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Abstract

Water treatment is continuously attracting attentions due to its important role in providing
secure water supplies for human activities. In this thesis, various advanced nanomaterials were
developed and demonstrated in several environmental applications, including adsorption, catalytic
and membrane filtration processes. Nanogel templating strategy and sustainable nanomaterial
enhanced all the processes from the perspectives of size and morphology control, improved
catalytic performance, and enhanced porosity of the membrane. Nanogel, as a colloidal based soft
material formed by physical or chemical crosslinking to form a 3-D network to yield polymeric
particle. It has many advantages, such as, stability, biocompatibility, stimuli-responsive property
and ease of modification through the functional groups. Thus, the nanogel possessed promising
potential as a templating scaffold to prepare metallic clusters. Wood, as one of the most abundant
natural materials existed in earth can be processed to produce different types of wood derivatives
like cellulose nanocrystals (CNC) and soft wood fiber used in this doctoral study. Cellulose based
nanomaterials possess excellent mechanical property, high colloidal stability, large surface area
and can be readily modified via the abundant hydroxyl groups on their surface. Thus, CNC was
used as a supporting matrix to prepare noble metallic particles without sacrificing their catalytic
performance. CNCs possessed high aspect ratio that enabled them to be ideal candidates for
preparing stable Pickering emulsion. Both the nanogel scaffold and CNC matrix were used to
impart different properties to the final system in enhancing the water treatment processes. Nanogel
scaffold method was also used as a nano-reactor to prepare silver clusters for antimicrobial and
bio-labelling applications.

pH-responsive nanogel was fabricated by crosslinking methacrylate acid (MAA) and ethyl

acrylate (EA) with diallyl phthalates (DAP) via a conventional semi-continuous emulsion
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polymerization technique. Highly reproducible nanogels with different monomer ratios and
crosslinking degree were prepared, and various characterizations were used to investigate the
physicochemical properties, including morphology, shape factor, particle size, surface charge, pKa,
quantification of carboxyl groups and swelling ratio. A “S” and “U” shaped profiles for particle
size and zeta potential versus pH were observed for the 50:50 MAA-EA nanogel crosslinked with
various DAPs respectively. Monodispersed nanogel was observed from TEM images and the pH
responsive property was observed for the particle size variation with pHs. More carboxyl groups
were recorded as more MAA was added during the nanogel synthesis, and a similar amount of
carboxyl groups was found for the 50:50 MAA crosslinked with various amounts of DAP. This
robust nanogel was successfully synthesized and studies using various characterization
methodologies, which allowed the nanogel being used as a nano-reactor to synthesis metal
particles or clusters.

The MAA-EA nanogels were used as templates for synthesizing magnetic nanoparticles

(MNPs) inside the nanogel and used as templates for the in-situ co-precipitation of Fe’ to produce
stable functional magnetic nanoparticles (MNPs) (<500 nm) decorated with beta-cyclodextrin (£5-
CD) (FMNP). Emulsion polymerization with the controlled addition of monomer mixtures allowed
for good size control, and silica coating was introduced to prevent the oxidation of FMNP. The
superparamagnetic FMNP with high saturation magnetization (33 emu/g) could be readily
separated from water using a high gradient magnetic separator (HGMS). Procaine hydrochloride
(PrHy) was used as a model pharmaceutical compound to evaluate the performance of the FMNP,
and 53.65 mg PrHy/g FMNP was removed using 600 ppm FMNP. A fast (30 min) adsorption
kinetic followed by a pseudo-first-order kinetic model could describe the physical adsorption

through a 1 to 1 host—guest inclusion mechanism, which obeyed the Freundlich model. The
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proposed system is scalable and adaptable to existing water treatment processes, and it can be used
for the detection of low concentration pharmaceuticals via a pre-concentrating strategy.

Various quantities of 5-CD were grafted onto the FMNPs, and their adsorption performance
depended on (i) alignment of CD cavities on the surface of FMNPs, (ii) amounts of accessible CD
cavities available for binding, and (iii) pH. The adsorption isotherms of FMNPs were fitted to the
Langmuir and Freundlich models, and the data for PrHy below 30 ppm fitted to the Langmuir
model confirming a monolayer surface adsorption. However, the adsorption isotherms obeyed the
Freundlich model for PrHy between 5 to 100 ppm suggesting the occurrence of multiple-stage
adsorption on the CD cavities associated with different accessibility due to overlapping or steric
hindrance of CM-B-CD. The correlation of CD cavity alignment and adsorption behavior was
demonstrated, where the adsorption capacity of the FMNP was depended on to the amount of 3-
CD on the adsorbents, and steric hindrance of the CD cavities.

The development of noble metal catalysts with high catalytic performance and low metal
loading has attracted increasing interests. However, the separation of spent nano-catalyst from the
process is challenging, most of the proposed systems led to a sacrifice of the high surface area as
well as catalytic efficiency. In this study, two series of recyclable catalysts were synthesized by
loading palladium (Pd) particles onto melamine formaldehyde (MF) modified CNC and dopamine
(DA) coated CNC. In situ co-precipitation of magnetic nanoparticle (MNP) clusters were used to
impart magnetic characteristic to the catalyst systems. The amount of palladium precursor added
to the catalytic systems was optimized, where 10-Pd-PDC yielded 10.83 + 2.43 nm discrete Pd
hybrid systems. The catalytic performance of the catalysts was assessed by the reduction of 4-
nitrophenol (4-NP) in the presence of sodium borohydrides (NaBHs). The 4-NP reduction

mechanisms using MNP2-Pd-MC were analyzed using the Langmuir-Hinshelwood model and the

viii



apparent rate constant k (s!), turnover frequency (TOF, h!) and activity factor (s''g!) were
2.142x1073, 305.82 and 535.5 respectively. An induction time was observed for MNP-4 or 5-Pd-
PDC, where was attributed to the diffusion time for reagents to cross the thick PDA and MNP
layers. The separation efficiency of the magnetic catalysts was evaluated by monitoring the
absorbance at 400 nm as a function of separation time, and the MNP2-Pd-MC could be recycled 7
times without severe loss of activity. Pd-MF-CNC displayed excellent catalytic performance for
the reduction of 4-NP, while Pd-PDA-CNC possessed a lower catalytic activity due to the inferior
catalytic surface area. The developed templated MNP could be extended to other systems allowing
for the recycling and reuse of the catalysts or adsorbents.

Besides magnetic particles, silver nanoclusters (AgNCs) were also produced inside the
nanogel scaffold via UV-photoreduction. The impact of UV irradiation time on the formation of
AgNCs and their application in biolabeling and antimicrobial properties were examined. The
AgNCs formation is described by two stages; (1) Ag, (n=2-8) nanoclusters formation between 0-
25 min, and (2) larger silver nanoparticles (AgNPs) formed via aggregation inside the nanogel.
The antimicrobial performance depended on the size and concentration of silver ions (Ag"). The
minimum inhibitory concentration (MIC) of 1.1 ppm was reported for the antimicrobial test with
yeast, and a MIC of 11 and 22 ppm was recorded for Escherichia. coli and Staphylococcus aureus
respectively. Combining with the green illumination property of AgNCs (emitted at 525 nm) with
dead yeast, it could be used for biolabeling. By tuning the size through photoirradiation, the
nanogel templated AgNC is a promising candidate for antimicrobial and biolabeling applications.

Persistence contaminants, such as perfluoroalkyl and polyfluoroalkyl substance (PFAS) are
widely reported in our water systems posing a threat to human beings due to their negative impact

on the reproductive system. Also, heavy metal and organic dyes have continued to contribute to a
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the wastewater contamination due to the human activities and industrialization. We developed a
sustainable = membrane from soft wood fiber (WF) crosslinked with (3-
glycidyloxypropyl)trimethoxy silane (GPTMS) and poly(ethyleneimine) (PEI), a Pickering
emulsion consisting of Tanfloc (TF) (a natural tannin based commercial flocculant) coated CNC
and hexane. With the Pickering emulsion, the porosity of the membrane WGP-111-EM45
increased to 41.60 % compared to the membrane without emulsion (23.65 %). Gravity filtration
with methyl orange (MO) was used to evaluate the performance of the membrane with various
amounts of PEI, and emulsion loading, and WGP-111-EM45 was selected for further evaluation
in dynamic filtration. A simple pressure controlled dynamic filtration system was designed and
inlet flowrate, inlet concentration and number of membranes loaded to the filtration system were
evaluated. The highest filtration capacity was obtained for 22679.06 mg/g MO, with an inlet
concentration of 50 ppm and flowrate of 11.22 ml/min. The increase in the number of membranes
(bed height) led to an increase removal efficiency with a lower slope in the breakthrough curve,
due to the enhanced mass transfer diffusion. Furthermore, the membrane filtration efficiency of
the membrane towards copper ions (Cu?") and methylene blue (MB) was evaluated by gravity
filtration and a 98% removal efficiency for 10 ml 1000 ppm Cu?* was achieved with WGP-111-
EM45 and an 89 % removal efficiency was achieved for 10 ml, 20 ppm MB. This sustainable
porous membrane provided adsorption sites towards cationic/anionic dye and heavy metal ions
based on ion exchange, electrostatic interactions, chelation and - interactions. Also, a 99.4 %
and 99.2 % removal efficiency were achieved by passing 10 ml of 500 pug/L and 1000 png/L PFOA
through the WGP-111-EM45 membrane (gravity filtration), where the concentration was reduced
to 2.19 ng/L and 7.82 pg/L, respectively. This membrane displayed promising potential to remove

pollutants via gravity filtration and pressure driven dynamic filtration.



In summary, this study advanced the development of a highly stable pH-responsive nanogel,
which could be replicated. The robust nanogel scaffold was used as a nano-reactor to prepare
MNPs and AgNCs, which were further demonstrated in water treatment and antimicrobial
applications. Additionally, soft wood fiber crosslinked membrane was also developed for multi-
pollutant removal, which showed promising potential for the removal of emerging contaminants

with a low carbon footprint.
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Chapter 1: Introduction
1.1 Overview

Even though 72% of the earth is covered by water, however only 2.5% of the water is fresh
water that is suitable for consumption to sustain life. Moreover, the population growth and
industrialization of modern cities have exacerbated the water crisis. Thus, the treatment of
wastewater from different sources, such as human household activity, agriculture activities, textile
and mining are now a challenge to society. Many strategies have been developed for the
purification of wastewater generated from various resources. Some of the commonly used method
includes, adsorption, flocculation, catalytic and biological processes, ion exchange and membrane
filtration. Among all these strategies, adsorption is the most frequently used technique to remove
contaminants, and the adsorption capacities of activated carbon (AC) are commonly used as the
benchmark to evaluate the effectiveness of adsorbents. However, the high cost for regenerating
AC using high temperature combustion leads to a large carbon footprint that balances the fast
adsorption kinetics and high adsorption capacity. Also, AC does not have high selectivity and need
a secondary separation after use. As a result, there is an increasing research interest to develop
advanced adsorbent for specific pollutant that can be readily recovered after use. Hence, magnetic
based adsorbent was selected as a good candidate for use as a promising adsorbent that can be
readily separated and recovered. In addition to the adsorption process, catalytic processes have
also been widely used since they can degrade toxic chemicals into less toxic by-products that can
then be discharged to the environment. Membrane filtration is another popular alternative for
wastewater treatment by rejecting contaminants while allowing clean water to pass through. The
participation of nanomaterials in various advanced water treatment processes can effectively

enhance the purification performance from different perspectives, namely; (1) provided large



surface area for the loading of noble metal catalytic particles, (2) nanogel templating method as a
nano-reactor for synthesising nanometal clusters with no aggregation , and (3) nanomaterial
stabilized Pickering emulsion to enhance the porosity of the membrane with improved the water
purification efficiency.

By considering the global warming issue, green and sustainable material has attracted
increasing attention. Cellulose based material originated from trees, is one of the most abundant
resources in the world, provided many research possibilities with a low carbon footprint. Cellulose
nanocrystals (CNC), cellulose nanofibril (CNF) and wood fiber (WF) are widely used to prepare
sustainable material for environmental remediation. CNC possesses a high aspect ratio, and is
considered as a good candidate for use as a matrix to load other functional material with enhanced
colloidal stability in aqueous solution. The high aspect ratio of CNC also allows it to be used as an
emulsifier for preparing stable Pickering emulsion, which can be further used as a template to
introduce porosity to the system after the removal of the volatile organic phase. From this strategy,
more surface area could be achieved to further improve the performance of separation media to
remove pollutants. Another major topic of this thesis is nanogel, a colloidal based soft material
formed by physical or chemical crosslinking of polymeric chains. The physicochemical property
of the nanogel can be tuned by varying the monomer, crosslinker content and reaction conditions.
Therefore, nanogel is attracting increasing attention in many fields, especially biomedical [1] and
antimicrobial applications [2] due to their flexibility and biocompatibility. However, only a few
studies used nanogel for water treatment, such as in the removal of mercury [3]. Nanogel scaffold
provides an ideal template to control the size of nano-clusters and reduce aggregation during the

synthesis, thereby maintaining a high surface area for further modification. Thus, both cellulose



based nanomaterial and nanogel show promise in developing advanced nanomaterial for
environmental applications.

In addition to the size and shape control of the nanogel, the abundance of functional groups
makes them a good candidate for use as a nanoreactor to prepare organic or inorganic particles.
Nano metallic clusters can be slowly generated and grew into the desired size and shape with
desirable physicochemical properties, since the abundant functional can acted as a growth modifier
or capping agent. Metallic nanoclusters prepared using these strategies possess unique properties,
such as antimicrobial and photo illumination that can be used for antimicrobial and biolabeling

applications.

1.2 Research Objectives

The motivation of this research is to develop advanced material and systems to address the
environmental challenge, such as drinking water purification, wastewater treatment and
antimicrobial applications. To obtain a well-controlled magnetic nanoparticle for the development
of beta-cyclodextrin (f-CD) functionalized nano adsorbent, nanogel scaffold was employed to
achieve this synthesis. However, the preparation of nanogel reported in the literature was complex
with specific monomers or initiator additions that were difficult to be reproduced. Thus, the first
objective of this study is to develop a reproducible nanogel with carboxy groups via a facile
synthetic process, and the physiochemical properties of the nanogel will be fully studied. Then, -
CD functionalized magnetic adsorbents will be developed by grafting f-CD onto the magnetic
nanoparticles (MNPs) prepared with the nanogel scaffold and future applied in drinking water
purification. The adsorption efficiency and mechanisms will be studied and evaluated using a
model drug, procaine hydrochloride (PrHy). Besides the adsorption process, the catalytic process

is also considered as a good system for the conversion of toxic chemicals into non-toxic



compounds. Harmful microorganisms and fungi are also considered as significant threat to human

beings and animals. Fungal species was found to be resistant to many wastewater treatment

processes. Therefore, a nanogel assisted fabrication of silver nanoclusters (AgNCs) will be

developed for antimicrobial and biolabeling applications. The last objective of this thesis to

development of sustainable membrane for the removal of common pollutants like dyes and heavy

metals, and also for the removal of emerging contaminates, such as perfluoroalkyl and

polyfluoroalkyl substances (PFAS). The filtration process will be evaluated in both the batch

system and dynamic filtration system. The major research studies conducted in this thesis is

summarized below:

1) Facile synthesis of a pH-responsive nanogel and their characterizations.

2) Synthesis of a f-CD functionalized magnetic nano adsorbents and applied for drinking water
purification

3) Adsorption mechanism of f-CD functionalized magnetic nanoparticles for the removal of
procaine hydrochloride

4) The development of a silver nanoclusters (AgNCs) using a colloidal scaffold for biolabeling
and antimicrobial applications

5) Synthesis of magnetic clusters modified palladium-cellulose nanocrystals hybrids as a
recyclable catalyst for 4-nitophennol (4-NP) reduction

6) The development of a high porosity and sustainable adsorption membrane for cationic/anionic

dye, heavy metal and PFAS removal

1.3 Thesis Outline

This thesis comprises 9 chapters, where Chapter 3 to 8 summarize the research results

presented in the format of manuscript to be submitted for publication consideration. Chapter 1



describes the current water crisis and common methods used for wastewater treatment, and how
nanogel and cellulose-based nanomaterial can be used as templating materials to address
environmental issues. This chapter also summarizes the major objectives and contents covered in
this thesis. Chapter 2 outlines and summarizes the background knowledge of nanogel, such as
history, definition, synthesis method and applications. Various methods used to prepare magnetic
nanoparticles are also summarized and compared. The various water treatment technologies, such
as adsorption, photocatalysis and filtration was discussed and analyzed, and the f-CD based
adsorbents were introduced, and related research work was comprehensively reviewed. Chapter 3
reports on the synthesis and characterization of a pH-responsive MAA-EA nanogel, and the
physicochemical properties were fully elucidated. Chapter 4 explores the synthetic method of a 3-
CD functionalized magnetic nanoparticles (FMNP), and the adsorption kinetics and isotherm were
investigated. Chapter 5 extends the study from Chapter 4 describing the synthesis of FMNP with
different amounts of f-CD, and the effect of pH on the adsorption performance with procaine
hydrochloride was reported. Chapter 6 discusses silver nanoclusters (AgNCs) fabricated via a
photo-induced method within a nanogel scaffold that were applied to antimicrobial and biolabeling
applications. Chapter 7 reports on a magnetic catalyst synthesized by attaching MNP onto
melamine formaldehyde modified CNC and polydopamine coated CNC, and the catalytic
performance was evaluated in the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP).
Chapter 8 examines a wood fiber (WF) membrane crosslinked with GPTMA and PEI and
Pickering emulsion with enhanced porosity, and the filtration performance with MO, MB, Cu?*
and PFAS was evaluated by both gravity filtration and column dynamic filtration system. Chapter
9 provides an overview of the major conclusions, and also recommendation for future study in this

thesis research.



Chapter 2: Literature Review

2.1 Introduction

This chapter presents a comprehensive review of the literature, including basic knowledge
and progress of current research on the topics discussed in this thesis. First, an introduction on the
history, definition, synthesis, classification and application of nanogels will be provided.
Following the introductory section on cellulose-based material, the basic properties and benefits
of the systems using for water treatment will be discussed. Some common techniques used for the
synthesis of magnetic particles (MNP) will be described and compared, and which offers the
motivation for using nanogel templated method to prepare MNP. In the last section, different water
treatment processes will be introduced, such as adsorption, catalytic processes and membrane
filtration. In addition, various water treatment processes enhanced by B-CD, are presented and
discussed, followed by a review and summary on the modification and development of B-CD based
adsorbent. The literature review provides necessary background information, comparison and
summary of nanogels, cellulose-based materials (CNC, CNF, WF and B-CD) used for water
treatment. Such information will help the reader to understand all the topics being covered in this

dissertation.



2.2.1 Definition, history and background

Nanogels are aqueous dispersions of hydrophilic or amphiphilic polymeric particles
crosslinked at the nanoscale (10-1000 nm) [4], [5]. They possess attractive features, such as high
loading capacity, tunable chemical structure, biocompatibility, and stimuli-responsiveness which
make them suitable for applications in tissue engineering [6], environmental remediation [3], and
biomaterial science [7]. Nanogels have recently been highlighted as a simpler, versatile and more
effective alternatives to hydrogel as the latter has several shortcomings, namely low diffusion rates
and load capacities [8]. The term nanogel was first use in 1999 to describe a system of chemically
crosslinked polyethyleneimine (PEI) and imidazole-modified poly(ethylene glycol) (PEG)
designed for the delivery of antisense oligonucleotides to cells [9], [10]. However, earlier reports
describe the phenomenon of physical crosslinking of cholesterol-modified polysaccharides
(including pullulan, mannan, amylopectin and dextran) that resulted in the formation of swollen
hydrogels in nano dimension, which were be classified as nanogels [8]. The most attractive
property of nanogels is their distinct ability to swell and shrink in water or compatible solvents
due to external stimuli such as temperature, ionic strength, magnetic field, light, or pH. During this
process, the nanogels are able to maintain structural integrity while absorbing a large amounts of
solvents. This is because of the involvement of hydrophilic functional groups, i.e.
(—OH,—COOH,—CONH, —CONH,, and —SO3;H) within the nanogel network [5], [11]-[14].
Stimuli-responsive nanogel can rapidly swell and shrink according to environmental changes
making the nanogels suitable in applications, such as controlled drug delivery, wastewater
treatment, biomedical sensors, and actuators [12], [14]-[16]. On top of that, the small dimension
of the nanogel introduces the swelling behaviour, characteristic of macroscopic hydrogel systems,
to the nanoscale [17]-[20]. This allows the nanogels to achieve many targeted intracellular sites

or generate intramolecular interactions, which are not easily accessible by macromolecular



materials [21], [22]. The large specific surface area and high charge of nanogel improve the
stability and accessibility of the loaded agents, which has also increased the sensitivity to respond
to changes in the physiological environment [23]. Before reviewing the application of different
nanogel systems, the classification of nanogel and synthetic method of nanogel fabrication will be
introduced in the following section.

2.2.2 Classification of nanogels

e Structure based classification
Researchers prepare nanogels with different structures or conformations to achieve the

desired functions, which can be used to classify them. As seen in Figure 2-1, these conformations
include artificial chaperones, multilayer, hairy, core-shell, hollow, and functionalized nanogels
[24], [25]. Artificial chaperones can capture proteins and hydrophobic drugs via hydrophobic
interactions. This makes them excellent carriers for active agents that can be used in vaccines,
medical imaging and disease therapies. They are also able to act as molecular chaperones by
preventing the aggregation of denatured proteins [26], [27]. The layer-by-layer conformation
involves multiple polymer layers stack on top of each other through hydrogen bonding, ionic
pairing, or hydrophobic interactions. Their outermost layer is responsive to external stimuli and
the nanogel’s physicochemical properties vary depending on the surrounding environment [28]—
[30]. The core-shell conformation has two distinct areas, which allows different functionalities to
be present in one particle [31]. Hairy nanogels consist of a core of inorganic or polymeric material
and shell with grafted polymer chains. Thermosensitive hairy nanogels differ from other nanogels
because of their unique sensitivity to the changes in the external temperature [24], [32]. Hollow
structure nanogels have a cavity inside them, resulting in a larger surface area, which dramatically

improve the drug loading capacity [33]. Functionalised nanogels have functional groups attached



to the nanogel, either before or after synthesis to impart selectivity toward an external stimulus,

encapsulation of active agents, or stability [34].
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e Stimuli-responsive based classification
As mentioned before, one leading feature of nanogels is their ability to respond to external

stimuli and they can be classified by it. The physicochemical properties (volume, refractive index,
permeability, hydrophilicity, matrix integrity) of responsive nanogels are dependent on external
stimuli [33]. Nanogel’s can swell or shrink according to the change in environmental conditions,
whether it be a physical stimulus (light, magnetic field, temperature) or chemical stimuli (pH,
redox agents, enzyme condition concentration). The selectivity and responding of the nanogel are
controlled by the fabrication technique and the structure of the nanogel [23]. In contrast, non-
responsive nanogels act independently of external conditions and swell by absorbing the applicable

solvent [10].



e C(lassification of crosslinking method
Another way to classify nanogels are based on the way they are crosslinked. Nanogels can

be synthesized with natural or synthetic polymers that are either covalently crosslinked or
physically crosslinked [5]. The loading of active compounds is achieved by interactions between
the charged agent and the polymer matrix. Chemical crosslinking provides a much more stable
matrix compared to physically crosslinks. That is due to the nature of covalent crosslinking (amine-
based, disulfide-based, photo-induced) being stronger than non-covalent crosslinking
(hydrophobic, van der Waals, electrostatic, hydrogen bonding) [34], [35]. Chemical crosslinking
introduces permanent stability to the nanogel, while the physical crosslinking nanogel does not
need any toxic crosslinkers or catalysts and can dissociate after completing its mission [36].

In this section, common methods and mechanisms on nanogel synthesis will be discussed
and popular applications of nanogels will be reviewed and some perspectives into future
applications will be discussed.

2.2.3 Synthesis of nanogels

Nanogels are promising templates and nano-reactors for preparing organic/inorganic
nanoclusters, therefore, great efforts have been devoted to the synthetic technology of preparing
the nanogels with different characteristics. Nanogels have been widely studied and prepared by a
variety of methods, including emulsion polymerization, precipitation polymerization, reverse
polymerization, micro-emulsion polymerization, mini-emulsion polymerization etc [37]. In the
following section, some common methods used to synthesis nanogel will be introduced and their
mechanisms will be elucidated.

¢ Emulsion polymerization (EP)
The most popular technique used to prepare nanogel is emulsion polymerization, which has

been widely used for synthetic latex production [38]. Emulsion polymerization is a special type of
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free radical polymerization, where the sub-micron size polymer particles formed in the presence
of water insoluble monomers, surfactant, water-soluble initiator and solvent (mostly water)
mixtures. The versatile applications of natural rubbers led to the interest on synthetic latex
production in 1912 [39] and was scaled up to industrial level in mid-1930s [38]. The lack of natural
rubber supplies during the Second World War motivated extensive research on the production of
synthetic rubber, which was considered the key turning point of synthetic polymer development
[40].

Before understanding the mechanism of emulsion polymerization, most of the synthetic
polymer formulations were obtained through large amounts of trial and error experiments. One of
the most precise description of emulsion polymerization was described by Gilbert, where the initial
stage of emulsion polymerizations was like “put together with some physical feeling and a lot of
black magic, and are made after trying many different formulations” [41]. However, the
reproducibility and quality of synthetic polymer production cannot be well-controlled without
understanding the fundamentals and mechanisms of the emulsion polymerization process. After a
large quantity of research focusing on emulsion polymerization theories in different conditions
and assumptions, the first emulsion polymerization mechanisms were proposed. Currently, there
are three prevalent processes that describe the particle formation during the emulsion
polymerization process, including micellar nucleation, homogeneous nucleation and droplet
nucleation [38].

1. Micellar nucleation

For conventional emulsion polymerization, the concentration of surfactant used should be
greater than the critical micelle concentration (CMC). Once all the air-water surface are covered
by surfactant molecules, additional surfactant molecules would diffuse in the continuous phase

(water) and self-assemble into micelles. Another large amounts of surfactant molecules functioned
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to stabilize the monomer droplets. The hydrophobic monomers diffuse from the monomer droplets
to the water and further diffuse from the water to the hydrophobic center of the micelles. The
initiators form reactive radicals in the aqueous phase and enter the monomer swollen micelles to
initiate the polymerization process. Monomers in the micelles quickly polymerize and a dispersion
of polymer particles are formed after the termination of the growing chains (Figure 2-2). Usually,
one of 100-1000 micelles will grow into a polymer particle. The number of polymer particle is
decided once the nucleation process was terminated as indicated by the disappearance of the
micelles. The size of monomer droplet is much larger than the micelles and serves as a monomer
reservoir until 30 to 40% of monomer conversion is reached in the emulsion polymerization
process [41], [42].

2. Homogeneous nucleation

In the case of homogeneous nucleation mechanism, the initiator radicals form in the aqueous
phase and propagate into water-soluble oligomers with the monomers diffusing continuously to
the reactive polymer chains. The oligomers will precipitate from the solution once they grow
longer and reach the limit of solubility in the aqueous phase. Precipitated oligomers will form
primary particles after absorbing sufficient surfactant that stabilize the polymer particle in the
aqueous phase. The final polymer particles will form by the coagulation or propagation of primary
particles. The major difference between micellar nucleation and homogenous nucleation is that the
number of particles and the size of particles in homogenous nucleation are highly depending on
the concentration, types and efficiency of stabilizer used [39], [43].

3. Homogenous-coagulative nucleation

The homogeneous-coagulative nucleation mechanism is a combination of coagulation of the

primary particles formed from the micelles and homogeneous nucleation. Primary particles are

12



usually colloidally unstable, they become stable after slow coagulation with each other and

absorbing enough surfactant molecules to the polymer particles [42], [44].
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Figure 2-2 Schematic illustration of micellar nucleation, where blue color represents surfactant
molecules, red color stands for monomer molecules, green color indicates growing polymer chains,
and black color represents the nanogel particles. Adapted with permission from ref [45]. Copyright
© 2010 Published by Elsevier. H. Wang et al.

4.  Coagulative or droplet nucleation

For coagulative nucleation or droplet nucleation, the reactive radicals formed in the aqueous
phase, and propagate with monomers in the continuous phase. Or the initiator radicals formed in
the aqueous phase would enter the monomer swollen micelles and start to form the primary
particles. The final polymer particles stabilized by surfactant will be generated by the coagulations
of primary particles [42], [44]. One thing to note is that the functionality of surfactants are different

for micelle nucleation/homogeneous nucleation compared with homogeneous-coagulative

13



nucleation/ coagulative nucleation. The surfactant works only as a stabilizer for homogeneous-
coagulative nucleation/coagulative nucleation, while they also function as nucleation centers for
micellar nucleation/ homogeneous nucleation [42]. After understanding the basic rules and
mechanisms, it will be more effective when design and operate the experiments. More information
on the kinetic based studies and related historical experiments can be found in these references
[46], [47].

e Precipitation polymerization (PP)
Precipitation polymerization is another type of heterogenous polymerization techniques used

to prepare high quality polymer particles, which does not require surfactant during the synthesis
step. It is very efficient in term of clean particle preparation compared with other polymerization
techniques, since the removal of surfactant after the polymerization process is always a time-
consuming process. Also, the precipitation polymerization is a simple system that only consist of
monomers, crosslinkers, initiators and solvent. The polymerization starts from the self-
crosslinking of monomers and crosslinking agents, the polymer particle will precipitate from the
system after it reaches the solubility limit in the solvent following the homogeneous nucleation
mechanism [48]. The stability of the nanogel particles is derived from the electrostatic repulsion
between the particles resulting from the participation of initiator segment in the polymer chains,
such as sulfate groups [49]. Even though precipitation polymerization can produce clean nanogel
particles, the difficulty in obtaining regular and uniformly-shaped particles limited their
applications. Recently, more complex precipitation polymerization techniques were introduced in
order to meet different requirements of particle size, including distillation precipitation
polymerization (DPP) [50], photo initiated precipitation polymerization (PIPP) [51] , and living

radical precipitation polymerization (LRPP) [52].
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e Mini-emulsion polymerization
The oil-in-water emulsion can be classified by the size of the emulsion droplets, including

macroemulsion (1-100 gm), miniemulsion (50-500 nm) and microemulsion (1-100 nm) systems.
The stability of these three emulsion systems is another important factor to note when designing
nanogel for specific applications. The stability of the emulsion system depends on many factors,
such as the characteristic of monomers, types of surfactant, oil to water ratio, etc. Usually, the
nanogel particles possess a size ranging from 50 to 500 nm that are suitable for many applications.
Also the size range is specifically ideal for the human body’s blood circulation making the nanogel
compatible for biomedical applications [53]. In this section, only mini-emulsion polymerization
will be discussed.

The kinetics, particle size distribution and other physiochemical properties of latex produced
from emulsion polymerization are determined by the mode of nucleation of the polymer particles.
Mini-emulsion polymerization is usually designed to allow the whole nucleation process to occur
in the emulsion droplets, instead of micelles or aqueous phase. This needs to be accomplished by
varying the concentration of the surfactant added to the system and reduce the lifetime of
oligomeric radicals in the aqueous phase. The biggest advantages of mini-emulsion polymerization
compared to other traditional polymerization technique is their ability to control the final amount
of particles produced. This can solve the biggest concern, irreproducibility, of the latex particle
production. However, the accurate control of the nucleation stage is not easy to implement, and
large amount of experiments need to be conducted to control the concentration of surfactant to
below the CMC, the accurate control of the types and concentration of initiators etc. [38].

e Inverse polymerization
In short, inverse polymerization describes a water-in-oil system consisting of hydrophilic

monomers and oil-based continuous phase. The inverse polymerization process is commonly used

15



to prepare high molar mass latex, since the initial monomer content is as high as 30-35% of the
total mass. Also, limiting the growth of free radicals in each particle can effectively prevent the
possibility of coagulative termination. In essence, inverse polymerization belongs to a heterophase
polymerization, where the emulsifier plays an important role in term of the colloidal stability both
before and after the polymerization. The key parameter of the emulsifier used is the hydrophile-
lipophile balance (HLB) value, oil-in-water emulsion forms when HLB exceeds 7, while the water-
in-oil emulsion forms when the HLB is less than 7. Figure 2-3 illustrates the HBL value and

corresponding applications.

HLB Range General application

2-6 W/O emulsification
7-9 Wetting and Speading
8-18 O/W emulsification
3-15 Detergency
15-18 Solubilization

Figure 2-3 HLB value and corresponding application. Adapted with permission from ref [54].
Copyright © 2018 R. Setiati et al.

The kinetics of inverse emulsion polymerization is determined by the solubility of the
initiator. The presence of monomer (amides, a commonly used monomer for inverse
polymerization) can greatly increase the solubility of the initiator in the aqueous phase. However,
the homogeneous nucleation can occur due to the low solubility of hydrophilic monomer in the oil
phase. Another key factor that affects the inverse polymerization kinetic is the emulsifier
concentration; higher polymerization rate can be achieved when the emulsifier concentration is
increased. Many other experimental factors can affect the reaction kinetics, such as the reaction
temperature and types of hydrophobic solvent used that can alter the interfacial tension on the

oil/water phase. After the initial development of inverse polymerization, the inverse
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microemulsion polymerization was developed around 1980s. It effectively addresses the issues of
broad size distribution and the formation of unstable latex particles by using excess amounts of
surfactant. It was popularly used to produce individual Mannich polyacrylamide emulsions
without severe interparticle entanglement, which typically occurs in conventional inverse
polymerization [38].
2.2.3 Nanogels applications

The versatility of nanogel and microgel systems has attracted a lot of interest in fundamental
research and industrial applications. Their crosslinked-swellable structure and stimuli-responsive
property gives them promising potential for biomedical applications, environmental remediations,
and tissue engineering. In the following section, some of the recent advances in nanogel
applications research will be presented.

e Biological applications
The flexible nanogel structure allows them to integrate bioactive components and release

them under appropriate conditions. The nano or microscale impart the nanogel with a high specific
area, low non-target adsorption and long-lasting colloidal stability. All these advantages allow
them to address many difficulties in the biological domain, which cannot be solved using other
materials. In the following section, some advanced nanogel applied in biological field will be
introduced, including their preparation method, unique properties and superior profit over other
materials for the same applications.

The implant related infections due to autoimmune rejection are still a big concern in the
current medical field, which is mainly caused by the biofilm formed on the implant surface. The
conventional antibiotic can cause non-target delivery and bacterial resistance, which cannot
prevent infection and inflammation. Nanogel, as a type of hydrated flexible polymeric particles

capable of encapsulating antibacterial compounds can be effectively used to control the infections
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in a non-invasive way. Damla and coworkers recently developed a Triclosan loaded nanogels to
prepare an antifouling surface that offer an alternative way to combat biofilm growth, with the
performance of 99.99% kill for S. aureus. The nanogel was fabricated by co-polymerizing poly
(N-isopropylacrylamide) with 3(dimethylamino)propyl|methacrylamide (P (NIPAM-co-
DMAPMA)) through precipitation polymerization. After the quaternization of the tertiary amine
of DMAEMA, further modification with Triclosan was achieved by hydrophobic interaction with
the nanogel network (Figure 2-4). This drug-loaded nanogel system with a target release function
can be used as a multifunctional surface coating with anti-fouling and antimicrobial properties [2].
Another advanced implanted device, contact lens, were fabricated by drug-loaded nanogels used
for glaucoma treatment. The drawbacks of burst release and low capability for sustainable release
with eye drops and drug-soaked contact lenses was solved by this drug-loaded nanogel systems.
A nanodiamond (ND)-containing contact lens were fabricated from enzyme-cleavable nanogels
that entrapped timolol maleate (TM). The release of TM can be triggered by lysozyme and release
in a continuous manner. The drug-loaded nanogel was prepared by crosslinking PEI coated ND
with 50% N-acetylated chitosan in the presence of TM. Compared with the release of drug from
imprinted contact lenses and drug soaking contact lenses within 1 hour, this drug-loaded nanogel
system could retain TM for 24 hours with minor elution. While, it could cumulatively release less
than 9.41 pug over 24 hours when lysozyme was present, since chitosan could be degraded by
lysozyme. This drug-loaded nanogel system addressed the problem during storage and also
achieved control release [1].

Except for control-release, nanogels are also used as a nano-carrier for encapsulating
metallic alloys, such as gold, silver, titanium and copper nanoparticles. Among them silver

nanoparticles are popularly applied in antimicrobial application. However, pure silver
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nanoparticles tend to aggregate, have low stability and separation after use. It can only weakly
bind to other materials, resulting in leaching and direct contact of silver nanoparticles with the
surrounding medium, such as organs presents some toxicity concerns. Nanogel with different
functional groups can incorporate with metal particles and provide a non-invasive binding between
the metal nanoparticles and the surface. Also, the barriers of the nanogel help to eliminate the
toxicity issues caused by direct contact. A popular strategy for preparing silver nanocomposite
with nanogel is a one-pot mini-emulsion method. The polymerization was conducted with metal
precursor, and a subsequent reduction will be applied to obtain the final product.

However, a more intelligent method using the state of the art such as irradiation to produce
metallic nanoparticles in a three-in-one simultaneous process. It uses the energy of irradiation to
initiate the polymerization, crosslinking and nanoparticle reduction at the same time. Figure 2-5
presents the mechanism of silver nanoparticles and nanogel composite synthesized by gamma
irradiation. Recently, a biofunctionalized fabric consisted of essential oil encapsulated nanogel
was developed for skin contact applications. The bioactive nanogel was synthesized via mini-
emulsion polymerization of polyacrylamide in the presence of silver nitrate, the polymerization
proceeded under y-irradiation for 2 hours. Then, the bioactive nanogels mixed with polyethylene
glycol (PEG) consisting of the water phase and three different kinds of essential oils stabilized
with AOT were used as the oil phase. The bioactive emulsion was formed by dropwise addition of
the oil phase into the water phase under continuous stirring for two hours. Finally, the bio
functionalized skin contact pad was obtained by immersing the O> plasma exposed polypropylene
(PP) fabric into the mini-emulsion system for 2 hours. The emulsion was confirmed with no

irritation effect or any adverse inflammation in Swiss albino mice. Also the nanogel barrier
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eliminated the burst release and the indirect bonding of silver nanoparticles to the mice skin, which

effectively reduced the toxicity level of free silver ions [55].
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Figure 2-4 Schematics of the preparation and antifouling mechanism of the nanogel coating.
Adapted with permission from ref [2]. Copyright © 2020 American Chemical Society D. Keskin
et al.

Multifunctional nanogel combining with bioactive compounds is an important branch of
bioengineering, more research effort should be devoted to developing nanogel with innovative
structures and functions to address more bio-related challenges [56]. In addition, further
consideration should be given to the current limitation on the application of nanogel to real
applications, including long-term stability, purification of synthesized nanogel, use of organic

solvents and reproducibility of large-scale production.
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Figure 2-5 The schematic of the production mechanism of a bioactive nanogel by gamma
reduction strategy. Adapted with permission from ref [56]. Copyright © 2018 The Authors.
Published by WILEY-VCH Verlag GmbH & C0. KGaA, Weinheim.
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e Environmental remediation
Nanogel has a high surface area, which can be modified with various functional groups

compared with bulk material. Nanogel can be easily dispersed in both hydrophilic or hydrophobic
systems enabling them to be a good candidate for adsorbent development. Nanogel based
adsorbents are applied for removing various pollutants, such as heavy metals, dyes and
pharmaceuticals. Recently, Zhang et al. developed a thiolated amphiphilic nanogel to remove
environmentally relevant concentration of mercury from both water and hydrocarbon systems.
Firstly, the disulfide containing crosslinker (BMOD) was prepared by a single step reaction of 2-
hydroxyethyl disulfate and methacryloyl chloride. The disulfide nanogel was synthesized via mini-
emulsion polymerization, then tributylphosphine (BuszP) was used to break the disulfide networks
to generate a nanogel with abundant thiol groups (Figure 2-6). This strategy effectively avoided
the inhibition of polymerization, which was caused by the chain transfer nature of the thiol groups.
The maximum adsorption capacity (Qm) of Hg(Il) in water was 470 mg/g when the initial
concentration was 200 mg/L, which is two times more than a commercial silica based sorbent. The
Qm of Hg-dissolved organic matters (Hg-DOM) in water and the Qm of di(hexanethio) mercury
(Hg-alkyl thiol) in n-dodecane were 26 mg/g and 40 mg/g respectively. Even though the sorption
capacities are much lower compared with Hg(II), they can be removed more than 70% at an

environmental relative concentration [3].
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Figure 2-6 The schematic illustration of thiol abundant nanogel synthesis procedure. Adapted with
permission from ref [3]. Copyright © 2021. American Chemical Society Y. Zhang et al.

The ability to incorporate different organic or inorganic particles into the nanogel is another
active research topic. Lately, a bio-mimic magnetic nanogel was developed to purify bleaching
effluents. Amino-acidified lignin (Gly-lignin) was first prepared to simulate the ingredient of reed
root. The reed root is a natural material that can remove heavy metals from the soil by reducing
heavy metal ions through the functional groups found in the reed root. Then, the Gly-lignin,
cellulose and nanoscale Fe;O4 were mixed to prepare the nanogel (LDMNGs) through sol-gel
method. It was found that the adsorption capacities of Ni**, Pb** and Hg?* were highly dependent
on pH, their adsorption capacity could reach 0.596, 0.174 and 0.339 mmol/g respectively at pH 5.
The differences in the adsorption capacities are mainly determined by the steric hindrance caused
by the ionic radius. The adsorption performance of three different dyes (malachite green (MG),
methyl orange (MO) and methylene blue (MB)) were also investigated. The adsorption capacities
were mainly decided by the chemical structure of different dyes, and also the surface charge at
different pHs. In terms of reusability, all of the adsorbents could achieve 90% removal efficiency

even after three times regeneration with hydrochloride acid. This work provides an insight into the
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natural material’s functionality to build sustainable nanogel based adsorbent by replenishing the
natural waste with useful functional groups [57].

Nanogels also possess excellent film formation character, which can be used for membrane
fabrication by the assembling process. Zang et al. developed a zwitterionic nanogel modified
membrane for oil/water separation. The zwitterionic nanogel was prepared from dimethyl-(3-
sulfopropyl) ammonium hydroxide (DMAPS), N, N-methylenebis (acrylamide) (MBA) and
acrylamide (AA) monomers through reverse emulsion polymerization. The zwitterionic nanogels
modified polyacrylonitrile (ZPAN) nanofibrous membrane was obtained by immersing the
hydrolyzed PAN membrane into the MES solution with N-(3-dimethyla- minopropyl) -N-
ethylcarbodiimide hydrochloride (EDC) and N- hydroxysuccinimide (NHS) for 1h and followed
by 24 hours immersing into the nanogel solution. This ZPAN membrane possess superwetting and
antifouling properties, which effectively separated oil and water by low pressure driving process.
As high as 99.6% of oil rejection was achieved due to the enhanced surface roughness of PAN
membrane after nanogel modification, and also the zwitterionic nanogel imparted to the membrane
a high tolerance of the harsh environment in some applications. This work is promising for large
scale oil removal, such as crude oil leakage from the drilling process, the low working pressure
and antifouling property can significantly reduce the energy and capital costs [58]. In conclusion,
both pure nanogel and nanogel composite can be applied in versatile applications for
environmental remediation, which can achieve multiple functions with one material. For instance,
the incorporation of magnetic particles into the nanogel based adsorbent can avoid the secondary
separation after adsorption. More focus should be devoted to the development of the advanced

nanogel system to address environmental related issues.
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e Sensing or detecting applications

Sensing or detection technology is an important domain in biomedical science, such as the
cancer screening, bacterial detection, disease detection, and bio-markers in diagnostic devices.
Nanogel is a 3D structure with lots of water, which is very similar to the radiological properties of
tissues. Lately, a nanogel sensor was developed to measure the ionizing radiation (IR) doses via
colorimetric fluorescence method. The nanogel was prepared by reverse emulsion polymerization
with three monomers, including acrylamide (AAm), N-(3-aminopropyl) methacrylamide (APMA)
and APMA modified-5(6)-carboxytetramethylrhodamine (TAMRA) and crosslinker N, N’-
methylenebisacrylamide (BIS). After the fabrication of the supporting nanogel (PAAT), an IR
sensitive fluorescent responsive component, coumarin-3-carboxylic acid (CCA) was incorporated
into the nanogel via the coupling of the amino groups. When the PAAT nanogel was exposed to
UV excitation, it emitted a strong blue fluorescence light, while TAMRA as an IR inert probe
emitted stable red fluorescence (Figure 2-7). The colorimetric fluorescence signals of this nanogel
based sensor presented good linear relationship with IR doses within 20 Gy (LOD=0.1 Gy). This
sensor exhibited great potential in terms of colorimetric fluorescence measurement of IR dosing,
and it possessed high reproducibility and low error compared to other nanogel or metal
nanoparticle based IR sensor. The high accuracy and straightforward of this sensor enable it to be

applied in radiotherapy [59].

Nanogels are also commonly used as a sensing probe to investigate the conformation or
transition of composition in a polymeric network, such as hydrogel, due to their adjustable
chemical properties and small scales. For example, a nanogel based sensing probe was first
synthesized by crosslinking methyl methacrylate (MMA), methacrylic acid (MAA) and

ethyleneglycol dimethacrylate (EGDMA) via emulsion polymerization. This precursor nanogel
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was vinylated by a ring opening reaction with glycigyl methacrylate (GMA) to form vinyl-

functionalized nanogel (NG).
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Figure 2-7 The synthesis pathway of PAATC nanogel and the mechanism of ionizing radiation
doses detection. Adapted with permission from ref [59]. Copyright © The Royal Society of
Chemistry 2019.

The nanogel probe containing the photoexcited fluorophore (donor): (9-phenanthryl)methyl
methacrylate (Ph), and a ground-state fluorophore (acceptor): (9-anthryl)methacrylate (An) was
prepared by a free radical precipitation polymerization [60]. Finally the double crosslinking
nanogel DX NG(NGPh/An)x were formed by polymerizing the NG precursors with fluorescence
labelled nanoparticles (NGPh/An). The NGPh/An dispersions were highly sensitive to pH and the
photoliminescene (PL) intensity was changed correspondingly. With the increase of the pH from
4.5 t0 9.0, the intensity of the pH donor band (ID) at 366 nm increased, while the intensity of the
acceptor band (IA) at 414 nm decreased. The ratio of ID/IA increased with increasing pH, since
the resonance energy required to transfer from Ph to An reduced due to their separation caused by
the swelling of the nanogel. The strain sensing possibility of this nanogel was investigated by

incorporating it into a robust PAAm-Laponite RD (LAP) nanocomposite gel. This composite gel
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changed from purple to blue when it was compressed, and the ID/IA decreased from 1.25 to 0.85
when the applied strain increased from 0 to 72%. The nanogel probes have a great potential for
exploring the conformation transition and strain sensing of a gel indicated by a pH triggered ratio-
metric fluorescence intensity [61]. Besides single functional nanogels, the simultaneous
application of nanogels for diagnosis and treatment is a new trend in biomedical science. Wu
reported a series of core-shell multifunctional hybrid nanogels with adjustable magnetic properties
and fluorescent response induced by changes in the pH. The model nanogel was prepared by
coating the Ni-Ag metallic core with a pH responsive nanogel shell. Most of the work mention
above were only focused on translating the fluorescence signal to other detectable signal through
a linear relationship upon the changing of surrounding conditions. However, this work not only
made use of the fluorescence property of metal particles, but also incorporated the inclusion
property of nanogels. The hybrid nanogel also encapsulated chemotherapeutic drugs into the
nanogel shell, which enabled a new prototype that could simultaneously detect and treat the disease
[62]. Similar nanogel systems were also applied in cancer diagnosis and therapy [63], [64].

After a comprehensive review of the nanogel including background, history, classification,
synthetic methods and applications, there exists many benefits and unique features of nanogel
motivated the Chapter 3 of my PhD study. It described a facile synthesis of a pH responsive
nanogel, and various characters of the nanogel system was fully investigated. Chapter 4, 5, 6, 7
described and discussed the use of nanogel as a template together with other organic or inorganic
particles to address different environmental based problems, such as wastewater treatment and

antimicrobial application.
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2.2 Sustainable material selected for water treatment process

The green and sustainable materials used as building blocks to prepare novel adsorbents in
my study will be introduced in this section. Currently, there are many traditional materials used
for wastewater treatment, including activated carbons (ACs) and petroleum-based materials, which
have large carbon footprint during the production and utilization [65]. Therefore, in order to reduce
negative impacts during the preparation of adsorbents and the disposal of the used adsorbents, it
is necessary to select low cost, environmentally friendly and lower carbon footprint materials to
prepare the adsorbents. The cellulose-based material is regarded as one of the most promising
materials for constructing different systems suitable for various applications, since they are one of
the most abundant biopolymers that originate from trees. Cellulose materials are used in micro or
nanoscales, since many limitations (low diffusion rate, low loading capacity, pore mechanical
properties) of bulk materials can be addressed by their high surface area. There are several different
types of cellulosic sourced material were considered in my PhD study, including cellulose
nanocrystals (CNC), (cellulose nanofibrils) CNF, beta-Cyclodextrins (£-CD) and wood fibers
(WFs). In the following sections, the history, properties and production of each material will be
introduced. Different strategies used to modify these cellulose-based nanomaterial will be
introduced as well. Also, the incorporation with other materials to fabricate effective adsorbents

applied for water treatment process will be discussed.
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2.2.1 Cellulose nanocrystals (CNC)

Cellulose fibers derived from plants consist of amorphous regions and crystalline regions,
and CNCs are obtained from the acid hydrolysis of cellulosic fibers. After acidic hydrolysis, the
amorphous domains will disintegrate, and the remaining intact crystalline segments comprise of
CNCs. The plant based CNCs obtained after acid hydrolysis possess a length of 100-250 nm and
diameters of 5-70 nm, with a high aspect ratio nano-rods (Figure 2-9) [65]. The surface chemistry
and colloidal stability of CNCs are mainly determined by the types of mineral acids used in the
acid hydrolysis process. For example, sulfuric acid hydrolysis imparts abundant negative sulfate
half-ester groups on the CNC surface that impart high colloidal stability due to the electrostatic
repulsive forces, while hydrochloride acid hydrolysis yields CNCs with hydroxyl and carboxyl
groups rendering the particle will low stability [66]. Except the functional groups generated during
the acid hydrolysis process, their abundant hydroxyl groups driven from sugar units provide the
possibilities for various surface modifications (Figure 2-8 imparting specific functional groups to
the CNC:s for various environmental remediation). CNCs were selected as the basic building block
for constructing adsorbents, and their non-toxicity, biodegradability and sustainability impart them
low carbon footprint. Their large area, high aspect ratio provides numerous active adsorption sites
for the removal of pollutants. Lastly, their abundant sources, low cost, producing them for real

water treatment applications.
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Figure 2-8 Surface modification pathways of CNC depending on the pollutant type. Adapted with
permission from ref [67]. Copyright © 2017, Springer Science Business Media Dordrecht.

