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Abstract

Crystalline frameworks, primarily metal organic frameworks (MOFs) and covalent organic frameworks
(COFs), have demonstrated great potential in membrane separation. These materials can effectively
overcome the inherent limitations of conventional polymeric materials because of their tuneable porous
structures and versatile functionalities. However, the controllable fabrication of framework-based
membranes remains challenging, compromising their structural integrity, separation performance, and
practical applicability in industrial processes. In this thesis, the controllable fabrication of different

framework-based membranes for liquid separations is presented.

First, a water-stable MOF-303 membrane with a crystallographic preferred orientation (CPO) is
fabricated on alumina hollow fibres (HFs) via a novel dual-source (DS) seeding method. The achieved
(110) CPO provides straight permeation channels, ensuring high water permeance in nanofiltration and
pervaporation. Additionally, the robust attachment between the substrate and the MOF membrane leads

to high structural integrity over the long-term test.

Second, a highly permeable loose nanofiltration (LNF) membrane is fabricated by combining
nonsolvent-induced phase separation (NIPS) with the combined crystallization and diffusion (CCD)
method. A homogeneous COF-polyethersulfone (PES) solution is prepared by dissolving PES in a
single phase-solution containing synthesized DABA-TFP colloids. Dye-salt separation tests reveal a

promising selectivity with an exceptional permeance.

Finally, confined growth of a two-dimensional (2D) MOF, CuBDC, within the laminar structure of a
porous graphene oxide (PGO) membrane is achieved via a contra diffusion approach. The oxygen-
coating groups present on the PGO nanosheets, which are capable of coordinating with metal clusters,
are adjusted by decreasing the flake size to control the loading of the MOFs. This controlled
coordination significantly enhances the structural robustness of the composite membrane, ensuring the

stabilization of the PGO membrane during desalination tests.

Overall, these strategies effectively address key challenges associated with the fabrication and practical
application of MOF/COF-based membranes from multiple perspectives, paving the way for their

widespread application in advanced liquid separation technologies.
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Chapter 1

Chapter 1: Introduction

1.1 Background

Membrane-based separation traces its origins to the mid-18th century when Abbé Jean Antoine Nollet
observed the spontaneous diffusion of water into alcohol-filled pigskin bladders. In 1854, Sir Thomas
Graham described the concept of dialysis, demonstrating the selective diffusion of solutes through a
vegetable parchment membrane [1]. Inspired by these natural materials, the first synthetic membrane
was developed in 1944 to mimic biological processes; however, it lacked practicality due to its low flux
and poor selectivity [2]. A breakthrough came in 1962 when Loeb and Sourirajan introduced the phase
inversion method to fabricate reverse osmosis (RO) membranes [3]. This process produces asymmetric
membranes with a thin and dense separation layer integrated on porous support for mechanical strength,
leading to the widespread commercial success since 1970s for polymer membranes in applications such
as microfiltration, ultrafiltration, reverse osmosis, gas separation, dialysis, nanofiltration (NF), and

pervaporation (PV). [4-7] for their affordability and processability.

However, several challenges remain in the application of polymeric membranes in fluid separation.
First, their separation performance is constrained by the Robeson upper bound, which highlights the
inherent trade-off between permeability and selectivity [8]. Second, issues such as concentration
polarization and severe fouling further diminish their effectiveness in liquid separation. Additionally,
the poor stability of polymeric materials under harsh chemical conditions and high temperatures
constrains their practical applications. As a result, novel materials are urgently needed to produce high-

performance membranes.

As promising candidates, crystalline frameworks, including metal organic frameworks (MOFs) and
covalent organic frameworks (COFs), offer remarkable potential. These crystalline materials are
synthesized via reticular chemistry under mild conditions, ensuring the preservation of their structural
integrity and reactivity through robust bonding [9]. Their highly porous architectures and customizable
chemistries of these materials further underscore their suitability for constructing high-performance

membranes in advanced fluid separation applications.

Framework-based membranes can function either as discontinuous materials in composite membranes
or as continuous membranes. Continuous framework membranes, in particular, offer high permeance
owing to their exceptional porosity and precise molecular sieving capabilities, enabled by their uniform
and designable pore sizes. Additionally, their versatile chemistry allows tailoring for specific separation
needs [10, 11]. While various strategies have been developed to fabricate defect-free membranes with
promising selectivity, challenges remain. The limited availability of chemically stable frameworks and

the lack of controllable fabrication methods hinder the progress of continuous framework membranes

14



Chapter 1

in liquid separation. Current membranes often suffer from poor integrity, insufficient long-term

stability, and compromised permeance and selectivity due to random crystal growth.

Composite membranes incorporating frameworks in polymeric matrices have shown significant
potential for commercialization by combining the structural flexibility of polymers with the
functionality of embedded frameworks. However, the agglomeration of nanofillers poses a major
challenge. The limited affinity between frameworks and other components, along with their poor
suspensibility in precursors, often results in heterogeneous mixtures. This can lead to surface defects,
pore blockage, and membrane cracking, ultimately reducing separation efficiency and causing

variability between samples.

The integration of frameworks with advanced two-dimensional materials offers a promising approach
for developing ultrathin membranes with well-regulated mass transport channels. Achieving high
stability in these composite membranes requires an in-depth understanding of the coordination potential
between the components. Furthermore, controllable synthesis processes are essential to ensure the

precise regulation of mass transport channels.

1.2 Thesis Objectives

With a comprehensive understanding of the current limitations in the design and fabrication of
framework-based membranes for liquid separation, this thesis focuses on (1) fabrication of a MOF-303
membrane through a novel dual-source seeding (DS) method for recovery of low-molecular-weight
organic pollutants, (2) preparation of a COF-incorporated loose nanofiltration (LNF) membrane for
ultrafast dye/salt fractionation, allowing for the secondary treatment or recovery of individual
components and (3) development of a well-regulated two-dimensional (2D) membrane by a confined
growth of a 2D MOF within the interlayers of a graphene oxide (GO) membrane for seawater

desalination.
The specific objectives are summarized below:

1.2.1 Facile fabrication of MOF-303 hollow fibre membranes with controlled orientation for

nanofiltration

To increase the performance of pure crystalline framework membranes for nanofiltration applications,
improvements are needed in several key areas: (a) minimizing the number of intercrystalline defects,
(b) enhancing the interfacial compatibility between the organic framework layer and the substrate, and
(c) controlling the orientation of the permeation channels. In this study, a dual-source (DS) method is
proposed to fabricate MOF-303 [AI(OH)(PZDC), PZDC = 1H-pyrazole-3,5-dicarboxylate] membranes

on an alumina hollow fibre substrate. The alumina substrate serves as a metal source, reacting with
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organic linkers to generate seeds, which are expected to strengthen interfacial interactions between
MOF crystals and the substrate. A secondary metal source from the synthesis solution enables precise
adjustment of the seed density. Secondary crystal growth with a controlled orientation aims to eliminate
intercrystalline defects caused by random nucleation during the seeding process. The crystal growth and
preferred orientation of the MOF-303 membranes are systematically studied using X-ray diffraction
(XRD) and scanning electron microscopy (SEM), with detailed insights provided into the underlying

formation mechanisms.

1.2.2 Loose nanofiltration PES/DABA-TFP membrane fabricated by NIPS-CCD method

with ultrapermeable selectivity for dye/salt separation

This study aims to develop an effective strategy to incorporate framework nanosheets into a polymeric
matrix. This approach addresses three key challenges commonly encountered in LNF membrane
fabrication: (a) the formation of non-uniform membranes due to the inhomogeneous distribution of
nanofillers, (b) the reduced water flux observed in most reported LNF membranes, and (¢) the intrinsic
fouling susceptibility of polymeric matrices. Specifically, a negatively charged COF, DABA-TFP, is
integrated using an innovative approach in which polyethersulfone (PES) pellets are dissolved directly
in a single solution COF precursor, mitigating COF aggregation commonly encountered in conventional
physical blending. The negative charge of the COF is expected to enhance the Donnan effect, improving
the membrane's repulsion of negatively charged pollutants. The membrane is fabricated using a novel
method combining nonsolvent-induced phase separation (NIPS) and combined crystallization and phase
inversion (CCD). This technique aims to achieve high molecular sieving capability through a dense skin
layer while ensuring excellent permeance via highly interconnected pores in the support layer. The
structure and physicochemical properties of the resulting membrane are systematically characterized,

followed by comprehensive evaluations of its dye/salt separation performance.

1.2.3 Confined growth of 2D MOF nanosheets within porous graphene oxide membranes for

long-term stable desalination

This study explores the precise construction of crystalline frameworks within advanced 2D materials to
fully leverage the advantages of both components. Specifically, a well-structured 2D composite
membrane is developed through the confined growth of 2D MOF nanosheets within the laminar
architecture of porous graphene oxide (PGO) membranes. This approach aims to achieve a highly
regulated membrane structure with enhanced stability and optimized performance for desalination
applications. The in-situ growth of a water-stable MOF, CuBDC (copper 1,4-benzene dicarboxylate) in
a vacuum-coated PGO hollow fibre membrane to patch the defects and to stabilise the interlayers of the
PGO is achieved using a contra-diffusion technique. Coordination interactions are expected to occur

between the oxygen-containing functional groups of the PGO nanosheets and the metal cluster of the
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MOF. The confined growth of MOF nanosheets is achieved by carefully designing reactive sites, spatial
constraints and controlling the diffusion of precursors. MOF loading can be adjusted by controlling the
density of reactive sites on PGO via decreasing the PGO flake size by using a tip sonication technique.
The resulting laminar structure of the composite membrane with well-defined microchannels as well as
its superhydrophilic nature is expected to exhibit ultrahigh capillary pressure for aqueous solutions,
enhancing mass transfer during the pervaporation process. Comprehensive characterizations are
conducted to monitor the changes in the physicochemical properties of the membrane at various

fabrication stages. The desalination performance of the resulting membrane is systematically evaluated.

1.3 Thesis structure and presentation

This thesis will be presented in 7 chapters:
Chapter 1

Comprehensive exposition of the research context and delineates the primary objectives, establishing

the foundation for the work presented in this thesis.
Chapter 2

This chapter presents an in-depth review of organic framework-based separation membranes,
encompassing their fundamental properties, including composition, synthesis principles, structural
characteristics and chemical attributes. It further explores membrane fabrication techniques, practical

applications, and the prevailing challenges in this field, concluding with a summary of key insights.
Chapter 3

The materials utilized throughout this study, along with an in-depth description of the characterization

techniques and experimental protocols employed in the research, are detailed.
Chapter 4

Detailed analysis and discussion of the results obtained in the facile fabrication of MOF-303 hollow

fibre membranes with controlled orientation for nanofiltration (1.2.1).
Chapter 5

Detailed analysis and discussion of the results of the loose nanofiltration PES/DABA-TFP membrane
fabricated by NIPS-CCD method with ultrapermeable selectivity for dye/salt separation (1.2.2).

Chapter 6
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Confined growth of 2D MOF nanosheets within porous graphene oxide membranes for long-term stable

desalination (1.2.3).
Chapter 7

Conclusion and future plan.
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Chapter 2

Chapter 2: Literature Review

2.1 Reticular Chemistry

The synthesis of crystalline frameworks with porous structures, despite being highly desirable,
remained unattainable three decades ago due to the lack of integration between organic and inorganic
synthetic methodologies [1]. During that era, only discrete molecules or one-dimensional polymeric
structures could be synthesized. Additionally, the precise synthesis of inorganic compounds,
particularly metal complexes, was even more challenging and unpredictable owing to the variable
coordination possibilities that metal ions could adopt, often leading to uncertain synthetic outcomes.

These challenges remained till the concept of reticular chemistry was elaborated.

Reticular chemistry emerged from the concept of designing molecules with precise geometries and
tailored atomic arrangements by systematically controlling the dimensions of building units. This
approach enables the creation of crystalline, porous, and extended solid structures through a rational
and structured methodology [2]. This breakthrough was first achieved by linking charged carboxylate
linkers with metal centers in the synthesis of MOF-2 and MOF-5 [3, 4]. In these frameworks, zinc
pyramids derived from zinc (II) ions serve as the secondary building units, facilitating crystallization.
Moreover, the robust organic linkers promoted structural openness and endowed the frameworks with
high porosity [5]. Unlike earlier metal complexes, MOFs feature both organic and inorganic
components interconnected by robust (charged metal-carboxylate in this case) and directional (guided
by designed interactions) bonds. This advancement marked a significant breakthrough in this field,
leading to the development of permanently porous crystals characterized with exceptional surface areas
and structural stability. Moreover, the ability to tailor the structure of secondary building units (SBUs)
from a given metal source by modifying synthesis conditions allows for diverse coordination modes,
even when same organic linker is used. This versatility is further enhanced by the extensive range of
inorganic clusters that can be paired with compatible organic linkers. As a result, these frameworks
have become the most adaptable class of extended crystalline materials, with over 120,000 unique

structures reported in the Cambridge Structural Database (CSD) [6].

Inspired by the advancements in MOFs, researchers have expanded the principle of reticular chemistry
to COFs through the covalent linkage of organic building units. The first breakthrough in COF synthesis
was achieved with COF-1 in 2005, which was produced using a self-condensation technique inspired
by the formation of BrsOs rings via boronic acids. This marked the first successful demonstration of a
crystalline extended structure, overcoming the limitations of conventional organic chemistry [7].
Benefiting from the foundational principles of reticular chemistry, COFs are characterized by

permanent porosity and exceptional structural stability. Since then, the number of COFs reported in the
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literature has increased, with thousands now documented in less than two decades [8].

The rapid development of MOFs and COFs highlights their great capacity for customization with
tailored properties. A systematic and deeper understanding of MOFs and COFs on their building units

and synthetic chemistry is essential to fully harness their potential in membrane separation.

2.2 Metal Organic Frameworks

An intriguing feature of MOFs is its designable structures and chemistry. To develop a desirable MOF,
careful selection of SBUs and organic ligands as well as delicate design the number of coordination
points are crucial. This chapter explores the structural diversity of MOFs, emphasizing the fundamental
building units that significantly influence their properties. Additionally, it delves into the synthesis

principles, highlighting the pre-designing and monitoring in achieving MOFs with desirable structures.

2.2.1 Topology of the MOFs

Metal ion/cluster

[ )

Organic ligand Single build unit MOF

Figure 2.1 Schematic illustration of MOF formation.

MOFs are constructed through the periodic coordination of metal clusters and organic linkers (Figure
2.1). The geometry of a single build unit is collaboratively governed by the coordination preferences of
the metal clusters, their spatial arrangement, and the characteristics of the organic linkers. This leads to
diverse structural motifs, including triangular units with three connecting points, square paddlewheel
shapes with four points, trigonal prisms units, octahedrons units with six points (Figure 2.2). These
structural variants of fundamental geometric units underlie the topology and represent only the shape
and connectivity of these units rather than chemical information. The underlying topological structure
of MOFs is classified by their networks assigned with lowercase bold three-letter symbols, such as dia,
qtz, soc, pts, and tht. These topology codes are often derived from the names of natural minerals that
share similar topological features (e.g., dia is inspired by diamond, and qtz is derived from quartz) [2].

The comprehensive details of these topological nets, which encapsulate the geometric characteristics of
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crystal structures, are catalogued in the Reticular Chemistry Structure Resource (RCSR). It includes
over 3,000 entries and has been considered as an invaluable resource for designing MOF networks with
tailored geometries and pore distributions [9]. The construction of these diverse topologies is
predominantly governed by the coordination number and physicochemical properties of the building

blocks.

Metal Nods with vacant sites Bridging polydentate ligand

——e——n— " b '/ \-\'ﬂ

Figure 2.2 MOFs formed with various metal nods and organic linkers, adapted from [10].
2.2.2 Building units of MOFs

MOFs are composed of metal ions or clusters and organic linkers, often referred to the "joints" and
"struts" of the MOF structure, respectively. These components define MOF’s framework and
physicochemical properties [11].

2.2.2.1 Organic linkers

Organic linkers are composed of three fundamental components: the "core unit," the "binding groups,"
and the "extension units." The core unit defines the overall geometry of the linker backbone. "Binding
groups" are functional moieties that play a pivotal role in anchoring the linker to SBUs. These functional
groups include carboxylates, phosphates, imidazolates, catecholates, and pyrazolates [12]. These groups
significantly influence the assembly and stability of MOF structures by facilitating robust coordination
with SBUs. The “extension units” within MOFs can be broadly divided into three main categories: (i)
linear units that increase connectivity, (ii) angled or offset units that alter symmetry while maintaining
connectivity, and (iii) branched units that modify both the geometric structure and connectivity of the
framework. The number of extension points plays an important role in determining the framework's

connectivity. Accordingly, organic linkers are commonly classified based on their connectivity into
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two-point, three-point, four-point, six-point, eight-point, and twelve-point categories.

The variation in ligand length significantly influences the final pore size and porosity of the synthesized
MOFs. Longer ligands yield MOFs with larger pores and increased porosity, indicating applications in
molecular sieving, gas storage, and catalysis. Conversely, shorter ligands result in more compact
frameworks with smaller pore dimensions, which are advantageous for applications requiring selective
adsorption or separation. Indeed, adjustment of the MOFs microstructure has been achieved by tailoring
the ligand length. For example, substituting the benzene dicarboxylic acid (BDC) linker with other
ditopic carboxylate linkers leads to the progressive increase in the periodic aperture size from 12 to 23.6
angstroms (Figure 2.3 a) [12, 13]. Inspired by this, the lattice dimensions and pore sizes of mixed-linker

MOFs can be continuously tuned to produce MOFs with hierarchical pore structures (Figure 2.3 b) [14].

Modifying the dimensionality of linkers significantly influences the pore structures of MOFs. Three-
dimensional rigid linkers surpass their two-dimensional counterparts in enhancing structural robustness
and achieving precise control over pore sizes. This is particularly advantageous in applications where

maintaining consistent pore dimensions is critical [15].

In addition to tuning the geometry, tuning and optimizing MOF chemistry can also be achieved by
functionalizing organic linkers with functional groups. Organic functional groups, including carbonyl-
based groups, nitrogen-based groups, oxygen-based groups, sulfur-based groups, phosphonate groups,
and fluorine groups, have been utilized to tailor the chemistry of MOFs to obtain specific chemical

properties [16].

Mixed-Linker MOFs

Figure 2.3 MOFs with different pore sizes constructed with linkers of different lengths. (a) Molecular
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structures of IRMOF-1 and IRMOF-16. (b) Continuous variation in the lattice metric in MOFs

fabricated by mixed-linkers, adapted from [14], Copyright © 2020, American Chemical Society.
2.2.2.2 Metal cluster

The "joint units" refer to either individual metal ions or metal clusters, the latter often designated SBUs.
These SBUs consist of clusters of metal ions interconnected via non-metallic bonds, such as oxo (M—
O-M) or carboxylate (M—O—-C-0O—M) linkages, which contribute to the formation of three-dimensional
periodic networks [17]. The development of innovative SBUs is critical for advancing MOF topology.
Compared with single metal nodes, SBUs offer greater connectivity and more diverse geometries, which

are crucial for expanding the range of framework structures.

A variety of metals and metalloids, including copper, zinc, cobalt, iron, aluminum, zirconium, titanium
and samarium. have been integrated into MOF structures, with many incorporated into SBUs. Like
organic linkers, SBUs exhibit varying connectivity, ranging from three- to twenty-two-point
configurations [18]. The most highly connected SBU reported to date is a manganese-based structure,
featuring a ring of 84 manganese atoms interconnected via edge- and corner-sharing octahedra, linked
by 72 oxygen atoms and capped by 66 carboxylates [19]. Compared with ligand engineering, SBU
modifications are less extensively explored and typically focus on four main strategies: (1) substituting
the cations in the metal nodes, (2) altering the valence state of the cations, (3) introducing structural

vacancies, and (4) incorporating additional species into the framework [20].
2.2.3 Metal-linker binding

Understanding the coordination principle between the metal cluster and linkers is vital to achieve
rational design and controllable synthesis of MOFs. Taking carboxylate-based MOFs as example,
carboxylate groups can interact with metal centers through various bonding modes (Figure 2.4),
coordinating the formations in ionic (e.g., in sodium format), unidentate (e.g., in lithium acetate),
chelating (e.g., indium acetate), or bridging (e.g., copper acetate) modes. The nature of the R—-COO-M
bond spans a spectrum from purely ionic to partially covalent. Chelating and bridging modes are
particularly important, as they facilitate the formation of polynuclear clusters. However, the preferred
binding mode for each metal ion is highly dependent on its specific properties and oxidation state [21].
We will thoroughly examine three distinct synthetic paradigms for metals bearing two, three, or four

positive charges as they coordinate with typical carboxylate linkers here.
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Figure 2.4 Different binding modes of R-COO- to metal centers.

For divalent metals, bonding occurs in three common hydration states: monodentate bridging, syn—syn
bridging, and anti-syn bridging. A lower ionization energy in the metal reduces the covalent nature of
the metal-carboxylate bond, enhancing its reversibility. This increased flexibility allows easier

adjustment of the reaction conditions, thereby facilitating the formation of highly crystalline materials.

The solution chemistries of the trivalent metals, AI(IIl), Ga(Ill) and In(Ill) differ significantly, as
aluminum and gallium hydroxides are amphoteric, whereas indium hydroxide is basic [22].
Consequently, the synthesis conditions for MOFs built from these metals vary widely. Aluminum
hydrolysis in aqueous solutions results in the formation of condensed clusters such as
polyoxoaluminates [(AlO4)12[Ali2(OH)24(H20)12]”" and [ALOsAls(OH)se(H20)26]'*" [23]. In contrast,
gallium and indium predominantly form smaller clusters or isolated hexaquo-complexes [24, 25].
Increasing the ionic radius from AI** (0.675 A) to Ga** (0.760 A) and In** (0.940 A) reduces the surface
charge, significantly increasing the ligand exchange rates from aluminum to indium by up to sixfold
[26, 27]. This greater lability facilitates the growth of larger indium MOF crystals than Al- or Ga-MOFs
do. The M—O bond length decreases, and the bond strength increases from In to Al, which is consistent
with the greater stability of Al- and Ga-MOFs. While In-MOFs are typically synthesized in organic
solvents (e.g., DMF, DMA, NMP) at low temperatures (<150 °C), Al- and Ga- MOFs require basic

aqueous solutions under solvothermal conditions at relatively higher temperatures (120-220 °C).

Zirconium, titanium, and hafnium are all tetravalent metals with d° electron configurations and nearly
identical ionic radii due to lanthanide contraction [28]. Polynuclear metal carboxylate clusters of
zirconium, particularly Zrs(OH)4O4(R—COO)2, are well established in inorganic chemistry, but
synthesizing crystalline MOFs from these clusters is challenging. This difficulty arises from the high
charge of the metal ions, the strength of the R-COO-M** bonds, and the strong oxophilicity of
zirconium. To address these challenges, reversibility in metal-carboxylate bond formation is introduced,

similar to strategies described previously. Zirconium and hatnium MOFs are typically synthesized by
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reacting metal sources such as MOClz, M(SOa), or MXs (X = Cl, Br, ; M = Zr** or Hf*") with
carboxylate-based linkers in amide solvents, using modulators such as monocarboxylic acids (e.g.,
formic, acetic, or benzoic acid) at temperatures of 50—140 °C [29]. The synthesis of Ti-MOFs presents
even greater challenges because of the higher charge-to-radius ratio of titanium, which results in
stronger, less reversible bonds. Furthermore, the symmetry and connectivity of most titanium clusters
are not conducive to forming well-ordered crystalline frameworks, a limitation discussed in subsequent
chapters. Ti-MOFs are generally synthesized by reacting organic linkers with reactive titanium
precursors (e.g., Ti(OR)s, where R = Me, Et, iPr, Bu) in organic solvents such as DMF at elevated
temperatures (100—160 °C) over extended durations (2—7 days) [30].

2.2.4 MOF synthesis
2.2.4.1 Rational design of synthesis

Despite the relatively short history of MOFs, researchers have shown significant interest in exploring
their synthesis, aiming to achieve structures with diverse architectures and chemistries. However, the
synthesis techniques remain largely rooted in solvothermal methods, which have been adapted from
conventional solid-state chemistry and zeolite synthesis. As previously discussed, MOF syntheses
typically occur in a solvent under controlled thermal conditions with temperatures ranging from ambient
levels to approximately 250 °C [31]. The exact temperature along with other parameters, including the
molar ratio of each component, pH, reaction time, and pressure, should be carefully controlled, given
that minimal changes may considerably influence the resulting product. Our primary goal here is to
introduce MOF synthesis to systematically explore its formation, focusing on two key aspects: (1)
identifying the compositional and procedural parameters, and (2) elucidating the underlying

mechanisms driving the synthesis process.

High-throughput synthesis has emerged as a potent method for investigating the formation conditions
of MOFs as well as for subsequent procedures optimization [32, 33]. This approach entails conducting
a series of synthesis processes to gather extensive data, enabling a systematic exploration of synthesis
parameters. Although these tests can be time-intensive, they offer valuable insights into the influence

of individual reaction parameters on product formation.

Time-resolved investigation of MOF formation enables the identification of crystalline intermediates,
providing critical insights into individual reaction parameters, such as reaction rate constants and
activation energies, and offers a basis for understanding the crystallization process. The time-resolved
investigations employ both in-situ and ex-situ methodologies to monitor crystallization and reaction
dynamics. Ex-situ techniques are practical, accessible, and compatible with standard laboratory
conditions. In ex-situ approaches, samples are collected at predetermined intervals for subsequent

analysis. However, handling and processing the samples would inevitably lead to post-reaction,
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potentially compromising the accuracy of the results [31]. In contrast, in-situ studies enable continuous
reaction monitoring and often achieve superior temporal resolution. These studies necessitate
sophisticated instrumentation. Advancements in analytical technologies can significantly bolster the
capabilities of in-situ study efficiency. Recent advancement of characterization in-situ nuclear magnetic
resonance (NMR), electron paramagnetic resonance (EPR), various optical spectroscopies, X-ray and
neutron diffraction, and high-resolution transmission electron microscopy (HRTEM) have been

successfully adopted for elucidating time-resolved structural dynamics of MOF synthesis [34].
2.2.4.2 Innovative synthesis methods

Although the solvothermal method remains the predominant approach for MOF synthesis, alternative
techniques have garnered increasing attention to address key challenges in the field. These challenges
include (a) achieving precise synthesis of target MOFs, (b) enabling scalable processes for future
commercialization, (c) expanding the diversity of MOF families, and (d) developing efficient and
environmentally friendly methods. To meet these demands, innovative strategies, including
electrochemical synthesis, microwave-assisted synthesis, mechanochemical methods and spray-drying
techniques, have been actively explored. Each of these approaches offers unique advantages [31]. For
example, electrochemical synthesis facilitates the direct growth of MOFs on conductive surfaces [35],
whereas microwave synthesis accelerates reaction times and enhances product uniformity [36].
Mechanochemical methods eliminate the need for solvents, aligning with green chemistry principles
[37]. Flow chemistry enables continuous production with high reproducibility and scalability [38].
These advancements collectively expand the repertoire of synthesis techniques, opening new avenues

for more efficient, sustainable, and commercially viable MOF production.

2.3 Covalent Organic Frameworks

This subsection addresses the topology, design principles, and synthetic strategies underpinning the

creation of COFs.

2.3.1 Structure of COFs

The topology design diagramme serves as a guiding framework for directing covalent bond formation
and controlling the orderly growth of polymer backbones. This construction relies on building blocks

with reactive sites arranged in rigid and well-defined geometries, forming both 2D and 3D structure [2].
2.3.1.1 Topology of 2D COFs

The majority of COFs are two-dimensional owing to the widespread availability of planar monomers.

These monomers, characterized by their rigid backbones, inherently constrain the polymer growth to
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two dimensions. This restriction results in polygonal topologies with well-defined structures [39]. This
design concept can be illustrated with a block model [40, 41], as shown in Figure 2.5 a, where each
monomer is simplified as a geometry. The geometries labelled on the basis of the reactive numbers Ca,
Cs, C4 and Cs indicate ditopic, tritopic, tetratopic and hexatopic building block, respectively. Variants
of the monomer combination endows the resulting 2D COF with diverse structures. Generally, the
covalent combination of C4+C, and Cs4+Cs generates tetragonal COFs (sql), whereas C;+C, and
Cy+Cy+C; result in hexagonal 2D COFs (heb). Additionally, 2D COFs with Kagome (kgm), triangle

(hxl) and rhomboid (kgd) pores formed with different monomer groups are shown in Figure 2.5 a.
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Figure 2.5 (a) Basic topological diagrams for the 2D design. (b) Polygon geometric transformation of

stretching and multiple-component COFs with asymmetric structure, adapted from [42].

The abovementioned 2D COFs are all composed of two-component or single-component systems where
one knot is proportionally linked to one linker, forming regular polygons and isotropic structures.
Indeed, the large diversity of COFs also lies in the multiple-component concept (Figure 2.5 b) [42].
This concept leverages the integration of two or more linkers or knots within a single framework to
introduce monomers with distinct geometries, lengths, or functional groups. For example, combining
tetragonal and hexagonal linkers within the same COF framework can produce hybrid tiling patterns
and anisotropic pore shapes that diverge from the uniformity of traditional isotropic designs. Similarly,

using multiple knots with varied connectivity (e.g., three-connected and four-connected nodes) enables
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the construction of frameworks with mixed coordination environments. By carefully tuning the
interactions and matching the geometries of these building blocks, the multiple-component approach
allows for the rational synthesis of highly ordered and structurally diverse COFs, overcoming

limitations of conventional single-component systems.

Regardless of whether the topology of a 2D COF is symmetric or asymmetric, open channels, reflecting
its planar structure, are typically observed. This characteristic arises from the highly ordered pack of
2D covalent polymers along the z-axis during the assembly of 2D COFs. These covalent polymers,
which are defined by their rigid backbones, often incorporate n-systems [40]. The strategic positioning
and orientation of n-conjugated units within two-dimensional covalent polymers favour the formation
of layered assemblies, in which the alignment and spacing of adjacent layers are governed primarily by
interlayer forces. To maximize attractive forces within these layered arrangements, 2D covalent
polymers stack in an overlapping manner, ensuring that each monomer unit is aligned. This unique
stacking behaviour enables 2D COFs to simultaneously establish fully ordered m-arrays and one-
dimensional open channels [43]. Consequently, both the channel size and the density of n-units in 2D
COFs are dictated by the fundamental lattice topology (Figure 2.5). For example, topologies formed by
C, + C, + C; or C4 + C4 nodes typically produce microporous COFs, whereas combinations such as Cs
+ C,, C3 + Cs, or C4 + C; tend to form mesoporous structures. The development of the Cs + C, topology
represents a breakthrough in designing microporous COFs with the highest n-density and the smallest
pore sizes, making trigonal COFs highly promising for applications such as molecular separation and

semiconducting functionalities [44].
2.3.1.2 Topology of 3D COFs

The building units used to construct 3D COF must possess both rigid covalent backbones to maintain
structural integrity and nonplanar struts to enable the formation of 3D networks [45]. Thus, despite the
extensive range of 3D topologies catalogued in the Reticular Chemistry Structure Resource (RCSR),
the development of 3D COFs has been significantly constrained by the limited availability of qualified
building blocks. Currently, reported 3D COFs are mostly with ctn, bor, dia, srs, rra, and pts topologies.
These structures are constructed by building units with T4 or orthogonal geometries, resulting in polymer

backbones that interpenetrate in multiple folds to create 1D polygonal channels [46].

The majority of 3D COFs are categorized as microporous materials, yet their actual porosity is often
significantly lower than expected because interpenetration occupies a significant portion of the internal
space. Interpenetration is driven primarily by non-covalent interactions between adjacent networks. This
phenomenon leads to a reduction in both surface area and pore size, while also complicating the
prediction of their exact structures [47]. Therefore, addressing the issues of interpenetration and folding

is critical for advancing the rational design and synthesis of 3D COFs.
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2.3.2 Building blocks of COFs

In addition to geometric considerations, monomers exhibit a diverse array of structures, incorporating
variations in size, docking sites, reactive functionalities, chiral centers, and properties such as redox
activity, catalytic behaviour, and photoactivity. The structural versatility of monomers establishes a

strong chemical foundation for achieving precise control over the primary-order structure.

The building blocks of COFs consist of n-backbones and functional sites. The core backbones span a
broad spectrum, ranging from benzene derivatives to more complex aromatic systems, such as arenes,
heterocyclic and macrocyclic structures. These backbones can be engineered to different configurations,
including C,, Cs, Cs, Ce, and Tq geometries [48]. This structural versatility has enabled the development
and investigation of hundreds of distinct monomers. The wide availability of functional groups,
including aldehydes, amines, boronic acids, catechols, squaric acids, quinones, methyls, anhydrides,

silanol, hydrazine, benzyl nitriles and tetros, further contributes to the diversity of building blocks [49].
2.3.3 Synthesis of COFs

The synthesis of COFs is fundamentally dictated by their linkage chemistry, which has now expanded

to include a diverse range of bond types, enabling greater structural and functional versatility.
2.3.3.1 Linkages in COFs

Boron-containing COFs, represented by the earliest reported structures, such as 2D COF-1 and COF-5,
are synthesized by the self-condensation of boronic acids into boroxine rings or the co-condensation of
catechols with boronic acids into boronic esters [7]. The dynamic nature of boron-based bond formation
is essential for promoting error correction during synthesis and achieving high crystallinity. However,
the reversibility also makes them unstable and prone to decomposition [50]. Subsequent studies have
shown that boron-containing COFs are less stable in water, acids and alcohols which are broken down
by more than 50% in 11s in excess water, and the hydrolysis occurs even in air. Borosilicate linkages
(B—O-Si) exhibited enhanced stability at high temperatures and in general organic solvents, including

tetrahydrofuran, N,N-dimethylformamide, alkanes, acetone and alcohols [51].

Schiff-based chemistry produces a large proportion of COFs. Its mechanism is generally initiated by
protonation of a carbonyl group (i.e. aldehyde, ketone) to render the carbonyl carbon more electrophilic.
Subsequent nucleophilic attack by an amine group as well as intramolecular proton transfer yield a
hemiaminal intermediate that forms a Schiff-base upon elimination of water [52]. The advantage of
these reactions is that reversibility in bond formation is achieved by employing acid as a catalyst.
Consequently, the obtained bonds exhibit considerable stability under neutral pH conditions, even in
aqueous environments. Depending on the substituent on the amine moiety, this chemistry can yield

imines, hydrazones, azines, -ketoenamies, phenazines, or benzoxazoles.
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Imine-based COFs are quite stable and have high crystallinity because of the intramolecular hydrogen
bonding between the hydroxyl and imine functional groups. These interactions help lock the phenyl
rings into a planar conformation, thereby enhancing n—m stacking between adjacent COF layers and
contributing to the overall framework order [53]. Compared with imines, hydrazones are generally more
resistant to hydrolysis. They are commonly synthesized via a reversible condensation reaction between
hydrazine derivatives and aldehyde-based building blocks [54]. Azine-linked COFs are formed through
a thermodynamically controlled condensation between hydrazine and aldehyde-containing monomers,
producing azine linkages with water as a by-product. These frameworks are notable for their high
crystallinity, large surface areas, and robust chemical resistance [55]. B-Ketoenamine or keto—enol
linked COFs are generally synthesized through a two-step mechanism. The initial stage involves
reversible Schiff base condensation, resulting in the formation of a crystalline intermediate. This is
followed by irreversible enol-to-keto tautomerization, which significantly improves chemical stability.
Importantly, this transformation maintains the framework’s crystallinity, as it involves only the
migration of hydrogen and double bonds without altering the atomic positions. Despite their excellent
stability, some B-ketoenamine COFs have been observed to undergo partial loss of crystallinity under
strongly alkaline conditions, likely due to the reversal of the tautomeric shift [56]. Benzoxazoles are

formed by the reaction of 2-hydroxy anilines with aldehydes.

COFs constructed from imide linkages are formed from acid anhydride and amine building units. Unlike
the previously reported carbonyl chemistry, imide bond formation is generally irreversible under acidic
conditions, although it can exhibit partial reversibility under basic environments. The resultant COF can

achieve high crystallinity after a long self-correction process [21].

Covalent triazine-based frameworks (CTFs), are a novel type of porous organic material synthesized by
aromatic nitrile trimerization [57]. The strong aromatic covalent linkages in CTFs make them extremely
chemically stable. It also has many N atoms and high electron transport properties. It also features a
high surface area and porosity, which are similar in performance to those of MOFs, zeolites or boron

oxide-based COFs.

Carbon bond-based COFs that utilize sp® hybridized carbon-based conjugated bonds, can create
materials with outstanding magnetic and electronic properties [58]. The structures and physicochemical
properties of sp?>-COFs remain constant under extreme pH conditions and for most organic reagents

[59].
2.3.3.2 Crystallinity of COFs

For each newly developed linkage in COF chemistry, the challenge of achieving crystallization should
be addressed. The formation of linkages between molecular building blocks is expected to be reversible

under the selected reaction conditions to allow for sufficient error correction, ensuring the resolution of
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defects via a self-healing process [21]. Covalent bonds, despite offering robust structural stability,
present particular difficulties in this regard owing to their inherent tendency to form irreversibly under
mild conditions. Therefore, it is essential to establish conditions that promote reversibility in bond
formation without requiring extreme temperatures or pressures that could degrade organic monomers.
A mixture of polar solvent and nonpolar solvent is usually employed as a reaction medium to facilitate

the reversible formation of covalent linkages [60].

These reversible reactions endow the resulting frameworks with self-healing capabilities, allowing the
system to undergo iterative error-checking and defect correction. This is especially critical in reactions
involving multiple reactive sites, where structural precision is necessary to construct defect-free
frameworks [61]. Moreover, the topology diagram requires the covalent connection of organic units in
a deliberate and highly ordered fashion. This underscores the importance of employing reversible
covalent reactions in the synthesis of crystalline COFs [43]. In rare cases, irreversible reactions,
including phanazine linkage, dioxin linkage, and C=C linkage, are synthesized through irreversible

nucleophilic aromatic substitution reactions and formed COFs [60].
2.3.3.3 Synthesis methods

COF synthesis methods have diversified, each tailored to specific features of chemistry. Since we
address the synthesis of COF membrane, here, we provide only a general comparison of the synthesis

methods of bulk COFs.

