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Abstract

Developing High-performance Thin-film Composite Membranes for Water Recycling and Reuse

Liuging Yang, Ph.D.

Concordia University, 2022

Membrane-based separation technologies, as versatile platforms, have attracted considerable
attention for water recycling and reuse, due to their ease of operation, high separation efficiency,
excellent sustainability, relatively low energy consumption, and industrial viability. Among them,
thin-film composite (TFC) membranes have been widely employed for the desalination of
seawater and separation of small organic compounds. However, the state-of-the-art polyamide
TFC membranes still suffer from the severe fouling and limited water permeability, which are
mainly ascribed to their intrinsic surface hydrophobicity and uncontrollable interfacial
polymerization process. To address the current challenges and limitations in TFC membranes, it
is essential to develop new methodologies and design new functional materials for the fabrication

of TFC membranes.

In this research, a new strategy based on the bioinspired chemistry has been explored for the
fabrication of TFC membranes. In the strategy, polydopamine-modified cellulose nanocrystals
(CNCs) with substantial quinonoid active sties have been prepared through oxidative auto-
polymerization of dopamine, which enable the subsequent crosslinking with polyethylenimine
(PEI). Electrospun nanofiber mats (ENMs) produced from electrospinning has been employed as
the supporting layer in order to enhance the membrane permeability. TFC membranes are
fabricated with the modified CNCs as the active layer via facile vacuum filtration on ENMs
followed by further cross-linking with PEI The achieved ultrahigh pure water permeability (PWP),
superior dye rejection, and remarkable salt permeation demonstrate its great potential for the

effective separation of dye/salt mixtures and recovery of these valuable components.

To expand the application of bioinspired chemistry in TFC membranes, a rapid co-deposition of

dopamine with zwitterions (Z-DNMA) via covalent polymerization triggered by CuSO4/H20: has
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been further proposed to construct the thin film selective layer. The fabricated TFC membranes
with the incorporated zwitterionic structure from Z-DNMA show enhanced surface hydrophilicity
and superior fouling-resistant performance towards both typical hydrophobic contaminants (e.g.,

proteins) and organic molecules (e.g., organic dyes).

In addition to the development of new strategies, a new diamine monomer featured with
trimethylamine N-oxide (TMAO) structure, N,N-bis (3-aminopropyl)methylamine N-oxide
(DNMAO), has been designed for the fabrication of polyamide TFC membranes via interfacial
polymerization. Its charged group (N"-O") is directly connected without extra atoms and has the
typical characteristics of zwitterions. The fabricated TFC membranes show high water
permeability, high dye/salt selectivity, and improved antifouling ability. Apart from the polyamide
TFC membranes, zwitterionic triethanolamine-based (Z-TEOA) polyester TFC membranes have
been also fabricated via interfacial polymerization in this research. Z-TEOA endows a typical
sulfonbetaine (SB) -based zwitterionic structure, which is one of the most widely used zwitterions
in the fabrication of membranes. The performance of the polyester TFC membranes has been

systematically investigated on the purification of dye- and antibiotic-contaminated wastewaters.

The results in this thesis demonstrate the promising application of bioinspired chemistry in the
fabrication of TFC membranes for the treatment of organic compounds-contaminated wastewaters.
Meanwhile, the new generation of zwitterions based on TMAO-derived structure shows a great
potential for the modification of the conventional polyamide TFC membranes to alleviate fouling
propensity. Furthermore, this research also highlights the promising application of zwitterionic-
modified polyhydroxyl monomers in the fabrication of polyester TFC membranes to enhance

fouling-resistant performance.

Keywords: thin-film composite membranes, zwitterion, dopamine, dye separation
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Chapter 1. Introduction

1.1 Problem statement

The scarcity of global fresh water caused by water pollution and climate change is one of leading
challenges nowadays encountered by mankind, which is expected to significantly restrict the
economic and social development of the world.! The Food and Agriculture Organization (FAO)
of the United Nations has estimated that over 2 billion people are suffering from water scarcity
due to the climate change, urbanization, and industrialization.? Thus, to meet the increasing
demands in clean water for sustainable human activities, it is crucial to develop reliable, efficient,

environmental-friendly, and sustainable technologies for water recycling and reuse.

Textile industries with enormous water consumption are intensifying water scarcity.> Meanwhile,
industrial wastewater from textile industries, as one of significant pollutants, are causing severe
environmental and health issue.* Therefore, direct discharge of them into environment without
proper treatments is strictly prohibited due to the special chemical properties of these organic dyes
existing in the effluent from textile industries. To date, numerous methods, including oxidation,
biological, and physical methods, have been developed to treat industrial wastewater and alleviate
the impact on our ecological system.” The drawbacks of oxidation methods include the need of
oxidants and the production of byproducts from the degradation of contaminants during the
oxidation processes. For biological methods, the low efficiency and complicated operation system
are main limitations for their application in the treatment of textile wastewater. Membrane
separation technologies, as one physical method, have drawn immense attention owing to their

distinctive properties.

Pressure-driven membrane separation technologies, including microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO) membranes, have currently emerged as the
most attractive technologies for water recycling and reuse, due to their ease of operation, high
separation efficiency, excellent sustainability, and industrial viability.® As shown in Figure 1.1,
depending on the type of membrane technologies, suspended particles, oil emulsions, bacterial,
viruses, proteins, small organic molecules, divalent ions, and even monovalent ions can be

effectively removed from feed wastewaters.” In particular, membranes with thin-film composite



(TFC) structures are considered as the most effective and efficient separation processes for water

purification and recycling in comparison with the conventional asymmetric membrane types.
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Figure 1.1 Schematic presentation of pressure-driven membrane separation technologies.’

To date, most commercial NF and RO membranes are TFC membranes in virtue of their distinctive
advantages, including high water production ability, excellent separation efficiency/selectivity,
and reduced energy consumption.® Its superior performance is inherently attributed to the two
different contributing layers in TFC membranes, which are the thin film selective layer and the
porous supporting layer.” However, One of the main challenges for TFC membranes is fouling,
which is generally caused by the unwanted contaminants depositing on the membrane surface or
inside of internal pores from the feed solution.'® This consequently leads to a reduction in
membrane permeability and selectivity, increases energy consumption, and thus damage the
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membrane matrix during the water purification process, especially in long term operations. The
fouling propensity of TFC membranes is mainly dependent on their surface properties such as
surface hydrophilicity, roughness, pore size distribution, and charge density.!!"!> Despite various
fabrication techniques have been developed to alleviate the fouling propensity via optimizing the
membrane surface roughness and reducing the thickness of the TFC membranes, it is still a
challenge to simultaneously achieve membrane fouling resistance while maintaining high
membrane performance.'? In addition to membrane fouling, the trade-off relationship between
permeability and selectivity is another limitation that restricts the practical application of TFC
membranes in water recycling and reuse. Despite various studies have been undertaken to improve
TFC membrane performance, few of them can simultaneously achieve high water permeability,
high removal efficiency, and effective fouling resistance. Therefore, it is imperative to develop
new TFC membranes with high performance and fouling resistant ability for various wastewater

treatments.
1.2 Research Objectives

On the basis of the above discussion, the growing crisis caused by water scarcity requires the
development of highly efficient and sustainable water treatment technologies. Compared to the
conventional methods, pressure-driven membrane separation technologies have shown great
potential in the treatment of wastewaters from textile industries. However, some major limitations
still restrict their widespread applications, such as low permeability and fouling propensity.
Therefore, development of high-performance TFC membranes is urgently needed to satisfy the

requirement for practical applications.

To achieve these objectives, this study proposes new methodologies to construct thin film selective
layers of TFC membranes instead of the conventional interfacial polymerization. In addition, new
functional materials have been proposed and synthesized to construct thin film selective layers in
order to overcome the inherent limitations of TFC membranes fabricated from the interfacial

polymerization. The specific research tasks are listed as follows:

e To overcome the limitations of TFC membranes fabricated from the interfacial
polymerization, a bioinspired methodology based on dopamine has been proposed to
construct thin film selective layers. In addition, electrospun nanofibers mats (ENMs)

3



prepared from electrospinning has been employed as the porous supporting layer to further

improve membrane performance.

e The main obstacle to realize the practical application of bioinspired chemistry in the
membrane fabrication is the time-consuming polymerization process. Therefore, a rapid
covalent co-deposition of dopamine and diamine-zwitterion has been proposed to prepare

the thin film selective layer on the polyethersulfone (PES) ultrafiltration membrane.

e In addition to the developed new methodology, a new generation of zwitterionic amine
monomer derived from trimethylamine N-oxide (TMAO) is proposed for the fabrication of
polyamide TFC membranes by the interfacial polymerization. The proposed zwitterionic
amine monomer enables the fabricated TFC membranes with enhanced fouling resistant

ability and water permeability.

e Apart from the polyamide TFC membranes, polyester TFC membranes have been

investigated for the treatment of wastewaters from textile industries.
1.3 Thesis Outline

Chapter 1 is a concise introduction of problem statement and research objectives in this thesis.

Chapter 2 is a comprehensive literature review. It includes principles and applications of TFC
membranes, their physiochemical properties, fabrication processes, functional materials, and
major challenges. This literature review gives a comprehensive understanding and the latest

developments of TFC membranes, as well as the current limitations.

Chapter 3 proposes an alternative methodology to construct thin film selective layer of thin film
nanocomposite (TFN) membranes via crosslinking of PEI with polydopamine-modified CNCs.
ENMs produced from electrospinning have been employed as the supporting layer to enhance the
TFN membrane permeability due to their high porosity. The crosslinking structures are tuned by
varying the molecular weight and concentration of PEI for optimum membrane performances. The
optimum TFN membrane can achieve high water permeability, excellent organic dye rejection,

and inorganic slat permeation.

Chapter 4 demonstrates a rapid covalent co-deposition of dopamine and diamine-zwitterion to

fabricate TFC NF membranes via CuSO4/H20»-induced rapid polymerization. The diamine-
4



zwitterion (Z-DNMA) has a typical SB-based zwitterionic structure and two primary amine groups,
which enable the formation of covalent bonds with polydopamine. The optimum NF membrane
shows superior fouling-resistant performance towards both typical hydrophobic contaminants (e.g.,
proteins) and organic molecules (e.g., organic dyes). The promising results obtained in this study,
including pure water permeability (PWP), dye rejection, and fouling-resistant performance,

indicate its potential application in the treatment of wastewater from textile industries.

Chapter 5 presents a new diamine monomer featured with TMAO structure, N,N-bis (3-
aminopropyl)methylamine N-oxide (DNMAO), for the fabrication of polyamide TFC membranes
via interfacial polymerization. DNMAO is conveniently synthesized by the facile oxidation of
tertiary amine group of N,N-bis(3-aminopropyl)methylamine (DNMA) with hydrogen peroxide.
Its charged group (N'-O") is directly connected without extra atoms and has the typical
characteristics of zwitterions. The fabricated membranes show enhanced hydrophilicity and

fouling resistance to organic dyes.

Chapter 6 introduces a new zwitterionic triethanolamine-based (Z-TEOA) monomer for the
fabrication of zwitterionic polyester TFC NF membranes via interfacial polymerization under
alkaline conditions. Z-TEOA is successfully synthesized via the ring-open reaction between
TEOA and 1,3-propane sultone (1,3-PS). All fabricated membranes exhibit enhanced
hydrophilicity and permeability due to the introduction of the zwitterionic functionality in the thin

film polyester layers.

Chapter 7 lists the main contributions and significance of this thesis research, as well as some

recommendations for the future research directions.



Chapter 2 Literature Review

2.1 Principles and applications of TFC membranes
2.1.1 The role of TFC membranes in water treatment

The water scarcity caused by human activities has been considered as one of the most critical
challenges all over the world. Though 71% of the surface area on the earth is covered by water,
most of them are seawater with high salinity. The freshwater available for humankind accounts for
only 2.5%. In addition, the intensive water consumption by agriculture and industries intensify the
crisis of global fresh water. Furthermore, the discharge of wastewaters produced from human
activities without proper treatments may cause severe pollution on the available fresh water and

further exacerbate water scarcity.

The recycling and reuse of wastewaters by proper treatments have been considered as effective
ways to reduce water pollution and thus alleviate water scarcity. Pressure-driven membrane-based
separation technologies have drawn intensive attention in various fields, including water treatment
and recycling, seawater desalination, pharmaceutical process, and battery recovery, owing to their
virtue of high selectivity and efficiency, relatively low energy consumption, facile operation
conditions, and environmental sustainability. Among them, TFC membranes are capable of
removing small organic compounds from wastewaters produced from textile and pharmaceutical
industries. In addition to the treatment of these wastewaters to produce clean water for the
discharge, TFC membranes have also been widely investigated to recovery valuable contaminants
in these wastewaters for reuse. Therefore, the development of high performance TFC membranes,
including high permeability, high selectivity, and excellent fouling-resistance, is needed for the

practical applications.
2.1.2 The fabrication processes and materials for TFC membranes

TFC membranes are pressure-driven membrane-based separation technologies. Conventional
polyamide TFC membranes are generally constructed by two independent layers: a) an ultrathin
polyamide thin film selective layer generated by the interfacial polymerization of trimesoyl

chloride (TMC) with m-phenylene diamine (MPD) and b) a porous supporting layer.!*!> The



selectivity of TFC membranes is ascribed to the dense cross-linked networks from condensation
polymerization of TMC and MPD (Figure 2.1). Due to the uncontrollable interfacial
polymerization process, the thickness of this thin polyamide selective layer can achieve to around
0.2 pm.'® TFC membranes prepared from the interfacial polymerization of monomers have been
widely used for a variety of water recycling and reuse applications, particularly in seawater
desalination and wastewater treatment owing to the excellent selectivity.!” In general, these two
layers can be prepared from different polymers and controlled independently.'® Therefore, they
can be individually optimized to achieve, as a whole, the desired selectivity and permeability while

still maintaining excellent mechanical strength.'

(a) (b)
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Figure 2.1 (a) Schematic illustration of the conventional polyamide TFC membrane structure; (b)

the chemical structure of the polyamide TFC selective layer. '

The typical polyamide thin film selective layers can be employed for the fabrication of NF and RO
membranes, depending on the solute size that they are able to remove from feed solutions. The
pore size of TFC RO membranes are relatively small, ranging from 0.3 to 0.5 nm in diameter,
while the pore size of TFC NF membrane ranges from 1 nm to 10 nm.?° The pore size difference
between these two types of membranes determines their practical applications in water treatment.
TFC RO membranes are generally intended for the desalination of seawater and brine since they
are able to remove monovalent salts, e.g., sodium chloride (NaCl), while TFC NF membrane can
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be used for removal of macromolecular substances, such as carbohydrates, proteins, viruses,
organic molecules, and even divalent salt ions. In addition, it is common to fabricate UF
membranes via the construction of thin film selective layer on a porous supporting layer.
Compared to the typical polyamide interfacial polymerization process for NF and RO membranes,
the thin film selective layer of UF membranes are generally produced from loose cross-linked
networks of functional materials with other polymers, e.g., crosslinking network of poly(vinyl

alcohol) and glutaraldehyde.?"-*

Generally, two different mechanisms have been proposed to illustrate pressure-driven membrane
separation processes, which are molecular sieving model and solution-diffusion model,
respectively (Figure 2.2). During separation processes, water molecules pass through the TFC
selective layer while the solutes are retained in the feed solution side for both models. In the
molecular sieving mode, only contaminants with smaller size than membrane pore size are able to
pass through the thin film selective layer of TFC membranes. Therefore, the pore size and its
distribution control in TFC UF membranes are crucial for improving membrane performance. On
the contrary, in the solution-diffusion model, solutes permeate and dissolve into the thin film
polymeric matrix of the membrane. Separation can be achieved with the difference in solubility
and mobility of solutes within the thin film selective layer.?’ Thus, the thickness and crosslinking
degree of thin film selective layer are dominant characteristics determining separation performance

of TFC NF or RO membranes.

(a) (b)

Molecular sieving model Solution-diffusion model

Thin film layer

@ : Solutes
= : Flow direction

Figure 2.2 Solute transport process through thin film selective layer: (a) molecular sieving model;

(b) solution-diffusion model.?°



2.2 Challenges in TFC membranes
2.2.1 Membrane fouling

Despite TFC membranes have been extensively employed in the treatment of wastewaters various
industries, one of the main challenges that prevents their further practical applications is the
membrane fouling.?** Fouling of TFC membranes can cause severe effects on the membrane
performance, including the dramatic decrease of permeability, separation selectivity, long term
operation stability, increased energy consumption, and shrinkage of the membrane lifespan.
Membrane fouling is defined as the undesirable deposition and accumulation of solutes or
attachment of contaminants on the membrane surface or inside the membrane pores.?® Porous
membranes such as MF and UF suffer from both external and internal fouling due to their porous

structure,” while dense membranes like TFC membranes experience mainly external fouling.

In general, membrane fouling can be divided into inorganic fouling, organic fouling, and
biofouling. Inorganic fouling, also termed as scaling, is ascribed to the accumulation of sparingly
soluble inorganic compounds or mineral precipitates, while organic fouling is a result of the
accumulation of colloids, particulate matters, and organic macromolecules. Biofouling is
attributed to the adhesion, proliferation, and immigration of microorganisms onto the membrane
surface, therefore leading to the formation of biofilm on the membrane surface.?’ In practice,
membrane fouling is a systematic result caused by a combination of different types of

contaminants.

The membrane fouling generally involves three stages, which are pore narrowing, pore blocking,
and final cake layer formation. As shown in Figure 2.3, the virgin membrane firstly experiences
the pore narrowing stage, which is caused by the attachment of small contaminants on the pore
wall of membranes and subsequently lead to a reduced pore size distribution. With the continuing
filtration, the contaminants with larger size can further deposit on the membrane pores and block
all pores completely. Finally, the contaminants can fully deposit on the membrane surface and a

dense cake layer is formed.
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Figure 2.3 Schematic illustration of the membrane fouling.?®

2.2.2 Consequences of fouling

On the basis of the above discussion, membrane fouling is mainly caused by the undesirable
attachment and deposition of contaminants on the membrane surface or inside the membrane pores.
The gradual growth of cake layer on the membrane surface may cause severe effects on the
membrane performance, including permeability, selectivity, energy consumption, and membrane

lifespan.

The membrane permeability depends on the pore size, pore size distribution, and porosity of
membranes. Therefore, the initial pore narrowing and blocking stages will lead to a dramatic
decrease of membrane permeability due to the reduced pore size and porosity of membranes. In
addition, the formation of cake layer at the third stage on the membrane surface creates an
additional obstacle, which can further reduce the permeability. Meanwhile, in order to compensate
the lost permeability caused by the membrane fouling, a relatively higher external pressure is
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required, which is accompanied by the increased energy consumption. In addition, the formed cake
layer caused by the membrane fouling during the separation process can inevitably increase the
trans-membrane pressure as well as the concentration polarization (CP).?° Trans-membrane
pressure is the lowest pressure required to allow water molecule pass through the membrane. CP
refers to the concentration gradient of solutes on the membrane surface resulting from the
accumulation of solutes retained by the membrane, which is one of the most important factors
influencing the selectivity of membranes. Upon the formation of a fouling layer on the membrane
surface, the back diffusion of solutes from membranes to the feed solution is hindered. The
concentration of solutes (Cyw) at the membrane surface can be significantly elevated (Cw*) due to
the gradual formation of a fouling layer, where CP* > CP as illustrated in Figure 2.4. Therefore,
with an increase in CP caused by the fouling on the membrane surface, the passage of solutes
through the membrane can be significantly increased, resulting in a decreased selectivity.>
Furthermore, the long-term accumulation of these contaminants on the membrane surface may

damage membrane structures and reduce their lifespan.
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Figure 2.4 Comparison of concentration polarization in membrane separation process: (a) After

membrane fouling; (b) before membrane fouling.
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2.2.3 Prevention and mitigation of fouling

Membrane fouling as the main challenge during the separation process is inevitable. Therefore,
prevention and mitigation of fouling is a reliable approach to maintain membrane performance.
To date, various methods have been developed to prevent and mitigate the membrane fouling,
including pretreatment of wastewaters, membrane surface cleaning, and development of fouling-

resistant membranes.

Pretreatment has been widely used in the operation of TFC membranes. The main purpose of
pretreatment is to prevent the pore blocking of TFC membranes caused by the contaminants with
large size, such as suspended particles, oil emulsions, and nature organic matters. The most widely
used pretreatment process is coagulation-flocculation-sedimentation. With the addition of
coagulants into wastewaters, the charged particles or nature organic matters are aggregated, which
can be effectively separated from the liquid phase by the following sedimentation or UF membrane
filtration.! Another extensively employed pretreatment is disinfection by chlorine exposure to
mitigate the biofouling of microorganisms. Chlorine species as strong oxidants are able to prevent
the growth of these microorganisms in the wastewaters. However, the residual chlorine species in
the wastewaters can cause severe damages to the polyamide thin film selective layer of polyamide
TFC membranes by the chlorination reaction of polyamide chains, thus lead to a fatal effect on the

selectivity of these membranes.

In addition to the pretreatment of wastewaters, membrane surface cleaning can also alleviate the
effect of fouling on the membrane performance. The commonly used cleaning agents include
surfactants, acid, alkali, and oxidizing sanitizers. After the surface cleaning, membrane
permeability can be partially recovered due to the removal of formed cake layer on the TFC
membrane surface. However, membrane surface cleaning can inevitably increase the operational

cost of membrane separation processes.

Furthermore, development of fouling-resistant TFC membranes is another vital methodology to
overcome the membrane fouling. Over past decades, various functional materials with improved
properties have been developed for membrane applications. These polymeric materials, including
polyvinylidene fluoride (PVDF), PES, nylon 6, and other polyamide polymers, have excellent

mechanical strength, thermo-stability, and corrosion resistance. However, the intrinsic relatively
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hydrophobic characteristics of these materials can lead to increased fouling propensity due to the
hydrophobic interactions between membrane surface and contaminants on the feed side.’? In
addition, surface charge and roughness of membranes are also vital properties involved with
membrane fouling. Membranes with strengthened negatively charged surface and smoother
surfaces can significantly reduce the fouling propensity of TFC membranes.!>* Therefore,
fabrication of TFC membranes with proper surface properties, especially suitable surface

hydrophilicity, is a promising strategy to reduce the membrane fouling.

(1) Surface hydrophilicity

It has been demonstrated that TFC membranes with improved surface hydrophilicity exhibit
enhanced fouling-resistant performance to organic fouling and biofouling. This is due to the
formation of a hydration layer between the hydrophilic membrane surface and water via strong
hydrogen bond interactions (Figure 2.5). This stable hydration layer can reduce or even prevent

the contact of the membrane surface with hydrophobic foulants.

Hydration layer
J+— Thin film layer

@
-
“ : Foulants @» : Water molecular

Figure 2.5 Hydration layer between hydrophilic membrane surface and water molecular.’*

(2) Surface charge

Zeta potential is used to represent membrane surface charge degree. Contaminants such as

microorganisms, proteins, polysaccharides, and macromolecules, usually have a negatively
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charged surface. Increased negative charge density on the surface of TFC membrane can
significantly reduce adsorption of negatively charged contaminants via electrostatic repulsion at

the membrane-water interface.>?

