands).[® The structure of ZIF is very similar to that of
traditional aluminosilicate zeolites, where typically Zn ions act as silicon, imidazolate
anions form bridges, mimicking the role of oxygen in the zeolite, and metal-imidazole-
metal (i.e. M-Im-M) bond angle is approximately 145< similar to the Si-O-Si angle in
zeolites.[+85] As a result, ZIF has the properties of both MOFs and zeolites and is seen
as an attractive porous material suitable for a variety of applications. 86871 Because they
combine the pore controllability, chemical stability, structural variability, thermal
stability, and pore stability of zeolite sieves. For example, Kisgens et al.[%8 initially
reported the water vapor adsorption isotherm at 298 K for ZIF-8, a porous framework
with sodalite (SOD) zeolite topology. This isotherm proves the strong hydrophobic
properties and remarkable hydrothermal stability of the material. Bux et al.[®% prepared
a zeolite imidazole framework (Z1F-8) membrane with molecular sieve properties with
high selectivity for hydrogen.

In 2008, Yaghi’s research group studied the impact of different influencing factors
(such as the molar ratio of metal and ligand, solution concentration, temperature,
reaction time, etc.) on the topology of the imidazole framework through high-
throughput screening methods, and ZIF with ana, zni, dia, Ics, crb, frl, cag, sod, dft, gis,

gme, Ita, mer, rho zeolite topologies were synthesized (Figure 1-4).1%
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Figure 1-4. ZIF with different zeolite topologies. The largest cages in each ZIF are
represented by ZnN, tetrahedra in blue and CoNs in pink. The yellow balls placed in
the structure are to clearly show and indicate the spaces in the cage. H atoms have been
omitted [IM and IM-type links are shown in ball-and-stick representation (C, black; N,
green; O, red; Cl, pink)]. Reprinted with permission from AAAS ref. [90]. Copyright
(2008) Science.

In addition to their similarities to zeolites, ZIFs also possess unique properties that set
them apart from traditional zeolites. Such as larger specific surface area, flexible pore
size, and simple and diverse designs.l®*-%81 ZIF consists of inorganic-organic framework
types and may contain metals such as zinc and cobalt as well as non-metals such as
nitrogen, carbon, and hydrogen. They also demonstrate strong thermal and chemical
resistance in aqueous solutions and exhibit excellent compatibility with organic
polymers.4l A variety of ZIF-based compounds have been prepared, such as ZIF-8,

ZIF-67, ZIF-95, Zn(MIm),, Co(MIm)2, etc.[®56] These different ZIF materials have
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different physical and chemical properties and have different applications in different

fields.[97-100]

1.2.3 Synthesis methods of MOF's

MOFs are usually formed by the self-assembly of metal clusters and organic ligands
under specific conditions. From this perspective, the process can be viewed as an
assembly of predefined elements rather than a traditional complete design process.
Therefore, different synthesis methods are crucial for MOFs because of the complex
pathways by which they are produced and the need to control their properties. Even
starting from the same reaction mixture, using different synthesis methods will result
in different MOF structures. This variation results from several factors influencing the
synthesis process, including reaction conditions, reaction time, metal cluster to organic
ligand ratio, and external stimuli.[1°1-192 So far, there are many synthesis methods for
MOF materials, such as solvent/hydrothermal synthesis, microwave-assisted synthesis,
mechanochemical synthesis, electrochemical synthesis, sonochemical methods, etc.[*0%
1051 Appropriate methods can be selected for synthesis according to different raw
materials and functional requirements. This thesis summarizes some important
synthesis methods.

a) Solvent/hydrothermal synthesis

Among the various methods for synthesizing MOFs, the solvent/hydrothermal method
is the most common and conventional approach used for synthesis. The solvothermal
method is to dissolve or mix metal salts and organic ligands in aprotic or protic organic
solvents, and then heat the mixture in a high-temperature Teflon-reactor to get high-
quality single crystals (Figure 1-5).[1061091 Aprotic solvents commonly used to prepare
MOFs include DMF, diethyl formamide (DEF), 1-methyl-2-pyrrolidone (NMP),
dimethyl sulfoxide (DMSO), toluene, acetonitrile, etc. and commonly used protic
solvents are ethanol, methanol, mixed solvents.['1%-1121 Hydrothermal methods are
similar to solvothermal methods in that water is used as the solvent instead of organic

solvents for the reaction. The nature of the solvent and the synthesis conditions such as
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pH, surfactant, solubility of precursors, reaction time, etc. affect the growth of MOF
crystals.[113-114]

This method has universal applicability in the synthesis of MOFs.[115-1171 |t is easy to
use, simple to operate, and can obtain MOF materials with good crystallinity and large
specific surface area.[**8-11% However, solvent/hydrothermal methods also have some
limitations, such as slow crystallization, low yield, and the high cost of the solvents and
some organic ligands.[*?%1 In addition, organic solvents are usually not friendly to the
environment. For example, long-term use of DMF can cause harm to the human
body.[*21-1221 Therefore, looking for green and environmentally friendly solvents to

replace toxic solvents to synthesize MOFs is the future development trend.

Water or

solvent
Solvent exchange

Self-assembly & washing
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Figure 1-5. Solvent/hydrothermal synthesis of MOF structures.

b) Microwave-assisted synthesis

Microwave-assisted synthesis has been widely used in the rapid synthesis of
nanomaterials and has also been used in the synthesis of MOFs.[123-1241 Different from
the traditional solvothermal method, the energy used for the reaction in the microwave-
assisted method is obtained in the form of microwave radiation (Figure 1-6).1*2% Using
amicrowave instead of a heat source to heat the mixture solution, the molecular rotation
caused by the coupling of the electric field and molecular permanent dipole moment
can heat the liquid medium quickly and uniformly, and the heating efficiency is
higher.[*?6] Therefore, microwave synthesis can promote rapid nucleation and crystal
growth of MOF network clusters, significantly reducing the reaction time, which is only
a few minutes (min) to an hour (h).[*2-1281 The use of microwave-assisted synthesis of

MOF materials can produce MOF materials with rich porous structures, smaller particle
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sizes, and easily controllable morphologies.[?%131 However, the synthesized MOF
crystals are of low quality are not suitable for fine structure analysis, and may require
the design of specialized microwave devices. It is worth noting that since microwave
synthesis uses the same reagents as solvothermal synthesis, it may have disadvantages

such as low yields, toxic reagents, and high reaction temperatures.[*32]
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Figure 1-6. Microwave-assisted synthesis of MOF structures.

¢) Mechanochemical synthesis

The mechanochemical method is a method that breaks intramolecular bonds by
applying external mechanical force (i.e. grinding), followed by chemical transformation
to generate the desired MOFs.[*33] In this method, solid reactants such as ligand powder
and metal salt are mainly added to a high-energy ball mill or mortar. During the rolling
and rotating process of the mill ball, the solid reactant violently collides with the mill
ball, causing the powder to break repeatedly in a cold sweat at high temperatures
(Figure 1-7).133+131 Therefore, this method does not require the use of solvents, does
not produce any liquid waste after the reaction, and eliminates the tedious treatment
process of later activation.'*®l It is the most environmentally friendly preparation
method so far. It is especially suitable for mass production and lays the foundation for
the industrial preparation of MOF materials. In mechanochemical synthesis, since the
solid-solid reaction is carried out under grinding conditions, the quality of the

synthesized materials is not high and often contains more impurities.[*37]
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Figure 1-7. Mechanochemical synthesis of MOF structures.

d) Other methods

In addition to the above methods, MOFs synthesis methods also include
electrochemical methods. Electrochemical synthesis uses the principle of electrolysis
to convert a metal anode into metal ions and assembles MOFs with an electrolyte
solution containing organic ligands.*38-1391 This method is fast, requires low reaction
temperature, and the final product has no residual anions (such as Cl-, NO3").[10
However, this method also has disadvantages such as dangerous reagents and high
equipment and maintenance costs.

Furthermore, it also includes less commonly used sonochemical methods, diffusion
methods, ionothermal methods, etc.41-144 Different synthesis methods have their
advantages and disadvantages. Therefore, when preparing different types of MOF
materials, specific problems should be analyzed in detail and the appropriate synthesis

method should be reasonably selected.

1.3 Construction strategies for macroscopic MOF materials

Over the past two decades, significant efforts have been dedicated to designing and
synthesizing new MOF structures and exploring their various applications, some of
which are now commercially available.!*45-1461 However, MOFs in nanoparticle form
face challenges such as difficulty in recycling, poor processability, and clogging of
pipelines during use, limiting their practical applications.[**”] To address these issues,
constructing MOF materials as macroscopic MOF materials is an effective solution.[148-

151 Compared to individual MOF nanoparticles, macroscopic MOF materials can build
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a bridge between the nanoscale and meso/macroscale worlds, producing unique and
interesting properties.

Based on their morphology in different dimensions, the macroscopic MOF materials
can be classified into zero-dimensional (0D) particles, one-dimensional (1D) nanofibers,
two-dimensional (2D) membranes, and three-dimensional (3D) macrostructures
(Figure 1-8).[2%1 Next, I will introduce the synthesis strategies for these different types

of macroscopic MOF materials.

Structuring of macroscopic MOF materials

0 D particle 1 D fiber 2 D membrane 3D macrostructure

Figure 1-8. The morphology of macrostructures MOFs in different dimensions.

1.3.1 0D MOF particles

The size of 0D nanostructures varies from a few nanometers to a hundred nanometers,
usually in the form of spheres, polyhedrons, ellipsoids, and quantum dots. 52 The most
direct and simple strategy to construct OD MOF materials is the macrostructure
template method, which involves using a pre-existing structure to guide the formation
of the desired MOF morphology. This method introduces preformed macrostructure
templates into the reaction mixture solution during MOFs synthesis. In the second step,
the template material can be removed through an etching process to obtain a pure MOF
superstructure (Figure 1-9a).[*53-15¢] For example, Shen et al.[*>’1 demonstrated the
growth of ZIF-8 MOF micro crystals on a polystyrene nanosphere monolithic template.
Afterward, the polystyrene microspheres were removed through solvent extraction,

resulting in a single crystal with a directional and ordered large microporous structure.
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Compared to conventional polycrystalline hollow and disordered macro-porous ZIF-8,
these hierarchical frameworks exhibit improved mass diffusion properties and a robust
single-crystalline nature, which confer excellent catalytic activity and recyclability for

macromolecular reactions.
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Figure 1-9. Construction of 0D MOF particles by (a) macrostructure template method;

(b) core-shell structure; and (c) directly combined with macro-scale carriers.

Core-shell structures are also often used to construct 0D MOF particles (Figure 1-9b).
The preparation of core-shell structures can give MOFs new physical and chemical
properties, thereby broadening MOF's performance and practical applications.158-1601
There are many common core-shell structures, such as metal/non-metal
nanoparticles@MOF, metal oxide nanoparticles@ MOF, MOF @MOF, etc.[161-163] The
combination of two MOFs was first reported by Tang et al.[*64 They first synthesized
ZIF-8 using a conventional method and then used the synthesized ZIF-8 as a hard
template to uniformly grow ZIF-67 on the outer surface of ZIF-8. They used this core-
shell structured (ZIF-8@ZIF-67) MOF as a carbon precursor and carbonized it in a
nitrogen atmosphere at 800 <C to obtain a nanoporous carbon material with a unique
specific capacitance of 270 F g 1.

In addition, MOFs can also be directly combined with macro-scale carriers to obtain
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0D MOF particles (Figure 1-9c).[t52165-166] For example, Zhao et al.['%"] reported a
general method to prepare MOF-chitosan composite beads through in-situ growth.
Chitosan/metal hydroxide (or metal oxide) beads were used as substrates for MOF
immobilization, in which metal hydroxide or metal oxide was the precursor template
for MOF growth. Through the self-condensation of the corresponding metal hydroxides
or metal oxides in the organic ligand solution MOFs were prepared and stably fixed in
the chitosan substrate. The shape of the beads allows easy recycling of ZIF-8-chitosan

composites.
1.3.2 1D MOF fibers

The synthesis strategies for preparing MOF-based fibers mainly include direct
solvothermal growth, atomic layer deposition (ALD) metal oxide directional growth,

and layer-by-layer (LbL) growth (Figure 1-10).
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Direct solvothermal
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ALD metal oxide
directional growth

Figure 1-10. Synthesis diagram of 1D MOF fibers.
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Direct solvothermal growth: MOF fibers can be grown directly on the fiber substrate
through the solvothermal method. Lu et al.[*%8] successfully demonstrated the direct
solvothermal growth of the MOF (UiO-66-NH,) on the surface of electrospun polymer
fibers. First, the ligand amino terephthalic acid (ATA) was electrospun with the
polymer solution and acted as anchors or nucleation points for MOF growth on
immersing the ATA-containing polymer fibers in an acetone solution of equimolar
zirconium tetrachloride (ZrCls) and ATA.

ALD metal oxide directional growth: This method conformally deposits a metal oxide
film (such as aluminum oxide (Al>QOs3), zinc oxide (ZnO), or titanium dioxide (TiO2))
on the surface of the polymer fiber through ALD that is used further for the growth of
MOF.[169-170] For example, Zhao and co-workers’1 used ALD to deposit Al,O3
nanoscale coating on the nonwoven fiber mat, enabling the growth of HKUST-1
[Cuz(BTC)] on the Al,Os coated fibers by a solvothermal method (HKUST stands for
Hong Kong university of science and technology). The resulting MOF crystals maintain
their functionality and adhere well to the fibers. Al,Os ALD coating improves the
macroscopic uniformity of the MOF and its coverage on the fiber surface. Compared
with MOFs grown on untreated polypropylene (PP) fibers, MOF-PP/ALD fibers exhibit
higher Brunauer-Emmett-Teller (BET) surface area, high MOF loading, and higher
adsorption capacity. Lee et al.['7?] deposited a TiO; film (thickness approximately 20
nm) on PP fibers through ALD and selected ALD TiO- as a heterogeneous nucleation
site to generate Zr-based MOF fibers (PP@TiO.@MOF). The overall MOF@fiber
adhesion and uniformity of the TiO, ALD layer enable these fibers to have good
detoxification activity against chemical warfare agents (CWAS), and their catalytic
performance is 580 times higher than that of unmodified PP textiles.

LbL growth: Different from direct solvothermal synthesis, layer-by-layer assembly
involves sequentially coating the fiber with a metal salt solution and a ligand solution,
respectively. During the precursor coating process, the substrate was rinsed with pure
solvent to remove any excess precursor. Using the discontinuous MOF crystallization
process, the thickness can be precisely controlled. In addition, this method is carried

out under mild conditions and is suitable for large-scale production. Morsali and
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colleagues reported a sonication-assisted LbL method for growing HKUST-1 on the
surface of silk fibers. First, the silk fibers were sequentially immersed in a metal salt
solution and an organic ligand solution in sequence, and ultrasound was used to
accelerate the growth reaction of LbL. Then, the crystallinity of the MOF was improved
by increasing the number of HKUST-1 cycles of layer-by-layer coating on the silk
fiber.[173]

Li and colleagues grafted -COOH onto cotton fabrics (CF) by carboxymethylation,
providing coordination for Cu ions and promoting MOF growth. After 10 layer-by-
layer growth cycles, CuBTC-MOF grew in situ on the CF, evenly and densely covering
the surface of the CF-COOH fiber, and presenting a regular octahedron structure. In
contrast, the pristine CF fiber surface showed only sparse and uneven MOF growth due
to the lack of active carboxymethyl groups. Thus, MOF nucleation may occur and
continue to grow on random defects in untreated fibers, resulting in a sparse and

irregular coating of CuBTC crystals.[*74]

1.3.3 2D MOF membranes

Electrospinning technology is a versatile method for preparing thin fibers with
diameters ranging from 2D nanometers to several microns. In this method, a polymer
solution is continuously pulled out from a spinning nozzle in the form of nanofibers
under the application of a high voltage.[*”3] These fibers are then continuously collected
on a collector in the form of a membrane in which fibers lay randomly onto each
other.[176-1771 The method has also been used for making 2D MOF-polymer membranes.
Currently, there are two main approaches to preparing MOF-polymer fiber membranes
based on electrospinning: direct electrospinning (Figure 1-11a) and surface in-situ
growth (Figure 1-11b).

In the direct electrospinning method, a suspension of MOF particles in a polymer
solution in an organic solvent is used for electrospinning. The most common polymers
used for this purpose are polyurethane (PU), polystyrene (PS), polyacrylonitrile (PAN),
poly(vinyl pyrrolidone) (PVP), and poly(vinylidene fluoride) (PVDF).[178-179]
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Wang et al.['8%1 synthesized a series of MOFs (UiO-66-NH,, ZIF-8, Mg-MOF-74, and
MOF-199) and incorporated them into PAN, PS, and PVP spinning solutions.
Nanofiber membranes were obtained by direct electrospinning and used for air filtration.
By controlling the particle size and morphology of different MOF crystals, a high
loading (up to 60 wt%) was achieved in the polymer matrix without particle aggregation.
This method is suitable for preparing polymer membranes with all types of MOFs, and
the MOF loading in the fiber membranes can be accurately controlled by changing the
amount of MOFs added. Since MOF particles are embedded in the polymer nanofiber
membrane, the internal pores of the original MOF crystals are often covered by the
polymer matrix, which greatly limits the use of MOFs in most applications.[*8% In
addition, the method is restricted by a limited weight percentage loading of MOFs,
issues during electrospinning due to the increased viscosity of the spinning suspension,

and clogging of the spinning nozzles.[*8?
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Figure 1-11. Schematic of preparation of 2D MOF membranes by 1) electrospinning:
(a) direct electrospinning; (b) surface in-situ growth, and 2) liquid-liquid interface

reaction (c).

The surface in-situ growth method can effectively overcome these shortcomings. In this
method, MOFs are grown in situ on the surface of the polymer fiber membrane. The

internal and surface pores of the original MOF particles are not covered by the polymer
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matrix, which can well retain the surface area, pores, and physical and chemical
properties of the MOFs. Zhao et al.l*®3 successfully prepared electrospun PAN fiber
membranes (PAN@MIL-100(Fe) fiber membrane) from HsBTC/PAN (HsBTCis 1, 3,
5-tricarboxylic acid) precursor fiber membranes through electrospinning and
hydrothermal processes. In this work, they added the organic ligand H;BTC to the PAN
spinning solution and electrospun the HsBTC/PAN precursor fiber membrane. Then the
fiber membrane was placed in the precursor solution of MIL-100(Fe) (an aqueous
solution containing iron (I11) chloride (FeCls) and HsBTC for solvothermal reaction to
obtain the PAN@MIL-100(Fe) fiber membrane. It is worth noting that during the
spinning process, the addition of HsBTC provides nucleation sites for the subsequent
in-situ growth of MIL-100(Fe) on the electrospun PAN fiber, allowing the uniform
growth of MIL-100(Fe) on the surface of PAN fiber, the loading of MIL-100(Fe) is as
high as 58%. The fiber membrane has excellent removal efficiency for pollutants in
wastewater treatment and also exhibits good recyclability and reusability. Wang and
his colleagues*® reported a method for in-situ growth preparation of MOF filters. First,
the metal salt cobalt (11) acetylacetonate (Co(acac)z) and PAN were dissolved in DMF
to form an electrospinning solution. After electrospinning, a Co(acac)./PAN fiber
membrane was obtained which was then used for the in situ growth of ZIF-67. In this
case, ZIF-67 could retain its morphology, structure, and accessibility on the membrane.
Unfortunately, in the in-situ growth method, MOF nucleation may occur in the solvent
rather than on the surface of the preformed nanofiber membrane, thus causing waste of
precursors. 18]

2D MOF membranes can also be achieved by the interfacial growth method, which
typically occurs at the interface of two solvents (Figure 1-11c). One solvent contains
the metal salt and the other solvent contains the ligand. According to a diffusion-
mediated process, the metal and ligand will react at the interface of the solvent mixture

to form a MOF ultrathin film. 186l
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1.3.4 3D MOF macrostructures

3D MOF macroscopic materials are usually constructed by the growth of MOFs on a
3D matrix carrier (Figure 1-12). The 3D matrices commonly used to prepare 3D
macroscopic MOF materials include sponge, wood, foam, etc.!'87-1881

43D matrix carrier
~ (sponge, wood, foam, etc.)
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MOF growth
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Figure 1-12. Schematic of preparation of 3D MOF macrostructures by growing MOFs

on a 3D matrix carrier.

