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Abstract 

Metal-organic frameworks (MOFs), which are emerging porous materials composed of metal ions/clusters and 

organic linkers, exhibit great advantages in membrane separations due to their well-defined and tunable pore structure. In 

particular, MOF-based composite membranes that combine the excellent separation capability of MOFs with the 

processability of polymers are promising for liquid separations. However, the separation performance of the present MOF-

based composite membranes is usually limited by poor interfacial bonding between MOFs and polymers. Among many 

appealing characteristics of MOFs, their tailorable nature enables MOFs to impart desirable properties by surface 

modification, such as stability, hydrophilicity/hydrophobicity, and dispersibility. In this thesis, I aimed to overcome the 

limitations of MOF-based composite membranes for improving liquid separation performance by chemically engineering 

MOF surfaces (Fig. 1). Here, zeolitic imidazolate framework-8 (ZIF-8), one of the most stable MOFs, was employed as 

a scaffold and the main research results are as follows: 

 

Fig. 1. Schematic illustration of MOF-based composite membranes for liquid separation. 

Surfactant-stabilized oil-water emulsions (including oil-in-water and water-in-oil emulsions) are especially difficult 

contaminants to separate. In Chapter 2, membranes prepared by sequential deposition of ZIF-8 microparticles followed 

by nanoparticles on a regenerated cellulose substrate were applied for oil-water emulsion separation. In order to separate 

both oil-in-water and water-in-oil emulsions, hydrophobic modification of ZIF-8 was performed via ligand exchange 

reaction to switch the surface properties of the original particles from hydrophilic to hydrophobic. The unmodified-

membranes were effective in separating oil-in-water emulsions due to their relative hydrophilicity, while the hydrophobic 

modification of ZIF-8 enabled membranes to separate water-in-oil emulsions successfully. 

To separate species of a smaller size, in Chapter 3, I focused on ZIF-8-based thin-film nanocomposite (TFN) 

membranes for desalination, where surface modification was performed on ZIF-8 nanoparticles by polydopamine (PDA) 

coating, and the modified ZIF-8 nanoparticles were incorporated into polyamide as a selective layer supported by a 

polyethersulfone membrane. The PDA coating improved the dispersibility, chemical stability, and hydrophilicity of ZIF-

8 nanoparticles, leading to good separation performances (permeability: 11.1 L m–2 h–1 bar–1; Na2SO4 rejection: 95.1% 

with 20 wt% of PDA-coated ZIF-8 in the selective layer) for the membranes. 

In general, increasing the MOF loading in MOF-based TFN membranes tends to increase permeability due to 

additional transport channels. However, this is accompanied by a deterioration in the selectivity because of MOF 

agglomeration and interfacial failure, which restricts the effectiveness of MOF loading. In Chapter 4, I proposed a 

breakthrough method to fabricate a ZIF-8-matrix nanocomposite membrane with ultrahigh ZIF-8 loading (70 wt%) by 

using polyethyleneimine-grafted ZIF-8 nanoparticles with film-forming ability as building blocks. Such design exhibited 

ultrahigh permeability (43.6 L m–2 h–1 bar–1) while maintaining comparable selectivity (95%). 

In conclusion, the surface engineering of MOF nanoparticles has provided a smart strategy to maximize the 

advantages of MOFs' nanochannels and alleviate their interfacial failure in designing MOF-based membranes for liquid 

separation. 

Keywords: Membranes; metal-organic frameworks; liquid separation; interfacial bonding; surface modification. 
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Preface 

The present thesis is submitted for the Degree of Doctor of Philosophy at the Japan 

Advanced Institute of Science and Technology, Japan. The thesis is a consolidation of 

the results of the research work on the topic “Functionalization of metal-organic 

frameworks for liquid membrane separations” and was implemented during April 

2019–March 2022 under the supervision of Professor (Dr) Toshiaki Taniike at the 

Graduate School of Advanced Science and Technology, Japan Advanced Institute of 

Science and Technology. 

Chapter 1 provides a general introduction to the research field and, accordingly, 

the objective of this thesis. Chapter 2 reports surface wettability switching of a zeolitic 

imidazolate framework-deposited membrane for selective efficient oil/water emulsion 

separation. Chapter 3 Introduces the advantages of polydopamine coating in the design 

of ZIF-8-filled thin-film nanocomposite (TFN) membranes for desalination. Chapter 

4 reports on the preparation of ZIF-8-matrix nanocomposite membranes for high-flux 

desalination. Finally, Chapter 5 describes the general conclusions of this thesis. The 

work is original and no part of this thesis has been plagiarized. 

YOU Hui 

Graduate School of Advanced Science and Technology 

Japan Advanced Institute of Science and Technology 

March 2022 
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1.1. Water scarcity and water treatment 

Water is one of the most precious and non-renewable resources on the planet. 

Although water covers 72% of the Earth’s surface, freshwater accounts for only 0.5% 

of that, and less than 1% of the world’s freshwater is drinkable [1]. Due to population 

growth, industrialization, and climate change, water supplies are becoming dangerously 

scarce [2,3]. In the past decades, water consumption has increased fourfold [4], and the 

global population under water scarcity has increased from 0.24 billion to 3.8 billion [5]. 

In addition, around 4 billion tons of communal and industrial waste are generated every 

year [6], which causes severe water pollution, leading to a major concern about global 

freshwater scarcity. 

Nowadays, providing adequate and fresh water is one of the primary objectives for 

sustainable development [7]. According to the Agenda of the United Nations for 

Sustainable Development, water resource recovery will be the top priority of water 

treatment in the coming decades [8]. For example, utilizing unconventional sources of 

water (e.g., brackish groundwater and seawater) and recycling wastewater will be 

essential. Indeed, various impurities and/or contaminants in the aforementioned water 

sources are the primary reasons why they are not classified as freshwater. According to 

the definition of the Safe Drinking Water Act, any physical, chemical, or biological 

matter in water can be a contaminant [9]. Common contaminants, such as 

oxyanions/cations, heavy metal ions, dyes, oils, pesticides, pharmaceuticals, and 

microorganisms, can have detrimental effects on source water, even at low 

concentrations [1]. Here, the development of sustainable and effective technologies for 
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the removal of impurities and/or contaminants is regarded as the key issue for providing 

clean and safe water [10]. 

Currently, a variety of technologies have been applied to produce freshwater in 

water treatment plants, such as adsorption [11], coagulation-flocculation [12], 

precipitation [13], sand filtration [14], etc. However, most of these conventional 

strategies are effective in removing macro pollutants, suspended solids, natural organic 

matter, dissolved iron and manganese, etc. [15], but cannot eliminate contaminants 

smaller in size. Furthermore, some of them also suffer from high energy consumption 

and the production of secondary pollutants [4]. Therefore, the development of effective, 

environmentally-friendly, and energy-efficient techniques for water treatment is highly 

desired. 

1.2. Membrane technologies for liquid separation 

 

Fig. 1.1. Schematic illustration of membrane separation processes. Adapted from Ref. 

[16]. 

To date, membrane technologies have been widely investigated and regarded as 

promising strategies for liquid separation, including seawater desalination, wastewater 
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purification, food processing, pharmaceutical and chemical separations, etc. [1,17,18]. 

A membrane can be defined as: A thin physical interface that allows some species to 

pass through when subjected to external driving forces (as shown in Fig. 1.1) [19]. 

Compared with conventional strategies, membrane technologies possess distinct 

advantages, including high energy efficiency, easy scale-up, small capital investment, 

low carbon footprint, and so on [20]. 

1.2.1. Classification of membranes 

According to different morphologies or structures (defined as cross-section), 

membranes can be divided into two types: isotropic (or symmetric) membranes and 

anisotropic (asymmetric) membranes, as shown in Fig. 1.2 [21]. 

 

Fig. 1.2. Schematic illustration of isotropic (symmetric) membranes and anisotropic 

(asymmetric) membranes. Adapted from Ref. [21]. 

Isotropic (or symmetric) membranes 

Isotropic membranes are homogeneous in both of their chemical composition and 
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structure. They can be subdivided into isotropic microporous membranes, nonporous 

or dense membranes, and electrically-charged membranes [21]. Microporous 

membranes exhibit a randomly voided structure with interconnected pores (pore size is 

in the range of 0.01–10 μm). An effective separation process is mainly based on the size 

of solutes and the pore size distribution of the membranes. Nonporous or dense 

membranes are composed of a dense film through which transport of species is driven 

by diffusion under a driving force such as concentration, pressure, or electrical potential 

gradient. As a result, the separation of various solutes in a mixture is governed by their 

relative transport rates. In the case of electrically-charged membranes, they can be 

either porous or dense, with positively or negatively charged ions on the membrane 

walls. The separation is determined by charge exclusion and ion concentrations. 

Anisotropic (or asymmetric) membranes 

Anisotropic membranes are chemically or/and structurally heterogeneous, which 

are mainly divided into Loeb-Sourirajan membranes (phase-separation membranes) 

and thin-film composite (TFC) membranes [19]. Loeb-Sourirajan membranes are 

developed via a phase inversion method using a single polymer [22], which are similar 

to isotropic microporous membranes, except that the porosity and pore sizes vary 

throughout the whole membrane. TFC membranes consist of a thin and dense layer of 

highly cross-linked polymer that is supported on a thicker microporous substrate, in 

which the thin and thicker layers function separately as a selective layer and a 

mechanical support. 



Chapter 1 

6 
 

1.2.2. Mass transport mechanism 

The mass transport mechanism for liquid membrane separations can be divided into 

two types: the pore-flow model and the solution-diffusion model, as depicted in Fig. 

1.3 [23–25]. In the pore-flow model, convective flow under pressure gradients 

dominates mass transport through the pores of membranes. Species are separated based 

on size-exclusion, which means that species with a size larger than the membranes’ 

pores cannot pass through. In the case of the solution-diffusion model, species should 

first dissolve in membranes, followed by diffusing across the membrane along with the 

concentration gradient. Therefore, the separation of species is governed by their 

different solubilities and diffusion rates in membranes. 

 

Fig. 1.3. Schematic illustrations for pore-flow and solution-diffusion membranes [23]. 

Diffusion is an inherently slow process. Fick’s law of diffusion appropriately 

describes the solution-diffusion model, which states: 

Ji = –Di 
dci

dx
,        (1.1) 

where Ji and 
dci

dx
 represent the transport rate and concentration gradient of component 

i, respectively. Di is the diffusion coefficient, and the minus sign indicates that diffusion 
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is occurring down the concentration gradient. The pore-flow model, which is mainly 

driven by pressure, can be described by Darcy’s law for a porous membrane: 

Ji = K' ci 
dp

dx
,         (1.2) 

where 
dp

dx
 and ci  are the pressure gradient and concentration of component i existing 

in the porous membrane, respectively. K' is a coefficient that represents the nature of 

the membrane. The permeance and relative size of the pores distinguish the pore-flow 

and solution-diffusion mechanisms. For membranes in which transport is dominated by 

the solution-diffusion mechanism, the transport channels in the membrane are free 

volume between polymer chains. On the other hand, for the pore-flow membranes, the 

channels are relatively large and fixed [21]. 

1.2.3. Pressure-driven membrane processes 

Pressure-driven and thermally-driven processes are two main operation methods 

for liquid membrane separations [26,27], while pressure-driven membranes are 

frequently applied for water purification and desalination due to the advantages of 

milder operation conditions and lower energy usage. Based on the size of solutes that 

are rejected, pressure-driven membrane processes are divided into particle filtration, 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) 

membranes, as summarized in Fig. 1.4 [1,19].  
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Fig. 1.4. Schematic diagram of the filtration spectrum for pressure-driven membrane 

processes. Adapted from Ref. [19]. 

MF and UF membranes follow a comparable process to that of particle filtration 

through membrane pores in which mass transport is based on size sieving. MF 

membranes with pore sizes of about 0.1–5 μm can reject suspended particles and 

various microbial pathogens. UF membranes are designed with smaller pores (approx. 

0.01–0.1 μm), which are suitable for removing macromolecules, such as viruses and 

proteins [28]. Compared to MF and UF membranes, NF membranes exhibit much 

smaller pore sizes that can even reject solutes around 0.5–2 nm in diameter, which 



Doctoral Dissertation 

9 
 

includes most organic molecules, divalent salt ions, and viruses. Therefore, NF 

membranes are often applied to soften hard water [29]. The pore size of RO membranes 

is approximately 0.1–1 nm, which corresponds to the typical size of polymer free 

volume. Therefore, RO membranes are normally considered non-porous and are 

designed for desalination [30]. They can reject low molecular-weight solutes such as 

organic molecules and inorganic solutes (including metal ions, minerals, and even 

monovalent salt ions). The mechanism of mass transport by RO membranes is supposed 

to be governed by a solution-diffusion model through distributed free volume areas [31]. 

1.2.4. Nanofiltration membranes used for liquid separation 

In between UF and RO, NF membranes with pore sizes of approximately 0.5–2 nm 

were first developed in the 1970s [32]. They exhibit advantages of low operation 

pressure, high flux, and high rejection towards multivalent ions, which have emerged 

as superior methods in liquid separation and purification for applications such as 

wastewater reclamation, desalting of dye solutions, water softening, pharmaceuticals, 

solvent purification in the oil industry, etc. [33–37]. The overall goal of NF membranes 

for liquid separation and purification is to establish a process with low energy 

consumption, small footprint, and high stability. The development of materials for NF 

membranes with good processability, high stability, low cost, and high separation 

performance is the key issue. In general, NF membranes can be made from organic, 

inorganic, or hybrid materials [38,39]. 

Organic membranes 

Organic membranes explored for NF processes to date are almost entirely made of 
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polymeric materials, such as cellulose acetate, cellulose nitrates, polyethersulfone, 

polycarbonate, polyvinylidene, polysulfone, polyacrylonitrile, poly vinyl alcohol, 

polypropylene, polyamide, and so on [21,40–43], which make up the majority of 

commercial membranes due to their low price and high processability [44]. The 

majority of the early polymeric membranes were homogeneous with thicknesses greater 

than tens of micrometers, which hindered their application due to low permeability. The 

appearance of TFC membranes marked a significant breakthrough in polymeric 

membranes, where an ultrathin barrier layer was coated onto the top of a microporous 

substrate [45]. The first TFC membrane was made by float-casting a cellulose acetate 

ultrathin layer onto the water surface, then annealing and laminating it to a pre-formed 

microporous substrate of cellulose acetate [46]. With the development of a polysulfone 

substrate and a crosslinked aromatic polyamide selective layer, TFC membranes are 

gradually being commercialized [47]. The conventional NF TFC membranes can be 

described as Fig. 1.5 [48]. However, the permeability-selectivity tradeoff has become a 

bottleneck of polymeric membranes, in which increasing permeability leads to a 

decrease in selectivity and vice versa [1]. Furthermore, most polymeric materials are 

intrinsically hydrophobic, which can result in a high fouling tendency [49]. 

Inorganic membranes 

Inorganic membranes are made of ceramic materials, such as Al2O3, TiO2, ZnO, 

ZrO2, SiO2, or a mixture of the above materials [50,51]. Their mechanical robustness 

and thermal as well as chemical stability are superior to those of polymeric membranes. 

More importantly, inorganic membranes with regular channels can effectively address 
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the tradeoff problem in polymeric membranes [52]. Unfortunately, the ceramic 

membranes are fragile, which prevents them from being used in large-scale production. 

In recent years, inorganic membranes for NF processes have been created using 

advanced materials such as graphene [53] and carbon nanotubes [54]. The high cost of 

raw materials and manufacturing of such membranes, on the other hand, limits their 

industrial application [55,56]. 

 

Fig. 1.5. Cross-sectional SEM images of a conventional NF TFC membrane [49]. 

Hybrid organic-inorganic membranes 

Hybrid organic-inorganic membranes which incorporate inorganic fillers within 

polymer matrices have been developed with the purpose of combining the excellent 

stability of inorganic materials with the flexibility of polymer materials [56,57]. 

Furthermore, the polymer-inorganic filler interfaces can also provide additional 

molecular transfer pathways. As a result, hybrid membranes are expected to alleviate 

the tradeoff problem in polymeric membranes. Up to now, various fillers, such as 

zeolites [58], graphene oxide [59], carbon nanotubes [60], silica [61], etc., have been 
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investigated for the development of hybrid membranes with improved NF performance. 

1.2.5. Challenges and trends for next-generation membranes 

The development of next-generation membranes for liquid separation and 

purification is anticipated to be primarily focused on solving the permeability-

selectivity tradeoff problem. High-permeability membranes can facilitate production as 

well as reduce the membrane area, whereas high selectivity ensures product purity. 

Additionally, the design of membrane materials with low-fouling properties and long-

term stability is also vitally important for efficient operation. 

In recent years, more and more advanced materials are being designed and 

developed, greatly expanding the types of membranes and their applications. Since 

porous graphene prepared by electron beam irradiation, oxygen plasma etching, 

ultraviolet light, and so on, has been explored for improved permeability in membrane 

separations [62], crystalline porous materials have attracted extensive attention. Porous 

materials with well-defined pore structures, controllable physio- as well as chemical 

properties, and ease of preparation are obviously desirable for efficient membrane 

separation. In this regard, metal-organic frameworks (MOFs), a group of porous 

materials composed of metal ions/nodes and organic ligands, are promising candidates 

as membrane materials. More details about MOF-based membranes for liquid 

separation are described in Section 1.3. 
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1.3. Metal-organic frameworks-based membranes 

1.3.1. General introduction of metal-organic frameworks 

 

Fig. 1.6. Schematic illustration of the building blocks of MOFs. 

MOFs are a kind of emerging porous materials that are composed by coordination 

between building units (metal ions/clusters) and organic linkers, as illustrated in Fig. 

1.6 [63,64]. In 1990, Hoskins and Robson first introduced the concept of constructing 

3-dimensional frameworks using metal ions/clusters and organic linkers [65]. Various 

MOF materials have been developed and received extensive attention, since the 

discovery of HKUST-1 [Hong Kong University of Science and Technology, Cu3(BTC)2, 

where BTC represents 1,3,5-benzenetricarboxylate] [66] and MOF-5 [or IRMOF-1, 

Zn4O(BDC)3, where BDC represents 1,4-benzenedicarboxylate] [67]. Fig. 1.7 displays 

some reported MOF structures [68]. Nowadays, research on MOF materials is not only 

limited to the development of different types of MOFs, but also involves their 

applications. It is well established that MOFs exhibit many desirable properties, such 

as well-defined pore size, controlled porosity, structural tailorability, and high 

crystallinity, which have shown great potential in catalysis, molecular capture, energy 

storage, separation, information encryption, and so on [69–73]. 
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Fig. 1.7. Representation of some reported MOF structures. Reproduced from Ref. [69]. 