Solvothermal synthesis [62], the most common method, produces highly crystalline and porous COFs
but is time-intensive and requires precise conditions. Microwave synthesis accelerates reaction times
and improves porosity but is limited to specific systems [63]. Ionothermal methods use molten salts as
solvents and catalysts, enabling unique frameworks but at high energy costs [64]. Mechanochemical
synthesis offers a simple, eco-friendly approach with minimal solvent use, although the crystallinity
may be reduced [65]. Ambient-condition synthesis enables energy-efficient COF production at room
temperature, which is ideal for fragile monomers but often compromises crystallinity [66]. These
methods collectively expand the range of achievable COFs, enabling tailored properties for diverse

applications.

2.4 Continuous Frameworks Membranes

Owing to their extensive porosity, periodic network, and versatile chemistry, continuous framework
membranes are poised to achieve heightened permeability and selectivity concurrently, thereby

challenging the conventional trade-off equilibrium observed in polymer membranes.
2.4.1 MOF membrane
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An optimal continuous and ultrathin MOF membrane is proposed for broad separation applications.
Achieving such a membrane hinges on developing a scalable and versatile fabrication method. This
section provides a summary of approaches to fabricate continuous MOF membrane, including in-situ
growth, secondary growth, interfacial synthesis, layer-by-layer (LBL), vapour deposition, and
electrodeposition, which are elucidated with typical examples. Subsequently, primary concerns related
to MOF membranes in liquid separation scenarios, including substrate properties, crystallinity,
orientation, thickness, stability, and scalability are discussed. An overview of the application of these

MOF membranes in liquid-based separation is presented at the end of this section.

2.4.1.1 Fabrication methods of MOF membrane
a) In-situ growth method

The in-situ method, also known as direct growth, is a facile technique. This involves immersing a porous
substrate into precursor solutions, where nucleation, crystal growth, and membrane deposition occur in

one step [67].

Lai et al. first reported the synthesis of a continuous MOF membrane using in-situ growth [68]. They
meticulously controlled the heating duration, composition, and temperature of the synthetic solution to
achieve a thick MOF-5 membrane (25 pm) on porous a-alumina discs as substrates. The versatility of
in-situ growth has been utilized to create various MOF-based membranes for separation applications,

such as UiO-66 [69] and MOF-303 [70] membranes.

Despite the convenience of in-situ growth method and the modification method developed to prompt
the fabrication of continuous membranes, in-situ solvothermal growth still faces challenges, including
low nucleation efficiency, difficulty in controlling film thickness and orientation, and high reagent
consumption. A typical example can be found in the synthesis of a ZIF-8 membrane on a pretreated
alumina support using a high concentration of precursors (Zn*: Hmim:methanol ratio of 1:8:75).
Although the resultant continuous ZIF-8 synthesis was achieved after heating for 5 h at three different
temperatures (25, 100, and 150 °C), the irregular particle shapes observed on the membrane surface and
cross-section indicate uneven crystal formation, suggesting its limitations in precise control over MOF

crystals.
b) Secondary growth method

The secondary growth (seeding growth) method is promising for the formation of dense, continuous,
and ultrathin crystalline membranes [71]. The first step involves deposition of seeds as nuclei onto the
substrate, followed by the controlled growth of these nuclei into a fully developed membrane. The
seeding step plays a vital role in influencing the membrane’s microstructural integrity and uniformity
(Figure 2.6). Various seeding techniques have been developed, including rubbing [72], dip-coating,
slip-coating [73], spin-coating [74], electrospinning [75], microwave-assisted crystallization[76],

reactive seeding [77], and thermal seeding [78]. These methods can be divided into two categories:
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physical seeding and chemical seeding.

Physical seeding has high potential for scalable fabrication because of its versatile seeding process
(Figure 2.6 a). For example, Hu et al. introduced a novel strategy for fabricating ultrathin, defect-free
molecular sieving membranes by employing two-dimensional ZIF-8/graphene oxide (GO) hybrid
nanosheets as a seeding layer [74]. These hybrid nanosheets were first deposited onto a porous anodic
aluminum oxide (AAO) support, creating a uniform and well-distributed seed layer. Subsequent
secondary growth via a contra-diffusion process facilitated the development of a compact and

continuous ZIF-8 membrane.

Chemical seeding has high potential for facilitating bonding between the membrane and substrate
(Figure 2.6 b). A typical example can be found in the fabrication of MIL-53 membranes on porous
alumina supports using the reactive seeding method, where the support itself provided the inorganic
source for forming the seed layer [77]. The direct reaction between the alumina substrate and an organic
precursor not only resulted in the formation of a uniform and well-adhered seed layer but also
eliminated the need for additional seeding steps. Subsequent secondary growth in a solution containing
aluminum nitrate and 1,4-benzenedicarboxylic acid led to the development of a dense, defect-free MIL-

53 membrane.
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Figure 2.6 Secondary growth method. (a) Physical seeding and growth. (b) Chemical seeding and
growth [79], Copyright © 2023 Elsevier B.V.

Thermal seeding has also been reported as an effective chemical seeding method. Jeong et al. [78]

demonstrated the anchoring of MOF seeds on heated porous substrates. They continuously deposited a
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solution of HKUST-1 crystals and precursors onto heated a-alumina supports until the surface was
sufficiently covered with seed crystals. The seeded support was then placed in an autoclave filled with
HKUST-1 precursor solution, yielding a continuous, crack-free HKUST-1 membrane under optimized

conditions.

Despite the advantages of the seeding growth method, it is not without limitations. The first challenge
is the complexity introduced by the seeding process. Furthermore, the use of a precursor solution
containing metal ions and linkers in both steps leads to the formation of MOF crystals in the bulk

solution potentially causing material waste.
c¢) Layer-by-layer method

Layer-by-layer is considered as an extension of secondary growth method. The principle is to
sequentially deposit ligands and metal coupling units on the existing layer by washing the solvent,

rinsing and refreshing with new precursor after the formation of each layer (Figure 2.7).
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Figure 2.7 Schematic illustration of LBL fabrication

Tham et al. applied the LBL technique in an aqueous system for the fabrication of a high-performance
membrane for organic solvent nanofiltration [80]. In detail, a ZnBDC MOF was grown on a modified
PAN support as the selective layer, eliminating the need for organic solvents. By alternately immersing
the support in metal and ligand solutions, a uniform and defect-free MOF layer was achieved. Although
the process is more complicated than in-situ and secondary growth, the greatest advantage is the

potential to precisely control the thickness of the membrane.
d) Interfacial synthesis method

The interfacial method involves introducing metal ion and organic ligand solutions on opposite sides,
facilitating crystallization at the interface where these components diffuse and interact [81]. This
technique has been further refined into two distinct approaches: static and dynamic interface synthesis.
Static interfacial synthesis is usually realized by the diffusion of metals and ligands in two immiscible
solvents and subsequent crystallization at the interface (Figure 2.8 a) [82]. This method produces a free-
standing MOF membrane, which faces the risk of breaking during the transfer of the membrane onto
the substrate. Alternatively, a porous support can be used as the interface (Figure 2.8 b) [83]. Precursors
containing a metal solution and a ligand solution are introduced on two sides of the support and react

to form a continuous membrane. Wang et al. successfully synthesized ZIF-8 films on flat nylon
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substrates via the interfacial crystallization of a zinc nitrate methanol solution and the Hmim methanol

solution method by using a porous nylon membrane with a 0.1 um pore size as the substrate [84].
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Figure 2.8 Interfacial synthesis of MOF membranes. (a) Free-standing MOF-5 fabricated at DMF/n-
hexane interface [82]. (b) Static interfacial synthesis on HFs [83], Copyright © 2013 WILEY - VCH

Verlag GmbH & Co. KGaA, Weinheim. (c) Dynamic interfacial synthesis [85].

Dynamic interfacial synthesis primarily involves the microfluidic processing of membranes at the
interface, where two immiscible precursors are separately introduced into the outer side and lumen of
a HF/tube (Figure 2.8 ¢) [85]. Based on this principle, Marti et al. successfully fabricated continuous
ZIF-8 thin films on the outer surface of polymeric HFs. In their approach, an aqueous solution
containing Zn*" ions was directed through the shell, whereas a solution of 2-Melm in water

simultaneously flowed through the lumen [86].
¢) Vapour deposition method

Vapour deposition typically involves three steps: 1) evaporation, 2) transport of the vaporized material,
and 3) deposition of the film on the substrate. Based on whether chemical reactions occur, vapour

deposition can be categorized into two types: PVD and CVD [87].

PVD relies only on physical forces to bind the deposited material. As such, MOF membranes formed
via PVD often exhibit weak adhesion to the substrate and limited structural integrity. For example, ZIF-
8 membranes fabricated via a pulsed-laser deposition technique can be easily detached by washing with
ethanol [88]. In contrast, CVD involves chemical reactions between vapourized precursors, and the
substrate leverages stronger bonding and high robustness of the membrane. Li et al. synthesized a highly
crystalline ZIF-67 thin films via steam-assisted CVD [89], enabling the direct growth of ZIF-67 films
at temperatures below 125 °C. This provides a scalable, cost-effective, and efficient route for film
fabrication. However, challenges remain in achieving Angstrom-level thickness, enhancing

reproducibility, and reducing required temperature and pressure [90-92].
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In addition to PVD and CVD, an innovative gel vapour deposition (GVD) process that combines sol-
gel chemistry with vapour deposition techniques has been reported for the fabrication of ZIF-8 HF
membrane [93]. This process involves a sol-gel coating process to load Zn (CH3COO), as a metal
cluster, followed by the deposition of vapour containing 2-methylinidazole. The resulting ZIF-8
membrane exhibited high uniformity and low thickness. The use of gel intermediates offers unique
material properties and enhanced compatibility between MOF films and substrates. It has been

successfully employed to fabricate ultrathin ZIF films (20 nm) (Figure 2.9) [93].
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Figure 2.9 Fabrication of ultrathin ZIF-8 HF membrane on HF via the GVD method [93].
f) Electrodeposition method

The electrochemical method offers advantages including controllable synthesis, less pretreatment on
the substrate, reduced growth time, and simple preparation. More importantly, this method allows for
controlling the morphology and thickness by altering the current. It can be realized by anodic
dissolution, cathodic deposition, and electrophoretic deposition [94]. Anodic dissolution employs a
metal anode to release ions that react with organic ligands in the electrolyte to form MOF membranes
[95]. Cathodic deposition fabricates MOF membranes by using electrodes as electron sources, which
facilitate hydroxide generation to deprotonate ligands and promote MOF crystallization [96].
Electrophoretic deposition leverages charged MOF particles (due to missing linkers or metal nodes) to

migrate under an electric field, thus forming MOF layers on the electrode [97].

The HKUST-1 membrane is the earliest MOF membrane fabricated electrochemically and was
pioneered by researchers at BASF [98]. However, systematic studies are needed to understand how
deposition parameters (e.g., linkers, nodes, additives, pH) influence nucleation and crystal growth in
membrane fabrication. Moreover, the potential of electrodeposition for controlling the growth of MOF

membranes in terms of their thickness crystal size, and microstructure features, such as defects, grain
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boundaries, and channel orientation, remains underexplored [99].
2.4.1.2 Key properties of MOF membrane for liquid separation

Despite extensive exploration of various fabrication methods, challenges remain in the practical
application of MOF membranes. These challenges stem from both the intrinsic properties of MOF
membranes, such as pore characteristics, crystallinity, defects, thickness, orientation, stability, and
substrate-related limitations. As the porous feature and potential of functionality of MOs have been
thoroughly discussed in Section 2.2, the following discussion will focus on other critical properties

influencing MOF membrane performance in liquid separation.
a) Substrate properties

An ideal substrate is expected to offer high mechanical stability, well-regulated porosity, appropriate
surface roughness, and favourable surface chemistry. Mechanical robustness is essential to ensure
structural integrity under various operational conditions [100]. High porosity with a uniform pore size
facilitates efficient permeance. Notably,the pore size should be less than 0.5 um, as the large pore size
of the substrate is prone to generating defects on the obtained MOF membrane [101]. The surface
roughness requirements vary depending on the application. For example, increasing the roughness of a
porous a-Al-Os substrate has been shown to enhance physical interactions with ZIF-8 membranes [ 102].
In another case, adjusting the surface roughness by precise microstructural engineering endows the
resultant MOF membrane with enhanced hydrophobicity and thus better wetting resistance in the

vacuum membrane distillation (VMD) test [103].

The surface chemistry of the substrate is crucial in the successful fabrication of continuous MOF
membranes, which not only dominates the interfacial adhesion between the MOF layer and the substrate
but also profoundly influences the nucleation density [100]. However, the majority of conventional
substrate materials present inherent limitations and often fail to meet these requirements. A diverse

array of modification techniques to adapt the chemistry of substrate materials has been explored.

Organic functionalization, such as amination with APTES, introduces reactive sites that enhance MOF
crystallization, improving membrane uniformity and adhesion [104-107]. Metal precursor
modifications, including ZnO nanoparticle deposition or impregnation with metal ions such as Zn** or
Co?*, provide a controlled nucleation environment that promotes defect-free membrane growth [108,
109]. Surface engineering techniques, such as polydopamine coatings, further strengthen interfacial
interactions and mechanical stability, ensuring the formation of robust and durable membranes [110].
Additionally, polymer-based modifications, including embedding MOF precursors within polymeric
matrices or integrating layered double hydroxides, increase substrate compatibility and facilitate large-

scale fabrication [111]. These combined strategies enable the fabrication of high-performance MOF
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membranes tailored for advanced separation applications.
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Figure 2.10 Crystalline structure of the MOFs. (a) Balance between the crystallinity and defect-free
nature of the MOF membrane [112], Copyright © 2023 Wiley - VCH GmbH. (b) Transfer of MOF

crystallinity state [113].

As a framework material, high crystallinity is normally pursued to fully exploit their well-ordered
porous architecture and to ensure high structural uniformity and rigidity [114]. Thus, high crystallinity
seems favourable for realizing precision molecular separation [115]. However, a trade-off between
crystallinity and the formation of defect-free membrane was reported by Liu et al. Based on their theory,
excessive crystallinity leads to intercrystalline defects due to the rigid nature of polycrystalline
frameworks, which results in poor film integrity and mechanical instability. Conversely, when
crystallization is excessively suppressed, the film becomes overly amorphous, leading to the loss of
well-defined molecular sieving channels (Figure 2.10 a) [112]. By striking a balance between these
factors, they successfully fabricated a MOF membrane with enhanced film-forming property at the

expense of controlled crystallinity reduction.

Novel crystalline state of MOFs membrane also encompasses non-crystalline MOFs (Figure 2.10 b),
for example amorphous Ti-MOF membrane obtained by temperature-programmed sol deposition [116],
MOF glass membrane fabricated by melt-quenching crystalline ZIFs [113], and low-crystalline
materials fabricated by inducing interlayer polarization [117]. Nevertheless, MOFs membranes with
compromised crystallinity are limited to gas-related applications. Their amorphous structure and
potential for tailored functionality could offer advantages in specific liquid separation scenarios, such
as selective ion transport or organic molecule filtration. Further research is needed to fully understand

their stability in liquid separation applications.

c¢) Defects
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Two categories of defects may occur in a pure MOF membrane, which are intercrystalline defects (grain

boundaries or microcracks) and intracrystalline defects (missing linkers or clusters) [67].

Intercrystalline defects result from inadequate crystal intergrowth or incomplete coverage of the
substrate, creating non-selective permeation channels that compromise membrane performance [110].
Significant research efforts have been dedicated to mitigating these defects by refining synthesis
parameters and optimizing fabrication conditions to increase membrane uniformity and integrity. The
most commonly applied strategy is extending the synthesis time to allow the formation of a thick
membrane to patch intercrystalline defects. However, this inevitably leads to a low permeance due to
the inverse relationship between membrane thickness and flux. To date, intercrystalline defects remain

the main concern hindering the scalable fabrication of MOF membrane.

To realize a precise molecular sieve, the elimination of intracrystalline defects has been explored. Jin et
al. utilized a high-probability coordination strategy to generate the necessary chemical potential to
overcome steric hindrance, which typically obstructs the full connection of ligands to metal clusters
[118]. This approach enabled the successful synthesis of a series of high-connectivity MOF membranes
featuring &ngstrom-scale lattice apertures. Rather than eliminating intracrystalline defects, defect
engineering exploits these structural imperfections to enhance MOF functionality, utilizing them as
hierarchical pores or reactive sites for specific applications. For example, a MOF-801 membrane
synthesized with a missing-linker strategy by using formic acid as a modulator successfully increased
the number of water transport channels, resulting in significant water flux enhancement [119]. Notably,
the diverse chemistry of linkers and SBUs offers extensive potential for tailoring intracrystalline defects
in MOF membranes. Through precise design, these defects can be strategically controlled to optimize
mass transport and enhance molecular selectivity to broaden the scope of MOF applications in

separation and beyond.
d) Orientation

As crystalline materials, different crystallographic planes of a MOF exhibit distinct window apertures
[120]. Compared with their randomly oriented counterparts, MOF membranes with a crystallographic
preferred orientation (CPO) typically exhibit superior molecular sieving capabilities. This is due mainly
to the alignment of specific aperture along the oriented crystallographic plane, which enables windows
control and precise molecular sieving. Random growth inevitably causes partial blockage of pore
openings, significantly reducing the mass transport efficiency. Additionally, this ordered structure
minimizes intercrystalline defects by promoting the intergrowth (in-plane growth) of crystals,
effectively lowering transport resistance. The enhanced in-plane growth also mitigates the extended
synthesis time required to patch the non-selective transport in the traditional solvothermal method [121,

122]. Consequently, a thinner membrane and shorter mass transport pathway can be expected.
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Figure 2.11 Oriented growth of MOF membrane by seeding regulation. (a) MIL-125 membrane with
c-axis orientation grown from a pre-injected c-oriented seeding layer [123], Copyright © 2022,
American Chemical Society. (b) (110)-Oriented ZIF-8 membrane fabricated from (110)-oriented ZIF-8
seeds [124], Copyright © 2021 Elsevier B.V. All rights reserved.

Since nucleation and crystallization occur simultaneously in all possible directions during direct in-situ
growth, most reported MOF membranes with a specific CPO are obtained through secondary epitaxial
growth from pre-oriented MOF seeds [120, 125, 126]. Liu et al. developed a series of oriented MOF
membranes based on this principle, including an ultrathin MIL-125 membrane with c¢-axis orientation
grown from a pre-injected c-oriented seeding layer (Figure 2.11 a) [123], a (110)-oriented ZIF-8
membrane derived from (110)-oriented ZIF-8 seeds (Figure 2.11 b) [124], and a (111)-oriented UiO-66
membrane synthesized via contra-diffusion growth from a (111)-oriented monolayer [127]. These

oriented membranes have demonstrated superior molecular sieving performance.

However, achieving precise MOF orientation by introducing pre-oriented seeding layers remains highly
complex and impractical for large-scale fabrication. For example, the synthesis of a (110)-oriented ZIF-
8 membrane involves multiple intricate steps, including the fabrication of two-dimensional leaf-like
ZIF-L, thermal conversion of ZIF-L to ZIF-8, controlled deposition of oriented seeds, and subsequent
secondary growth (Figure 2.11 b) [124]. This multi-step process not only extends the overall fabrication

time but also reduces reproducibility, posing significant challenges for scalable production.

The oriented growth of MOF membranes is still in its early stages, particularly when compared to other
crystalline materials such as zeolites. A more comprehensive understanding of the underlying crystal
growth mechanisms is essential for advancing this field. Additionally, expanding the application scope
of MOF membranes with CPO is crucial to fully unlocking their potential and maximizing their impact

across various separation and filtration processes.

e) Stability
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The stability of MOFs, a critical factor for their practical applications, is largely governed by the
composition and structure of their building chemistry [128]. Among the different stability aspects,
chemical stability, defined as the ability of MOFs to resist degradation when exposed to environmental
factors such as moisture, solvents, acids, bases, and aqueous solutions containing coordinating anions,
is highly valued. The intrinsic chemical stability of MOFs arises from both thermodynamic and kinetic

factors [129].

Thermodynamic factors refer to the coordination bond strength between a metal and a ligand, which
can be predicted based on hard soft acid base (HSAB) theory. Briefly, stable MOFs are expected to be
generated by coordinating high-valence metal ions (Fe*", AI**, and Zr*") with high pK, ligands (e.g.
carboxylate-type ligands) or divalent metal ions (Zn**, Cu**, Ni** and Co*") with low pK, linkers
(imidazolate, and pyrazolates.), resulting in strong metal-linker coordination [130, 131]. The internal
inertness of the metal clusters themselves can also result in high chemical stability, as witnessed by
MOFs such as MIL-101(Cr) [132]. However, the chemical stability of certain MOFs, such as the UiO-
66 and SUMOF-7 series, tends to decrease with longer linkers and larger pore sizes, even when the

metal clusters and framework topologies remain unchanged [133].

This reduction in stability is largely influenced by kinetic factors, including the flexibility of the linker,
the coordination number and surface hydrophobicity [128]. Dense, rigid frameworks composed of
highly connected and robust building units, such as metal ions/clusters and ligands, generally exhibit
superior stability because of their resilience against partial lattice collapse [134]. Surface
hydrophobicity significantly enhances stability in aqueous environments by reducing water adsorption
within the pores and preventing water condensation around metal clusters [129]. Guided by
thermodynamic and kinetic factors, various stable MOFs have been reported. Some examples are listed

here in Table 2.1.

Table 2.1 Summary of MOFs with high stability (The selected literature represents key studies identifie
d through a Web of Science search using keywords such as “stability of MOFs”, “stability of COFs”,

“water-stable MOFs” and “water-stable COFs”)

MOFs Metal ions/SBUs Ligands Stability description Ref.

Boiling water 7 days
MAF-41 Cu (D) fbdim [135]
pH = 3-14 3 days

Water 24 h
CuTBPZ Cu(D) TBPZ [136]
pH=3,12
FJi-HI14 Cu (IT) BTTA pH =2-13 1 week [137]
CuBDC Cu (1) BDC Stable at 350-400 °C [138]
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Cu-BTTri

ZIF-8
ZIF-11
ZIF-61
ZIF-68
ZIF-69
ZIF-70
ZIF-90
Zn(1,4-BDP)
Zn(1,3-BDP)
MAF-23
ZIF-67

MFU-1

PCN-601

Ni3(BTP)2

BUT-32

BUT-33

MIL-53(Al)

Al-FUM

MIL-69

Cu (1)

[ZnN.]
[ZnN,]
[ZnN.]
[ZnN,]
[ZnN.]
[ZnN.]
[ZnN,]
[Zn(PZ):]n
[Zn(PZ),]n
Zn (1)
[CoNa]

Co (II)

BTTri

mIM

bIM

IM, MeIM
blm, nIM
cbIM, nIM
IM, nIM
ICA
1,4-BDP
1,3-BDP
btm

mIM

bdpb

[Nig(OH)4(H20)2(PZ)12] TPP

[Nis(PZ)s]

[Nis(PZ)s]

[Nis(PZ)s]

Al (1)

Al (I1D)

[AI(OH)(COO):]»

BTP

TPTA

TPTA

BDC

FUM

2,6-NDC

Stable in water
Boiling water 3 days
pH=31day
Boiling water 7 days
Water 7 days
Boiling water 7 days
Boiling water 7 days
Boiling water 7 days
Boiling water 7 days
Water 7 days

Water 40 °C

Boiling water 7 days
Water 7 days
Boiling water 7 days
Water 180 days

Stable at 100 °C NaOH aqueous
solution (5M)

Heating in air to 430 °C
pH2to 14

Boiling water two weeks
Boiling water 24 h

Aqueous solution (pH = 3)
NaOH aqueous solution (4 M)
Boiling water 24 h

Aqueous solution (pH = 3)

NaOH aqueous solution (4 M)

Stable in boiling water Stable at pH =2

and 7

Stable at 430 °C

Long-term water stability > 43days
Stable at 430 °C

Long-term water stability

Chapter 2

[139]

[140]
[141]
[142]
[142]
[142]
[142]
[142]
[143]
[143]
[144]
[142]

[145]

[146]

[147]

[148]

[148]

[149]

[150]

[151]
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Stable at pH< 8§
MIL-96(41) [AI(OH)(COO),], BTC [152]
Stable in liquid water up to 3 months
MIL-100(Al) Al (11]) BTC Stable in water [153]
Stable at 380 °C
MIL-101(Al) Al (111) BDC-NH2 [154]
Water stability
MIL-110  [Als(OH);5(COO)o] BTC Kinetically stable in water [155]
[AI(OH)(COO)>(COOH),] Stable at 400 °C
MIL-118 (OR)(C0P: e [156]
n Long-term water stability

Stable at 280 °C

MIL-120  [AI(OH)(COO);], BTEC [157]
High water stability
Stable at 380 °C

MIL-12]1  [AI(OH)(COO);], BTEC [158]
High water stability
Stable at 440 °C

MIL-122  [Al(OH)(COO);], NTC [159]
Water stable

30 days at room temperature
Boiling water 7days

467-MOF Al (1] BTTB [160]
36hatpH=1

~hours at pH 11

CAU-10 [AI(OH)(COO):]n 1,3-BDC Stable at boiling water [161]

AI-PMOF [AI(OH)(COO):]a TCPP Water stable [162]

PCN-333 Al (IIT) TATB Highly water stable [163]

MOF-303 AL (IID PDC I(;Iighly water stable for more than 7 [164]
ays

Stable in water
MIL-53(Cr) [Cr(OH)(COO0),]x BDC [165]
Stable in acidic

MIL-96(Cr)  Cr (III) BTC Stable in water [166]
Stable in water > 14 days

MIL-101(Cr) Cr (III) BDC [165]
Stable at pH 5-11

Highly water stable

PCN-333(Cr) Cr (III) TATB [163]
Stable at pH 3-9
Highly water stable

PCN-333(Fe) Fe (III) TATB [163]

Stable at pH 3-9
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Highly water stable
PCN-600(Fe) Fe (1II) TCPP [167]
Stable at pH 2-11

MIL-125 [TisOs(OH)4(CO0)1,] BDC Stable in water > 1 day [168]

Stable in boiling water
PCN-222 [Ti706(CO0)12] TCPP [169]
Stable HCI solution > 24 h

Stable at pH = 0-12
UiO-66 Zr (IV) BDC [133]
Stable in water > 60 days

Stable in water > 60 days

UiO-67 Zr (IV) BPDC [133]
Stable at pH =4

PCN-223 Zr (IV) TCPP Stable at pH (0-10) [170]
Boiling water 12 h

PCN-225 Zr (IV) TCPP [171]
Stable at pH (0-12)

Stable in water 1 day Stable at pH = 0-

PCN-228 Zr (IV) TCP-1 = [172]
PCN-229 Ze V) TCPo ?;able in water 1 day Stable at pH = 0- (172]
PCN-230 Zr (IV) TCP-3 Aqueous solution (pH =0-12) 1 day [172]
MOF-801 Zr (IV) FUM Stable in boiling water and HCI [173]
MOF-802 Zr (IV) PZDC Stable in water and HCI [174]
MOF-808 Zr (IV) BTC Boiling water > 24h [175]
MOF-812 Zr (IV) MTB Stable in water [176]
MOF-841 Zr (IV) MTB Stable in water [176]
DUT-51 Zr (IV) DTTDC Stable in water > 12h [177]

Stable in 0.1M NaOH
DUT-52 Zr (IV) 2,6-NDC Stable in 0.1 M HCI [178]

Stable in water

DUT-67 Zr (IV) 2,6-NDC Stable in water [179]

NU-1000 Zr (IV) TBAPy Excellent water stability [180]

NU-1100 Zr (IV) PTBA Stable in water > 24h [181]
BDC, 2,6-NDC,

MIL-140s [ZrO(COO0):]x Stable in boiling water [182]

BPDC, CLABDC
Aqueous solution (pH = 11) 7 days

BUT-12 Zr (IV) CTTA [183]
Boiling water 24 h
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HCl solutions (2 M, 6 M)

Aqueous solution (pH = 10)

TTNA, BCQD,
BUT-13,14,15 Zr (IV) Boiling water 24 h [183, 184]
PBPTT
HCI solutions (2 M, 6 M)
Aqueous solution (pH = 12)
BUT-44 Zr (IV) BTEB Water 72 h [185]
Aqueous solution (pH = 10) 1 Day
HCI aqueous solutions (1 M) 1 day
BUT-66 Zr (IV) BDB Water 1 month [186]
Aqueous solution (pH = 1-10)
Water 48 h
BUT-67 Zr (IV) NDB [186]

Aqueous solution (pH = 1-10)

2.4.1.3 Application of continuous MOF membrane in liquid separation

Continuous MOF membranes have demonstrated remarkable efficiency in various liquid separation
applications, including, nanofiltration, pervaporation, and organic solvent separation (as summarized in

Table 2.2).

The regularly porous structure with a well-defined pore size ensures the designable size exclusion
capacity of the MOF membrane, rendering it a promising candidate for nanofiltration. A notable example
is the UiO-66 membrane, synthesized via an in situ solvothermal method on an alumina HF substrate
[69]. The resulting polycrystalline membrane exhibited excellent multivalent ion rejection rates, with
rejection rates of 86.3% for Ca?*, 98.0% for Mg**, and 99.3% for Al**. The robust coordination between
Zr*" and carboxyl groups offered superior chemical stability, maintaining consistent performance over
170 hours of operation. Owing to their promising molecular-sieving capacity, continuous MOF
membranes have been explored for emerging applications such as Li"/Mg?* separation [187] and chiral

molecule filtration [188].

A recently developed Co-gallate MOF membrane by Pan et al. exhibited outstanding pervaporation (PV)
performance in methanol/methyl tert-butyl ether (MTBE) separation [189]. The membrane was
synthesized via a secondary growth process, where a uniform Co-gallate seed layer was deposited onto
a porous a-Al.Os support by dip-coating, followed by controlled secondary crystallization to form a
continuous and defect-free layer. The resultant membrane demonstrated a methanol flux of 0.565 kg m™

h™' with a separation factor of 721, outperforming most polymeric and zeolite membranes [190, 191].
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The exceptional separation efficiency of MOF membranes in PVs can be attributed to their highly
structured micropores and chemical functionality, which enable selective interaction with target

molecules, enhancing both flux and selectivity.

In addition to NFs and PVs, continuous MOF membranes have been explored for organic solvent
nanofiltration (OSN) [192], membrane distillation (MD) [110], and ultrafiltration, such as like oil-water
separation [193]. Despite these advancements, their full potential remains largely untapped. Currently,
most research efforts are still limited to gas separation, necessitating further exploration of chemical-
resistant MOF membranes for liquid-phase applications. Exploiting advantageous microstructures and
designable chemistry is also vital to their application. Continuous membrane membranes still suffer from
one or more concerns mentioned in Section 2.4.1.2, which greatly compromise their performance.
Further research into precise synthesis approaches and versatile modifications, for example, customizing
the orientations of MOFs crystals and the targeted functionalization of continuous membranes, would
be beneficial for advancing MOF membranes toward widespread industrial adoption. Finally, expanding
their application scope to address emerging challenges, such as the removal of pharmaceutical
contaminants and per- and polyfluoroalkyl substances (PFAS), could provide a transformative solution

to conventional membrane limitations.

Table 2.2 Continuous MOF membrane for liquid separation (The selected literature represents key stu
dies identified through a Web of Science search using keywords such as “MOF membrane for liqu
id separaion”, “MOF membrane for nanofiltration separation”, “MOF membrane for desalinatio

n”, “MOF membrane for organic solvent separation” and “MOF membranes for pervaporation”)

MOFs Substrate Fabrication Application  Permeance/fl  Selectivity Ref.
method ux
ZIF-300 Alumina Secondary NF 36.2Lm?h CuSOs99.5% [194]
disc growth "bar’!
ZIF-8 PES Interfacial NF 6-38 L m?h~ Rose Bengal 98%  [195]
synthesis "bar!
ZIF-8 PSf In-situ growth NF 130 Lm2h! Proanthocyanidin  [196]
bar! 98.5%
ZIF-8 PES LBL NF 51Lm?h' NaCl55.2% [197]
bar! NaxSO4 93.6%
MOF-303  Alumina In-situ growth NF 0.7Lm2h!  MgCl,93.5% [198]
disc bar! NaxSO4 96.0%
UiO-66 Alumina HF  In-situ growth NF 0.14L m?h Ca’86.3% [69]
"bar! Mg 98.0%
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Uio-67

Zn-BLD

CuTCPP

CuBTC

CAU-10-H

MOF-303

UiO-66

UiO-66

Sm-
DOBDC

ZIF-71

ZIF-71

CAU-10-H

UiO-66

UiO-66

Nio(L-

asp)2bipy

MOF-303-

Urea

AAO

ZnO disc

Nylon

PI-paper

Stainless

steel mesh

Stainless

steel mesh

YSZ HF

Mullite

Alumina HF

ZnO

Alumina HF

Alumina

disc

Alumina HF

Alumina HF

Si0; disc

Alumina HF

Secondary

growth

Reactive

seeding

Secondary

growth

Cathodic
electrodepositio

n

Secondary
growth

In-situ growth

In-situ growth

Secondary
growth

Secondary

growth

Secondary
growth

Contra diffusion

Secondary

growth

In-situ growth

In-situ growth

Secondary

growth

Contra diffusion

NF

NF

NF

NF

UF

UF

PV

(Desalinatio
n)

PV
(Desalinatio
n)

PV (Ethanol
dehydration)

PV (Ethanol
dehydration)

PV (Ethanol
dehydration)
PV (Alcohol
dehydration)
PV (Ethanol
dehydration)
PV (Ethanol
dehydration)
PV (Ethanol
dehydration)

PV (Ethanol
dehydration)

Lit 27
molm2h™!
0.15 mmol
mZ2h!

87Lm2h!

bar™!

8.4
Lm>2h!bar

-1

1.85x10°L
mZh’!
12308 L m™
Wl

29.8L mZ2h"

1

29.8L m?2h"

1

0.6 kgm™h

0.32 kg m?

h-]

0.7kgm?h

0.6 kgm™h

3.7kgm?h

1.5kgm?h

0.6 kgm™h

0.07 kg m2
h-l

A**99.3%

Li'/Mg?* 159.4

ee value 33%

Rose Bengal
93.8%

Rose Bengal 99 %

Oil > 99.9%

Oil > 99.35%

NaCl 100%

NaCl 99.9%

Separation factor

997

Separation factor

6

Separation factor

5

Separation factor

148

Separation factor

55

Separation factor

4.9

Separation factor

148

Separation factor

5371
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[199]

[200]

[201]

[202]

[203]

[193]

[204]

[205]

[206]

[207]

[209]

[210]

[211]

[212]
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MOF-303
PDC-TDC
SIM-1

NU-906

ZIF-71

ZIF-71

MIL-53

UiO-66

UiO-66

fum-Zr-
MOF

NU-906

Ni-MOF-
74

MOF-303-

Urea

Co-gallate
MOF

UiO-66

Alumina
disc
Porous glass

SiO, disc

ZnO

ZnO

Alumina

disc

YSZ HF

Alumina HF

Alumina

disc

Si0; disc

Alumina

tube

Alumina HF

Co-NWA

Alumina

disc

Secondary
growth

Post-synthesis

modification

Secondary
growth

Secondary

growth

Secondary

growth

Secondary
growth

In-situ growth

In-situ growth

In-situ growth

Secondary

growth

Self-conversion

Contra diffusion

In-situ growth

Secondary
growth

PV (Ethanol
dehydration)

PV (Ethanol
dehydration)

PV (Ethanol
dehydration)

PV
(Methanol
dehydration)

PV
(DMC/meth
anol)

PV (Ethyl
acetate

dehydration)

PV (Butanol
dehydration)

PV (Butanol
dehydration)

PV (Butanol
dehydration)

PV (Butanol
dehydration)

PV (Butanol
dehydration)

PV (IPA
dehydration)

PV
(Methanol/
MTBE)

PV
(Methanol/T
oluene/MTB
E)

0.1 kgm?h

0.5kgm?h

0.1 kgm?h

0.4kgm?h

0.27 kg m?
b

0.5kgm™h

2.96 kg m>

Methanol
1.18 kg m~
2 h—l
Methanol
1.03 kg m~
2 h—l

Separation factor

8500

Separation factor

o0

Separation factor

244

Separation factor

214

Separation factor

53

Separation factor

1317

Separation

factor >1000

Separation factor

4280

Separation factor

1653

Separation factor

2630

Separation factor

1094

Separation factor

500

Separation factor

6711

Separation factor

3220

Separation factor

28000
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[213]

[214]

[215]

[207]

[207]

[77]

[216]

[209]

[217]

[215]

[218]

[212]

[219]

[220]
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MIL-160

Ni-MOF

PCN-250

UiO-66

ZIF-8

Zr-MOF

UiO-
66(Zr)-
NH,

ZnBDC

ZIF-8

Alumina In-situ growth

disc

/ Vacuum
filtration

Alumina Secondary

disc growth

Nylon Vacuum
filtration

PES In-situ growth

Alumina In-situ growth

disc

Carbon cloth  In-situ growth

PAN LBL
Alumina In-situ growth
disc

PV (Xylene
isomers

separation)

OSN

OSN

OSN

OSN

OSN
(Methanol/D
CM)

OSN

OSN

MD

0.1 kgm?h

Acetone
125398 L m
2 h! par™
26Lm2h!

bar™!

Methanol
175+10L
mZh’!
Ethanol 1.1
kgm?h'b

ar!

IPA 0.3
kgm?h'b
ar
17.71kgm™?
hfl

DCM
0.17 kg m™
h™! bar™!