The most commonly used method for constructing 3D MOF macrostructure is the in
situ growth method. The in-situ growth method refers to the direct preparation of MOF
layers on the substrate using solvothermal or hydrothermal methods. Guo et al.[!8]
developed 3D Zr-MOF using natural wood as the carrier (U10-66/wood). UiO-66 was
grown in situ in a 3D low-tortuosity wood lumen via a facile solvothermal strategy. The
resulting UiO-66/wood contains a highly mesoporous UiO-66 MOF structure as well
as many elongated and open lumens along the wood growth direction. This unique
structural feature improves the mass transfer of organic pollutants and increases the
contact probability between organic pollutants and UiO-66 MOFs when water flows
through the membrane, thereby improving the removal efficiency. Ren et al.['l loaded

ZIF materials on cellulose aerogels through in-situ growth. Aerogels are a unique class

of ultralight materials that are filled with approximately 95% air volume, have large
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void spaces, open porous structures, and very low density (0.004 - 0.005 g cm™).[11]
The author soaked the prefabricated cellulose aerogel in a DMF solution of
Co(NO3)2-6H»0 for 24 h. This solution was then mixed with a DMF solution in which
benzimidazole was dissolved, and allowed to stand for 24 h, allowing the formation of
aerogel-supported ZIF.

In addition, to improve the adhesion and nucleation ability of MOFs on the substrate,
functional groups are usually generated on the substrate through modification, and these
functional groups can be combined with metal ions or ligands. The modified substrate
is then subjected to solvothermal or hydrothermal treatment to grow a MOF layer.
Cheung et al.l'®) used a carbon nanotube (CNT) sponge composed of stacked multi-
walled nanotubes as a template to successfully prepare a flexible and compressible
CNT@MOF sponge by growing MOF particles in situ inside the sponge. In this process,
the CNT sponge is first treated with HNOs3 to generate functional groups on the CNT
surface as coordination sites, followed by ZIF-8 nucleation by forming Zn-O chemical
bonds. Then the acid-treated CNT sponge is soaked in the precursor of ZIF-8 to perform
a solvothermal reaction to obtain a CNT@ZIF-8 sponge. Yang et al.['%3] used maleic
anhydride (MAH) to modify the cellulose sponge (CS) and introduced carboxyl groups
onto the CS to provide sites for the nucleation of MOF. The MOFs are firmly and evenly
dispersed on the maleic anhydride-modified cellulose sponge surface. Porous
MOF@modified cellulose sponge (MCS) composites were obtained by in situ growth
of Zr MOFs on modified cellulose sponges. MOFs@MCS composites exhibit excellent
water and dimensional stability when removing heavy metal ions and organic dyes from
water.

In my work, I used a 3D polymer network carrier, created by the self-assembly of short

electrospun fibers, for the in situ growth of MOF, as described in detail in Chapter 1.5.

1.4 Applications of MOFs

MOFs are a new class of porous and crystalline materials developed in recent years,

formed by the self-assembly of inorganic metal centers and organic ligands through
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coordination bonds. Their unique properties, including high permanent porosity, large
specific surface area, abundant active sites, multifunctional frameworks, and adjustable
pore sizes, make them excellent candidates for various applications, such as catalysis,
adsorption and separation, water purification, energy storage, and other fields.[1%+-191 |n
the following sections, | describe the existing literature on the use of MOFs for catalysis
and water treatment applications. In my research, | utilized self-synthesized

macroscopic MOFs for these purposes.

1.4.1 Catalysis

A catalyst refers to a substance that can promote the reaction or speed up the reaction
rate during a chemical reaction, and its own physical and chemical properties remain
unchanged.*%I Porous materials play an indispensable role in the field of catalysis.
Compared with traditional porous catalytic materials (zeolites, silica salts, molecular
sieves, activated carbon, etc.), MOFs are easy to synthesize and have channels (pores)
or cages that allow the free flow of reactants and products and catalytic sites with
different spatial distributions. MOFs can also be diversified in structure by carefully
selecting appropriate metal nodes and organic connectors. In addition, the metal centers
and ligands of the MOF structures are modified or substituted through post-
modification methods to give them rich and diverse physical and chemical
properties.17-1%81 So far, MOF materials have been used in various reactions such as
cyanidation reactions, hydrogenation reactions of aromatic compounds, oxidation
reactions of hydrocarbons and alcohols, esterification reactions, coupling reactions, and
photocatalytic degradation reactions.[192-201]

Huo and colleagues designed a porous anionic framework material to catalyze the
carboxyl cyclization reaction of propargyl alcohol with carbon dioxide (CO>). It can be
used as an effective catalyst for the cyclization of propargyl alcohol with CO» under
mild, solvent-free conditions, with a record turnover number (TON) of 14,400. It is
worth mentioning that this MOF catalyst also shows rare catalytic activity when using

biomacromolecule alkynone as a substrate. This is the first example of the use of a non-
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noble metal to directly catalyze the carboxyl cyclization of propargyl alcohol with
CO..2%2 Chen et al. used a solvothermal synthesis method to construct a novel 3D
photoactive Zn-MOF using carefully designed propeller-shaped tris(3-carboxy
biphenyl)amine (HsTCBA) ligands and Zn3O clusters. This Zn-MOF was utilized as a
heterogeneous photocatalyst. The uniquely twisted triphenylamine photosensitive units
and metal cluster quantum dots within the MOF channels not only facilitate light-
induced charge separation, enabling oxygen activation and proton reduction but also
provide abundant 7 interaction sites around the MOF channels. The photo-induced
electron transfer process between it and guest molecules promotes Zn-TCBA to show
good photocatalytic activity and stability in photocatalytic hydrogen production. In
addition, the appropriate excited state potential and semiconductor-like properties of
Zn-TCBA give Zn-TCBA the ability to activate double oxygen and achieve efficient
photooxidation conversion.[20%]

Lee et al.?I prepared a highly porous and stable acid-base bifunctional metal-organic
framework MIL-101 (MIL-NH>-SOsH) through direct solvothermal synthesis using
two mixed (-NO2, -SOsH) terephthalate ligands. This framework exhibits excellent
performance in one-pot tandem deacetalization-nitroaldol reactions. Zhou et al.[2%]
developed a new bifunctional MOF nano-catalyst UiO-66-OTf (OTf comes from
organic ligand trimethylsilyl triflate) through post-synthetic modification. This catalyst
has enhanced Lewis acid sites and photoredox sites, and can effectively catalyze the
reduction of 2-aryloxybenzaldehyde into flavonoids using ethanol as the reducing agent.
This is a new method that can efficiently synthesize flavonoids without excessively

strong oxidants.

1.4.2 Wastewater treatment

MOF materials have become a promising wastewater treatment material due to their
porosity, structural diversity, excellent chemical stability in water and acid-base
solutions, and structural stability in a variety of organic solvents. MOFs and their

macroscopic materials have excellent and efficient removal efficiency for a series of
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organic and inorganic pollutants such as heavy metals such as mercury, lead, chromium
or arsenic, organic dyes, antibacterial agents, antibiotics, and persistent chemicals in
wastewater, [206-207]

For example, Nimbalkar et al.[?%8] synthesized low-cost UiO-66 MOF using 1,2,4, 5-
benzoic acid as an organic ligand by one-pot hydrothermal method and used for the
removal of methylene blue (MB) and heavy metals (lead and cadmium) from aqueous
solutions. The results show that the adsorption capacities of the MOF materials for
cadmium, lead, and MB are 37 mg g%, 100 mg g+ and 169 mg g1, respectively. MIL-
101-AO (AO is amidoxime) demonstrated excellent adsorption performance and
recyclability for Uranium (VI), with an initial adsorption capacity exceeding 500 mg
g ! and retaining over 450 mg g * after five cycles. In artificial seawater, in the presence
of competing metal ions, the selective adsorption efficiency for U(VI) es reaches
96%.12%91 Li and his colleagues synthesized the MOF PCN-222 (PCN is a porous
coordination network) using a solvothermal method. PCN-222, a porous coordination
network, effectively removes both anionic and cationic dyes from aqueous solutions.
In a single dye system, PCN-222 demonstrated a maximum removal efficiency of 906
mg g~ for the anionic dye MB and 589 mg g~ for the cationic dye methyl orange (MO).
Notably, when MB and MO coexist in the solution, their adsorption capacities are
mutually enhanced by 36.8% (1239 mg g?) and 73.5% (1022 mg g 1), respectively.
Additionally, during the removal process, neither the crystal structure nor the removal

capacity of PCN-222 showed significant changes after eight cycles. 20

1.5 Electrospinning

In my research, | utilized the electrospinning method as a tool for fabricating
macroscopic MOF structures. In this section, | provide a brief overview of the

electrospinning technique.
1.5.1 Method of electrospinning

Electrospinning is a relatively robust and simple process that uses electrostatic forces
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to produce continuous fibers from polymer solutions or melts.?*) The basic
electrospinning equipment mainly includes a high-voltage power supply, a syringe
pump, a spinneret (usually a blunt-ended injection needle), and a collector (a metal foil,
plate, disc, or drum).[?2-2131 Before electrospinning, most polymers will be dissolved in
certain solvents (such as DMF, DMSO, dichloromethane (DCM), chloroform, etc.).
After complete dissolution, a polymer solution is formed, and then the polymer fluid is
introduced into the syringe for electrospinning. During the electrospinning process, the
polymer solution is extruded from the spinneret, producing pendant droplets under the
action of surface tension. After energization, the electrostatic repulsion between surface
charges of the same sign causes the droplets to form a Taylor cone, from which a
charged jet is ejected.[?14-21%] Subsequently, the charged solution jet is ejected from the
tip of the Taylor cone. In the space between the spinneret tip and the collector, the jet
undergoes an unstable and violent whipping motion and is stretched to a smaller
diameter. It is finally deposited in the form of solid fibers on a grounded collector. [216]
Figure 1-13 provides a brief explanation of the electrospinning process. By adjusting
electrospinning solution parameters (viscosity/concentration, conductivity, molecular
weight of polymer, solvent selection), process parameters (applied voltage, flow rate,
distance between spinneret and collector), and environmental parameters (temperature,
humidity), almost all soluble or fusible polymers, including various synthetic polymers
(such as polylactic acid (PLA), PU, polyethylene (PE), copolymer poly(lactide-co-
glycolic acid), etc.), natural polymers (such as collagen, chitosan, cellulose acetate, silk
protein, etc.) or a mixture of the two, and even proteins, nucleic acids, polysaccharides,

etc. can be used for electrospinning.[?7-221
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Figure 1-13. (a) Schematic diagram of the electrospinning process. (b) High-speed
photograph outlining the Taylor cone formation, depicting the linear segment of the
polymer jet, followed by the whipping jet region. (c) The prototypical instantaneous
position of the jet path succeeding through the three sequential bending instabilities.

Reprinted with permission from ref. [220]. Copyright (2023) Wiley-VCH.

1.5.2 Short electrospun fiber sponges

The fiber diameters produced by electrospinning range from nm to micrometers (pm),
offering an extremely high specific surface area-to-volume ratio, adjustable porosity,
controllable nanofiber composition, and other advantageous characteristics.[???! It has
been widely studied by researchers and used in various fields, including protective
clothing, filtration, biomedicine, nanocatalysis, defense and security, and
environmental engineering.[?23-2241 However, electrospun fibers are usually assembled
into 2D fiber membranes (thickness less than 100 pm). It is difficult for fibers to
penetrate in the direction perpendicular to the deposition plane, and problems such as

poor resilience and easy peeling between fiber layers greatly affect its practical
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applications in many fields.[??5] Compared to 2D electrospun fiber membrane materials,
the interwoven and interconnected structure of a 3D fiber sponge provides a well-
connected network with higher specific surface area and porosity.[?2¢ Constructing 3D
fiber sponges is a significant challenge in expanding the practical applications of
electrospun fibers. To date, various methods, including hydrogel encapsulation, 3D
printing, gas foaming, and freeze-drying, have been developed for this purpose.[?27-221
Among these methods, the 3D fiber network structure, constructed by freeze-drying
homogeneous short electrospun fibers, is widely used due to its simplicity, convenience,
and controllable size and shape. Freeze-drying is a dehydration process where the
frozen solvent sublimates directly from the solid phase to the gas phase under reduced
ambient pressure.[?29-230 |n this method, a homogeneous dispersion of short electrospun
fibers is first prepared by mechanically cutting long, continuous fiber membranes. The
resulting short fiber dispersion is then freeze-dried to form a 3D fiber sponge. The size,
shape, and microstructure of the sponge can be tailored by adjusting the mold type and
freeze-drying conditions.[?3!1 The 3D hierarchical porous network structure endows the
fiber sponge with high porosity, making it highly effective in applications such as
seawater desalination, oil-water separation, and supercapacitors.[?32-23% The unique
structure of electrospun 3D fiber sponges can effectively address challenges in MOF
processing, recycling difficulties, and agglomeration tendencies. In my research work,
| demonstrated the fabrication of hierarchical porous MOF sponges using 3D
electrospun short fiber sponges as carriers and successfully applied them to activate

peroxymonosulfate for the degradation of organic pollutants in wastewater.
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2. Aim and Overview of the Thesis

Aim

The aim of this work is to develop reproducible methods for creating zero-dimensional
(OD), one/two-dimensional (1D/2D), and three-dimensional (3D) functional
macroscopic metal-organic frameworks (MOFs) materials, enabling their repeated use
and facilitating easy separation from the reaction medium after use. The proof-of-
concept is demonstrated by showcasing their applicability as catalysts in one-pot
reactions for multiple cycles and water purification. Their ultra-high porosity, large
specific surface area, structural diversity, and excellent chemical stability make MOFs
valuable in fields such as catalysis, gas separation and adsorption, sensing, energy
storage, and biomedicine. However, the nanoparticle powder form of MOFs, coupled
with their insolubility and processing challenges, limits their full potential. Moreover,
the loss of MOF nanoparticles during use can lead to pipeline blockages and secondary
pollution. To address these challenges and extend the service life of MOFs, appropriate
processing methods can be employed to transform MOF nanoparticles into macroscopic
materials. Additionally, combining MOFs with various functional components can
impart new physical and chemical properties, thereby broadening their range of
applications. Therefore, the objective of this work is to establish processes for making
MOF macroscopic materials focusing on the preparation of functional 0D (hydrogen-
bonded organic framework (HOF)-on-FesO4/ZIF-67, magnetically separable particles),
1D/2D (UiO-66-SOsH and UiO-66-NH, membranes), and 3D (PI/PAN@ZIF-67
sponge) macroscopic MOFs using solvothermal, electrospinning, freeze-drying
methods. The utility of these macroscopic MOF materials is studied through their
application as acid-functional and base-functional membranes, serving as Wolf-Lamb
type catalysts in catalyzing cascade organic reactions multiple times. Additionally, the
effectiveness of 0D and 3D macroscopic MOF materials in activating
peroxymonosulfate (PMS) for the degradation of organic pollutants in waste is studied.

The results are presented in a cumulative thesis format, including two published articles
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in peer-reviewed journals (ChemCatChem, Advanced Energy and Sustainability
Research) and one manuscript ready for submission. (section 2.1 to section 2.3). A

summary diagram of the thesis work is shown in Figure 2-1.
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Figure 2-1. Summary of research work carried out regarding preparation and
applications of macroscopic MOF materials. (Section 2.1) Synthesis of 0D macroscopic
MOF material: used as a catalyst to activate PMS to degrade organic pollutants
efficiently. (Section 2.2) Preparation of 1D/2D MOF fiber membranes for application
in one-pot cascade reactions. (Section 2.3) Preparation of 3D MOF sponge and its

application in activating PMS to degrade Rh B, a model organic pollutant.
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Overview

In the first section (Section 2.1), a 0D magnetic core-shell HOF-on-MOF (HOF-on-
Fe3;04/Z1F-67) composite macroscopic catalyst through the solvothermal method is
prepared. The effectiveness of HOF-on-Fe;O4/ZIF-67 in activating PMS for the in situ
generation of active species for the degradation of organic pollutants is studied by
taking Rhodamine B (Rh B) as the model dye. Magnetic Fe;O4 can promote electron
transfer between cobalt ions in ZIF, accelerating the degradation efficiency.
Additionally, the catalyst could be easily and conveniently recycled using magnetic
separation after the reaction. The HOF shell concentrates organic pollutants on the
catalyst surface, significantly shortening the reaction path. It also effectively reduces
cobalt ion leaching during the reaction, thereby increasing the stability of the catalyst.

In Section 2.2, the preparation and characterization of 1D/2D self-standing acid- and
base- functionalized MOF membranes are detailed. The MOF membranes were
prepared by growing the MOF on a template of electrospun 2D polymer membranes.
Following the removal of the template polymer, self-standing, highly stable MOF
membranes with hollow fibers were obtained. After use, the membranes could be easily
removed and reused for cycles, maintaining their efficiency for at least 15 catalytic
cycles. These membranes were used in a tea bag style for one-pot acid-base catalyzed
cascade reactions. After use, the membranes could be easily removed and reused for
multiple cycles, maintaining their efficiency for at least 15 catalytic cycles.

Section 2.3 focuses on the preparation and use of 3D MOF sponges. A stable,
hierarchical porous zeolite imidazolate framework (ZIF-67) 3D sponge was
successfully prepared by in situ growth of MOF on an electrospun short fiber network.
This sponge effectively activates PMS, achieving 100% degradation efficiency of the
model organic dye Rh B. The sponge's unique graded porous structure facilitates
excellent water flux. Its utility as a filter for the continuous degradation of organic dyes
was demonstrated by assembling a simple filtration device. In the following section, a

detailed account of each study is presented.
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2.1 In-situ constructed magnetic core-shell (hydrogen-bonded
organic framework-on-metal-organic framework) structure: an

efficient catalyst for peroxymonosulfate activation

Yingying Du, Chenhui Ding, Chao Deng, Susanta Banerjee, Seema Agarwal. In-situ
constructed magnetic core-shell (hydrogen-bonded organic framework-on-metal-
organic framework) structure: an efficient catalyst for peroxymonosulfate activation.

(Manuscript ready for submission)

Specific contributions by authors:

The idea for this project was co-designed by Prof. Seema Agarwal and me. I carried out
the main experimental work, including the synthesis and characterization of Fe3O4
nanoparticles, ZIF-67, and the HOF-on-Fe;04/ZIF-67 composite, utilizing
characterization techniques such as FT-IR and electrochemical tests. I also conducted
all the dye degradation experiments. Chenhui Ding performed SEM imaging and X-ray
diffraction measurements on the samples, while Chao Deng handled the EPR and VSM
tests. I wrote the manuscript and prepared all the figures, with Prof. Seema Agarwal
supervising the project and supporting the manuscript writing. Prof. Susanta Banerjee
contributed to discussions, and reviewed, and corrected the manuscript. The final

manuscript was completed with the collaboration of all co-authors.
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The concept of this work addresses the limitation of traditional MOF core-shell
structures used as catalysts, where the shell primarily serves a protective role, and
restricts the availability of catalytic active sites. The cobalt-based zeolite imidazole
organic framework (ZIF-67) is frequently used as a catalyst for activating PMS to
degrade organic pollutants. However, its practical application is often hindered by its
nanoparticle form and the leaching of cobalt ions during use. In this work, ZIF-67 was
used as the core, combined with magnetic Fe3Os, and a crystalline porous HOF material
was selected as the shell. This design minimizes mass transfer restrictions and protects
the active sites. The magnetic core-shell HOF-on-MOF (HOF-on-FezO4/Z1F-67,
referred to as HFZ) catalyst was prepared by a simple solvothermal method. The
specific preparation process is illustrated in Figure 2-2a. Initially, Fe3O4 nanoparticles
were introduced into the precursor solution of ZIF-67 to achieve in situ growth of
Fe304/ZIF-67 particles. These particles were then dispersed in an acetone solution,
followed by the addition of a dimethylformamide (DMF) solution containing the HOF
precursor. The mixture was stirred overnight, and the final HFZ particles were collected

using magnets.
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Figure 2-2. (a) Synthetic scheme for the preparation of HFZ. The SEM images of (b)
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FesO4 nanoparticles, (c) ZIF-67, (d) FesO04/ZIF-67, (¢) HFZ. The TEM images of f)
Fe304/ZIF-67, g) and h) HFZ.

The morphology of the samples was characterized by scanning electron microscopy
(SEM) (Figure 2-2b to 2e). The SEM images of HFZ clearly show a HOF coating on
the surface of the particles, while the rhombohedral shape of ZIF-67 is preserved.
Transmission electron microscopy (TEM) of HFZ reveals a darker core, representing
Fe3;04/Z1F-67, surrounded by a lighter HOF coating (Figure 2-2g). The amplified TEM
image (Figure 2-2h) shows a rough HOF shell around the core, with a thickness of

about 44 nanometers (nm).
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Figure 2-3. (a) The FT-IR spectra of Fe3Os, HOF, ZIF-67 and HFZ. (b) The XRD
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diffraction patterns of Fe3O4, HOF, ZIF-67, and HFZ. (c) Electrochemical impedance
spectroscopic (EIS) analysis and (d) Tafel polarization curves of HFZ and HOF-on-
ZIF-67. () Magnetic hysteresis loops of FesOs and HFZ. Optical picture showing

magnetic separation of HFZ using an external magnet.

