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Chapter 1

General introduction

1.1 Research background

Water, the precious resource on which life on earth depends, is becoming
extremely scarce and seriously polluted [1]. Water shortage induced by population
growth, climate change, and freshwater pollution has become one of the major global
challenges that people need to face in the 21st century [2]. The imbalance between
supply and demand due to insufficient water quantity and poor water quality
increasingly hinders the sustainable development of industrial and social activities (Fig.
1.1) [3]. By 2035, up to 40% of the world's population will live in areas with severe
water stress, and the ability of ecosystems to provide freshwater supplies will be
increasingly compromised [4]. In addition to overall water shortages, inferior water
quality caused by water pollution has attracted widespread attention around the world
[5]. According to the World Health Organization, approximately 1.2 billion people lack
access to safe water and 2.6 billion lack adequate sanitation. In addition, up to 2.2
million people die every year from diarrhea and other diseases closely related to water-
borne infections. Therefore, the growing global demand for drinking water and
wastewater treatment has promoted extensive research, development, and application

of water treatment technology [6].
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Fig. 1.1 (a) Water withdrawal, GDP pro-capita, and world population, (b) the
population of the world and selected countries of Asia and Africa, (c) graphical concept
of water scarcity, resulting from a more than linear growing demand and a similarly

more than a linear reduction of clean water availability [7].

In order to solve the shortage of freshwater and promote the sustainable

development of water resources, there are two main measures, including the
2



development of emerging freshwater sources through the desalination of seawater, and
the utilization of water resources improved by the recycling and reprocessing of water
bodies such as domestic wastewater and industrial sewage [8]. To date, various
conventional treatment processes have been applied to treat water pollution, mainly
including screening, coagulation/flocculation, filtration, and chlorination/fluoridation
[9]. Compared with energy-intensive traditional separation processes, membrane
separation technology, as an emerging green separation technology, has been widely
used in the fields of seawater desalination, advanced sewage treatment, and resource

utilization [10].

1.2 Membrane and membrane technology

The separation process is the foundation of the biopharmaceutical, food,
agricultural, chemical, and petrochemical industries. Membrane separation, as an
advanced separation technology, originated in the early 20th century and experienced
rapid development in the 1960s. In recent years, membrane separation technology has
been widely applied and played a positive role in separation processes in various fields,
including chemical engineering, environmental protection, metallurgy, pharmaceuticals,
food, energy, and more. Generally, membrane separation technology involves chemical
synthesis, materials, membrane fabrication and modification, module design, and
process engineering, among other aspects. Therefore, advancements in membrane
technology not only improve practical industrial processes but also stimulate the
development of related scientific and manufacturing industries, which is indeed an
important and sustainable foundational separation technology. In addition, membrane
separation is a technique driven by differences of transmembrane concentration and/or
pressure that enables selective separation by allowing the transport of smaller molecules
while rejecting solutes with larger sizes [11]. As an emerging wastewater treatment
technology, membrane separation has developed rapidly in recent years due to its
advantages of no phase change, lower energy consumption, more facile operations, and

better selectivity (Fig. 1.2). According to the pore size of the membrane, membrane



separation technology could be divided into microfiltration (MF) [12], ultrafiltration

(UF) [13], nanofiltration (NF) [14] and reverse osmosis (RO) [15] membranes (Fig.

1.3).
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Fig. 1.2 Trends and developments in membrane materials from 1960 to the present [16].

1.2.1 Microfiltration membrane

Microfiltration (MF) membranes find applications in a wide range of industries,
from water treatment to the pharmaceutical and food industries, due to their versatile
and cost-effective separation capabilities. MF [17], also known as microporous
filtration, refers to a separation technology with a pore size typically ranging from 0.1
to 10 um, and it is the primary method for treating suspensions. The particle retention
mechanisms of MF primarily include screening, adsorption, and bridging. Screening
refers to mechanical retention applied to intercept particles larger than the membrane
pore size or equivalent to the membrane pore size. Adsorption refers to particles being
retained on the membrane surface through physical and/or chemical interactions.
Bridging appears when most contaminants cannot enter the membrane pores or get
stuck within the pores due to the accumulation and compression of particles, leading to
effective retention. The advantages of MF technology: (1) Comprehensive retention of

particles larger than the membrane pore size; (2) High filtration precision and strong



reliability; (3) High flux; (4) Thin membrane thickness; (5) No media shedding, which
prevents secondary pollution. However, MF technology with some shortcomings, such
as small particle capacity, easy clogging, and almost no interception effect on small

molecules and inorganic salts.

1.2.2 Ultrafiltration membrane

Ultrafiltration (UF) is used in environmental applications, such as groundwater
remediation and the removal of contaminants from industrial wastewater. In addition,
UF is also one of the pressure-driven membrane separation technologies with a pore
size range of 2-100 nm. This pore size between microfiltration (MF) and nanofiltration
(NF) is mainly applied to reject macromolecules, colloids, proteins, particles, etc. with
a molecular weight cutoff greater than 500 Da [18]. Recently, the UF process has been
widely used in production and life with the advantages of no phase change, high
separation coefficient, low operating pressure, superb water flux, and no secondary
pollution [19]. However, there are some disadvantages of UF membranes that will limit
their performance. The inherent hydrophobicity and low hydrophilicity of UF cause the
membrane surface extremely susceptible to contamination during long-term operation.
Meanwhile, increased frequency of membrane surface cleaning, shortened service life
of the membrane and increased operating costs are induced due to the adsorption and
accumulation of pollutants on the outer surface of the membrane and within the

channels [20].

1.2.3 Reverse osmosis membrane

Reverse osmosis (RO) is a membrane treatment technology that employs the
pressure difference on the feed and permeate sides of the membrane as a driving force
to overcome the osmotic pressure of the solvent, which allows the solvent to pass
through while rejecting the solute, thereby achieving separation, purification, and
concentration of the mixture solutions [21]. In addition, RO with a pore size of less than

Inm is capable of removing all impurities from water, including trace organics as well



as inorganic [22]. RO is regarded as one of the most promising technologies in the 21st
century, including the merits of no phase change, simple process, and low energy
consumption. Nowadays, RO membranes are developing rapidly in fields such as the
preparation of ultrapure water and pharmaceutical water, food processing, municipal
wastewater, electroplating, printing and dyeing, papermaking wastewater treatment and
reuse, and desalination of seawater and brackish water. However, membrane fouling
would become the main factor hindering the further application of RO membranes
because it leads to increased chemical cleaning frequency, higher operating costs, and

reduced membrane separation performance [23].

1.2.4 Nanofiltration membrane

Nanofiltration (NF) is an emerging pressure-driven membrane separation
technology between UF and RO [24]. NF membranes are a valuable tool in a wide range
of applications, thanks to their ability to selectively separate substances and improve
water quality with relatively low energy consumption and environmental impact. In
addition, NF is one of the promising and practical membrane treatment technologies in
wastewater treatment and has attracted widespread attention in the field of seawater
desalination. The operating pressure and pore size of NF are between those of UF and
RO, which indicates that NF could effectively separate divalent salts while maintaining
excellent permeance at relatively low operating pressure [25-27]. Since the flux of NF
membrane is higher than that of RO membrane and its rejection is better than that of
UF membrane, it has achieved satisfactory development and application in the fields of
desalination, screening, and purification. At present, the NF separation membranes
generally have shortcomings including low flux, poor anti-fouling ability, and short
service life. Therefore, the development and preparation of advanced NF membranes
with high flux, high rejection, and long service life have become important research
directions in water treatment membrane technology.

The purpose of this dissertation is to improve the performance of NF membranes,

especially graphene oxide-based NF membranes. Thus, the following sections provide



a more detailed explanation of the NF membrane.
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Fig. 1.3 Schematic diagram of the membrane separation technology [28].

Ultrafiltration

1.3 Nanofiltration membrane categories

In 1984, NF membranes were applied industrially for the first time to solve the
problem of offshore oil field water treatment [29]. These experimental results indicate
that the NF membrane could selectively remove sulfate in seawater at high flux, thereby
eliminating the expansion problem of BaSO4 downhole. Subsequently, NF membranes
gradually entered the historical stage of seawater desalination and wastewater treatment
due to their low operating pressure, high flux, and acceptable salt rejection rate. To date,
NF technology has been widely used in the purification and concentration of chemicals,
beverages, medicine, food, potable water deep purification, water softening, brackish
water desalination, wastewater treatment and other fields. After nearly 40 years of
development, the research on NF membranes has entered a stage of rapid development,
and membrane materials have also been greatly expanded. At present, the superiority
of inorganic NF membranes is gradually emerging although organic polymer
membranes still occupy a dominant position. The following are brief exploration of

different separation membrane materials.



1.3.1 Traditional polymeric NF membranes [30-32]

Based on the membrane structure, traditional organic polymer NF membranes are
commonly classified into two distinct types: symmetric (isotropic) and asymmetric
(anisotropic) structure, as illustrated in Figure 1.4. Symmetric membranes maintain a
consistent and uniform composition across their entire membrane thickness. Conversely,
asymmetric membranes exhibit a structural gradient. In symmetric membranes, the
separation properties are influenced by the entire structure, offering consistent filtration
characteristics throughout the membrane. However, for asymmetric membranes, the
separation properties predominantly hinge on the densest region within the
membrane—the selective layer. This selective layer acts as the primary filtration barrier,
while the accompanying support layer contributes to the durability and structural
integrity of membranes. This structural asymmetry provides enhanced selectivity and
efficiency in separation processes, particularly beneficial in precision-demanding NF
applications. Nowadays, commercial organic NF membranes are mainly composed of
aromatic polyamide, cellulose acetate, polysulfone, melamine/phenolic resin,
polyethersulfone, polyacrylonitrile, melamine/polypropylene, etc. Therein, cellulose
acetate possesses the advantages of readily available raw materials, low cost, high water
permeability, and good chlorine resistance. However, the application of this membrane
is limited due to its poor oxidative resistance, resistance to biodegradation, resistance
to organic solvents, pH resistance, and mechanical properties. In addition, polysulfone
NF membranes exhibit excellent mechanical stability and outstanding resistance to
acid-base corrosion and temperature. However, their limited hydrophilicity, poor
biological stability, and susceptibility to fouling impose certain limitations on their
application. Furthermore, the modification of membrane materials by coupler with
appropriate charges (such as sulfonated polysulfone, etc.) is a common method applied
to enhance the anti-fouling properties of membranes. Typically, this method not only
improves the anti-fouling of membranes but also exhibits obvious advantages in terms
of water permeability and selective permeability. In summary, organic NF membranes

are characterized by a wide variety of raw materials, simple preparation processes, and



affordability, leading to significant development in recent years. However, these NF
membranes are confronted with challenges in terms of mechanical stability, temperature
resistance, chlorine resistance, acid-base corrosion resistance, biodegradability, and
solvent resistance.

Symmetric Membranes

C 090600060
3 ¢ b4
porous cylindrical porous web-or sponge dense polymer film

Asymmetric Membranes

J
QOQ Q00
& ODQDO(S
integmuy-;kinned integrally-skinned thin-film composite
(porous skin layer) (non-porous skin layer) 5 sedaetive conibig layer
a) selective skin layer (material A)
(material A) b) microporous support
b) microporous support (material B)
(material A)

Fig. 1.4 Schematic representation of symmetric and asymmetric membrane structures

[33].

1.3.2 Inorganic nanofiltration membranes

In order to overcome the inherent drawbacks of traditional organic polymer NF
membranes, various ceramic materials such as SiO; [34], TiO; [35], and ZrO> [36] are
used to prepare porous inorganic NF membranes. Initially, ceramic materials are
hydrolyzed to form sol, then the sol-gel method is employed to coat the surface of
support materials. Finally, inorganic NF membranes with pore sizes smaller than 4 nm
are prepared through high-temperature calcination methods. The NF membranes

fabricated by this method exhibited uniform pore size distribution and reliable



performance (Fig. 1.5). It is worth mentioning that although inorganic NF membranes
overcome the stability drawbacks of organic NF membranes, their further development
is hindered due to the complex prepare technology, the repeated coating and sintering

are required, and achieving narrower pore sizes is difficult.
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Fig. 1.5 Relative properties of ceramic membrane fabricated using alumina, titania,

zirconia, and silicon carbide [36].

1.3.3 Two-dimensional (2D) laminar NF membranes

Recently, multitudinous 2D materials have been adopted as building blocks for the
preparation of high-performance membranes, including graphene and its derivatives
[37], layered metal dichalcogenides (LMDCs) [38], metal oxides and 2D zeolites [39],
metal-organic framework (MOF) nanosheets [40], 2D covalent organic frameworks
(2D-COFs) [41] and so on. Among these, in addition to the price advantage due to the
continuously expanding production scale of GO [42], its impermeability to gases and
liquids other than water molecules, as well as the rapid transport of molecules within
the two-dimensional channels between layers, cause GO-based NF membranes
expected to become the next generation mainstream NF membranes. Compared to the
complexity of the sol-gel preparation method and the difficulty of adjusting pore size,
2D laminar NF membranes with controllable nanochannels and high performance have
gradually attracted the attention of researchers [43]. The membrane treated in this

dissertation, GO-based NF membrane, is one of two-dimensional membranes.
10



As shown in Fig. 1.6, the 2D graphene oxide (GO) membrane is deposited on the
surface of the PES substrate through simple vacuum filtration method, thereby forming
the layered stacked structure [44]. Among them, by introducing in-plane nanopores into
graphene oxide (GO) nanosheets, more transmission paths and shorter transport
distances could be obtained, thus enhancing membrane flux. Meanwhile, the
controllable sub-nanometer channels of 2D laminar membranes present significant
advantages for achieving ion separation. Compared with the porous inorganic NF
membranes, 2D membranes have great potential to be powerful and scalable [45].

The following sections provide a more detailed explanation on GO-based NF

membrane.
(a) ' ' (®) /ate ecule
- ?\ N @ = Q Water molecule
— P , SR |
W . | _ T e
) ____77),|-————-' o b
- @ - e e
N e \ - e e eeeesssassas
e T —. o - Hydrated ion
MRGO 5 ) hd
(c)‘\_/‘-\ P /v-\? ,—\;:/_—:\— 3 (d) @ Water molecule
\_,_,.\= TR | V\
G W] W | SN
il ™ it /v\( £ ™ a O — /‘\(Illm/’\
= gl — Hydrated ion
— TN ? V\P s ™

Fig. 1.6 Schematic of water transport and salt rejection through 2D nanochannels.

1.4 Two-dimensional graphene oxide based nanofiltration membranes
1.4.1 Graphene and its derivatives

Graphene is a single-layer, two-dimensional crystal formed by carbon atoms
connected through sp? hybridization, where carbon atoms are arranged regularly within
a hexagonal honeycomb lattice structure (Fig. 1.7) [46]. Each carbon atom in graphene
is bonded to three neighboring carbon atoms by ¢ bond. The remaining p electrons tend
to form © bonds of orbitals perpendicular to the plane with the surrounding atoms. This
allows the & electrons to move freely in these long-range = orbitals, endowing graphene
with excellent electrical conductivity. Furthermore, graphene exhibits excellent

mechanical properties due to each carbon atom in graphene forms strong ¢ bonds with

11



three adjacent carbon atoms [47]. Recently, scientists at Columbia University used
atomic force microscopy to directly test the mechanical properties of single-layer
graphene and found that its Young modulus is approximately 1100 GPa, with a breaking
strength reaching 130 GPa, which is 100 times higher than the superb steel materials
[48]. In addition, graphene possesses the ability for high thermal conductivity while
having an ultra-high electrical conductivity [49]. The thermal conductivity of a single-
layer of defect-free graphene is as high as 5300 W m™! K*!, which is one of the highest
thermal conductivity among known materials [50, 51]. It is worth noting that graphene
has an extremely high theoretical specific surface area (2630 m? g'!) due to its unique
single atomic layer structure [52]. The above-mentioned properties impart graphene
broad prospects for applications in important fields such as nanodevices, sensors,

hydrogen storage materials, composite materials, and more.

2D Planar Structure Honeycomb Lattice
b of Carbon Atoms

4 Geometric
N vdw radius = 0.11 nm Pore = 0.064 nm

ALLALLIAY
Bond Length = 0.142 nm =0.142 nm
Cradius (vdw) =0.11 nm

Rough Electron Density Distribution
e-transparency + impermeability

Fig. 1.7 (a) Graphene lattice structure: sp? hybridized carbon atoms arranged in a 2D
honeycomb lattice, (b) the molecular structure with rough electronic density
distribution: while graphene is relatively transparent to electrons, it is practically
impermeable to all molecules at room temperature. Geometric pore (0.064 nm) is also

small enough not to allow molecules to pass through [53].
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As an important derivative of graphene, graphene oxide (GO) also possesses
atomic thickness, nearly frictionless surface, and excellent tensile strength, which
endows it lower transmission resistance and higher flux in practical applications [54-
56]. Similar to graphite, GO is a 2D laminate structure and could be stacked layer by
layer through hydrogen bonding and other forces between layers [57]. Unlike
hydrophobic graphene, GO is the oxidized form of graphene and contains abundant
oxygen-containing functional groups on the basal planes and edges of nanosheets
including epoxy groups, hydroxyl groups, carbonyl groups, and carboxyl groups, which
imparts it with satisfactory hydrophilicity (Fig. 1.8) [58]. These oxygen-containing
functional groups create electrostatic repulsion between GO sheets and expand the
interlayer spacing, which not only acts as a water permeation channel but also
complements any existing pores on the basal plane or grain boundaries between GO
flakes [59]. Furthermore, these functional groups enhance the hydrophilicity of GO,
allowing for the design of GO microstructures and properties [60]. Additionally, GO
can be produced on a large scale through cost-effective methods [61]. The solution
synthesis method provides the opportunity for surface functionalization, thereby

conferring diverse functions to GO.
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Fig. 1.8 Schematics of the molecular structure of graphene oxide [59].

1.4.2 Structure and separation mechanism of graphene oxide membranes
Graphene oxide membranes are mainly divided into graphene oxide-based hybrid

membranes and graphene oxide laminate membranes. Among them, graphene oxide-
13



based hybrid membranes typically involve the auxiliary modification of polymeric
membrane materials based on the excellent properties of graphene oxide, such as
hydrophilicity, mechanical strength, and antifouling properties. Graphene oxide
laminate membranes exhibit superb permeability to water molecules and can selectively
separate solutes based on their nanoscale interlayer spacing. Furthermore, graphene
oxide laminate membranes with ultrathin layered structures would be obtained due to
their excellent dispersibility. This property allows for the preparation of uniform
graphene oxide laminate membranes. However, different support substrates are
required for the fabrication of graphene oxide laminate membranes due to their
extremely thin intrinsic thickness.

The water transport pathways of the GO membrane are depicted in Fig. 1.9.
According to the fluid transport pathways, the transport channels within the GO
separation layer could be divided into two parts [62]. On the one hand, there are porous
structures formed by the defects on the basal plane and interedge gap between
horizontally aligned GO nanosheets. On the other hand, there are 2D nanocapillaries
between vertically stacked GO nanosheets. These transmission paths, which are
composed of physical structures, obey the steric hindrance effect. In addition, graphene
oxide exhibits electronegativity due to the presence of oxygen-containing functional
groups, which triggers electrostatic interactions between charged molecules and ions

and the membrane surface, known as the Donnan effect [63].