2.2.2 Tanfloc (TF)

Tanfloc (TF) is a tannin-based cationic polymer driven from the black wattle tree (4Acacia
Decurrens), which is a commercial flocculant used in water treatment. Tannins belong to a class
of natural materials known as plant phenols, which is the fourth plentiful by-product of the forest.
The tannins are initially negatively charged, the tanfloc is obtained after the introduction of an
amino group in the structure of the tannin [68]. TF possess repeated unit of substituted amine group
with a pKa value lower than 6.0, results in a positive charge density when pH below 6 [69]. In
contrast to the chemical flocculant, tannin-based material are extracted from plants, they are
biodegradable, non-toxic with abundant sources, which is considered as a promising alternative to
iron salt, aluminum and other conventional inorganic flocculants. The high positive surface charge
and the ability to interact with negatively charged material allow TF a good coating material with

no complex reaction.
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2.2.3 Cellulose nanofiber (CNF)

CNF with nanometric lateral dimensions was obtained from softwood pulp suspensions by
passing it through a high pressure homogenizer several times to break the cellular walls. The CNF
obtained from the mechanical treatment, such as homogenization, extrusion and grinding contains
both crystalline and amorphous regions [70]. Sometimes, chemical treatment was also utilized to
reduce the mechanical energy required to produce CNF. Commonly the chemical pretreatments
using 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), periodate-chloride,
glycidyltrimrthylammonium chloride (GTMAC) and (2,3-eppoxypropyl)trimethylammonium
chloride are being reported [71]. The main differences between CNC and CNF are their dimensions
and crystallinity, the CNF was 5 to 100 nm laterally and 0.5 to 5 um in length, which is much
larger than CNC. CNF contains both crystalline and amorphous domains with a crystallinity of 60
to 80%, while CNC contains mainly crystalline domains. The high aspect ratio of CNF makes
them suitable for the production of larger-scale adsorbent, such as microbeads, hydrogel or thin
film membrane (TFM), which can be easily separated after the water treatment process. Figure 2-
9 shows the production process of CNC and CNF from different processes.

2.2.4 Beta-cyclodextrin (-CD)

Cyclodextrins (CDs) are nature polymers generated from enzymatic degradation of starch,
and there are three major types of cyclodextrins classified based on the number of sugar units it
contains. They are designed as a, § and y cyclodextrins with 6,7 and 8 sugar unit respectively [72].
Among them, B-CD is widely studied because of their inner cavity size (7.8 A), which is suitable
for many aromatic pollutants. Combining with the hydrophobicity of the internal cavity, that can
form inclusion complexes with many organic molecules. And the hydrophilic property of the outer
shell imparts high stability to the functionalized system, which allows them to be a promising

building block for adsorbent construction. The low solubility of B-CD makes it easier to purify via

30



anon-solvent process. Because of the unique properties of B-CD, they are used to eliminate various
types of pollutants, including dyes, heavy metals, pharmaceutical residues and even PFAS. f-CD
based adsorbent can effectively remove PFAS under real environmental conditions, since size
exclusion can avoid the competitive adsorption of natural organic matters (NOM), which
commonly existed as a disrupting compound for PFAS removal. Due to the small size of B-CD
cavities, many works have been devoted to improving the stability and accessibility of the B-CD
cavities by loading onto the high surface area matrix. Therefore, a stable high surface area nanogel
templated magnetic particles functionalized with f-CD was developed in my PhD study. It was
applied for the removal of a model pharmaceutical, procaine hydrochloride, and the adsorption

mechanisms under different pH was investigated.
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Figure 2-9 The formation of cellulose fibres obtained from wood pulp, and the following
production process of CNC and CNF. Adapted with permission from ref [71]. Copyright © The
Royal Society of Chemistry 2018.

2.2.5 Wood fiber (WF)

Wood fibers (WF) can be classified into two categories: softwood fiber and hardwood fiber,

which were extracted from soft conifers and hard deciduous trees, respectively [73]. Hardwood
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fiber with heterogeneous structure possess a more complex vessel elements for transport functions,
while softwood fiber has a simpler structure with only long and slender cells and ray parenchyma
[74]. The major difference between softwood fiber and hardwood fiber is the fiber length, which
closely related to the mechanical property of the fibers. Softwood fiber possess a length of 3 to 7

mm, while hardwood fiber has only 1 to 2 mm length lead to a lower tensile strength [75].

2.3 Synthesis of magnetic particles (MNP)

Among the development of nanomaterials, magnetic nanoparticles (MNPs) are attracting a
great deal of research interest. They have been used in a wide range of applications, such as
controlled drug release, magnetic resonance imaging, data storage, and environmental remediation
such as water treatment. These applications were achieved by manipulating the particles using an
external magnetic field. Currently, many synthetic pathways have been developed to prepare
shape-controlled, highly stable and monodispersed magnetic nanoparticles. The most common
synthetic methods include co-precipitation, thermal decomposition, metal salt reduction, micelle
synthesis, hydrothermal synthesis, and laser pyrolysis technology. The methodologies and
mechanisms of these synthesis methods will be introduced in the following section.

2.3.1 Co-precipitation

Co-precipitation is the easiest way to synthesize magnetic nanoparticles from aqueous

Fe?"Fe’* salt solutions by adding a base solution under inert atmosphere at ambient or higher

temperatures. The reaction mechanism can be described as:

Fe** + 2Fe’* +80H™ = Fe(OH), + 2Fe(OH)3— Fe304 {+4H,0

Based on the chemical thermodynamic theory of this reaction, the precipitation of Fe;O4 should

be conducted at a pH of between 8 and 14, with a stoichiometric ratio of 2:1 (Fe**/Fe*") in an inert
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environment. Many factors can affect the size, shape, morphology, and composition of the MNPs,
such as the type of salts used (chloride, sulfate or nitrite), the ratio of Fe** to Fe**, the reaction
temperature, pH value, and the ionic strength of the solvent. The magnetic saturation values of
MNPs synthesized by this method are usually between 30 and 50 emu/g, which is lower than the
value of their bulk counterpart, 90 emu/g. Magnetite (Fe3O4) particles are not stable under ambient
atmosphere and can easily convert to maghemite (Fe>Os, y-Fe>O3), which is chemically stable
under ambient conditions; or dissolved in acidic media [76].

One big challenge in synthesizing MNPs by co-precipitation method is the broad size
distribution. It is difficult to manipulate the size and distribution of particles by co-precipitation,
since the nucleation rate of the particle is rapid at the beginning of the synthetic process. The
particle size distribution is important, since it can affect various properties of the MNPs that can
further affect their performance in some applications. For example, the temperature at which the
thermal energy can overcome the anisotropic energy is defined as blocking temperature (Tg), and
this T depends on particle size. Also, T is the critical point of MNPs, in terms of transformation
from ferromagnetic to superparamagnetic status. When the particle size is close to the size of a
single magnetic domain and the temperature is higher than Tg, it will become superparamagnetic.
A range of particle sizes will yield a range of Tg values, offering superparamagnetic properties for
different applications at varying temperatures. Although MNP prepared by coprecipitation is
generally polydispersed, this can be resolved by separating nucleation and particle growth during
the synthesis [76], which can be achieved by adjusting pH, since the nucleation of MNPs is
promoted at a pH below 11, while particle growth is favored when the pH exceeds 11 [77].

Thus far, many revised co-precipitation methods have been developed to achieve a narrow

particle size distribution and higher saturation magnetisation. Pereira and coworkers developed a
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novel one-step co-precipitation route to prepare superparamagnetic MFe;Os (M= Fe, Co, Mn)
nanoparticles. They used alkanolamines isopropanolamine (MIPA) and diisopropanolamine
(DIPA) instead of sodium hydroxide. The size of these stable superparamagnetic MFe>O4
nanoparticles was between 4 and 12 nm. Compared with MNPs prepared via the traditional
precipitation method, the particle size decreased by 6 times and the saturation magnetization
increased by 1.3 times. The alkanolamines can both be used as an alkaline reagent and complexing
agent to have a better control of the particle size during synthesis. They also reduced the
nonmagnetic portion (‘dead layer’) of the particle by the rearrangement of the spins. They
proposed that the sub-coordinated metal atoms interacted with the nitrogen and oxygen atoms of
MIPA and DIPA, which reduced the volume ratio of spin disorder to spin order domains of the
MNPs. Figure 2-10 shows the schematic of the ‘dead’ layer reducing mechanism by using MIPA

and DIPA for MNPs synthesis [78].

a)

ﬂ Metal cation O Oxygen

Figure 2-10 Schematic representation of the effect of different types of base on the thickness of
the ‘dead’ layer (shadowed region) and spin rearrangement at the surface of the MNPs(a) for
NaOH (b) for MIPA and DIPA. Adapted with permission from “A. G. et al. Pereira, Clara, André
M. Pereira, Carlos Fernandes, Mariana Rocha, Ricardo Mendes, Maria Paz Fernandez-Garcia,
“Superparamagnetic MFe;O4 (M = Fe, Co, Mn) Nanoparticles: Tuning the Particle Size and
Magnetic Properties through a Novel One-Step Coprecipitation Route Clara,” Chem. Mater., vol.
24, pp. 1496—-1504, 2012” [78]. Copyright 2012 American Chemical Society.
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Except for the challenge of narrow particle distribution, other obstacles that can stop MNPs
from being applied in biomedical field are aggregation and biocompatibility. Several studies have
attempted to add surfactant and biomolecules during the co-precipitation process to address these
problems. Hoang used plyvinylpyrrolidone (PVP) and cetyltrimethylammonium bromide (CTAB)
as a co-surfactant system to synthesize spherical Fe304 MNPs. Compared with the MNPs prepared
without surfactant, there was a slight increase of the particle size and less aggregation [79]. Suh
reported another novel approach to co-precipitate Fe;O4 inside a polymer matrix, which was
realized by placing iron ions into the deprotonated carboxyl-rich polymer matrix and forming
magnetic particles by nucleation. Figure 2-11 shows the polymer matrix MNPs synthesis process,
showing that the polymer matrix still has unoccupied carboxyl groups after the first cycle of co-
precipitation process. This feature imparts such magnetic polymer matrix a pH responsive property,

even after loading Fe3;O4, which can be useful for biomedical applications. [80]
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Figure 2-11 Schematic of the MNPs synthesis process. Adapted with the permission from “K. W.
Bong, P. S. Doyle, D. K. Hwang, T. A. Hatton, S. K. Suh, and K. Yuet,  Synthesis of Nonspherical
Superparamagnetic Particles: In Situ Coprecipitation of Magnetic Nanoparticles in Microgels
Prepared by Stop-Flow Lithography ,” J. Am. Chem. Soc., vol. 134, no. 17, pp. 73377343, 2012”
[80]. Copyright © 2012 American Chemical Society.
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Even though the co-precipitation method is one of the simplest approaches to prepare MNPs
with high saturation magnetization particles, more research should focus on addressing the
disadvantages like the wide range of particle size distribution and agglomeration. Only when these
issues are addressed, can the applications of MNPs prepared by the co-precipitation be expanded.
2.3.2 High temperature thermal decomposition

The high temperature thermal decomposition method was developed to address the
disadvantage of high levels of particle nucleation in the co-precipitation process. The thermal
decomposition method consists of two stages: hot-injection step and conventional reaction step.
During the hot-injection step, precursors are injected into the reaction vessel containing the hot
reaction mixtures. During the conventional reaction step, the reaction mixtures are heated to 300°C
to form the final magnetic nanoparticles. Compared to low crystallinity MNP synthesized by co-
precipitation methods, MNP prepared by thermal decomposition of organometallic complexes
possess high crystallinity, mono-dispersity and narrow size distributions. These desirable
properties were obtained by separating nucleation from particle growth and the complex hydrolysis
process. In order to produce monodisperse MNPs, oleic acid, 1-octadecene, oleyamine and 1-
tetradecene are commonly used as stabilizer during the reaction, and they can effectively reduce
the nucleation rate. The adsorption of the additives on the nuclei can affect the growth rate of the
crystals, so smaller MNPs can be obtained by the thermal decomposition process [81]. The MNPs
prepared by thermal decomposition are usually smaller than 30 nm with a narrow size distribution.

Alivisatos and coworkers synthesized monodispersed y-Fe;Os3 by thermal decomposition of
iron cupferron in octylamine [82]. William reported high quality Fe;O4 nanocrystals less than 30
nm were successfully prepared by thermal decomposition of iron carboxylate salts [83]. Vitalii

and coworkers synthesized monodispersed superparamagnetic Fe3O4 nanoparticles by thermal
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hydrolysis of iron (III) glucoronate. The morphology and particle size distribution of MNP can be
controlled by reaction temperature, stabilizer concentration, and types of solvents used. When the
temperature exceeded 300 °C, the size distribution was found to be narrow. Also, the particle size
of MNPs could be controlled by the concentration of oleic acid (OA), where higher concentration
yielded smaller particle sizes [84]. Park reported on an ultra-large-scale synthesis of monodisperse
magnetic nanocrystals by reacting inexpensive and non-toxic metal salts with yields greater than
95%. Figure 2-12 shows the overall scheme for the ultra-large-scale synthesis of monodispersed
nanocrystals. Firstly, the metal-oleate precursors were prepared from metal chlorides and sodium
oleate. Then, the monodisperse nanocrystals were synthesized by thermal decomposition of metal-
oleate precursors in high boiling point solvent. The size of the MNPs was controlled by varying
the aging temperature and other experimental parameters. Based on TEM, DSC/TGA and infrared
results, they proposed a mechanism for the nanocrystal formation. The nucleation phase occurred
at 200 to 240°C and was initiated by the dissociation of one oleate ligand from the Fe(oleate)s
precursor by COz elimination. The main nanocrystal growth occurred at around 300°C, which was
triggered by the dissociation of two oleate ligands, even though slow particle growth still occurred
when the temperature was below 250°C. The most impressive part of their work was that high
quality monodispersed nanocrystals were successfully synthesized by separated particle nucleation
and growth stages. This was achieved by the discovery of the different temperature dependencies
of nucleation and growth kinetics. They also confirmed that this synthesis strategy can be applied

in preparing other transition metal oxides, such as MnO, CoO, and ZnO [85].
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Figure 2-12 Scheme for the ultra-large scale synthesis of monodisperse nanocrystals. Adapted
with permission from “A. P. et al Patsula, Vitalii, Lucie Kosinova, Marija Lovri¢, Lejla Ferhatovic
Hamzi¢, Mariia Rabyk, Rafal Konefal, “Superparamagnetic Fe3O4 Nanoparticles: Synthesis by
Thermal Decomposition of Iron(III) Glucuronate and Application in Magnetic Resonance
Imaging,” Appl. Mater. surfaces, vol. 8, pp. 7238-7247,2016” [84]. Copyright © 2016 American
Chemical Society.

Another benefit of thermal decomposition method is that it can be used to prepare MNPs
with different morphologies, such as nano-cubes and nanospheres. Amara synthesized Fe3O4
nanotubes and nanospheres using a modified method of thermo decomposition, which is a one-
step solvent-free reaction. The size of the nanocubes was controlled by adjusting the weight ratio
of ferrocene to PVP. Nanosphere MNPs were obtained when the ferrocene/PVP ratio was 1:5, and
annealed at 350°C for 4 hours. This method can also be used to prepare other transition metal
oxides like ZnO and Bi;O3; with different morphologies [86]. Even though the thermal
decomposition method was successfully applied to produce specific sized nanocrystals, the solvent
boiling results in poor shape control. It has been revealed that the gas bubbles generated by solvent
boiling has a stronger effect on the nucleation step than the growth step, which lead to the
inaccurate control of the particle size [77].

2.3.3 Hydrothermal and solvothermal synthesis
Hydrothermal or solvothermal synthesis of MNPs is a wet-chemical technique to crystallize

the compounds in a sealed reaction vessel with solvent at 130-250°C under 0.3-4 MPa. This method
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has been widely used for producing dislocation-free single crystal particles, and the particles
prepared by this method possess better size and morphology control compared to other techniques.
As a result, it is desirable to synthesis highly crystalline MNPs by hydrothermal or solvothermal
strategy because of the good control of the composition of nanocrystals. When the aqueous
reaction media is replaced with organic solvent, it becomes known as the solvothermal process
[77].

Wang reported on a solvothermal method to prepare well-dispersed LiFePO4 nanorods with
diameters of 70 nm and a length of 90-150 nm. The XRD and TEM results showed that the LiFeO4
nanorod was a single crystal with the b-axis along the axial direction. This nanoparticle orientation
improved the electrochemical performance of the nanocomposite by accelerating the electrode
reaction [87]. Clearly, the MNPs prepared by the hydrothermal and solvothermal method are
superior to those prepared by other techniques, since they could generate high quality iron oxides
with accurate control of the composition.

2.3.4 Sol-gel reactions and polyol method

The sol-gel method is commonly used in the fields of material science and ceramic
engineering for synthesizing nanostructured metal oxides. This process consists of the
hydroxylation and condensation of molecular precursors in a solution, which initiates a “sol” of
nanoscale particles. The metal oxide gel is formed by condensation and inorganic polymerization
of the precursors. Traditional precursors for synthesizing magnetic nanoparticles are iron alkoxides
and iron salts like chlorides, nitrates, sulfates, and acetates. Generally, the MNPs will be generated

via a two stage form transitions:

Fe(OH)3— B-FeOOH—- y-Fe O3

For example, Zhang reported on a green sol-gel process to synthesis core-shell structured
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Fe304@Si0,-NH> nanoparticles for Pb(Il) removal. The FesO4 MNPs were first prepared by a
solvothermal method, followed by the co-condensation of Fe3O4@SiO>-NHo. It was achieved by
adding 3-aminopropyl trimethoxysilane (APTMS) after the hydrolysis of tetraethyl orthosilicate
(TEOS). The Fe304@Si0>-NH> nanoparticles could be easily recovered using an external magnet,
and the Qm of Pb(Il) was as high as 243.9 mg/g at 25°C. Figure 2-13 shows the schematic that
describes the co-condensation process and the effect of different loading amounts of APTMS. It
was demonstrated that the concentration of APTMS has a significant effect on the morphology of
the silica shells. As the increase of APTMS loading, the uniformity and dispersibility of the
Fe304@Si02-NH> MNPs decreased. If the amount of APTMS was further increased, aggregated
MNPs and some isolated small silica particles appeared, which could be attributed to the self-
condensation of silica. It was demonstrated that the basic amino-groups on APTMS promoted the
hydrolysis of TEOS and APTMS. Also, when the amount of APTMS increased, the growth rate
of silicate surpassed the nucleation rate, resulting in the formation of larger particles. Another
important factor in the formation of uniform spherical core-shell structure was the alkalinity of the

system [88].
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Figure 2-13 The schematic illustration of the sol-gel process of Fe304@SiO>-NH> and the effect
of APTMS loading on the formation of core/shell structure. Adapted with permission from ref
[88]. Copyright © 2012 Elsevier B.V.
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Lemine successfully synthesized monodispersed magnetite (Fe3O4) nanoparticles with an
average size of 8 nm via a sol-gel process. The saturation magnetization (Ms) of these particles
was 47 emu/g, which is promising for biomedical applications [89]. Xu prepared MNPs using a
sol-gel process and investigated how the synthesized Fe;O4 nanoparticles could be transformed
into a -Fe20s, y -Fe;04 and a -Fe via different annealing processes. The synthesized Fe3Os
nanoparticles transformed to y-Fe3Os when it was annealed in air at 300°C. However, the Fe3O4
nanoparticles transformed into a-Fe2O3; when it was oxidized at 500°C. This method was found to
be environmentally friendly and could be extended to fabricate other metal oxides [90].

The polyol method is also considered an inverse sol-gel method, which can be used to obtain
MNPs with specific morphology. During the polyol process, the polyol acts as solvent, reducing
agent, and stabilizers to control the particle growth and avoid particle aggregation. Typically, the
iron precursor is suspended in a liquid polyol, where is stirred and heated up to a specific
temperature. Compared with hydrothermal processes, the polyol process does not require high
pressures, so there is no need to use a Teflon-lined stainless steel autoclave [91]. Cheng
synthesized the MNPs using different polyol processes and investigated the resulting
morphological evolutions. Two kinds of polyols, ethylene glycol (EG) and 1,2-propylene glycol
(PG) were investigated, and the morphological evolution of the MNPs was very different in these
two polyols. This can be attributed to the different reductive capabilities of the polyols that leads
to different growing rates of the nanoparticles. The faster growing rate of MNPs in PG led to a
quicker aggregation of the particles and generated misalignments in the clusters. Every cluster
composed of several ordered mesocrystals, and the neighboring nanoparticles combined to become
a single crystal with porous structure during the Ostwald ripening process. On the other hand,

when EG was the reducing agent, the nanoparticles could self-assemble in the same direction in
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the clusters due to the low formation rate of nanoparticles. The mesocrystal could maintain its
flower like cluster, due to the low surface energy [92].

Compared with the co-precipitation method, the sol-gel process and polyol method have
many benefits. The MNPs prepared by the sol-gel process can be easily dispersed in water or other
polar media, since there are many hydrophilic groups on the surface of MNPs. The MNPs prepared
by the sol-gel process possess high crystallinity and saturation magnetization, which can be
attributed to the high reaction temperature. However, there are still some limitations of the sol-gel
process, such as the high cost of precursors and safety concerns related to the production of alcohol
during the process. [77].

2.3.5 Microemulsion

Microemulsion is a thermodynamically stable isotropic dispersion of a liquid mixture. It
consists of oil, water, surfactant, and may also contain a co-surfactant. Generally, the surfactant
forms a monolayer at the interface between oil and water. The hydrophobic tails of the surfactant
will dissolve in the oil phase and the hydrophilic head will dissolve in the water phase, and vice
versa. In the case of preparing MNPs, the liquid phase contains metal salts or other precursors, and
the oil phase is a mixture of hydrocarbons and olefins. Traditional microemulsions are either oil
dispersed in water (O/W) or water dispersed in oil (W/O), and both have been used to prepare
MNPs. There are many surfactants commonly applied for the synthesis of MNPs, such as bis (2-
ethylhexyl) sulfosuccinate (AOT), sodium dodecyl sulfate (SDS), CTAB, and PVP. A number of
factors impact the size and mechanism of MNP synthesis, including droplet size, monomer
concentration and surfactant properties [77].

For example, Okoli prepared MNPs via two different W/O microemulsion systems for

biological applications. The MNPs obtained from microemulsion system I, ME 1-MION, was
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prepared by mixing two W/O microemulsion solutions together. One of the W/O emulsions
contained metal precursors with surfactants dispersed in an oil phase. Then, it was added dropwise
to the other emulsion under vigorous stirring, which is a mixture of precipitating agent and
surfactants dispersed in an oil phase. Several washing steps were applied to the ME 1-MION before
any further usage. The second microemulsion process was a one-step synthesis procedure. The
formation of the ME 2-MION was achieved by adding the precipitating agent to the microemulsion
which included metal precursor and surfactants. A dark brown color emulsion system indicated
the formation of ME 2-MION. The prepared ME-MIONs was 7 to 10 nm with well-defined
spherical shape. The MNPs prepared by microemulsion process possessed desirable magnetic
properties allowing easy separation from the solution. Along with the good control of particle size,
the process is promising for producing MNPs for protein purification [93]. However, the
drawbacks included several cleaning and stabilization steps required due to MNP aggregation,
even though surfactants were used during the synthesis procedure.
2.3.6 Sonolysis or sonochemical method

The sonochemical method is also called ultrasound irradiation, which uses the chemical
effects of ultrasound generated from acoustic cavitation to initiate the reaction. The sonochemical
method provides an alternative approach to produce novel structured materials without requiring
high temperatures, high pressures, or long reaction times. The ultrasound irradiation produces
alternating expansive and compressive acoustic waves, and the acoustic waves will create
oscillating bubbles or cavities. Ultrasonic energies will accumulate in the oscillating bubbles until
the bubbles grow to tens of millimeters. Sometimes under appropriate conditions, a bubble will
overgrow and collapse, releasing the accumulated energy stored in the bubble in a short time

(together with a heating or cooling rate over 10! K/s). This bubble implosion results in high
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temperatures and pressures in a small area, around 500 K and 1000 bars respectively. As a result,
the sonochemical method is a good alternative to produce MNPs by sonicating ferric or ferrous
salt solution in mild reaction conditions [94].

For instance, Teo reported a novel one-pot synthesis of latex MNPs with particle sizes of
around 100 nm by ultrasound irradiation. The mechanism of mini-emulsion process is summarized
in Figure 2-14. The particle formation process was controlled by a droplet nucleation mechanism.
The mini-emulsion droplet was considered as a nanoreactor that contains the preformed Fe3O4
nanoparticles. The Fe;O4 nanoparticles were prepared by a hydrothermal method, and the purified
Fe304 nanoparticles were dispersed in n-butyl methacrylate (BMA) monomers. An O/W mini-
emulsion was prepared by mixing water with SDS as the dispersant for the nanoparticles or
monomer dispersion. Before further sonication, the liquid mixture was purged with argon to
remove oxygen and increase the amount of the radicals in the solution. Then, the liquid mixture
was subjected to 20 s of sonication at 8 W/cm? to obtain a uniform mini-emulsion. The
polymerization reaction was completed with an additional 50 min sonication process. They
explained that the polymerization reaction was initiated by primary radicals formed during the
acoustic cavitation. The particles were superparamagnetic with a saturated magnetization of 24
emu/g, and the magnetic fluid remained stable over 12 months. This work has provided a new
ultrasound procedure, which can be used as an effective method for producing a range of

nanocomposites, including various polymer matrices and encapsulated materials [95].
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Figure 2-14 The schematic diagram of the procedure for the encapsulation of magnetic
nanoparticles and monomer droplet to latex particle conversion. Adapted with permission from
M. A. Teo, Boon M., Fei Chen, T. Alan Hatton, Franz Grieser, “Novel one-pot synthesis of
magnetite latex nanoparticles by ultrasound irradiation,” Langmuir, vol. 25, no. 5, pp. 2593-2595,
2009 [95]. Copyright © 2009 American Chemical Society.

The sonochemical method is superior compared to other techniques in terms of uniform
mixing, reduction of crystal growth rate, and accelerated polymerization rates. However, the
inability to synthesis MNPs with specific particle shape and the low dispersity stop them from
many applications that requires high stability and accurate control of the particles [77].

2.3.7 Microwave assisted synthesis

The microwave assisted synthesis method has been used to prepare organic particles,
organometallics, and peptides since the 1980s. Recently, the microwave assisted methodology was
applied for inorganic material synthesis. It has been demonstrated that the molecules will
experience excitation when exposed to electromagnetic radiation. The molecules will align their
dipoles with the external field when excited by the microwave radiation. Microwave synthesis is
a promising method because it significantly reduces the reaction time, side reactions, energy cost,
and usually have a high yield [77].

Waseem reported a microwave-hydrothermal method for synthesising y -Fe2O3
nanoparticles, the superparamagnetic particles had an average particle size of 10 nm. Their work

confirmed that lower temperatures and reaction times were required in comparison with other
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preparation methods [96]. Hu reported on the synthesis of magnetite, maghemite and hematite
nanoparticles by microwave assisted hydrothermal process, and it can be achieved by varying the
reaction parameters. The production of pure hematite was fulfilled using a single precursor FeCls.
Magnetite and maghemite nanoparticles were prepared by using FeCls as the single precursor with
different drying processes. The maghemite particles were prepared by a one-step microwave
assisted process within 6 min from a mixture of FeCl, and FeCl; [97]. The microwave assisted
synthesis method is used to prepare biocompatible magnetic nanoparticles. For example, Liu
reported on a synthesis of biocompatible polyacid-conjugated Fe3O4 superparamagnetic hybrid
nanoparticles through microwave assisted synthesis. The particle size of this hybrid MNPs was
depended on the FeCls loading during the reaction. The hybrid MNPs were not only well dispersed
in aqueous systems, but the uncoordinated carboxylate groups on the particle surface also provided
the possibilities for grafting with antibodies, drugs and proteins [98]. Compared with the thermal
decomposition method, the preparation of MNPs by the microwave assisted process could be
easily dispersed in water without complicated stabilization such as using surfactant or
homogenizer [77].

A summary and comparison of MNP synthetic strategies discussed in this section are listed
in Table 2-1. In terms of ease of the reaction process, co-precipitation method should be the first
choice for MNPs preparation. In terms of good shape control, thermal decomposition appeared to
be the best process for preparing MNPs smaller than 20 nm, while hydrothermal or solvothermal
method was best suited for synthesis of MNPs larger than 20 nm [77]. Other processes such as sol-
gel, microemulsion, and sono-synthesis can also be alternatives for synthesizing MNPs with
narrow size distributions and controllable morphologies. Nevertheless, the major challenges for

synthesizing MNPs are to obtain specific sizes, shapes, compositions, and narrow nanoscale size
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distribution particles. These difficulties exist because MNPs tend to aggregate to minimize the
system surface energy. At present, all methods of magnetic nanoparticle synthesis require several
steps with different microstructure problems that may have side effects on the magnetic properties.
Therefore, the development of a simple and flexible synthesis method for preparing MNPs with
desired size and morphologies without aggregation is essential to applying these materials in
different applications.

Table 2-1 Comparison of different synthesis methods for MNPs. Adapted from ref [99].
Copyright © 2015 W. Wu et al.

Method Reaction Reaction Reaction Size Shape Yield
conditions temperature®C time distribution control
Co- Very simple, 20-150 Minutes Relatively Not High,
precipitation ambient narrow good scalable
Thermal Complicated, inert 100-350 Hours- Very narrow Very High,
decomposition atmosphere days good scalable
Hydro- or Simple, high 150-220 Hours- Very narrow Very High,
solvolthermal pressure days good scalable
synthesis
Sol-gel and Complicated, 25-200 Hours Narrow Good | Medium
polyol method ambient
Complicated,
ambient
Microemusion Complicated, 20-80 Hours Narrow Good Low
ambient
Complicated,
ambient
Sonosynthesis Very simple, 20-50 Minutes Narrow Bad Medium
or ambient
sonochemical
method
Microwave- Very simple, 100-200 Minutes Medium Good | Medium
assisted ambient
synthesis

Based on the above review and discussion, traditional MNP preparation methods can be used
to synthesize MNPs with defined shape and size. However, monodispersed MNPs can only be
generated under high temperature and high pressure, which is energy intensive. In my PhD study,
the colloidal scaffold approach was used to achieve size control under mild synthetic conditions.
The MNPs was prepared by in-situ co-precipitation of Fe?* inside the MAA-EA colloidal scaffold

followed by oxidation process. This nanogel scaffold worked as a nanoreactor to prepare magnetic
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nanoparticles with a narrow-scale distribution. The nanogel scaffold was also used as a nano
reactor for synthesizing other types of metal clusters like silver and applied to biomedical related

applications.

2.4 Water treatment technologies
2.4.1 Wastewater treatment ad drinking water purification

Water is essential for humans, so it is important to make sure the water supply is still
adequate. Also, the water quality is closely associated with human health and plays an important
role in the balance of the ecosystem. However, water resources are increasingly threatened by
pollution caused by overcrowding, industrial and agricultural activities and climate change. These
lead to the generation of wastewater, which can be divided into three parts: 1) human household
activities, 2) agriculture related water pollution (such as fertilizer, pesticides, herbicides, animal
waste and salts from irrigation water evaporation), and 3) industrial related water pollution (heavy
metals from mining industries, and toxic chemicals and dyes come from textile industries). For
these reasons, water quality assessment is necessary to evaluate the drinkability of water coming
from different water resources. Generally, water quality can be assessed using performance
indexes, such as biochemical oxygen demand (BOD) and chemical oxygen demand (COD). COD
corresponds to the oxygen consumption for all chemical processes in water. BOD describes the
amount of bio-degradable organic matter in water and is primarily used to assess domestic
wastewater, while COD is most used to assess industrial wastewater. The values of BOD and COD
are also affected by other indicators such as pH, total suspended solids (TSS), total suspended
solids (TS), and water temperature (T) [100].

Typically, the wastewater treatment process consists of three stages: primary, secondary and

tertiary treatments (Figure 2-15). In the primary treatment phase, heavy solids settle at the bottom
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of the quiescent basin, while oils and other light impurities float to the surface. After removal of
sediment and suspended impurities, the water will be discharged to the secondary treatment system
based on specific discharge requirements. Secondary and tertiary treatments will be bypassed
during heavy rainfall to prevent hydraulic overload. The main objective of secondary treatments
is to break down the biological content mainly from household waste, such as food waste,
detergents and personal care products. This process is usually accomplished through aerobic
biological processes, and sometimes another classifier is used to deposit and separate biological
flocculants. Finally, if wastewater is discharged into highly sensitive or fragile systems, physical

or chemical disinfection such as microfiltration will be applied at the tertiary level [101].
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Figure 2-15 A typical flow schematic of a wastewater treatment plant (Source:
https://www.lacsd.org/home/showpublisheddocument/3578/637644521003970000)

2.4.2 Categories of water treatment processes

Common techniques applied to water purification can be divided into six types: adsorption,
biotechnology, catalytic processes, membrane processes, ionizing radiation processes and

magnetic assist processes. In addition, nanomaterial-based water treatment processes are also
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emerging as promising alternatives to water treatment. Some important water treatment technique
will be introduced in the following section.
a)  Adsorption

Adsorption is widely used to remove low concentrations of non-degradable organic
compounds from different water sources. It is a surface phenomenon that describes the
accumulation of a specific compound on the surface or at the interface of two phases such as
solid/liquid or solid/gas (Figure 2-16). "Adsorbate" is the removed pollutant, and the phase that
collects the adsorbate is called "adsorbent". At the interface of the two phases, there are unbalanced
attracting forces that are responsible for adsorption. When adsorption is caused by weak forces
such as van der Waals forces or dipole-dipole interaction, it is defined as physical adsorption.
When adsorption is induced by valence forces equal to the strength of chemical bond formation, it
is called chemosorption [102]. The physisorption is a reversible exothermic process with an energy
release from 10 to 40 kJ/mol , while the chemisorption is usually irreversible together with a much
higher heat release of 20 to 400 kJ/mol [103]. Adsorption will stop where there is no concentration
difference of the adsorbate in the two phases. The adsorption capacity can be affected by various
factors, such as the type of adsorbents and pollutants, other competing species in the waste stream

and the surrounding conditions like temperature, pH, pressure, and contact time.
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Figure 2-16 Schematics of the adsorption and desorption process of adsorbate molecules with
adsorbent

Adsorption is one of the most common methods used for wastewater treatment, many
researchers are focusing on developing novel adsorbent with high capacity and low cost. In order
to better understand the adsorption system and to evaluate the performance among various
adsorbents, adsorption isothermal was widely used. The adsorption isotherm is an important curve
describing the mechanism of retention or release of the adsorbed molecules from the bulk system
with an adsorbent surface at certain temperature and pH [104]. The adsorption system reaches
equilibrium when the absorbate is in sufficient contact with the adsorbent and the rate of adsorption
and desorption reaches a dynamic equilibrium. Several types of adsorption isothermal have been
well established, including Langmuir, Freundlich, Brunauer—-Emmett-Teller, Sips, Redlich—
Peterson, Koble—Corrigan, and Flory—Huggins Radke—Prausnitz isotherm. They can provide detail
information on how adsorbate molecules interact with the adsorbent surface. Also, the
physiochemical parameters can be revealed by adsorption isotherm, it can also give the theoretical
maximum adsorption capacity, the character of the adsorption site and its affinity to adsorbent.
Only the most commonly used adsorption isotherms Langmuir and Freundlich will be discussed
in the next section.

In general, the concentration of adsorbate deposited onto the adsorbent can be obtained from
batch adsorption experiments, the adsorption capacity and removal efficiency can be calculated

from Eq. (2.1) and Eq. (2.2).

(Co—Cp)*V
Q. = L= @.1)
R% = % + 100 (2.2)
0

51



where Q; (mg/g) is the mass of adsorbate adsorbed on to the adsorbent at time t, Co (mg/L) is the
initial concentration of adsorbate and C; (mg/L) is the concentration of the adsorbate in the bulk
solution at time t, V (L) is the volume of adsorption system, and m (g) is the mass of adsorbent
used in the batch adsorption system. Q; is obtained after the system reaching equilibrium, it is
defined as Q. (mg/g), and R% is the removal percentage of the adsorbent relative to its initial
concentration. After knowing the basic terms related to the adsorption process, more detailed
information can be obtained by looking at the adsorption isotherms.

I Langmuir isotherm model
The Langmuir adsorption isotherm model was first proposed by Irving Langmuir in 1916 to

explain the adsorption of species on different surfaces. It is the most common adsorption isotherm
to obtain the amount of adsorbate adsorbed onto the adsorbent surface at a certain temperature.
Many experiments have been conducted to confirm the phenomenon of single-layer adsorption
[105]. This model relies on several hypotheses:

= All the specific adsorption sites are located at the surface of the adsorbent

= There is no difference between any adsorption sites

= The surface of adsorbent can only be covered with a single layer of adsorbed molecules

= Adsorbed molecules are unable to interact with each other
The Langmuir adsorption isotherm can be presented by Eq. (2.3), where C. (mg/L) is the
concentration of adsorbate at equilibrium, Qmax (mg/g) is the maximum adsorption capacity, and
Kt (L/mg) is the Langmuir constant [106].

Le L  Ce

(2.3)

Qm K1.Qmax Qmax
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Figure 2-17 is a standard Langmuir isotherm graph, and different adsorption stages are
presented in the insets. The adsorption of solute on the surface is a dynamic interchange between
the bulk solution and the surface. The adsorption of solute will not be affected by the adjacent
adsorbed solute molecules, since all the adsorption sites are equivalent and the adsorbed molecules
will not interact with each other. Each point of the isotherm curve represents a steady state, where
the absorption rate is equal to the desorption rate. In the initial stage, the amount of solute adsorbed
on the surface per unit area (q) increases as the concentration of solute (C) increases. However,
once all adsorption sites are occupied by the solute molecules, q will not increase with further
increase in the bulk solute concentration. At this point, the status of a specific amount of adsorbent
is defined as saturated [107].

Furthermore, the Langmuir isotherm has associated the rapid decrease of the intermolecular
forces with the increasing space. Webber and Chakkravorti defined a dimensionless constant called

separation factor (Ry), it can be presented by Eq. (2.4):

!
T 1+K.Co

(2.4)

R,
As explained above, the lower Rr value indicates a more favorable adsorption process, and the
nature of the adsorption process can be evaluated by Ri. The Rr value can be classified into 4
classes: Ri>1, Ri=1, 0<Rr<l, or Ri=0 representing an unfavourable, linear, favourable or

irreversible adsorption process respectively [104].

53



ks “\k,

L X X X X X J
,/\\.f '3/\\‘
q

(moles/m?) |

K, “ka solution

surface sites

>

C (moles/L)
Figure 2-17 Characteristic of Langmuir adsorption isothermal. Adapted from ref [107]. Copyright

© 2014 Wiley Periodicals, R. A. Latour.

IIL. Freundlich isotherm model
The Freundlich adsorption isotherm was initially proposed by Herbert Freundlich in 1909.

It was used to describe the variation in the quantity of gas molecules adsorbed by a unit mass of
solid adsorbent in terms of pressure changes at a constant temperature [108]. The Langmuir
isotherm is an ideal theoretical model, limited by numerous assumptions that cannot normally be
satisfied with the actual adsorption system. The Freundlich isotherm first describes a non-ideal
reversible adsorption isotherm, which is an empirical model that can be implemented to
heterogeneous adsorption sites and to multiple-layer adsorption. The non-linear Freundlich
isotherm model is presented in Eq. (2.5), where Kr and n are the parameters of Freundlich model,
which illustrated the relationship of adsorption capacity and adsorption intensity [109].
Qe = KrC.'" (2.5)

The linear form of Freundlich model is shown in Eq. (2.6), and the Freundlich adsorption isotherm
constants can be obtained by plotting Ln(Q.) versus Ln(Ce), the slope of this line is equal to 1/n

and the intercept value is equal to Ln(Ky). The value of n indicates the adsorption affinity between
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adsorbate and adsorption sites, linear adsorption to all the active sites happens when n equals to

1[110].

LnQ, = LnK; + %ane (2.6)

b)  Catalytic process
Adsorption using activated carbon (AC) is always considered the first choice for wastewater

treatment, as it is cost-effective, easy to operate and scale-up. However, the low selectivity and
heavy carbon footprint when regenerating the spent AC limits their applications. In most cases,
further treatment is required for concentrated pollutants resulting from the regeneration of the
adsorbents used or the rejection stream from membrane filtration. Therefore, it is necessary to have
a water treatment technology that not only remove pollutants from the water system, but also
degrade or transfer the toxic pollutants into non-toxic compounds. Consequently, it can be directly
discharged into the environment after treatment. To that end, catalytic processes may provide a
competitive alternative to traditional water treatment technologies. On the other hand, catalytic
process can completely degrade the toxic compounds within a short time, and the used catalyst can
be easily reactivated and reused, since the catalyst will not change or being consumed during the

catalytic process. The mechanism of a semiconductor photocatalysis is shown in Figure 2-18.
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Figure 2-18 The mechanism of semiconductor photocatalysis, adapted from ref [111]

Organic molecules can be degraded through both reduction and oxidation processes
depending on the types of organic molecules and the types of catalyst used. There are two major
oxidation processes classified by operation conditions: near ambient conditions or at elevated
temperature and high pressure. The advanced oxidation processes (AOPs) belong to the first
category, which is achieved by producing reactive oxygen species (ROS) like hydroxyl radicals
(*OH) [112]. AOPs are commonly used in wastewater treatment plant for degrading toxic organic
compounds into less harmful compounds that can be directly discharged. The photocatalyst has to
be a semi-conductor, which can release an electron (e¢’) from the valence band (VB) to the
conduction band (CB) and leave a positively charges hole (h*) staying in the VB when it is getting
excited by a light. This only happens when the light has a same or greater energy than the band
gap (Eg), which is defined as the energy difference between the conducting band and the valence
band (Figure 2-19). The generated unstable electron/hole pair is responsible for the following
reduction and oxidation reactions. Different ROS species can be generated depending on either
water or oxygen that reacted with the electron/hole pair. Figure 2-19 illustrates the reactions that
occur after the excitation of the photocatalyst and explained how ROS degrades the organic
pollutants. The electron-hole pair will be produced after light excitation (i); The positively charged

hole in the valence band can react with water or hydroxyls and generate highly reactive hydroxyl
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Figure 2-19 The reaction mechanisms of ROS generation and the degradation of organic
molecules by using photocatalyst. Adapted with permission from ref [113]. Copyright © 2016 The
Royal Society of Chemistry, K. Mondal et al.

free radicals (ii); The electron is able to react with oxygen and generate superoxide anion (iv); The
electron can also react with oxygen and protons to produce hydrogen peroxide (v); And the
electron can still react with hydrogen peroxide to produce more reactive hydroxy radials (vi); The
degradation of the organic pollutants can occur both in aqueous media (vii) or on the semi-
conductor surface (vii) & (ix) [113].

Except semi-conductors (metal oxides), noble metal-based catalysts are another type of
catalyst commonly used to degrade organic compounds. Even though, the high cost and rareness
of the noble metal enable more research on the development of non-noble metal catalyst. However,
the high efficiency of noble metal catalyst still attracts a lot of attention. Thus, many research are
focusing on the fabrication of high performance catalyst via constructing high surface area material.
The catalytic experiment is usually conducted by mixing catalyst with a waste stream in a quartz

cell, and the catalytic process can be monitored by a UV-Vis instrument. The electron-hole pair
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generated by the catalyst can further react with water and produce reactive radicals, such as -OH
and OOH, and the reactive radicals can continuously degrade the organic pollutants. The apparent
rate constant is used to evaluate the performance of a series of catalyst for the same catalytic
reaction, the equation is shown in Eq. (2.7), where Co is the initial concentration of the compounds
that need to be degraded (t=0), C is the concentration of the compounds at time t, and kapp is the

rate constant.

In (%) = kappt 2.7)

Catalytic performance is closely influenced by the surface area of the catalyst, so there has
been considerable interest in the nanoscale catalyst. The easy separation of the applied system is
also a concern, as the catalyst can be reused several times if there is no deposition of degraded
compounds. Thus, fixing nano catalyst on a high surface area matrix and aided with magnetic
particles is promising in catalytic processes. Thus, one of my thesis chapters focuses on the
development of a nanosized palladium catalyst onto melamine formaldehyde resin modified CNC
and anchored with nanogel templated magnetic particles for 4-NP degradation.

¢) Membrane filtration
Membrane filtration is another common technique used for wastewater treatment, it can

reject the pollutant molecules from the main stream by size exclusion mechanism. The membrane
separation can effectively enrich low concentration waste from a dilute system, while the
concentrated waste stream (retentate) or the fouling membrane still needs to go through a
secondary treatment. The pressure driven membrane separation process can be divided into 4 types
according to the membrane pore size: microfiltration (MF: 50-500 nm), ultrafiltration (UF: 2-50
nm), nano filtration (NF: <2 nm) and reverse osmosis (RO: 0.3-0.6 nm). The schematic

representation of pressure driven membrane filtration is shown in Figure 2-20. Accordingly,
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microfiltration can remove suspended solids, bacteria and macromolecules; ultrafiltration can
remove virus, colloidal organic matter and oil; nano filtration can remove small compounds and
salt ions can be removed by reverse osmosis [51]. The membrane separation is achieved by passing
the feed stream through a semipermeable membrane through a driving force (concentration
difference or pressure drop), where the feed stream is divided into two streams: permeate and
retentate. The permeate is defined as the stream that passes through the membrane during the

filtration process, while the fluid rejected from the membrane is defined as retentate [114].
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Figure 2-20 The separation of different components via pressure driven membrane filtration
process. Adapted from ref [51]. Copyright © 2018 The Royal Society of Chemistry, MK. Selatile
et al.

One of the most important aspects in evaluating the performance of a membrane process is

the rejection ratio towards specific compound. The equation is shown in Eq. (2.8) [115]:

R(%) = (1 - Cg—om) +« 100% (2.8)
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where Cy is the concentration of the pollutant in the feed stream (mg/L); Cpm is the concentration
of the pollutant in the permeate (mg/L); Furthermore, the permeate flux (J) is another important
value to note during the filtration process, which is also an indicator for membrane fouling. The
equation is shown in Eq. (2.9), where Q represents the flowrate across the membrane (L/h) and A

is the cross-sectional area of the membrane (m?).

> |

J= (2.9)

The filtration process can be further divided into dead-end filtration and cross-flow filtration
depending on the flowing direction of the feed stream and the permeate stream. In the cross-flow
filtration system, the feed stream flows tangentially to the membrane, while the feed stream is
vertical to the membrane surface in dead-end filtration system (Figure 2-21). The membrane
assembled as the dead-end configuration easily becomes fouled, while the shear forces in the cross-
flow filtration significantly slows the accumulation of the waste compounds on the membrane
surface [116]. The membrane separation can be highly efficient when the compounds exist in the
waste molecules are very different. Typically, membrane separation is superior to other water
treatment process in terms of low carbon footprint, however when used to separate multiple similar
structured compounds, further modification should be performed on the membrane for better

selectivity.

60



Cross-flow filtration Dead-end filtration

IIIIIH fit

111 N

Permeate Permeate

-;

Figure 2-21 The configuration of cross-flow membrane filtration (left) and the dead-end
membrane filtration (right).

2.4.3 B-CD absorbents applied to various pollutants removal

The composition of sewage is an important factor that need to be considered when
developing high performance adsorbents. Emerging contaminants in the water system can be very
different depending on their chemical, physical and biological properties, such as reactivity,
hydrophobicity and biodegradability. Typically, a multiple barrier process is commonly used in a
concurrent or sequential approach to meet a certain level of discharge standard, as the one step
treatment cannot eliminate all contaminants. f-CD based adsorbents applied for removing various
types of contaminants will be reviewed and discussed in the following section.

o Pharmaceuticals
In the past decade, pharmaceuticals have become emerging contaminants in the water cycle.