Methanol
0.24
kgm2h'b

ar!

IPA34Lm
2h'bar!

17.71 kg m™2
hfl
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p-/o-xylene [221]

selectivity 38.5

Congo red
99.69%

[222]

Methyl blue
93.7%

[223]

Rose Bengal 98%  [224]

Rose Bengal 84-
94%

[225]

Methanol 70% to
99.5 wt%

[118]

Methylene blue
99.9%

[226]

Oil red O 99.95%

Nile red 99.85%

Brilliant Blue R
86%

[227]

NaCl 99.8% [110]

2.4.2 COF membrane

This section provides an overview of the synthesis techniques employed in continuous COF

membranes, followed by a summary of their applications across diverse liquid separation fields.
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2.4.2.1 Fabrication of a continuous COF membrane

W
" ‘

" Hydroxyl-ALO; tubu
=

5
2D COF-1 membrane

£ > D

Microporous GOF-1 nanosheet

Chapter 2

(
Tubular COF-300 membrane ™
£
£
Ci

Aldehyile-ALO, tubu

- Exfoliation 4 | Assembly ' ('\‘_-’_____‘.‘ ”M"'m\/"“'__—-——"
v - - . p ) k!
5 » v Al

heating

Figure 2.12 Fabrication of a continuous COF membrane. (a) Layer-by-layer stacking [228], Copyright
© 2021 Elsevier B.V. All rights reserved. (b) In-situ growth method [229], Copyright © 2015 Elsevier
B.V. All rights reserved. (c) Interfacial synthesis on a liquid-solid interface [230], Copyright © 2014
WILEY - VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Casting strategy [231], Copyright © 2014
WILEY - VCH Verlag GmbH & Co. KGaA, Weinheim.

a) Layer-by-layer assembling strategy

According to the skeleton of COFs (Section 2.3), the majority of COFs display a 2D structure. Inspired
by other 2D membranes, including GO, MXene and MoS; [232], the fabrication of continuous COF
membranes through an LBL stacking strategy is considered feasible. Delamination of bulk COFs is
needed to obtain isolated COF nanosheets. Obtaining isolated nanosheets requires breaking the van der
Waals force between monolayers which are then dispersed in a solvent and subsequently deposited onto
a porous substrate [233]. Available techniques for stacking included pressure-assistant filtration, spray
coating and spin coating. For instance, COF-1 nanosheets, obtained via ultrasonication, were used to
fabricate a continuous membrane through dip-coating on an alumina tube (Figure 2.12 a) [228]. The
membrane thickness can be readily controlled by adjusting the density of COF nanosheets dispersed in
the solvent and stacking circles. However, the inadequate developed delamination technique has caused
major concerns. Currently, the exfoliation of bulk COFs is primarily performed via mechanical or
ultrasonic methods, neither of which yields enough quantity nor consistently high-quality nanosheets
for subsequent membrane assembly. Additionally, owing to the lack of bonding between the stacked
COF layers and the substrate, the integrity of the resulting membrane is not satisfactory, and cracking
usually occurs after drying. Therefore, pre-modification of the substrate is usually necessary for the

LBL stacking process.

Like the LBL strategy employed for MOF membrane fabrication, LBL assembly has also been applied
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to COFs by sequentially depositing COF layers onto a porous substrate. Wang et al. successfully
fabricated two types of COF membranes, TpPa-9 and TpBD-5, on hydrolyzed polyacrylonitrile (PAN)
substrates using a straightforward LBL synthesis method. By varying the number of synthesis cycles,
membrane thicknesses ranging from 6 to 60 um were achieved [234]. The concern of LBL growth is
related to the relatively large thickness of the membranes, which, in turn, reduces permeance and limits

overall performance.
b) In-situ growth

In-situ growth is recognized as a feasible method to produce high-crystalline COF membranes on
substrate. This method was firstly applied in the fabrication of a COF-5 membrane on an a-Al>,O3 porous
support with the assistance of microwave irradiation [235]. The alumina support provided both loading
sites and the robustness of the resultant membrane. However, with respect to the support used for the
in-situ growth of MOF membrane, the modification of the inorganic substrate is necessary to ensure
high integrity. The a-Al,O; support utilized for COF-5 membrane fabrication was subsequently
modified with APTES (3-aminopropyltriethoxysilane) and FPBA (4-formylphenylboronic acid) to
functionalize Al,Os support with BOs* based APTES, facilitating the covalent anchoring between
COF-5 and substrate. A similar strategy was also applied in the APTES-TPA grafted alumina for the
fabrication of COF-300 (Figure 2.12 b) [229].

Polymer membranes have also been regarded as potential substrates for the in-situ growth of COF
membranes. Wang et al. utilized an anion exchange membrane (AEM) by fixing it on a petri dish as the
substrate for the growth of a sulfonated DABA-TFP COF [236]. During the growth process, the AEM
substrate provided amine groups to covalently coordinate with the aldehyde groups of TFP, enabling
the continuous growth of the COF membrane. This method demonstrated its versatility by successfully
synthesizing COF membranes on three different commercial AEMs, highlighting its practicality and
scalability.

The successful fabrication of a continuous COF membrane via an in-situ growth method heavily
depends on the chemistry and microstructure of the chosen substrate. Complex modifications are often
required when inorganic substrates are used to facilitate COF membrane growth. While polymeric
substrates offer advantages such as low cost and high processability, their stability under solvothermal
conditions remains a significant challenge. Most polymeric membranes swell or even degrade in harsh
chemical environments and at elevated temperature, which are are typically necessary to achieve the

crystallinity required for COF membranes.
¢) Interfacial polymerization

Interfacial polymerization (IP) is a method used to synthesize a free-standing COF membrane after the
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reaction of monomers at the interface. The fabricated membrane can be transferred to a substrate,
mitigating the impact of the substrate on membrane formation [237]. The basic principle of this method
is to confine the reaction to a constructed interface to eliminate secondary reactions in one phase [238].

Interfaces can be constructed between two immiscible liquids, gas-solid, gas-liquid and solid-liquid.

The liquid-liquid interface formed between two liquid phases with different polarities is the most widely
used. It was first reported by Banerjee et al. in 2017 when they fabricated continuous S-ketoenamine-
linked COFs membranes [239]. To achieve this, a DCM solution containing the aldehyde monomer was
introduced into a beaker, followed by the addition of a water layer as buffer. An aqueous solution of
PTSA was then carefully added to the top of the buffer layer. After 72 hours, the COF membrane was
collected at the interface after the upper solution was removed. Precise control over the reaction rate
was crucial for promoting crystallization in the IP process. In addition to the water-DCM interface, a
range of liquid-liquid phase interfaces, including water-chloroform, water-ethyl acetate, and water-n-

hexane systems [240] have been explored.

The gas-liquid mixture outperforms the liquid-liquid mixture by offering a more stable interface and a
controllable reaction rate. Jiang et al. demonstrated the gas (vapour)-liquid IP method for the first time
in the synthesis of the TFP-PDA COF on Si/SiO; disk [241]. The solid phase was obtained from an
APTES-modified disk after it was coated with TFP containing an octanoic acid solution. The solid phase
was place on top of the autoclave and react with the PDA vapour generated at 150 °C. Owing to the
elevated temperature applied, a highly crystalline COF membrane was obtained. The formation of COF
membranes at the gas-solid interface relies on highly controlled conditions, including a uniform
interfacial environment, precise and continuous delivery of solid and gaseous monomers, and the

stabilization of monomers at elevated temperatures.

Gas-liquid interface polymerization was developed by Lai et al. who synthesized the imine-based COF
membranes at the air/water interface [242]. A solution containing amine and aldehyde monomers,
dissolved in chloroform, was gradually introduced onto the water surface, followed by solvent
evaporation. By precisely regulating the pressure at the polymerization interface, dense COF

membranes with thickness of approximately 2~3 molecular layers were successfully formed.

Owing to the low thickness of free-standing membrane obtained on the liquid-liquid, liquid-gas, and
solid-gas interface, inadequate mechanical strength can be expected in direct use. COFs are usually
transferred to substrates to prepare COF composite membranes with desirable mechanical properties.
However, the transfer process to a substrate inevitably results in different degrees of damage to the
membranes. The IP process, which is based on liquid-solid interface by using the substrate as the sold
surface, provides a potential solution (Figure 2.12¢) [230]. The substrate should be saturated with one

monomer solution, followed by contact with the liquid containing another monomer. Upon contact, the
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reaction can be initiated on the membrane surface under suitable condition. Owing to its high
processibility, this method has been applied for the scalable fabrication of COFs membranes based on

PAN HFs [243].
d) Casting

The development of self-standing COF membranes with enhanced mechanical strength remains a key
research focus. In recent years, various solvent-assisted polymerization techniques have been explored
for their direct fabrication (Figure 2.12 d) [231]. Hou et al. synthesized highly charged COF membranes
with one-dimensional nanochannels using a solvent casting approach [244]. They separately dissolved
Tp and DABA monomers in N-methylpyrrolidone (NMP) and DMSO, and then mixed and sonicated
them to create a homogeneous casting solution. This solution was cast onto a glass plate and dried in an
oven, yielding a flexible, high-strength (Young’s modulus: 2557 MPa) self-standing sulfonic acid-
functionalized COF membrane (TpPa-SOsH).

Despite advancements, the fabrication of continuous COF membranes remains challenging. First, their
synthesis typically occurs under mild conditions, making it difficult to achieve both structural integrity
and high crystallinity. A deeper understanding of reticular chemistry could enable the identification of
optimal catalysts and solvents to regulate reaction rates. Second, most reported 2D COF membranes are
claimed to have high crystallinity but suffer from low permeance due to disordered stacking. Moreover,
the relationship between the performance and theoretical pore size of COF membranes does not align
well, suggesting that molecular sieving is not achieved through the designed pores [245]. Third, while
substrates provide necessary mechanical strength, they also limit scalability, highlighting the need for
alternative fabrication strategies to enable large-scale production with robust self-standing COF

membranes.

2.4.2.2 Applications of continuous COF membrane in liquid separation.

Owing to their high porosity, structural stability, and tunable chemical functionality, COF membranes

have high potential for both water treatment and organic solvent separation (Table 2.3).
a) Nanofiltration for water treatment

COF membranes have shown great potential in NF applications, particularly in dye removal and dye-salt
fractionation, where their high porosity enhances permeability while maintaining efficient molecular
sieving. Additionally, the versatile functional groups of COFs also increase the selectivity via the Donnan
effect. The ability of these materials to selectively reject pollutants has also been extended to address
emerging organic contaminants. Notably, COF membranes have been investigated for removing PFAS,
which are persistent and challenging to eliminate through conventional NF membranes. A recent study
introduced an anionic TpPa-SO; COF membrane fabricated via interfacial polymerization, achieving a

promising water permeance of 19.9~37.5 L m h! bar’! with over 99% rejection of short-chain PFAS and
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high selectivity against salts [246].
b) Pervaporation

COF membranes have demonstrated superior PV performance in applications such as alcohol
dehydration, azeotropic separation, and desalination. Unlike zeolite membranes, which often suffer from
brittleness, COFs offer improved flexibility without compromising separation efficiency. A study
successfully fabricated a COF membrane for alcohol dehydration, achieving superior selectivity with a
high separation factor at 3620 and flux reaching 11.35 kg m 2 h™! [247]. The ordered pore network of
COFs enables rapid water transport while rejecting organic components, enhancing separation
performance. Additionally, the tuneable chemistry of COFs allows for tailored hydrophilic or

hydrophobic modifications, further optimizing selectivity.
¢) Organic solvent nanofiltration

COF membranes have also been applied in OSNs, where their high chemical resistance and ultrahigh
permeability offer substantial advantages. A COF membrane synthesized via solid—vapour interfacial
polymerization exhibited an exceptional solvent flux exceeding 400 L m™ h' bar™, significantly
outperforming many polymeric OSN membranes [241]. Their rigid yet porous framework allows precise
molecular sieving, making them highly effective for applications such as pharmaceutical purification and

solvent recovery.

While continuous COF membranes have shown considerable promise in liquid separation, further
development is needed to fully exploit their potential. Enhancing their water resistance will be essential
for broader adoption in water treatment applications, particularly for emerging pollutants such as
pharmaceutical residues and PFAS. Additionally, the structural integrity of COFs under harsh organic
conditions suggests their potential for advanced separations, including crude oil fractionation and

selective organic compound extraction.

Table 2.3 Summary of continuous COF membranes in liquid separation (The selected literature represe
nts key studies identified through a Web of Science search using keywords such as “COF membra
ne for liquid separaion”, “COF membrane for nanofiltration separation”, “COF membrane for des

alination”, “COF membrane for organic solvent separation” and “COF membranes for pervaporati

on”
COFs Substrate  Fabrication Applicati  Permeance/flux Selectivity Ref.
method on
TpPay PAN LBL NF 265 L m? h'!' bar’! Congo red 99% [234]
TpBD; PAN LBL NF 339 L m? h'! bar! Congo red 99% [234]
COF-300 Alumina  In-situ NF 79 L m? h'! bar’! Rose Bengal 99.5 %  [229]
tube growth Methyl blue 99 %
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COF-300

COF-LZU-1

TpPaBr

TpPa

TpHz

IISERP-
COFI m

ACOF-1

COF-LZU-1
TpPa

TpPa
TaPa-11

TpPa-1

TpDAB

TpDAB

TpDAB-SBC

TpPa-SOsH

Alumina

tube

Alumina

tube

Alumina

tube

Alumina

tube

PES

Alumina

tube

PAN

PSf
PSf
PSf
PMIA

PES

PSf

PSf

PSf

PES

In-suit

growth

In-situ

growth

In-situ

growth

In-situ

growth

Secondary
growth

Secondary
growth

1P

1P
1P
1P
1P

1P

1P

1P

1P

1P

NF

NF

NF

NF

NF

NF

NF

NF

NF

NF

NF

NF

NF

NF

NF

NF

152.5L m?h'bar’!

76 L m? h'! bar’!

23.5L m? h'bar!

24 L m?h'!bar!

4.5L m?h'!bar!

0.5L m2h'bar!

141 L m? h'' bar!

6.57Lm>2h™!

50 Lm2h'bar
3.74 L m2h! bar™!
106 Lm2h! bar

300 L m?2 h'bar!

61 L m?h'bar!
15L m?h'bar!

15L m?h'!bar!

19.9-37.5
Lm?2h! bar’

Congo red 98.7 %
Acid blue 25 91.7

Chrome black T
97.4%

NazS04 96.0%
Methyl blue 99%
Congo red 98.6%
Rose Bengal 99.1%
Acid fuchsin 99.4%

NaCl 99.9%

NaCl98.2%

NayS04 58.3%

NaCl 82.9%
MgCl, 90.6 %
NaxS0496.3 %

Congo red 99.2%
Methyl blue 96.3%

Na2S0490.9%
Congo red 99.5%
NaxS04 90.4%
Congo red 99.2%
Methyl blue 99%
Congo red 99%
Congo red 97.7%
Congo red 98%
Allura red 95%
Na;S04 10%
PFOS 99%
PFOA 95%

salt/PFAS
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[229]

[248]

[249]

[249]

[250]

[251]

[252]

[253]
[230]
[254]
[255]

[256]

[257]

[257]

[257]

[246]
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3D-COF-1

DhTGq

TpPa

DbTa-1

TpBd

COF-LZU-1

COF-300

TpPa

COF-1

PVDF

AAO

/

Sodium

alginate

YSZ HF

YSZ HF

PAN

Alumina

tube

1P

1P

In-situ

growth

1P

In-situ

growth

In-situ

growth

In-situ

growth

1P

LBL

NF

RO

UF

UF

PV
(Ethanol
dehydrati

on)

PV

PV
(Acetone

/Hexane)

PV
(Butanol
dehydrati
on)

PV
(Desalina

tion)

1.7-3.7
Lm?2h!bar’!

1173L m2h!

1536 Lm2h’!

217L m2h!

Acetone/Hexane 12.3
kgm?h'!

Acetone/cyclohexane
19kgm2h!
Acetone/Hexane 2.5
kgm?h™!

Acetone/cyclohexane

3.7kgm2h!
Methanol/benzene

0.85kgm2h!

11.35kgm™2h!

22kgm?h’!

selectivity > 100
Na'/AP* 345.3
Na*/Cu?* 35.3
K*/A** 823.5
K*/Cu* 84.3

NaCl 93.0 %

Acid formic 93.5%
Ovalbumin 88.2%
BSA 88.6

God nanoparticles

(10 nm) 95.2%
/

Separation factor

2099

Separation factor 4.7

Separation factor 2.4

Separation factor 30

Separation factor

13.4

Separation factor 4.3

Separation factor

3620

MgS04 99.69%

MgCl, 99.96%
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[258]

[259]

[260]

[240]

[261]

[262]

[262]

[247]

[263]
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3D-OH-
COF

M-TpTD

M-TpBD

CTP

TpPa-11

Tp-DHF

IpEt

TFPM-FP

Tp-Bpy

PI

PAN

S1/S102

AAO

PAN HF

PAN

Polyester

In-situ

growth

Casting

Casting

1P

1P

1P

1P

1P

1P

NF

OSN

OSN

OSN

OSN

OSN

OSN

OSN

OSN

Methanol 24.5 L m?
h'!bar!

Acetonitrile 27.8 L
m?h'!bar!

Water 11.8 L m2 h'!

bar!

Acetonitrile 18 L m™
h'!bar!
Water 9.2 L m?2 h™!

bar!

Methanol 10.6 L m?
h'!bar!

Water 211 Lm 2 h-
!bar!

Acetonitrile 411 L m~
2h! bar!

Hexane 125 L m™2 h-
!bar!

Acetonitrile 100 L m
2h'!bar’!

Water 60 L m™2 h™
!'bar!

Ethanol 40 L m2 h~
!bar!

Isopropanol 25 L m~
2h! bar!

Methanol 10 L m2 h!

bar!

Methanol 40 L m? h'!

bar!

Acetonitrile 339 L m"

2h'bar!

Water 211 L m? h'!
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Acid fuchsin 97.7%  [264]

Rose Bengal 84 % [265]

Methylene blue 83%
Congo red 80 %

Rose Bengal 99% [265]
Methylene blue 94%

Congo red 96%

Reactive black 96.7% [266]
Methyl orange 47.1%

Naphthalene blue
black 83%

Congo red 98.9% [241]

Methylene blue
98.1%

Reactive green 100%  [242]

Direct red-80 99% [243]

Acid fuchsin 100% [267]

Brilliant blue-G 94%  [239]
Acid fuchsin 97%

Cono red 80
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bar’!

Ethanol 174 L m2 h™!

bar!

Methanol 108 L m™

h!' bar!
Tp-Azo Polyester 1P OSN Methanol 188 L m?2 Congo red 79% [239]
b bar! Rhodamine B 99%

Ethanol 261 L m* h" Reactive green 90%

bar!

TraHz PAN IP OSN Toluene 47 L m2h'  Congo red 98% [268]
bar!

TpaHz PAN P OSN Toluene 38 L m2h!  Congo red 98% [268]
bar-!

2.5 Discontinuous Framework Membranes

Given the challenges in eliminating non-selective defects caused by poor intergrowth during the
fabrication of continuous polycrystalline membranes, scaling of a continuous MOF or COF membrane
has yet to be realized in industry. As such, integrating functional frameworks into other materials has
emerged as a practical alternative for forming defect-free membranes. In this approach, crystalline
frameworks are discontinuously incorporated into another component, resulting in composite
membranes. When these frameworks are embedded into polymeric matrices, the resulting structures are
referred to as mixed matrix membranes (MMMs). Owing to their chemical versatility, MOFs and COFs
also have great potential in combination with other advanced materials, 2D materials specifically used
to form composite materials. This section delves into framework-contained composite materials,
focusing on their design principle, challenges, and potentials strategies to address these challenges.

Furthermore, the discussion will extend to their applications in liquid separation.
2.5.1 Crystalline frameworks-contained mixed matrix membranes
2.5.1.1 Roles of crystalline frameworks in mixed matrix membranes

The integration of frameworks into MMMs is often intended to enhance the properties of polymer
membranes, rather than harness a particular property of the MOF particles. Owing to their easy
processibility and low cost, polymeric membranes constitute the majority of the commercial membrane
market. However, their applicability is greatly constrained by two limits. First, the intrinsic trade-off
between permeability and selectivity, as defined by the Robeson upper bounds, poses a challenge to the

concurrent enhancement of these properties [269]. Additionally, most polymers are prone to fouling
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when used in liquid separation, leading to increased foulant adhesion of foulants, cake layer formation,
and pore blockage, which compromise water transport and reduce membrane lifespan and fouling [270].
These can be effectively remediated by incorporating nanofillers. Diverse fillers, such as metals, metal
oxides, carbon-based nanomaterials, and crystalline frameworks, have been extensively explored [271,
272].Compared with other nanofillers, frameworks are expected to provide better combinations for the
presence of organic part. Indeed, both MOFs and COFs have been explored for constructing MMMs

with high permeance and promising antifouling performance.

In MOFs/COFs incorporated MMMs, the intrinsic high-stability porosity plays an important role in
improving the permeability of the membrane. The stable structure provides extra rigidity to the
membrane by inhibiting polymer swelling or provide enhanced flux [273]. The intrinsic porosity of
frameworks can promote the overall porosity of the MMMs membrane, leading to enhanced selective
permeance. For example, the increased porosity resulting from the addition of 1.5 wt% loading of Cu-
BTC in PES membrane was confirmed by porosity measurement, leading to a remarkable increase
(207%) in pure water permeance from pristine 2642L m2h'bar! of PES membrane to
546.4 L m2h ! bar ! [274]. Similarly, a significant increase of gas permeance reaching 300% was found

in COF-LZU1-containing PVA film because of the extra gas transport channels provided [275].

The enhanced antifouling performance of frameworks-contained MMM s is attributed to altered surface
charge and hydrophilicity [276]. Surface charge significantly impacts antifouling performance by
modulating interactions between the surface and fouling agents, such as proteins, bacteria, and other
microorganisms. Negatively charged surfaces generally repel microorganisms with similarly charged
cell walls, reducing adhesion. Conversely, positively charged surfaces tend to attract such organisms,
leading to greater fouling due to electrostatic attraction. This effect is particularly evident in the reduced
attachment of proteins and bacterial cells to surfaces with negative charges, as the repulsion between
like charges creates an antifouling barrier [277]. As such, incorporating desirable MOFs/COFs to fine-
tune the surface charge of MMM is a promising strategy to minimize unwanted adhesion and optimize
performance under specific operational conditions. Surface hydrophilicity enhances antifouling
performance by forming a hydration layer on MMMSs, which inhibits the adhesion of pollutants [278].
As observed in MIL-101/PVDF MMMs, adding 0.5 wt% MIL-101 caused a 30-degree decrease in the
pure water contact angle and a flux recovery ratio greater than 50 % in a bovine serum albumin fouling

test [279].

Unlike the positive role of MOFs/COFs in permeance and fouling restriction, their influence on the
selectivity is under debate. Cases showing increased selectivity after the addition of frameworks have
been reported and mostly explained by the increased viscosity [279] or introduced Donnan effect [280]
by the framework fillers. The increased viscosity of solution leads to a slower solvent-nonsolvent

exchange, diminishing the formation of macrovoids [281]. However, some believe that the selectivity
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of resulting MMMs is governed by the original polymeric matrix [273, 282]. This is due to the
complexity arising from the multifaceted influence of COFs and MOFs as additives on selectivity,
which is governed by various factors, including their content, intrinsic chemistry, and compatibility

with the polymer matrix.

The incorporation of MOFs and COFs into MMMs significantly enhances their mechanical strength
and thermal stability due to the intrinsic properties of these frameworks. MOFs, form strong interfacial
bonds with polymer matrices, reducing polymer chain flexibility and increasing tensile strength, while
their high decomposition temperatures ranging from 500~550°C ensure structural integrity under
extreme thermal conditions [283]. Similarly, COFs contribute to the mechanical robustness of MMMs
through their rigid and porous structures, minimizing defects and improving membrane uniformity
[284]. Their covalently bonded frameworks further increase the thermal resistance, enabling the

membranes to maintain functionality at elevated temperatures.
2.5.1.2 Fabrication of framework-contained MMMs

a) Fabrication method

(]

Filler 29 Polymer 3’:,
20

Solvent E i

Filler solution &

b o, ,
Ll .
Polymer %) Filler 23,
)
° s

I Mixed solution
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Figure 2.13 Different methods for preparing mixed suspensions. (a) and (b), filler and polymer added

to the same solution in different orders. (c) The filler and polymer were dissolved/dispersed

separately and then mixed together. Adapted from [285].
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Generally, MMM fabrication involves the preparation of a mixed suspension, casting on a
plate/substrate or spinning via spin coating, and eliminating the solvent via phase inversion or
evaporation. The distinction from pure polymeric membrane fabrication is evident from the very first
step when preparing the framework/polymer mixture. As shown in Figure 2.13, mixed suspensions can
be prepared through three main methods: (A) dispersing filler particles into the solvent before
introducing the polymer (Figure 2.13 a) [286], (B) dissolving the polymer into the solvent first and then
adding the filler particles to the polymer solution (Figure 2.13 b) [287], and (C) dissolving the polymer
and dispersing the filler particles in separate solvent systems, followed by combining the two
suspensions (Figure 2.13 ¢) [288]. Among these routes, A and C are more frequently adopted for MOF
and COF incorporation because of the lower viscosity of the initial filler/solvent suspension, which
facilitates uniform dispersion. In contrast, route B, although applied in the preparation of MMMs with
nanoparticles such as carbon nanotubes, silica, and zirconia, often leads to filler aggregation. This issue
arises from the difficulty of achieving adequate dispersion in highly viscous polymer solutions. In
addition to the blending method, several other factors should be carefully evaluated when fabricating

MMMs.
b) Chemistry of filler/polymer pair

Among these challenges, pair-wise selection, which is directly associated with the morphology and
separation performance of MMMs, is fundamentally important for MMM fabrication. The chemical
compatibility between nanofillers and polymers is critical. In the case of MOFs, functional groups, such
as amino groups, have been shown to improve interactions with polymer matrices. For example, NH»-
functionalized UiO-66 [289] and MIL [290] significantly enhanced CO; permeability and selectivity in
polyimide-based MMMs. Similarly, the use of ZIF-7 and ZIF-8, owing to their structural compatibility
with polybenzimidazole, has led to improved dispersion and gas separation performance [291]. The
surface functionalization of MOFs, such as the introduction of amino or carboxyl groups, further
enhances interfacial adhesion and prevents filler aggregation, resulting in defect-free membranes with

increased permeability and selectivity.

Unlike MOFs, COFs are composed of covalent linkages of lighter elements (such as C, O, N, and B),
thus exhibiting a fully organic nature and enhanced chemical compatibility with polymers [292, 293].
The functionalization of COFs enhances interfacial adhesion and reduces defects in MMMs. For
example, COFs such as NUS-2 and NUS-3, when exfoliated into nanosheets and combined with
polymers such as polybenzimidazole, demonstrated enhanced mechanical properties, gas permeability,
and selectivity [294]. Similarly, incorporating COF-5 nanosheets into Pebax-1657 membranes

improved CO, permeability and selectivity while maintaining long-term stability [284].

c¢) Contents
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When porous framework fillers are incorporated into MMM, increasing the loading of MOFs generally
increases permeability because more nanoporous pathways are introduced for gas or liquid transport.
For example, integrating up to 40 wt% of amino-functionalized ZIF-94 in a polyimide host substantially
increases CO» permeability and retains selectivity, indicating that a judicious filler content maximizes
both dispersion and performance [295]. However, exceeding the optimum filler fraction often induces
aggregation, creating voids that reduce selectivity. Similarly, COF-based MMMs, such as COF-5
embedded in Pebax-1657, initially revealed a striking rise in CO, permeation at low or moderate filler
contents, which was attributed to increased free volume and strong filler—matrix interactions [296]. Past
a certain threshold, particle agglomeration undermines the membrane’s uniformity and diminishes
separation benefits. Thus, each MMM requires a carefully tailored filler loading that balances improved

permeability with a defect-free, homogeneous morphology.
d) Physical properties of MOFs/COFs

The geometry of fillers, including their size and shape, significantly affects the performance of MMMs
by influencing their dispersion, interfacial interactions, and transport properties. For MOFs, smaller
particle sizes, such as nanoscale ZIF-8, enhance compatibility with polymer matrices by minimizing
aggregation and ensuring uniform distribution, which improves gas selectivity and permeability [285].
However, overly large MOF particles can lead to non-selective voids at the polymer-filler interface,
reducing the overall membrane performance. The shape of nanofiller also plays a role, for example,
rod-like MOF particles can align with polymer chains, creating anisotropic pathways for selective
transport [284]. The inherently crystalline and layered structures of COFs offer unique opportunities to
tune their membrane properties. Exfoliated nanosheets of COFs, such as COF-5, enhance compatibility
with polymer matrices, reducing resistance to gas or liquid transport. The nanosheet morphology creates
extended interfacial contact with the polymer, resulting in improved mechanical stability and separation
efficiency [280]. In contrast, bulky particles may disrupt the polymer matrix, introducing defects that
compromise performance. Therefore, optimizing the filler geometry is crucial for achieving high-
performing MMMs, with nanoscale fillers and tailored shapes that provide the best balance of

compatibility, dispersion, and selectivity [285].
2.5.1.3 Framework-based MMM s in liquid separation.

As numerous MOF/COF incorporated MMMs have been utilized in gas separation, their application in
liquid separation (Table 2.4), despite showing significant promise, has not yet been widely adopted

because of the limited availability of stable MOFs and COFs.

Theoretically, the high surface area, tuneable pore sizes, and exceptional adsorption properties of
crystalline frameworks can enhance permeability and possibly selectivity by improving water transport

and hydrophilicity. This is beneficial for strengthening the antifouling effect of the water-based
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filtration process and enhancing the ability to remove contaminants such as heavy metals and organic
compounds [297-315]. For example, the integration of Co-MOF in polysulfone (PSf) increased
membrane porosity, improved hydrophilicity, reduced surface hydrophobicity, and resulted in a more
negative surface zeta potential. These changes led to a 360% improvement in water permeability while
maintaining selectivity. Additionally, owing to reduced hydrophobic interactions and stronger
electrostatic repulsion, the modified membranes exhibited superior resistance to natural organic matter
fouling [299]. A similar conclusion was reached by Xia and colleagues during the fabrication of a
PVDF-LUZ1 MMM. The PVDF-COF membrane, with a reduced pore size of 0.1038 pm, demonstrated
ultrahigh water permeance at approximately 200 L m2h!bar!, which was double that of the
unmodified PVDF membrane. Additionally, the PVDF-COF membrane significantly improved the
rejection of water-soluble dyes, with RhB rejection increasing from 76.2% to 89.7%. Similarly, the

rejection rates for larger dyes, such as Direct Red 80 and Congo Red, reached 99%.

Mass transport in pervaporation is highly reliant on their interactions between feed components and the
surface of the confined space [316]. As such, additives with desirable physiochemical properties have
been adopted in pervaporation membranes [317-320]. A typical example is the enhanced separation
performance of COF-300 in COF-300-PDMS membrane [320]. This increase is attributed to the
introduction of active hydrogen bonding sites (from amino and aldehyde groups) within the membrane,
which selectively restrict water diffusion by increasing mass transfer resistance. Moreover, the high
adsorption capacity and n-w interactions between COF-300 and aromatic compounds promote organic
permeation. As a result, the 8 wt% COF-300/PDMS MMM achieved a 14.1% increase in furfural
permeability and a 20% reduction in water permeability, leading to a 42.7% improvement in selectivity

for furfural.

Like the PV process, crystalline framework containing MMMSs have also been utilized in MD for the
desalination and removal of persistent contaminants, resulting in improvements of performance and
durability. For example, membranes modified with AlFu MOF have demonstrated significant
improvements in flux and wetting resistance, maintaining high salt rejection during desalination [321].
COF-based membranes, such as those incorporating COF-LZU]1 [322], have shown potential in treating
emerging organic contaminants via the membrane distillation process, offering better ibuprofen
rejection and stability under various operating conditions. COFs and MOFs offer high porosity, tuneable
pore sizes, and thermal stability in the membrane distillation process, preventing the polymeric matrix
from fouling and wetting. Therefore, the promising energy efficiency of the resulting membrane can be

expected.

The promising stability of some MOFs and COFs renders them ideal additives in organic solvent-based
separation [323-326]. Gyorgy Szekely and co-workers employed a multizoning method, realizing the

target incorporation of MOFs on the membrane surface. The fabricated membranes with zirconium-
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based MOFs (Zr-Bl-fcu-MOF) achieved acetone permeance of 7.07 L m™2 h™' bar™!, significantly
surpassing the 1.42 L m™ h™! bar! observed for MMMs fabricated via direct mixing, while maintaining
similar molecular weight cut-off (MWCO) values (~200 g mol™). This enhancement was attributed to
the high porosity and tailored pore apertures of the MOFs, which facilitated efficient solvent transport

while preventing the passage of larger solutes.

Table 2.4 COF/MOF based MMM s in liquid separation (The selected literature represents key studies i

dentified through a Web of Science search using keywords such as “MOF/COF MMM s for liquid s
eparaion”, “MOF/COF MMM s for nanofiltration separation”, “MOF/COF MMMs for desalinatio

n”, “MOF/COF MMM s for organic solvent separation” and “MOF/COF MMM in pervaporation”)

Loading  Polymer
Frameworks Application Permeance/flux  Selectivity Ref
(Wt%) matrix
CuBTC 3 PPSU NF 135Lm2h’! MWCO (dye) 898 [327]
Chemical oxygen
CuBTC 0.5 PES UF 121 Lm2h! [328]
demand 66%
Dextrose 90%
CuBTC 0.5 PVDF FO 58Lm2h’! Urea 90% [329]
N8.2CO3 90%
Methylene blue 97%
MOF-5 0.75 PES NF 77.1 Lm?h! [297]
Indigo carmine 89%
PV
MOF-801 4.8 CS 1.9 Kgm?h'! Separation factor 2156 [316]
(Ethanol/water)
MOF-C300 1 Pan UF 260 Lm?h'bar!  Dextran 97% [298]
MOF-Co 4 PSf UF 524 Lm*h'bar!  PEG (400KDa) 97% [299]
MIL-53(Al) 5 PVDF UF 44 Lm>h'bar!  BSA 80% [300]
MIL-101 0.2 PVDF UF 352 Lmh! BSA 86% [301]
Ui0o-66 0.5 PSf NF 225 Lm?h'bar!  As** 87.5% [302]
Ui0o-66 0.5 PSf NF 5 Lm?h! HA 97% [303]
UiO-66 0.2 CA/PVDF RO 6 Lmh! NaCl 90.2% [304]
ZIF-8 20 PDMS NFt 4 Lm?h! Congo red 87% [305]
ZIF-8 0.45 PMIA NF 1.4 Lmh! Congo red 98% [306]
ZIF-8 3 CA NF 135 Lm?h! Methylene blue 93%  [307]
ZIF-67 0.5 PSf NF 82 Lmh! BSA 96% [308]
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ZIF-8

ZIF-67

ZIF-L

ZIF-8

ZIF-91

MIL-53

ZIF-L

ZIF-8

ZIF-8

MOF-5

AlFu MOF
AlFu MOF
CuBTC
ZIF-8

UiO-66-NH;

CuBTC

Cu-TCPP

MIL-47

MIL-53 (Al)
t-Cu-TCPP
Zr-Bl-feu-MOF

Zn-TCPP

0.5

0.5

30

10

20

40

30

10

40

0.8

20

1.5

20

0.5

1.5

1.5

PVDF

PVDF

PDMS

PDMS

PDMS

PDMS

PDMS

PDMS

PDMS

PVC

PVDF

PVA

PVDF

POTS

PVDF

PDMS

PI

PDMS

PMIA

PI

PBI

PI

PV(Methanol/wa

ter)

PV(Methanol/wa

ter)

PV (Ethanol
recovery)
PV (Ethanol
recovery)
PV (Ethanol

recovery)

PV (Ethanol

recovery)

PV (Butanol

recovery)

PV (Butanol

recovery)

PV (Butanol

recovery)

PV (Toluene

recovery)
DCMD
DCMD
DCMD
DCMD
DCMD

OSN

(Isopropanol)

OSN (Ethanol)

OSN

(Isopropanol)

380 Kgmh'!

425 Kgm?h!

0.6 Kgm?h'!

1.8 Kgm?h'!

0.8 Kgmh!

5.5 Kgm?h'!

0.4 Kgmh!

1.1 Kgm?h'!

4.8 Kgm~h'!

23 Kgm2h'!

12 Kgmh'!
45 Kgm2h'!
13.2 Kgm?h'!
10.7 Kgm?h'!

21.3 Kgm?h'!

0.8 Lm?h'bar’!

1 Lm*h'bar!

0.6 Lmh"'bar!

OSN (Methanol) 3 Lm~h'bar!

OSN (Ethanol)
OSN (Toluene)

OSN (Ethanol) 2.8 Lm2h'bar!