= GO nanosheet

lon
Water molecule

Transport pathway

In-plane defects Inter-edge gaps Interlayer capillaries
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Fig. 1.9 Schematic illustration of water transport pathways across GO membranes,
including in-plane defects in GO, interedge gaps between horizontally aligned GO, and

interlayer nanocapillaries between vertically stacked GO [64].

(1) Size exclusion

Based on the different size between the diameter of the target substances and the
membrane pore sizes, larger substances are difficult to pass through the separation
membrane and are rejected, while relatively small substances could easily pass through
the pores and narrow gaps of the separation membrane (Fig. 1.10). This physical size
sieving can be applied to all solute systems.
(2) Donnan equilibrium theory

The Donnan equilibrium theory refers to the membrane rejection induced by
electrostatic repulsion between the charge on the membrane surface and substances in
the solution with the same charge (Fig. 1.10). Meanwhile, in order to maintain the
electroneutrality conditions of the bulk solutions, substances with opposite charges are
also rejected [65]. It is worth noting that the Donnan theory is applicable to charged
separation membranes, allowing interaction with charged particles in the solution, such
as sodium salts, magnesium salts, potassium salts, and so on.
(3) Ionization

Inoization refers to the deprotonation of carboxylic acid and other functional
groups on the surface of the separation membrane to produce a certain electrostatic
force (Fig. 1.10). The presence of electrostatic repulsion prevents contaminants with
the same charge in the solution is different to approaching the membrane surface, thus
impeding the passage of such substances through the separation membrane. In addition,
the hydrophilicity of the membrane surface is generally enhanced due to the functional
groups on the membrane surface with highly hydrophilic [66]. This exceptional
hydrophilicity promotes the tight adsorption of water molecules on the membrane
surface, forming a shielding layer [67], leading to hydrophobic organic compounds

(such as antibiotics, pesticides, etc.) having difficulty approaching the surface of the
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separation membrane.
(4) Others such as the dehydration effect and n-m effect

Generally, the “real” size of the ions is revealed when they are transferred across
the narrow nanochannels of the GO membrane. Dehydration and rearrangement
appeared to be ubiquitous during filtration using subnanometer porous membranes.
Water molecules were easily removed from the solvation shell when hydrated ions
entered narrow pores [68]. In addition, organic macromolecules containing benzene
rings could form m-m interactions with the m-bonds of GO, which lead to organic
macromolecules being constrained between the GO layers and hinder their transport
within the separation membrane, thereby achieving the separation of the target
substances (Fig. 1.10). Additionally, heavy metal ions can also interact with the n-bonds

of GO and thus be removed.
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Fig. 1.10 Schematic diagrams of the purposed separation mechanisms of GO

membranes [69].

1.5 Preparation methods of graphene oxide membranes

The potential of high selectivity and permeability of GO separation membrane
endow it become ideal separation membrane material for water purification. Nowadays,
GO laminar membranes can be prepared by vacuum filtration [70], drop-casting [71],

spin-coating [72], and layer-by-layer (LBL) assembly [73] and other ways.
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1.5.1 Vacuum filtration

Vacuum filtration is one of the most common methods for preparing 2D GO
membranes (Fig. 1.11a). Dikin et al. [67] were the first to report the vacuum filtration
method to prepare GO membranes with thicknesses ranging from 1 to 30 um. The
fabricated GO membranes exhibited tensile modulus as high as 32 GPa, demonstrating
mechanical properties superior to traditional membranes. Additionally, vacuum
filtration could induce ordered deposition of GO on the substrate by pressing water
molecules out from between the nanosheets. Subsequently, the GO membrane with a
dense structure is formed on the substrate and relies on hydrogen bonding forces and
n-1 interactions between the nanosheets. Finallyy, GO membranes with different
thicknesses are obtained by adjusting the concentration or volume of GO.

This method is widely applied in the large-scale preparation of layered GO
membranes due to its advantages including simplicity of operation, ease of control, flat
membrane formation, and stable performance [74]. However, GO laminate membranes
prepared by the vacuum filtration method are challenging to completely separate from

the substrate due to strong physical interlocking and intermolecular forces between

them.
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Fig. 1.11 (a) Preparation of GO membranes by vacuum filtration [75], (b) preparation

of GO membranes by drop-casting [76], (c) preparation of GO membranes by spin-
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coating [77], and (d) preparation of GO membranes by layer-by-layer (LBL) assembly
[78].

1.5.2 Drop-casting

Drop-casting is another basic method commonly applied for preparing GO
membranes (Fig. 1.11b) [79]. This process involves directly dropping a prepared
dispersion of GO at a specific concentration onto a smooth substrate and then allowing
it to dry either by air drying or through exposure to light. After that, the GO layered
membrane can be fully and successfully separated from the substrate [80]. It is worth
mentioning that this method is simple to operate and possesses high utilization rate of
raw materials. However, the prepared membrane is prone to defects like wrinkles and
breaks after drying. In addition, the expansion of membrane dimensions is a difficult

task as solvent evaporation hinders rapid processing of the membrane.

1.5.3 Spin-coating

The spin-coating method is to first apply the prepared GO solution onto the
substrate, and then uniformly disperse the solution on the surface of the substrate by
rotating at a certain speed and temperature (Fig. 1.11¢) [81]. Finally, the 2D GO
membranes are obtained after drying. This type of GO membrane is very uniform, dense,
and regular due to the spin-coating method primarily relying on centrifugal force.
However, it is inevitable that there are errors in dosage and concentration. Therefore,
the GO membranes prepared by this method are characterized by uniformity but low

concentration accuracy.

1.5.4 Layer-by-layer assembly

Layer-by-layer (LBL) assembly is also a common method for depositing GO
materials onto substrates (Fig. 1.11d) [82]. During the assembly process, adjacent
nanosheets are stably held together by various forces, including covalent bonding,

electrostatic forces, or both. Therefore, some functional molecules can be introduced
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for constructing modified membranes during the membrane fabrication process.
Compared to the spin-coating method, layer-by-layer assembly focuses on the
interaction between layers and the design of interlayer structures. The thickness of GO
membranes can be controlled at the molecular level by adjusting the number of
deposition cycles. However, this process is relatively complex as it usually requires pre-
treatment of GO. Furthermore, compared to the vacuum filtration method, the surfaces
of GO membranes obtained through layer-by-layer assembly are very rough because
the assembly process is random, which hinders the migration of water molecules [73,

83].

1.6 Challenges faced by graphene oxide membranes
1.6.1 The improvement of structural stability

The great potential of GO laminate NF membranes in the field of separation has
been confirmed through significant progress in material preparation, synthesis, and
separation. However, the stability of stacked GO membranes in water environments is
challenging to maintain in the long term due to the abundant hydrophilic functional
groups of nanochannels [84]. Furthermore, the precise control of the nanoscale
interlayer spacing of GO membranes is highly challenging in actual aqueous separation
processes due to the hydration interactions between the layers. Research has exhibited
that the interlayer spacing of dry GO membranes is approximately 0.8 + 0.1 nm [85].
After prolonged wetting, the interlayer spacing increased significantly due to the
intercalation of water molecules. Based on the above, the separation performance of
GO membranes suffers a great loss due to the swelling phenomenon. Therefore, it is
necessary to develop effective methods to enhance the stability and selectivity of

graphene oxide nanochannels in water environments.

1.6.2 The improvement of separation performance
The water permeability and solute retention are crucial performance parameters

for evaluating separation membranes in water treatment applications, which are
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primarily influenced by the stacking behavior and interlayer spacing of GO nanosheets
[86]. For separation layers consisting solely of GO nanosheets, the degree of oxidation
directly determines the interlayer spacing of the stacking nanochannels. On the one
hand, the interlayer spacing of GO membranes could be supported by the inherent size
of oxygen-containing functional groups. On the other hand, the unsatisfactory swelling
of nanochannels in aqueous environments is primarily attributed to the hydrophilicity
of oxygen-containing functional groups, which induces water molecules to remain
within the nanochannels, thereby reducing stability and increasing interlayer spacing of
the nanochannels. Nowadays, it is widely recognized to employ reduction methods to
decrease the oxygen-containing functional groups on GO in order to narrow the
interlayer spacing. The stronger m-m interactions between neighbor GO layers with
lower oxidized degrees would reduce the interlayer space occupied by oxygen-
containing functional groups while simultaneously hindering the swelling of
nanochannels [87]. Therefore, retention could be enhanced by controlling the density
of oxygen-containing functional groups on GO, but this often results in a significant
compromise of permeance. To date, numerous methods have been successfully applied
to the regulation and improvement of GO nanochannels. The separation layers of
graphene oxide with different interlayer spacing can be prepared by intercalating
nanoparticles with different sizes including TiO., SiO», Si3Ny, etc. into the interlayer of
graphene oxide, which leads to the expansion of nanochannels and the improvement of
water flux [88]. In addition, the porous metal-organic framework (MOF) materials as
intercalation materials coupled with graphene oxide also provide more transmission
paths for the transmission of water molecules [89]. In addition to providing additional
transport pathways for water molecules to enhance water permeance, some negatively
charged materials (carbon nanotubes) also be introduced as intercalation materials into
nanochannels, which will lead to a stronger Donnan effect and improve the retention of
charged solutes [90]. However, the methods of introducing intercalation materials
between the layers of graphene oxide would break the integrity and continuity of the

nanochannel of graphene oxide, resulting in non-uniform performance and defects in
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the separation layer. Furthermore, the enlarged interlayer spacing generally leads to the
separation of relatively large-sized solutes (e.g., dye molecules) and is rarely able to
remove small solutes (e.g., small salt solutes) from the water although there are

significant improvements of water flux.

1.7 Purpose and overview of this dissertation

Graphene oxide (GO) has a wide range of applications and significant potential
due to its unique two-dimensional structure and tunable chemical properties.
Furthermore, GO membranes as selective barriers exhibit fascinating characteristics for
precise sieving of solutes in aqueous solutions. However, the separation performance
and stability of nanochannels, which are prerequisites for widespread application, have
become a significant bottleneck for the development of GO membranes in water
environment technologies. On the one hand, the abundant oxygen-containing functional
groups on GO nanosheets strongly hydrate with water molecules, thereby enhancing
electrostatic repulsion and limiting m-w attraction, which may cause swelling or even
disintegrate the GO membrane in the water environment. On the other hand, the
expansion of the interlayer spacing induced by the swelling phenomenon restricts the
retention performance of the separation membrane. Therefore, it is crucial to enhance
the stability of the graphene oxide structure while controlling the nanochannel size to
optimize the desalination performance of nanochannels. Based on the above-mentioned
matters, there are provided insights and considerations for constructing stable confined
nanochannels, analyzing nanochannel deformations, and optimizing nanochannel
properties.

This dissertation includes 5 chapters.

Chapter 1: The research background and purpose of this research are generally
introduced.

Chapter 2: Selective ion/ion transport is of great importance in environmental and
energy applications. Nanofiltration membranes possessing sub-nanometer pore sizes

and charge characteristics have garnered significant attention in effectively separating
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target ions. Nevertheless, the contributions of pore size, charge, and their combined
impact on ion/ion separation have remained relatively unexplored. In this chapter, a
well-defined example is presented using multilayered graphene oxide membranes with
ordered interlayer nanochannels. These membranes were utilized to prepare diverse
nanochannel types, each possessing distinct channel sizes and charge properties. A
systematic investigation was conducted to discern their separation selectivity for mono-
/di-valent ion pairs. The dominant factor governing mono-/di-valent ion selectivity was
not found to be the channel pore size within the sub-nanometer scale. This could be
because nanochannels are flexible and cannot strictly sieve ions based on their specific
size. Instead, the difference in electrostatic effects between mono- and di-valent ions
plays a more significant role in enhancing ion/ion selectivity within the subnanometer
channel. This study offers certain insights into selective ion transport in two-
dimensional membrane nanochannels, potentially assisting in the design of
nanochannels with single-ion selectivity.

Chapter 3: Chemically converted graphene oxide laminate membranes, which
exhibit stable interlayered nanochannels in water environments, are receiving growing
attention for their potential in selective water and ion permeation. However, how the
molecule properties of conversion agents influence the stabilization of nanochannels
and how effectively the nanochannel be stabilized accordingly are rarely studied. In this
study, the mono-, di-, and tri-saccharide molecules of glucose (Glu), maltose (Glu2),
and maltotriose (Glu3) are utilized respectively to chemically modify graphene oxide
(GO). The aim was to create nanochannels with different levels of stability and
investigate how the separation performance is affected by these functional conversion
agents. The effects of property difference between different conversion agents on the
nanochannel stabilization were evidenced. The agent with efficient chemical reduction
of GO and limited intercalation effect in the resulting nanochannel ensured satisfactory
nanochannel stability under desalination process. The optimal membrane nanochannel
possessed significantly improved stability under various changing conditions (e.g.,

concentration, pressure, temperature, and flow rate) as compared to the original
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GO. This study provides useful information in the design of chemical conversion agents
for GO nanochannel stabilization and feasible development of the nanochannel
membranes for precise separations.

Chapter 4: Multilayered graphene oxide (GO) membranes, featuring interlayered
sub-nanometer channels, have garnered substantial attention for their potential in
selective water and ion transport. However, the tortuous transport pathways within
these GO laminates, coupled with their propensity to swell in water, have posed
challenges to their desalination performance. Introducing modifications to the
interlayer via nanoparticle intercalation stands as a widely employed method to widen
the nanochannels for rapid transport. However, this approach generally leads to a
considerable reduction in separation precision. This chapter presents a novel approach,
confined interlayer modification with mediated nanoparticle intercalation, to precisely
tailor GO membranes. This method ensured the improvement of water transport while
retaining high ion retardation was achieved. The chapter delves into the crucial roles of
confinement and mediation in the intercalation modification process of GO laminates.
It underscores their essential contribution in establishing an efficient and effective
desalination process. This strategic framework holds promise for extending its
applicability to the precise control of the fine structure of other two-dimensional
laminates, offering potential advancements in various fields beyond desalination.

Chapter 5: A summary of this dissertation is given.
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Chapter 2

Nanochannel characteristics contributing to ion/ion selectivity

in two-dimensional graphene oxide membranes

2.1. Introduction

Recovery of valuable solutes from domestic wastewater is an important strategy
to achieve a circular economy [1]. Specifically, achieving solute/solute separation plays
a critical role in breaking down mixtures into individual components, thereby enabling
more value-added water treatment processes [2], including the isolation and
concentration of valuable resources [3], water softening [4], and industrial wastewater
reuse [5]. Membrane technologies are considered as a chemical-free, energy-saving
method with the potential to enable precise separations and important economic value
[6, 7]. Reverse osmosis (RO) and nanofiltration (NF) have gained widespread
application in seawater desalination and advanced water purification [8]. However,
achieving solute/solute selectivity in RO membranes is challenging owing to their
overly dense polymer matrix, which almost completely hinders a wide range of solutes
[9, 10]. In contrast, the NF process, utilizing membranes with pores slightly larger than
those of RO, possesses promising potential for solute/solute selectivity [11, 12]. In
addition, NF membranes offer a diverse range of molecular weight cut-off (MWCO)
values (ranging from 200 to 1000 Da) and abundant charge characteristics (e.g., positive,
negative, or zwitterionic) [13-15], providing satisfactory feasibility for selectively
targeting various specific solutes.

Concentrated NaCl solutions from high-salinity solutions in chlor-alkali factories
[16] and the recovery of lithium from salt-lake brines and seawater for resource

recovery have garnered widespread attention [17]. The demand for ion/ion separation
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of CI/SO4* (anion pair) and Li*/Mg?" (cation pair) is robust in the market. NF
membranes play a crucial role in achieving ion/ion selectivity by exhibiting both low
and high rejection for monovalent and divalent ions, respectively [18]. The selectivity
of mono/divalent ions can be attributed to certain key characteristics of NF membranes.
First, a size difference exists between monovalent and divalent ions [19]. Second, ion
diffusion through the membrane is significantly influenced by electrostatic interactions,
and monovalent and divalent ions exhibit different sensitivities to these interactions
[20]. Generally, the ion/ion separation mechanism of NF membranes is primarily driven
by steric hindrance (resulting from the size difference between the nanochannel and
ions) and electrostatic effects (involving repulsion or attraction between the membrane
and charged ions) [16, 21]. Consequently, the enhanced selectivity for these species is
mainly attributed to the well-controlled pore size and charge of the NF membrane [22].
However, some ambiguities regarding selectivity may hinder the development of
satisfactory NF membranes. Typically, ion/ion separation of NF membranes is
evaluated using ideal selectivity [23], which measures the permeability ratio of
monovalent to divalent ions in individual solutions. However, there has been limited
demonstration of the divergence between ideal and true selectivities, where the latter
measures the permeability ratio of monovalent to divalent ions in their binary solution
[24]. The discrepancy between ideal selectivity and true selectivity primarily arises
from ion competition [25] in specific transporting channels. Compared with ideal
selectivity, true selectivity is defined as the ratio of permeabilities for both ions
measured in their binary mixture solution. Therefore, the presence of both monovalent
and divalent ions leads to competitive transport of ions, with those having lower charge
and higher mobility being more likely to pass through the membrane. This difference
may lead to inconsistencies in membrane performance evaluation as well as
inaccuracies in membrane structure optimization. Therefore, it is necessary to
simultaneously analyze the difference of ion transport behavior between ideal and true
selectivity, which would be more conducive to promoting the preparation of high-

performance separation membranes. Furthermore, although ion/ion selectivity is
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typically attributed to a combination of steric exclusion and charge interactions [21, 26],
it is crucial to note that the greater significance between these factors has not been
thoroughly established in the existing literature.

The suitability of two-dimensional graphene oxide (GO) laminate membranes for
ion/ion separation stems from the presence of relatively uniform and tunable
nanochannels within GO laminates. This characteristic also offers a intuitive and
conducive approach to control ion transport characteristics. Generally, the interlayer
spacing in the nanochannels of GO membranes can be controlled within the sub-
nanometer range [27-29]. In addition, the negatively charged GO sheets provide
abundant and tunable charged sites for NF separation [30, 31]. The charge and
interlayer spacing of GO membranes can be readily adjusted by altering the
oxygenation degree of GO [32, 33], thereby facilitating the correlation of different
nanochannel characteristics with their corresponding ion transport behaviors.
Commonly, there exists a delicate balance between membrane charge and pore size.
The higher charge density of the nanosheets or polymer chains typically results in
enlarged nanopores or nanochannels due to the swelling of the membrane materials by
increased charge content [34]. Therefore, exploring the respective contributions of
steric exclusion and electrostatic effects to the ion/ion selectivity is important for the
nanochannel design.

In this study, appropriate nanochannels within GO membranes with different
subnanometer channels and charge characteristics were successfully prepared by
changing the oxygenation degree of GO. Subsequently, the ion/ion selectivity under the
effects of different nanochannel properties of the GO membrane and external feed
mixture compositions was analyzed (Fig. 2.1). The correlation between channel
characteristics and ion-selective transport is expected to yield significant insights into
the effective factors contributing to the ion/ion selectivity of the two-dimensional

nanochannles.
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Fig. 2.1 Schematic of the influence of different GO nanochannels on selectivity.