1.3.2. Types of MOF-based membranes for liquid separation 

In the light of the advantages of the well-defined pore structure, uniform as well as 

tunable pore size, and adjustable surface property, MOFs have been considered as 

appealing candidates for separation [74]. In recent years, MOF-based membranes have 

been diversely investigated for liquid separation. There have been developed three main 

forms of MOF-based membranes: Continuous MOF membranes, MOF-based mixed 

matrix membranes (MMMs), and MOF-based thin-film nanocomposite (TFN) 

membranes [75], as illustrated in Fig. 1.8. The latter two forms can also be regarded as 

variants of MOF-based composite membranes. 
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Fig. 1.8. Schematic illustration of three main forms of MOF-based membranes. a) 

Continuous MOF membranes, b) MOF-based MMMs, and c) MOF-based TFN 

membranes. Adapted from Ref. Adapted from Ref. [75]. 

1.3.2.1. Continuous MOF membranes 

Continuous MOF membranes are formed by in-situ growth of MOF crystals on the 

top of a microporous substrate, as illustrated in Fig. 1.8a [76]. In other words, the 

selective layer of such membranes is composed of a pure and uninterrupted MOF layer. 

In this case, the pores of MOFs are the sole transport channels for species through 

membranes. Therefore, continuous MOF membranes should theoretically exhibit near-

optimal selectivity for liquid separations. An impressive case is shown in Fig. 1.9, 

where a continuous MOF membrane was prepared by in-situ growth of Zr-MOF (UiO-

66, Universitetet i Oslo) crystals on an alumina hollow fiber for desalination [77]. The 

resulting membrane demonstrated excellent rejection of multivalent ions (99.3% for 
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Al3+, 98.0% for Mg2+, and 86.3% for Ca2+), as well as good permeability (0.28 L m–2 

h–1 bar–1 μm). Although continuous MOF membranes are ideal for liquid separations, 

they are prone to gain boundary and pinhole defects that can seriously impair separation 

performance [78]. Furthermore, continuous MOF membranes are brittle due to the 

nature of crystal. 

 

Fig.1.9. SEM images of the continuous UiO-66 membranes [78]. 

1.3.2.2. MOF-based composite membranes 

MOF-based composite membranes are fabricated by incorporating MOF micro- or 

nanoparticles as fillers into polymers, which aim at overcoming the permeability-

selectivity tradeoff in polymeric membranes while improving the thermal stability and 

mechanical properties of the membranes [79,80]. MOF-based MMMs and TFN 

membranes are two major forms of MOF-based composite membranes. 

MOF-based mixed matrix membranes 

MMMs are composite membranes prepared by incorporating inorganic or 

inorganic/organic hybrid fillers (as the dispersed phase) into a polymeric matrix (as the 
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continuous phase), as illustrated in Fig. 1.8b [71,81]. MOF-based MMMs mean the 

dispersed phase consists of MOF particles [75]. Unlike continuous MOF membranes, 

which require a supporting substrate, MOF-based MMMs can be manufactured as free-

standing membranes. For example, Basu et al. reported for the first time MOF-based 

MMMs for liquid phase separation, which were prepared by incorporating a series of 

MOF fillers such as Cu3BTC2, MIL-47 (MIL, Matériaux de l'Institut Lavoisier), MIL-

53 (Al), and ZIF-8 (ZIF, zeolitic imidazolate framework), as shown in Fig. 1.10, into 

polydimethylsiloxane (PDMS). The permeability of the resulting membranes, however, 

was comparable to that of the raw PDMS membrane (0.54 L m–2 h–1 bar–1) [82]. 

 

Fig. 1.10. The structures of MOFs: a) Cu3(BTC)2, b) MIL-47, c) MIL-53 (Al), and d) 

ZIF-8. 

Due to the non-porous nature of many polymeric matrices, MOF-based MMMs 

should show lower permeability as compared to continuous MOF membranes. This 

limitation is supposed to be solved by increasing the fraction of MOFs within a 

membrane. However, the increase in the MOF loading also caused poor dispersion and 

agglomeration of MOF particles, which resulted in void defects in membranes. In order 

to improve the integration of MOFs and polymers, a better molecular-level 

understanding of the surface of MOFs is required. 
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MOF-based thin-film nanocomposite membranes 

The concept of TFN membranes, as illustrated in Fig. 1.8c, was first proposed by 

Jeong et al. [83]. They are usually prepared by incorporating nanofillers into an ultrathin 

crosslinked aromatic polyamide selective layer that is supported by a microporous 

substrate. Membrane performance can be improved by modulating the chemical 

properties and structure of the selective layer through the embedment of appropriate 

nanofillers. In 2013, for the first time, Sorribas et al. fabricated TFN membranes for 

organic solvent nanofiltration by using MOF nanoparticles as fillers [84]. MOF 

nanoparticles including ZIF-8, MIL-101 (Cr), MIL-53 (Al) and NH2-MIL-53 (Al) with 

different hydrophilicity were prepared and respectively embedded into the crosslinked 

aromatic polyamide selective layer via interfacial polymerization. The resulting 

membranes were used for the separation of polystyrene oligomers from methanol (as 

shown in Fig. 1.11). Among them, the embedment of MIL-101 (Cr) nanoparticles 

increased the permeability from 1.5 to 3.9 L m–2 h–1 bar–1 without decreasing the 

selectivity. The porous structure of MIL-101 (Cr) facilitated the transport of methanol, 

leading to enhanced permeability. In addition, the polyamide layer surrounding the 

MOF nanoparticles was thought to be responsible for the high rejection. The excellent 

compatibility of the MOF and polyamide matrix resulted in the absence of non-selective 

voids. Presently, publications on MOF-based TFN membranes for liquid separation 

have been increasing, in most of which MOF-based TFN membranes performed 

satisfactorily as compared to TFC membranes. In order to further improve separation 

performance, key issues are increasing the MOF loading, improving the dispersion of 
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MOF nanoparticles, and enhancing the compatibility between MOFs and the matrix. 

 

Fig. 1.11. Schematic illustration of MOF-based TFN membranes used for separation of 

polystyrene oligomers from methanol. Adapted from Ref. [84]. 

1.3.3. Key issues and challenges for MOF-based composite membranes in liquid 

separation 

MOF-based composite membranes are promising for liquid separation because of 

the integrating advantages of polymers and MOF particles. To a great extent, their 

separation performance is influenced by the properties and structures of MOF particles. 

From the perspective of rational design, an ideal MOF-based composite membrane 

should possess high separation capacity, long-term operation stability, and be easy to 

fabricate. The stability, hydrophilicity/hydrophobicity, and dispersibility of MOFs 

should be considered for the preparation of MOF-based composite membranes for 

liquid separation. 

Stability 

For MOF-based composite membranes that are applied in water separation and 
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purification, the stability of MOFs against water, especially under water, is one of the 

most important factors. MOFs can be considered to be water-stable if there is no 

collapse of frameworks or structural degradation in the presence of water. In general, 

MOF structures with significant steric hindrance or strong coordination bonds are not 

susceptible to attack by water molecules [85]. Based on this, a consolidated database 

for water-stable MOFs has been created. For instance, a series of iron-based MOFs 

[MIL-101 (Fe)] and chromium-based MOFs [MIL-101 (Cr)] with excellent water 

stability have been developed by Ferey et al. [86]. The high valence of Fe3+ and Cr3+ 

facilitates high connectivity to organic ligands. Consequently, MIL-101 (Fe, Cr) is 

resistant to water molecules. ZIF-8, consisting of Zn2+ connected by imidazolate linkers, 

is another water-stable MOF established by Yaghi and his coworkers, which was 

demonstrated to be stable in alkaline solutions, refluxing organic solvents, and boiled 

water without losing crystallinity [87]. This remarkable water resistance could be 

attributed to the strong coordination bonds and the surface structure of ZIF-8. 

Hydrophilicity/hydrophobicity 

The hydrophilicity/hydrophobicity of MOFs is determined by the existence of open 

metal sites and ligands. Their rational selection in MOF-based membranes for liquid 

separation depends on the nature of the compounds to be separated. Hydrophilic MOFs 

are generally used to remove organics from water. For example, ZIF-71, synthesized 

from zinc acetate and 4,5-dichloroimidazole, exhibits intrinsic hydrophobicity. Dong et 

al. prepared a hydrophobic ZIF-71 membrane using a reactive seeding method 

supported on a ZnO porous substrate. The resulting membrane showed permselectivity 
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for dimethyl carbonate (DMC) over methanol and for alcohols over water in 

pervaporation separation of DMC-methanol and alcohol-water mixtures, respectively 

[88]. In contrast, hydrophobic MOFs can show negative effects on performances, e.g., 

water permeability, selectivity, and antifouling properties when they are used in MOF-

based membranes for water purification and separation. For example, high 

hydrophilicity and an appropriate porous structure of MOFs are required for both high 

flux and selectivity of MOF-based composite membranes in the dye desalination 

process [89]. When MOF-based composite membranes are prepared via interfacial 

polymerization, the hydrophilicity of MOFs may result in weak entrapment into the 

selective layer, which leads to loss of MOFs. In this sense, improving the hydrophilicity 

of MOFs is critical for optimizing the performance of MOF-based composite 

membranes in water separation and purification. 

Dispersibility 

The dispersion of MOF particles in polymers has a great influence on the separation 

performance of MOF-based composite membranes. When MOF nanoparticles are 

embedded into polymers during the membrane preparation process, they are prone to 

aggregate due to the high surface energy, especially at a high MOF loading, which may 

result in non-selective defects, leading to a deterioration of performance in liquid 

separation [75]. On the other hand, the poor dispersion hinders the maximum loading 

of MOF particles in composite membranes, thus limiting the enhancement of 

permeability. Surface modification of MOFs has been proven to be a good strategy for 

improving their dispersibility. MOFs allow for the incorporation of a variety of 
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functionalities, which facilitates the dispersion of MOFs in the membranes. For 

example, amine groups were introduced on the surface of MIL-101 to afford NH2-MIL-

101/chitosan NF membranes. Due to the increase in positive charges after the 

introduction of the amino group, NH2-MIL-101 dispersed better in chitosan, which 

resulted in an improved removal of multivalent cations [90]. 

1.4. Objective of the thesis 

The limitations of membranes for liquid separation, such as permeability-

selectivity tradeoff and fouling, can be addressed to an extent by integrating polymers 

with nanoporous materials. MOFs, a kind of emerging crystalline porous material, show 

high potential in separation processes because their highly tunable pore structure, 

chemical functionality, and flexibility make them superior to traditional porous 

materials such as carbon-based materials and zeolites. Although significant progress 

has been made in recent years, the challenges of developing MOF-based composite 

membranes for liquid separation must be overcome before practical applications. As 

mentioned above, due to the deterioration of water-sensitive MOF materials, the long-

term stability of MOF-based composite membranes remains a concern. For different 

purposes of separation, modulation of the hydrophilicity/hydrophobicity of MOFs is 

also required. Agglomeration of MOF particles in the polymeric matrix leads to the 

formation of non-selective voids that further impede membrane performance. 

Among the many appealing characteristics of MOFs, their modular nature makes 

them ideal for chemical manipulations aimed at tuning functionality. The objective of 

the thesis is to solve the above problems for the preparation of high-performance MOF-
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based liquid separation membranes by engineering MOF surfaces. In the thesis, ZIF-8, 

one of the relative hydro-stable MOFs, was chosen as a scaffold for the preparation of 

MOF-based membranes. To be more specific, three research items have been carried 

out, and they are summarized in Chapters 2–4. 

In Chapter 2, hydrophobic modification of ZIF-8 nanoparticles was conducted to 

switch the wettability of ZIF-8 from relative hydrophilic to hydrophobic. This chapter 

aimed to adopt ZIF-8-deposited membranes for both water-in-oil and oil-in-water 

emulsion separation. 

In Chapter 3, a ZIF-8 TFN membrane was prepared for desalination by using ZIF-

8 nanoparticles as fillers. The purpose of this chapter was to balance the permeability-

selectivity tradeoff and reduce fouling of membranes by improving the hydrophilicity 

of ZIF-8 and its dispersibility in water via modifying the surface with polydopamine 

(PDA). 

Chapter 4 focuses on the fabrication of ZIF-8-matrix nanocomposite membranes 

for the purpose of enhancing permeability while maintaining selectivity for desalination. 

To achieve this, a hydrophilic polymer was grafted on the external surface of ZIF-8, 

which can be used as building blocks to construct a high ZIF-8 loading selective layer. 

Chapter 5 summarizes and concludes the thesis. 
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Chapter 2  

Surface wettability switching of a zeolitic imidazolate framework‐

deposited membrane for selective and efficient oil/water emulsion 

separation 

 

Abstract 

Oil/water emulsion separation, especially for surfactant-stabilized emulsions, 

remains a major challenge for environmental protection. Due to low energy 

consumption and good separation performance, membrane separation technology based 

on special wettable materials is promising for oil/water emulsion separation. In this 

chapter, zeolitic imidazolate framework-8 (ZIF-8) membranes were prepared by 

vacuum deposition of ZIF-8 particles of different sizes on a regenerated cellulose 

support. Microparticles gave a better performance as compared to nanoparticles in 

terms of the permeate flux, while the presence of large interparticle voids adversely 

affected the rejection efficiency. Such a detriment could be overcome by a sequential 

deposition of microparticles followed by nanoparticles to form a dense selective layer 

for oil/water emulsion separation. Hydrophobic modification of pre-formed ZIF-8 

particles switched the surface wettability of ZIF-8 deposited membranes from 

hydrophilic to hydrophobic, offering versatility of the deposited membrane for both oil-

in-water and water-in-oil emulsion filtration.  
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2.1. Introduction 

Industrial oily waste water and frequent oil spills have highlighted the urgent 

demand for effective oil/water treatments due to irrecoverable damage to the ecosystem 

[1–3]. Various methods have been used or proposed for oil/water separation, such as in‐

situ burning, gravity separation, flotation, coalescence, thermo/chemical 

demulsification, and electrolytic demulsification [4–8]. However, they face individual 

disadvantages in terms of separation or process efficiency. In the past decade, 

membrane separation technologies have attracted great attention to tackle energy and 

environmental challenges [9–13]. In particular, they emerge as an effective method for 

oil/water separation due to low energy consumption, minimal land usage, ease of 

operation, and good separation performance [14]. 

To achieve effective oil/water separation in a membrane separation process, it is 

essential to maintain one phase (water or oil) preferentially on a membrane. Since water 

and oils are basically immiscible, attempts have been made to develop special wettable 

materials, “oil-removing” and “water-removing” materials, that exhibit opposite 

affinity towards oils and water, respectively [15–18]. In 2004, Jiang and coworkers 

reported an “oil-removing” PTFE‐coated stainless‐steel mesh [15]. The craterlike 

structure created by micro‐ and nanoscale assemblies of PTFE made the coated mesh 

superhydrophobic. At the same time, the rough surface increased an oleophilic property 

of PTFE to make the coated mesh equipped with both superhydrophobic and 

superoleophilic properties for the first time. In a subsequent publication, the same group 

reported a kind of “water removing” material by depositing a hydrophilic 
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polyacrylamide hydrogel onto a stainless‐steel mesh surface for successful separation 

of oil/water mixtures [16]. When water was trapped in nanostructured hydrogel, the 

oil/water/solid composite interface exhibited underwater superoleophobic properties to 

prevent the coated mesh from fouling by oil. Gao et al. prepared a superhydrophobic 

poly (lactic acid) membrane via a one‐step phase separation method, which was used 

to control the release of oil-soluble drugs [19]. You et al. reported a 

superhydrophilic/underwater superhydrophobic glass fabric for the removal of the oil 

from an oil/water mixture by coating it with a konjac glucomannan hydrogel through a 

dip‐coating method [20]. Zhang et al. fabricated a Cu(OH)2 nanowire‐haired Cu mesh 

by oxidizing the Cu mesh using an (NH4)2S2O8 solution [21]. Such a structure can trap 

water on the surface, thus preventing oil from permeating across the mesh. In this way, 

various inorganic and organic materials with special surface wettability have been 

reported for separating oil/water mixtures [20,22–24]. On the other hand, most of these 

efforts have focused on immiscible oil/water mixtures, and membrane separation of 

oil/water emulsions (both oil‐in‐water and water‐in‐oil emulsions), especially 

surfactant‐stabilized emulsions with a droplet size below 20  m, has not been 

sufficiently addressed. 

Metal‐organic frameworks (MOFs), a kind of emerging crystalline porous material 

constructed by metal clusters and organic ligands, have been considered as a promising 

candidate for adsorption and separation applications due to their tunable pore structure, 

designability, as well as tenability [25–27]. Compared with zeolites, activated carbon, 

and other porous materials, MOFs exhibit significant advantages in the modulation of 
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pore architectures and properties [28,29]. Among known MOFs, zeolitic imidazolate 

frameworks (ZIFs), particularly ZIF‐8, have been dominantly used in the existing 

reports for oil/water separation [30–34]. Benefiting from their exceptional water 

stability and highly tunable surface wettability, membranes with special wettability 

from hydrophobic/oleophilic to hydrophilic/oleophobic were explored for efficient 

oil/water separation. For example, Ma et al. deposited pre‐synthesized ZIF‐8 crystals 

on a stainless‐steel mesh with the aid of a polymer binder [30]. These crystals were 

exploited as seed crystals for the secondary growth of ZIF‐8 to make a denser ZIF‐8 

mesh. They showed that pre‐wetting of the ZIF‐8 meshes induced underwater 

oleophobic properties to allow efficient separation of light and heavy oils from water. 

Xu et al. prepared ZIF‐8 seed crystals on an electrospun PVDF/ZnO membrane [31]. 

The growth of the seed crystals in the subsequent process afforded a PVDF‐g‐ZIF‐8 

membrane with a hierarchical fiber structure and an enhanced oil wettability. Xie et al. 

immobilized Zn2+ ions on a surface of a polydopamine‐coated regenerated cellulose 

membrane [32]. Self‐assembly of Zn2+ ions and the organic ligand generated ZIF‐8 

crystals on a membrane surface. The membrane exhibited underwater superoleophobic 

and underoil hydrophobic properties. 