(3) Surface roughness
Despite increased surface roughness of the membrane can increase membrane permeability
ascribed to the increased membrane surface area available for water transport, it can lead to severe
membrane fouling due to enhanced interactions between the rough surface and foulants.?
Polyamide TFC membranes have characteristic ridge-and-valley-like roughness features, which
are induced by the release of nano-bubbles in the amine monomer aqueous solution during the

interfacial polymerization.
2.2.3 Other challenges

In addition to the membrane surface fouling, insufficient water permeability is other main
challenge, which restricts the practical applications of TFC membranes. The conventional TFC
membrane fabricated via the interfacial polymerization often renders a dense thin film selective
layer with a substantial thickness and a random network of pores, which is the main cause for the
insufficient water permeability. Despite the production efficiency of clean water can be improved
by increasing the external pressure, the concomitant consequence is the increased energy
consumption. Furthermore, the high pressure employed in the membrane-based separation
processes can intensify the effect of CP and reduce the membrane selectivity. Therefore,
development of alternative methodologies for the fabrication of TFC membrane with high water

permeability is urgently needed to satisfy the practical applications.
2.3 Development of high performance TFC membranes

The performances of TFC membranes, including permeability, selectivity, and fouling-resistant
ability, are determined by the surface properties of the thin film selective layer. To achieve
enhanced permeability, selectivity, as well as fouling resistance, various strategies have been
developed, including: (a) development of new active monomers; (b) hydrophilic modification of
monomers; (c¢) hydrophilic modification of the thin film selective layer; (d) roughness and

thickness control of the thin film selective layer; (e) employment of nanomaterials as additives
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during the interfacial polymerization; (f) other types of TFC membranes. In addition to the thin
film selective layer, the porous structure of the supporting layer can also impact the membrane
permeability. For instance, the supporting layer with higher porosity and larger pore size has a

lower hydraulic resistance and trans-membrane pressure, thus produce a higher water permeability.
2.3.1 Thin film selective layer
a. Development of new active monomers

Chemical structures and properties of active monomers play a significant role in determining the
characteristics of the thin film selective layer, such as pore dimension, thickness, roughness, and
hydrophilicity. Therefore, the proper design of two types of active monomers is vital to enhance
the performance of TFC membranes. Table 2.1 shows examples of well-developed monomers for
the construction of thin film selective layer. TMC and MPD are the most commonly used
monomers for the fabrication of polyamide TFC membranes, demonstrating more than 98% salt
rejection and an acceptable level of permeability.’” Therefore, it can be used for seawater
desalination. In order to further improve the permeability of TFC membranes, isophthaloyl
chloride (IPC) and cyclohexane-1, 3, 5-tricarbonyl chloride (HTC) have been developed to replace
TMC, while MPD is replaced by piperazine (PIP) and 1, 3-cyclohexanebis (methylamine)
(CHMA). Study results show that the permeability of TFC membranes can be improved with
decreased salt rejection, which is ascribed to the decreased crosslinking degree of cross-linked

polyamide networks (e.g. IPC) and increased pore size distribution (e.g. CHMA).*

Despite numerous active monomers have been developed for the fabrication of thin film selective
layers via the interfacial polymerization, they still suffer from trade-off between permeability and
selectivity, as well as fouling propensity due to the intrinsic hydrophobicity of crosslinked

polyamide networks.
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Table 2.1 List of monomers developed for the fabrication of TFC membranes.

38
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b. Hydrophilic modification of active monomer

To overcome the intrinsic hydrophobicity of TFC membranes, modifications on active monomers
have been intensively investigated to improve the surface hydrophilicity of TFC membranes. The
most commonly used methodology is to incorporate a zwitterionic structure into the active amine
monomer. To date, zwitterionic polymers can be mainly divided into three categories:
phosphobetiane (PC), sulfonbetaine (SB), and carboxybetaine (CB) (Figure 2.6).2* Compared to
other hydrophilic polymers (e.g. poly(vinyl alcohol) and chitosan), the equilibrium charge
distribution and charge neutrality endow them remarkable ability to form a strong hydration layer

at molecular level via hydrogen bonds.

PC CB SB

Figure 2.6 Chemical structures of typical zwitterionic polymers.

Despite their special structure properties favor the formation of hydration layer, zwitterionic
polymers still suffer from challenges of poor solubility and processability.*® Therefore, instead of
incorporation of bulk zwitterionic polymers into thin film selective layers, zwitterion-modified
active amine monomer is a relatively efficient strategy for constructing zwitterion-modified thin
film selective layer. As shown in Figure 2.7, 1,3-PS has been widely used to modify active tertiary
amine monomers, including tris(2-aminoethyl)amine (TAEA), DNMA, N-aminoethyl piperazine

(AEP), p-phenylenediamine (PPD), to form zwitterionic tertiary amine monomers via ring-open
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reaction.>**%-** Then, the synthesized zwitterionic amine monomers can react with acryl chloride

monomers via the interfacial polymerization to form hydrophilic thin film selective layers.

$ Io R $ o 3
+ A —_— ~ Vs
R’N‘R \go R'NL/\/S\\
Ring-open reaction
NH, o] o -
CH, + Q/\/\g,o
" [ RNNH SR
N+ HN A NH: HN\) o
HoN" | ~"NH, NH
0
& _
H\ -0 0¢S\ - 0=5=0
o= - o
(o]
NH,
TAEA-Z DNMA-Z AEP-E PPD-E

Figure 2.7 Zwitterionic modification of active amine monomers for improving hydrophilicity of

TFC selective layer,3440-42:4445

In addition to direct modifications on active amine monomers, the surface modification of thin
film selective layer is another alternative strategy for anchoring zwitterionic polymers. Based on
the chemical properties of polyamide, zwitterionic monomers or polymers are able to be
introduced via carboxyl groups derived from acryl chloride monomers during the interfacial
polymerization. As shown in Figure 2.8a, the zwitterionic monomer (CB-based) reacts with
carboxyl groups via condensation reaction on the top surface of thin film selective layer to form
an extra hydrophilic layer for enhancing fouling-resistant performance.*® In addition to the surface
modification with zwitterions, in-situ construction of zwitterionic polymer via atom transfer
radical polymerization (ATRP) technique can significantly improve fouling-resistant performance
of TFC membranes, due to the formation of a thicker zwitterionic polymer layer compared to small

molecular condensation polymerization (Figure 2.8b).*"43
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Figure 2.8 (a) Introduction of zwitterionic monomer on polyamide thin film selective layer via
condensation reaction,*® (b) introduction of initiator for ATRP during interfacial polymerization

process. 4

The selectivity of TFC membranes is mainly ascribed to the highly crosslinked thin film selective
layer.* However, the formation of polyamide thin film selective layer is limited to the diffusion
of amide monomer and acryl chloride monomer between the boundary of water and solvent liquid
phase.”®! The rapid condensation polymerization between monomers is a self-terminated film
growth process due to the restricted diffusion of monomers to another solvent phase upon the
formation of dense polyamide thin film selective layer. Therefore, conventional TFC membranes

fabricated via interfacial polymerization process still suffer from the limitation of uncontrollable
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polymerization reaction between two monomers, in which a random cross-linked network of pores

and dense selective layer with substantial thickness are produced.>?

In order to reduce the thickness and roughness of thin film selective layer for improving its
permeability and fouling-resistant performance, different strategies with controlled interfacial

3355 molecular

polymerization process have been developed, including electrospray technique,
layer-by-layer deposition (mLbL),*>” and construction of a sacrificial layer before interfacial
polymerization.”® As shown in Figure 2.9a and b, electrospray technique allows the formation of
active monomers as nanoscale droplets in the present of strong electrical field and subsequently
deposit onto a porous substrate, where condensation polymerization happens between nanoscale
droplets of active monomers.>® The nanoscale droplets allow the sufficient contact and subsequent
reaction between active monomers. As shown in Figure 2.9b, the thickness of thin film selective
layer can be adjusted via controlling the scan number of the stage. This developed electrospray
approach is able to fabricate TFC membranes with tunable thickness and roughness without
compromising its selectivity. In addition to the electrospray technique, mLbL is another alternative
approach to realize the thickness control of thin film selective layer.*% Figure 2.9c shows that
mLbL process involves the sequential reaction of amine monomer and acryl chloride monomer to
construct molecular level selective layer with chemical robust, highly crosslinked, and dense cross-

linked networks. This process is not restricted by the kinetic and mass transfer limitations between

different solvent phases presented in the conventional interfacial polymerization.
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Figure 2.9 Schematic illustration of (a) side view of the electrospray technique, (b) top view of

the electrospray technique,’® and (c) the molecular layer-by-layer process (mLbL).>

e. Nanomaterials as additives during interfacial polymerization

Despite the thickness of thin film selective layer has a substantial effect on the membrane
permeability, the hydrophilicity or chemical properties of thin film selective layer are also crucial
to the performance of TFC membranes, including permeability and fouling-resistant ability.

Nanomaterials, as an emerging material category, have drawn extensive attention in various



industries due to their remarkable chemical and physical properties, such as high special surface
area and abundant functional groups.®*%* To date, in order to improve the performance of TFC
membranes, various nanomaterials have been designed and employed as additives for the
fabrication of TFC membranes.®> The application of nanomaterials in the fabrication of TFC
membranes can be divided into three directions: (a) introduction of nanomaterials into the polymer
matrix of thin film selective layer during interfacial polymerization; (b) construction of an extra
interlayer between the porous supporting layer and thin film selective layer before interfacial
polymerization; (c) surface modification on the surface of thin film selective layer. In general, the
TFC membranes with incorporation of nanomaterials are termed as thin film nanocomposite (TFN)

membranes.

Carbon-based nanomaterials, including graphene oxide (GO),*”%¢¢7 graphene oxide quantum dots
(GOQDs),*® and carbon nanotubes (CNTs),’%"! are the dominant categories for the fabrication
of TFN membranes. The fabricated TFN membranes with incorporation of nanomaterials have
exhibited significant potential to overcome the trade-off between permeability and selectivity. The
enhanced performance is mainly ascribed to the optimized surface properties and morphology.’>"
In general, carbon-based nanomaterials have a relatively higher hydrophilicity caused by the
abundant functional groups, e.g., hydroxyl, amine, and carboxyl groups. Therefore, the well-
established method used for the incorporation of nanomaterials is dispersing them into active
amine monomer aqueous phase rather than organic acryl chloride solvent phase. However, over
decades of development in application of nanomaterials, the TFN membranes still suffer from the
limited surface hydrophilicity because of the intrinsic hydrophobicity of polyamide thin film
selective layer and insufficient hydrophilicity of nanomaterials, as well as their poor dispersibility
in active amide aqueous phase. To further improve the hydrophilicity of nanomaterials, the
modifications on nanomaterials have been investigated, such as construction of zwitterionic
polymers on the surface of these nanomaterials via ATRP.”*” Other nanomaterials, such as
titanium dioxide (TiO),’¢ silicon dioxide (Si0O>),”” and zeolite’® are also intensively employed for
the fabrication of TFC selective layer. In addition, the incorporation of plant-derived hydrophilic
cellulose nanocrystals (CNCs)®7°8! or cellulose nanofibers (CNFs) into the polymer matrix of thin
film selective layer has also been investigated. The abundant hydroxyl groups on the surface of

CNCs or CNFs endow the fabricated TFN membranes with enhanced hydrophilicity, even

22



improved chloride-resistant ability due to the formation of ester bonds between hydroxyl groups

and acryl chloride.

In addition to the incorporation of nanomaterials into the thin film selective layer, pre-construction
of a nanomaterial layer on the porous supporting layer is beneficial for the subsequent formation
of polyamide thin film selective layer.3?5 As shown in Figure 2.10, the pre-constructed CNT layer
on the porous supporting layer can efficiently avoid penetration of cross-linked polyamide
networks into the bottom porous supporting layer, thus, producing a thinner selective layer with

enhanced permeabilit.
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Figure 2.10 Schematic illustration of polyamide TFC membranes with a CNT interlayer between

porous supporting layer and polyamide thin film selective layer.®?

f. Other types of TFC membranes

In addition to the conventional polyamide TFC membranes, bioinspired polymers, as a class of
rapidly emerging functional materials, have been extensively implemented for the construction of
thin film selective layer in order to achieve enhanced water permeability and rejection ability in
the application of nanofiltration membranes. Dopamine, known as “bio-glue”, is the most
representative one due to its environmental friendliness and versatility.3¢%7 The oxidative
polymerization of dopamine endows with the strong adhesive property on various organic and

inorganic surfaces. The dopamine polymerization process involves the formation of semi-quinone
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and quinone from catechol and subsequent covalent bonding with amine groups. Therefore,
numerous efforts have been dedicated to develop TFC membranes with employing materials with
catechol structure and other functional materials containing abundant amine groups. To date, the
developed catechol-derived structural materials including catechol, dopamine, tannic acid, gallic
acid, and epigallocatechin gallate (as shown in Figure 2.11), have been widely adopted for
constructing thin film selective layer via crosslinking with polyethylenimine (PEI).**! The
fabricated TFC membranes enable the removal of small organic molecules from wastewater or the
fractionation of dye/salt mixtures from textile industries. However, it is still a challenge to
simultaneously achieve high permeability, high rejection ratio of contaminants, and fouling-

resistant performance.
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Figure 2.11 (a) Bio-inspired and plan-inspired phenolic materials,”” (b) possible oxidative self-

polymerization process of phenolic materials.'>3®
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Nanoporous materials, including mesoporous silica nanoparticles and covalent organic
frameworks, have been recently employed for the construction of the active barrier for
nanofiltration.’>>** Despite these nanoporous materials endow the nanofiltration membranes with
ultrahigh flux by virtue of their porous structure, tedious synthetic processes and insufficient
rejection ability still restrict their applications. Membranes with combined high water permeability

and high rejection ability are yet to be developed.
2.3.2 Porous supporting layer

Performance of TFC membranes can be largely determined by the characteristics of the porous
supporting layer, including the surface hydrophilicity and porosity. In general, hydrophilic
materials are preferred for the preparation of the porous supporting layers since they have less
resistance to water molecules passing through the membrane, thus, enhancing water permeability.
In addition, a porous supporting layer with a high porosity is also favorable for enhancing water
permeability. Numerous works have been conducted by introducing hydrophilic additives into the
polymeric solutions during preparation process of porous supporting layer, including
polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), SiO2, and GO.*>*” The addition of these
hydrophilic materials enables to improve the hydrophilicity of the porous supporting layer as well
as its porosity. In addition, the structure properties of the porous supporting layer can be optimized
by increasing its porosity via other techniques (e.g. electrospinning). Electrospinning is a versatile
membrane preparation method, which can produce nanofiber mats by applying a high voltage
between a nozzle and drum collector.”® Figure 2.12 shows the typical electrospinning process.
Nanofiber mats formed by the electrospinning technique have an ultrahigh porosity (=80%), which

provides more channels for water to pass through TFC membranes.
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Figure 2.12 (a) Schematic illustration of a typical electrospinning process; (b) electrospun

nanofiber mats produced from electrospinning process.

2.4 Research gap and limitations

To date, the state-of-the-art TFC membranes are polyamide TFC membranes fabricated from the
conventional interfacial polymerization. Despite significant progress has been achieved via tuning
fabrication processes and developing new monomers, some intrinsic drawbacks still restrict their
widely applications, such as the substantial thickness of thin film selective layers produced from
uncontrollable self-terminated polymerization and their fouling propensity. Other alternative
methodologies for the construction of thin film selective layers have also been developed,
including bio-inspired chemistry, direct surface coating of various nanosheets, and in-situ
formation of nanoporous thin film layer on the supporting layer. However, they still suffer from
some limitations. For instance, bio-inspired chemistry depends the oxidative self-polymerization,
which is a time-consuming process. Meanwhile, the formed aggregates from bio-inspired
monomers (e.g. dopamine and catechol) can adhere on the surface of supporting layer and block

membrane pores, thus reduce the permeability of TFC membranes.

Therefore, for the application of bio-inspired chemistry in the fabrication of TFC membranes, to

develop efficient methodologies avoiding the block of aggregates on the pores of supporting layer
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should be considered. Meanwhile, in order to enhance the fouling-resistant ability of bio-inspired
TFC membranes, the investigation of co-deposition of bio-inspired monomers with other

zwitterions via stable covalent bonds should be undertaken.

Although the development of new methodologies for the construction of thin film selective layers
is urgently needed, the conventional interfacial polymerization as the predominant methodology
in the fabrication of TFC membranes is still undisputed at present. As summarized above, various
zwitterionic monomers have already been designed to overcome the fouling propensity of these
TFC membranes. However, the scope of zwitterionic structures in TFC membranes should be
further explored to improve the hydrophilicity of TFC membranes, thus enhance their fouling-
resistant performance. Apart from the zwitterion-modified polyamide TFC membranes to achieve
enhanced fouling-resistant performance, polyester TFC membranes show relatively stronger
hydrophilicity compared to the pristine polyamide TFC membranes due to the existence of
abundant hydroxyl groups. However, there are few zwitterion-modified polyester TFC membranes

reported so far in the investigation of their fouling-resistant performance.

In summary, new types of zwitterion should be explored for the fouling-resistant application in
TFC membranes via interfacial polymerization, including polyamide and polyester TFC
membranes. In addition, alternative methodologies are needed to overcome the drawbacks of

typical TFC membranes fabricated from interfacial polymerization.
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Chapter 3 Thin film nanocomposite membranes with polydopamine-modified

cellulose nanocrystals

This chapter is adapted from a paper published in Desalination (Yang, L.; Liu, X.; Zhang, X.;
Chen, T.; Ye, Z.; Rahaman, Md. S., High performance nanocomposite nanofiltration membranes
with polydopamine-modified cellulose nanocrystals for efficient dye/salt separation. Desalination

2022, 521, 115385).
Abstract

CNCs, as a class of renewable and sustainable nanomaterials, are attracting increasing attention
for membrane-based separation applications. In this study, hierarchical loose thin film TFN NF
membranes are fabricated via the stacking of polydopamine-modified core-shell-structured CNCs
on ENMs, followed by the crosslinking with PEI. Prepared by convenient oxidative self-
polymerization of dopamine on CNCs, the polydopamine-modified CNCs contain abundant
quinonoid active sites for the subsequent crosslinking with PEI. The crosslinking structures are
tuned by varying the molecular weight and concentration of PEI for optimum membrane
performances. With the loosely constructed crosslinking networks between modified CNCs and
PEI, the optimum TFN membrane shows the outstanding performance in the filtration of Congo
red (CR)/NaCl solution, with superior dye rejection (99.91%), salt permeation (98.86%), and
ultrahigh PWP (128.4 LMH bar-1). Notably, the optimum TFN membrane also exhibits an
impressive selectivity factor of 1098 for the separation of CR/NaCl. The PWP, dye rejection, and
dye/salt selectivity are much higher than those of most reported NF membranes. The present work
demonstrates the potential of our novel strategy incorporating polydopamine-modified CNCs for

the fabrication of high performance NF membranes for various separation applications.

3.1 Introduction

Textile industries, which have experienced tremendous development thus far, produce highly toxic
wastewaters containing organic dyes, inorganic salts, and other contaminants such as surfactants

and auxiliary chemicals.”!® The discharge of textile effluents without proper treatment would

28



lead to irreversible destruction to aquatic environment and raise human health concerns due to the
intrinsic chemical structural and non-biodegradable properties of the contaminants.'®! In efforts to
minimize the severe impact of pollutants from textile industries on the ecosystem, conventional
strategies developed to date mainly focus on the adsorption or degradation of these contaminants.
However, extensive energy consumption coupled with the increasingly stringent environmental

restrictions and losses of valuable dyes and inorganic salts seriously restrict their applicability.!%*
104

Membrane-based separation technologies have drawn intensive attention in various fields,
including water treatment and recycling, seawater desalination, pharmaceutical process, and
battery recovery, owing to their virtue of high selectivity and efficiency, relatively low energy
consumption, facile operation conditions, and environmental sustainability.'%!% In particular, NF
with the use of membranes with molecular weight cut-off from 200-1000 Da is one of most viable
separation technologies for dye recovery because of its relatively low capital/operating costs and
high selectivity.!*!"”!!'! However, conventional polyamide TFC NF membranes fabricated via the
interfacial polymerization technique still suffer from the limited control over the polymerization,
which often renders a dense active layer with a substantial thickness and a random network of
pores.'!? The dense active layer can retain dyes and salts simultaneously through steric hindrance
and Donnan effect, rather than separating dyes and salts for reuse.'!* Meanwhile, an increased
osmotic pressure in the feed solution caused by the low salt permeation compromises the
permeability and selectivity of NF membranes.®® All these challenges call for developing efficient

NF membranes with a superior performance (e.g., high dye rejection and high salt permeation).

Apart from the conventional polyamide TFC NF membranes, extensive efforts have been
undertaken to fabricate high-performance NF membranes with loose structures for the separation
of dye/salt mixtures. Various strategies have been developed by improving the interfacial
polymerization, including the process optimization of the interfacial polymerization by
electrospray®® and incorporation of nanomaterials into the membranes, such as GO/CNTs,'!?
GOQDs,® TiO,,!'* through the interfacial polymerization. In addition, the pre-construction of a
nanoscaffold interlayer of CNTs,%> CNCs,'!® or cadmium hydroxide nanostrands''® on a porous

supporting layer before interfacial polymerization has also been developed to further improve the

membrane performance. Moreover, ENMs produced from electrospinning have also been reported
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as porous supporting layers to fabricate membranes.!!’"!!° The prepared TFC membranes showed
improved due to the ultrahigh porosity of ENMs.!?® Despite the enhanced permeability, the
resulting membranes still suffer from the above-mentioned limitation of the inherent structural
frame from the conventional interfacial polymerization. Relative to the optimization of
conventional interfacial polymerization, other nanoporous materials, including covalent organic
frameworks (COFs) and mesoporous silica nanoparticles, have also been recently employed for
constructing the loose active barrier for NF membranes.!'!?!"123 Though these nanoporous
materials endowed the NF membranes with ultrahigh flux by virtue of their porous structures,
tedious synthetic processes and insufficient rejection of dyes still restrict their applications.
Membranes with combined high permeability and high selectivity of dyes/salts are yet to be
developed.

Bioinspired polymers, as a class of rapidly emerging functional materials, have been extensively
implemented for multifunctional solid surface coating. Among them, mussel-inspired chemistry
has attracted considerable attention and achieved a substantial progress.”> Based on the previous
researches, the functionality of mussel-inspired chemistry is ascribed to the abundant 3.4-
dihydroxy-L-phenylalanine in mussel foot proteins.’*!** Dopamine with a similar molecular
structure to the 3,4-dihydroxy-L-phenylalanine, also known as ‘“bio-glue”, is the most
representative one due to its environmental friendliness and versatility.!>>12° To date, deposition

or co-deposition of dopamine has been widely employed in the surface modification of different

127,128 129,130

types of membranes, interlayers for TFC membrane fabrications, and the construction
of selective layers in TFC membranes.'*!"!3? Xu et al. fabricated NF membranes by co-deposition
of dopamine and branched PEI on the surface of polyphenylene sulfide membranes.!** The
resultant membranes showed high dye rejection (>99%), but with only moderate PWP. Other bio-
inspired polymers with catechol-simulated structures, including catechol, tannic acid, gallic acid,
and epigallocatechin gallate, have also been used to construct TFC membranes.®*%13* Despite
improved dye rejection and enhanced permeation of multivalent salts, the oxidative self-
polymerization process can proceed not only on the membrane surface but also inside pore walls,
which inevitably blocks the water channels and thus compromises the membrane permeability. In
addition, aggregated clusters formed by the uncontrollable oxidative self-polymerization of

catechol-simulated materials can adhere on the surface of membrane active layer, which limits
125,135-137
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Tackling the challenge, we report here the fabrication of loose TFN membranes incorporating
polydopamine-modified core-shell-structured CNCs cross-linked with branched PEI as an active
layer, which is stacked on porous ENMs. The high porosity of ENMs is conducive to enhance the
membrane permeability. CNCs, as a kind of natural and non-toxic nanomaterials, have been
extensively used for membrane fabrications by surface coating or as additives due to their special
properties, such as abundant functional groups on the surface, rod-like structure, and high surface
area-to-volume ratio.®"13%13 Herein, CNCs are employed uniquely as a substrate for the deposition
of polydopamine onto the ENMs, with the aim of reducing the blocking of water channels and
formation of aggregates on the surface of active layer. Meanwhile, the unique rode-like structure
and high surface area-to-volume ratio of CNCs facilitates the formation of multiple quinonoid
active sites on the modified CNCs for the subsequent construction of crosslinked networks with
branched PEI via the formation of covalent bonds. The effects of molecular weight and
concentration of branched PEI, as well as the coating density of the modified CNCs on the
membrane performance have been systematically investigated. To the best of our knowledge, this
is the first strategy on the construction of polymerized catechol-simulated membrane active layer
while without blocking pores or reducing porosity. The resulting membranes show superior
performance with the combined ultrahigh water permeability, high dye rejection, and high dye/salt
selectivity, demonstrating the potential of this novel strategy for the fabrication of high-

performance loose NF membranes for various separation applications.
3.2 Experimental
3.2.1 Materials

Nylon 6 pellets, PEI (branched, My = 25,000 and 2000 Da), dopamine hydrochloride,
tris(hydroxymethyl)aminomethane (Tris), Evans blue (EB), Methyl blue (MB), Congo red (CR),
and Victoria pure blue BO (VPBO) were obtained from Aldrich (Oakville, ON, Canada).
Properties of all organic dyes are listed on Table 3.1. Formic acid (88.0%), acetic acid (99.7%),
hydrochloric acid (36.5%), sodium chloride (99.0%), sodium sulfate (98.0%), magnesium chloride
(99.0%), and magnesium sulfate (99.0%) were provided by Thermo Fisher Scientific (St. Laurent,
QC, Canada). Cellulose nanocrystals (-OSO3" functionalized) were supplied by Celluforce Co. Ltd
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(Montreal, QC, Canada). Deionized (DI) water was prepared using a Milli-Q purification system
(Millipore, Billerica, MA, USA). All the chemicals were used as received.