Traces of pharmaceutical residues were detected in surface water, wastewater, ground water, and

drinking water. It was only brought to our attention in the past few decades due to the
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improvements in analytical technology, since the concentrations of pharmaceutical residues in
water are typically low. In 2012, a report by the World Health Organization (WHO) indicated that
the traces of pharmaceuticals in drinking water are unlikely to evoke a pharmacological effect, and
that the risks to human health are very low. However, very limited studies on this topic have been
conducted to date. Furthermore, even though the concentration of pharmaceutical residues is not
high enough to trigger immediate response, the effects of long-term exposure remain unclear [117].
Pharmaceutical residues in water come in many different types, such as endocrine-disrupting
chemicals (EDCs), antibiotics, and anesthetic compounds. Long term exposure to bisphenol A
(BPA), a class of EDCs, was proven to be detrimental to the reproduction of wildlife. It was also
suspected that BPA would be carcinogenic to human and affect fetal development [118]. Currently,
most countries do not have guidelines for pharmaceuticals level in drinking water. As a result,
most wastewater treatment plants were not designed for the remediation of pharmaceuticals [119].
Recently, B-CD-based materials have been identified as having the potential to remove many types
of pharmaceutical compounds from water [120], [121], [122], [123].

Wood-based cellulose material has been a popular choice for the immobilization of -CD
because of their cost-effectiveness, biodegradability, and the large amount of hydroxyl groups on
cellulose that are available for modification [121], [124]. A filtration composite with cross-flowing
channels (B-CD/WS) was prepared by the reaction between wood dust cellulose, B-CD, and
tetrafluoroterephthalonitrile (TFP). The sawn-off microchannels formed by sawdust and the
micropores on the surface of the sawdust allowed maximum availability of B-CD cavity to
pharmaceutical molecules. For propranolol, a beta blocker for hypertension, the removal efficiency
by B-CD/WS reached 97% after 90s of contact time. In comparison, natural wood sawdust only

removed about 26% of propranolol under the same condition. The adsorption performance of -
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CD/WS was also stable over a wider pH range of 5 to 12, showing potential for practical
application. The B-CD/WS composite also demonstrated an excellent ability to treat more complex
wastewater containing multiple pharmaceuticals. In the simultaneous adsorption test of
amitriptyline, chlortetracycline, diclofenac, and levofloxacin, B-CD/WS were able to remove over
95% for all of the above tests [124]. Other than cellulose materials, graphene oxide (GO) is also
an excellent nanomaterial for the matrix of adsorbents due to its large planar surface area and rich
functional groups for easy grafting. A nanocomposite synthesized by surface modification of GO
with B-CD showed promising results for BPA adsorption, reaching a calculated Langmuir
adsorption capacity of 373.4 mg/g [125]. A study on a matrix containing B-CD and poly-L-
glutamic acid supported by magnetic GO demonstrated that the material was capable of removing
17 B-estradiol (E2), which also belongs to the EDCs family. The adsorption was reported to be
highly dependent on pH, but unaffected by ionic strength. One of the advantages of this material
is that it allows for rapid separation after adsorption, which is attributed to the magnetism from the
modification of GO [126].

Another citric acid-crosslinked B-cyclodextrin polymer (CA-B-CD) was designed for the
simultaneous removal of BPA, copper, and methylene blue (MB). The experimental data suggested
that the adsorption followed the pseudo-second-order kinetic model and Langmuir isotherm model,
indicating monolayer adsorption on a homogeneous adsorption site. It was proposed that BPA
binds with B-CD via host-guest inclusion with a stoichiometry ratio of 1:1. Also, the adsorption of
BPA was independent of the adsorption of MB and copper ion, since B-CD is the only active
adsorption site for BPA. The Qm of BPA onto CA-B-CD was estimated to be 83.01 mg/g based on
the Langmuir model. The removal efficiency of BPA was between 84.2% and 87.2% over a wide

pH range of 1 to 11. Finally, it is worth mentioning that the adsorption performance of CA--CD
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was mostly unaffected by the presence of humic acid. Humic acid could inhibit the performance
of many adsorbents including activated carbon. It was observed that the pollutants uptakes
remained mostly unchanged even when the humic acid concentration reached 1000 mg/L,
demonstrated the high selectivity for CA-B-CD polymer [127]. Similarly, another study also used
citric acid as the crosslinking agent for f-CD monomers, but with the addition of 2-dimethylamino
ethyl methacrylate monomer (DMAEMA) grafted onto f-CD. While preserving its ability to
adsorb BPA over a wide pH range of 2-10, this material could also selectively remove anionic and
cationic dyes, depending on the pH [128]. In conclusion, the B-CD adsorbent showed a great
affinity with pharmaceutical molecules, as most pharmaceuticals are hydrophobic and the aromatic
portion matched to the size of the CD cavities.

o Heavy metals
Heavy metals have been used by human beings for thousands of years. For example, lead

was used to produce water pipes and sweeten old wine. It was not until later that people discovered
that the long-term exposure to heavy metals have significant health effects on the human bodies
[129]. Chronic exposure to lead could cause effects such as mental retardation, birth defects
psychosis and autism. Cadmium is particularly toxic to the kidneys and long-term exposure could
lead to kidney disease, bone and lung damage. Exposure to high level of chromium could even
induce DNA damage in many ways [130]. Despite their toxicity, heavy metals are inevitably used
in industrial process or to manufacture specific products. Therefore, it is vital to find an affordable
and effective method to process heavy metals containing waste before releasing them to the
environment. Some B-CD based materials were found to have the ability to capture metal ions.
Normally, pristine f-CD molecules do not have the affinity for metal ions. However, with some
modifications such cross-linking and incorporation into other substrates, f-CD based materials

were able to adsorb metal ions.
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B-CD based polymers prepared by cross-linking B-CD molecules and/or other molecules as
substrates have shown good results in heavy metals removal. There are a few well-studied choices
of cross-linkers when it comes to synthesizing -CD polymers, such as epichlorohydrin (EPI)
[131][132][133][134], citric acid [135],[136][137], and ethylenediaminetetraacetic acid
(EDTA)[138][139][140]. A study on single-component CD polymer used EDTA as a cross-linker
for B-CD monomers. Comparing to other cross-linkers, such as EPI and EDC, EDTA is relatively
more affordable, less toxic and more eco-friendly. More importantly, EDTA also acts as a
chelating agent as it can form stable chelation complexes with metals. When applying EDTA-f-
CD polymers for multi-pollutants adsorption tests, B-CD molecules formed inclusion complexes
with dye molecules, while the amine groups of EDTA provided chelating sites for metal ions.
Therefore, the polymer was able to simultaneously adsorb metals and cationic dyes [141].
Subsequently, chitosan was incorporated with an EDTA cross-linked binary-component (CS-ED-
CD) polymer in a form of hydrogel. Chitosan is considered as the backbone of the polymer, and
CD molecules were grafted onto the chitosan network by EDTA. The SEM image of the freeze-
dried hydrogel confirmed the porous morphology of CS-ED-CD polymer. The adsorbent
demonstrated a monolayer adsorption mechanism with the capacity of 0.803 and 1.258 mmol/g
towards Pb(II) and Cd(II), respectively. The absorbent also allowed the simultaneous adsorption
of other organic micropollutants by forming inclusion complexes with CD cavities [ 142]. Pedrazzo
et al. synthesized two B-CD polymers (B-CTIR and B-PDMA) by cross-linking B-CD with citric
acid and pyromellitic dianhydride (PMDA), respectively. It was proposed that a large number of
carboxyl groups present on the polymer would enhance its ability to form complex with metal ions.
Therefore, a theoretical molar ratio of 8:1 for cross-linker to B-CD was used to synthesize the

polymers. At a high initial concentration of metal ions (500 ppm), B-PDMA demonstrated better
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adsorption capacity than B-CTIR, especially for Pb(Il) and Cu(II). The authors concluded that this
was due to the larger amounts of carboxyl groups present on B-PDMA. Interestingly, at lower
metal ion concentration (<50 ppm), both f-PDMA and B-CTIR showed very similar metal uptake,
in some cases, the performance of B-CTIR was even better than f-PDMA [143]. Qin et al. prepared
a B-CD based polymeric adsorbent (PCD-VI) by the copolymerization of methacrylic-modified (-
CD (MCD) and 1-vinylimidazole (VI). It was achieved by grafting heterocyclic molecules VI onto
the secondary face of B-CD, which in a way expanded the capacity of B-CD. A schematic
representation of its structure is shown in Figure 2-22. Meanwhile, the heteroatoms on the
heterocyclic molecules are capable of binding to metal ions by sharing electrons, also known as
coordination. In this way, PCD-VI can adsorb both cationic and anionic dyes, as well as metal ions.
More importantly, this material allows the stepwise desorption and recycle of cationic dye
molecules and metal ions due to their different adsorption mechanisms. Both XPS and FT-IR
spectra confirmed the chelation of Cd (II) with PCD-VI. More specifically, the chelation site was
determined to be the C=N group in VI. In an adsorption test with an initial Cadmium concentration

of 1000 mg/L, PCD-VI showed a Qm of 117 mg/g [144].
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Figure 2-22 The schematics representation of PCD-VI and the inclusion mechanism. Adapted
with permission from ref [144]. Copyright © 2019 Elsevier B.V. X. Qin et al.
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Other than direct polymerization, B-CD can also be incorporated into the matrix by
immobilization or functionalization [145]. Combined with B-CD, GO based B-CD materials have
great potential in being excellent adsorbents with both the B-CD cavities and possible interactions
with GO contributing to the adsorption. A magnetic B-CD/GO nanocomposite (MCGN) was
prepared by coating Fe3O4 particles with NHz-B-CD, where the amine group on NH»-f-CD
interacted with the carboxyl groups on GO. For the adsorption of chromium ions, it was discovered
that MCGN performed better in acidic environment. The proposed MCGN adsorption mechanism
is electrostatic attraction, and Cr(VI) is mostly in the form of HCrO4 when acidic, therefore it
interacts well with the positively charged MCGN [146]. Another GO based B-CD material was
synthesized by surface-initiated reversible addition—fragmentation chain transfer (RAFT)
polymerization. The RAFT agent was immobilized on the surface of magnetic graphene oxide,
following by the surface-initiated RAFT polymerization of methacrylated f-CD onto the RAFT
agent. The results from the adsorption tests and XPS spectrum at varying pH suggested that this
material was capable of removing Cd(II) ions due to electrostatic interactions and complexation
between the Cd(II) ion and the adsorbent [147]. In another study, B-CD molecules were mixed
with GO in solution form, then freeze-dried to form a three-dimensional (3D) graphene foam
(CDGN). The volume, mass, and porosity of CDGN all increased as more 3-CD molecules were
incorporated into CDGN. The removal rate of Cr(VI) reached 99.8% from a mixture of different
metal ions [145]. Aside from GO, there are many other material surfaces that B-CD can be loaded
onto. A B-CD based magnetic sorbent was developed by functionalizing the surface of Fe3O4
nanoparticles with monochlorotriazinyl-B-CD (MCT-B-CD). The hydroxyl and azinyl nitrogen
groups on the MCT-B-CD contributed to its adsorption towards many metal ions, especially Pb?*

[148]. Badruddoza et al. developed a magnetic sorbent in a similar way, but the magnetic
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nanoparticles were functionalized with B-CD-ionic liquid (B-CD-IL) polyurethanes instead. The
results showed that modifying CD molecules with IL enhanced its sorption capacity towards Cr(VI)
[149]. Chen et al. modified the surface of Fe3sO4 nanoparticles first with polyethylenimine (PEI),
then react maleoyl-B-CD with pre-synthesized Fe3Os-PEI. It was proposed that there were two
kinds of active sites for Pb**, which were both the oxygen-containing groups in the CD and the
exposed amino groups on PEI [150].

Although all of the B-CD based materials discussed above showed some degree of metal ion
removal efficiency, the adsorption capcity is not the only factor when it comes to the applicability
in real life. Some materials require the use of organic solvent in the synthetic process [141][147],
which is not very environmental friendly for large scale production. In order to be used in real life,
the material also needs to be easily recovered after use. In this case, both solid adsorbents and
magnetic adsorbents are advantageous due to the ease in separation. Generally, various -CD based
materials have been developed for the adsorption of metal ions with promising results. However,
very few was tested in environmentally relevant concentrations or conducted with a simulated real-
sample (i.e. interfering ions and other substances). While trying to enhance the adsorption capacity,
new research should aim at the possibility in realistic application.

o Dyes

Among all pollutants, the ones that stand out in textile industry wastewater are organic dyes.
Releasing untreated dyes into the water cause a series of problems, since it poses significant health
risks for human and some of the dyes are carcinogenic or toxic. Moreover, it creates significant
adverse effects on the environment, such as decreasing the water oxygen level by blocking sunlight
and interrupting photosynthesis, therefore bringing harm to the aquatic organisms [151]. Dye
degradation takes years under the natural light condition and bacteria. It also creates a byproduct,

carcinogenic aromatic amines, which precipitate in river sediment for an even longer time period
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[152]. Therefore, it is vital that proper treatments are applied to the textile industry wastewater
before it is discharged.

B-CD is found to be an excellent candidate for dye adsorption due to its chemical structure.
The hydrophobic cavity of B-CD allows hydrophobic guest molecules to enter and form a host-
guest inclusion complex. It is also shown that -CD can be easily regenerated and maintained a
high adsorption efficiency. Many B-CD contained adsorbents consisted of magnetic materials
during the synthesis, which makes the separation process much easier and provides an efficient
way to recycle the adsorbents. A polymer composite adsorbent was prepared by cross-linking -
CD with tetrafluoroterephthalonitrile (TNF), and then depositing Fe3O4 nanoparticles onto its
surface (CDP-Fes). CDP-Fes is highly effective for the removal of cationic dyes, including MB,
Natural Red (NR), Crystal Violet (CV) and Malachite Green (MG). The Qm of MB approached
565 mg/g, which was high compared to other reported -CD based adsorbents. It was proposed
that the excellent adsorption performance could be attributed to multiple adsorption mechanisms,
including the dye molecules forming inclusion complexes with B-CD, trapping dyes in a three-
dimensional hydrophilic network structure, and electrostatic interactions with the COO" groups on
the polymer. It is also worth mentioning that CDP-Fes has adsorption selectivity and could be used
to separate dyes of opposite charges. The anionic dye Methyl Orange (MO) was repelled by the
negatively charged adsorbent, while the cationic dye MB was adsorbed and successfully extracted
from the mixed MO/MB solution. It was observed that a removal rate of over 90% was retained
after four cycles [153]. In another study, a B-CD functionalized magnetic graphene hybrid (mGO-
B-CD) was prepared for the removal of organic dyes. In the original mGO complex, the n-n
interactions between the dye molecules and the hydrophobic plane of GO had the ability to trap a

small amount of dye. After immobilizing B-CD onto the mGO surface, a significant enhancement
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in adsorption capacity was observed. It was postulated that f-CD could form inclusion complexes
and providing more binding sites for dye molecules. Also, the pH value and the ionic strength of
the system was proven to be important factors during adsorption process. For the adsorption of
Rhodamine 6G (R6G) onto mGO-B-CD, the uptake of R6G decreased when the ionic strength
increased from 0 to 0.01M. When the ionic strength increased from 0.01M to 1M, an increase of
R6G adsorption was clearly observed. For the adsorption of a weak basic dye Acid Fuchsin (AF),
the pH showed a significant effect. The adsorption of AF reduced progressively as the pH increased
from 2 to 10. Very little AF molecules were adsorbed onto mGO-B-CD at pH 10. This provided a
convenient method for separation by adjusting the pH value after the adsorption process, where
the adsorbent could be reused. This material also showed excellent recyclability as about 90% of
removal efficiency could still be maintained after six adsorption-desorption cycle [154].

As mentioned previously, the -CD polymer cross-linked by EDTA (EDTA-B-CD) were
fabricated to be a bifunctional adsorbent for removing not only metals, but also cationic dyes
simultaneously. The Qm of three typical cationic dyes, MB, Safranin O (SO), and Crystal Violet
(CV) onto EDTA-B-CD were reported to be 0.262, 0.169, and 0.280 mmol/g, respectively. It was
proposed that CD cavities provided most of the active sites for dye binding and the EDTA groups
played a minor role in the adsorption. The adsorption of MB onto EDTA-B-CD was spontaneous
and exothermic. The negative AH value also suggested that the adsorption mainly followed
physisorption mechanism. The exothermic reaction nature caused the inclusion complex between
B-CD and the dye molecule to disassociate at high temperatures. Above 90% of regeneration
efficiency was obtained by washing with ethanol and hydrochloride acid after the fifth cycle,
indicating the good stability and reusability of the material [141]. Another B-CD based material

for dye removal that is being investigated recently is nanofiber membranes. The manufacturing
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process of electrospinning nanofiber membranes is relatively easy and cost-effective. A water
insoluble B-cyclodextrin-based electrospun fibers (CDBEF) were prepared for the separation of
MB. The electrospinning solution contains -CD and poly (acrylic acid) (PAA) dissolved in N,N-
dimethylformamide (DMF), with citric acid as the cross-linking reagent. The adsorption capacity
of MB onto CDBEF increased from pH 2 to 9 and decreased from pH 9 to 11. The optimum
adsorption capacity at pH 9 was explained by the strongest electrostatic interactions between MB
and CDBEF occurring at this pH value. This result indicated that electrostatic interactions with
carboxyl groups on CDBEEF also contributed to MB adsorption in addition to forming guest-host
complex. The adsorption isotherm followed the Langmuir model and the reaction kinetics was
better fitted with the pseudo-second-order model. It was discovered that the adsorption toward the
anionic dye methyl orange (MO) was very low due to electrostatic repulsion. Having the self-
standing and good film-forming properties, CDBEF could be used in the separation of MB/MO
dye mixture via dynamic filtration. When the mixed dye solution was filtered through the CDBEF
membrane, MB would be caught on the membrane while MO remained in the filtrate. The process
had a separation efficiency of 99.55% while the filtration was performed at a high flow rate of 150
mL/min. The MB-loaded membrane could also be regenerated by rinsing with methanol solution
mixed with HCI. The separation efficiency was maintained at over 90% after five filtration-
regeneration cycles [155]. In conclusion, the B-CD adsorbent is promising for dye removal, as
hydrophobic cavities could easily form inclusion complexes with dye molecules. Moreover, the
variation of the pH in the environmental system may allow the selective separation of different

dyes from a mixed solution.
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o PFAS removal
Per- and polyfluorinated alkyl substances (PFAS) are a group of synthetic chemicals that

have been used in various industries since the 1940s. They were widely used for food packing
[156], commercial household products [157], and fire-supressing aqueous film forming foam
(AFFF) [158]. In early 2000s, it was reported that perfluorinated compounds that were widely used,
for example in firefighting foams and water-proof textiles were detected in human blood samples
worldwide. Two of the PFAS chemicals, perfluorooctanesulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA) (Figure 2-23) were found and reported to have adverse health
effects to humans, including higher probability of cancer, cardiovascular disease, thyroid disease,
and low infant birth weight and size [159]. In the United States, there is currently no enforceable
Maximum Contaminant Levels (MCLs) regulation on PFASs, however, the health advisory
provided by the United States Environmental Protection Agency (EPA) is that the lifetime

exposure to FPOS and PFOA from drinking water should be below 70 ng/L [160].
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Figure 2-23 Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) referred to
as per- and polyfluorinated alkyl substances (PFAS). Adapted with permission from ref [161].
Copyright © 2019 American Chemical Society, Nicholas A. Lundquist et al.

Using CD-based polymers as adsorbent for PEASs removal is becoming a popular research
topic because CD polymers have great tunable properties, including forming inclusion complex,
surface area, pore structure, solubility, the ability to regenerate, and surface functionality [162]. A
novel multifunctional magnetic sorbent (Fe3O4-CDI-IL MNPs) was developed to remove PFOS,

PFOA and Cr(VI) from aqueous system. Polymers B-CD—ionic liquid (B-CD-IL) polyurethanes

72



were synthesized first, following by the cross-linking of the B-CD-IL onto the magnetic
nanoparticle surface. It was reported that the removal rate of PFOS and PFOA increased as the
sorbent concentration increased from 0.025 to 0.8 g/L. The sorption equilibrium was reached after
4 h and 6 h, respectively for PFOS and PFOA. In comparison, research had shown that the sorption
of PFOA onto GAC took at least 168 h to complete. The adsorption data was better fitted by the
Sips model, which indicated heterogeneous active sites. The proposed adsorption mechanism was
that the B-CD cavities might be the major active sites for capturing PFOS and PFOA, while the
electrostatic interactions between anionic PFAS chemicals and positively charged sorbent played
a minor role in the adsorption. The adsorption performance was also tested under pH 4-11. It was
shown that the adsorption of PFOS onto Fe;O04-CDI-IL MNPs was only slightly affected at pH
greater than 10.6, while the PFOA adsorption was significantly affected by pH. The magnetic
sorbent could easily be collected with a magnetic field, and then it was regenerated for 10 times
without significant loss of removal efficiency [149].

It was concluded that the performance of B-CD polymers as adsorbents is greatly affected
by their composition, such as the cross-linkers [163]. A B-CD based polymer network cross-linked
with decafluorobiphenyl (DFB-CDP) was reported to be able to reduce PFOA concentration from
1 pg L7! to less than 10 ng L™!, which is much lower than the EPA advisory level (70 ng L™).
Various DFB: B-CD molar feed ratios ranging from 3 to 7 were tested to explore the significance
of cross-link density Figure 2-24. It was found that the DFB-CDP polymer synthesized from DFB:
B-CD feed ratio of 3 displayed the best performance, whereas those with higher feed ratios (>5)
demonstrated inferior removal efficiency. The kinetics of the adsorption followed the pseudo-
second-order model, reaching an observed kobs value 0of 2.88 g mg™' h™! at [PFOA]o =1 ug L' and

[DFB-CDP] = 10 mg L!. The results showed that the kinetics of PFOA adsorption onto DFB-
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CDP was comparable to the leading powdered activated carbon (PAC) and better than GAC. It
should also be noted that the performance of PFOA adsorption by DFB-CDP was not affected by
the presence of humic acid. [164]. Humic acid is a major component of natural organic matter
(NOM), which usually inhibits the removal of PFCs by PAC [165]. This unique property of DFB-
CDP gives it a major advantage in practical applications over other adsorbents like activated
carbon. More in-depth research was conducted on the cross-linker chemistry of B-CD polymers
and how it affects PFAS uptake. Three different DFB-CD polymers were synthesized with
increasing level of phenolated DFB incorporated into the polymer network. Two other polymers,
epichlorohydrin-CD polymer (EPI-CDP) and 2-isocyanatoethyl methacrylate CD polymer (IEM-
CDP), were synthesized using different cross-linkers. With the three DFB-CDPs (Figure 2-24),
the results showed that the level of phenolated DFB in the polymer was inversely proportional to
its PFAS uptake. It was suggested that the negative charges due to the phenolation around B-CD
inhibited the binding of anionic PFAS onto B-CD. All five polymers were used to investigate the
adsorption performance of a mixture of 10 PFAS chemicals. At pH 7.5, EPI-CDP and IEM-CDP
demonstrated much lower removal efficiency comparing to DFB-CDPs. The zeta potential values
at pH 7.5 of EPI-CDP and IEM-CDP were also less negative than DFB-CDPs. After adjusting the
pH to 5.5, all five polymers showed higher removal rates on the majority of the PFAS chemicals,
indicating that surface charge might be an important factor affecting the binding efficiency
between PFAS and CD cavities. Overall, the EPI-CDP and IEM-CDP still showed lower removal
efficiency for 8 out of 10 PFAS chemicals comparing to DFB-CDPs, implying that other factors
other than surface charge would impact the uptake potential of PFAS, such as different

crosslinking agents and crosslinking density [163].
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Figure 2-24 Scheme of adsorption mechanism of PFAS onto DFP-CDP, EPI-CDP, and IEM-CDP.
Adapted from “L. Xiao et al., “Cross-linker Chemistry Determines the Uptake Potential of
Perfluorinated Alkyl Substances by B-Cyclodextrin Polymers,” Macromolecules, 2019.”[163].
Copyright © 2019 American Chemical Society, L. Xiao et al.

Till now, most of the work on PFASs removal by CDPs were conducted in Milli-Q water,
yet their performance in ground water was not widely tested. Recently, two -CD-based polymers,
commercial CDP+ (DEXSORB + ™, CycloPure, Encinitas, CA) and a CDP crosslinked with a
reduced terephthalonitrile (amine-CDP, aCDP), were tested in ground water to check if other trace
contaminants existed in the ground water would affect PFAS remediation. They were first
implemented in MilliQ water for the removal of 20 PFASs, including perfluorocarboxylic acids
(PFCAs), perfluorosulfonic acids (PFSAs), fluorotelomer sulfonic acids (FTSs), and perfluoro-2-
methyl-3-oxahexanoic acid (GenX). After a 4h contact time, the two CDPs both removed almost
100% of the PFASs, demonstrating their potential in PFASs removal. In ground water, the PFASs
removal performance for both CDPs were suppressed to different degrees compared to their
performance in Milli-Q water. Although, the adsorption inhibition for PFSAs was significantly
less than PFCAs. In two out of four ground water samples, the PFSAs uptake was not affected at

all, indicating CDPs have higher affinity towards PFSAs compared to other PFASs. Further study
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showed that both pH and inorganic cations contributed to the inhibition of PFASs adsorption by
CDPs in ground water. CDP+ has a permanently positive surface charge at all pH levels, while
aCDP would be deprotonated at higher pH level, which weakens the electrostatic interaction
between the anionic PFASs and aCDP. This also explained why CDP+ outperformed aCDP in
FPASs adsorption test conducted in ground water, suggesting that the pH of different ground water
samples might be different. The ground water sample that had the highest cations concentration
inhibited the PFASs adsorption the most [166]. These new insights should be taken into
consideration when developing new CDPs targeting PFASs in practical application.

After reviewing many studies on various pollutants removed by B-CD-based adsorbents, [3-
CD based adsorbents displayed promising affinity towards various pollutants such as
pharmaceuticals, EDCs, dyes, heavy metal and PFASs. High adsorption capacity can be achieved
by combining B-CD with other functional materials that possessed the potential to bind with the
pollutant molecules other than hydrophobicity. The B-CD-based adsorbents presented unique size
exclusion characteristic that would not be impacted by NOM present in the real water system,
which show promising potential compared with common commercial adsorbents.
2.4.4 Beta-cyclodextrin based adsorbents

As mentioned in the previous section, adsorption is still being considered as the most
common water treatment process. Among all the conventional adsorbents, activated carbon is used
as a benchmark for evaluating the performance of most newly developed adsorbents. Even though
AC has high adsorption capacity toward most pollutants, while its non-selective adsorption, high
energy cost of regeneration and loss of surface area after reuse limit its application. Moreover, AC
is venerable to NOM, which restricts its implementation in most real water systems. 5-CD has a

unique hydrophobic cavity of 0.65A that can resist the interaction with NOM. This size exclusion
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mechanism makes f-CD based adsorbents a hot topic for the removal of organic pollutants and
PFAS removal. However, the solubility of -CD is relatively high in water, suitable modification
and functionalization was necessary to develop f-CD based adsorbents that can be easily
recovered after use. Depending on the way -CD is prepared, f-CD based adsorbents can be
generally classified into f-CD polymers, f-CD immobilized material and f-CD incorporated
composite material. They will be introduced detailed in the following sections.

o B-CD polymers or S-CD nano sponges (f-CD-NS)
According to the solubility, f-CD polymers can be divided into soluble and non-soluble

polymers, which mainly decide their future applications. In this review, only non-soluble f-CD
polymers will be discussed, since they are more stable and compatible with current water treatment
technologies. In addition, cyclodextrin-based nanosponges (CD-NS) have been proposed in recent
years, which describe CD polymers synthesized through cross-linking reactions [72]. They were
named as cyclodextrin nano sponge (CD-NS), since multiple CD molecules connected to each
other formed a 3-D network via different crosslinking agents and the CD cavities functionalized
as pores in traditional sponge. Even though non-soluble CD polymers crosslinked with dialdehydes,
epoxides and epichlorohydrin (EPI) are well documented, the term (CD-NS) was first applied in
1998 [167]. Hydrophobic cavities and hydrophilic tunnels distributed in networks are
functionalized as adsorption sites allowing CD polymers to be a promising adsorbent for multiple
contaminants. The characters of CD polymers can be tuned by the types of crosslinking agents,
the crosslinking degree, particle size, porosity and post modifications towards specific target
pollutants. Crosslinking agents are highly reactive chemicals that include at least two electrophilic
sites that may interact with 7 nucleophilic hydroxy groups on $-CDs to form a porous network. In
terms of CD polymer, both linear and crosslinked structure can be synthesized. Commonly used

crosslinking agents are summarized in
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Table 2-2 [168]. The CD polymers can be divided into four types depending on the chemical
reactions between the CD and crosslinkers, including urethane CD polymers, carbonate CD
polymers, ester CD polymers and ether CD polymers.

Table 2-2 Various crosslinking agents applied for CD polymer synthesizing, adapted with
permission from ref [168]. Copyright © 2017 Elsevier Ltd, Atul P. Sherje et al.

Types of crosslinker Commonly used crosslinkers

Dicarboxylic acid chlorides Glutaryl chloride, adipoyl chloride, sebacoyl chloride, terephthaloyl
chloride

Acid anhydrides Glutaric anhydride, maleic anhydride, phthalic anhydride, pyromellitic
anhydride

Diisocyanates Hexamethylene diisocyanate, isophorone diisocyanate,
polydiisocyanate

Dicarboxylic acids Succinic acid, 2,3-naphthalene dicarboxylic acid, 2,2-bis(acrylamido)
acetic acid

Alkyl dihalides Dichlorodimethyl siloxane, dichloromethane

Chlorohydrin Epichlorohydrin

a. Diisocyanate crosslinked 8-CD polymers (Urethane based)
Urethane -CD polymers crosslinked by diisocyanate consisted of insoluble network with

high stability in both organic and inorganic solvent [169]. Representative crosslinking agents
includes: hexamethylene diisocyanate [170][171][172], polydiisocyanate and isophorone
diisocyanate. Urethane- § -CD polymers are usually prepared by polymerizing CDs with
diisocyanate in pyridine and N,N-dimethylformamide for selective binding with organic molecules.
It was explored that the CD-polyurethane presented a strong binding affinity towards organic
molecules with heteroatoms, which was confirmed by gas-solid chromatography [173]. After then,
more researchers started to explore the insoluble CD-polyurethanes applied for water treatment,
which mainly focus on organic compounds removal [171] [172] [174][175]. Kawano et al. used a
heptakis(2,6-di-O-methyl)-S-cyclodextrin (DM-f-CD) crosslinked with three different types of
diisocyanate crosslinking agents (4,4'-methylenebis(phenyl isocyanate) (MDI), 1,4-phenylene
diisocyanate (PDI) and hexamethylene diisocyanate (HMDI)) to produce an adsorbent to remove

polychlorobiphenyls (PCB)s from nonpolar organic media. The synthesis pathway of DM-[-
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CD/urethane polymer is shown in Figure 2-25. The synthesized MDI and PDI crosslinked DM-
B-CD possessed a high adsorption capacity of PCBs in both isooctane and insulating oils, and can
be easily recovered by acetone at room temperature [170]. Sabelo and coworkers applied
nanoporous CD-polyurethane to remove odor producing chemicals (2-meththylisoborneol (2-
MIB)), and disinfection by-products (DBPs). The concentrations of most remaining pollutants in
water samples were less than 10ng/L after being treated with CD (HMDI) and CD (TDI), while
the commercial GAC can only remove most pollutants up to 100ng/L level. Except for the
excellent adsorption capacity, these CD-polyurethane polymers were superior than commercial
GAC in recyclability, it could maintain its original adsorption capacity even after 20 cycles [171].
These urethane -CD polymers were also used to remove dyes [176] [177], amino acid [172],

aromatic pollutants [178] and NOM [179] from the aqueous system.
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Figure 2-25 Preparation of DM-B-CD/urethane polymers by crosslinking DM-B-CD with different
diisocyanate linkers. Adapted with permission from ref [170]. Copyright © 2015, The society of
Polymer Science, Japan, Shintaro Kawano et al.

b.  Carbonyl compounds crosslinked S-CD polymers (Carbonate based)
Carbonate CD polymers are normally prepared by crosslinking a carbonyl group with

crosslinkers such as carbonyl diimidazole, diphenyl carbonate and triphosgene and f-CD. The

synthesis could be implemented in either ambient temperature or high temperature, depending on
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the required character of the final product, such as crosslinking degree, solubility, swelling ratio,
porosity and coupling agents used in the synthesis. This type of CD polymer with low solubility
are widely studied in the medical field, rarely these studies are reported for water treatment. Liu et
al. proposed a magnetic f-CD nanocomposite fabricated by self-assembling N,N’-carbonate
diimidazole (CDI) crosslinked S-CD onto the surface of a Fe3Os modified ZIF-8. The synthesis,
adsorption and recovery schematic of Fe;O4 @ [-CD-CDI composites is presented in Figure 2-
26. Fe304 (@ [-CD-CDI composites displayed a rapid adsorption rate and high adsorption capacity
towards bisphenol A (BPA) compared with the magnetic adsorbent (Fe304) and Fe3O4@ZIF-8, the
one without 5-CD-CDI layer. Also, Fe3O4@ [-CD-CDI provided a ternary microenvironment as
a heterogeneous catalyst, which could attract BPA into the cavity of f-CD and degrade BPA by
the OH groups generated around the cavity. This bi-functional magnetic CD composite achieved

the removal and degradation of the pollutants in a single process step [180].
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Figure 2-26 Synthesis, adsorption and recovery schematic of Fe;O4 (@ [-CD-CDI composites.
Adapted with permission from ref [180]. Copyright © 2019 Elsevier Ltd. D. Liu et al.

With increasing concern on the environmental destruction, green material is a better choice

when fabricating new adsorbents. Hemine et al. synthesized biodegradable a, f-CD-nanosponge
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(a, f-NS) for the removal of bio-toxic pimavanerin (PMV) from post reaction raffinates. The
adsorption equilibrium was achieved within one minute with over 93% and 81% removal
efficiency of PMV by using a -CD-NS and S -CD-NS respectively. The obtained removal
efficiency was much higher than biological water treatment plant (37%) without severe foam
generation issue [ 180]. Another environmentally friendly CD nanosponage (CDNS) was prepared
by crosslinking f-CD with diphenyl carbonate (DCP) via a solvothermal method (Figure 2-27).
The adsorption capacity of basic red 46 and Rhodamine B using this CDNS was 101.43 mg/g and
52.33 mg/g respectively. It indicated a promising potential of dye removal from wastewater stream
[181]. Based on this review, there is no triphosgene (BTC) crosslinked CD polymer applied for
water treatment applications. Most of the BTC crosslinked CD were designed for medical

applications, such as drug delivery [182], cancer therapy [183] or control of drug release [184].
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Figure 2-27 Schematic of CDNS synthesis procedure. Adapted with permission from ref [181].
Copyright © 2019, Springer Nature B.V. L. Li et al.
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c.  Dianhydride or di/polycarboxylic acid crosslinked S-CD polymers (Ester based)
Ester based S -CD polymers are obtained from the esterification of dianhydrides or

polycarboxylic acids (like maleic anhydride, pyromellitic anhydride, glutaric anhydrate, phthalic
anhydride and ethylenediamine-tetraacetic dianhydride (EDTA)) with f-CDs [168]. The solubility
of ester based B-CD polymer is highly depending on the functional groups of crosslinking agent,
and also the crosslinking degree. For instance, the ester based f-CD polymers synthesized by
crosslinking with citric acid usually can adsorb huge amount of water, which is due to the
hydrophilic nature of the carboxyl groups. Currently in water treatment field, one of the most
challenging topics is simultaneously decontaminating multiple pollutants, since they usually
possess different physical and chemical properties. Zhao et al. fabricated the EDTA-S-CD
polymers that could simultaneously remove dyes and heavy metals. Attractively, the adsorption
capacities of dyes were almost same as in single component adsorption test, and the adsorption
performance of Cu (II) was improved in the binary pollutants system. This was attributed to the
different adsorption mechanism of heavy metals and organic molecules [141]. Their team also
applied this material for pre-concentrating rare earth elements (REEs) from tap water and seawater.
The Qm of La(III), Ce(IIT) and Eu (IIT) are 0.343, 0.353 and 0.365 respectively in mono-component
system, while their much lower adsorption capacity obtained with multi-component system
indicated similar electrostatic interaction adsorption mechanism for all three REEs. This
biodegradable green adsorbent displayed excellent adsorption performance for metal ions and dyes,
especially in multi-pollutants mixture. The rapid adsorption rate of REEs when pre-concentrating
them from dilute water system made this EDTA-S-CD polymer a promising water treatment
adsorbent [185].

Citric acid (CA), a common crosslinker used for synthesizing -CD polymer, the carboxyl

group performs not only as a crosslinker but also could bind and remove cationic dyes. Zhou et al.
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designed a CA crosslinked f -CD polymer by esterification followed by 2-dimethylamino
methacrylate monomer (PDMAEMA) grafting. This CD/CA-g-PDMAEMA possessed adsorption
sites for both anionic and cationic dyes at varying pH and also the adsorption affinity for EDCs,
which was superior than Zhao’s anionic dye adsorbent. The carboxyl groups in CA were
deprotonated and adsorbed cationic MB in basic environment. And the ternary amino groups were
protonated and attract MO in the acidic environment. At the same time, the DC cavities were bound
to BPA from pH 2 to pH 10, where the adsorption capacity was independent of other dyes present
[128]. Another popular crosslinker for 5-CD polymer is pyromellitic dianhydride, which is
crosslinked with §-CD via the polyaddition reaction. An eco-friendly pyromellitic f-CD polymers
(6-PMDA) was applied for heavy metal removal, and this nanosponge possessed a low water
absorption capacity (254 wt%) with 8 times molar ratio of crosslinker to f-CD. It exhibited a high
retention capacity (up to 94%) of Cu?" and Zn** in both 500 and 50 ppm ultrapure water. However,
in the presence of sea salt, the adsorption of Cu?* was reduced to 36-45%, which was attributed to
the salt shielding effect [143]. The schematic of f-PMDA synthesis is presented in Figure 2-28.
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Figure 2-28 Synthesis of f-PMDA(a) and S-CITR (b). Adapted from ref [143]. Copyright © 2019,
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d. Chlorohydrin and alkyl halides crosslinked #-CD polymers
The earliest crosslinked CD polymer was reported by Solms and Egli in 1965, a, fand y

cyclodextrin resins were first activated in water by sodium borohydride. Then it was crosslinked
with epichlorohydrin (EPI) in an extreme basic environment and applied for binding aromatic
compounds [186]. The unique inclusion property of CD-EPI polymer could be used as a separation
technique based on size exclusion, shape difference and hydrophobicity. This is the reason why
CD-EPl s still being developed in different forms and mostly applied in the separation field [187].
p-CD cross-linked with EPI formed an oxygenated alkylated polymer network known as ECP.
EPI or ECH (or 1-chloro-2,3-epoxypropane) is a popular crosslinkers adopted in polysaccharide
reaction with two reactive functional groups, alkyl chloride and epoxy groups. EPI can either
crosslink with B-CD or crosslink by itself during the polymerization process to form the water
soluble or insoluble CD polymer [188]. Figure 2-29 is a schematic representation of the
crosslinking reaction of f-CD and EPI, and the reaction was conducted under extreme basic
environment. Different mechanisms could occur during the reaction, the primary reaction was to
form a 3-D network during the polymerization of -CD and EPI. The possible structure of this 3-
D structure is represented in Figure 2-30, and the two possible mechanisms were the self-

crosslinking of EPI or the formation of glycerol by hydrolysis [188].
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Figure 2-29 EPI crosslinked with f-cyclodextrins forming insoluble poly(CD-EPI) gel under
basic environment. Adapted with permission from ref [189]. Copyright © 2017 Elsevier B.V. N.
M. Crini et al.
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Celebioglu et al. fabricated a water-insoluble hydrophilic poly(CD-EPI) fibers via the
electrospinning of aqueous hydroxypropyl- f-CD crosslinked with EPI by thermal treatment. The
synthesized poly (CD-EPI) mat could maintain its fibrous structure in water and various organic
solvents. In comparison to granulated poly (CD-EPI), poly (CD-EPI) fiber displayed a faster
adsorption mechanism to phenanthrene and phenolphthalein due to their smaller dimensions and
highly porous structure. This poly (CD-EPI) membrane had high specific area and high CD loading,
which was a promising material for removing dyes from both water and organic solvents [190].
The participation of the organic solvent during the synthesis and the non-biodegradable nature of
the spent resin was the main concerned when developing this CD polymers. Xu et al. developed
an ultra-microporous B-CD (T-E-CDP) polymer based on flexible EPI and rigid tetrafluoro-
terephthalamine (TFTPN), which was synthesized for the first time in aqueous phase. T-E-CDP

presented a fast adsorption rate for BPA, 3-phenyphenol (3-PH) and ethinyl estradiol (EE2). The
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equilibrium was reached within 2 mins, which was 45 and 581 times faster compared with
commercial adsorbents (AC) and XAD-4 resin, respectively. Furthermore, T-E-CDP could remove
micropollutants at environmental relevant concentrations without being affected by pH, ionic
strength of the aqueous system and the coexistence of NOM. T-E-CDP could be recycled
numerous times through simple desorption with methanol at room temperature, and it could be
degraded in a natural environment. This promising green synthesis method and the superior rapid
adsorption rate facilitated its application in real water purification [191].

. B-CD immobilized absorbents
To separate and recover §-CD based adsorbents from aqueous system, different materials

have been used as a matrix to support f-CD. The immobilization of f-CD onto a supporting matrix
can make use of the inclusion property of 5-CD cavity, and also improve the availability of 5-CD
cavity due to the high surface area of the matrix material. Currently, there are three major types of
materials commonly used to immobilize f-CD, including inorganic, organic and natural polymer.

a) Inorganic matrix

The most common inorganic matrices used to support f-CD includes single wall/multi-wall
carbon nanotubes (S/MWCNT)s, graphene oxide (GO), silica based material (SiO;), magnetic
particles (MNPs) and titanium oxide (TiO), which possess nano-size, high aspect ratio and
abundant functional groups on the surface. They address the recovery issues of pristine 5-CD, and
also improve the dispersity of the matrix material due to the surfactant-like characteristic of f-CD.

Carbon based material, carbon nanotubes (CNTs), graphene (GR) and graphene oxide (GO),
is becoming attractive supporting matrix in various fields because of their distinctive physio-
chemical properties. CNTs, discovered by Iijima in 1991 [192] have been proven to be a promising
adsorbent for removing toxic pollutants from the water system [193], as the large specific surface

area imparted from their hollow or multiple layer structure. CNT based adsorbents can be classified
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into 3 types: single-walled CNTs (SWCNTs), multi-walled CNTs (MWCNTs) and functionalized
CNTs (f-CNTs). SWCNTs (0.7 <d < 2 nm) are made from one atom thick allotrope of hexagonal
structure carbon nanosheet rolled up into a cylindrical shape during the chemical vapor deposition
(CVD) process. SWCNTs have a diameter of about 1 nm with a super high aspect ratio of about
1000 therefore considered a one-dimensional structure [194]. MWCNTs (1.4 < d < 150 nm),
indicated by its name, consists of multiple layers of SWCNTs coaxially wrapped into a cylindrical
tube shape. Double-walled carbon nanotubes (DWCNTs) is a special type of MWCTs that contain
two layers of SWCNTs. In CNT, the carbon layers are aligned as hexagonal structure. Two
structures of CNT can be represented by its chiral vector (n, m) using the tube axis as a reference
point: armchair (n=m) and zigzag (m=0) [195]. Compared to MWCNTs, SWCNTs possess a
higher specific surface area resulting in better adsorption performance towards organic pollutants,
especially for toluene (9.96mg/g) and benzene (9.98mg/g) [196]. However, due to the high
production cost of SWCNTs, MWCNTs are more affordable and applicable in scalable
applications. Although, the pristine CNTs has superior properties, the low solubility and dispersity
limited their applications. Among various matrix materials, CNTs are widely employed as a
supporting material for §-CD in water treatment field, due to their high aspect ratio, high
mechanical strength due to the C-C bonds and versatility for chemical modifications. [-CD
grafted MWNTs showed promising adsorption capacity for flowing contaminants in aqueous
systems with improved dispersity and adsorption performance. A MWCNT/iron oxides modified
with f-CD was applied to p-nitrophenol (PNP) removal under different conditions and the
adsorption capacity increased from 21.68 to 33.34 mg/g after f-CD grafting [197]. Similar
magnetic-based B-CD functionalized MWCNTs had a much higher adsorption capacity towards

MB (196.5mg/g), resulting from the high B-CD grafting ratio (17 wt%) [198]. A glycine/$-CD
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modified MWCNTs adsorbents exhibited super high adsorption affinity towards organic dyes,
including MB, AB113, MO, DR1 with adsorption capacities of 90.90, 172.41, 96.15 and 500 mg/g
respectively [199]. A novel Ag/TiO; decorated f-CD nanosponge functionalized phosphorylated
MWCNTs (pMWCNT/ B-CD/ TiO2-Ag) possess high surface area (325.5 m?/g) showed high
adsorption capacity for trichloroethylene (TCE) and Congo red (CR) are 27507 and 146.96 mg/g
respectively [193]. In conclusion, CNTs based nanomaterial applied in water treatment is
promising in many respects, such as high adsorption capacity and high surface areas. However,
more effort should be devoted to the development of large-scale, cost-effective synthetic strategies.

Graphene (GR) is a two-dimensional material with a hexagonal honeycomb lattice composed
of a single layer of carbon atoms hybrized in sp?. This unique structure gives GR a high specific
area, large pore volume, high transparency, high heat conductivity coefficient, multiple surface
chemistry and excellent mechanical strength, that make GR based material to be a promising
materials for water treatment [151]. Due to all the advantages described above, GO, as one of the
most common derivatives, has also drawn attention in large-scale cleanup techniques. Nie et al.
developed a highly porous graphene oxide aerogel microsphere modified with CD (CD-GAM) that
shows high adsorption capacities for a wide range of pollutants, including dyes (MB: 439mg/g),
pesticides (2,4-D: 17mg/g), pharmaceuticals (propranolol hydrochloride: 49mg/g), plastic
compound (BPA: 38 mg/g). The CD-GAM possessed rapid adsorption kinetics (reaching
equilibrium within 10 minutes) for most pollutants and still retained 80% of the adsorption
capacity after 5 cycles [200]. A nanocomposite synthesized with GO modified §-CD (GO-CD)
showed a very high adsorption capacity for BPA (373.4 mg/g), which was superior to most of the
existing adsorbents [125]. Another f-CD modified magnetic loaded GO (f-CD/MGO) was

fabricated by a simple reverse phase co-precipitation method, which possessed a high adsorption
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affinity for both heavy metals (Pb (II), Cu (II)) and dye (MB). As a conclusion, the high aspect
ratio of GR/GO and unique molecular structure of f-CD secured higher adsorption capacity for
different pollutants. The rich surface chemistry allowed additional modification with specific
adsorption sites and the high mechanical strength enabled the recyclability of the adsorbents.

In addition to carbon-based material, mesoporous silica is another common supporting
matrix that possess high surface area and porosity. The mesoporous silica applied for gaseous
purification is completed by calcination, while the high density of hydroxy groups on the surface
of silanol limit its adsorption performance in aqueous systems. Due to the unique hydrophobic
adsorption site of B-CD, it is usually incorporated with mesoporous silica for improved
hydrophobicity [201]. Bhattarai et al. developed 14 different §-CD modified silica based
adsorbents, they were prepared with silica coated with glycidoxypropyl trimethoxysilane (GPTS)
or aminopropyl triethoxysilane (APTES). Compared with the silica adsorbents of different f-CD
loading, the adsorption capacity of all three model pollutants (17 B-estradiol, PFOA and BPA)
increased with increasing CD loading, and the adsorption was partially due to the hydrophobic
cavity of B-CD. The highest adsorption capacity was achieved by the combination of HMDI as a
crosslinking agent synthesized with £-CD and silica in DMSO, which removed more than 90% of
17 [-estradiol, PFOA and BPA from MQ water. The adsorption capacity of 17 S-estradiol using
the synthesized adsorbent approached 38.8+ 5.6pg/g, which was superior to the commercial
activated carbon F400 (23.6+ 6.3ug/g) and could be reused more than 4 times without obvious
loss of adsorption capacity [202]. Another fast adsorption process of p-nitrophenol was achieved
by a surface immobilized S-CD silica hybrid adsorbent (CD@Si), and the adsorption capacity
could reach 69.6 mg/g within 15s at pH 7 and could be reused more than 5 times with a reasonable

capacity [203]. These mesoporous silicas provided high surface area offering large amounts of
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accessible sites for £-CD modification. f-CD also improved the stability and adsorption capacity
of silica-based adsorbents, and the rapid adsorption allowed the CD modified silica-based material
to be used as promising adsorbents.