1.8 Lm>?h'bar’!

7 Lm?h"'bar’!

1.6 (Water/methanol)

2 (Water/methanol)

Separation factor 14

Separation factor 12

Separation factor 15

Separation factor 11

Separation factor 58

Separation factor 21

Separation factor 82

Separation factor 10

NaCl 99.9%
NaCl 99.9%
PFAS 80%

NaCl 99.9%

NaCl 99.9%

Rose bengal 93%

Brilliant blue R 96%

Rose bengal 95%

nitroso R salt 94%
Brilliant blue R 93%
Methyl orange 99%

Brilliant blue R 95%
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ZIF-8

ZIF-8

COF-300

COF—-SO*~

COF-LZU1

COOH-COF

TamDbta
TaPa-2
TbBd
TpEB
SNW

COF-LZU1

10

10

20

12

0.8

0.8

PI

PI

PDMS

PDMS

PES

PVDF

PAN

CA

PSf

PVDF

PAN

PES

PVDF

OSN

(Isopropanol)

OSN (Ethanol)

OSN
(Isopropanol)

PV

(Furfural/water)

NF

UF

UF

NF

UF

NF

UF

NF

DCMD

2.1 Lm?h'bar’!

43 Lm?h'bar!

0.8 Lm2h'bar’!

2.1 Kgm?h'!

200 Lm>h'bar!

940 Lm?h'bar!

40 Lm2h!
200 Lm~2h’!

123 Lmh’!

380 Lm?h'bar™

116 Lm2h’!

56 Lmh!

Congo red 95%

Congo red 94%

Rose bengal 90%

Separation factor 40

Uranium 92 %
Rhodamine blue 90%
Direct Red 80 99%
Congo red 99%
BSA 82 %
v-globulin 99 %
Phenol 90%

HA 92%

Pb2p 92%

BSA 93%

Reactive green 97%

Ibuprofen 100%
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2.5.1.4 Remaining challenges and potential solutions

For MOF-based MMM, a primary issue lies in achieving seamless integration between the MOF fillers

and the polymer matrix. Poor compatibility often results in filler aggregation and interfacial voids,

which can compromise the mechanical strength and selectivity of the membrane. The inherent

hydrolytic instability of certain MOFs and COFs further restricts their applicability, especially in water-

based separations and harsh chemical environments.

Additionally, most reported MMM s are fabricated by directly blending fillers into a polymer solution.

This approach often limits the effective utilization of the fillers' porous structures, as they are uniformly

distributed throughout the membrane's cross-section. As a result, the majority of MOF or COF particles

are embedded within the bulk of the membrane rather than concentrated on its surface. Since the

separation performance of MMMs is predominantly governed by the properties of the top layer, the

embedded MOF nanoparticles contribute minimally to the overall separation efficiency.

To mitigate these issues, various strategies can be utilized, including post functionalization with
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hydrophilic or polymer-compatible groups, pre-modifications to increase stability, the introduction of
other binders, and the use of novel synthetic routes. Post-synthetic modifications targeting metal centers
or organic linkers have demonstrated efficacy in enhancing the chemical robustness of MOFs in
MMMs, while offering superior chemical and thermal stability because their covalent frameworks

present unique challenges.

In general, COFs are better nanofillers in polymeric matrices because of their good compatibility.
However, the inherently brittle nature of COF powders and their tendency to form aggregation-prone
structures complicate their processing into defect-free membranes. Ensuring uniform dispersion and
strong interfacial adhesion with the polymer matrix is critical but challenging. Advances in
functionalizing COFs with specific chemical groups, such as imine, hydroxyl, or carboxyl moieties, can
be potential solutions for addressing these limitations to improve compatibility and minimize
aggregation [280]. Leveraging the inherent modularity of COFs to design hybrid systems combine
COFs can expand the functional and structural versatility of MMMs.

Advanced fabrication techniques can also offer additional pathways to create membranes with fewer
defects and improved performance. MOF- and COF-based MMMs rely on a deeper understanding of
filler-polymer interactions, enhanced functionalization strategies, and the adoption of innovative
fabrication techniques [275]. The most promising approach involves the in-situ synthesis of nanofillers
directly within the solvent used to dissolve the polymer matrix, which is promising to mitigate void
formation and preventing aggregation [315]. By addressing these core challenges, unlocking the full

potential of MMM s for a wide range of liquid separations would be possible.
2.5.2 Other framework-contained composite membranes

Composite membranes that integrate MOFs or COFs with other state-of-the-art materials, particularly

2D material, have also garnered significant attention in the field of separation.
2.5.2.1 Framework-graphene oxide (GO) composite membrane

GO, a prominent oxidized derivative of graphene, has significant potential for various membrane
separation processes, including nanofiltration, forward osmosis, and pervaporation [339]. A single GO
nanosheet is characterized by the coexistence of sp* domains functionalized with oxygen-containing
groups and sp? regions derived from graphene [340, 341]. The self-assembly of GO nanosheets occurs
by stacking, resulting in the formation of GO membrane structures. Theoretically, the abundant
functional groups distributed on the lamellar planes and edges of the nanolayers confer high
hydrophilicity, facilitating the preferential adsorption of water molecules [342, 343]. These oxygen-
containing functionalities readily hydrate, imparting negative charges that induce strong electrostatic

repulsion between adjacent layers. This repulsion can increase the interlayer spacing, compromise
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selectivity, and even lead to delamination of the GO membrane [344]. To address these challenges, the
development of GO-based composite membranes through intercalation with MOFs or COFs has been

proposed as a promising strategy.

Two primary fabrication methods have been developed for MOF/GO and COF/GO composite
membranes: pressure-assisted self-assembly (PASA) and in-situ growth (Figure 2.14). The PASA
technique, introduced by Ying et al. [345], involves the initial synthesis of crystalline frameworks and
GO with desirable properties, followed by pressure-assisted filtration to form compact structures. This
method is noted for its simplicity and the precise control it offers over the dimensions of the
MOFs/COFs within the composite (Figure 2.14 a). For example, CuBDC nanosheets co-assembled with
GO have been used to fabricate 2D membranes with high-aspect ratios, achieving effective molecular
sieving for H: purification from CO: due to kinetic effects. The PASA approach has also been extended
to a variety of MOFs, such as Al-, Cu-, Zn-, and Ni-based frameworks [345-348], as well as COFs such
as TAPB-BTCA and TFP-PDA [349, 350], showing notable improvements in both gas and liquid
separations. However, although the potential for the formation of -x stacking and coordination between
the MOF and GO has been reported [351], it is still widely accepted that there is only a physical
combination of frameworks and GO nanosheet in physically assembled composite membrane,

discounting the structural integrity of composite membrane under harsh conditions.

a
s GO Composite membrane
@ MOF/COF
PASA
b
In-situ growth mechanism
1. C-O-Zr interaction [}
1y 2. Cation-n interaction | 2
GO Nanosheet ’ : 2
Cation I iﬂ.]‘t'l[l ‘ e
ZrOCl1,-8H,0 C,H,0, S o
i
s e
S PDMS , —_—
- ‘\'QY" ; PRFL N " e
- - 2 - - - - - -
q Pt # S e
Assembled B Spin-coated ity
MOF-801@GO Nanosheet MOF-801@GO Membrane MOF-801@GO-PDMS Membrane

Figure 2.14 Fabrication of the framework-GO composite membrane. (a) Composite membrane
prepared via the PASA method. (b) Composite membrane fabricated via the in-situ growth method

[352].
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The in-situ growth method has emerged as a promising approach for fabricating MOF/GO and COF/GO
composite membranes because of its ability to establish strong chemical coordination between MOFs
or COFs and the oxygen-containing functional groups of GO. This method ensures uniform integration
of MOFs or COFs within the GO matrix, leveraging their inherent porosity and structural tunability
[353]. Fabrication involves the fabrication of GO membranes, mostly via vacuum coating, followed by
growth through MOF or COF through a one-step or a seeding-growth technique to form well-integrated
composite membranes. The resulting composite membranes exhibit enhanced structural stability
because the coordination bonds mitigate swelling and improve the interlayer interaction of GO. Beyond
stability, the synergistic interaction between MOFs/COFs and GO introduces new functionalities, such
as improved molecular sieving and selective permeability, making these membranes highly effective

for separation applications.

A detailed example of the benefits of in-situ growth can be seen in work involving ZIF-8 nanocrystals
grown on porous GO membranes [354]. The ZIF-8 crystals were precisely localized to patch
microdefects in the oxygen-containing groups of the GO nanosheets. The robust interaction between
the oxygen-based functional groups of GO and the ZIF-8 precursor ensured the membrane's stability
under prolonged operational conditions, marking a substantial advance in water treatment and industrial
applications. Additionally, this targeted coordination allowed for reduced interlayer spacing variability
and maintained water permeance. The resulting membrane achieved significant improvements in solute

rejection performance without compromising flux.

In addition to stabilizing the GO structure, the integration of MOFs or COFs can significantly enhance
permeance by introducing additional mass transport channels through their intrinsic pores and
increasing the number of effective transport pathways within the GO matrix. For example, MOF-801
nanoparticles were intercalated within GO layers, creating intrinsic pores that facilitated water transport
(Figure 2.14 b) [352]. A similar enhancement was observed in COF/GO membranes, where vertically
grown COF nanosheets expanded the interlayer spacing to 42.2 nm, resulting in a 157-fold increase in
permeance [355]. These examples highlight how crystalline frameworks effectively complement the

transport and sieving properties of GO.

Owing to the comprehensive enhancement of membrane stability, permeability and selectivity after
combining frameworks with GO, other advanced techniques such as hot pressing and crystalline
substrate integration, have also been developed [356]. A hot-pressed COF-GO membrane exhibited
excellent structural integrity and performance in nanofiltration, combining high flux and dye rejection
efficiency. Similarly, sandwich structures using crystalline substrates stabilized COF-GO composites,
addressing challenges such as chlorine tolerance and fouling resistance. These innovations underscore
the growing interest in the use of crystalline and interlocked structures to further expand the applications

of MOF/COF-GO membranes in challenging environments.

69



Chapter 2

2.5.2.2 Framework-MXene composite membrane

MXene, a family of two-dimensional materials composed of transition metal carbides, nitrides, or
carbonitrides, offers exceptional potential in membrane separation due to their unique attributes [357].
These include atomic-level thickness, high aspect ratio, adjustable interlayer spacing, and abundant
surface functional groups, which together enable efficient molecular sieving and selectivity [358].
Despite these advantages, MXene membranes face two major obstacles that hinder their practical
applications. First, their permeance is often low because of the densely stacked structure of the MXene
nanosheets, which restricts the formation of efficient mass transport channels. Second, the membranes
exhibit poor stability, as they are prone to swelling, oxidation, and delamination, particularly in aqueous
or oxidative environments [359]. These challenges necessitate innovative strategies, such as the
incorporation of functional frameworks such as MOFs and COFs, to increase both the permeability and
structural robustness of MXene-based membranes. These hybrid designs aim to leverage the distinct
advantages of MOFs and COFs, such as their intrinsic porosity and tuneable chemistry, to complement

and stabilize the MXene structure.

The fabrication of MXene-based composite membranes with MOFs or COFs typically involves strategies
designed to ensure robust interactions and uniform dispersion. A common approach includes in-situ
growth or electrostatic self-assembly, where frameworks are introduced to modify the MXene surface or
intercalate between layers. For example, a TisC,Tx/TpTAPB membrane with an adjusted ratio is created
by covalently bridging MXene with a COF followed by a vacuum filtration method, resulting in a hybrid
material with a border interlayer space. This structure significantly enhanced water permeance, reaching
300 Lmh 'bar ! and dye rejection capabilities while maintaining stability over long-term nanofiltration
test [360]. In another instance, ZIF-8 is integrated into MXenes to enhance oil/water separation. The
resulting membrane achieves a significant improvement in water flux, surpassing 5000 Lmh'bar™', and
demonstrates excellent selectivity, with oil rejection rates exceeding 98%. This design addresses key
challenges such as fouling and poor hydrophilicity by introducing larger transport channels and
hydrophilic functional groups [361]. These examples underscore the potential of MOF and COF
integration to transform MXene membranes into high-performance materials suitable for challenging

separation tasks.
2.5.2.3 MOF-COF, MOF-MOF, COF-COF composite membranes

The complementary chemistries of MOFs and COFs provide an exciting avenue for the development of
MOF-COF composite materials, offering a combination of desirable features and innovative
functionalities. This is because although MOFs have high crystallinity and exceptional surface areas,
they often suffer from poor stability in aqueous or acidic environments. COFs exhibit lower crystallinity

and mass density but generally possess superior chemical and thermal stability [362]. Fortunately, the
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versatile chemistry of both MOFs and COFs provides a viable opportunity for designing and

manipulating innovative COF-MOF composites with many features and novel functionalities.

The integration of MOFs and COFs can be achieved through two main approaches: growing a MOF onto
a COF (MOF-on-COF) or growing a COF onto a MOF (COF-on-MOF). The unit cell dimensions of
MOFs, typically within the nanometer range (e.g., ZIF-8 and ZIF-67 with cubic cell parameters of
approximately 1.7 nm), are comparable to the pore sizes of COFs [140, 363]. This structural compatibility
allows COF pores to accommodate MOF units in configurations such as cages or chains. The MOF-on-
COF strategy is particularly promising for creating porous structures with well-defined hierarchical
channels, which are expected to deliver both high molecular sieving performance and enhanced mass
transport efficiency. MOFs and COFs can be reinforced by strong covalent bonds formed through
chemical reactions such as Schiff base condensation between aldehyde and amine groups, amino-
carboxyl group condensation, or irreversible enol-to-keto tautomerization [364, 365]. Additionally,
hybrid MOF-COF frameworks can also be stabilized by weaker interactions, including coordination

bonds, hydrogen bonding, and n—r stacking [366, 367].

Fu et al. developed continuous and uniform [COF-300]-[ZIF-8] and [COF-300]-[Zn2(BDC)(DABCO)]
composite membranes by leveraging hydrogen-bonding interactions between terephthalic acid and imide
groups in COF-300, as well as coordination interactions with Zn?*" ions [368]. Similarly, defect-free
composite membranes of [COF-300]-[UiO-66] and [H.P-DHPh COF]-[UiO-66] were fabricated on
COF-300 surfaces via strong ligation between Zr** ions in UiO-66 and amine groups in the COF layer
[369, 370]. Pu et al. further advanced this strategy by designing negatively charged TpPa-SOsH COF
nanosheets as a porous support for secondary growth, facilitating the formation of ultrathin and uniform

ZIF-8, ZIF-67, and UiO-66 layers through robust electrostatic interactions with MOF precursors [371].

A MOF-on-COF composite membrane has also demonstrated potential in nanofiltration for removing
organic pollutants from water. This was achieved by confining the growth of ZIF-8 on TaPa-1 nanofibers
fabricated by electrospinning. These flexible nanofibers, which serve as porous supports, offer a unique
alternative to conventional substrates such as inorganic discs, metal meshes, and polymer membranes.
Additionally, their intrinsic nanoscale pores enhance the permeability and selectivity for organic dyes.
The resulting composite membrane exhibited outstanding performance, achieving a pure water
permeance of 29.3 L m™= h™! bar! and a methylene blue rejection rate of 96%. This innovative design
highlights the synergistic benefits of combining the precise molecular sieving capabilities of MOFs with

the flexibility and stability of COFs [372].

The development of MOF-MOF and COF-COF hybrid membranes has broadened the scope of advanced
separation materials, complementing the progress in MOF-COF composites. MOF-MOF membranes

address challenges such as noncrystalline pores while enabling hierarchical structures and the
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diversification of MOF-based membranes [373, 374]. Two key approaches for constructing MOF-MOF
hybrids include epitaxial growth, where well-matched lattice parameters facilitate the seamless growth
of one MOF on another, and postsynthetic modification, which involves altering the metal nodes or
linkers of the initial MOF to incorporate secondary MOFs [375]. For example, functionalizing the surface
of a preformed MOF can anchor metal ions from a secondary MOF, reducing energy barriers and
promoting growth [376]. The UiO-66-(COOH)/UiO-66-NH> membrane exemplifies this strategy,
achieving excellent Mg?*/Li* separation by combining the advantages of dual functional groups and
porous architectures [373]. Similarly, the double-layered UiO-66-NH2@ZIF-8 membrane provides
multidimensional pores, enhancing water flux (36.7 L m h! bar™') while maintaining dye rejection rates

above 97% [374].

Although less explored, COF-COF membranes show significant potential in liquid separation
applications. A notable example is a 3D-/2D-COF composite membrane formed by in-situ growth of
COF-300 on COF/LZU1, resulting in a heterogeneous crystalline structure with a pore size distribution
centered at ~0.63 nm. This membrane achieved superior nanofiltration performance, with molecular
weight cutoffs (MWCOs) of ~350 and ~400 g mol™ in water and ethanol, respectively, and solvent
permeances of 21.2 and 12.2 L m™ h™' bar'. Furthermore, its remarkable robustness under high
transmembrane pressures, acid and alkali resistance, and prolonged operation for over 650 hours
highlights the potential of COF-COF membranes [377]. Despite being in the early stages of development,
COF-COF composites hold promises for fabricating highly stable membranes tailored for challenging

liquid separation processes.

Table 2.5 Composite membranes constructed from MOF/COF with 2D materials for liquid separation
(The selected literature represents key studies identified through a Web of Science search using k
eywords such as “MOF/GO composite membrane for liquid separaion”, “COF/GO composite me
mbrane for liquid separation”, “MOF/MXene membrane for liquid separation”, “COFs composite

membrane for liquid separation” and “MOFs compositemembranes for liquid separation”)

Membranes Fabrication Support  Applicati  Permeance/Flux Selectivity Ref.
method on
Al-MOF/GO PASA Nylon NF 51.6 Lm2h 'bar! Congored 100%  [378]
Cu-TCPP/GO PASA Nylon NF 165 Lmh™'bar™! Congo red 99% [353]
Rhodamine B
95%
Direct red 96%
NaxS04 25%
Co/Ni-MOF/GO ~ PASA CA NF 56.9 Lm h 'bar™! Methylene blue [379]
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100%

Methyl orange
99%

Cu-BTC/GO PASA PVDF NF 155 Lm~h"'bar!  Cs"/Th*" 305 [380]
Cs"/UO2*" 40
Zn-BTC/GO PASA PVDF NF 1.4 Lmh 'bar™! Cs'/Th*" 341 [380]

Cs*/UO>*" 105

Cs*/Sc** 38

Ni-BTC/GO PASA PVDF NF 1 Lm?h 'bar™! Cs'/Th*" 527 [380]
Sr?*/Th* 50
Ce*'/Th* 38

ZIF-8/GO PASA PSf NF 16.4 Lmh 'bar™! NaxSO04 86% [381]

454 Lm*h'bar!  Congo red 99%

MOF-303/GO PASA Alumina PV 3.2 Kgm?h'! Separation actor [346]
(ethanol 320
dehydrati
on)
Sm-MOF/GO In-suit / NF 26 Lm?h 'bar™! Rhodamine B [382]
growth 91%
Methylene blue
91%
ZIF-8/GO In-suit Tubular  OSN 6 Lmh 'bar™! Dye 99% [383]
growth ceramic
ZIF-8/GO In-situ Alumina NF 4 Lm~*h'bar™! Methyl orange [354]
growth 86%
Crystal violet
85%
Ui0-66/GO PASA PAN PV 4 Kgm2h™! Separation factor  [345]
(Ethanol 6,076
dehydrati
on)
UiO-66/rGO PASA PC 15 Lm~h 'bar™! Rhodamine B [384]
85%
MIL-404/GO PASA PC NF 15 Lm~h'bar™! Methylene blue [385]
95%
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UiO-66/rGO PASA PC NF 15 Lm?h 'bar! / [385]
MOF-801/GO In-situ PVDF DCMD 29 Kgm~2h™! NaCl 100% [352]
growth +
PASA
MOF- In-situ PVDF NF 17 Lm%h 'bar! Na;S04 99% [386]
101(Al)/MXene growth MgSO0; 97%
MgCl, 85%
NaCl 83%
ZIF-8/MXene Vaccum CA UF 4000 Lm*h! Oil rejection 97%  [361]
filtration
MIL- Vaccum PAN UF 1075 Lm?h! Oil rejection 99%  [387]
53(Fe)/MXene filtration
COF-1/GO PASA PAN NF 310Lm2h'MPa™!  Methylene blue [388]
99%
Congo red 99%
Reactive black
99%
Direct red 99%
TFB-PDA/GO PASA Nylon OSN Ethanol Methylene blue [350]
51 Lm?h 'bar™! 99%
Methanol Congo red 100%
60 Lm2h 'bar!
CTF/GO PASA PC NF 226 Lm?h 'bar™! Chrome black T  [389]
99%, Congo red
93%

Methyl blue 93%

Alcian black 93%
COF/GOx In-situ Filtration UF 26,000 Lm~ DCM/Water [390]
growth + paper 'h™! bar™! separation
spray efficiency 98.3%
coating
v-COF/GO In-situ MCE UF 12100 001765 Oil rejection [355]
growth + Lm?h 'bar™! 100%
PASA
COF-TaPa/GO PASA+Hot  Nylon NF 167 Lmh 'bar™! Crystal violet [356]
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TpPa-
SO;H/MXene

TpPa/MXene

COF-LZU-
1/MXene

3D-S-
COF/MXene

TpBD/MXene

UiO-66/ZIF-8

UiO-66-
(COOH)/UiO-
66-NH

TaPa-1/ZIF-67

pressing

Vacuum PES

filtration

Vacuum PES

filtration

Vacuum PVDF

filtration

Interficial Nylon
polymerizati
ont+vacuum

coating

Vacuum PES

filtration

In-situ PVDF

growth

In-situ Alumina

growth

Interficial /

NF

OSN

UF

UF

UF

NF

NF

NF

376 Lm?h 'bar™!

300 Lm?h 'bar™

450 Lm2h'bar™

240 Lm?h"'bar™!

4093 Lm~*h 'bar™!

37.6 Lm*h 'bar™!

109 Lm 2h 'bar™!
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98%

Methylene blue
97%

Acid chrome blue

K 68%
MgCL 9%
NaCl 3%

Methyl orange [391]
43%

Basic fuchsin

67%

Methyl blue 96%

Congo red 98% [360]
Methyl blue 96%

Methyl orange
97%

Oil rejection 99%  [392]

Oil rejection 98%  [393]

Oil rejection [394]
100%

Direct red 100% [374]

Acid orange

100%

Methyl orange
99%

Methylene blue
97%

Mg?*/Li* selectiv  [373]
ity 6.7

Methyl blue 97%  [368]
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polymerizati
on + In-situ
growth
TaPa-1/ZIF-8 In-situ PAN NF 29.3 Lm ?h 'bar™! Methylene blue [372]
growth 96%
TaPa-1/ZIF-8 Interficial PVDF NF 58.1 Lm 2h 'bar’! Direct red 97% [395]
polymerizati Acid orange 99%
on + In-situ
Methyl orange
growth
100%
Methylene blue
100%
MATPA/Zr-MOF  In-situ PVDF UF 162 Lm%h 'bar™! 0Oil 100% [362]
growth +
Vacuum
filtration
COF-LZUI/COF- Vacuum PAN NF 21.2 Lm2h 'bar™! MWCO(dye) [377]
300 filtration + OSN 12.2 Lm2h~'bar! 350gmol !
in-situ (Ethanol) MWCO(dye)
growth 400gmol '

2.5.2.4 Summary and perspectives

MOF/COF composite membranes have shown remarkable potential in a wide range of separation
applications, leveraging the intrinsic chemical functionality and structural advantages of porous
frameworks while effectively mitigating intercrystalline defect-related issues. When integrated with
advanced 2D materials, such as GO and MXene, the resulting membranes benefit from enhanced
structural stability through strong interfacial interactions, while their porosity and functional properties
further contribute to improved separation performance. Despite these promising advancements, several
critical challenges remain: i) the long-term stability of interfacial coordination between the frameworks
and 2D nanosheets under operational conditions requires further investigation; ii) the precise and
targeted growth of MOF/COF structures on nanosheet microdefects or edges, which would fully
leverage their intrinsic properties, remains underexplored; and iii) the mechanisms driving the enhanced

separation performance of these composite membranes need to be comprehensively elucidated.

To address these issues, novel and innovative construction methods for composite membranes are
imperative to achieve precise structural control and reliable performance. For example, strategies
involving advanced in-situ growth techniques, electrochemical deposition, or tailored surface

functionalization could facilitate more uniform integration of MOFs/COFs with 2D nanosheets,
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minimizing defects and optimizing interface stability. Moreover, a broader exploration of the
application scope of GO-MOF/COF composite membranes is essential. Expanding their use beyond
traditional water purification could include areas such as organic solvent nanofiltration, pharmaceutical
separations via nanofiltration, and desalination via membrane distillation. Additionally, investigating
the performance of these hybrid membranes under harsh conditions, such as extreme pH, high pressures,
or oxidative environments, could unlock their potential for industrial-scale applications. Future research
should prioritize scalable and environmentally friendly fabrication methods, ensuring that these
advanced membranes can transition from the laboratory to practical implementation while maintaining

sustainability and cost-effectiveness.

The development of hybrid materials such as MOF-COF, MOF-MOF, and COF-COF remains in its
infancy, with significant potential yet to be realized. While current research highlights that these hybrid
materials generally outperform their single-component counterparts, their full capabilities remain
untapped. Several critical challenges must be addressed to advance the design and application of multi-
component crystalline frameworks. i) Constructing atomically precise structural models for these
hybrids is a major challenge. Although combining small and large pore frameworks has been reported
to increase both permeance and selectivity, the lack of detailed mechanistic explanations raises
questions, particularly since the current understanding suggests that large pores primarily dictate a
membrane’s MWCO. ii) The chemical design of hybrid membranes offers considerable potential.
Covalently linking robust COFs with MOFs could broaden the operational scope of membranes for
water and organic solvent separations. Furthermore, optimizing the functional groups within different
components for specific applications could unlock new performance capabilities. iii) In terms of
synthesis, methods for fabricating MOF-COF hybrids remain limited and require significant refinement.
Establishing a universal integration strategy that minimizes individual drawbacks while increasing the
strengths of each component is crucial for further progress. For example, creating strong conjugated
linkages, such as C=C or C=C bonds, could simultaneously enhance stability and crystallinity. In
addition to covalent bonding, exploring other interaction types, such as metal coordination, hydrogen
bonding, or physical interactions, could provide diverse pathways for constructing robust hybrid
frameworks. Advancing these approaches would enable the creation of multifunctional membranes with

superior properties, paving the way for broader applications in advanced separation technologies.

2.6 Conclusion

Crystalline frameworks have demonstrated significant potential in a wide range of liquid separations,
both as continuous framework membranes and as components in composite membranes. The
outstanding performance of these materials is attributed to their regularly porous structures and versatile

chemistry. Guided by reticular chemistry, the synthesis of pure crystalline frameworks and framework-
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based membranes has been extensively explored. However, challenges persist in the fabrication and

practical application of framework membranes for liquid separation.

The fabrication of continuous MOF membranes is primarily hindered by several challenges, including:
a) poor membrane integrity due to weak binding with the substrate, b) low nucleation density in
conventional solvothermal processes, ¢) non-selective defects caused by intercrystalline gaps, d)
blocked crystal openings resulting from insufficient orientation control, e) excessive membrane
thickness, and f) limited exploration of more stable MOF materials. Despite these challenges,
continuous MOF membranes have been widely applied in various liquid separation processes, such as
nanofiltration for the removal of pollutants from water or organic solvents, solvent/solvent separation
via pervaporation, and desalination. To explore advanced applications and extend their use to

commercial scales, addressing the aforementioned fabrication challenges systematically is essential.

The fabrication of continuous COF membranes faces significant challenges in achieving both structural
integrity and high crystallinity. Although most reported COF membranes are claimed to exhibit high
crystallinity, their permeance is often severely compromised by disordered stacking. Furthermore, the
relationship between membrane performance and theoretical pore size is frequently inconsistent,

suggesting that molecular sieving may not occur through the designed pores as intended.

Currently, incorporating COFs into a polymer matrix appears to be a more promising approach for
scalable applications owing to their intrinsic organic nature and enhanced chemical compatibility with
polymers. However, the inherently brittle nature of COF powders and their tendency to form
aggregation-prone structures complicate their homogeneous incorporation into the polymer matrix.
Ensuring uniform dispersion and strong interfacial adhesion with the polymer matrix is critical yet
challenging. Pairing COFs with suitable polymeric matrices by leveraging their chemical compatibility
is essential to optimize the integrity and performance of the resulting membrane. Additionally, advanced
mixing techniques and feasible membrane fabrication processes must be developed to address these

challenges.

Combining crystalline frameworks with advanced 2D materials, such as GO, MXene, and other 2D
frameworks, has shown potential in achieving enhanced stability and functionality. Despite this
progress, the long-term stability of the interfacial coordination between crystalline frameworks and 2D
nanosheets under operational conditions requires further investigation. Moreover, the fabrication of
composite membranes with precise structural control is necessary to fully leverage the intrinsic
properties of both components. A deeper understanding of the mass transport mechanisms within these
composite membranes also needs to be comprehensively elucidated to guide future developments in

this field.

With the aim of addressing the major concerns in the literature review section, key objectives in the
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author’s research presented in the following chapters are listed here:

» A defect-free MOF membrane with high structural integrity will be fabricated on a porous

support.

» The oriented growth of MOFs during membrane synthesis is expected to be achieved to

regulate permeation channels.

» The influence of the MOF orientation on the membrane permeance and selectivity will be

investigated.

» A feasible method for the homogeneous incorporation of COF nanosheets into a polymeric

matrix will be explored.

» A high-performance COF-incorporated MMM with high permeance and competitive

selectivity is expected to be developed.

» A 2D composite membrane will be constructed by confining the growth of the MOFs within
the 2D interlayers of GO.

»  The potential of stabilized GO/MOF composite membranes for membrane desalination will

be investigated.
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Chapter 3

Chapter 3: Experimental

3.1 Materials

The following chemicals were used without further purification: alumina oxide powder (Inframat
Advanced Materials, 99.99%, a-phase, 0.5~1um), hydrogen peroxide (H>O,, Merck, 30%), ammonium
hydroxide (NH4OH, 28-30%), ethanol (VWR, 99.5%), acetone (VWR, 99.5%) anhydrous N, N-
dimethylformamide (DMF, VWR, 99%), acetonitrile (CH3;CN, VWR, 99.9%), chloroform (CHClIs,
VWR, 99.9%), methanol (VWR, 98.5%), sodium chloride (NaCl, VWR, 98%). Sodium hydroxide
(NaOH, VWR, >98%) N-methyl-2-pyrrolidone (NMP, anhydrous 99.5%), and poly(methyl
methacrylate) (PMMA), Arlacel P135 (polyethyleneglycol 30-dipolyhydroxystearate) were used.

3.2 Preparation of The Alumina-based Substrate

3.2.1 Preparation of alumina hollow fibres (HFs)

The fabrication of alumina HFs was carried out using a phase-inversion process consisting of three main
steps [1]: solution preparation, spinning, and sintering. The suspension was prepared by dispersing
Al20s powder into NMP containing a dispersant. This mixture was homogenized using a ball mill for
48 hours. The PMMA pellets were subsequently added, and the mixture was further stirred on a roller

for an additional 48 hours. The detailed composition of the suspension is provided in Table 3.1.

To remove entrapped air, the prepared suspension was degassed in a sealed reservoir under continuous
stirring for 4 hours. It was then transferred into a 200 mL stainless-steel syringe (1/4-inch SWAGELOK,
Harvard) for extrusion. Moreover, the bore liquid, consisting of a 50/50 (v/v) ethanol-water mixture,
was loaded into two separate syringes. These syringes were connected to programmable syringe pumps
(PHD 2000, Harvard) to ensure a consistent injection rate for both fluids. The ceramic suspension and
bore liquids were simultaneously extruded through a custom-designed tube-in-orifice spinneret (OD/ID:
3 mm/1.2 mm) at injection rates of 7 mL min' and 13 mL min™', respectively. A coagulation bath filled

with DI water was positioned directly below the spinneret, maintaining a 4 cm air gap between them.

Table 3.1 Composition of the ceramic suspension

Compositions
Alumina powder (g) 140
NMP (g) 100
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Arlacel P135 (g) 1.5

PMMA 20

After drying and straiting overnight, the HFs were calcined in a programmable chamber furnace. The

sintering program is plotted below in Figure 3.1.

1500 4

1000 4

500 4

Temoerature (°C)

o 10 20 30 40
Time (h)
Figure 3.1 Sintering program for alumina HF

3.2.2 Preparation of alumina disc

Alumina discs were prepared for characterization, ensuring that the flat surface was suitable for analysis.
These discs were fabricated via the same suspension and sintering program as those employed for HF
fabrication. However, they were distinguished by being cast in a custom-designed mould that provided

a2.6 cm x 0.5 cm (diameter x height) cavity for shaping the casting solution.
3.3 Framework-based Membranes Preparation

3.3.1 Synthesis of MOF-303 and continuous MOF-303 membranes (Chapter 4)
3.3.1.1 Synthesis of MOF-303 powder

MOF-303 powder was collected after membrane fabrication through the precipitation of one-step
growth and secondary growth via the reactive seeding (RS) and dual seeding (DS) methods via
centrifugation. The collected powder was then washed with methanol three times and dried at 100 °C

for further characterization.
3.3.1.2 Synthesis of the MOF-303 membrane via a liquid contact in-situ growth method

Briefly, 145 mg of H;PDC and 67 mg of NaOH were dissolved in 27 mL of deionized water and
sonicated for 15 min. The metal solution was prepared by mixing 100 mg of AlCI3-6H,O in 3 mL of
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deionized water in a separate container. The ligand and the metal solutions were simultaneously added
to an autoclave with HFs, which were sealed and placed vertically inside. Gentle stirring was used to

obtain a homogenous solution. The synthesis proceeded at 100 °C for 48 hours.

3.3.1.3 Synthesis of the MOF-303 membrane by a secondary growth method with a vacuum

coating process for seeding

MOF-303 seeds prepared via the solvothermal method were dispersed in DI water via sonication at a
concentration of 1 mg mL™. The dispersed MOF-303 suspension was coated on the outer surface of
HFs using a vacuum filtration system. Two types of seeding layers with different thicknesses were
formed by coating times of 10 s and 60 s, respectively. To improve the attachment between the coated
seeding layer and the HF substrate, the mixture was kept under vacuum for 1 minute in air after the HFs
were removed from the coating suspension and then dried in a vacuum oven at 40 °C for 4 hours. The
secondary growth step of the vacuum-coated MOF-303 seeds was the same as that of the RS and DS

processes.
3.3.1.4 Synthesis of the MOF-303 membrane via a one-step hydrothermal method

145 mg of H;PDC, 200 mg of AlICI3;-6H,0, and 67 mg of NaOH were added to a Schott glass bottle
with 30 mL of deionized water. The glass bottle was ultrasonicated for 15 min before being transferred
to a Teflon-lined stainless-steel autoclave. Before the addition of solution, one HF was sealed at both
ends with PTFE tape and positioned vertically in a custom PTFE holder, exposing an effective area of
2.1 cm?. The synthesis process was carried out in an oven at 100 °C for 48 h. After cooling to room
temperature, the prepared samples were removed, washed with methanol three times and activated in a

vacuum oven at 100 °C overnight.
3.3.1.5 Synthesis of the MOF-303 membrane via the reactive seeding method

In the seeding step, 145 mg of H3PDC and 67 mg of NaOH were dissolved in 30 mL of deionized water
under ultrasonication for 15 minutes. The solution was transferred to an autoclave in which 1 piece of
PTFE-sealed a-alumina HF was placed vertically using a custom PTFE holder. After the solution was
added, the autoclave was promptly placed in a 100 °C oven for 2 hours. The seeded alumina HF was
washed with methanol three times and dried at 100 °C under vacuum to remove unreacted precursors.
The secondary growth procedure of the seeded support was performed similarly to the one-step growth
method.

3.3.1.6 Synthesis of the MOF-303 membrane via the dual seeding method

This method was similar to that of RS except that 100 mg of AlCI3-6H>O was added to the synthesis
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solution for the seeding process, and the solution for the secondary growth step was the same as that for

the one-step hydrothermal process.

3.3.1.7 Large-scale synthesis of MOF-303 membrane via DS method

The DS method was adapted for the large-scale synthesis of MOF-303 membranes with four 4 cm HF
membranes in a single autoclave, and two 8 cm HF membranes in a larger autoclave with 2.5 times the

volume.

3.3.2 Synthesis of PES/DABA-TFP loose nanofiltration membrane (Chapter 5)
3.3.2.1 Synthesis of DABA-TFP in a single solution-phase

DABA-TFP was synthesized following a single solution-phase methodology. Briefly, DABA and TFP
were each dissolved in DMSO with a concentration of 2 wt% per monomer solution. The TFP/DMSO
solution was subsequently added dropwise to the amino acid mixture at a stoichiometric ratio under
gentle stirring. A DABA-TFP colloid was formed after keeping the mixed solution stationary at room
temperature for 24 hours to complete the polymerization process. DABA-TFP nanosheets were then

obtained by dialyzing the diluted colloid in deionized water (DI water) for 3 days, followed by freeze
drying.

3.3.2.2 Preparation of pure PES solution

A pure PES solution was prepared by dissolving 20 wt% dried PES pellets in DMSO or DMSO/THF in
a rotator roller for 36 hours. The obtained solution was kept stationary at ambient temperature overnight

to remove air bubbles before casting.
3.3.2.3 Preparation of PES in-situ dissolving DABA-TFP solution (PES in-situ COF solution)

PES pellets at 20 wt% were dissolved in-situ in the as-synthesized DABA-TFP single-phase solution
with/without further addition of 4 wt% THF and degassed at room temperature overnight (Figures 5.1
and 5.3).

3.3.2.4 Physical blending of PES with the DABA-TFP solution (PES blend COF solution)

The freeze-dried DABA-TFP nanosheets (as mentioned in Section 3.3.2.1) were redispersed in DMSO
or DMSO/THF under sonication for 5 minutes. After that, PES pellets with a concentration of 20 wt%
were dissolved in the aforementioned DABA-TFP/DMSO colloid and degassed (Figure 5.1).

3.3.2.5 Membrane fabrication via the NIPS method
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The solution was cast onto a 6 mm glass plate using a 0.5 mm automatic blade at a speed of 2000 mm
min’!. The nascent film was subsequently immersed in a water bath at ambient temperature to initiate

phase inversion (Figure 5.2 a).
3.3.2.6 Membrane fabrication via the NIPS-CCD method

Casting was performed under identical conditions to those of the NIPS method but on a 1 mm aluminium
plate. The film was immediately immersed in a -7 °C ethanol/water coagulation bath (70/30, v/v %). In
this immersion step, NIPS-type phase inversion initiates at the S/NS interface (the top surface of the
membrane), and CCD-type freezing initiates at the solution/casting plate interface (the bottom surface of
the membrane). This simultaneous action resulted in the formation of a membrane characterized by both
NIPS and CCD features in a single step. After spending 1 min in an ethanol/water bath, the membrane

was transferred to a 0 °C ice water bath, where it remained overnight for solvent exchange (Figure 5.2
b).