As reviewed above, most past efforts have adopted seed‐induced crystallization 

[30,31,33] and in‐situ growth [32,34] methods to integrate ZIF‐8 into membranes to 

induce special wettable surfaces. Recently, a facile method to fabricate MOF 

membranes was reported, which is based on a vacuum deposition of pre‐synthesized 

MOF nanoparticles to form a semi‐continuous selective layer on a membrane support 
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[12,13]. The method is appealing in a sense that the tuning of nanoparticle morphology 

as a building block and the construction of an optimized selective layer can be carried 

out separately, which is infeasible in the other methods. By controlling the particle size 

distribution of deposited MOF nanoparticles, a highly permeable, selective, and 

fouling‐resistant UiO‐66 membrane for methylene blue nanofiltration was reported [13]. 

In this chapter, ZIF‐8 membranes were fabricated for oil/water emulsion separation. 

By depositing ZIF‐8 particles on a regenerated cellulose membrane via vacuum 

filtration, a selective layer for oil/water emulsion separation was formed in a simple 

preparation step. The sequential deposition of microparticles followed by nanoparticles 

greatly enhanced the packing of the selective layer to maintain high rejection efficiency 

even at high operation pressure. Besides, hydrophobic modification of the pre‐formed 

ZIF‐8 particles was performed to switch the surface wettability of ZIF‐8 membranes 

from hydrophilic to hydrophobic. Based on these strategies, I would like to deliver 

promising aspects of the ZIF‐8‐deposited membranes for both oil‐in‐water and water‐

in‐oil emulsion separation. 

2.2. Experimental section 

2.2.1. Materials 

All reagents and solvents are commercially available. They were used as received 

without further purification. Zinc nitrate hexahydrate (Zn(NO3)26H2O, > 98%) and d4-

acetic acid (> 99.5%) were purchased from Sigma‐Aldrich. 2‐Methylimidazole (MIM, > 

98%), 5,6‐dimethylbenzimidazole (DMBIM, > 98%), triethylamine (> 99%), Tween 60, 

and Span 80 were obtained from TCI Chemical Industry Co., Ltd. Methanol and toluene 
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were purchased from Wako Chemical Industries Ltd. Poreless TiO2 nanoparticles (TTO‐

55A) with a particle size of 30–50 nm were purchased from Ishihara Sangyo Kaisha, 

Ltd. A regenerated cellulose (RC) membrane (RC58, 47 mm dia., 0.2 μm pore size, 

Whatman) was selected as a support membrane due to its high-quality microporous 

structure and wide chemical compatibility. 

2.2.2. Synthesis of ZIF-8 

Synthesis of ZIF‐8 microparticles 

ZIF‐8 microparticles (denoted as ZIF‐81) were synthesized according to a 

previously reported procedure [28]. 0.97 mmol of Zn(NO3)26H2O in 10 mL of 

deionized (DI) water was added to a solution of MIM (55.3 mmol in 70 mL of DI water), 

and stirred for 5 min at room temperature. The solution mixture was transferred into a 

Teflon‐lined autoclave for the hydrothermal treatment at 120 °C for 6 h. The solid 

product was collected by centrifugation, repetitively washed with methanol for 5 times, 

and dried at 40 °C under vacuum for 12 h. 

Synthesis of ZIF‐8 nanoparticles  

ZIF‐8 nanoparticles (denoted as ZIF‐82) were prepared by a precipitation method 

in methanol [35]. A solution of Zn(NO3)26H2O (4.94 mmol in 100 mL of methanol) 

was rapidly poured into a solution of MIM (39.52 mmol in 100 mL of methanol) under 

vigorous stirring. The mixture slowly became turbid. After stirring for 1 h at room 

temperature, the solid product was collected by centrifugation, repetitively washed with 

methanol for 5 times, and then dried at 40 °C under vacuum for 12 h. 
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2.2.3. Hydrophobic modification of ZIF-8 

Hydrophobic modification of ZIF‐8 particles was carried out via a solvent-assisted 

ligand exchange (SALE) reaction (Scheme 2.1) according to the procedure reported by 

Yang et al. [36]. Briefly, 0.50 g of ZIF‐8 and 3.42 mmol of DMBIM were mixed in 80 

mL of methanol, followed by the addition of 4.94 mmol of triethylamine. The mixture 

was sonicated for 1 h, and then heated at 60 °C for 24 h under stirring. The modified 

particles were washed with methanol, collected by centrifugation, and dried at room 

temperature. The samples were denoted as ZIF‐81‐DMBIM and ZIF‐82‐DMBIM for 

modified ZIF‐81 and ZIF‐82, respectively. 

 

Scheme 2.1. Hydrophobic modification of ZIF‐8 via a SALE reaction [36]. 

2.2.4. Characterization 

The chemical structure of ZIF‐8 before and after hydrophobic modification was 

analyzed using a Fourier transform infrared spectrometer equipped with an attenuated 

total reflection accessory (FTIR‐ATR, 100, Perkin Elmer). 1HNMR measurements were 

performed using a Bruker 400 MHz spectrometer. Ca. 3 mg of ZIF-8 particles was fully 

digested in a 99.5% solution of d4-acetic acid. 1HNMR spectra were calibrated by the 

methyl proton residue of d4-acetic acid. The crystalline structure was analyzed by X‐
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ray diffraction spectroscopy (XRD, Rigaku SmartLab) using Cu Kα radiation at a scan 

step of 0.5° per min in the range of 5–45°. N2 adsorption/desorption experiments were 

conducted at 77 K using a BELSORP‐mini II instrument (BEL JAPAN, Inc.). The 

specific surface area and the pore volume were determined by the Brunauer‐Emmet‐

Teller (BET) and Horvath‐Kawazoe methods, respectively. The morphology of ZIF‐8 

particles was observed by scanning electron microscopy (SEM, Hitachi S‐4100) 

operated at an accelerating voltage of 20 kV, and by transmission electron microscopy 

(TEM, Hitachi H‐7100) operated at an accelerated voltage of 100 kV. The particle size 

was acquired from the analysis of TEM images using Image J software. Water contact 

angle (WCA) measurements were carried out on a ZIF‐8 pellet prepared by 

compression of ZIF‐8 particles using a 15 mm mold. 5.0 μL of DI water was dropped 

onto the surface of the pellet using a syringe. Then, WCAs were recorded on a contact 

angle goniometer (JY‐PHB, Chende Jinhe, China) at room temperature. 

2.2.5. Preparation of ZIF-8 composite membranes 

The composite membranes were prepared by depositing ZIF‐8 particles on an RC 

membrane by a vacuum filtration. ZIF‐8 particles were dispersed in 10 mL of methanol 

and sonicated for 1 h prior to the deposition. Suction filtration was performed at a 

differential pressure of 50 mbar for 5 min, and subsequently at 100 mbar for 5 min. The 

deposited membrane was washed with 10 mL of methanol for 3 times. Three types of 

ZIF‐8 membranes with the ZIF‐81:ZIF‐82 weight ratios of 100:0 (M1), 40:60 (M2), and 

0:100 (M3) were prepared by fixing the total amount of ZIF‐8 at 5.0 mg. For the 

preparation of M2, ZIF‐81 microparticles were firstly deposited on the RC support, 
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followed by the deposition of ZIF‐82 nanoparticles. ZIF‐8‐DMBIM membranes were 

prepared using the same procedure at the ZIF‐81‐DMBIM:ZIF‐82‐DMBIM weight 

ratios of 100:0 (D1), 40:60 (D2), and 0:100 (D3). For the sake of comparison, the TiO2 

composite membrane was also prepared using the same procedure, except poreless TiO2 

nanoparticles were used instead of ZIF‐8 particles. 

2.2.6. Oil/water emulsion separation 

 

Fig. 2.1. Appearances of surfactant‐stabilized toluene‐in‐water and water‐in‐toluene 

emulsions after keeping for 24 h under static conditions. 

Oil‐in‐water and water‐in‐oil emulsions were prepared using toluene as the oil 

phase. In both of the emulsions, the volume ratio between the dispersed phase and the 

dispersion medium was fixed at 10:90. 10 mg of Tween 60 (HLB = 14.9) or Span 80 

(HLB = 4.3) was added per 100 mL of the emulsion to stabilize the oil‐in‐water or 

water‐in‐oil emulsion, respectively. For both of the cases, the mixtures slowly turned 

oyster white during stirring for 5 h and subsequent sonication for 3 h. Optical 

microscope images of the emulsions were taken using a polarizing optical microscope 

(POM, OLYMPUS DP12). According to the micrographs, the droplet size of the 

dispersed phase was less than 20 μm. These droplets were stable for more than 24 h 
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under static conditions (Fig. 2.1). To avoid demulsification, the emulsions were 

sonicated for 2 h prior to use. 

The oil/water emulsion filtration experiments were performed using a dead‐end 

vacuum filtration system with an effective membrane area of 9.61 cm2. The permeate 

flux (L m−2 h−1 bar−1) was calculated according to Equation (2.1): 

Flux = 
V

A t ∆P
                   (2.1), 

where V (L) is the volume of the permeate, A (m2) is the effective membrane area, t (h) 

is the filtration time, and ∆P (bar) is the differential pressure. After a standard 

pretreatment procedure, the oil/water emulsion filtration was conducted at different 

differential pressures (100, 200 and 300 mbar). The rejection of the oil/water emulsion 

was calculated using Equation (2.2):  

Rejection () = (1˗
Cp

C0
)  × 100            (2.2), 

where Cp and C0 are the concentrations of water (or oil) in the permeate and feed, 

respectively. The concentration of toluene in the oil‐in‐water emulsion was analyzed by 

UV‐Vis spectrometry (Jasco V670, Japan). In detail, the filtrate was dissolved in 

cyclohexane. The intensity of the absorption peak of toluene at 261 nm was converted 

into the concentration based on the pre-determined standard curve. The water content 

in the water‐in‐oil emulsion was measured using a Karl Fischer coulombmeter 

(Metrohm 899). After the filtration experiment, the membrane was repetitively washed 

with ethanol for the recyclability test. 
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2.3. Results and discussion 

2.3.1. Synthesis of ZIF-8 and their hydrophobic modification 

The morphology of as‐synthesized ZIF‐81 and ZIF‐82 particles was observed by 

SEM (Fig. 2.2a,b) and TEM (Fig. 2.2e,f). Both of the samples exhibited a typical ZIF‐

8 morphology: Rhombic dodecahedron with truncated corners. The average particle 

sizes of ZIF‐81 and ZIF‐82 acquired from the TEM images were 1.37 ± 0.22 μm and 

41.97 ± 3.57 nm, respectively. In Fig. 2.3, the XRD patterns of ZIF‐81 and ZIF‐82 

showed characteristic peaks at 2 = 7.32°, 10.45°, 12.77°, 14.69°, 16.50°, and 18.12°, 

which respectively correspond to the (011), (002), (112), (022), (013), and (222) crystal 

faces of ZIF‐8 [35,37]. These results confirmed the successful synthesis of ZIF‐8 micro‐ 

and nanoparticles. Hydrophobic modification based on SALE reaction was carried out 

for both of the ZIF‐81 and ZIF‐82 particles to introduce a hydrophobic DMBIM ligand 

to the outer shell (Scheme 2.1). Figs 2.2 and 2.3 show that the modification hardly 

altered the morphology and crystalline structure of the original particles. 

 

Fig. 2.2. SEM (top) and TEM (bottom) images of ZIF‐8 particles: a,e) ZIF‐81, b,f) ZIF‐

82, c,g) ZIF‐81‐DMBIM, and d,h) ZIF‐82‐DMBIM. 
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Fig. 2.3. XRD patterns of ZIF-8 particles. 

Fig. 2.4 shows N2 adsorption/desorption isotherms of the ZIF˗8 particles. ZIF˗81 

and ZIF˗82 displayed a similar isotherm of Type I, which is characteristic for 

microporous materials [38]. The sharp increase in the N2 uptake at a very low relative 

pressure (P/P0 < 0.01) is attributed to the micropore filling [27,39]. The subsequent 

plateau is a sign of complete filling of the micropores. On the other hand, ZIF˗82 

exhibited an increase in the N2 uptake over P/P0 = 0.4 with the appearance of a 

hysteresis loop. This corresponds to the presence of mesopores as interparticle voids 

among nanoparticles. The BET surface area and the micropore volume of ZIF˗82 were 

found to be slightly higher than those of ZIF˗81 (Table 2.1). A higher surface area for 

ZIF˗82 is plausibly originated from the inclusion of the external surface area of 

nanoparticles, while the higher micropore volume is due to the contribution of small 

interparticle voids. After the modification with DMBIM, slight reductions in the BET 

surface area and the micropore volume were observed for both of the ZIF˗81˗DMBIM 

and ZIF˗82˗DMBIM particles. 
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Fig. 2.4. N2 adsorption/desorption isotherms of ZIF˗8 particles. 

Table 2.1. BET surface areas and pore volumes of ZIF˗8 particles. 

Sample 
Surface areaa 

(m2 g−1) 

Vmicro
b 

(cm3 g−1) 

ZIF˗81 1742.7 0.627 

ZIF˗81˗DMBIM 1673.5 0.595 

ZIF˗82 1805.4 0.670 

ZIF˗82˗DMBIM 1591.0 0.591 

aDetermined by the BET method; bMicropore volume determined by the Horvath‐

Kawazoe method. 

The chemical structure of ZIF˗8 before and after the modification with DMBIM 

was investigated by FTIR. As shown in Fig. 2.5, ZIF˗81 and ZIF˗82 exhibited identical 

spectra. After the modification, new peaks appeared at 813 cm–1 and 855 cm–1 for both 

of ZIF˗81˗DMBIM and ZIF˗82˗DMBIM. These peaks correspond to the out‐of‐plane 

deformation of the aromatic C–H bonds of DMBIM [38,40]. Considerable red shifts of 

these peaks as compared to those of pure DMBIM suggested the deprotonation of 

DMBIM and the subsequent coordination of imidazole nitrogen to zinc ions. The 



Doctoral Dissertation 

49 
 

disappearance of a broad band at 3095 cm–1 (N–H stretching vibrations) provided 

further evidence [41]. 1HNMR was performed to further confirm the successful 

modification (Fig. 2.6). Upon the SALE reaction, the two equivalent methyl groups of 

DMBIM were observed at δ ~ 2.41 ppm. 

 

Fig. 2.5. FTIR˗ATR spectra of ZIF˗8 particles. 
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Fig. 2.6. 1H NMR spectra of 2-methylimidazole, DMBIM, ZIF-8, and ZIF-8-DMBIM. 

A 6.2% (MDMBIM/ (MDMBIM + MMIM )) ligand exchange molar ratio was identified based 

on the signal integration of 1HNMR. 

2.3.2. Surface wettability of ZIF-8 and modified ZIF-8 particles 

In general, a hydrophilic surface has a WCA of < 90°, while a hydrophobic surface 

has a WCA of > 90°. A surface with a water or oil contact angle of > 150° is usually 

considered superhydrophobic or superoleophobic, respectively [40,42]. WCA 

measurements were carried out to address the changes in wettability before and after 

the modification with DMBIM. As shown in Fig. 2.7, the ZIF˗81 and ZIF˗82 particles 

showed WCAs of 47.9 ± 1.3° and 55.8 ± 1.5°, respectively. In fact, ZIF˗8 is intrinsically 

a hydrophobic material. The hydrophilicity of ZIF˗8 originates from the coordinatively 

unsaturated metal ions and the presence of −NH groups on the outer surface [43,44]. 

After the modification, WCAs increased to 132.5° ± 2.0° for ZIF˗81˗DMBIM and 141.7° 

± 2.5° for ZIF˗82˗DMBIM. The increase in the WCA arose from the replacement of 

2˗methylimidazole with more hydrophobic dimethylbenzimidazole. A larger WCA for 

ZIF˗82˗DMBIM as compared to ZIF˗81˗DMBIM likely came from the nanostructure of 

the sample surface. The WCAs were also acquired for ZIF-8 membranes (Fig. 2.8). The 

observed WCAs were indeed very similar to those for the particles. 
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Fig. 2.7. Water contact angles of ZIF˗8 particles: ZIF˗81 (47.9° ± 1.3°, top left), 

ZIF˗81˗DMBIM (132.5° ± 2.0°, top right), ZIF˗82 (55.8° ± 1.5°, bottom left) and 

ZIF˗82˗DMBIM (141.7° ± 2.5°, bottom right). 

 

Fig. 2.8. Water contact angles of membranes. 

2.3.3. Oil/water emulsion separation 

Based on the hydrophilicity of the ZIF˗8 particles and the hydrophobicity of the 

ZIF˗8˗DMBIM particles, ZIF˗8 and ZIF˗8˗DMBIM membranes (M1 and D1) were first 

fabricated using the corresponding microparticles for separating oil˗in˗water and 
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water˗in˗oil emulsions, respectively. An oil/water emulsion separation experiment was 

performed to evaluate the separation performance using a dead-end filtration setup. For 

separating an oil˗in˗water emulsion, water is expected to pass through the ZIF˗8 

membrane, whereas the oil phase (toluene) remains on the membrane surface. The 

opposite is expected for water˗in˗oil emulsion separation using the ZIF˗8˗DMBIM 

membrane. 

Fig. 2.9 shows the appearance of the feed and permeate after oil˗in˗water separation 

and water˗in˗oil separation at the differential pressure of 100 mbar. In both of the cases, 

the collected permeates (Fig. 2.9, right) were transparent as compared to the original 

milky white feed emulsions (Fig. 2.9, left). In optical microscope images, a numerous 

number of dispersed droplets were clearly seen in the feeds. The droplets were 

distributed mostly in the size range of 3–15 μm for both of the toluene-in-water and 

water-in-toluene emulsions (Fig.2.9). After separation, no droplets were observed in the 

collected permeates, indicating successful separation of emulsions based on the ZIF˗8 

and ZIF˗8˗DMBIM membranes. 
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Fig. 2.9. Appearance of feeds (left) and permeates (right) in a) oil˗in˗water emulsion 

separation using a ZIF˗8 membrane, and b) water˗in˗oil emulsion separation using a 

ZIF˗8˗DMBIM membrane. The membranes were prepared by depositing 5.0 mg of the 

corresponding microparticles (ZIF˗81 and ZIF˗81˗DMBIM) on a RC membrane. The 

size distributions of the droplets in the feeds are also shown. 