A major concern of B-CD is its solubility in water, so one of the modifications focused on [3-
CD based adsorbents and its recyclability. Magnetic particles, as a controllable separating material,
are frequently used as carriers for 3-CD. Lin et al. investigated a novel magnetic f-CD inclusion
complex with phosphonobutanetricarboxylic acid (MNP-CD-PBTCA) applied to Hg?" removal.
The Qm was 77.59 mg/g obtained by contacting it absorbent with Hg?" at 55°C for 150 min at pH
4, and the binding was due to the electrostatic interaction between Hg?" and f-CD complex. The
reusability of MNP-CD-PBTCA was confirmed by five adsorption-desorption cycles with
acceptable capacity loss [204]. Except for the single pollutant treatment, a f -CD and
polyethyleneimine bi-functionalized magnetic particles (FesOs-PEl/ f-CD) were developed for
simultaneous removal of MO and Pb?*. It is challenging to treat complex wastewater via a single
step treatment, since the physicochemical properties of different pollutants could be very different.
The adsorption capacity of MO and Pb (II) is highly depending on the pH value, the Qm of MO
can reach 192.2 mg/g at pH 1, indicating that electrostatic interaction played an important role in
the adsorption process. In addition, the adsorption capacity of Pb (II) was 73.1 mg/g at pH 6, and
the adsorption performance was unaffected by adsorption-desorption cycles. Interestingly, the
desorption efficiency was closely related to the elute types, and NaOH was preferable for MO
saturated adsorbents, while EDTA showed better performance for Pb (II) saturated adsorbents
[205]. Excluding nanomaterial-based adsorbents, the magnetic material had also been used in other
forms, such as beads, aerosols or membranes. A zerovalent iron incorporated carboxymethyl £-

CD beads were developed for arsenic (III) and arsenic (V) removal. The imprinted iron not only
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promoted the separation efficiency, but also provided extra adsorption sites (hydroxyl groups) for
arsenic species, where the adsorption capacity reached 18.5 mg/g and 13.51 mg/g for As(IIT) and
As(V) respectively [206]. Porous magnetic -CD polymeric composite (MNPs/B-CDP) was
synthesized by grafting B-CD modified tetrafluoroterephthalonitrile (TFT) onto citric acid
modified MNP. This MNPs/ B-CDP were firstly applied for both adsorption and the degradation
of acetaminophen (APAP) by coupling KMnOs oxidation into the treatment process. It
simultaneously completed discoloration of secondary polluted wastewater and adsorbent
regeneration. The synthesis pathway of MNPs/f-CDP and its adsorption, coupling oxidation and
regeneration process are shown in Figure 2-31. The high magnetization (28 emu/g) MNPs/ 3-CDP
could be separated from the aqueous system within 60s and possessed a high adsorption capacity
towards APAP (126.2 mg/g) at pH 7. The ultra-fast adsorption kinetics were indicated by over 70%
of the equilibrium adsorption capability achieved within 60 seconds and the adsorbents became
saturated within 5 minutes. MNPs/B-CDP could be reused more than 5 times without additional
activation, and this long lifetime was suitable for large-scale water treatment [207]. Unlike most
magnetic supported adsorbents using Fe;O4 particles, Lee and Kwak developed a new -CD
functionalized mesoporous magnetic clusters (CD-MG) applied for BPA removal. The superior
adsorption capacity (52.7 mg/g) of BPA at pH 6.5-7 could be achieved via CD-MG without
significant loss over 4 adsorption-desorption cycles [208]. In conclusion, the fast adsorption
kinetics, the excellent magnetic separation property, the high recovery efficiency and the
commercially comparable adsorption capacity enabled them to be used as promising adsorbent in

the large-scale process.
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Figure 2-31 The schematic of material preparation of MNPs/ f-CDP and its application for
adsorption and degradation of APAP in a combination with KMNO4 oxidation process. Adapted
with permission from ref [207]. Copyright © 2019 Elsevier Ltd. Y. Shi et al.

b)  Organic matrix

Except for using inorganic material as supporting matrix, various organic materials have
been used to prepare B-CD based adsorbents. Synthetic polymers have abundant functional groups,
which can effectively bond with B-CD and provide more adsorption sites. In addition, polymers
act as spacers when preparing the B-CD-based polymer, making more CD cavities accessible to
the target molecules. For example, a branched polyethyleneimine (b-PEI)-polyethylene glycol
(PEG)- £ -CD polymer (X-CD/b-PEI-PEG- f-CD polymer) was developed for simultaneous
removal of BPA and Cu?*. Epoxy functionalized glycol, PEG as a nontoxic crosslinker combined
with a metal ion favorable crosslinker PEI was used for B-CD grafting. X-CDs were simply

synthesized by mixing PEGDE and b-PEI with alkaline dissolved f-CD at 60°C for 5h and dried
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after washing steps. From the elemental analysis, the crosslinking degree of X-CD was
significantly reduced after the addition of b-PEI as a secondary crosslinker, and the adsorption
performance of BPA was improved. The Qi of BPA and Cu(Il) were 65.3 and 52.4 mg/g at pH 6,
respectively. Surprisingly, higher adsorption capacity was obtained from this nonporous X-CD,
which is unusual compared with other types of B-CD based adsorbents. Furthermore, the
adsorption capacity of both BPA and Cu(Il) in binary pollutants removal test have almost no
difference compared to single pollutant system. This remarkable adsorption performance was
attributed to the expansion of a crosslinked structure of X-CD [209]. Another study that
investigated the anti-fouling property of a hollow fiber composite membrane prepared by
interfacial polymerization and layer by layer assembling method. The membrane was prepared on
a polyvinylidene fluoride (PVDF) hollow fiber ultrafiltration (UF) membrane. Firstly, the
membrane was soaked in different weight% of PEI solution, isophthaloyl dichloride (IPC) and B-
CD in sequence. The prepared membrane presented no obvious effect of rejection flux, and
presented excellent anti-fouling property with over 97.6% flux recovery ratio. This positively
charged membrane can potentially be applied to capture organic and anionic contaminants from
salt water (such as seawater) [210].

Considering biodegradability, aliphatic-aromatic co-polyesters were used as a supporting
matrix for the B-CD grafting. Liu et al. synthesized a novel biodegradable poly ((butylene
succinate-co-terephthalate) -co-serinol terephthalate) (PBSST) co-polyesters with NH» end groups,
and the CM-B-CD was further grafted via the amination reaction to obtain PBSST-g- 3-CD. The
PBSST-g- B-CD were fabricated into nanofibrous membrane via electrospinning for MB removal.
The Qm of MB was 543.48 mg/g and still possessed a 98% removal efficiency after 5 cycles of use

[211]. To solve the recovery issues of f-CD, most of current studies focus on the development of
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insoluble f-CD polymers in powder form, which requires a secondary filtration process after
adsorption test. The f-CD based adsorbents were evaluated under bath system, which is not
realistic for large scale water treatment. By considering these issues, fixing f-CD onto insoluble
matrix and applied in a dynamic adsorption test is critical. A novel palladium loaded f-CD
monolith (Pd-NP-loaded -CD) was developed and loaded into a flow reaction system for 4-NP
removal, conversion and 4-AP enrichment. The 3-D network Pd-NP-loaded f-CD monolith was
synthesized by a crosslinking reaction between monoclorotriazine modified f-CD (MCT-$-CD)
crosslinked with PEI. The monolith was prepared by adding MCT-£-CD and PEI solution into a
polytetrafluoroethylene (PTFE) tube and reacted at 10°C for 72 h. This monolith Pd-NP-B-CD had
a good adsorption affinity with 4-NP, even un-degraded 4-NP would remain in the monolith rather
than leaching out. By using this flow reaction system, the concentration of 4-NP can be reduced
to a concentration that does not affect living organisms in the environment, and the five cycles
reusability enables this monolith a promising multifunctional (adsorption, enrichment and degrade)
adsorbents [212]. Wang et al. developed a B -CD based porous membrane for organic
micropollutants removal. The soluble f -CD polymer (f -CDP) was first synthesized by
polycondensation of f-CD with EPI in base, and the f-CDP was fixed onto a commercial nylon
microfiltration membrane (MF) via interfacial crosslinking with trimesoyl chloride (TMC). The
preparation process is presented in Figure 2-32. In the optimized conditions, the f-CD loading
capacity, permeation flux and treating capacity of the f-CDP porous membrane reached 6.2 g/m?
and 1300 Lm2h! at Ibar and 440 mg/m? with 100% BPA removal efficiency. An ultrahigh
permeation flux (2500L m~2h!") with 100% removal efficiency can be obtained by this membrane

in flow-adsorption test, which is two orders of magnitude higher than the commercial
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nanofiltration membrane. Also, higher treating volume can be achieved by using a stacked

membrane setup without losing the treating capacity of individual membrane [213].
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Figure 2-32 Schematic representation of f-CD composite porous membrane preparation. Adapted
with permission from ref [213]. Copyright © 2019 Elsevier B.V. Z. Wang et al.

Chen et al. investigated an environmentally friendly adsorbent applied for different cationic
dyes and heavy metal removal. Firstly, f-CD was crosslinked with citric acid to obtain CD-CA
polymer, then dopamine was self-polymerized in the presence of a CD-CA adsorbent (CD-
CA\PDA). The adsorption tests indicated that CD-CA\PDA possessed high adsorption capacity of
582.95,1174.67,473.01, 73.64 mg/g towards MB, malachite green (MQG), crystal violet (CV) and
copper ion (Cu®"), respectively, at 25°C with 12h contact time and 5-5.5 initial pH. To evaluate the
adsorbent at practical condition, Tandem adsorption tests were conducted. The results showed that
the adsorption capacity of MB was not affected by adding other cationic dyes, or Cu" to the system.
However, both MG and CV presented a decreasing adsorption capacity when Cu?* was added to
the system, which might attribute to the different adsorption mechanisms. MB might be adsorbed
by host-guest interaction, while MG and CV were mainly adsorbed by electrostatic interactions.
In terms of the adsorption of Cu?*, adding different cationic dyes gradually reduced its adsorption
capacity, and this confirmed that the adsorption mechanism to Cu?* was due to the negative charge

on CD-CA\PDA. Because of the high adsorption capacity of CD-CA\PDA compared to other
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biomass derivative adsorbents and good recyclability, it could be applied for simultaneous removal
of dye and heavy metal ions [214]. In conclusion, S-CD could be functionalized on a wide range
of synthetic polymers through different strategies for the target water treatment process. Compared
with f-CD polymer-based adsorbent, using a supporting material could not only decrease the
amount of f-CD used for synthesizing the material, but it also could combine the benefits of the
base material and f-CD. On the other hand, employing a supporting material also solved the
solubility issue of 5-CD, resulting in an easier recovery -CD based adsorbent.

In addition to synthetic polymers, natural organic material such as chitosan, CNC/CNF and
agricultural products have also been used as a matrix for B-CD grafting. Because natural polymers
have abundant sources, bio-compatible, cheap and eco-friendly. For example, an easy preparation
of a chitosan adsorbent using citric acid modified B-CD (CA-CD/CS) was developed for reactive
dye removal. The adsorption performance of CA-CD/CS was evaluated by a flow through
experiment, the CA-CD/CS was packed in a glass column. And a simulated dye solution was
allowed to pass through the column at a rate of 1.66 ml/min. The removal efficiency of Reactive
Blue 49 (RB49) could reach 94% using 20% CA-CD loaded CS adsorbent, and the highest
adsorption capacity approached 498 mg/g at pH 5. The regeneration of the used adsorbents could
be conducted by passing 100 ml 0.1 M NaOH through the glass column, and 80% of removal
efficiency could still be obtained after 6 adsorption-desorption cycles. The superior adsorption
capacity and simple preparation allowed CA-CD/CS to be a promising adsorbent applied for dye
effluent treatment [215]. Chitosan is a common material used for bead preparation, since it can
form beads through ionic gelation. Karthikeyan and Meenakshi developed a cerium and B-CD
incorporating chitosan microspheres (Ce-CS-B-CD) applied for anion removal. The fabrication

process is presented in Figure 2-33. The Ce-CS-£-CD beads showed good adsorption capacity
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88.54 and 72.12 mg/g for phosphate and nitrate, respectively. Furthermore, this Ce-CS-£-CD
beads were used to treat real contaminated water from eutrophic area of Dindigul District (India),
and the results showed that both phosphate and nitrate concentration were reduced to below the
critical limits [216]. Later, this team applied this Ce(IIl) network chitosan/ f-CD (Ce@CCD)
beads for selective removal of dye molecules. The adsorption capacity of RB4, IC and AB158 dye
were 29.56, 30.57 and 30.57 mg/g, respectively. The adsorption mechanism of Ce@CCD was a
synergistic effect of electrostatic interaction, hydrogen bonding and host-guest inclusion, while the
adsorption mechanism towards toxic anion were ion-exchange, electrostatic interaction and host-
guest inclusion. The adsorption capacity and mechanical property was enhanced after the
incorporation of 5-CD into the system, and this Ce and £-CD included chitosan beads displayed
great potential for the decontamination of different types of wastewater [217]. There are many
different types of chitosan/ f-CD based beads applied as adsorbents. A chitosan/f-CD crosslinked
beads presented 1000 mg/g adsorption capacity for indigo carmine, which was twice that compared
with chitosan beads without f-CD [218]. Another nitrilotriacetic acid (NTA) crosslinked f-CD
incorporated chitosan (NTA- f-CD-CS) adsorbent were synthesized for simultaneous removal of
heavy metals and organic dyes. Surprisingly, the adsorption capacity of Hg (II), MB and MO were
178.3, 162.6 and 132.5 mg/g respectively in mono system, and the adsorption capacity was not

reduced in Hg(I1)/MB binary system [219].
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Figure 2-33 The synthesis procedure of Ce-CS-f -CD hybrid microsphere. Adapted with
permission from ref [216]. Copyright © 2019 Elsevier B.V. P. Karthikeyan.

CNC and CNF are another abundant green natural polymer existed in the world, they have
been used to develop superior adsorbents, such as aerogel, beads or membrane for pollutant
treatments for many years. A highly efficient aerogel-based adsorbent prepared from S-CD
functionalized CNF was developed for phenol pollutant removal. §-CD was crosslinked with EPI
in the presence of CNF, then different amounts of crosslinking agent (polyamide-epichlorohydrin
resin) was added to the f-CD grafted CNF suspension to form a gel under sonication, and the
aerogel was obtained by freeze dry. The grafting efficiency of f-CD onto CNF was 19.03%, which
was much higher than the grafting efficiency on regular wood fiber (8.07%) under the same
condition. The maximum adsorption capacity of p-chlorophenol (PCP) using CNF-CD aerogel
obtained by extrapolating the Langmuir adsorption isothermal curve was 148 umol/g, while the
adsorption capacity using CNF-CD membrane and CD modified CNF fibers were 39 and
63 umol/g, respectively. This higher adsorption was due to the high porosity, high aspect ratio and
high availability of f-CD cavities on CD-CNF aerogel [220]. Kono and coworkers prepared a
hydrogel bead by crosslinking carboxymethylcellulose sodium salt (CMC) and f-CD with

ethylene glycol diglycidyl ether (EGDE). The B-CD incorporated hydrogel beads presented much
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higher adsorption capacity towards BPA and the adsorption capacity was proportional to the -CD
loading. However, the hydrogel beads produced from pure CMC showed almost no adsorption,
and the highest adsorption of BPA was 167 umol/g [221]. Another cellulose based 5-CD were
prepared by a two-stage reaction. Firstly, the cellulose beads were obtained from the casting
method, where cellulose powder was mixed in precooled NaOH/urea/water (7:12:81 w/w) at -23°C,
and quickly dropping into a mixture of 4wt% CaCl, with 5 wt% HCI. The prepared cellulose beads
(CB) were neutralized by rinsing with DI water. Secondly, B-CD was grafted onto the surface of
CB by crosslinking with EPI, and washed with DI water. The preparation procedure is presented
in Figure 2-34. Similar to other research work for BPA removal, the pH was also the first factors
needed to be investigated before the other adsorption isothermal study. The adsorption capacity of
BPA increased from pH 2 to 7, which was due to the protonation of CD grafted CB and
deprotonation of BPA at higher pH. No obvious adsorption was obtained from pure CB, which
indicated the significance of f-CD cavities during the adsorption process. The Qm of BPA was
30.77mg/g at 298K, pH 7, and it still presented an adsorption capacity of 20.96 mg/g after four
regeneration cycles [222]. In summary, §-CD functionalized CNC/ CNF based green material
could be used as a promising adsorbent, since their easy preparation process, mild reaction
condition, biodegradable property and high adsorption capacity.

Thus far, a large proportion of cheap and environmentally friendly adsorbents have been
produced from agricultural waste (AWM). However, the original form of AWMs usually has low
adsorption capacity, thus appropriate modification such as grafting of functional material will
increase the adsorption sites and optimize the microstructure necessary for the development of

AWMs based adsorbent. Lately, a sugarcane bagasse (SB) modified with f-CD by crosslinking
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Figure 2-34 The preparation process of 5-CD grafted cellulose beads. Adapted with permission
from ref [222]. Copyright © 2019 Elsevier B.V, Q. Lin et al.

reaction with citric acid was employed to prepare the bagasse-3-CD (SB-S-CD) adsorbent for
simultaneous removal of BPA, MB and neutral red (NR). The Qm of BPA, MB and NR were
determined at 298K, and found to be 51.6, 292.8 and 193.1 mg/g at pH 7, 9 and 6, respectively.
The adsorption of BPA was mainly attributed to the host guest interaction and hydrogen bonding,
while the adsorption of MB/ NR was mainly attributed to electrostatic interaction with the carboxyl
groups of citric acid. The excellent adsorption capacity could be attributed to the improved surface
area, pore size and adsorption sites after crosslinking S-CD onto SB [223]. Cotton fiber, another
common natural cellulose fiber is attracting increasing attention due to their low cost and
degradability. Yue et al. developed a high performance cotton fiber adsorbent used for dye removal.
The cotton fiber was first activated by alkaline hydrolysis to produce activated cotton fiber (ACF),
and then oxidized with sodium periodate to obtain dialdehyde-cotton fiber (DA-cotton). 5-CD was
grafted onto the DA-cotton via aldol condensation reaction, and a hyperbranched amino terminated
polymer (HBP-NH>) was also grafted onto the DA cotton (NC-cotton). Similar to other adsorption

studies on dye removal, pH played an important role. The adsorption capacity of CR and MB using
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raw cotton, CD-cotton and NC-cotton were compared at their optimized pH (7.3 and 8.0). The
results indicated that after f-CD and HBP-NH> modification, the adsorption capacity of CR and
MB were both improved. This illuminated that the electrostatic interaction between NH> groups
and dyes were the main driving force for dye removal. Over 80% of removing efficiency could
still be maintained after five cycles of adsorption-desorption [224].

After reviewing many [-CD functionalized natural polymers used as adsorbent for different
types of wastewater treatment process, many benefits could be concluded, such as low cost, easy
processing step, mild reaction condition, large resources, and degradability. Nowadays, the
research focus of solving practical problems shifts to finding solutions from green chemistry,
which aims to achieve a sustainable development process. More papers can be found in this field
using CNC, CNF, chitosan and alginate-based adsorbents development, however only a few
studies are available that use agriculture-based material. By considering their excellent adsorption
performance and green property, more agriculture-based materials can be used as a building block
for adsorbents.

o Other types of f-CD based adsorbents

B-CD polymer and $-CD functionalized on organic or inorganic matrix are the two most
common way to construct a §-CD based adsorbent. Some other types of [-CD based adsorbent
such as self-assembled, molecular imprinted polymers (MIPs) and stimuli-responsive f-CD based
adsorbents will be introduced in the following section.

Self-assembling is a spontaneous process based on the association of disordered pre-exist
components into a 3D well-defined structure as a consequence of various physical forces, such as
amphiphilic property, host-guest interaction, electronic interaction, hydrogen bonding and -

stacking interaction without external intervention [225] [226]. Nowadays, self-assembled hydrogel
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driven by host-guest interaction between B-CD cavities and guest molecules have received
increasing attention for removing contaminants from the aqueous system. The host-guest inclusion
complex formed between hydrophobic cavity and aromatic organic pollutants could be achieved
by hydrophobic interaction, polarity, electrostatic interaction, van der Waals forces, hydrogen
bonding and dipole-dipole interactions [227]. Therefore, this non-permanent and reversible
interaction between B-CDs and pollutants could be applied as adsorbents to remove contaminants
from water without intrusive interactions. Moreover, the enrichment of trace contaminants could
be achieved by eluting the inclusion complex with a small volume of solvent. The ability to form
host-guest inclusion complex is a promising character of S-CD in terms of self-assembling system.
However, the soluble property of §-CD in water limits its application in aqueous systems, since it
is difficult to recover the material after its use. Also, the hydrogen bond formed between -CD
molecules restricted their inclusion with hydrophilic molecules or macromolecules [225]. As a
consequence, three dimensional flexible polymeric network, hydrogel, which could be easily
functionalized with f-CD and serve as an adsorbent [228]. Gao et al. prepared a CD polymer
(poly-CD)/azobenzene-modified polyacrylic acid (PAA-Azo) composite hydrogel via simply
mixing pre-synthesized PAA-Azo solution with different concentrations of poly-CD solutions
under sonication for 30 min. The self-assembled hydrogel formed via host-guest interaction with
trans azobenzene and -CD without external stimulation. The binary composite hydrogel could
remove various pollutants via different mechanisms. The maximum adsorption capacity of MB
and BPA were 85.32 mg/g and 20.73 mg/g via electrostatic interaction, hydrogen bonding and
host-guest interaction respectively. The hydrogel could also be disassembled into a sol status by
UV irradiation, which due to the transition of azobenzene from trans to cis conformation [227].

Based on the similar concept, Hou et al. synthesized a self-assembling hydrogel by host-guest
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interaction between B-CD polymers and ferrocene modified poly acrylic acid (P-CD/PAA-Fc).
Compared with Gao’s work, it has a comparable adsorption capacity of BPA (23.61 mg/g),
whereas the adsorption capacity of MB (24.64 mg/g) was much lower. It might attributed to the
lower specific area (1.63-2.13 m?/g) of P-CD/PAA-Fc, that could affect the formation of hydrogen
bonding between MB and hydrogel network in aqueous systems, which is the main driven forces
of MB adsorption [229]. Later, their team developed another self-assembling hydrogel based on
the hydrophobic interaction between B-CD polymers and adamantane modified poly acrylic acid
(P-CD/PAA-Ad). The maximum adsorption capacity of MB (20.48 mg/g) is lower than previous
work, which is also due to the reduced specific area [225].

Another main strategy to develop self-assembling -CD adsorbents is realized in the forms
of molecular imprinted polymers (MIPs). Molecular imprinting technology is a well-defined
method by incorporating target molecule as a printing template during the polymerization process,
which aims to develop a material that can selectively recognize and bind target molecules among
a series of analogous compounds. MIPs first prepared by crosslinking target molecules, functional
monomers and initiators into a 3D polymer network, then thoroughly washed out the imprinting
molecules until no template molecules can be detected in the filtrate. These tailored polymeric
micro-cavities have specific functional groups, size, geometry and chemistry that are exactly
complementary to the printing models [230]. MIPs are widely applied in diverse fields like drug
delivery [231], water purification [232], solid phase chromatography [233], biosensing [234] and
other applications, since the ease of preparation, low cost, high stability and precise reorganization
property.

However, there are some drawbacks of traditional MIPs, such as low binding site

accessibility, low mass transfer rate and low adsorption capacity. Therefore, many different

103



materials have been used as a substrate for molecule imprinting technology that can improve the
accessibility by surface functionalization. f-CD based MIPs are becoming attractive for removing
contaminates in aqueous systems, since it’s improved adsorption capacity, accessibility and
reduced production cost. Also, aromatic target molecules can easily interact with f-CD cavities
during the surface imprinting process that benefit from its unique truncated cone structure.
Recently, a magnetic molecular imprinting polymer f-CD (MMIP-CD) was developed for
detection and removal of zearalenone from the aqueous system. The MMIP-CD presented
improved adsorption capacity compared with the non MIP-CD adsorbents, which can be attributed
to the dual adsorption sites of f-CD cavities and MIP binding sites. It overcame the low
effectiveness of MIPs structural identification and the low selectivity of hydrophobic compounds
in CD cavities at the same time. Furthermore, by incorporating magnetic particles into the MIP
system, contaminants captured MIP-CD adsorbents can be easily separated from water by external
magnetic field [235]. Wei et al. developed two different magnetic MIPs by molecular printing
chitosan (CTs) and £-CD with 2-aminopyridine respectively, named Fe;O4-CTs@MIP and Fe3Os-
MAH-S-CD @MIP [236]. The preparation schematics are presented in Figure 2-35. Similar
strategy was used to develop the surface-imprinted magnetic beads incorporated with f-CD for
extracting BPA from milk. The MIP presented much higher adsorption capacity compared with

NIPs and lower the detection limit to 3.7ug/L [237].
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Although the adsorption performance of self-assembled B-CD based adsorbent exhibited a
high adsorption capacity, the complex synthesis procedure and low productivity limit their
applications. The adsorption site of B-CD cavities can improve the selectivity of the adsorbent,
while it also stops them from multi-pollutant removal.

After a comprehensive review of all kinds of possibility for developing B-CD based material
applied for water treatment, several critical points can be summarized here. Important factors that
can affect the adsorption capacities include the amount of accessible CD cavities, the specific
surface area of the supporting material, the porosity of the final adsorbent, and other functional
groups existed in the adsorption system. The selection of the starting material to build up the CD
based adsorbent should consider both the cost and environmental impact of the synthesis process,
and also considers the target pollutants and the real condition of the applying system. So, more
effort should be devoted to the development of high efficiency CD adsorbents for conventional

pollutants and new emerging compounds such as PFAS.
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Chapter 3: Synthesis and Characterization of pH-responsive
Methacrylic acid/ Ethyl Acrylate Crosslinked Nanogel by Semi-
continuous Emulsion Polymerization

Amphiphilic nanogel containing ionizable functional groups responsive to pH changes have
attracted growing interests. This chapter presents a facile experimental process to synthesize
methacrylic acid-ethyl acrylate (MAA-EA) nanogel crosslinked with diallyl phthalates (DAP) via
a semi-batch seeded emulsion polymerization process. The effect of amounts of ionizable carboxyl
groups, and degree of crosslinking on the photochemical properties of nanogels was investigated.
Monodispersed spherical nanogel particles were successfully produced by crosslinking with more
than 2 wt% DAP, which was observed under TEM after staining process. The particle size of the
nanogel displayed an “S” shaped profile associated with the swelling from the ionization of
carboxyl groups and de-swelling at high pH due to charge shielding. On the other hand, the surface
charge of the nanogel displayed a “U” profile between pH of 3 to 11. The 50: 50 MAA-EA nanogel
synthesized with various amount DAP possess a pKa value between 6.13 and 6.54, indicated the
synthesis protocol is highly reproducible. Also, the swelling behavior of the nanogel at different
pH condition is closely related to the quantity of carboxyl group existed in the nanogel network,
which was calculated based on both forward and reverse titration. This robust nanogel provided
many possibilities in synthesizing metal nanoclusters within the scaffold for addressing

environmental and biomedical applications.

3.1 Introduction

Nanogels are hydrophilic, 3-dimensional (3D), cross-linked polymeric particles that can
absorb large amounts of water or physiological fluids while retaining their internal network. As a
distinctive class of material with properties of a hydrogel and nanoparticle, these nanogels possess

long-term colloid stability and biocompatibility [238]. A variety of materials, such as natural and
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synthetic polymers with abundant functional groups can be used to fabricate the nanogel. By
harnessing physical or chemical interactions between various compounds and the functional
groups, these nanogels can be used to encapsulate active ingredients [35]. For example, nanogels
are extensively applied in delivery systems of specific drugs [239], controlled release [240],
sensing [61], diagnostics [63], water treatment [3] and coating systems [241]. In addition, the
embedded nanogel system with organic or inorganic matter can be extended to other applications,
including bioimaging [242], antimicrobial applications [2], and catalytic applications [243].

The researchers manufactured nanogels in different structures or conformations to achieve
certain functions, which can be used to classify them. There are three prevalent ways of
categorizing nanogels: based on different nanogel structures, the way they are crosslinked and
whether the nanogel system can respond to external simuli. Firstly, nanogel can be manufactured
into different morphologies according to the target applications by varying the monomers or
synthesis methods. Different spatial arrangements of nanogel have been classified based on the
structure as presented in Figure 3-1 [25]. These potential conformations include artificial
chaperones, hairy, core-shell, hollow, functionalized nanogels and multilayer nanogels. Artificial
chaperones can capture proteins and pharmaceuticals via hydrophobic interactions. This enables
nanogel to be a promising vector for active agents that can be used in vaccines, medical imaging
and disease therapies. They can also function as molecular chaperones by preventing the
aggregation of denatured proteins [26][27]. Hairy nanogels are typically comprised of a core of
inorganic or polymeric material and a shell with pendant polymer chains [24]. Functionalized
nanogels have functional groups attached to the nanogel, either before or after synthesis, in order
to be selective towards an external stimulus, encapsulation of active agents, or impart stability [34].

The core-shell conformation consists of two distinct regions with a dense core section and a porous

107



outer shell. This can be achieved by different polymerization techniques, reaction conditions and
the monomers selected, which allows for different functionalities in a single nanogel particle.
Hollow structural nanogels have a cavity inside them, resulting in a larger surface area with
improved drug load capacity [33]. This nanogel is generally manufactured through molecular
imprinting strategies, whereby the central polymer can be removed after the completion of its
mission. Layer-by-layer conformation involves multiple layers of polymers stacked on top of each
other by hydrogen bonding, ionic pairing or hydrophobic interactions. Their outer layer is
responsive to external stimuli and the physical-chemical properties of nanogels vary according to
the surrounding environment [28][29][30].

Different types of crosslinking strategies are another common way of categorizing nanogels,
it can be divided into physical crosslinking, chemical crosslinking or a combination of both
techniques. Physical crosslinking is typically achieved by the interactions of the monomers
through hydrogen bonding, electrostatic interaction, hydrophobic association or host-guest
interaction. Amphiphilic nanogel is a common type of nanogel formed through hydrophobic
interactions, they have surfactant-like features that can disperse in both polar and non-polar
solvents with reversible micellar structures. However, the nanogel formed by the self-assembly
driven by physical forces have limited lifetime and can be damaged by simply varying the external
environment. On the contrary, chemically crosslinked nanogels constructed by covalent bonds are
highly stable and they can maintain structural integrity for an extended time. Vinyl monomers
copolymerized with multifunctional crosslinkers can produce amphiphilic nanogels. The thickness
of the latex can be manipulated using cross-linking agents with a different number of double bonds
or by varying the amounts of cross-linking agent used [244]. Moreover, nanogel properties such

as particle size, functional groups, swelling ratio and stimuli-responsive features can be controlled
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by varying the experimental conditions during the emulsion polymerization process. Nanogels
crosslinked by physical and chemical forces can be dissociated by changing the surrounding
conditions. The switching properties serve as attractive characteristics of the nanogel when applied
to various industries. For example, the variation in viscosity and thickness of the paint material
may facilitate the application process. There is a special type of nanogel that can respond to
external stimulation, such as temperature, pH, light, pressure, magnetic field, redox, enzyme, and
ionic strength. Correspondingly, nanogel can present a switchable transition behavior, such as
reversible swelling, hydrophilic to hydrophobic, change in refractive index, network permeability,
latex viscosity or magnetic property [16]. The unique stimuli-responsive nanogel characters have

been extensively researched in various fields, particularly in the biomedical science.

Hairy Nanogel Functionalized Nanogel Core-shell Nanogel Hollow Nanogel

Figure 3-1 Nanogel classified based on different structures

Due to the distinctive features of nanogels, many research studies have focused on the
synthesis of nanogel via a simple and reproducible method that is crucial for industrial applications.

Generally, the nanogel synthetic method can be categorized as top-down and bottom-up
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approaches [5]. The top-down approach means that nanogel particles are prepared from larger
clusters or bulk materials by a physical, chemical or mechanical procedure. This may result in
uneven size distribution, non-homogeneous nanogel system and inconsistent morphology. A
bottom-up approach starts with monomers and forms nanogel via physical or chemical cross-
linking [5]. For hydrophobic nanogel synthesis, conventional emulsion polymerization (Miro/Mini)
is commonly used [245], whereas hydrophilic monomers comprise of nanogels are normally
prepared by reverse emulsion polymerisation [246]. Amphiphilic copolymers can self-assemble
into various nanogel structures without the use of surfactants. Therefore, simply interlocking the
assembled polymer chains provides a common platform for making the nanogel. However, the low
stability of self-assembled nanogel network may limit its application because of the low resistance
to environmental changes. Currently, the most popular method for preparing nanogel is still
emulsion polymerization due to its explicit mechanism and easier process compared to ATRP and
other control polymerizations. Based on the different continuous phase, the emulsion
polymerization may be divided into emulsion polymerization and inverse emulsion polymerization
using the water or oil phase as the continuous phase respectively [247]. Although, the emulsion
polymerisation procedure described in the literature usually required specific feeding rate [248],
[249], [53] of monomer mixture and initiator, the feeding rate and feeding methods are mostly
questionable in terms of reproducibility.

Till now, the preparation of reproducible, stable, monodispersed nanogel via a one pot
synthesis method is still challenging. In order to apply the nanogel to different practical
applications, this study provides a facile one-pot synthesis method to prepare methacrylic acid
(MAA) and ethyl acrylate (EA) nanogel crosslinked with di-allyl phthalate (DAP) by emulsion

polymerization. Simpler and less delicate setup is required when adding monomer mixtures and
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initiators to the emulsion system, enabling large scale production in industries. This robust pH
responsive nanogel incorporated with different amounts of carboxyl groups can be used as a “nano-
reactor” for incorporating organic or inorganic ingredients. A series of monomer ratios with
different amounts of crosslinkers (DAP) was used to prepare a series of nanogels, in order to study
the properties of nanogels in different conditions. Characters of nanogels such as hydrodynamic
radius (Run), radius of gyration (Rg), chemical composition, quantity of functional groups (carboxyl
groups), swelling ratio and morphology transition at different pH were explored. Multi-angle
dynamic light scattering (MADLS), static light scattering (SLS), conductometric potentiometric
titration, transmission electron microscopy (TEM) and zeta potential measurement were used to
investigate the nanogel property. Moreover, the transition of nanogel conformation with different
monomer ratios and different amounts of crosslinking agents was studied and related to the

nanogel composition.

3.2 Experimental
3.2.1 Materials

Methacrylic acid (MAA), ethyl acrylate (EA), di-allyl phthalate (DAP), sodium persulfate
and sodium hydroxide were purchased from Sigma-Aldrich. Aerosol OT (AOT, 75%) was
supplied by Thermo Fisher Scientific.

3.2.2 Synthesis of Poly (MAA-EA-DAP) nanogels

Polymeric nanogel was prepared by crosslinking methacrylic acid (MAA) and ethyl acrylate
(EA) with di-allyl phthalate (DAP). The MAA-EA nanogel was synthesized using a conventional
semi-continuous emulsion polymerization process. The recipe for synthesising the 50:50 (molar
ratio) MAA-EA nanogel with 8 wt% DAP is described in the following section as an example. All

other recipes for synthesizing nanogel with different monomer ratios and different weight
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percentages of the crosslinking agent are summarized in Table 3-1. A pre-emulsion mixture was
prepared in a 20 ml vial with the addition of 4.945 g MAA and 5.75 g EA (1:1 molar ratio) with
0.856 g DAP (8 wt% of the monomer mixture), 1 g of 75 wt% AOT solution and 1.4 g of Milli-Q
water. The contents were thoroughly mixed with a sonication probe to generate a well-mixed pre-
emulsion before adding to the reaction vessel. The reaction vessel (a 250 mL three-neck flask)
contained 120 g Milli-Q water and 1g of 75 wt% AOT solution. The initiator solution was prepared
by dissolving 0.25 g of sodium persulfate in 2 g of water.

The reaction vessel was seated on a magnetic hot plate and connected with a condenser. The
reactor was heated up to 85 °C under continuous stirring while being purged with nitrogen for 30
minutes, whereupon the initiator solution was added using a syringe. When the contents were well
dispersed, the agitation rate was reduced from 600 rpm to 300 rpm and 5 wt% of the pre-emulsion
mixture was added dropwise into the reactor. One of the key factors influencing the successful
synthesis of nanogel through emulsion polymerization was the agitation speed. The stirring speed
could vary depending on the reactor sizes and stirring methods (mechanical stirring or magnetic
stirring), however a one inch vortex must be formed in the center. After the reaction had proceeded
for 30 minutes to form a seed solution, the remaining pre-emulsion mixture was added dropwise
using a pressure equalizing-funnel. The remaining monomer mixture was re-mixed immediately
prior to addition to the reactor to ensure that the monomer mixtures were in the emulsion state.
The reaction was left to proceed for another 30 minutes. The final product was then cooled down
to room temperature and filtered through a 200-mesh nylon cloth to remove the aggregates. The
nanogel solution was charged into a dialysis bag with a molecular weight cut-off of 12 to 14 kDa

and dialyzed against DI water until no excess surfactant could be observed (no visible bubble after
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changing of dialysis water change) or the conductivity of the dialyzed water was equal to DI water.

The schematic illustration of the synthesis of MAA-EA nanogel is shown in Scheme 3-1.
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Scheme 3-1 Schematic illustration of the emulsion polymerization synthesis procedure of MAA-
EA nanogel

Table 3-1 Reagents for nanogel synthesis. Mass of components required for the synthesis a series
of nanogels with different combinations of monomer ratios and quantity of crosslinking agents

Nanogel 20/80 30/70 40/60 50/50 50/50 50/50 50/50 50/50

Model MAA- MAA- MAA- MAA- MAA- MAA- MAA- MAA-
EA- EA- EA-8% EA- EA- EA- EA- EA-
8%DAP 8%DAP DAP 8%DAP 4%DAP 2%DAP 1%DAP 0.5%DAP

Reactor

Water (g) | 120 120 120 120 120 120 120 120

5 wt% | 0.7 0.7 0.7 0.7 0.68 0.67 0.66 0.66

Monomer

mixture

(2

AOT (g) 1 1 1 1 1 1 1 1

Initiator

Water (g) | 2 2 2 2 2 2 2 2

Sodium 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25

persulfate

(2

Monomer mixture

MAA (g) | 1.892 2.89 3.89 4.95 4.95 4.95 4.95 4.95

EA (g) 8.8 7.84 6.78 5.75 5.75 5.75 5.75 5.75

DAP (g) 0.856 0.856 0.856 0.856 0.428 0.214 0.107 0.054

AOT (g) 1 1 1 1 1 1 1 1

Water (g) 14 1.4 1.4 1.4 1.4 1.4 1.4 1.4

Sub-total | 13.947 13.986 13.926 13.956 13.528 13.314 13.207 13.154

(2)

MAA:EA 20:80 30:70 40:60 50:50 50:50 50:50 50:50 50:50

molar

ratio

DAP 8 8 8 8 4 2 1 0.5

wt%
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3.3 Characterization method
3.3.1 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectrum of different monomer ratios and various amounts of DAP crosslinked
nanogel were measured by a Bruker Tensor 27 spectrometer (Bruker, Billerica, MA, USA). The
test specimens were prepared by compressing freeze-dried samples with the dried KBr powder
into pellets. FTIR measurement was performed under room temperature and the spectrum was
recorded over the wavenumber range of 400 to 4000 cm! with 32 scans at a resolution of 4 cm’!.
3.3.2 Potentiometric and conductometric titration

A Metrohm 809 Titrando was used for the potentiometric and conductometric titration of the
nanogel dispersions. Both forward and reverse titration was performed to investigate the nanogel
composition and its conformation transition corresponding to the surrounding environmental
conditions. A 25ml of 0.5 wt% nanogel emulsion was prepared and the pH was adjusted to 3 or 11
using 0.1M HCI or NaOH for the forward and reverse titration respectively prior to the start of the
titration. The pH sensor and conductometer were placed in the nanogel solution to monitor the
titration process. The 0.5 M NaOH or 0.5 M HCI was used as titrant for the nanogel solution at an
addition rate of 0.1 ml/min for the forward titration and backward titration respectively. The entire
titration process was conducted under mild stirring and the data was automatically recorded.
3.3.3 Multi-angle dynamic light scattering and static light scattering (MADLS and SLS)

The concentration of nanogel samples used in the measurement of DLS and SLS was 0.1 wt%
and 0.002 wt%, respectively. The pH of each sample was adjusted by 0.1M NaOH and 0.1M HCl
to the desired value (3 to 11) at least 24 hours prior to the measurements. All the samples were
filtered through a Millipore membrane with a pore size of 0.8 um to remove the dust, and the DLS
and SLS measurements were conducted via a Brookhaven laser light scattering instrument together

with a BI-200 SM goniometer (Brookhaven, NY, USA). The adjustable vertical polarized He-Ne
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laser (5-30 mV) is the light scattering source with the wavelength of 636 nm. The pinhole size was
100-300 mm and 1-3 mm for DLS and SLS test respectively. The DLS test was performed at seven
angles between 60° and 150° with an interval of 15° to obtain the hydrodynamic radius (Ry). The
SLS test was measured at 10 angles from 30° to 155° with an interval of 15° to obtain the radius
of gyration (Ry).

3.3.4 Zeta potential and average particle size measurement

Zeta-Sizer (Nanosizer ZS, Malvern Co., UK) was used to obtain the zeta potential of
different nanogel dispersions by measuring the charge density on the surface of the nanogels.
Different samples were prepared at 0.1 wt% and the pH of all the samples were adjusted to the
desired value using 0.1 M NaOH or 0.1M HCI. All the measurements were performed at room
temperature.

The average particle size of all the model nanogel was also measured by the Nanosizer, where
the measurement was only performed when the angle of incident laser equals 90°, and the results
were compared with the data obtained from MADLS.

3.3.5 Transmission electron microscopy (TEM)

TEM images were taken with a Philips CM10 electron microscope under an accelerating
voltage of 60 kV. Model nanogels consisting of 20/80-MAA/EA-4 wt% DAP and 50/50-
MAA/EA-4 wt% DAP were used to investigate the morphology at different pH (4, 7, 9) after
drying on the TEM grid. The nanogel sample was stained with uranyl acetate and lead citrate (since
the pristine nanogel was not visible in the TEM) and one drop of the nanogel sample was placed

on the copper grid and left to dry.
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3.3.6 Swelling factor

The swelling factor (SF) is a comparative assessed variable that defined as the increment of
the mass or volume of the nanogel at different conditions [250]. In this work, the volume based
swelling factor (SFy) was calculated based on the following Eq (3.1), where Vapp is the apparent
volume of the nanogel at certain environmental pH; Vin is the minimum volume of the nanogel
within the testing pH range. This equation accounts for the relationship between the swelling
behaviour of nanogels associated with environmental pH and nanogel composition.

SFV=M (3.1)

Vimin
3.4 Results and discussion

3.4.1 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of nanogels fabricated with 50:50 of MAA and the EA nanogel crosslinked
by 0.5, 1, 2, 4, or 8 wt% DAP is presented in Figure 3-2 (a), and the FTIR spectra of nanogel with
various MAA: EA ratios and 8 wt% DAP are shown in Figure 3-2 (b). In both figures, the peak
at 1700 to 1740 cm! was attributed to the carbonyl stretching of the MAA-EA nanogels. The peak
of 1735 cm™! originated from the vibration of C=0, particularly the peak of 1710 cm™! represents
the C=0 of the carboxylic acid groups in the protonated state [251]. Since all the nanogel stock
solutions possessed a pH value of between 3.5 and 4 (which was lower than the pKa of methacrylic
acid (4.8)), the carboxylic acids were in the protonated state. The shoulder peak at 1650 ¢cm™,
represents the distortion vibration of C-OH [252]. The broad peak in the range of 3700-2600 cm™!
is assigned to the axis stretching of O-H originated from the COOH groups. The asymmetrical and
symmetrical stretching of the CHj3 is associated with the two peaks at 2963 ¢cm™! and 2876 cm’!

[253]. The asymmetric and symmetric CH; stretching are indicated at 2940 and 2849 cm’!, and the
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peaks at 1254 and 1166 cm™! are assigned to the C-O vibration [254]. Thus, the results confirmed

that carboxylic acid and ester containing MAA-EA nanogels were successfully synthesized.
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Figure 3-2 FTIR spectrum of different weight percentage of crosslinker (DAP) incorporated with
50:50 MAA-EA nanogels (a), and the FTIR spectrum of different combination of MAA:EA
crosslinked with 8% DAP

3.4.2 Potentiometric and conductometric titration

Potentiometric and conductometric titrations were used to investigate the actual amounts of
MAA present in each nanogel system. Changes in pH and conductivity during the titration process
also indicated the availability of carboxyl groups and the transition of nanogel conformation under
different conditions. The forward and reverse potentiometric and conductometric titration curve of
50:50 MAA-EA with 0.5 wt% DAP is shown in Figure 3-3 (a) and (b), respectively. Before
forward titration, the pH of the nanogel solution was adjusted to pH 3 using 0.1 M HCI, yielding
a high conductivity value at the start of the titration process. In Figure 3-3 (a) at Region 1 (R),
with the addition of NaOH, the conductivity decreased until all the excess H" (added to adjust the

pH) was neutralized by the NaOH. In the second stage (R2), the COOH groups from the nanogel

117



12 12 8000
- 400
114 11 [
- 350 10
104
z L6000 =
9. L300 £ 9- 5
4 84 L5000 4
_ 8 250 T >
y ) g 5 T L 4000 =
71 £200 £ g g
= 1 =
= -3000
o 150 = 5 g
&) &)
4 2
*1 100 4 s
44 % J i
4 50 31 1000
35 . , : . . . 245 , ; , .
00 05 1.0 15 20 25 3.0 0.0 0.5 1.0 1.5 2.0
0.5 M NaOH volume (ml) 0.5 M HCI volume (ml)

Figure 3-3 The potentiometric-conductometric curves of 0.5 wt% 50:50 MAA-EA crosslinked
with 8 wt% DAP with 0.5M NaOH and 0.5M HCI as the titrant under forward (a) and reverse (b)
titration

network were ionized and reacted with the NaOH added to the system. The slight increase in
conductivity was due to the increase in Na* concentration during the titration. During this stage,
the pH of the system was relatively stable, as all the NaOH added to the system was neutralized
by the COOH groups from the nanogel. The actual amount of MAA incorporated into each nanogel
was calculated based on the amounts of NaOH consumed. The rapid increase in conductivity after
this stage is the result of excess NaOH added to the system after all COOH groups were neutralized.
To obtain more precise MAA wt% involved in each nanogel, both forward and reverse titration
were performed. The conductivity and pH of different amount of DAP wt% crosslinked 50:50
MAA-EA nanogels with the addition of titrant (0.5M NaOH) during the forward titration (a), (b),
and the conductivity and pH of different amounts of DAP % crosslinked 50:50 MAA-EA nanogels
with the addition of titrant (0.5M HCI) during the reverse titration (c¢), (d) are shown in Figure 3-
4. The quantity of COOH groups calculated from forward titration and reverse titration, the
weight percentage of MAA presents in the nanogel network and the proposed structure of MAA-
EA (50:50) nanogel with different DAP wt% are summarized in
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Table 3-2. The difference of the MAA wt% calculated from forward titration was only 3.4 % lower
than those calculated from the reverse titration, which confirmed the accuracy of the titration
measurements. The smooth titration curve also demonstrated a homogenous distribution of COOH
groups on nanogel networks, since no dramatic changes of pH or conductivity change was
observed from the titration curve. The titration curves (Figure 3-4) of all model nanogels displayed
strong similarities, reflecting that this method used in the study offers a simple and repeatable

protocol to synthesize MAA-EA nanogels.
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Figure 3-4 The conductivity and pH of different amounts of DAP wt% crosslinked nanogels
versus volume of titrant (0.5M NaOH) under forward titration (a), (b), and the conductivity and
pH of different amounts of DAP % crosslinked nanogels versus volume of titrant (0.5M HCI)
under reverse titration (c), (d)
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Table 3-2 Summary of quantities of COOH groups, MAA wt% and pKa value at half ionization
degree(0.5 ) of 50:50 MAA-EA nanogel crosslinked with 0.5 to 8 wt% DAP calculated from
both forward and reverse titrations

MAA:EA DAP Quantify of Quantify of MAA wt% in pKa Structure
(Molar ratio wt% COOH COOH nanogel
in Monomer (mmol/g) (mmol/g) (forward
mixtures) Forward Reverse titration)
50:50 0.5 6.456 6.024 55.2 6.54 Polymer
network
50:50 1 4.640 4.936 40 6.13 Polymer
network &
Nanogel sphere
50:50 2 6.496 5.112 56 6.51 Nanogel sphere
50:50 4 5.2 5.096 44.72 6.42 Nanogel sphere
50:50 8 5.0 5.176 43.04 6.24 Nanogel sphere

The acid dissociation constant (pKa) is an important physicochemical parameter used to
elucidate the transition behavior of acid based polymeric nanogel at various pHs. The pKa value
at half ionization degree (¢=0.5) is commonly used to evaluate the acidic strength of the polyacids
or polybases. The pKa value was obtained from the Henderson-Hasselbalch equation Eq (3.2),
yielding a pKa value for acidic materials in aqueous systems [255]. In contrast to weak acid or
weak base, polymer-based electrolytes contain large amounts of ionizable groups. Different
arrangement of polyelectrolyte groups on the same polymer chain can cause a different behavior
in the ionization process. Therefore, the smooth and non-stepwise titration curve is inappropriate
to assign a pKa value to a specific ionized state [256]. In this study, the simultaneous
conductometric curve and pH curve was used to obtain the pKa value and ionization degree. The

calculated pKa values of 50:50 MAA-EA nanogel (0.5-8 wt% DAP) were between 6.13 to 6.54 (

120



Table 3-2), which is consistent with other reported studies, as the pKa value of microgels
(MAA/EA/X) were between 6 to 7 [257], which is greater than the pKa value of linear PMAA
(pKa= 6) [258] and MAA (pKa=4.66) [259]. The elevated pKa value of nanogel compared to the
pKa value of MAA and PMAA suggested a reduction in the accessible COOH groups, as the
nanogel system also contained the hydrophobic segments associated with the EA and DAP
moieties.

pKa = pH + log == (3.2)

where pKa is the acid dissociation constant, pH is the pH value of the system, a represents
ionization degree. Figure 3-5 shows the conductivity and pH of various MAA-EA model nanogels
crosslinked with 8 wt% DAP with the addition of the titrant (0.5 M NaOH) in the forward titration
(a), (b), and the conductivity and pH of various MAA-EA model nanogels crosslinked with 8 wt%
DAP with the addition of titrant (0.5 M HCI) in the reverse titration (c¢), (d). From Figure 3-5 and
Table 3-3, we concluded that as the MAA: EA ratio increased during the emulsion polymerization,
more MAA was incorporated into the nanogel networks. However, the percentage of MAA in the
composition of nanogel was lower than the percentage of MAA in the monomer mixtures prior to
nanogel synthesis. This can be attributed to the high solubility of MAA in water, hence not all
MAA could participate in nanogel formation. More carboxylic groups have been titrated from
nanogel as the ratio of MAA:EA increased, confirming the effectiveness and successful fabrication
of nanogel of different monomer ratios.