3.3.2.7 Membrane fabrication via the NIPS-CCD Eva method

Following the same initial steps as those of the NIPS-CCD method, a solvent evaporation step was
introduced. This involved placing the nascent film in an 80 °C oven for 5 minutes before immersing in

the ethanol/water mixture and subsequently in a 0°C ice water bath for solvent exchange.

3.3.2.8 Membrane fabrication via the NIPS-CCD Eva THF method

In addition to the steps described for NIPS-CCD Eva, this method included blending 4 wt% (relative to
the total solvent weight) of THF as co-solvent with DMSO to increase evaporation. The membranes were
then processed using the same coagulation and solvent exchange steps as those in the NIPS-CCD Eva

method.

For all methods, the water used for solvent exchange was changed three times over the subsequent 60

hours.

3.3.3 Confined growth of 2D MOF nanosheets within porous graphene oxide membranes for

long-term stable desalination (Chapter 6)
Two types of PGO nanosheets are prepared: big-flake PGO (bPGO) and small-flake PGO (sPGO)

3.3.3.1 Preparation of bPGO nanosheets

bPGO nanosheets were synthesized as described in our previous work [2-4]. Briefly, 80 mg of graphene
oxide (GO), derived from graphite via a modified Hummer’s method, was dispersed in 20 mL of

deionized water under sonication. The resulting dispersion was gently stirred at 50 °C for 5 hours
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following the addition of NH4OH (2 mL) and H20: (2 mL). The bPGO nanosheets were then collected
by centrifugation at 12,000 rpm for 1 hour at 10 °C. To ensure the removal of residual reagents, the

collected bPGO was redispersed in deionized water and dialyzed for three days.
3.3.3.2 Preparation of sSPGO nanosheets

sPGO nanosheets were synthesized via ultrasonication (Fisher Scientific FB505, 500 W, 20 kHz) under
controlled conditions. The PGO dispersion was placed in double-wall glassware, with temperature
regulation maintained via a recirculating water chiller. The flake size was precisely tuned by optimizing
the sonication parameters, including duration, pulse mode, and amplitude, which were set at 2 hours,

03/01 (ON/OFF), and 30%, respectively.
3.3.3.3 PGO HF membrane fabrication

The PGO membranes were fabricated using a vacuum-assisted self-assembly. The alumina substrate,
with one end sealed by Araldite adhesive and the other connected to a vacuum pump, was immersed in
a PGO dispersion (0.0125 mg mL™"). The membrane thickness was controlled by varying the coating
time of 40, 80, and 120 seconds, yielding PGO40s, PGO80, and PGO120, respectively. After coating,

the membranes were dried in a vacuum oven at 40 °C for 3 hours.
3.3.3.4 CuBDC@PGO membrane fabrication

The CuBDC@PGO membrane was synthesized via in-situ growth of CuBDC nanosheets within the
laminar structure of the PGO membrane via a contra-diffusion method. The ligand and metal solutions
for CuBDC synthesis were prepared separately. The ligand solution was obtained by dissolving 0.36 g
of H.BDC in a mixture of 36 mL of DMF and 12 mL of acetonitrile under constant stirring. Similarly,
the metal solution was prepared by dissolving 0.36 g of Cu(NOs).:3H-0 in a mixture of 12 mL of DMF
and 36 mL of acetonitrile. For the CuDBC patch, the PGO membrane was immersed in the ligand
solution (15 mL for the 4 cm HF and 25 mL for the 13 cm HF), while the metal solution was injected
into the lumen of the HF. The system was left undisturbed for 24 hours to facilitate CuBDC
crystallization. Afterward, the resulting membrane was thoroughly washed in methanol (three cycles of

30 minutes each) and dried at 40 °C overnight.

3.4 Characterizations and Performance tests

3.4.1 Microstructure characterization

The morphology of membrane was examined by scanning electron microscopy (LEO Gemini 1525

FEGSEM) at an accelerating voltage of 5 kV. To achieve a better image, a conductive layer was sputter-
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coated before SEM characterization (40 nm Cr for membrane s in chapter 4, 15 nm gold for membrane

tested in chapter 5 and 6).

The flake size of nanosheets and surface roughness of the membranes were measured using atomic force

microscopy (AFM, MFP-3D, Oxford Instrument).
The flake size distribution was also evaluated via dynamic light scattering (Litesizer DLS, Anton Paar).

The surface area, pore size, and pore volume of MOFs were determined by N, sorption isotherms

measured at 77 K using a physisorption analyser (Micromeritics, 3 FLEX).

3.4.2 Chemistry characterization

The elemental distributions of carbon, nitrogen, sulfur, copper, and aluminum were detected via energy-

dispersive X-ray spectroscopy coupled with SEM (SEM-EDX, LEO 1525, Zeiss).

The crystalline structure of the MOF/COF powder and the crystal orientation of the membranes were
characterized via XRD (X Pert PRO, Cu Ko, Panalytical) at 20 values between 5° and 50° at 40 kV and
40 mA.

X-ray photoelectron spectroscopy (XPS, K-Alpha*, Thermo Scientific) was used to measure the surface

chemistry of the membranes.

The wettability of the membrane surface was assessed by recording the liquid contact behaviour via the
Ramé-hart Model 590 Advanced Automated Goniometer. For each trial, 5 pl of liquid was dispensed

onto the flat membrane surface.

The zeta potential was measured by an electrokinetic analyser (SurPasstm 3, AntonPaar) equipped with
a clamping cell (10 mmx20 mm). KOH (1 mM) was used as the electrolyte solution, and the

measurement was conducted in the pH range of 3~9.5.

The functional groups of membranes were detected via Fourier transform infrared (FTIR) spectroscopy

(Spectra 100, PerkinElmer) over 400~3600 nm at a resolution of 4 cm'.
The Raman characterization was conducted with a SENTERRA II instrument (Bruke).

3.4.3 Thermal property characterization

Thermal gravimetry analysis (TGA, TGA-8000, PerkinElmer) was conducted to evaluate the thermal
stability of the membrane in the temperature range between 50~1000 °C at a heating rate of 10 °C min

"in an N, atmosphere.

The thermal conductivity (K, W m™ K!) of the membranes was evaluated via the following equation

(3-1):
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K=DXpXC(, Equation (3-1)

Where D refers to the thermal diffusivity measured using a laser flash apparatus (LFA, NETZSCH)
over a temperature range from room temperature to 60 °C. The heating rate was 1°C per minute, and
three measurements were recorded every 10 minutes. p is the density of the samples, which is
determined based on their dimensions and weight. The specific heat capacity C;, was measured using a

Pyris-1 differential scanning calorimeter (DSC, PerkinElmer) according to the method described in the

ASTM E1269—11 standard.

3.4.4 Vapour sorption measurement (Chapter 4)

The water vapour and ethanol sorption properties of the MOF powder were measured via a DVS
advantage system. A small amount of the dried powder (8~10 mg) was loaded into the sample pan and
placed into a sample chamber. To conduct the analysis, vapours were introduced at P/Psat=90% at 60
°C using compressed air (200 mL min™) as a carrier gas. Sorption equilibrium was assumed to be

reached at each stage when the rate of mass change (dm dt') was less than 0.002%/min for 5 min.

3.4.5 Nanofiltration test by using dead-end system (Chapter 4)

The pure water permeance and dye rejection performance were investigated using a homemade dead-
end test filtration device. The MOF-303 HF membrane was mounted into a stainless-steel cylinder filled
with 80% deionized water. Under a constant pressure of 5 bar, pure water permeated from the membrane

was collected and weighed. The pure water permeance (J, LMH bar ') was calculated with the following

equation:
14 .
J= oo Equation (3-2)

where V is the permeate volume, t is the test time, P is the test pressure, and A refers to the effective

test area of the membrane.

Three neutral dye dispersions, including azobenzene, MR and PPh-IX, at a concentration of 20 ppm in
deionized water were utilized as feed to evaluate the nanofiltration performance of the membranes. To
avoid the effect of dye adsorption by the membranes on the rejection performance, all the samples were
immersed in the feed solution for 24 hours before the rejection test. After reaching static equilibrium,
the dye rejection test was conducted with the same dead-end test system. Permeants from the membrane
were collected after 1 hour of testing to avoid the influence of extra adsorption of the membrane under
pressure. The dye concentrations in the feed (Cp) and permeate (Cr) were tested via an ultraviolet—
visible (UV-Vis) spectrophotometer (Metller Toledo, UVS5), and the rejection (R) of dyes was

calculated using the following formula:

R= (1 - 2—”) x 100% Equation (3-3)
f
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To determine the concentration of dyes in the permeate, a calibration curve was prepared for each
individual dye. A series of dye dispersions with known concentrations (16 ppm, 12 ppm, 8 ppm, 4 ppm,
1 ppm and 0.5 ppm) were created, and the peak intensities were measured at the corresponding
wavelengths. The calibration curves correlating the dye concentration with the peak intensity were

subsequently used to calculate the dye concentration in the permeate.

3.4.6 Dehydration test by pervaporation

The ethanol and 1-butanol dehydration performances were evaluated via a custom-built pervaporation
apparatus. Before the HF membranes were immersed in the feed mixture, one end of the membrane was
connected to the vacuum pump, while the other end was sealed with epoxy. The feed mixture was heated
and maintained at 70 °C during the measurement. On the downstream side, a trap cooled with liquid
nitrogen was used to collect the permeated vapour. The collected permeate was analysed via gas

chromatography (GC). The separation factor () of component i was calculated using the following

equation:
By = yi(1-x) Equation (3-4)
VI xi(-y) 7

where x; and y; refer to the weight fractions of component i in the feed and permeate solutions,

respectively.

The flux J is calculated using equation (3-5):

J =

Aw
AtxA

Equation (3-5)

Where Aw is the weight gain in the permeate, At is the time interval and A is the effective membrane

arca.

The pervaporation separation index (PSI) was quoted to evaluate the comprehensive properties of the

membrane, which is calculated by equation (3-6):

PSI=]x(B—-1) Equation (3-6)

3.4.7 Surface free energy (Chapter 5)
The surface energy of membrane was calculated by using the van Oss—Chaudhury—Good (vOCG)

theory, which extends the classical Young’s equation to account for acid-base interactions in addition

to Lifshitz—van der Waals (dispersive) forces (equation 3-7) [5].

(1 + cosf) = 2( /Vs“” +yY v s vt Equation (3-7)

Where y; refers to the surface free energy (or surface tension), S and L are the solid/air and liquid/ air

boundary, respectively, and the superscript LW, + and — indicate, respectively to the apolar Lifshita-
van der Waals (non-polar), electron acceptor and, and electron donor contribute to surface energy. Three

components of surface energy (y&",yd and y5 ) of the membrane (yg) can be calculated by the
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measured contact angle value (CA), 6 of three liquid probes (water, glycerol and diidomethane) with
known surface tension components. The short-range polar contributions to the surface energy, y&2, is
calculated from the y¢ and y5 components by following equation (3-8):

1
vé® =2(vdys)? Equation (3-8)
Then, the total surface energy can be calculated by following equation (3-9):
Ys = yeW 4y 88 Equation (3-9)

The components of liquid probes have been provided as Table 3.2

Table 3.2 Surface energy components of liquid probes

Liquid Probe Y. (mJ m?) YEY (mJ m?) v (mJ m?) y&(mJ m?)
Water 72.8 21.8 25.5 25.5
Glycerol 64.0 34.0 3.92 3.92
Diiodomethane 50.8 49.5 0.0 0.0

The measured contact angle of different samples and the calculated surface energy components of each

membrane are tabulated in Table 5.3 and Table 5.4, respectively.

3.4.8 Mechanical property characterization (Chapter 5)

The mechanical strength of the membranes was tested according to the American Society for testing
and Materials (ASTM) D882 using a tensile testing machine, Lloyed EZ 50. Protocols applied to test

the mechanical strength can be found elsewhere [6].

3.4.9 Molecular weight cut-off (MWCO) (Chapter 5)

The molecular weight cut-off (MWCO) was determined by measuring the rejection of polyethylene
glycols (PEG) with a series of molecular weights (400, 600, 1000, 2000 and 6000 g mol') at a
concentration of 1 g L. The resultant rejection was collected and tested with high performance liquid
chromatography (HPLC) equipped with evaporative light-scatting detector (ELSD). The PEG rejection

can be calculated by following equation (3-3).

Then a log-normal model between PEG rejection and the Stokes radius of PEG (d,) was used to obtain
the pore size information of the tested membranes. The Stokes radius of the PEG solute can be

calculated based on its average molecular weight [7]:

d, = 33.46 x 10712 x MW 557 Equation(3 — 10)

Then the pore size distribution of the membrane can be predicated by following the following

probability density function:
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dR(d,) 1 : (Ind,, — In,)?
dd,  dynovzn TL 2(ng,)?

] Equation(3 — 11)

Where w,, is the mean Stokers pore radius, g;, indicates the geometric standard deviation defined as the

ratio of the radius at R = 84.13% over that at R = 50%.

3.4.10 Pure water permeance test with a crossflow system (Chapter 5)

The filtration performance of the membranes was evaluated via a crossflow filtration mode with a
constant feed pressure of 1 bar. Wet samples with an effective area of 21.24 ¢cm? were assembled in a
custom-made crossflow filtration cell. Pure water permeating through the membrane was weighed and
recorded with an RsWeight (WinCT) connected with a mass balance (A&D,). The PWP (P,,o, L m2h-

"bar!) of the membrane was calculated according to equation (3-12),
v

= m Equation (3 —12)

Jw
where Q is the volume of permeate (L), A is the effective area of the test membrane (m?), At refers to
the time difference (h), and p is the applied pressure. The PWP test was carried out continuously for

200 min until a stable value was obtained.

3.4.11 BSA fouling (Chapter 5)

The freshly prepared BSA solution (1 g L' in water) was used as feed after the pure water permeance
test and compacted with DI water at a trans-membrane pressure of 1 bar for 120 min. The concentrations
of the permeate and the retained solution in the feed tank were tested by using a UV-vis
spectrophotometer (NanodropTM 2000, Thermofisher Scientific, UK). After a continuous test with
BSA for every 45 minutes, the membrane was backwashed with DI water for 10 minutes before the
next DI water permeance cycle. The test was run for three cycles to monitor the BSA fouling
performance in this study. The flux recovery ratio (FRR), irreversible ratio (R;;-) and reversible ratio

(R,) were calculated using the following equations:

FRR = jﬂ x 100% Equation (3-13)
0 _ (Jwe=Iwt 0 ;

Rir (%) = (—]WC ) x 100% FEquation (3-14)
oY — (Jwt—Jbt 0 .

R, (%) = (—]Wc ) x 100% FEquation (3-15)

where J,,. refers to the PWP of membrane after compaction by DI water for a 120-min
ute test, J,,; is the PWP following three cycles of BSA fouling tests and hydraulic cleani

ng, J,: is the BSA permeance after the final cycle test.

3.4.12 Dye/salt separation (Chapter 5)
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To determine the dye/salt separation, three negatively charged dyes, Allura Red AC, Methyl Blue, and
Rose Bengal, were utilized in this study (Table 3.3).

Table 3.3 Dyes used in Chapter 5

Species MW (g/mol) Dimension (nm) Valence pH
Allura Red AC (AR) 496.4 1.6 x0.9x0.3 -2 8.9
Methyl Blue (MB) 799.8 24x13x0.5 -2 9.1
Rose Bengal (RB) 1017.6 1.2 x 1.1 x0.7 -2 8.7

Each dye was dissolved in 1 g L' MgSO4aqueous mixture to prepare a feed mixture containing 50 ppm

dye. The rejection of dye or salt, R (%), was calculated via equation (3-3).

3.4.13 Desalination performance test via reverse osmosis (Chapter 6)

The RO performance of all the samples was evaluated using a dead-end filtration system. The prepared
HF membrane was mounted within a stainless steel cylinder containing a 35 g L' NaCl aqueous
solution. The permeate was collected under an applied transmembrane pressure of 10 bar. The

permeance and rejection were calculated based on equations (3-2) and (3-3), respectively.

3.4.14 Desalination performance test via pervaporation (Chapter 6)

The PV performance of all the samples was evaluated using a custom-built setup in which a NaCl
solution (3.5 wt%) was used as the feed. The flux and rejection were calculated using equations (3-5)

and (3-3), respectively.

3.4.15 Desalination performance test via water carrier pervaporation (WCPV) (Chapter 6)

WCPYV was conducted using a laboratory-made setup with a 3.5 wt% NaCl solution as the feed stream.
The WCPV performance was assessed based on the change in weight and conductivity of the permeate

tank, and the flux and salt rejection were calculated by following equations (3-5) and (3-3), respectively.
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Chapter 4

Chapter 4: Facile Fabrication of MOF-303 Hollow Fibre Membranes with

Controlled Orientation for Nanofiltration

4.1 Abstract

Fabrication of continuous MOF membrane with designed orientation are poised to fully exploit its
advantages of extensive porosity, periodic network, and versatile chemistry in separation. However, the
preparation of defect-free and water-stable MOF membranes with high permselectivity and good
structural integrity remains challenging. Herein, we demonstrate a dual-source seeding (DS) approach
to produce high-performance, water-stable MOF-303 membranes with hollow fibre (HF) geometry and
preferentially tailored crystallographic orientation. By controlling the nucleation site density during
secondary growth, MOF-303 membranes with a crystallographic preferred orientation (CPO) on the
(011) plane were fabricated. The MOF-303 membrane with CPO on (011) provides straight one-
dimensional permeation channels with a superior water flux of 18 kg m? h' in pervaporative
water/ethanol separation, which is higher than that of most of the reported zeolite membranes and 1~2
orders of magnitude greater than that of previously reported MOF membranes. The straight water
permeation channels also offer a promising water permeance of 15 L m? h™' bar! and a molecular weight
cut-off (MWCO = 269) for dye nanofiltration. These results provide a concept for developing

ultrapermeable MOF membranes with good selectivity and structural integrity for pervaporation and

nanofiltration.
Secondary growth g
Al Al e
0/ \ / \ ¢ (e
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4.2 Introduction

The chemical stability of MOFs, dictated by their composition and structural framework, is a critical
factor for their application in liquid separation [1]. As detailed in Section 2.4, the design of stable MOFs
aligns with the principles of hard—soft acid—base (HSAB) theory [2]. According to this framework, MOFs
with high chemical stability can be synthesized by coordinating high-valence metal ions (e.g., Fe**, AI**,
Zr*") with carboxylate-type ligands or by pairing divalent metal ions (e.g., Zn**, Cu*, Ni**, Co*") with
soft azolate linkers (e.g., imidazolate, pyrazolate) [3, 4]. These coordination strategies are expected to
enhance the resilience of metal-linker interactions, thereby preventing their decomposition induced by
chemical attack. A wide range of water-stable MOFs has been reported, predominantly including ZIFs (-
7, -8, -67, -78), UiOs (-66), PCNs (-230, -229, -228, -777, -521), MILs (-100, -101, -808, -160, -163, -
121), and NUs (-1105, -1000) [5]. Despite ongoing efforts to develop water-stable MOFs, their
integration into continuous membranes has remained a significant challenge due to the limited
advancement in continuous MOF membrane fabrication techniques. Zr-based UiO-66 was the first MOF
membrane to demonstrate good water stability and separation performance in desalination [6] and dye

nanofiltration [7].

A recently reported Al-based MOF, i.e., MOF-303 [AI(OH)(PZDC), PZDC = 1H-pyrazole-3,5-
dicarboxylate], in which the strong metal-linker coordination between high-valent AI** and carboxylate
groups confers high structural stability. Additionally, the pyrazole groups in MOF-303 serve as functional
sites, providing high water sorption capacity and facilitating rapid water sorption—desorption cycles,
making it a promising candidate for water harvesting applications [8-11]. MOF-303 comprises one-
dimensional (1D) channels with a 0.6 nm pore size and hydrophilic characteristics due to the PZDC linker,
making it a suitable nanoporous material for developing high-performance water purification membranes
[12, 13]. Cong et al. [12] fabricated a MOF-303 membrane via in-situ growth of MOF-303 crystals on a
flat alumina disc, which showed good divalent ion rejection but very low water permeance (< 0.8 L m™
h! bar') because the membrane was prepared with a high thickness and random orientation of MOF
crystals. Lai et al. [13] used a seeding growth technique to prepare MOF-303 membranes with very high
water/ethanol selectivity, but the water flux ranged from 0.1~0.2 kg m? h™' because of the partially
amorphous structure of the crystals. While these studies demonstrate good water stability, the membranes

still suffer from low water permeance owing to their high thickness for patching intercrystalline defects.

A major challenge contributing to low permeance is the random orientation of MOF crystals, which
considerably undermines the intrinsic features of MOFs in three-dimensional (3D) structures. Controlling
the MOF crystal orientation is an effective way to fabricate MOF membranes with high permeance and
good size sieving performance [14]. Additionally, when fabricating MOF-based composite membranes,

the formation of interfacial defects between the MOF membrane and the substrate is another issue that is
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detrimental to selectivity. This is because, in general, neither the metal component nor the organic linker
provides a link to bond to the support surface, making the membranes structurally unstable. The reactive
seeding (RS) technique reported by Hu et al. [15, 16] is a facile secondary growth method in which an
alumina support can be used as a metal source to interact with a linker to form high-density MOF seeds,
which not only mitigates interfacial defects but also considerably minimizes the formation of
intercrystalline voids, thus improving MOF membrane selectivity. Therefore, to make high-performance
MOF membranes, a fabrication technique that can (i) minimize intercrystalline defects, (ii) improve the
interfacial compatibility between the MOF layer and substrate and (iii) control the orientation of MOF

permeation channels should be developed.

In this study, we propose a DS method to achieve the above goal in the preparation of high-performance
MOF-303 membranes on an alumina HF substrate. The alumina substrate acts as a metal source to react
with organic linkers to form seeds, which results in better interfacial interactions between MOF crystals
and the HF substrate. The second metal source provided by the synthesis solution allows the density of
seeds to be preferentially adjusted. The subsequent secondary growth of crystals with a tailored
orientation eliminates intercrystalline defects induced by random nucleation in the seeding step. By
tailoring the orientation of the MOF-303 crystals, an unprecedented water flux, i.e., up to two orders of
magnitude greater than that of previously reported MOF-based membranes with promising selectivity,
was achieved for the membrane with CPO on the (011) for ethanol dehydration and dye nanofiltration
applications. The crystal growth mechanism and orientation of the MOF-303 membranes were also
thoroughly investigated via X-ray diffraction (XRD) and scanning electron microscopy (SEM) analyses.
The proposed study provides a concept for developing ultrahigh water-permeable MOF membranes with

good selectivity and structural integrity for pervaporation and nanofiltration.

4.3 Material and Methods

4.3.1 Material and membrane fabrication

1H-pyrazole-3,5-dicarboxylic acid (H;PDC, >98%) and aluminum chloride hexahydrate (AICI3-6H-0,
>99%) were purchased from Thermal Scientific and used for the synthesis of MOF303 without further

purification. Details of other chemicals can be found in Section 3.1.

4.3.2 Preparation of alumina hollow fibre and disc as substrate

The alumina-based substrate was prepared following the methodology outlined in Section 3.2.

4.3.3 Synthesis of MOF-303 and MOF-303 membranes

MOF-303 was synthesized using a solvothermal method. The fabrication of MOF-303 membranes was

carried out through various approaches, including a liquid-contact in-situ growth, vacuum-coating
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seeding growth, a one-step hydrothermal method, a reactive seeding method, and a dual-seeding

method. A detailed description of the synthesis processes is provided in Section 3.3.1.

4.3.4 Characterizations and performance test

Characterizations conducted in this study include SEM, XRD, BET, contact angle measurements, and
TGA, with detailed descriptions provided in Section 3.4. Additionally, vapour sorption capacity,
nanofiltration performance, and dehydration performance were evaluated as described in Sections 3.3.4,

3.4.5, and 3.4.6, respectively.

4.4 Results and Discussion

4.4.1 Fabrication and characterization of MOF-303 HF membranes
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Figure 4.1 Schematic illustration of MOF-303 membranes synthesized by a DS method. The alumina

HF is placed vertically in an autoclave filled with a ligand solution containing NaOH and an
inadequate stoichiometric amount of aluminium chloride hexahydrate (AICl3-:6H,0). The ligand reacts
with the OH groups both on the surface of the alumina HF support and in the synthesis solution to
form the seed layer (seeding step), followed by a secondary growth for the final MOF-303

membranes named as DS membrane.

A DS approach illustrated schematically in Figure 4.1 was used to fabricate the MOF-303 HF membrane.
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In this method, metal sources from both the alumina HF substrate and the seeding solution, i.e., aluminum

chloride hexahydrate (AICI3-6H>0), contribute to the formation of seeds. The alumina octahedral

structure on the surface of the alumina HF substrate was first formed in an aqueous solution containing

NaOH at high temperature [17] and then coordinated with ligands (1H-pyrazole-3,5-dicarboxylic acid

[HsPDC]) in the reaction solution to generate MOF-303 seeds on the surface of the support [15, 18],

illustrated as the red dots in Figure 4.1. In the secondary growth step, the MOF-303 seeds further grew

to the final MOF-303 membrane, which was named the DS membrane.
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Figure 4.2 Schematic illustration of MOF-303 membranes synthesized by (a) RS and (b) in-situ growth

methods.

For comparison, MOF-303 membranes were also produced using conventional RS and one-step
hydrothermal methods (Figure 4.2). In RS method, the alumina HF is placed vertically in an autoclave
filled with ligand solution containing NaOH. The ligand reacts with the OH group on the surface alumina
HF support to form the seed layer (seeding step), followed by a secondary growth for the final MOF-303
membranes named RS membrane. The one-step method used the same set-up as those in RS and DS set-
up in the solution containing ligand, metal salt and NaOH in a stochiometric ratio to ensure instantly form

crystals.

Figure 4.3 SEM images of MOF-303 membranes fabricated by DS method. (a-f) SEM images of the
membrane after (a, b), seeding (the inset in b shows an enlarged view of the seeding layer covering
the alumina HF substrate). (c, d) 1-hour, and (e, f) 48-hour secondary growth. (a, c, e) are surface
images, and (b, d, f) are cross-sectional images of the membrane. The red circles in (c) display the
intercrystalline gaps. The red dotted lines in (b, d, and f) divide the cross-sections into the HF

substrate and MOF layer parts.
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The morphology and crystalline structure of the MOF-303 membranes prepared by a DS approach were
investigated using SEM and XRD, as shown in Figures 4.3 and 4.4. After the seeding step, the seeds
formed a thin layer almost fully covering the surface of the support, as shown in Figure 4.3 a, b. In the
DS method, seeds grow from the grain boundaries of the support, encapsulating the alumina particles and
ultimately forming the seeding layer. This distinctive growth pattern is illustrated in Figure 4.3 a, b, and
the inset in Figure 4.3 b. The metal sources provided by both the seeding solution and the alumina support
account for this growth pattern. The deficiency in the stoichiometric ratio of metal in the solution allows
for the participation of the metal source from the alumina support, facilitating the nucleation of the
alumina grains. Promoted by the ligand and metal source in the synthesis solution, the nuclei consistently
grow from the alumina grains towards the nutrient-rich side (i.e., the outer surface of the HF), leading to
the formation of seeds and establishing a strong interaction between the seeding layer and the support.
Simultaneously, the reaction between the metal source and ligand in the synthesis solution also

contributes to seed formation, thereby increasing the density of the seeding layer.

After 1 h of secondary growth, the seeding layer formed a MOF-303 membrane. However,
intercrystalline defects were observed on the surface of the membrane due to insufficient growth time
(highlighted with red circles in Figure 4.3 ¢, d). These intercrystalline defects disappeared after 48 hours
of secondary growth when a uniform membrane with a thickness of 2.6 pum formed (Figure 4.3 e, f),
signifying successful intergrowth of the crystals. Notably, the crystals produced using the DS approach
exhibited a preferred orientation, growing vertically from the substrate, particularly on the upper part of
the membrane (Figure 4.3 f). This observation aligns well with the XRD results presented in Figure 4.4
a. The random crystal orientation of the seeding layer was confirmed by the (011), (022), and (1-2-2)
peaks, with the (011) peak showing stronger intensity. During the 1-hour secondary growth, the (011)
and (022) peaks became increasingly stronger and sharper due to the growth of the crystals. In particular,
a peak corresponding to the (111) face appeared, suggesting that random crystal growth still occurred at
this stage, resulting in the random orientation of the crystals (Figures 4.3 d and 4.4 a, and b). With the
extension of the reaction time to 48 hours, the relative intensity of the (111) peak gradually decreased,

and that of CPOo11/111 increased from 3 to 11, indicating preferable growth along with (011) (Figure 4.4
c).
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Figure 4.4 XRD patterns and sketchy view of the cross-section of membrane fabricated by DS
method. (a) XRD patterns and corresponding CPO ratio of membrane, (b) sketchy view of the cross-
section of 1 hour growth, (c) sketchy view of the cross-section of 48-hour growth. Sketchy views
were obtained by processing the original SEM image in Photoshop to highlight the outline of the

crystals.

The crystal orientation in the DS membranes can be explained based on the evolutionary selection model
proposed by van der Drift. According to this model, all the seed crystals are expected to grow randomly
at the same face-dependent rate in the initial stage [19]. This stage continues until the seeds meet
neighboring crystals. Then, crystals with faster growth in the out-of-plane or nearly out-of-plane direction
ultimately overgrow other crystals, dominating the orientation of the top membrane layer. This theory
determines the crystal growth orientation if (i) the crystals follow an anisotropic growth pattern, (ii) all
the crystals in the seed layer grow simultaneously, and (iii) the seed layer contains competing crystals in
close contact. Given the anisotropic structure and high density of MOF-303 crystals in the seeding layer,
the evolutionary selection model perfectly explains the out-of-plane orientation (vertical alignment) of
the DS membrane. This is supported by the initial random orientation and the preferable orientation on

the top part of the membrane (Figures 4.3 and 4.4).

To further demonstrate the DS concept, the conventional RS approach (Figure 4.2 a) was employed to
fabricate the MOF-303 membrane for comparison. As shown in Figure 4.5 a, b, MOF-303 particles were

seeded at the grain boundaries and grew to fill the gaps between the grains. This phenomenon aligns with
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the theory that crystal growth is favoured on rough surfaces compared with smooth surfaces[20]. Since
no metal salt was added in the seeding step, it can be assumed that these particles (clusters) were formed
due to the reaction between the metal source from the alumina substrate and the H;PDC ligand. The
formation of multiedge clusters in Figure 4.5 a, b can be attributed to either the accumulation of small
crystal seeds in the rough corners of the surface or the formation of crystals due to the imperfect
stoichiometric ratio. Both cases are shown to induce twinning during the growth step [21, 22]. No
continuous membrane was formed after 1 h of secondary growth because the intergrowth of the crystals

was not complete (Figure 4.5 c, d).

1-2-2

% 48h growth

1h erowth

b,

Intensity (a.u.)

6 9 12 15 18 21
20 (Degree)
Growth Time CPO (1-2-2/011)
1h 15.7
48 h 7.0

Figure 4.5 SEM images and XRD patterns of MOF-303 membranes fabricated by RS method. (a-f)
SEM images of the membrane after (a, b) seeding (the inset in a is an enlarged view of a multiedge
cluster), (c, d) 1-hour, and (e, f) 48-hour secondary growth. (a, c, e) are surfaces, and (b, d, f) are
cross-sections of the membrane. The red dotted lines in b, d and f divide the cross-sections into

alumina substrate and MOF-303 membrane parts. (g) XRD patterns and CPO ratios of the membrane.

According to classic nucleation theory [23], subsequent growth from these seeds is favoured over the
formation of new crystals because of the lower nucleation barrier. After 48 hours of secondary growth, a
uniform RS membrane with well-intergrown crystals fully covering the substrate surface and a thickness
of approximately 3.5 um was formed, as shown in Figure 4.5 e, f. The RS membrane has a grass-like
morphology, originating from a single root (seed) on the alumina surface and extending in all directions
(Figure 4.5 d). These crystal clusters originate from stacked tiny seeds and extend from the support

surface until they meet their neighboring crystals, forming a continuous membrane containing twin
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crystals, as shown in Figure 4.5 f. Although the precise effect of crystal twinning on membrane properties
remains complex and depends on various factors, it can lead to pore obstruction [24]. The XRD patterns
of the samples after 1-hour and 48-hour secondary growth are shown in Figure 4.5 g, where the (011)
and (1-2-2) planes become dominant after 1 hour of secondary growth, with a stronger intensity for the
latter. By increasing the secondary growth time to 48 hours, the relative intensity of the (1-2-2) and (011)
reflections, CPO1.2-2011, decreased to less than half of its initial value, implying that the crystals tended to

grow in the (011) direction but that (1-2-2) was still the dominant growth direction of the RS membrane.

Considering the very low density of stacked metastable crystals in the RS seeding stage (Figure 4.5 a),
the Bons and Bons model [25] describes the “grass-like” morphology well. Rooted in scattered small
seeds, a divergent crystal structure emerged in all free directions during the secondary growth step (Figure
4.5 d) until it eventually met and connected with neighboring crystals to form the RS membrane, as shown
in Figure 4.5 f. The lateral growth is ultimately confined to neighboring crystals and gradually directed

toward the out-of-plane orientation, as verified by the decrease in CPO1.,2/011 from 15.7 to 7.

D11

022
1-2-2
111

Intensity (a.u.)

1h growth

8 10 12 14 16 18 20 22

20 (Degree)
Growth Time CPO(011/1-2-2)
1h 4.1
48h 3.9

Figure 4.6 SEM images and XRD patterns of MOF-303 membranes fabricated by conventional one-
step method. (a) XRD patterns and corresponding CPO ratio of membrane. The patterns match those
of MOF-303 powder. The SEM images of the membrane after (b, c) 1-hour synthesis and (d, e) 48-
hour synthesis. The red circles in e display the intercrystalline gaps and interfacial voids between the
substrate and MOF-303 layer. Red lines are to distinguish the MOF-303 layer from the alumina

substrate.

To further demonstrate the advantages of our DS approach, the MOF-303 HF membrane was also
fabricated using the conventional one-step method (Figure 4.2 b), and its SEM and XRD results are
presented in Figure 4.6. As shown in Figure 4.6 a, the most significant peak reflected by the (011) peak
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matches that of the MOF-303 powder (Figure 4.7 a). The CPO indices of the (1-2-2) to (011) reflections
(CPO12-2011) remained constant, implying that the crystal orientations were identical over the growth
time. Despite the formation of crystalline structures, intercrystalline defects were observed via SEM, as
shown in Figure 4.6 b-e, especially in the cross section, as highlighted by the red circles Figure 4.6 e. The
formation of these intercrystalline defects is likely due to inefficient heterogeneous nucleation on the

support during one-step hydrothermal growth.
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Figure 4.7 XRD patterns and BET analysis of MOF-303. (a) Simulated MOF-303 and the MOF-303
powder collected during the growth. (b) N, sorption isotherms of MOF-303 powder and (c)
corresponding pore size distribution. The MOF-303 crystals contain pores with the size of 0.6~0.8

nm.

Moreover, the membrane prepared by the in-situ growth process exhibited poor attachment with the
substrate. In the conventional one-step process, the metal consumption in the solution is expected to be
primary since it is sufficient and readily available for reactions, resulting in the instant formation of
crystals in the solution and on the surface of the support (Figure 4.6 b-e). This leads to a weak attachment
between the MOF layer and the support.

This theory is further validated by the liquid contact method (Figure 4.8 a), where the rapid reaction leads
to the formation of a membrane with an amorphous structure in the lower region and poor adhesion to
the substrate. This is attributed to the excessively fast nucleation and accumulation of MOF-303 in the

bulk solution, preventing attachment of crystals on alumina support.
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Figure 4.8 The schematic illustration of MOF-303 membranes synthesized by the liquid contact and
the secondary growth of vacuum-coated seeding layer method. (a) The liquid contact method where
the ligand with NaOH and metal salt dissolved separately before adding to the autoclave. (b) The
secondary growth of vacuum-coated seeding layer. The MOF-303 crystals were dispersed in water
and vacuum-coated onto HF substrate to form the seeding layer. The seeding layers were formed
after (b-1) 10 seconds coating, and (b-2) 60 seconds coating and finally form continuous membranes,

(b-3) and (b-4), respectively.

Moreover, a secondary growth method using vacuum-coated seeds was also utilized for the fabrication
of the MOF-303 membrane (Figure 4.8 b), achieving strong adhesion to the substrate but failing to obtain
oriented growth. Seeding layers with thicknesses of approximately 5.7 um and 21 um were obtained after
10 seconds and 60 seconds of coating, respectively. However, due to the random stacking of crystals and
the absence of chemical bonding between them, the seeding layers exhibited a highly loosely packed
structure. Following secondary growth, the membrane thickness increased slightly to 7 pm and 23 pm,
respectively, while the overall structure became denser. Although this densification is expected to
enhance selectivity, it may also result in reduced permeance due to the extended mass transport pathway

imposed by the significant membrane thickness.

4.4.2 Pervaporative alcohol dehydration performance

High water sorption capacity and rapid water adsorption and desorption rates are the key features of
water-stable MOF-303. These results indicate the preferential permeation of water in the dehydration of

alcohol. Ethanol and 1-butanol are widely recognized as essential industrial alcohols, extensively
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employed as solvents, fuel additives, and chemical intermediates. However, it is important to note that
separating water/ethanol and water/1-butanol mixtures via conventional distillation remains a significant
challenge due to their azeotropic behavior [26, 27]. Remarkably, both the DS and RS MOF-303
membranes demonstrated good ethanol and 1-butanol dehydration performances in a pervaporation
system, as shown in Figure 4.9 a, b. For a feed containing 95 wt% ethanol, the fluxes of the DS and RS
membranes were 18 and 6 kg m™ h!, respectively, which are greater than those of most of the state-of-
the-art membranes and 1~2 orders of magnitude greater than those of previously reported for MOF and

zeolite membranes, as shown in Figure 4.9 a [13, 28-37].