X-ray diffraction (XRD) and fourier transform infrared spectroscopy (FT-IR)
confirmed the successful preparation of HFZ, showing that the addition of Fe3O4 and
HOF did not significantly alter the crystal structure of ZIF-67 (Figure 2-3a, 3b).
Electrochemical impedance spectroscopy (EIS) revealed that the Nyquist plot of HFZ
has a smaller semicircle compared to HOF-on-ZIF-67, indicating lower charge transfer
resistance (Figure 2-3c). This might be due to the acceleration of charge transfer
facilitated by the addition of Fe3Os. This enhancement in electron transfer is further
supported by Tafel polarization curves, where the free corrosion potentials of HFZ and
HOF-on-ZIF-67 are -0.27V and -0.18V, respectively (Figure 2-3d), suggesting a faster
electron transfer rate in HFZ. These results demonstrate that the inclusion of Fe3O4
significantly improves HFZ's electron transport capability, aiding in the rapid and
effective degradation of organic pollutants. Additionally, vibrating sample
magnetometer (VSM) tests confirmed that HFZ is ferromagnetic, enabling easy

separation and recycling of the catalyst using external magnets (Figure 2-3e).
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Figure 2-4. (a) The maximum adsorption capacity of Rh B by Fe304, ZIF-67, and HOF.
(b) The removal of Rh B using different systems, reaction condition: Rh B; 50 mg L1,
100 mL, 1.5 mM PMS, r.t., pH=7. (c) Reusability of HFZ activated PMS for
degradation of Rh B. (d) The XRD patterns of HFZ: fresh and after use.

Using Rh B as a model, the catalytic potential of HFZ for activating PMS to degrade
organic pollutants was investigated. Adsorption experiments with each component of
the catalyst showed that the HOF shell has a notable adsorption effect on Rh B (Figure
2-4a), effectively concentrating the dye on the surface of the ZIF-67 core, which likely
accelerates its degradation. As shown in Figure 2-4b, the removal rate of Rh B by HFZ
and PMS was 72.4% within 1 min, 97.5% after 3 min, and nearly 100% within 10 min.
Even after 5 cycles, the removal rate of remained high at 93.6% (Figure 2-4c).
Importantly, the XRD patterns indicates that the crystal structure of HFZ remains
largely unchanged after repeated use (Figure 2-4d), demonstrating its high recyclability
and stability. Additionally, the HOF shell effectively reduces the I cobalt ion leaching

during use, with inductively coupled plasma-optical emission spectrometry (ICP-OES)
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detecting only 0.14 mg L™! of cobalt ion leaching after 5 cycles.

In conclusion, this work involved the design and experimental execution of a magnetic
core-shell MOF catalyst (HOF-on-FesO4/ZIF-67) for activating PMS to degrade
organic pollutants, such as organic dyes, in wastewater. The catalyst combines ZIF-67
with magnetic Fe3Os as the core to enhance electron transfer, and HOF as a shell that
can concentrate organic contaminants on the surface of the catalyst, greatly shortening
the reaction path and achieving rapid organic dye degradation with high efficiency and
recyclability (100% Rh B degradation within 10 min). Under the protection of the HOF
shell, the leaching concentration of cobalt ions was 0.14 mg L™! after 5 cycles. This
research strategy offers a novel approach for preparing core-shell composite MOF
materials, with potential applications beyond pollutant degradation. The work
demonstrated the effectiveness and sustainability of this approach for organic dye

degradation.
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2.2 Template-assisted Preparation of Self-standing 2D-MOF

Membranes for Application in Cascade Reactions
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Yingying Du, Chenhui Ding, Jana Timm, Roland Marschall, Seema Agarwal.
Template-assisted Preparation of Self-standing 2D-MOF Membranes for Application in
Cascade Reactions. ChemCatChem, 2022, 14(22), €202201040.

Specific contributions by authors:

In this publication, I synthesized MOF powders, prepared MOF catalyst membranes,
characterized samples (FT-IR), and carried out all acid-base catalytic reactions.
Chenhui Ding conducted SEM measurements and XRD testing on the samples, as well
as discussed the results. He helped in problem-solving during MOF membrane
preparation. Dr. Jana Timm and Prof. Roland Marschall were responsible for BET
measurements and analysis of BET data. Prof. Seema Agarwal designed, guided, and
supervised the project. I organized all the data and wrote the manuscript, which was

then reviewed and finalized by all authors.

In this work, a template-assisted procedure is established for the preparation of two
distinct functional self-standing 2D MOF membranes: UiO-66-SO3;H and UiO-66-NHo.
These MOFs were synthesized are prepared from zirconium tetrachloride (ZrCls) with
2-sulfobenzenedicarboxylic acid monosodium salt (BDC-SO3;Na) and 2-amino
terephthalic acid (BDC-NH>), respectively. For making them in the form of a 2D

membrane, a template-assisted procedure is used that is divided into three steps (Figure

72



2. Aim and Overview of the Thesis

2-5). First, the template polymer polyacrylonitrile (PAN) was electrospun with ZrCly.
Next, the resulting electrospun membranes were separately immersed in BDC-SO3;Na
and BDC-NH: solutions containing acetic acid as a catalyst and reacted at 120 °C to
obtain PAN/MOF composite membranes. Finally, the template polymer PAN was
removed through Soxhlet extraction, yielding self-standing MOF membranes: UiO-66-
SO;H with a thickness of 240 + 12 micrometers (um) and UiO-66-NH; with a thickness

of 265 + 10 pum, respectively.
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Figure 2-5. The template-assisted procedure to fabricate the self-standing 2D MOF
membranes: UiO-66-SOsH and UiO-66-NH; (top) and the reaction scheme to prepare

corresponding MOFs (bottom).

SEM characterization, shown in Figure 2-6, revealed that the MOF's extensively grew
on and fully enveloped the PAN fibers. Once the PAN template was removed, the MOF
fibers maintained the randomly laid structure of the original template fibers but showed

a hollow structure.
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Figure 2-6. SEM morphology of (a) PAN/UiO-66-SOsH, (b) PAN/UiO-66-NHa,, (¢)
Ui0-66-SOsH, (d) UiO-66-NH,, Cross-sectional SEM morphology of (e) UiO-66-
SOsH, (f) UiO-66-NH; membranes.

Additionally, combined with XRD patterns and FT-IR analysis methods, the successful
preparation of desired MOF structures was confirmed (Figure 2-7a, 7b). The N,
physical adsorption isotherm provides the pore size distribution and specific surface
area of the powder and self-standing MOF membranes (as shown in Figure 2-7¢,7d).
Using BET (Brunauer Emmet Teller) model combined with Roquerol correction of
microporous materials, the specific surface area of the membranes (UiO-66-NH,: 330
m? g1, Ui0-66-SOsH: 84 m? g ') was calculated to be significantly lower than that of
the powder samples (UiO-66-NH,:1051 m? g!, UiO-66-SOsH: 539 m? g™!). This
reduction in surface area can be explained by a partial change in the crystal structure or
surface tension of the UiO-66 material crystals, which can already be observed by the

widening reflected in the XRD patterns.
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Figure 2-7. (a) XRD patterns of UiO-66 simulated, UiO-66-SOsH powder, Ui0-66-
SOsH membrane, UiO-66-NH, powder, and UiO-66-NH, membrane. (b) FT-IR spectra
of UiO-66-SO3H powder, UiO-66-SOsH membrane, UiO-66-NH, powder, and UiO-
66-NH; membrane. (c) N, physisorption isotherms of UiO-66-SOsH powder, UiO-66-
SO3;H membrane, UiO-66-NH; powder, and UiO-66-NH; membrane. (d) Pore size
distribution and cumulative pore volume of UiO-66-SO3H powder, UiO-66-SOsH
membrane, UiO-66-NH, powder, and UiO-66-NH, membrane.

The fiber morphology, acid-base functionalities, and modularity of the membrane
enable its use in a two-step cascade reaction within a single pot something typically
challenging due to the mutual inactivation of acid and base catalysts in a Wolf-Lamb
type scenario. In this one-pot, two-step reaction the UiO-66-SOsH membrane catalyzes
the conversion of benzaldehyde dimethylacetal to benzaldehyde, while the UiO-66-
NH, membrane simultaneously catalyzes the Knoevenagel condensation of
benzaldehyde with different active methylene compounds such as malonitrile and ethyl
cyanoacetate and diethyl malonate (Figure 2-8a). The system demonstrated excellent

performance, particularly with malonitrile as raw material in the second step, achieving
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a product yield of 99.9%. Moreover, the self-standing membranes form of the catalyst

allows for easy recovery and reuse with no was no significant loss in catalytic efficiency

after 15 cycles (Figure 2-8b).
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Figure 2-8. (a) One-pot cascade reactions catalyzed by acid- and base- functionalized

2D self-standing MOF membranes. (b) Recycling performance.

In summary, this work establishes a template-assisted fabrication procedure for self-

standing 2D MOF membranes. The membrane showed excellent catalytic activity,

achieving up to 99.9% yield in a one-pot cascade reaction (Wolf-Lamb type), and

maintained its efficiency even after 15 cycles. This research represents a significant step

toward the development and use of macro-sized MOF membranes as sustainable

catalysts.
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2.3 Sustainable Hierarchically Porous Reusable Metal-Organic
Framework Sponge as a Heterogeneous Catalyst and Catalytic

Filter for Degradation of Organic Dyes
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Yingying Du, Chenhui Ding, Seema Agarwal. Sustainable Hierarchically Porous
Reusable Metal-Organic Framework Sponge as a Heterogeneous Catalyst and Catalytic
Filter for Degradation of Organic Dyes. Advanced Energy and Sustainability Research,
2023, 5(4), 2300218.

Specific contributions by authors:
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final manuscript was completed with the help of all the co-authors.

This study introduces a simple and scalable approach to prepare stable, hierarchically

porous zeolitic imidazolate framework (ZIF-67) 3D sponges by growing them on
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2. Aim and Overview of the Thesis

template electrospun short fiber networks. The process begins with the mechanical
cutting of polymer non-woven fibers prepared by electrospinning, into short fibers.
These fibers are then dispersed in water/organic solvents to form a fiber suspension,
which is freeze-dring to create a 3D porous sponge with open pores. These electrospun

short fiber sponges serve as a matrix for creating a 3D MOF macrostructure.

A key challenge in this work was achieving a mechanically stable polymer matrix
sponge with strong adhesion between the polymer matrix and the MOF, ensuring the
growth of a defect-free, continuous MOF layer on the sponge template. After extensive
experimentation, a reproducible procedure was established in which a dispersion of
short polymer fibers, a polymer binder, and metal salt precursors for the MOF was
freeze-dried to create a stable template sponge on which the MOF could grow. The
specific preparation process is shown in Figure 2-9. Polyimide (PI) short fibers (length
L =77 £ 33 um), polymer binder (PAN), and Co(NOs3),-6H,O were dispersed in
dimethyl sulfoxide (DMSO) and freeze-drying to form a honeycomb structured
PI/PAN/Co** sponge. The PI/PAN/Co?" sponge then was immersed into the ZIF-67
precursor solution (Co(NO3):6H>O and 2-methylimidazole (2-Melm)), and ZIF-67
grows in situ on the surface of the template polymer fibers. The loading amount of ZIF-
67 was determined based on the mass change of the PI/PAN/Co*" sponge after ZIF-67
growth. A loading capacity of up to 72 wt% was achieved. Unfortunately, all efforts to
create a self-standing, mechanically stable 3D MOF sponge by removing the fiber
templates were unsuccessful.

C02+

PI short fibers

PAN as binder
r > Freeze-drying 2-Melm ( In-situ growth
; i “ &

PI/PAN@Co?* sponge PI/PAN@ZIF-67 sponge

Figure 2-9. Preparation of the PI/PAN@ZIF-67 sponge: Co?" comes from
Co(NO3)2-6H,0; 2-Melm is 2-methylimidazole.

78



2. Aim and Overview of the Thesis

SEM analysis of the PI/PAN@ZIF-67 sponge (Figure 2-10b, 10c) reveals that the
surface of the PI short fibers is completely covered by a dense layer of ZIF-67 particles.
The in situ growth of ZIF-67 on the PI short fibers ensures that the active sites within
the ZIF-67 structure are well preserved. Cyclic compression tests of the PI/PAN@ZIF-
67 sponge indicate that it has good mechanical properties, with a compressive strength
of 28.1 kPa under 50% strain and a height reduction of only 9.9% after 300 compression
cycles (Figure 2-10d).

254
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Figure 2-10. (a) The photo of PI/PAN@ZIF-67 sponge. (b, c) SEM images of
PI/PAN@ZIF-67 sponge. (d) Cyclic compressive stress-strain curves at 50% strain for
PI/PAN@ZIF-67 sponge.

The nanopores of the ZIF-67, the micropores between the cross-linked PI short fibers,
and the regular honeycomb macropores of the sponge form a 3D structure with
multilevel and hierarchical macro-micropores. It can be used as a catalyst to efficiently
activate PMS to degrade organic pollutants (Rh B, as a model pollutant). Figure 2-11a

shows the degradation of Rh B using different catalytic systems. For the PI/PAN@ZIF-

79



2. Aim and Overview of the Thesis

67 sponge/PMS system, the degradation rate of Rh B dye was as high as 97.4% within
5 min, and Rh B was almost completely degraded within 30 min. Furthermore, the
PI/PAN@ZIF-67 sponge can be easily separated washed, and reused to degrade dyes.
After five cycles of use, the degradation efficiency of Rh B remained basically
unchanged (Figure 2-11b). Additionally, we constructed a simple filtration device to
use the sponges for continuous treatment of dye wastewater solutions (Figure 2-11c¢).
The Rh B solution quickly passed through the PI/PAN@ZIF-67 sponge under the force
of gravity, and the sponge's catalytic action resulted in a clear solution after filtration.
Even after 6 h of continuous processing, the filtration device maintained a high Rh B

removal rate of 95% (Figure 2-11d).
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Figure 2-11. (a) Plots of Ci/Cy versus time for studying the degradation of Rh B under
different conditions. (b) Reusability test of PI/PAN@ZIF-67 sponge. (¢) Photograph of
the assembly showing the degradation of Rh B through the filtration process. The
PI/PAN@ZIF-67 sponge was installed in the syringe as a catalytic filter to degrade Rh

B. (d) Continuous degradation experiment of Rh B using PI/PAN@ZIF-67 sponge as a
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filter.

In summary, we prepared PI/PAN@ZIF-67 sponge with high ZIF-67 loading (up to 72
wt%) and multi-layered macro-porous honeycomb structure by in situ growth of ZIF-
67 on the surface of PI short fibers. The three-dimensional porous framework and high
ZIF-67 loading endow the sponge with excellent mechanical properties and
compression resistance, and serve as a PMS-activated catalyst, showing excellent
degradation properties for organic dyes, and can be reused many times. This research

strategy provides a scalable new method for preparing 3D MOF macroscopic materials.
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3. Outlook

Metal-organic frameworks (MOFs) have been widely studied and rapidly developed
since their initial discovery due to their highly ordered porosity, high specific surface
area, and adjustable structure. Tens of thousands of MOF structures have been designed
and synthesized, and are widely used in various fields such as catalysis, gas
adsorption/separation, sensors, drug delivery, magnetic materials, and optical devices.
Unfortunately, MOF nanoparticle forms are prone to loss and clogging of pipelines in
practical applications, leading to secondary pollution. Additionally, their difficulty in
dissolving and processing greatly hinders their development potential in practical
applications. Therefore, in this work, zero-dimensional (0D), one/two-dimensional
(1D/2D), and three-dimensional (3D) macroscopic MOF materials were prepared using
a simple solvothermal method and electrospinning process combined with a template-
assisted process and freeze-drying, respectively, and the prepared 1D/2D macroscopic
MOF were further studied as Wolf-Lamb type catalysts in the form of membranes to
catalyze cascade organic reactions. And the application of 0D and 3D macroscopic
MOF in activated peroxymonosulfate (PMS) degradation of organic pollutants. The
overall material form of MOFs makes it simple and easy to recover, separate, and
recycle in practical applications. In the preparation process of macroscopic MOF
materials, MOFs is effectively combined with various functional materials to give the
material new physical and chemical properties, making it suitable for a wider range of
applications. Therefore, it is very important to explore a new general method for
constructing specific functional macroscopic MOF materials with low energy
consumption, low solvent, and rapid scale-up synthesis technology. Furthermore,
understanding the relationship between the structure and properties of macroscopic
MOF materials and exploring the interaction at the interface should also be the focus
of future research, which is conducive to the design and manufacture of new MOF-
based integral functional materials for various applications. In short, more versatile and
simpler manufacturing strategies should be developed in the next work to continuously

promote the development of macroscopic MOF materials in practical applications.
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Abstract

Zeolite imidazole-based framework (Z1F-67), a notable class of metal-organic frameworks
(MOFs), shows promise in activating peroxymonosulfate (PMS) for pollutant degradation due
to its uniformly distributed cobalt ions. However, its nanoparticle form and the leaching of
cobalt ions during use result in complex recyclability and the risk of secondary pollution. In
this study, a magnetic core-shell hydrogen-bonded organic framework (HOF) on the MOF
(HOF-on-Fe;04/ZIF-67) was successtully prepared. The porous HOF shell not only protects
the active sites and mitigates cobalt ion leaching but also reduces mass transfer limitations,
ensuring sustained catalytic performance. The magnetic FezO4 core enhances electron transfer
between cobalt ions, boosts catalytic efficiency, and facilitates easy separation and recycling.

This present core-shell structure effectively activates PMS, achieving 100% removal of
Rhodamine B, a model waste water dye within 10 minutes. Furthermore, under the protection
of the HOF shell, cobalt ion leaching is minimized to a negligible value (0.14 mg L") afier five
cycles of use. This research offers new insights into the development of core-shell composite

materials with improved performance and recyclability.
1
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1. Introduction

The sulfate radical-advanced oxidation process (SR-AOP) can effectively decompose highly
toxic and refractory organic contaminants into low-toxicity small molecules, inorganic salts,
water, and carbon dioxide, positioning it as one of the most promising technologies for
wastewater treatment.!] Compared to hydroxyl radicals (- OH), sulfate radicals (SO4') exhibit
a higher redox potential (2.5 ~ 3.1V), a wider pH range (3 - 9), longer stability, and superior
reaction selectivity.?] Sulfate radicals are typically generated through the activation of
persulfate (PS, $:0s%7) or peroxymonosulfate (PMS, HSOs7).®! Due to its asymmetric
molecular structure, PMS is more easily activated than PS and is environmentally friendly,
making it widely used in industry.*! Transition metal ions (Cu®*, Ni**, Fe?*, Co®" and Mn®),
metal oxides (Co304, Fes(a, Mn3O4) ultrasound, ultraviolet irradiation, and electrochemistry
methods are employed to activate PMS.F] Among them, cobalt-based catalysts (especially
Co?*) are thermodynamically more favorable for combining with HSOs™ having lower Gibbs
free energy values, and are considered the most ideal PMS activators.[¢]

The zeolite-like imidazole framework (ZIF-67), a significant subclass of metal-organic
frameworks (MOFs), is constructed using cobalt as the metal source and 2-methylimidazole (2-
MelM) as the organic ligand. This framework features an abundance of divalent cobalt species
uniformly dispersed throughout, high porosity, and excellent chemical stability, attributes that
have attracted considerable scholarly attention.[") Studies have demonstrated that ZIF-based
catalysts can effectively activate PMS to degrade organic pollutants, highlighting their potential
as promising cobalt-based catalysts.®) However, the practical application of ZIF-67 in PMS
activation is impeded by its nanoparticle form, which complicates recyclability. Additionally,
the leaching of cobalt ions during use raises concerns about secondary pollution and poses risks
to both the ecosystem and human health. [* Therefore, it is imperative to design catalysts that
enhance both service life and stability to address these issues.

To overcome these challenges, the development of core-shell composite materials has proven
to be highly effective. For instance, Wu et al. created a FesO4(@7Zn/Co-ZIFs core-shell structure
and achieved 100% removal of carbamazepine (5 mg L.™!) within 30 minutes.!'%! Similarly, Wan
et al. synthesized a core-hetero shell magnetic composite material, ZIF-67/vanadium titanium
magnetite (VTM), which effectively activated PMS and achieved a 93.3% removal rate of
levofloxacin within 60 minutes.!!

However, in traditional core-shell structures, the shell usually does not participate in the
reaction and primarily serves a protective role. This limits the full potential of the core-shell

structure. Furthermore, the shell coating can hinder the exposure of active sites, leading to

2
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reduced catalytic performance. Consequently, selecting appropriate shell materials is crucial to
enhance both the protective function and the catalytic activity.

Hydrogen-bonded organic frameworks (HOFs) have emerged as a promising class of crystalline
materials, attracting widespread attention from scholars due to their well-defined structures and
multifunctional properties.I'] Notably, HOF-102 demonstrates excellent stability and chemical
resistance, with its porosity facilitating the enrichment of dyes.['*! This characteristic enables
dye aggregation on the catalyst surface, effectively shortening the degradation path and
accelerating the breakdown of organic pollutants. Consequently, HOF is considered an
excellent choice for shell materials. However, to our knowledge, there are currently no literature
reports evaluating HOF-on-MOF materials in SR-AOP.