Changes in nanogel conformation in the surrounding conditions, such as solvent quality
(good or bad), ionic strength, pH value may provide important information on the polyelectrolyte
nanogel system. For the MAA-EA nanogel system, two main factors contributed to the

conformation transition behavior at different pHs; Hydrophobic domains formed by the
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crosslinking process and the ionization status of the COOH groups on the nanogel. When the
solution pH was lower than the pKa value of the nanogel, the COOH groups on the nanogel were
protonated. The hydrophobic crosslinking point further contributed to the compact structure of the
nanogel at low pH. As pH approached the pKa of the nanogel system, the COOH groups began to
ionize into COO" groups. The tightly entangled chain structure of the nanogel led to a strong
repulsive force among neighbouring ionized carboxylic groups that induced the swelling of the
nanogels. On the other hand, the reduced free energy caused by the swelling and the permanent
chemical crosslinking junctions contributed to the limited swelling property. Contrary to the
physical crosslinked nanogel, the chemical crosslinked MAA-EA nanogel could provide a stable
encapsulation function across a wide range of pH. As a result, the pH-dependent swelling
behaviour and its good dispersity in water enabled the nanogel to be used in various applications,
such as drug delivery, control release, tissue engineering, and bio-imaging.

3.4.3 Multi-angle dynamic light scattering and static light scattering (MADLS and SLS)
There are many fundamental properties commonly used to characterize the colloidal system,
including particle size, morphology, surface charge, viscosity and stability under various
conditions. Among these, particle size is one of the most basic physicochemical properties, which
is the major factor in determining the target application [260]. The hydrodynamic radius (Rn) of
particle is the radius of a hypothetical hard sphere having the same diffusion rate as the particles
measured with the DLS [261]. To obtain more accurate and comprehensive information on the
particle size, multi-angle dynamic light scattering (MADLS) was used to investigate both
hydrodynamic radius (Rn) and radius of gyration (Rg) of the nanogels at different pHs. Seven
angles (60°, 75°, 90°, 105°, 120° and 135°) were selected to perform the MADLS measurements.

The Rn obtained from MADLS was based on the diffusion coefficient of nanogel particles in
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aqueous solution. The relationship between the translational diffusion coefficient (D;) and Ry, can

be described by the Stokes-Einstein equation:
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Figure 3-5 The conductivity and pH of different monomer ratios MAA-EA nanogels crosslinked
with 8 wt% DAP as the addition of titrant (0.5 M NaOH) under forward titration (a), (b), and the
conductivity and pH of different monomer ratios MAA-EA nanogels crosslinked with 8§ wt% DAP
nanogels as the addition of titrant (0.5M HCI) under reverse titration (c), (d)

Table 3-3 Summary table of the amount of COOH groups and MAA wt%, pKa value at half
ionization degree (a= 0.5) of 20:80, 30:70, 40:60 and 50:50 MAA-EA nanogel crosslinked with 8
wt% DAP calculated from both forward and reverse titration

MAA:EA DAP Quantify of Quantify of | MAA wt% in pKa Structure
(Molar mass | wt% COOH COOH nanogel
in monomer (mmol/g) (mmol/g) (forward
mixtures) Forward Reverse titration)
20:80 8 2.848 2.056 24.5 6.27 Nanogel sphere
30:70 8 3.16 3.176 27.19 6.42 Nanogel sphere
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40:60

4.376

4.792

37.66

6.14

Nanogel sphere

50:50

5.177

5.176

44.6

6.80

Nanogel sphere
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(3.3)

where D represents the diffusion coefficient, Ry is the hydrodynamic radius of the particle, K is
the Boltzmann constant (1.38x102* J/K), T (K) is the temperature and 1 is the bulk viscosity. For
each scattering angle, there is a scattering vector (q) calculated from Eq (3.4) [262]. 8 is the
scattering angle, n is the refractive index, A, is the incident laser wavelength. For a known

scattering angle and solvent, q is a constant as determined from Eq (3.4).

4mnsin (g)

Q=" (3.4)

An autocorrelation function (ACF) can be described by a function of decay time C (1), that is
related to the layout of the equipment. The decay rate (I') or linewidth can be obtained from the
deconvolution of C (t), where the ACF was analyzed by the inverse Laplace transformation
technique based the GENDIST routine. This decay rate is correlated with scattering vector and
transitional diffusion rate, and the D can be obtained as the slope of Eq (3.5). Finally, Ry can be
calculated from Eq (3.3).
I = D.q? (3.5)

The radius of gyration (Rg) is defined as the mass weighted radius of the particle, which can be
obtained from the partial Zimm equation (Eq (3.6)) [263], where, I, (q) is the excess intensity of

scattered light, q is the scattering wave vector, P is an experimental parameter. The Rg can be

1
lex(q)

determined from the slope of versus q-°.

1
Iex(q)

Réq2
3

=P(1+ (3.6)

Figure 3-6 (a, b) shows the Ry and R, values of 50:50 MAA-EA nanogel crosslinked with
0.5 to 8 wt% DAP at pH 3 to 11. At pH 3, all nanogels possessed a similar Ry value (40 nm), since

they were in the most compact state due to the protonated carboxyl groups and chemical
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crosslinking. As the pH was increased, the COOH groups gradually deprotonated to COO", and
the electrostatic repulsion among the charged groups increased the osmotic pressure within the
nanogels that induced the swelling of the nanogels. The variation in Ry was determined by the
combined effect of the electrostatic repulsive forces (of the ionization process) and the
hydrophobic interactions (of the chemical crosslinking junction). When the pH approached the
pKa value of the nanogels, the complete deprotonation of the COOH groups led to a maximum Ry,
value. A further increase in pH resulted in a reduced particle size due to the charge shielding by
the excess electrolyte. Reducing the charge density on the nanogel surface would cause the nanogel
to de-swell. The Ry of (50:50) MAA-EA nanogel crosslinked with 0.5 and 8 wt% DAP was 450
and 110 nm respectively. Clearly, permanent hydrophobic interactions between polymer chains
had a major effect on their swelling behavior, especially at pH above the pKa of the nanogel system.
The Ry of the nanogel with different monomer ratios of MAA and EA displayed similar trends as
the nanogel prepared with various wt% of DAP (Figure 3-6 (c)). Nanogels containing more MAA
were more sensitive to changes in the pH where a higher maximum degree of swelling could be
achieved. In the case of R at different pHs, it is primarily determined by the force balance between
the elastic interaction of the crosslinking junctions and the electrostatic repulsion between the
ionized COO" groups. The R, value of (50:50) MAA-EA nanogels for 0.5 to 8 wt% DAP gradually
increased from pH 3 to 11, which was different from the Ry results. Although the distribution of
the charge density has changed, the mass centre of the nanogel particles has not changed. The
weighted average distance from this centre to each point on the nanogel was therefore slightly
increased due to the swelling at higher pH. It should be noted that when a hydrophobic BA
monomer was used as a physical cross-link in an AA-BA-EGDMA nano-gel system, there was a

clear breakpoint for the Ry value at pH greater than the pKa value. Since the hydrophobic
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interaction of BA has only limited effective distance, the nanogel would irreversibly break once
the repulsive forces exceeds the hydrophobic interactions [264]. However, the integrity of
nanomaterial is very important when considering their toxicity in biological related applications
and secondary contamination in environmental remediation applications. The nanogels possessed
different sizes depending on the synthesis conditions and their pH responsive property allowed the
nanogel to be used in drug delivery without the burst release. For various MAA:EA ratios, nanogel
crosslinked with 8 wt% DAP displayed no obvious change in the R, value from pH 5 to 8 due to
the uniform swelling or shrinkage of the nanogels. However, at higher pH, the nanogel was more
extended due to the electrostatic repulsion of the polymer chains with the same charge, resulting
in an uneven swelling or shrinkage of the nanogel system. The extremely high R, obtained from
20/80 MAA-EA nanogel with 8 wt% DAP at pH 3 could be attributed to the dissociation of the
nanogel network, where a white precipitated was observed for some model nanogel system at pH
of 3.
3.4.4 Zeta average diameter and zeta potential

The stability of the colloidal system against agglomeration is a critical issue for both
fundamental research and industrial applications. Colloidal stability is determined by several
factors, such particle size, surface charge, temperature and pH, and solvent characteristics. An
effective way to evaluate the stability of a nanogel system is the zeta potential. The average
diameter and the zeta potential of nanogel was obtained using the Malvern Zeta-Sizer. Zeta average
size and zeta potential of 50:50 MAA-EA nanogel crosslinked with 0.5 to 8 wt% DAP under pH

3-11 are presented in Figure 3-7 (a, b); and the average diameter and zeta potential of MAA-EA
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Figure 3-6 R, and Ry value of 50:50 MAA-EA nanogels crosslinked with 0.5 to 8 wt% DAP under
pH 3-11 (a,b); R and Ry value of MAA-EA nanogels consisted with different monomer ratios
under pH 3-11(c,d). (All of the measurements were conducted with MADLS and SLS)

nanogels with different monomer ratios between pH 3 to 11 are shown in Figure 3-7 (c, d). The

error bar displayed in the figure was obtained by measuring the same sample for three times instead

of sample-to-sample variations. The variation in the average diameter of nanogel at various pHs is

consistent with the Ry value obtained from MADLS measurements. The diameter of the nanogel

exhibited an "S" shape in the pH ranges of 3 to 11, indicating a three-stage transition pattern. In

the first stage (pH 3-5), the nanogels remained in their maximum shrinkage state with a minimal

particle size, since all the -COOH groups were protonated below their pKa value. In the second

stage (pH 5-8), the particle size increased with increasing pH. Because the COOH groups have
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been progressively deprotonated to COOr, so the charge density of the neighbouring chains had
increased leading to nanogel swelling. Particle size for nanogels at specific pH was determined by
two factors: the amount of cross-linking agent and MAA involved in the nanogel system. As shown
in Figure 3-7 (a), the nanogel size was more sensitive to pH at lower DAP wt% in the nanogel
system. For 0.5 wt% DAP 50:50 MAA-EA nanogel system, the amount of DAP was insufficient
for the monomer mixture to form a robust nanogel, which is confirmed by the TEM images shown
in Figure 3-8 (b), where nonuniform polymeric clusters instead of spherical nanogels were evident
after staining. Therefore, the nanogel system comprised of both crosslinked nanogel and
conjugated polymer chains at a lower pH. When pH was increased, access to COOH groups in the
free polymer chains was greater that in cross-linked nanogels. Thus, the particle size of 0.5 wt%
DAP MAA-EA nanogel increased much faster with pH than other nanogels with higher amounts
of crosslinker. In the third stage (pH 8-11), the particle size decreased due to the excess NaOH,
which shielded effect, the repulsion of the COO" groups, which restricted the expansion of the
nanogel. In the case of different monomer ratios in the MAA-EA nanogel (Figure 3-7, c¢), the
particle size displayed a “S” pattern that could be divided into three stages similarity compared to
the MAA-EA nanogel with different DAP wt% as both presented an upon pH variation. However,
nanogels with different monomer ratios and 8 wt% DAP did not maintain their minimal particle
size when the pH was between 3 and 5 except 50:50 MAA-EA nanogel. Nanogel with lower MAA
content (MAA: EA < 50: 50) would be less crosslinked with DAP and EA, most of the MAA
segments would be aggregated within the center of the nanogel at low pH (3-4). As a result, a less
compact structures were observed for 20:80 MAA-EA 8 wt% DAP nanogel compared to 50:50
MAA-EA 8 wt% DAP nanogel at low pH. In the second stage (pH 5-8, Figure 3-7 (¢)), the varying

level of the particle size of nanogel with different monomer ratios at different pH displayed a
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difference in the curve of particle size versus pH. Nanogel has more MAA presented a faster
change in particle size when the pH increased from 5 to 8. The sensitivity of the nanogel responded
to the environmental pH decreased as the MAA:EA ratio declined, which was labelled as 1 to 4 in
Figure 3-7 (c) representing a decreasing sensitivity. Furthermore, the maximal particle size was
achieved earlier (~pH 7) for the MAA-EA 50:50 nanogel, as more COOH groups were available
for deprotonation. The decrease in the MAA:EA ratio of the nanogel results in a delay in reaching
the maximum particle size, as fewer carboxyl groups have led to a reduction in sensitivity to
environmental pH. In the third stage (pH 8-11), 50:50 MAA-EA nanogel particle size reduces

much more rapidly due to the more severe shielding effect.
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Figure 3-7 Zeta avergae diameter (nm) and zeta potential (mV) of 50:50 MAA-EA nanogels
crosslinked with 0.5 to 8 wt% DAP under pH 3-11 (a, b); Zeta avergae diameter (nm) and zeta
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potential (mV) of MAA-EA nanogels consisted with different monomer ratios under pH 3-11(c,
d)
The zeta potential of nanogels exhibited a “U” shape trend with pH for all the nanogel

systems (Figure 3-7: b, d), and it could be divided into two regions. When the pH was lower than
the pKa (pH = 6.5), the zeta potential of nanogel increased with pH due to the ionization of
carboxyl groups up to their pKa value. When the pH was further increased from 7 to 11, the ionic
strength of NaOH shielded the negative charges on the nanogels. Existing Na* ions screened the
negatively charged nanogel, reducing the charge density on the nanogel and the swelling ratio. In
All the nanogels were very stable between pH 3-11, since they possessed zeta potentials below -
30 mV. However, at pH 2, some of the nanogel system aggregated and settled at the bottom of the
vials (. The excellent stability of the MAA-EA nanogel over a wide range of pH allows it to be a
promising scaffold for preparing stable metal clusters or applied to control drug release.

3.4.5 Morphology investigation (TEM)

TEM was used to exam the morphology and particle size of the nanogels at varying pHs.
Figure 3-8 shows the TEM images of 50:50 MAA-EA nanogel crosslinked with 0.5 wt% DAP (a,
b), 1 wt% DAP (¢, d), 2 wt% DAP (e, f), 4 wt% DAP (g, h), and 8 wt% DAP (i, j). The TEM
images of 20:80 MAA-EA with 8§ wt% DAP at pH 4 (k, 1), pH 7 (m, n), pH 10 (o, p), and the TEM
images of 50:50 MAA-EA with 8 wt% DAP at pH 4 (q, r), pH 7 (s, t) and pH 10 (u, v) are shown
in Appendix 3-1. All nanogels were stained with uranyl acetate and lead citrate prior to the TEM
imaging to produce high contrast images. According to Figure 3-8 (a) and (b), non-uniform
polymer clusters were observed, which is due to the MAA-EA chains cross-linked with DAP.
Figure 3-8 (¢) and (d) illustrates two main types of morphologies: Irregularly dark grey spheres
and clusters with radial light gray patterns corresponding to cross-linked MAA-EA nanogels and

MAA-EA conjugated polymer chains respectively. Since the crosslinked nanogel possessed a
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higher density of COOH groups, which provided a higher contrast after the staining process [265].
Similarly, the 1 wt% DAP was insufficient for all 50:50 MAA-EA monomer mixture to form a
robust spherical nanogel (Figure 3-8 ¢, d), where the system contained irregular shape nanogels
and polymer clusters. When the weight percentage of DAP was between 2 to 8§ wt% (Figure 3-8
e, f, g, h, i, j), well-defined spherical nanogel was observed. Monodispersed nanogel possessed a
uniform particle size, indicating the high quality of the MAA-EA nanogel synthesized by the
emulsion polymerization. The morphology and particle size of 20:80 and 50:50 MAA-EA nanogel
with 8 wt% DAP in acidic, neutral and basic pH were examined by TEM (Appendix 3-1). The
average diameter of 20:80 MAA-EA nanogel with 8 wt% DAP at pH 4, 7, 10 measured by TEM
was 30.6, 32.8 and 33.5 nm, while the particle size measured by DLS was 44, 76 and 104 nm,
respectively. The diameter of 50:50 MAA-EA nanogel with 8 wt% DAP at pH 4, 7, 10 obtained
by TEM were 51.6, 45.7 and 46.6 nm, while the particle diameter measured by DLS were 78, 240
and 226 nm, respectively. The diameter of the nanogel determined by TEM was significantly
smaller than that measured by DLS due to dehydration and the shrinkage of nanogel when dried
for the TEM analysis [266]. Thus, the hydrodynamic radius obtained using the DLS would more
accurately describe the size of nanogels in aqueous systems, including the size dependent of the
pH. The degree of swelling in the nanogel was mainly determined by the degree of crosslinking
and quantity of hydrophilic functional groups in the nanogel system. With the same amount of
crosslinking agent, more MAA integrated into the nanogel would absorb more water at a specific
pH. As indicated by DLS measurement, the diameter of 20:80 MAA-EA (8 wt% DAP) nanogel
increased by 60 nm when the pH was elevated from 4 to 10, while the 50:50 MAA-EA nanogel

increased by 148 nm when the pH was increased from 4 to 10. However, the change in the actual
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size of nanogel with the surrounding pH was not reflected in the TEM images since the drying

process already induced the shrinkage of the nanogel.

Figure 3-8 TEM images of 50:50 MAA-EA crosslinked with 0.5% DAP (a, b), 1% DAP (c, d),
2%DAP (e, f), 4% DAP (g, h), 8% DAP (i, j)

Table 3-4 Comparison of 20:80 and 50:50 MAA-EA nanogel (8 wt% DAP) particle size measured
by MADLS, Zeta sizer and TEM

MAA:EA of nanogel DAP pH Rn by MADLS R by zeta- R by TEM

(Preparation) wt% (nm) sizer(nm) (nm)
20:80 8 4 22.43 22.35 30.6

8 7 37.35 23.99 32.8

8 10 52.72 49.26 30.6

50:50 8 4 39.72 33.62 51.6

8 7 120.69 103.57 45.7

8 10 105.91 101.07 46.6

3.4.6 Shape factor and pH dependent conformation transition

The shape factor (p), which is defined as the R¢/Rn ratio is an important parameter to evaluate
the morphology of the nanogel. For this amphiphilic nanogel, there are two factors that impact the
internal structure of the nanogel; (1) Synthesis parameters during the emulsion polymerization

such as monomer ratios, quantity of crosslinkers and (2) the surrounding conditions, such as pH,
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temperature or solvent type. The shape factor, ionization degree and internal structure of 50:50
MAA-EA nanogels crosslinked with 0.5 to 8 wt% DAP as a function of pH is shown in Figure 3-
9 (a). The shape factor varied between 0.17 and 1.52, which possessed a parabolic trend during
the ionization process. When the environmental pH was 3, all the MAA-EA-X wt% DAP nanogels
de-swelled due to the repulsive forces between the protonated -COOH groups of the nanogels and
the H* ions in solution. At this stage, all the COOH groups partitioned to the inner core of the
nanogel with p equaled to 1.2 suggesting a dense core and a low density shell structure. When the
pH value was raised to 4 (p~ 0.77), a nanogel with a more homogeneous weight-distributed
structure was obtained. In the second stage (pH 5-7), the shape factors of the nanogels were less
than the theoretical value of a hard sphere (0.775) [267]. A lower shape factor value can be
achieved with less DAP crosslinks within the nanogels, where the swelling of the nanogel was
enhanced at low cross-linking densities [268]. Due to the slightly cross-linked nanogels composed
of a dense inner core and a porous outer shell consisting of pendant polymer chains. When only
0.5 to 1 wt% of DAP was used in the nanogel, there was insufficient cross-linking agent for all
monomers to form a stable spherical nanogel as confirmed by TEM (Figure 3-8). Fully crosslinked
nanogels were obtained when 2-8 wt% of DAP was used, resulting in a reduction in the pendant
polymer chains on the outer surface of the nanogel [269]. Consequently, the weight distribution of
the nanogel shifted to the nucleus as the pH approached its pKa value. The ratio of the length of
the polymer chain to the core radius determined the micro-conformation of the nanogels. This
relationship is highly dependent on the type, quantity and distribution of the cross-linking agent in
the nano-colloidal system [270]. Further increase the pH to 11, p of 50:50 MAA-EA-X wt% DAP
nanogels increased as the ionization process until it reached the theoretical value of the hard sphere

(p~0.77).
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Figure 3-9 The shape factor, ionization degree and internal structure of 50:50 MAA-EA nanogels
crosslinked with 0.5 to 8 wt% DAP upon pH variation (a); The shape factor and ionization degree
of MAA-EA nanogels consisted with different monomer ratios as a function of pH

This value of the shape factor indicated that the MAA-EA 50:50 nanogel attained a hard sphere
microstructure at its full ionization state (o=1).

For the nanogels with different monomer ratios (Figure 3-9, b), higher shape factor values
(0.32-1.76) were observed. The value of shape factor as a function of pH displayed an ‘S’-shape
trend as ionization progressed. The different behavior of microstructure transition could be
attributed to the composition difference. At pH 3, all nanogels were at their maximum compact
state with a thin-walled structure (dense outer shell). When the pH was increased to 10, the shape
factor decreased from the maximum value (p=1.0-1.5) to minimum value (p=0.32-0.62) for all
the nanogels. This variation in the shape factor indicated that the morphology of the nanogels
changed from a thin-walled structure (thicker shell) to a more homogeneous weight-distributed
hard-sphere structure (at pH~8), and then to a dense core-loose shell structure at pH~10. Further
increase in the solution pH beyond the full ionization state would result in a high concentration of
Na*. The screening effect of Na* ions on the surface of the nanogel inhibited the dissociation of

the COOH groups, and caused the deswelling of the nanogels.
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3.4.7 MAA-EA nanogel ionization process

Amphiphilic nanogels undergo a microstructural transition in response to surrounding
conditions, and the microstructural variation is associated with the changes in the physiochemical
properties of nanogels. These properties could be manipulated and controlled during the emulsion
polymerization process, allowing for the multi-purpose nanogel to be applied in a variety of
applications. The principle of microstructure transition in response to the external environment
depends on the variation of the intermolecular or intramolecular force balance, including the forces
between the neighbouring polymer networks or between solvents and the nanogels [271]. The
degree of ionization is critical to the conformational structure of the nanogel with ionizable
functional groups. Hydrogen bonding could be formed when the ionizable groups were at zero
charge condition. The pKa value and conductivity versus and the ionization degree (a) of 50:50
MAA-EA nanogel (various DAP wt%) is shown in Figure 3-10 (a, b) and the pKa value and the
conductivity versus the ionization degree (a) of MAA-EA nanogel with 8§ wt% DAP (various
monomer ratios) is shown in Figure 3-10 (c, d). As the ionization progressed, the hydrogen bond
was disrupted and the coulombic forces from the ionised COO-, caused the nanogel to swell.
However, at high pH environment, the swelling was limited to a certain level due to the shielding
effect of the counter ion (Na*) [272]. The ionized COO" groups on MAA-EA nanogel increased
the osmotic pressure of the nanogel due to the Donnan equilibrium partitioning of the counter ions
that expanded the nanogels. As shown in Figure 3-10 (a, b), the conductivity of the titration of the
nanogel crosslinked with various DAP wt% was stable at the beginning of the titration when a <
0.5 . The degree of ionization began to increase after all HCI existed in the nanogel system were

consumed, representing the ionizing process of the COOH groups. From Figure 3-10 (a), there is
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no evident difference of the pH as a function of ionization degree among different nanogels, since
the quantity of MAA existed in each model nanogel is similar.
3.4.8 Swelling factor

The MAA-EA nanogel contained acidic segment that led to the swelling of the nanogel when
these functional groups were deprotonated at high pH. The main mechanism for the swelling
behaviour was caused by the increase in repulsive electrostatic forces and the increase in internal
osmotic pressure. The pH dependent swelling factor (SFy) of 50:50 MAA-EA nanogels crosslinked
with 0.5 to 8 wt% DAP and the pH dependent SF, of MAA-EA nanogels consisted with different
monomer ratios is shown in Figure 3-11 (a, b). The electrostatic repulsive forces and internal

osmotic pressure became significant when the pH approached the pKa value of the nanogel.
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Figure 3-10 pKa (a) and conductivity (b) versus ionization degree of 50:50 MAA-EA nanogels
crosslinked with 0.5 to 8 DAP%; pKa (c) and conductivity (d) versus ionization degree of MAA-
EA nanogels consisted with different monomer ratios
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However, further increase in the pH caused a reduction in the swelling behaviour due to the
screening effect. With the increase of the MAA:EA ratio, the higher shielding effect was related
to the pH, since more COO- groups could be shielded by these counterions. The degree of cross-
linking is another critical factor that could affect the degree of swelling of the nanogel. Highly
crosslinked nanogel has less space to swell as the ionization progressed, since chemical bonding
limited the mobility of the nanogel network. Figure 3-11 (b) shows that the 0.5 wt% DAP nanogel
possessed the highest swelling factor at the pH close to the pKa, which was caused by the
incomplete formation of the nanogel. The nanogel system comprised of MAA-EA polymer chains
cross-linked by DAP, where the more accessible MAA chains resulted in a more sensitive swelling
behavior. The upper limit of nanogel size was determined by the amount of crosslinking agent
incorporated into the nanogel system, where more compact structure was obtained when more
DAP was added. The highest swelling factor decreased gradually as more DAP was involved in
the polymerization, the swelling factor of 50:50 MAA-EA nanogel decreased from 3752.86 to

51.54 when the crosslinking agent increased from 0.5 wt% to 8 wt%.

Figure 3-11 The pH dependent swelling ratio of 50:50 MAA-EA nanogels crosslinked with 0.5 to
8 wt% DAP (a); The pH dependent swelling ratio of MAA-EA nanogels consisted with different
monomer ratios (b)
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3.5 Conclusions

Nanogel as a conventional colloidal system that can be used as a nano-reactor or nano-carrier
has attracted increasing interest. However, the complexity of the control polymerization techniques
used to synthesize nanogel has limited the large-scale production of the nanogel, and the
reproducibility of the production closely related to the physiochemical property of the nanogel. In
this study, a facile seeded emulsion polymerization was successfully used to prepare MAA-EA
nanogel in water without precise control of adding monomer mixtures and initiators during the
polymerization, which was commonly required from other studies [53][43]. The model nanogels
were composed of a hydrophilic MAA segment that could respond to the surrounding pH, and a
hydrophobic portion (EA) that allows the encapsulation of active agents inside the nanogel. The
MAA-EA crosslinked nanogel could maintain its particle integrity across a wide pH range (3 to
11), and the maximum particle size of 50: 50 MAA-EA nanogels were obtained at approximately
pH 7 to 8 due to the complete ionization of the carboxyl groups. The conformation transition of
the nanogel microstructure is related to the ionization state of the MAA. The nanogel represented
a hard spherical structure distributed uniformly by weight at pH 3; swelling to a core-shell structure
when the pH was around the pKa and a slightly de-swelling led to a thin-wall structure due to the
screening effect at basic condition (pH 11). The maximum degree of swelling of the nanogel was
determined by the monomer ratios of the monomer mixture and the degree of cross-linking, where
more MAA and less DAP incorporated nanogel resulting the maximum swelling ratio. The
physicochemical property and conformation transition of nanogel are the result of a combination
of effects of swelling and chemical crosslinking which is strongly correlated to the degree of
ionization of the carboxyl groups located within the nanogel network. The nanogel synthesized in

this study possessed high colloidal stability and an adjustable pH-responsive property that
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represents a promising platform for designing the systems for applications, such as encapsulation

of active agents, control of drug release, nanoreactors, and environmental remediation [273]
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Chapter 4: f-cyclodextrin functionalized magnetic nanoparticles for
the removal of pharmaceutical residues in drinking water *

Trace amounts of pharmaceuticals and personal care products (PPCPs) are found in our
water systems, and they are known to have adverse effects on wildlife and human at the ng/L to
ug/L range, below the detection limit of most water analytical instruments. In this chapter,
methacrylate acid (MAA)-ethyl acrylate (EA) colloidal scaffolds were prepared via emulsion
polymerization and used as templates for the in-situ co-precipitation of Fe?* to produce stable
functional magnetic nanoparticles (MNPs) (<500 nm) decorated with f-cyclodextrin (f-CD)
(FMNP). Emulsion polymerization with the controlled addition of monomer mixtures allowed for
good size control, and silica coating was introduced to protect the oxidation of FMNP. The
superparamagnetic FMNP with high saturation magnetization (33 emu/g) could be readily
separated from water using a high gradient magnetic separator (HGMS). Procaine hydrochloride
(PrHy) was used as a model pharmaceutical residue to evaluate the performance of the FMNP, and
53.65 mg PrHy/g FMNP was adsorbed using 600 ppm FMNP. A fast (30 mins) adsorption kinetic
follows Pseudo-first-order kinetic model explained a physical adsorption through a 1 to 1 host-
guest inclusion mechanism. And the adsorption behavior was followed Freundlich isotherm with
a linear adsorption performance. The proposed system is scalable and adaptable to existing water
treatment processes, which is promising to fill the gap of the detection of low concentration of

pharmaceuticals by a pre-concentrating strategy.

*This chapter is adapted from a published paper “Xu, J., Tian, Y., Li, Z., Tan, B. H., Tang, K. Y., & Tam, K. C. (2022).
B-Cyclodextrin functionalized magnetic nanoparticles for the removal of pharmaceutical residues in drinking
water. Journal of Industrial and Engineering Chemistry, 109, 461-474.”
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4.1 Introduction

The appearance of pharmaceuticals and personal care products (PPCPs) in water system has
been reported over the last four decades [274] [275] [276]. PPCPs may directly or indirectly enter
the aquatic environment via pharmaceutical waste, hospital effluent, livestock breeding, expired
medicine, sewage discharge and waste from research activities. They may remain unmodified,
undergo various forms of metabolisms, or present as a conjugated compound with glucuronic and
sulfuric acid [277]. Many studies have identified various types of drugs discharged from the
wastewater treatment plants (WWTPs) into the environment [278], and even after the conventional
three-stage water treatment processes, ng/L (ppb) to pug/L (ppm) levels of pharmaceutical residues
were found in tap water [279]. For instance, Stackelberg reported that 23 pharmaceutical residues
are found in water discharge from water treatment plants, while the behavior of these chemicals
during each processing step is not well understood [274]. PPCPs are persistent in WWTPs and the
natural marine environment since most polar PPCPs cannot be degraded by microorganisms or be
incorporated in the sewage sludge [278]. Even though the concentration of individual
pharmaceuticals is relatively low, chronic exposure to a mixture of pharmaceuticals may have
synergistic interactions that may have negative toxicological effects on humans. There are reported
studies on the effects of various drug interactions, such as ibuprofen disrupting the cardioprotective
properties of aspirin [280], updated cyclooxygenase-2 inhibitors affecting bone healing and re-
growth after fracture [281], and caffeine enhancing the effectiveness of analgesics [282]. On the
other hand, continuous exposure to pharmaceutical mixtures may result in potential adverse effects
on other organisms. For example, tetracycline compounds can cause tissue changes in fish gills
[283].

Due to the harmful effects of pharmaceuticals, the development of a cost-effective method

to remove these compounds from drinking water has attracted increasing attention. Currently, three
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processes (physical, biological and chemical) are used to remove these compounds from surface
water and wastewater. However, many issues and limitations need to be resolved before they can
be applied to large scale water treatment processes. In wastewater treatment, adsorption is the most
widely used technology to remove contaminants. The adsorption capacities of activated carbon are
often used as a benchmark to evaluate other treatment methods. However, the high cost of activated
carbon regeneration (balanced by their high adsorption capacity and fast adsorption kinetics) limits
their applications in many industries [11]. Photolysis and catalytic reduction of pharmaceuticals
have also been highly studied. However, the resulting metabolites and transformation products
from catalytic reaction can be more toxic and biologically more active than their parent compounds.
This leads to research to examine the toxicology and chemistry using effect-directed analysis
(EDA) [12]. Metal-based adsorbents are benefiting from their low cost and excellent mechanical
properties; however, the slow adsorption capacity, high regeneration cost, and low stability limit
their application [13]. The polymer-based adsorbents have been widely investigated due to their
high adsorption capacity. But, an additional separation process, such as membrane filtration may
be necessary, and this increase its operational cost, in addition to other challenges, such as
membrane fouling [14]. Therefore, a cost-effective adsorbent with high adsorption capacity and
simplicity in water treatment process, separation and regeneration is urgently needed.

There are only limited data on the persistence of pharmaceutical residues in drinking water
due to their extremely low concentrations (ng/L), where cost-effective detection technology is not
available. Hence, strict regulations on pharmaceutical residues in drinking water cannot be
enforced. Analytical methods commonly used for water quality determination include solid-phase
microextraction (SPME), fast gas chromatography/mass spectrometer (GC/MS), chiral separations

(with chiral GC columns or capillary electrophoresis, CE), and enzyme-linked immunosorbent
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assay (ELISA) methods. Other technologies that combine separation and detection, e.g. solid-
phase extraction (SPE) and liquid chromatography/mass spectrometry (LC/MS) or GC/MS and
ion chromatography coupled with plasma mass spectrometer (IC/ICPMS) are being used [284].
However, these advanced and costly detection technologies are not suitable for industrial
applications due to issues like column plugging, low capacity, short contact time and pore diffusion
limitation [285]. Therefore, there is a strong motivation to develop a cost-effective detection
method for identifying pharmaceutical residues in the drinking water system.

There is an increasing interest in utilizing magnetic materials in water treatment, and they
are widely used to remove various types of pollutants, such as heavy metals [16], dyes [17], [18]
and drugs [19], [20]. Magnetic nanoparticles are ideal materials for use as separation medium as
they possess high surface area to volume ratio, large adsorption capacity, high biocompatibility,
low toxicity, and ease of modification [21]. Despite the attractive properties of magnetic materials,
size control, aggregation and oxidation are major concerns when they are produced using
conventional co-precipitation or hydrothermal method. Recently, an in-situ synthesis of MNPs
surface modified with temperature and pH-responsive poly (N-isopropylacrylamide-co-2-
aminoethyl methacrylate) P (NIPAAm-co-AEM) were developed for DNA capture [22]. The AEM
introduced NH> groups to the system for electrostatic binding with DNA, and the amino groups
could also chelate with the MNPs. The polymer coated MNPs were more stable, and they did not
agglomerate when dried as shown by the SEM micrographs. However, an extremely large particle
radius (1600 nm) was reported at a pH of 9.1 due to the deprotonation of amine groups that
triggered the aggregation of the particles. Although the amino groups could stabilize the MNPs
and bind to DNA (18.5 mg DNA/g MNP) at pH 5, the agglomeration at high pH reduced the

operational pH, which limits its application. The one pot synthesis yielded impurities, such as
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unreacted monomers that impacted the chemical composition and morphology of the MNPs [22].
Chariya and coworkers developed an amphiphilic poly (styrene-b-acrylic acid) magnetic clusters
via a self-assembly for application in scale inhibition. The fabrication of magnetic particles was
achieved via the synthesis of hydrophobic Fe3O4 particles in the presence of oleic acid (OA-MNPs)
followed by the self-assembly of amphiphilic polyacrylic acid (PAA)-b-polystyrene (PS)
copolymer. The formed magnetic latex particles were stabilized by the surfactant-like copolymer,
and it was reported that 92% of Ca™ was removed using this system. However, only large magnetic
clusters with 12 w/v% OA-MNP and large amounts of PAA-b-PS could form stable magnetic
particles. The particle size was not uniform with a mixture of magnetic clusters of varying sizes
that resulted in an inconsistent separation performance. This system could only be recycled 4 times
due to the unstable structure that could not preserve the magnetic core after being subjected to
strong magnetic field [23]. Other than the synthetic polymers, protein based natural polymers were
used to prepare magnetic particles. A bovine serum albumin (BSA)-iron oxide colloidal particle
was synthesized via the precipitation-crosslinking method. The magnetic particles were first
prepared by co-precipitation, and BSA dissolved in phosphate buffer was added to the purified
ferrofluid under agitation. The particle size of the formed magnetic colloidal particles was 140 nm,
and non-homogeneous size distribution of magnetic clusters was reported. Although the magnetic
colloidal clusters possessed high magnetization (40 emu/g), the size of the conjugated magnetic
clusters were not monodispersed that may critically affect the biological application in lateral flow
immunoassay [24]. Even though the preparation of high-quality magnetic particles has been
improved using techniques, such as microwave assisted synthesis, they are however energy
intensive, require skilled operators and need to optimize complicated experimental parameters [25].

Thus, using a facile method to synthesis polymer modified magnetic particles with sufficient
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magnetization, controllable particle size and reproducible monodispersed colloidal magnetic
particle is desirable and necessary.

This chapter describes a templated magnetic nanoparticle functionalized with -cyclodextrin
(FMNPs) for the removal and concentration of dilute pharmaceutical residues in drinking water.
Monodispersed magnetic particles are necessary to achieve consistent response in a magnetic field,
however, they cannot be produced via the co-precipitation process under mild reaction conditions.
Thus, we proposed a novel colloidal scaffold method to prepare monodispersed MNPs with good
control of size and shape. Also, the B-cyclodextrin (B-CD) consisting of a hydrophobic cavity and
a hydrophilic outer shell was grafted to the FMNP to capture pharmaceutical compounds via the
host-guest chemistry [286]. Procaine hydrochloride (PrHy) is a common local anesthetic drug
commonly injected to the mucous membranes with harmful side effects like the cardiac and
neurological toxicity [27]. Thus, the removal of PrHy is critical for human health. In this study,
PrHy was selected as a model drug to investigate the adsorption capacity of the FMNP particles.
And the magnetization of the system can be tuned by varying the strength of the magnetic field of

the HGMS during the washing process.

4.2 Experimental
4.2.1 Materials

Methacrylic acid (MAA), ethyl acrylate (EA), di-allyl phthalate (DAP), sodium persulfate,
sodium hydroxide, iron(Il) sulfate heptahydrate (FeSO4-7H20), sodium nitrite (NaNOz), ammonia
solution (28-30%), tetraethyl orthosilicate (TEOS, 98%), sodium phosphate dibasic heptahydrate,
sodium phosphate monobasic monohydrate, hydrochloric acid, B-Cyclodextrin, procaine

hydrochloride, chloroacetic acid, ethanol, and acetone were purchased from Sigma-Aldrich.
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Cyanamide (CH2Nz, 95%), aerosol OT (AOT, 75%) and cyanamide (CH2N», 95%) were supplied

by Thermo Fisher Scientific.

4.3 Methods
4.3.1 Synthesis of MAA-EA nanogel scaffold

Nanogel scaffold was prepared from polymerized methacrylic acid (MAA) and ethyl
acrylate (EA) crosslinked with di-allyl phthalate (DAP). The MAA-EA nanogel was synthesized
using a conventional semi-continuous emulsion polymerization process. A 13.956 g pre-emulsion
mixture consisting of 1:1 monomer ratio was prepared in a 20 mL vial by adding 35.47 wt% of
MAA and 41.20 wt% of EA together with 8 wt% of DAP, 7.17 wt% of AOT solution and 10 wt%
of water. The initiator solution was prepared with 2 g of 11.11 wt% of sodium persulfate solution.

The reactor comprising of 250 mL three-neck flask with 0.83 wt% of AOT in 120 g of water
was purged with nitrogen for 30 minutes and heated to 85 °C, and the initiator solution was added.
When the contents were well-mixed, the stirring speed was reduced from 800 rpm to 300 rpm and
5 wt% of the pre-emulsion mixture was then added dropwise. After the reaction had proceeded for
30 minutes to yield an in-situ seed solution, the remaining pre-emulsion mixture was added drop-
wise and the reaction was left to proceed for another 30 minutes. The nanogel was cooled to room
temperature and filtered through a 200-mesh nylon cloth. Then, the nanogel dispersion was
transferred to a cellulose tubular membrane with a molecular weight cut-off of 12 to 14 kDa, and
dialyzed against DI water. The dialysis was continued until no surfactant bubble was observed or
the conductivity of the dialyzed water was close to DI water.

4.3.2 Synthesis of nanogel based magnetic nanoparticles (MNPs)
MNPs were synthesized via the in-situ coprecipitation of ferrous ions inside the nanogel

template. 120 mL of 0.5 wt% MAA-EA nanogel solution was adjusted to pH 6.5, then transferred
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to a 250 mL three-neck flask and purged with nitrogen for 30 minutes. Then, 2.5 g of FeSO4-7H>0
was dissolved in 30 mL of de-oxygenated water and added dropwise to the reaction vessel with
gentle mechanical stirring (250 rpm) for 2 hours. Subsequently, ultrafiltration under nitrogen was
used to remove free Fe** outside the nanogel yielding a brown colour filtrate. The ultrafiltration
was repeated several times until a clear filtrate was obtained confirming that all the un-coordinated
Fe** was removed. The Fe*" grafted nanogel was heated to 35°C under continuous stirring (400
rpm). Then 0.25 g NaNO: dissolved in 1 g of de-oxygen water and 15 mL of 28% NH4OH was
added to the reaction vessel forming a dark green suspension. Within 1 hour, the dark green
suspension turned black indicating that the reaction was complete. After the reaction, the product
was cooled and filtered through a 200-mesh nylon cloth. The synthesized MNPs were washed
several times by passing it through the High Gradient Magnetic Separator (HGMS) until the

washed liquid was clear. The MNP synthesis is illustrated in Scheme 4-1.
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Scheme 4-1 Schematic describing the in-situ synthesis magnetic nanoparticles inside MAA-EA
nanogel template

4.3.3 Synthesis of silica coated MNPs (Si-MNP)

To prevent the oxidation of the magnetic core, a thin layer of silica shell was coated on the

iron-oxide loaded nanogel. 20 mL of the MNP solution (0.1 wt%) was dispersed in 80 mL of
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ethanol solution, and then 5 mL. ammonia solution and various amounts (Table 4-1) of TEOS were
added dropwise to the MNP solution, and the reaction proceeded under mechanical stirring at room
temperature for 24 hours. The product was then washed and recovered using the HGMS. The

schematic illustration of TEOS coated on MNP is presented in Scheme 4-2.

Scheme 4-2 Schematic of silica coating on MNP (silica coating shown in brown)

Table 4-1 Summary of MNPs coated with varying amounts of TEOS

Sample name Fe;04 (g) MNP solution (g) TEOS (uL)
Si-10-MNP 0.02 0.02/(0.1 wt%)=20 10
Si-20-MNP 0.02 20 20
Si-30-MNP 0.02 20 30
Si-40-MNP 0.02 20 40
Si-50-MNP 0.02 20 50
Si-100-MNP 0.02 20 100
Si-150-MNP 0.02 20 150
Si-200-MNP 0.02 20 200

4.3.4 Synthesis of CM-p-CD

The synthetic method of carboxymethyl-B-cyclodextrin (CM-B-CD) was modified according
to the literature [287]. 5.675 g (Smmol) of B-CD was mixed with 5 g of NaOH (0.125mol in 20
ml water), and 0.4725 g (5 mmol) of chloroacetic acid was added. The reaction proceeded at 50 °C
for 5 hours. After neutralization with HCI, the product was precipitated with excess acetone and
subsequently separated by vacuum filtration. Finally, the CM-B-CD was obtained after vacuum

drying overnight at 40 °C. The final product was ground into white powder for subsequent use.
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4.3.5 Grafting of CM-p-CD onto Si-40-MNP

Typically, 250 mg of Si-40-MNP was mixed with 5 mL of phosphorous buffer (pH 6) and
sonicated for 40 min. Then, 31.25 mg of cyanamide was dissolved in 1.25 ml of the same buffer
and dropwise added to the reaction vessel. After 40 min of sonication, 187.5 mg of CM-B-CD was
dissolved in 6.25 ml of buffer and added dropwise to the reaction vessel. The mixture was
sonicated for another 90 min and then washed several times with buffer and collected by water to
yield CM-B-CD functionalized Si-40-MNP (FMNP). The schematic illustration of grating B-CD

onto Si-40-MNP is shown in Scheme 4-3.
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Scheme 4-3 Schematic of FMNP preparation via grating carboxyl-B-CD (CM-B-CD) onto silica
coated MNP (top), chemical structure (bottom)

4.4 Characterization methods
4.4.1 Transmission electron microscopy (TEM)

All the TEM images were taken using a Philips CM10 electron microscope under an accelerating
voltage of 60 kV. The TEM samples were prepared by placing one drop of 0.02 wt% of the solution
onto a 200-mesh carbon-coated copper grid. The dried nanogel sample was stained with uranyl

acetate and lead citrate.

150



4.4.2 Fourier transform infrared spectroscopy (FTIR)

The FTIR of MAA-EA nanogel, Si-MNPs, 3-CD, CM-B-CD, and FMNP were obtained
using a Bruker Tensor 27 spectrometer (Bruker, Billerica, MA, USA). The samples prepared with
KBr were scanned between 4000 to 400 cm™! at room temperature.

4.4.3 Dynamic light scattering (DLS)

The DLS measurements were used to determine the diameter of nanogel, MNP, Si-MNP and
FMNP. The measurements were conducted by measuring 0.1wt% dispersion of samples at pH 5
to 9 in a Zeta-Sizer (Nanosizer ZS, Malvern co., UK) at 25 °C.

4.4.4 Zeta potential measurement

Zeta-Sizer (Nanosizer ZS, Malvern co., UK) was used to obtain the zeta potential of different
dispersions by measuring the charge density on the surface at 25 °C. Different samples at 0.1 wt%
were prepared and adjusted to the desired pH by adding 0.1 M NaOH or 0.1 M HCI.

4.4.5 Adsorption kinetic study

The adsorption kinetic study was investigated with Si-40-MNP and FMNP to remove PrHy from
water, respectively. The adsorption kinetic study was conducted in 20 ml vials, and in each vial, 3
ml of FMNP stock solution was added to the desired concentration of FMNP solution (500 ppm).
The pH was adjusted to 8 with 0.01M NaOH prior to the addition of PrHy solution to achieve a
concentration of 15 ppm. The solution mixtures were placed on a shaker for a fixed time (between
2 to 150 min), where it was then separated by a magnet and further filtered through a 0.22 pm PES
syringe filter, and the filtrate was analyzed in a UV-Vis spectrometer. The adsorption data were
fitted to a non-linear form of Pseudo-first order and Pseudo-second order kinetic models described
in Eq. (4.1) and (4.2):

Qr = Q.(1—e™1%) (4.1)
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Q. =2kt (42)

T 1+k,Qet

where, Q; (mg/g) is the adsorption capacity at time t (s); Qe (mg/g) is the adsorption capacity at
equilibrium; k; and k; are the rate constants of the non-linear Pseudo-first order and Pseudo-second
order adsorption kinetic model, respectively.
4.4.6 FMNP concentration screening

A concentration screening test was conducted before the adsorption studies to determine the
FMNP concentration for further adsorption experiments. The concentration screening adsorption
tests were conducted in 20 ml vials, and 3 ml of FMNP stock solution was added to the desired
concentration (100, 300, 500, 600, 700 and 1000 ppm). The pH was adjusted to 8 with 0.01M
NaOH prior to the addition of PrHy stock solution to achieve a starting concentration of 15 ppm.
The solution mixtures were placed on a shaker for 30 min, separated using a magnet, filtered
through a 0.22 pm PES syringe filter, and the filtrate was tested using a UV-Vis spectrometer. The

equilibrium adsorption capacity Q. and removal efficiency R (%) were calculated using Eq. (4.3)

and (4.4) respectively.
(Co—Cp)*V
Q, = % (4.3)
R % =% 100 (4.4)
0

where, Co (mg/L) is the initial concentration of PrHy; C; the residue concentration of PrHy at time
t (min or s); V (L) is the total volume of adsorption mixture; Q. (mg/g) is the adsorption capacity
at equilibrium and m represents the mass (g) of FMNP used for the adsorption test; R (%) is the

removal percentage of the PrHy from the initial concentration.
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4.4.7 Adsorption isotherm study

The adsorption tests were conducted in 20 ml vials, and 3 ml of FMNP stock solution was added
to 600 ppm of FMNP concentration. The pH was adjusted to 8 with 0.01M NaOH prior to the
addition of PrHy stock solution to achieve a starting concentration of between 5 to 100 ppm. The
solution mixtures were placed on a shaker for 30 min, where it was then separated by a magnet
and filtered through a 0.22 pum PES syringe filter, and the filtrate was tested using the UV-Vis
spectrometer. The adsorption isotherm results were fitted to the non-linear Langmuir and

Freundlich models described by Eq. (4.5) and (4.6) respectively [29]:

_ QmKLCe
Qe = 1+ KL.Co (4.5)
1
= KpC} (4.6)

where Qm (mg/g) is the maximum adsorption capacity of the adsorbent; Ky (g/L) is the Langmuir
adsorption equilibrium constant that indicated the binding energy between the adsorbate and the
adsorbent; Kr (mg/g) and n are Freundlich constant, which indicates the binding intensity and the
spontaneity of the adsorption process.