2.2. Experimental
2.2.1. Materials

A commercial nylon membrane (hydrophilic, 0.2 um pore size, 47 mm diameter),
purchased from Merck Millipore (St. Louis, MO, USA), was applied as substrates of
GO and GO-PAA membrane. An aqueous GO suspension (4 mg mL™') was obtained
from Sigma-Aldrich Co., LLC (St. Louis, MO, USA). D-(+)-glucose (> 98.0%) was
obtained from Tokyo Chemical Industry (TCI) Co., Ltd., Japan. Polyallylamine (PAA;
MW = 15000 g/mol; 15% aqueous solution), used for the positively charged
modification of the GO membrane surface, was purchased from Polysciences, Inc.
(USA). Sodium chloride (NaCl, 99.5%), sodium sulfonate (Na2SOs, 99.0%),
magnesium chloride (MgClz, 99.0%), and ammonia solution (NH3H 20, 28%) were
obtained from FUJIFILM Wako Pure Chemical Industries Co. Ltd. (Osaka, Japan).
Anhydrous lithium chloride (LiCl, > 98.0%) was obtained from Tokyo Chemical
Industry (TCI) Co., Ltd., Japan.

2.2.2. Preparation of GO and GO-PAA membranes

Glucose was utilized as a reducing agent to functionalize GO at various O/C ratios.
Initially, a 10 mL aqueous solution containing 0.15 mg GO, 1.5 mg glucose, and 40 pL
ammonia solution was thoroughly blended. Subsequently, the above dispersions were

heated in a water bath at 94.5 °C for 0, 20, 40, and 60 min, respectively, to obtain
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precursor suspensions of GO membranes. The preparation of different GO membranes
was accomplished through vacuum filtration [35]. The precursor suspensions were
diluted with ultrapure water to a volume of 300 mL, sonicated for 5 min, and vacuum
filtered onto a nylon substrate. The GO membranes with different O/C ratios were dried
in a desiccator for 24 h at room temperature. In addition, the GO-PAA membranes were
fabricated using a simple coating method. The prepared GO membranes were immersed
in a 0.1% PAA aqueous solution for 30 min, subsequently removed, and dried at room

temperature.

2.2.3. Characterization

The O/C ratios of the GO membranes were characterized using X-ray
photoelectron spectroscopy (XPS) (JPS-9010MC, JEOL, Tokyo, Japan). The interlayer
spacings of the GO membranes under dry and wet conditions were estimated through
X-ray diffraction (XRD; RINT 2500 VHF, Rigaku Corp., Tokyo, Japan). The surface
charges of the GO membranes were observed using a zeta potential analyzer
(SurPASSTM3, Anton Paar, Graz, Austria). The concentrations of Mg?* and Li" were
measured using inductively coupled plasma atomic emission spectroscopy (ICP,
Optima 7000 DV ICP-OES, Perkin Elmer, USA). The concentration of SO4* and CI
were determined through ion chromatography using a Shim-pack IC-A3 column (IC;

Shimadzu Co., Kyoto, Japan).

2.2.4 Membrane performance

The membrane performance of the GO and GO-PAA membranes was assessed
using a cross-flow device with a flow rate of 9.9 mL min™ and an effective membrane
surface area of 7.06 cm?, as reported previously [36]. Once the resultant membranes
were pre-compacted under a pressure of 10 bar until reaching steady water permeance,
a transmembrane pressure of 10 bar was applied.

The ion/ion selectivity of the GO and GO-PAA membranes was evaluated by

testing the anion pairs (NaCl and Na>SO4) and cation pairs (LiCl and MgCl,) at an
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equivalent total charge concentration of the target ions (0.05 equivalent per liter). For
single salts, the 0.05 equivalent per liter of NaCl, Na>;SOs4, LiCl, and MgCl, were
determined as 0.05 mol/L, 0.025 mol/L, 0.05 mol/L, and 0.025 mol/L, respectively. For
binary solutions, the concentrations of monovalent (C1- or Li") and divalent (SO4* or
Mg?") ions were set to 0.025 mol/L and 0.0125 mol/L, respectively, when the equivalent
ratio was 1/1. In addition, a series of equivalent ratios (9/1, 4/1, 1/1, 1/4, and 1/9) of the
target ions were prepared to investigate the selectivity mechanism.

Herein, the use of permeability instead of permeance, as well as selectivity rather
than rejection, would offer clearer comparisons of performance, relying solely on the
fundamental transport characteristics [37-39]. The specific calculations are as follows:

The transport of water and salt across membranes was determined based on the
solution—diffusion model. The water flux, Jy (g cm 2 s™!), can be calculated using

Equation 2.1:

Dy, Ci# Cw
wlw F <1_ W,P> (2.1)

Jw = DL_W(CVTl;l,F - CW,P) I s
where Dy (cm? s7!) is the average water diffusion coefficient in the membrane; L

(cm) is the membrane thickness; and Cyr and Cyp (g cm ) are water

concentrations in the membrane on the feed and permeate side, respectively.

Due to the pressure and osmotic pressure difference between the feed and

permeate sides of the membrane, Equation 2.1 was written as follows:
Dy Ctp V
Jw ==
L RT

where ¥ (cm? mol ™) is the partial molar volume of water, which is typically well

(AP — AT) (2.2)

approximated by the molar volume of pure water when the water uptake varies little
with salt concentration over the salt concentration range of interest; R (83.1 cm® bar
mol ! K1) is the gas constant, T (K) is the absolute temperature; AP (bar) is the pressure
difference across the membrane, and Az (bar) is the osmotic pressure.

The Kw is the water partition (or solubility) coefficient, which is defined as the

ratio of water concentration in the membrane to that in the contiguous solution:
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(2.3)

For relatively dilute solutions, Cw, r can be approximately equal to the density of
pure water, pw (g cm ).

Combine with Equation 2.2 and Equation 2.3,

_ Py pwV _ Py My, _
Jw = T RT (AP — Am) = T RT (AP — Am) = A(AP — Am)  (2.4)

where A4 is the effective membrane permeance to water, and Py is the membrane
permeability to water.

Based on Equation 2.4, the relationship between A and Pw is as follows:
Py My,
A=——
L RT

Based on the solution—diffusion model, the salt flux through membrane, Js (g cm 2

(2.5)

s 1), can be calculated as:
Js = %(CS,F —Csp) = %ACS = BAC (2.6)
where Ps (cm? s7!) is the salt permeability; Csr and Csp (g cm™) are the salt
concentrations in the solution on the feed and permeate sides of the membrane,
respectively; ACs is the difference between salt concentration.

It is worth mentioning that our target is on the transport properties of salt and water
through the membrane and therefore concentration polarization is not considered.
Additionally, B = Pg/L is salt flux and Amr = ACGRT.

Generally, the ability of the membrane to separate salt from the feed solution is
usually observed by the salt rejection R (%), which can be expressed based on the

above-mentioned solution—diffusion model as follows:

_ (Pw/Ps)(V/PT)(AP — Am) 100 — (A/B)(AP — Ar)
1+ (Py/Ps)(V/PT)(AP — Arr) ~ 1+ (A/B)(AP — Am)

X 100% (2.7)

Therefore, water permeability and salt permeability were calculated as follows:
PS = KSDS (29)

The ideal water/salt selectivity, a,, ;s was determined by Equation 2.10:
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Kw Dw _ Pw

=—X = 2.10
Qw/s Ks ~ Dg P, ( )
The salt/salt selectivity, agq/5, was determined by Equation 2.11:
Psq
Us1/s2 = P (2.11)
52

where Ps; is the salt permeability (cm?/s) of monovalent ions (Cl-or Li") and Ps,

is the salt permeability (cm?/s) of divalent ions (SO4>" or Mg?").

2.3 Results and discussion
2.3.1 Characterization of GO membranes with different O/C ratios

GO with functional groups, including carboxylic, hydroxyl, and epoxy groups,
demonstrates excellent multifunctionality, enabling easy assembly into a laminate
membrane. As the O/C ratio decreased, the GO membranes exhibited similar laminate
structures (Fig. 2.2). The interlayered nanochannels in the laminates exhibit distinct ion
transport properties [40]. In addition, GO membrane nanochannels can exclude various
ions by tuning the interlayer spacing between the stacked GO sheets and the charged
functional groups (Fig. 2.3a) [41, 42]. Specifically, with decreasing O/C ratio, the
interlayer spacing and electronegativity of the GO membrane become narrower and
weaker, respectively, owing to the removal of oxygen-containing functional groups. As
Fig. 2.3b shows, the reduction time directly correlates with a decrease in the specific
peak area of C-O, indicating an effective removal of partial oxygen-containing
functional groups. Therefore, the O/C ratio of GO decreased from 0.60 to 0.20 owing
to prolonged chemical reduction (Fig. 2.3c). Meanwhile, GO membranes with O/C
ratios of 0.60, 0.41, 0.29, and 0.20 are defined as GO60, GO41, GO29, and GO20,
respectively. In addition, the surface zeta potential weakened (Fig. 2.3d), and the
interlayer spacing narrowed (Fig. 2.3e) (evident from the characteristic peaks of GO in
the XRD spectra shifting slightly to larger 26, Fig. 2.3f), as the O/C ratio decreased.
Wetting the GO samples with water caused the characteristic peaks of all GO
membranes to shift significantly to smaller 20, indicating that the interlayer spacing in

the wet state expanded (Fig. 2.3g) owing to the intercalation of water molecules [43].
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In addition, a decrease in the O/C ratio reduced the swelling (difference in interlayer
spacing between dry and wet conditions) of the GO membrane, as oxygen-containing
functional groups that induced hydrogen bonding with water molecules decreased in
abundance [44]. As the interlayer spacing between two GO planes decreases with a
lower O/C ratio in both dry and wet conditions, there will be an increasing steric
hindrance for mass transport in the interlayered nanochannels of GO laminates. It is
important to note that the calculated interlayer spacing value mainly represents the
average for the entire sample, and it may slightly deviate from the actual interlayer
spacing during separation conditions. However, these calculated values can give a
rough idea of the range of sizes for membrane pores. Based on the confinement of the
subnanometer sized channels of GO membrane, the cation pair (Li" and Mg**) and
anion pair (CI" and SO4*) having different sizes and valences were likely to be
selectively separated by the membrane nanochannels. Hence, separation of the anion or
cation pairs by these membrane nanochannels were performed to explore the

contributions of electrostatic interactions and steric hindrance to selectivity.
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Fig. 2.2 SEM cross-sectional view of GO membranes with different O/C ratios.
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Fig. 2.3 (a) Schematic of GO membranes with different O/C ratios, (b) Cls of XPS
spectra of GO membranes with different O/C ratios, (c) O/C ratio of GO membranes
with different oxygenated degrees, (d) surface zeta potentials of GO membranes at
pH =7, (e) interlayer spacing of different GO membranes at dry and wet states, and (f-

g) XRD spectra of different GO membranes at dry and wet states.

2.3.2 Selective water and salt permeation in GO membrane nanochannels

The selective transport pathway for the separation of water and ions was
influenced by the constitution of different underwater nanochannels as the O/C ratio
changed. The change in O/C ratio also affects the hydrophilicity of GO membranes. As
shown in Fig. 2.4a, the water contact angles measured for GO60, GO41, GO29, and
GO20 were 53°, 57°, 64°, and 67 °, respectively. The surface of the membrane with
different O/C ratios still remain wettable (0 < 90°), despite a slight increase in water
contact angle [45]. According to the permeance and rejection of different GO
membranes in single salt solutions, the permeability and water/salt selectivity of the
GO membranes were obtained (Table 2.1). In addition, despite potential variations in
the O/C ratio among different GO membranes, the permeability order of different salt
solutes remained consistent (MgClz > LiCl = NaCl > Na,S0ys), as shown in Fig. 2.4b.
This order mainly depended on the influence of the Donnan effect, indicating that the

salt with a larger valence ratio of cation and anion (Z'/Z") was more favorable to
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permeate [35]. Therefore, for SO4>" and CI', the decrease in electronegativity of the GO
membranes weakens electrostatic repulsion, enhancing anion transport. In contrast, the
transport of Mg?" and Li* tends to be hindered due to weaker electrostatic attraction. If
only electrostatic interactions were considered, it would observe different trends in the
change of water/salt selectivity for Na;SOs and MgCl.. However, in reality, the
water/salt selectivity increases for all types of salts as the O/C ratio decreases (Fig.
2.4c¢). Thus, it can be concluded that the reduced interlayer spacing has a significant
impact on enhancing the water/salt selectivity for all types of salts. Meanwhile, the
change in the O/C ratio had a greater influence on the decrease in Ps than on that in Pw,
which led to improved water/solute selectivity. While decreased hydrophilicity can
impact water permeability and, consequently, ion permeability, it is not directly linked
to ion/ion selectivity. Therefore, the focus lies on nanochannel size and charge as these
factors significantly influence specific ion transport, ultimately affecting ion/ion
selectivity. As the effects of charge and size of nanochannels are different for specific
ions, for the following analysis of ion/ion selectivity, a series of binary solutions as
target solutions were further tested using GO membranes with different O/C ratios to

explore the significant role of charge or size in enhancing ion/ion selectivity.
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Fig. 2.4 (a) Water contact angle, (b) permeability, and (c) water/salt selectivity of single

salts of different GO membranes.
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Table 2.1 Summary of permeance and rejection of different GO membranes in single

salt solutions.

Membrane Permeance NaxSOg4 rejection  NaCl rejection  MgCl rejection  LiCl rejection
[L m™h'! bar!] ratio [%] ratio [%] ratio [%] ratio [%]
GO60 3.78+1.21 32.35+7.25 9.76+1.27 6.04+1.14 13.12+1.45
GO41 1.18+0.42 74.88+4.53 28.6713.58 14.31+1.70 33.49+3.61
G029 0.39+0.17 85.15+8.26 55.41+5.04 35.23+8.28 64.80+7.11
G020 0.14+0.02 91.34+4.25 72.59+4.74 50.66+5..81 77.00+2.23
GO60-PAA 0.46+0.05 46.6919.06 2544+1.27 86.651+3.64 42.29+2.84
GO41-PAA 0.41+0.02 67.88+8.75 34.94+1.80 91.35+3.18 48.11+4.97
GO29-PAA 0.30+0.08 72.75+5.79 44.12+1.94 84.85+38.11 54.93+2.47
GO20-PAA 0.24+0.17 75.85+9.89  51.33+14.52 86.99+1.96 53.05+8.80

2.3.3 Ion-ion selectivity of co-ions

First, the co-ion pair (CI" and SO4%>) separation by the different GO membrane
nanochannels was evaluated. Generally, ion/ion selectivity is determined by the
permeabilities [38, 46]. The ratio of the permeabilities of the two ions measured from
their pure single-salt solutions is defined as the ideal selectivity, whereas the ratio of
the permeabilities of the two ions measured from their binary mixture solution is
defined as the true selectivity. For example, the ideal selectivity of the C1/SO4* pair is
the ratio of the permeability of Cl” to SO4> measured separately from pure NaCl and
pure NaxSOs solutions, respectively. In contrast, the true selectivity is the ratio of
permeabilities measured from a binary salt solution of NaCl and Na;SOs. Subsequently,
the contribution of electrostatic interactions and steric hindrance to the selectivity was
evaluated by exploring the effect of the nanochannel properties on the permeation
behavior of the co-ions (CI" and SO4>). As shown in Fig. 2.5a, the ion permeability of
the binary-salt solution decreased with decreasing O/C ratio, which is consistent with
that of the single-salt solutions. Contrary to CI, which exhibited only slight differences
in Ps in the single (NaCl) and binary (NaCl + Na,SOs) salt solutions, the Ps of SO4* in
the binary-salt solution was consistently lower than that in the single-salt solution. A
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decrease in the O/C ratio influenced SO4>" more significantly than CI", which could be
attributed to competition between anions [25]. Specifically, SO4>" with high valence and
low mobility was more difficult to permeate than CIl°, which could be attributed to the
synergistic effect of the stronger transport resistance of SO4>" with a larger crystal
diameter in the nanochannels and the preferential repulsion of divalent anions by the
negatively charged GO membrane. A significant Ps decrease of SO4> in the binary salt
solution led to a higher selectivity for the binary salt than the ideal ion/ion selectivity
of the single salts (Fig. 2.5b). Although the transport behavior of anions changed with
the modification of nanochannel properties, the selectivity remained constant, owing to
insufficient mutual compensation between electrostatic interactions and steric
hindrance. As illustrated in the schematic in Fig. 2.5¢, the ion/ion selectivity was
reasonably maintained at a balance of narrower interlayer spacing and weaker
electrostatic repulsion to impede and facilitate anion transport, respectively. However,
the contributions of charge and size to the ion/ion selectivity must be determined.
Generally, if the ion/ion selectivity is dominated by steric hindrance, there would
be a weak influence on the true selectivity by changing the composition of ions with
different charges (concentrations of CI" and SO4*) of the feed solution. Conversely, the
true selectivity varies with changes in the composition of the feed solution when the
selectivity is controlled by electrostatic interactions between the nanochannels and ions.
In this regard, the same total equivalent charge concentration is maintained in order to
minimize the effect of changes in coexisting ions on the target ion transport behavior.
Meanwhile, various binary solutions with different equivalent ratios (the total charge
of CI relative to the total charge of SO4>" in binary solutions was 9/1, 4/1, 1/1, 1/4, and
1/9) were employed as feed solutions to further explore the importance of electrostatic
interactions or size. For evaluation, two typical nanochannel membranes were selected,
GO60 (O/Cratio of 0.60) and GO20 (O/C ratio 0f 0.20). The former had a higher charge
density but larger interlayer spacing, while the latter had a lower charge density but
smaller interlayer spacing. The transport of anions in the nanochannels of the GO60

membrane was easier because of the larger interlayer spacing and lower transport
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resistance (Fig. 2.5d). In addition, the permeabilities of SO4*" and Cl of the GO60
membrane exhibited opposite trends with a larger SO4%" fraction (increasing the charge-
equivalent concentrations of SO4*, Ceq so.*), leading to a gradual increase in the
permeability difference. The interaction between the membrane surface and Na"™ was
similar because binary salt solutions of different equivalent ratios maintained the same
equivalent concentration, which means that the transport behavior of Na* through the
GO membranes is consistent. ClI" and SO4> were passively passed through the
membrane to maintain electroneutrality conditions [47]. However, the transport of
divalent SO4>" was more difficult, attributed to its higher electric charge density and
size [7] compared to monovalent CI', leading to a lower permeability of SO4>".
Therefore, electroneutrality of the permeate side was achieved by the faster permeation
of CI'. In contrast, the permeability difference of SO4>" and CI" through GO20 with a
narrower interlayer spacing was almost consistent regardless of the change in the
equivalence ratio, possibly due to the steric hindrance effect.