Table 3.1 Properties of the organic dyes used in this study.

Dyes Chemical structure Molecular weight (g mol!)  Amax? (nm)
Evans Blue NZSSHz o o HzNéoa
o N, Mo 960.8 608
EB) e O ol
Methyl Blue ¢ QNH
@ 799.8 592

O 0,
NaO. ¢ \.-ONa
(MB) ¢ S ;
L
N N
H H

Congo Red e a H
N\\NN’f S,/o 696.7 500
NaO

(CR) o~ bNa
Victoria Pure HacAﬁAcH3
‘ o
Blue BO L) 514.1 614
H3C/\N O O N CH;,
(VPBO) Ners

¢ Maximum absorption wavelength.
3.2.2 Preparation of Polydopamine-Modified CNCs

The polydopamine-modified core-shell CNCs were prepared by mixing the CNC dispersion in DI
water with dopamine hydrochloride in Tris buffer solution at pH 8.5.°> Figure 3.1a shows the
preparation process. In detail, CNCs (0.1 wt%) were dispersed in DI water under sonication for 30
min, followed by the addition of dopamine hydrochloride (0.1 wt%) and Tris (50 mM) into the

mixture. Then, the pH of as-prepared mixture solution was adjusted to 8.5 using 0.5 M HCl

32



solution. Subsequently, the freshly prepared solution was mixed under magnetic stirring for 24 h
at ambient temperature. The mixture turned from the initially clear solution to the black, which is
the characteristic color of polydopamine coatings. The resulting polydopamine-modified core-
shell CNCs were obtained by filtration with at least three times of washing of DI water. The final

black power was redispersed in DI water and stored at 4 °C before use and characterization.
3.2.3 Preparation of ENMs of Nylon 6

ENMs of Nylon 6 were fabricated using a Nanospinner (NE300, Inovenso, Turkey) as we reported
before.”®!40 Nylon 6 solution (21 wt%) was prepared by dissolving Nylon 6 pallets in a mixture of
formic acid and acetic acid (4/1, v/v) at ambient temperature under magnetic stirring for 12 h. Then,
the prepared Nylon 6 solution was loaded into a 30 mL syringe connected to the nozzle.
Electrospinning was undertaken at a constant flow rate of 0.18 mL h™! and 25 kV voltage with a
distance of 9 cm between the nozzle tip and collector. The detailed fabrication process of ENMs

is described in Figure S3.1.
3.2.4 Fabrication of TFN Membranes

Briefly, TFN membranes were fabricated by the vacuum-assisted surface coating of
polydopamine-modified CNCs on the ENM substrate followed by crosslinking with PEI in a Tris
buffer solution. As shown in Figure 3.1b, a prescribed quantity of polydopamine-modified CNCs
was deposited on an ENM by vacuum filtration. Subsequently, the coated membrane was
immersed in the freshly prepared Tris buffer solution (50 mM, pH 8.5) containing PEI of different
molecular weights and concentrations at ambient temperature for 6 h. Table 3.2 summarizes
detailed fabrication conditions for the various TFN membranes. In particular, TFNO.1-Control was
prepared as a control membrane without crosslinking with PEI in order to investigate the role of
PEI in the TFN fabrication process. TFN membranes with three coating densities of modified
CNCs varying from 0.1 gm?, 0.2 g m?, and 0.3 g m™ have been fabricated. Here, the following
examples are given to describe the designation of all as-prepared TFN membranes. For instance,
in TFNO.1-0.5L and TFNO.1-0.5H, the first number (0.1) denotes the coating density of modified
CNCs and the second number (0.5) denotes the PEI concentration (g L) in the crosslinking
solution, and the final capital letter (H or L) indicating the high molecular weight (25,000 g mol

1 or low molecular weight (2,000 g mol™!) PEI used for crosslinking.
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Table 3.2 Summary of TFN membrane fabrication conditions.

Molecular weight

Membrane Coating density PEI concentration
(g/m?) (g/L) of PEI (g/mol)

TFNO.1-Control 0.1 - -

TFN0.1-0.5H 0.1 0.5 25000
TFNO0.1-0.5L 0.1 05 2000
TFNO.1-0.1L 0.1 0.1 2000
TENO0.1-0.02L 0.1 0.02 2000
TFNO.1-0.005L 0.1 0.005 2000
TFNO0.1-0.001L 0.1 0.001 2000
TEN0.2-0.02L 0.2 0.02 2000
TEN0.3-0.02L 0.3 0.02 2000

All TFN membranes were immersed in a Tris buffer (50 mM) solution with PEI at pH 8.5 except

TFN 0.1-Control as the control (without immersion in the Tris buffer solution).

3.2.5 Characterizations and Measurements

The Fourier Transform Infrared (FTIR) spectra of the modified CNCs and TFN membranes were
obtained on a Thermo Scientific Nicolet 6700 Analytical FTIR spectrometer. Particle size
distributions of the pristine and modified CNCs were obtained with a Brookhaven NanoBrook
Omni instrument by dynamic light scattering (DLS). Thermogravimetric analysis (TGA) of the
pristine and modified CNCs were carried out on a TA instruments Q50 thermogravimetric analyzer.
Zeta potential of the pristine and modified CNCs was obtained on a Malvern Zetasizer. Water

contact angle measurements were performed on a contact angle system (VCA, AST Products, Inc.).
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Membrane surface and cross-sectional morphologies were observed via a FEI Quanta 450
environmental scanning electron microscope (FE-ESEM) after platinum coating (~4 nm). X-ray
photoelectron spectroscopy (XPS) was performed on a Thermo Scientific K-Alpha XPS
spectrometer. The surface roughness of the TFN membranes was investigated with an atomic force

microscope (AFM) (NanoINK Inc. Skokie, IL, USA) in the tapping mode.
2.6 TFN Membrane Performance Tests

All membrane performance tests were conducted at 2.0 bar using a stirred dead-end filtration cell
with a stirring speed 350 rpm. The effective area of the filtration was 3.14 cm? The TFN
membranes were compacted at 2.5 bar with DI water for 30 min to reach a steady state before
testing. In this study, a series of solutions of dyes and inorganic salts at a concentration of 200 ppm
and 1 g L'!, respectively, were employed as feed solutions. The TFN membrane permeability (P,

LMH bar!) was calculated using the following equation:

14
"~ AXUXAP (3.1

where V is the volume (L) of the permeate, 4 is the effective filtration area (m?), ¢ is the operation

time (h) and 4P is the trans-membrane pressure (bar). The solute rejection (R) was calculated using:
R =( —C—”) x 100% (3.2)
Cr

where C, and Cy are solute (dye or salt) concentrations of the permeate and feed solutions,
respectively. Dye concentration was determined with a UV-vis spectrophotometer (Agilent Cary
8454), while salt concentration was measured using a conductivity meter (OAKTON conductivity

meter, CON 11 series, Vernon Hills, IL USA).

The dye/salt selectivity factor (o) was calculated from the salt and dye permeability. This
coefficient indicates the dye/salt separation ability of the fabricated TFN membranes. It was

calculated according to:

100—Rgq1t
IOO—Rdye

(3.3)
where Rsq: and Raye represent the rejection of inorganic salt and dye, respectively.
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Figure 3.1 Schematic illustration of (a) the preparation process of polydopamine-modified CNCs

and (b) the fabrication process of TFN membranes.

3.3 Results and discussion
3.3.1 Preparation and characterization of polydopamine-modified CNCs

In our strategy, polydopamine-modified core-shell-structured CNCs are prepared via the oxidative
self-polymerization of dopamine in the presence of CNCs at a weak alkaline condition (pH 8.5).
Dopamine, a dominant component of M. edulis foot protein, endows versatile adhesive property
on both inorganic and organic surfaces. Though the exact adhesive mechanism is still unknown,
the resulting polydopamine here is expected to form a coating layer on the surface of CNCs through
hydrogen bonding, ionic bonding, as well as the subsequent intermolecular polydopamine network

forming through covalent and noncovalent bonding.'?*!3¢  As shown schematically in Figure 3.1a,
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the thin polydopamine layer formed on the surface of CNCs is also expected to provide substantial
quinonoid active sites for the subsequent formation of imine with amine in PEI to render cross-
linking. FTIR spectra of the pristine CNCs and polydopamine-modified CNCs are presented in
Figure 3.2a. Compared to the pristine CNCs, modified CNCs show a slight enhancement of the
peak at 3340 cm™! (O-H and N-H stretching), indicating the successful introduction of dopamine.
Meanwhile, the intensified and broader characteristic peak at 1610 cm™ is attributed to stretching
vibrations of C=C in aromatic rings and bending vibrations of N-H in polydopamine, which also
confirm the successful preparation of the modified CNCs. The core-shell structure of the modified
CNCs is also confirmed with DLS (Figure 3.2b), which shows a significant increase in the
hydrodynamic diameter from 117 to 193 nm as a result of the formation of the shell layer. In
addition, the modified CNCs show an increased zeta potential (-34.7 mV vs. -14.7 mV; Figure
3.2¢) compared to the pristine CNCs, which is ascribed to the coverage of the negative groups (-
0S0s7!) on the pristine CNCs surface by the polydopamine shell layer. TG characterization was
conducted under a nitrogen atmosphere to evaluate the thermal behavior of the pristine CNCs and
modified CNCs. TG shows that the decomposition of the pristine CNCs occurs above 280 °C with
a dramatic weight loss of 60% within 280-310 °C (Figure 3.2d), which is consistent with earlier
reports.'*1142 Polydopamine, as a control, shows a lower thermal stability because of its complex
and broad molecular weight distribution. Relative to the pristine CNCs, the decomposition of the
modified CNCs starts at a much lower temperature of around 170 °C, which is ascribed to the lower
thermal stability of the polydopamine coating layer. These characterization results confirm the

successful formation of polydopamine-modified core-shell-structured CNCs.
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Figure 3.2 Characterizations of the pristine CNCs and polydopamine-modified CNCs: (a) FTIR
spectra, (b) particle size distribution by DLS, (¢) zeta potential at pH = 7, and (d) TGA curves

(10 °C min™! in a N> atmosphere).

3.3.2 Characterization of TFN membranes

The separation performance of TFN membranes is intrinsically determined by the thickness and
pore size of the membrane surface active layer, as well as the properties of porous supporting layer.
Herein, the ENM is adopted as the porous supporting layer due to their ultrahigh porosity, with
multiple interconnected microporous channels facilitating rapid water transportation. As shown in

Figure 3.3a and Figure S3.2a, the top view SEM image of the bare ENM displays stacked multi-
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layered nanofibers with a uniformed diameter. The average pore size and porosity of ENMs are
around 170 nm and 78%, respectively, based on our previous study.”® The polydopamine-modified
CNCs have been assembled on the ENM substrate at different coating densities with assistance of
vacuum filtration, followed by cross-linking with PEI through the covalent bonding of the
quinonoid active sites of polydopamine on the modified CNCs with amine groups of PEI (Figure
3.3a). The modified CNCs cross-linked with PEI form the active thin film layer on ENMs. Two
PEIs of different molecular weights (2,000 and 25,000 g mol ') have been used to cross-link the
polydopamine-modified CNCs. Meanwhile, different PEI concentrations have also been used to

optimize the membrane performance as summarized in Table 3.2.

Figure 3.3b shows the top view surface morphologies of TFN membranes prepared with the
modified CNCs at various coating densities (0.1 to 0.3 g m?). One can observe that the defect-free
modified CNC layer is constructed on the ENM substrate in each membrane. In the case of
TFNO.1-0.02L of the low coating density, the distinct interwoven fibrous structure of ENMs is
visible. The TFN membranes with relatively higher coating densities (TFN0.2-0.02L and TFNO.3-
0.02L) display smoother surfaces (Figure S3.3). Meanwhile, the individual rod-like CNCs can be
observed within all TFN membranes (Figure 3.3b). In addition, small quantities of sphere-like
nanoparticles (NPs) of polydopamine are also found on the TFN membrane surfaces, which should
be produced in the preparation of the modified CNCs. Like the polydopamine coated on CNCs,
these polydopamine NPs can also be cross-linked with PEI. Unlike micron-scale ploydopamine
aggregates produced from the conventional surface coating methodology,'*>!# the effect of these
polydopamine NPs at small quantities on the membrane performance should be negligible. From
the cross-sectional views of the membranes (Figure 3.3c), the distinct hierarchical architectures
can be observed, as well as the increasing coating layer thickness with the increase in coating
density. As shown in Figure S3.4, the thickness of the coating layer increases almost linearly from
118 to 355 nm as coating density increases from 0.1 g m™ for TFNO0.1-0.02L to 0.3 g m™ for
TFNO0.3-0.02L. This confirms that the coating of the polydopamine-modified CNCs on ENMs is
controllable. All these results indicate that the strategy developed herein for TFN membrane
fabrication is highly effective in restricting the formation of large scale polydopamine aggregates,
thus efficiently preventing the blockage of water passage channels in both the active layer and the

microporous supporting layer.
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Figure 3.3 Surface and cross-sectional SEM images of TFN membranes: (a) schematic illustration
of the morphological structure of TFN membranes, (b) surface SEM images (scale bar: 500 nm,
magnification of 100000), and (c) cross-sectional SEM images (scale bar: 5 um, magnification of

10000).

The functional groups present on the TFN membranes have been determined with ATR-FTIR. As
shown in Figure 3.4a, the characteristic peaks at 1545 cm™, 1637 cm™!, and 3294 cm™! are ascribed
to N-H deformation, C=0 stretching, and N-H stretching vibrations, respectively, of the Nylon
6-based ENM substrate.”® In comparison with the pristine ENMs, two new peaks are observed
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with the TFN membranes at 3340 and 1060 cm™!, respectively. The former corresponds to O-H
and N-H stretching vibrations of CNCs and polydopamine, respectively. The latter is ascribed to
C-O stretching vibrations of primary hydroxyl groups from CNCs. The intensities of the new peaks
are enhanced with the increase of the coating density from 0.1 to 0.3 g m™. These FTIR results

also demonstrate qualitatively the presence of the CNCs on ENMs.

To further verify the presence of PEI in the cross-linked thin film coating layer, surface elemental
compositions of the fabricated TFN membranes have been quantified with XPS. As shown in
Figure 3.4b and Table S3.1, the dominant elements on the TFN membrane surface include C 1s,
O 1s, and N s, originating from CNCs, polydopamine, as well as PEI. Compared to TFNO.1-
Control membrane without PEI, obvious increases in the relative intensity of N 1s are seen in other
TFN membranes, demonstrating the incorporation of PEI as it has a higher N content than
polydopamine. Among the TFN membranes, TFN0.1-0.5H has the highest atomic percentage of
N Is (7.61%). TFNO.1-0.5L, prepared under identical conditions as TFN0.1-0.5H except with the
use of lower-molecular weight PEI, shows instead a lowered N 1s percentage of 5.58%, indicating
that PEI with a higher molecular weight has an enhanced immobilization with a higher crosslinking
degree. With the set of membranes fabricated at different PEI concentration (TFNO.1-0.5L,
TFNO.1-0.02L, and TFNO.1-0.001L), the N 1s percentage decreases gradually from 5.58% to
4.46%, suggestive of the reduced cross-linking with the decrease of PEI concentration. The same
trend of change is also noticed with the N/O ratio as PEI does not contain O. Among another set
(TFNO.1-0.02L, TFNO0.2-0.02L, and TFNO0.3-0.02L) prepared with different coating densities of
the modified CNCs while at identical PEI deposition conditions, the N/O ratio decreases from 0.14
to 0.1 with the increase in the coating density. This should result from the reduced penetration of
PEI into the CNC thin film layer with the increase of coating density. On basis of all above
spectroscopic results, it can be concluded that the molecular weight and concentration of PEI in
the deposition solution have significant effects on the crosslinking degree of thin film coating layer,

thus impacting the comprehensive performance of the fabricated TFN membranes.
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Figure 3.4 Surface chemical composition analysis of the TFN membranes: (a) ATR-FTIR spectra,
(b) XPS spectra, and (c) N/O ratio from XPS spectra.
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3.3.3 Membrane separation performance

The effects of membrane fabrication parameters, including the molecular weight and concentration
of PEL and the coating density of the modified CNCs, on the separation performance (PWP and
dye rejection) of the resulting membranes have been systematically investigated for their
optimization. As shown in Figure 3.5a, the control membrane, TFNO.1-Control, has a high PWP
of 448.3 LMH bar! while with the MB rejection of only 66.31%. The high PWP and low MB
rejection result from the loose non-cross-linked thin film layer without the treatment of PEIL. Upon
the treatment with PEI, a dramatic increase in MB rejection (99.49% and 99.83% for TFNO.1-0.5L
and TFNO.1-0.5H, respectively), is observed, along with a decrease in PWP (83.7 and 53.0 LMH
bar!, respectively). This demonstrates the formation of denser cross-linked thin film layers upon
treatment with PEL. Compared to TFNO.1-0.5H, TFNO.1-0.5L has a 58% of increase in PWP, while
with the similar dye rejection in MB filtration. This suggests that PEI with the lower molecular
weight is optimum for the cross-linking between the modified CNCs, whereas the use of the high-
molecular-weight PEI may cause narrowed water channels due to over cross-linking among the
modified CNCs, thus compromising the PWP of TFN membranes. Figure 3.5c illustrates
schematically the different cross-linking structures generated in the thin film coating layer upon
the use of PEIs with low and high molecule weights. As such, the low-molecular-weight PEI has
been chosen exclusively for all subsequent TFN membranes. Meanwhile, TFN membranes were
prepared at varying concentrations of the PEI deposition solution within the range of 0.001 — 0.5

g L' to evaluate its effect on the membrane performance.

As shown in Figure 3.5b, PWP of the TFN membrane decreases dramatically from 448.3 to 83.7
LMH bar™! with the increasing PEI concentration from 0.001 to 0.5 g L™!, while the MB rejection
significantly increases from 78.77% to 99.49%. Clearly, the increasing PEI concentration leads to
enhanced cross-linking in the thin film coating layer, which causes the reduced water permeation
and enhanced dye rejection. In consideration of the trade-off between PWP and dye rejection, the
concentration of 0.02 g L™! for the low-molecular-weight PEI has been adopted as the optimized
deposition condition for the fabrication of the following TFN membranes to investigate their

separation abilities toward various dye/salt mixtures.
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Figure 3.5 Pure water permeability and MB rejection: (a) effect of PEI molecular weight (L: 2000
g mol!; H: 25000 g mol ™), (b) effect of PEI concentration in the range of 0.001 — 0.5 g L', and

(c) schematic illustration of the structures of the thin film coating layer.

Figure 3.6 shows the effect of the coating density (0.1 — 0.3 g m?) of the modified CNCs on the
membrane separation performance. Generally, high PWPs (191.5 to 87.1 LMH/bar™!) have been
achieved with these TFN membranes owing to the use of the porous ENM substrate, which
possesses numerous channels allowing water molecules to pass through. In particular, with the
increase in the coating density, PWP decreases from 191.5 to 87.1 LMH bar™! (Figure 3.6a). Clearly,
increasing the coating density of the modified CNC active layer leads to the increased

transmembrane resistance caused by the thicker and denser crosslinking networks in the active

44



layer. Meanwhile, as also shown in Figure 3.6a, the three membranes of different coating densities
have relatively low water contact angles (< 30°). Confirming favorable surface hydrophilicities for
membrane filtration, the low water contact angles are ascribed to the synergic effect of various
hydrophilic groups, such as hydroxyl and amine groups, on the thin film layer, as well as the porous
structure of ENMs. With the increase of coating density, the water contact angle increases from
21.1° to 28.8° due to the increased thickness and enhanced transmembrane resistance of the active

layer, which is consistent with the decrease in PWP.
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Figure 3.6 Membrane performance tests: (a) pure water permeability and water contact angle of
TFN membranes with various coating densities of modified CNCs, (b) rejection of TFN membrane
for four dyes (EB, MB, CR, and VPBO), and (c) digital photos of feed and permeate solutions
(feed, TFNO.1-0.02L, TFNO0.2-0.02L, and TFN0.3-0.02L from left to right for each dye).
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The NF performance has been systematically investigated using four model dyes with different
molecular sizes, E), MB, CR, and VPBO. The properties of these dyes are listed in Table 3.1. Four
inorganic salts (NaCl, NaxSO4, MgCl,, and MgS0O4) were used to investigate dye/salt separation
ability of the TFN membranes. As shown in Figure S3.5, the dye solution permeability is slightly
reduced compared to PWP due to the adsorption or deposition of dye molecules on the TFN
membrane. As reported from previous researches, cross-linked coating layers constructed from
PEI and polydopamine are prone to adsorb dyes via electrostatic interactions.!*!% Meanwhile, it
also decreases with the increasing coating density of the modified CNCs from 0.1 to 0.3 g m™.
Figure 3.6b shows rejection characteristics of TFN0.1-0.02L, TFNO0.2-0.02L, and TFNO0.3-0.02L.
The four model dyes can be effectively removed with all three membranes with high dye rejections
(>96%). In particular, the rejection ratios with TFNO0.1-0.02L for EB, MB, CR, and VPBO are
99.35%, 97.09%, 99.79%, and 96.16%, respectively, which show a general trend of increase with
the increase of dye molecule size due to the size exclusion mechanism. However, the rejection
characteristic of CR is the exception. The rejection ratio with TFNO0.1-0.02L for CR with a
moderate molecular size is the highest among four dyes. This is because CR molecules are prone
to form larger aggregates in aqueous solution, therefore leading to the highest rejection ratio
compared to other three dyes. The same trend is observed with TFN0.2-0.02L and TFNO0.3-0.02L.
With the increase of the coating density of modified CNCs from 0.1 to 0.3 g m™, the dye rejection
ratio increases from 99.35% to 99.97% for EB, 97.09% to 99.93% for MB, and 99.79% to 99.96%
for CR. Figure 3.6d compares the digital photos of aqueous dye solutions before and after filtration.
It shows visually the increasing dye rejection ability with the increase of the modified CNCs

coating density.