On the other hand, the ZIF˗8 membranes failed to separate the water˗in˗oil 

emulsion, and a similarly poor performance was observed for the ZIF˗8˗DMBIM 

membranes in oil˗in˗water emulsion separation (Fig. 2.10). Such a selective separation 

is explained by solid surface wettability. For the hydrophilic ZIF˗8 membrane, oil-in-

water emulsion droplets was demulsified once touching the membrane [45]. Due to the 

hydrophilicity of ZIF-8 membrane, the water phase can spread out on the membrane 

surface before penetrating through the membrane pores. The formation of the water 

layer also helps to prevent oil droplets from approaching the membrane surface [46]. 

The mechanism of water-in-oil emulsion separation is similar [47]. With the 
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hydrophobic modification, the WCA became significantly larger, thus switching the 

affinity of the selective layer from water to the oil phase. With the hydrophobic 

modification, the WCA became significantly larger, thus switching the affinity of the 

selective layer from water to the oil phase. 

 

Fig. 2.10. Optical microscope images of permeates: a) after water‐in‐toluene emulsion 

separation using a ZIF‐8 membrane, and b) after toluene‐in‐water emulsion separation 

using a ZIF‐8‐DMBIM membrane. 

In order to maximize the separation performance in terms of the balance between 

the flux and the rejection, the influences of the particle size and its distribution were 

investigated on the selective layer formation. For this, ZIF˗8 membranes with the 

weight ratio of ZIF˗81:ZIF˗82 = 100:0 (M1), 40:60 (M2), and 0:100 (M3) were prepared 

for oil˗in˗water separation. In the same way, ZIF˗8˗DMBIM membranes with the 

weight ratio of ZIF˗81˗DMBIM:ZIF˗82˗DMBIM = 100:0 (D1), 40:60 (D2), and 0:100 

(D3) were prepared for water˗in˗oil separation. SEM images in Fig. 2.11 show that the 

particle size of ZIF˗8 greatly affected the packing and roughness of the selective layer. 

The RC membrane showed a highly porous structure (Fig. 2.11a,e), which became 
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invisible after the particle deposition. For M1 and D1 (prepared from the 

microparticles), micron˗sized channels arising from interparticle voids can be clearly 

observed (Fig. 2.11b,f). These voids were greatly reduced when the nanoparticles were 

deposited (M3 and D3 in Fig. 2.11d,h). However, the membranes prepared from a single 

type of particles possessed corrugated surfaces, reflecting the rough surface of the 

support membrane. When micro˗ and nanoparticles were sequentially deposited, (M2 

and D2), the membrane surfaces became significantly smoother (Fig. 2.11c,g). It is 

plausible that microparticles firstly filled the porous structure of the RC membrane, and 

nanoparticles subsequently filled interparticle voids among the microparticles to create 

a denser and smoother layer on the topmost surface of the membrane. The formation of 

the selective layer by the deposition of micro˗ and nanoparticles is illustrated in Fig. 

2.11i. 

 

Fig. 2.11. Top view SEM images: a,e) RC support membrane, b,c,d) ZIF˗8 membranes 

(M1, M2, and M3, respectively), and f,g,h) ZIF˗8˗DMIBM membranes (D1, D2, and 
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D3, respectively). Illustrations in i) show the formation of the selective layer by 

deposition of micro˗ and nanoparticles onto the support membrane. 

 

Fig. 2.12. Separation performance of ZIF˗8 membranes for oil˗in˗water separation and 

that of ZIF˗8˗DMBIM membranes for water˗in˗oil separation: a,b) permeability and 

separation efficiency. c,d) represent the results of recyclability tests for M2 and D2 

membranes at the pressure of 100 mbar. 

Fig. 2.12a,b display the separation performance of the ZIF˗8 membranes for 

oil˗in˗water separation, and that of the ZIF˗8˗DMBIM membranes for water˗in˗oil 

separation under the differential pressure of 100, 200 and 300 mbar. Irrespective of the 

pressure, the permeation flux followed the order of M1 > M3 > M2 and D1 > D3 > D2, 

while the separation efficiency followed the order of M2 > M3 > M1 and D2 > D3 > 

D1. Clearly, the use of microparticles is advantageous over nanoparticles in terms of 
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the permeation flux, but this compensates the separation efficiency due to the presence 

of larger interparticle voids. The flux values increased along with the differential 

pressure for all the membranes. However, the response of the separation efficiency on 

the differential pressure was found to be different according to the construction of the 

selective layers. When one type of particles was used, the separation efficiency 

monotonously dropped along with the pressure. Such the decrement became more 

evident for the microparticles (M1 and D1). As the transmembrane pressure increases, 

droplets approach the membrane surface. The critical pressure to force the droplets 

penetrate into the membrane pores is dependent on the sizes of the droplets and pores. 

Hence, the decrease in the separation efficiency at a higher pressure is linked with the 

dimension of interparticle voids. Contrary to the above case, the separation efficiency 

was not decreased along with the pressure when micro- and nanoparticles were 

sequentially deposited (M2 and D2). The separation efficiency was 99.99% for M2, and 

99.91% for D2. Such the pressure‐invariant separation efficiency suggested that the 

selective layer in these membranes could be regarded as continuous within the applied 

transmembrane pressure. The separation performance with a good balance between flux 

and separation efficiency is highly desirable for oil/water emulsion separation. 

Evidently, the sequential deposition of microparticles followed by nanoparticles 

improved the packing of the selective layer, so as to allow the operation at a higher 

pressure for high permeate flux without sacrificing the separation efficiency. The 

recyclability of the M2 and D2 membranes was also examined (Fig. 2.12c,d). After ten 

cycles of repetitive filtration, the separation efficiency retained above 99.9% for M2 
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and above 99.8% for D2. 

 

Fig. 2.13. Separation performance of a TiO2‐deposited membrane in toluene‐in‐water 

emulsion separation. 

In the ZIF˗8˗deposited membrane system, there are two types of channels for mass 

transportation: structural porosity of the ZIF˗8 framework and interparticle voids. In 

order to clarify the main transportation pathway, poreless TiO2 nanoparticles were 

deposited on the RC membrane using the same procedure. The TiO2 membrane differs 

from the ZIF˗8 membranes in a sense that only interparticle voids are available for mass 

transportation. Due to the hydrophilic properties of TiO2, the performance of the TiO2 

membrane was evaluated in oil-in-water separation. At 300 mbar, the permeability of 

1005 ± 112 L m–2 h–1 bar–1 with the separation efficiency of 98.5 ± 0.8% were obtained 

(Fig. 2.13). Significantly higher permeability for the ZIF˗8 membranes as compared to 

that of the TiO2 membrane suggested that both of the structural porosity and 

interparticle voids are involved in mass transportation. Table 2.2 summarizes the 

oil/water emulsion separation performance for different types of ZIF˗8 membranes 

reported in literature. It is clear that the deposition˗type membranes are superior in 



Doctoral Dissertation 

59 
 

terms of the balance between the permeability and separation efficiency (i.e. the 

productivity) for both of oil˗in˗water and water˗in˗oil separation. 

Table 2.2. Comparison of oil/water emulsion separation performance. 

Membrane 
Fabrication 

method 
Droplet size 

Permeability 

(L m–2 h–1 bar–1) 

Separation 

efficiency 

(%) 

Ref. 

ZIF˗8 Deposition 3–15 μm 1411.8 > 99.99 
This 

work 

ZIF˗8˗DMBIM Deposition 3–15 μm 1643.1 99.95 
This 

work 

PVDF˗g˗ZIF˗8 Seed method 0.5–1 μm 1.11 92.93% [31] 

Co˗PDMS@ZIF˗8 

˗coated MWCNT 
Seed method n.d. 170 99.97 [44] 

RC@PDA/ZIF˗8 
In-situ growth 

method 
10 μm 446.4 99% [32] 

Cu(OH)2@ZIF˗8 
In-situ growth 

method 
2–10 μm 90000 97.2% [34] 

Cotton/ZIF˗8 

@PDMS 

In-situ growth 

method 
0.2–0.8 μm n.d. 95% [48] 

2.4. Conclusions 

In Chapter 2, ZIF˗8 micro˗ and nanoparticles were synthesized and used to prepare 

composite membranes for oil/water emulsion separation. Hydrophobic modification of 

ZIF˗8 via a solvent-assisted ligand exchange reaction between 2˗methylimidazole and 

dimethylbenzimidazole switched the surface properties of the original particles from 

hydrophilic to be hydrophobic. By depositing hydrophilic ZIF˗8 or hydrophobic 

ZIF˗8˗DMBIM particles onto a regenerated cellulose support, efficient and selective 

separation of oil˗in˗water or water˗in˗oil emulsions was achieved. The utilization of 

microparticles led to higher permeability as compared to nanoparticles. On the other 

hand, the presence of large interparticle voids exhibited a detriment in the rejection 

efficiency, especially at a higher transmembrane pressure. Such the detriment could be 
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overcome by a sequential deposition of microparticles followed by nanoparticles: the 

nanoparticles filled the interparticle voids among the microparticles to create a dense 

and smooth layer. The membranes exhibited excellent permeability of 1411.8–1643.1 

L m−2 h−1 bar−1 with more than 99.9% separation efficiency in both of oil˗in˗water and 

water˗in˗oil emulsion separation. In general, membranes with good productivity and 

recyclability were achieved for both separation of oil˗in˗water and water˗in˗oil 

emulsions in this chapter. A facile, scalable sequential deposition method was 

performed to quickly optimize the selective layer, which resulting an optimum balance 

between flux and separation efficiency. 
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Chapter 3  

Advantages of polydopamine coating in the design of ZIF-8-filled 

thin-film nanocomposite (TFN) membranes for desalination 

 

Abstract 

In this chapter, zeolitic imidazolate framework-8 (ZIF-8) nanoparticles coated with 

polydopamine (PDA) were synthesized and used to prepare thin-film nanocomposite 

(TFN) membranes for desalination. Structures, properties, and desalination 

performances of the membranes were systematically compared with those of 

membranes containing unmodified ZIF-8 nanoparticles or not containing ZIF-8, 

revealing the significance of the PDA coating on the overall performance of the TFN 

membranes. The PDA coating provided ZIF-8 nanoparticles with dispersibility in water 

and resistance to hydrochloric acid as a by-product of interfacial polymerization, which 

allowed them to be uniformly dispersed in the selective layer without agglomeration 

and deterioration of the crystalline structure. These are very important for the 

improvement of the permeability and stability of TFN membranes while maintaining 

the selectivity. In addition, the PDA coating inhibited the direct contact of ZIF-8 with 

an organic foulant, which dramatically enhanced the fouling resistance of the 

membranes. 
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3.1. Introduction 

A global water shortage caused by rapid population growth and industrial 

development in the last decade has motivated the development of more efficient water 

treatment processes, especially for saline water, which occupies more than 97% of the 

water on Earth. Compared to other conventional technologies, such as evaporation and 

distillation, membrane-based technologies offer more efficient as well as more eco-

friendly alternatives to water desalination and purification [1,2]. In particular, reverse 

osmosis filtration and nanofiltration account for the main desalination capacity, where 

thin-film composite (TFC) membranes are the most widely used membranes. In general, 

TFC membranes are prepared by forming an ultrathin barrier layer, which is also called 

a selective layer and typically made of a polymer, on a microporous support membrane. 

Since the first TFC membrane in the 1960s, a great deal of effort has been devoted to 

finding an optimum combination of a molecular structure and a synthetic process for 

the selective layer [3]. Currently, the de facto standard for TFC membranes is the 

crosslinked fully aromatic polyamide (PA) TFC membrane prepared by interfacial 

polymerization of m-phenylenediamine (MPD) and trimesoyl chloride (TMC) [4], 

which affords a highly crosslinked, uniform, and crumpled selective layer advantageous 

for selective permeation and mechanical strength [5]. The increasing fresh water 

shortage demands further improvements in the membrane performance, whereby 

enhancing the membrane permeability by overcoming a tradeoff with selectivity is the 

most important challenge [6]. 

One promising strategy is the incorporation of nanomaterials into the selective 
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layer, and such membranes are collectively called thin-film nanocomposite (TFN) 

membranes [7–11]. Hoek and his coworkers [12] were the first to propose the concept 

of TFN membranes. They found that the incorporation of NaA zeolite nanoparticles into 

a selective layer of crosslinked aromatic PA evidently increased the permeability of the 

membrane without deteriorating the salt retention. After that, a variety of nanomaterials 

have been added with the aim of improving the permeability, primarily based on 

creating additional pathways, and secondarily based on improved hydrophilicity and/or 

optimized membrane structures [13–16]. The additional pathways must be size-

selective: the addition of nanoporous materials with well-defined channels is preferred 

over only controlling the morphology of interfacial voids between the polymer and non-

porous nanomaterials. Therefore, the first step towards high performing TFN 

membranes is to select nanomaterials that are stable under water and possess channels 

of an appropriate size for rejecting hydrated salt ions (e.g., Na+ 0.72 nm, K+ 0.66 nm, 

Mg2+ 0.86 nm, Cl– 0.66 nm, SO4
2– 1.00 nm in diameter) [17]. The dispersion of the 

nanomaterials and their interfacial connection with the polymer are also important 

issues as agglomeration and loose interfaces lead to the formation of non-selective voids 

[18]. 

Metal-organic frameworks (MOFs) represent a relatively new class of inorganic-

organic hybrid porous materials consisting of metal clusters and organic ligands [19]. 

Compared to zeolites, MOFs have higher design flexibility due to the presence of 

organic ligands. This is a very important feature in terms of optimizing the chemical 

environment of channels as well as the dispersibility and compatibility of the inclusions. 
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Compared to covalent organic frameworks, MOFs tend to be more stable in water and 

more hydrophilic, i.e., more water-permeable, due to the metal clusters. Owing to these 

advantages, various TFN membranes with MOFs as nano-sized inclusions in the 

selective layer have been reported [20–23]. For example, Park et al. reported a 

polysulfone-supported TFN membrane prepared by the incorporation of HKUST-1 

nanoparticles for desalination [22]. The permeability of the TFN membrane increased 

with the amount of HKUST nanoparticles (up to a certain incorporation amount). 

Kadhom et al. prepared TFN membranes using nanoparticles of UiO-66 and MIL-125 

[23]. The incorporation of 0.15% w/v of UiO-66 and 0.3% w/v of MIL-125 led to an 

improvement in the water permeability by ca. 20% or 36%, respectively. Ideally, MOFs 

should provide additional size-selective channels for the selective layer to improve the 

permeability without deteriorating the selectivity. However, in reality, the ideal 

behavior is hardly achieved due to the void formation caused by the agglomeration of 

nanoparticles and/or interface failure, which sets the upper limit of the MOF loading in 

the selective layer, i.e., upper limit of the performance improvement. 

Polydopamine (PDA) coating is one of the most versatile approaches in the last 

decade for surface functionalization and compatibilization [24]. As a bioinspired 

synthetic polymer, PDA can be easily obtained by self-assembly and oxidative 

polymerization of dopamine under slightly basic conditions (pH~8.5). Analogous to 

mussel adhesive proteins, PDA can form a biocompatible coating by strongly adhering 

to many kinds of materials. Moreover, the abundance of amino and catechol groups 

allows PDA to react and/or strongly interact with other polymers, making it an effective 
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compatibilizer [25,26]. Recently, PDA has been used to improve the compatibility of 

ZIF-8 in a mixed matrix membrane for gas separation [27], where the interfacial 

bonding between ZIF-8 nanoparticles and a polyimide matrix was significantly 

improved by the PDA coating. The resultant membrane indeed exhibited excellent 

performance in separating H2/CH4 and H2/N2. Importantly, the PDA coating did not 

cause pore blockage, which would hinder the solute diffusion to the pore entrance [28]. 

With these advantages, PDA coating of MOFs is considered to be promising for the 

development of TFN membranes for desalination. 

In this chapter, I investigated the effect of PDA coating on the desalination 

performance of zeolitic imidazolate framework-8 (ZIF-8)-based TFN membranes. ZIF-

8 is one of the most widely employed MOFs for desalination [29] due to its appropriate 

pore size and high stability in water. A molecular dynamics simulation showed fast 

water transport through ZIF-8 at high salt rejection [30]. PDA coating was applied to 

synthesize ZIF-8 nanoparticles. The obtained nanoparticles were incorporated into the 

selective layer made of crosslinked aromatic PA during interfacial polymerization. 

Unlike unmodified ZIF-8, the PDA-modified ZIF-8 nanoparticles increased the 

permeability more than twofold without significant loss of selectivity in the desalination 

of brackish water. 

3.2. Experimental section 

3.2.1. Materials 

All reagents and solvents were commercially available and used as received. Zinc 

nitrate hexahydrate (Zn(NO3)26H2O, > 98%), tris(hydroxymethyl)aminomethane (tris-
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base, ≥ 99.9%), dopamine hydrochloride (≥ 99.5%), and humic acid (HA, a technical 

grade) were purchased from Sigma-Aldrich. 2-Methylimidazole (> 98%), trimesoyl 

chloride (TMC, > 98%), m-phenylenediamine (MPD, > 98%), and triethylamine (TEA, > 

99%) were obtained from TCI Chemical Industry Co., Ltd. Sodium sulfate (Na2SO4, > 

99%), sodium chloride (NaCl, > 99%), methanol, n-hexane, and hydrochloric acid (HCl, 

ACS reagent, 37%) were purchased from Wako Chemical Industries Ltd. A polyether 

sulfone (PES) membrane (dia. = 47 mm, pore size = 0.22 μm) was purchased from 

Merck Millipore Ltd. Deionized (DI) water was used throughout the experiments. 

3.2.2. Synthesis and modification of ZIF-8 nanoparticles 

ZIF-8 nanoparticles were synthesized according to a previously reported protocol 

[31]. Briefly, a solution of Zn(NO3)26H2O (9.87 mmol in 200 mL of methanol) was 

mixed with a solution of 2-methylimidazole (79.04 mmol in 200 mL of methanol) under 

stirring at room temperature for 1 h. The resultant precipitate was collected by 

centrifugation, repetitively rinsed with methanol for 5 times, and dried at 40 °C under 

vacuum for 12 h. 

The PDA coating was performed based on self-polymerization of dopamine [29], 

as illustrated in Scheme 3.1. 0.5 g of ZIF-8 nanoparticles was dispersed in 50 mL of 

methanol by sonication for 2 h. 50 mL of a 10 mM tris-HCl buffer solution (pH~8.5) 

and 50 mg of dopamine hydrochloride were added to the dispersion. The mixture was 

stirred at room temperature for 5 h. The product was collected by centrifugation, 

repetitively washed with methanol, and dried at 40 °C under vacuum for 12 h. 