Due to the inherent trade-off between flux and selectivity, both parameters must be considered when
evaluating the pervaporation performance of a membrane. To provide a comprehensive assessment, the
pervaporation separation index (PSI) was calculated and is presented in Figure 4.9 c. The results confirm
that both DS and RS membranes exhibit significantly higher PSI values compared to other reported MOF-

based membranes for ethanol dehydration, highlighting their superior overall performance.

A comparison of the kinetic diameters of water vapour (2.9 A) and ethanol (4.3 A) molecules [38] with
the pore size of MOF-303 crystals (6.0~8.0 A) in Figure 4.7 b, ¢, implies that diffusion selectivity on the
basis of pore size is not the rate-determining step in water/ethanol separation. According to a previous
study, both the adsorption capacity and diffusion rate determine the water and ethanol permeation rates
through MOF-303 membranes. An extraordinary water affinity was visually confirmed by observing the
water contact behaviour shown in Figure 4.10 a, wherein the droplet traversed the membrane in a mere
I-second interval. This high-water affinity was further demonstrated by measuring the water vapour
sorption kinetics of MOF-303 powder using a dynamic vapour sorption (DVS) system (Figure 4.9 ¢). The
adsorption of ethanol also occurs in the pervaporation process. However, with only one hydrophilic end,
ethanol exhibited a lower affinity for MOF-303, as shown in Figure 4.10 b, where penetration took more
than twice as long as water. The DVS results also indicated that the ethanol sorption capacity was less
than a quarter that of water (Figure 4.9 e). Due to the -OH and -NH groups in the pyrazole linker, the
hydrophilic nature of the MOF-303 membrane traps the first water molecule with three hydrogen bonds,
which seeds for the formation of trimeric clusters. These clusters act as the nucleus for binding other
water molecules and form a water network throughout the pores [8], leading to continuous pore filling of

the MOF (Figure 4.9 g) [39] and thus ultrahigh water flux.

In dynamic pore filling, water molecules are expected to dominate the pores. These water molecules can
readily diffuse through the pores by sliding over those strongly attached to the pore wall (surface
diffusion). The water molecules in the pores act as a significant diffusion barrier to ethanol and 1-butanol
with larger kinetic diameters, thus ensuring an ample supply of water molecules for subsequent

desorption [40].
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Figure 4.9 Pervaporative water/alcohol separation of the MOF-303 membranes. (a) Water/ethanol
(5/95, wt%) and (b) water/butanol (5/95, wt%) separation performances of the RS and DS
membranes compared with those of other MOF-based membranes. The feed temperature was 75
°C. Data are presented as mean standard deviation values, n =3 or 4. (c) and (b) are the PSI of the RS
and DS membranes compared with those of other MOF-based membranes. (e) Water and ethanol
sorption kinetics of MOF-303 powder measured by DVS at P/Psat = 90% and T=60 °C. (f) Desorption
rates of pure water and pure ethanol measured by DVS. (g) Side view of (left) the pristine MOF-303
crystal and (right) MOF-303 in terms of dynamic pore filling in the pervaporation process. The pores
contain water and ethanol molecules, but they are mainly occupied by water molecules. The higher
concentration of water molecules in the pores results in a diffusion barrier to ethanol molecules

because of their larger kinetic diameter.
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Figure 4.10 Water/ethanol contact behaviour of MOF-303 membranes. Changes of (a) water, (b)
ethanol contact on MOF-303 membrane as a function of time. Pictures were captured from recorded

videos.

Compared with those of ethanol, the MOF-303 membranes prepared in this study presented a greater
separation factor and a much higher PSI for butanol dehydration compared to the data given in Figure
4.9 b and d [13, 37, 38, 41]. This can be ascribed to the larger kinetic diameter and more hydrophobic
nature of butanol, as illustrated in Figure 4.11. Firstly, ethanol is more hydrophilic than 1-butanol due to
the shorter hydrocarbon part, which provides a favourable adsorption of ethanol molecular onto the MOF-
303 membrane. Owing to the superhydrophilic nature of MOF-303 membrane elucidated above, water
molecules are preferably influencing the binding of subsequent molecules. As a result, the effective
aperture size of the MOF-303 membrane during pervaporation is smaller than the theoretical aperture
size of approximately 7.7 A. Considering the occupancy of the first bonded water molecule (kinetic

diameter, 2.9 A), the effective pore size is reduced to less than 4.8 A. This size, larger than the kinetic
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diameter of ethanol (4.3 A), facilitates rapid mass transport through the pores, as depicted in Figure 4.9
e. While the kinetic diameter of 1-butanol (5.1 A) is only 0.8 A larger, its diffusion is significantly
hindered. This hindrance also restricts the transport of water molecules, resulting in reduced flux. In fact,
it is well-documented that even a slight variation in molecular size can lead to large differences in

diffusion coefficients, which can vary by several orders of magnitude[42].

MOF pore
Average diameter: 7.7 A

Water
Kinetic diameter: 2.9 A

Ethanol:
Kinetic diameter: 4.3 A

1-Butanol:
Kinetic diameter: 5.1 A

Water/1-butanol

Figure 4.11 Schematic illustration of the transport of water/ethanol and water/1-butanol mixture in

MOF-303 membrane.

To the best of our knowledge, the water fluxes of the DS and RS membranes are among the highest values
reported thus far for state-of-the-art membranes. Interestingly, the water flux of the DS membrane is
approximately 200% greater than that of the RS membrane because of the straight water permeation
channels provided by the vertically aligned MOF-303 crystals. On the other hand, the RS membrane
offered a slightly greater water/ethanol separation factor because the divergent MOF-303 crystals, which

are partially blocked, created tortuous permeation pathways.

The desorption rates of water and ethanol can be affected by their diffusion through pores. Due to the
higher concentration of water in the pores, its diffusion driving force is greater than that of ethanol,
resulting in a faster desorption rate for water. In addition, the diffusion barrier to ethanol molecules with
one hydrophobic end and a larger kinetic diameter is greater than that to water. This was confirmed by

comparing the desorption rates of pure water and ethanol measured by DVS, in which ethanol exhibited
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a slower desorption rate despite its higher vapour pressure (Figure 4.9 f).

Therefore, such good water/ethanol separation performance could be a combined effect of high-water
adsorption, hindered diffusion of ethanol in the water-filled pores and higher desorption rates through the
pores of MOF-303 membranes.

4.4.3 Performance in dye nanofiltration

®
=2
e

54.0 @ 1100

S~k

-
=

=

=

'Tl_ {:

= &

£ =

=60 r & 8of = .

S S Z s 2

S50 F e =

3 5 b4 =

E S 60f g40 1605,

= [

E 40 E) =@ One-step E 30 E

530 1 T 4o} —9—RS-1 5 {40 8

‘ = -@-RS22 =20 150 3

220 ¢ > 2 <

o a 20F £ 10 7.2 120

=10 @ 32

P o ..

s A . L L s L0 04

e 0 e 0 0
One-step RS-1 RS-2 Azobenzene MR DR PPIX Membranes

il S
Grain boundary defects

»

Random

Vertical orientation (110) face

Figure 4.12 Dye nanofiltration performance of MOF-303 membranes. (a) Pure water permeance and
(b) dye rejection performance of MOF-303 membranes fabricated via one-step growth, the RS
method, and the DS method. (c) Pure water permeance ad MR rejection comparison of MOF-303
membranes fabricated by different methods. Neutral dyes with different molecular weights were
used in this study (azobenzene: 182.22 g mol?, MR: 269.3 g mol™, DR: 324.3 g mol?, PPh-IX: 562.66 g
mol?). Data are presented as mean standard deviation values, n = 3 or 6. (d) Schematic illustration of

membrane formed by different crystal orientations.

The dye nanofiltration performance of the MOF-303 HF membranes was evaluated to gain further insight
into their size-sieving ability. The pure water permeance of the MOF-303 HF membranes was measured

using a dead-end filtration system. The membrane prepared via the one-step method demonstrated pure
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water permeance up to 54 L m h'! bar! but very poor rejection, largely due to intercrystalline defects
[43] (Figure 4.12 a, b). The molecular weight cut-off (MWCQO) was evaluated using four neutral dye
molecules: azobenzene, methyl red (MR, 269.3 g mol™), disperse red (DR, 324.3 g mol™'), and
protoporphyrin IX (PPh-IX, 562.7 g mol ™). Detailed information on the dyes’ dimensions is provided in
Chapter 3, Section 3.4.5. As shown, the MWCO of the RS and DS membranes was approximately 269.3
g mol!, whereas the membrane fabricated by the one-step approach showed poor rejection performance
(MWCO=562.7; Figure 4.12 b). The water permeances of the RS and DS membranes were 7 and 15 L
m h'' bar’!, respectively, remarkably surpassing those reported for MOF-303 membranes fabricated on
flat alumina discs (0.8 L m? h'' bar!) [12] and those prepared by direct liquid contact and vacuum coating
seeded growth methods (Figure 4.12 c). This significant increase in water permeance and improved
selectivity result from the thin and uniform thickness of the membrane and the controlled orientation of

the permeation channels.

As schematically illustrated in Figure 4.12 d, the (011) orientation of the crystals prepared via the DS
method was well-intergrown such that the number of grain boundary defects could be effectively
minimized. This is in good accordance with the SEM images shown in Figure 4.3 e, f, especially
compared with the one-step membrane presented in Figure 4.6, where significant gaps and pinholes tend
to form at the grain boundaries in the membranes. These defects, which are larger than intracrystalline
pores, create non-MOF transport pathways that enhance flux but compromise molecular sieving.
Furthermore, as an anisotropic MOF with one-dimensional pores, the (011) orientation provides shorter
mass transport pathways aligned perpendicular to the substrate, facilitating straight water permeation
channels with reduced transport resistance (Figure 4.10 d) [8]. Conversely, while the RS membrane also
demonstrated high selectivity due to well-intergrown crystals, the inclined orientation and partially
blocked pores from neighboring crystals created longer, more tortuous permeation channels, resulting in

significantly lower water permeance.
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Figure 4.13 Stability of MOF-303 membranes fabricated by one-step RS and DS methods in
nanofiltration. (a) Concentration changes during long-term MR rejection test of DS MOF-303
membrane. (b) Long-term stability of MOF-303 membranes at a pressure of 5 bar. (c) MR rejection

and (d) pure water permeance of MOF-303 membranes at different pressures.

As shown in Figure 4.13 a, the MR rejection test was evaluated over a duration of 7 hours, when the
permeate with a MR concentration was continuously collected, verifying the stable MR rejection of the
fabricated membrane. Additionally, the size-sieving mechanism, rather than adsorption, was confirmed
by the increased dye concentration in the retentate. In order to comprehensively investigate the durability
of the obtained membranes, a prolonged test up to 7 days was conducted by one-step, RS and DS MOF-
303 membranes and the results are displayed in Figure 4.13 b. Unlike the one-step fabricated membrane
which lost structure integrity within 2 hours, the RS and DS MOF-303 membranes demonstrated stable
performance without losing rejection. Similarly, in the varied-pressure measurement, both the RS and
DS MOF-303 membranes demonstrated stable water permeance and good compaction resistance and
maintained good MR dye rejection under pressures of up to 20 bar, whereas the membrane fabricated via

the one-step technique could not withstand pressures greater than 10 bar (Figure 4.13 ¢ and d). This stable
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performance is attributed to (i) the better attachment of MOF-303 crystals to the support in the seeding
step realized by the metal source available on the HF substrate, (ii) the higher density of MOF-303
crystals in the seeding layer, and (iii) the good growth of the crystalline structure.
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Figure 4.14 Samples fabricated with increased scale. (a) HF cut into 4 cm- and 8 cm- lengths for
fabrication of DS membrane in autoclave with different sizes, two pieces of HF were put in each
reactor, (b), (c) and (d) are cross-section views of DS membrane observed on the random position of
samples fabricated in the big autoclave. (e) is the PWP and MR rejection of five samples in the

sample autoclave.

Furthermore, the larger membrane areas were performed via the DS method. As shown in Figure 4.14 a,
instead of one 4-cm long fibre substrate in the original autoclave, we increased the number of substrates
to four. Also, we employed a large autoclave, which allowed us to place two 8-cm long fibre substrates.
Thus, in both autoclaves, the production area increased fourfold. The cross-sectional morphologies
observed from random sections of different samples synthesized by the big autoclave exhibited good
repeatability and well-controlled orientation identical to DS the membrane described before (Figure 4.14
b-d). The nanofiltration result with these samples shown in Figure 4.14 e indicated that the pure water
permeance and MR rejections remain almost unchanged compared with the results shown in Figure 4.10
a, b, suggesting that the proposed method holds significant potential for large-scale MOF-303 membrane

fabrication. Finally, a comparative analysis of the data in Table 4.1 demonstrates that the nanofiltration
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performance of the DS membranes is competitive with that of the state-of-the-art MOF membranes
reported to date. This finding underscores the importance of structural optimization, particularly the

alignment of one-dimensional permeation channels, in maximizing membrane performance.

Table 4.1 Comparison of nanofiltration performance of state-of-the-art MOFs-based membranes (The
selected literature represents key studies identified through a Web of Science search using keyw
ords such as “MOF membranes for liquid separaion”, “MOF membranes for nanofiltration” and

“MOF membranes for desalination”)

Polymer Fabrication Permeance o
MOF ] ) Rejection Ref.
matrix technique (L m?h'bar)

Azobenzene, 80.2%
Methyl red, 95.7%

MOF-303 - RS 7.0 This work
Disperse red, 100%
Protoporphyrin IX, 100%
Azobenzene, 61.2%
MOF-303 - DS 15.2 Methyl red, 53.4% This work
Disperse red, 97.2%
Protoporphyrin IX, 100%
MOF-303 - In-situ growth 0.7 MgCl,, 93.5% [12]
Na;S0s4, 96.0%
ZIF-8 - Nanoreactor- 130 Proanthocyanidin, 98.5%  [44]
confined
crystallization
ZIF-8 - In-situ  growth 5.1 NaCl, 55.2% [45]
on a tannic acid NazSOs, 93.6%
(TA) and Zn?**
network
ZIF-8 Polyamide Liquid-liquid 37.5 Rose Bengal, >98% [46]
interfacial
coordination
ZIF-8 Polyamide >30 Methyl orange, >97% [47]
In-situ  growth Isatin, >97%
with  substrate Methyl blue, >99%
modification Congo red, >99%
ZIF-8 Polyamide Layer-by-layer 27 Congo red, >99.8% [48]
ZIF-8 Polyamide Non-solvent 10.4 Rode Bengal, >96.1% [49]

induced phase

inversion
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ZIF-8

ZIF-8

ZIF-8

ZIF-8

ZIF-300

ZIF-L

UiO-66

UiO-66-
OH,

NH,-UiO-
66@ZIF-8

UiO-66

UiO-66-
NH,

UiO-66

Polyamide

Polyamide

Polyethylenim

ine

Polyamide

GO/polyacrylo

nitrile

Polyamide

Polyamide

Interfacial 4.8

polymerization

Layer-by-layer 5.5

Self-assembly 33
and interfacial
reaction

Blending 7.1
interfacial
polymerization
Secondary 39.2
growth

Heteroepitaxial ~ 51.6
growth

In-situ growth 0.2

Secondary 2.4
growth

In-situ growth 36.7

Vacuum 31.3
filtration  after

phase inversion

Blending 7.2
interfacial
polymerization
Dispersion and 11.5

interfacial

SO4%, 89.9%

Acetaminophen, 55%

Methyl blue, 99.6%

NaCl, 35%
Xylose, 67%

Rhodamine B, 99.9%
Methyl blue, 99.6%
Methyl orange, 98.89%
Methyl orange, 80%
Acid fuchsin, 90%

Ca?", 86.3%

Mg, 98. 0%

AP, 99.3%

Methyl blue, 98.7%
Na', 26%

Zn*, 42.5%

Fe**, 54.7%

Direct red 80, 100%
Acid orange, 100%
Methyl orange, 99.6%
Methylene blue, 97.0%
Methyl orange, 94.8%
Methyl blue, 100%
Congo red, 99.6
Rhodamine B, 95.5
Tetracycline
hydrochloride, 95.5%
Oxytetracycline, 94.8%
Ciprofloxacin, 98.6%
NaCl, 42%

Xylose, 65%

Se0:%, 96.5%
Se04*, 97.4%

[50]

[51]

[52]

[53]

[54]

[55]

(6]

[56]

[57]

[7]

[58]
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UiO-66-
NH>

UiO-66

UiO-66-

NH>

UiO-66-
NH,

MIL-
53(4D)

NH>-MIL-
101(AD)

BUT-8(4)

BUT-8(4)

an(bim)4

MOF-1

Polyamide

Polyelectrolyt

€S

Polyacrylonitri

le

Graphene

oxide

Polyamide

Chitosan

Polyethylenim

ine

Polydiallyldim
ethylammoniu
m chloride

Polyethylenim

ine

Chitosan

polymerization

Blending and 30
interfacial
polymerization
Blending and 14.8
layer-by-layer

Drop coating 14
and vacuum

filtration

Crosslinking 83.5
and vacuum

filtration

Blending 6.9
interfacial

polymerization

Blending and 4

solvent

evaporation

Blending and Up to 68.3

spinning coating

Spinning 16.4

coating

Blending and 290

vacuum coating

Blending and 20

crosslinking

HAsO4>, 98.6%

Methyl orange, 92% [59]
Sunset yellow, 96%

Congo red, 99.6%

MgSOs, 96.3% [60]
Congo red, 99.9%

Congo red, 94% [61]
Methyl orange, 94%

Rhodamine B, 94%

Methylene blue, 94 %

Methyl blue, 100% [62]
Congo red, 99.9%

Alphazurine A, 97.8%
Eriochrome Black T, 99.3
Crystal violet, 100

Disperse black 9, 100%

NacCl, 40% [53]
Xylose, 61%

MgCl, 93.0% [63]
CaCl,, 86.5%

Methyl blue, 98.3% [64]
Congo red, 99.8%

Acid fuchsin, 89.3%

Methyl orange, 82.1%

Methyl blue, 98.8% [65]

Methyl red, 98% [66]
Coomassie brilliant blue,

98%

Methylene blue, 98%

Ca*, 66.2%

Mg*, 52.7%

AP, 74.3%

Metyl blue, 85% [67]
Rhodamine B, 85%
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MOF-801

MOF-808

MIP-202

NUS-8

CuBTC

Cu-TCPP

Cu-TCPP

Cu-TCPP

Ag-MOF

Ni-MOF

Prussian

blue

GO

Polyvinyl
alcohol

Polyamide

Epitaxial growth

In-situ growth

Blending  and
vacuum
filtration

Doctor-blading

In-situ  growth
and crosslinking
Vacuum

filtration

Electrophoretic
deposition
Vacuum
filtration
Vacuum assisted
interfacial

polymerization

Vacuum
filtration

In-situ growth

>71

3.6

553

12.9

840.1

16.4

9.4

14.3

26.2

Eriochrome black t, 92%
CR: 98

Congo red, 99.8%
Methyl  blue, 99.7%
Malachite green, 99.4%
Congo red, 99.5%

Crystal violet, 99.5%

Mg?', 98%

A", 98%

Acide fuchsin, ~ 90%
Methyl blue, ~94%
Congo red, 99.5%

Congo red, 99.8%
Chrome black T, 93.3%
Methyl blue, 99.7%
Crystal violet, 90.1%
Brilliant blue G, 97%

Evans blue, 97%

Methyl orange, 95.4%
Methyl blue, 88.7%
Rhodamine B, 99.3%
NaxSOq4, 84.1%
MgSOs, 73.1%
Congo red, 97.7%

Congo red, 99.7%
Calcein, 99.3%
Methyl blue, 99%

[68]

[69]

[70]

[71]

[72]

[73]

[76]

[77]
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4.5 Conclusion

In this study, we experimentally demonstrated well-crystallized MOF-303 membranes with a controlled

crystal orientation on the (011) facet by proposing a DS method. The MOF-303 membrane with a one-

dimensional pore structure (011) (i.e., the DS membrane) provided straight water permeation channels
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with ultrahigh water flux for ethanol dehydration, twofold greater than that of the RS membrane with
divergent crystal orientations (1-2-2) and 1~2 order(s) of magnitude greater than those previously

reported for other water-stable MOF-based membranes.

The pure water permeance data from dye nanofiltration tests also proved the critical role of tailoring the
crystal orientation in the fabrication method. The DS membrane showed much greater water permeance
than the other membranes while retaining a very good MWCO (~269). The excellent durability of the
DS MOF-303 membrane under pressurized conditions was realized by the better interfacial interaction
between the MOF-303 crystals and the HF substrate facilitated by aluminum metal sites available on the
alumina support. We believe that the findings from this study can provide valuable insights into the
design and fabrication of stable, high-performance MOF-based membranes for water separation

applications.
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Chapter 5

Chapter 5: Loose Nanofiltration PES/DABA-TFP Membrane Fabricated by
NIPS-CCD Method with Ultrapermeable Selectivity for Dye/Salt Separation

5.1 Abstract

Covalent organic frameworks (COFs) have emerged as promising nanofillers for fabricating high-
performance membranes when combined with polymeric matrices. However, COF-based mixed matrix
membranes (MMMs) usually exhibit low permeance due to the inherent limitations of polymeric
matrices produced via the conventional nonsolvent-induced phase inversion (NIPS) process. Moreover,
these membranes often suffer from poor uniformity because of agglomeration. Here, we develop an
ultrapermeable loose nanofiltration (LNF) membrane with excellent antifouling properties from an in-
situ dissolved polyethersulfone (PES) in a colloidal COF using a recently developed approach that
combines NIPS with the combined crystallisation and diffusion (CCD) technique, named NIPS-CCD.
The integration of the anionic COF, DABA-TFP not only imparted a negative charge to the membrane
but also enhanced the membrane hydrophilicity. Performance tests involving dye-salt separation
revealed a molecular weight cut-off (MWCO) for dyes of approximately 800-1000 Da while
maintaining high salt permeability. Notably, the water permeance of the COF-enhanced PES
membranes was 10~100 times greater than that of commercial LNF membranes, with a fouling recovery
ratio exceeding 80%. This study offers a promising approach for manufacturing COF-incorporated

membranes for loose nanofiltration applications.

\ {
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5.2 Introduction

The integration of crystalline frameworks into polymeric matrices has emerged as a promising strategy
in fabricating defect-free MOF/COF-based membranes, effectively addressing the persistent challenge of
mitigating intrinsic non-selective defects that arises during the synthesis of pure MOFs or COFs
membranes [1]. In comparison to MOFs, COFs consist of covalently bonded lighter elements, such as
carbon, oxygen, nitrogen, and boron, imparting them with a fully organic nature and superior chemical
compatibility with polymeric matrices [2, 3]. Considering their ordered pore structures with tuneable pore
sizes ranging from 0.5 to 4.7 nm, COFs hold distinctive promise for nanofiltration (NF) and loose
nanofiltration applications (LNF), where their incorporation is anticipated to facilitate enhanced
molecular selectivity [4]. Additionally, the construction of COF-contained NF/LNF membrane have
exhibited great potential in improving the permeance, antifouling properties and structural robustness of

NF membranes [5-8].

The intrinsic porosity of frameworks can promote the overall porosity of MMMs membrane, thereby
improving selective permeance. For example, a significant increase of permeance reaching 300% was
found in COF-LZU1-contained PVA film due to the extra mass transport channels provided [9].
Additionally, COF-containing MMMSs demonstrate superior antifouling performance due to the
modifications in surface charge and hydrophilicity [6]. Surface charge plays a critical role in antifouling
behaviour by regulating interactions between the membrane surface and fouling agents such as proteins,
bacteria, and other microorganisms. Negatively charged surfaces generally repel microorganisms with
similarly charged cell walls, thereby reducing adhesion, whereas positively charged surfaces tend to
attract them via electrostatic interactions, leading to increased fouling. This phenomenon is particularly
evident in the reduced attachment of proteins and bacterial cells to negatively charged membranes where
the electrostatic repulsion serves as a protective antifouling barrier [7]. Moreover, COFs contribute to
the mechanical robustness of MMMSs through their rigidity which binds polymeric matrix [8]. Their
covalently bonded frameworks further enhance thermal resistance, enabling the membranes to maintain
functionality at elevated temperatures and various operational conditions. Despite these advantages,
several challenges remain in the development of high-performance COF-based MMMs for LNF and
NF applications.

One primary limitation arises from the intrinsically low porosity of polymeric matrices, which restricts
the full utilization of the high porosity offered by COFs. The industrial applicability of LNF technology
is evidenced by membrane products such as ENTA 01PP, NP030, and GE, which are predominantly
manufactured using the nonsolvent-induced phase inversion (NIPS) technique [10-13]. Within this
domain, polyethersulfone (PES) is a primary material of choice owing to its high thermal and chemical

resistance, low cost, and flexibility [14]. Typical examples include NP030 and NP010 by Microdyn
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Nadir, which have molecular weight cut-off (MWCO) values of approximately 1000 and 500 Dalton,
respectively. However, their relatively low permeance of these membranes at 5 and 1 LMHBar™! [15],
is primarily attributed to the presence of limited interconnected pores, which severely undermines the

benefits conferred by COF integration.

To address this issue, we recently developed the NIPS-CCD technique, a simple, one-step membrane
fabrication method that combines the strength of both NIPS and combined crystallisation and phase
inversion (CCD) techniques. This innovative method leverages the superior pore connectivity from the
CCD structure to replace the closed and less permeable backside of a NIPS-made PES membrane. This
structural alteration leads to a 50-fold increase in the PWP to 677 LMHBar' while maintaining the
surface pore size in the 6~7 nm range, rendering it highly suitable for ultrafiltration applications. To
adapt the NIPS-CCD technique for LNF membrane fabrication, a tighter skin layer is required to filter
out dye molecules with sizes between 0.5 and 2 nm. One feasible method is through dry/wet phase
inversion [16], where delayed post-casting allows the evaporation of volatile cosolvent, creating a high
polymer concentration at the skin layer. The subsequent wet step in a nonsolvent bath yields a membrane
with a tight skin layer and a porous supporting structure [17]. Agnieszka K. Hotda et al. investigated the
influence of volatile cosolvent and evaporation time on the microstructure and separation performance
of a nanofiltration membrane. They found that a 2-minute evaporation period increased Rose Bengal
rejection from 47% to 76%, albeit with a significant decrease in permeance from 2.38 to 0.07 LMHBar
' [18]. This combined technique is promising to overcome the inherent limit of polymer matrix when

constructing COF-contained MMMs,

Another concern stems from the tendency of COFs nanosheets to form aggregation-prone structures,
complicating their processing into defect-free membranes. The typical fabrication process for MMMs
involves several key steps, including the preparation of a mixed suspension, deposition onto a substrate
via casting or spin-coating, and subsequent solvent removal through phase inversion or evaporation.
COFs are generally introduced into the casting solution either before or after the polymer is fully
dissolved. [19]. However, agglomeration of COFs is inevitable during the purification and collection of
the synthesized COFs due to the n-m interactions and van der Waals forces [20]. Such aggregation not
only hinders their redispersion in solution but also makes it exceedingly difficult to achieve a
homogeneous dispersion within a viscous polymer matrix. Thus, a uniform distribution of COFs in
MMMs would be obtained, significantly undermining their potential benefits by introducing defects,

reducing permeance, increasing fouling susceptibility, and compromising mechanical stability.

The combination of the synthesis of COFs and the mixing with polymers provide a promising solution to
obtain a homogeneous casting solution and thus a uniform MMMs. Recent advancements in COF
synthesis involve a single solution-phase technique in which positively/negatively charged COFs are

effectively crystallised with exceptional suspensibility and high volume yield in organic solvents [21]. A
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notable example is the synthesis of DABA-TFP nanosheets, which are achieved by homogeneously
polymerising anionic 2,5-diaminobenzenesulfonic acid (DABA) with 1,3,5-triformylphloroglucinol
(TFP) in dimethyl sulfoxide (DMSO). The formation of the DABA-TFP nanosheets results in only a
colour change rather than any precipitation, indicating excellent dispersion of the COF nanosheets in
DMSO. This finding illuminates the potential of using DMSO, given its efficacy as a solvent in PES
membrane preparation, for homogeneously integrating COF fillers into the membrane casting solution.
Furthermore, the negatively charged pore surface of DABA-TFP is expected to enhance the rejection of

charged pollutants and improve fouling resistance in the membrane.

The aim of the present study is to develop a PES-based LNF membrane that combines high PWP,
exceptional dye/salt separation capacity, and robust fouling resistance. To achieve this goal, a PES-based
membrane was fabricated using the innovative NIPS-CCD process with a casting suspension prepared by
in situ dissolution of PES in a DABA-TFP/DMSO colloid. A dense skin layer, which is crucial for the
sieving effect, was created through a dry phase separation process induced by the evaporation of
tetrahydrofuran (THF) before casting. This evaporation-assisted NIPS-CCD approach not only imparted
PES membrane nanofiltration selectivity but also created highly interconnected pores in the membrane
cross section. Overall, a series of PES LNF membranes with a high permeance of up to 315 LMHBar'!
were successfully fabricated. The incorporation of DABA-TFP further increased the hydrophilicity and
charge density of the membrane, significantly enhancing its fouling resistance and dye rejection. The
membrane exhibited a high dye/salt separation performance, as evidenced by the rejection rates of methyl
blue (98.00%), rose bangle (93.41%), and MgSO4 (4.90%). Furthermore, this study compared two
blending strategies for preparing PES-COF membranes, and the respective membrane performances were

evaluated and discussed in detail.

5.3 Material and Methods

5.3.1 Material and membrane fabrication

To synthesize COFs, 1,3,5-triformylphloroglucinol (TFP, 97%) and 2,5-diaminobenzenesulfonic acid
(DABA, 99%) were purchased from Sigma-Aldrich. Polyethersulfone (PES, Radel® A300,p=1.37 g
cm™) was obtained from Ameco Performance, USA. Tetrahydrofuran (THF, 99%), n-hexane (99%),
and dimethyl sulfoxide (DMSO, 99%) were purchased from VWR International, LLC. Details of other

chemicals can be found in Section 3.1.

5.3.2 Synthesis of DABA-TFP in single solution-phase

The DABA-TFP was prepared following the methodology outlined in Section 3.3.2 and schematical

illustration in Figure 5.1.
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Figure 5.1 Preparation strategies of PES in-situ COF and COF blend COF casting solutions.

5.3.3 Preparation of casting solutions

Three solutions, the pure PES solution, PES in-situ COF solution and PES blend COF solution were
utilized for membrane casting. Detailed preparation methods and compositions were introduced in
Section 3.3.2 and Table 5.1. The casting solutions prepared by PES in-situ COF solution and COF blend
COF casting solution are displayed in Figure 5.1.

The detailed composition of each solution is tabulated in Table 5.1:

Table 5.1. The composition of casting solutions.

Solution DMSO and PES In-situ synthesized Physical blended DABA-
THF (wt%) (Wt%)  DABA-TFP (wt%) TFP* (Wt%)

Pure PES 80 20 /

PES physical blending 77.12 20 2.88

COF (PES blend COF)

PES in-situ dissolving 77.12 20 / /

COF (PES in-situ COF)
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* The concentration of DABA-TFP was the same as that in the PES in-situ COF solution by calculating
the yield of COF nanosheet after synthesis.

5.3.4 Membrane fabrication methods

;"' KIL\‘IS exchange i“g
_ K

15°C
Water bath

@S exchange
K
V““Au...uu“.

-7°C
Ethanol/water bath

Figure 5.2 Schematic illustration of membrane casting with (a) NIPS and (b) NIPS-CCD method.

Membranes were fabricated with four methods described detailly in Section 3.3.3 and Table 5.2. These
methods include NIPS method (Figure 5.2 a), NIPS-CCD method (Figure 5.2 b, NIPS-CCD Eva
method, and NIPS-CCD Eva THF method (Figure 5.3).

g,
DABA in DMSO ﬁﬁA ‘1-:5
= o
= = : io‘*g =7 = =
( ‘I %0@—5@ ) ' 1 mm Al plate

PES+COF

24 h RT Mix

TFP in DABA-TFP COF in PES in-situ dissolving
DMSO/THF DMSO/THF COF solution

Skin layer

NIPS layer

g

7eC 80 °C 5 min
Ethanol/water bath Evaporation

Figure 5.3 Schematic illustration of NIPS-CCD Eva THF method using PES in-situ COF solution.
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The parameters for each fabrication method are detailed and listed in Table 5.2.

Table 5.2 Manufacturing conditions for as-prepared membranes.

Name Casting plate Co-solvent Evaporation = Coagulation*®
time (min) temperature (°C)

NIPS 6 mm glass / / 15

NIPS-CCD 1 mm aluminium / / -7

NIPS-CCD Eva 1 mm aluminium / 5 -7

NIPS-CCD Eva THF I mm aluminium THF (4 wt%) 5 -7

* The coagulation bath for NIPS membrane was DI wate

5.3.5 Characterizations and performance test

Characterizations conducted in this chapter include SEM, EDX, FTIR, AFM, DSC, zeta potential, and
XRD, with detailed descriptions available in Section 3.4. Additionally, molecular weight cut-off and
pore size distribution, nanofiltration performance, BSA fouling performance, and mechanical

performance were evaluated as described in Sections 3.4.9, 3.4.11, 3.4.10, and 3.4.7, respectively.

5.4 Results and Discussion

5.4.1 Membrane structure and physicochemical properties
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Figure 5.4 SEM images and SEM-EDX results of PES in-situ COF membranes. SEM images were taken
for membranes fabricated by (a) NIPS, (b) NIPS-CCD, (c) NIPS-CCD Eva and (d) NIPS-CCD Eva THF
methods. -1) The overall cross-section of the corresponding membrane; the inset shows an enlarged
top section close to the NIPS side taken from the selected area; the red dotted lines divide the NIPS
and CCD domains of the membrane; -2) the magnified CCD/bottom view of the selected section in -

1); -3) the bottom surface morphology of the membranes.

Figure 5.4 shows the morphology of PES in-situ COF membranes fabricated under different conditions.
As shown in Figure 5.4 a, the membrane cast on a glass plate and coagulated in a water bath at ambient
temperature inherited a typical NIPS morphology, featuring a finger-like structure and a thick bottom
layer. These finger-like pores were formed due to instantaneous phase inversion resulting from the high

affinity between water and DMSO. The bottom section of the membrane was composed of discrete pores
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(Figure 5.4 a2). This leads to the formation of a dense bottom layer with low surface porosity (Figure 5.4
a3), which may significantly hinder water transport. In contrast, for the NIPS-CCD membranes presented
in Figure 5.4 b, the finger-like structure was connected by interconnected microchannels typical of CCD
morphology (Figure 5.4 b2). These channels opened at the bottom surface of the membrane, forming
macropores with high porosity (Figure 5.4 b3). The simultaneous formation of the NIPS and CCD
structures occurs when the aluminium casting plate is immersed in a cold coagulation bath, such that the
NIPS process initiates at the S/NS interface, while the CCD process commences from the opposite surface
next to the casting plate due to the unidirectional freezing of the solvent. A detailed explanation can be

found in our previous report and is schematically demonstrated here in Figure 5.3 [22].

The NIPS and CCD effects from the two sides of the membrane surface showed competitive behaviour
depending on the fabrication conditions. For the NIPS-CCD method, the use of a thin aluminium casting
plate and a low coagulation temperature (-7°C) initiated rapid crystallisation of DMSO from the surface
of the casting plate. Consequently, the cross-section of the NIPS-CCD membrane was dominated by
CCD-type microchannels (Figure 5.4 b1). In contrast, if evaporation occurred prior to the phase inversion
process, as shown in Figure 5.4 cl and dl, the whole system was heated; hence, the freezing rate of

DMSO was delayed, and the subsequent growth of the CCD domain was suppressed.

As indicated by Figure 5.5 a, b, the NIPS and NIPS-CCD membranes had identical separation surface
morphologies and were covered by fine nodules alongside the obvious boundaries between the nodules.
Compared with the NIPS-CCD membrane, a dense skin layer of approximately 100 nm was identified
after 5 min of evaporation (inset in Figure 5.4 c1), and a thicker layer of 250 nm was formed after the
addition of volatile THF as a cosolvent (inset in Figure 5.4 d1). The formation of the skin layer also
reduced the S/NS exchange, which is responsible for the enlargement of finger-like pores beneath the
surface [23]. As observed from the top of the separation layer, as shown in Figure 5.5 ¢ and Figure 5.5 d,
continuous surfaces with finer distributed nodules were formed after the evaporation of solvents. These

denser separation layers make high selectivity possible.

o
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Figure 5.5 Morphology of membrane surfaces and flake size distribution of DABA-TFP nanosheets.
NIPS surface morphology of PES in-situ COF membranes fabricated by (a) NIPS, (b) NIPS-CCD, (c)
NIPS-CCD Eva and (d) NIPS-CCD Eva THF method. (e) Size distribution of DABA-TFP CO measured by

dynamic laser scattering (DLS).