Inorganic salts as byproducts of the textile industry are common components in dye wastewaters.
Therefore, high salt permeation is generally required in order to separate and recover dye/salt from
dye wastewater. In this study, the separation of single salt component solutions and dye/salt
mixture solutions has been performed to characterize the separation ability of the fabricated TFN
membranes. As shown in Figure 3.7a, the permeation of four inorganic salts including monovalent
(NaCl, Na2SO4) and bivalent salts (MgCla, MgSO4) has been investigated by filtration with
TFNO.2-0.02L. The permeations of both monovalent salts are higher than 99%, while the

permeations of the two bivalent salts are also higher than 98%. The slightly lower permeations of
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bivalent salts should result from their larger hydrated ionic radii than monovalent salts. Figure 3.7b
presents the rejection performance of TFN0.2-0.02L for CR/salt mixture solutions. As we can see,
the rejection ratio of CR is 99.91% for both CR/NaCl and CR/Na,SO4 mixture solutions, which is
slightly lower compared to that for CR single-component solution (99.96%). This decrease is
mainly caused by the dissolution of the dye (CR) aggregates, facilitated by the inorganic salt in
aqueous solution.!*”!*8 Elimination of CR aggregates in aqueous solutions is conducive to the
permeation of dye molecules. These performance results indicate the potential application of the
fabricated TFN membranes for the separation of dye/salt wastewaters. It is worth noting that, to
date, only few studies have demonstrate more than 99.9% of CR rejection in salt solutions while
with maintained ultrahigh water permeability, e.g., 99.9% for ZDNMA membrane with PWP of
10.7 LMH Bar™, and 99.9% for PSF/GO membrane with PWP of 36.9 LMH Bar™.!47:14

(a) 100 - . (b)mo- 7
S // % 80 /%
Iy _ L

50

Cc

Figure 3.7 (a) Salt permeation performance of TFN(.2-0.02L membrane, (b) dye and salt rejection
of CR/salt mixture solutions by TFNO0.2-0.02L membrane.

3.3.4 Long-term separation stability

To investigate the long-term separation stability, the optimized membrane TFN0.2-0.02L has been
employed for a long-term filtration of a CR (200 ppm) and NaCl (1000 ppm) mixture solution.
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The permeability and rejection of solutes were recorded during the 40 h operation. As shown in
Figure 3.8, the filtration permeability slightly declines from around 97 to 80 LMH bar™! within first
2 h of operation and then maintains stable until the end of the filtration. The initial decline of the
permeability is mainly ascribed to the accumulation of CR molecules on the membrane surface
and the concentration polarization effect enhanced by the subsequent formation of the dye cake-
layer.>> However, a high level CR rejection (around 99%) is maintained throughout without
distinct decline, while allowing more than 98% salt molecules passing through even after 40 h of
filtration. This test confirms the long-term stability of the membrane for the separation of dye

molecules and salts.
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Figure 3.8 Long-term stability for dye and salt separation performance of the optimized membrane
TFNO.2-0.02L. The feed solution was the mixture of CR and NaCl aqueous solution (CR

concentration: 200 ppm, NaCl concentration: 1000 ppm, operation time: 40 h).

To highlight the outstanding performance of the TFN membrane in this study, a comparison of the
fabricated TFN membrane is made with various NF membranes reported in the literature in terms

of PWP, CR rejection, as well as selectivity of dye/salt mixture. As shown in Figure 3.9a and Table
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S3.2, most of the membranes reported in the literature show relatively low PWPs, while TFNO.2-
0.02L as our optimum membrane renders an ultrahigh PWP of 128.4 LMH bar! in combination
of a CR rejection of 99.91%. The reported studies in Figure 3.9 show that achieving high PWP,
high dye rejection, and high selectivity of dye/salt mixture simultaneously is still challenging
because of the trade-off relationship between permeability and selectivity. For instance, one
reported membrane (E-MSTF (+) AAO) showed a PWP of >300 LMH bar™! with a compromised
CR rejection, which is only 97.7%.5? Furthermore, Figure 3.9b shows a comparison of selectivity
factor among the membranes. The outstanding selectivity factor (1098 for CR/NaCl) achieved in
this study is distinctly higher than those of reported membranes, demonstrating its superior
potential for the separation of dye/salt mixtures. Therefore, with its ultrahigh PWP, superior dye
rejection (more that 99.9% for CR in NaCl solution), outstanding selectivity for dye/salt mixture,
as well as operational stability, we expect that the TFN membranes designed herein has a broad
application scope, not only for the separation of dye/salt mixtures, but also for the removal of small

molecules from wastewaters and purification in pharmaceutical industries.
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Figure 3.9 Performance comparison of TFN membranes in this work and other membranes (a) CR

rejection versus permeability, (b) selectivity factor of NaCl/CR versus permeability.
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3.4 Conclusions

We demonstrate in this work a new strategy for the fabrication of novel high-performance loose
TFN membranes for the separation of dye/salt from textile wastewaters. In the strategy,
polydopamine-modified CNCs with substantial quinonoid active sites have been prepared through
oxidative auto-polymerization of dopamine, which enable the subsequent construction of
controllable crosslinking networks. TFN membranes are fabricated with the modified CNCs as the
active layer via facile vacuum filtration on ENMs followed by further cross-linking with PEL The
ideal linearity between the thickness and coating density demonstrates the feasibility for the
tailored fabrication of the active layer. A systematic study on the effects of coating density of the
modified CNCs, and the molecular weight and concentration of PEI cross-linker on the membrane
performance has been undertaken. The optimum membrane, TFNO0.2-0.02L, shows an ultrahigh
PWP of 128.4 LMH bar’!, a superior CR rejection of 99.91%, and a remarkable salt permeation of
99.33%. Moreover, an unprecedented salt/dye selectivity of 1098 is achieved on a CR/NaCl
mixture, demonstrating its great potential for the effective separation of dye/salt mixtures and
recovery of these valuable components. With their outstanding performance, these membranes

have strong potential for other separation/purifications applications.
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Chapter 4 Rapid covalent co-deposition of dopamine and diamine-zwitterion

for nanofiltration membranes

The chapter is adapted from a paper submitted to Journal of Water Process Engineering, entitled
as “High performance nanofiltration membranes with enhanced fouling-resistance by rapid
covalent co-deposition of dopamine and diamine-zwitterion” by Yang, L.; Zhang, X

Rahmatinejad, J.; Raisi, B.; Ye, Z., which is being revised following peer review.
Abstract

NF membranes have been extensively employed for the treatment of textile wastewater to produce
clean water, due to their capability of retaining small organic molecules. In this study, zwitterionic
nanofiltration (Z-NF) membranes have been successfully fabricated by the rapid co-deposition of
dopamine and Z-DNMA via covalent bonds. The fabricated Z-NF membranes show improved
hydrophilicity and enhanced fouling-resistant ability due to the incorporation of the zwitterionic
functionality. Following the systematic investigation on the ratio between dopamine and Z-DNMA
as well as the co-deposition time, the identified optimum membrane (Z-NF3) exhibits a high PWP
of 32.0 LMH bar! and high organic dye rejections of 99.7% and 98.6% for CR and MB,
respectively. In addition, the fouling experiments of Z-NF3 show that the flux recovery ratios
(FRRs) for the filtration of bovine serum albumin (BSA), sodium alginate (NaAlg), and CR are
99.1%, 92.0%, and 82.2%, respectively, along with lower irreversible fouling ratios (Rir) and
higher reversible fouling ratios (Rr) values compared to those of the control membrane. The high
PWP and high rejections to organic dyes, coupled with its superior fouling-resistant performance,

indicate its great potential for practical applications in the treatment of textile wastewater.

4.1 Introduction

Water scarcity, exacerbated by climate change and anthropogenic pollution, is threating the
ecological system, human health, and sustainable development of human society.'**!>! Especially,
the pollution caused by the organic dyes from textile industries is becoming increasingly severe.!>?
Therefore, the highly efficient and effective technologies for the production of clean water are

intensively required. The conventional methods, including adsorption, flocculation, and
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coagulation, have been widely used for wastewater treatment.!>> ¢ However, these methods
generally require additional reagents and exhibit low sensitivity with extensive energy
consumption. Apart from them, membrane separation technologies, as emerging alternative
approaches, have attracted tremendous attention for the pretreatment of wastewater, desalination
of seawater, and production of potable water due to their versatile properties, including low energy

consumption, high separation efficiency and selectivity, easy scale-up, and no phase transfer.'>’

NF membranes, as one of the pressure-driven separation technologies, are capable of retaining
small organic molecules, showing great merits in the treatment of wastewater from textile
industry.'*® The state-of-the-art nanofiltration membranes are TFC membranes fabricated through
the classical interfacial polymerization. However, the current TFC membranes often suffer from
relatively low permeability and fouling propensity, which mainly result from the dense thin film
selective layer and its inherently hydrophobic property, respectively. Over the development of the
past decades, significant progress has been achieved towards enhancing the membrane
permeability, selectivity and fouling-resistant ability. Among them, incorporating nanomaterials
within the thin film selective layer is one of the most attractive strategies for NF membrane
fabrication. To date, numerous nanomaterials have been developed to enhance NF membrane
performance, including carbon-based nanomaterials (GO/reduced graphene oxide and CNTs),
plant-based nanomaterials (CNCs and CNFs), and other types of nanomaterials (MXene
nanosheets, covalent organic frameworks, and metal organic frameworks). These nanomaterials
can be incorporated into thin film layer during the interfacial polymerization,® or pre-loading on
the supporting layer before the interfacial polymerization as an interlayer to form a sandwich

structure, >%-160

or coating on the porous supporting membrane directly to fabricate NF
membranes.'%1%! Despite the progress, the limited permeability and compromised selectivity are
still the restricting factors for the membranes by these strategies for practical applications due to
the incompatibility between the nanomaterials and polymer matrices. To tackle this, an improved
alternative strategy is to construct the thin film selective layer by employing the unique mussel-
inspired chemistry. In this regard, tremendous achievements have been made since its first report

on membrane surface modification with this unique strategy in 2007.%2

Dopamine, as the most representative building block in the mussel-inspired chemistry, has been

extensively employed for the fabrication of NF membranes by surface modification.'¢? Based on
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the previous researches, the functionality of mussel-inspired chemistry is ascribed to the abundant
3,4-dihydroxy-L-phenylalanine in mussel foot proteins, which involves covalent polymerization
and non-covalent self-assembly under mild oxidative conditions.”>!?*!%3 In addition to the
essential catechol structure for mussel-inspired chemistry, amine groups are also vital to facilitate
the formation of covalent polymerization via Michael addition reaction and Schiff base reaction.'%*
The increased proportion of covalent bonds in the coating layer can enhance the stability and
hydrophilicity simultaneously, which are conducive to the membrane performance. On the basis
of this understanding, numerous derivatives with a similar catechol structure from dopamine and
their co-deposition with other amine-abundant polymers have been proposed for the fabrication of
NF membranes, including catechol, tannic acid, gallic acid, and epigallocatechin gallate. 5134165
167 However, the time-consuming polymerization process and the limited hydrophilicity of coating
layer still impede their applications in the fabrication of membranes. Tackling these challenges,
different strategies have been developed to accelerate the oxidation and polymerization speed,
including the use of copper sulfate/hydrogen peroxide, potassium persulfate, and UV
irradiation. 319171 In addition to improving the polymerization efficiency, co-depositions of
dopamine with other zwitterions via non-covalent assembly have been reported to improve the
hydrophilicity of coating layer.!”> However, the non-covalent assembly process of dopamine and
zwitterions can not only decrease the polymerization efficiency but also the coating layer stability.
Recently, a few studies on the covalent grafting of zwitterions with polydopamine for the surface
modification of ultrafiltration membranes have been reported to improve fouling-resistant

ability.!”*17* However, this has not yet been attempted thus far for NF membranes.

On the basis of the earlier studies, we hypothesize that the co-deposition of dopamine with
zwitterions via covalent polymerization is also a promising strategy for the fabrication of NF
membranes of improved performance. Herein, we propose a rapid bio-inspired strategy to
construct a thin film selective layer by the co-deposition of a diamine-zwitterionic monomer (Z-
DNMA) with dopamine via covalent bonds. Z-DNMA is conveniently synthesized by the
protection of amine group from DNMA and the ring open reaction of tertiary amine group in
DNMA with 1,3-PS, followed by the de-protection of amine group.> The two primary amine
groups from Z-DNMA are able to form covalent bonds with polydopamine via Michael addition
reaction and Schiff base reaction during the rapid co-deposition of CuSO4/H>O»-triggered

polymerization. The fabricated NF membranes with the incorporated zwitterionic structure from
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Z-DNMA show enhanced surface hydrophilicity. An optimization of the co-deposition parameters
has been undertaken to obtain the optimum NF membrane with superior fouling-resistant
performance towards both typical hydrophobic contaminants (e.g., proteins) and organic
molecules (e.g., organic dyes). The promising results obtained in this study, including PWP, dye
rejection, and fouling-resistant performance, indicate its potential application in the treatment of

wastewater from textile industries.
4.2 Experimental
4.2.1 Materials

Commercial PES ultrafiltration membranes (molecular weight cut-off: 20 kDa) was supplied by
Synder Filtration (Vacaville, USA). DNMA (96.0%), di-ter-butyl dicarbonate ((Boc)>0, >98.0%),
dopamine hydrochloride, Tris, copper sulfate (CuSOs4, >98.0%), BSA (68 kDa), NaAlg,
acetonitrile, MB, CR, and orange G (OG) were obtained from Aldrich (Oakville, ON, Canada).
Properties of all organic dyes are listed on Table 4.1.Hydrogen peroxide (H202, 30%), 1,3-PS, HC1
(36.5%), dichloromethane (DCM), chloroform, and sodium hydroxide (99.0%) were provided by
Thermo Fisher Scientific (St. Laurent, QC, Canada). DI water was prepared using a Milli-Q

purification system (Millipore, Billerica, MA, USA). All the chemicals were used as received.
4.2.2 Synthesis of Z-DNMA

As shown in Figure 4.1a, Z-DNMA was synthesized according to a previously reported study with
some modifications °. In brief, DNMA (20 mmol, 2.9 g) was firstly dissolved in DCM (40 mL),
followed by the addition of (Boc)>0 (44 mmol, 9.6 g) in DCM (40 mL). The mixture was extracted
with DI water after 12 h of stirring at room temperature. DNMA-Boc was obtained as a white solid
after evaporating DCM. Subsequently, 1,3-propane sultone (7.0 mmol, 0.85 g) in chloroform (10
mL) was added dropwise into the solution of DNMA-Boc (5.8 mmol, 2.0 g) in chloroform (10
mL). The mixture was stirred at 40 °C for 8 h. After that, the mixture was washed with DI water,
followed by evaporation of chloroform to obtain Z-DNMA-Boc. The final compound Z-DNMA
was obtained by the de-protection of Z-DNMA-Boc in HCI aqueous solution (4.0 M) at room
temperature. The mixture was washed with acetonitrile to remove impurities, followed by the

freeze drying to obtain the final solid Z-DNMA.
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Table 4.1 Organic dyes used in this study.

Dyes Chemical structure Molecular weight (g mol™')  Amax* (nm)
Methyl Blue T,
O 799.8 592
A Y
Congo Red M H
N\~NN~“ 696.7 500
(CR)
Orange G NaQ o
Q - 475

N=N© 0 452.4
(0G) Ho o

¢ Maximum absorption wavelength.
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Figure 4.1 (a) Synthesis process of Z-DNMA; (b) '"H NMR spectrum of DNMA; (c) '"H NMR
spectrum of Z-DNMA; (d) proposed co-deposition mechanism of dopamine and Z-DNMA for the

construction of cross-linked zwitterionic networks.

4.2.3 Membrane fabrication

Z-NF membranes were fabricated by a rapid co-deposition of dopamine and Z-DNMA or DNMA
via CuSO4/H20,-trigged oxidation. Firstly, a PES ultrafiltration membrane was immersed in DI
water for at least 24 h in order to get the membrane surface completely wetted. Then, the wetted
membrane was fixed into the lab-designed framework, which only allows the top surface of PES
ultrafiltration membrane to contact with the following co-deposition solution of dopamine and
diamine monomers (DNMA or Z-DNMA). The co-deposition solution was prepared by adding
dopamine (2.0 mg mL™) into a Tris-HCI buffer solution (50 mM, pH = 8.5), followed by the
addition of a different amount of Z-DNMA or DNMA. Considering that the prepared diamine
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zwitterion (Z-DNMA) is a hydrochloride (shown in Figure 4.1a), the dissociated HC] may cause
a pH deviation of Tris-HCI buffer solution. Therefore, a proper tuning of pH to 8.5 was performed
by adding a diluted HCI (0.5 M) or NaOH (0.5 M) aqueous solution. Afterwards, CuSO4 (5 mM)
and H>O; (19.6 mM) were added into the co-deposition solution sequentially '*. The final solution
was poured into the framework with a PES ultrafiltration membrane and shaken on a shaker under
a constant shaking rate of 40 rpm for 1 h if there is no addition illustration. All solutions were
freshly prepared for the co-deposition. The Z-NF membranes fabricated with Z-DNMA at the Z-
DNMA/dopamine molar ratios 0of 0.2/1, 0.5/1, and 1/1 were denoted as Z-NF1, Z-NF2, and Z-NF3,
respectively, while membranes fabricated from the pristine DNMA were donated as NF#. In
addition, the membrane fabricated with dopamine (2.0 mg mL™") with no diamine monomers was

denoted as NFO.
4.2.4 Characterization

The chemical structures of DNMA and Z-DNMA were characterized with 'H nuclear magnetic
resonance (‘H NMR, Bruker 300 MHz). Water contact angle (WCA) measurements were
performed on a contact angle system (VCA, AST Products, Inc.). XPS was performed on a Thermo
Scientific Theta Probe XPS spectrometer with a monochromatic Al Ko X-ray source at a spot area
of 400 pum. Membrane surface morphologies were observed via a FE-ESEM after platinum coating
(ca. 4 nm). The surface roughness of the NF membranes was investigated with an AFM (Tosca

400, Anton Paar) in the tapping mode.
4.2.5 Membrane separation performance

All membrane separation performance tests were conducted at 6.0 bar using a stirred dead-end
filtration cell at a stirring speed 350 rpm. The effective area of membrane filtration was 12.56 cm?.
The NF membranes were compacted at 7.0 bar with DI water for around half an hour to reach a
steady state before each testing. In this study, a series of dye solutions at a concentration of 100

ppm was employed as feed solutions if there was no additional illustration.

The NF membrane pure water permeability (P, LMH bar) is calculated by using the following

equation:
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p=_YV 4.1)

AXtXAP

where V is the volume (L) of the permeate, A4 is the effective filtration area (m?), ¢ is the operation
time (h) and AP is the trans-membrane pressure (bar). The solute rejection (R) is calculated

according to:

R = ( _ E—i) x 100% (4.2)

where C, and Cr are solute concentrations of the permeate and feed dye solutions, respectively.

Dye concentration was determined with a UV-vis spectrophotometer (Agilent Cary 8454).
4.2.6 Fouling-resistant performance

The fouling-resistance performance tests were carried out at 6.0 bar with three cycles of filtration
with different model foulants, which were BSA (1.0 g L' in PBS buffer solution at pH 7.4), NaAlg
(1.0 gL'"), and CR (100 ppm), respectively. Firstly, PWP was recorded as the original permeability
(Jo) for 0.5 h. Then, DI water was replaced with a corresponding model foulant. The filtration
permeability (J;) was recorded every 5.0 min for 1.0 h. The normalized flux (J;/Jy) was employed
to quantify the fouling-resistant ability during the filtration process. After 1.0 h of filtration, the
fouled membrane was cleaned by hydraulic wash with DI water for 2.0 h, followed by the
measurement of PWP again (J2). This whole process was repeated three times. FRR, R;, and Rj

are calculated according to the following equations:

FRR = CTZ,) x 100% (4.3)
R, =271 x 100% (4.4)
r — ]0 0 .

R, =172 % 100% 4.5

ir = 0 0 (4.5)
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4.3 Results and discussion
4.3.1 Synthesis and characterization of Z-DNMA

The diamine zwitterion, Z-DNMA, is synthesized herein according to a previously reported study
with some modifications.!” As shown in Figure 4.1a, the two primary amine groups in DNMA
are firstly protected with Boc (butyloxycarbonyl) to obtain DNMA-Boc to prevent from the
reaction of these primary amine groups with 1,3-propane sultone in the next step. Then, the Boc-
protected zwitterionic structure (Z-DNMA-Boc) is formed by the ring open reaction of DNMA-
Boc and 1,3-PS. The subsequent de-protection of Z-DNMA-Boc under HCI aqueous solution
renders Z-DNMA in the hydrochloride form. The chemical structures of DNMA and the
synthesized Z-DNMA have been characterized with 'H NMR spectroscopy. Figure 4.1b shows the
'"H NMR spectrum of DNMA, where the singlet peak ¢ at 2.11 ppm (s, 3 H) is ascribed to the
methyl group next to the tertiary amine group. The triplet peaks a and b at 2.53 ppm (t, 4 H) and
2.34 ppm (t, 4 H), and multiplet peak d at 1.53 ppm (m, 4H) are attributed to the methylene group
next to the tertiary amine group, the methylene group next to the primary amine group, and the
middle methylene group, respectively. Figure S4.1 shows the 'TH NMR spectrum of DNMA-Boc.
Therein, the singlet peak at 1.37 ppm (s, 18 H) is ascribed to methyl groups on tert-
butyloxycarbonyl (Boc), indicating the successful protection of the primary amine group. As
shown in Figure 4.1c, after the introduction of zwitterionic moiety into DNMA, one can see that
all the "TH NMR peaks seen in DNMA shift to the relatively lower fields (higher chemical shifts)
in the spectrum of Z-DNMA due to the formation of the quaternary ammonium group in Z-DNMA.
In addition, the new peaks at 3.47 ppm, 2.92 ppm, and 2.11 ppm (integrated with peak d’) are
ascribed to the three methylene groups in the 1,3-propane sultone moiety. Therefore, these 'H

NMR results demonstrate the successful synthesis of Z-DNMA.
4.3.2 Fabrication and characterization of NF membranes

NF membranes have been fabricated by a rapid co-deposition of dopamine with Z-DNMA or
DNMA via CuSO4/H20:-trigged oxidation, which can accelerate the polymerization rate and
reduce the coating time.'® Figure 4.2 shows the WCA of the fabricated membranes. One can see
that the pristine PES membrane has a relatively high WCA value of around 80°, due to the inherent

hydrophobicity of PES. After the deposition of polydopamine or co-deposition of polydopamine
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with diamine monomers (DNMA and Z-DNMA), WCA decreases dramatically to less than 55°.
Among the membranes other than PES, NFO0 has a relatively high WCA (49.6°) value due to the
limited hydrophilicity of polydopamine. With the co-deposition of dopamine and DNMA at a mole
ratio of 1:1, NF3 shows a slightly higher WCA (53.1°) compared to NFO (49.6°). However, Z-NF3
prepared at the same mass ratio but with Z-DNMA (Z-DNMA/dopamine = 1:1) shows a much
lower WCA (30.0°). Meanwhile, prepared at the reduced Z-DNMA/dopamine mole ratio of 1:0.5,
Z-NF2 shows an increased WCA of 42.8° compared to Z-NF3. These results indicate the
successful formation of the coating layer and the enhanced hydrophilicity after the co-deposition

with Z-DNMA.
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Figure 4.2 Water contact angles of different membranes.