In this study, we developed a magnetic HOF-on-MOF-type core-shell catalyst (HOF-on-
FesOu/ZIF-67, referred to as HFZ) using ZIF-67 as the core incorporated with magnetic FesOa.
The inclusion of Fe;OQs enhances electron transfer between cobalt ions, thereby improving
catalytic performance and facilitating the quick and easy separation and recovery of the catalyst
after use. The porous HOF shell minimizes mass transfer limitations and protects the active
sites, effectively reducing the leaching of cobalt ions during use while maintaining strong
catalytic performance. This unique core-shell structure makes it an ideal catalyst for PMS
activation. The catalyst efficiently activated PMS, achieving 100% removal of a model dye
(Rhodamine B, Rh B) within 10 minutes, and demonstrated effective degradation across a wide
pH range (3 - 9) with minimal Co ion leaching (0.14 mg L! after five cycles). This research
strategy not only broadens the application of HOF materials in water treatment but also provides

new insights into the preparation of core-shell composite materials for use in SR-AOP.
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2. Results and discussion
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Figure 1. a) Synthetic strategy scheme for the preparation of HFZ. The SEM images of b) Fe;O4
nanoparticles, ¢) ZIF-67, d) Fe;04/ZIF-67, ¢) HFZ. The TEM images of f) FesO4/ZIF-67, g)
and h) HFZ. i) EDS elemental mapping images of HFZ.

The preparation strategy for the HFZ is illustrated in Figure 1a. Initially, Fe3O4 nanoparticles
were introduced into the precursor solution of ZIF-67 to achieve in-situ growth of Fe3O4/ZIF-
67 particles. Next, these Fe3O4/Z1F-67 particles were dispersed in an acetone solution, to which
a dimethylformamide (DMF) solution of the HOF precursor was added dropwise and stirred
overnight. The final HFZ particles were then collected using a magnetic. The morphology and
particle size of the materials were characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Fe3;O4 nanoparticles maintain a consistent spherical

shape with a particle size of 23.8+1.92 nm (Figure 1b). ZIF-67 exhibits a typical rhombohedral

dodecahedron structure with a particle size of approximately 823+75 nm (Figure 1c).!"*] The
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average diameter of FesOy nanoparticles and Z1F-67 were calculated with Imagel software by
randomly selecting 100 positions of particles in SEM images. HOF showed a rod-like structure
(Figure S1). The overall morphology of the synthesized Fe;O4/ZIF-67 (Figure 1d) maintains
the rhombohedral dodecahedron shape, with numerous FezO4 nanoparticles distributed on the
surface and within the bulk of the ZIF-67 particles. The TEM image of Fe3O4/ZIF-67 (Figure
1f) confirms the presence of Fe;04 within the ZIF-67 core. The surface of the HFZ particles is
distinctly covered by the HOF coating while preserving the rhombohedral dodecahedron shape
(Figure 1e). TEM images of HFZ (Figure 1g) reveal two distinct regions: a darker core,
representing the Fe;O4/ZIF-67, surrounded by lighter regions indicating the HOF coating. The
enlarged TEM image (Figure 1h) clearly shows an interfacial layer of rough HOF shell around
the Fe304/ZIF-67 core, with a shell thickness of approximately 44 nm. Overall, the SEM and
TEM images confirm the successful synthesis of the magnetic HFZ core-shell structure.
Additionally, x-ray energy dispersive spectroscopy (EDS) elemental mapping of individual
HFZ particles demonstrates the presence of C, N, O, Fe, and Co elements in the core-shell
particles (Figure 1i).

The x-ray diffraction (XRD) patterns of Fe3OQ4, HOF, ZIF-67, and HFZ are shown in Figure
2a. In the XRD pattern of HFZ, 2 theta corresponds to the (1 0 0) crystal plane at 3.6°, which
belongs to the characteristic diffraction peak of HOF.!'* 7.4°, 10.5°, 12.9°, 14.8°, 16.6° and
18.2° correspond to the (0 11), (00 2), (11 2),(02 2), (0 1 3) and (2 2 2) crystal planes, which
are highly consistent with the ZIF-67 crystal.l'®) And 30.5°, 35.6°, 43.6°, 57.5°, and 62.8° are
attributed to (22 0),(3 1 1), (4 00), (5 1 1) and (4 4 0) crystal planes, which are highly matched
with the characteristic diffraction peaks of Fe304 nanoparticles.'”) These results confirmed the
successful preparation of HFZ, and the addition of Fes(O4 and HOF had no significant effect on
the crystal structure of ZIF-67.

Fourier transform infrared spectroscopy (FT-IR) was employed for structural analysis ( Figure
2b). The peak at 625 cm™ corresponds to the Fe-O bond, and the peak at 574 cm™! is associated
with Fe;Ou, aligning well with the literature.['¥] The peak at 425 em™! is attributed to the
stretching vibration of Co-N in the ZIF-67 crystal, while the peaks at 1418 em™ and 1580 cm™!
correspond to the stretching modes of the C-N bond in imidazole.'"®! These characteristic peaks

observed in the FT-IR spectra of HFZ confirm the successful synthesis of HFZ.
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Figure 2. a) The XRD patterns of FesO4, HOF, ZIF-67, and HFZ. b) The FT-IR spectra of
Fe304, HOF, ZIF-67 and HFZ. ¢) Electrochemical impedance spectroscopic (EIS) analysis and

d) Tafel polarization curves of HFZ and HOF-on-ZIF-67. ) Magnetic hysteresis loops of Fe;O4

and HFZ. And HFZ has excellent magnetic separation using an external magnet (30 s).

The electrochemical impedance spectroscopic (EIS) analysis of HOF and HOF-on-ZIF-67

revealed that the Nyquist plot for HFZ shows a smaller semicircle compared to HOF-on-ZIF-

67 (Figure 2¢). This indicates that HFZ has arelatively lower charge transfer resistance, which

can be attributed to the accelerated charge transfer facilitated by the inclusion of Fe304.2% The

Tafel polarization curve analysis further supports this observation (Figure 2d). The free

6
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corrosion potentials for HFZ and HOF-on-ZIF-67 are -0.27 V and -0.18 V. This suggests a
faster electron transfer rate for HFZ compared to HOF-on-ZIF-67. These results indicate that
the addition of FesOy significantly enhances the electron transfer ability of HFZ which would
be beneficial for the rapid and effective degradation of organic pollutants.

Additionally, magnetic properties were evaluated using a vibrating sample magnetometer
(VSM) (Figure 2e¢). The saturation magnetization (Ms) values for Fe;04 nanoparticles and HFZ
were 50.3 emu g! and 27.6 emu g!, respectively. The decrease in magnetic strength for HFZ
is primarily due to the ZIF-67 and HOF coatings. Nonetheless, the strong magnetic response of
HFZ allows for easy separation using an external magnet, facilitating the collection, recycling,
and reuse of the catalyst.

As arefractory organic pollutant, Rhodamine B (Rh B) released into water can cause cancer in
humans, pollute water and soil, and harm the ecosystem. Therefore, in our study, Rh B was
chosen as a model organic contaminant to evaluate the performance of HFZ as a catalyst to
activate PMS. Before the actual experiment of evaluating catalytic performance, the dye
enrichment effect of the individual components of the core-shell structure was conducted
(Figure 82). The results showed that the adsorption capacities of FesO4 nanoparticles and ZIF-
67 for Rh B were low, with maximum adsorption capacities of 1.5 mg g™ and 14.3 mg g%,
respectively. This low adsorption is likely due to the large molecular structure of Rh B, resulting
in minimal interaction with the surfaces of these materials. In contrast, HOF exhibited a high
adsorption capacity for Rh B, with a maximum value of 265.3 mg g™!. This high capacity can
be attributed to the high porosity and porous structure of HOF.['*] These results suggest that the
HOF shell in the composite material effectively enriches the dye, concentrating Rh B which
might be promising for dye degradation. Next, the Rh B removal efficiencies of different
systems were evaluated and the results are illustrated in Figure 3a. Fe;O4 and ZIF-67 alone
exhibited negligible removal efficiencies (1.6% and 3.1%, respectively). The HFZ system,
however, achieved a 12.6% reduction in Rh B within 20 minutes. This reduction is likely due
to the adsorption of Rh B on the HOF shell of HEZ, as HOF alone also demonstrated significant
adsorption of Rh B. The removal efficiency of Rh B with PMS alone was only 8.6%, indicating
that PMS alone cannot be spontaneously activated to produce free radicals effectively. In the
Fe304 and PMS system, 14.2% of Rh B was removed, suggesting that FesO4 alone has limited
ability to activate PMS.

In contrast, the HFZ together with PMS removed 72.4% of Rh B within 1 minute, with the
removal efficiency reaching up to 97.5% after 3 minutes of reaction and nearly complete

removal within 10 minutes. This demonstrates that HFZ serves as an efficient catalyst for PMS

7
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activation, facilitating the rapid removal of Rh B. Initially, as shown in Figure 3a, the dye
degradation efficiency of ZIF-67 activated PMS appears almost the same as that of HFZ. As
the total amounts (mass) of HFZ and ZIF-67 used in the experiments were the same, the actual
amount of activating ZIF-67 in HFZ is less than that in pure ZIF-67. This actually indicates that
HFZ-activated PMS is more efficient, as it contains less ZIF-67 compared to pure ZIF-67. This
demonstrates that introducing Fe3;O4 can enhance electron transfer between cobalt ions and
accelerate the degradation rate of organic matter. We compared the efficiency of HFZ with
some literature known related systems (Figure 3b) and demonstrated a new, efficient dye
degradation system. The values for CuS-PVP@ZIF-67, MnFe;04/Z1F-67, CuFe:04@ZIF-67,
Fe;04-PVP@ZIF-67, NF/ZIF-67, and cal-ZIF-67/Ac in Figure 3b were taken from literatures

cited as in the reference section.*!!
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Figure 3. a) The removal of Rh B using different systems, reaction condition: Rh B; 50 mg L1,
100 mL, 1.5 mM PMS, rt., pH=7. b) Comparison of HFZ/PMS system with other reported

MOF-based and/or metal oxide catalysts in Rh B removal.

To further explore the performance of HFZ, we analyzed the effects of Rh B concentration,
PMS contents, HFZ dosages, and solution conditions on degradation efficiency. Figure 4a
shows the effect of a constant amount of HFZ in degrading different initial concentrations of
Rh B, ranging from 25 mg L! to 150 mg L! keeping the amount of PMS and the pH constant.
When the concentration of Rh B increased from 25 mg L' to 150 mg L°!, the removal
efficiency dropped from 97% to 6% within 1 minute. The degradation rate constant & decreased
from 3.35 min ! to 0.064 min ! in this process (Figure S4). The removal of Rh B in higher
concentrations (150 mg L") took longer and reached ~ 64% degradation in 10 minutes. After

this time, the rate of dye reduction decreased from 3.2 mg min! to 0.1 mg min™!, resulting in a
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total reduction of 74% after 20 minutes. Up to Rh B concentration of 50 mg L', complete
degradation took place in 10 minutes.

Figure 4b describes the effect of PMS dosages on Rh B degradation using a constant Rh B
concentration of 50 mg L ™! and a fixed the amount of HFZ. When the PMS dosage was 0.5 mM,
27% of Rh B was removed within 1 minute, and the removal efficiency reached 77.3% at 20
minutes, indicating that the catalytic performance was unsatisfactory with insufficient PMS
concentration. However, when the PMS dosage increased from 0.5 mM to 1.5 mM, the catalytic
performance improved significantly, and the degradation rate constant & value also increased
from 0.197 to 0.825 min". (Figure S5). When the PMS dosage is 1.5 mM, Rh B is almost
completely removed within 10 minutes. However, increasing the PMS dosage to 2.5 mM did
not significantly enhance the removal efficiency of Rh B, with the & value is 0.876 min'.
Therefore, considering both economic and practical factors, 1.5 mM PMS is selected as the

optimal dosage for catalytic degradation.
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Figure 4. Effect of a) initial concentration of Rh B, b) PMS dosage, c) catalyst HFZ content,
and d) the value of pH on rhodamine removal efficiency. Reaction condition: 100 mLL Rh B=

50 mg L™, PMS= 1.5 mM, HFZ= 150 mg L\, pH=7, rt.
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The effect of different HFZ contents on Rh B degradation, while keeping the amounts of PMS
and RH B concentration the same, is shown in Figure 4¢. The results show that the increase of
HFZ content is beneficial to Rh B degradation. As the amount of catalyst increased from 50 mg
L' to 200 mg L', the removal efficiency of Rh B also increased. The pseudo-first-order
reaction rate constant also confirms this conclusion. The reaction rate constants under different
HFZ dosages were 0.456, 0.583, and 0.825 min™' (Figure S6), respectively. This is because the
increase in the number of active sites in the reaction system promotes the activation of PMS
and produces more reactive oxygen species. However, compared with the catalyst content of
150 mg L!, the rate constant of 200 mg L' only increased by 0.04 min!, and there was no
significant improvement. This may be because the partially saturated active site in the 200 mg
L! catalyst is not used when the amount of PMS is limited. Considering the catalyst cost factors,
the optimal catalyst dosage selected in this study is 150 mg L1,

The initial pH value of the solution is a key factor affecting the catalytic performance of the
HEFZ/PMS system. The effect of the initial pH was assessed by adjusting the pH value of the
solutionto 3, 5, 7, 9, and 11 (Figure 4d). The results show that the Rh B removal efficiency is
highest at pH 7, achieving 100% removal within 10 minutes. At pH 5, 97.6% of Rh B was
removed within the same time frame. At pH values of 3 and 9, more than 94% of Rh B was
removed within 10 minutes. However, when the pH is increased to 11, the removal efficiency
significantly decreases. Only 2% of Rh B is removed within the first minute, 18.1% within 10
minutes, and 38.4% within 20 minutes. This trend is also reflected in the reaction rate constants.
At pH values of 3, 5, 7, and 9, the degradation rate constant & is 0.529, 0.598, 0.825, and 0.448
min”!, respectively. And when pH = 11, the reaction rate constant is only 0.0165min™' (Figure
S7). This reduced efficiency at high alkalinity is likely due to PMS self-decomposing without
producing S04, thus lowering the degradation efficiency of Rh B. ??] This indicates that the
HFZ/PMS system exhibits excellent catalytic activity across a broad pH range (3 to 9), with the
highest efficiency at pH 7.

Therefore, to further explore the application of the HFZ system in actual water bodies, we also
conducted an experiment to evaluate the removal of Rh B by the HFZ/PMS system in river
water taken from the Roter main river in Bayreuth, Germany, the pH value of the river water is
7.98 (Figure 5a). Compared with laboratory pure water, the removal process of Rh B in the
river water in the early stage of the reaction is relatively slow (52.8%). The removal efficiency
increased to 99% when the reaction lasted for 10 minutes (£ = 0.437 min!) and completed

degradation in about 20 minutes (Figure S8). This demonstrates that HFZ can maintain high
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PMS activation performance in real water, indicating the potential for practical application of

the HFZ/PMS system.

(a) (b)
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Figure 5. (a) Removal of Rh B by HFZ/PMS system in river water, rection condition: 100 mL
50 mg L' Rh B, PMS= 1.5 mM, HFZ= 150 mg L1, pH=7, 1t. (b)Removal of different organic
pollutants by HFZ/PMS system, reaction condition: 100 mL 50 mg L™! organic pollutant, PMS=
1.5 mM, HFZ= 150 mg L™, pH=7, rt.

The system was also tested for three other typical organic pollutants methylene blue (MB),
tetracycline (TC), and bisphenol A (BPA). The results are shown in Figure Sb. The removal
efficiencies of MB, TC, and BPA in the 20 minutes HFZ/PMS system are 100%, 96.7%, and
95.9% respectively. This indicates that the HFZ/PMS system can be used to decompose a
variety of organic pollutants.

To gain a deeper understanding of the reactive oxygen species produced during the reaction and
to explore the removal process of Rh B, scavenger experiments were performed. Methanol
(MeOH) and tert-butanol (TBA) are well-known scavengers for SO4' ~ and -OH radicals. 3!
Furfuryl alcohol (FFA) is commonly used as a scavenger for non-free radical 'O, while sodium
azide (NaN3) can be employed to confirm the presence of '02, SO4° ~, and -OH. **! The results,
depicted in Figure 6a, show that the addition of | M MeOH and TBA respectively inhibited the
removal of Rh B. Within 10 minutes, the removal efficiency of Rh B decreased to 87.1% and
94.6%, respectively. The result shows that PMS produced SO4" "and -OH respectively during
the reaction process. However, the addition of TBA only slightly inhibited the removal of Rh
B during the reaction, indicating that *OH did not play a major role in the reaction. When 10
mM FFA was added to the reaction system, the Rh B removal efficiency decreased to 51.7%
within 10 minutes, which indicated that non-free radicals 'O> were also produced during the
reaction. When 10 mM NaNj; was added to the reaction system, it was found that Rh B could
hardly be degraded. Those results confirm that the reactive oxidation species SOy’ ~, ‘OH, and

11
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10, are generated, among them, SO4*~ and 'O, play a leading role in the degradation of Rh B
in the HFZ/PMS system.

(a) (b)
1.1 O—0—O—O—— | DMPO-SO,” and OH
——NaN, ‘ ‘
0.8 —o—MeOH = I
——FFA = Y
- 06 N e, ——TBA & i
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Figure 6. (a) The removal of Rh B in different scavenger systems. EPR spectra of (b) -OH,
SO4" ~and (c) 'Oz in Rh B solution. Reaction condition: 100 mL 50 mg L' Rh B, PMS= 1.5
mM, HFZ= 150 mg L', pH=7, rt. (d) Possible degradation mechanism of Rh B in HFZ/PMS

system.

Electron paramagnetic resonance (EPR) experiments were used to further identify the reactive
oxidation species that may form during the degradation process of Rh B, to prove the
aforementioned result. SO4, ‘OH, and 'O, were captured using 5, 5-dimethyl-1-pyrroline
(DMPO) and 2, 6, 6-tetramethyl-4-piperidone (TEMP). As shown in Figure 6b, when we used
DMPO as the capture agent to verify the presence of SO4° ~, *OH, we found that there is only
one DMPOX (5,5-dimethyl-2-oxo-pyrrolidine-1-oxy), the seven-element signal peak. But this
does not mean that SO4° ~and ‘OH are not produced during the reaction. This is attributed to
the ultrafine splitting of DMPO oxidation products, indicating that DMPO may be strongly
oxidized by SO4"~, *OH, and other strong oxidants during the reaction. (' When TEMP was

used as the capture agent for EPR experiments (Figure 6¢), a triple signal peak was successfully

12
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detected, which was the characteristic peak of TEMP-!0,. This result confirmed the generation
of 'O; during the reaction.*®]

Combining the above experimental results, the possible degradation mechanism of Rh B
removal by HFZ/PMS was proposed. The results are shown in Figure 6d. Rh B is adsorbed to
the catalyst surface due to the porous structure and electrostatic interaction of the HOF shell,
leading fo the enrichment of Rh B molecules on the catalyst surface. This process effectively
shortens the reaction pathway during the degradation process. HSOs™ could be activated by Co?*
in the structure of HFZ to produce SO4" ~ and -OH.12"! The cobalt ions state in the ZIF-67 core
of HFZ can interconvert between Co?" and Co®*. ¥/ And the heterogeneous cleavage of the O-
O bond in HSOs produces '0,.1*] Besides, during the entire reaction process, the magnetic
FezO4 in the HFZ can accelerate the charge transfer and as the electron donor promote the
cycling between Co*" and Co*, which will further react with PMS to generate SO4 ~, thereby
speeding up the removal rate of Rh B.

To evaluate the reusability of HFZ in PMS activation, five Rh B degradation cycles were
performed (Figure 7a). After five cycles, the removal efficiency of Rh B can still reach 93.6 %.
More importantly, the XRD patterns show that the crystal structure of HFZ does not change
significantly between the fresh and after use (Figure 7b). The above results demonstrated that
HFZ, as a catalyst for activating PMS, exhibited high recyclability and good stability. Moreover,
after 5 cycles of use, ICP-OES detected only 0.14 mg L.”! cobalt ion leaching, which indicates
that under the protection of the HOF shell, cobalt ion leaching problems can be effectively

slowed down during use.
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Figure 7. (a) Reusability of HFZ activated PMS for degradation of Rh B. (b) The XRD patterns

of HFZ, between the fresh and after use.
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The possible degradation pathways of Rh B during the degradation process were analyzed using
high-pressure liquid chromatography and mass spectroscopy (HPLC-MS), and the
intermediates and their m/z values were identified (Figure §9). According to the experimental
results and previous reports, the degradation pathway of Rh B is mainly divided into four
processes as shown in Figure $10.P" First, N-de-ethylation generates m/z = 387, m/z = 359,
and m/z = 331 intermediates, and then the chromophore structure is broken and degraded (m/z
= 255, 213, 212). With the conjugated chromophore structure Upon destruction, the reaction
mixture becomes more complex, and a subsequent ring-opening process occurs, producing
some primary oxidation products (m/z = 148, 99, 83), which are further degraded into smaller
compounds (m/z = 74). The subsequently formed oxidation intermediates are further

mineralized into water, carbon dioxide, and other small molecule compounds of inorganic salt.