Thereafter, the PDA-coated ZIF-8 sample is denoted as cZIF-8. 
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Scheme 3.1. PDA coating on ZIF-8 nanoparticles. 

3.2.3. Membrane preparation 

A TFC membrane was prepared by forming a selective layer of crosslinked 

aromatic PA on the PES substrate through interfacial polymerization. 2.0 mL of an 

aqueous solution containing 2.0% w/v MPD and 4.0% w/v TEA was gently dropped 

onto a PES membrane fixed on a holder, where TEA was used as an acid-binding agent 

to accelerate the interfacial polymerization process [9]. The membrane was completely 

immersed and superficially dried in a ventilated environment for about 20 min. 

Subsequently, a hexane solution of 0.15% w/v TMC was spread on the membrane. After 

1 min, the excess solution was gently removed, and the membrane was kept in an oven 

at 60 °C for 10 min to carry out the post-polymerization. Finally, the membrane was 

rinsed thoroughly with hexane and stored in DI water until use. The prepared membrane 

is denoted as PA-TFC. 

The preparation method of TFN membranes was the same as that of the TFC 
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membranes except that ZIF-8 nanoparticles were dispersed in the aqueous solution of 

MPD via ultrasonication. TFN membranes with different ZIF-8 loadings were prepared: 

those with 5, 10, 20, and 40 wt% of cZIF-8 and ZIF-8 nanoparticles, respectively. The 

weight fractions were calculated based on the weight of the PA selective layer. The 

prepared TFN membranes are denoted as PA/cZIF-8-TFN and PA/ZIF-8-TFN. 

3.2.4. Characterization 

Fourier transform infrared (FT-IR) spectra of ZIF-8 and cZIF-8 nanoparticles were 

acquired on a Perkin-Elmer Spectrum 100 FT-IR spectrometer with a resolution of 4 

cm–1. The nanoparticles were mixed with KBr and pressed into a disc for the 

measurement. X-ray diffraction (XRD) measurements were performed using a Rigaku 

SmartLab diffractometer at a scanning speed of 0.5° per min in the range of 5–45° using 

Cu Kα radiation. Thermo-gravimetric analysis (TGA, ThermoPlus EVO II, Rigaku) 

was used to determine the amount of PDA coating. A sample was heated from 30 °C to 

900 °C at a heating rate of 10 °C/min under dry air flow. Nitrogen adsorption/desorption 

measurements at 77 K were performed on a BELSORP-mini II system (BEL JAPAN, 

Inc.). The specific surface area and pore volume were determined by the Brunauer-

Emmet-Teller (BET) and Horvath-Kawazoe (HK) methods, respectively. The 

morphology of nanoparticles was observed by transmission electron microscopy (TEM, 

Hitachi H-7100) operated at an accelerated voltage of 100 kV. The particle size was 

determined from the analysis of TEM images using ImageJ software. 

The formation of the selective layer was confirmed by attenuated total reflectance 

Fourier transform infrared spectroscopy (ATR-IR, Spectrum 100, Pekin Elmer). The 
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surface and cross-sectional morphologies of membranes were observed using scanning 

electron microscopy (SEM, Hitachi S-4100) operated at an accelerating voltage of 20 

kV. The water contact angle (WCA) of membranes was analyzed using a contact angle 

goniometer (SImage AUTO 100, Excimer) at room temperature. 

3.2.5. Membrane performance evaluation 

The performance of the TFC and TFN membranes was evaluated using a dead-end 

filtration apparatus with an effective area of 7.1 cm2 (as illustrated in Fig. 3.1). The 

membrane was appropriately cut and placed on the filtration holder. Before the filtration 

experiment, the membrane was pressurized at 4 bar for 1 h to stabilize the filtration 

system. Afterwards, pure water was introduced and the water fluxes under different 

pressures (1, 1.5, 2, 2.5, 3, and 3.5 bar) were measured. The water flux (J, L m–2 h–1, 

abbreviated as LMH), was calculated according to Eq. (3.1): 

J = 
V

A∙∆t
,                     (3.1), 

where V (L) is the volume of the permeate, A (m2) is the effective area of the membrane, 

and ∆t (h) is the filtration time. The water permeability (P, LMH bar–1) was calculated 

using Eq. (3.2): 

P = 
J

∆p
,                      (3.2), 

where ∆p (bar) is the transmembrane pressure. The desalination performance of the 

membrane was evaluated at a differential pressure of 2 bar using aqueous solutions of 

NaCl and Na2SO4 at a concentration of 1000 ppm. The permeability was obtained 

according to Eq. (3.2). The rejection (%) was calculated according to Eq. (3.3): 
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Rejection = (1−
Cp

C0
)  × 100                     (3.3), 

where Cp and C0 are the concentrations of salts in the permeate and feed, respectively. 

The concentration of salts was analyzed using an electrical conductivity meter (FEP30, 

Mettler Toledo). 

 

Fig. 3.1. Employed filtration setup. 

Since HA is recognized as a major contaminant in the desalination process [32], an 

aqueous solution of HA (200 ppm) was employed to investigate the antifouling 

properties of the membranes. The experimental procedure is as follows. First, a 

membrane was pre-conditioned with DI water at a differential pressure of 2 bar for 30 

min to obtain a stable water flux, J0 (L m–2 h–1). Then, the membrane was subjected to 

the filtration of the HA solution at a differential pressure of 2 bar for 30 min, followed 

by filtration of DI water at the same differential pressure for 30 min after rinsing with 
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water. The same cycle was repeated another two times, and the antifouling properties 

were evaluated through the total fouling ratio (Fr, %), the flux recovery ratio (Frr, %), 

the reversible fouling ratio (Rr, %), and the irreversible fouling ratio (Rir, %), defined as 

follows: 

Fr = (1 −
J1

J0
)  × 100,                 (3.4), 

Frr = (
JR

J0
)  × 100,                   (3.5), 

Rr = (
JR−J1

J0
)  × 100,                  (3.6), 

Rir = (
J0−JR

J0
)  × 100,                 (3.7), 

where J1 and JR correspond to the water flux for the filtration of the HA solution and 

DI water during the final cycle, respectively. 

3.3. Results and discussion 

3.3.1. Characterization of ZIF-8 nanoparticles 

ZIF-8 nanoparticles were synthesized by rapid coordination of Zn2+ and 2-

methylimidazole at specified concentrations and temperature. The crystal structure of 

ZIF-8 is represented in Fig. 3.2. In Fig. 3.3a, the XRD patterns of the nanoparticles 

show characteristic peaks at 2 = 7.3°, 10.4°, 12.7°, 14.7°, 16.5°, and 18.1°, which 

correspond to the (011), (002), (112), (022), (013), and (222) crystal faces of ZIF-8, 

respectively [33,34]. From the TEM image, the ZIF-8 nanoparticles possess a typical 

polyhedral shape with a diameter of 30–60 nm (Fig. 3.3b). The chemical structure of 

ZIF-8 was confirmed by FT-IR (Fig. 3.3c). The band at 421 cm–1 is the most important 

as it corresponds to the formation of Zn–N bonds [35]. The other bands mostly arise 
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from the presence of 2-methylimidazole: 3135 and 2929 cm–1 for the aromatic and 

aliphatic C–H stretching vibrations, 1580 cm–1 for the C=N stretching vibration, and 

1460–600 cm–1 for the stretching and bending vibrations of the entire imidazole ring 

[36]. The successful synthesis of ZIF-8 nanoparticles was thus confirmed. Then, the 

ZIF-8 nanoparticles were subjected to PDA coating via self-polymerization of 

dopamine. The prepared sample, cZIF-8, showed an XRD pattern identical to that of 

ZIF-8 (Fig. 3.3a). The morphology of the nanoparticles did not change significantly 

before and after the coating (Fig. 3.3b). However, at an enlarged scale, the edges of the 

nanoparticles became rounder, and the nanoparticles were occasionally connected to 

each other by a neck-like structure. These changes were believed to correspond to the 

formation of the PDA layer. Consistent with the crystalline structure, the PDA coating 

did not alter the basic chemical structure of ZIF-8 (Fig. 3.3c). Meanwhile, the presence 

of PDA was confirmed by bands newly appearing in addition to those of ZIF-8: 3400–

3500 cm–1 for the stretching vibration of catechol –OH [37], 1624 cm–1 for indole 

stretching, 1510 cm–1 for indoline stretching, and 1260 cm–1 for the phenolic C–O–H 

stretching [27]. TGA was conducted to estimate the amount of the PDA layer (Fig. 3.3d). 

The uncoated ZIF-8 exhibited a sharp weight loss at around 400 °C, which was ascribed 

to the decomposition of the organic ligand. In the case of cZIF-8, the weight loss started 

from a lower temperature due to the degradation of PDA [38]. The PDA amount was 

estimated to be around 14 wt% based on the difference in the weight loss between ZIF-

8 and cZIF-8. 
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Fig. 3.2. Representation of ZIF-8 using Diamond software, where blue tetrahedra and 

the yellow sphere indicate ZnN4 and micropore, respectively. Crystal data from CCDC 

(The Cambridge Crystallographic Data Centre; CCDC-602542). 

 

Fig. 3.3. Characterization of ZIF-8 and cZIF-8: a) XRD patterns, b) TEM images, c) 

FT-IR spectra, and d) TGA profiles. XRD pattern of simulated ZIF-8 taken from CCDC 

database (CCDC number:602542). 
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Fig. 3.4. Nitrogen adsorption/desorption isotherms of ZIF-8 and cZIF-8. 

The nitrogen adsorption/desorption isotherms are shown in Fig. 3.4. The adsorption 

isotherms of ZIF-8 and cZIF-8 both showed features corresponding to micropores from 

the crystal structure of ZIF-8 and meso-to-macropores as interparticle voids of the 

nanoparticles. The specific surface area of ZIF-8 and cZIF-8 was respectively derived 

as 1800 and 1540 m2 g–1, while the micropore volume was 0.670 and 0.594 cm3 g–1. 

Subtracting the weight of the PDA, cZIF-8 showed no loss in the specific surface area 

and pore volume as compared to ZIF-8, which means that the PDA coating did not cause 

pore blockage. 

The PDA coating hardly affected the crystal structure and the morphology of the 

ZIF-8 nanoparticles, while the location of the PDA on the nanoparticle surfaces 

significantly affected the surface properties. The WCA measurement was performed on 

a compressed disk of ZIF-8 and cZIF-8 nanoparticles. The WCA decreased from 50.2° 

for ZIF-8 to 0° for cZIF-8 (Fig. 3.5). In the preparation of a TFN membrane using 

interfacial polymerization, the dispersion of ZIF-8 nanoparticles in an aqueous phase 
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would be directly related to their dispersibility in the selective layer. Fig. 3.6 compares 

the dispersibility of ZIF-8 and cZIF-8 in water. Note that the PDA coating changed the 

color of the nanoparticles from white to black. Most of the ZIF-8 nanoparticles 

sedimented within 12 hours after the dispersion treatment, while the cZIF-8 

nanoparticles were kept similarly dispersed. This fact indicated that the PDA coating 

was stable and effective in improving the dispersion. 

 

Fig. 3.5. WCAs of ZIF-8 and cZIF-8. 

 

Fig 3.6. The appearance of the dispersion a) immediately after sonication and b) after 

12 hours of standing. 

3.3.2. Characterization of membranes 

The TFC and TFN membranes were fabricated through interfacial 

polymerization of MPD and TMC to form the crosslinked aromatic PA selective layer 
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on the PES support. For the fabrication of TFN, ZIF-8 or cZIF-8 nanoparticles were 

added to the MPD solution to embed the nanoparticles into the selective layer. Fig. 

3.7a presents the ATR-IR spectra of the PES substrate, PA-TFC, PA/ZIF-8-TFN (40 

wt%), and PA/cZIF-8-TFN (40 wt%). As the penetration depth of IR for the employed 

diamond crystal (around 2 m) is much greater than a typical thickness of the 

selective layer (around 100–200 nm), the IR spectra of the TFC and TFN membranes 

were dominated by the features of the PES substrate. However, the formation of the 

selective layer could be confirmed by the appearance of a band at 1663 cm–1 for the 

stretching vibration of C=O of the amide group [9,39]. Meanwhile, the characteristic 

peaks of ZIF-8 or cZIF-8 were not observed for the TFN membranes, plausibly due 

to an overlap with the intense peaks of the PES substrate. 

 

Fig. 3.7. a) ATR-IR spectra, and b) XRD patterns of the PES substrate, PA-TFC, 

PA/ZIF-8-TFN (40 wt%), and PA/cZIF-8-TFN (40 wt%). 

The XRD patterns of the membranes are shown in Fig. 3.7b. To start, the PES 

substrate showed an amorphous halo typical for this material [40]. A similar pattern was 

observed for the TFC membrane, suggesting the non-orderliness of the PA layer. In the 
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PA/cZIF-8-TFN membrane, diffraction peaks consistent with the crystal structure of 

ZIF-8 nanoparticles were observed at 2θ = 7.3°, 10.4°, 12.7°, 14.7°, 16.5°, and 18.1°, 

indicating the retention of the crystal structure during the interfacial polymerization. 

The embedment of the nanoparticles was confirmed by TEM, where the selective layer 

was peeled off from the PES substrate for the observation (Fig. 3.8). In the case of the 

PA/ZIF-8-TFN membrane, the diffraction peaks of the ZIF-8 crystal became much less 

intense, and a new weak peak appeared at 2θ = 11.1°, which could be ascribed to 

Zn(OH)2 or their hydrates together with some unknown phase [41,42]. The XRD result 

indicated that the crystal structure of unmodified ZIF-8 was deteriorated during the 

membrane preparation process. 

 

Fig. 3.8. TEM image of the crosslinked aromatic PA selective layer peeled off from 

PA/cZIF-8-TFN (40 wt%). cZIF-8 nanoparticles were marked with red circles. 

In order to understand the stability of ZIF-8 during the interfacial polymerization, 

ZIF-8 and cZIF-8 nanoparticles were respectively immersed in solutions containing 
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different compounds that are used or produced in the interfacial polymerization at room 

temperature for 1 h. These solutions included pure H2O, pure hexane, an aqueous 

solution of MPD (2% w/v), a hexane solution of TMC (0.15% w/v), an aqueous solution 

of TEA (4% w/v), and dilute HCl (0.2 mM). Fig. 3.9 shows XRD patterns of ZIF-8 

particles after immersion. Clearly, all the solutions other than dilute HCl had no obvious 

effect on the crystallinity of ZIF-8 (Fig. 3.9a). The immersion in HCl led to the decrease 

in the original diffraction peaks together with the appearance of a new peak at 2θ = 

11.1°, which was consistent with that observed in the PA/ZIF-8-TFN membrane. In fact, 

although ZIF-8 is chemically stable, it is known to degrade under acidic conditions [43]. 

Nevertheless, after the modification with PDA, the crystallinity of cZIF-8 kept stable 

even in dilute HCl (Fig. 3.9b), suggesting that the PDA coating was beneficial in 

improving the stability of ZIF-8 during the interfacial polymerization. 

 

Fig. 3.9. XRD patterns of a) ZIF-8 and b) cZIF-8 nanoparticles after immersion in 

different solutions at room temperature for 1 h. 



Chapter 3 

86 
 

 

Fig. 3.10. WCAs of the PES substrate, PA-TFC, PA/cZIF-8-TFN, and PA/ZIF-8-TFN. 

It is well acknowledged that the hydrophilicity of the membranes has certain 

influences on the water permeability and antifouling properties [44]. The hydrophilicity 

of the PES substrate, PA-TFC, and PA/cZIF-8-TFN was investigated (Fig. 3.10). The 

PES substrate exhibited a relatively hydrophobic property with the WCA of 73.0°, and 

the formation of the crosslinked aromatic PA layer decreased the WCA to 62.3°. The 

WCA monotonously decreased as the amount of the cZIF-8 nanoparticles was increased. 

In Fig. 3.5, the cZIF-8 nanoparticles showed much higher hydrophilicity than the ZIF-

8 nanoparticles. However, the WCA of PA/ZIF-8-TFN was not only comparable to that 

of PA/cZIF-8-TFN, but also lower than that of the original nanoparticles (50.2°). This 

could be explained by the deterioration of unmodified ZIF-8 during the interfacial 

polymerization and/or by the smoother surface of the membrane (mentioned later). 
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Fig. 3.11. Top-view SEM images of the membranes. 

The surface and cross-sectional morphologies of the TFN membranes were studied 

by SEM (Figs 3.11 and 3.12). As shown in Fig. 3.11, the porous structure of the PES 

substrate (Fig. 3.11a) was no longer observed after the interfacial polymerization. In 

general, crosslinked aromatic PA forms a crumpled surface morphology with tufts 

extending in an outward direction from the PES surface as the MPD molecules diffuse 

into the hexane phase where the crosslinking takes place [45,46]. In a qualitative sense, 

all of the TFC and TFN membranes possessed the typical surface morphology (insets 
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in Fig. 3.11b–g). Meanwhile, the details were affected by the addition and the surface 

properties of the nanoparticles. In the absence of ZIF-8 nanoparticles (Fig. 3.11b, PA-

TFC), the crumpled structure was relatively rougher, and the tufts were relatively long 

with the width of ca. 60 nm. The thickness of the selective layer was calculated from 

the cross-sectional SEM image (Fig. 3.12a). Along with the amount of cZIF-8, the tufts 

became shorter and narrower (width = ca. 45 nm at 40 wt%), which made the crumpled 

structure of the membrane smoother (Fig. 3.11b–f). A similar morphological change 

was also observed in HKUST-1-embedded PA-TFN membranes [48]. A potential 

explanation is that MPD molecules were adsorbed to the pre-deposited hydrophilic 

nanoparticles, and constrained the interfacial polymerization near the cZIF-8 

nanoparticles [47,48]. 

In case of PA/ZIF-8-TFN, poor dispersibility of unmodified ZIF-8 in the MPD 

solution caused an obvious agglomeration of nanoparticles, resulting in an uneven 

distribution of the tufts (Fig. 3.11g). The agglomeration of nanoparticles can be clearly 

seen in the cross-sectional SEM image (Fig. 3.12f), which is not the case for the 

PA/cZIF-8-TFN (Fig. 3.12b–e). 

The thickness of the crosslinked aromatic PA layer was not sensitive to the presence 

or absence of ZIF-8 and its modification, ranging from 75–100 nm for all the TFC and 

TFN membranes (Fig. 3.12). 
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Fig. 3.12. Cross-sectional SEM images of the membranes. 