Surface elemental compositions of NF membranes have been characterized with XPS. As shown
in Figure 4.3, all three membranes (NFO, NF3, and Z-NF3) show the characteristic peak of N 1s,
originating from dopamine and diamine monomers, and the peak of Cu 2p, due to the trace amount
of Cu** residual on the membrane surface by the chelation with the amine group from dopamine.'®
In addition, one can observe that all three membranes show the peak of S 2p resulting from the
PES substrate. The pristine PES membrane has a sulfur content of around 5%.'?*> As shown in

Table 4.2, NFO shows a decreased sulfur content of 3.4% after the sole coating of dopamine,
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indicating the formation of polydopamine layer on the PES surface. Compared to NF0, Z-NF3
shows an increased sulfur content of 4.2% due to the co-deposition of dopamine and sulfur-
containing Z-DNMA. Furthermore, as shown in Table 4.2, the increased N/C ratios of NF3 and Z-
NF3 also indicate the successful incorporation of both diamine monomers (DNMA and Z-DNMA).
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Figure 4.3 XPS spectra of NF0O, NF3, and Z-NF3.

Table 4.2 Elemental compositions of membrane surfaces.

Composition (%)

Membrane N/C (%)
C o) N S Cu
NFO 752 179 3.1 3.4 0.3 4.1
NF3 714 199 43 4.2 0.3 6.0
Z-NF3 730 186 3.6 4.7 0.2 4.9

The surface morphologies of the pristine PES ultrafiltration membrane and the fabricated
membranes have been characterized with SEM and AFM. As shown in Figure 4.4a, the SEM image
of pristine PES membrane shows a relatively smooth surface. Compared to the PES membrane,
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one can observe the obvious grainy surfaces after the deposition of dopamine and diamine
monomers, due to the formation of polydopamine aggregates (Figure 4.4b-¢). In addition, NF3 and
Z-NF3 (Figure 4.4c,e) show increased quantities of polydopamine aggregates than NFO (Figure
4.4b), which is mainly ascribed to the addition of diamine monomers since extra amine functional
groups can facilitate the polymerization of dopamine by the formation of covalent bonds.'®* As
shown in Figure 4.4e, Z-NF3 fabricated from the co-deposition solution with a highest diamine
monomer content, exhibits the coarsest surface among all membranes, which further indicates the
significance of diamine monomers for the formation of dopamine coating layer. The AFM images
from Figure 4.4a’-¢’ show that the pristine PES has the lowest surface roughness (Ra = 6.6 nm).
Among all membranes, NFO possesses the highest surface roughness with Ra of 16.7 nm, while
other modified membranes have relatively lower surface roughness. This is mainly ascribed to the

addition of amine monomers and the formation of covalent bonds.!¢?

(a) PES e R

(a’) PES (b’) NFO (¢’) NF3 (d") Z-NF2 (e’) Z-NF3

Ra=6.6+23nm Ra=16.7 £ 9.6 nm Ra=97+32nm Ra=121+49nm Ra=123+1.8nm

Figure 4.4 SEM images for surface morphology of membranes (a) PES; (b) NFO; (c) NF3; (d) Z-
NF2; (e) Z-NF3; AFM images of the corresponding membranes (a’) PES; (b”) NFO; (¢”) NF3; (d”)
Z-NF2; (e’) Z-NF3.
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4.3.3 Separation performance of NF membranes

The separation performance of the fabricated NF membranes, including PWP and the filtration
performance of BSA aqueous solution, has been systematically investigated. As shown in Figure
4.5a, the pristine PES ultrafiltration membrane shows the highest PWP (54.4 LMH bar). After
the deposition of dopamine, NFO shows a decreased PWP of 47.8 LMH bar™!, due to the formation
of polydopamine coating layer on the PES membrane. Compared to NFO with a single component
polydopamine coating, NF membranes fabricated with the co-deposition of dopamine and Z-
DNMA also show decreased PWPs, which are mainly caused by the formation of crosslinked
zwitterionic networks via covalent bonding as shown in Figure 4.1d. Specifically, PWP decreases
from 42.9 LMH bar! for Z-NF1 to 32.0 LMH bar! for Z-NF3 with the increase of Z-DNMA
concentration, indicating the formation of the denser coating layer. In addition, compared to NF3,
Z-NF3 prepared at the identical diamine monomer concentration, shows a relatively higher PWP
(32.0 LMH bar!) due to the enhanced hydrophilicity, which is consistent with the WCA results

shown in Figure 4.3.

Figure 4.5b shows the BSA filtration performance of NF membranes, including the normalized
permeability for 0.5 h filtration and flux recovery ratio (FRR) after a hydraulic washing with DI
water for around 2h. It shows that the PES membrane has the lowest normalized permeability and
FRR (64.4%) among all NF membranes due to the inherent hydrophobicity of PES. After the
polydopamine coating, NFO exhibits a slightly enhanced FRR of 67.1%. Despite that the
polydopamine coating helps improve the fouling-resistant ability to some extent, the limited
hydrophilicity still restricts its further application in the modification of membrane surface. With
the incorporation of Z-DNMA, on can observe that the normalized permeability increases
dramatically from around 50% to more than 70%, while FRR increases significantly from around
70% to more than 95%. In addition, with the increase of Z-DNMA concentration, the normalized
permeability and FRR increase gradually from 72.4% to 75.2%, and 87.5% to 97.7%, respectively.
Furthermore, NF3 fabricated from DNMA shows the lower normalized permeability and FRR
compared to Z-NF3 (69.7% vs 75.2%; 85.5% vs 97.7%, respectively), indicating the enhanced
fouling-resistant ability with the incorporation of Z-DNMA.

In addition to the impact of diamine monomer concentration, the effect of the co-deposition time

on the membrane performance has also been conducted under the Z-DNMA/dopamine molar ratio
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of 1/1, which was used for the fabrication of Z-NF3. As shown in Figure 4.5c, with the coating
time reduced from 60 min to 30 min, PWP increases from 32.0 LMH bar’! to 42.5 LMH bar™.
However, the normalized permeability and FRR decrease from 75.2% to 61.7% and 97.7% to
79.2%, respectively. Therefore, on the basis of the above filtration performance for all NF
membranes, it can be concluded that the covalent incorporation of Z-DNMA into polydopamine
coating endows the NF membranes with increased PWP and enhanced fouling-resistant ability. In
consequence, Z-NF3 has been chosen as the optimum membrane for the following experiments

given its high PWP and superior fouling-resistant ability.
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Figure 4.5 (a) Pure water permeability of NF membranes; (b) normalized permeability and flux
recovery ratio of NF membranes for BSA filtration (1.0 g L™!); (c) pure water permeability of NF
membranes with different coating times (at the same Z-DNMA/dopamine mole ratio of 1/1); (d)
normalized permeability and flux recovery ratio of NF membranes in (c) for BSA filtration (1.0 g
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To further investigate the filtration performance of the optimum membrane (Z-NF3), three organic
dyes (CR, MB, and OG) with different molecular sizes have been chosen as the model
contaminants. The detailed information of these three dyes is presented in Table 4.1. As shown in
Figure 4.6a, NF3 and Z-NF3 exhibit similar rejections to all three dyes. With CR and MB, high
dye rejections of more than 99% and 98%, respectively, have been achieved. However, with OG,
the dye rejection decreases to around 65% for both NF membranes, due to the smaller molecular
size of OG compared to CR and MB.!7® Figure 4.6b shows that the normalized permeabilities of
Z-NF3 towards all three dyes are appreciably higher than the corresponding ones of NF3. Similarly,
as shown in Figure 4.6c, Z-NF3 also exhibits enhanced FRRs compared to the corresponding ones
of NF3. Especially, the FRR for CR is dramatically improved from 59.0% for NF3 to 80.8% for
Z-NF3, due to the formation of the hydration layer with the enhanced membrane surface
hydrophilicity.®*!7” All above results indicate the great potential of Z-DNMA in the construction

of fouling-resistant membrane surface for the removal of organic dyes.
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Figure 4.6 Dye filtration (CR, MB, and OG) performance of NF3 and Z-NF3 under 6.0 bar: (a)

dye rejection; (b) normalized flux; (c) flux recovery ratio.
4.3.4 Fouling-resistant performance

A comparison of the fouling-resistant performance between Z-NF3 and NF3 has been undertaken
by undertaking three cycles of filtration of CR (100 ppm), BSA (1.0 g L"), and NaAlg (1.0 g L")

to further verify the superior performance of Z-NF3. As shown in Figure 4.7a, both membranes
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show an obvious permeability decrease in the first cycle due to the concentration polarization and
deposition of CR molecules on the membrane surface. Then, it is followed by a relatively slower
decrease in subsequent cycles, which is mainly ascribed to the deposition of CR molecules on the
membrane surface.!”>!”® After the hydraulic washing with DI water for 2 h, the FRRs are 52.5%
and 82.2% for NF3 and Z-NF3, respectively, for the first cycle (Figure 4.7b). For the following
two cycles, FRR of Z-NF3 decreases to 74.8% and 71.9%, while FRRs of NF3 decreases to 43.3%
and 41.9%. After three cycles of CR filtration, the FRR value of Z-NF3 is 71.6% higher than that
of NF3, demonstrating the superior fouling-resistance of Z-NF3 to organic dyes. Furthermore, as
shown in Figure 4.7c and 4.7d, Z-NF3 has a much higher R; and lower R;: values compared to

those of NF3 for all three cycles, which further confirms the enhanced fouling-resistance.

DI CR DI CR DI CR DI
(a) 100 | (b) 100 | L NFs
B z-NF3
90 -
g of g wf
= TOfF o
3 T
w -
3. . = ool
N SOF 2
©
E aof 3
S & 40
30 *
b=
20 ¢ [T
10F 20
0 L L L L 1 5 s
0 50 100 150 200 250 300 o
Time (min) Cycle 1 Cycle 2 Cycle 3
(€)e (d)
B s 100 - O s
B Z-NF3 I z-NF3
50 -
80 |
40
9 g eor
< 30 ~
' o
40 |
20 |
0 0
Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3

Figure 4.7 Reusability and fouling-resistant performance of Z-NF3 and NF3 using CR (100 ppm)
as the model foulant under 6.0 bar: (a) normalized flux with three cycles filtration; (b) flux

recovery ratio (FRR); (c) reversible fouling ratio (R;); (d) irreversible fouling ratio (Rir).
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Figure 4.8 shows the fouling-resistant performance after three cycles of filtration of BSA solution.
With the introduction of the zwitterionic moiety in Z-NF3, one can see a mild decrease in
permeability compared to NF3 due to the increased hydrophilicity of membrane surface. After the
cleaning of membrane surface, FRR of the first cycle reaches an ultrahigh level of 99.1%, while
FRR of NF3 is only 84.0%. During the three cycles of filtration, FRR of Z-NF3 decreases slightly
from 99.1% to 95.3%, demonstrating its superior stability and reusability (Figure 4.8b). As shown
in Figure 4.8c and 4.8d, R and R;; for BSA fouling follow the same pattern with the CR filtration,

indicating its superior fouling-resistant ability for hydrophobicity contaminants.
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Figure 4.8 Reusability and fouling-resistant performance of Z-NF3 and NF3 using BSA (1.0 g L~
!in PBS buffer solution, pH 7.4) as the model foulant under 6.0 bar: (a) normalized flux with three
cycles filtration; (b) flux recovery ratio (FRR); (c) reversible fouling ratio (Rr); (d) irreversible
fouling ratio (Rir).
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In addition to the filtration of CR and BSA, NaAlg as another typical contaminant has also been
employed in order to fully investigate the fouling-resistant performance of Z-NF3. As shown in
Figure 4.9a, it follows the similar trend observed above in the case with CR and BSA for the three
cycles of filtration. Figure 4.9b shows the FRR values of Z-NF3 and NF3. One can see that the
pristine NF3 has a lower FRR (87.7%) compared to Z-NF3 (92.0%) for the initial cycle and it
dramatically decreases to 75.5% in the third cycle, while the FRR of Z-NF3 can still maintain at
84.5%. The higher R, in Figure 4.9¢c and lower R;; in Figure 4.9d further demonstrate the enhanced
fouling-resistant ability of Z-NF3 to NaAlg relative to NF3. Based on the above results with the
three model contaminants (CR, BSA, and NaAlg), it can be concluded that, after the introduction
of the zwitterionic moiety in Z-NF3, the fouling-resistant ability has been significantly improved

towards both hydrophobic contaminants and the deposition of textile organic molecules.
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Figure 4.9 Reusability and fouling-resistant performances of Z-NF3 and NF3 using NaAlg (1.0 g
L!) as the model foulant under 6.0 bar: (a) normalized flux with three cycles filtration; (b) flux
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To highlight the excellent performance of Z-NF3 fabricated in this study, a comparison of the
performance in terms of PWP and dye rejection is made (see Table 4.3) in reference to reported
NF membranes fabricated via various methodologies, including the conventional interfacial
polymerization, polydopamine deposition, dopamine-involved layer-by-layer process, and
dopamine rapid deposition. Though the NF membranes prepared via the conventional interfacial
polymerization generally possess relatively higher dye rejections, their PWPs are much lower
compared to Z-NF3membrane in this study. In addition, some of the reported NF membranes
fabricated with dopamine deposition also show lower PWPs. For instance, the membrane GA-PEI
fabricated with the co-deposition of gallic acid and branched polyethylenimine has a PWP of 8.3
LMH bar! with a low azithromycin (AH, molecular weight: 749.0 g mol™) rejection (96.2%).
Other NF membranes (SPEI10k/PEI and (TA/JA),/PAN) have comparable PWPs and dye
rejections as Z-NF3 in this study. However, the layer-by-layer methodology used their fabrication
involves intricate processes. Furthermore, the reported membrane (RD-1S) prepared from a similar
rapid deposition (non-covalent deposition) shows a lower PWP and also a lower dye rejection.
This comparison indicates the superior performance of Z-NF3 for the potential applications in the

treatment of dye-contaminated wastewater from textile industries
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Table 4.3 Performance comparison of the NF membrane (Z-NF3) in this study with other reported

NF membranes.

PWP Dye rejection
Membrane Methodology Ref.
(LMH bar™) (%)

NF-SDA-0.1 Interfacial polymerization 10.4 CR: 99.9 i
M-3.0 Interfacial polymerization 16.6 MB: 95.4 W
ZM3 Interfacial polymerization 10.7 MB: 99.9 ?

CNC-TFC-PDA Deposition 23.1 CR: 99.9 .
Catechol-PEI Deposition 2.6 BTB: 99.6 v
GA-PEI Deposition 8.3 AH: 96.2 o
SPEI10k/PEI Layer-by-layer 36.9 CR: 994 "
CR: 99.5 -
(TA/JA)2/PAN Layer-by-layer 37.0
MB: 98.0
CR: 98.2 184
RD-1S Rapid deposition 274
DR23:97.6
CR: 99.7 _
Z-NF3 Rapid deposition 32.0 This study
MB: 98.6

BTB: bromothymol blue; AH: azithromycin
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4.4 Conclusions

In summary, zwitterionic NF membranes have been facilely fabricated through the rapid co-
deposition of dopamine and diamine zwitterion (Z-DNMA) by CuSO4+/H20; triggered
polymerization. The selective layer of Z-NF membranes is constructed by the covalent bonding of
dopamine and Z-DNMA via Michael addition reaction and Schiff base reaction. Through the
investigation on the effects of the co-deposition parameters, including the ratio between dopamine
and Z-DNMA as well as the co-deposition time, the optimum membrane (Z-NF3) identified herein
shows enhanced hydrophilicity (WCA of 30.0°), a high PWP of 32.0 LMH bar! with superior
organic dye rejections to CR (99.7%) and MB (98.6%). The fouling experiments with three cycles
of filtration of three model contaminants (CR, BSA, and NaAlg) confirm that Z-NF3 has an
outstanding fouling-resistant ability and excellent stability. FRRs for the first cycle filtration of
BSA, NaAlg, and CR are 99.1%, 92.0%, and 82.2%, respectively, with a lower irreversible fouling
ratio (Rir) and higher reversible fouling ratio (R;) values compared to those of the control
membrane (NF3). The high PWP and high rejection to organic dyes, coupled with its superior
fouling-resistant performance, highlight its great potential for applications in the treatment of

textile wastewater.
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Chapter S Trimethylamine /NV-oxide-derived thin-film composite membranes

This chapter is adapted from a paper entitled “Trimethylamine N-oxide-derived zwitterionic
polyamide thin-film composite nanofiltration membranes with enhanced anti-dye deposition
ability for efficient dye separation and recovery” by Yang, L.; Zhang, X.; Ma, W.; Raisi, B.; Liu,
X.; An, C.; Ye, Z., which has been accepted by Journal of Membrane Science.

Abstract

Organic dyes from textile industries are becoming the second largest pollutants in the world. In
this study, inspired by the seawater fish, a new diamine monomer, DNMAO with a TMAO-derived
“N*—O™ zwitterionic functionality, has been designed for the fabrication of polyamide TFC
membranes to purify dye-contaminated water and recover organic dyes. The fabricated membranes
show enhanced permeability and improved anti-dye-deposition performance. The optimum
membrane fabricated at 0.5 wt% of DNMAO feed solution exhibits an ultrahigh PWP of 37.5
LMH bar!, a superior CR rejection of 99.93%, and a low NaCl rejection of 9.3%, indicating its
outstanding performance for dye/salt separation. It can also achieve the complete CR removal from
a feed with a low CR concentration of 1 ppm, demonstrating its superior separation performance
for the production of clean potable water. In addition, the low dye loss rate (6.22%) and high salt
removal rate (85.6%) are achieved during the purification and recovery test with CR/NaCl
mixtures. Furthermore, the optimum membrane possesses an excellent anti-dye-deposition
performance with a FRR of 92.1%. All these results demonstrate its potential for applications in

not only textile wastewater treatment but also organic dye purification and recovery.
5.1 Introduction

Water scarcity and water pollution have become formidable challenges that severely restrict the
sustainable development of human society. Highly efficient and effective water purification
technologies are thus urgently required to ensure the adequate supply of clean and safe water.!3%18
Printing and dyeing industry, deemed as one of the most polluting industries, generates a
significant amount of wastewater containing organic dyes annually, causing destructive impacts
on the aquatic ecosystem.'”138 Traditional methods, including adsorption, photo-degradation, and
chemical degradation, have been widely adopted to remove organic dyes from the effluents of
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printing and dyeing industry.'®>!”* However, for adsorption, the limited removal efficiency,
especially at low dye concentrations, and the intricate regeneration process of adsorbents make it
unsuitable for the production of high quality water. Likewise, the toxic sludge produced from
degradation also restricts its application in the treatment of dye-polluted wastewater.!?!:!%2
Therefore, processes with high efficiency and sound sustainability are urgently required not only

to produce high quality water by removal of toxic dyes, but also to recover and reuse the latter.

NF has been considered as one of the most promising and attractive options for separation of
organic molecules, including organic dye recovery and reuse, owing to its facile operation
conditions, low energy consumption, and high separation efficiency.!”>!** To date, the state-of-
the-art NF membranes are polyamide TFC membranes fabricated by interfacial
polymerization.®*!®> Current NF membranes often offer high rejections to both organic dyes and
inorganic salts and thus cannot facilitate the separation of dyes from the salts. The
nondifferentiated simultaneous removal of both organic dyes and inorganic slats impacts the purity
of recovered dyes.>*!!? In addition, the inadequate permeation of inorganic salts compromises the

filtration flux due to the high osmotic pressure and concentration polarization.!”

Various strategies have been explored to design high performance NF membranes, including the
addition of nanomaterials as additives during the interfacial polymerization (SiO2, TiO,, GO,
COFs, and MXenes),’”1951% the construction of thin-film layers with two-dimensional (2D)
functional materials (GO, COFs, and MXenes),!!!2%-292 and the application of bio-inspired
chemistry (dopamine, catechol, and tannic acid) for the construction of thin-film selective
layers 3889131167 Although the fabricated NF membranes have shown enhanced permeability and
improved permeation of inorganic salts, the weak compatibility between the nanomaterial
additives and polyamide matrix may lead to the release of the nanomaterials and thus compromise
membrane performance. In addition, the high cost of 2D materials and the intricate bio-inspired
chemistry limit their applications in NF membranes. Furthermore, membrane fouling associated
with their relatively hydrophobic surface is another issue that strongly restricts their practical
applications.** Therefore, it is of great importance to develop NF membranes with strong fouling-

resistance for achieving the efficient separation of organic dyes and inorganic salts.

Zwitterions, possessing equimolar oppositely charged groups, have shown great potential in

surface modification of membranes. Their strong water affinity facilitates the formation of a
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hydration layer on the membrane surface for alleviating fouling.'®* To date, three well-established
zwitterions have been extensively employed in the membrane fabrication, including PC, SB, and
CB.?*2% Previous studies have shown that the hydration capacity increases with the decrease in
distance between oppositely charged groups.?*#?%> TMAO inspired from saltwater fish, as a small
organic osmolyte, possesses a positively charged quaternary amine group and a negatively charged
oxygen atom. The equimolar oppositely charged groups in TMAO are connected directly without
any spaces to provide a stronger hydration capacity compared to the well-established PC, SB, and
CB-based zwitterions.?**?% On the basis of this theory, TMAO inspired from saltwater fish has

been designed as a new generation of zwitterion for constructing ultralow fouling surfaces.?**

Herein, we report a new diamine monomer featured with TMAO structure, DNMAO, for the
fabrication of polyamide TFC membranes via the interfacial polymerization. DNMAO is
conveniently synthesized by the facile oxidation of tertiary amine group of DNMA with hydrogen
peroxide. Its charged group (N"-O") is directly connected without extra atoms and has the typical
characteristics of zwitterions with enhanced polarity compared to DNMA. TFC membranes have
been fabricated by incorporating DNMAO in the active layer. The optimum TFC membrane shows
high water permeability, high dye/salt selectivity, and improved antifouling ability. In addition,
the filtration of dye/salt mixture with four cycles shows superior dye recovery efficiency with low
loss rate and high salt removal efficiency, demonstrating the potential of TMAO-inspired
zwitterion for the fabrication of high-performance NF membranes in various separation

applications.
5.2 Experimental
5.2.1 Materials

Polysulfone (PSf, My =22,000 g/mol), PVP (M, =40,000 g/mol), 1-methyl-2-pyrrolidinone (NMP,
99.5%), DNMA, TMC, MB, CR, OG, and PEG were obtained from Aldrich (Oakville, Canada).
Properties of all organic dyes (MB, CR, and OGQG) are listed in Table 5.1. H>02 (30%), DCM, NaCl
(99.0%), Na>S04 (98.0%), MgCl» (99.0%), and MgSO4 (99.0%) were provided by Thermo Fisher
Scientific (St. Laurent, Canada). DI water was prepared using a Milli-Q purification system

(Millipore, Billerica, MA, USA). All the chemicals were used as received.
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Table 5.1 Organic dyes used in this study.

Dyes Chemical structure Molecular weight (g mol'!)  Amax” (nm)
ACW
MB ) 799.8 592
eVeaslop
ag e
CR OO s 696.7 500
Nad © Na
Q NaO\S//O
452.4 475

oG N=N©~ )
o
wies

“ Maximum absorption wavelength.