4.4.8 X-Ray Diffraction (XRD)

The X-Ray Diffraction spectra of MNP and Si-MNP were obtained in an X-Ray
Diffractometer (Bruker D8 Focus). The sample was scanned over a 26 range from 10° to 90° with
increment of 0.1° and a time step of 3 sec/step.

4.4.9 Vibrating sample magnetometer (VSM)

The magnetization of MNP, Si-MNP and FMNP prepared by freeze-dried powder were

investigated by a vibrating sample magnetometer (VSM 880). The superconducting quantum

interference device (SQUID) measurement was conducted from -1T to 1T at 300K.
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4.4.10 Thermogravimetric analysis (TGA)

The chemical composition of MNP, Si-40-MNP, and FMNP was explored by TGA. The
TGA was conducted under nitrogen with a heating rate of 10°C/min from 100 °C to 600°C with

TGA Q500 from TA instrument.

4.5 Results and discussion
4.5.1 Morphology of Nanogel, MNP and Si-MNP

The morphology of nanogel scaffold, MNP, and Si-MNP were examined by using TEM. The
TEM images of stained MAA-EA nanogel (Figure 4-1 (A)) revealed a series of monodispersed
and well-defined spherical particles with diameter of approximately 60 nm. The MNP consisted
of well-defined clusters of magnetic nanoparticles incorporated within the nanogel (Figure 4-1,
B), no aggregation was observed due to the isolation of the nanogel scaffold. The TEM images of
the filtrate correspond to the MNP solution not captured by the HGMS (power on) is shown in
Figure 4-1, C. Smaller magnetic particles, and also non-magnetic material like nanogel were
evident confirming the relevance of the cleaning step. Because of the contrast between the various
components, the TEM images revealed a core-shell structure consisting of a magnetic core, a
nanogel scaffold, and a silica coating layer. Different amounts of TEOS coated with MNP (0.02 g)
are shown in Figure 4-1: D, E, F, G, H , displayed 40 pL, 50 puL, 100 puL, 150 puL and 200 puL
TEOS coated MNP respectively, and the thickness of the silica coating layer was increased
correspondingly. The coating layer thickness presented in each TEM image was obtained by the
average value of measuring 40 to 50 particles by Image J, and the distribution of different amounts
of TEOS coated MNP are shown in Appendix 4-1 and the summary of silica shell thickness are
summarized in Table 4-3. When the amount of TEOS was only 50 uL, very few silica shell

contains multiple MNP clusters with a 12.05 nm shell thickness. When the TEOS content was
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increased, more MNP clusters were encapsulated within one silica shell. The thickness of the silica
shell was 14.83, 16.08, and 25.62 nm, corresponding to 100, 150 and 200 uL. TEOS coating
respectively. Further optimization of TEOS coating (10, 20, 30, 40, 50 uL) by decreasing the
amount of TEOS was conducted to achieve individually coated MNP with a thinner layer of silica.
On the other hand, no aggregation of MNP and Si-MNP were observed, confirming the stability
of the material prepared by nanogel templating strategy. Also, TEOS would hydrolyze to form a
silica cross-links as indicated by the grey network outside the silica shell as shown in Figure 4-1:
(D, E, F), which was also observed from previous report [288]. Figure 4-1, D shows the Si-40-
MNP where 40 uL of TEOS was used, most of the silica shell only contains one MNP clusters
with a thinnest (11.45 nm) shell thickness. And further decreased the amount of TEOS lead to an
invisible Si-O-Si vibration peak from the FTIR results (Figure 4-2, b). By considering the high
surface area of the thinner silica shell and the higher magnetic content in each silica shell, Si-40-
MNP was selected for further characterization and grafting with B-CD. The particle size of nanogel
obtained from TEM images (46 nm) was smaller than the value determined from DLS (100 nm to
200 nm), which was 50% smaller due to removal of water when the nanogel was dried.
Additionally, the drying step during the TEM sample preparation process resulted in the shrinkage
of the nanogel. The size difference of silica shell obtained from TEM (150 nm) was slightly smaller
than the size determined from DLS (250 nm to 300 nm). The hard silica shell limited the shrinkage
of the nanogel, while the DLS measurement was based on the solvated status of the particle. It
included all the attached part like silica hydrolysis cross-linked network that was not considered
as the particle size from TEM images (the grey network in Figure 1: D, E, F). Similar size

difference from TEM and DLS was observed by other works too [289].
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Q 20 nm

Figure 4-1 TEM images of MAA-EA nanogel (A); MNP (B); MNP-wash-out from the HGMS
(C); Si-40-MNP (D); Si-50-MNP (E) ;Si-100-MNP (F); Si-150-MNP (G) and Si-200-MNP (H)

FTIR analysis of nanogel, CM-B-CD and silica coating

The successful synthesis of MAA-EA nanogel and silica coating on the surface of the MNP
was confirmed by FTIR spectroscopy. Figure 4-2 (a) shows the FTIR spectra of pristine $-CD,
carboxymethyl-B-cyclodextrin (CM-B-CD), and silica-coated magnetic nanoparticles
functionalized with CM-B-CD (CM-CD-MNP). The broad peak between 3300 and 3500 cm'! is
attributed to the -OH stretching, and the C=0 stretching of carbonyl groups is associated with the
peak at 1748 cm™! in the CM-B-CD spectra, which confirmed the modification of the
carboxymethyl groups on B-CD. Several characteristic peaks at 940, 1020, 1155 and 1635 cm'are
present in the CM-CD-MNP spectrum. The peak at 940 cm™! is assigned to the R-1, 4-bond

skeleton vibration of B-CD, and two small peaks at around 1100 cm! are the result of the
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antisymmetric glycosidic v, (C-O-C) vibrations combined with v (C-C/C-O) stretching [290]. The
C=0 stretching of carboxylate is correlated with the peak at 1635 cm! [291], while the peak at
2924 c¢cm! is attributed to the asymmetric C-H stretching. In conclusion, the CM-B-CD was
successfully grafted on the surface of the magnetic nanoparticles. Figure 4-2 (b) shows the FTIR
spectra of MAA-EA nanogel and different amounts (10-50 pL) of TEOS coated magnetic
nanoparticles. The absorption bands in the range of 1700 to 1740 cm! range are related to the
carbonyl stretching of acid and ester bonds. Thus, the adsorption peak at 1700 cm™! corresponded
to carboxylic acid C=O stretching [251]. The wavenumber of peaks in all silica coated magnetic
nanoparticles spectra were slightly different depending on the amounts of TEOS coated on the
MNP. The adsorption peak at 561 cm™! represents the characteristic Fe-O peak of the MNP. As the
amounts of TEOS coated on the MNP increased, the wavenumber of Si-MNP increased from 415
to 478 cm!, which corresponds to Si-O-Si or O-Si-O peaks, while the peak at 790 cm! is from
symmetric stretching of Si-O-Si [292]. Once the amount of TEOS was reduced to less than 40 uL,
the symmetric Si-O-Si was not evident from the FTIR results. The bands between 1050 to 1100
cm! represents the Si-O symmetric stretch and the peaks between 1623 to 1630 cm! are related

to the hydroxyl groups (O-H) on the MNPs in aqueous solution [293].
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Figure 4-2 FTIR of CM-CD-MNP, CM-B-CD and B-CD (a), MAA-EA nanogel and 10 to 50 uL
coated MNP

4.5.2 XRD analysis of the chemical structure of silica shell

To confirm if the silica shell on the MNP could prevent the oxidation of the magnetic core
(Fe304) to Fe203 of lower magnetization, XRD was employed to examine the crystal structures of
Si-MNP and MNP (Figure 4-3). The silica coated MNP displayed clear characteristic peaks 30.1°,
35.8°, 43.5°, 57.3°, 63.0° that corresponded to the (220), (311), (400), (422), (511) and (440)
crystalline planes of Fe3O4 respectively [294]. The XRD pattern of MNP without silica coating
exhibited peaks at 22.6°, 79.6° and 87.6° that corresponded to the rhombohedral structure of a-
Fe;03 [295]. The XRD patterns confirmed that the magnetic core inside the Si-40-MNP consisted
of Fe304, where the silica shell prevented the oxidation of Fe;O4. On the other hand, in the absence

of silica shell, the magnetic core inside the nanogel consisted mainly a-Fe>Os.
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Figure 4-3 XRD pattern of the Si-MNP and MNP

4.5.3 Size control and stability of nanogel template, MNP, Si-MNP and FMNP

The particle size of nanogel prepared with different weight percentage of total monomer
mixture during the seed formation stage was measured at pH 5 to 9. In Figure 4-4 (a), the particle
size of nanogel increased from pH 5 to 7 due to the increasing degree of ionization of carboxylic
groups. When the pH was between 5 and 7, the carboxyl groups were protonated and repelled from
the acidic environment led to a shrinking status of the nanogel. As the pH increase, the nanogels
were gradually deprotonated to COO-, thus increasing the charge density on the nanogel surface
as well. Hence, the increased counterion (Na®) in the continuous phase increased the internal
osmotic pressure of the nanogel, which caused the swelling of the nanogel until all the COOH
groups were deprotonated. The maximum swelling of the nanogel remained constant at the
maximum degree of ionization in the absence of electrolytes. Further increase the pH caused a

reduction of the nanogel particle size, since the ionic strength of NaOH added for the pH
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adjustment were not negligible. The shielding effect induced by the high NaOH concentration
caused less COOH groups dissociated, and led to the reduction of the particle size [296].

The particle size of the nanogel during the emulsion polymerization process usually depends
on the stirring speed, amount of surfactant, polymerization temperature, monomer adding speed,
amount of initiator and many other factors. However, it is very challenging to achieve size control
without an extensive experimental study of a specific emulsion polymerization system. Currently,
the emulsion polymerization mechanism is being debated, and three major mechanisms are widely
adopted: micellar nucleation, homogeneous nucleation and droplet nucleation [38]. To control the
particle size of the final product (FMNP), an accurate control of the size of the nanogel template
is critical. A simple seeded micelle control strategy was proposed based on the micelle nucleation
mechanism. The final emulsion particle size was controlled by varying the amounts of micelles in
the polymerization system, which was controlled by the weight percentage of the total monomer
mixture added during the seed formation stage. The concentration of surfactant used in this
emulsion polymerization system was much higher than its critical micelle concentration (CMC),
which ensured the formation of a large amounts of micelles for the formation of primary particles.
And the surfactant molecule would also be adsorbed on the monomer droplets and primary
particles to provide colloidal stability. In this study, 5, 15 and 25 wt% of the monomer mixture
were added during the seed formation stage. When increasing wt% of the monomer mixture used
for seed formation, more monomer droplets (same size) were formed under same stirring speed.
Consequently, more surfactant molecules were adsorbed on the monomer droplets when 25 wt%
monomer mixture were added for seed formation. However, less surfactant molecules were
adsorbed on 5 wt% monomer mixture seeded emulsion, and more surfactant molecules were

functionalized to form more micelles. Thus, 25 wt% monomer mixture seeded nanogel had a
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reduction in the number of micelles, larger nanogel particles would be produced. The average
particle size of 5, 15 and 25 wt% monomer mixture seeded particles were increased sequentially
(Figure 4-4, (A)), which confirmed the proposed size control mechanism. The 5 wt% MAA-EA
nanogel also presented less pH responsive behavior, which was caused by less MAA was
incorporated in each nanogel particle. The zeta potential profiles of MAA-EA nanogels fabricated
with different wt% of the monomer mixtures for seed formation at various pH conditions are
presented in Figure 4-4 (B). The surface of all the nanogels were negatively charged at pH 5 to 9
due to the dissociation of the carboxylic acid (COOH) to carboxylate (COQO") groups. 25 wt%
monomer mixture seeded nanogel possess more MAA in each nanogel particle, a lower zeta
potential was observed. All the nanogels have a zeta potential value lower than negative 35 mV in

a wide pH range exhibited the outstanding stability of the nanogel.
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Figure 4-4 Particle size (a) and zeta potential of nanogel synthesized with 5 to 25 wt% of the
monomer mixture used for seed formation

The average particle size of nanogel, MNP, Si-40-MNP, and FMNP are shown in Figure 4-5, a.

Similarly, a pH-responsive trend was observed for the MNP, where the particle size increased with
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increasing pH from 5 to 9. The particle size of MNP was larger than the nanogel due to the
magnetic clusters inside the nanogel that expanded the nanogel scaffold. After the coating of 40
uL TEOS, the particles were no longer responsive to pH, which is due to the hard silica coating
that prevented the neutralizing of carboxyl groups by NaOH, and restraining the swelling of the
nanogel. The particle diameter of the nanogel, MNP, Si-40 MNP, and FMNPs were mostly below
500 nm at all pHs, meeting the requirement of magnetic particles for separation using the HGMS.
The number based size distribution of nanogel, MNP, Si-MNP and FMNP at pH 6 are shown in
Appendix 4-2 and and the corresponding number based PDI value is summarized in Table 4-2.
The size distribution peak of nanogel, MNP, Si-40-MNP and FMNP become wider in sequence,
which is consistent with the PDI value. All the particles possessed a zeta potential of less than -30
mV, confirming the stability of the particles (Figure 4-5, b). The variation of zeta potential value
of MNP at lower pH was reduced, since many COOH groups were chelated with the formed Fe;O4
particles inside the nanogel, indicated a less pH responsive property. Additionally, the FMNP
exhibited better stability over Si-40-MNP, which might be due to the hydrophobic cavity and the

hydrophilic interior of B-CD imparted the surfactant like behavior to the FMNPs.
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Figure 4-5 Average particle size (a) and zeta potential (b) of MAA-EA nanogel template, MNP,
Si-40-MNP and FMNP

Table 4-2 The PDI value (number based) of nanogel , MNP, Si-40-MNP and FMNP at pH6
Sample name Nanogel MNP Si-40-MNP FMNP

PDI @ pH 6 0.120 0.383 0.422 0.351

Table 4-3 Summary of the thickness of silica shell (obtained from Images J)
Sample name Si-40-MNP | Si-50-MNP Si-100-MNP Si-150-MNP Si-200-MNP

Shell thickness (nm) 11.45+2.6 12.05+3.3 14.83 £3.6 16.08 £3.6 25.62+4.7

4.5.4 Magnetization of Magnetic nanoparticles (VSM)

The magnetization of MNP, Si-40-MNP and FMNP were examined using the VSM 880
system. The magnetic hysteresis loop of MNP, Si-40-MNP and FMNP are shown in Figure 4-6.
The saturation magnetization (Ms) of MNP, Si-40-MNP and FMNP were 53, 28 and 33 emu/g
respectively. No hysteresis loops (zero coercivity) and high Ms values were observed indicating
the excellent superparamagnetic property of the magnetic adsorbent associated with the novel in-
situ templated synthetic method. The Fe;O4 clusters formed in the nanogel template possessed
larger volume compared to individual Fe;Oj particles, imparted higher magnetization to the MNP
system. The Ms value of MNP decreased after the silica coating, which confirmed the successful
coating of TEOS. We observed that the Ms value of FMNP was higher than Si-40-MNP, which
was probably due to the different washing process used. Both MNP and Si-MNP were washed
with the HGMS connected to a peristaltic pump, and the HGMS column was filled with specific
amount of steel wool. However, the washing process for FMNP was different, since the
concentration of FMNP after synthesis was very high (determined by the reaction conditions) that
may plug and aggregated inside the steel wool contained HGMS. As a result, a simplified washing

process was adopted, which was conducted by directly placing the FMNP in the vial close to the
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HGMS and the supernatant was removed after 3 mins. This process was repeated 3 times to ensure
the complete removal of unreacted chemicals. The steel wool was employed as a matrix to generate
high magnetic field gradient for capturing weak magnetic materials when conducting HGMS [297],
while the absence of steel wool during washing FMNP led to a more limited magnetization. In
other words, lower magnetic field applied for HGMS washing process would results in a higher
magnetization product. Thus, when a lower magnetic field was used for washing FMNP would
result in an increase in the magnetization of FMNP. Also, the control of the magnetization of the
magnetic based material during the cleaning process via HGMS could be used as a strategy for
magnetization selection for other magnetic based materials. Furthermore, the high Ms values and
superparamagnetic properties of FMNPs would result in a rapid and complete separation after the

adsorption process, which would reduce the energy consumption in water treatment plant.
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Figure 4-6 The magnetic hysteresis loops of MNP, Si-40-MNP and FMNP measured by SQUID
at 300K between -1T and 1T
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4.5.5 Thermogravimetric analysis (TGA)

The TGA was conducted under nitrogen with a heating rate of 10 °C/min from 100 °C to
600°C. There are several distinct regions of weight loss observed from the TGA analyses of MNP,
Si-40-MNP and FMNP (Figure 4-7). The first weight loss of between 100°C and 200°C was due
to the loss of water adsorbed on the particles [42]. The second stage of weight loss occurred
between 120°C to 400°C for all the samples due to the decomposition of the polymeric nanogel
template [43]. The silica coating layered had a weight loss from 100°C to 400°C [44], so the
differences in the weight loss (4.61%) between MNP and Si-40-MNP in the range of 100°C to
400°C was associated to the silica and silane on the surface of MNP. The weight loss (1.19 and
0.09 %) of FMNP compared with Si-40-MNP at 300°C and 360-367°C respectively was due to the
decomposition of the glucose unit of the beta-cyclodextrin [45]. This confirmed the successful
grafting of beta-CD on the surface of FMNP. The non-calcinated material after 400°C was
associated with the inorganic residues that were related to the iron oxide or silica on the nanogel.
The magnetic contents in MNP, Si-40-MNP and FMNP determined at 400 °C were 85.1 wt%, 89.7
wt% and 89.0 wt% respectively. The increased magnetic content in Si-40-MNP and FMNP was
due to multiple magnetic particles encapsulated within one silica shell. The magnetization of pure
Fe;O4 was 75.3 emu/g [46], while the magnetization of FMNP was 33 emu/g. Thus, the magnetic
content could be calculated and determined to be 43.8 wt%, which was smaller than the magnetic
content determined by the TGA analysis (89 wt%). This is likely to be attributed to the existence

of other non-magnetic inorganic content like Fe(OH)s, Fe(OH), or low magnification y-Fe.O3 [24].

165



Water 1.05% e EMINP
e S1-40-MNP
e V[N P

95 -

\©
(]
1

Weight%

85 1

80 T L] L] L}
100 200 300 400 500 600

Temperature (°C)

Figure 4-7 TGA curves of MNP, Si-40-MNP and FMNP

4.5.6 Adsorption kinetic study

The capability of the FMNP to remove low concentration of pharmaceutical compounds in
drinking water was investigated using a model drug, procaine hydrochloride (PrHy). The residue
concentration of 15 ppm PrHy after 2 to 150 mins adsorption tests with 500 ppm Si-40-MNP and
500 ppm FMNP are shown in Figure 4-8. Negligible reduction in the concentration of 15 ppm
PrHy was evident for 500 ppm Si-40-MNP (Black dash line), while a significant reduction of
PrHy concentration was observed after 2 mins with FMNP (Red dash line), where the
concentration of PrHy decreased continuously and reached an asymptote after 30 mins. This fast
adsorption kinetic is consistent with other B-CD based adsorbents [47], [48], [49], where the
adsorption of bisphenol A (0.1 mM) reached an equilibrium within 1 min in the presence of 1000
ppm porous B-CD polymer [50]. Similar results were observed for pimavanserin (PMV) using both

B and y-CD nano-sponge, where the adsorption capacity was 12.8 and 2.9 mg/g, respectively [51].
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In addition to the removal of pharmaceuticals, the absorption of As (V)/(III) using a Fe3O4
incorporated $-CD functionalized graphene oxide was completed within 10 min [29]. The removal
of methylene blue (MB) using a carboxymethyl-f-CD modified magnetic particle (CMCD-MNP)
revealed that thean equilibrium was achieved after 20 min [28]. We observed that the final
concentration of PrHy after the adsorption test in 500 ppm FMNP was 10.84 ppm corresponding
to an adsorption capacity of 8.12 mg/g. The adsorption data were fitted to non-linear pseudo-first
order and pseudo-second order models (Figure 4-9 A, B) described by Egs. (1) and (2) respectively,
and all the model parameters are summarized in Table 4-4. As shown in Figure 4-9 and the R?
value of the models, both Pseudo-first order and Pseudo-second order fitted well to the
experimental data (R*> 0.97), which are in agreement with a reported study [52]. The Pseudo-first
order model fitted better with an R? of 0.985, and the equilibrium adsorption capacity calculated
from the first-order model agreed with the experimental data. This suggested that the adsorption
kinetic of FMNP with PrHy was best described by the Pseudo-first order model driven by physical
adsorption, where the binding of FMNP and PrHy was due to the formation of PrHy-CD inclusion
complex. There was no covalent bond formed and this host-guest interaction is a reversible

dynamic adsorption process.
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Figure 4-9 The adsorption kinetic of 500 ppm FMNP with 15 ppm PrHy in a 3ml batch solution
fitted to the Pseudo-first order kinetic (A) and Pseudo-second order kinetic (B)
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Table 4-4 Parameters of Pseudo-first order and Pseudo-second order model for FMNP adsorption
kinetics

Pseudo-first- order Pseudo-second- order
Sample
ki(s™) R2 Qe ka(g'mg?!- s R? Q.
FMNP 0.0051 0.9845 8.718 0.0009 0.9756 9.114

4.5.7 FMNP concentration screening

Prior to the isotherm study, a concentration screening test was performed to identify the
desirable concentration of the adsorbent (FMNP) for the removal of 15 ppm PrHy at pH 8. The
UV absorbance curve of 15 ppm PrHy after 30 min adsorption test with 100 to 1000 ppm of FMNP
is shown in Figure 4-10 (A), and the final concentration of PrHy (ppm) and the removal efficiency
(R %) are shown in Figure 4-10 (B). The residual concentration of PrHy became nearly constant
at 600 ppm FMNP and at 1000 ppm FMNP, the removal efficiency only increased from 38.8 % to
41 % with 66.67 wt% additional FMNP adsorbent. Thus, the adsorption isotherm was performed

using 600 ppm of FMNP with 5 to 100 ppm of PrHy.
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Figure 4-10 The UV-vis spectrum of 15 ppm PrHy after 30 mins adsorption test with 100 to 1000
ppm of FMNP (A), the final concentration of PrHy (ppm) and removal efficiency of 100 to 1000
ppm FMNP (B)
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4.5.8 Equilibrium Adsorption study

There are various models used to describe the adsorption behavior, such as Langmuir (a
theoretical equilibrium isotherm) and Freundlich (an empirical equilibrium isotherm). The
adsorption isotherm of 600 ppm FMNP with 5 to 30 ppm PrHy with the Langmuir model fitting is
presented in Figure 4-11 (A), while the adsorption data of 600 ppm FMNP and 5 to 100 ppm PrHy
were fitted with Freundlich model (Figure 4-11 (B)). The Langmuir and Freundlich constant of
FMNP are summarized in Table 4-5. The Langmuir model was only fitted to the experimental
data for PrHy concentration below 30 ppm to satisfy the monolayer adsorption process. At higher
PrHy concentration, the adsorption isotherm followed the Freundlich model with “n” close to 1
suggesting a linear adsorption behavior. Since the structure of beta-CD consisted of seven hydroxy
groups on the secondary face, thus there might be more than one hydroxy group reacting with CM-
B-CD leading to the formation of multiple overlapping CD cavities with steric hindrance effect.
These CD cavities were not easily accessible at low PrHy concentration, but at higher
concentration, the overlapping CD cavities became accessible for host-guest binding with PrHy

with 47 % removal efficiency at 100 ppm PrHy.
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Figure 4-11 Adsorption isothermal of FMNP with 5 to 30 ppm PrHy fitted with Langmuir
isothermal (A) and adsorption isothermal of FMNP with 5 to 100 ppm PrHy fitted with Freundlich
model are presented in (B)
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Table 4-5 Parameters of Langmuir and Freundlich isotherm fitting and the experimental Q. of 600
ppm FMNP with 5 to 100 ppm PrHy

Samples Experimental Langmuir isotherm Freundlich isotherm
Q. (mg/g) Ko R? (5-30 ppm) Kr n R2(5-100 ppm)
FMNP 53.65 0.073 0.916 0.8 1.02 0.930

Table 4-6 summarizes the adsorption capacity of various types of B-CD systems. f-CD
based polymer shows a high adsorption capacity compared to other forms of adsorbent like
hydrogel or MNP based adsorbent. However, the B-CD polymer based adsorbent usually requires
organic solvent during the complex synthetic steps and large amount of B-CD involved in the
polymerization process increased the preparation cost [298][191]. The B-CD modified hydrogel
adsorbent possessed almost 10 times lower adsorption capacity compared to polymer-based
adsorbent, while it can be easily separated after the water treatment process. The FMNP developed
in this study possesses superior equilibrium adsorption capacity (53.65 mg/g) when the initial
concentration of PrHy was 100 ppm. This result is much higher than other B-CD grafted magnetic
based adsorbent listed in Table 4-6. Furthermore, the high magnetization property (33 emu/g)
compared with other magnetic based adsorbents and the fast adsorption kinetic that approached an
equilibrium within 30 mins enable this novel templated FMNP to be used as a promising adsorbent

for removing low concentration contaminants from drinking systems.
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Table 4-6 Adsorption capacity of B-CD based materials

Adsorbent Contaminates Type/Structure Capacity Mechanism References
(mg/g)
PVA-SS-CD MB Polymer resin 187.97 Charge, host-guest [298]
T-E-CDP BPA Polymer 128 Charge, host-guest [191]
Water insoluble B-  Phenol Polymer 28.49 Host-guest [299]
CD polymer
Poly-CD/PAA-Azo BPA Hydrogel 19.01- Charge, H bond, [227]
composite hydrogel 20.73 host-guest
P-CD/PAA-Fc MB, BPA Hydrogel 16.96- Charge, H bond, [229]
24.64 host-guest
CDen-MNPs Carbamazepine, Magnetic particles 1.1-2.2 Host-guest [300]
naproxen, BPA  (57.1 emu/g)
CNC@Fes04@SiO  Procaine. HCI Magnetic particles 13 Host-guest [301]
2-100@ B-CD (5.0 emu/g)
Fe;04@CD MNPs  Co (II) Magnetic particles 12.2 External surface [302]
(67.9 emu/g) site
POSS-PCL-f- BPA Hybrid magnetic 28.4 Host-guest [303]
CD/Fes;04 micelles (6.9
AmZkg™)
Fe;04/AC/CD/Alg MB Magnetic polymer 2.079 Host-guest [304]
polymer beads nanocomposite
(1.2 eum/g)
Fe;04@ B -CD-CDI BPA Magnetic 38.4 Host-guest [180]
nanocomposite
(40 eum/g)
FMNP Procaine. HCI Magnetic particles ~ 53.65 Host-guest This work
(33 emu/g)

4.5.9 Enrichment process of trace pharmaceuticals from drinking water system

As described previously, the extremely low concentration (ppb to ppm level) of
pharmaceuticals existed in drinking water system is very challenging and costly for existing
detection technology. The FMNP developed in this study can be applied to an integrate water
purification system, which can both concentrate trace pharmaceuticals by up to 100-1000 times
and provide purified drinking water to households. The FMNP enhanced water purification system
is presented in Scheme 4-4. Trace pharmaceuticals contained drinking water (10L) and FMNP can
be added to a treatment tank for adsorption, then they can be pumped through the HGMS (switched
on). The pharmaceutical included FMNP would be captured inside the HGMS, while the purified

clean water passes through. Then, the enriched drug included FMNP can be collected with 10-100
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ml eluent, such as ethanol, NaOH or methanol depending on the types of pollutants. After sufficient
time for desorption, the FMNP can be recycled by the HGMS washing process. The washing
process is described in the supporting information (S5). The recycled FMNP together with fresh
FMNP would be injected into the treatment tank again for the next round of treatment. By using
the isotherm results in Figure 4-11, 10 L drinking water contains 100 ppm of PrHy was removed
by 47% after 30 mins adsorption with 600 ppm FMNP. After 5 rounds of adsorption test with the
same concentration of desorbed FMNP, the 100 ppm PrHy can be reduced to 4.18 ppm. With 10
ml of elution volume for each round, this 10 L 100 ppm PrHy can be enriched to 50 ml of 19164
ppm PrHy solution, which is 191 times enrichment that can be easily detected. The proposed
system can effectively remove trace pharmaceuticals from aqueous system and the pollutants can
be enriched up to 100-1000 times depending on the elution efficiency and elution volume, thus

enable the detection using a simple detection method, such as UV.

@
oo O
FMNPs

Treatment Tank

Drinking Water

" High Gradient

Magnetic S
Separator

(HGMS)

~

Clean Drinking
Water

Concentrated
Drug Waste

Scheme 4-4 Flow chart on the enrichment and purify of trace amounts of pharmaceuticals from
drinking water system by employing recyclable FMNP
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4.6 Conclusions

Highly stable MAA-EA nanogel scaffolds were synthesized using a one-pot emulsion
polymerization process with good control of particle size by varying the amounts of monomer
mixture in the seed formation phase. Fe;O4 clusters were nucleated within the nanogel scaffold via
a in-situ coprecipitation method. A dual-functional silica coating reduced the oxidation of Fe3O4
and offers the possibility of surface functionalization of the FMNP. The successful grafting of -
CD onto the silica-coated MNP was confirmed by adsorption tests. A high equilibrium adsorption
capacity (53.65 mg/g) was achieved with 600 ppm FMNP and 100 ppm PrHy at pH 8 with a 47%
removal efficiency. The kinetic of adsorption was better described with the Pseudo-first order
model with a high R? (0.98), due to the host-guest physical adsorption process. At higher PrHy
concentration, the adsorption isotherm followed the Freundlich model with a n value close to 1
that corresponded to a 1:1 inclusion complexation. The FMNP is a promising adsorbent for
removing and concentrating pharmaceuticals in drinking water due to its long-term stability, high
dispersity, fast adsorption capacity and easy separation from the aqueous solution. The FMNP can
be implemented in a treatment process with a HGMS to capture and enrich trace pharmaceuticals
from drinking water system. Future studies will examine the binding isotherm of the FMNP at
different pHs, quantification of active CD cavities and the effect of CD loading on the absorption
performance. Additionally, a close loop of continuous adsorption, desorption and recycle process

using HGMS will be investigated.
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Chapter 5: Adsorption Mechanism of B-cyclodextrin Functionalized
Magnetic Nanoparticles for the Removal of Procaine Hydrochloride

This chapter is a further study of the FMNP developed in Chapter 4. The nanogel templated
magnetic particles functionalized with beta-cyclodextrin (3-CD) (FMNPs) containing low,
moderate and high amounts of B-CD (designated as FMNP-L, FMNP-M and FMNP-H
respectively) were evaluated for the removal of 5 to 100 ppm procaine hydrochloride (PrHy). The
adsorption performance depended on the alignment of CD cavities on the surface of FMNPs,
amounts of accessible CD cavities available for binding, and pH. The adsorption isotherm of
FMNPs was fitted to the Langmuir and Freundlich models, where the Langmuir model fitting was
observed for PrHy below 30 ppm confirming a monolayer surface adsorption. However, the
adsorption isotherm fitted the Freundlich model for PrHy between 5 to 100 ppm suggesting the
occurrence of multiple-stage adsorption process on CD cavities with different accessibility caused
by overlapping or steric hindrance of CM-B-CD. The correlation of CD cavity alignment and
adsorption behavior with the 3-CD based adsorbent was demonstrated in this study. The
adsorption capacity of the FMNP was depended on to the amount of 3-CD on the adsorbents, and
the steric hindrance of the CD cavities. This study provides a new perspective on the mechanism

and the adsorption behavior of 3-CD grafted nanomaterial.

5.1 Introduction

Although great effort has be devoted to restoring and reducing traditional pollutants in the
environment, other emerging contaminants including pharmaceuticals, hormones, and endocrine
disrupting chemicals (EDCs) have persisted due to their persistence in natural environment [305].
The presence of different kind of pharmaceuticals ,such as antibiotics (like procaine hydrochloride,

erythromycin, trimethoprim and sulfamethoxazole), analgesics and anti-inflammatory drugs (like
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ibuprofen, aspirin and diclofenac), painkillers (like acetaminophen, morphine and tramadol),
steroids and hormones in sewage effluents, surface water and finished drinking water have been
detected [306]. They may come from human activities like excretion with urine and feces and also
inappropriate disposal of drugs [307]. Pharmaceuticals can also be introduced to the environment
through agriculture, such as pharmaceuticals used in livestock, poultry and fish farming. Many
drugs are frequently used to farm animals to reduce the illness and diseases and to promote the
growth of the animals.

Despite their relatively low environmental concentrations (ng/L to mg/L), they are sufficient
to cause inappropriate estrogen reaction and reproductive outcomes, such as malformation of sex
organ and developmental effects on wildlife. For instance, 40 million condors in Pakistan (95% of
the total population) are believed to have died from diclofenac in carcasses of cattle treated with
this anti-inflammatory drug [308]. This tragic loss was considered "the worst wild animal
poisoning incident in history", which significantly exceeds the dichlorodiphenyltrichloroethane
(DDT) bird poisoning incident decades ago. Another case study revealed that very low
concentration (e.g., 5-6ng/L) of 17a-ethinyl estradiol (EE2) caused the feminization and
destruction of fish population after being introduced to the experimental Lake in Ontario, Canada
[309]. There are many problems with emerging contaminants like bioaccumulation, toxicity, and
persistence, and often these compounds are difficult to detect, due to the absence of high sensitivity
and appropriate instruments. In addition, climate change can intensify their effects by enriching
them in rivers during the drought period and resuspending nanomaterials during floods [101]. On
the other hand, their effect on the aquatic ecosystem and human beings are not fully known [310].

Emerging contaminants found in the water system can be very different depending on factors

such as reactivity, hydrophobicity and biodegradability. Usually, a multi-barrier process is used
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simultaneously or sequentially to achieve the water quality standard, since a single step could not
eliminate all the contaminants. Currently, the common techniques used to remove contaminants
include oxidation (with ozone, chlorine, ferrate (IV) and potassium permanganate) and advanced
oxidation processes (AOPs) by UV/H20; or O3/H20; adsorption on powdered activated carbon
(PAC), biological activated carbon (BAC) and granular activated carbon (GAC). The contaminants
can also be rejected by membrane technologies include reverse osmosis (RO), nanofiltration (NF),
microfiltration (MF) and ultrafiltration (UF) [101].

However, the above techniques shows disadvantages in practical applications, such as failure
to meet target regulation due to technical limitation, cost, or side products that can be more harmful
to the environment [204]. For instance, photolysis and catalytic reduction in pharmaceuticals have
been well studied, and many studies have focused on developing advanced catalytic materials.
However, metabolites and transformation products resulting from the reaction may be more toxic
and biologically active than their parent compounds. This leads to increasing activities to
examining the toxicology as well as chemistry, and study the active compounds in a contaminant
mixture using effect-based analysis (DEA) [284]. Among all these current water purification
technologies, adsorption is the most frequently studied and industrially relevant, since it is cost-
effective, reliable, ease to operate and the adsorbents can be regenerated and reused for many
cycles [311]. Currently, three types of adsorbents have been widely used in the water treatment
plants: carbon based, metal-based adsorbent and polymer-based adsorbent. The adsorption
capacity of activated carbon is regarded as the benchmark for a variety of contaminants, since it
has fast adsorption kinetics, and high adsorption capacity. However, the high capital cost of
regeneration and its contribution to carbon dioxide emission limits its broad adoption [312].

Affordable metal-based adsorbents with robust structure, such as aluminum oxides, manganese
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oxides and iron oxides can effectively remove contaminants from water system. However, their
slow adsorption kinetics and low adsorption capacity, difficulty in regeneration and low stability
reduced their widespread adoption [313]. On the other hand, polymer-based adsorbents display
high adsorption capacity, but they usually require complementary separation process, such as
membrane thereby increasing their operation cost [102]. While using the polymer-based adsorbent
in the form of a sponge may address the issue, but the loss of the high specific area reduces their
adsorption capacity [314].

Recently, there is an increasing interest in applying nano-magnetic material for water
treatment due to their beneficial characteristics, including high surface to volume ratio, good
biocompatibility, low toxicity, ease of modification and excellent magnetic property for separation
[315]. Despite the advantages of magnetic materials, size control, aggregation and oxidation are
the major challenge as the magnetic material is produced by conventional co-precipitation or
hydrothermal techniques.

As an effective adsorbent to remove pharmaceuticals from wastewater, B-cyclodextrin (B-
CD) has attracted attention due to its amphiphilic property. f-CD is a cyclic oligosaccharide
containing seven glucopyranose units produced from starch by enzyme digestion. The most unique
character of f-CD is the truncated cone structure consisting of a hydrophobic cavity and
hydrophilic outer shell capable of encapsulating pharmaceutical molecules via a host-guest
chemistry [316]. Compared with o and y cyclodextrin, 3-cyclodextrin has the lowest solubility
(18.5 mg/ml) [317], which enable an easier purification after usage via precipitation. However,
modifying B-CD in a more soluble form is also important, since a more stable form could provide

more accessible B-CD cavities in various applications. Also, grafting of 3-CD onto a matrix will
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promote the recovery of adsorbent and improve the accessibility of the hydrophobic cavities
towards pharmaceutical molecules.

A B-CD functionalized on a magnetic particle fabricated from nanogel template was
developed in our previous study [273]. The general concept is to synthesize magnetic nanoparticles
(FesO4) within a methacrylate acid-ethyl acrylate (MAA-EA) nanogel scaffold. This strategy
successfully addresses the challenge of size and shape control of producing magnetic particles
using the traditional co-precipitation method. An optimized silica coating was introduced to
minimize oxidation of the magnetic core, and also provided hydroxyl groups for the grafting of 3-
CD, which was modified with chloroacetic acid to produce carboxymethyl-B-cyclodextrin (CM-
B-CD) and grafted onto the silica-coated magnetic nanoparticle to form the functionalized
magnetic nanoparticles (FMNP).

In this study, an anaesthetic drug, procaine hydrochloride (PrHy) was used as a model drug
to investigate the adsorption performance of FMNP due to its cardiac and neurological toxicity to
humans [318]. The effect of different amounts of 3-CD loading, and pH effect on the isotherm of
FMNP were studied. Also, the quantification of active f-CD cavity at varying concentration of
PrHy and pH were investigated, and a new insight on the steric hindrance effect caused by the

overlapped structure of 3-CD on the adsorption mechanism was reported for the first time.

5.2 Experimental section
5.2.1 Materials

All the materials used in this chapter is same as the chemical used in Chapter 4 (4.2.1)
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5.3 Methods
5.3.1 Nanogel preparation

All the material preparation steps were described previously, while the detailed optimization
is reported here. In general, the fabrication of FMNP started from the MAA-EA nanogel scaffold
that was synthesized by a semi-continuous emulsion polymerization process [319]. A pre-emulsion
mixture (13.956 g) was prepared by mixing 4.945 g of MAA and 5.75 g of EA (1:1 molar ratio)
together with 8 wt% of DAP, 1 g of AOT solution and water. The reaction vessel contained 120 g
water and 1 g of AOT solution. The initiator solution was prepared by dissolving 0.25 g of sodium
persulfate in 2 g of water. The initiator solution was added to the reaction vessel after 30 min of
purging with nitrogen. After that, the reaction vessel was heated to 85 °C and 5 wt% of monomer
mixture was added to produce the seed particles, which were formed within 30 min, as indicated
by the color change from transparent to light milky color in the reaction vessel. Then, the remaining
pre-emulsion mixture was added dropwise and left to proceed for another 30 min. The final product
was then cooled to room temperature and filtered through a 200-mesh nylon cloth. The nanogel
was then transferred to a 12 to 14 kDa cellulose tubular membrane and dialyzed against de-ionized
water until the conductivity of the dialysis water remained constant.

5.3.2 Magnetic nanoparticles (MNPs) preparation

Magnetic nanoparticles were synthesized by in-situ coprecipitation of ferrous ions inside the
nanogel template. 120 mL of 0.5 wt% MAA-EA nanogel suspension was prepared from the
nanogel stock solution, and the pH was adjusted to 6.5 using 0.5M NaOH. After that, 2.5 g of
FeSO4- 7H20 was dissolved in 30 mL of de-oxygenated water and added dropwise to the reaction
vessel that was purged nitrogen for 30 min. Fe?* would chelate with the deprotonated COO" groups
of MAA under gentle mechanical stirring (250 rpm) for 2 hours. Afterwards, ultrafiltration under

nitrogen was applied to remove the un-coordinated Fe** yielding a brownish colour in the filtrate

180



solution. The ultrafiltration was conducted several times until all the un-coordinated Fe?* was
removed as confirmed by the clear filtrate solution. The Fe?* grafted nanogel (Fe*"-nanogel) was
heated to 35°C under stirring, and 1 g of 25 wt% NaNO; solution and 15 mL of 28 wt% NH4OH
was added to the reaction vessel yielding a dark green dispersion. Within 1 hour, the reaction was
completed by the color changed in the solution from green to black. The synthesized MNPs were
washed several times using deoxygenated DI water through the High Gradient Magnetic Separator
(HGMS) until the washed liquid was clear, and the solid content of the MNPs product was

approximately 0.1 wt%.

Nanogel

FMNP-H

Scheme 5-1 Schematic illustration of in-situ synthesis magnetic nanoparticles inside MAA-EA
nanogel scaffold and the synthesize of FMNP-L, FMNP-M and FMNP-H

5.3.3 Silica coating of MNPs

A thin layer of silica shell was coated outside the nanogel to prevent the oxidation and

provide functional groups for further modification. 20 mL of 0.1 wt% MNPs solution was
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dispersed in 80 mL of ethanol solution, and then 5 mL. ammonia solution and 40 pL of TEOS were
added dropwise to the MNP solution. The reaction proceeded under mechanical stirring at room
temperature for 24 hours and then purified by washing using the HGMS.
5.3.4 Grafting of CM-p-CD onto Si-40-MNP

The synthesis CM-B-CD is described in the supporting information (S1). Three different
amounts CM-B-CD were grafted to the FMNP particles yielding FMNPs with different adsorption
capacities. Three aliquots of 250 mg of Si-40-MNPs were mixed with 5 mL of phosphorous buffer
(pH 6) in three vials and sonicated for 40 min. Then, 31.25 mg of cyanamide dissolved in 1.25 ml
of phosphorous buffer solution was added dropwise to each reaction vessel. After 40 min of
sonication, 187.5, 375 and 562.5 mg of CM-B-CD dissolved in 6.25 ml of phosphorous buffer
solution respectively were added dropwise to each reaction vessel. The mixture was sonicated for
another 90 min and then washed several times with buffer solution and collected by Milli-Q water
to yield CM-B-CD functionalized MNPs-Si-40 (FMNPs). These three FMNPs loaded with 187.5,
375 and 562.5 mg of CM-B-CD was designated as FMNP-L, FMNP-M and FMNP-H. The mass
ratio of CM-B-CD added in the synthesis FMNP-L, FMNP-M and FMNP-H were 0.5:1:1.5, and

Scheme 5-1 illustrate the synthesis of FMNP-L, FMNP-M and FMNP-H.

5.4 Characterization Methods

Morphologies of the MAA-EA nanogel template, MNP, Si-40-MNP and FMNPs were
examined by the Philips CM 10 transmission electron microscope (TEM) at an accelerating voltage
of 60 kV. The TEM samples were prepared by placing one drop of 0.02 wt% solution onto a 200-
mesh carbon-coated copper grid. The dried nanogel sample was stained with uranyl acetate and
lead citrate, since pure nanogel is not visible under TEM. The FTIR of MAA-EA nanogel, Si-

MNPs, B-CD, CM-B-CD, and FMNP-H were prepared in the KBr pellet and measured in a Bruker
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Tensor 27 spectrometer (Bruker, Billerica, MA, USA) between 4000 to 400 cm™ at room
temperature. The test specimens were prepared by compressed freeze-dried samples with KBr
powder into a pellet. Dynamic light scattering (DLS) measurements were used to determine the
size of nanogel, MNP, Si-MNP FMN-L, FMNP-M and FMNP-H. by measuring 0.1 wt%
dispersion at pH 7 in a Zeta-Sizer (Nanosizer ZS, Malvern Co., UK) at 25 °C. Zeta-Sizer
(Nanosizer ZS, Malvern Co., UK) was also used to determine the zeta potential of the dispersions
by measuring the charge density on the surface of the material at 25 °C. Different samples were
prepared at 0.1 wt% and adjusted to pH 7 using 0.1 M NaOH or 0.1 M HCI. The chemical
composition of MNP, Si-40-MNP, FMNP-L, FMNP-M and FMNP-H was studied in a TGA Q500
(TA instrument) from 100 °C to 600°C under nitrogen at a heating rate of 10°C/min. The
magnetization of MNP, Si-MNP, FMNP-L, FMNP-M and FMNP-H was quantified in a vibrating
sample magnetometer (VSM 880) using a superconducting quantum interference device (SQUID)

test operated from -1T to 1T at 300K.

5.5 Adsorption experiments
5.5.1 Concentration screening of FMNP-L, FMNP-M and FMNP-H

Prior to the adsorption isotherm analysis of FMNP-L, FMNP-M and FMNP-H, concentration
screening tests were performed to identify the optimum concentration for the isotherm adsorption
measurements. The concentration screening tests were conducted in 20 ml vials, where 3 ml of the
FMNP-L, FMNP-M and FMNP-H stock solution was added to 100, 300, 500, 600, 700 and 1000
ppm FMNP solution respectively. The pH was adjusted to 8.0 using 0.01M NaOH prior to the
addition of PrHy stock solution to achieve a concentration of 15 ppm. The adsorption kinetic was
reported previously, and the results showed that equilibrium could be achieved within 30 minutes.

Thus, all the concentration screening tests were performed by placing the adsorption mixture on
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the shaker for 30 minutes. The mixture was then separated by a magnet, filtered with a 0.22 um
PES syringe filter and analyzed using the UV-Vis spectrophotometer. Equilibrium adsorption

capacity Q. and removal percentage R (%) were determined from Eq. (5.1) and (5.2) respectively:

(Co—Ce)*V
Q, = Lt (5.1)
R % =% 100 (5.2)
0

where, Co (mg/L) is the initial concentration of PrHy in the adsorption mixture; C; is the remaining
concentration of PrHy at time t (min or s); V (L) is the total volume of adsorption mixture; Qe
(mg/g) is the adsorption capacity at equilibrium and m represented the mass (g) of FMNP-L,
FMNP-M and FMNP-H used for the adsorption test; R (%) is the removal percentage of the PrHy
from the initial concentration.
5.5.2 pH effect on isotherm adsorption of PrHy with FMNP-L, FMNP-M and FMNP-H

The adsorption isotherm tests were conducted in 20 ml vials, and in each vial, 3 ml of FMNP-
L, FMNP-M and FMNP-H stock solution was added to 600 ppm of FMNPs solution. The pH was
adjusted to 6.5, 8.0 and 9.5 using 0.01 M HCl or 0.01 M NaOH prior to the addition of the PrHy
stock solution to achieve an initial concentration ranging from 5 to 100 ppm. The solution mixtures
were left on a shaker for 30 min of equilibration, and subsequently separated with a magnet, filtered
through a 0.22 pm PES syringe filter, and analyzed with the UV-Vis spectrometer. The adsorption
isotherm results were fitted to the nonlinear form of the Langmuir and Freundlich isotherm models,

as described by Eq. (3) and (4) respectively [312]:

_ QmKLCe
Qe = 1+ K1,Ce (5.3)
1
Q. = KgC} (5.4)
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where Qm (mg/g) is the maximum adsorption capacity of the adsorbent; Ky (g/L) is the Langmuir
adsorption equilibrium constant that indicated the binding energy between the adsorbate and the
adsorbent; Kr (mg/g) and n are Freundlich constant, which describes the binding intensity and the

spontaneity of the adsorption process.