3.3.3. Separation performance 

The performance of the prepared membranes in brackish water desalination was 

evaluated. The filtration was performed using a home-made filtration system. First, pure 

water was supplied to stabilize the filtration, and the water flux was measured at 

different transmembrane pressures (Fig. 3.13). For all the membranes, the water flux 

increased proportionally to the differential pressure, encompassing the stable operation. 

A linear fit to the pressure dependence of the flux led to 6.4 ± 0.1 LMH bar−1 for PA-

TFC. The introduction of cZIF-8 into the selective layer greatly improved the 
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permeability of the membranes. The permeability increased along with the addition 

amount of cZIF-8 added, and it reached 15.6 ± 0.3 LMH bar−1 at 40 wt%, which was 

more than twice that of PA-TFC. The enhanced permeability of the TFN membranes 

was attributed to the presence of cZIF-8, which would increase the water transport 

pathways and/or improve the membrane properties. The nano-sized cZIF-8 inclusions 

provide additional transport pathways as the intrinsic nanochannels and/or interfacial 

voids, plausibly causing lower migration resistance as well as faster transport of water 

molecules compared to the TFC membrane with a densely crosslinked aromatic PA 

layer [12,16]. The enhanced hydrophilicity of the membranes also improves the 

interaction of water molecules with the membranes [49]. Further, the ridge-and-valley 

surface morphologies with a finer crumpled structure increase the effective membrane 

area to facilitate the dissolution/diffusion of water molecules [50]. 

 

Fig. 3.13. Pure water flux of PA-TFC and PA/cZIF-8-TFN with different cZIF-8 

loadings at different transmembrane pressures. 
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Fig. 3.14. Desalination performance of the TFC and TFN membranes with different 

ZIF-8 and cZIF-8 loadings. (Pressure: 2 bar, salt concentration: 1000 ppm). 

Table 3.1. Summary of desalination performance of all the membranes. 

Membrane 
Permeability (LMH bar–1) Rejection (%) 

NaCl Na2SO4 NaCl Na2SO4 

PA-TFC 6.2 ± 0.2 6.0 ± 0.5 53.0 ± 2.3 97.9 ± 1.7 

PA/cZIF-8-TFN (5 wt%) 7.9 ± 0.2 7.3 ± 0.7 50.4 ± 3.2 97.5 ± 1.0 

PA/cZIF-8-TFN (10 wt%) 8.7 ± 0.4 8.3 ± 0.3 47.7 ± 2.9 96.4 ± 1.3 

PA/cZIF-8-TFN (20 wt%) 11.4 ± 0.4 11.1 ± 0.5 45.3 ± 2.4 95.1 ± 1.5 

PA/cZIF-8-TFN (40 wt%) 14.9 ± 0.6 14.4 ± 1.0 30.9 ± 3.1 83.1 ± 2.9 

PA/ZIF-8-TFN (5 wt%) 8.5 ± 0.4 8.3 ± 0.7 41.3 ± 2.5 79.3 ± 2.5 

PA/ZIF-8-TFN (10 wt%) 9.8 ± 0.7 9.5 ± 0.7 37.5 ± 1.7 76.4 ± 1.9 

PA/ZIF-8-TFN (20 wt%) 12.7 ± 0.7 12.4 ± 1.0 33.1 ± 1.6 70.5 ± 2.1 

PA/ZIF-8-TFN (40 wt%) 16.5 ± 1.0 16 ± 1.0 19.8 ± 3.3 57.7 ± 3.9 

Fig. 3.14 and Table 3.1 summarize the rejection efficiency and the permeability of 

the TFC and TFN membranes, which were acquired in filtration of an aqueous feed 

solution of NaCl or Na2SO4 (1000 ppm) at differential pressure of 2 bar. Compared to 

pure water, the permeability of each membrane reduced by ca. 5% due to the presence 

of hydrated salt ions [48]. In other words, the enhancement of the permeability by the 
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addition of ZIF-8 was also obtained in the desalination. Of all the membranes tested, 

PA-TFC gave the highest rejection: 97.9% for Na2SO4 while 53.0% for NaCl. In general, 

the rejection efficiency of a membrane is determined by the electrostatic charge 

repulsion called the Donnan effect and the diffusion rate [51,52]. The negatively 

charged PA layer [51] causes the repulsion of negatively charged ions, where the 

repulsion becomes more prominent for divalent SO4
2− than monovalent Cl−1. Besides, 

the smaller hydrated Cl– ions (dia. = 6.6 Å) can diffuse faster than the larger hydrated 

SO4
2– ions (dia. = 7.6 Å) [17,44]. These factors led to a lower rejection efficiency and 

higher permeability for NaCl as compared to Na2SO4. 

The introduction of ZIF-8 nanoparticles into the selective layer more or less 

deteriorated the selectivity (in particular for NaCl) and instead enhanced the 

permeability. However, the extents of the deterioration and the enhancement were 

highly dependent on the amount of nanoparticles added and the presence of PDA 

coating. This is explained as follows, taking Na2SO4 as an example. In the case of cZIF-

8 at 20 wt%, the rejection efficiency was only 2.8% lower than that of PA-TFC, while 

the permeability was 184% enhanced. These values were contrasted to −28% and 205% 

for unmodified ZIF-8 at the same loading, which allowed us to conclude that the PDA 

coating can alleviate the permeability-selectivity tradeoff to some extent. The enhanced 

permeability could be ascribed to combined effects of nanochannels for fast transport 

[16], the improved hydrophilicity [49], and the finer crumpled structure [50]. 

Meanwhile, the formation of non-selective defects caused by the particle agglomeration 

[47] and acid-aided structure deterioration were suppressed by the PDA coating, which 



Doctoral Dissertation 

93 
 

in addition improved interfacial adhesion [39]. This would explain the relatively good 

retention of the selectivity in PA/cZIF-8-TFN. Note that the agglomeration suppression 

was not achieved when an excessive loading, i.e., 40 wt%, was applied. 

Long-term desalination performance was investigated for PA-TFC, PA/cZIF-8-

TFN (20 wt%), and PA/ZIF-8-TFN (20 wt%). The filtration was performed for 72 h 

with the continuous feed of a Na2SO4 solution (1000 ppm). As shown in Fig. 3.15a, PA-

TFC exhibited a stable separation performance throughout the whole period: The 

selectivity tended to be constant (−1.3%), while the concentration polarization effect 

[53] led to a slight decline in permeability (−4.8%). A similar behavior was observed 

for PA/cZIF-8-TFN (20 wt%): The performance deterioration after 72 h was 1.5% in 

selectivity and 5.6% in permeability. Conversely, PA/ZIF-8-TFN (20 wt%) displayed 

obvious decline in the selectivity (−15.3%). This is because ZIF-8 in the selective layer 

tended to deteriorate during the long-term filtration [47], giving rise to interfacial 

defects between PA and ZIF-8. The XRD patterns of the used membranes confirmed 

the loss of the ZIF-8 crystal in the absence of PDA coating (Fig. 3.16). These results 

further support the fact that the PDA coating can effectively preserve the ZIF-8 

nanoparticles in the selective layer for high membrane stability. 

Antifouling properties of PA-TFC, PA/ZIF-8-TFN (20 wt%), and PA/cZIF-8-TFN 

(20 wt%) were investigated using HA as a typical foulant which commonly exists in 

soils, sediments, and natural water. The experiments were performed by repeating three 

processes: Filtration of an aqueous solution of HA (200 ppm), washing with DI water, 

and filtration of DI water. The fluxes recorded along the cycles are normalized and 
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shown in Fig. 3.15b. The relevant values are calculated in Table 3.2. It can be seen that 

the flux value in the filtration of the HA solution is lower than that for the DI water, and 

that the flux in the DI water filtration is not completely restored by rinsing the 

membrane. The drop of the flux value during the filtration of the HA solution means 

the occurrence of membrane fouling, and the incomplete recovery of the flux indicates 

irreversible fouling. It was found that the extents of the fouling and the recovery after 

rinsing differed greatly among the three types of membranes. It is clear that the fouling 

resistance and recovery improved in the order of PA-TFC < PA/ZIF-8-TFN << 

PA/cZIF-8-TFN. The difference expanded as the cycle progressed. In general, 

membranes with more hydrophilic and smoother surfaces are more resistance to fouling 

due to the formation of a hydrated layer and/or the weakness of interaction with organic 

foulants [47]. As shown in Figs 3.10–3.12, PA/ZIF-8-TFN was more hydrophilic and 

smoother than PA-TFC, resulting in the improved fouling resistance. On the other hand, 

PA/cZIF-8-TFN was as hydrophilic as and rather rougher than PA/ZIF-8-TFN, while 

its fouling resistance was much better. This deviation would be explained by prevention 

of ZIF-8 from the direct interaction or reaction with HA due to the PDA coating. 
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Fig. 3.15. a) Separation performance during a 72-h test (Pressure: 2 bar, salt: 1000 ppm 

of Na2SO4) and b) the antifouling properties (200 ppm of HA) of PA-TFC, PA/ZIF-8-

TFN (20 wt%), and PA/cZIF-8-TFN (20 wt%). 

 

Fig. 3.16. XRD patterns of PA/ZIF-8-TFN (20 wt%) and PA/cZIF-8-TFN (20 wt%) 

after the filtration test for 72 h. 

Table 3.2. Antifouling properties of PA-TFC, PA/ZIF-8-TFN (20 wt%), and PA/cZIF-

8-TFN (20 wt%).a 

Membrane Fr (%) Frr (%) Rr (%) Rir (%) 

PA-TFC 43.5 68.9 12.4 31.1 

PA/cZIF-8-TFN (20 wt%) 18.7 94.4 13.1 5.6 

PA/ZIF-8-TFN (20 wt%) 30.3 76.2 6.5 23.8 

a The antifouling properties were examined using an aqueous solution of HA (200 ppm). 

The total fouling ratio (Fr), the flux recovery ratio (Frr), the reversible fouling ratio (Rr), 

and the irreversible fouling ratio (Rir) are respectively as given in Eqs. (3.4–3.7). 

3.4. Conclusions 

Metal-organic framework (MOF)-based thin-film nanocomposite (TFN) 

membranes are promising for addressing the permeability-selectivity tradeoff in 
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desalination. Key challenges have been identified at the dispersion and stability of 

MOFs during interfacial polymerization/desalination as well as at the interfacial 

bonding with the polymeric matrix. In Chapter 3, I attempted to solve these problems 

by using polydopamine (PDA)-coated ZIF-8 nanoparticles. PDA significantly 

improved the dispersibility of ZIF-8 nanoparticles in the aqueous phase of interfacial 

polymerization without blocking the nanochannels of ZIF-8. The crystal structure of 

ZIF-8 is not stable against HCl generated during interfacial polymerization, where PDA 

coating significantly improved the chemical stability of ZIF-8. A TFN membrane with 

20 wt% of PDA-coated ZIF-8 nanoparticles exhibited Na2SO4 rejection efficiency 

comparable to that of a MOF-free thin film composite membrane. In contrast, the 

rejection efficiency of a TFN membrane with uncoated ZIF-8 was significantly lower 

due to agglomeration, interfacial voids, and crystal deterioration. The PDA coating 

provided stability to ZIF-8 and ensured long-term filtration performance. Furthermore, 

the PDA coated ZIF-8 markedly improved the fouling resistance of the membrane likely 

as combined consequences of the hydrophilicity and the coating itself. In conclusion, 

this chapter clearly evidenced multiple important roles of surface modification of MOF 

in preparing performant and stable TFN membranes. 
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Chapter 4  

Preparation of ZIF-8-matrix nanocomposite membranes for high-

flux desalination 

 

Abstract 

Hybrid polymer-metal organic framework (MOF) membranes are promising for 

addressing the permeability-selectivity tradeoff in membrane application. Key 

challenges for achieving high efficiency separation performance have been identified 

as improving MOF loading as well as interfacial compatibility with polymeric matrices. 

Herein, a novel designed (zeolitic imidazolate framework-8) ZIF-8-matrix 

nanocomposite membrane was prepared by forming a selective layer via interfacial 

polymerization on a PES substrate for desalination. Selective functionalization of the 

external surface of ZIF-8 has been conducted for the purpose of membrane preparation. 

Thereafter, a polymer-grafted ZIF-8 was crosslinked into the selective layer using 

trimesoyl chloride as a crosslinker. The mechanism and structure of selective layer 

formation, as well as the membrane's ZIF-8 loading, were investigated. The membrane 

exhibited ultrahigh ZIF-8 loading (ca. 70 wt%) in the selective layer, which led to a 

superior permeability (ca. 43.6 LMH bar–1) with a Na2SO4 rejection above 95%. These 

ZIF-8-matrix nanocomposite membranes represent a significant advancement in 

achieving high-efficient separation in desalination with a high ZIF-8 loading. 
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4.1. Introduction 

Metal-organic frameworks (MOFs), a class of emerging crystalline porous 

materials that are made of coordination of metal ions/clusters and organic ligands, have 

been regarded as promising materials for separation applications due to their special 

features, such as highly tunable pore structure and chemical versatility as well as 

functionalities [1–5], which are much preferred over conventional porous materials, 

such as zeolites [6]. As one of the engineered forms, MOF-based membranes are being 

intensively investigated for desalination. 

Desalination is a separation process that reduces the concentration of dissolved salt 

in saline water to a usable level [7]. A recent concept is the incorporation of MOF 

nanoparticles into a crosslinked aromatic polyamide layer to produce a MOF-based 

thin-film nanocomposite (TFN) structure for desalination [8,9]. In MOF-based TFN 

membranes, MOFs are used as nanofillers, which primarily play a role in providing 

additional molecular sieving transport channels as well as facilitating hydrophilicity 

and membrane roughness for the purpose of enhancing their permeability as compared 

to polymeric membranes [10]. A series of relatively hydro-stable MOFs, such as MIL-

53 (Al) [11], ZIF-8 [12,13], UiO-66 [14], NH2-UiO-66 [15], and HKUST-1 [16], have 

been utilized in MOF-based TFN membranes for desalination. For example, Xiao et al. 

reported a MOF-based TFN membrane prepared by dispersing zeolitic imidazolate 

framework-8 (ZIF-8) nanoparticles into piperazine aqueous solution, followed by 

incorporating them into the polyamide selective layer via interfacial polymerization 

with TMC [13]. With increasing ZIF-8 loading from 0 to 0.02 (w/v%), water 
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permeability for the separation of a Na2SO4 aqueous solution increased from 5.4 to 7.3 

L m−2 h−1 bar−1, while maintaining almost the same selectivity. However, when further 

increasing the ZIF-8 loading, the selectivity showed a significant decline because non-

selective voids were formed by ZIF-8 agglomeration. 

Ideally, MOFs with suitable pores provide molecular sieving separation pathways 

for higher permeability, which should not affect the selectivity of the composite 

membranes [10]. However, the separation performance of MOF-based TFN membranes 

is not just an average of the two components, and usually becomes far below theoretical 

expectations [17]. One of the limitations is the poor interfacial compatibility between 

MOFs and polymers [18]. To data, strategies have been proposed to improve interfacial 

compatibility by modifying the surface of MOFs [8,16]. For example, in Chapter 3, I 

investigated the effect of a polydopamine (PDA) coating on the surface of ZIF-8 

nanoparticles on the desalination performance of MOF-based TFN membranes [8]. The 

water permeability of the TFN membrane with 0.1 w/v% of PDA-coated ZIF-8 

nanoparticles was 184% higher than that of the ZIF-8-free membrane for the separation 

of Na2SO4 aqueous solution, while the selectivity was slightly reduced (2.8%). These 

values were contrasted to 205% and –28% for the membrane with the raw ZIF-8 

nanoparticles, allowing me to conclude that the PDA modification can alleviate the 

tradeoff between permeability and selectivity to some extent by improving the 

dispersibility and compatibility of ZIF-8. Although significant improvements in 

desalination performance have been achieved by engineering the surface MOFs, most 

reported MOF-based TFN membranes exhibit at most a twofold increase in 
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permeability under comparable selectivity [16,19,20]. This is partly due to the weak 

interaction between the MOF surface and polymer side chains [21]. Meanwhile, the 

high surface energy of MOF nanoparticles as well as the phase segregation tendency 

between MOF particles and polymers still lead to void defects due to agglomerations 

of MOF nanoparticles in the membranes, which makes an upper limit of the MOF 

loading in the selective layer, i.e., upper limit of the performance improvement [22]. 

Given all the above, an advanced MOF-based membrane that both maximizes MOF 

loading and addresses MOF-polymer interfacial compatibility is highly desired for 

desalination. 

 

Scheme 4.1. Stepwise approach for preparation of ZIF-8-matrix nanocomposite 

membranes. 

In Chapter 4, a novel strategy was proposed to prepare a MOF-matrix 

nanocomposite membrane (as shown in Scheme 4.1) for desalination, in which a 

polymer with film-forming ability was grafted onto the MOF surface to eliminate 



Doctoral Dissertation 

109 
 

interfacial defects, and the polymer-grafted MOFs were used as building blocks to form 

a selective layer with a high MOF loading by crosslinking on a substrate membrane. As 

a result, the as-prepared membranes exhibited several times higher permeability as 

compared to the traditional MOF-based TFN membranes while maintaining a 

comparable selectivity for desalination. 

4.2. Experimental section 

4.2.1. Materials 

All reagents and solvents are commercially available. They were used as received 

without further purification. 2-Methylimidazole (MIm, > 98%), 2-imidazolecarboxylic 

acid (Im-COOH, > 98%), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC-HCl, > 98.0%), N-hydroxysulfosuccinimide sodium salt (sulfo-

NHS, > 98%), and trimesoyl chloride (TMC, > 98%) were purchased from Tokyo 

Chemical Industry Co., Ltd. Zinc nitrate hexahydrate (Zn(NO3)26H2O, > 98%) 

polyethyleneimine, branched (PEI, Mn ~ 10,000, > 99%), and acetic acid-d4 (≥ 99.5%, 

with 0.03 vol% of trimethoxysilane) were obtained from Sigma-Aldrich. Sodium 

sulfate (Na2SO4, > 99%), methanol, dimethylformamide (DMF), and n-hexane were 

purchased from Wako Pure Chemical Industries Ltd. A polyethersulfone (PES) 

membrane (47mm dia., 0.22 μm pore size, Merck Millipore) was chosen as a support 

membrane. An anodized aluminum oxide (AAO) membrane (47 mm dia., 0.1 μm pore 

size, Whatman®) was used as a support in characterizing freestanding ZIF-8-PEI films. 