3. Conclusion

In this study, the magnetic HOF-on-MOT type core-shell catalyst (HOF-on-Fe;Qu4/ZIF-67) was
successfully constructed using ZIF-67 as the core, incorporated with magnetic Fe3O4. The
morphology and crystal of the catalyst were characterized by SEM, TEM, XRD and FT-IR. The
effects of Rh B concentration, PMS dosages, catalyst contents, and pH value of the initial
solution on pollutant degradation efficiency were discussed in detail. The results showed that
under the optimal conditions (Rh B=50 mg L.”!, HFZ= 150 mg L', PMS=1.5 mM, pH=7, 1t.),
the HFZ/PMS system achieved 100% Rh B degradation within 10 minutes, and HFZ showed
high catalytic activity for Rh B degradation in a wide range of pH values (3 - 9). Under the
protection of the HOF shell, the leaching concentration of cobalt ion was 0.14 mg L™! after §
cycles. In addition, the catalyst shows satisfactory catalytic effect in different water quality and
can degrade different types of organic pollutants, which provides a basis for its application in
practice use. The scavenger experiment and EPR investigated the reactive oxidation species
produced during the reaction of HFZ/PMS system, and proposed the possible reaction
mechanism of Rhodamine degradation. The degradation pathway of Rh B was also identified
by HPLC-MS. In conclusion, this study strategy provides new thought for the preparation of

core-shell structure composite materials.

4. Experimental Section

Preparation ¢f Fe:Oq nancparticles: FezO4 nanoparticles were prepared based on previously
reported literature. ®! In brief, 5 mmol of FeSO4- 7H>O and 5 mmol of FeCls- 6H.0 were
dissolved in 15 mL of Milli-Q water to form a clear orange solution. This solution was then

14
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added dropwise to 20 mL of 3.5 mol ™! ammonia water at 60 °C under ultrasound irradiation,
and the reaction was allowed to proceed for 30 minutes. The resulting black nanoparticles were
separated and collected from the solution using a magnetic, washed repeatedly with water and
methanol, and vacuum dried at 65 °C overnight for further use.

Preparation ¢f HOF: 1" 100 mg HsTNAPy was dissolved in 30 mL of DMF under heating at
120 °C for 2h to get a clear vellow solution. After cooling down to room temperature, the
solution was poured into 200 mL of acetone under stirring (270 rpm) within 3 minutes. The
suspension was stirred overnight. Afterward, a yellow powder was isolated by centrifugation at
8500 rpm for 5 minutes. The obtained yellow powder was further washed with acetone (3 x 30
mL) and then dried at room temperature.

Preparation f Z1F-67: In a typical process, 0.145 g Co(NO3)2-6H20 and 2.37 g of 2-MeIM
were each dissolved in 12 mL of water forming solutions A and B, respectively. At room
temperature, solution B was quickly poured into solution A and stirred at room temperature for
12 hours to obtain purple particles. The purple particles were collected by centrifugation,
washed with water and methanol (3 x 30 mL), and dried in an oven at 80 °C to obtain ZIF-67
particles.

Preparation f HOF-on-Fe;0421F-67 (HFZ): 115 mg of Fe3O4 was dispersed in 16 mL of
water to form solution A. Separately, 290 mg of Co(NO3);'6H,0 and 4.7 g of 2-MelM were
dissolved in 16 mL of water to create solutions B and C, respectively. At room temperature,
solution B was added to solution A while stirring. After 1 hour, solution C was introduced to
the mixture, and stirring continued for an additional 12 hours. The Fe;O4/ZIF-67 particles were
then collected using a magnet for later use. Next, 100 mg of HyTNAPy was dissolved in 30 mL
of DMF and heated at 120 °C for 2 hours to obtain a clear yellow solution. After cooling to
room temperature, this solution was poured into 200 mL of a 500 mg L' FesO4/ZIF-67 acetone
dispersion within 3 minutes while stirring at 270 rpm. The suspension was stirred overnight.
Finally, the HFZ particles were collected using the magnet, washed with acetone (5 x 30 mL),
and dried in a vacuum oven at 80 °C. The preparation of HOF-on-ZIF-67 is the same as HFZ
except that there is no need to add solution A (Fe3(Q4), and solution B is added directly to
solution C.

Adsoiption experiment: In the adsorption experiment, the adsorption conditions are set as
follows: the adsorbent dosage of 10 mg, a solution volume of 20 mL, a temperature of 25 °C,
and a stirring speed of 200 rpm. The concentration of residual dye solution is analyzed using

UV-vis spectroscopy, by measuring the absorbance at the maximum absorption wavelength
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0f Apax =555 nm. The concentrations of the dye (Rh B) before and after adsorption are

determined from the standard calibration curve.

The adsorption performance of the adsorbents was calculated by the following equation:
ge=(Co—Ce)-V-m!

where g (mg g!) is the adsorption capacity of Rh B at equilibrium; Cp (mg L) is the initial

Rh B concentration; Ce (mg L'} is the residual Rh B concentration at equilibrium; V (L) is the

volume of Rh B solution used and m (g) is the mass of adsorbent used.

Catalytic degradation experiment: Degradation experiments were performed in 200 mL glass
containers at ambient temperature. Stir the solution at a speed of 300 rpm to ensure thorough
mixing. Adjust the initial pH of the solution with 0.1M NaCOH or 0.1M HCI. In a general
reaction procedure, 100 mL, 50 mg L' of Rh B and PMS were added to the glass container,
and then the reaction was activated by adding a catalyst (HFZ). At specific time intervals, | mL
of the reaction solution was collected and used for magnetic separation, and then 0.5 mL of the
reaction solution was immediately mixed with 0.5 mL of methanol to quench the reaction.
Using a UV-Vis spectrophotometer to determine the reaction concentrations. All experiments
were conducted in triplicate, and average values with standard deviations were presented.

Analytic methods: The concentration of Rh B, MB, and TC in aqueous solution is measured
by UV-vis spectrophotometer (Jasco Spectrometer V-670) at wavelength 555 nm, 665 nm, and
355 nm. The concentration of BPA in aqueous solution is measured by HPLC-MS, a UV
wavelength of 230 nm. Rh B degradation intermediates were identified using high-pressure
liquid chromatography-mass spectroscopy (HPLC-MS, VWR Chemicals, Germany), a welch
ultimate C18 column (2.1x100 mm), a UV wavelength of 555 nm, mobile phase water (eluent
A)/methanol (eluent B), gradient elution was listed as follows: 45% A/55% B (0~1.5 min), 25%
A/75% B (1.5~14 min), 45% A/55% B (14~15 min), 45% A/55% B (15~25 min).

The degradation efficiency of pollutants was calculated according to Equation:
100% x (Cq— Cy)
= —Cu

Which R is the degradation efficiency of pollutants (%), and Cy is the concentration of pollutants

R %

at time 0, C; is the concentration of pollutants at time t (mg L™!).
And the kinetics of pollutants degradation process was investigated according to the pseudo

first-order kinetics Equation:

(St = e
NG =
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Where £ is the degradation rate constant and ¢ is the degradation time (min). Besides, all
degradation experiments were repeated, and the average value with the standard deviation was

presented for the results.
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Experimental section
Materials and Chemicals

Cobalt nitrate hexahydrate (Co(NO3)2-6H:0), and Bisphenol A (BFA) were attained from Alfa
Aesar. 2-methylimidazole (2-MeIM), Oxone® (Peroxymonosulfate, 2ZKHSOs - KHSO4 K2S0y4),
and Tetracycline (TC) were brought from Thermo Fisher Scientific. Rhodamine B (Rh B) was
purchased from Sigma Aldrich. Iron{Il) sulfate heptahydrate (FeSO4-7H;0) and sodium azide
(NaNs;) were supplied by Grussing GmbH. FeCl;-6H20, Methylene blue (MB), were purchased
from Riedel-de Haen. 6,6",6",6"-(Pyrene-1,3,6,8-tetrayl)tetrakis(2-naphthoic acid) (HsTNAPy)
was obtained from BLD pharm. Methanol (MeOH, = 99.7%), tert-butyl alcohol (TBA, =
99.7%), Dimethylformamide (DMEF, > 99.5%), Acetone, ammonia solution (NH3-H20}), sodium
hydroxide (NaOH), and Hydrochloric acid (HCI, 37%) were supplied by Fisher Chemical
company. All aqueous solutions were prepared by self-produced Milli-Q} water in the laboratory
unless otherwise noted.

Characterization

The morphology was characterized by scanning electron microscopy (SEM, FEI Quanta FEG
250) transmission electron microscopy (TEM), and high-angle annular dark field scanning
transmission electron microscopy (HAADEF-STEM, FEI Themis Z, USA). Energy Dispersive
X-ray spectroscopy (EDS) was tested by scanning electron microscopy (SEM, Zeiss LEO 1530).
The X-ray diffraction (XRD) patterns of the samples were obtained on a Bragg-Brentano type
diffractometer (XPERT-PRO, PANalytical B.V.) with Cu-Ka X-ray radiation (,=1.540598 A).
The functional groups of all the samples were analyzed using Fourier transform infrared spectra
(FT-IR, Digilab Excalibur FTS-3000). Electrochemical impedance spectroscopy (EIS) and
Tafel curves were studied using an electrochemical workstation (GAMRY instruments). The
magnetic properties of the samples were analyzed using a vibrating sample magnetometer

(VSM, LakeShore 7410). The reactive oxygen species (ROS) were detected by electron

2
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paramagnetic resonance (EPR) spectroscopy on a BRUKER EMXPLUS (Brooke (Beijing)
Technology Co., LTD), employing DMPO and TEMP as spin trapping agents. The
concentration of leached Co ions was analyzed by an inductively coupled plasma-optical
emission spectrometer (ICP-OES, PerkinElmer, Avio ™ 200, America).

Electrochemical measurements: the EIS measurements were performed in a three-electrode cell
with an Ag/AgCl as the reference electrode, a platinum foil as the counter electrode, and the
bias in the range from 0.01 Hz to 10 Hz. The electrolyte was Na>SO4 (1 M, pH =7).

The working electrode was prepared as follows: 3.5 mg of HOF-on-Fe;OQu/ZIF-67 and HOF-
on-ZIF-67 were dispersed in 500 pL ethanol, respectively. Then 50 uL Nafion (5 %) was added
into the solution. After sonicating for 4 h 10 pL of the suspension was deposited by drop-coating
directly onto a 0.071 c¢m? glassy carbon electrode at room temperature, and dry at room
temperature for 5 hours to obtain the working electrode.

Linear sweep voltammetry (LSV) was recorded as the potential was swept from -1.2 Vto 1.2
V at a scan rate of 5 mV s,

EPR experiment:15 mg PMS is added to 5 ml water or methanol, and then 5 mg MOF catalyst
(HOF-on-Fes(4/ZIF-67) is added. React for about 1 minute, extract 1 mL of the reaction
solution, and add 11 pL. DMPO and TEMP (100 mM). Shake the mixed solution between the
capture agent and the active material for about 30 seconds. After the complete reaction, inject

it into the quartz capillary tube and take it immediately to process the EPR test.
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Figure

Figure S1. SEM image of HOF.

109



4. Publications

WILEY-VCH

250

200

150 1

100 1

50

Maximum adsorption capacity (mg/g)

Fe,O, ZIF-67 HOF

Figure S2. The maximum adsorption capacity of Rh B by Fe304, Z1F-67, and HOF.
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Figure S3. The kinetic rates of Rh B degradation under different catalytic conditions.
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Figure S4. The kinetic rates of Rh B degradation under different initial concentrations of Rh B

solution.
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Figure S5. The kinetic rates of Rh B degradation under different dosages of PMS.
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Figure S6. The kinetic rates of Rh B degradation under different contents of HEZ.
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Figure S7. The kinetic rates of Rh B degradation under different pH values.
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Template-assisted Preparation of Self-standing 2D-MOF
Membranes for Application in Cascade Reactions

Yingying Du,”’ Chenhui Ding,” Jana Timm,® Roland Marschall,

Self-standing metal-organic framework (MOF) membranes open
up several application areas where their use in the powder form
is either not possible or non-sustainable. Most MOF membranes
are prepared as a thin layer either on a supporting substrate or
used as a composite membrane with additional supporting
material. In this work, we present the preparation procedure for
making highly stable, easy-to-handle, reusable, efficient pure
MOF membranes (UiO-66-SO;H and UiO-66-NH, membranes;
thickness 240+12 um and 265-:10 um, respectively) with
hollow fiber morphology and their use in cascade reactions in

Introduction

Metal-organic frameworks (MOFs) with large surface area,
tunable pore size, porosities, and high thermal and chemical
stability emerged as important porous materials for several
applications, such as gas separation, oil-water separation, etc."
MOFs are framework structures formed by the self-assembly of
metal clusters and organic ligands through coordination bonds
as an insoluble and post-synthesis non-processable powder.”!
MOF was grown on a substrate using an in-situ growth method
to enable their use in several application areas where a film is
required. One of the methods utilizes immersion of an inorganic
substrate in a MOF reaction solution.” Further improvement is
made by modifying the inorganic surface that provides
nucleation sites for MOF's growth and improves the substrate
-MOF adhesion.” Other methods using already prepared MOF
nanoparticles (e.g., ZIF-8) as seeds for the growth of thin MOF
film on an inorganic or polymer substrate are also studied.”
The use of MOF in heterogenous catalysis in one-pot
cascade reactions is recently getting more and more attention
as a sustainable alternative to multi-step reactions.” The
intermediate processing steps, such as the removal and

[a] Y. Du, C. Ding, S. Agarwal
Macromolecular Chemistry and Bavarian Polymer Institute
University of Bayreuth
Universitéi 30, 95440 Bay ( y)
E-mail: agarwal@uni-bayreuth.de

[b] J. Timm, R. Marschall
Department of Chemistry
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University of Bayreuth
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one-pot catalyzed by incompatible acid-base in tea-bag-type
concept. The catalytic performance of the catalyst membranes
was tested by reacting benzaldehyde dimethyl acetal with three
active methylene compounds. The membranes exhibited ex-
cellent catalytic activity in cascade reactions in one pot (the
yield of the product was as high as 99.9%) and can be reutilized
up to 15 times without any significant loss in activity. Stable
pure MOF membranes, as shown in this work, would be of
interest for several other applications beyond catalysis.

purification of products at each stage, are eliminated in one-pot
cascade reactions, simplifying the synthetic procedure, reducing
the solvents’ use, and minimizing waste generation.” Besides
MOF, several examples of cascade reactions using different
catalysts (homogenous, enzymes, and heterogenous) for an
individual sequence of reactions in a cascade are also known.”!

One-pot cascade reactions with catalysts that deactivate
each other are more challenging as they require carefully
designed catalyst support architectures that keep the individual
catalysts isolated from each other in an active state” The
incompatible catalysts which deactivate each other on coming
into contact are called Wolf-Lamb-type catalysts. Moreover,
easy and complete recovery after the reaction is of utmost
importance for the sustainable use of catalysts. The recovered
catalysts can be reused in several other catalytic reactions
without losing activity. This makes the design of catalyst
support architecture furthermore challenging.

Several efforts are invested in providing solutions to this
challenge, and different catalytic supports keeping the two or
more incompatible active catalysts isolated from each other in
one pot are reported in the literature. For this, polymer resins
and magnetic nanoparticles,"” acidic- and basic-layered
silicates,"" zeolites,"? and metal-organic frameworks (MOFs)"*!
are highlighted.

MOFs as catalyst support has increased in the last years due
to high porosity, specific surface area, and possibilities of tuning
their structure™ In particular, acid-base bifunctional MOF
powder is an effective catalyst for cascade reactions in one
pot!”™ Complex catalyst supports, such as egg yolk-shell
structured covalent organic framework (COF)@ MOF (YS-
COF@MOF), were also used for the site-separation of acidic and
basic groups."® MOF is prepared and subsequently used mostly
in the form of nanoparticles, which can agglomerate during
reactions. Also, retrieving MOF nanoparticles requires an addi-
tional filtration or magnetic separation step."” Future efforts are

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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needed to design efficient incompatible catalyst supports that
are easily reusable.

Previously, we reported a teabag-type concept for reusable
heterogeneous catalysis in which catalysts can be removed
easily, like a teabag from tea, and reused. For example, gold
nanoparticles (AuNPs) were incorporated in high surface-to-
volume hollow polymer fibers, forming a porous nonwoven
membrane by randomly laying these fibers by electrospinning.
It catalyzed the hydrolytic oxidation of dimethyl phenyl silane
and the alcoholysis of dimethyl phenyl silane with n-butanol.
The catalytic non-woven was taken out for reuse in the same
way as a teabag after use."® Keeping our focus on the tea-bag-
type concept for catalysts’ reusability, we later prepared
catalytic supports for incompatible acid and base catalysts. We
electrospun and later cross-linked the fibers in nonwoven
prepared from -SO;H and -NH, functional polymers and used
them in one-pot cascade reactions: deacetylation-and subse-
quent reaction of an aldehyde with reactive methylene
compounds."” Efficient catalysis was observed, but the soft
polymer catalyst membranes were easily swollen by the
solvents used for reactions to form a gel, reducing the catalyst's
service life.

In this work, we present a preparation procedure for making
highly stable, easy-to-handle, reusable, efficient self-standing
pure MOF membranes based on well-known MOF (UiO-66)%"
for use in acid-base catalyzed cascade reactions in one-pot in
tea-bag-type concept. After use, the catalyst membranes can be
simply removed, washed, and reused for the next cycles of
reactions. A procedure for making such self-standing MOF
membranes with functional groups —SO;H and —NH, is
described, followed by detailed studies regarding their catalytic
ability in cascade reactions in one pot. The catalyst membranes
exhibited excellent catalytic activity in the acid-base catalyzed
reactions (the yield was as high as 99.9%). Moreover, it reveals
the same activity on reusing at least 15 catalytic cycles. The
details of the material preparation and use in one-pot acid-base

I

ny e 378
& e S
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PAN/ZrCl, membrane
SOsNa
120°C, 24 h
ZrCly + HOOC COOH  "H,0+ CH,COOH SO
Ui0-66-SO;H

In-situ growth

H,0 + CH,COOH

catalyzed reactions are described in detail in the results and
discussion section.

Results and discussion

The synthesis strategy of making MOF (UiO-66-SO;H) (acid-
functionalized) and MOF (UiO-66-NH,) (base-functionalized)
individual porous membranes is shown in Figure 1. First, a fiber
membrane of polyacrylonitrile (PAN) as a template polymer,
together with ZrCl, was obtained by electrospinning a mixed
solution of ZrCl, and PAN in DMF. The optical photographs of
the PAN/ZrCl, membrane are shown in Figure S1. The mem-
brane was obtained as a non-woven by random deposition of
fibers (average diameter 500 nm and thickness 78410 um)
(Figure S1). Next, using the in-situ growth method, MOF (UiO-
66-SO;H and UiO-66-NH,) were grown on PAN membrane using
the acetic acid catalyst in the water together with either 2-
aminobenzenedicarboxylic acid (BDC-NH,) or 2-sulfobenzenedi-
carboxylic acid monosodium salt (BDC-SO;Na). In the next step,
the template polymer, PAN was removed by Soxhlet extraction
with DMF leaves behind UiO-66-SO;H and UiO-66-NH, mem-
branes of thickness 240 12 pm and 265+ 10 pm, respectively.

A scanning electron microscope (SEM) was used to charac-
terize the morphology of the synthesized UiO-66-SO,H/-NH,
membranes before and after PAN removal, as shown in
Figure 2. Figures 2a, and 2b are PAN/UiO-66-SO,H and PAN/
UiO-66-NH, membranes, respectively. Through the in-situ
growth, a large amount of MOF grows on the surface of PAN
fiber and completely wraps them. Figure 2¢c, and 2d are the
surface morphologies of the UiO-66-SO;H membrane and UiO-
66-NH, membrane observed under SEM after removing the
template polymer PAN by Soxhlet extraction. After removing
PAN, the membrane remained intact. Figure 2e, and 2f are the
cross-sectional images of UiO-66-SO;H and UiO-66-NH, mem-
branes, respectively, after the removal of PAN, which shows

Soxhlet extraction

PAN/UIO-66-X membranes
(-X=-SO,H,"NH,)

NHz
ZCly + HOWOCOOH

Ui0-66-SO,H/-NH,
membranes

120°C, 24 h

H0 + CH3COOH NH,

Ui0-66-NH,

Figure 1. Strategy to fabricate the self-standing UiO-66-SO;H and UiO-66-NH, membranes (top) and the reaction scheme to prepare corresponding MOFs

(bottom).
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Figure 2. SEM morphology of a) PAN/UiO-66-50;H, b)PAN/UiO-66-NH,, c) UiO-66-SO;H, d) UiO-66-NH,, Cross-sectional SEM morphology of ) UiO-66-SO;H, f)
UiO-66-NH, membranes.

hollow MOF fibers. The optical photographs of UiO-66-SO;H
and UiO-66-NH, membranes are shown in Figure S1.