The true selectivities of co-ions with different equivalence ratios were determined
based on their corresponding permeabilities (Fig. 2.5e). The selectivity of GO60
gradually increased with an increasing SO4* fraction in the binary salt solution,
suggesting that the negatively charged membrane preferentially hindered the migration
of high-valence SO4% because of electrostatic repulsion. In other words, anions with a
low valence and high permeability were prone to permeate through GO60 when there
was a competition between CI- and SO4>". However, the C1/SO4* selectivity of GO20
with smaller interlayer spacing was constant regardless of changes in equivalent ratios
of Cl" and SO4*. Therefore, the higher charge density from the GO60 membrane was
more effective than the narrower interlayer spacing of GO20, contributing to the CI°
/S04 selectivity (Fig. 2.5f). It is concluded that nanochannels with appropriately large
interlayer spacing coupled with high charge density may be more beneficial for the
separation of co-ions of Cl-and SO4*, considering the low transport resistance and high

selectivity.
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are 9/1,4/1, 1/1, 1/4, and 1/9.

2.3.4 Selectivity of GO membranes for counter-ions

The effects of nanochannel properties on counter-ion selectivity were observed
through the transport behavior of the cation pair (Li"/Mg*"). Similar to the C1/SO4*
pair, the permeation resistances of Mg>" and Li* increased with decreasing O/C ratio
(Fig. 2.6a). Interestingly, the permeabilities of Mg?* and Li* in the single- and binary-
salt solutions between GO sheets exhibited opposite trends. Under single-salt
conditions, the permeability of Mg>" was larger than that of Li* owing to the GO
membrane’s emerging electrostatic attraction [48] with cations, preferentially
enhancing the transport of divalent Mg?" rather than monovalent Li*. However, the
permeability of Mg?" in a binary salt solution was lower than that of Li*, indicating ion
competition between Li* and Mg?*. When fed with a counter-ion solution, it neutralizes

or reversal [49] the membrane charge. Subsequently, in the case of the binary-salt
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solution, the transfer resistance of high-valence Mg?" was stronger than that of low-
valence Li* owing to electrostatic repulsion, resulting in a lower permeability for Mg?".

The true selectivity from the binary salt solution and ideal selectivity from the
single-salt solutions of Li"/Mg** consistently showed values > 1 (Li" was selectively
transported over Mg?") and < 1(Mg?* was selectively transported over Li"), respectively
(Fig. 2.6b). This highlighted the divergence between the ideal and true selectivities (Fig.
2.6¢). Moreover, as the O/C ratio decreased, the selectivity under both ideal and true
conditions continuously decreased and increased, respectively. The distinction between
ideal and true selectivities was mainly attributable to the exclusion of ion competition
in single-salt solutions. In contrast, the enhanced true selectivity was attributed to
divalent Mg?* with high valence and larger size, which was more susceptible to changes
in the nanochannel properties than Li" [50]. Consequently, with weakened
electronegativity and narrowed interlayer spacing of the nanochannels, the permeability
of Mg?" was more significantly hindered than that of Li*, leading to a widening
difference between the permeabilities of Mg?* and Li".

Binary salt solutions with a series of equivalent ratios of Li* to Mg?" were prepared
to observe the dominant role of the electrostatic effects or steric hindrance. The
permeabilities of Mg?" and Li* exhibited a slight increase simultaneously with the
increased fraction of Mg?*, owing to ion competition between Li* and Mg** (Fig. 2.6d).
As the electrostatic attraction of Mg>" with negatively charged nanochannels was
stronger than that of Li", the ion permeability increased when the composition of the
binary-salt solution approached that of a single-salt solution of Mg>" (the equivalent
ratio of Li*/Mg?" from 9/1—>1/9), and vice versa. In addition, although the change in
the equivalent ratio was nearly a hundred times (from 9/1 to 1/9), the ion/ion selectivity
of the different nanochannels of GO20 and GO60 was almost constant (Fig. 2.6e).
Except for the relatively weak electrostatic interactions, the slightly higher selectivity
of GO20 compared to that of GO60 could be attributed to steric hindrance (Fig. 2.6f).
These results indicated that negatively charged membrane nanochannels could

selectively filter Li* over Mg?*, similar to the transport behavior of positively charged
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membranes [51]. Additionally, constructing narrower nanochannels is more beneficial

for realizing enhanced selectivity of counter-ions of Li*/Mg?*.
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Based on the separation results of the negatively charged nanochannels
transporting co-ions and counter-ions, it was observed that the true selectivity of
counter-ions was generally lower than that of co-ions (Fig. 2.7). In the case of co-ions,
the reduction of interlayer spacing induced by decreased O/C is beneficial to the
improvement of CI/SO4* selectivity, whereas the concurrent weakening of
electronegativity had an adverse effect. For counter ions, although the reduction in
interlayer spacing and electronegativity caused by the reduction of O/C were both
beneficial for improving Li*/Mg** selectivity, the selectivity of counter-ions was lower
than that of the co-ions. This finding suggests that the valence and concentration of co-

ions exerted a more significant impact on ion transport compared to counter-ions,
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indicating that the selectivity of different nanochannels was predominantly determined

by the distinctive properties of co-ions and, to a lesser extent, by counter-ions.
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2.3.5 Single-salt performance of GO-PAA membrane with surface charge
modification

To investigate the contribution of the charge and size of the nanochannels on
ion/ion selectivity, the modification on the GO membranes was performed to introduce
a positive surface charge to explore the ion transport behavior in the modified
membranes. Poly (allylamine) (PAA), a common polycation [52], was deposited on the
surface of the GO60 (GO60-PAA) and GO20 (GO20-PAA) membranes as a charge

modification layer through a simple soaking method, in contrast to the pristine GO60
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and GO20 membranes. As shown in Fig. 2.8a, successful surface modification of the
membranes with a positive charge was achieved using PAA. The GO-PAA exhibited
satisfactory structure stability due to strong electrostatic interaction and hydrogen
bonds between GO and PAA. In addition, the average thickness of the GO-PAA
membranes changed from approximately 106 nm to 106.4 nm after soaking in PAA. It
was also demonstrated that PAA was successfully loaded onto the surface of the GO
membranes, owing to the slightly increased thickness of the GO-PAA membranes (Fig.
2.9). Similar to the GO membrane-repelling anions, the surfaces of the GO-PAA
membrane acted as barriers for co-ions (cations) [53] owing to electrostatic repulsion
(Fig. 2.8b). Specifically, cations were propelled through the negatively charged GO
membrane owing to electrostatic attraction, while the GO-PAA membrane considerably
hindered the transport of cations, especially high-valence cations, owing to surface
charge repulsion. Therefore, significant differences were found in the order of salt
permeability before and after the electropositive modification of the GO membranes
(Fig. 2.8¢c-d). For the GO-PAA membrane that suppressed the co-ions (cation) while
attracting counter-ions (anion), the salt permeability order was LiCl = NaCl > Na,SO4 >
MgCl. Compared to the GO membrane with the highest salt permeability for MgCl,,
the GO-PAA membrane was tremendously impeded by its permeation owing to
electrostatic repulsion. Generally, the salt with lower Z*/Z~ would transport faster
within the positive membrane. However, the permeability of Na>SO4 was lower than
that of LiCl and NaCl because of its larger diameter and/or repulsion by the underlying
GO membrane [54], indicating that the underlayer GO membrane still played a role in
transporting ions. The order of salt permeability was consistent for both GO60-PAA
and GO20-PAA, suggesting that electrostatic effects played a more important role than
size. By assessing the ion/ion separation performance of the PAA-modified membranes,
it is necessary to further explore the properties of the membrane nanochannels to

achieve ion/ion selectivity.
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Fig. 2.9 SEM cross-sectional view of GO-PAA membranes with different O/C ratios.
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2.3.6 Selectivity of GO-PAA membranes for co-ions (Li*/Mg**) and counter-ions (Cl
/5047)

The Li"/Mg** selectivity of GO-PAA remained relatively constant regardless of
the property changes of the underlying GO nanochannels and was significantly higher
than that of the GO membrane (Fig. 2.10a-b). Therefore, membrane selectivity was
strongly associated with the surface modification and valence of co-ions, and the
introduction of electrostatic repulsion between ions and the membrane surface proved
advantageous for enhancing selectivity. Meanwhile, the trend of the selectivity change
of the GO-PAA membrane to co-ions of Li"/Mg?* with different equivalent ratios (Fig.
2.10c-d) was consistent with that of the GO membrane to the co-ions of C1/SO4*. The
ion competition was confirmed by the improved selectivity of the GO-PAA membrane
with a larger Mg?" fraction. Therefore, the transport of high-valent ions across the
charged membrane was more severely restrained than that of low-valent ions. In
conclusion, the construction of charge-enhanced nanochannels and/or charge-modified

membrane surfaces improved the selectivity for co-ions.
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PAA membranes; (c) lon permeability, and (d) ion/ion selectivity of cation pair of

GO60-PAA and GO20-PAA membranes with various feed solutions (the charge-

equivalent concentration ratios of Li* and Mg®* (Cpq, 1;+/C 2+) are 9/1, 4/1, 1/1,

eq,Mg

1/4, and 1/9).

The underlying ion/ion selectivity mechanism of the GO-PAA membranes was
further confirmed using counter-ions (SO4>" and CI°). The SO4*7/ClI" selectivity sharply
decreased with a decrease in the O/C ratio of the nanochannel, which could be attributed
to the adverse effects of electrostatic attraction [51] on selectivity (Fig. 2.11a-b).
Positively charged GO-PAA membranes attracted counter-ions (SO4* and CI) via
electrostatic interactions, compromising the selectivity of C1/SO4>" [48]. A decreased
O/C ratio led to a more significant decrease in SO4>/Cl selectivity. Since PAA was
coated for all GO-PAA membranes, the difference of SO4>/ClI  selectivity would be due
to the varied interlayered nanochannels of the GO with different O/C ratios.

Separation of CI1/SO4* by GO20-PAA and GO60-PAA using different ion
compositions was then evaluated. GO60-PAA exhibited increased selectivity when the
equivalent concentration of SO4* became higher while the GO20-PAA remained
relatively constant (Fig. 2.11c-d). CI/SO4* selectivity would be further hindered
ascribed to the narrowed interlayer spacing, leading to the largely increased transport
resistance for both Cl- and SO4>". Hence the differentiation of Cl- and SO4* was further
weakened. In contrast, for the GO60-PAA with larger interlayer spacing, ion
competition was emphasized, leading to faster permeation of CI" with a low valence
and smaller size in the nanochannel compared to SO4* [49]. Therefore, the GO60-PAA
membrane with larger interlayer spacing exhibited increasing ion/ion selectivity with
decreasing equivalent ratio of C1/SO4*, highlighting the contributive of a relatively
large interlayer spacing in the nanochannel for the enhancement of ion/ion selectivity.
It was concluded that the appropriate expansion of the subnanometer channel with a
favorable charge density achieved efficient mass transfer and promising ion/ion

selectivity.
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equivalent concentration ratios of CI" and SO4* (Ceq, c17/Ceq, s02-) are 9/1,4/1, 1/1, 1/4,

and 1/9).

The performance of different GO nanochannels for co-ion separation was
summarized. The ion/ion selectivity versus permeability was plotted to indicate the
favorable characteristics of the nanochannels for separation (Fig. 2.12). When more
charged groups were introduced to the nanochannels (GO membrane with higher O/C
ratio), the co-ions (Cl/SO4>) selectivity was almost constant along with the water
permeability improvement due to the accompanied channel size expanding, implying
more target solutions could be processed without compromising ion/ion selectivity. In
addition, applying a surface coating with abundant positively charged groups (PAA

modification) is a simple strategy to significantly improve counter-ion (Li*/Mg>" for
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GO membrane) selectivity. After oppositely charged modification of the membrane
surface, the co-ion selectivity was enhanced. Therefore, it is concluded that the
difference in electrostatic effects for mono- and di-valent ions plays a more important

role and is more effective in enhancing their ion/ion selectivity within the subnanometer

channel.
102 - -
Cl/s0,* =—= 0/C ratiot
10" 3
102
10 i Li*mMg?* GO
] GO-PAA
1]
10 %AfterPAA modification
10° — T
10’8 107 10 10°

P, (cm?s)
Fig. 2.12 Summary of water permeability and ion/ion selectivity of GO and GO-PAA

membranes.

2.4 Conclusions

In this chapter, there are explored the correlation between nanochannel properties
and the selectivity of single-salt solutes. By manipulating the charge and interlayer
spacing of GO membrane nanochannels, it is investigated that the impact of
electrostatic interactions and steric hindrance on the separation of ion pairs such as
SO4*/CI" and Li"/Mg?". The key findings are as follows: (1) The nanochannel size of
the GO membrane exhibited limited ability to differentiate between hydrated mono-
and di-valent ions, possibly due to the flexibility of nanochannel that cannot strictly
sieve ions based on specific sizes; (2) Electrostatic interactions between mono- and di-
valent ions played a more substantial role within the subnanometer channels, surpassing
the influence of size, thereby enhancing ion/ion selectivity significantly; (3) Emphasis
was placed on the contribution of ion competition in binary solutions to selectivity.

Binary solutions with high concentrations of high-valent ions were observed to be
56



selectively separated more easily. This study highlighted the dominance of electrostatic
interactions over the channel size effect in enhancing ion/ion selectivity. Designing
nanochannels with larger interlayer spacing and an abundance of charges proved
advantageous for efficient single-salt selective processes. These findings not only
contribute to a better understanding of nanochannel selectivity but also provide valuable
insights for the design of two-dimensional membranes, enhancing their performance

across various separation applications.
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Chapter 3

Nanochannel stability of chemically converted graphene oxide

membranes

3.1. Introduction

Recently, multitudinous two-dimensional (2D) materials have been widely applied
to sustainable energy technology and environmental remediation, including graphene
and its derivatives [1], layered metal dichalcogenides (LMDCs) [2], metal oxides and
2D zeolites [3], metal-organic framework (MOF) nanosheets [4], 2D covalent organic
frameworks (2D-COFs) [5] and so on. By tailoring the in- and out-of-plane
nanostructures, 2D materials receive growing interests in many application areas,
including electronic/optical [6], catalysis [7], energy storage [8], and membrane
separation [9]. 2D materials are considered as ideal building blocks to construct
membranes with layered structures owing to the distinct and tunable physiochemical
properties [10]. The interlayered nanoscale space with between stacked nanosheets in
the 2D laminates is ultilized as nanochannels for separation of desired molecules or
ions [11]. In addition, the interlayered nanochannels are facile for implementing
modification and thereby promoting the interactions of the membrane with the
separable contaminants, which induces superb prospects in customizing high-quality
modified membranes [12].

Although the introduction of modifications onto 2D materials potentially allows
for turning the nanochannel performance, the instability of nanochannel membranes
would be unfortunately induced [13], especially in liquid environments. The
modification agents in the laminates may change the intra- or inter-molecule

interactions in the modified nanochannel membranes, leaving impacts on the structure
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stability in liquids. For instance, the modification with higher water affinity would lead
to swelling of laminate structure in aqueous environments [14], weakening the
nanochannel separation precision. Additionally, the uncertainty of external conditions
(e.g., pressure, temperature, and target solution properties) when transporting fluids
may further aggravate the instability of the nanochannels [15]. Therefore, it
significantly restricts the available separation scenarios for nanochannel membranes to
function effectively [16].

Graphene oxide (GO)is one of the most widely used building blocks for
nanochannel membranes [17]. It has been widely demonstrated that GO laminar
membranes contain two main kinds of transport channels: plane-to-plane interlayer
galleries and edge-to-edge slit-like pores [18]. Meanwhile, these transport channels
could be feasibly modified by altering the oxygen-containing functional groups
between GO sheets [19]. Despite the intense study of GO nanochannel membranes for
water purifications, similar to most 2D membranes, the water-instability frustrates the
separation precision of the nanochannels [20]. In general, the swelling phenomenon of
the GO membranes in water originates from the insertion of water molecules that
weaken the hydrogen bonding and n-m interactions between adjacent layers [21]. To
relieve this instability, chemically converting GO to modify its original oxygenated
functional groups and to introduce is a feasible strategy [22, 23]. Different converted
GO membranes have been reported possessing the precisely manipulated nanochannels
for high-performance separation [24]. Nevertheless, how the molecule properties of
conversion agents would affect the stabilization of nanochannels and how effectively
the nanochannel could be stabilized accordingly are rarely studied. Gaining relevant
insights of these would benefit the molecular design of modification agents for feasible
construction of stable GO nanochannel membranes.

In order to systematically investigate the relationships between nanochannel
stability and separation performance rendered by functional conversion agents, there is
report the use of a series of saccharide molecules as agents to chemically modify GO

for the construction of stable nanochannels. Monosaccharide glucose (Glu),
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disaccharide maltose (Glu2), and trisaccharide maltotriose (Glu3) are chosen because
they can function as reducing agents with the same reducing end in their molecules.
They can convert GO with controlled reduction of oxygenated functional groups.
Meanwhile, the saccharide molecules would be possibly attached to GO nanosheets
during chemical conversion process and retained in the stacked laminate membrane as
an intercalating molecule, which may also induce effects on the stability state of
nanochannels. Therefore, the conversion of GO nanosheets using these different
reducing agents would possibly lead to different nanochannel environment. A series of
GO membrane nanochannels with different reduction and intercalation were
systematically analyzed and compared to relate the saccharide molecular properties
with nanochannel stability. It is expected to provide certain insights into the

stabilization process of nanochannels and the selection of modifying agents.

3.2 Experimental
3.2.1 Materials

Maltose monohydrate, and Maltotriose (> 90%) were obtained from Sigma-
Aldrich Co. LLC (St. Louis, MO, USA). Glycerol (99.0%), D-(+)- sucrose (=>99.0%),
and D-(+)-raffinose pentahydrate (> 98.0%) were obtained from Tokyo Chemical
Industry (TCI) Co., Ltd., Japan. And other chemicals used in this work were same as

Chapter 2.

3.2.2 Preparation of GO, Glu/GO, Glu2/GO, and Glu3/GO membranes

The GO, Glu/GO, Glu2/GO, and Glu3/GO membranes were prepared by vacuum
filtration [25]. The precursor suspension of the GO membrane is a 10 mL aqueous
suspension containing GO (0.15 mg) and 28% ammonia solution (40 pL). In addition,
the pre-suspension of Glu/GO, Glu2/GO, and Glu3/GO membranes are 10 mL aqueous
suspension including GO (0.15 mg), 28% ammonia solution (40 pL), and reducing
sugar. After uniformly mixed, the suspensions were then placed in a water bath at 94.5

°C for 20 min. Subsequently, the precursor suspensions were diluted with deionized
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water to 300 mL and sonicated in an ice-water bath for 5 min. Finally, the above
solution was vacuum-filtered onto a nylon substrate to prepare the GO, Glu/GO,
Glu2/GO, and Glu3/GO membranes. The fabricated membranes were then dried in a
desiccator for 24 h at room temperature. Taking Glu as an example, Glu/GO-0.4,
Glu/GO-2.1, Glu/GO-4.3, Glu/GO-8.5, and GIlu/GO-17.0 represent the addition
amounts of Glu as 0.4, 2.1, 4.3, 8.5, and 17.0 pmol.