Deionized (DI) water was used throughout the experiments. 
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4.2.2. Synthesis of polymer-grafted ZIF-8 nanoparticles 

ZIF-8 nanoparticles 

ZIF-8 nanoparticles were synthesized at room temperature according to literature 

[23]. Briefly, a solution of MIm (79.04 mmol in 200 mL of methanol) was rapidly mixed 

with a solution of Zn(NO3)26H2O (9.87 mmol in 200 mL of methanol) and vigorously 

stirred for 1 h. The formed nanoparticles were collected by centrifugation, and then 

repetitively washed with methanol for 5 times. Finally, the wet ZIF-8 nanoparticles 

were re-dispersed in methanol for subsequent reactions. 

Carboxyl-functionalized ZIF-8 

Carboxyl-functionalized ZIF-8 nanoparticles were prepared via a SALE reaction 

[24]. 5.0 mmol of Im-COOH was dissolved in 50 mL of DMF at 60 °Ｃ, and then, 50 

mL of a ZIF-8 nanoparticles suspension in methanol (10 mg/mL) was added to the 

solution under stirring. The mixture was then sonicated for 30 min, followed by 

refluxing at 60 °C for 24 h. The nanoparticles were collected by centrifugation, 

repetitively washed with methanol for 5 times, and redispersed into methanol. The 

carboxy-functionalized ZIF-8 nanoparticles are denoted as ZIF-8-COOH. 

PEI-grafted ZIF-8 nanoparticles 

PEI-grafted ZIF-8 nanoparticles were prepared by covalently grafting PEI onto the 

surface of ZIF-8-COOH via a carbodiimide-mediated reaction. Briefly, EDC-HCl (0.5 

mmol) and sulfo-NHS (5 μmol) were added to 10 mL of a ZIF-8-COOH nanoparticle 

suspension in methanol (10 mg/mL), and stirred for 5 min at room temperature. 

Subsequently, 2.0 mL of a PEI solution in methanol (1 μmol/mL) was added to the 
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mixture, and stirred for 30 min. The product was collected by centrifugation, 

repetitively rinsed with methanol for 5 times, and then dried at 40 °C under a vacuum 

for 24 h. The PEI-grafted ZIF-8 nanoparticles are donated as ZIF-8-PEI. 

4.2.3. Membrane preparation 

ZIF-8-matrix nanocomposite membranes were fabricated via interfacial 

polymerization to form a selective layer made of ZIF-8-PEI crosslinked with TMC on 

a PES substrate. In detail, a suspension of ZIF-8-PEI nanoparticles in water (10 mg/mL) 

was prepared by dispersing 100 mg in 10 mL of DI water, followed by sonication for 5 

min. 1.0 mL of the suspension (i.e. 10 mg of ZIF-8-PEI) was gently dropped onto the 

PES substrate, which was then dried in a ventilated environment, and its surface was 

fully covered by 1.0 mL of a TMC solution in hexane with a varying TMC 

concentration of 1.0-20.0 mg/mL. The interfacial polymerization was performed at 

room temperature for 30 min, followed by rinsing with hexane and drying at 60 °C for 

30 min. 

A freestanding film of ZIF-8-PEI was prepared for characterization purposes. 

Appropriate amounts of the ZIF-8-PEI suspension and a hexane solution of TMC (7.5 

mg/mL) were contacted in the absence of a support membrane at room temperature. 

After a certain period of time, the film was collected on an AAO substrate and rinsed 

with hexane to terminate the reaction. 

4.2.4. Characterization 

X-ray diffraction (XRD) patterns were obtained using a Rigaku SmartLab 

diffractometer (Cu Kα radiation) at a scan speed of 0.5° per min in the range of 5–45°. 
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Fourier transform infrared (FTIR) spectra were recorded on a FTIR spectrometer 

(spectrum 100, Perkin-Elmer) with a resolution of 4 cm−1. The KBr method was used 

to acquire transmission spectra of nanoparticle samples, while the attenuated total 

reflection mode was adopted for membrane samples. Morphological characterizations 

were performed by transmission electron microscopy (TEM, Hitachi H-7650, 100 kV) 

and scanning electron microscopy (SEM, Hitachi S-4500, 20 kV). The particle size was 

obtained by analyzing TEM images with ImageJ software. Elemental mapping was 

carried out on an energy dispersive X-ray analyzer (EDX, Hitachi 3030Plus) equipped 

with SEM. Proton nuclear magnetic resonance (1H NMR) spectra were acquired on a 

Bruker 400 MHz spectrometer. Approximately 3 mg of the nanoparticles were fully 

digested in a solution of acetic acid-d4. Thermogravimetric analysis (TGA, Thermo plus 

evo, Rigaku) was carried out under dry air flow (100 mL/min) at a heating rate of 

10 °C/min from 30 °C to 800 °C. Nitrogen adsorption/desorption experiments were 

performed at 77 K using a BELSORP-mini II instrument (BEL JAPAN, Inc.). The 

specific surface area and the pre volume were calculated by the Brunauer-Emmet-Teller 

(BET) and Horvath-Kawazoe methods, respectively. Water contact angles (WCAs) 

were measured at room temperature using a contact angle goniometer (SImage AUTO 

100, Excimer, Japan). 

4.2.5. Membrane performance evaluation 

The performance of the ZIF-8-matrix nanocomposite membranes was evaluated 

for desalination using a dead-end filtration setup with an effective area of 7.1 cm2. The 

detail was described in Chapter 3. A membrane was appropriately cut and fixed on the 
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membrane holder. To ensure stable filtration, the membrane was pre-pressurized at a 

differential pressure of 4 bar for 1 h, and the pure water flux was measured at different 

transmembrane pressures (0.5, 1, 1.5, 2, 2.5, and 3 bar). Then, desalination was 

performed using an aqueous solution of Na2SO4 (1000 ppm), where the differential 

pressure was varied in a range of 1.0−3.0 bar. 

The flux (J, L m−2 h−1, abbreviated as LMH) was calculated as J = V/A·∆t, where 

V (L) is the permeated volume, A (m2) is the effective membrane area, and ∆t (h) is 

the filtration time. The permeability (P, LMH bar–1) was calculated as P = J/∆p, where 

∆p  (bar) is the applied transmembrane pressure. The salt rejection (R, %) was 

calculated as R = (1-CP/C0) × 100, where CP and 𝐶0 are the solute concentrations in 

the permeate and feed, respectively. The concentration of the solutes was measured by 

an electrical conductivity meter (FEP30, Mettler Toledo). 

4.3. Results and discussion 

4.3.1. Characterization of ZIF-8-based nanoparticles 

As illustrated in Scheme 4.1, ZIF-8 nanoparticles were first synthesized by a rapid 

coordination of Zn2+ and 2-methylimidazole [23], followed by surface functionalization 

with a carboxyl group via the SALE reaction, and grafting of PEI via a carbodiimide-

mediated reaction. During the PEI grafting process, EDC-HCl first reacts with the 

carboxyl group on ZIF-8-COOH. The carbodiimide intermediate can react with the 

amino group on PEI to form a stable amide bond, where the addition of sulfo-NHS 

increases the efficiency of the reaction [25]. Their characterization results are shown in 

Fig. 4.1. To start, pristine ZIF-8 nanoparticles (Fig. 4.1a) exhibited an XRD pattern 
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typical for the sodalite structure of ZIF-8 [2,8]. The FTIR spectrum of ZIF-8 (Fig. 4.1b) 

was consistent with literature [26,27]. The nanoparticles possessed a typical polyhedral 

morphology with a particle size of 35 ± 3 nm (Fig. 4.1c). The ligand exchange and the 

subsequent PEI grafting hardly affected the crystal structure and the morphology of 

ZIF-8 (Fig. 4.1a,c). Fig. 4.1b shows changes in the FTIR spectra due to the ligand 

exchange and grafting. Besides the main bands of ZIF-8, ZIF-8-COOH displayed an 

additional band at 1607 cm–1, assigned to the C=O stretching vibration, indicating the 

successful carboxyl functionalization of ZIF-8 [28]. After the PEI grafting, a new 

characteristic peak was observed at 3231 cm−1, which was attributed to the N–H 

stretching vibration of primary and secondary amino groups, suggesting that the PEI 

was grafted onto ZIF-8 [29]. 

 

Fig. 4.1. Characterization of ZIF-8, ZIF-8-COOH, and ZIF-8-PEI: a) XRD patterns, b) 

FTIR spectra, and c) TEM images. 
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Fig. 4.2. 1HNMR spectra of Im-COOH, MIm, and ZIF-8-COOH. The ligand exchange 

molar ratio in ZIF-8-COOH was calculated to 27% from the peak areas of aromatic 

protons for MIm (b, 7.36 ppm) and Im-COOH (c, 7.47 ppm) [30]. 

 

Fig. 4.3. TGA profiles of ZIF-8, ZIF-8-COOH, and ZIF-8-PEI. 
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Table 4.1. Weight loss, specific surface area, micropore volume, and WCA of ZIF-8 

nanoparticles. 

Samples 
Weight lossa 

(%) 

Specific surface 

areab (m2 g–1) 

Micropore 

volumec (cm3 g–1) 
WCA 

ZIF-8 62.9 1800 0.67 50.0 ± 0.2 

ZIF-8-COOH 63.9 1380 0.53 
114.9 ± 

3.5 

ZIF-8-PEI 67.7 1260 0.45 0 

a Obtained by TGA.  

b Determined by the BET method 

c Determined by the Horvath-Kawazoe method. 

1HNMR was performed to quantify the amount of Im-COOH in the ZIF-8-COOH 

particles (Fig. 4.2). The ligand exchange molar ratio of Im-COOH in ZIF-8-COOH is 

calculated to be 27%. TGA measurements (Fig. 4.3 and Table 4.1) were conducted to 

estimate the amount of PEI in ZIF-8-PEI. The original ZIF-8 displayed a sharp weight 

loss at around 400 °C, which was attributed to the decomposition of the MIm ligand 

[8]. In the case of ZIF-8-COOH, the weight loss started at 210 °C due to the degradation 

of Im-COOH linkers, while the ZnO residual did not show a significant difference as 

compared to that of ZIF-8. After grafting with the PEI, the weight loss started from a 

lower temperature due to the decomposition of the PEI. In general, ZIF-8 is converted 

to ZnO by combustion. From the weight after the combustion, the amounts of Zn and 

the ligands were respectively calculated as 32 and 68 wt% for ZIF-8-COOH. In ZIF-8-

PEI, the amount of Zn was 28 wt%, and the amount of the ligands for this was estimated 
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to be 59 wt% based on the results for ZIF-8-COOH. The remaining 13 wt% was the 

estimated amount of grafted PEI. Assuming the molecular mass of PEI as 1.0 × 104 and 

the number of ZIF-8 nanoparticles as 4.31 × 1016 per gram, 13 wt% corresponded to ca. 

220 chains per particle. Combining this with an estimated external surface area of 3.8 

× 103 nm2/particle, the area assigned to each macromolecule is estimated as 17 nm2 (cf. 

Calculation of the PEI density on the surface of ZIF-8 nanoparticles). In a general sense, 

this corresponds to a coverage for a semi-dilute brush. 

Calculation of the PEI density on the surface of ZIF-8 nanoparticles  

Mass% of PEI on ZIF-8 nanoparticles was estimated to compare with the value that 

calculated by TGA. Using a molecular mass of 10000 g mol–1 for PEI and assuming 

PEI (2.0 × 10–8 mol) was fully grafted to ZIF-8 nanoparticles (1.0 × 10–3 g), the mass% 

was:  

2.0 × 10-8 mol × 10000 g mol
−1

2.0 × 10-8 mol × 10000 g∙mol
−1 + 1.0 × 10-3 g

 = 16.7 %, 

Considering the mass% of actual grafted PEI on ZIF-8 particles calculated from TGA 

data was 13 % (see Fig. 4.3), the molar amount of PEI used per milligram of ZIF-8 

nanoparticles should be 1.6 × 10–8 mol. 

The mass density of ZIF-8 nanoparticles is ρ = 0.95 g∙mL–1, which is determined 

by the structure refinement of the XRD pattern [31]. Considering a mean radius of ZIF-

8 nanoparticles (r = 1.75 × 10–5 mm) taken from TEM-analysis (see Fig. 4.1), a number 

of particles per milligram (n) was calculated to be: 

n = 
Voverall

VNP
 = 4.31×10

13
, 

where Voverall=
m

ρ
 = 1.053 mm3 per milligram of ZIF-8 nanoparticles , and VNP = 

4

3
 π 
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r3 = 
4

3
 π (1.75 × 10

–5 mm)
3
= 2.445 × 10

–14
 mm3, as the volume of a sphere with the size 

of one ZIF-8 nanoparticle. 

The amount of PEI used per milligram ZIF-8 nanoparticles calculated above was 

1.6 × 10–8 mol. With the Avogardro constant (NA), the respective number of PEI chains 

(NPEI) was: 

NPEI = 1.6 × 10
–8

 mol ×6.022× 10
23 mol

–1 = 9.635×10
15

, 

So, the number of PEI chains per ZIF-8 nanoparticle was:  = 
9.635 ×1015

4.31×1013  = 224, 

To calculate the mean area occupied by one PEI chain on the surface of one ZIF-8 

nanoparticle, the surface area one ZIF-8 nanoparticle was evaluated: 

S = 4 π r2= 4 π (1.75 × 10
–5 mm)

2
= 3.848 × 10

3
 nm2, 

Surface space occupied by one PEI chain on one ZIF-8 nanoparticle: 

3.848 × 103 nm2

224
 =17.2 nm2. 

 

 

Fig. 4.4. Nitrogen adsorption/desorption isotherms of ZIF-8, ZIF-8-COOH, and ZIF-

8-PEI nanoparticles. 
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Nitrogen adsorption/desorption isotherms of ZIF-8, ZIF-8-COOH, and ZIF-8-PEI 

are shown in Fig. 4.4. All of them exhibited the Type I isotherm, which is characteristic 

of microporous materials [2]. The specific surface area and the micropore volume for 

pristine ZIF-8 nanoparticles were calculated to be 1800 m2 g–1 and 0.67 cm3 g–1, 

respectively (Table 4.1). After carboxyl functionalization, the values for ZIF-8-COOH 

decreased to 1380 m2 g–1 and 0.53 cm3 g–1 (Table 4.1). This is probably due to partial 

degradation or etching during the introduction of Im-COOH. Moreover, the ligand 

exchange ratio of 27% suggests that the ligand exchange proceeded not only on the 

external surfaces but also, to some extent, deep into the bulk, and the presence of COOH 

groups could explain the reduced surface area and pore volume. In the case of ZIF-8-

PEI, the specific surface area and micropore volume were 1260 m2 g–1 and 0.45 cm3 g–

1, respectively. Assuming that PEI occupies 13 wt% in ZIF-8-PEI and that the 

contribution of PEI to the surface area and pore volume is negligible, the surface area 

and pore volume of ZIF-8-PEI can be estimated as 1200 m2 g–1 and 0.46 cm3 g–1, 

respectively, from those of ZIF-8-COOH. The agreement between the measured and 

estimated values suggests that the grafting of PEI, unlike the ligand exchange, did not 

affect the crystal structure of ZIF-8, proceeded only on the external surfaces due to its 

bulkiness, and did not lead to pore blocking. WCAs measurements were conducted to 

determine the hydrophilicity of the particles. The WCAs of ZIF-8, ZIF-8-COOH, and 

ZIF-8-PEI were found to be 50.0°, 114.9°, and 0°, respectively (Table 4.1 and Fig. 4.5). 

The larger WCA in ZIF-8-COOH was ascribed to the introduction of the carboxylic 

groups near the external surfaces. The PEI grafting made the ZIF-8 surface 
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superhydrophilic, as a result of which ZIF-8-PEI nanoparticles stayed dispersed well in 

water over 72 h (not the case for ZIF-8 and ZIF-8-COOH, as shown in Fig. 4.5. 

 

Fig. 4.5. a) WCAs of ZIF-8, ZIF-8-COOH, and ZIF-8-PEI, b) Particle dispersion of 

modified and unmodified ZIF-8 nanoparticles before and after 72 h in water. 

4.3.2. Characterization of the membranes 

 

Fig. 4.6. Photographs of a) a ZIF-8-PEI suspension, and b) interfacial polymerization, 

where a free-standing film of crosslinked ZIF-8-PEI was formed at the hexane-water 
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interface. The freestanding film made in b) was c) taken out by an iron wire loop, d,e) 

transferred onto a AAO substrate for SEM measurements at different magnifications, 

and f) a TEM image of the film. 

It is known that PEI has an ability to afford a selective layer by crosslinking its 

abundant amino groups with TMC [32]. I hypothesized that PEI chains grafted onto 

ZIF-8 were crosslinked by TMC across the nanoparticles to form a film in which the 

matrix was ZIF-8 due to its size, and the interparticle voids were filled with crosslinked 

polyamide. However, the film-forming ability of ZIF-8-PEI nanoparticles at the 

hexane-water interface was unknown. Hence, I tried to prepare a free-standing film of 

crosslinked ZIF-8-PEI at a hexane-water interface via interfacial polymerization. As 

shown in Fig. 4.6a–c, a dispersion of ZIF-8-PEI nanoparticles in water was contacted 

with a TMC solution in hexane for 10 min at room temperature. The formation of a 

large-area film at the hexane-water interface proved a film-forming ability of ZIF-8-

PEI. It is worth noting that a film-like product was formed even in the absence of TMC 

due to the insolubility of PEI in hexane, but such a product did not show integrity and 

fractured into small pieces in the collection, contrary to the film formed in the presence 

of TMC. The free-standing film of crosslinked ZIF-8-PEI was then transferred to an 

AAO substrate for SEM observations (Fig. 4.6d,e), which indicated the film was thinner 

than the electron penetration depth and did not contain obvious pinholes at the observed 

scales. A TEM image of the film (an edge part) clearly displays that the film was formed 

by the assembly of ZIF-8-PEI nanoparticles, where a polymer phase acted as a link 
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among the nanoparticles (Fig. 4.6f). 