5.2.2 Synthesis of DNMAO monomer

DNMAO was synthesized via the oxidation of the tertiary amine group in DNMA according to a

previously reported study.?°® In brief, DNMA (34.5 mmol, 5.0 g) was dissolved in DI water (20
mL). H2O> (30%, 4 mL) was diluted with DI water (11 mL). Afterwards, the diluted H2O> solution

was added dropwise into the stirred DNMA solution in an ice-water bath. The mixed solution was

exposed to air and stirred continuously at room temperature for 12 h. Then, the reaction mixture

was extracted with dichloromethane to remove the un-oxidized precursor (DNMA) for at least

three times. The final aqueous solution was freeze-dried and a viscous liquid with a light yellow

color was obtained (yield: 71%).
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Figure 5.1 (a) Synthesis of DNMAO and fabrication of polyamide TFC membranes by interfacial
polymerization, (b) mechanism of the oxidation process from DNMA to DNMAO with H,0,.2%7:2%8

5.2.3 Fabrication of polyamide TFC membranes

PSf ultrafiltration membranes were prepared by a phase-inversion method and were used as the
support layer of polyamide TFC membranes.*” Briefly, a solution of PSf (15 wt%) and PVP (2%)
as the pore-forming agent in NMP (83 wt%) was cast on a glass plate by a casting knife with the
thickness of 200 um. Subsequently, the cast film was immersed into DI water to induce phase-
inversion at room temperature. The obtained PSf ultrafiltration membrane was washed thoroughly

with fresh DI water and dried at room temperature before usage.

Polyamide TFC membranes were fabricated by interfacial polymerization on PSf ultrafiltration
membranes. Typically, the PSf ultrafiltration membrane fixed in a mould was exposed to an
aqueous solution containing DNMA or DNMAO at different concentrations (0.1, 0.25, 0.5, and
1.0 wt%, respectively) for 1 min. The excess solution was removed by a rubber roller. Afterwards,

the membrane was exposed to a hexane solution of TMC (0.2 wt%) for 2 min. The final membrane
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was finally post-treated at 60 °C for 10 min. Then, the prepared membrane was immersed in an
ethanol solution (50 % in DI water) for 30 min, followed by wash with DI water to remove residual
ethanol. The membranes fabricated with DNMA are termed as N-0.1, N-0.25, N-0.5, and N-1.0,
respectively, and those fabricated with DNMAO are termed as NO-0.1, NO-0.25, NO-0.5, and
NO-1.0, respectively, with the number in each name denoting DNMA/DNMAO monomer

concentration in the synthesis.
5.2.4 Characterizations

The chemical structures of DNMA and DNMAO were characterized with '"H NMR, Bruker 300
MHz). FTIR spectra were obtained on a Thermo Scientific Nicolet 6700 Analytical FTIR
spectrometer. WCA measurements were performed on a contact angle system (VCA, AST
Products, Inc.). Membrane surface and cross-sectional morphologies were observed via a FE-
ESEM after platinum coating (ca. 4 nm). XPS was performed on a Thermo Scientific Theta Probe
XPS spectrometer with a monochromatic Al Ko X-ray source at a spot area of 400 um. The surface
roughness of the TFN membranes was investigated with an AFM (Tosca 400, Anton Paar) in the
tapping mode. The detection of CR in solutions of low CR concentrations was performed on a
Tosca 400 series (Anton Paar) high performance liquid chromatography (HPLC) equipped with a
UV-vis detector (the absorption wavelength set at 500 nm). The mobile phase used was 70%
ammonium acetate buffer (0.1 M, pH 4.0) and 30% acetonitrile.

Pore size distribution of the fabricated polyamide TFC membranes was performed by measuring
the rejections of PEG aqueous solutions (1.0 g L") with different molecular weights (200, 400,
600, 1000, and 1500 Da). The mean effective pore radius (L) is the solute geometric radius when
the rejection R = 50%, while geometric standard deviation (c;) is the ratio of Stoke radius when
rejection R = 84.13% to that of R = 50%. The Stoke radii of PEGs is calculated according to the

following equation:
r=16.73 x 10712 x MW%557 (MW < 35,000) (MW < 35000) (5.1)

where r is the Stoke radius, MW is the molecular weight of PEGs.

The pore size distribution is determined by the following equation:
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dR(rp) 1 [_ (lnrp—lnup)z] (5.2)

dry - rplnopV2m 2(Inoyp)?

where 1 is the Stoke radius of PEG, , is the mean effective pore radius, o, is the geometric

standard deviation.
5.2.5 Membrane separation performance testing

The membrane performance testing was conducted at 6.0 bar with the use of a stirred dead-end
filtration cell at a stirring speed of 350 rpm. The effective area of the membrane filtration was
12.56 cm?. The TFC membranes were compacted at 7.0 bar with DI water for 30 min to reach a
steady state before each testing. In this study, a series of solutions of dyes and inorganic salts at a
concentration of 100 ppm and 1 g L', respectively, was employed as feed solutions for single

component filtration if there was no additional illustration.

The TFC membrane permeability (P, LMH bar!) is calculated by using the following equation:

A
P= AXtXAP (5.3)

where V is the volume (L) of the permeate, A is the effective filtration area (m?), t is the operation
time (h) and AP is the trans-membrane pressure (bar). The solute rejection (R) is calculated
according to:

R=(1- CC—‘f’) x 100% (5.4)

where C, and Cr are solute (dye or salt) concentrations of the permeate and feed solutions,
respectively. Dye concentration was determined with a UV-vis spectrophotometer (Agilent Cary
8454), while salt concentration was measured by using a conductivity meter (OAKTON

conductivity meter, CON 11 series, Vernon Hills, IL USA).
5.2.6 Dye purification and recovery process

The dye purification and recovery process was carried out with the optimum TFC membrane (NO-
0.5). In detail, the feed solution (300 mL) with 100 ppm of CR and 1 g L! of NaCl was filtrated at

6 bar until the volume was reduced to half of the initial volume (150 mL). Then, 150 mL of DI
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water was replenished to the feed solution in order to reach the initial volume. The whole operation
was repeated for 4 cycles. The instantaneous concentrations of CR and NaCl in the feed and
permeate were measured. The rejection of solutes is calculated by following Equation 2. The CR
loss rate (R¢) and salt removal rate (R;) are determined with Equations 3 and 4, respectively, to

evaluate the desalination efficiency:

R =(1- E—o) x 100% (5.5)

R, = ( - 2—0) x 100% (5.6)

in which, C, and S, presents the initial CR and NaCl concentrations in the feed solution, which are
100 ppm and 1 g L', respectively. Cn and Sy are solute concentrations in the feed solution for each

cycle.

The theoretical solute concentrations are calculated according to Equation 5 during the dye
desalination and recovery process, while the deviation (o) between the theoretical concentration

(Ct) and experimental solute concentration (Cg) for each cycle is obtained by the Equation 6

[16,40]:

Cr = Co(ac) ™R(1 + b)™(-R) (5.7)
G = (%) x 100% (5.8)
T

in which, a is the volume concentration ratio (0.5) in pre-concentration step, b is the volume
dilution ratio (1.0), and c is the volume concentration ratio (2.0) in post-concentration step. R and
n are the solute rejection and the cycle number of DI water addition to the system, respectively. Co

is the initial solute concentration in the feed solution.

The concentration ratio of CR/NaCl during the cycles is calculated according to the following

equation:
R =-SR (5.9)
Cnacl
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where Ccr and Cnacr are CR and NaCl concentrations, respectively, in the retentate. For instance,
the initial CR/NaCl ratio is 0.10 calculated by 0.1 g L' (CR)/1.0 g L'! (NaCl), while the terminal
CR/NaCl ratio is 0.66 calculated by 0.09482 g L' (CR)/0.144 g L'! (NaCl).

5.2.7 Anti-dye-deposition performance testing

The anti-dye-deposition performance testing was conducted at 6.0 bar with CR as the foulant.
Firstly, PWP was recorded as the original permeability (Jo) for 1 h. Then, DI water was replaced
with 100 ppm CR solution. The filtration permeability (J1) was recorded every 5.0 min for 5 h.
The normalized permeability (Jo/J1) was employed to quantify the anti-dye-deposition ability
during the filtration process. After 5 h of filtration, the fouled membrane was cleaned by hydraulic
wash with DI water for 2 h, followed by the measurement of PWP again (J2). This whole process
was repeated twice. Flux recovery ratio (FRR) and flux decline ratio (FDR) are calculated
according to the following equations:

FRR = (}2) x 100% (5.10)

0

FDR = (1-2) x 100% (5.11)
Jo

5.3 Results and discussion
5.3.1 Synthesis and characterization of DNMAO

The TMAO-derived monomer, DNMAO, is synthesized herein by the facile oxidation of the
tertiary amine group in DNMA with H>O, (Figure 5.1a). The colorless DNMA turns into a light
yellow viscous liquid after the oxidation. The typical nitrogen-oxide (N"-O") functionality is the
intermediate of the well-known “Cope Elimination” reaction.’’?% The oxidation mechanism,
illustrated in Figure 5.1b, involves the formation of a hydroxylamine group balanced with a
negatively charged hydroxyl group through the nucleophilic attack of tertiary amine group of
DNMA by H,0», followed by the deprotonation of the hydroxylamine group.!'3#2% The chemical
structures of DNMA and DNMAO have been confirmed with 'H NMR spectroscopy. Figure 5.2a
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shows the '"H NMR spectrum of DNMA, where the singlet peak a at 2.11 ppm (s, 3 H) is ascribed
to the methyl group next to the tertiary amine group. The triplet peaks, including d at 2.53 ppm (t,
4 H) and b at 2.33 ppm (t, 4 H), and multiplet peak ¢ at 1.53 ppm (m, 4H) are attributed to the
methylene group next to the tertiary amine group, the methylene group next to the primary amine
group, and the middle methylene group, respectively. After the oxidation of the tertiary amine
groups, one can see that all peaks shift to the relatively lower fields (i.e., higher chemical shifts)
due to the stronger electron-withdrawing ability of the N"™-O" group (Figure 5.2b). These results

demonstrate the successful synthesis of DNMAO.
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Figure 5.2 'H NMR spectra of DNMA (a) and DNMAO (b).
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5.3.2 Fabrication and characterization of polyamide TFC membranes

Polyamide TFC membranes have been fabricated by the conventional interfacial polymerization
on PSf ultrafiltration membranes with the use of DNMAO/DNMA and TMC as the monomer
precursors. In particular, DNMAO/DNMA feed solutions at different concentrations were applied
in the membrane fabrication to render the two sets of membranes (NO-# and N-#, respectively,
with the number indicating DNMAO/DNMA concentration applied in the fabrication). The
chemical compositions of resulting polyamide TFC membranes have been characterized with
ATR-FTIR spectroscopy. As shown in Figure 5.3a, the bands at 1640 cm™ and 1050 cm™ are
ascribed to the characteristic C=0O stretching in the amide functionality and C-N stretching in the
amine functionality, respectively, which indicate the formation of polyamide thin-film layers. XPS
characterization (see Figure S5.1 and Table S5.1) shows that the nitrogen content in the membrane
increases from 9.2% for NO-0.25 to 10.3% for NO-0.5 with the increase of DNMAO concentration
from 0.25 to 0.5 wt% during fabrication. This indicates qualitatively the increasing cross-linking
degree with the increase of DNMAO concentration during fabrication. In addition, N-0.5 has a
higher nitrogen content (15.0%) than NO-0.5 (10.3%), suggesting a higher cross-linking degree in

the former.

Figure 5.3b shows the WCA of the fabricated membranes. Compared to those fabricated from
DNMAO except NO-0.1, the membrane N-0.5 has a relatively higher WCA (72.5°), which is
caused by the inherent hydrophobicity of DNMA. It is obvious that the membrane NO-0.5 has a
lower WCA than that of N-0.5 due to the enhanced hydrophilicity following incorporation of
DNMAO with the highly polar zwitterionic functionality. In addition, with the increase of

monomer concentration from 0.1 to 1.0 wt%, the WCA decreases from 75.3° to 60.6°.
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Figure 5.3 Membrane surface characterization: (a) ATR-FTIR spectra; (b) water contact angles.

Figure 5.4 shows the surface morphologies of the pristine PSf ultrafiltration membrane and the
fabricated polyamide TFC membranes, including surface and cross-sectional SEM images, and
surface AFM images. From surface and cross-sectional morphologies (Figure 5.4a-d and Figure
5.4a’-d’), one can observe the formation of a thin-film polyamide layer after the interfacial
polymerization. In particular, the grainy surface structure is more visible (Figure 5.4d) with the
increased monomer concentration used in the membrane fabrication. Cross-sectional images of the
membranes show that the thickness of polyamide thin film layer increases from 149 to 244 nm
with the increase of monomer concentration from 0.5 wt% (NO-0.5) to 1.0 wt% (NO-1.0).
However, NO-0.5 exhibits a lower thickness (149 nm) compared to that of N-0.5 (185 nm), which
should result from the restricted diffusivity of hydrophilic DNMAO towards hexane [16]. AFM
has been used to characterize the membrane surface roughness (Figure 5.4a”- d””). The results show
that the pristine PSf ultrafiltration membrane has a relatively rough surface (Ra = 37.7 nm) in
comparison with the resulting polyamide TFC membranes, which is attributed to the formation of
smooth thin-film layer covering the porous structure of the PSf ultrafiltration membrane [16,41].
As shown in Figure 5.4b” and 5.4c¢”, N-0.5 and NO-0.5 membranes fabricated from the different

monomers but at the same concentration have similar surface roughness. With the increase of
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DNMAO concentration to 1.0 wt%, the membrane surface roughness is further reduced to 27.1
nm (Figure 5.4d”). On the basis of these results, it can be concluded that the thin-film layers have

been constructed successfully.

Ra=37.7 £ 8.2 nm

19".

Ra=32.7 £ 8.0 nm

nm

Ra=27.1 £ 3.2 nm

Figure 5.4 The surface morphologies of polyamide TFC membranes (PSf, N-0.5, NO-0.5, and
NO-1.0): (a-d) surface SEM images, (a’-d’) cross-sectional SEM images, and (a”’-d”’) AFM images.
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Figure S5.2 compares the pore size distributions of three membranes, N-0.5, NO-0.5 and NO-1.0,
which were determined by measuring the rejections of PEG of different molecular weights (200,
400, 600, 1000, and 1500 Da; see Supporting Information for the procedure). With the increase of
the DNMAO concentration during fabrication from 0.5 to 1.0 wt%, the pore size distribution of
the membranes gets narrower. Meanwhile, N-0.5 shows a narrower pore size distribution
compared to NO-0.5 due to the limited diffusivity of DNMAO towards hexane as mentioned above.
In our determination of the pore size distributions, we have found that the rejections of PEG of the
molecular weight of 1500 Da with N-0.5, NO-0.5, and NO-1.0 are 85.8, 84.5, and 88.8%,
respectively. On the basis of these rejection data, we speculate that the molecular weight cut-offs
of the three membranes should be around 2000 Da and should increase in the order of NO-1.0 <

N-0.5 <NO-0.5.
5.3.3 Separation performance

The performance of TFC membranes, including PWP and dye/salt rejection ability, has been
systematically investigated. A strong dependence of the membrane performance on the monomer
type and concentration during the interfacial polymerization has been found. As shown in Figure
5.5a,N-0.1 and NO-0.1 have the highest pure water permeabilities in the corresponding sets, which
are 37.1 and 50.2 LMH bar!, respectively. With the increase of DNMA/DNMAO concentrations
from 0.1 to 1.0 wt% in each set, PWP decreases from 37.1 to 14.3 LMH bar™' for membranes
fabricated with DNMA and from 50.2 to 33.2 LMH bar™! for those with DNMAO, respectively.
Moreover, membranes fabricated with DNMAO show higher pure water permeabilities compared
to the corresponding one with DNMA at each monomer concentration, which is ascribed to the
increased hydrophilicity of membranes, the broader pore size distribution, the lower thickness of
thin film layer, and the lower cross-linking degree upon incorporation of DNMAO having the

zwitterion group.

In order to investigate the membrane separation ability, CR has been employed as the model dye
for the membrane filtration. Figure 5.5b shows the filtration permeability and CR rejection results
for all membranes. Clearly, all membranes achieve high CR rejection ratios of more than 99%,
which shows a trend of slight increases with the increase of monomer concentration during

fabrication. In particular, an ultrahigh CR rejection ratio of 99.95% has been achieved with
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membranes fabricated at the highest DNMAO monomer concentration. The molecular weight cut-
off of NO-0.5 is around 2000 Da as mentioned above, which is much higher than the molecular
weight of CR. The high dye rejection achieved herein should thus be mainly ascribed to the
aggregate formation of CR molecules in aqueous solution.'®” Meanwhile, one can also observe
that the filtration permeability decreases with the increase of monomer concentration during
fabrication. The ratio of permeability (both PWP and filtration permeability) between the
membranes fabricated from the lowest and highest monomer concentrations can illustrate the
impact of monomer concentration on the dye filtration performance. For PWP, the ratio between
N-1.0 (14.3 LMH bar!) and N-0.1 (37.1 LMH bar) is 38.5%, while it is 66.1% between NO-1.0
(33.2 LMH bar!) and NO-0.1 (50.2 LMH bar). The ratio of filtration permeability is 17.8%
between N-1.0/N-0.1 (4.9/27.6 LMH bar!) and 73.5% between NO-1.0/NO-0.1 (25.5/34.7 LMH
bar!), respectively. For membranes fabricated with DNMA, the ratio decreases from 38.5% to
17.8%, while it increases from 66.1% to 73.5% for those with DNMAO. Therefore, it can be
concluded that the higher concentration of DNMA compromises the filtration permeability,
whereas the higher concentration of DNMAO is conducive to the filtration permeability due to the
enhanced hydrophilicity of membrane surface after the incorporation of “N*-O™ zwitterionic

functionality.

In order to obtain the optimum TFC membrane for the following experiments, the FRR values for
all membranes after the filtration of CR have been evaluated (Figure 5.5¢). From Figure 5.5¢, one
can find that, for DNMA membranes, FRR decreases with the increase of DNMA concentration
during fabrication, while it increases with the increase of DNMAO concentration due to the
enhanced hydrophilicity of membrane surface, which has been confirmed by the WCA in Figure
5.3b. These results are consistent with the above conclusions from permeability ratios of N-0.1/N-
1.0 and NO-0.1/NO-1.0. Therefore, based on these results, the optimum membrane NO-0.5 has

been employed for the following experiments.

In addition to the CR filtration, other organic dyes (OG and MB) and inorganic salts (NaCl, NaxSOs,
MgCl,, and MgS0Os4) have also been used to investigate membrane rejection ability. Figure 5.5d
shows that NO-0.5 has relatively low rejections to various inorganic salts, which decreases in the
order of Na;SO4 > MgSO4 > MgCl> > NaCl as a synergistic result of Donnan effect and steric

hindrance [42,43]. Among the salts, divalent anions possess larger molecular sizes and stronger
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electrostatic repulsions with the membrane surface, in turn rendering higher rejections. In addition
to CR, the performance of NO-0.5 towards the filtration of two other dyes (MB and OG) has also
been investigated. Like CR, NO-0.5 also exhibits a high rejection towards MB (99.29%). However,
a relatively lower rejection (82.93%) is found towards OG, which is ascribed to its smaller
molecular weight (452 g mol™!) and size. With the high permeability and distinct difference in their

rejections, NO-0.5 thus has a great potential for the effective separation of dye/salt mixtures.
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Figure 5.5 Separation performance of polyamide TFC membranes: (a) pure water permeability,
(b) CR rejection (100 ppm) and filtration permeability, and (c) flux recovery ratio after CR
filtration with various membranes; (d) rejections of inorganic salts (NaCl, Na;SO4, MgCl,, and

MgSO04) and other dyes (OG and MB) with NO-0.5 membrane.
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In addition to the single component filtration, the filtration of dye/salt mixtures (CR/NaCl) has
also been performed with NO-0.5. Figure 5.6 shows the separation performance of NO-0.5 toward
CR/NaCl mixtures at different combinations of concentrations (100 to 1000 ppm for CR and 1000
to 10000 ppm for NaCl). In Figure 5.6a, the NaCl rejection increases from 23.6% to 29.4% with
the increase of CR concentration while at a fixed NaCl concentration of 1000 ppm, which is mainly
ascribed to the enhanced electrostatic interaction between CR and NaCl.2!° Therefore, the higher
CR concentration restricts the permeation of NaCl, leading to the higher NaCl rejection. This
electrostatic interaction between CR and NaCl can also explain the phenomenon that NaCl
rejection (23.6% at 100 ppm of CR, Figure 5.6a) in the dye/salt mixture is higher than that (9.3%,
Figure 5.5d) in the filtration of single salt solution.'”” The decreased permeability shown in Figure
5.6a with the increase of CR concentration is caused by the CR adsorption as well as the formation
of a cake layer on the membrane surface. Figure 5.6b shows the impact of the varying NaCl
concentration on the separation performance of the CR/NaCl mixtures while at the fixed CR
concentration of 100 ppm. With the increase of NaCl concentration, the permeability decreases
only slightly. However, NaCl rejection decreases significantly from 23.6% to 7.6%, which is
caused by the elevated osmotic pressure and the subsequent deterioration of membrane dielectric
double layer.'” In all cases, CR rejections are maintained more than 99%, which are slightly lower
than that of the single CR filtration. This is mainly caused by the increased dye solubility and
reduced dye aggregates due to the existence of NaClL.!®” On the basis of all above results, it is
indisputable that high dye rejections have been achieved at high dye and salt concentrations, as

well as the low salt rejection, especially at high salt concentrations.
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Figure 5.6 Dye/salt mixture separation of NO-0.5 membrane: (a) impact of CR concentration
ranging from 100 to 1000 ppm at the fixed NaCl concentration of 1000 ppm; (b) impact of (NaCl
concentration ranging from 1000 to 10000 ppm at the fixed CR concentration of 100 ppm.

Compared to other conventional methods, membrane-based filtration technologies often show
high efficiency in the removal of organic dyes from wastewaters of high dye concentrations (a few
hundred ppm). However, dye removal from wastewaters of very low dye concentrations (e.g.,
around 1 ppm) has often been neglected in the literature with the membrane-based technologies,
while critically important in order to produce clean water for discharge or even for the production
of potable water. To investigate the performance of NO-0.5 membrane in this extreme situation,
we have undertaken the continuous filtration of a water solution of low CR concentration at 1 ppm
for 10 h. As shown in Figure 5.7a, the filtration permeability decreases dramatically within the
first 2 h of filtration and then maintains almost constant to the end of the filtration. The initial
decrease of permeability is mainly ascribed to the CR adsorption on the membrane surface.
Through the filtration, the CR has been completely removed as no CR is detected in the permeate
via HPLC, which has the high sensitivity of detecting CR from a solution with a concentration of
0.05 ppm or even lower. As shown in Figure 5.7b, one can observe the obvious CR peak in the

retentate, whereas there is no CR peak in the permeate at the retention time of around 5.5 min
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(Figure 5.7¢). This demonstrates the superior sensitivity and efficiency of NO-0.5 membrane for

dye removal and the production of clean water.
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Figure 5.7 Separation performance of NO-0.5 membrane for water with a low CR concentration
(1 ppm): (a) permeability and CR concentration in permeate (the inserted picture shows the top
and bottom surface of NO-0.5 membrane after 10 h of CR filtration); the HPLC elution curves of
the retentate (b) and permeate (c) for the CR analysis.

5.3.4 Dye purification and recovery performance

The purification and recovery test of a dye/salt mixture (100 ppm of CR and 1 g L of NaCl) at a
constant-volume (300 mL) was performed with NO-0.5 membrane for four cycles at 2.0 bar. As
shown in Figure 5.8a, the permeability decreases from 29.1 to 23.6 LMH bar™! in the first cycle,
which is caused by the CR adsorption on the membrane as well as the elevated CR concentration
with the gradual decrease of the mixture volume during the test. Nevertheless, the permeability
recovers to 27.5 LMH bar! at the start of the second cycle due to the addition of 150 mL of DI
water into the retentate, then it follows the same trend of change as the first cycle. It is obvious
that the permeability at the end of each cycle is almost constant. Figure 5.8b shows that the CR

rejection ratio is well maintained above 99% during all four cycles of filtration, which is, however,

90



slightly lower than that of single component filtration of CR as found above in Figure 5.5. In each
cycle, the CR concentration in the retentate increases significantly due to the high CR rejection
and reaches less than 200 ppm (theoretical concentration if the rejection is 100%) when the
retentate volume reduces to half. After the addition of DI water (150 mL) into the retentate at the
start of each cycle, the CR concentration decreases to 99.26 ppm, 98.35 ppm, and 96.65 ppm in
the second, third, and fourth cycle, respectively, compared to the initial value of 100 ppm. As
shown in Figure 5.8c, the CR loss rates for each cycle are 0.94%, 1.73%, 3.35%, and 6.22%,
respectively, showing the excellent dye purification and recovery performance without a

significant dye loss even after four cycles.