3.2.3 Characterization

The retention of neutral molecules and intercalation amount were measured by
total organic carbon (TOC) analyzer (TOC-VCSH, Shimadzu, Kyoto, Japan). The
evaluation of chemical compositions and interlayer spacing of GO, Glu/GO, Glu2/GO,

and Glu3/GO membranes were the same as in Chapter 2.

3.2.4 Membrane performance

The desalination performance of GO, Glu/GO, Glu2/GO, and Glu3/GO
membranes were determined by a cross-flow device (flow rate: 10 mL min™, effective
membrane surface area 7.06 cm?), as reported previously [26]. The deionized water
used in the experiment was provided by a Milli-Q water system (Merck Millipore,
Darmstadt, Germany). Subsequently, the GO membranes were pre-compacted to
stability at a pressure of 10 bar and then tested at a transmembrane pressure of 10 bar.

Finally, the water permeance (4, L m™ h™! bar!") was calculated by Equation 3.1:

AV
T A XAtXAP (.1)

where AV is permeated volume (L), A is the effective membrane area (m?), A¢ is
test time, and 4P indicates transmembrane pressure (bar).

NaCl and Na;SO4 aqueous solution at the same concentration (2000 ppm) were
prepared to evaluate the separation performance of GO, Glu/GO, Glu2/GO, and
Glu3/GO membranes. In addition, the electrical conductivity of the samples on the feed

and permeate sides were measured using a conductivity meter (Ultrameter IITM 4P,
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Myron L Company, Japan). The retention of the salts (R) was determined using

Equation 3.2:
R(%) = (1 _ (f—p) x 100% (3.2)
f
where C, and Cf represent the solute concentrations of the permeate and feed

sides.

3.2.5 Determination of molecular weight cutoff (MWCQO) values and pore size
distribution

The separation of neutral molecules of the GO, Glu/GO, Glu2/GO, and Glu3/GO
membranes was evaluated using glycerol (92 Da), glucose (180 Da), sucrose (342 Da),
and raffinose (504 Da) with the same concentration (1000 ppm). The experimental
conditions and retention calculations same as those for retention tests for single salts
were followed. Here, C, and Crare the neutral molecule concentrations (determined by
a total organic analyzer, TOC-VCSH, Shimadzu, Japan) of the permeate and feed sides,
respectively.

According to some assumptions, the pore size distribution curve is represented as
a probability density function: (1) there are no steric or hydrodynamic interactions
between the solute and the nanochannels; (2) the mean pore size (i,, nm) of membranes
is equal to the Stokes radius (d,,, nm) of the organic solute when the retention is 50%;
(3) the distribution of membrane pore size is expressed by the geometric standard

deviation of the probability density function curve, as shown in Equation 3.3 [27]:

dR(d 1 Ind, —Inu,)?

(dy) = exp —( 2 'l:p) l (3.3)
ddp dp In o'p\/ 21T 2 (ln O'p)

where the geometric standard deviation (o,) is determined by the ratio of the

Stokes radius (d,, nm) at a retention of 84.13% to the mean pore size (d,, nm) with a

retention is 50%.

The Stokes radii (r;,) of different neutral organic solutes related to their molecular

weights (Mw) was obtained by Equation 3.4:
log(r,) = —1.4962 + 0.4654log(My,) (3.4)
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According to the above, the Stokes radii of glycerol, glucose, sucrose, and

raffinose were approximately 0.261, 0.359, 0.462, and 0.538 nm, respectively.

3.3 Results and discussion
3.3.1 Characterization of GO membranes reduced with different reducing sugars
The nanochannels of GO membranes could be chemically modified by glucose
(Glu), maltose (Glu2), and maltotriose (Glu3), respectively. The modification of GO
nanochannel membranes is mainly attributed to the chemical properties (as reducing
agents) and physical properties (as intercalation materials) of Glu, Glu2, and Glu3 (Fig.
3.1a). On the one hand, the oxygen-containing functional groups on the GO nanosheets
would be removed due to Glu, Glu2, and Glu3 possessing a similar reducing end of the
hemiacetal groups [9, 28]. On the other hand, reducing sugars may serve as intercalation
materials to stay between adjacent GO nanosheets due to hydrogen bonding [29] and
confined nanochannels [30]. After the reduction process, the O/C ratios of Glu/GO,
Glu2/GO, and Glu3/GO were decreased to 0.47, 0.38, and 0.40, respectively (Fig. 3.1b).
Compared with pristine GO membranes, the reduced O/C ratios and weakened C-O
peaks are attributed to the removal of oxygen-containing functional groups [31], which
proves that GO nanochannels are modified successfully by different reducing sugars.
Meanwhile, the discrepancy in the O/C ratio values of Glu/GO, Glu2/GO, and Glu3/GO
membranes is mainly owed to the different modifications of oxygen-containing
functional groups in the nanochannels [32] by various reducing sugars. In addition, the
deformation of the nanochannels was observed through the XRD patterns of different
GO membranes (Fig. 3.1c¢). After the treatment with reducing sugars, the laminar
nanochannels became narrower based on the shift of characteristic peaks toward a
higher degree [33]. According to Bragg’s law [34], the interlayer spacings of GO,
Glu/GO, Glu2/GO, and Glu3/GO membranes are 7.8, 7.4, 7.3, and 7.7 A, respectively
(Fig. 3.1d). The interlayer spacings of GO membranes introduced with reducing sugars
are narrower compared with pristine GO membranes, which is ascribed to the reduced

number density of functional groups in the plane and edges of nanosheets [35].
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Compared with Glu/GO and Glu3/GO membranes, the Glu2/GO membrane reasonably
possesses the narrower interlayer spacing due to its relatively low O/C ratio. However,
the interlayer spacing of Glu3/GO is slightly larger than that of Glu/GO, an opposite
trend to the O/C ratios, which may be due to the stay of maltotriose with larger
molecular size in the neighbor GO nanosheets would hinder the shrinkage of the
nanochannel. It can be concluded that Glu, Glu2 and Glu3 achieved chemical
modification of GO nanochannels successfully. However, the reduction ability and
intercalation behaviors of Glu, Glu2, and Glu3 are different although their have the

same equivalent reducing end.
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Fig. 3.1 (a) Schematic of GO nanochannels modified with glucose (Glu), maltose
(Glu2), and maltotriose (Glu3); (b) Cls of XPS spectra, (c) XRD diffraction patterns,
and (d) interlayer spacing of GO, Glu/GO, Glu2/GO, and Glu3/GO membranes. The

additional amounts of glucose, maltose, and maltotriose are uniformly 2.1 pmol.
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3.3.2 Stability of GO, Glu/GO, Glu2/GO and Glu3/GO membranes

To investigate the structural stability of nanochannels, the permeance of GO,
Glu/GO, Glu2/GO, and Glu3/GO membranes during the operating process was
evaluated. Generally, the GO membranes cannot maintain stability underwater mainly
originating from the interaction between oxygen-containing functional groups and
water molecules/ions, which leads to the laminate being rather sensitive to external
conditions [23]. As shown in Fig. 3.2a, the GO membranes will undergo swelling
induced by cations when the external solution changes from DI water to salt solutions,
resulting in a sharp expansion of the nanochannels. Subsequently, the instability of the
nanochannel is gradually mitigated due to the compaction of the membrane structure
under the driving pressure. As displayed in Fig. 3.2b, the permeance of the pristine GO
membrane increases significantly after the feed solution is changed to Na>SO4 because
the cation-m interactions between Na' and oxygen-containing functional groups were
generated once hydrated Na enters the nanochannels [36]. This unfavorable strong
interaction results in expanded interlayer spacing and allows water molecules to
transport with lower resistance. Immediately, there was almost no fluctuation in
permeance when the target solution was replaced with NaCl since the interlayer spacing
of the GO membrane was not affected by different anions (CI~ and SO4>") [37].
Therefore, the stability of the GO nanochannels could be reflected to a certain extent
by changes in permeance. In order to systematically explore the transition of
nanochannels from unstable to stable states, GO membranes with a series of reducing
sugar additions were measured (Fig. 3.2c-e). In general, the transition of permeance
from water to salt solution gradually weakens as the amount of reducing sugar increases,
indicating that the Na-induced swelling of the nanochannels could be effectively
impeded. For the Glu/GO membrane, the swelling of the nanochannels was effectively
inhibited when the amount of glucose exceeded 4.3 pmol, which may be attributed to
the appropriate reduction of oxygen-containing functional groups on the GO nanosheets
(Fig. 3.2¢) [38]. Glu2/GO obtained satisfactory and stable water and salt permeance

when the addition amount was 2.1 umol, which was earlier than that of Glu/GO
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membrane (Fig. 3.2d). Surprisingly, the Glu3/GO membrane has reached a stable
permeance at the amount of maltotriose is 0.4 pmol (Fig. 3.2¢). However, the instability
of the Glu3/GO nanochannel membrane reappeared when the amount of maltotriose
was 17 pmol. Therefore, although glucose, maltose, and maltotriose possess the same
equivalent of reducing ends, the permeance of Glu/GO, Glu2/GO, and Glu3/GO
membranes exhibit different changing trends. It is concluded that the properties of
reducing sugars including reducing ability, molecular size, and interaction with GO

nanosheets need to be considered for the construction of stable nanochannels.
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Fig. 3.2 (a) Schematic of nanochannel deformation of GO membranes during operating,
(b) permeance of pristine GO membrane, (c-¢) permeance of Glu/GO, Glu2/GO, and

Glu3/GO membranes with different reducing sugar additions.

3.3.3 Performance of GO, Glu/GO, Glu2/GO and Glu3/GO membranes
In addition to stability, separation performance is an important index to evaluate

the nanochannels. As the amount of reducing sugar increases, the water permeance

decreases reasonably due to the oxygen components being removed continuously [39].

The water permeance of Glu/GO membrane decreased slightly with the increase of
reducing sugar introduction attributed to the mild reductive ability of glucose (Fig. 3.3a)
[40]. Meanwhile, the retention of salts are improved especially for NaCl due to the

narrower nanochannels. In addition, Glu2/GO and Glu3/GO membranes also revealed

a similar tendency, which proves that Glu, Glu2, and Glu3 with the potential to regulate
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nanochannels and thereby improve separation performance (Fig. 3.3b-c). However,
there are differences in the modification of nanochannels by Glu, Glu2, and Glu3. For
Glu/GO and Glu3/GO membranes, the water permeance decreased weakly in the initial
stage when the amount of reducing sugar was less than 8.5 pmol, and then decreased
significantly when the amount reached 17 pmol. Different from them, the water
permeance of Glu2/GO membrane exhibits a continuous and significant decrease. This
indicates that Glu2 could satisfactorily adjust the permeability properties of
nanochannels, which may be due to its stronger reducing ability and appropriate
molecular size. In addition to water permeance, the retention of Na>SO4 and NaCl is
indispensable for evaluating membrane performance. Among them, the retention of
NaxSOs4 of Glu/GO and Glu3/GO membranes is always maintained at around 80 % as
the amount of reducing sugar increases, while the retention of Glu2/GO membrane
satisfactorily above 90%. Specifically, when the amount of Glu2 added exceeds 2.1
umol, the Na>SOs retention rate has been stably regulated to more than 91.2 %
accompanied by changes of water permeance. In addition, the NaCl retention of
different GO membranes gradually increased as well as Glu2/GO had a higher and
rapidly enhanced retention. The progressive decrease in the retention difference
between Na>SOs and NaCl is attributed to improvements in steric hindrance that
generally more severely impedes the transport of NaCl [9]. In addition, the salt retention
of Glu2/GO membrane is always higher than that of the Glu/GO and Glu3/GO
membranes, proving that Glu2 with the ability to adjust GO nanochannels stably and
efficiently. Therefore, maltose with moderate size and two glucose units exhibits

satisfactory feasibility in regulating nanochannels.
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Fig. 3.3 Water permeance and salt retention of (a) Glu/GO, (b) Glu2/GO, and (c)
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Glu3/GO membranes with different reducing sugar additions.

3.3.4 Nanochannel properties of GO, Glu/GO, Glu2/GO and Glu3/GO membranes
The specific behavior of nanochannel deformation induced by reducing sugars was
analyzed for the construction of stable GO separation membranes. The O/C ratio
decreases with the enrichment of reducing sugar content, proving the continued
reduction of oxygen-containing functional groups (Fig. 3.4a) [41]. In addition, Glu2
and Glu3 would expose more reducing ends due to the possible partial hydrolysis of
polysaccharides at high temperatures [42]. However, the sufficient reaction between
large-sized Glu3 and GO nanosheets is limited due to the of more severe steric
hindrance [43, 44]. Therefore, the O/C ratio of the Glu2/GO membrane is reasonably
lower than that of the Glu/GO and Glu3/GO membranes, proving that Glu2 with a
higher reducing ability and induces more oxygen-containing functional groups to be
removed. Subsequently, the interlayer spacing as an important indicator for evaluating
GO nanochannels was emphasized (Fig. 3.4b). With the amount of reducing sugar
increases, the positions of the characteristic peak of Glu/GO, Glu2/GO, and Glu3/GO
membranes shift to larger, unchanged, and smaller 20 values, respectively (Fig. 3.5).
According to Bragg's law [34], the interlayer spacing of Glu/GO, Glu2/GO, and
Glu3/GO membranes decreases slightly, remains unchanged and increases significantly,
respectively. Generally, the interlayer spacing gradually narrows with the removal of
oxygen-containing functional groups. However, the interlayer spacing of Glu2/GO did
not decrease although Glu2 exhibited significant reducing ability, which is attributed to
the intercalation of reducing sugars within the nanochannel. Meanwhile, the interlayer
spacing of Glu3/GO is gradually expanded due to the Glu3 with larger size inhibiting
the shrinkage of the nanochannel severely. Additionally, the interlayer spacing of a GO
membrane in a wet condition can be significantly larger than that in a dry condition
because there is a high tendency to absorb water and swell in aqueous environments
[37]. With the amount of reducing sugar increases, the difference of interlayer spacing

between wet and dry conditions of the GO membranes reduction induced by different
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reducing sugars gradually decreases, which indicates that the swelling phenomenon is
gradually mitigated, especially for the Glu2/GO membrane. Furthermore, molecular
weight cutoff (MWCO) curves of Glu/GO, Glu2/GO, and Glu3/GO membranes were
obtained from the retention results of neutral organic solutes with varying molecular
weights. Afterward, the probability density function curves were determined,
representing the effective mean pore diameters of GO, Glu/GO-2.1, Glu2/GO-2.1 and
Glu3/GO-2.1 membranes were 0.31, 0.31, 0.27 and 0.32 nm, respectively (Fig. 3.4c).
Glu and Glu3 exhibit similar ability of nanochannel tuning according to nearly identical
effective mean pore diameters of Glu/GO and Glu3/GO. Meanwhile, the pore sizes of
Glu/GO and Glu3/GO are consistent with pristine GO membrane probably due to their
weak reducing ability and intercalation within nanochannels. Compared with them, the
effective mean pore diameter of Glu2/GO is significantly narrower, meaning that Glu2
can respond efficiently in regulating nanochannels. Glu2 not only ensures the effective
adjustment of nanochannel size but also has satisfactory anti-swelling properties (Fig.
3.4d). With the enrichment of reducing sugars, the swelling ratio of the different
membrane gradually decreases attribute to the reduction of oxygen-containing
functional groups that induce the intercalation of water molecules [23]. The swelling
ratio of the Glu2/GO membrane is obviously lower than that of Glu/GO and Glu3/GO
membranes, certifying Glu2/GO with competitive and stable nanochannels. Although
it has been demonstrated that reducing sugars serve as intercalation materials to stay
between adjacent GO nanosheets, the effect of the intercalation amount of sugars on
the nanochannels needs to be evaluated (Fig. 3.4e). With the addition amount increases,
the intercalation amount slightly increases but is much less than complete intercalation,
as well as the intercalation amounts of Glu, Glu2, and Glu3 are similar. Combined with
changes of interlayer spacing, reducing sugar (Glu3) with larger molecular sizes would
induce the expansion of the nanochannels and thus weaken the interlayer interactions,
which may lead to the instability of the nanochannels. Therefore, Glu2 may be more
appropriate and high-efficiency to be applied to construct stable and adjustable

nanochannels compared with Glu and Glu3.
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Fig. 3.5 XRD diffraction patterns of GO, Glu/GO, Glu2/GO, and Glu3/GO membranes

under dry and wet conditions.

3.3.5 The stability of Glu2/GO membrane under different nanochannel environments

In order to further evaluate the stability of the nanochannels of the Glu2/GO
membrane, different external environments were established. With the concentration of
NaxSOs increases from 500 ppm to 5000 ppm, the permeance and retention of the GO
membrane decrease simultaneously (Fig. 3.6a). The decrease of permeance is attributed
to the osmotic pressure of water increases, leading to aggravated concentration
polarization and severely weakening the mass transfer driving force [45]. Meanwhile,
the greater charge shield effect induced by Na™ with the salt concentration increases,
which would lessen the Donnan effect and thus reduce the retention of NaxSO4 [46]. In
contrast, the introduction of Glu2 effectively prevents the serious loss of performance
caused by the enhancement of concentration (Fig. 3.6b). Therefore, During the
concentration range of 500-5000 ppm, the Glu2/GO-2.1 membrane was quite stable and
without hysteresis curves [47]. The effect of operating pressure on the separation
performance of the GO and Glu2/GO-2.1 membranes are presented in Fig. 3.6c-d.
Glu2/GO revealed superb mechanical strength of nanochannels according to
satisfactory robustness against high pressure [48]. This excellent pressure resistance
originates from the mitigation of swelling and the intercalation of sugar within the
nanochannels. Unfortunately, the desalination performance of GO membranes
deteriorates sharply under high-pressure conditions due to the swelling of flexible GO
nanochannels. Additionally, the temperature would also show an influence on GO
membrane performance (Fig. 3.6e-f). The retention of Na;SOs improves with the
increase of temperature primarily due to the degree of hydration of the functional
groups on the membrane changing gradually. Specifically, the Stokes radius of the
carboxyl group located at the edge of GO nanosheets increases with the higher
temperature, which may be beneficial to promoting the separation of Na>SO4 [49].

Besides, the enhancement of permeance is accompanied by increased temperature,
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which is mainly attributed to the strengthening of Brownian motion and the lower water
viscosity [39]. As the temperature increases, GO and Glu2/GO membranes exhibit
similar and reasonable performance trends. However, when the temperature decreases,
the GO membrane exhibits an obvious hysteresis curve and the Glu2/GO membranes
maintain excellent stability. Following this, the mechanical stability of GO membranes
under different flow rates was evaluated. During the cycle of flow rate (10-50 mL min
1, the permeance of the GO membrane first stabilized and then increased slightly (Fig.
3.6g). This instability may be due to the delamination of GO nanosheets by shear force
in the cross-flow system [38]. In contrast, the Glu2/GO membrane exhibited excellent
integrity while maintaining remarkable Na>SO,4 retention and stable permeance in a
flow rate of 50 mL min™' (Fig. 3.6h). Therefore, the GO nanochannel regulated by Glu2

possesses satisfactory concentration, pressure, temperature and flow rate stability.