In order to understand the film-forming process, free-standing films were prepared 

at different time intervals (1, 2, 5, and 10 min) of the reaction. Each film was transferred 

onto the AAO substrate, and rinsed with hexane to terminate the reaction. SEM images 

of these films are summarized in Fig. 4.7a. Up to 2 min, the product consisted of 

fragments and did not form a continuous film. A continuous but cracked film was 

obtained at 5 min, and it fully became intact at 10 min by curing the cracks. The film-

forming process is sketched in Fig. 4.7b. When ZIF-8-PEI nanoparticles suspended in 

the water phase come into contact with the hexane phase, the PEI grafted on the surface 

of the particles crosslinks with TMC. As the reaction proceeds, more and more particles 

are accumulated at the hexane-water interface via crosslinking, finally forming a 

continuous film. 

 

Fig. 4.7. a) SEM images of free-standing ZIF-8-PEI film obtained after different 

reaction intervals and b) schematic of the film-formation process. 
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Fig. 4.8. The formation of a crosslinked ZIF-8-PEI selective layer on the PES substrate 

studied by a) ATR-IR spectra and b) XRD patterns. The nanocomposite membranes 

were prepared with different concentrations of TMC in hexane (1.0−20.0 mg/mL). 

After confirming the film-forming ability of ZIF-8-PEI in the presence of TMC, 

nanocomposite membranes were prepared for desalination using a PES membrane as a 

substrate. In the interfacial polymerization, the use of the appropriate amount of TMC 

is important to increase the crosslinking degree [33]. Hence, the effect of the TMC 

concentration was examined on the structure and performance of the selective layer. 

Fig. 4.8 summarizes the ATR-IR spectra and XRD patterns of the nanocomposite 

membranes prepared by varying the TMC concentration from 1.0 to 20.0 mg/mL. In 

Fig. 4.8a, apart from the characteristic peaks of the PES substrate, two new peaks were 

observed at 1358 and 1625 cm–1 for all the nanocomposite membranes, which 

correspond to the stretching vibration of C–N and C=O of amide groups [34], and thus 

proved the occurrence of the crosslinking reaction between PEI and TMC. Since the 

penetration depth of IR for the employed diamond crystal is around 2 μm, which is 

much greater than the thickness of the selective layer, the IR spectra of the 
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nanocomposite membranes were dominated by the features of the PES substrate, 

making the characteristic peaks of ZIF-8 nanoparticles less obvious: only visible was a 

shoulder at 421 cm–1 corresponding to the Zn–N bonds of ZIF-8. The XRD patterns of 

the nanocomposite membranes consist of the overlay of the ZIF-8 reflections and the 

PES amorphous halo [8]. The shrinking contribution of the ZIF-8 reflections was 

plausibly attributed to the partial decomposition of ZIF-8 crystals by HCl emission and 

its dissolution in the water phase where ZIF-8 existed. 

 

Fig. 4.9. Top-view and cross-sectional SEM images of: a,b) the PES substrate and c) a 

nanocomposite membrane prepared with a TMC concentration of 7.5 mg/mL. The 

images in the left column are top view, while those in the right column are cross-

sectional side view. 

SEM images of the PES substrate and a nanocomposite membrane prepared with a 
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TMC concentration of 7.5 mg/mL are shown in Fig. 4.9. In top view (Fig. 4.9a,c), the 

porous structure of the PES substrate was no longer observed after forming a selective 

layer. The selective layer was relatively smooth, and did not show a crumple structure 

typical for the conventional fully crosslinked aromatic polyamide [8]. This is due to the 

use of the solid building block instead of the molecular amine, which diffuses to the 

polymerization front and creates the crumple structure. Furthermore, the 

nanocomposite membrane revealed a defect-free surface in a high-magnification SEM 

image (insert in Fig. 4.9c). EDX mapping analysis confirmed a uniform distribution of 

Zn, suggesting that the ZIF-8-PEI nanoparticles were uniformly distributed in the 

selective layer (Fig. 4.10). In cross-sectional side view, the selective layer presented a 

ridge-and-valley structure (Fig. 4.9d) because it was supported by a PES substrate with 

such a structure (Fig. 4.9b). The thickness of the selective layer was measured to be 80 

± 6 nm. Considering the size of the nanoparticles around 30 nm, the 80 nm-thick 

selective layer was composed of 2–3 nanoparticles in the transmembrane direction. 

 

Fig. 4.10. EDX-mapping on the surface of the nanocomposite membrane prepared with 

a TMC concentration of 7.5 mg/mL. 
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Fig. 4.11. WCAs of the PES substrate and nanocomposite membranes prepared with 

different concentrations of TMC in hexane. 

The loading of ZIF-8 nanoparticles in the selective layer was estimated in two ways. 

One way was based on gravimetric analysis, where the ZIF-8 loading (not including 

PEI) was estimated at ca. 70 wt% by using weight gains before and after the 

nanoparticle deposition and the interfacial polymerization. The other way is based on 

the thermogravimetric analysis, where the entire membrane was combusted. By 

subtracting the contribution of the PES combustion, the ZIF-8 loading was derived from 

the ZnO residual weight as ca. 68 wt%, similar to 70 wt% from the gravimetric analysis. 

To the best of our knowledge, this loading was far the highest compared with those of 

MOF-based TFN membranes in literature. 

It is well acknowledged that hydrophilicity plays an important role in improving 

permeability in desalination [8]. Hence, the WCA measurements were performed on 

the nanocomposite membranes (Fig. 4.11). The PES substrate was relatively 

hydrophobic with a WCA of 73.0°. After the formation of a selective layer, the 
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hydrophilicity of the membranes was largely enhanced due to the hydrophilic nature of 

the PEI layer. When the TMC concentration was increased from 1.0 mg/mL, the WCA 

increased from 4.1° to 24.9° up to 7.5 mg/mL, and then turned to decrease after that. 

The former is attributed to the replacement of the amino groups by amide groups with 

an aromatic moiety, while the latter is possibly explained by the residual carboxylic 

acid arising from excessive grafting of TMC [35]. 

4.3.3. Separation performance of the membranes 

 

Fig. 4.12. Pure water flux of the membranes at different transmembrane pressures. 

The as-prepared ZIF-8-matrix nanocomposite membranes were used for brackish 

water desalination in a low-pressure nanofiltration process, and the separation 

performance was evaluated in terms of the permeability and salt rejection. First, the 

filtration of pure water was conducted, where the water flux increased proportionally 

to the differential pressure irrespective of the TMC concentration (as shown in Fig. 

4.12), confirming the stable operation. Then, the membranes were performed in 

separating an aqueous solution of Na2SO4 (1000 ppm) under 2 bar, which exhibited a 
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superior permeability of 43.6 LMH bar–1 with a selectivity of > 95% when the 

membranes were prepared with a TMC concentration of 7.5 mg/mL. The desalination 

performance in terms of permeability and rejection for Na2SO4 of the as-prepared ZIF-

8-matrix nanocomposite membrane was compared with those of the reported 

membranes, including the ZIF-8-based TFN membrane presented in Chapter 3 

[8,13,14,19,33,36–48]. As shown in Fig. 4.13, the comparison suggests that the 

desalination performance of the ZIF-8-matrix nanocomposite membrane is somehow 

superior to most other membranes developed by others, including polyamide thin-film 

composite membranes [33,39], MOF-incorporated TFN membranes [8,13,14,19], TFN 

membranes incorporated with other nanomaterials [38,40–42], continuous MOF 

membranes [43,44], MOF-based mixed matrix membranes [45,46], membranes with a 

ultrathin selective layer [36], and 2D nanomaterials-assembled membranes [47,48], 

which show several folds of enhancement in permeability as compared to most others, 

while maintaining a high Na2SO4 rejection. 

In general, two efficient strategies have been proven to be promising alternatives 

for the improvement of membrane permeability: reducing selective layer thickness and 

hybridizing nanofillers [34]. Selective layers with a thickness of ~10 nm have been 

reported, which showed excellent performance for desalination (as shown in Fig. 4.13) 

[36,37]. I have tried to increase the nanofiller (ZIF-8 nanoparticles) loading in Chapter 

3 for the improvement of permeability while maintaining selectivity. When the 

concentration of ZIF-8 nanoparticles in the selective layer was increased from 0 to 20 

wt%, the permeability doubled (11.1 LMH bar–1) while the selectivity remained greater 
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than 95%. However, at 40 wt% of ZIF-8 loadings in the selective layer, there was a very 

significant decrease in the selectivity (83%) due to the non-selective defects caused by 

particle agglomeration [8]. In this chapter, the concentration of ZIF-8 nanoparticles in 

the selective layer was increased to ca. 70 wt%, which provides more channels for water 

transportation, resulting in such high permeability. Meanwhile, the good compatibility 

of ZIF-8-PEI nanoparticles introduced by the grafted polymer maintained a comparable 

selectivity for the membranes. 

 

Fig. 4.13. Comparisons of desalination performance of the nanocomposite membrane 

with various reported membranes in consideration of permeability and rejection for 

Na2SO4. 

The impact of the TMC concentration on the desalination performance of the 

membranes was investigated using 1000 ppm of Na2SO4 at a differential pressure of 2 

bar. As illustrated in Fig. 4.14, as the TMC concentration increased from 1.0 to 7.5 

mg/mL, the rejection of Na2SO4 increased accordingly from 89.7% to 95.1%. 
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Consequently, the permeability decreased from 62.1 to 43.6 LMH bar–1. This is due to 

the fact that the low concentration of TMC was not enough to react with the PEI grafted 

on the surface of ZIF-8, leading to a loose crosslinked elective layer. The selective layer 

was gradually well formed as the TMC concentration increased [49]. However, the 

further increase in TMC concentration led to a negative effect on the rejection, in which 

the rejection of Na2SO4 slightly decreased from 95.1% to 93.0% when the concentration 

increased from 7.5 to 20.0 mg/mL. Because the molar ratio between the amines of PEI 

and the –COCl groups of TMC was reduced, which resulted in reduced crosslinking, 

leading to a decrease in rejection [50]. Moreover, when the TMC concentration was 

higher than that of the optimum, the excess of unreacted –COCl groups from TMC were 

hydrolyzed to –COOH groups, resulting in a higher hydrophilicity of the membranes 

[35]. Consequently, the permeability increased from 43.6 to 53.5 LMH bar–1. The 

influence of operation pressure on the salt rejection and permeate flux for the membrane 

(7.5 mg/mL) was also studied at the differential pressure of 1.0–3.0 bar using 1000 ppm 

of Na2SO4. The separation performance was shown in Fig. 4.14. The water permeating 

fluxes increased linearly with the applied pressure from 1 to 2.5 bar, while only a slight 

decline was observed in the salt rejection (–1.1%). When the applied pressure was up 

to 3 bar, the increase in the water permeating flux tended to level off due to 

concentration polarization [37], thus the salt rejection decreased to 92.1%. 

To evaluate the operational stability of the nanocomposite membranes (7.5 mg/mL), 

a 72-h filtration was performed with the continuous feed of 1000 ppm of Na2SO4 under 

a differential pressure of 2 bar. As shown in Fig. 4.15, except for a slight fluctuation at 
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the beginning, the permeability and Na2SO4 rejection remained almost constant until 

50 h. For the whole period, the membranes exhibited a negligible reduction in rejection 

(–1.1%), while the concentration polarization effect gave rise to a slight decline in 

permeability (–8.2%). This indicated high membrane stability, which is probably 

attributed to the covalent connection of ZIF-8 with polymeric matrices. 

 

Fig. 4.14. Desalination performance of the nanocomposite membranes. a) TMC 

concentration effect on desalination performance (Salt: 1000 ppm Na2SO4; applied 

transmembrane pressure: 2 bar); b) separation performance as a function of applied 

transmembrane pressure for the membrane prepared with a TMC concentration of 7.5 

mg/mL (Salt: 1000 ppm Na2SO4). 

 

Fig. 4.15. Separation performance of the membrane prepared with a TMC concentration 
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of 7.5 mg/mL during a 72-h test (Salt: 1000 ppm of Na2SO4; applied transmembrane 

pressure: 2 bar). 

4.4. Conclusions 

In consideration of the theoretically excellent separation performance of porous 

MOF nanoparticles and the easy processability of polymeric membranes, a novel 

designed ZIF-8-matrix nanocomposite membrane with high ZIF-8 loading was 

developed for desalination separation. In this chapter, carboxyl-functionalized ZIF-8 

nanoparticles prepared by ligand exchange reaction were first proposed for the purpose 

of polymer grafting. Following that, a PEI was successfully grafted on the external 

surface of ZIF-8 via a simple carbodiimide-mediated reaction in the presence of –

COOH groups. I have also shown synthetic control of the ZIF-8-matrix nanocomposite 

membranes by forming a selective layer using PEI-grafted ZIF-8 nanoparticles as 

building blocks via interfacial polymerization on a PES substrate for desalination. The 

tailored PEI-grafted ZIF-8 nanoparticles were crosslinked into a crosslinked ZIF-8-PEI 

selective layer using TMC as a crosslinker. Owing to the absence of free amine in such 

a process, a very high ZIF-8 loading in the selective layer has been achieved (ca. 

70wt%), facilitating an outstanding permeability (> 43.6 LMH bar–1) of the membranes 

in the desalination separation, which was several folds as compared to most of the 

reported membranes, while maintaining a reasonably high Na2SO4 rejection (95.1%). 

Overall, such a strategy paves the way for the design of newly MOF-matrix 

nanocomposite membranes for more attractive desalination performance.  
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5.1. General conclusions 

The thesis begins in Chapter 1 with a description of the advantages of membrane 

technologies in liquid separation. Separation mechanisms and types of membranes are 

also explained. MOFs have been mentioned in this chapter as appealing candidates for 

liquid membrane separations due to their advantages of well-fined pore structures, 

flexibility, chemical functionality, and so on. In order to achieve high-performance 

MOF-based membranes for liquid separation, key issues are proposed in this chapter, 

which include the stability, hydrophilicity/hydrophobicity, as well as dispersibility of 

MOFs. Due to the presence of organic ligands, MOFs exhibit a rich selection of 

functionality, which enable to address the issues through goal-directed surface 

engineering. In this thesis, ZIF-8, one of the most stable MOFs, was employed to 

prepare ZIF-8-based membranes for liquid separation applications. Goal-directed 

designs were performed by tailoring the external surface of ZIF-8 in various ways, for 

oil/water emulsion separation and desalination purposes. The main conclusions are as 

follows: 

In Chapter 2, a solvent-assisted ligand exchange reaction was performed on the 

surface of ZIF-8 micro- as well as nanoparticles to switch the surface wettability from 

relatively hydrophilic to hydrophobic (ZIF-8-DMBIM). Novel ZIF-8 composite 

membranes were prepared by separately depositing ZIF-8 or ZIF-8-DMBIM particles 

onto a regenerated cellulose substrate. To facilely optimize the selective layer, a simple, 

a scalable sequential deposition method was performed for balancing the permeability 

and selectivity. The impact of the particle size distribution on separation performance 
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was also examined. The relatively hydrophilic ZIF-8-deposited membranes were used 

for oil-in-water emulsion separation, while the hydrophobic ZIF-8-DMBIM-deposited 

membranes were applied for separating water-in-oil emulsions. These membranes 

exhibited excellent permeability (1411.8–1643.1 L m−2 h−1 bar−1) and a separation 

efficiency of more than 99.9% in both of oil˗in˗water and water˗in˗oil emulsion 

separation. This chapter successfully proposes a facile way to prepare MOF-based 

membranes for nanofiltration, with a particular attention in balancing the permeability-

selectivity tradeoff. 

To separate species of a smaller size, ZIF-8-based thin-film nanocomposite (TFN) 

membranes were designed in Chapter 3. For the ZIF-8-based TFN membranes, ZIF-8 

nanoparticles were incorporated into the polyamide selective layer as nanofillers to 

introduce additional transport channels for the purpose of enhancing permeability in 

desalination. The interface between ZIF-8 nanoparticles and the polymeric matrix was 

managed to avoid particle agglomeration, which was based on coating a polydopamine 

(PDA) layer on the surface of ZIF-8. The PDA coating facilitated the dispersion of ZIF-

8 nanoparticles in the aqueous phase of interfacial polymerization and significantly 

improved the chemical stability of ZIF-8. As a result, the TFN membrane with PDA-

coated ZIF-8 nanoparticles showed a two-fold enhancement in permeability as 

compared to ZIF-8-free thin-film composite (TFC) membranes, while maintaining 

comparable selectivity in the separation of Na2SO4 aqueous solution. This chapter 

evidences the significant roles of surface modification of ZIF-8 in preparing stable and 

performant ZIF-8-based TFN membranes. 



Chapter 5 

144 
 

In Chapter 4, to further increase the ZIF-8 loading in ZIF-8-based composite 

membranes for desalination, amine groups were introduced on the external surface of 

ZIF-8 nanoparticles by grafting polyethylenimine (PEI). The precisely tailored ZIF-8 

nanoparticles were in-situ crosslinked with trimesoyl chloride (TMC) to form an 

ultrathin selective layer with superhigh ZIF-8 loading (>70 wt%). Such membranes 

facilitated an outstanding permeability in separation of Na2SO4 aqueous solution, which 

was several folds as compared to most of the reported membranes for desalination, 

while maintaining a relatively high Na2SO4 rejection (95.1%). In summary, the strategy 

in this chapter paves a way to develop a new type of MOF-based membranes for more 

attractive desalination performance. 

To summarize, MOF-based membranes have shown great potential for liquid 

separation. The surface engineering of MOF nanoparticles has provided a smart strategy 

to maximize the advantage of MOFs' nanochannels and alleviate their interfacial failure 

in designing MOF-based membranes for liquid separation. I believe that the surface 

design of MOF nanoparticles for the preparation of high-performance MOF-based 

membranes for liquid separation in this thesis has shown good sights and broad thinking. 

5.2. Perspectives 

Many efforts and explorations have been made in this thesis to improve separation 

performance in liquid separation by modulating the ZIF-8 surface within ZIF-8-based 

membranes. The following describe issues that were not directly addressed in this thesis 

but are worth studying in future research. 

(1) Theoretically, ultrathin MOF nanomaterials can provide higher membrane 
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permeability in liquid separation due to the low transport resistance. The 

majority of the ZIF-8-based membranes described in this thesis, as well as the 

majority of those described in the literature, used 3-dimensional ZIF-8 

nanocrystals. Therefore, the design and synthesis of ZIF-8 nanosheets with the 

thickness of several nanometers for ZIF-8-based membranes are thus very 

appealing. 

(2) In this thesis, the prepared ZIF-8-based membranes have been applied for oil-

water emulsion separation and desalination. However, considering the excellent 

chemical stability of ZIF-8 nanoparticles, they are also promising in the usage 

of organic solvent nanofiltration, where the designs and strategies proposed in 

this thesis must be useful. 
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