Notably, no agglomeration of DABA-TFP nanosheets was observed in membranes prepared using PES
in-situ COF solution. To assess the distribution of DABA-TFP, elementary mappings were constructed,
as shown in Figure 5.6 a, b. The uniform distribution of nitrogen atoms implies a homogeneous colloid
of DABA-TFP nanosheets in the membrane casting solution. The DABA-TFP nanosheets, synthesised
via a single solution phase, formed a dark red colloid in DMSO and exhibited a distinct Tyndall effect
(Figure 5.1). The average size of these nanosheets was approximately at 3.1 um (Figure 5.5 ¢). After in-
situ dissolution of PES, the transparency of the colloid decreased, yet it still maintained a clear laser
scattering path, indicating the high compatibility between PES and DABA-COF in DMSO (Figure 5.1).
However, the behaviours of the colloids in the PES blend COF solutions were markedly different. The
freeze-dried DABA-COF nanosheets could not be completely redispersed in DMSO, resulting in an
opaque suspension after blending with PES (Figure 5.1).

a
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80 pm

l’l,:"iﬂwﬂw i
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Figure 5.6 SEM-EDX images of the NIPS-CCD Eva membrane with the elemental map of C, O, S, and
N. Surface and cross-sectional mapping of membranes prepared by (a, b) PES blend COF solution and

(c, d) PES in-situ COF solution, respectively.

Elemental mappings of the resultant PES membranes revealed this inhomogeneity, as shown in Figure
5.6 ¢, d, where crumpled sheets with varying shapes were observed. These sheets, identified as DABA-
TFP due to their strong unique nitrogen signal, indicated that the freeze-dried DABA-TFP nanosheets
failed to disperse homogeneously in the PES solution. During the washing and subsequent freeze-dry
processes after synthesis, the COF nanosheets self-assemble, forming crumpled sheets larger than 20 pm
[21]. This agglomeration likely compromised the uniformity of redispersion, potentially affecting the

membrane performance.

Surface roughness plays a crucial role in determining the antifouling properties of membranes [24].
Figure 5.7 presents 3D AFM images of different membranes, illustrating variations in surface
morphology. The non-uniform distribution of DABA-TFP COF in the PES blend COF solution resulted
in increased surface roughness, as indicated by the higher root mean square (Rq) value of the DABA-TFP
Eva THF membrane prepared with the PES blend COF solution (2.3 nm, Figure 5.7 b) compared to that
prepared with pure PES solution (1.6 nm, Figure 5.7 a4). Despite the relatively higher surface roughness
of the membrane prepared using the PES in-situ COF solution (Rq=1.9 nm, Figure 5.7 ¢) compared to the
pure PES membrane prepared by the same method, this value remains significantly lower than that of the
membrane fabricated with the PES blend COF solution. This suggests that the PES in-situ COF solution
exhibits a relatively higher degree of homogeneity. Additionally, the fabrication method also influenced
the surface roughness. As shown in Figure 5.7 al-a4, the formation of a dense skin layer induced by the
evaporation step significantly reduced surface roughness. A smoother surface is expected to enhance
antifouling performance by minimizing pollutant adhesion, thereby improving membrane longevity and

efficiency.
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Figure 5.7 Surface roughness of membranes. (a) Pure PES membranes fabricated by NIPS (al), NIPS-
CCD (a2), NIPS-CCD Eva (a3), and NIPS-CCD Eva THF (a4). (b) PES blend COF membrane fabricated by
NIPS-CCD Eva THF membrane. (c) PES in-situ COF membrane fabricated by NIPS-CCD Eva THF

method.
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Figure 5.8 Surface chemistry and wettability of the membranes. (a) XRD patterns, (b) FTIR, (c) DSC of
pure PES, PES blend COF and PES in-situ COF membranes fabricated by NIPS-CCD Eva method.

The powder X-ray diffraction (PXRD) pattern of the pure PES membrane in Figure 5.8 a shows two
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broad peaks at 26=17.8° and 26=22.5°, indicating the semi-crystalline features of PES [25, 26]. The single
solution-phase method used for synthesising the DABA-TFP nanosheets yielded consistent XRD
diffractograms with those of a previous report [27]. These nanosheets exhibited moderate crystallinity
with two feature peaks at 26=4.9° and 26=26.8°, corresponding to the (100) and (001) planes, respectively.
When examining the composite, significant structural changes were observed for the PES in-situ COF
membrane. The PXRD patterns highlighted by a blue dotted frame indicated a notable shift from 26=26.8°
to 28.6° of the DABA-TFP (001) peak corresponding to the 2D layered hexagonal architecture in the
polymeric network [28, 29]. The peak shifting indicated the higher number of stacked sheets and
alignment of the consecutive layers bound via the n—r interactions of COF and PES. [30]. This peak shift
was also accompanied by an increase in intensity and a decrease in the FWHM, suggesting that tighter
molecular packing likely arose from strengthened hydrogen bonding interactions between DABA-TFP
and PES [31]. Scherrer’s equation supports this interpretation, indicating that a narrower FWHM

correlates with shorter stacking distances and enhanced molecular interactions [32, 33].

In contrast, the unchanged intensity of the COF peak in the spectrum of the PES blend COF membrane
points to weaker interactions. Further elucidation of these interactions was provided by FTIR analysis, as
shown in Figure 5.8 b, which revealed a shift in the peak at 1150 cm™, corresponding to the symmetric
tensile vibration of the O=S=0 group in PES post-COF inclusion [34]. This shift implies significant
intermolecular interactions, with the sulfone groups of PES acting as hydrogen bond acceptors and the -
SOs;H groups of DABA-TFP serving as donors, indicating that the two components interact primarily via
hydrogen bonding. Moreover, the formation of hydrogen bonding led to an enhanced steric hindrance for
segment movement and thus a slight increase in the glass transition temperature (T,) of the PES-COF

membrane (Figure 5.8 c) [35].

The surface free energy of membrane was evaluated by measuring the contact angles of different liquid
probes on the surface of membranes. As listed in Table 5.3, the contact angle of the pure PES membrane
was 75.6°. It decreased to 62.4° for the PES blend COF membrane and further decreased to 51.6° for the
PES in-situ COF membrane. This trend is reasonable because the sulfonic acid functionality (-SO;H) of
DABA-TFP offers a high affinity for water molecules, and the dispersion of DABA-TFP nanosheets was
better in PES in-situ COF membranes. This hypothesis was further supported by the surface energy value
presented in Table 5.4 where a more than 18% higher yg of PES in-situ COF membrane was calculated.
This increased surface free energy is expected to offer a higher permeation flux and antifouling resistance,

which will be further discussed below.

Table 5.3 Static contact angle data of three liquid probes of different membranes fabricated by NIPS-C
CD Eva method

Membrane O (°) Water 0¢(°) Glycerol 0p(°) Diiodomethane
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Pure PES 75.6
PES blend COF 62.4
PES in-situ COF 51.6

51.2

46.5

40.1

29.2

17.4

9.8

Table 5.4 Surface energy components of different membranes fabricated by NIPS-CCD Eva method

Membrane yEW (m] m?) Y& (mJ m?) ys (mJ m?) ys(mJ m?)
Pure PES 44.6 1.8 2.2 48.5
PES blend COF 48.5 09 10.0 54.5
PES in-situ COF 49.3 0.9 18.1 57.3
a b
1 m E 0.8 100
244 - ‘E’ g 80
> n 2 0.6 iy = 60
£ H g S A £ 4
= 324 @@ ™ =] L& g o NIPs
r— [ ] = A T 20 o NIPS-CCD
a_:{ o 0 ™ L= ] i A = A NIPS-CCD Eva
= }}0-4 . 0
£ -40- ) £z I g
@ @ & (1} 1500 3000 4500 6000
= % 3 - £ PEG Molecular weight (Da)
B 48+ o = = 0.2 :
= u- Pure PES .
K @ PES blend COF o =
-56 PES in-situ COI E 0.0
T T T T T T T E T T T v T T T
3 4 5 6 71 8 9 10 0 4. 6 10
C pH d =~ Pore Size (nm)
<08
100 1 ) i s £
— =
- S
804 g 0.6+
— b4
N =
=~ 604 = 0.4
=
_g 12? Pure PES
o 404 Kl — P
R O Pure PES 5 0.2 - — PES blend COF
I~ O PES blend COF =
20- 2z
= 0.0
=
0 b T hd L) - L hd T hd T * T w T T T v T T T
1000 2000 3000 4000 5000 6000 '2 0 2 4 6 8 10
|-
-

PEG Molecular weight (Da)

Pore Size (nm)

Figure 5.9 Zeta potential and pore size analyses of the membranes. (a) Zeta potential of pure PES, (b)

PES blend COF and PES in-situ COF membranes fabricated by NIPS-CCD Eva method. (c) The MWCO

curve and (d) the pore size distribution of membranes prepared by pure PES, PES blend COF, and PES

in-situ solutions by NIPS-CCD Eva THF method.
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Zeta potential analysis across a pH range of 3 to 9.5 for the pure PES and PES-COF membranes
demonstrated that all the membranes maintained a negative charge, with variations correlating with the
pH (Figure 5.9 a). Due to the adsorption of hydroxide ions by the pristine PES, the pure PES membrane
exhibited negative charges in the test pH range. For both the PES blend COF and PES in-situ COF
membranes, enhanced negative zeta potentials were obtained within the acidic domain (pH < 5). This can
be attributed to the dissociation of sulfonic acid groups from the DABA-TFP nanosheets. As the pH
surpassed 5, the zeta potential of the pure PES membrane decreased more substantially. This observation
is in accordance with findings by Salgin et al., who suggested more pronounced anion adsorption in the

pH range of 6.0~8.0 for pure PES [36].

At higher pH, the negatively charged sulfuric acid groups continued to disassociate, yielding a more
negative zeta potential from both the PES blend COF and PES in-situ COF membranes, further
confirming the presence of additional sulfonic acid groups on the membrane surface. Throughout the
entire pH range, the zeta potential of the membranes derived from the PES in-situ COF solution was more
negative than that of their physically blended counterparts. This disparity likely stemmed from the
superior segregation of DABA-TFP nanosheets at the membrane surface during phase inversion. This
could be a consequence of the greater mobility of these small nanosheets in the in-situ dissolving

approach, which facilitates their preferential positioning at the membrane surface.

The MWCOs and pore size distributions of membranes fabricated by different methods were compared
based on PES in-situ COF casting solutions, as shown in Figure 5.9 b. Due to the use of pure water as a
coagulant, the PES in situ COF membrane fabricated by the NIPS method had the largest MWCO. When
an ethanol/water mixture was used for coagulation, delayed demixing created smaller pores on the NIPS
surface, which improved the PEG rejection of the NIPS-CCD membrane. A more evident change in the
MWCO was found for the PES membranes prepared with the evaporation step, i.e., the NIPS-CCD Eva
and NIPS-CCD Eva THF membranes, with smaller MWCOs of 2930 Da and 2503 Da, corresponding to
mean pore diameters of 1.74 nm and 1.56 nm, respectively [37]. The dense selective layer also had a
narrow pore size distribution, as shown in Figure 5.9 b. These results indicate that the evaporation of the
solvent/volatile cosolvent effectively reduced the pore size of the selective layer and narrowed the pore
size distribution, leading to a more compact separation layer. As the NIPS-CCD EVA THF method
resulted in the best PEG rejection of the PES in-situ COF membrane, we further investigated the influence
of the casting solution on the MWCO of the PES membranes. As shown in Figure 5.9 ¢, the MWCOs of
the pure PES membrane, PES blend COF membrane and PES in-situ COF membrane were all in the
range of 2503 to 3177 Da, which substantiated the importance of the evaporation step in the formation of
smaller pores. Among these conditions, the PES in-sitt COF membranes showed the smallest MWCO
and narrowest pore size distribution (shown in Figure 5.9 d), which again corresponds to our hypothesis

that better segregation of COF nanosheets on the membrane surface was achieved from the PES in-situ

157



Chapter 5

COF casting solution.

5.4.2 Antifouling and separation performance

The pure water permeance of the membranes was measured with a crossflow setup at 1 bar, and the stable
permeances are illustrated in Figure 5.10 a. The outstanding PWPs at 264, 315, and 302 LMHBar™! were
obtained from PES in-situ COF membranes fabricated by the NIPS-CCD, NIPS-CCD Eva, and NIPS-
CCD Eva THF methods, respectively. These values are more than 2 times greater than those of the PES
blend COF membranes and 4 times greater than those of the pure PES membranes. Aside from the
substantial increase in water permeance by the addition of hydrophilic DABA-TFP nanosheets, the PWP
is more dramatically affected by the microstructure. For instance, the PWPs of PES in-situ COF
membranes fabricated by the NIPS-CCD, NIPS-CCD Eva, and NIPS-CCD Eva THF methods were more
than 30 times greater than those of their counterparts prepared by NIPS. This significant improvement is

due to the highly interconnected water transport channels from the CCD structure.
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Figure 5.10 Pure water permeance of membranes (a) Pure water permeance (PWP) of membranes.
PWP declination of (b) pure PES membranes, (c) PES blend COF membranes and (d) PES in-situ COF

membranes over the initial 5 hours
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Figure 5.10 b-d highlights the decrease in the PWP over time due to membrane compaction [38]. All
membranes exhibited initial decreases in permeance for approximately 2 hours before reaching steady
values. Due to the formation of a dense skin layer by solvent evaporation, the effect of skin layer
compaction on the NIPS-CCD Eva and NIPS-CCD Eva THF membranes diminished in comparison to
that on the NIPS and NIPS-CCD membranes, which exhibited a more porous and loose separation layer
(Figure 5.10 d). It has been stated that a denser skin layer is preferred to mitigate compaction by providing
less compaction capacity than that has loose structures when the membranes have similar sublayers [39,
40]. Therefore, the NIPS-CCD Eva and NIPS-CCD Eva THF membranes experienced significantly lower
permeance reductions, approximately 20%. These values were 2 to 3 times lower than those of the NIPS-
CCD and NIPS membranes. Similar trends were observed for both pure PES membranes (Figure 5.10 b)
and PES blend-COF membranes (Figure 5.10 c), suggesting that membrane compaction is primarily

influenced by fabrication techniques rather than the composition of the casting solution.

The antifouling properties of the membranes were evaluated by BSA fouling, as shown in Figure 5.11 a.
After 3 consecutive fouling cycles, an ultrahigh flux recovery ratio (FRR) of 81.3% was obtained from
the PES in-situ COF membrane fabricated by the NIPS-CCD Eva THF PES method. This value is
comparable with the FRR value reported in other state-of -the-art membranes, which mostly ranging from
75%~90% [41-44].The FRR ratio decreased to 73.8% and 50.6% for the PES blend COF and the pure
PES membrane fabricated with the same method, respectively. The change in FRR is in good agreement
with the hydrophilicity of the membranes. The ionic -SOsH group of DABA-TFP effectively created a
hydration layer on the PES membrane surface, which exerted a stereo repulsive force on the proteins [45].
Moreover, the electrostatic charge repulsion between the negatively charged surface of the PES
membrane and BSA may also be responsible for the good antifouling property [46]. Notably, although
the surface of the pure PES membrane is also negatively charged, the formation of a fouling cake due to
the decreased hydrophilicity of the pure PES membrane greatly decreases the charge effect. Notably,
surface roughness, traditionally regarded as a prominent factor in exacerbating membrane fouling, was
found to have a reduced impact on the fouling behaviour in the present study. This observation was

attributed to the consistent smoothness across all membranes reflected in the AFM results (Figure 5.7).

The separation performance of the membrane was assessed by MgSO, and various negative dyes,
including Allura Red AC (AR), methyl blue (MB), and rose bengal (RB), and the results are depicted in
Figure 5.11 b-d for the pure PES membranes PES blend COF and PES in-situ COF membrane. Aligned
with the MWCO results (Figure 5.9 b-d), all membranes fabricated by the NIPS-CCD EVA THF method
showed the greatest rejection due to the smallest surface pores formed by (co)solvent evaporation. When
comparing the effect of COF addition, both the PES in-situ COF and PES blend COF membranes (Figure
5.11 d and ¢) outperformed the pure PES membrane shown in Figure 5.11 b. Using the membranes

prepared by the NIPS-CCD EVA THF method as an example, RB rejections of 93.41%, 90.18%, and
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87.00% were obtained for the PES in-situ COF, PES blend COF, and pure PES membranes, respectively.
This indicated that the promotion of membrane rejection is partially attributed to the electrostatic
repulsive force between the negatively charged dyes and the negatively charged membrane surface.
Owing to the synergistic effect of charge repulsion and size sieving, the best rejection of MB (97.99%)
and RB (93.41%) was obtained from the PES in-situ COF membrane fabricated by the NIPS-CCD Eva
THF technique. Notably, all PES membranes prepared in this study showed superior rejection of dyes
over PEGs. This is attributed to electrostatic exclusion from the surface of the PES membranes [47].
Moreover, the rejection of salts exhibited in Figure 5.11 b-d by all the membranes was less than 9%,

indicating the promising potential of this membrane for dye/salt fractionation.
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Figure 5.11 Antifouling and dye/salt separation performance of membranes. (a) Membranes’
antifouling performance over 3-cycle of BSA filtration. Rejection to MgSQO,4 and negative dyes of (b)

pure PES membranes, (c) PES blend COF membranes and (d) PES in-situ COF membranes. (e) Long-

term separation performance of PES in-situ COF membrane fabricated by NIPS-CCD Eva THF method.

(f) Comparison with commercial LNF membranes.

As the PES in-situ COF membrane fabricated by the NIPS-CCD EVA THF method demonstrated the
best dye rejection, this membrane was selected for long-term dye-salt separation. For testing, a synthetic
dye/salt solution comprising 50 ppm methyl blue and 1 g L' MgSO4 was used. As shown in Figure 5.11
e, a modest reduction in permeance from 178.5 LMHBar! to approximately 155.5 LMHBar! was found
within the first two hours. Subsequently, the permeance stabilised at a high level of 141.8 LMHBar™! after
a three-day test, implying good antifouling properties when treating textile wastewater. Moreover, the
rejection of MB and MgSQO4 by the membrane almost remained constant at ~98% and ~6%, respectively,

revealing the high separation performance of the as-fabricated membrane over long-term testing.

A comparison of the as-prepared membranes with commercial membranes on the basis of permeance and
MWCO is shown in Figure 5.11 f and summarised in Table 5.5. A similar comparison with academically
reported LNF/tight ultrafiltration (TUF) membranes is summarised in Table 5.6. The PWP of all the
commercially available membranes was less than 20 LMHBar!, with MWCO values ranging from
500~2000 Da. For laboratory-scale LNF/TUF membranes designed for dye/slat separation or dye removal,
the permeance typically varies from 1 to 179 LMHBar™'. These values are considerably lower than those
of the as-prepared PES-COF membranes developed in this study, which exhibit a stable permeance
exceeding 300 LMHBar!. This significant performance advantage demonstrates the potential of

fabricated membranes for efficiently purifying textile wastewater and reclaiming valuable substances.

Table 5.5 Comparison with the performance of commercially available LNF membranes (The selected
examples represents key studies identified through a Web of Science search or Google browser u
sing keywords such as “commercial loose nanofiltration membrane”, and “commercial tight ultraf

iltration membrane”)

MWCO Permeance
Code Materials Supplier Ref.
(Da) (LMHBar")
NIPS-CCD
PES/DABA-TFP / 29302 334 This study
Eva
NIPS-CCD
PES/DABA-TFP / 25032 316 This study
Eva THF
Microdyn
NP010 Polyether Sulfone 1000° 5.1 [15]
Nadir

161



NFPESI0

NTR7450

GE

GH

GK

NDX

NFG

Sepro NF 24

Sepro NF 6

ETNAOIPP

TriSep SBNF

CK

Polyether Sulfone

Sulfonated Polyether
Sulfone
Composite

Polyamide

Polyamide-TFC

Polyamide-TFC

Polyamide

Polyamide-TFC

Polyamide

Polyamide

Fluoropolymer

Cellulose acetate/

triacetate

Cellulose

Microdyn
Nadir

Nitto Denko

Osmonics

Osmonics

Osmonics

Synder
Filtration
Synder

Filtration

Ultura

Ultura

Alfa Laval

Microdyn
Nadir

Osmonics

1000*

600~800*

1000*

2000*

3000?

500~700°

600~800*

530°

850°

1000°

2000°

2000*

15.4

5.7

1.1

33

10

7.9~10.1

14.7~15.7

10.1

16.7

294

12.0~17.7

3.45
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(48]

[49]

[50]

[51]

[51]

[51]

[52]

[53, 54]

2 Tested by using PEGs as tracer.

b: Data from the manufacturer without mentioning the tracer.

Table 5.6 Summary of previously reported LNF/TUF membranes (The selected literatur

e represents key studies identified through a Web of Science search using keywor

ds such as “loose nanofiltration membrane”, and “tight ultrafiltration membran

Permeance Separation .
Material Solvent Additive MWCO Ref.
(LMHBar) target
DMAc/
PSf Zno/PEG 72 dye/salt 371 (dye) [55]
Acetone
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PES/SPSf

sPPSU

PES

PVDF
PAAS-m-PAN
PSE

PSF

PSfISMA

PES

PES

PES

PES

PES

PES
PVDF
PVDF

PI/SiO2
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5.4.3 Mechanical properties of membrane
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Figure 5.12 Mechanical performance of membranes. (a) Thickness and tensile strength of PES in-situ
COF membranes prepared by different methods. (b) Thickness and tensile strength of pure PES, PES
blend COF and PES in-situ COF membranes prepared by NIPS-CCD Eva THF method.

The mechanical properties of the membrane are summarised in Figure 5.12 and Table 5.7. Membranes
fabricated with different methods exhibited distinct mechanical properties due to their microstructural

differences. Compared with the NIPS-CCD membrane, the NIPS membranes are the thickest, with the
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highest elongation ratio but lowest tensile strength. This is consistent with previous reports and can be
mainly explained by the incorporation of strong, rigid CCD microchannels in the supporting structure of
the membranes [22, 86]. Comparing the NIPS-CCD, NIPS-CCD Eva and NIPS-CCD Eva THF
membranes in Figure 5.12 a, the membrane thickness decreased after evaporation, while the tensile
strength increased after evaporation. This suggests a denser skin layer led to a higher mechanical strength.
A high tensile strength of greater than 8 MPa was obtained for the pure PES membrane and PES-COF
membranes prepared with the NIPS-CCD Eva THF, regardless of which method was used to blend the
COF and PES. With the same fabrication procedure, the tensile properties of the membrane were also
greatly influenced by the COF blending strategy. Taking the membranes fabricated by the NIPS-CCD
EVA THF method as an example, as shown in Figure 5.12 b, the PES blend COF membrane has the
highest elongation ratio and highest tensile strength at 18.07% and 8.89 MPa, respectively, while the PES
in-situ COF membrane has the lowest elongation ratio and tensile strength at 13.52% and 8.01 MPa,
respectively. The enhancement in mechanical strength and elongation ratio of the PES blend COF
membrane can be attributed to the integration of COF nanosheets within the PES membrane. Unlike
typical inorganic fillers that often compromise the flexibility of polymer chains [87], the excellent
compatibility of DABA-TFP COF with PES allows it to act as a binder in polymer composites,
reinforcing the overall polymer structure. When considering the PES in-situ COF membrane, the reduced
elongation ratio indicates a more rigid structure resulting from molecular interactions between PES and

COF subsequent to hydrogen bonding [88].

Table 5.7 Mechanical strength of membranes

Solution Membrane Thickness (pum) Elongation (%) Tensile Strength (MPa)
Pure PES NIPS 290 +3.26 19.63 £2.42 5.48 £0.21

NIPS-CCD 196 + 5.45 16.12+3.72 6.92 +0.43

NIPS-CCD Eva 188 +£3.31 16.61 £3.11 7.18+0.37

NIPS-CCD Eva THF 175+2.87 16.92 £2.18 8.33+0.35
PES blend  NIPS 300 + 4.45 20.26 +£2.92 6.00£0.31
COF

NIPS-CCD 256 £3.25 17.53 +£4.25 7.48 +£0.56

NIPS-CCD Eva 226 £3.44 17.59 £3.95 7.70 £ 0.48

NIPS-CCD Eva THF 206 £4.21 18.07 £2.95 8.89+0.42
PES NIPS 330+ 3.11 15.37 £2.58 476 +0.12
in-situ

NIPS-CCD 287+ 6.01 13.31 £3.21 6.86+0.21
COF

NIPS-CCD Eva 285+ 4.21 13.39+2.03 6.97+0.17
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NIPS-CCD Eva THF 256 £3.52 13.52+2.52 8.01 £0.10

5.5 Conclusion

In summary, this study presents an advantageous method for incorporating DABA-TFP nanosheets into
a PES matrix to fabricate high-performance LNF membranes. The homogeneous integration of the
COF/PES mixture was successfully achieved using an in-situ dissolving approach, resulting in
membranes with superior uniformity, selectivity, and permeability. By introducing a solvent evaporation
step, the membrane's skin layer was effectively densified, achieving a pore size of 1.56~1.74 nm, which
is well-suited for LNF applications. These membranes exhibited excellent antifouling properties,
maintaining a fouling recovery ratio (FRR) of 81.3% after three BSA fouling cycles. They also
demonstrated high separation efficiency, with over 90% rejection of dyes such as Rose Bengal (RB) and
methylene blue (MB), while maintaining high salt permeability, with MgSOa rejection below 8%. The
unique porous and interconnected CCD structure contributed to an ultrahigh PWP exceeding 300
LMH-bar, significantly surpassing that of commercial LNF membranes and most reported membranes
in this category by 10~100 times. Given the high uniformity and enhanced separation performance
achieved in this study, the in-situ dissolving strategy holds great potential for the development of a broad
range of COF-based membranes with precise structural control, tuneable selectivity, and scalable

fabrication for advanced water purification and molecular separation applications.
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Chapter 6

Chapter 6: Confined Growth of 2D MOF Nanosheets within Porous Graphene

Oxide Membranes for Long-term Stable Desalination

6.1 Abstract

Integration of MOFs and graphene oxide (GO) is a promising strategy to simultaneously achieve both
enhanced structural stability of the GO membrane and improved separation efficiency by leveraging the
versatile functionality and porosity of the MOF. However, precise and targeted growth of MOFs without
interrupting the inherent laminar architecture of GO membrane remains challenging. This study presents
a MOF@porous graphene oxide (PGO) composite membrane, where the confined growth of two-
dimensional copper 1,4-benzene dicarboxylate (CuBDC) within the PGO matrix enhances structural
integrity while preserving water transport pathways. Coordination between Cu?** and oxygen-containing
groups on PGO nanosheets mitigates swelling, ensuring long-term stability. The resultant membrane
achieves a water flux of 124 kg m2 h™' in conventional pervaporation mode and 89 kg m2 h™! in energy-
efficient water carrier pervaporation mode, both while maintaining a NaCl rejection rate above 99.9%.
This outstanding performance is attributed to CuBDC’s hydrophilicity-induced high capillary pressure,
well-preserved sp? regions, and a shortened transport pathway of the composite membrane. Overall, this
study presents a promising strategy for the controlled integration of crystalline frameworks with other
advanced 2D materials, enabling the precise design of next-generation frameworks-based composite

membranes for various separation applications.

Big-flake PGO NaCl solution

High desalination performance
In-situ 2D MOF growth

oH 0 C pCu @CI ¢ Na*

Keywords: PGO membrane stabilization, Confined growth, Coordination interaction, Laminar
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frameworks, Desalination

6.2 Introduction

MOF/COF composite membranes have demonstrated exceptional potential across various separation
applications by harnessing the inherent chemistry and structural benefits of porous frameworks while
mitigating issues related to intercrystalline defects [1-3]. Among the most promising two-dimensional
(2D) materials, graphene oxide (GO) and its derivatives stand out because of their ease of synthesis,
chemical stability, and strong antifouling properties, making them highly suitable for membrane-based
separations [4, 5]. A single GO nanosheet features by the coexistence of sp®> domains hybridized with
oxygen-containing groups and sp” regions inherited from graphene [6, 7]. The self-assembly of GO
nanosheets can be obtained by stacking, leading to a laminar membrane structure. Theoretically, the
abundant functional groups on the lamellar planes and edges of the nanolayers impart hydrophilicity,
promoting the preferential adsorption of water molecules. Moreover, the non-oxide zones between
adjacent GO nanosheets act as 2D capillaries that enables near-frictionless flow of water while
impeding transport of larger hydrated species [8, 9]. Despite these advantages, the widespread
deployment of GO membranes in aqueous environments remains significantly constrained by their

inherent poor stability in aqueous solutions.

The oxygen-containing functional groups in GO membranes pose significant challenges to their
structural stability in aqueous environments. These groups readily undergo hydration, generating
negative charges that lead to strong electrostatic repulsion between adjacent layers. This repulsion can
increase the interlayer spacing, diminish selectivity, and potentially cause delamination of the GO
membrane within several hours [10, 11]. Extensive research has sought to mitigate the swelling effect
through methods, such as partial reduction [12], covalent crosslinking [13, 14] and crosslinking with
multivalent cations [15]. GO reduction is typically achieved via chemical/photo treatments to remove
oxygen-containing groups. However, it drastically decrease membrane permeability because of the
smaller interlayer spacing in reduced GO [16]. Covalent cross-linking with organic compounds is
another method for improving GO membrane stability. This increases interlayer d-spacing, enhancing
permeance but at the expense of reduced rejection [11]. Cation-GO crosslinking, which is based on the
cations-n interactions and cation oxidizing group interactions, can stabilize the GO structure with
controlled interlayer spacing. However, the stability of this interaction is compromised by the leakage

of cations when ions with stronger interactions are present [15].

The intrinsic highly tuneable functionalities of MOFs endow them with high potential for stabilizing
GO membrane by coordinating with functional groups to mitigate delamination and improve

mechanical stability [10, 17, 18]. Furthermore, the intrinsically porous architecture with a tailorable
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pore size is expected to increase the number of mass transport pathways and enhance the molecular
sieving capability of the resultant membranes [19]. Alemayehu et al. demonstrated the fabrication of an
AI-MOF/GO composite membrane using a co-stacking strategy, achieving stable nanofiltration
performance over a 80-h continuous dead-end test [20]. Owing to its simplicity, this approach has been
widely employed in the construction of GO/MOF composite membranes [21]. Nevertheless, the co-
stacking strategy hinges on the independent synthesis of GO and MOFs, followed by their vacuum-
assisted assembly. When coordination interactions between metal ions and functional groups on GO are
realized after assembly, the dominant interfacial forces are considered as the electrostatic interactions
and n—n stacking due to the intrinsic stability of MOFs after synthesis [20, 21]. This inherently weak
interlayer adhesion significantly undermines the stabilization efficacy of MOFs within GO membranes,
thereby limiting their long-term durability. Moreover, the vacuum-assisted stacking process leads to a
random distribution of MOFs within the GO membrane, resulting in a failure to selectively patch lateral

defects with the intrinsically porous architecture of the MOFs [18].

The in-situ growth of MOFs within GO membranes represents a highly promising strategy for
establishing robust coordination interactions. Recently, Moghadam et al. reported the fabrication of a
hybrid PGO/ZIF-8 membrane through a two-step in-situ growth approach, achieving targeted
coordination between Zn** from ZIF-8 and hydroxyl functional groups on GO [22]. This precise
coordination not only imparted good structural robustness, enabling the membrane to withstand a 50-h
continuous crossflow test, but also enhanced its molecular selectivity. Despite this advancement, the
incorporation of three-dimensional (3D) MOFs within the laminar framework of GO has raised
fundamental concerns [23]. The laminar structure of GO membranes is particularly advantageous for
mass transport in separation processes that are not driven by hydraulic pressure, such as pervaporation
and membrane distillation. In these systems, the narrow nanochannels between 2D laminae generate
substantial capillary pressure once liquid/vapour interface is established. This provides a key driving
force for the efficient transport of water across a large portion of the membrane’s nanochannels [24,
25]. However, the integration of MOFs with a 3D configuration inevitably disrupts the ordered laminar
framework of GO, significantly compromising structural uniformity and hence effecting capillary
pressure. To address this limitation, tailoring the in-situ growth of 2D MOF nanosheets represents a
compelling strategy for enhancing GO membrane stability while preserving its advantageous laminar
structure. However, achieving this goal remains challenging because of the lack of precise control over
targeted nucleation and oriented growth kinetics of 2D MOFs within the interlayer space of GO

membranes.

In this work, we fabricate a MOF@GO composite membrane by a confined growth of a water-stable
2D MOF, copper 1,4-benzene dicarboxylate (CuBDC) [26], within the laminar structure of a porous

graphene oxide (PGO) membrane (Figure 6.1). The PGO membranes are formed via vacuum coating
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via two types of PGO flakes: big-flake PGO (bPGO), with an aspect ratio of 0.8~1.5 pm, and small-
flake PGO (sPGO) with size range of 300~400 nm, obtained by fragmenting bPGO through a facile tip-
sonication process (Figure 6.1 a, b). These PGO flakes are coated onto alumina hollow fibres (HFs)
with various coating times of 40s, 80s, and 120s, resulting in membranes labelled bPGO40s, bPGOS80s,
bPGO120s, and sPGO40s, sPGO80s, sPGO120s, respectively. The corresponding membrane
thicknesses are detailed in Table 6.1. CuBDC nanosheets are synthesized in-situ in the vacuum-coated
PGO HF membrnes via a contra-diffusion method (Figure 6.1 a). The oxygen-containing groups of the
PGO nanosheets highlighted with red circles in Figure 6.1 b offer reactive sites to coordinate with metal
ions, promoting the in-situ formation of metal cluster and facilitating robust interactions between the
MOF and PGO. The CuBDC loading is significantly increased in the sSPGO-based composite membrane
because of the increased density of reactive sites (Figure 6.1 ¢). The targeted coordination of reactive
sites with CuBDC significantly enhances the structural robustness of the composite membrane, ensuring
the stabilization of the PGO membrane during desalination tests conducted via, reverse osmosis (RO),

pervaporation and energy-efficient water carrier pervaporation (analogous to direct contact membrane

. Contra diffusion 4

distillation).
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Figure 6.1 Schematic illustration of the membrane fabrication process. (a) Fabrication process of the
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CuBDC@PGO composite membrane, (b) CuBDC-PGO interaction via coordination between oxygen-
containing groups and the Cu pyramid, and (c) schematic illustration of the increase in reactive sites
resulting from the fragmentation of bPGO into sPGO and the corresponding increase in CuBDC

loading.

Notably, the composite membranes exhibit superior desalination performance in pervaporation. The
improvement in water permeance and salt rejection can be attributed to the regulated growth of the
CuBDC nanosheets, which imparts increased hydrophilicity and porosity to the membrane. The
resulting laminar structure of the composite membrane with well-defined microchannels as well as its
hydrophilic nature is expected to exhibit ultrahigh capillary pressure for aqueous solutions, enhancing
mass transfer during the pervaporation process. This results in an exceptional flux of up to 124 kg m™
h™'. In a low-energy water carrier pervaporation system (Figure 6.3), the membrane sustains a high flux
of 89 kg m2 h! over an extended testing period. Overall, this study constructively employs a contra-
diffusion strategy for the in-situ growth of 2D MOFs, that are precisely patched the defects and aligned
with the laminar framework of PGO membranes. This integration yields a structurally robust and water-
stable composite architecture, offering a promising pathway for enhancing the stability and performance

of 2D frameworks in molecular separation technologies.

6.3 Material and Methods

6.3.1 Material and membrane fabrication

To synthesize CuBDC, copper nitrate trihydrate (Cu(NOs),*3H,0, Sigma Aldrich, 99%), and terephthalic
acid (H.BDC, Sigma Aldrich, 98%) were utilized without further purification. Graphite powder (99%
carbon basis, 325 mesh) used for PGO synthesis was purchased from Sigma Aldrich. Details of other

chemicals can be found in Section 3.1.

6.3.2 Preparation of alumina hollow fibre and disc as substrate

The alumina-based substrate was prepared following the methodology outlined in Section 3.2.
6.3.3 PGO nanosheets preparation

Two types of PGO nanosheets, big-flake PGO (bPGO) and small-flake PGO (sPGO), were prepared

according to methods described in Section 3.3.3.
6.3.4 Membrane fabrication

PGO HF membranes were fabricated via a vacuum coating method, and subsequent CuBDC patching

was achieved via a contra diffusion strategy with the experimental details given in Section 3.3.
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6.3.5 Characterizations

Characterizations conducted in this chapter include SEM, EDX, FTIR, XPS, TGA, DLS, Raman, thermal
conductivity, AFM, and XRD, with detailed descriptions available in Section 3.4.

6.3.6 Desalination tests

6.3.6.1 Desalination performance test via RO

Desalination performance via conventional RO is introduced in detail in Section 3.4.12
6.3.6.2 Desalination performance test via pervaporation

The PV performance of all samples was evaluated using a custom-built setup (Figure 6.2). In this setup,
the membrane was sealed at one end and connected to a vacuum pump at the other end, providing an
effective membrane area of 1.73 cm?. A NaCl solution with a concentration of 3.5 wt% was circulated
over the outer surface of the membrane under continuous stirring at 70 °C. A liquid nitrogen cold trap

was used downstream between the membrane and the vacuum pump to collect the permeate.

<

Valve

Cold trap

Thermal
meter

Vacuum Pump

Figure 6.2 lllustration of the pervaporation setup. The effective membrane area is approximately
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1.73 cm?.

6.3.6.3 Desalination performance test via water carrier pervaporation

Water carrier pervaporation was conducted using a laboratory-made setup. As illustrated in Figure 6.3,
an HF module, assembled by potting two pieces of 13-cm HF membranes (with a total effective area of
17.97 cm?) with Araldite adhesive, was connected to two flow streams. The feed stream (indicated by the
red arrows) containing 3.5 wt% NaCl circulated over the outer surface of the membrane at a flow rate of
35 mL min"!, whereas a cold deionized water stream (blue arrows) continuously circulated through the
membrane lumen. Both streams were driven by peristaltic pumps, with the feed stream temperature
controlled at 60 °C via a hot plate. The pressure on the feed side was regulated to 1 bar via a valve (V).
The inlet and outlet temperatures of the feed stream were monitored with thermocouples (Tti, Tr), and
the pressure was tracked by pressure sensors (Pr, Pr). Similarly, the permeate side temperatures at the
inlet (Tp1) and outlet (Tp2) were also monitored and recorded. The flow rates on both the feed and permeate
sides were measured as Fr and F), respectively. The PV performance was assessed based on the change

in weight and conductivity of the permeate tank.

p Valve
ump
P H——
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< Pump Z
S 2
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e 2/ C g

pre

]

Figure 6.3 lllustration of water carrier pervaporation (analogous to direct contact membrane

distillation (DCMD)). The membrane module contains two pieces of HF membranes, providing an

effective test area of 17.97 cm?.