78



‘% 8 GO 80 "—; 8 2. Concentration decrease
=] 2. Concentration decrease 2 @é- - -ﬂ- - —a- -‘:?T_—:a 100
- — -
=6 - 60 A = 6 A
o~ O@_ A B £ G o o~ 1. Concentration increase I 80 2
£ @--0---7Es Q) 8 £ e
=1 4 1. Concentration increase [40 g =1 4 6o g
3 =
§ 8 _":—g\:—m = ‘:‘9. § = Q
@ 2 . T A (20T g21 Glu2/G0-2.1 [20 =
E . . E JBB-B--A--- B,
2 "0 1000 2000 3000 4000 5000 G "0 1000 2000 3000 4000 5000
c Concentration of Na,SO, (ppm) d Concentration of Na,SO, (ppm)
< 8
E 8 GO 100 § E B* ) 2. Pressure decrease 100 §
3 g 3 B-aax | 8
- 80 S < o 3
= 64 .w:,:easB = =644 Pressure increase r80 =
i Q pres®y s g
£ A, 160 £ 6o
dd-- A ,’O b ‘g_—té 9- i4- 90\
o A AT w0 Z @ 40 &
e éﬁ” " 2 "W
2 e "~ zm
% es;m/e e°‘°a§Q 3 200§ 6lu2160-2.1 |20 O
E pr 415t asose | 3
) . . . , . 0 — ) 0 —
o 0.5 10 15 20 25 30 35 o 0.5 1.0 1.5 2.0 2.5 3.0 3.5
e Pressure (MPa) f Pressure (MPa)
T8 100 T4
1% Appl 8000008
< 2y -7 r80 S - 5
= 610~ = = 3 g0 =
o o ~ o
'E 1. Temperature increase lep = £ =
o ;60 ©
dd" -——-G)""ﬁ -Zu = 24 Glu2/60-2.1 'z"
9 - ; r40 & @ L0 ©
c g A--- _A " g 2. Temperature decrease o
s 21 - o g1~ — o)
1] — r20 & b -_»Q"‘"A Log S
£ 2. Temperature decrease — £ Q - -Q‘ - .
E 0 0 :5_‘:‘ E 0 1. Temperature increase 0 __35
o 30 40 50 60 o 30 40 50 60
Temperature (°C Temperature (°C
P h p
<4 <4
— A A ™ A
] PR GO -100@ «© +100 @
8 {TA A g 3 OB A =
= 34 G_"@"“O' ———————————— A [0 = =3 L0 2
o~ [=] ~ []
'E 2. Flow rate decrease _ _:;*a = 'E =1
— i r60 o +60 ©
221 Q--B-T0 > =2 Glu2/GO-2.1 =
o -7 — L
g A 1. Flow rate increase 40 h?; § 2. Flow rate decrease 40 n?n
g 200 §' &--8 0 (200
r IN - R~ R S
E o E é —_— -
o 0 0 = o 0 1. Flow rate increase o =
o 10 20 30 40 50 o

10 20 30 40 50
Flow rate (mL min™) Flow rate (mL min™)

Fig. 3.6 Effect of (a-b) Na>SO4 concentration, (c-d) pressure, (e-f) temperature, and (g-

h) flow rate on membrane stability.

To further evaluate the performance of the as-prepared Glu2/GO membrane, a

long-term trial of 36 days was conducted to treat 2000 ppm Na>SOj solution (Fig. 3.7).
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As the operation time increases, both the permeance and retention change within a small
range. In general, the permeance decreased slowly while the Na>SOj retention increased
slightly mainly due to compaction of the nanochannel and/or leakage of intercalation
material (Glu2). Furthermore, the stable high value of the retention suggests that the
Glu2-modified GO nanochannel could suppress swelling and enhance the rigidity of
GO nanochannel, allowing it to withstand high operation pressure over one month

without damage.
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Fig. 3.7 Long-term stability of Glu2/GO-2.1 membrane.

3.4 Conclusions

Stable nanochannels were successfully constructed using a series of saccharide
molecules as agents to chemically modify GO. The properties and concentration of
reducing sugars were proved to be crucial factors in affecting the stability and
nanochannel structure of GO membranes, thereby leading to the variation of
desalination performance. It was proved that maltose (Glu2) exhibits satisfactory
ability to regulate the stability and size of nanochannels. On the one hand, Glu2 with
higher reducing ability could effectively control the density of oxygen-containing
functional groups in the nanochannel. On the other hand, appropriate Glu2 as an
intercalation material coupled with nanochannels ensures excellent Na>SOj4 retention
while maintaining stability. In addition, Glu2/GO nanochannel membranes have superb
stability against different extreme external environments (concentration, pressure,

temperature, flow rate). These promising results presented that the chemical molecules
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with appropriate properties to mediate GO nanochannels have great potential and
feasibility for the construction of 2D laminated membranes with stable and high

separation performance.
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Chapter 4

Confined and mediated intercalation of nanoparticles in
graphene oxide membrane to fine-tune desalination

performance

4.1. Introduction

Atomic thickness, mechanical robustness, and ease of functionalization mark two-
dimensional (2D) nanosheets as promising materials for manufacturing separation
membranes [1]. Graphene oxide (GO) is widely used to construct thin laminated
separation membranes because of its high-aspect-ratio geometry and high
processability [2]. This interlocked and layered structure of GO laminates with sub-
nanometer interlayer spacings was found to be capable of blocking the diffusion of
small molecules while allowing the unimpeded permeation of water [3]. Additionally,
the controlled preparation of GO can be implemented by modifying the degree of
oxidation, functional groups, and lateral size, providing straightforward strategies for
the enhancement of membrane performance [4]. In view of the aforementioned merits,
GO-based membranes with precise and fast molecular transport properties are
applicable to a wide range of membrane processes, including gas separation [5] and
water treatment [6-8].

The membrane pore properties are key to effective separation. The interlayer
spacing between two adjacent GO nanosheets is the main transport channel and a key
factor in determining the separation performance of GO membranes [9]. Although GO
membranes with lamellar structures exhibit considerable performance in the water
separation process, the separation efficiency is limited owing to the relatively high

transport resistance rendered by the densely packed structure [10]. Therefore, the
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intercalation of zero- [11], one- [12, 13], two- [14], and three-dimensional [15]
nanomaterials in GO-based membranes to prepare composite membranes has been
explored to expand the interlayer spacing for faster water transport. However, such
expanded interlayer spacings generally result in the separation of relatively large-sized
solutes (e.g., dye molecules) and are rarely capable of removing small salt solutes (such
as ions) from water [16]. The main reason for the unsatisfactory ion permeability of
such composite membranes is considered to be the serious swelling of GO interlayers
in water, which is exacerbated by the intercalated materials. As GO contains abundant
hydrophilic-oxygen-containing functional groups, water molecules can easily penetrate
the interlayer space and lead to swelling [17]. In addition, the uncontrollable nature and
unevenness of intercalated materials interfere with the ordered stacking of GO sheets,
thereby causing an over-extended layer spacing and exacerbating swelling [18].
Consequently, endowing composite GO membranes with outstanding water stability
while achieving high permeance with precise rejection is crucial.

Herein, there is propose a confined and intercalation-mediated strategy to integrate
nanoparticles into laminar GO membranes for improved desalination performance.
Highly confined GO interlayers are necessary to avoid the loosening of the structure of
the GO framework and to limit excessive interlayer expansion by the intercalated
materials. In addition, using intermediates to improve the compatibility of intercalation
materials and GO nanosheets is necessary to uniformize the nanoparticle distribution
and prevent nanoparticle aggregation, which results in interlayer defects. In this study,
solution-processable reduced GO (rGO) nanosheets and graphene quantum dot-
mediated silver nanoparticles (GQD-Ag) were employed as the main framework and
intercalation material, respectively, to obtain controllable interlayers for ion rejection.
The chemical reduction of GO is a typical method for alleviating the instability of the
framework in water. rGO membranes exhibit a compact layer spacing owing to the
enhanced n-m and hydrophobic interactions that can alleviate hydration [19] between
adjacent nanosheets. Subsequently, GQD-Ag nanoparticles with an appropriate size,

superior dispersion, and excellent compatibility with rGO were applied as an
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intercalation material. The GQDs exhibited a minimal size and properties similar to
those of GO [20], making them promising for an intermediate role in nanoparticle
intercalation in GO. With such confined and mediated intercalation, the composite GO
membrane should exhibit improved water permeance and salt solute rejection.
Additionally, Ag nanoparticles are expected to exhibit promising antibacterial activity

[21] under the synergistic antibacterial effect of GQD and rGO.

4.2 Experimental
4.2.1 Materials

The GQD suspension (1 mg mL™! in H>0), and sodium hydroxide solution (NaOH,
4 mol L") were purchased from Sigma-Aldrich Co. LLC (St. Louis, MO, USA). GQD
displayed typical disk-shaped structure with a topographic height of 1-2 nm and
diameter of approximately 5 nm. Silver nitrate (AgNO3, 99.8%), nitric acid (HNOs3,
8%), and 25% glutaraldehyde solution were obtained from FUJIFILM Wako Pure
Chemical Industries Co. Ltd. (Osaka, Japan). E. coli (NBRC3301) was purchased from
the Biological Resource Center at the Japanese National Institute of Technology and
Evaluation (Tokyo, Japan). Tryptic soy broth (TSB) purchased from Becton, Dickinson,
and Company (NJ, USA) was used to culture the bacteria. SYTO™ 9 (from Life
Technologies, CA, USA) was used to stain bacteria. And other chemicals were the same

as previous chapters.

4.2.2 Synthesis of rGO, GOD-Ag, and Ag nanoparticles

rGO was synthesized using glucose as a green reduction agent. Before reduction,
a 10 mL aqueous suspension containing GO (0.15 mg), glucose (1.5 mg), and 28%
ammonia solution (40 pL) was uniformly mixed. The precursor suspension was then
placed in a water bath at 94.5 °C for 60 min for the reduction process. GQD-Ag was
synthesized according to a previous report [22]. Aqueous AgNO3 (30 mL, 0.25 mg mL"
1) was thoroughly mixed with GQD (30 mL, 0.25 mg mL™). Subsequently, NaOH

solution (8 mL, 4 mol L") was added dropwise, and stirring continued at 80 °C for 20
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min. Meanwhile, Ag nanoparticles without GQD for the control experiments were
similarly prepared following the above protocol, without the addition of GQD. The
nanomaterials prepared for comparison were designated as Ag nanoparticles, and their

chemical compositions were not determined.

4.2.3 Preparation of rGO-based membranes

Pristine GO and rGO membranes intercalated with GQD, GQD-Ag, and Ag
nanoparticles (denoted as GQD/rGO, GQD-Ag/rGO, and Ag/rGO, respectively) were
prepared by vacuum filtration [23]. Before filtration, the mixture of rGO solution and
different intercalation materials (the mass ratio of intercalation materials to GO was 0.8)
was diluted with deionized water to 300 mL and sonicated in an ice-water bath for 5
min. The above solution was then vacuum-filtered onto a nylon substrate. The prepared
membranes were then dried in a desiccator for 24 h at room temperature. GQD/rGO
and GQD-Ag/rGO membranes with intercalation material mass ratios of 0.1, 0.2, 0.5,

0.8, 1, and 2 were also prepared using the same method.

4.2.4 Preparation of GO, GOD/GO, and Ag-rGO membranes

A 10 mL aqueous suspension of the GO membrane was prepared by evenly mixing
GO (0.15 mg), glucose (1.5 mg), and 28% ammonia solution (40 pL). A 10 mL aqueous
suspension of GQD/GO (the mass ratio of GQD to GO was 0.8) consisting of GO (0.15
mg), glucose (1.5 mg), GQD (0.12 mg), and 28% ammonia solution (40 pL) was
prepared. A 10 mL aqueous suspension of Ag-rGO (the mass ratio of AgNO3 to GO
was 0.8) was prepared by mixing GO (0.15 mg), glucose (1.5 mg), AgNO3 (0.12 mg),
and 28% ammonia solution (40 pL). The mixture was then placed in a water bath at
94.5 °C for 60 min for reduction. Finally, the prepared suspensions were treated using

the aforementioned method and applied to prepare GO-based membranes.
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4.2.5 Characterization
The morphologies of the GQD and GQD-Ag were observed by field-emission
transmission electron microscopy (FE-TEM) (JEM-2100 F, JEOL Ltd, Japan). The

membrane characterization was the same as previous chapters.

4.2.6 Desalination performance

The separation performance of rGO-based membranes was explored using a cross-
flow membrane cell (flow rate: 6 mL min™!, effective membrane surface area 7.06 cm?),
as reported previously [24]. And the water permeance and salts rejection evaluating

were stated in previous chapters.

4.2.7 Determination of molecular weight cutoff (MWCO) values
The MWCO of the GO membranes was evaluated by neutral solutes transport

model, which were listed in chapter 3.

4.2.8 Assessment of antibacterial activity

The antifouling performance of the membranes was assessed using static bacterial
adhesion and diffusion inhibition zone tests [25]. The first step was bacterial cultivation.
E. coli was dispersed in TSB solution (30 g L™!, 20 mL) and shaken at 37 °C, 120 rpm
for 12 h. Subsequently, 0.4 mL of the E. coli suspension was transferred to 20 mL of
sterilized TSB solution for further cultivation for 4 h. Finally, the bacterial
concentration was diluted to an optical density of 0.05 by UV spectrophotometer (V650,
Jasco, Japan). The second step was sample preparation. The membranes were cut into
rectangles (2 cm % 1 cm) and circles (1 cm diameter) for the bacterial adhesion and
diffusion inhibition zones, respectively. For bacterial adhesion in static state
experiments, the samples were immersed in 2 mL of bacterial solution with an optical
density of 0.05 and incubated at 37 °C and 120 rpm for 24 h. Then, the sample
membranes were thoroughly washed with NaCl solution (0.85 wt%) and the adhered

bacteria were stained by SYTO™ 9 (0.15 uL mL™"). The stained samples were then
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transferred to 2 mL of 2.5% glutaraldehyde in 0.85 wt% NaCl solution for fixation in
the dark for 3 min. Finally, the experimental results were observed using confocal laser
scanning microscopy (CLSM) (FV1000D; Olympus Corporation, Japan). For the
diffusion inhibition zone test, 200 uL. of the bacterial suspension (optical density of
0.05) was smeared evenly on agar plates. The sterilized circular samples were then
placed in the middle of an agar plate and cultured at 37 °C for 24 h. Finally, the

inhibition zone was observed around the membrane samples.

4.2.9 Measurement of the releasing rate of Ag ions

The release of Ag" from the GQD-Ag/rGO membranes was assessed using batch
experiments. A membrane sample with an area of 4 cm? was immersed in deionized
water (40 mL), sealed, and placed on an orbital shaker at 100 rpm. The same volume
of deionized water was then replaced every 24 h. Finally, the Ag" concentration of the
water sample was analyzed by inductively coupled plasma atomic emission
spectroscopy (ICP, Optima 7000 DV ICP-OES, Perkin Elmer, USA) after acidification
with 1% HNO:s.

4.3 Results and discussion
4.3.1 Synthesis and intercalation of mediated nanoparticles

rGO membranes with confined and tunable interlayer spacings were designed to
exclude ions from water. Original GO-based membranes exhibited low rejection
(32.7%) of NaSOs4 (Fig. 4.1a), resulting from excessive intercalation of water
molecules, which highlights the prerequisite of interlayer confinement. Conversely,
rGO-based membranes can effectively prevent swelling and enhance the steric
hindrance of ions, to deliver a high Na>SOs rejection of 97.0%. Hence, rGO laminates
are promising for use in confined intercalation of nanoparticles. Fig. 4.2a illustrates
rGO-based membranes intercalated with different materials. GQD and GQD-Ag were
introduced into the rGO laminates to increase the interlayer spacing for lower transport

resistance. From the transmission electron microscopy (TEM) image observations,
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GQD exhibited typical disk-shaped structures with diameter of approximately 5 nm,
while the synthesized GQD-Ag showed a composite GQD and Ag nanoparticle
morphology, with a uniform size of approximately 25 nm (Fig. 4.2b). Considering the
nanosize of GQD, Ag nanoparticle in GQD-Ag should possess a similar size of its
composites with GQD. The cross-sections of the rGO, GQD/rGO, and GQD-Ag/rGO
membranes consistently displayed thin-layer composite structures (Fig. 4.1b), while
the surface morphology of the GQD-Ag/rGO membrane exhibited a clear difference
from the other membranes (Fig. 4.2¢). GQD had negligible effects on the wrinkled
surface morphology of rGO laminates, as GQD can be seen as nanoscale graphene
fragments [26], which are compatible with the rGO membrane. The GQD-Ag/rGO
membrane contained nanoparticles of GQD-Ag covered by GO with an even
distribution. In addition, the x-ray photoelectron spectroscopy (XPS) spectra of Cls and
Ag3d from the different membranes further confirmed the successful synthesis and
intercalation of the nanomaterials into the structure. As shown in Fig. 4.2d, the
following Cls region of peaks was observed at 284.6 eV, 286.6 eV, 288.4¢V, and
290.3 eV, and are attributed to C—C, C-O, C=0, and O—C=0 bonds, respectively [27].
The stepwise enhancement of the O—C=0 peak intensity could be due to the addition
of GQD with higher O/C ratio than rGO [28]. Meanwhile, the O—C=0 peak density of
GQD-Ag/rGO is higher than that in GQD/rGO, possibly due to the oxidation of some
oxygen-containing functional groups of GQD during the synthesis of GQD-Ag (Table
4.1). Additionally, two peaks at 374.2 eV and 368.2 eV were observed, resulting from
Ag3dsn and Ag3ds,, respectively. The splitting in Ag3d with a difference of 6.0 eV
was consistent with the theoretical value for metallic silver [29]. Specifically, the redox
reactions between GQD and Ag occurred simultaneously during the nucleation process.
The phenolic groups of GQD underwent ionization to form phenolate anions and then
converted into semiquinone structures through oxidation reactions. Meanwhile, the
electrons of the phenolate anions migrated to Ag*, which then reduced Ag* to Ag® by
getting the electrons. In addition, GQD is considered to be attached on the surface of

Ag nanoparticles due to Ag" tends to nucleate near the functional groups of GQD and
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the size of Ag (approximately 25 nm) is much larger than that of GQD (approximately
5 nm). The above results confirm the successful synthesis of GQD-Ag composite

material and its distribution in the rGO membrane.
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Fig. 4.1 (a) Separation performance of GO, GQD/GO (weight ratio of GQD to GO is
0.8), and rGO laminates, (b) SEM cross-sectional view of pristine rGO, GQD/rGO,
GQD-Ag/rGO, Ag/rGO, and Ag-rGO (in-situ growth) membranes (the indicated
thickness in the SEM images is the average value of 6 measurements from different

regions for each sample).
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Fig. 4.2 (a) Schematic of the preparation of GQD/rGO and GQD-Ag/rGO; (b) TEM
images of GQD and GQD-Ag; (c) SEM images of the surface of rGO, GQD/rGO, and
GQD-Ag/rGO membranes at different magnifications; (d) Cls and Ag3d of XPS
spectra of rGO, GQD/rGO, and GQD-Ag/rGO membranes.