Figure 5.8d shows NaCl concentration in the retentate and rejection during the filtration of the
CR/NaCl mixture for fourth cycles. Notably, differing from the rapid increase of CR concentration
(Fiure 5.9b), the NaCl concentration increases slightly in each cycle due to the low salt rejection.
In addition, one can observe that the initial NaCl concentration in each cycle decreases
dramatically from 1.0 in the first cycle to 0.144 g L! in the fourth cycle. Therefore, a total salt
removal rate of 85.6% is achieved during the purification process. Correspondingly, NaCl rejection
increases from 21.4% in the beginning to 45.0% at the end of four cycles, which is caused by the
increasing concentration ratio between CR and NaCl, as well as the decreasing NaCl concentration
during the filtration process. As we have discussed above with Figure 5.6a, the increasing CR
concentration in the retentate can prevent the penetration of NaCl through the membrane, while
the decreased osmotic pressure caused by the lower NaCl concentration can also improve the NaCl
rejection. The concentration ratio between CR and NaCl increases from the initial value of 0.10 to
0.66 at the end of fourth cycle (Tables S5.2 and S5.3 and Equation S1). The enhanced ionic
interaction between CR and NaCl caused by the increasing ratio of CR/NaCl leads to the increased
NaCl rejection. The small deviations (Figure 5.8e) between theoretical and experimental
concentrations of CR and NaCl indicate the low adsorption of both species and concentration
polarization on the membrane surface, as well as the superior anti-dye-deposition performance of

the membrane.
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Figure 5.8 The purification and recovery test of a CR/NaCl mixture (100 ppm of CR and 1 g L of
NaCl): (a) permeability in each cycle; (b) CR concentration in the retentate and its rejection in
each cycle; (c) the magnified area in (b) showing CR concentration and loss rate at the end of each
cycle; (d) NaCl concentration in the retentate and its rejection with in each cycle; (e) the

comparison between theoretical and experimental concentrations of CR and NaCl. Test conditions:

2.0 bar and 25 °C.
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5.3.5 Anti-dye-deposition performance

The test of anti-dye-deposition performance of N-0.5 and NO-0.5 was undertaken with the two-
cycle filtration of the feed solution having 100 ppm of CR (see Figure 5.9). It is clearly seen that
the permeability of both membranes decreases dramatically during the initial 2 h of filtration,
which is caused by the concentration polarization and membrane fouling by dye deposition.?!!-?1?
Subsequently, the permeability tends to be stable in the following 3 h. However, FDR of NO-0.5
is lower than that of N-0.5 (Figure 5.9b) in both cycles, which indicates the enhanced anti-dye-
deposition performance of the former due to the formation of a hydration layer and thus the reduced
adsorption of CR on the membrane surface.***> In addition, NO-0.5 shows higher FRR values,
which are 92.1% and 83.5% for the two respective cycles. On the contrary, the pristine N-0.5
membrane has much lower FRR values (52.7% and 48.2%). Therefore, all results demonstrate the

superior anti-dye-deposition performance of TMAO-derived monomer (DNMAO) for the

fabrication of polyamide TFC membranes.
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Figure 5.9 Anti-dye-deposition performances of N-0.5 and NO-0.5 by two-cycle filtration of CR
(100 ppm) solution with 5 h for each cycle: (a) permeability and (b) FRR and FDR values.
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5.3.6 Performance comparison with reported membranes for dye/salt separation

To highlight the superior performance of the polyamide TFC membrane fabricated in this study, a
comparison is made with other reported nanofiltration membranes for dye/salt separation in terms
of PWP, CR and MB rejection, and NaCl rejection. As shown in Table 5.2, most reported
nanofiltration membranes show relatively low NaCl rejection, which make them good candidates
for dye/salt separation. In addition to the low salt rejection, water permeability and dye rejection
are other critical parameters that should be prioritized. As one can see in Table 5.2, PWPs of the
most reported nanofiltration membranes are less than 30 LMH bar™! in order to achieve high dye
rejection. For instance, ZDNMA'!”® and TA/GOQDs-12!* membranes have low PWPs of 10.7 and
11.7 LMH bar’!, respectively, with more than 99.9% of CR rejections. For other membranes like
PEI/Gallic acid,” despite that a high PWP (~40 LMH bar™) is achieved, CR rejection (97.1%) is
compromised. Notably, the optimum TFC membrane NO-0.5 in this study shows a combination
of high permeability (37.5 LMH bar!) and high CR rejection (99.93%), demonstrating its superior

potential for the treatment of textile wastewater and recovery of organic dyes.
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Table 5.2 Performance comparison of the TFC membrane (NO-0.5) in this work with other

reported membranes.

Rejection (%)
Membrane PWP (LMH bar™) Ref.
Dye NaCl
PIP/CNC-TMC 13.0 CR 99.8 ~22.0 80
CR98.5
T-GO 33.4 - 205
MB: 88.7
Catechin/chitosan NF 7.2 CR: 99.6 12.5 138
LNFM-2 53.3 CR: 99.6 5.6 212
SPEC 6.7 MB: 99.9 13.8 214
ZDNMA 10.7 MB: 99.9 14.3 175
CR: 99.8
TA/GOQDs-1 11.7 17.2 213
MB: 97.6
PEI/Gallic acid ~40 CR:97.1 ~3 20
Su0.6/TMCO.1 52.4 CR: 99.4 3.3 215
Fe-PEI/HPAN 11.0 CR: 99.5 7.5 216
PDA/rGOC3 22.8 CR: 98.9 ~5 217
CR: 98.6
AM-PEI/HPAN 39.4 4.4 218
MB: 99.2
CR: 99.93
NO-0.5 37.5 9.32 This study
MB: 99.29
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5.4 Conclusions

In summary, DNMAO, a new diamine monomer with a TMAO-derived “N"-O™ zwitterionic
functionality has been designed and successfully synthesized via the facile oxidation with H2O»
for the fabrication of polyamide TFC membranes. The membranes fabricated with DNMAO show
the higher permeability and FRR than those with un-oxidized DNMA under otherwise identical
conditions. The optimum membrane NO-0.5 shows an ultrahigh PWP of 37.5 LMH bar’, a
superior CR rejection of 99.93%, and a low NaCl rejection of 9.3%. The separation of CR/NaCl
mixtures shows that NO-0.5 can well maintain its outstanding separation performance even under
high CR/NaCl concentrations. In addition, the low dye loss rate (6.22%) and high salt removal rate
(85.6%) have been achieved after four cycles filtration. Moreover, the enhanced anti-dye-
deposition performance was conferred with the high FRR of 92.1% after 5 h of filtration. All these
results, including permeability, rejection, and anti-dye-deposition performance, demonstrate its
practical application for not only textile wastewater treatment but also purification and recovery

of organic dyes.
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Chapter 6 Triethanolamine-based polyester TFC membranes

Abstract

Water pollution and scarcity caused by small organic compounds (dyes and antibiotics) have
attracted considerable attention due to their potential adverse effects to ecological environment
and human body. Nanofiltration membranes with high performance, such as high rejection and
fouling resistance, are expected to address these challenges. Herein, a new zwitterionic
triethanolamine-based (Z-TEOA) monomer is proposed for the fabrication of zwitterionic
polyester thin-film composite nanofiltration (ZNF) membranes. Z-TEOA is successfully prepared
via the ring-open reaction between TEOA and 1,3-PS. ZNF membranes are fabricated via the
interfacial polymerization under alkaline conditions. All fabricated membranes exhibit enhanced
hydrophilicity and permeability due to the introduction of the zwitterionic functionality in the thin
film layers. Specifically, the optimum membrane (ZNF1.5-5) shows an ultralow WCA of 20.2°,
high rejections to CR (99.9%), MB (99.7%), OG (95.9%), and tetracycline (TC, 96.7%). The
uncompromised MB rejection of the ZNF membrane after chlorine exposure (10000 ppmh)
indicates its excellent chlorine resistance. Furthermore, the achieved ultrahigh FRR (97.8%) for
MB demonstrates its outstanding fouling-resistant performance. All results reveal its potential for

applications in the treatment of wastewater from textile and pharmaceutical industries.

6.1 Introduction

Water pollution and scarcity caused by the rapid industrialization are threating the development of
human society and human health.?!® Especially, the small organic compounds in the wastewater
produced from textile and pharmaceutical industries are exacerbating the global water crisis and
devastating our ecological environment due to their specific properties, such as aquatic toxicity,
chronic toxicity to human body, and non-degradable property associated with their stable chemical
structures.??*??! Therefore, the presence of these organic compounds in water needs more attention.
In order to eliminate these contaminants and alleviate their impacts on the environment, various
methods have been developed, including flocculation, coagulation, adsorption, and

degradation.?”>??> However, some limitations still restrict their practical applications in the

97



treatment of organic compounds-contaminated wastewaters, such as low efficiency, low selectivity,

high cost, complicated operation process, as well as secondary pollution.’

Membrane-based separation processes, as emerging advanced separation technologies, are
versatile platforms for the treatment of wastewater containing different types of contaminants via
tuning the membrane pore size and other physicochemical properties.?**?>> Among them, NF
membranes are attracting substantial attention for the separation of organic compounds due to their
tunable molecular weight cut off range.??® Over the decades of development, the state-of-the-art
NF membranes are TFC membranes fabricated through the classical interfacial polymerization,
mainly including polyamide and polyester TFC membranes.??’?*® To date, TFC polyamide
membranes are generally constructed from tricarboxylic chloride and various aromatic or aliphatic
amine monomers by interfacial polymerization. Despite the substantial progress that have been
achieved, some limitations still restrict their extensive applications, such as low permeability and
weak chlorine resistance.’”?3° Especially, TFC polyamide membranes usually exhibit severe
fouling propensity due to their intrinsic surface hydrophobicity and other physicochemical
characteristics.”*!**? Tremendous efforts have been dedicated to improve fouling-resistant
performance of TFC polyamide membranes via various approaches, including adding hydrophilic
additives (e.g., CNCs,%® Si0,2* or zwitterionic polymers?**) into TFC layers and membrane
surface modification with hydrophilic polymers.>>> Generally, the increased hydrophilicity can
facilitate the formation of a hydration layer on the membrane surface and thus reduce the fouling
propensity. However, these modifications always involve the complicated process and also may
reduce the stability of TFC layers. In addition, the limited hydrophilicity achieved with these

modifications is not sufficient enough to meet the requirements in practical applications.

TFC polyester NF membranes, as an alternative category, have attracted increasing attention and
have been extensively explored recently. Compared to TFC polyamide NF membranes, polyester
NF membranes have relatively higher hydrophilicity due to the abundant hydroxyl groups, thus
produce better fouling-resistant performance.’**’ To date, various polyhydroxyl-containing
monomers have been employed, along with tricarboxylic chloride, to fabricate TFC polyester NF

membranes via interfacial polymerization, including TEOA,**?*° pentaerythritol,?*® p-

13,72,241 1 243
3

cyclodextrin, erythritol,!>2!? bis-tris propane,”** resveratro natural carbohydrates,?!®

and porous organic polymer.?** Though TFC polyester membranes show reduced fouling
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propensities compared to TFC polyamide membranes, their fouling-resistant abilities still need

further improvement in order to satisfy the requirements for practical applications.

Zwitterions, as a dominant class of hydrophilic modifiers, have been extensively used to enhance
the hydrophilicity of membrane surface.’* The equimolar oppositely charged groups in
zwitterions exhibit stronger affinity to water molecules via hydrogen bonds, which facilitates the
formation of a hydration layer on the membrane surface and prevents the deposition and

47183 Therefore, incorporation of zwitterionic

attachment of hydrophobic contaminants.
functionalities into TFC layers is a well-established strategy and has been extensively investigated
for enhancing fouling-resistant performance of TFC polyamide membranes. For instance, Li et al.
has designed a zwitterionic diamine monomer (SB-based) for the fabrication of TFC polyamide
membranes, which exhibited enhanced fouling resistance to bovine serum albumin.*® In addition,
another study reported a polyhydroxy-functionalized zwitterion-modified TFC polyamide
membrane.?*S Though there have been some studies on the hydrophilic surface modifications of
TFC polyester nanofiltration membranes, for example, with poly(acrylic acid),*! zwitterionic TFC

polyester nanofiltration membranes have not yet been reported and investigated so far, to the best

of our knowledge.

In the present work, we report the fabrication of a class of Z-TEOA TFC polyester NF membranes,
along with their performance towards the purification of dye- or antibiotic-contaminated
wastewaters. Z-TEOA is conveniently prepared by the ring-open reaction of tertiary amine group
in TEOA with 1,3-PS. Z-TEOA endows a typical SB structure, which is one of the most widely
used zwitterions in the fabrication of membranes. Zwitterionic TFC polyester NF (ZNF)
membranes are subsequently fabricated through the conventional interfacial polymerization of Z-
TEOA and tricarboxylic chloride under alkaline conditions. The resulting membranes have been
systematically characterized for their structural and surface properties and evaluated for their
performance towards the purification of dye- and antibiotic-contaminated wastewaters, with
remarkable performance properties demonstrated. This work provides a new direction for the
fabrication of fouling-resistant polyester membranes and demonstrates their potential applications

in the treatment of wastewaters from the textile and pharmaceutical industries.
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6.2 Experimental
6.2.1 Materials

Commercial PES ultrafiltration membranes (molecular weight cut-off: 100 kDa) was supplied by
Synder Filtration (Vacaville, CA, USA). TEOA (= 99.0%), 1,3-PS (= 99.0%), TMC (98%), sodium
hypochlorite (NaClO, available chlorine 4.00-4.99%), acetonitrile (anhydrous, 99.8%), MB, CR,
OG, TC, and BSA (68 kDa) were obtained from Aldrich (Oakville, ON, Canada). Properties of all
organic dyes and antibiotics (MB, CR, OG, and TC) are listed in Table 6.1. Sodium hydroxide
(NaOH, 99.0%), NaCl (99.0%), and sodium sulfate (Na2SOa, 99.0%) were provided by Thermo
Fisher Scientific (St. Laurent, QC, Canada). DI water was prepared using a Milli-Q purification
system (Millipore, Billerica, MA, USA). All chemicals were used as received.

Table 6.1. Organic dyes and antibiotics used in this study.

Dyes Chemical structure Molecular weight (g mol')  Amax® (nm)

P
d
NH

MB ® 799.8 592

NaO\/S/P < Qé ona
5 2
SN LT Tl Lo
ot
N N
H H

0" oNa

NH, H2N O
CR N\~NN~“ 696.7 500

oG N=NO" 0 452.4 475

TC o™ 444.4 276

¢ Maximum absorption wavelength.
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6.2.2 Synthesis of the zwitterionic monomer Z-TEOA

Z-TEOA was synthesized via the ring-open reaction between TEOA and 1,3-PS as shown in Figure
6.1a. In brief, a round bottom flask was charged with TEOA (7.45 g, 50 mmol) in acetonitrile (10
mL). Then, 1,3-PS (7.32 g, 60 mmol) in acetonitrile (15 mL) was added dropwise into the above
TEOA solution under stirring. The resulting mixture was stirred at 50 °C for 96 h,** with white
precipitate formed gradually during the reaction. Afterwards, the mixture was cooled down and
filtered via vacuum filtration. The obtained wet white solid was dissolved in DI water and filtered
again to remove insoluble byproducts. The aqueous filtrate containing Z-TEOA was washed with
acetonitrile for at least three times until fine white powder was produced, which was collected via

vacuum filtration and dried overnight in a vacuum oven at 80 °C for use (yield: 91%)).

OH

(@ ¥ o . i
3s=0  CH;CN, 50 °C
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OH
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NaOH
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\ =,
-0
v -

Figure 6.1 (a) Synthesis of Z-TEOA; (b) proposed cross-linked polyester structure of the TFC
layer between Z-TEOA and TMC by interfacial polymerization; (c) schematic illustration of the

fabrication process and structure of zwitterionic polyester membranes.
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6.2.3 Fabrication of the TFC polyester nanofiltration membranes

The TFC polyester nanofiltration membranes were fabricated by the conventional interfacial
polymerization on PES ultrafiltration membranes as shown in Figure 6.1b-c. Briefly, a PES
membrane was fixed in a mould with only the top surface exposed to TEOA or Z-TEOA aqueous
solution at different concentrations (wt%) for 5 min. Then, the excess solution was removed by a
rubber roller. Afterwards, a hexane solution of TMC (0.2 wt%) was poured into the mould,
allowing polymerization for a certain time (2 or 5 min). The final membrane was finally post-
treated at 60 °C for 10 min. The membranes fabricated with TEOA are termed as NFx-y, and those
fabricated with Z-TEOA are termed as ZNFx-y, where x presents TEOA or Z-TEOA concentration

used for interfacial polymerization and y presents the polymerization time.
6.2.4 Characterizations

The chemical structures of TEOA and Z-TEOA were characterized with 'H NMR Bruker 300
MHz. FTIR spectra were obtained on a Thermo Scientific Nicolet 6700 Analytical FTIR
spectrometer. WCA measurements were performed on a contact angle system (VCA, AST
Products, Inc.). XPS was performed on a Thermo Scientific Theta Probe XPS spectrometer with a
monochromatic Al Ko X-ray source at a spot area of 400 um. Membrane surface morphologies
were observed via a FE-ESEM after platinum coating (ca. 4 nm). The surface roughness of the
TFC polyester membranes was investigated with an AFM (Tosca 400, Anton Paar) in the tapping

mode.
6.2.5 Membrane performance tests

All membrane separation performance tests were conducted at 6.0 bar using a stirred dead-end
filtration cell at a stirring speed of 350 rpm. The effective area of membrane filtration was 12.56
cm?. The NF membranes were compacted at 7.0 bar with DI water for around half an hour to reach
a steady state before each test. In this study, dye solutions at 100 ppm and salt solutions at 1.0 g L

! were generally employed as feed solutions unless otherwise specified.
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Pure water permeability (P, LMH bar™) of the fabricated NF membranes is calculated by using the

following equation:

po Y 6.1)

AXtXAP

where V is the volume (L) of the permeate, A is the effective filtration area (m?), t is the operation
time (h) and AP is the trans-membrane pressure (bar). The solute rejection (R) is calculated
according to:

R= ( - E—‘;) x 100% (6.2)

where C, and Cr are solute concentrations of the permeate and feed solutions, respectively. Dye
concentration was determined with a UV-vis spectrophotometer (Agilent Cary 8454). Salt
concentration was measured using a conductivity meter (OAKTON conductivity meter, CON 11

series, Vernon Hills, IL USA).
6.2.6 Chlorine resistance performance

To evaluate the chlorine resistance performance of the fabricated polyester NF membranes, the
membranes were chlorinated by the static immersion of the fabricated membranes in NaClO
solution (1000 ppm) for different time (1 h, 5 h, and 10 h). Afterwards, each chlorinated membrane
was thoroughly rinsed by DI water and stored in DI water for at least 12 h prior to the subsequent

performance tests. The degree of chlorination is expressed as ppmh (1000, 5000, or 10000 ppm'h).
6.2.7 Fouling-resistant performance

The fouling-resistance performance tests were carried out at 6.0 bar with three cycles of filtration
with different model foulants, which were MB (100 ppm) and BSA (1.0 g L"), respectively. Firstly,
pure water permeability was recorded as the original permeability (Jo) for 0.5 h. Then, DI water
was replaced with a corresponding model foulant. The filtration permeability (J1) was recorded
every 5.0 min for 2.0 h. The normalized flux (J1/Jo) was employed to quantify the fouling-resistant
ability during the filtration process. After 2.0 h of filtration, the fouled membrane was cleaned by

hydraulic wash with DI water for 0.5 h, followed by the measurement of pure water permeability
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again (J2). This whole process was repeated three times. FRR is calculated according to the

following equation:

]
FRR = (E) x 100% (6.3)

6.3 Results and Discussion
6.3.1 Synthesis and characterization of Z-TEOA

As shown in Figure 6.1a, Z-TEOA is prepared via the ring-open reaction between TEOA and 1,3-
PS. With the ring-open reaction, the tertiary amine group in TEOA can form positively charged
quaternary ammonium salt, while the sultone in 1,3-PS transfers to a negatively charged sulfonate,
producing the equimolar oppositely charged zwitterionic structure (Z-TEOA). The chemical
structures of TEOA and Z-TEOA have been characterized with "TH NMR spectroscopy. Figure 6.2a
shows the 'H spectrum of TEOA, where the triplet peak a at 3.56 ppm (t, 6 H) is ascribed to the
methylene group next to the hydroxyl group. Another triplet peak b at 2.62 ppm (t, 6H) is attributed
to the methylene group close to the tertiary amine group. As shown in Figure 6.2b, after
zwitterionic functionalization by 1,3-PS, one can see that all the '"H NMR peaks seen in TEOA
shift to the relatively lower fields (higher chemical shifts) in the spectrum of Z-TEOA due to the
formation of the quaternary ammonium salt in Z-TEOA. In addition, three new peaks at 3.54 ppm,
2.68 ppm, and 2.14 ppm are assigned to the three corresponding methylene groups in 1,3-PS.
Therefore, based on the above '"H NMR results, Z-TEOA has been successfully synthesized via

the ring-open reaction.
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Figure 6.2 '"H NMR spectra of TEOA (a) and Z-TEOA (b).

6.3.2 Fabrication and characterization of TFC polyester NF membranes

The surface characteristics of TFC polyester NF membranes have been investigated by ATR-FTIR
and WCA measurements. Figure 6.3a shows the ATR-FTIR spectra of three types of membranes,
the pristine PES ultrafiltration membrane, zwitterionic polyester NF membranes (ZNF), and non-
zwitterionic polyester NF membranes. Compared to the pristine PES membrane, all TFC
membranes exhibit the characteristic peaks at 3680-3130 cm™ and 1730 cm™!, which are ascribed
to the O-H stretching and C=0O stretching, respectively.?!***’ This indicates the successful
formation of thin film polyester layers on the PES membranes. Figure 6.3b shows the WCAs of

the pristine PES membranes and TFC polyester NF membranes. Among them, the pristine
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membrane shows a relatively higher WCA (68.7°) due to the intrinsic hydrophobicity. With the
formation of thin film polyester layers, WCA decreases to lower values. Especially, with the
increase of Z-TEOA concentration from 0.5 to 2.0 wt% and polymerization time from 2 to 5 min,
WCA decreases from 37.4° for ZNF0.5-2 to 18.9° for ZNF2.0-5. Compared to that (68.7°) of the
pristine PES membrane, these reduced WCAs indicate tremendous improvements in the
hydrophilicity of ZNF membranes. In addition, the non-zwitterionic membrane, NF1.5-2, shows a
significantly higher water contact angle (55.1°) compared to ZNF1.5-2 (24.3°), which was
fabricated under the same monomer concentration and polymerization time. All photos of water
contact angles are provided in Figure S6.1. These results demonstrate that the zwitterionic-

functionalized monomer (Z-TEOA) has an enormous potential for the enhancement of membrane

ul
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surface hydrophilicity and, in turn, fouling-resistant ability.
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Figure 6.3 Membrane surface characterization: (a) ATR-FTIR spectra; (b) water contact angles.