6.4 Results and Discussion
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6.4.1 Fabrication and characterizations of the membranes

As depicted by Figure 6.1 a, PGO nanosheets with atomically thin 2D structure readily self-assembled
into a layered structure film under vacuum filtration. Notably, there was no significant difference
between the surface and cross-sectional morphologies of bPGO and sPGO membranes, as shown in
Figure 6.4. As the coating time increased, the membrane thickness increased from approximately 40 nm
to 130 nm. The ultrathin nature of the membranes allowed the underlying protuberances of the alumina
substrate to remain visible. The subsequent CuBDC loading was achieved by in-situ growth using a
contra-diffusion technique. Under contra diffusion of the metal and ligand solutions from the lumen and
shell side of the PGO-HF membrane, respectively, the metal cluster were formed first by pyramidally
coordinating Cu*" with five O atoms. The metal pyramids then coordinatively linked with the carboxyl
groups of terephthalic acid (Figure 6.1 a, b), forming CuBDC in the PGO membrane. The oxygen-
containing groups on the PGO nanosheets played a dual role in this process: they either directly
participated in metal cluster formation or coordinated with preformed clusters, both of which facilitated

the subsequent growth of the MOF (Figure 6.1 b) [18, 27].
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Figure 6.4 Morphology of the PGO membranes. (a-f) Surface and cross-sectional morphologies of (a,

a’) bPGOA40s, (b, b’) bPGOS8Os, (c, ¢’) bPGO120s, (d, d’) sPGO4O0s, (e, e’) sPGO80s, and (f, f') sSPGO120s.

The surface and cross-sectional structures of the CuBDC@bPGO composite membranes were observed
using SEM (Figure 6.5 a-c). Highlighted in light blue, the CuBDC nanosheets on the bPGO membrane
displayed a tetragonal or nearly tetragonal shape with lateral dimensions ranging from 0.4~2 pum. The
square edges were also observed in the cross-sectional images highlighted by blue circles, as shown in
Figure 6.5 a', b', confirming the successful growth of CuBDC within the interlayers of the bPGO
membrane. This is further reflected by the 12.5~5.4% growth in the membrane thickness relative to the

pristine bPGO membrane as shown in Table 6.1.

Table 6.1 Comparison of membrane thickness before and after the growth of CuBDC

Membrane Thickness (nm) Increase ratio (%)
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bPGO40s 40 /
CuBDC@bPGO40s 45 12.5
bPGO80s 80 /
CuBDC@bPGO80s 90 12.5
bPGO120s 130 /
CuBDC@bPGO120s 150 15.4
sPGO40s 50 /
CuBDC@sPGO40s 80 60
sPGOS80s 80 /
CuBDC@sPGO80s 120 50
sPGO120s 125 /
CuBDC@sPGO120s 200 60

The CuBDC loading in the composite membrane was enhanced in the SPGO-based membranes because
of the increased number of reactive sites. As observed in Figure 6.5 d-f, CuBDC nanosheets with a
consistent tetragonal morphology nearly achieve complete surface coverage. This higher loading led to a
50~60% increase in membrane thickness for CuBDC@sPGO (Table 6.1), indicating increased loading
on both the surface and within the interlayer of the SPGO membrane. The increased MOF loading is
attributed to the increased number of reactive sites. As illustrated in Figure 6.1 b, ¢, oxygen-containing
functional groups, which coordinate with the MOF, are located primarily at the edge and defect sites of
the PGO layer [28, 29]. Mild tip-sonication reduced the flake size of bPGO nanosheets from 0.8~1.5 pum
to approximately 300~400 nm for sPGO, as shown by the AFM images and flake size distributions of the
bPGO and sPGO nanosheets measured by DLS, as shown in Figure 6.5 g. This reduction increased the
number of exposed edges per unit area, providing more coordination sites and thereby promoting higher

MOF loading.
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Figure 6.5 Morphology of the membranes and the flake size of the bPGO nanosheet. a-f) Surface and
cross-sectional morphologies of (a, a’) CuBDC@bPGOA40s, (b, b’) CuBDC@bPGOS0s, (c, ¢’)
CuBDC@bPG0120s, (d, d’) CuBDC@sPGOA40s, (e, e’) CuBDC@sPGO80s, and (f, f) CuBDC@sPGO120s;
g) AFM image of the bPGO and sPGO flakes and the flake size distributions of the bPGO and sPGO

nanosheets measured via dynamic light scattering (DLS).

The formation of the CuBDC@PGO composite membrane was further confirmed by elemental mapping,
as shown in Figure 6.6. While C element was uniformly distributed in all the samples, Cu was detected
only in the CuBDC@PGO composite membranes, with a relatively high density in CuBDC@sPGO.
Because the membrane is thin, the Al signal from the alumina support appears on the surface of the

untreated PGO membrane and in areas without Cu in the composite membranes.

182



Chapter 6

Figure 6.6 Surface and cross-sectional EDX mapping analysis of the (a) bPGO40s (b)

CuBDC@bPGO040s and (c) CuBDC@sPGO40s membranes.

The confined growth of 2D CuBDC nanosheets within the laminar framework of the PGO membrane
was confirmed by SEM imaging. As shown in Figure 6.7 a, a mechanical exfoliation method with the
assistance of adhesive tape was utilized to reveal the inner microstructure of the CuBDC@sPGO40s
membrane. After exfoliated, the membrane was partially attached to the tape (Figure 6.7 b), while the
remaining structure was retained on the HF surface (Figure 6.7 ¢), thereby exposing the inner structure

of the composite membrane. CuBDC nanosheets were found to be well aligned along the inner sPGO
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basal planes, highlighted in light blue, on randomly selected areas of both the layers adhered to the tape
and those remaining on the HF surface. Compared with the nanosheets formed on the outer surface of the
membrane, these internally confined nanosheets exhibited lower density and smaller lateral dimensions,
ranging from 0.2 to 0.6 pm. This observation provides strong evidence of the confined growth of the

CuBDC nanosheets within the PGO membrane structure.

Adhesive

Mechanical exfoliation

Figure 6.7 Inner microstructure of the CUuBDC@sPGO40s membrane. (a) Illustration of mechanical
exfoliation assisted by adhesive tape. (b) Microstructure of the membrane adhered to the tape;
regions outlined in blue frames are shown at higher magnification, as indicated by the corresponding
arrows. (c) Microstructure of the membrane remained on the HF surface; regions outlined in red

frames are shown at higher magnification, as indicated by the corresponding arrows.

In the contra diffusion process, the PGO layer served as both a loading platform, providing the reactive
sites for MOF loading, and a barrier, preventing bulk CuBDC formation. Typically, bulk CuBDC forms
rapidly, leading to densely packed lamellae when metal and ligand solutions are mixed directly [26]. The
proposed strategy successfully confines CuBDC intergrowth through a combination of limited nutrient
supply inherent to the contra-diffusion technique, spatial constraints imposed by the layered structure of
PGO, and the absence of reactive sites in the sp? regions [30]. These factors collectively ensure the

preservation of the laminar architecture, which is critical for maintaining the functionality and stability
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of the membrane.

The XPS spectra shown in Figures 6.8 and 6.9 reveal the elemental composition and bonding interactions
within the membranes. The full-range spectrum (Figure 6.8) shows an increased O 1s peak intensity in
the sSPGO membrane, indicating an increase in the oxygen content from 25 at% to 29 at% (Table 6.2).
This increase is further confirmed by the Raman spectra shown in Figure 6.9 d, where the increase in the
In/Ig ratio from 0.95 to 1.08 reflects a greater density of oxygen-containing functional groups, which
serve as reactive sites for CuBDC coordination. Consequently, the CuBDC@sPGO membrane has a
significantly greater copper content (22 at%), nearly four times greater than that of CuBDC@bPGO (5
at%), as shown in Table 6.2.
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Figure 6.8 Full-rang XPS spectra of the membrane. (a) and (b) CuBDC@PGO40s and pristine PGO40s

membrane, respectively.

Table 6.2 Atomic percentages of C, O, and Cu elements in the fabricated membranes.

Carbon (Atomic percentage, Oxygen (Atomic Copper (Atomic

Membrane at%) percentage, at%) percentage, at%)
bPGO 75 25 /
sPGO 71 29 /
CuBDC@bPGO 67 25 5
CuBDC@sPGO 38 37 21

High-resolution XPS spectra (Figure 6.9 a-c) confirmed the interaction between the CuBDC and PGO
membranes. As shown in Figure 6.9 a, the O 1s spectra of the composite membranes show three
characteristic peaks, with a new peak at 530.9 eV corresponding to O anions in the crystalline CuBDC

network [29]. This peak is more intense in the spectrum of CuBDC@sPGO, suggesting enhanced
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coordination between the Cu and oxygen functional groups. Additionally, shifts in C=0 (from 531.3 eV
to 532.1 eV) and C-O (from 532.6 eV to 532.8 eV) for PGO imply electron transfer from oxygen-
containing groups to Cu(Il), confirming coordination interactions [28]. This observation supports our
hypothesis that the metal clusters of CuBDC interact with the PGO membrane through coordination
interactions. In addition, the composite membranes also retain intense C—C/C=C peaks, as shown in
Figure 6.9 b, indicating that the sp?-hybridized domains remain intact after MOF loading, which is
consistent with the Raman spectra (Figure 6.9 d,). This is potentially related to the well-preserved laminar

structure stacked by n—n stacking in the fabricated membranes [31].
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Figure 6.9 High-resolution XPS and Raman spectra. High-resolution XPS (a) O1s, (b) Cl1s, and (c) Cu2p
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and (d) Raman spectra of the bPGO40s, sPG0O40s, CuBDC@bPG0O40s and CuBDC@sPGO40s

membranes.

The Cu2p spectra (Figure 6.9 ¢) of CuBDC@PGO display two characteristic peaks at 934.5 eV (Cu2pss)
and 953.7 eV (Cu2p.2) [32], along with “shake-up” satellite peaks, confirming Cu(Il) coordination within
the layered structured membranes via coordination with carboxyl groups from both the terephthalate
(BDC?*) and the PGO membrane [33]. The intensity of the Cu(Il) signal in CuBDC@bPGO is
approximately one-fourth that of the sSPGO-based membrane, correlating directly with oxygen content
(Table 6.2). This suggests that CuBDC primarily interacts with PGO via coordination with oxygen
functional groups rather than mere physical confinement within interlayer spaces. Theoretically, this
coordination occurs through two mechanisms: (1) direct Cu?* coordination with hydroxyl groups, forming
metal clusters, and (2) subsequent interaction of the clusters with carboxyl groups. The observed slight
shift in Cu(Il) peaks to higher binding energy (Figure 6.9 c) supports electron cloud migration from Cu

to O atoms, enhancing membrane stability against hydration [34, 35].
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Figure 6.10 XRD and FTIR patterns of the membrane. (e) XRD patterns of the simulated CuBDC and
bPGO0A40s, sPGO40s, CuBDC@bPGO40s and CuBDC@sPG0O40s membranes. (f) FTIR spectra of the

bPG040s, sPGO40s, CuBDC@bPG0O40s and CuBDC@sPG0O40s membranes.

XRD patterns confirmed that structural changes were induced by the incorporation of CuBDC. The
diffraction peak shown in Figure 6.10 a shifting from 9.83° (bPGO) to 9.56° (sPGO) indicates a slight
increase in the interlayer d-spacing, attributed to enhanced electrostatic repulsion and edge-to-edge
interactions among small PGO flakes [36, 37]. The peak at approximately 10° in the spectrum of
CuBDC@sPGO lies between the PGO feature peak and the CuBDC (110) peak at 10.25°, suggesting that
the peak overlaps due to CuBDC coordination. The broad peak at 16.25~7.85° corresponds to CuBDC.
According to the Scherrer equation, this broad peak with a wider full width at half maximum (FWHM)
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suggests a smaller CuBDC crystal size, indicating its confined growth within the PGO interlayers, as
confirmed by SEM images [38]. Notably, the (20-1) CuBDC peak is prominent, whereas the (001) and
(020) peaks disappear, implying that the CuBDC nanosheets are preferentially confined within the
laminar structure of PGO [33, 39, 40].

The FTIR spectra shown in Figure 6.10 b further confirmed the formation of CuBDC and its interaction
with PGO. The peaks at 1616 cm™ and 1422 cm™ correspond to asymmetric and symmetric -COO~
stretching, confirming that CuBDC forms via BDC?* linker coordination with Cu?* [40]. The presence of
a -Cu-O stretching peak at 562 cm™ supports CuBDC incorporation, whereas a newly emerged peak at
1116 cm™ (-C-O-Cu stretching) signifies Cu coordination with oxygen functional groups in the sSPGO
membrane [33]. These interactions enhance interlayer adhesion, bridging voids between adjacent

nanosheets and improving membrane stability [41].
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Figure 6.11 Surface roughness of the membranes. 2D and 3D surface roughness of the (a) bPGOA40s,

(b) sPGOA40s, (c) CuBDC@bPGO40s and (d) CuBDC@sPGO40s membranes.

Surface roughness plays a crucial role in membrane fouling behaviour [42]. AFM analysis (Figure 6.11)
reveals a rougher surface for sSPGO (Rq = 14 nm, Figure 6.11 b) than bPGO (Rq = 12 nm, Figure 6.11 a)
supported on the alumina substrate. The increased roughness of the SPGO membrane is attributed to the
increased density of nanosheet edges. Upon CuBDC incorporation, the roughness decreases to 10 nm
(CuBDC@bPGO, Figure 6.11 c¢) and 7 nm (CuBDC@sPGO, Figure 6.11 c) because of the smooth

morphology of the CuBDC nanosheets. The reduced roughness is expected to enhance antifouling
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performance by minimizing contact points for contaminants and reducing pollutant accumulation [43].
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Figure 6.12 Water contact angles of the membranes.

A smoother surface correlates with lower water contact angles [44]. As shown in Figure 6.12,
CuBDC@sPGO has a contact angle of 58.86°, indicating enhanced hydrophilicity. This increased water
affinity arises from both the hydrophilic nature of CuBDC [45] and the reduction in surface roughness.
In contrast, pristine PGO membranes display a higher contact angle (~90°) due to the coexistence of
hydrophobic sp? regions and hydrophilic sp*> domains [46]. Improved surface hydrophilicity enhances
water flux by facilitating water adsorption and reduces fouling by forming a protective hydration layer

[47, 48].
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Figure 6.13 Thermal properties of the membranes. (a) TGA plot of the CuBDC, bPGO, sPGO,
CuBDC@bPGO, and CuBDC@sPGO membranes measured under N, atmosphere. (b) Thermal

conductivity of the Al,O3; HF substrate, sSPGO HF membrane and CuBDC@sPGO membrane.

Figure 6.13 a illustrates the thermal stability of the membranes. The CuBDC@sPGO composite
membrane remains stable up to 220°C, whereas CuBDC@bPGO degrades below 140°C because of the
lower CuBDC loading. Pristine PGO membranes exhibit early weight loss, attributed to the pyrolysis of

oxygen-containing functional groups, indicating poor thermal stability [49]. The improved stability of
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CuBDC@sPGO is due to the coordination of Cu?" with oxygen functional groups, which strengthens the
interlayer interactions. The higher stability of CuBDC@sPGO over CuBDC@bPGO highlights the

importance of increasing the number of reactive sites on the PGO layers for effective stabilization.

Table 6.3 Parameters used for calculating the thermal conductivity of the fabricated membranes

Samples Temperature (°C) p (g m®) a (m?sh) C(Jg'Kh K (Wm'!K")
24.6 1108422.296 0.000002776 0.87 2.676973
29.9 1108422.296 0.000002769 0.898 2.756161
ALLOs 39 1108422.296 0.000002671 0.938 2.777039
49.3 1108422.296 0.000002543 0.974 2.745431
59.5 1108422.296 0.000002416 1 2.677948
25.4 1162146.965 0.000002975 0918 3.173881
30 1162146.965 0.000002889 0.94 3.155996
sPGO
39.2 1162146.965 0.00000273 0.983 3.118726
Al O3
49.6 1162146.965 0.000002572 1.031 3.081702
58.6 1162146.965 0.000002455 1.069 3.049933
259 948541.6758 0.000002852 0.902 2.440127
29.9 948541.6758 0.000002728 0.942 2.43754
CuBDC
@sPGO 393 948541.6758 0.00000261 0.992 2.455888
AlLOs
49.5 948541.6758 0.000002481 1.07 2.518065
59 948541.6758 0.000002393 1.125 2.553593

Thermal conductivity is a key factor in evaluating membrane performance when it is used for direct

contact membrane distillation (DCMD). Laser flash apparatus (LFA) measurements (Figure 6.13 b, Table

6.3) show that all the tested samples had significantly lower thermal conductivities than the commercial

alumina membranes (18 W m™K™) [50]. This highlights the advantageous porous structure of the

alumina substrate. The average thermal conductivity of the alumina support was approximately 2.7-2.8

W m™ K, which increased to 3.2-3.0 W m™! K'! after coating the sSPGO membrane and decreased to 2.4-

2.6 W m! K! in the case of the CuBDC@sPGO composite membrane. The slight increase in thermal

conductivity after coating with sPGO arises from the low-density sp?> domains and increased photon
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scattering [51]. However, the porous structure of MOFs endows them with an ultralow thermal
conductivity, which is generally less than 0.5 W m™' K-! [52]. A membrane with low thermal conductivity
offers promising thermal insulation, reducing heat transfer across the membrane and ensuring high

thermal efficiency in practical applications such as DCMD for seawater desalination [53].

6.4.2 Desalination performance
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Figure 6.14 Desalination performance of the membranes tested by RO.

The desalination performance of the fabricated membranes was evaluated using conventional RO and
pervaporation processes with a 35 g ™! NaCl feed solution. Figure 6.14 illustrates the RO performance
of the sPGO40s, sPGO80s, and sPGO120s membranes before and after CuBDC incorporation. As can be
seen, increasing CuBDC loading in the sPGO-based composite membranes significantly enhanced NaCl
rejection, increasing from less than 5% to approximately 55%. This improvement is attributed to the
formation of narrower transport channels enabled by the small aperture (~5 A) of the CuBDC pores [54].
Targeted CuBDC growth along the edges and defects of PGO nanosheets effectively refine the inherently
large, non-uniform pore structure of the sSPGO membrane. In addition, compared with their pristine sSPGO
counterparts, the composite membranes exhibited increased permeance. The optimized membrane
achieved a maximum permeance of 1.8 L m™-h™'-bar™!, representing a 164% increase over the sSPGO40s
membrane. These findings demonstrate the successful enhancement of both flux and salt rejection

through confined growth of 2D MOF nanosheets within the sSPGO framework.
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Figure 6.15 Pervaporation performance of (a) the pristine sPGO and CuBDC@sPGO membranes and
(b) the pristine bPGO and CuBDC@bPGO membranes

The composite membranes also exhibited excellent desalination performance in pervaporation mode
(Figure 6.2), achieving 99.9% salt rejection and a flux of 124 kg m™-h* with CuBDC@sPGO40s, nearly
four times higher than that of pristine sPGO40s (Figure 6.15 a). This exceptional flux surpasses most
state-of-the-art pervaporation membranes, which typically range from 4~80 kg m2h' [55-57]. Similarly,
the thicker CuBDC@sPGO80s and CuBDC@sPGO120s composite membranes presented higher water
fluxes than their pristine counterparts did, ranging from 35~90 kg m™= h™'. The water flux of the sPGO
membranes was consistent with the previously reported GO membrane pervaporation performance (Table
6.4). Compared with the bPGO membranes shown in Figure 6.15 b, the sSPGO membranes exhibited
slightly greater flux because of their smaller flakes, which shorten the water transport path [58-60].
Notably, the water fluxes of the bPGO and CuBDC@bPGO composite membranes were comparable
(Figure 6.15 b), largely due to the relatively low CuBDC loading in CuBDC@bPGO membranes, hence

showing negligible effects on permeation flux.

Table 6.4 Comparison of state-of-the-art desalination membranes via PV (The selected literature repre
sents key studies identified through a Web of Science search using keywords such as “desalinatio

n membrane” and “desalination via pervaporation”)

Membrane Substrate Feed Temperatu  Flux (Kg Salt rejection Ref.
re (K) m2h') (%)
CuBDC@sPG  Alumina 35,000 ppm NaCl 343 127+1.29 99.93 This
040s HF study
GO-PVA PVDF 100,000 ppm NaCl 338 28 99.99 [61]
GO-PVA Cellulose 200,000 ppm NaCl 358 98.1 99.99 [62]
GO-PI / 35,000 ppm NacCl 363 15.6 99.80 [63]
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GO PAN 35,000 ppm NaCl 363 65.1 99.80 [64]
GO PAN 35,000 ppm NaCl 303 14.3 99.80 [64]
GO PTFE 35,000 ppm NaCl 343 124 99.99 [65]
1,4- a-Al203 Simulated seawater 363 19.7 99.9 [66]
Diaminobutan
e-GO
GO-Polyimide / Simulated seawater 363 36.1 99.9 [67]
GO-Polyimide / Simulated seawater 363 15.6 99.8 [63]
GO- PAN Simulated seawater 343 26.7 99.99 [68]
Polyamide
GO-Chitosan / 50,000 ppm NaCl 354 30 99.99 [69]
GO-54 / Simulated seawater 333 8.1 99.41 [70]
GO-PEI / 200,000 ppm NaCl 338 8.4 99.90 [71]
GO-PEI MCE 100,000 ppm NaCl 363 86 99.99 [72]
GO@CuBTC/ / Simulated seawater 348 36.8 99.68 [73]
PVDF
Graphene Alumina Simulated seawater 363 11.4 99.6 [74]
oxide HF
framework
PA-mCNT PAN Simulated seawater 343 104 99.99 [75]
MXene PAN 35,000 ppm NaCl 338 85.4 99.5 [76]
MOF- PAN 35,000 ppm NaCl 308 15.9 99.84 [77]
303/MXene-
PVA
MIL- / 40,000 ppm NaCL 333 9.7 99.9 [78]
101(Cr)@GO
-PVA
GO-g-PVA PAN 35,000 ppm NaCl 308 4.5 99.99 [79]
PVA/NC PAN 200,000 ppm NaCl 343 103.1 99.8 [80]
BTCA-TAPB- Alumina 35,000 ppm NaCl 353 40 99.9 [81]
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Figure 6.16 Desalination performance of the water carrier pervaporation system.

Despite the excellent desalination performance demonstrated by conventional pervaporation, its large-
scale application remains significantly impeded because of the high energy demand required to maintain
a continuous vacuum on the permeate side. To address this limitation, a water carrier pervaporation
system (illustrated in Figure 6.3), which is analogous to the energy-efficient direct contact membrane
distillation (DCMD) process, was employed to further evaluate the desalination performance of the
CuBDC@sPGO40s composite membrane. As shown in Figure 6.16, a high flux of 89 kg m?h! with a
promising salt rejection of over 99.9% was achieved. This flux nearly doubles compared with those of
previously reported membranes, which mostly exhibited fluxes below 50 kg m™ h™! (Table 6.5). Owing
to the increased thickness, the flux of the sSPGO composite membrane fabricated using sPGO80s was
reduced to less than 30 kg m™= h™". In contrast, the flux of the CuBDC@sPGO120s membrane was nearly
twice that of the sSPGO80s-based membrane, with a decreased salt rejection of less than 80%. This can
be attributed to the nonuniform distribution of CuBDC nanosheets within the thicker SPGO membrane,
which arises from the differing diffusion rates of the metal and ligand solutions, an effect that is negligible
in thinner sPGO matrices. Notably, the custom-designed membrane module, as depicted in Figure 6.3,
offers an effective testing area more than ten times larger than that of RO and conventional pervaporation
systems. This expanded testing area was utilized in the water carrier pervaporation test, highlighting the
potential of the sPGO40s- and sPGO80s-based composite membrane for larger-scale desalination

applications.

Table 6.5 Comparison of WCPV membranes with state-of-the-art desalination membranes via direct c
ontact membrane distillation (The selected literature represents key studies identified through a
Web of Science search using keywords such as “direct contact membrane distillation”, “GO mem

brane for DCMD” “DCMD for desalination”)
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Membrane Substrate Feed Temperature Flux Salt rejection (%) Ref.
difference (AK)  (Kgm~
1h-1)
CuBDC@sP  Alumina HF 35,000 ppm NaCl 50 88.9+5. 99.70 This
GO40s 21 study
GO- PP 35,000 ppm 40 3.4 99.60 [82]
PVA/SSA NaCL
GO/PVA&P / / 40 52 ~100.00 [83]
P-PVDF
Powered PVDF-HFP 35,000 ppm NaCl / 77 99.00 [84]
activated
carbon
PET / 75,000 ppm 50 1.9 91.39 [85]
NaCl
Silica-PDA- / 35,000 ppm NaCl 50 37.0 ~100 [86]
PVDF
SiNPs/PFOT / 250,000 ppm 40 17.5 ~100 [87]
S NacCl
PDA-PEI PVDF 40,000 ppm NaCl 40 15 99.99 [88]
KOH / 24,000 ppm NaCl 50 45 99.99 [89]
modified
PVDF
MOF- / 35,000 ppm NaCl 30 4.4 99.97 [90]
808/PVDF/P
AN
UiO-66- PTFE 35,000 ppm NaCl 50 21.3 99.99 [91]
NH,/PVA
Silica-CA PTFE 24,000 ppm NaCl 33 20 ~100.00 [92]
CNT -PVDF / 30,000 ppm NaCl 60 74.7 99.99 [93]
PVDF / 35,000 ppm NaCl 40 38.0 99.99 [94]
Quartz fibre- / 40,000 ppm NaCl 40 18.3 99.00 [95]
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PVDF-HFP
ZnO/PVDF / Simulated 40 15.7 99.90 [96]
seawater
PLA@SiO> / 35,000 ppm NaCl 40 14.3 99.99 [97]
12LF-NC Nylon/nitroc 100,000 ppm 40 10.1 ~100 [98]
ellulose NaCl
9LF-NC Nylon/nitroc 35,000 ppm NaCl 40 14.0 ~100 [98]
ellulose
Vinyl-POSS- / 35,000 ppm NaCl 40 40 99.99 [99]
PTFE
AlFu-PVA- PTFE 35,000 ppm NaCl ~35 451 99.9 [100]
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Figure 6.17 Desalination performance of the membranes tested for an extended duration. (a) Flux

and (b) NaCl rejection of the sPGO and CuBDC@sPGO composite membranes. (c) Flux and (d) NaCl

rejection performance of bPGO and CuBDC@bPGO composite membranes.

The PGO membranes patched with CuBDC selectively tested via either conventional pervaporation or

water carrier pervaporation exhibited stable performances over extended duration. As shown in Figure
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6.17 a and b, the CuBDC@sPGO composite membranes demonstrated substantial stability compared
with the sSPGO membrane in terms of both water flux and NaCl rejection over a 12-h continuous test. For
the bPGO-based membranes, despite the low CuBDC loading, the structural integrity of the
CuBDC@bPGO composite membranes remained stable, retaining their framework over a 12-h
continuous test. In contrast, the pristine sSPGO and bPGO membranes experienced structural failure within
2-4 hours (Figure 6.17 c and 6.17 d) leading to a gradual increase in flux accompanied by a significant

decline in salt rejection.
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Figure 6.18 Stability test of the CuBDC@sPGO40s composite membrane operated in water carrier

pervaporation mode.

Notably, the CuBDC@sPGO40s membrane which exhibited the best desalination performance
maintained stable performance over up to a 72-h continuous water carrier pervaporation test (Figure 6.18),
further demonstrating its robustness and suitability for long-term desalination applications. This stability
is attributed to coordination between the oxygen-containing functional groups on the PGO flakes and the
Cu?* clusters in the CuBDC, as confirmed by structural characterization. These interactions mitigate
hydration of oxygen-containing groups, suppressing PGO layer swelling and enhancing membrane
integrity under aqueous conditions. This highlights the potential of the CuBDC@sPGO composite

membrane for energy-efficient, high-performance pervaporation-based desalination.

It is interesting to note that the water flux obtained using the RO mode is significantly lower than that
obtained via pervaporation. This is due to differences in the driving forces. During RO operation, i.e.
pressure-driven operation, water transport occurs via hydraulic pressure, which is relatively low
compared with the capillary pressure present in pervaporation. Water in the interlayer nanochannels of
the GO membrane does not experience a phase transition in RO mode, leading to slow transport over

long and tortuous paths. Conversely, in pervaporation, a liquid-vapour interface forms in the
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nanochannels, generating high capillary pressure (~1440 bar for GO membranes) [24] which drives water
efficiently across a large portion of nanochannel of the GO membrane. In addition, water vapour flux
within the remaining nanochannels further influences overall water fluxes operated between conventional
pervaporation and water carrier pervaporation. In conventional pervaporation (vacuum applied), high
water flux is achieved through convective vapour flow, whereas in water carrier pervaporation (or DCMD)
mode, vapour transport is primarily diffusive and thus is lower. In any case, the substantial difference in
water flux between the RO and pervaporation modes is due primarily to the stronger driving force in

pervaporation, which is absent in the RO mode.

6.5 Conclusion

In summary, we successfully fabricated a CuBDC@PGO composite membrane with excellent structural
stability and competitive desalination performance using a contra-diffusion strategy. This was achieved
through the confined growth of CuBDC nanosheets within the laminar PGO framework. Comprehensive
structural and elemental analyses (XPS, XRD, and FTIR) confirmed strong coordinative interactions
between the oxygen-containing groups of PGO and Cu?" ions in CuBDC. Reducing the bPGO flake size
increased the density of reactive sites, increasing MOF loading and structural integrity. These
interactions imparted remarkable stability, enabling the composite membranes to maintain high

separation performance for extended desalination operations.

The CuBDC@sPGO40s composite membrane demonstrated enhanced performance in RO, with
improved permeance and NaCl rejection. In pervaporation, an exceptional flux of 124 kg m>-h™! was
observed, nearly four times higher than that of the pristine SPGO membrane, while 99.9% salt rejection
was maintained. In addition, it showed competitive performance in water carrier pervaporation,

underscoring its potential for leveraging low-grade energy sources in desalination.

This study not only addresses key challenges in developing high-performance MOF/GO composite
membranes with a laminar structure but also presents a promising approach for fabricating robust,
energy-efficient membranes. These findings open new avenues for advanced desalination and water

purification technologies.
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Chapter 7

Chapter 7: Conclusion and Future Plan

7.1 Conclusion

Membrane separation has gained significant attention in industrial applications because of its energy
efficiency, operational simplicity, and environmental friendliness. However, the further development
of membrane technologies is severely hindered by inherent material limitations. Polymeric membranes,
the most widely adopted membrane materials in industry, face three main challenges: (1) the well-
known Robeson trade-off between permeability and selectivity, which constrains overall separation
efficiency; (2) susceptibility to fouling, which compromises membrane longevity; and (3) limited

stability under high temperatures and harsh operating conditions.

To address these limitations, crystalline frameworks, represented primarily by MOFs and COFs, have
emerged as promising alternatives. Synthesized through reticular chemistry, these crystalline
frameworks are built from modular units. In MOFs, these units typically consist of metal ions or clusters
connected by organic linkers. In COFs, the units are organic molecules connected by strong covalent
bonds. They exhibit high porosity with regulated pore sizes and tuneable chemical functionalities. An
in-depth understanding of the synthesis mechanisms is crucial to fully exploit their potential in the

fabrication of high-performance membranes for various separation applications.

To fully exploit the regulated porous structure and versatile chemistry, we demonstrate a dual-source
seeding approach to produce continuous, water-stable MOF-303 membranes on alumina hollow fibres
and preferentially tailor crystallographic orientation. By controlling the nucleation site density during
secondary growth, MOF-303 membranes with a crystallographic preferred orientation (CPO) on the
(011) plane were fabricated. The MOF-303 membrane with CPO on (011) provides straight one-
dimensional permeation channels, ensuring high water permeance in nanofiltration and the dehydration
of alcohols via pervaporation. The high crystallinity and controlled orientation facilitate a promising
water permeance of 15 L m™ h'! bar! and a high precise molecular weight cut-off (MWCO = 269) for
dye nanofiltration. Additionally, the utilization of metal source from the alumina HF results in robust
attachment between the substrate and the MOF membrane, leading to high structural integrity over long-
term tests. These results provide a concept for developing ultra-permeable MOF membranes with good

selectivity and structural integrity for pervaporation and nanofiltration.

Given the persistent challenge of mitigating intrinsic nonselective defects that arise during the synthesis
of continuous crystalline framework membranes, we incorporated COF nanosheets as nano-fillers in

PES loose nanofiltration membranes by taking advantage of their chemical compatibility with polymers.
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A homogeneous casting solution was achieved via in-situ dissolution of PES into a single solution
phase-synthesized DABA-TFP colloid. The membrane was fabricated using the recently developed
NIPS-CCD method, which combines nonsolvent-induced phase separation (NIPS) with combined
crystallization and diffusion (CCD). The anionic DABA-TFP COF not only imparted a negative charge
to the membrane but also increased the membrane hydrophilicity. Performance tests involving dye-salt
separation revealed a MWCO for dyes of approximately 800-1000 Da while maintaining high salt
permeability. Notably, the water permeance of the COF-enhanced PES membranes was 10~100 times
greater than that of commercial LNF membranes, with a fouling recovery ratio exceeding 80%. This
study offers a promising approach for manufacturing COF-incorporated membranes for loose

nanofiltration applications.

The versatile chemistry of crystalline frameworks also enables their integration with other advanced 2D
frameworks. We fabricated a MOF@porous graphene oxide (PGO) composite membrane via the
confined growth of a water-stable 2D MOF, copper 1,4-benzene dicarboxylate (CuBDC), within the
laminar structure of a porous graphene oxide (PGO) membrane. The PGO membranes were formed via
vacuum coating using two types of PGO flakes: big-flake PGO (bPGO) and small-flake PGO (sPGO),
which were obtained by fragmenting bPGO through a facile tip-sonication process. CuBDC nanosheets
were synthesized in-situ via a contra-diffusion method based on vacuum-coated PGO HF membranes,
where oxygen-coating groups were provided on the edges or defects of the PGO basal plane. The CuBDC
loading was significantly increased in the sSPGO-based composite membrane because of the increased
density of reactive sites. This targeted coordination of reactive sites with CuBDC significantly enhanced
the structural robustness of the composite membrane, ensuring the stabilization of the PGO membrane
during desalination tests conducted via reverse osmosis (RO), pervaporation and water carrier
pervaporation (analogous to energy-saving direct contact membrane distillation, i.e., DCMD). High
water fluxes of 124 kg m 2 h™! and 89 kg m2 h™' were achieved in conventional pervaporation mode and
in the water carrier pervaporation mode, respectively, both while maintaining a NaCl rejection rate above

99.9%.

7.2 Future Plan

Building on the foundations established in this thesis, several potential directions can be pursued in

future research.

A versatile technique for controlling CPO should be explored. The DS strategy reported in this thesis
successfully regulates the preferred MOF orientation by adjusting the crystal growth stages without
relying on external confinement or an inducer. However, the versatility of this method for other

crystalline frameworks should be further validated. Moreover, finer regulation aimed at further reducing
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the lateral growth stage is essential to shorten mass transport channels, especially for anisotropic crystals

possessing one-dimensional channels.

The well-regulated stacking of 2D MOF/COF nanosheets should be pursued. Imperfect stacking in 2D
membranes remains a persistent challenge in 2D framework membranes, causing a reduction in or
blockage of mass transport channels, thus compromising permeance [1]. Addressing this problem is
crucial for fabricating highly permeable membranes with precise molecular sieving capacities. Three
strategies can be considered to overcome this challenge: 1) fabricating ultrathin 2D membranes,
especially monolayer COFs/MOFs membranes, 2) introducing an additional correction step following

synthesis, and 3) modifying the building units to facilitate precise, controlled layer-by-layer stacking.

The fabrication of smart membranes is also a worthwhile research direction. The research presented in
this thesis has demonstrated enhanced separation performance by manipulating the fundamental
properties of MOF/COF membranes. Further exploration of their chemical versatility and functional
adaptability could open pathways toward smart membrane fabrication. One potential approach is the
incorporation of photoactive linkers or nanoparticles into MOF/COF membranes to create
photothermally responsive membranes for solar-driven desalination. Likewise, thermos-responsive
COFs or MOFs that can change surface hydrophilicity/hydrophobicity with temperature are also

promising for the fabrication of adaptive desalination membranes.

Expending the application scope of framework membranes represents another research direction. To
date, most reported framework-based membranes have been evaluated for salt rejection, remediation of
traditional organic pollutants and heavy ions removal. However, their relatively high fabrication cost
necessitates high-value applications or separations unattainable with conventional membranes.
Potential applications include: 1) the removal of advanced emerging organic containments, such as per-
and polyfluoroalkyl substances, 2) chiral separation relevant to pharmaceuticals and fine chemicals; and

3) challenging crude oil separation.

Finally, the machine learning-guided deign could warrant a thorough investigation of the framework
membrane. Given the vast combinations of metal nodes/linkers (MOFs) or organic building blocks
(COFs), traditional trial-and-error synthesis and testing methods are time-consuming and resource-
intensive. The power of artificial intelligence (Al)-human collaboration has been proven in the
prediction and synthesis of crystalline frameworks [2]. Extending machine learning to membrane
research should be considered for its potential to 1) predict key properties in membrane separation (e.g.,
pore size, surface porosity, diffusion coefficient, selectivity and mechanical stability), 2) optimize
MOF/COF membranes for targeted separations, and 3) design synthetic routes for novel MOF/COFs-

based membrane.
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