Table 4.1 XPS compositional analysis of the C 1s spectra of the rGO, GQD/rGO and

GQD-Ag/rGO.
Peak area (%)
Sample
c-C c-0 c-0 0-C=0
rGO 60.90 34.08 4.27 0.75
GQD/1GO 58.32 36.00 4.83 0.85
GQD-Ag/rGO 57.79 36.64 4.67 0.90

4.3.2 Effects of different intercalation materials and methods

The incorporation of nanomaterials breaks the tightly stacked structure of the rGO
membrane and increases the interlayer spacing for the transport of water molecules [30].
To further study the effects of different intercalation materials on the membrane

properties, the desalination performance (including water permeance and rejection) was
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measured (Fig. 4.3a). The pristine rGO membranes exhibited high rejection of Na;SO4
(97.0%) but low permeance (0.22 L m™ h! bar') as a result of the tight packing of
nanosheets [31] with small interlayer spacing. With the intercalation of GQD, water
permeance of the GQD/rfGO membrane was increased to 0.49 L m? h'! bar’!, with
slightly compromised salt rejection. In contrast, the GQD-Ag/rGO membrane exhibited
water permeance five times 1.12 L m™ h! bar! than that of pristine rGO membranes,
while maintaining relatively high Na;SOs rejection (94.6%). The performance of rGO
membranes intercalated with only Ag nanoparticles (without GQD) were also
investigated. Comparatively, while the Ag/rGO membrane synthesized via intercalation
of bare Ag nanoparticles could further improve permeance to an extent (1.36 L m2 h'!
bar!), its salt rejection was largely compromised (84.5% Na>SOs). From these results,
it was found that: the improvement of water permeance is related to the size and
distribution of nanoparticles; GQD plays a critical role in improving the compatibility

between nanoparticles and GO for maintaining high salt rejection.
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Fig. 4.3 (a) Separation performance, (b) XRD diffraction patterns, and (c) molecular
weight cut-off (MWCO) of pristine rGO, GQD/rGO, GQD-Ag/rGO, Ag/rGO, and Ag-
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rGO (in-situ growth); (d) SEM images, EDS-mapping, and schematic of the surface of
GQD-Ag/rGO, Ag/rGO, and Ag-rGO. Feed salt concentration: 500 ppm. Applied

pressure: 10 bar.

To evaluate the roles of nanoparticles and GQD, it is further characterized the
interlayer properties of the prepared membranes. The interlayer spacings of the rGO
membranes containing different intercalated materials were revealed by the XRD
diffraction patterns (Fig. 4.3b). The characteristic peak position of the rGO membrane
is similar to that of the rGO membrane with the embedding of GQD, indicating that the
nanoscale size of GQD physically limits its capacity to extend the interlayer spacing.
In contrast to the above membrane, with the intercalation of the GQD-Ag and Ag
nanoparticles into the rGO laminates, the characteristic peak of rGO showed obvious
shifts to smaller 20 values, indicating an effectively enlarged interlayer spacing [32].
Additionally, molecular weight cutoff (MWCO) curves (Fig. 4.3¢) obtained from the
rejection results of neutral organic solutes with varying molecular weights were
obtained for the different membranes. The results more clearly distinguish the interlayer
spacing difference between the differently intercalated membranes. GQD contributed
to the compatibility of Ag nanoparticles in the membrane with similar rejection curves
for GQD/rGO and GQD-Ag/rGO, whereas Ag/rGO exhibited a significantly reduced
rejection capability. The interlayer spacing and MWCO results corresponded well with
the water permeances of the different membranes.

While the water permeance was reasonably increased by the nanomaterial
interaction, a varying extent of salt rejection decline was observed. The NaCl rejection
decline was more obvious than that of NaxSO4 (Fig. 4.3a) because NaCl rejection is
more dependent on the interlayer spacing change. Although GQD-Ag/rGO and Ag/rGO
showed similar interlayer spacings, the salt rejection decline was more serious for
Ag/rGO. Scanning electron microscopy (SEM) images and energy-dispersive x-ray
spectroscopy (EDS) mappings of Ag for the above membranes were then obtained to

observe the distribution and aggregation conditions of the nanoparticles (Fig. 4.3d). Ag
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nanoparticles without GQD mediation showed a lower distribution density and a higher
degree of agglomeration [33], while the introduction of GQD effectively improved the
dispersion of Ag nanoparticles in the membrane matrix. This satisfactory dispersion
was also observed in the cross-sectional view of the GQD-Ag/rGO membrane (Fig.
4.4). Furthermore, the change in thickness of rGO membrane further reflects the
influence of different intercalation materials on membrane structure (Fig. 4.1b). The
thickness gradually increased with the coupling of GQD, GQD-Ag, and Ag
nanoparticles. The Ag/rGO membrane with a larger thickness may be due to the
agglomeration of Ag nanoparticles between rGO sheets. The in-situ growth of Ag
nanoparticles on rGO nanosheets (Ag-rGO) led to relatively small changes in the
thickness, suggesting that Ag growth did not appear within the interlayer spacings [34].

It was also explored the in-situ growth of Ag nanoparticles on rGO nanosheets
(Ag-rGO) and employing the composite material for the construction of laminate
membrane. The characteristic peak position of the Ag-rGO membrane (Fig. 4.3b) was
also similar to that of pristine rGO membranes, implying that the Ag nanoparticles
grown in-situ may be inclined toward the edges rather than the interlayers of the GO
laminates [34]. Similar to the Ag growth on GQD, the abundant functional groups at
the edge of the GO nanosheet acted as nucleation anchor sites to attract Ag* ions and
promote growth. Meanwhile, Ag-rGO via in-situ growth possesses better NaCl
rejection (Fig. 4.3a) and MWCO curve (Fig. 4.3¢) results than Ag/rGO did, further
demonstrating that the different distributions of Ag nanoparticles are induced according
to the in-situ growth and intercalation methods, respectively. From the surface
morphology of in-situ grown Ag-rGO (Fig. 4.3d), moderate agglomeration of medium-
size Ag nanoparticles in the Ag-rGO membrane appeared. Considering the similar
interlayer spacing as pristine rGO from its XRD spectra, the location of Ag
nanoparticles should be at the edges of the nanosheets (Fig. 4.3d), which limits the
expanding of interlayer spacing for the in-situ growth method to introduce Ag

nanoparticles.
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Similar to the Ag growth on GO nanosheets, for the GQD-Ag, the presence of
GQD can be regarded as the core of Ag heterogeneous nucleation [35] during GQD-Ag
nanoparticle synthesis. Therefore, GQD would facilitate the nucleation of silver,
leading to larger numbers of GQD-Ag composite materials with less agglomeration. In
addition, some GQD can remain in the inter-particle gaps between nanoparticles,
playing an indispensable role in improving the dispersibility of Ag nanoparticles and
their compatibility with the rGO sheets [36, 37]. Therefore, the GQD-Ag/rGO
membranes with controllable intercalation amount of GQD-Ag could possess a finely
expanded interlayer spacing, owing to the synergistic effects of appropriate size and

homogeneous distribution in the interlayers, thus increasing water permeance while

maintaining relatively high level of salt rejection.

GQD-Ag/rGO

EDS (Ag)

EDS (C)

Fig. 4.4 SEM images and EDS mapping (element Ag and C) of GQD-Ag/rGO

membrane with different magnifications.

4.3.3 Effect of intercalation amount on membrane performance

While GQD mediation contributed to the nanoparticle distribution in rGO

100



laminates, Ag nanoparticles essentially lowered the transport resistance of the interlayer
channels. To highlight the role of nanoparticles and explore their capacity for
permeance improvement, the effect of the intercalated ratios of GQD-Ag and GQD on
the morphology and performance of rGO membranes were further explored and
compared. As shown in Fig. 4.5a and Fig. 4.6, GQD did not significantly change the
surface morphology of GQD/rGO, regardless of the intercalated content (mass ratios of
GQD to rGO ranged from 0.1-2). By comparison, the GQD-Ag/rGO membrane surface
exhibited more protrusions of nanoparticles, with an increased mass ratio of GQD-Ag
to rGO (Fig. 4.6). Meanwhile, the distribution of the nanoparticles was homogeneous,
and no notable agglomerations were observed, even when the mass ratio reached 2. The
membrane performances of GQD/rGO and GQD-Ag/rGO with different intercalation
ratios were also evaluated (Fig. 4.5b). With increased intercalation, the GQD/rGO
membranes exhibited relatively stable permeance and salt rejection, whereas the GQD-
Ag/rGO membranes displayed continuously enhanced water permeance but gradually
compromised salt rejection. This result emphasizes the permeance-increasing effect of
the Ag nanoparticles. Consistent results were also obtained from the XRD diffraction
patterns (Fig. 4.5¢) and MWCO curves (Fig. 4.5d), where the GQD-Ag/rGO membrane
revealed a comparatively larger interlayer spacing change upon varying the
intercalation. Nevertheless, when the mass ratio of intercalated GQD-Ag was higher
than 0.8, the wider interlayer spacing of the rGO laminates (Fig. 4.5¢) reduced the salt
rejection at a faster rate when compared with the ratio range of 0.1-0.8. From the
MWCO tests, the GQD-Ag/rGO-2 (mass ratio of GQD-Ag to GO is 2) membrane
showed a relatively distant curve, away from that of the GQD/rGO membranes and less
intercalated GQD-Ag/rGO membranes. Therefore, with the mediation of GQD, Ag
nanoparticles could finely alter the performance of the membrane without generating
fatal defects, and an appropriate amount of intercalation was beneficial for achieving a

balance between water permeance and salt rejection.
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Fig. 4.5 (a) SEM images of the surface, (b) separation performance, (¢) XRD diffraction
patterns, and (d) molecular weight cut-off (MWCO) of GQD/rGO and GQD-Ag/rGO
with different intercalated weight ratios to rGO (ranged from 0.2 to 2). Feed salt

concentration: 500 ppm. Applied pressure: 10 bar.
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Fig. 4.6 SEM surface morphology of GQD/rGO and GQD-Ag/rGO membranes with

different ratios.

4.3.4 Separation performance and membrane stability

Four common salt solutes (500 ppm Na;SO4, NaCl, MgSQO4, and MgCly) were
employed to evaluate the separation mechanism of the optimal membrane (GQD-
Ag/rGO-0.8). As shown in Fig. 4.7a, the salt rejection of the different salts by the GQD-
Ag/rGO membrane exhibited a reasonable order, where R(Na2SO4) > R(MgSOy) >
R(NaCl) > R(MgCl,). This indicates that electrostatic repulsion induced by the Donnan
effect plays an important role in the sequence of the salt rejection [7, 38]. The negatively
charged GQD-Ag/rGO membrane (Fig. 4.8a) has strong electrostatic repulsion toward
negatively charged ions but attracts positively charged ions. Meanwhile, counterions

(positively charged ions) in the solution also repelled the charge balance of the
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membrane. As a result, negatively charged membranes are more likely to reject salts
with a smaller valence ratio (Z'/Z") of cationic and anionic values because salt rejection
is positively related to Z'/Z . Therefore, the order of salt rejection according to Donnan
exclusion theory can be estimated as: R(Na2SO4) > R(MgSO4) = R(NaCl) > R(MgCl),
which is roughly consistent with the experimental results. It should be noted that,
although the valence ratio (Z'/Z°) of MgSO4 and NaCl is equal, the rejection of MgSO4
is slightly higher than that of NaCl because the hydrated diameters of the salt ions
follow the sequence: Mg?**(8.6 A) > S04 2 (7.6 A) > Na* (7.2 A) > CI” (6.6 A) [7].

Overall, salt rejection is the combined result of the Donnan effect and size sieving.
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Fig. 4.7 (a) Rejection of different salts, (b) rejection of a series of Na;SO4
concentrations, (¢) long-term stability, (d-¢) Ag" ion release evaluation of GQD-

Ag/rGO-0.8 membranes.

The effects of external conditions on membrane performance were also studied.
The influence of Na;SO4 concentration on the salt rejection ability of the GQD-
Ag/rGO-0.8 membrane is presented in Fig. 4.7b. As the concentration increased from

500 ppm to 5000 ppm, the rejection of the optimal membrane decreased slightly
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because of the higher osmotic pressure and smaller Debye screening length (DSL) [39,
40]. In other words, the rejection of salt ions was reduced, owing to the declining
permeate flux and charge neutralization [41] of the GQD-Ag/rGO membrane surface.
The GQD-Ag/rGO-0.8 membrane stability was evaluated over the long-term operation
(Fig. 4.7¢). It was observed that the permeance and rejection of Na;SO4 were retained
satisfactorily over a seven day continuous desalination process. Meanwhile, when the
shearing force of feed flow continuously increased by approximately 20 times from the
initial stage, the permeance and Na>SOj rejection of the GQD-Ag/rGO membrane were
satisfactorily maintained (Fig. 4.8b-c). rGO laminates with high water-stability and
confinement effects can effectively inhibit excessive swelling [42] even after GQD-Ag
intercalation. In addition, GQD-Ag with rigidity and homogeneous distribution can
ensure the stability of the rGO laminate structure and mitigate the loss of permeance
caused by the collapse of the interlayer channels. The optimized membranes also
exhibited competitive rejection performance (Table 4.2) among literature reports.
Apart from the performance issue, it is worth mentioning that some merits of GO
membranes are beneficial to certain applications. GO membranes can preserve stability
in both acidic as well as extremely alkaline modes [24]. With the development of high-
quality commercial GO materials with uniformly large lateral size, it is expected to
achieve highly competitive permeance by minimizing the layer thickness.

As Ag nanoparticles continuously release Ag” in an aqueous environment [43, 44],
the release rate of Ag" from the GQD-Ag/rGO membrane may affect its structural
stability and performance. The change of GQD-Ag/rGO membrane structure after long-
term stability further evidences the influence of Ag’ release (Fig. 4.8d). For the
membrane performance, the permeance decreased slightly and rejection of NaxSO4 was
retained satisfactorily over a seven day continuous desalination process (Fig. 4.7¢). Fig.
4.7d shows the evaluation of the release rate of Ag”, which sharply slowed during the
initial seven days, followed by a steady release rate of 0.3 pg cm™ d!. The sharp release
of Ag" in the initial period could be attributed to the GQD-Ag nanoparticles that were

weakly bound or located on the outermost side of the rGO laminate [45]. Subsequently,
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the reasons for the gentle release rate of Ag® include: the enhanced interaction force
between GQD-Ag and rGO owing to their favorable compatibility and increased
resistance to Ag" from nanoparticles, due to the confined and tortuous interlayer
channels in the rGO laminates. The cumulative amount of Ag" released over time was
calculated and is shown in Fig. 4.7e. The percentage of released Ag" for the first seven
days was approximately 14.58%, after which the mass loss of Ag" remained steady, at
approximately 1.58% per day. It indicates that with the steady and relatively slow
release of Ag”, the membrane permeance will not be compromised much in a relatively

long operation duration.
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Fig. 4.8 (a) Zeta potential values for pristine rGO, GQD/rGO, GQD-Ag/rGO, Ag-rGO
and Ag/rGO membranes, (b) crossflow velocity (K¢) of GQD-Ag/rGO membrane at
different stirring speed, (c) performance stability evaluation, and (d) SEM images of
cross-sectional and surface morphology and schematic of GQD-Ag/rGO membranes

(before and after long-term stability testing).
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Table 4.2 Summary of literature reports on the desalination performance of GO-based

membranes.
Memmbrane Per_rzneince ) Feed NézSO4 Nastf; rejection Reference
[Lm~“h" bar'] concentration (ppm) ratio [%]
GO-PEI 7 2000 50 [3]
RGO-OCNT 11.1 710 78.1 [4]
G-CNTm 12.1 1420 71.2 [5]
TMPyP/GO 1.16 2000 87.7 [6]
GO@PAN 2 N/A 56.7 [7]
GO/CN/TiO>-CNT 16 2000 67 [8]
PRGO/HNTs-PSS 8.8 1000 14.3 [9]
GO(120) NFM 11.1 2840 63.1 [10]
rPGMs 5.3 710 69 [11]
GO-TEOA 3 500 84 [12]
GO NFM 4.3 1000 90 [13]
GO-TMPyP 1.16 2000 87.7 [14]
rGO/S-GO 1.9 N/A 82.6 [15]
GO@Crown 3.04 400 88 [16]
This
GQD-Ag/rGO 1.12 500 94.6
chapter

4.3.5 Antibacterial activity

As the released Ag" is effective for antibacterial purposes, the antibacterial
performance of the pristine rGO, GQD/rGO, and GQD-Ag/rGO membranes was
determined by static bacterial adhesion and disinhibition zone tests using E.coli. After
immersing the samples into the bacterial suspension for culture, SEM images (Fig. 4.9a)
of bacterial-adhered membranes showed that the E.coli colony adhered to the pristine
rGO, while relatively few bacteria were observed on the GQD/rGO membranes. In
comparison, the GQD-Ag/rGO membranes further minimized E. coli growth. As a
result, the static anti-adhesion ability of the rGO-based membranes was preliminarily
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determined to be: GQD-Ag/rGO > GQD/rGO > rGO. Furthermore, the specific E. coli
states (viable or dead) and the tendency of adhesion were further monitored using
confocal laser scanning microscopy (CLSM) images (Fig. 4.9b). The anti-adhesion
trend was consistent with that of SEM characterization, in which reduced bacterial
attachment was observed on the surface of the GQD/rGO membrane, and the surface
of the GQD-Ag/rGO membrane had very few bacteria, either living or dead. Although
the anti-adhesion capacity of the pristine rGO membrane was not satisfactory, a
considerable number of bacteria on the surface of the membrane were effectively killed.
The antibacterial activity exhibited by rGO and GQD/rGO was mainly attributed to
their sharp edges and electrostatic repulsion [20, 46, 47]. The sharp edges may kill
bacteria by directly inserting into or cutting the cell membrane, and the negative
potential value of the membranes generates strong electrostatic repulsion to E. coli, due
to most bacteria presenting an overall negative charge. The GQD-Ag/rGO membrane
exhibited the highest anti-adhesion performance among the membranes, which was
attributed to the combined effects of Ag" released from the Ag nanoparticles. The
disinhibition zone experiments also showed that the GQD-Ag/rGO membrane
possessed optimal antibacterial activity, and the inhibition zone of the GQD-Ag/rGO
membrane was wider and clearer than that of the pristine rGO and GQD/rGO
membranes (Fig. 4.9¢). Specifically, the antibacterial mechanism of Ag nanoparticles
has two main aspects [48]: damage to biomolecules and structures caused by the
attachment of bacteria to Ag nanoparticles and Ag-nanoparticle-induced generation of
reactive oxidative species (ROS) that inactivate bacteria. Furthermore, Ag
nanoparticles decorated with GQD displayed an increased bactericidal effect, owing to
the larger active surface being exposed [49-51]. Finally, both the GQD and rGO sheets
can be considered as electron transport platforms to accelerate electron transport,

further enhancing the generation of ROS for sterilization.
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Fig. 4.9 (a) SEM characterizations, (b) CLSM images (green and red represent viable
and dead bacteria, respectively), and (c) disinhibition zone tests of pristine rGO,
GQD/rGO, and GQD-Ag/rGO membranes after the static bacterial adhesion tests using

E. coli as model bacteria.

4.4 Conclusions

In summary, this chapter demonstrated a confined and mediated approach to
nanoparticle intercalation within GO membranes, resulting in enhanced desalination
performance. It is extensively investigated the multifunctional role of GQD-mediated
Ag nanoparticles uniformly confined within rGO nanosheets. The incorporation of
GQD effectively controlled the growth of Ag nanoparticles, preventing their
aggregation and facilitating controlled intercalation within the GO laminates. This
process appropriately enlarged the nanochannels. By precisely regulating the content
of intercalated GQD-Ag, there is achieved a four-fold increase in the permeance of the
optimal membrane without significantly compromising Na>SOs rejection. Additionally,
the GQD-Ag/rGO membrane showcased promising antifouling properties, benefitting

from the synergistic effects of Ag and GQD nanomaterials. This study offers valuable
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insights into fine-tuning 2D laminate structures to create fast-selective nanochannels,

providing useful information for advancing desalination technologies.