The elemental compositions of the fabricated polyester NF membranes have been characterized
with XPS. As shown in Figure 6.4, the pristine PES membrane presents the characteristic XPS
peaks at 533, 287, and 168 eV, which are assigned to O 1s, C s, and S 2p, respectively. The

unexpected N Is peak at 400 eV is ascribed to the additives or extra surface coating layer
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introduced during the fabrication of PES ultrafiltration membranes by the manufacturer.!*24
Compared to the pristine PES membrane, TFC polyester NF membranes exhibit intensified N 1s
peak due to the existence of tertiary amine group in TEOA or Z-TEOA and weakened S 2p peak
due to the formation of thin film polyester layers. In addition, ZNF1.5-2 shows a relatively higher
S content compared to NF1.5-2, which is mainly ascribed to the high S content of Z-TEOA after
the ring-open reaction of TEOA with 1,3-PS. One can also see that the S 2p peak in NF1.5-2 is
almost invisible because of the formation of the thin film layer. All detailed elemental
compositions are listed on Table 6.2. Based on the above results, a thin film polyester layer has

been successfully constructed on the PES ultrafiltration membranes.

Cis
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PES N 1s s 2p

Intensity (Counts/s)

NF1.5-2
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.

Figure 6.4 XPS spectra of the pristine PES ultrafiltration membrane, ZNF1.5-2 membrane, and
NF1.5-2 membrane.
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Table 6.2 Elemental compositions of membrane surfaces.

Composition (%)

Membrane
C 0 N S

PES 72.7 192 3.0 5.1
ZNF1.5-2 63.8 296 40 2.6
NF1.5-2 66.7 280 438 0.5

The membrane surface morphology and roughness have been investigated with SEM and AFM,
respectively. As shown in Figure 6.5a, the pristine PES membrane has a relatively smooth surface
with Ra =10.8 nm. Upon the formation of thin film polyester layer on the membrane surface, one
can observe clearly that the membrane surfaces exhibit grainy and microspheric structures. In
addition, it is found that the size and number of microspheres increase with the increase of
monomer concentration from 0.5 to 1.5 wt% (ZNF0.5-2 vs ZNF 1.5-2) and interfacial
polymerization time from 2 to 5 min (ZNF1.5-2 vs ZNF1.5-5). Moreover, NF1.5-2 fabricated
under identical conditions as ZNF1.5-2 shows a relatively larger average microsphere size, which
may be caused by the stronger hydrophobicity of TEOA compared to Z-TEOA. With its relatively
stronger hydrophobicity, TEOA is expected to have a higher diffusion coefficient from aqueous
solution into organic solution (hexane) during the interfacial polymerization, which renders a
higher polymerization rate and in turn the formation of larger sized microspheres.'*>** Figure 6.5b
shows the surface roughness data of the membranes determined with AFM. The surface roughness
also gradually increases from 10.8 nm for the pristine PES membrane to 14.1 nm for ZNF1.5-5
membrane with the increase of monomer concentration from 0.5 to 1.5 wt% and polymerization
time from 2 min to 5 min. These characteristic surface morphology results can further demonstrate

the formation of the TFC polyester layer on the surface of PES membrane.
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Figure 6.5 (a) SEM images and (b) AFM images of membranes (PES, ZNF0.5-2, ZNF1.5-2,
ZNF1.5-5, and NF1.5-2).

6.3.3 Separation performance of TFC polyester membranes

The separation performance of TFC polyester NF membranes have been systematically evaluated
for the filtration of three organic dyes of different molecular weights, CR, MB, and OG. As shown
in Figure 6.6a, ZNF0.5-2 fabricated at the lowest monomer concentration (0.5 wt% of Z-TEOA)
shows the highest pure water permeability (62.2 LMH bar™'), which is more than twice of that
(24.3 LMH bar") of NF0.5-2 fabricated at otherwise identical conditions. In addition, the pure
water permeability decreases from 62.2 to 22.1 LMH bar™! for ZNF membranes while that of NF

I with the increase of both monomer

membranes decreases from 24.3 to 12.1 LMH bar
concentrations from 0.5 wt% to 2.0 wt%. Compared to the pure water permeability data, all
membranes show reduced filtration permeabilities toward the solutions of CR, MB, and OG
(Figure 6.6b-d) due to the concentration polarization and the deposition of these organic dye
molecules on the membrane surface. Figure 6.6b shows that the rejection of CR is well maintained
at a high level (>99%) with all TFC membranes, even with those fabricated at the lowest monomer

concentration. However, as shown in Figure 6.6¢c, ZNF membranes show lower MB rejections at
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low monomer concentrations (1.0 wt% and 0.5 wt%) compared to NF membranes. Given the
smaller molecular weight of CR than MB (696.7 and 799.8 g mol™, respectively), the relatively
higher rejection towards CR is ascribed to the propensity of CR molecules to form larger
aggregates in aqueous solutions.'®” Figure 6.6d shows that all membranes have lower OG
rejections (<90%) compared to those of CR and MB due to its smallest molecule molecular weight
(452.4 g mol') among three dyes. Therefore, the separation performance towards OG requires

further improvement by optimizing the fabrication parameters.
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Figure 6.6 Separation performances of TFC polyester NF membranes (NF0.5-2/ZNF0.5-2, NF1.0-
2/ZNF1.0-2, NF1.5-2/ZNF1.5-2, and NF2.0-2/ZNF2.0-2): (a) pure water permeability; (b) CR
filtration permeability and rejection; (¢) MB filtration permeability and rejection; (d) OG filtration

permeability and rejection.
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In order to further improve the filtration performance of ZNF membranes, the interfacial
polymerization time has been increased from 2 min to 5 min with the resulting membranes termed
as ZNFx-5, in which x presents the monomer concentration. As shown in Figure 6.7a, the pure
water permeability decreases dramatically compared to that of the corresponding membrane
fabricated with 2 min of interfacial polymerization (Figure 6.6a). These TFC polyester NF
membranes have been investigated for the separation of aqueous solutions of two organic dyes
(MB and OG) and one organic antibiotic (TC). Figure 6.7b shows the filtration of MB solutions.
One can see that the filtration permeabilities are almost similar to the corresponding pure water
permeabilities, indicating their excellent fouling-resistant ability. With all ZNFx-5 membranes,
MB rejection is maintained over 98%, which is relatively higher than those of the ZNFx-2
membranes (Figure 6.6¢) fabricated with 2 min of the interfacial polymerization. Especially,
ZNF0.5-5 shows a significantly improved MB rejection from 90.2% (ZNF0.5-2 in Figure 6.6¢) to
99.0% (Figure 6.7b).

Meanwhile, the OG rejection has also been significantly improved to up 96.0% (Figure 6.7¢).
Figure 6.7d shows the rejection of the organic antibiotic TC. The rejection increases from 22.1 to
96.1% with the increase of monomer concentration from 0.5 (ZNF0.5-5) to 2.0 wt% (ZNF2.0-5).
In addition to these organic compounds, the filtration of aqueous solutions containing inorganic
salts (NaCl and Na>SO4) has also been investigated with the ZNFx-5 membranes. As shown in
Figure 6.7e-f, the rejection of NaCl increases from 23.1% to 45.2% with the increase of Z-TEOA
concentration from 0.5 to 2.0 wt% during interfacial polymerization, while the rejection of Na;SO4
increases from 60.5% to 85.9%. Therefore, on the basis of the above separation results, ZNFx-5
membranes can not only effectively remove organic dyes and antibiotics, but also partially removal
inorganic salts, which are commonly used additives in textile and pharmaceutical

industries.”®>3%-231
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Figure 6.7 Separation performance of TFC polyester nanofiltration membranes (ZNF0.5-5,
ZNF1.0-5, ZNF1.5-5, and ZNF2.0-5): (a) pure water permeability; (b) MB filtration permeability
and rejection; (c) OG filtration permeability and rejection; (d) TC filtration permeability and
rejection; (e) NaCl filtration permeability and rejection; (f) Na>SOy4 filtration permeability and
rejection.
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6.3.4 Chlorine-resistant performance

To investigate the effects of chlorine exposure on the separation performance of ZNF membranes,
the filtration of an MB solution (100 ppm) has been performed with chlorinated ZNF1.5-5
membrane, which have been chlorinated at various chlorine exposure doses from 0 ppmh to 10000
ppmh, at different pH values (10, 7, and 4). Figure 6.8a shows that the pure water permeability
data. One can observe that the pure water permeability increases gradually from 10.4 to 12.3 LMH
bar! with the increase of chlorine expose dose. As presented in Figure 6.8b, the chlorinated
membranes show only a slight decrease of MB rejection from 99.7 to 99.2% after the 10000 ppm'h
exposure of NaClO, indicating their excellent chlorine-resistant performance. In addition, Figure
6.8c-f show the separation performance of the chlorinated ZNF membranes at pH 7 and 4.
Following the similar patterns seen with Figure 6.8a-b, the pure water permeability increases from
10.4 to 15.6 LMH bar! and 15.8 LMH bar! at pH of 7 and 4, respectively, with only slight
decreases of MB rejection to 99.3% (pH 7) and 99.4% (pH 4). These slightly increased pure water
permeabilities may be ascribed to the increased surface hydrophilic property upon chloration of
the membrane.”>® Therefore, the above results demonstrate the excellent chlorine resistant

performance of the TFC polyester membrane.
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Figure 6.8 Separation performance of chlorinated ZNF1.5-5 following an exposure to different
chlorine doses varying from 0 ppm'h to 10000 ppm'h toward filtration of MB solution (100 ppm)
at different pH values: pure water permeability (a) and MB filtration permeability and rejection (b)
at pH 10; pure water permeability (c) and MB filtration permeability and rejection (d) at pH 7;
pure water permeability (e) and MB filtration permeability and rejection (f) at pH 4.
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6.3.5 Fouling-resistant performance

The fouling-resistant performance of ZNF1.5-5 and NF1.5-5 membranes has been investigated by
three-cycle filtration of MB (100 ppm) and BSA (1.0 g L) solutions. As shown in Figure 6.9a,
NF1.5-5 exhibits a dramatic decrease in permeability in the filtration of MB solution, which is
caused by the simultaneous deposition of MB molecules and concentration polarization on the
membrane surface.”>** However, ZNF1.5-5 shows an undifferentiated filtration permeability
compared to the initial pure water permeability after the feeding of MB solution. After the
hydraulic washing with DI water, the FRR of ZNF1.5-5 can achieve 114.7% (Figure 6.9c), while
that of NF1.5-5 is 84.0%. After the following two cycles of MB filtration and washing of DI water,
the FRR values for ZNF1.5-5 are 112.2% (second cycle) and 111.6% (third cycle), while those of
NF1.5-5 are 76.5% (second cycle) and 74.7% (third cycle). However, considering that the
maximum theoretical FRR is 100%, the above extraordinarily high FRR values (>100%) may be
caused by the cleaning with DI water after the first cycle of filtration. In order to better evaluate
FRR values of both membranes, Figure 6.9d shows alternative FRR results, which are calculated
based on the pure water permeability after the DI water cleaning in the first cycle. It still shows
that ZNF1.5-5 has ultrahigh FRR values, which are 97.8% (second cycle) and 97.3% (third cycle),
while NF1.5-5 exhibits FRR values of 91.1% (second cycle) and 88.9% (third cycle). In addition,
both membranes have MB rejections of around 99.8% (Figure 6.9b), which indicate that the above
extraordinary FRR values (>100%) are not caused by the damage of thin film polyester layers
during the washing with DI water. Therefore, on the basis of the above filtration results, the
fouling-resistant performance of ZNF1.5-5 towards the filtration of MB has been significantly

improved compared to NF1.5-5 due to the introduction of the zwitterionic functionality.
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Figure 6.9 Fouling-resistant performance of ZNF1.5-5 and NF1.5-5 by three-cycle filtration of
MB (100 ppm) solution: (a) permeability; (b) rejection; (c) FRR (calculated based on the initial
pure water permeability); (d) FRR (calculated based on the pure water permeability after the

cleaning in the first cycle).

In addition to the MB filtration, BSA (1.0 g L") has also been chosen as another model
contaminant to further evaluate the fouling-resistant performance of the two TFC membranes,
ZNF1.5-5 and NF1.5-5. As shown in Figure 6.10a, both membranes show obvious permeability
decreases during the filtration of BSA. After the hydraulic washing with DI water, FRRs are 88.4%
and 70.6% for ZNF1.5-5 and NF1.5-5, respectively, after the first cycle (Figure 6.10b).
Subsequently, FRR of ZNF1.5-5 decreases to 88.4% and 83.8% after the 2" and 3™ cycle,
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respectively, while that of NF1.5-5 decreases to 66.5% and 63.1%. The BSA filtration results
further demonstrate the enhanced fouling-resistant performance of ZNF1.5-5 after the introduction
of the zwitterionic functionality. Therefore, the fouling-resistance results with both model
contaminants (MB and BSA) confirms the significantly improved performance of ZNF membranes

and their potential applications.
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Figure 6.10 Fouling-resistant performance of ZNF1.5-5 and NF1.5-5 by three-cycle filtration of
BSA (1.0 g L") solution: (a) permeability; (b) FRR.

6.4 Conclusions

In this work, a zwitterionic TEOA-based monomer, Z-TEOA, has been successfully synthesized
with its structured verified with 'H NMR. This monomer has been used for the fabrication of
zwitterionic polyester thin-film composite NF (ZNF) membranes via the interfacial polymerization
with TMC as a comonomer under alkaline conditions. The effect of monomer concentrations and
polymerization time on the membrane separation performance have been investigated in detail.
With the introduction of zwitterionic functionality into the thin film layer, the fabricated

membranes exhibit enhanced hydrophilicity and permeability due to the strong water affinity of
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zwitterions. The optimum membrane (ZNF1.5-5) shows excellent rejections to three organic dyes
(CR, MB, and OG) and an organic antibiotic (TC). Meanwhile, it also exhibits the uncompromised
dye rejection after chloration, indicating its excellent chlorine-resistance. In addition, an ultrahigh
FRR of 97.8% has been achieved with ZNF1.5-5 for the filtration of MB solution, demonstrating
its outstanding fouling-resistant performance. All these results suggest the strong potential of this
class of high-performance zwitterionic TFC polyester nanofiltration membranes for the treatment

of textile and pharmaceutical wastewaters.
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Chapter 7 Contributions and significance of thesis research, and suggestions

for future work

7.1 Contributions and significance of thesis research

TFC membranes play a significant role in the treatment of wastewater for production of clean
water and recycle of valuable contaminants, especially small organic compounds contaminated
wastewaters from textile and pharmaceutical industries. However, the limited permeability and
fouling propensity of TFC membranes still restrict their wide applications. To address the current
challenges and limitations in TFC membranes, it is essential to develop new methodologies for the
construction of thin film selective layers. In addition, development of new types of zwitterions
with stronger hydrophilicity for the modification of TFC membranes is needed in order to enhance
their fouling-resistant performance in the treatment of organic compounds contaminated

wastewaters.

The contributions and significance of this thesis research can be summarized according to three
aspects: (1) preparation of functional materials, including polydopamine-modified CNCs, TMAO-
based zwitterion, SB-based diamine zwitterion, and SB-based polyhydroxy zwitterion; (ii)
fabrication methodology of thin film selective layers and porous supporting layers, including
bioinspired chemistry, interfacial polymerization, and electrospinning; (ii1) systematic
performance investigation of TFC membranes, including PWP, separation efficiency, and fouling-

resistance.

(1) Synthesis of functional materials

Four functional materials have been successfully synthesized and characterized. All these
materials have the potential to serve as active monomers for the construction of thin film selective
layers, due to their functional and active groups. For instance, polydopamine-modified CNCs have
substantial quinonoid active sites, which are able to form cross-linked networks with amine-
functionalized monomers, such as PEI. Other synthesized functional materials (DNMAO, Z-
DNMA, and Z-TEOA), as zwitterions possessing diamine or trihydroxy structures, are able to react

with dopamine or TMC to form thin film selective layers. In particular, DNMAO, inspired from
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TMAO, as a new generation zwitterion, has been designed, synthesized and employed for the

fabrication of TFC membranes.

(i1) Fabrication methodology

A new strategy based on bio-inspired chemistry has been successfully developed for the fabrication
of high-performance TFC membranes. The preloading polydopamine via polydopamine-modified
CNCs on ENMs avoid the formation of polydopamine aggregates, which is beneficial to prevent
the pore blocking of the porous supporting layer. In addition, the employment of ENMs from
electrospinning as the porous supporting layer further enhance the membrane PWP. The ultrahigh
PWP (128.4 LMH bar?!), superior dye rejection, remarkable salt permeation, and excellent
selectivity factor of CR/NaCl (1098), demonstrate its great potential for the effective separation of
dye/salt mixtures and recovery of these valuable components. Furthermore, the conventional
interfacial polymerization has also been used for the fabrication of TFC membranes with the new
synthesized zwitterionic diamine and trihydroxy monomers. In particular, to the best of our
knowledge, this thesis research shows the first direct fabrication of zwitterionic TFC polyester

membranes via interfacial polymerization with zwitterionic monomer (Z-TEOA).

(111) Systematic performance investigation of TFC membranes

The performance of all fabricated TFC membranes has been systematically investigated via
varying the fabrication parameters. For instance, in chapter 3, the impact of polydopamine-
modified CNCs loading density, PEI concentration, and PEI molecular weight on PWP and
rejection has been conducted. The optimum TFC membrane with PWP of 128.4 LMH bar! and
excellent dye/salt separation ability has been obtained. In other chapters, with the incorporation of
zwitterionic monomers, all membranes has shown increased hydrophilicity and enhanced fouling
resistance to model contaminants (CR, MB, BSA, and NaAlg), demonstrating that the prepared
functional materials have the great potential in the fabrication of high-performance TFC

membranes.
7.2 Suggestions for future work

On the basis of the findings from this thesis research, the following recommendations are proposed

for the future study on the fabrication of high performance TFC membranes.
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Bioinspired chemistry is a promising alternative method to fabricate TFC membranes.
However, the number of monomers with a catechol structure is still limited. Therefore,
discovery of new monomers and design of more active monomers with a catechol structure
for the application of bio-inspired chemistry in the fabrication of TFC membranes should
be encouraged.

The main drawbacks of bio-inspired chemistry are the formation of large sized aggregates
and its time-consuming polymerization process. Therefore, the mLBL method can be
employed to avoid the formation of aggregates, coupled with oxidants to improve the
polymerization efficiency.

TMAO-derived structure as a new generation of zwitterion shows a stronger hydration
ability compared to other well-established zwitterions. This study has presented TMAO-
derived diamine monomer (DNMAO) for the fabrication of polyamide TFC membranes.
To further improve the hydrophilicity and fouling-resistant performance, ATRP is a
promising process to graft TMAO-derived monomers on the surface of polyamide TFC
membranes.

The application of plant-derived nanomaterials (CNCs and CNFs) as additives has been
investigated on the fabrication of TFN membranes via interfacial polymerization. However,
the stability of these nanomaterial-incorporated TFC membranes and limited loading dose
are the main obstacles. Hence, functionalization of these nanomaterials enables to improve
the stability of TFC membranes and increase the loading dose to enhance membrane
performance.

Wastewaters from practical industries generally contain diverse contaminants. Therefore,
the performance evaluation of the fabricated membranes in this research towards practical
wastewaters from industries is needed to investigate their potential applications under harsh

conditions.
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Figure S3.1 Schematic illustration of electrospun nanofiber mats (ENMs) preparation.
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Figure S3.2 Top view SEM images: (a) ENMs, (b) TFNO0.1-0.02L, (¢) TFN0.2-0.02L, (d) TFNO.3-
0.02L.
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Figure S3.3 AFM images of TFN membranes: (a) ENMs, (b) TFNO0.1-0.02L, (¢) TFN0.2-0.02L,

(d) TFN0.3-0.02L.
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Figure S3.4 Cross-sectional view SEM images: (a) TFNO.1-0.02L, (b) TFNO0.2-0.02L, (c)
TFNO0.1-0.02L, (d) thickness change depending on the deposition density of hybrid core-shell
CNCs.
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Table S3.1 Elemental composition of the TFN membranes by XPS.

Composition (%) Atomic ratio

Membrane

C 0 N N/O
TFNO.1-Control 58.38 39.51 1.63 0.04
TFNO.1-0.5H 58.31 33.41 7.61 0.23
TFNO0.1-0.5L 58.50 35.29 5.58 0.16
TFNO0.1-0.001L 57.73 36.78 4.46 0.12
TFNO.1-0.02L 59.12 34.88 5.02 0.14
TFNO0.2-0.02L 58.64 36.67 4.08 0.11
TFNO0.3-0.02L 60.42 35.46 3.58 0.10
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Figure S3.5 Dye solution permeability for EB, MB, CR, and VPBO.
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Table S3.2 Comparison of dye/salt separation performance reported in literatures and this study.

PWP Rejection (%)
Membrane Dye Ref.
(LMH/bar) Dye NaCl NaxSOq4

PEI/Gallic acid ~40 Congo Red 97.1 ~3 3 90
PSf-b-PEG 493  CongoRed 983 002  0.03 255
E-MSTF (+) AAO 310 CongoRed  97.7 2.5 4 52
COF-LzU1 76 Congo Red 98.6 4 3 256
Oxidized CTF 64.5 CongoRed  97.9 4.8 8.5 93
TA/GOODs-1 233 CongoRed  99.8 17.2 66.7 69
ZDNMA 10.7 Congo Red 99.9 14.3 ~90 147
PSF/GO 36.9 Congo Red 99.9 5 32 149
EIP (M30) 20.2 Congo Red 99.6 6.3 - 33
Co-NF-2 18.2 CongoRed  99.4 3.3 25.2 257
Fe-PEI/HPAN 10.96 CongoRed  99.53  7.46 5.89 216
PDA/rGOC3 22.8 Congo Red 98.9 ~5 7.4 258
SMA-PEI/PES 23 Congo Red 99.4 2.5 - 259
PEI-TA/PES 42.6 CongoRed 994 8.4 6.0 o1
LNFM-2 53.23 Congo Red 99.6 5.6 11.0 212
B-CD/TMC 103.9  CongoRed  99.0  10.6 ; 260

CNCs-Dopamine/PEL 150 4 congoRed  99.91  1.14 1.05 This

(TFN0.2-0.02L) study
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Figure S4.1 '"H NMR spectrum of DNMA-Boc.
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Figure S5.1 XPS spectra of polyamide TFC membranes (NO-0.25, NO-0.5 and N-0.5).

Table S5.1 Elemental compositions of membrane surfaces.

Composition (%)

Membrane C N
NO0-0.25 78.5 9.2
NO-0.5 75.5 10.3

N-0.5 71.7 15.0
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Table S5.2 CR concentrations during the four cycles of purification and recovery test.

Initial concentration Terminal concentration
Cycle

(ppm) (ppm)
Cycle 1 100.0 198.13
Cycle I 99.26 196.55
Cycle III 98.35 193.30
Cycle 1V 96.65 187.57

End 94.82 -

Table S5.3 NaCl concentrations during the four cycles of purification and recovery test.

Initial concentration Terminal concentration
Cycle

(gL (gL
Cycle 1 1.0 1.074
Cycle IT 0.599 0.661
Cycle III 0.366 0.395
Cycle IV 0.230 0.281

End 0.144 .
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Figure S5.2 Pore size distribution of polyamide membranes (N-0.5, NO-0.5, and NO-1.0).
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Figure S6.1 Water contact angle images of membranes (PES, ZNF2.0-2, ZNF0.5-2, ZNF1.0-2,
ZNF1.5-2, ZNF2.0-2, ZNF1.5-5, ZNF2.0-5, and NF1.5-2)
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