5.3 Results and discussion
5.3.1 Fourier-transform infrared spectroscopy (FTIR)

FTIR analysis was used to confirm the successful modification of CM-B-CD and the
chemical composition of absorbents. The FTIR results of f-CD, CM-B-CD, nanogel, Si-40-MNP
and FMNP-H is shown in Figure 5-1, where the broad peak between 3300 and 3500 cm™ is
associated with the -OH stretching. R-1, 4 bond skeleton vibration originated from B-CD reflected
a characteristic peak at 940 cm™!, which appeared on both B-CD and CM- B-CD FTIR spectrum.
The C=0 stretching at 1748 cm™ was observed after p-CD was reacted with chloroacetic acid
confirming the successful carboxymethylation of B-CD. The characteristic peak of Si-O-Si
stretching between 418 to 478 cm! was observed in Si-40-MNP and FMNP-H due to the formation
of silica shell via TEOS hydrolysis on the MNP. The formation of Fe3O4 within the nanogel was
confirmed by the Fe-O vibration (561 cm™) in Si-40-MNP and FMNP-H. Therefore, we concluded

that B-CD was converted to CM-B-CD and grafted onto silica coated nanogel MNP particles.
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Figure 5-1 FTIR of B-CD, CM-B-CD, nanogel, Si-40-MNP and FMNP-H

5.3.2 Morphology investigation

The MAA-EA nanogel template was prepared by emulsion polymerization, and MNP was
prepared by in-situ coprecipitation of ferrous ions chelated to COO" groups on the nanogel. The
FMNPs were produced by grafting CM-B-CD onto Si-40-MNP. Morphology of the synthesized
material was examined using the TEM, and only the nanogels were stained with lead citrate, while
all other TEM images were obtained from unstained samples. The TEM images of MAA-EA
nanogel, MNP, Si-40-MNP and FMNP are shown in Figure 5-2, where well-defined and uniform
spherical particles of diameter were observed from Figure 5-2 (A). Magnetic particles (MNP)
existed as clusters of Fe3O4 particles being encapsulated within the spherical nanogel scaffold is
shown in Figure 5-2 (B). The margins among neighbouring MNPs confirmed the presence of
nanogel scaffold, which effectively prevented the aggregation of the MNPs. The coarse edge of
the MNP was due to large amount of Fe3O4 generated inside the nanogel and expand the nanogel

into a “litchi” structure.
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Figure 5-2 TEM images of (A) MAA-EA nanogel; (B) MNP; (C) Si-40-MNP; (D) FMNP-H

The optimization of different amounts of silica coated on MNP was conducted in our
previous study, confirming that 40 uLL TEOS was sufficient to coat the MNP. Most of the silica
shell contained only one magnetic core and no aggregation was observed in the Si-40-MNPs
(Figure 5-2, C). B-CD functionalized MNP (FMNP-H) is shown in Figure 5-2 (D), revealing a
dark magnetic core with light grey circles on the surface of the particles. The superimposed light
gray circles were due to B-CD cavity grafting, similar structures were on the modified p-CD
particles [320] [321]. However, the FMNP appeared to be larger due to the aggregation during the
TEM preparation step. The rationale for this aggregation could be related to the carboxymethyl
functionalization of B-CD due to the many active hydroxy groups on both the primary face and
secondary face of B-CD that could react with chloroacetic acid. Even though the primary hydroxyl
groups located at the 6-position have proved to be more reactive than the secondary hydroxyl
groups due to the more nucleophilic nature, the seven primary hydroxyl groups still can be
modified with equal chances [322][323]. Therefore, multiple primary hydroxyl groups can be
modified to carboxymethyl groups and further grafted onto the Si-40-MNP, resulting in non-

homogeneous distribution on the surface of FMNP. Moreover, the CM-B-CD modified by multiple
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carboxymethyl groups could be grafted onto different Si-40-MNPs resulting in the agglomeration
of the FMNP-H. Another possibility of the aggregation is the magnetic attraction between the
FMNPs, especially when they are in proximity to each other. However, the large amounts of CD
cavities were still grafted on the FMNP-H, illustrated by numerous grey circles located on the
surface of FMNP-H and also confirmed by the Thermogravimetry Analysis (TGA) discussed in
later section. Thus, the adsorption experiments were further performed to investigate the
relationship between the amounts of B-CD conjugated to the FMNP and their effects on adsorption
performance.
5.3.3 Particle size and stability

Size, morphology and surface charge of adsorbent particles are closely associated with their
stability and adsorption performance. The nanogel template was prepared by a semi-continuous
emulsion polymerization, and the control of the particle size was achieved by varying the size and
number of seeded nanogel particles as described previously [273]. Particle size and zeta potential
of the nanogel, MNP, Si-40-MNP and FMNPs (FMNP-L, FMNP-M and FMNP-H) are shown in
Figure 5-3. The diameter of MNP was 287.57 + 8.29 nm, which was much bigger than the size of
the nanogel (190.73 + 1.04 nm) due to the Fe;O4 nanoclusters that expanded the nanogel scaffold.
A slight increase of the particle size of Si-40-MNP was evident due to the silica coating. However,
the grafting of CM-B-CD resulted in a significant increase in the particle size since multiple B-CDs
could be grafted onto several FMNPs as indicated in Figure 5-2, D. There was no obvious
difference between the particle size of FMNP-L, FMNP-M and FMNP-H, since the size of f-CD
was between 0.60-0.65 nm [324], which would not contribute to the final particle size. The
abundant carboxyl groups on the surface of the nanogel generated a large and negative zeta

potential of -50.13 +£1.21 mV, which ensured the high stability of the nanogel scaffold. The zeta
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potential decreased after Fe3sO4 was formed inside the scaffold caused by the coordination between
the COOH groups and Fe3Os particles. The silica coating further shielded the negative surface
charge, where the zeta potential decreased slightly from -36.3 £ 0.92 mV to -33.3 £ 1.04 mV, as
the hydroxyl groups from TEOS hydrolysis replaced the COOH groups on the surface of the
nanogels. After the grafting of CM-B-CD on Si-40-MNP, it provided steric stabilization to the
FMNP that enhanced its stability. An additional benefit of the scaffold method is that the size of

the FMNPs is dependent on the nanogel dimension, which provided us a better control on the final

morphology of the FMNPs.
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Figure 5-3 The particle size and zeta potential of nanogel, MNP, Si-40-MNP and FMNPs at
neutral pH

5.3.4 Chemical composition

Thermogravimetric analysis (TGA) was conducted to investigate the chemical composition
of present in the MNP, Si-40-MNP and FMNP. The TGA curves are shown in Figure 5-4, where
the weight loss between 100 °C and 200 °C was attributed to the evaporation of water adsorbed on

the particles [325]. The weight loss of MNP from 200 °C to 400 °C was due to the degradation of
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the nanogel scaffold, and the non-calcinated inorganic residue left after 400 °C was associated with
Fe304. The MNP composed of 1.05% water, 13.83% nanogel and 85.12% magnetic content. The
degradation of B-CD was related to the distinct region of weight loss at 300 °C and 360 to 367 °C,
which was confirmed to be the degradation temperature of the sugar unit on B-CD [326]. The
content of B-CD consisting in FMNP-L, FMNP-M and FMNP-H was determined to 0.55, 1.74 and
0.77 wt%. Surprisingly, the amounts of B-CD grafted onto the FMNPs did not follow the trend that
corresponded to the amounts of CM-B-CD added during the synthesis. We believe this might be
due to the amount of hydroxyl groups on the silica shell and the steric hindrance of B-CDs when
excess CM-B-CD was used as in the case of FMNP-H. Moreover, excess added during the grafting
reaction would cause a self-crosslinking of CM-B-CD [327], which was washed out during the
HGMS purification due to non-magnetic property. The amount of water, nanogel, Fe3Os, silica

and B-CD present in each of the FMNPs are summarised in
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Table 5-1.
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Figure 5-4 TGA curves of MNP, Si-40-MNP, FMNP-L, FMP-M and FMNP-H
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Table 5-1 Chemical composition (in wt%) in MNP, Si-40-MNP, FMNP-L, FMNP-M and FMNP-

H
Component MNP Si-40-MNP FMNP-L FMNP-M FMNP-H
Water 1.05 0.87 0.91 1.14 0.91
Nanogel 13.83 9.37 8.57 8.04 8.88
Fe304 85.12 89.74 89.87 88.97 89.30
Silica 0.02 0.14 0.11 0.14
B-CD 0 0.55 1.74 0.77

5.3.5 Magnetization of magnetic nanoparticles

The magnetic property of MNP, Si-40-MNP, FMNP-L, FMNP-M and FMNP-H was studied
using the VSM 880 equipment, and the magnetic hysteresis loop of MNP, Si-40-MNP FMNP-L,
FMNP-M and FMNPH are shown in Figure 5-5. The saturation magnetization value (Ms) of MNP,
Si-40-MNP, FMNP-L, FMNP-M and FMNP-H were 52.36, 26.44, 36.96, 30.98 and 31.82 emu/g,
respectively. No hysteresis loop was evident, indicating a zero coercivity, and the high Ms value
of FMNPs illustrated a good superparamagnetic property. The Fe3O4 clusters generated inside the
nanogel occupied a large volume compared to individual Fe3O4 particles resulting in the high
magnetization since this is proportional to the volume of the magnetic content. After the silica
coating on the MNP, the magnetic property decreased slightly, which further confirmed the success
of the TEOS coating process. The Ms value of FMNPs was higher than Si-40-MNP due to the
different washing process used to remove un-coordinated iron oxide. MNP and Si-40-MNP were
washed by pumping the solution through the steel wool placed inside the HGMS column. However,
the purification process for FMNPs were accomplished by placing the vials with FMNPs on top
of the HGMS, as the high concentration of synthesized FMNPs (due to the reaction conditions)
might clog and bind in steel wool. The supernatant was removed following a 3-minute separation
on HGMS, and the collected FMNPs were re-dispersed in water and separated again with the

HGMS. This step was repeated 3 times to ensure that any the residue chemicals were eliminated.
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Steel wool was widely used as a carrier matrix to produce a higher magnetic gradient to capture
low magnetization magnetic nanomaterials during the running of the HGMS [297], whereas the
lack of steel wool during the FMNP washing step caused a lower applied magnetic field. Thus, a
lower magnetic field applied during the washing of FMNP led to a higher magnetizing product,
where the Ms value of FMNP was greater than Si-40-MNP [273]. The Ms value of FMNP-M and
FMN-H were 30.98 and 31.82 emu/g, which was lower than FMNP-L (36.96 emu/g). The increase
in the amount of B-CD portion decreased the magnetic content in the composite, which is also
consistent with the results determined from the TGA analysis. In conclusion, the high Ms value
and superparamagnetic property of FMNPs provided a rapid separation after the adsorption, which

could reduce the energy cost in the water treatment process.
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Figure 5-5 The magnetic hysteresis loops of MNP, Si-40-MNP, FMNP-L, FMNP-M and FMNP-
H obtained by SQUID at 300K between -1T and 1T
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5.3.6 Concentration screening of FMNP-L, FMNP-M and FMNP-H

An adsorption kinetic study was conducted to investigate the equilibrium time for the
adsorption between FMNP-M and 15 ppm PrHy. The parameters for the adsorption data was fitted
to the Pseudo-first order and Pseudo-second order models as described in chapter 4 (4.5.6). The
results revealed a fast physical adsorption kinetic reaching an equilibrium within 30 min, which is
consistent with previous reported studies [328][329][134][330][331]. Subsequently, the optimum
concentration for the adsorbent (FMNP-L, FMNP-N or FMNP-H) was identified based on the
binding experiments to remove 15 ppm of PrHy at pH 8. The final concentration of PrHy (ppm)
after 30 min adsorption tests with 100 to 1000 ppm of adsorbents is presented in Figure 5-6 (A),
and the removal (%) of PrHy is shown in Figure 5-6 (B). The final concentration of PrHy
decreased gradually to an asymptotic value when the concentration of FMNP-L, FMNP-M and
FMNP-H was increased to 600 ppm. Low concentration of adsorbents provided a limited amount
of adsorption sites, the PrHy concentration reduced dramatically as the increase of the adsorbent
concentration. Further increase the concentration of FMNPs over 600 ppm, resulting in a slighted
decline in PrHy residual concentration, since concentration of PrHy in the bulk solution was low
and was not able to reach the CD cavities with huge steric hindrance. Thus, 600 ppm was selected
as the proper concentration for later adsorption isotherm experiments. Surprisingly, FMNP-L was
the most effective adsorbents, where the lowest amount of CM-B-CD was added during the
synthesis of FMNPs. Also, the TGA results shown that FMNP-L has lowest weight percentage
(0.55 %) of B-CD compared with FMNP-M (1.74 %) and FMNP-H (0.77 %). This result can be
attributed to variations of the accessibility of the CM-B-CD cavities on FMNP-L, FMNP-M and
FMNP-H. Even though the FMNP-L possess lowest quantity of B-CD, while they may arranged

loosely on the FMNP-L without severe steric hindrance. However, FMNP-M and FMNP-H has
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more B-CD grafted lead to severe steric hindrance caused low removal efficiency of PrHy

compared with the same concentration of FMNP-L.
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Figure 5-6 The final concentration of PrHy (ppm) (A), and the removal (%) of PrHy (B) after 30
mins adsorption with 100-100 ppm of FMNP-L, FMNP-M and FMNP-H

5.3.7 Equilibrium Adsorption study

Due to the increasing industrial and manufacturing activities, the treatment and discharge of
pollutants from these industries are gathering increasing attention. The adsorption isotherm for
PrHy on FMNP-L, FMNP-M and FMNP-H adsorbents were investigated, and the adsorption data
were fitted to the Langmuir and Freundlich models to evaluate the adsorption mechanisms. The
effect of pH on the adsorption isotherm were examined to understand how the binding interactions
between the adsorbent and the adsorbate were affected by pHs. The absorbents were analyzed by
fitting the data to the Langmuir and Freundlich models, which could provide useful information to
elucidate the interactions between the adsorbate molecules and the surface of the adsorbent. The
Langmuir isotherm describes a single layer adsorbent covering the adsorbent surface, where the

interaction between adsorbent and adsorbate is driven by weak physical forces such as van der
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Waal forces [332]. The Langmuir model is based on several hypotheses, such as all adsorption
sites possess the same adsorption energy to bind molecules with finite adsorption sites. There are
no interactions between the adsorbate molecules and only one layer adsorption occurs on the
surface of the adsorbent. Another commonly used empirical adsorption model is the Freundlich
isotherm model, which is used to describe a physical-chemical adsorption process between
adsorbate and adsorption sites on heterogeneous surfaces [312]. Furthermore, the Freundlich
model describes the adsorption process occurring on multiple layers, where the adsorbed
molecules can also act as an adsorption site due to its affinity to other pollutant molecules [108].
It has been well documented that the adsorption between B-CD cavities and pollutant molecules is
due to the formation of organic molecule-CD inclusion complex. However, there is limited studies
that examine the relationship between the orientation of CD cavities grafted on the adsorbent
surface and their effect on adsorption performance. Here, three absorbents, i.e. FMNP-L, FMNP-
M and FMNP-H adsorbent was prepared with 0.5:1:1.5 mass ratio of CM-B-CD, and their

adsorption performance were evaluated.

The fitting of the adsorption isotherms for 5 to 100 ppm of PrHy by FMNP-L at pH of 6.5,
8.0 and 9.5 were fitted to Langmuir and Freundlich isotherm as shown in Figure 5-7 (A, B, C). At
pH of 6.5, the adsorption could only fit to the Langmuir isotherm at PrHy concentration below 30
ppm, while the Freundlich model could describe all the concentration range. This is due to the
different accessibility of CD cavities at lower or higher concentration of PrHy. At low
concentration of PrHy, only steric unimpeded B-CD cavities are accessible that exhibit a
monolayer adsorption behavior. A further increase in PrHy concentration results in a greater
driving force (concentration difference) for including PrHy molecules into the cavities located with

greater steric hindrance. B-CD possesses a hydrophobic inner cavity and a hydrophilic outer shell
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and is capable of capturing pharmaceuticals via the host guest interaction. At elevated PrHy
concentration, a smaller distance between the PrHy molecules and FMNP particles lead to the
replacement of the water molecules with PrHy molecules in the CD cavities. Also, B-CD possess
seven identical primary hydroxyl groups on the primary face, which has an equal probability of
being modified. Thus, the FMNP-L could have a structure comprising of CD cavities with different
accessibility due to the overlapping of multiple carboxymethyl group modified -CD. When the
PrHy concentration was low, only surface B-CD cavities were accessible as the driving force for
the PrHy-CD inclusion complex was the physical forces (hydrophobic interaction). Hence, the
adsorption at low PrHy concentration (5 to 30 ppm) could be described by the single-layer isotherm
Langmuir model. When the concentration of PrHy was increased, the CD cavities located close to
the inner surface of FMNP-L or within the channels of the silica shells became accessible due to
the higher driving force for diffusion resulting from the higher concentration difference of PrHy
between the bulk solution and the inner structure of FMNP-L. However, when the pH of the
adsorption system was 8.0 and 9.5, the adsorption isotherm data could not fit the Langmuir model
even at low PrHy concentration, where the fitting yielded a negative slope. This result is consistent
with the adsorption isotherm study of Ibuprofen and B-CD grafted chitosan, where a negative slope
was reported for the Langmuir isotherm model [333]. This non-monolayer adsorption behavior
could be related to the alignment of CD cavities on the surface of FMNP-L, where the amounts of
CM-B-CD grafted onto the surface of FMNP-L might be insufficient to fully cover the surface of
adsorbent. The experimental data and the parameters from the Langmuir and Freundlich isotherm

models of FMNP-L, FMNP-M and FMNP-H are summarized in Table 5-2.
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Figure 5-7 The adsorption isotherm of FMNP-L at pH 6.5 (A), 8.0 (B) and 9.5 (C) fitted with
Langmuir and Freundlich isotherm model

The adsorption isotherm for 5 to 100 ppm of PrHy at pH 6.5, 8.0 and 9.5 and FMNP-M were
fitted to Langmuir and Freundlich isotherm as shown in Figure 5-8. As in FMNP-L, the adsorption
data could be fitted to both Langmuir and Freundlich isotherm model at a low PrHy concentration
(5 to 30 ppm), while only Freundlich model could fit the whole concentration range of 5 to 100
ppm. The Qe value (Co=100 ppm) increased gradually with pH (from 6.5 to 9.5), since PrHy is a
positively charged molecule that could bind to negative charge surfaces. Hence, more PrHy could
be adsorbed at higher pH due to the electrostatic interaction and the formation of CD-PrHy
inclusion complex. When the PrHy concentration exceeded 30 ppm, more PrHy molecules were
removed from the aqueous system with 600 ppm FMNP-M, rather than achieving the equilibrium
as predicted by the Langmuir model. The higher PrHy concentration led to a higher driving force
for the host-guest complexation between PrHy molecule and CD cavities located near the MNP
core that was impeded by steric hindrance. Similar adsorption behavior was reported for FMNP-
H (Figure 5-9), confirming a better fitting with Freundlich isotherm at higher PrHy concentration.
However, the adsorption equilibrium (Co=100 ppm) of FMNP-H was lower compared to FMNP-

M, due to the lower B-CD content on to FMNP-H (0.77 wt%) compared to FMNP-M (1.74 wt%).
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The adsorption capacity of FMNP-L (Co=100 ppm) was also higher than FMNP-H, even though
the B-CD content on FMNP-L (0.55 wt%) was lower than FMNP-H (0.77 wt%). Thus, we
concluded that the adsorption performance was rather complex, and it is based on multiple factors
such as the amount of available CD cavities, initial concentration of PrHy, coverage of CD cavities
on the surface of the FMNP, steric hindrance between the CD cavities and the pH of the adsorption
system. This also illustrates that there is an optimum condition between the amounts of CD grafted
on the FMNPs and the adsorption capacity. Once more CD cavities were loaded to the FMNPs,
steric hindrance might reduce the accessibility of the CD cavities and consequently reduced the
adsorption capacity. A schematic illustration of the adsorption mechanism between FMNPs and

PrHy molecules is shown in Scheme 5-2.
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Figure 5-8 The adsorption isotherm of FMNP-M at pH 6.5, 8.0 and 9.5 fitted with Langmuir and
Freundlich isotherm model is shown in A, B and C, respectively
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Figure 5-9 The adsorption isotherm of FMNP-H at pH 6.5, 8.0 and 9.5 fitted with Langmuir and

Freundlich isotherm model is shown in A, B and C, respectively
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Scheme 5-2 Schematic illustration of the adsorption mechanism between FMNPs and PrHy
molecules

Table 5-2 The summary table of experimental data and the parameters of the fitted Langmuir and
Freundlich isotherm models

Adsorbent | pH Experimental Langmuir Freundlich
Q. at R% at | Ku (L/mg) R?* (5-30 Kr n R? (5-100
100 ppm | 100 pm ppm) (mg/g) ppm)
FMNP-L 6.5 61.30 38.70 0.019 0.806 0.060 | 0.597 0.980
8 62.00 42.32 - - 0.503 | 0.904 0.995
9.5 68.00 46.35 - - 0.240 | 0.719 0.869
FMNP-M 6.5 57.00 30.21 0.025 0.869 1.373 | 1.152 0.930
8 52.00 33.85 0.073 0.916 0.799 | 1.016 0.930
9.5 49.35 29.61 0.023 0.748 0.932 | 1.098 0.932
FMNP-H 6.5 42.15 36.29 0.111 0.888 2.708 | 1.636 0.828
8 46.00 33.19 0.059 0.908 2.799 | 1473 0.915
9.5 53.70 32.22 0.047 0.832 1.364 | 1.179 0.963
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5.3.8 Removal percentage (R %)

Except for the adsorption capacity, the removal efficiency is another important parameter
that should be evaluated in a large-scale water treatment process. The physical characteristics of
the adsorbents and process variables could impact the adsorption performance. In this study, the
effect of pH and amounts of CD cavities on FMNPs performance to bind and remove PrHy was
studied. The adsorption process of a positively charged molecule is favorable when the surface
charge of the adsorbent is negative, when the solution pH is higher than the isoelectric point of the
adsorbents. The zeta potential of the FMNP-M from pH 5 to 9 was measured previously [273],
where the surface charge was all negative and between -33 mV to -36 mV. Thus, PrHy adsorption
on FMNPs is favorable within the pH range of 5 to 9. The targeted application of FMNPs is
drinking water (or bottle water), where the pH is typically between 7 and 8.5 [334]. Thus, it is
practical to examine the adsorption capacity of FMNPs at pH 6.5, 8 and 9.5, and the pharmaceutical
residues in drinking water could be as low as hundreds of ng/L (ppb) [335] to hundreds of mg/L
(ppm) [336]. The concentration of PrHy selected in this study was between 5 to 100 ppm, which
was within the range of the reported pharmaceuticals in drinking water or after wastewater
treatment that were detectable by the UV-Vis spectrometer. The removal percentage of PrHy using
FMNP-L, FMNP-M and FMNP-H at pH 6.5, 8.0 and 9.5 are shown in Figure 5-10 (A, B, C).
When the PrHy concentration was below 50 ppm, the removal efficiency deceased with increasing
PrHy concentration due to the reduced available CD adsorption site, except the adsorption
performance of FMNP-L at pH 9.5. In general, the removal efficiency of the pollutants decreased
with increasing initial PrHy concentration, which was due to the saturation of the adsorption sites
on the adsorbent surface [337]. However, when the concentration of the PrHy increased beyond

50 ppm, the removal efficiency increased with increasing PrHy concentration due to the higher
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driving force for adsorption enable the accessible of CD cavities was impeded by steric hindrance.
This removal behavior was also reported in other studies, for the removal of tartrazine azo-dye
onto the activated carbon [338]. In our study, the increase of PrHy removal could be due to the
accessibility of the CD cavities, which increased when more PrHy molecules were present in the
adsorption system. Also, the adsorbed PrHy might induce the stacking interactions between PrHy
molecules due to the aromatic m-m interactions [321] [339]. As discussed previously, the
adsorption performance was a multifaceted phenomenon comprising of several factors, such as the
amounts of CD cavities, the PrHy initial concentration and pH. From the removal efficiency results
shown in Figure 5-10, the adsorption performance was slightly enhanced when the system pH was
8.0 compared with the other two pH conditions. This was due to the FMNPs possessing the lowest
zeta potential at pH 8.0 compared to the other two pHs, and nanogel, MNP and Si-40-MNP all
presented a relatively low zeta potential at pH 8.0 compared to 6.5 and 9.5. At pH 6.5, the
functional groups (COOH) were not fully ionized. However, the shielding effect introduced by
NaOH used for the pH adjustment resulted a shielding effect that led to a higher zeta potential
compared to pH 8.0. The COOH groups still needed to be considered since the silica coating layer

was porous instead of a smooth solid shell [340].
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Figure 5-10 The removal percentage of 5 to 100 ppm PrHy by using 3ml of FMNP-L (A), FMNP-
M (B) and FMNP-H (C) at pH 6.5, 8.0 and 9.5

5.3.9 Quantification of active p-CD cavities

Even though there are many factors affecting the adsorption capacity, the main adsorption
process was due to the formation of CD-PrHy inclusion complex. Furthermore, the pH of the
solution had a minor effect on the adsorption capacity, which was negligible. Thus, the active CD
cavities of FMNP-L, FMNP-M and FMNP-H were estimated based on the Q. value obtained from
the adsorption isotherm study, and the results are presented in Figure 5-11 (A, B, C). At pH 6.5
and 8, FMNP-H possessed the highest amounts of CD cavities (4.35x10?° and 4.06x10%°), while
FMNP-M possessed the highest number of CD cavities (3.81x10%°) at pH 9.5. This method could
a general estimation on the active CD cavities for capturing the PrHy molecules in addition to the
adsorption capacity associated with the n—n stacking and pH. A more precise estimation of the [3-
CD content in FMNP-L, FMNP-M and FMNP-H were obtained from the TGA analysis. However,
the adsorption capacity (Qm) was not only depended on the quantity of B-CD grafted to the FMNPs.
Electrostatic interactions, pH, n—n stacking among adsorbed PrHy and the accessibility of the CD

cavities, since the active CD cavities calculated based on the Qm was not proportional to the
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quantity of B-CD quantity obtained from TGA analysis. This indirectly explained the accessibility
of CD cavities dominated the adsorption performance, while the overlapping CD cavities induced

a steric hindrance that impeded the adsorption performance.
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Figure 5-11 Estimation of active B-CD cavities at different PrHy initial concentration and pH by using
FMNP-L (A), FMNP-M (B) and FMNP-H (C)
5.4 Conclusions

FMNPs prepared with different amounts of B-CD grafted magnetic nanoparticles were
prepared, and the morphology displayed a “lichi”-like structure on the outer surface of the particle
induced by the overlapping B-CDs. The particle size of nanogel deceased gradually after the
formation of Fe3O4 particles, silica coating and B-CD grafting, where the size is constrained by the
nanogel template. The adsorption isotherm of FMNP-L, FMNP-M and FMNP-H were examined
using 5 to 100 ppm of PrHy, where the isotherm obeyed the Langmuir model at a low PrHy
concentration (5 to 30 ppm) caused by the monolayer adsorption on the surface of the adsorbent.
However, the adsorption isotherm obeyed to the Freundlich isotherm model when the
concentration of PrHy exceeded 30 ppm. This linear adsorption behavior is associated with the

orientation of the B-CD on the FMNP surface and the steric hindrance due to the overlapping or
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cross-grafting of CD cavities on multiple FMNPs adsorbents. The highest equilibrium adsorption
capacity approached 68 mg/g when the initial concentration was 100 ppm, and with the high
magnetization (36.96 emu/g), the FMNPs could be a promising adsorbent to remove trace amounts

pollutant or pharmaceutical residues from drinking water.
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Chapter 6: Synthesis of Silver Nanoclusters in Colloidal Scaffold for
Biolabeling and Antimicrobial Applications®

A robust method to prepare silver nanoclusters (AgNCs) inside a methacrylic acid-ethyl
acrylate (MAA-EA) nanogel is developed in this chapter, where AgNCs were produced inside the
nanogel scaffold via UV-photoreduction. The impact of UV irradiation time on the formation of
AgNCs and their application in biolabeling and antimicrobial properties were examined. The
AgNCs formation is described by two stages; (1) Ag, (n=2-8) nanoclusters formation between 0-
25 min, and (2) larger silver nanoparticles (AgNPs) formed via aggregation inside the nanogel.
The antimicrobial performance depended on the size and concentration of silver ions (Ag"). A low
highest maximum inhibitory concentration (HMIC) of 1.1 ppm was observed for antimicrobial test
with yeast, and a MIC of 11 and 22 ppm was recorded for Escherichia. coli and Staphylococcus
aureus respectively. Combining with the green illumination property of AgNCs (emitted at 525
nm) with dead yeast, it could be used for biolabeling. By tuning the size through photoirradiation,
the nanogel templated AgNCs is a promising candidate for antimicrobial and biolabeling

applications.

*This chapter is adapted from a published paper “ Xu, J., Ramasamy, M., Tang, T., Wang, Y., Zhao, W., & Tam, K.
C. (2022). Synthesis of Silver Nanoclusters in Colloidal Scaffold for Biolabeling and Antimicrobial
Applications. Journal of Colloid and Interface Science.”
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6.1 Introduction

Currently, there is a growing need for new antimicrobial agents due to the increase of
antimicrobial resistance (AMR) and the emergence of new diseases including Covid-19. The
World Health Organization has declared that AMR is one of the top public health threats and
prioritizing the treatment and prevention of illnesses caused by bacteria, viruses, parasites, and
fungi [341]. Antimicrobial compounds are being added to materials, such as ceramics [342],
textiles [343][345], and polymers [346] for practical usage. Traditionally, metals and metal
derivatives such as silver, titanium, gold, and copper have been preferred antimicrobial compounds
since ancient times, with the most prominent being silver [347]. Furthermore, metal particles
combined with nanotechnology have propagated the evolution of antimicrobial materials across
different fields.

It is well-recognized that silver nanoparticles (AgNPs) possess many attractive properties
include high electrical and thermal conductivity [348], chemical stability [349][350], and catalytic
activity [351][352], which enable AgNPs being widely used in clothing [353], cosmetics [354],
renewable energies [355], environmental remediation [356] and biomedicine [357][358]. For
AgNPs, size and morphological control are important parameters with a direct impact on the
physical and biological properties. AgNPs are commonly used due to their unique chemical and
physical properties associated with their nanosize. If the size of the particle is further reduced to
below 2 nm, which is analogous to the Fermi wavelength of electrons (~0.5 nm), the particles are
described as nanoclusters [359]. Generally, AgNCs possessed better fluorescence property in
aqueous solution compared to gold nanoclusters, therefore, ultrasmall AgNCs containing less than
100 silver atoms [360] have been considered as promising candidates for biosensing and
bioimaging applications. However, the aggregation of AgNCs will reduce the benefits of many

features at the nanoscale of the material, therefore, stability is the major challenge in the
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development of AgNCs and AgNPs. Some strategies used to stabilize metallic nanoparticles
include; (a) adding silica coating to the AgNPs [361], and (b) loading AgNPs into organic or
inorganic templates. Extensive knowledge and research on AgNCs and AgNPs have been reported
over the past century and the antimicrobial characteristic of silver is still an important function of
this nanoparticle.

The synthesis of silver nanoparticles is well-known, and they are produced via chemical,
physical, photochemical and biological process [358]. The chemical approach is widely used since
the synthesis can be performed in an aqueous environment. The three main components of the
chemical synthesis process are: (i) metal precursors, (ii) reducing agents and (iii)
stabilizing/capping agents [358]. However, some reducing agents, such as sodium borohydride,
NaBH4 is known to have negative impact on both the environment and the human body. For
example, 1 mg of sodium borohydride has a cumulative energy demand of 4.63 x 10 MJ and
freshwater eco-toxicity of 2.49 x 10 kg [362], hence further purification is needed to remove the
excess reducing agent. Additionally, it is difficult to obtain stable AgNCs via the conventional
chemical reduction process, since the formed AgNCs tend to agglomerate into larger clusters due
to the reduced surface energy [359]. Thus, light activated reduction of silver ions as a non-intrusive
reduction strategy may be more attractive from the perspective of toxicity and the environment.
Metal ions are reduced by the incorporation of lone pair electrons generated by photoirradiation
where chemical reducing compounds are not used. Sato-Berru and co-workers reported on the
photoreduction of metal salts and they found that UV light is the most effective light source
compared to other visible light sources [363][365]. Moreover, UV irradiation of metal ions can
introduce fluorescence characteristic that is beneficial in biosensing application [366]. In previous

study, silver clusters were prepared using poly (acrylates) (PAA) as a template, where both UV
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irradiation and NaBH4 were used as a ‘reducing agent’ to explore their effect on the morphology
of AgNCs. The AgNCs prepared with UV irradiation possessed a slower reduction rate and
generated large amounts of small AgNCs in the early stage compared to the NaBH4 reduction
method. The produced AgNCs were coated onto cotton fabric for antimicrobial application.
However, the Ag-PAA complex does not have a robust structure, and the AgNCs are easily ejected
from the fabric causing harmful effect to the environment. Moreover, the coating of the small
AgNCs onto the fabric reduced their surface area and sacrificed the antimicrobial performance
[367]. In addition to using the polymer chain as a template, nanogel was also used to prepare
AgNCs. Jing et al. reported a self-assembled nanogel by blending glutathione templated AgNCs
with chitosan solution. The prepared AgNCs-nanogel possessed a spherical structure with patched
AgNCs presented on the surface of the nanogel. This AgNCs-Nanogel-Chitosan system achieved
a multifunctional composite in a single system. However, the open structure and outer surface of
the AgNCs lead to a toxicity concern due to the detachment of the AgNCs [360]. In our previous
study, a magnetic cluster was successfully encapsulated within the MAA-EA nanogel system,
where the Fe3Os were coprecipitated in-situ within the chemically crosslinked scaffold.
Ultrafiltration applied after the coordination of Fe*" ion with the COO" groups from the nanogel
could effectively remove all the Fe?* outside the nanogel. This strategy preserved the formation of
magnetic clusters within the nanogel scaffold [273], which is a promising strategy to synthesize
metal nanoclusters.

In this study, a one-pot process consisting of UV irradiation to prepare silver nanoclusters
(AgNCs) within a colloidal scaffold is proposed. The polymeric colloid (nanogel) was prepared
via the emulsion polymerization of methacrylic acid (MAA) and ethyl acrylate (EA) crosslinked

with diallyl phthalate (DAP). The silver ions chelate with the carboxylate groups of the nanogel,
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and AgNCs are produced inside the nanogel under UV irradiation. The nanogel templated AgNCs
were evaluated in an antimicrobial test demonstrating its ability to inhibit yeast metabolism and
kill bacteria. With the use of a nanogel template, AgNCs can be easily recovered from the system
due their size (between 200-500 nm). To the best of our knowledge, this is the first reported study
that focuses on reducing agent free process to prepare silver clusters for antimicrobial and
biolabeling applications. And the yeast test with simple setup originated from fungi culture was
firstly used as a pre-evaluation of antimicrobial agent. The reduction mechanism of silver clusters
under UV irradiation was examined and the colloidal scaffold strategy preserved the surface area

while minimizing the toxicity of the synthesis process.

6.2 Experimental
6.2.1 Materials

Methacrylic acid (MAA, 99%), ethyl acrylate (EA, = 99.5%), di-allyl phthalate (DAP, 97%),
sodium persulfate (= 99%), sodium hydroxide (= 98%), silver nitrate (= 99%), methylene blue
(dye content = 82%) and yeast (Saccharomyces cerevisiae) were purchased from Sigma-Aldrich

and used as received. Aerosol OT (AOT, 75 w/w%) was supplied by Thermo Fisher Scientific.

6.3 Methods
6.3.1 Synthesis of MAA-EA nanogel template

The MAA-EA nanogel was synthesized via a semi-continuous emulsion polymerization
process. A pre-emulsion mixture was prepared in a scintillation vial by adding 4.945 g MAA and
5.75 g EA (1:1 molar ratio) together with 0.856 g of DAP (8 wt% of the monomer), 1 g of 75 wt%
AOT solution and 1.4 g of Milli-Q water. The reaction vessel (a 250 mL three-neck flask)
contained 120 g Milli-Q water and 1g of 75wt% AOT solution. The initiator solution was prepared

by dissolving 0.25 g of sodium persulfate in 2 g of Milli-Q water in a separate vial.
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The reaction vessel assembled with a condenser and an equalizing pressure funnel and was
heated to 85 °C under continuous stirring while being purged with N> for 30 minutes, after which
the initiator solution was added via a syringe. When the contents were well-dispersed, 5 wt% of
the monomer mixture was added dropwise using a syringe. The nanogel seed was formed after 30
mins reaction, the remaining monomer mixture was added dropwise through a pressure equalizing-
funnel. The reaction was left to proceed for another 30 minutes after the addition of the remaining
monomer mixtures. The final product was then cooled to room temperature and filtered through a
200-mesh nylon cloth. The filtered nanogel solution was dialyzed against DI water until no excess
surfactant was observed. The solid content of the dialyzed final product was approximately 5% by
weight.

6.3.2 Synthesis of nanogel templated Ag*-nanogel system

The synthesis of AgNCs inside the nanogel template was conducted via a two-step process.
The recipe was determined based on the solid content and carboxyl concentration of MAA-EA
nanogel scaffold. Nanogel with a solid content of 4.8 wt% was utilized, and the corresponding
COOH concentration was Smmol/g as determined by potentiometric titration. The molar ratio of
Ag" and COOH group for the reaction was set at 1:1. First, 3.3 g of nanogel dispersion was diluted
with 36.7 g of Milli Q water and the pH was adjusted to 8.2 using 0.5 M NaOH solution. Secondly,
the deprotonated carboxyl groups on the nanogel co-ordinated with Ag" in basic condition by the
dropwise addition of 0.136 g (in 40 ml water) silver nitrate under gentle magnetic stirring for 2h.
The reaction vessel was covered with aluminum foil to shield visible light from the reaction
mixture. After the reaction, the Ag™ coordinated nanogel (Ag*-nanogel) dispersion was purified

by dialysis under dark environment to remove unbound Ag™.
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6.3.3 In-situ photoreduction of Ag* to AgNCs inside the nanogel template

A high intensity UV lamp (B-100AP/R) from Blak-Ray (100 Watt, 365nm) was used for the
reduction of Ag” to AgNCs within the nanogel template. The Ag'-nanogel dispersion was
transferred to a 250 mL beaker placed on a magnetic stir plate set at 300 rpm and kept in the dark.
The UV lamp was pre-illuminated for 15 min before initiating the photoreduction, and 4 mL of
Ag’-nanogel suspension was removed at different time interval (0-360 min). All the AgNCs
prepared with different UV irradiation time was purified by dialysis to remove excess Ag" under
dark environment for 2 days and stored under cover using an aluminum foil. AgNCs obtained from
different time of UV irradiation were labeled as AgNCs@time. The schematic of synthesis of

AgNCs subjected to UV irradiation is shown in Figure 6-1.
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Figure 6-1 Schematic illustrating the preparation of AgNCs under UV irradiation
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6.4 Characterization methods
6.4.1 Fourier transform infrared spectroscopy (FTIR)

The FTIR of MAA-EA nanogel, AgNOs3, AgNCs without UV irradiation, AGNC@25min,
AgNC@1h, and AgNC@6h were determined using the Bruker Tensor 27 spectrometer (Bruker,
Billerica, MA, USA). The freeze dried samples prepared with KBr were scanned between 4000 to
400 cm! at room temperature.

6.4.2 Transmission electron microscopy (TEM)

TEM images were taken with a Philips CM10 electron microscope under an accelerating
voltage of 60 kV. The nanogel sample was stained with uranyl acetate and lead citrate (since the
pristine nanogel was not visible under TEM) and the nanogel sample on the copper grid was left
to dry. The morphological changes of AgNCs treated bacteria were examined using the TEM.
AgNCs@0, 25, 360 min (100 pg/mL) were incubated with the bacteria, along with a negative
control comprising of only the nanogel template. The bacteria solution was washed with PBS and
fixed with 2.5% glutaraldehyde solution at 4 °C for 3 h. It was then purified 3 times via
centrifugation in PBS solution and then dehydrated using a series of ethanol (10 to 99.9 % v/v).
The dispersed samples were placed on a copper grid and imaged using TEM.

6.4.3 Dynamic light scattering (DLS)

DLS measurements were used to determine the size of nanogel and nanogel templated
AgNCs(@ different UV irradiation times (Nanogel-AgNCs). This measurement was conducted by
measuring 0.1 wt% dispersion in a Zeta-Sizer (Nanosizer ZS, Malvern co., UK) at 25 °C. Three

measurements with 10 scans were conducted for each sample.
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6.4.4 Zeta potential measurement

Zeta-Sizer (Nanosizer ZS, Malvern co., UK) was used to measure the zeta potential of
Nanogel-AgNCs by determining the surface charge at 25 °C. Different samples were prepared at
0.1 wt%. Three measurements with 10-100 times scanning were conducted for each measurement.
6.4.5 UV-Vis Spectroscopy

The UV vis spectrum of Nanogel-AgNCs (@ different UV irradiation times were obtained
using a Varian Cary 300 spectrophotometer. 3 mL of Nanogel-AgNCs solution was added to the
quartz cell, and it was scanned from a wavelength of 200 nm to 800 nm.

6.4.6 Fluorescence Spectroscopy

The fluorescence emission spectrum was determined using a Varian Cary Eclipse
Fluorescence Spectrophotometer. 100 uL of AgNCs solution diluted with 900 uL of water was
excited at 275 nm and the emission spectra were recorded.

6.4.7 Silver ions concentration determination using a silver electrode

The Ag® concentration of the nanogel and Ag-nanogel solution as a function of UV
irradiation time were measured using a Cole-Parmer Silver/Sulfide electrode. The Cole Parmer
Ionic Strength Adjuster (ISA), 5 M NaNOs (10 mL), were freshly prepared. Five standard solutions
were prepared by mixing 10 mL of 10, 30, 50, 70, 100 ppm AgNOs3 solution with 2 mL of ISA
solution. The obtained calibration curve was used to determine the Ag" concentration existed in
the reaction mixture.

The analysis of silver ions in 5 different conditions were performed.

1. nanogel template under UV irradiation,
2. Ag'-nanogel system (silver ion coordinated with nanogel and dialyzed under dark

environment) under UV irradiation,
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3. Ag'-nanogel system (silver ion coordinated with nanogel and dialyzed under dark
environment) without UV irradiation,

4. addition of AgNOs to the nanogel template without UV irradiation

5. addition of AgNOs to the nanogel template under UV irradiation
6.4.8 Highest Maximum Inhibitory Concentration (HMIC) of antifungal test (yeast test)

The antimicrobial activity of AgNCs was evaluated using the yeast metabolic activity test.
Approximately, 50 mg of sugar and 50 mg of yeast were mixed with appropriate amount of Milli
Q water (adjusted to pH 5.1) and placed in a 10 mL volumetric flask, a certain concentration of
Nanogel-AgNCs@0, 6,25, 40, 80, 200, 360 min was diluted from their stock solution and added
to the volumetric flask. The volumetric flask was assembled with a bubble flow meter and placed
in a water bath at 40°C at stirring speed of 300 rpm. The yeast activity was evaluated by recording
the carbon dioxide release every 2 minutes over a 30 min period. The concentrations of Nanogel-
AgNCs were varied based on CO; production rate and dichotomy was used for concentration
selection until zero CO; production rate was obtained. Nanogel template was used as a control test.
To investigate the growth inhibition of AgNCs, the HMIC was determined from the yeast test
results.
6.4.9 Antimicrobial Tests
The antibacterial activity of AgNCs towards Gram-negative Escherichia coli (E. coli) and

Gram-positive Staphylococcus aureus (S. aureus) was evaluated. Both bacteria were inoculated
and dispersed in Luria-Bertani (LB) broth at 37 °C with continuous shaking at 150 rpm to achieve
the mid-log phase. The incubated bacteria were diluted in a fresh LB broth to obtain an initial
turbidity of 0.05 at the optical density of 600 nm (equivalent to 108 CFU mL™!). A standard broth

dilution method was established to evaluate the antibacterial property of the samples. AgNCs@

215



different UV irradiation times (0, 6, 25, 80, 120 and 200 min) were treated with bacteria at 0-44
pg/mL and incubated at 37 °C for 24 h in a shaking incubator with a sample-free bacteria as the
control and media as blank. Incubated bacteria-AgNCs dispersion was serially diluted in a sterile
PBS, and 100 pL of the suspension was spread on the agar plate and incubated for 24 h at 37 °C.
The minimum inhibitory concentration (MIC) was determined as the lowest concentration that
inhibited visible bacteria population.
6.4.10 Microscope and fluorescent microscope

The optical and fluorescence micrographs were obtained using a Leica inverted Fluorescence
microscope with a 40X objective. The MB dyed yeast test samples, and AgNCs samples (2uL)

were placed on a microscope glass slide and sealed with a cover glass.

6.5 Results and discussion
6.5.1 Fourier-transform infrared spectroscopy (FTIR)

The successful synthesis of MAA-EA nanogel and AgNCs inside the nanogel template were
confirmed by FTIR spectroscopy. Figure 6-2 shows the FTIR spectra of the MAA-EA nanogel
template, AgNO3, and AgNCs with 0 min, 25 min, 1 h and 6 h of UV irradiation. The small peak
from 1700 to 1740 cm! was attributed to the carbonyl stretching of the acid and ester components
of the nanogel consisting of MMA and EA [248]. The characteristic peaks at 1377 and 1753 cm’
lcorresponded to AgNOs [368]. After Ag* coordinated with deprotonated carboxyl groups on the
nanogel template, the peak at 1377 cm™! was reduced, which is the typical symmetry stretching of
N=O0 of nitro-compounds [369]. This indicated that all the NO3™ was removed and demonstrated
the successful coordination of Ag" with COO". By comparing the FTIR spectra of AgNO3 and the
nanogel, the spectrum for AgNCs possessed a new band at 1541 cm™! [370], which was due to the

formation of Ag® after different UV irradiation times. Also, this characteristic band was present in
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all the photo-treated samples confirming the formation, nucleation and growth of AgNCs.
Moreover, the small shoulder peak at 1641 cm™ could be attributed to the -CO-Ag linkage, which
was also observed from the FTIR spectrum of an alginate-coordinated Ag nanoclusters, which was

assigned to the characteristic peak of Ag’ capped with COOH groups [371].
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Figure 6-2 FTIR of MAA-EA nanogel, AgNO3 and AgNCs with different time of UV irradiation

6.5.2 Transmission electron microscopy (TEM)

The morphology of MAA-EA nanogel and AgNCs were investigated by TEM. The TEM
images of stained nanogel are shown in Figure 6-3 (a, b). A well-defined monodispersed spherical
nanogel was observed with a diameter of 46 + 3.1 nm. Prior to UV irradiation, the AgNCs
displayed a light grey shadow, which might be due to the coordinated Ag" exposed to the visible
light during the preparation of the TEM grid, that resulted in the formation of Ag>O Figure 6-3 (c,
d). After 6 min of UV irradiation Figure 6-3 (e, f), scattered dark points were observed, indicating
the nucleation of AgNCs. Interestingly, further increase in the UV irradiation time to 25 min

Figure 6-3 (g, h), darker and larger Ag° cores were formed within the nanogel template. However,
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the size of dark silver cores was not homogenous, which could be attributed to the uneven
reduction rate of Ag" inside the entire nanogel. The smaller AgNCs (t < 25 mins) represented the
nucleation phase, while when UV irradiation time > 25mins, the dark centre represented the growth
phase of the Ag cores to form larger AgNCs. Increasing number of dark cores was recorded for
AgNCs@60min samples due to the faster growth rate of AgNCs upon the continuous UV
irradiation, Figure 6-3 (i, j). At the end of UV irradiation at 360 min, a homogenous, and
monodispersed AgNCs were observed in Figure 6-3 (k, 1), confirming that more AgNCs were
formed within the nanogels. The uniform silver cores within the nanogel scaffold without any

darker background suggested the complete utilization of Ag ions to produce AgNCs.

I

Figure 6-3 TEM images of normal and magnified views of stained MAA-EA nanogel (a, b),
formation of AgNCs @ (c, d) 0, (e, f) 6, (g, h) 25, (i, j) 60, and (k, 1) 360 min of UV irradiation
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6.5.3 Particle size and zeta potential

The particle size and stability of synthesized AgNCs were evaluated from the average size
and zeta potential of the Nanogel-AgNCs. The hydrodynamic radius of nanogel was 95.4 + 0.3 nm
at pH 7, and the radius of the AgNCs radius at different UV irradiation times are presented in
supporting information (Appendix 6-1). The size of Nanogel-AgNCs@Omin (85 £ 3.1 nm) was
smaller compared to the pristine nanogel, due to the co-ordination of Ag” with COO" groups that
resulted in a slightly compact nanogel structure. When the UV irradiation time was increased to
40 min, the Nanogel-AgNCs radius decreased due to the formation of AgNCs, as more COOH
groups were released from the strong ion chelating status and conjugated with AgNCs resulting in
a more relaxed structure. After 40 minutes of UV radiation, there was no significant difference in
the particle size, since the size of nanogel-AgNCs particles was constrained by the size of the
nanogel scaffold. Small changes could be observed when larger AgNCs were formed, which
expanded the nanogel template. In term of zeta potential, the surface charge of AgNCs increased
from -41+ 2.9 to -37.5 + 4.7 mV when the UV irradiation was increased from 0 to 40 min, which
was consistent with the particle size. The incomplete Ag* reduction contributed to the positive
charges from the Ag* on the nanogel surface. With increasing UV irradiation time, the zeta
potential decreased further, indicating the coordination of the COO" groups with the Ag”/AgNC
during the growth and aggregation of AgNCs. All the zeta potential values were below -30 mV,

resulting in a good stability of the AgNCs produced using the nanogel templating strategy.

6.5.4 UV-Vis analysis of formation of Ag’

The UV-Vis spectra were used to confirm the formation of AgNCs inside the nanogel
scaffold. The absorption spectra (200 to 800 nm) of AgNCs at different UV irradiation times are

shown in Figure 6-4 (A). From Figure 6-4 (A), there is no obvious characteristic absorbance

219



observed for the AgNCs@0-6min. After 25 min, a local maximum absorption at 275 nm and a
broad characteristic peak at 500 nm emerged and the intensity was increased significantly as the
irradiation time was increased. Different sizes and morphologies of AgNCs could be differentiated
from the frequencies of surface plasma resonance (SPR) bands, which were well-documented in

many studies [372]. Silver clusters Ag, containing 2 to 12 atoms possessed an absorption peak
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Figure 6-4 The UV curve of AgNCs under 0, 3, 6, 25, 120, 200, 280 and 360 min of UV irradiation
(A), and the peak wavelength of different AgNCs (B). The picture of AgNCs under 0, 3, 6, 15, 40,
80, 120, 160, 200, 240, 280, 320, 360 and 400 min under visible light (from 12 o’clock point) is
shown in (A) intersection image. The picture of AgNCs under 0, 3, 6, 15, 40, 80, 120, 160, 200,
240, 280, 320, 360 and 400 min under UV light (from 12 o’clock point) is shown in (B) intersection
image

275 to 360 nm [371], and another absorption peak at 490-520 nm were assigned to the charged
Agn" clusters (n=4-9) [373]. It was reported that the absorption peak at 560 nm was assigned to
the complexation between Ag," clusters and the polymer chains in a poly(styrene sulfonate) (PSS)

encapsulated electrolyte nano reactor for in-situ AgNPs (silver nanoparticles) synthesis [371].