110



References

[1] S. Kim, H. Wang, Y.M. Lee, 2D nanosheets and their composite membranes for
water, gas, and ion separation, Angew. Chem. Int. Ed. 58 (2019) 17512-17527.

[2] G. Liu, W. Jin, N. Xu, Two-dimensional-material membranes: A newfamily of high-
performance separation membranes, Angew. Chem. Int. Ed. 55 (2016) 13384-13397.
[3] R.R. Nair, H.A. Wu, PN. Jayaram, L.V. Grigorieva, A.K. Geim, Unimpeded
permeation of water through helium-leak—tight graphene-based membranes, Science
335 (2012) 442-444.

[4]Y. Wet, Y. Zhang, X. Gao, Z. Ma, X. Wang, C. Gao, Multilayered graphene oxide
membranes for water treatment: A review, Carbon 139 (2018) 964-981.

[5] HW. Kim, H-W. Yoon, S.M. Yoon, B.M. Yoo, B.K. Ahn, Y.H. Cho, H.J. Shin, H.
Yang, U. Paik, S. Kwon, J.Y. Choi, H.B. Park, Selective gas transport through few-
layered graphene and graphene oxide membranes, Science 342 (2013) 91-95.
[6]Y.Du, X. Zhang, J. Yang, Y. Lv, C. Zhang, Z.K. Xu, Ultra-thin graphene oxide films
via contra-diffusion method: Fast fabrication for ion rejection, J. Membr. Sci. 595
(2020).

[7]1Y. Li, W. Zhao, M. Weyland, S. Yuan, Y. Xia, H. Liu, M. Jian, J. Yang, C.D. Easton,
C. Selomulya, X. Zhang, Thermally reduced nanoporous graphene oxide membrane for
desalination, Environ. Sci. Technol. 53 (2019) 8314-8323.

[8]J.Li, M. Hu, H. Pei, X. Ma, F. Yan, D.S. Dlamini, Z. Cui, B. He, J. Li, H. Matsuyama,
Improved water permeability and structural stability in a polysulfone-grafted graphene
oxide composite membrane used for dye separation, J. Membr. Sci. 595 (2020).

[9] S. Zheng, Q. Tu, J.J. Urban, S. Li, B. Mi, Swelling of graphene oxide membranes
in aqueous solution: Characterization of interlayer spacing and insight into water
transport mechanisms, ACS Nano 11 (2017) 6440-6450.

[10] M. Fathizadeh, W.L. Xu, F. Zhou, Y. Yoon, M. Yu, Graphene oxide: A novel 2-
dimensional material in membrane separation for water purification, Adv. Mater.
Interfaces 4 (2017).

[11] Q. Chen, Z. Yu, F. Li, Y. Yang, Y. Pan, Y. Peng, X. Yang, G. Zeng, A novel

111



photocatalytic membrane decorated with RGO-Ag-TiO2 for dye degradation and oil—
water emulsion separation, J. Chem. Technol. Biotechnol. 93 (2017) 761-775.

[12] Y. Yang, X. Yang, L. Liang, Y. Gao, H. Cheng, X. Li, M. Zou, A. Cao, R. Ma, Q.
Yuan, X. Duan, Large-area graphene-nanomesh/carbon-nanotube hybrid membranes
for ionic and molecular nanofiltration, Science 364 (2019) 1057-1062.

[13] W. Liu, D. Wang, R.A. Soomro, F. Fu, N. Qiao, Y. Yu, R. Wang, B. Xu, Ceramic
supported attapulgite-graphene oxide composite membrane for efficient removal of
heavy metal contamination, J. Membr. Sci. 591 (2019).

[14] T. Liu, X. Liu, N. Graham, W. Yu, K. Sun, Two-dimensional MXene incorporated
graphene oxide composite membrane with enhanced water purification performance, J.
Membr. Sci. 593 (2020).

[15] H. Zeng, Z. Yu, L. Shao, X. Li, M. Zhu, Y. Liu, X. Feng, X. Zhu, A novel strategy
for enhancing the performance of membranes for dyes separation: Embedding
PAA@UiO-66-NH> between graphene oxide sheets, Chem. Eng. J. 403 (2021).

[16] Z. Wang, F. He, J. Guo, S. Peng, X.Q. Cheng, Y. Zhang, E. Drioli, A. Figoli, Y. Li,
L. Shao, The stability of a graphene oxide (GO) nanofiltration (NF) membrane in an
aqueous environment: progress and challenges, Mater. Adv. 1 (2020) 554-568.

[17] A. Takunkov, A.V. Talyzin, Swelling properties of graphite oxides and graphene
oxide multilayered materials, Nanoscale 12 (2020) 21060-21093.

[18] M. Zhang, K. Guan, J. Shen, G. Liu, Y. Fan, W. Jin, Nanoparticles@rGO
membrane enabling highly enhanced water permeability and structural stability with
preserved selectivity, AIChE J. 63 (2017) 5054-5063.

[19] H. Liu, H. Wang, X. Zhang, Facile fabrication of freestanding ultrathin reduced
graphene oxide membranes for water purification, Adv. Mater. 27 (2015) 249-254.
[20] D.L. Zhao, T.S. Chung, Applications of carbon quantum dots (CQDs) in membrane
technologies: A review, Water Res. 147 (2018) 43-49.

[21] C. Shuai, W. Guo, P. Wu, W. Yang, S. Hu, Y. Xia, P. Feng, A graphene oxide-Ag
co-dispersing nanosystem: Dual synergistic effects on antibacterial activities and

mechanical properties of polymer scaffolds, Chem. Eng. J. 347 (2018) 322-333.

112



[22] L. Yu, W. Zhou, Y. Li, Q. Zhou, H. Xu, B. Gao, Z. Wang, Antibacterial thin-film
nanocomposite membranes incorporated with graphene oxide quantum dot-mediated
silver nanoparticles for reverse osmosis application, ACS Sustainable Chem. Eng. 7
(2019) 8724-8734.

[23] M.A. Tofighy, T. Mohammadi, Divalent heavy metal ions removal from
contaminated water using positively charged membrane prepared from a new carbon
nanomaterial and HPEI, Chem. Eng. J. 388 (2020).

[24] K. Guan, Y. Jia, Y. Lin, S. Wang, H. Matsuyama, Chemically converted graphene
nanosheets for the construction of ion-exclusion nanochannel membranes, Nano Lett.
21 (2021) 3495-3502.

[25] T. Istirokhatun, Y. Lin, Q. Shen, K. Guan, S. Wang, H. Matsuyama, Ag-based
nanocapsule-regulated interfacial polymerization Enables synchronous nanostructure
towards high-performance nanofiltration membrane for sustainable water remediation,
J. Membr. Sci. 645 (2022).

[26] W.W. Liu, Y.Q. Feng, X.B. Yan, J.T. Chen, Q.J. Xue, Superior micro-
supercapacitors based on graphene quantum dots, Adv. Funct. Mater. 23 (2013) 4111-
4122.

[27] J. Cai, W. Liu, Z. Li, One-pot self-assembly of Cu,O/RGO composite aerogel for
aqueous photocatalysis, Appl. Surf. Sci. 358 (2015) 146-151.

[28] Y. Li, Y. Hu, Y. Zhao, G. Shi, L. Deng, Y. Hou, L. Qu, An electrochemical avenue
to green-luminescent graphene quantum dots as potential electron-acceptors for
photovoltaics, Adv. Mater. 23 (2011) 776-780.

[29] C. Wu, Y. Yuan, Q. He, R. Song, Two-step synthesis of Ag@GQD hybrid with
enhanced photothermal effect and catalytic performance, Nanotechnology 27 (2016)
48LT02.

[30] C. Chen, L. Chen, X. Zhu, B. Chen, Graphene nanofiltration membrane
intercalated with AgNP@g-C3sNy for efficient water purification and photocatalytic
self-cleaning performance, Chem. Eng. J. 441 (2022).

[31] X. Fan, C. Cai, J. Gao, X. Han, J. Li, Hydrothermal reduced graphene oxide

113



membranes for dyes removing, Sep. Purif. Technol. 241 (2020).

[32]Y. Mo, X. Zhao, Y. Shen, Cation-dependent structural instability of graphene oxide
membranes and its effect on membrane separation performance, Desalination 399
(2016) 40-4e6.

[33] M. Akter, M.T. Sikder, M.M. Rahman, A. Ullah, K.F.B. Hossain, S. Banik, T.
Hosokawa, T. Saito, M. Kurasaki, A systematic review on silver nanoparticles-induced
cytotoxicity: Physicochemical properties and perspectives, J. Adv. Res. 9 (2018) 1-16.
[34] W.H. Zhang, M.J. Yin, Q. Zhao, C.G. Jin, N. Wang, S. Ji, C.L. Ritt, M. Elimelech,
Q.F. An, Graphene oxide membranes with stable porous structure for ultrafast water
transport, Nat. Nanotechnol. 16 (2021) 337-343.

[35] Y. Zhang, Z. Kang, T. Bessho, Two-component spin-coated Ag/CNT composite
films based on a silver heterogeneous nucleation mechanism adhesion-enhanced by
mechanical interlocking and chemical grafting, Nanotechnology 28 (2017) 105607.
[36] A.R. Sadrolhosseini, S. Abdul Rashid, S. Shafie, H. Soleimani, Laser ablation
synthesis of Ag nanoparticles in graphene quantum dots aqueous solution and optical
properties of nanocomposite, Appl. Phys. A 125 (2019).

[37] X. Wu, S. Liu, X. Cui, J. Lin, H. Zhang, J. Zhang, J. Wang, Manipulating
microenvironments of nanochannels in lamellar membranes by quantum dots for highly
enhanced nanofiltration performance, Chem. Eng. Sci. 228 (2020).

[38] S. Wang, S. Liang, L. Chen, H. Fang, Realizing ultrahigh nanofiltration
performance based on small flake reduced graphene oxide membranes, Desalination
528 (2022).

[39] P. Zhang, J. Gong, G. Zeng, B. Song, S. Fang, M. Zhang, H. Liu, S. Huan, P. Peng,
Q. Niu, D. Wang, J. Ye, Enhanced permeability of rGO/S-GO layered membranes with
tunable inter-structure for effective rejection of salts and dyes, Sep. Purif. Technol. 220
(2019) 309-319.

[40] E.M.V. Hoek, M. Elimelech, Cake-enhanced concentration polarization: a new
fouling mechanism for salt-rejecting membranes, Environ. Sci. Technol. 37 (2003)

5581-5588.

114



[41]J. Luo, Y. Wan, Effects of pH and salt on nanofiltration-a critical review, J. Membr.

Sci. 438 (2013) 18-28.

[42] Z. Li, Y. Xing, X. Fan, L. Lin, A. Meng, Q. Li, rGO/protonated g-C3N4 hybrid
membranes fabricated by photocatalytic reduction for the enhanced water desalination,

Desalination 443 (2018) 130-136.

[43]J. Yin, Y. Yang, Z. Hu, B. Deng, Attachment of silver nanoparticles (AgNPs) onto

thin-film composite (TFC) membranes through covalent bonding to reduce membrane

biofouling, J. Membr. Sci. 441 (2013) 73-82.

[44] M.D. Firouzjaei, A.A. Shamsabadi, S.A. Aktij, S.F. Seyedpour, M. Sharifian Gh,

A. Rahimpour, M.R. Esfahani, M. Ulbricht, M. Soroush, Exploiting synergetic effects

of graphene oxide and a silver-based metal-organic framework to enhance antifouling
and anti-biofouling properties of thin-film nanocomposite membranes, ACS Appl.

Mater. Interfaces 10 (2018) 42967-42978.

[45] S. Jeon, J.H. Lee, Rationally designed in-situ fabrication of thin film
nanocomposite membranes with enhanced desalination and anti-biofouling
performance, J. Membr. Sci. 615 (2020).

[46] J. Liu, J. Shao, Y. Wang, J. Li, H. Liu, A. Wang, A. Hui, S. Chen, Antimicrobial

activity of zinc oxide-graphene quantum dot nanocomposites: Enhanced adsorption on
bacterial cells by cationic capping polymers, ACS Sustain. Chem. Eng. 7 (2019) 16264-
16273.

[47] S. Liu, T.H. Zeng, M. Hofmann, E. Burcombe, J. Wei, R. Jiang, J. Kong, Y. Chen,

Antibacterial activity of graphite, graphite oxide, graphene oxide, and reduced

graphene oxide: membrane and oxidative stress, ACS Nano 5 (2011) 6971-6980.

[48] G. Franci, A. Falanga, S. Galdiero, L. Palomba, M. Rai, G. Morelli, M. Galdiero,

Silver nanoparticles as potential antibacterial agents, Molecules 20 (2015) 8856-8874.

[49] Y. Wu, L. Zhang, Y. Zhou, L. Zhang, Y. Li, Q. Liu, J. Hu, J. Yang, Light-induced
ZnO/Ag/rGO bactericidal photocatalyst with synergistic effect of sustained release of
silver ions and enhanced reactive oxygen species, Chinese Journal of Catalysis 40 (2019)

691-702.

115



[50] A. Ghaffarkhah, E. Hosseini, M. Kamkar, A.A. Sehat, S. Dordanihaghighi, A.
Allahbakhsh, C. van der Kuur, M. Arjmand, Synthesis, applications, and prospects of
graphene quantum dots: A comprehensive review, Small 18 (2022) e2102683.

[51]N.A. Travlou, M. Algarra, C. Alcoholado, M. Cifuentes-Rueda, A.M. Labella, J.M.
Lazaro-Martinez, E. Rodriguez-Castellon, T.J. Bandosz, Carbon quantum dot surface-
chemistry-dependent Ag release governs the high antibacterial activity of Ag-metal-

organic framework composites, ACS Appl. Bio. Mater. 1 (2018) 693-707.

116



Chapter 3

Conclusions

Recently, the accelerated processes of urbanization and industrialization have
made the shortage of clean freshwater resources and pollution one of the most common
global issues. Compared to traditional water treatment techniques, membrane
separation technology has been proven to be the highly effective method for addressing
this issue due to its advantages such as selective separation, low cost, energy efficiency,
reduced chemical usage, and environmental sustainability. Meanwhile, the significant
developments in the research and applications of nanomaterials have provided the
potential to create advanced thin membranes with precisely designed structures and
finely tunable separation performance. Among them, GO laminate membranes are
expected to combine high permeance and selectivity due to their unique pore structure
and mass transport properties. However, the oxygen-containing functional groups
present in GO nanosheets significantly affect the stability and separation performance
of nanochannels, especially in aqueous environments. Therefore, the regulation of
interactions between adjacent GO nanosheets, optimization of nanochannel stability,
and improvement of separation performance are comprehensively explored and
discussed in this dissertation.

In Chapter 2, various confined nanochannels of GO membranes were successfully
prepared to investigate the impact of nanochannel properties on separation performance.
Subsequently, a series of reducing agents were introduced for further exploration of the
deformation behavior and stability of nanochannels in Chapter 3. Finally, in Chapter 4,
the GO membranes with excellent performance and stable nanochannels were

successfully constructed by coupling appropriate intercalation materials. All the results
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were described in Chapters 2-4, as follows:

5.1. Nanochannel characteristics contributing to ion/ion selectivity in two-
dimensional graphene oxide membranes

This chapter demonstrated the dependence of nanochannel properties on single-
salt solute selectivity. The selective transport pathway for the separation of water and
ions was influenced by the constitution of different underwater nanochannels as the
O/C ratio changed. The key findings are as follows: (1) Hydrated mono- and di-valent
ions could not be significantly differentiated by nanochannel size of GO membrane,
possibly due to the flexibility of nanochannel that cannot strictly sieve ions with specific
size; (2) Difference in electrostatic interactions for mono- and di-valent ions play a
more significant role and is more effective in enhancing their ion/ion selectivity within
the subnanometer channel; (3) The contribution of ion competition in binary solutions
to selectivity was emphasized, and binary solutions with high concentrations of high-
valent ions were selectively separated more easily; (4) The water/salt selectivity

increases for all types of salts as the O/C ratio decreases.

5.2. Nanochannel stability of chemically converted graphene oxide membranes

In this chapter, monosaccharide glucose (Glu), disaccharide maltose (Glu2), and
trisaccharide maltotriose (Glu3) are chosen because they can function as reducing
agents with the same reducing end in their molecules. They can convert GO with
controlled reduction of oxygenated functional groups. Meanwhile, the saccharide
molecules would be possibly attached to GO nanosheets during chemical conversion
process and retained in the stacked laminate membrane as an intercalating molecule,
which may also induce effects on the stability state of nanochannels. Therefore, the
conversion of GO nanosheets using these different reducing agents would possibly lead
to different nanochannel environment. The properties and concentration of reducing
sugars were proved to be crucial factors in affecting the stability and nanochannel

structure of GO membranes, thereby leading to the variation of desalination
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performance. It was proved that maltose (Glu2) exhibits satisfactory ability to regulate
the stability and size of nanochannels. In addition, Glu2/GO nanochannel membranes
have superb stability against different extreme external environments (concentration,
pressure, temperature, flow rate). These promising results presented that the chemical
molecules with appropriate properties to mediate GO nanochannels have great potential
and feasibility for the construction of 2D laminated membranes with stable and high

separation performance.

5.3 Confined and mediated intercalation of nanoparticles in graphene oxide
membrane to fine-tune desalination performance

In this chapter, there is demonstrated a confined and mediated approach to
nanoparticle intercalation within GO membranes, resulting in enhanced desalination
performance. It is extensively investigated the multifunctional role of GQD-mediated
Ag nanoparticles uniformly confined within rGO nanosheets. The incorporation of GQD
effectively controlled the growth of Ag nanoparticles, preventing their aggregation and
facilitating controlled intercalation within the GO laminates. This process appropriately
enlarged the nanochannels. By precisely regulating the content of intercalated GQD-
Ag, there is achieved a four-fold increase in the permeance of the optimal membrane
without significantly compromising Na>SOs rejection. Additionally, the GQD-Ag/rGO
membrane showcased promising antifouling properties, benefitting from the synergistic
effects of Ag and GQD nanomaterials. This study offers valuable insights into fine-
tuning 2D laminate structures to create fast-selective nanochannels, providing useful

information for advancing desalination technologies.
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