The distinct peaks at 20 =7.52°, 8.69° and the absence of a
peak at 20=17.07° originating from the template polymer
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(PAN) (Figure 3a) in XRD confirmed the preparation of UiO-66-
SO,H/-NH, membranes.”” Compared with MOF powder, the
characteristic peaks of MOF membranes are broader. But the
main characteristic peak still exists, indicating that Soxhlet
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Figure 3. a) XRD patterns of UiO-66 simulated, UiO-66-SO;H powder, UiO-66-50;H membrane, UiO-66-NH, powder and UiO-66-NH, membrane. b) FT-IR

spectra of UiO-66-SO;H powder, Ui0-66-S0;H membrane, UiO-66-NH, powder and Ui0-66-NH, membrane. ) N, physisorption isotherms of UiO-66-SO;H
powder, UiO-66-50;H membrane, UiO-66-NH, powder and UiO-66-NH, membrane. d) Pore size distribution and cumulative pore volume of UiO-66-SO,H
powder, UiO-66-SO;H membrane, UiO-66-NH, powder and UiO-66-NH, membrane.
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extraction has caused a certain degree of disorder or inhomo-
geneity in crystallite size within the framework, but the overall
phase integrity is preserved.””

In the infrared spectrum of the Ui0-66-SO,H membrane, the
characteristic stretching bands at 1074 cm ™' and 1024 cm™' are
S-0, and at 1253 cm ' and 1167 cm ' from 0=S=O could be
observed (Figure 3b).”” In the infrared spectrum of the UiO-66-
NH, membrane, the appearance of an absorption band at
1572cm™’ indicates the reaction of -COOH with Zr*". The
1502 cm™' band is from aromatic C=C."** The main character-
istic peak of polyacrylonitrile C=N was seen at 2245 cm . By
comparison, the self-standing Ui0-66-SO;H and UiO-66-NH,
membranes did not show the characteristic peak of C=N at
2245 cm™' (Figure S2b). This confirms the successful preparation
of independent self-standing Ui0-66-50,/-NH, membranes.

N, physisorption isotherm provided pore size distribution
and specific surface area of the powders and membranes, as
shown in Figure 3. The Nitrogen physisorption isotherms of all
samples indicate micropores in the materials due to a sharp
increase at very low relative pressures (p/p,) (Figure 3c). Addi-
tionally, small mesopores were found in all materials (Fig-
ure 3d).* At p/p,>05, the shape of the physisorption
isotherms of the powders and the membranes are different.
This change might be explained by the formation of the
nanostructured fiber morphology and cavitation effects (effects
not visible in the pore size distribution due to fitting the
adsorption of the physisorption isotherm).””’ When comparing
the pore size distributions (PSD) of the powders and the
membranes, the similarity is very impressive and shows that
even characteristics of MOFs (high porosity and well-defined
pores) could be assigned to a membrane by the used synthetic
approach. The specific surface areas of the membranes, as
calculated using the BET (Brunauer Emmet Teller) model with
the Roquerol correction for microporous materials™ are
significantly lower (Ui0-66-NH,: 330m’g~', UiO-66-SO;H:
84m?g ') than the specific surface areas of powder samples
(UiO-66-NH,: 1051 m?’g™~" Ui0-66-SO,H: 539 m’g™"). This de-

crease in the surface area could be explained by the partial
change in the crystal structure or surface tension of the crystals
of the UiO-66 materials, which was already observed due to the
broadening of the reflections in the XRD pattern (Figure 3a).

Further, the self-supporting MOFs were studied in one pot
as acid-base catalysts for a sequence of two steps, as shown in
Scheme 1 (for reaction mechanism, please refer to Scheme S1).
Three different one-pot reactions were studied. In each of the
three reactions, the UiO-66-SO;H membrane is intended to
catalyze the conversion of benzaldehyde dimethyl acetal to
benzaldehyde as the first step. At the same time, the UiO-66-
NH, membrane is designed to catalyze the subsequent reaction
of benzaldehyde with different active methylene compounds,
such as malononitrile and ethyl cyanoacetate, and diethyl
malonate. Benzaldehyde undergoes cyanation by malononitrile,
whereas ethyl cyanoacetate and diethyl malonate undergo
Knoevenagel condensation with benzaldehyde.

Before starting one-pot reactions, the acid and base-MOF
membranes were tested for the individual reaction steps in
different pots. The UiO-66-SO,H membrane catalyzed the
deacetylation reaction, as shown in Scheme 1-step a to b and
Figure S3a. The molar ratio of benzaldehyde dimethyl acetal to
UiO0-66-SO;H catalyst was 1:0.0233. The reaction was fast.
About 85% of the theoretical amount of benzaldehyde was
already obtained in 15 minutes. The conversion rate as
determined from the initial portion of the % conversion vs. time
curve (Figure S3a) till about 15 minutes was 5.69%-min ", After
this, although there was a slow down in the rate of reaction,
still very high conversion (>95% of benzaldehyde) was
obtained in about 60 minutes (rate=1.56%-min~"). The UiO-66-
NH, membrane catalyzed the reaction of benzaldehyde and
malononitrile, as shown in Figure S3b. The molar ratio of
benzaldehyde to UiO-66-NH, catalyst was 1:0.0565. Approx-
imately after 30 minutes, 80% of benzaldehyde was converted
to 2-benzylidene malononitrile (rate=2.49%-min""). The ben-
zaldehyde was almost completely converted into 2-benzylidene
malononitrile when the reaction proceeded for 120 minutes.

UiO-66-NH, membrane

o
CN
NCTCN

¢ ds

o~ S o
©)\O/ Ui0-66-SO3H membrane ©) UiO-66-NH, membrane X o
(o}
CN
NC,
& b \)J\O/\
c; d2

UiO-66-NH, membrane

mcoga
Et0,C” COE CO,Et
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Scheme 1. Wolf-Lamb-type one-pot cascade reactions were studied in the present work.
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The one-pot, two-step catalysis experiment results are
shown in Figure 4a. For one-pot two steps reactions, both The
UiO-66-NH, and UiO-66-SO;H membranes were inserted in a
reaction vessel, and all reagents were added simultaneously.
Benzaldehyde dimethyl acetal (0.0025 mol), UiO-66-SO;H cata-
lyst (0.58x10 *mol) and UiO-66-NH, catalyst (1.4x10 *mol)
were used for the reaction. The reaction was monitored for the
formation of products by gas chromatography (GC). After
30 minutes, more than 80% of benzaldehyde dimethyl acetal
was consumed (rate=2.81%-min"'). After a small induction
period, the final product 2-benzylidene malononitrile started
forming with a ~1.11% min~' conversion rate until about
60 minutes. After this, although the production rate of 2-
benzylidene malononitrile decreased (1.06%-min™"), the reac-
tion was still completed until very high conversions (99.9% in
4 h).

Since the first step, the UiO-66-SO,H membrane catalyzed
reaction, is the same, we only studied the base UiO-66-NH,
catalyzed conversion of benzaldehyde in the next set of
reactions to ethyl-2-cyano-3-phenyl acrylate, as shown in Fig-
ure S3c. No inhibition time was found. 70% of the benzalde-
hyde was converted into the product ethyl-2-cyano-3-phenyl
acrylate after only 90 minutes (rate =0.78%-min"), and about
95% conversion to the product was achieved after 7 hours of
reaction. Afterward, acid UiO-66-SO,H and base UiO-66-NH,
membranes were used together to study the kinetics of acid-

(a)
054 Benzaldehyde dimethy! acetal
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g
B 044
£ )
© o
2 03 bt
L
=
£ o024 8
€
8
g 0.14 8
o ]
004 o o
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0 1 2 3 4
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3 0.4
E
2 034 8
S 8 5
= - 3 -
® 0.2 290 a0 g
b 02 H g L ¥
£ - 5
3 a
2 0.1 4
o a
o &
004 8 4 4 4 a8 a
T T T T T T

© 2 4 & 8 10 12 18 16
Reaction time (h)

base-catalyzed two-step reactions in one pot. The results of the
one-pot, two-step reaction of the production of benzaldehyde
from benzaldehyde dimethyl acetal and its further reaction with
ethyl cyanoacetate are shown in Figure 4b. The results were
very promising. After a slow start, the rate of reaction increased.
About 88% of the product was achieved in 7h (rate=
12.6%-h~") with almost quantitative conversion in 8 h.
Encouraged by the above results, we tested the reaction of
benzaldehyde dimethyl acetal with diethyl malonate. The base
UiO-66-NH, catalyzed the conversion of benzaldehyde to
diethyl 2-benzylidene malonate, as shown in Figure S3d.
Unfortunately, the reaction proceeded very slowly, with
only 37% of diethyl 2-benzylidene malonate produced (rate=
3.21%-h"). The results of the one-pot, two-step reaction of the
production of benzaldehyde from benzaldehyde dimethyl
acetal and its further reaction with diethyl malonate are shown
in Figure 4c. The dimethoxybenzyl acetal was only 74%
converted in this reaction, and at the end of the reaction, only
36.7% of the product was produced (rate=2.42%-h""). We
speculate that this may be because the pKa value of diethyl
malonate is too high. Malononitrile (pKa=11.1), ethyl cyanoace-
tate (pKa=13.2), diethyl malonate (pKa=16.3).?" Due to the
high pKa of diethyl malonate, deprotonation of methylene
groups is extremely difficult, resulting in low product yields in
one-pot reactions. There have been similar reports of this
phenomenon before.”” In addition, we investigated blank

( ) 0.54 Benzaldehyde dimethyl acgtal
o Benzaldehyde .
P 4 ethyl-2-cyano-3-pherfyl acrylate
= 0.4 T 7
° A )
£ g 3
o 0.3 °
S $l ¢ 3
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] 1 1§ 3
00 & 2 ° 8
T i T T r
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Reaction time (h)
() 100y e
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=
]
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20
0

00 L e e e e
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Recycles (time)

Figure 4. Acid (UiO-66-SO;H membrane) and base (UiO-66-NH, membrane) catalyzed reactions: a) from benzaldehyde dimethyl acetal to 2-benzylidene
malononitrile in one-pot; b) from benzaldehyde dimethyl acetal to ethyl-2-cyano-3-phenyl acrylate in one-pot; c) from benzaldehyde dimethyl acetal to diethy|
2-benzylidene malonate in one-pot. d) Catalyst recycling studies. Reaction conditions: (2.5 mmol) dimethoxybenzyl acetal, (3 mmol) malononitrile, 50 mg UiO-
66-S0,H membrane and 50 mg UiO-66-NH, membrane, solvent: DMF (5 mL), 80°C.
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experiments (without a catalyst) of the tandem reaction of
benzaldehyde dimethyl acetal with different active methylene
compounds (Table S4). Without the catalyst, the products 2-
benzylidene malononitrile, ethyl-2-cyano-3-phenyl acrylate, and
diethyl 2-benzylidene malonate were not detected in the one-
pot two-step reactions. It indicated that the addition of the
catalyst played an important role in the reaction process.

Next, we tested the recycling ability of the UiO-66-SO;H/-
NH, membranes for the one-pot, two-step reaction of benzalde-
hyde dimethyl acetal with malononitrile. After the reaction is
completed, the catalyst membranes only need to be simply
taken out, washed with acetone and methanol, and dried in a
vacuum oven at 80°C. After this, it was directly used for the
next catalytical cycles under the same reaction conditions. The
results are shown in Figure 4d. When the catalyst membranes
are reused 15 times, 2-benzylidene malononitrile can still be
obtained as high as 93.1%. We carried out XRD characterization
on the used catalyst membranes, as shown in Figure S4a, by
comparison, there is no obvious difference between the used
catalyst membranes and the fresh catalyst membranes, indicat-
ing that the catalyst membranes have good chemical resistance.
In addition, we conducted Fourier-transform infrared (FT-IR)
tests on the used catalyst membranes, as shown in Figure S4b,
and the catalyst membranes can still maintain their integrity
after 15 cycles of use. The performance of self-standing MOF
membranes in one-pot reactions is compared with bifunctional
acid-base MOF powders reported in the literature (Table S5). It
can be seen that the self-supporting MOF membranes (UiO-66-
SO,;H/-NH, membranes) exhibit excellent catalytic activity and
efficient recycling performance. As there was no change in the
structure and physical integrity of the MOF membranes, they
are expected to work for many more cycles, not limited to the
15 cycles as tested in this work.

Conclusions

In conclusion, we present highly stable, easy-to-handle, reus-
able, efficient functional MOF self-standing membranes (UiO-
66-SO;H and UiO-66-NH, membranes) for sustainable use as
Wolf-Lamb-type (acid-base) catalysts in one-pot cascade reac-
tions in a tea-bag-type concept. First, a simple procedure for
making UiO-66-SO,H and UiO-66-NH, membranes based on in-
situ growth of respective MOFs on seeded template polymer
fibers in a non-woven is established. The membranes were
characterized using routine analytical methods for porosity,
morphology, and functionality and showed morphologically
made up of hollow fibers. The membranes efficiently catalyzed
both steps of a cascade one-pot reaction, i.e., deacetylation of
benzaldehyde dimethyl acetal to benzaldehyde and reaction of
active methylene compounds malononitrile and ethyl cyanoa-
cetate with benzaldehyde. A high overall yield of the final
products could be obtained. MOF membranes with -NH, base
groups are limited as catalysts for the reaction of benzaldehyde
with active methylene compounds having high pKa, such as
diethyl malonate.

ChemCatChem 2022, 14, ©202201040 (6 of 8)

The membranes are easy to use and, after completion of
the reaction, can be pulled out, washed, and reused without
any significant drop in reaction efficiency, even after 15 cycles.
This work provides an important step forward in preparing and
using MOF membranes of macroscopic dimensions as sustain-
able catalysts.

Experimental Section

Materials

Zirconium(IV) chloride (ZrCl,, Alfa Aesar company, 99.5 %), 2-amino-
benzenedicarboxylic acid (BDC-NH,, Alfa Aesar company, 99%), 2-
sulfobenzenedicarboxylic acid monosodium salt (BDC-SO;Na, Sigma
Aldrich company), polyacrylonitrile (Mw =80,000, Carl Roth), ben-
zaldehyde dimethyl acetal (Alfa Aesar company, 99%), benzalde-
hyde (Alfa Aesar company, 99%), ethyl cyanoformate (Sigma
Aldrich company, >99%), malononitrile (Alfa Aesar company,
99.5+%), diethyl malonate (Acros Organics company, >99%),
Dodecane (Alfa Aesar company, 99%), acetic acid (Fisher Chemical
Company, 99.7%), N, N-dimethylformamide (Fisher Chemical com-
pany, 99.5%) were purchased as stated.

Preparation of UiO-66-S0,H particles and UiO-66-NH,
particles

The solvothermal reaction was used to synthesize UiO-66-SO;H
particles. 0.233 g ZrCl, and 0.268 g 2-sulfobenzenedicarboxylic acid
monosodium salt (BDC-SO;Na) dissolved in 10 mL DI water and
1 mL acetic acid. Afterward, the mixture was transferred to a 50 mL
Teflon-lined autoclave and reacted in an oven at 120°C for 24 h.
After cooling to room temperature, the white powder could be
obtained by centrifugation and washing with 20 mL methanol 3-
4 times, and finally dried at 100°C overnight in an oven. The UiO-
66-NH, particles are also synthesized by the solvothermal method.
Just use 2-aminobenzenedicarboxylic acid instead of 2-sulfobenze-
nedicarboxylic acid monosodium salt (BDC-SO;Na). Other condi-
tions are the same as synthetic UiO-66-SO;H particles.

Preparation of UiO-66-SO,;H membrane and UiO-66-NH,
membrane

First, 0.33 g of ZrCl, and 1.0 g PAN were stirred in 5.6 g of DMF in
10 mL glass bottle for 3 h. The solution was used for electro-
spinning with an applied voltage 18.0 KV, flow rate 1.5 mL-h~', and
a 20.0 cm distance between the electrodes. This results in a PAN/
ZrCl, fiber membrane. Next, 0.115 g ZrCl,, and 0.134 g 2-sulfobenze-
nedicarboxylic acid monosodium salt (BDC-SO;Na) dissolved in
10mL DI water and 1mL acetic acid in 50 mL Teflon-lined
autoclave. And then, 25 mg PAN/ZrCl, fiber membrane was added.
The reaction was carried out in an oven at 120°C for one day
resulting in PAN/UiO-66-SO;H fiber membranes. Finally, the PAN
was removed from the membranes by Soxhlet extraction at 165 °C
for one day with DMF. The resulting UiO-66-SO;H fiber membrane
free of PAN were dried. The preparation of the UiO-66-NH,
membrane is the same as the UiO-66-SO;H fiber membrane. Use 2-
aminobenzenedicarboxylic acid (BDC-NH,) instead of 2-sulfobenze-
nedicarboxylic acid monosodium salt (BDC-SO;Na).

The amount of acid and base groups were calculated based on the
elemental analysis.

For Ui0-66-SO;H membrane:
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Elemental analysis: C 27.28 %, H 3.63 %, S 3.73 %.

The amount of S=3.73/(32*100)=0.0011625 mol/g of Ui0-66-S0;H
membrane =amount of acid group=0.58x10 * mol/50 mg mem-
brane.

For UiO-66-NH, membrane:
Elemental analysis: C 34.26 %, H 4.14%, N 3.96 %.

The amount of N=23.96/(14%100)=0.002828 mol/g of UiO-66-NH,
membrane =

the amount of base groups (~NH,)=1.41x10"* mol/50 mg mem-
brane.

Catalytic experiment

One-step acid-catalyzed reaction

Before catalyzing the reaction, the catalyst was activated in an oven
at 353 K for 12 h to remove the solvent molecules. The reaction is
carried out in the liquid phase under air. Typically, 2.5 mmol
benzaldehyde dimethyl acetal, 5 mmol distilled water, 50 mg UiO-
66-SO;H membrane, 0.75 mmol dodecane (as an internal standard),
and 5 mL DMF were taken in a 25 mL glass reactor vial. The reaction
mixture was then heated to 80°C with stirring at 200 rpm. At
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Characterization

The Fourier transform infrared spectra (FTIR, 500-4000 cm™) were obtained using a
spectrometer (Digilab Excalibur FTS-3000).

Scanning electron microscopy (SEM): The surface morphology was observed with a Zeiss LEO
1530, operating at an acceleration voltage of 3 kV employing an Everhart-Thornley secondary
electron detector. Before imaging, the samples were sputtered with a thin platinum layer of 2
nm (Sputter Coater 208HR, Cressington).

The Xray diffraction (XRD, Cu Ka, A = 1.540598 A) patterns were recorded on a Bragg-
Brentanotype diffractometer (XPERT-PRO, PANalytical B.V.), and each XRD pattern was
scanned over a range of 20 = 2° to 40° at a rate of 0.5° min™'.

N2 adsorption/desorption isotherms were measured on Quantachrome iQ and kept at 77 K by a
liquid nitrogen bath. The data were analyzed using the ASIQ v 3.0 software package.

Gas Chromatography (GC): GC measurements were performed on a GC-FID system (GC-2010
Plus, Shimadzu), using nitrogen as a carrier gas. An amount of 10 uL of the reaction mixture
was dissolved in 1 mL acetonitrile. 1 uL of this solution was injected with a split ratio of 1:50

and measured from 50 °C (2 min hold) up to 300 °C at a heating rate of 15K min'.
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Supporting Figures and Tables

Figure S1. SEM images of a) PAN/ZrCl4 membrane. Photographs of b) PAN/ZrCls membrane,

¢) Ui0-66-SO3H membrane and d) UiO-66-NH> membrane.
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Figure S2. a) XRD patterns of PAN, PAN/UiO-66-NH> membrane and PAN/UiO-66-SO3:H
membrane. b) FT-IR spectra of PAN, PAN/UiO-66-NH> membrane and PAN/UiO-66-SO3H

membrane.
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Figure S3. a) UiO-66-SO3H membrane catalyzed reaction from benzaldehyde dimethyl acetal

to benzaldehyde. b) UiO-66-NH; membrane catalyzed reaction of benzaldehyde to 2-

benzylidenemalononitrile. ¢) UiO-66-NH2 membrane catalyzed reaction of benzaldehyde to

ethyl-2-cyano-3-phenyl

acrylate.

benzaldehyde to diethyl 2-benzylidene malonate.
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Figure S4. a) XRD patterns of fresh and used UiO-66-SO3H/-NH> membranes. b) FT-IR

spectra of the fresh and used UiO-66-SO3H/-NH2 membranes.
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Table S1. The kinetic experiments for the conversion of benzaldehyde dimethyl acetal to 2-

benzylidenemalononitrile in one-pot.

o o
O)\O/ﬂ&’ ©) + NCTeN i WCN
CN
a b c
Reaction time ~ Concentration ofa ~ Concentration of b~ Concentration of ¢
(h) (mol/L) (mol/L) (mol/L)
0 0.504+0.006 = s
0.5 0.079+0.064 0.366+0.043 0.113+0.082
0.75 0.037+0.039 0.316+0.074 0.206+0.086
1 0.007+0.012 0.199+0.018 0.333+0.033
2 - 0.080+0.013 0.433+0.029
3 - 0.032+0.013 0.47+0.0148
4 = 0.002+0.004 0.499+0.006
6
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Table S2. The kinetic experiments for the conversion of benzaldehyde dimethyl acetal to ethyl-

2-cyano-3-phenyl acrylate in one-pot.

e
o o
4 I
o Catalyst " NC/\COOEt Catalyst X CN
S 2o LR RPN
COOEt
a b

c

Reaction time  Concentration of a  Concentration of b~ Concentration of ¢

(h) (mol/L) (mol/L) (mol/L)
0 0.503+0.005 0 -

0.5 0.234+0.076 0.252+0.066 0.019+0.023
1 0.143+0.039 0.303+0.081 0.057+0.042
2 0.111£0.046 0.235+£0.096 0.157+£0.050
2] 0.091+0.046 0.172+0.089 0.239+0.047
4 0.082+0.048 0.112+0.046 0.307+0.010
5 0.068+0.052 0.071+£0.021 0.36+0.038
6 0.048+0.054 0.044+0.020 0.411+£0.054
7 0.033+0.048 0.036+0.019 0.440+0.055
8 - 0.015+0.009 0.497+0.005

7
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Table S3. The kinetic experiments for the conversion of benzaldehyde dimethyl acetal to to

diethyl 2-benzylidene malonate in one-pot.

7
9 o
% I
o COOEt
Catalyst
—_— + Etooc” “coogr — catalyst =
COOEt
a b

c

Reaction time Concentration of a Concentration of b Concentration of ¢

(h) (mol/L) (mol/L) (mol/L)

0 0.499+0.012 0 -

1 0.362+0.012 0.154+0.020 g

2 0.297+0.022 0.203+0.022 -

3 0.248+0.012 0.253+0.012 -

4 0.278+0.070 0.224+0.072 =

5 0.206+0.016 0.296+0.018 -

6 0.194+0.006 0.269+0.005 0.037+0.006
7 0.178+0.010 0.257+0.007 0.065+0.016
8 0.165+0.009 0.226+0.021 0.109+0.013
9 0.155+0.004 0.222+0.013 0.123+0.009
10 0.144+0.010 0.209+0.011 0.148+0.004
11 0.140+0.005 0.202+0.005 0.157+0.002
12 0.137+£0.005 0.199+0.007 0.164+0.007
13 0.134+0.003 0.193+0.010 0.173+£0.008
14 0.128+0.002 0.193+0.00 0.182+0.003
15 0.124+0.007 0.193+0.008 0.182+0.002

8
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Table S4. The blank experiment for the reaction of benzaldehyde dimethyl acetal with different

active methylene compounds (without catalyst) *.

O/
@o/ n R,/\Rz no catalyst \RZR‘
a b 4
entry R R> Product (¢) conv. of a (%) yield of ¢ (%)

CN
1 CN CN m Trace 0
x CN
2 CN  COOEt O Trace 0
x COOEt
3 COOEt COOEt mca 0 0

“ Reaction condition: 1.5 mmol benzaldehyde dimethyl acetal, 3 mmol distilled water, 1.8 mmol

methylene compounds, 0.15 mmol dodecane (as an internal standard), and 3 mL DMF to a

10mL glass reactor vial. The reaction mixture was then heated to 80 °C with stirring at 200 rpm.
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Table S5. One-pot acid-base cascade reactions: comparison of MOF particles with MOF

membranes as catalysts.

i
CN
O/ cat. i A cat. N
= NC” CN —— oN
dy

a b
entry catalyst conv. ofa yieldofdi Recycle times Ref.
(%) (%)
UiO-66-SOsH FM # .
1 . 999 999 15 this work
UiO-66-NH; FM
MIL-101-AB-0.26" 92.0 91.0 3 1
3 MIL-101(Al/Fe)-NH:© 100 99.8 5 2
MIL-101(Cr)@CS¢
4 99.0 99.0 5 3
[MIL-101(Cr)/CS=2.86]
5 Yb-BDC-NH>* 97.0 97.0 4
6 ZIF8-A61-SO:H' 100.0 98.0 5 5

Reaction conditions: * Benzaldehyde dimethyl acetal (1 mmol), malononitrile (1.2 mmol),
distilled water (108 pL), 50 mg UiO-66-SO3;H membrane, 50 mg UiO-66-NH> membrane,
DMF (2 mL), 80 °C. » Benzaldehyde dimethyl acetal (1 mmol), malononitrile (2 mmol), DMF
2 mL, catalyst 0.04 mmol, 363K. ¢ Benzaldehyde dimethyl acetal (1.0 mmol), malononitrile
(1.5 mmol), toluene (3 mL), catalyst (20 mg). ¢ Benzaldehyde dimethyl acetal (2 mmol),
malononitrile (2.1 mmol), acetonitrile (2 mL), distilled water (50 pL), and catalyst (50 mg);
80 °C; reaction time 12 h. ¢ Benzaldehyde dimethyl acetal (2.0 mmol), malononitrile (2.1 mmol)
and DMSO-d6 (2 mL), catalyst (100 mg), 50 °C and 24 h.  Benzaldehyde dimethyl acetal (1

mmol), malononitrile (5 mmol),1,4-dioxane (4 ml), catalyst (100 mg).
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Scheme S1. Mechanism of acid-base reaction catalyzed by catalyst membrane.
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Sustainable Hierarchically Porous Reusable Metal-Organic
Framework Sponge as a Heterogeneous Catalyst and
Catalytic Filter for Degradation of Organic Dyes

Yingying Du, Chenhui Ding, and Seema Agarwal*

Advanced oxidation processes based on sulfate radical are considered one of the
most promising treatment technologies currently. Among hetero-
g catalysts, cobalt metal fr k (MOF) has been widely
reported. H , the int powder form of MOF hinders its practical
application and bility. Therefore, i i thods to increase the loading
capacity and the accessibility of MOF active sites in monolithic materials are
required. Therefore, a simple and scalable method of fabricating a stable, hier-
archical p zeolitic imidazolate fr: k (ZIF-67) 3D sponge by growing
MOF on a short electrospun fiber network is shown. The sponge can efficiently
activate peroxymonosulfate and rapidly degrade an exemplary organic dye
(Rhodamine B) with a degradation efficiency of 100%. The resulting multilevel,
hierarchical porous structure is beneficial to the mass fer of reag ki
the catalytic process efficient. This also enables the use of the ZIF-67 as an
efficient catalytic filter for continuous removal of dye. The sponge can be recycled
and reused for several cycles due to its robustness without loss in efficiency.

attention. At present, the technical means
commonly used in wastewater treatment
include adsorption,””! filtration,”! mem-
brane separation,'r‘] coagulation,[7I and so
on. However, these methods only transfer
the dye to the material, and there are still
secondary pollution problems, which
greatly increase the operation and time
costs of the treatment. Therefore, other
cost-effective wastewater treatment tech-
nologies should be further developed.
The advanced oxidation process is to oxi-
dize active species to decompose organic
dyes into low-toxic small molecules or
water and carbon dioxide through redox
reactions.®! It is one of the most promising
wastewater treatment technologies at pres-
ent. Among them, sulfate radical based

The proposed research id
monolithic materials.

2]

1. Introduction

Water resources are an integral part of human development and
life. However, organic dye discharges from industries such as
textiles, cosmetics, papermaking, and leather pollute water
resources every year.I"! Organic dyes are generally toxic and
highly stable and are difficult to degrade and handle.”’ The con-
sumption of dye-contaminated water can lead to serious health
issues.” Therefore, the wastewater treatment of organic dyes has
always been an important issue that researchers have paid close
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a new way to design MOF 3D

advanced oxidation processes (SR-AOPs)
have attracted extensive attention of
researchers due to the wide source of
sulfate radical, high oxidation potential
(2.5-3.1V), wide pH value working
range (3.0-9.0), and excellent reaction
selectivity.””! Sulfate radicals are usually produced by activating
peroxomonosulfate (PMS) and peroxydisulfate through photoly-
sis, ultrasound, transition metal ions, and their metal oxides."""
However, the traditional activation method still has problems
such as insufficient catalytic performance and secondary
contamination (difficult recovery of catalyst).'!! Therefore, the
development of materials with immobilized catalysts/catalytic
species with high activity and stability is the development trend
of SR-AOPs.

Metal-organic frameworks (MOFs) are emerging porous
materials, which are widely used in catalysis, separation,
sensing, and other fields due to their high specific surface area,
ordered porous structure, and multifunctional active sites.12
In particular, cobalt (Co)-based zeolite-like imidazole-based
organic frameworks (ZIFs) with Co as the metal ion and imida-
zolium salt as the organic ligand have been reported for the deg-
radation of organic dyes by activating persulfate."* However,
due to the inherent difficulty of processing and recycling of
ZIFs in the form of powder nanocrystals, their application in
practical use is hindered."" In order to solve this problem,
researchers usually immobilize ZIF particles on supporting car-
riers, such as films,"® foams,!*® resins,!'”! and so on to obtain
ZIF composites with higher practicability and functionality.
However, there are still problems such as insufficient loading

© 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH
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of ZIF and poor availability of active sites of ZIF in
composites."** 1l

In this work, we first show a procedure of loading ZIF-67 in
large amounts (as large as 72%) on a 3D porous fibrous network
skeleton of polyimide (PI) electrospun short fibers. In our previ-
ous works, we established a method of making PI porous frame-
works (sponges) using short electrospun fibers and showed its
use as pressure sensors, heat insulation, etc., and skeleton for
the growth of covalent organic framework."” The present
method allows in situ growth of ZIF-67 onto the surface of PI
network fibers of the 3D skeleton and thereby bringing ZIF-
67 in the shape of a 3D sponge with hierarchical porosity and
mechanical stability. The hierarchically porous network facili-
tates the transport of reagents required for the efficient degrada-
tion of organic dyes and at the same time, it exposes a plenty of
active sites (ZIF-67) for degradation reaction. After establishing
the preparation procedure, the practicability of polymer-MOF
sponge as a reusable catalyst to activate PMS for the degradation
of organic dye Rhodamine B (Rh B) under different conditions
was shown. The unique hierarchical porous structure of the
sponge leads to a good water flux and therefore, its utility as a
filter for continuous degradation of organic dye is also shown
by assembling a simple filter device. This work provides a
new avenue for applying MOF-based composites to practical
wastewater treatment technologies as efficient reusable heteroge-
neous materials and filters.

2. Results and Discussion

The preparation process of PI/PAN@ZIF-67 sponge is shown in
Figure 1. First, PI short fibers, polyacrylonitrile (PAN), and
Co(NOj3),-6H,0 are dispersed in dimethyl sulfoxide (DMSO),
and the PI/PAN/Co”" sponge with honeycomb frame structure
is obtained by freeze-drying. PI short fibers were prepared by
mechanical cutting of a PI nonwoven prepared by electrospin-
ning as described in our previous work.”” PI fibers had an aver-
age diameter d=521+£143.0nm and length L=77 4 33 pm,
respectively. Fifty short fibers were randomly selected in scan-
ning electron microscope (SEM) images for calculating the
average diameter and length using Image] software (Figure S1,
Supporting Information). PAN as a binder ensures the stability
of P1 short fibers in the 3D structure and makes Co”* uniformly
dispersed on the surface of PI short fibers, providing a great deal
of sites for the growth of ZIF-67. Then the PI/PAN/ Co®" sponge
was put into the precursor solution of ZIF-67 (aqueous solution
of Co nitrate hexahydrate and 2-methylimidazole), and ZIF-67

Co?*

Pl short fibers

PAN as binder
™

PI/PAN@Co?* sponge

Freeze-drying

2-Melm

ADVANCED
ENERGY & SUSTAINABILITY
RESEARCH
—
www.advenergysustres.com

grew insitu on the surface of the PI fiber to obtain a sponge
in which ZIF-67 was grown on the surface of fibers making net-
work porous PI/PAN template sponge. The final sponge is des-
ignated as PI/PAN@ZIF-67. It is worth noting that stirring is
necessary during the preparation of PI/PAN@ZIF-67 sponge.
If there is no stirring, the nucleation of ZIF-67 is slow, and it
is easy to generate larger sized particles, which leads to nonad-
herence and easy detachment from the sponge surface giving
defects and low ZIF-67 loading (Figure S2, Supporting
Information). The loading of Z1F-67 was determined according
to the mass change of PI/PAN/Co*" sponge after the growth of
ZIF-67. The loading of ZIF-67 could be as high as 72%.

The morphology of the samples was analyzed by SEM.
Figure 2a shows the optical picture of PI/PAN@Co”" sponge.
A honeycomb structure with uniform macroscopic and micro-
scopic pores was visible (Figure 2b). The wall of the sponge is
composed of PI short fibers interwoven with each other, and
the PI short fibers have a relatively smooth and clean surface
(Figure 2c,d). It can be clearly observed that the wall of the
PI/PAN@Co*" sponge is a porous network structure with
micron-scale pores (4-30 um) formed by percolation of fibers.
This porous network structure provides amount of growth sites
and reaction space for ZIF-67 formation, indicating its excellent
performance as a carrier. The energy dispersive spectrometer
(EDS) spectrum of PI/PAN/Co*" sponge proves that Co®"
was successfully attached to the surface of PI short fibers and
dispersed uniformly (Figure 2e-h). This provides lots of nucle-
ation sites for the growth of ZIF-67. The honeycomb porous net-
work structure of PI/PAN@Co”" sponge was maintained after
insitu growth of ZIF-67 (Figure 2j). The surface of PI short
fibers is completely covered by lots of ZIF-67 particles
(Figure 2k1). The insitu growth of ZIF-67 on the PI short fiber
enables the internal active sites in the ZIF-67 structure to be well
preserved. The nanopores of the ZIF-67 itself, the micropores
between the cross-linked PI short fibers, and the macroscopic
and regular honeycomb macropores of the sponge form a 3D
structure of multilevel and hierarchical macro—-micropores.
This structure can not only expose the active site of ZIF-67 to
promote the activation of PMS, but also facilitate the intermolec-
ular mass transfer in the solution to accelerate the degradation
of the dye.

We used X-Ray diffraction (XRD) to analyze the crystal prop-
erties of PI/PAN and PI/PAN@ZIF-67 sponges, as shown in
Figure 3a. For the PI/PAN sponge, 20 at 17.5° corresponding
to the (0 0 1) has a broad characteristic diffraction peak.*
The peaks at 7.4°, 10.5°, 12.9°, 14.8°, 16.6°, and 18.2° belong

In-situ growth

PI/PAN@ZIF-67 sponge

Figure 1. Preparation of the PI/PAN@ZIF-67 sponge: Co?  comes from Co(NO3);-6H,0; 2-Melm is 2-methylimidazole.
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Figure 2. The photo of a) PI/PAN@Co?' sponge and i) PI/PAN@ZIF-67 sponge, b-d) SEM images of PI/PAN@Co?' sponge, e-h) EDS spectrum
of PIfPAN@Co”* sponge, and j-l) SEM images of PI/PAN@ZIF-67 sponge.
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Figure 3. a) The XRD patterns of ZIF-67 powder, PI/PAN sponge, and
PI/PAN@ZIF-67 sponge.

to the (011), (0 02), (112), (002), (0 13), and (2 2 2) crystalline
planes of ZIF-67."*! In the XRD pattern of PI/PAN@ZIF-67
sponge, the characteristic diffraction peaks of PI/PAN and
ZIF-67 could be well confirmed. This indicates the successful
preparation of PI/PAN@ZIF-67 sponges.

The Fourier transform infrared (FT-IR) spectrum of the
PI/PAN@ZIF-67 sponge is shown in Figure 3b. The character-
istic stretching bands at 425, 992, and 1570 cm ' are attributed to
the Co—N, C—N, and C=N of ZIF-67.””! The peak at 1364 cm '
is the C—N stretching of the PI imide ring; 1715 and 1779 cm ™'
are the symmetric and asymmetric stretching vibration peaks of
C=0 in the PI imide ring, respectively.”*l 2240em™ is
attributed to the C=N stretching vibration peak in PAN.

The mechanical properties and shape recovery ability of the
sponge are particularly important for any practical use, and they

Adv. Energy Sustainability Res. 2024, 5, 2300218

2300218 (3 of 9)

Wavenumber (cm™)

PI/PAN@ZIF-67 sponge; b) FT-IR spectra of ZIF-67, PI/PAN sponge, and

were evaluated by cyclic compression experiments. Figure 4a,b
shows the cyclic compressive stress—strain curves of PI/PAN
and PI/PAN@ZIF-67 sponges, respectively. It can be found that
the compressive strength of PI/PAN is only 5.0 kPa (50% strain),
and the sponge height is compressed by about 25.8% after 50
cycles of compression, indicating that the internal structure
has undergone serious collapse. The compressive strength of
the PI/PAN@ZIF-67 sponge was 28.1kPa (50% strain), and
the height decreased only by 9.9% after 300 cycles of compres-
sion. This is due to the fact that the PI/PAN@ZIF-67 sponge
consists of two parts: the soft PI short fibers and the hard
ZIF-67. The hard ZIF-67 grown on the surface of PI short fibers
insitu can significantly improve the mechanical properties of
PI/PAN@ZIF-67 sponge and ensure its structural stability.
In addition, the 0.1g PI/PAN@ZIF-67 sponge can withstand

© 2023 The Authors. Advanced Energy and Sustainability Research
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Figure 4. Cyclic compressive stress—strain curves at 50% strain for a) PI/PAN sponge, b) PI/PAN@ZIF-67 sponge, an c) compressive capacity of

PI/PAN@ZIF-67 sponge.

a weight of 200 g without collapsing (Figure 4c), further demon-
strating its excellent robustness.

Using Rh B as a typical example, we explored the potential of
PI/PAN@ZIF-67 sponge as a catalyst in activating PMS for the
degradation of organic dyes. Figure 5 shows the degradation of
Rh B under different catalytic systems. To rule out the possible
adsorption effect of the sponge in the removal of Rh B from the
aqueous solution, we tested the change in the dye concentration

1.0 4
0.8+
—a—PMS
o 0.6 —a—PI/IPAN sponge
%) ~&— PIIPAN@ZIF-67 sponge
o —o—ZIF-67
0.4 —— PMS+ZIF-67
~—a— PMS+PI/IPAN@ZIF-67 sponge
0.2+
0.0 <~ 9

T T T
0 5 10 15 20 25 30
Time (min)

Figure 5. Plots of C/Co versus time for studying the degradation
of Rh B under different conditions. Reaction conditions: Rh B
concentration — 50 mg L", PMS  concentration =1.5mM, catalyst
amount=100mgL "', pH = 7, temperature = 25 °C.
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after putting PI/PAN sponge, PI/PAN@ZIF-67 sponge, and
ZIF-67 in the Rh B solution, respectively. The results showed
a small decrease (4.9%, 6.2%, and 5.2%, respectively) in Rh B
concentration after 30 min as determined by UV-vis spectropho-
tometer (the concentration of Rh B was evaluated at a wavelength
of 555 nm). A Rhodamine solution with only PMS (no sponge)
showed 12.9% of Rh B degradation. This indicates that without
the activation by a catalyst, PMS cannot effectively degrade dyes.
However, when PMS was activated by PI/PAN@ZIF-67 sponge,
the Rh B dye was degraded up to 97.4% within 5min and
completely degraded within 30 min. These results indicate that
PI/PAN@ZIF-67 sponge can efficiently activate PMS. In addi-
tion, we also studied the degradation of Rh B in the presence
of ZIF-67 particles and PMS, and the results showed that
93.6% of Rh B degraded within 5min. This shows that in
comparison to ZIF-67 powder, the degradation effect of
PI/PAN@ZIF-67 sponge is not compromised. In addition, the
degradation kinetics of Rh B conform to the pseudo-first-order
rate law-In C,/C, =kt, and the kinetic rate is shown in Figure
$3, Supporting Information.

Dye solution of different concentrations (from 25 to
100mgL ') was used to study the degradation by
PI/PAN@ZIF-67 sponge-activated PMS (Figure 6a). When the
initial concentration of the dye was reduced from 100 to
25 mg L, the degradation of Rh B within 5 min increased from
68.8% to 100%. It is worth mentioning that when the dye con-
centration is 25mgL~", the dye can be completely degraded
within 20s as shown in Figure S4, Supporting Information.
However, when the dye concentration was 20mgL™" or below,
the degradation was immediate. The degradation kinetics could
not be followed due to the very fast rate of degradation for
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Figure 6. Plots of C;/Cp versus time for studying the effect of a) the dye (Rh B) concentration, b) pH, c) the concentration of PMS, d) the dosage of catalyst
(PI/PAN@ZIF-67 sponge), e) temperature, and f) radical scavengers on the Rh B degradation. The data for (a) were collected using PMS
concentration = 1.5 mM, catalyst amount=100mgL ', pH=7, temperature =25°C. The data for (b) were collected using Rh B solution
concentration = 50 mg L™, PMS concentration = 1.5 mM, catalyst amount = 100 mg L', and temperature = 25 °C. The data for () were collected using
Rh B solution concentration =50 mg L ', catalyst amount =100 mg L ', pH = 7, temperature = 25 °C. The data for (d) were collected using Rh B solu-
tion concentration=50mgL ', PMS concentration=1.5mM, PH=7, and temperature =25°C. The data for (e) were collected using Rh B
solution =50 mg L™", PMS concentration = 1.5 mM, catalyst mount =100mgL~", pH = 7. The data for (f) were collected using Rh B solution
concentration = 50 mg L™, PMS concentration = 1.5 mM, catalyst amount=100mg L™, pH = 7 and temperature = 25 °C.

concentrations below 20 mg L™". Therefore, 50 mg L™" dye con-
centration was chosen as a benchmark for further experiments.

pH of the solution can have a significant effect on the degra-
dation process. Figure 6b shows the effect of different pH
(3.0-9.0) values on the degradation of dye by PI/PAN@ZIF-67
sponges. When pH = 3.0, only 67.8% of Rh B degraded within
5 min. This may be because, under acidic conditions, H™ makes
HSOs ™ more stable, which inhibits the formation of free radicals
and reduces the degradation rate.””) When pH = 5.0, 82.1% of

Adv. Energy Sustainability Res. 2024, 5, 2300218 2300218 (5 of 9)

Rh B was degraded within 5min, which was close to that of
pH = 7.0. However, when pH = 9.0, only 56.9% of Rh B could
be degraded within 5 min. Under alkaline conditions, PMS self-
decomposes, and the content of free radicals generated therefore
decreases slowing down the degradation of dyes.” But fortu-
nately, the degradation of Rh B can be as high as more than
99% under different pH values within 30 min. This indicated
that PI/PAN@ZIF-67 sponge can activate PMS to degrade
organic pollutant dyes in a wide pH range. When the pH is

© 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

145

0 pUe S| 3 396 “[420T/80/6T) 0 eaqr] AUUO o[ “WRLAeE PEKIAL A $1TO0ETOTISR/T0 101 0P/ WO S Krequjaunjuo;rsduy woy PIPLOMIMOC ‘b V0T T1H6669T

su23| suowo:) 9ABEL) 2jqeanidde S £q PILIBAOE e DL YO D5 Jo so[w 03 Aresqr



4. Publications

'ANCED

ADV.
SCIENCE NEWS

www.advancedsciencenews.com

3.0, 5.0, 7.0, and 9.0, the rate constant K values for degradation
are 0.24, 0.30, 0.47, and 0.09min ', respectively (Figure S5,
Supporting Information).

As the main source of free radicals, the added amount of PMS
is very important in the degradation process of dyes. The effect of
PMS content on the degradation of Rh B is shown in Figure 6¢.
When the content of PMS was 0.5 mM, only 37.9% of the Rh B
was degraded within 5min, and only 72.7% of the dye was
degraded within 30 min. However, when the content of PMS
was increased to 1mM, the degradation of dye increased to
76.1% within 5min and Rhodamine degradation reached
98.1% within 30 min, which significantly improved the degrada-
tion situation. The results showed that an optimum amount of
PMS is required so that sufficient free radicals are generated
making the degradation occur effectively. This shows that the
content of added PMS is very important to the degradation of
the dye. Furthermore, when the content of PMS continued to
increase to 2 mM, there was little difference compared to the
time when PMS was 1.5 mM. This is because the content of
the PI/PAN@ZIF-67 sponge was fixed, and the active sites of
the PI/PAN@ZIF-67 sponge for activating PMS had reached sat-
uration. Even if the content of PMS continues to increase, the
catalyst cannot continue to activate the excess PMS. Therefore,
the PMS content of 1.5 mM is the best choice. This result is also
reflected in the kinetics. When the PMS content increases from
0.5 to 2.0 mM, the k values were 0.06, 0.22, 0.44 and 0.44 min ™",
respectively (Figure S6, Supporting Information).

Figure 6d shows the effect of the amount of catalyst (sponge)
on the degradation of dyes. The degradation of the dye increased
from 87.8% to 97.4% within 5 min on increasing the amount of
catalyst from 50 to 100 mg L™". The k value increased from 0.31
to 0.44 min ™' (Figure S7, Supporting Information). On further
increase in the catalyst content to increase to 125 mg L™, 98% of
the Rh B was degraded within 5 min (k = 0.44 min ). Compared
with the catalyst addition of 100 mg L™, there is no obvious
increase. This suggests that at high catalyst dosage, the efficiency
of PMS to utilize the excess active sites at the PI/PAN@ZIF-67
sponge to generate free radicals is limited. Therefore, 100 mg L™
catalyst is the optimal input amount.

In addition, we also examined the effect of PI/PAN@ZIF-67
sponge-activated PMS on dye degradation at different tempera-
tures (Figure 6e). There was no significant difference in the %
degradation observed on raising the temperature from 25 to
45°C (Figure S8, Supporting Information).

To understand the catalytic process of PI/PAN@ZIF-67
sponge, we explored the reaction mechanism. In previous
reports, it has been proved that Co ions in ZIF-67 can undergo
cyclic conversion in divalent and trivalent states, activating PMS
to produce sulfate and hydroxide radicals, which have higher
oxidation-reduction potential, can eventually oxidize the dye to
water and carbon dioxide as in Equation (S1)-(S4), Supporting
Information.!"”) We conducted a series of reactive oxygen species
(ROS) capture experiments to find out which radical is mainly
taking part in the degradation process. It is known that potas-
sium iodide (KI) can effectively capture both sulfate and hydrox-
ide radicals, whereas methanol (MeOH) is selective in capturing
sulfate radicals. On the other hand, tert-butanol (TBA) traps
hydroxide radicals."*! As shown in Figure 6f, when KI was added
to the catalytic system, only 15.1% Rh B was degraded within
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30 min. As KI captures both types of radicals, it could not be said
which radical played the major role in the degradation process.
When methanol was added to the catalytic system, only 66.5% of
the dye was degraded within 30 min. When TBA was added, the
Rh B can be degraded up to 99%. The addition of TBA quencher
has little effect on the degradation of dye. The results indicated
that sulfate radical played major role in the degradation of Rh B.
The mechanism of activating PMS by PI/PAN@ZIF-67 sponge
to generate free radical degradation of Rh B is shown in Figure
S9, Supporting Information. The degradation mechanism of Rh
B by the attack of ROS generating several different intermediates
through de-ethylation, followed by deamination, dealkylation,
decarboxylation, and chromophore cleavage to form other
smaller molecule intermediates, is described in the literature.
Finally, these small molecules are further mineralized by ROS
into H,0 and CO,.*

For any practical sustainable application, it is important that
the catalysts are stable and reusable. Figure 7 shows the degra-
dation efficiency after reusing the regenerated PI/PAN@ZIF-67
sponge. After the first degradation cycle, the PI/PAN@ZIF-67
sponge only needs to be removed from the reaction solution with
tweezers. There is no need for elaborate centrifugation or filtra-
tion. It is very simple and convenient. Then wash it three times
with water and methanol respectively. After vacuum drying at
80 °C, it is directly used for the next cycle. As a result, after five
cycles of use, degradation of the dye was negligibly reduced by
only 3%. The XRD patterns of the PI/PAN@ZIF-67 sponge
before and after use are also shown in Figure $10, Supporting
Information. Through comparison, it can be found that the dif-
fraction peaks of the used PI/PAN@ZIF-67sponge and fresh
PI/PAN@ZIF-67 sponge are basically consistent, indicating that
the PI/PAN@ZIF-67 sponge exhibits good stability during the
degradation process of Rh B.

In addition, in order to further expand the application of
PI/PAN@ZIF-67 sponge in real-life application, we constructed
the PI/PAN@ZIF-67 sponge as a simple filtration device to eval-
uate its performance for the continuous treatment of dye waste-
water solutions (Figure 8a). Thanks to the multilevel hierarchical
porous structure of the PI/PAN@ZIF-67 sponge, the Rh B

197 1strun T 2nd run 1 3rd run 5th run
0.8 -
0.6
()
o
0.4
0.2+
0.0 V3320
T T T T T T
0 30 60 90 120 150

Time (min)

Figure 7. Reusability test of PI/PAN@ZIF-67 sponge.
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Figure 8. a) Photograph of the assembly showing degradation of Rh B by filtration process. PI/PAN@ZIF-67 sponge was fitted in a syringe for use as a
catalytic filter to degrade Rh B. b) Continuous degradation experiment of Rh B with PI/PAN@ZIF-67 sponge as a filter. Reaction condition: pH = 7.0,

25°C, dye (Rh B) concentration =25 mgL ', PMS concentration = 1.5 mM.

solution can quickly pass through the PI/PAN@ZIF-67 sponge
under self-gravity and its catalytic action provided a clear solution
after passing through the sponge. The removal efficiency of Rh B
is still as high as 95% after the filter device continuously treats
the Rh B solution for 6h (as shown in Figure 8b, Video 1,
Supporting Information). As a result, the PI/PAN@ZIF-67
sponge can also be used as a catalytic filter to activate PMS
for the degradation of dyes which makes it promising for scaling
up in the future.

Although the present work was carried out using Rh B as an
exemplary dye, our system should be valid for the degradation of
other dyes, such as methylene blue, acid yellow-17 (AY), and
orange II (AO7) that are known to undergo degradation by
PMS activation.**!

3. Conclusion

In this work, we prepared PI/PAN@ZIF-67 sponges with high
ZIF-67 loading (up to 72 wt%), multilayered, and hierarchical
macro—microporous honeycomb structure by insitu growth of
ZIF-67 on the surface of PI short fibers. The 3D porous frame-
work and high ZIF-67 loading provided the sponge with excellent
mechanical properties and compression resistance, making the
PI/PAN@ZIF-67 sponge reusable for practical use. The
P1/PAN@ZIF-67 sponge exhibited high efficiency in the removal
of organic dye by PMS activation. We explored that the optimal
conditions for PI/PAN@ZIF-67 sponge to activate PMS to
degrade Rh B organic dye were pH =7, PMS = 1.5 mM, catalyst
(PI/PAN@ZIF-67 sponge) = 100 mg L™, and the initial concen-
tration of dye was 50mgL™'. Also, filtration experiments
using PI/PAN@ZIF-67 sponge as a catalytic filter were very
promising. This study opens new opportunities to explore
MOF-based materials in the form of porous robust 3D sponges
for water remediation. Furthermore, this strategy can also be
applied to prepare monolithic materials of other types of
MOFs and is expected to be suitable for other applications
as well.
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4. Experimental Section

Materials: PAN (M,,=80000) and Pl electrospun nonwovens were
provided by Jiangxi Xiancai Nanofiber Technology Co., Ltd; cobaltous
nitrate
hexahydrate (Co(NOs),-6H,0) and Kl were purchased from Alfa Aesar. 2-
MelM and Oxone (2KHSOs5-KHSO4-K,SO,) were brought from Thermo
Fisher Scientific. Rh B was purchased from Sigma-Aldrich. DMSO
(=99.7%), MeOH (>99.7%), and TBA (>99.7%) were supplied by
Fisher Chemical company. All reagents were used without further
purification.

Preparation of Pl Short Fibers: Pl short fibers were prepared by cutting P!
electrospun nonwoven through a mechanical cutting process. Briefly, 10 g
of Pl electrospun nonwovens were first cut with scissors into small pieces
and put into 1L of solvent consisting of isopropanol/water (v/v=3/1).
The mixture was cooled using liquid nitrogen and then cut with a mechani-
cal cutter (Robot Coupe Blixer 4, Rudolf Lange GmbH & Co. KG) at
3000 rpm for 25 h. Then, short Pl fibers were filtered and freeze-dried
for 24-36 h.

Preparation ZIF-67 Particles: ZIF-67 particles were prepared based on
the literature that has been reported with a little modification.?® In brief,
0.145 g cobaltous nitrate hexahydrate was dissolved in 10 mL of Milli-Q
water (designated as solution A); 2.37 g 2-methylimidazole was dissolved
in 10 mL of Milli-Q water (designated as solution B). Then solution B was
quickly poured into solution A and stirred at room temperature for 24 h to
obtain purple particles. The purple particles were collected by centrifuga-
tion, washed three times with water and methanol, respectively, and finally,
dried at 80°C in the oven to obtain ZIF-67 particles.

Preparation of Template PI/PAN Sponge: 0.5 g Pl short fibers and 0.5 g
PAN were dissolved in 12.5 mL DMSO in a 25 mL flask. The mixture was
cooled to —20°C in a refrigerator for 2 h. Afterward, it was freeze-dried to
get the PI/PAN sponge.

Preparation of PI/PAN@ZIF-67 Sponge: In the first step, a PI/PAN@
Co?" sponge was prepared using the same method as described above
for PI/PAN sponge. Briefly, 0.1 g PI short fibers, 0.1g PAN, and 0.1g
Co(NO3),6H,0 were dissolved in 25 mL DMSO in a 50mL flask.
Then free-drying after cooling to —20 °C provided PI/PAN@Co® ' sponge.
0.145 g of Co nitrate was dissolved in 10 mL of Mili-Q water, which was
designated as solution A. Subsequently, the PI/PAN@Co”' sponge was
placed in solution A and allowed to stand for 2 h. 2.32 g of 2-methylimi-
dazole was dissolved in Mili-Q 10 mL of water (designated as solution B).
Afterward, solution B was quickly poured into solution A. The mixed solu-
tion with the sponge inside was stirred at room temperature for 24 h to
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give a purple sponge. Finally, the sponge was washed with water and
methanol several times to remove excess of unreacted materials and dried
at 80°C to obtain PI/PAN@ZIF-67 sponge.

Catalytic Batch Experiments: All degradation experiments were carried
out in 150 mL glass containers with magnetic stirring at 300 rpm. The
pH value of the solution was adjusted by adding 0.1 m HCl and 0.1 M
NaOH, respectively. Typically, a known amount of PI/PAN@ZIF-67
sponge was added to 100mL of 50mgL ' Rh B solution.
Subsequently, a certain amount of PMS was added to the solution and
the time was noted. Every 5 min 1 mL sample was pipetted out, quenched
with 0.5 mL methanol. Then, the degradation of the Rh B was measured
using a UV-vis spectrophotometer at a wavelength of 555 nm. The deg-
radation efficiency of Rh B was calculated according to Equation (1)

R%ZWO%X (Co—-C) m
Co

where R is the degradation efficiency of Rh B (%), and Cp and C; are the

concentrations of Rh B at time O and time t (mg L '), respectively. And the

kinetics of Rh B degradation process was investigated according to

the pseudo first-order kinetics Equation (2)

In(C./Co) =kt @

in which k is a rate constant and t is the degradation time (min). Besides,
all batch experiments were repeated, and the average value with the stan-
dard deviation was presented for the results.

Reusability of Sponges: After the initial degradation experiment, the
PI/PAN@ZIF-67 sponge was taken out from the reaction solution using
tweezers, followed by simple cleaning with water and methanol. It was
directly used for the next cycle after drying.

Continuous Flow Catalytic Test Using Sponge as Catalytic Filter: The
sponge was also tested as a catalytic filter. For this, the PI/PAN@ZIF-
67 sponge with a diameter of 2.5 cm and a height of 1.5 cm was loaded
in a 20 mL plastic syringe, and the Rh B solution (25 mgL™") containing
PMS (1.5 mM) was filtered under the action of gravity, during which the Rh
B solution was continuously added to ensure that it can be continuously
filtered, and the filtered solution was collected and analyzed to determine
the concentration as described above.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Sustainable Hierarchically Porous Reusable Metal-Organic Framework Sponge
as a Heterogeneous Catalyst and Catalytic Filter for Degradation of Organic Dyes

Yingying Du, Chenhui Ding, Seema Agarwal*

Y. Du, C. Ding, Prof. S. Agarwal

Macromolecular Chemistry and Bavarian Polymer Institute
University of Bayreuth

Universititsstrasse 30, 95440 Bayreuth, Germany

E-mail: agarwal@uni-bayreuth.de

Characterization and instruments

The morphology and structure of the samples were investigated by scanning electron
microscopy (SEM, FEI Quanta FEG 250) with a Zeiss LEO 1530, operating at an acceleration
voltage of 3 kV employing an Everhart-Thornley secondary electron detector. The X-ray
diffraction (XRD) patterns of all the samples were obtained on a Bragg-Brentano type
diffractometer (XPERT-PRO, PANalytical B.V.) with Cu-Ko, X-ray radiation (A = 1.540598 A),
and each XRD pattern was scanned over a range of 20 = 2° to 40° at a rate of 0.5° min™. The
functional groups and chemical structures of all the samples were performed using Fourier
transform infrared spectra (FT-IR). The FT-IR spectroscopy was measured using a spectrometer
(Digilab Excalibur FTS-3000) in the wavelength range of 4000 cm™ to 400 c¢cm™. The
degradation of Rhodamine B was evaluated using a UV-vis spectrophotometer (Jasco
Spectrometer V-670) in the range of 480-650 nm (scan speed 200 nm min™"). The characteristic
peak of Rhodamine B in UV-vis spectrophotometer is at 555 nm. The mechanical properties of
the PI/PAN sponge and PV/PAN@ZIF-67 sponge were investigated by the tensile tester.
machine (ZwickiLine Z0.5; BT1-FR0.5TN.D14; Zwick / Roell, Germany). The compression
testing and cyclic compression testing of the composite sponges at a compression rate of 8 mm

min’!
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Figure S1. (a) SEM image of PI short fibers. Fibers average diameter (d) = 521 + 143.0 nm and
fibers length (L) = 77 + 33 um. (b) Fiber length distribution of the PI short fibers.

Figure S2. SEM image of PI/PAN@ZIF-67 sponge (a) During synthesis the solution was not

stirred (b) During synthesis the solution was stirred.
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Figure S3. (a) The kinetic rates and (b) the first kinetic constants of Rh B degradation under

different catalytic conditions.
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Figure S4. Degradation of Rh B. Reaction condition: Rh B =25 mg L', PMS = 1.5 mM,
PI/PAN@ZIF-67 sponge =100 mg L™ | pH=7.0 and temperature =25 °C.
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Figure S5. (a) The kinetic rates and (b) the first kinetic constants of Rh B degradation under

different pH values.
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Figure S6. (a) The kinetic rates and (b) the first kinetic constants of Rh B degradation under

different concentrations of PMS.
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Fig. S7. (a) The kinetic rates and (b) the first kinetic constants of Rh B degradation under

different catalyst dosage.
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Fig. S8. (a) The kinetic rates and (b) the first kinetic constants of Rh B degradation under

different temperatures.
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Co* +HSOs — Co* + 804"+ OH" b
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S04+ -:OH + dye — .... Ho0 + CO; @

Equation S(1)-S(4). Cyclic transformation of cobalt ion (divalent and trivalent) in ZIF-67

activates PMS to generate sulfate radicals and hydroxide radicals that degrades organic dyes.

Ve

HSO; OH + SO,
Co(I10) ¢ \’
-4 C
t\ H,0
\ / e +
Cot *-¢-9
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Rhodamine B

Fig. S9. Schematic diagram of the mechanism of PI/PAN@ZIF-67 sponge to activated PMS to
degrade Rhodamine B.
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Figure S10. The XRD patterns of PI/PAN@ZIF-67 sponge before and after use.
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Table S1. The kinetic constant values under different conditions.
Sample/Condition Kinetic constant (min™')
PMS 0.00158
PI/PAN sponge 0.00263
PI/PAN@ZIF-67 sponge 0.00263
ZIF-67 0.00565
PMS+ZIF-67 particles 0.41227
PMS+ PI/PAN@ZIF-67 sponge 0.43764
pH=3.0 0.24498
pH=5.0 0.29919
pH=7.0 0.47467
pH=9.0 0.09529
PMS content = 0.5 mM 0.06483
PMS content= 1.0 mM 0.22303
PMS content = 1.5 mM 0.43764
PMS content =2.0 mM 0.43764
Catalyst dosage = 50 mg/L 0.30922
Catalyst dosage = 75 mg/L 0.38776
Catalyst dosage = 100 mg/L 0.43764
Catalyst dosage = 125 mg/L 0.43764
Dye solution = 25 mg/L 0.49879
Dye solution = 50 mg/L 0.43764
Dye solution = 75 mg/L 0.36378
Dye solution = 100 mg/L 0.18084
T=25C 0.43764
T=357C 0.56899
T=45°C 0.41308
8
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