Compared with the current templated Nanogel-AgNCs system, the absorbance at the wavelength
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of 275 nm could be assigned to Ag, (n= 2-12) and the intense absorption peak at 500 nm
corresponded to the charged Ag," clusters (n=4-9) [374]. The UV absorption curves (400-800 nm)
of AgNCs@0-360min are shown in Appendix 6-2, where a clear gradual increase of the
characteristic peak at 500 nm was observed that represents the gradual reduction of Ag" to Agn.
Figure 6-4 (B), represents the maximum peak wavelength (475 to 525 nm) of AgNCs as a function
of UV irradiation times. From 0 min to 25 min, the appearance of Ag® lead to a red plasmonic shift
in the absorption band at 500 nm representing the slow formation of AgNCs, that corresponded to
the increase of the particle size [371]. Neus et al synthesized spherical silver nanoparticles of
between 10 to 200 nm via a controlled seed growth strategy. Their study revealed that as the size
of the single silver nanoparticle increased, the surface plasmon absorption band displayed a red
shift from 397 nm to 402.5 nm. Also, as more Ag, (n=4-9) clusters were formed, the surface area
and surface energy of AgNCs increased dramatically. At 25 min, the total surface area of AgNCs
approached a maximum where the COO groups inside the nanogel could well coordinated and
stabilized with the AgNCs . After that, the AgNCs tended to agglomerate into larger AgNCs
aggregates to reduce the surface energy. In addition, the charged COO functional groups served
as a growing modifier (capping agent) for Ag® during the UV reduction process, and it bound the
AgNCs separately in the initial stage that prevented the aggregation of the AgNCs. Before 25 min,
the invisible characteristic peak (Appendix 6-2) could be related to the incomplete reduction of
Ag" ion to Ag’ and sufficient amounts of AgNCs were formed after 25 min of UV irradiation
[375]. After 25 min (Figure 6-4 (B),), the absorption band of AgNCs displayed a small blue shift
indicating that individual AgNCs dimerized or aggregated into bigger Ag cores inside the nanogels.
The localized surface plasmon among AgNCs interacted with each other due to dimerization or

agglomeration, resulting in the blue shift of UV absorbance peak [371] [376]. As a result, the core
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of the templated AgNCs was made up of aggregates consisting of several small AgNCs, instead
of the growth and formation of one large silver nanoparticle (AgNP). Furthermore, with increasing
UV irradiation time, the absorbance intensity increased due to the reduction of more Ag* ions to
Ag® [375]. The inset image in Figure 6-4 (A) is the AgNCs suspensions obtained from 0 to 360
min UV irradiation time under visible light (from 12 o’ clock), where AgNCs possessed a light
pink color at 25 min UV irradiation time. The color of AgNCs suspension transformed from
transparent to pink to deep reddish brown as the UV irradiation time extended. After 240 min UV
irradiation, no obvious color change was observed, which is in corroboration with previous
reported fluorescent silver nanocluster synthesized inside the poly(NIPAM-AA-HEA) microgel
[373]. Another inset image in Figure 6-4 (B) displayed the AgNCs suspensions obtained from 0
to 360 min UV irradiation time under UV light (from 12 0’ clock). The color transferred from light
fluorescent pink to brighter fluorescent pink and become less fluorescent at an extended UV

irradiation time, indicated a size dependent illumination property.

6.5.5 Fluorescence characteristics of AgNCs

The nanogel templated AgNCs displayed a characteristic UV absorption peak at around 500
nm. The fluorescence spectra were obtained from the excitation at 275 nm, and the corresponding
emission peak was recorded at 553 nm. In Appendix 6-3 (A), the fluorescence intensity of AgNCs
increased as the UV irradiation time was increased from 0 to 25 min, while further increase in the
UV irradiation time led to a reduction in the fluorescence intensity. From Appendix 6-3 (B), the
AgNCs@0Omin possess an intermediate photoluminescence (PL), and the PL intensity increased
from AgNCs@Omin to AgNCs@?25min. Continuously increase the UV irradiation time lead to a
decline of the PL intensity, AgNCs@25min displayed the brightest emission intensity among all

AgNCs. The results were consistent with the findings of Dickson et al., where only small Ag,
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(n=2-8) clusters displayed strong photoluminescence [377], which was achieved within 25 minutes
of UV irradiation. Further increase in the UV irradiation time resulted in more Ag* being reduced
on the surface of fluorescent AgNCs. Simultaneously, single AgNCs aggregated into large AgNCs
aggregates to reduce the surface energy. Both these factors led to the reduction in the fluorescence
intensity of AgNCs after 25 min UV irradiation. In comparison to the AgNCs produced using
chemical reducing agent, the proposed photoreduction strategy could precisely control the
fluorescence properties of the AgNCs by varying the UV irradiation time. However, the strong
reducing agent, such as NaBH4 and ascorbic acid rapidly reduced the Ag" into AgNPs that did not
display fluorescence characteristics [374].

The relative Quantum Yield (QY) of the AgNCs@3, 6, 25, 120, 240, 360 min was calculated
by comparing the photoluminescence to quinine sulphate (dissolved in 0.05 M H>SO4). The
emission curve of quinine sulphate and corresponding integration peak is shown in Appendix 6-4
(A) and (B), the emission curves of AgNCs and its corresponding integration peaks is shown in
Appendix 6-4 (C) and (D). The absorbance of AgNCs@3, 6, 25, 120, 240, 360 min and quinine
sulphate were measured under UV-vis and the absorbance value was kept to below 0.05. The QY
of quinine was reported to be 54 % with a reflex index (RI) of 1.33 when the excitation wavelength
was 350 nm [378]. The same excitation wavelength was used to excite the AgNCs@3, 6, 25, 120,
240, 360 min and the PL spectrum was recorded. Thus, the relative QY of AgNCs were calculated
based on the equation (6.1) reported in [379], where Ir and Ir are the integrated fluorescence
intensities of AgNCs and quinine sulphate, respectively; Ar and Ar are the absorbance of AgNCs
and quinine sulphate, respectively; nr and nr are the reflex index of sulfuric acid (0.05 M, ng=1.33)
and DI water (nr=1.33), respectively; And QYr and QYR are the quantum yield of AgNCs and

quinine sulphate, respectively [379].
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IFARTLIZ:

QY = QYg (6.1)

IRAFN%
QYr of AgNCs at different times are summarized in Table 6-1, where the highest QYF (16.76%)

was obtained from AgNCs@3min, which was attributed the smaller size of clusters formed. With

the increase of the UV irradiation time, the QY of AgNCs decreased due to the increasing particle

size, which was also confirmed by the TEM images. AgNCs@360min displayed a low QY (2.86 %)
that could be attributed to the quench caused by the aggregation of AgNCs, and the shifted PL

peak also confirmed this hypothesis [380].

Table 6-1 The summary of QY results of quinine sulphate and AgNCs

Sample Ar AR Ir Ir QYr (%)
AgNCs@3mins 0.0074 0.0315 345.679 4274.99 16.76
AgNCs@6mins 0.0168 406.062 8.69
AgNCs@25mins 0.0523 426.166 2.93

AgNCs@120mins 0.0151 262.047 6.25

AgNCs@240mins 0.0182 215.995 425

AgNCs@360mins 0.0280 223.183 2.86

6.5.6 Electrochemical monitoring Ag* concentration under UV irradiation

The Ag" electrode was used to monitor the silver ion concentration ([Ag"]) in the bulk
solution (outside the nanogel template) during the UV irradiation process. It could provide
information on the role of Ag* diffusion across the nanogel template and Ag" released from the
dissolution of AgNCs inside the nanogel. The [Ag"] of Ag*-nanogel (Ag" coordinated with COOH
groups on the nanogel) and pure nanogel solution was monitored using a Cole-Parmer
Silver/Sulfide electrode for 12 hours under UV irradiation. The [Ag"] variation of Ag"-nanogel
(after dialysis) system and nanogel solution as a function of UV irradiation time is shown in Figure
6-5 (A), where a plot of log [Ag"] versus time is presented in Figure 6-5 (B). As indicated from

Figure 6-5 (A), the concentration of Ag" in the nanogel system did not change during the UV
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irradiation process, it was around 0 ppm after the initial stabilization of the electrode. Interestingly,
the Ag" concentration in the Ag*-nanogel dispersion displayed three distinct regimes as indicated
in Figure 6-5 (A) and (B). In Region 1 (0-20 min),“free” Ag" in the bulk solution increased right
after the UV irradiation started, which was due to the Ag™ diffusing out from the nanogel template.
Before UV irradiation, the carboxyl groups of the nanogel chelated strongly with the silver ions.
When the Ag"™ was reduced to Ag’ as UV irradiation was applied, the interaction between COO-
and Ag" reduced, and the nanogel structure relaxed that led to the Ag" diffusing to the bulk solution,
and an equilibrium was reached at 20 min. At Region 2, (20 min-5 h), free Ag" in the bulk solution
diffused into the nanogel and reduced to AgNCs inside the nanogel assisted by -COOH groups
within the nanogel. It was demonstrated by other studies that Ag* could be reduced to Ag® cluster
in the presence of organic polyanions [381]. Several studies reported that the photoinduced
reduction of silver ions to atomic silver requires the presence of organic compounds [371][381].
In Region 3 (5h-12h), single AgNCs aggregated into larger AgNCs, and Ag" were continuously
being reduced to Ag’ on the surface of AgNCs, which results in a continuous reduction of silver
ions, but at a slower rate compared to Region 2. As clearly indicated from Figure 6-5 (A) and (B),
there was an obvious difference of Ag” reduction rate between Region 2 and 3. In Region 3, the
aggregation of small atomic Ag® into larger AgNCs decreased the surface area available for
oxidative dissolution of silver ions, and the reduction rate of Ag"to Ag® was slower than in Region
2 as indicated by a diminished slope. The concentration of Ag” in the bulk solution of Ag*-nanogel
system (Figure 6-5 (C)) and AgNO3 mixed with nanogel system (Figure 6-5 (D)) with or without
UV irradiation were monitored by the silver electrode. Figure 6-5 (C) shows that the Ag"
concentration of Ag*-nanogel system increased slightly over time in the absence UV irradiation

(blue line), which was caused by Ag* concentration across the nanogel when Ag™-nanogel solution
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was mixed with water. The continuous increase in the Ag" concentration confirmed the diffusion
of the Ag" from the nanogel template. However, the concentration of silver ion of Ag"-nanogel
system under UV irradiation displayed three stages, which confirmed the necessity of UV
irradiation for the photoinduced reduction of silver ion to AgNCs. The silver electrode test was
also conducted with AgNCs@25min (no UV irradiation during the test) by using a manual setup
(Figure S13), and the results are shown in Figure S14. A high Ag" release rate was observed in
the first 30 mins followed by a continuous gradual release of Ag” in the following 11 hours due to
the lack of UV irradiation. Figure 6-5 (D) shows two additional experiments on the Ag*
concentration when 1 mL of 0.0005 M AgNOs was added to 19 mL of 1.74 wt% nanogel with or
without UV irradiation. Without UV irradiation (D, black line), the concentration of silver ion
spiked after the addition of AgNO3, and it decreased exponentially as Ag* diffused into the nanogel
and reached a steady state at around 2500s. When UV irradiation was applied once the Ag" ion
concentration approached a steady state (D, red line), it then decreased again due to the
photoinduced reduction of Ag™ to Ag®, where it then achieved the second equilibrium at around
6200 s. One thing need to be noticed is that the [Ag*] of these two systems ranged between 1800-
2500 ppm after the addition of AgNOs3 respectively, which was much higher than the Ag*-nanogel
system. This result is consistence with other studies, where only small amounts of -COOH inside
a nanogel could be occupied by metal ions. For instance, only 12.5% of -COOH groups were
occupied by Cd** in a thermal responsive nanogel system, due to the strong chelation of nanogel
with Cd?" ions, where multiple COO" groups coordinated with one Cd?** [382]. For the same reason,
Su and coworkers conducted multiple Fe?* coordination steps to improve the iron loading

efficiency when synthesizing magnetic particles [383].
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Figure 6-5 Ag" concentration as a function of UV irradiation time (A), and concentration in log
scale (B), Ag" concentration of silver ion chelated nanogel (after dialysis) with or without UV
irradiation during the silver titration process (C), Ag" concentration of AgNO3; mixed with nanogel
with or without UV irradiation during the silver titration process (D)

Additional silver electrode test with pure nanogel, AgNO3 solution and Ag* incorporated
nanogel (after dark dialysis) under UV irradiation is shown in Appendix 6-5, Appendix 6-6 and
Appendix 6-7 respectively. The silver ion measurement experiments were conducted under the
UV irradiation to investigate the change of [Ag'] in the bulk solution. It can also provide the
information about the diffusion of Ag* across the nanogel barrier, the dissolution of Ag” from the
reduced AgNCs inside the nanogel. Appendix 6-5 (d) shows that the concentration of Ag* in the
nanogel bulk solution presented a decreasing trend at the very beginning of the test (around 400s),
this was due to the stabilization of the silver electrode at the starting point. Then, the [Ag’] was

stabilized at around 1 ppm, which roughly equals to 0 ppm. Also, there was no color change of the
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nanogel solution before and after UV irradiation. Appendix 6-6 presents the silver ion electrode
test of pure AgNOs3 solution under UV irradiation. The Ag" ion release behavior of nanogel mixed
with AgNO; under UV irradiation was conducted and monitored by silver electrode. The silver
ion calibration curve, log [Ag"] versus UV irradiation time (s), electrode measured value versus
time (s) and silver concentration [Ag"] versus UV irradiation time is shown in Appendix 6-6 a,
b, ¢, d respectively. At beginning, the silver electrode was assembled in the silver nitrate solution.
UV irradiation was applied when the concentration of silver ion became stable (at around 2500s).
After a slightly increase of [Ag'], there are some fluctuations in the electrode outputs. It was found
that black silver oxide particles formed in the aqueous system, and they might bind to electrode
surface resulting in the fluctuations in the [Ag"] signals (Appendix 6-6 (b)). Large black silver
oxide particles were evident from the micrographs shown in Appendix 6-6 (d) after 200 min UV
irradiation. There is no color change after 12 hours UV irradiation of the nanogel solution mixed
with AgNOs system, which indicated the necessity of the incorporation reaction of the Ag” with
the nanogel scaffold before the UV irradiation process. The COOH groups from nanogel acted as
a growing modifier for the formation of AgNCs. Also, there was no color change was observed
from the nanogel solution mixed with AgNO; system that indicated no AgNCs was formed.
Appendix 6-7 (d) shows the variation of [Ag'] in the Ag*-nanogel system, the color of Ag*-
nanogel solution transformed from translucent to light pink to dark reddish brown during the UV

irradiation, which confirmed the formation of AgNCs via photoinduced reduction process.

In the case of the Nanogel-AgNCs system, the continuous measurement of silver ion
concentration of AgNCs@?25min was conducted by assembling the silver electrode to a pH meter
as shown in Appendix 6-8. The calibration curve, of log[Ag*] versus time and [Ag"] versus time

are shown in Appendix 6-9 (A, B, C, D), respectively. The concentration of Ag" increased
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dramatically in the first 30 min after the AgNCs@?25min was mixed with water to prepare a certain
concentration of the test solution. This increase was due to the concentration difference of Ag”
inside and outside the nanogel (D). Also, the dissolution of Ag" from AgNCs@25min also
contributed to the increase in the Ag" concentration. As indicated from (D), the concentration
increased gradually after 30 min till the end of the test (11h) due to the Ag" dissolution from the
formed AgNCs@25min. However, without UV irradiation, no further reduction of Ag" occurred,
which was similar to the Ag*-Nanogel without UV irradiation as shown in Figure 6-5, C (Blue
line), where it would approach a plateau at long time.

AgNCs possessed attractive antimicrobial property, due to the interaction between the
oxidative dissociated silver ions and the living organisms. Thus, the release rate of Ag* from
AgNCs determined the level of anti-bacterial performance, and the release of Ag" from AgNCs is
controlled by three process that governs the silver ion concentration in the bulk solution: (1) the
diffusion of Ag" coordinated with -COOH groups from the interior of the nanogel, (2) oxidative
dissolution of Ag* from the AgNCs inside the nanogel, and (3) reduction of Ag* to Ag® or AgNCs
inside the nanogel, which would indirectly determine the Ag" concentration in the bulk solution.
The process (1) and (2) will elevate the Ag" concentration, while (3) reduces the [Ag"] inside the
nanogel, leading to a reduction in the [Ag'] in the bulk solution. To investigate the correlation
between the antimicrobial performance of AgNCs@ different UV irradiation times and the silver
ion release rate, the variation of [Ag"] in the bulk solution were analyzed using different diffusion
models. By fitting the concentration profile of silver ion in the bulk solution, the mechanism of
reduction of Ag" to Ag® could be elucidated. There are various well documented diffusion and
release models [384], in this work, zero and first order model was used to fit this photoinduced

reduction process. The zero-order model explained a linear particle-forming mechanism, which
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indicated a homogeneous growth mechanism without aggregation. However, the first order model
described an exponential relationship of particle growth for the non-homogeneous particle
formation process. The zero order (Eq. (6.2)) and first order (Eq. (6.3)) diffusion models were used
to evaluate the diffusion rate of Ag™-nanogel system and to elucidate the reduction mechanism of

silver ions inside the nanogel.

Zero order model: Co-C=kot (6.2)

First order model: log Co-logC=kit/2.303 (6.3)

where Co (ppm) is the initial concentration of Ag® in the bulk solution; C; (ppm) is the
concentration of Ag* at time t (S); ko (s!) and ki (s™!) represents the zero-order diffusion constant
and the first order diffusion constant, respectively.

The value of [Ag™] at different regions and the diffusion constants determined from the zero
and first order model are summarized in Table 6-2. Zero order model (R*=0.95) fitted best in
Region 1, describing the linear dependence of [Ag*] with time. This is consistent with the results
of increased particle size and zeta potential, where the Ag* were released from the relaxed nanogel
structure. In Region 2 (R?>=0.99) and Region 3 (R?=0.98), the first order model was a better fit,
which is consistent with the growth of AgNCs and the aggregation of small AgNCs into large
AgNCs. However, the slope in Region 2 was greater than Region 3, since in Region 2, the reduced
Ag? clusters were smaller and possessed a higher surface area, which promoted the reduction of
Ag" and accelerated the depletion of Ag* in the bulk solution. In Region 3, the AgNCs were larger
and had a low surface area than Region 2 and the rate of reduction of the Ag* to Ag’ was lower,

which was consistent to a smaller slope.
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Table 6-2 The concentration of remaining silver ions in the nanogel solution and the fitted 0 order
and 1% order reaction rates

Region t(s) [Ag'] | ko(sh) R? t(s) [Ag'] ki (s1) R?
(ppm) (ppm)
- 0 103.11 | - - 0 2.01 - -
1 0-668.7 122.41 | -0.0219 | 0.95 0-1130.1 2.10 -448E-05 | 0.92
2 668.7-16149.9 48.91 0.0095 | 0.89 1130.1-15164.1 1.71 2.74E-05 0.99
3 16149.9-43187.4 | 25.95 0.0042 | 0.96 15164.1-43187.4 1.41 1.05E-05 0.98

6.5.7 Yeast test and CO; release studies

Metabolic processes of yeast produce carbon dioxide, which could be used to evaluate the
antimicrobial or antifungal activity of the AgNCs. The yeast, S. cerevisiae produces CO2 when
incubated with sugar solution at 35 to 40 °C under the aerobic fermentation condition [385]. Thus,
the metabolic activity could be utilized to assess the antimicrobial performance of AgNCs by
comparing the CO; release rates.

A simple, and reliable experimental set-up consisting of a magnetic stir plate, temperature-
controlled water bath, and a volumetric flask connected to an inverted burette for capturing CO»,
is shown schematically in Appendix 6-10. Various concentrations of AgNCs were incubated with
glucose and yeast at 40° C before the start of the experiment, and the volume of CO, generated

was recorded.

Antimicrobial activity of AgNCs @ various UV irradiation times was assessed from the
release of CO> from yeast (Saccharomyces cerevisiae). CO; release rate was recorded and
analyzed over a 30 min period. Yeast tests were performed at pH 5 and 8, and there is no apparent

difference in yeast activity at pH 5 and 8 (shown in Appendix 6-11 (a) and Appendix 6-12 (a)),
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confirming that the pH had no impact on the CO; production [386]. To examine the antimicrobial
performance of AgNCs@ different UV irradiation times and concentrations, CO2 production rate
from AgNCs (0, 6, 25, 40, 80, 200, 360) min UV were measured and shown in Appendix 6-12 (b,

¢, d, e, f, g h)respectively.

Figure 6-6 (A) shows the highest minimal inhibitory concentration (HMIC) of the AgNCs@
various UV irradiation time. AgNCs@0Omin possessed a relatively high HMIC (165 ppm), as
illustrated by the relatively low antimicrobial activity of Ag*-nanogel system. The release rate of
Ag" across the nanogel was limited since the Ag" were strongly chelated to the carboxyl groups in
the nanogel, this resulted in low antimicrobial activity. After 6 min of UV irradiation, the HMIC
of Ag@6min decreased dramatically from 165 ppm to 11 ppm. When AgNCs were formed in the
nanogel scaffold, upon UV irradiation the release of Ag" from Nanogel-AgNCs were not inhibited
by the carboxylate groups that were coordinated with Ag*. Moreover, the Ag* release rate was
enhanced by the oxidative dissolution of Ag®to Ag*, accelerating the diffusion of Ag* to the bulk
solution [387].

As the UV irradiation proceeded, separate AgNCs were aggregated into large AgNCs with a
reduced surface area and oxidative dissolution of Ag", resulting in a diminished antimicrobial
activity. The lowest HMIC was observed for AgNCs@25min, where the AgNCs possess the
highest Ag* release rate. Beyond the 25 min, further increase in the UV irradiation time to 360 min
resulted in a much higher HMIC, which was associated with the reduction in the surface area of
the aggregated AgNCs. These results are consistent with the blue shift of the UV absorbance bands
of AgNCs produced between 25 to 360 min of UV irradiation. The proposed microstructure and

antimicrobial mechanism of AgNCs @ different UV irradiation time against yeast is illustrated in
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Figure 6-6 (B). The nucleation phase of the Ag formation should be completed between 6 to 40

min, followed by the growth and aggregation of small AgNCs into larger AgNCs.
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Figure 6-6 (A) Highest minimal inhibitory concentration (HMIC) of AgNCs under different UV
irradiation time, (B) Proposed antimicrobial mechanism of AgNCs@ different UV irradiation
times against yeast

The CO; production rate of yeast for AgNCs@ different UV irradiation times are
summarized in Figure 6-7. When no UV irradiation was applied, (AgNCs@0Omin), the CO»
production rate of yeast decreased rapidly and approached 0 at 170 ppm (black line). When the
UV irradiation time was less than 25 min, the yeast CO; production rate dramatically decreased
when the concentration of AgNCs was increased. However, there was a minor difference in the
CO; production rate of AgNCs@>40min at low concentrations (<50ppm), and zero CO>
production rate were achieved between 150 to 250 ppm. Because after 25min aggregation of
AgNCs within the nanogel began to dominate the system and significantly weakened antimicrobial
activities. The difference in antimicrobial susceptibility between AgNCs@<40 min and

AgNCs@>40 min confirmed the importance of the surface area on the release of silver ions.
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Figure 6-7 The CO> production rate versus concentrations of AgNCs
6.5.8 Microscopic and biolabeling applications

AgNCs synthesized via the photoinduced reduction possessed unique fluorescence emission,
which could be harnessed for biolabeling application. Figure 6-8 shows the microscopic and
fluorescence images of yeast with and without AgNCs. Methylene blue (MB) dyed yeasts had an
integrated "rice" shape structure when treated with the nanogel scaffold, confirming that the
nanogel template had no antimicrobial activity (Figure 6-8 (a)). Under the FITC filter, the MB
dyed yeast displayed red fluorescence illumination (Figure 6-8 (b)). Two different concentrations
(1.1 ppm and 11 ppm) of 6 min-AgNCs treated yeast samples were selected for microscopic
analysis, since the 11 ppm corresponded to the HMIC of AgNCs@6min. The microscopic images
of 1.1 ppm and 11 ppm AgNCs@6min with MB-treated yeast test sample are presented in Figure
6-8 (c, e) and corresponding fluorescence images are shown in Figure 6-8 (d, ), respectively. Few

disrupted yeasts were evident under the microscope, and they displayed red illumination when
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imaged in a fluorescence microscope (d, f). As the concentration of AgNCs@6min was increased

from 1.1 ppm (¢, d) to 11 ppm Figure 6-8 (e, f, g), some aggregation was observed,

Figure 6-8 Microscopic image and fluorescence image (FITC filter) of nanogel treated yeast test
sample dyed with MB (washed 2 times) a, b; Microscopic image and fluorescence image (FITC
filter) of AgNCs@6min-1.1 ppm yeast test sample dyed with MB c, d; Microscopic image of
AgNCs@o6min-11 ppm yeast test sample dyed with MB e; Fluorescence microscopic image of
AgNCs@6min-11 ppm yeast test sample dyed with MB under FITC, f and FITC merged with
TRITC filter, g; Fluorescence microscopic image of AgNCs@6min-2.2 ppm under FITC filter, h

and this could be attributed to the lower repulsive forces caused by the ruptured yeast cell
membrane. The AgNCs@6min treated yeast test, sample displayed red illumination under the
FITC filter (Figure 6-8 (), Appendix 6-13 (f)), while a bright green illumination with minor red
illumination was observed under the merged filter (FITC-TRICT) mode (Figure 6-8 (g),
Appendix 6-13 (g)).The fluorescence images of AgNCs@25min is presented in Figure 6-8 (h).
There's no illumination of AgNCs@Omin yeast test samples (Appendix 6-13 (i)), while strong
illumination was observed in AgNCs@25min (Figure 6-8 (h)) since there was no reduced Ag® in
AgNCs@Omin (Appendix 6-13 (i)), which was responsible for the red fluorescence. For
AgNCs@o6h treated yeast test sample, weaker fluorescence was observed (Appendix 6-13 (1)). As
Ag ions were reduced to AgNCs, the aggregation of the small AgNCs to form larger AgNCs

occurred, resulting in a reduction in the fluorescence emission [372]. AgNCs exhibited red
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fluorescence under both FITC filter and (FITC-TRITC) merged filters (Figure 6-8 (h), Appendix
6-13 (1)). Live yeast dyed with MB also displayed red fluorescence (Figure 6-8 (b)). On the other
hand, when the filters were merged, dead yeast dyed with MB possessed green fluorescence
(Figure 6-8 (g)) [388], and the red fluorescence associated with the yeast aggregation were from
the AgNCs bonded with dead yeast (Figure 6-8 (g)). The fluorescence results agreed with the CO»
release rate from the yeast studies, where a higher CO> release rate was observed for the 1.1 ppm
AgNCs@6min and an almost zero CO; release rate was reported for the 11 ppm AgNCs@6min
(Appendix 6-13 (c¢)).

6.5.9 Antibacterial test

The mechanism describing the antimicrobial effect of silver is still unclear. Four major
mechanisms have been proposed: (i) cell wall and membrane damage, (ii) cell permeation and
intracellular disintegration, (iii) oxidative stress caused by reactive oxygen species (ROS), and
(iv) modulation of signal transduction pathways [389]. Interestingly, studies suggested that smaller
AgNPs are more efficient. Li et al. reported that the antimicrobial performance against E. coli and
S. aureus colonies was better for small AgNPs than larger AgNPs [390].

The antibacterial activities of AgNCs@ different UV irradiation times against E. coli and S.
aureus were evaluated by determining the MIC (Figure 6-9). Compared with the untreated control,
E. coli treated with 2.2 ppm of AgNCs@0-200min showed considerable antibacterial activity. On
the other hand, at the same concentration, Gram-positive S. aureus was more resistant.
Furthermore, a superior antibacterial activity of AgNCs@0-200min was observed at 11 and 22
ppm for E. coli and S. aureus, and the respective MIC values were recorded. Interestingly, E. coli

was more sensitive to the AgNCs than S. aureus. However, the AgNCs still showed excellent
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inhibition of bacteria for S. aureus at higher concentrations, confirming that the synthesized
materials possessed excellent antibacterial activity.

E. coli residing in the intestine are mostly harmless; some pathogenic strains cause diarrhea
or other intestinal tract disorders. S. aureus grows on healthy human skin or nose, and they readily
attach to the human proteins, such as fibrin, hence they would attach to bio-surfaces (e.g., catheters,
valves). These organisms produce biofilm that protects the persister cells against antimicrobial
agents responsible for the significant hospital-acquired infections [391]. Our AgNCs are highly
potent towards Gram-negative bacteria, confirming the results reported in the literature [392] [393].
Gram-positive bacteria are resistant because of the thick, complex peptidoglycan layer compared

to the weaker lipopolysaccharide layer of Gram-negative bacteria. All E. coli samples can be

Figure 6-9 Antibacterial activity of AgNCs under 0, 6, 25, 80, 120 and 200 min UV irradiation
time against E. coli (top) and S. aureus (bottom)
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completely killed with 11 ppm AgNCs, while S. aureus samples required 22 ppm. According to
UV-vis spectra, COO" chelated Ag ions inside the nanogel scaffold would be immediately reduced
to Ag®upon UV irradiation. The formation of AgNCs disrupted the strong coordination between
Ag" and COO" inside the nanogel, resulting in a more relaxed nanogel structure. Thus, the
improved antibacterial activity was correlated to the elevated Ag* diffusion rate from the nanogel.
At the same time, the formed AgNCs also promoted the Ag" release due to the oxidative
dissolution mechanism. The smaller AgNCs displayed better antibacterial activity due to the larger
surface area, resulting in a faster released of Ag" that interacted with the cell surfaces [394].
Additionally, the AgNCs prepared by in-situ photoreduction of Ag* inside the nanogel scaffold
were highly stable over a long period due to the large repulsive forces between the negatively
charged carboxylic groups.

Visible interaction of AgNCs with yeast, E. coli and S. aureus were examined by TEM, and
to study the interactions between yeast and AgNCs, 11 ppm of AgNCs@40min was selected, as it
had a 100% yeast killing in antifungal test (Appendix 6-11, e). Partial and fully dissociation of
yeast cell membrane was clearly observed in the TEM images (Appendix 6-14, (1-4)). Also, the
aggregation of "naked" yeast core was observed due to the breakage of the yeast membrane.
AgNCs were observed in both the background and on the yeast cell membrane. This supported the
traditional antibacterial mechanism of silver metals where the oxidative dissolution of Ag* ions
penetrated the cell membrane [395]. The release and penetration of Ag” released from the AgNCs
disrupted the cell wall structure and triggered the leakage of intra-cellular content of the yeast. In
addition, the penetrated Ag* chelated with the thiol groups of the yeast protein, which interfered

with the replication of DNA and disrupted the respiratory cycle [396] [397] [398].
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TEM images of antimicrobial test against E. coli and the nanogel, AgNCs@Omin,
AgNCs@25min, AgNCs@360min are shown in Appendix 6-74 (5-8). The TEM images of
antimicrobial test against S. aureus in nanogel, AgNCs@0min, AgNCs@25min, AgNCs@360min
are shown in Appendix 6-14 (9-12). E. coli treated with nanogels only (Appendix 6-14 (5))
possessed robust and complete cell membrane without aggregation. Many grey color AgNCs
appeared in the background of AgNCs@Omin (Appendix 6-14 (6)), and only a few were attached
to the surface of cell membrane causing the breakage of the cell membrane. E. coli treated with
AgNCs@25min (Appendix 6-14 (7)) resulted in the disintegration of the cell membrane and
severe agglomeration confirming its effective antibacterial property, and darker AgNCs were
observed to bind to the bacterial cells. In terms of AgNCs@360 min treated E. coli (Appendix 6-
14 (8)), larger and darker AgNCs were observed. However AgNCs@360 min was not as efficient
as AgNCs@?25min, as it had a lower surface area. Robust and well-preserved S. aureus bacterial
structure was observed when treated with pure nanogel (Appendix 6-14 (9)), confirming the bare
nanogel did not possess antimicrobial activity. AgNCs@Omin also showed no impact on S. aureus
(Appendix 6-74 (10)), indicating the it displayed weaker antibacterial activity compared to E. coli.
However, AgNCs@?25min treated S. aureus (Appendix 6-14 (11)) showed a clear cell membrane
dissociation caused by the released Ag*. In comparison, AgNCs@360min treated S. aureus
showed minimal antibacterial activity (Appendix 6-14 (12)). Overall, at 25min UV irradiation
yielded the optimum antibacterial property in the AgNCs-hybrid, and further increase in the UV
irradiation time weakened the antibacterial property due to the reduced surface area of the AgNCs.

We observed that silver at specific concentrations was lethal to Gram-negative bacteria and
to a much lesser extent on Gram-positive bacteria, due to the difference in the cell wall structure,

composition and thickness of the cells, and the arrangement of the peptidoglycan layer [389].
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Lipopolysaccharides (LPS) in the Gram-negative bacteria cell membrane contributed to the
structural integrity and protection from chemical attacks. However, the negative charge of LPS
renders the adhesion of silver making the bacteria more susceptible to antimicrobial treatment [389]
[399]. On the other hand, the cell wall of Gram-positive bacteria comprised of negatively charged
peptidoglycan layer, which was more stable than in Gram-negative bacteria. The lower
susceptibility of Gram-positive bacteria towards antibiotics and silver ions can be explained by the
thicker cell wall than Gram-negative bacteria [400]. Thus, the Gram-positive bacteria S. aureus
prevents the immediate antibacterial action of silver ions, hence this bacterium is more resistant to

silver [401].

6.6 Conclusions

The synthesis of AgNCs and AgNPs has been a challenging and many previous studies have
focused on developing new approaches to fabricate stable AgNCs [360][372][402]. Due to the
rapid reduction rate and the difficulty in controlling the particle size, photo-reduction [403] has
been emerged as a good alternative. However, the stability and toxicity associated with pure
AgNCs or AgNPs have limited their further application. In this study, MAA-EA nanogel was used
as a "nano reactor" for the in-situ synthesis of AgNCs via the photoreduction process. The
hypothesis is that the carboxyl groups from the nanogel could function as a growth modifier for
AgNCs that could stabilize AgNCs of varying sizes within the nanogel under UV irradiation. The
antimicrobial property is closely related to the rate of Ag* release, which was monitored by a silver
electrode assembled with the UV irradiation system. A three-stage Ag* diffusion process from the
Nanogel-Ag* system was observed, and they correlated with the antimicrobial performance, where
the AgNCs@?25min possessed the lowest HMIC (1.1 ppm or 1.1 pg/mL), which corresponded to

the highest Ag™ release rate. Aggregation of small AgNCs (t > 25 mins) occurred with increasing
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UV irradiation time, resulting in a lower Ag" diffusion rate and a lower antimicrobial performance.
Small AgNCs (t < 25mins) possessed unique fluorescent emission characteristics, enabling the
possibility of distinguishing between live and dead yeast in a fluorescence microscope. The highly
stable nanogel templated AgNCs are effective antimicrobial agents that could be recovered after
use, thereby reducing the negative impact on the ecosystem compared with other AgNPs [404] and
pristine AgNCs reported previously [372]. Herein, the nanogel scaffold functioned as both
nanoreactor allowing for precise size and shape control and stabilizer of AgNCs in aqueous
solution. The size dependent photoluminescence of AgNCs inside the nanogel template could be
controlled by UV irradiation time and intensity. Based on these excellent chemical, physical and
biocompatible properties of the fluorescent AgNCs, they could be utilized in drug delivery,
antimicrobial and biolabeling applications. Furthermore, this nanogel template could be used for

the synthesis and encapsulation of organic and inorganic materials with better morphology control.
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Chapter 7: A Novel Magnetic Cluster modified Palladium-Cellulose
Nanocrystal Hybrids as Recyclable Catalyst for 4-Nitrophenol
Reduction

The development of noble metal catalysts with high catalytic performance and low metal
loading has attracted a lot of interest. However, the separation of the used nanoscale catalyst from
the applied system is challenging, most of the realization format like resin or membrane system
lead to a sacrifice of the high surface area as well as catalytic efficiency. In this chapter, two series
of recyclable catalysts were synthesized by loading palladium (Pd) particles onto melamine
formaldehyde (MF) modified cellulose nanocrystals (CNC) and dopamine (DA) coated CNC. In
situ co-precipitation of magnetic nanoparticle (MNP) clusters were used to impart magnetic
characteristic to the catalysts. This magnetic cluster successfully achieved high magnetization
without aggregation issue. The amount of palladium precursor added to the catalytic systems was
optimized, where 10-Pd-PDC yielded 10.83 £ 2.43 nm discrete Pd loaded hybrids. The catalytic
performance of the catalysts was assessed by the reduction of 4-nitrophenol (4-NP) in the presence
of sodium borohydrides (NaBH4). The 4-NP reduction mechanisms were analyzed using the
Langmuir-Hinshelwood model and the apparent rate constant k (s™!), turnover frequency (TOF, h-
1) and activity factors (s'!g!") were determined to be 2.142x107, 305.82 and 535.5 using MNP2-
Pd-MC respectively. An induction time was observed for MNP-4 or 5-Pd-PDC, where was
attributed to the unignitable diffusion time for reagents to across the thick PDA and MNP layer.
The separation efficiency of the magnetic catalysts was evaluated by monitoring the absorbance
at 400 nm as a function of separation time, and the MNP2-Pd-MC could be recycled 7 times
without severe loss. Pd-MF-CNC displayed excellent catalytic performance for the reduction of 4-

NP, while Pd-PDA-CNC possessed a lower catalytic reactivity due to the inferior catalytic surface
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area. The developed templated MNP could be extended to other systems allowing for the recycling

and reuse of the catalysts or adsorbents.

7.1 Introduction

Without adequate wastewater treatment, direct discharge of polluted water can adversely
affect human health and the ecosystems. Many types of pollutants existed in wastewater including
organic compounds, such as aromatic hydrocarbons, organic colourants, plasticizers, phenols, and
endocrine disruptors [405]. Phenolic compounds (common organic pollutants in industrial and
agricultural wastewater) can damage the central nervous system, liver, kidneys and blood of both
humans and other animals [406]. 4-Nitrophenol (4-NP) is among the most abundant phenolic
derivatives used in pesticides, dyeing and pharmaceuticals. It is an endocrine disrupting chemical
(EDC) that interfere with the synthesis, secretion, transport, activity or elimination of natural
hormones, inhibit or mimic hormonal action, and disrupt the human physiological system. The
human body may respond with a series of inappropriate changes and this produces a wide range
of adverse effects like obesity, cancer, malformation of sex organs etc [407]. Therefore, improving
wastewater treatment for specific pollutants, such as 4-NP is urgently needed.

Currently, many strategies are being used to treat wastewater and reduce the concentration
of pollutant to an acceptable level, including adsorption, membrane filtration, flocculation, ion
exchange, and catalytic processes. Adsorption processes using activated carbon (AC) are
considered to be one of the most effective methods to eliminate contaminants from wastewater,
due to their fast kinetics, high adsorption capacity, low cost and easy operation [408]. However,
the selectivity of AC-based adsorbent is generally low, and a secondary separation process is often
required. In addition, the high temperature required to regenerate the used AC is energy-intensive

with a significant carbon footprint [409]. Membrane processes offer advantages over traditional
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wastewater treatment, such as compliance with the highest standards, reducing the environmental
impacts of effluents, field requirements and potential of mobile processing units [115]. However,
the primary challenge of membrane filtration is the reduction of permeate flux with time due to
the build-up of contaminants within the pores and membrane surface [410]. These contaminants
must be removed periodically since fouling will directly influence the separation efficiency and
lifecycle costs. Coagulation or flocculation is an efficient process that is easy to use but suffers
from high chemical costs [411]. Ton exchange systems are excellent for de-alkalization,
deionization and water softening, and work by exchanging undesirable ions for more desirable
ions of similar charge. However, non-ionic substances, such as 4-NP, cannot be eliminated by ion
exchange. Catalytic processes can be a competitive alternative since they can break down the
pollutant into non-toxic or less harmful compounds that can be directly released into the
environment. Catalytic processes are less operationally sensitive and possess faster reaction
kinetics. Contrary to ion exchange, membrane filtration, or adsorption, catalytic processes do not
transfer contaminants into a separate, more concentrated waste streams [412]. The reduced product
of 4-NP, 4-aminophenol (or 4-AP), is an effective component in various applications, such as
production of analgesic and antipyretic, and as a corrosion inhibiting lubricant [152]. Therefore,
the development of novel catalytic systems with the capability to effectively reduce 4-NP in an
environmentally conscious manner has gained increasing attention in recent years.

Noble metals, such as Ag, Au, Pt and their alloys, have received attention for their
application as high-performance catalysts in a wide range of reactions [413][414][415][416], due
to their high surface area-to-volume ratio, inherent adsorptive properties, and easy access to a large
number of active sites [413]. However, noble metal catalysts are scarce, costly, and sensitive to

high temperatures, which has motivated the search for other replacement catalysts. Metal oxides
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(semiconductors), such as TiO2, ZnO and ZrO,, are alternative catalysts for oxidative reactions,
while being less active at low temperatures [417]. Moreover, nanoscale catalytic particles tend to
aggregate, thus a support matrix is needed to prepare efficient catalysts. Recent studies using
palladium (Pd) have demonstrated higher activity compared to other noble metals for a number of
reactions, such as catalytic oxidation and hydrogenation, cross-coupling reactions, and most
commonly, the reduction of 4-NP [418].

The catalytic activity of metal particles is highly dependent on the shape, size and
distribution of metal particles. An effective way to achieve better use of these catalytic
nanoparticles is to immobilize them on a suitable support consisting of three main characteristics:
(1) large surface area, (ii) high affinity for catalytic metal and (iii) excellent chemical stability in
the operating environment to maintain a stable catalytic structure [419]. A much lower amount of
metal was required for nano-sized catalyst to yield the same surface area compared to its bulk
equivalent. Currently, most of the agents used to stabilize Pd nanoparticles are non-biodegradable
polymers or potentially toxic chemicals. A promising approach is by using sustainable
nanomaterials as template, such as cellulose nanocrystals (CNCs) to load and stabilize Pd
nanoparticles. CNCs are rod-shaped nanoparticles that possess high mechanical strength, and high
surface area (~500 m?/g). They are biodegradable, making them an ideal substrate for catalyst
immobilization in aqueous media [420]. Using smaller nano-sized catalyst can achieve a higher
catalytic reaction rate. By considering the separation issue after use, the concept of magnetic
catalysts was implemented to allow the non-invasive separation in recovering the catalyst without
sacrificing its reactivity. A major problem with magnetic catalyst is its tendency to form larger
aggregates that affect the stability. Thus, a precise size control and sufficient magnetization is

critical when preparing magnetic particles.
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In this study, two types of magnetic catalysts for the degradation of 4-NP in the presence of
sodium borohydride were developed. CNCs provide the mechanical strength necessary for
magnetic separation, the surface area needed for high catalytic activity, and the biodegradability
to maintain a sustainable and environmentally friendly process. The mussel-inspired
polydopamine (PDA) or the semi-porous melamine-formaldehyde (MF) resin were coated onto
the CNC surface as adhesives to bind the Pd nanoparticles. A nanogel scaffold templated magnetic
clusters were prepared by the assembly of the Pt-CNC catalyst to impart the magnetic property to
the catalytic system. Catalytic performance and recyclability of these catalytic systems were then

evaluated using the 4-NP reduction process.

7.2 Experimental
7.2.1 Materials

Methacrylic acid (MAA, 99 %), ethyl acrylate (EA, 99.5 %), di-allyl phthalate (DAP),
sodium persulfate (Na>S20s, 99 %), sodium hydroxide (= 98%), polyvinylpyrrolidone (PVP, Mw
=10K), dopamine hydrochloride (= 98%), tris ((hydroxyethyl) aminomethane) (= 98%),
hydrochloride acid (= 99%), melamine (99%), formaldehyde (37% in water), ethylene glycol (=
99.8%), potassium tetrachloropalladate (98%), ammonia solution (28-30 wt%), iron (II) sulfate
heptahydrate (Fe304:7H20, = 99%), sodium borohydride (NaBH4, = 98%), 4-nitrophenol (4-NP,
> 99%) were purchased from Sigma-Aldrich. Aerosol OT (AOT, 75%) were supplied by Thermo

Fisher Scientific. Cellulose nanocrystals (CNC) were provided by Celluforce Inc.

7.3 Methods
7.3.1 Preparation of MAA-EA nanogel template

The MAA-EA nanogel was synthesized via a conventional semi-continuous emulsion

polymerization process. A pre-emulsion was prepared by mixing 4.945 g MAA and 5.75 g EA
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(1:1 molar ratio) together with 0.856 g of DAP, 1 g of 75 wt% AOT solution and 1.4 g of water.
The reaction vessel contained 120 g water and 1g of AOT solution, while the initiator solution was
prepared by dissolving 0.25 g of sodium persulfate in 2 g of water. The reaction vessel assembled
with a condenser and an equalizing pressure funnel was placed on a magnetic hot plate and heated
to 85 °C under continuous stirring. After 30 min of nitrogen purging, the initiator solution was
added via a syringe. When the contents were well-dispersed, 5 wt% of the pre-emulsion mixture
was added dropwise, and the remaining pre-emulsion mixture was added dropwise using a pressure
equalizing-funnel after 30 min stirring. The reaction was left to proceed for another 30 min after
the addition of the remaining monomer mixtures. The final product was then cooled to room
temperature and filtered through a 200-mesh nylon cloth. The filtered nanogel solution was
dialyzed against DI water until no excess surfactant was observed. The solid content of the dialyzed
final product was approximately 5% by weight [273].

7.3.2 Synthesis of nanogel templated magnetic particles (MNP)

The templated MNP were synthesized via the in-situ coprecipitation of ferrous ions inside
the nanogel scaffold. 120 mL of 0.5 wt% MAA-EA nanogel solution was adjusted to pH 6.5, and
purged nitrogen for 30 min. Then, 2.5 g of FeSO4:7H>0O was dissolved in 30 ml of de-oxygenated
water and added dropwise to the reaction vessel with gentle mechanical stirring (250 rpm) for 2 h.
Afterwards, ultrafiltration under nitrogen was used to remove free Fe?* outside the nanogel
yielding a brown colour filtrate. The ultrafiltration was repeated several times until a clear filtrate
was obtained confirming that all the un-coordinated Fe?" was removed. The Fe?* grafted nanogel
was heated to 35°C and then 0.25 g NaNO: dissolved in 1 g of de-oxygenated water and 15 ml of
28 wt% ammonia solution were added to the reaction vessel forming a dark green suspension.

Within 1 h, the dark green suspension turned black indicating that the reaction was complete. After
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the reaction, the product was cooled and filtered through a 200-mesh nylon cloth for removing
aggregated particles.
7.3.3 Synthesis of PVP-PDA coated CNC (PDC)

The CNC solution was first prepared by dispersing 0.4 g CNC in 90 ml of water and a well
dispersed suspension was obtained after probe sonication. Afterwards, 8 ml of 0.5 wt% PVP
solution was added to the CNC suspension and stirred for 16 h. The buffer solution prepared by
dissolving 12 mg of tris ((hydroxyethyl) aminomethane) in 1 ml of water was added to the reaction
vessel, and 1 ml of 40 wt% dopamine hydrochloride was added to the reaction system. It should
be noted that O, was needed for the polycondensation of dopamine hydrochloride. Thus, the
reaction vessel was covered by a perforated parafilm containing 50 holes. This reaction was left
agitated for another 24 h and purified by several days of dialysis.

7.3.4 Synthesis of melamine formaldehyde modified CNC (MF-CNC or MC)

The melamine formaldehyde coated CNC was prepared according to a published protocol
[421]. Firstly, 2.2 g of melamine and 4 ml of formaldehyde solution (37% in H,O) were mixed in
10 ml of water. After adjusting the pH to 8-9 using NaOH solution, the reaction mixture was
agitated for 30 min at 80°C. Subsequently, 100 ml of 0.5 wt% CNC suspension was added to the
melamine formaldehyde (MF) precursor, the pH of the mixture was adjusted to 4 with 0.1 M HCI
solution and stirred overnight at 80°C. Finally, the MF-CNC was cooled to room temperature and
purified by dialysis.

7.3.5 Deposition of Pd particles onto MF-CNC and PVP-PDA-CNC

(a) Synthesis of Pd-MF-CNC (Pd-MC)

MF-CNC (10 mg) was added to 20 ml of ethylene glycol solution to form a well-dispersed
suspension, where ethylene glycol acts both as a dispersant and as reducing agent. Subsequently,

10 mg of the palladium precursor (potassium tetrachloropalladate) was added to the suspension.
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The reaction mixture was adjusted to pH 8 using 0.1 M NaOH solution and kept stirred at 110°C
under reflux for 2 h. Repeated ultrafiltration was applied to the Pd-MF-CNC for final purification
before further characterization.

(b) Synthesis of Pd-PVP-PDA-CNC (Pd-PDC)
PVP-PDA-CNC (35 mg) was added to 30 ml of water and a well-dispersed suspension was

obtained after a 30-min of bath sonication. The palladium precursor solution was prepared by
dissolving 3.26 mg potassium tetrachloropalladate into 0.5 ml of water, and dropwise added to the
PVP-PDA-CNC suspension and kept stirring for 24 h. The obtained Pd-PDC was washed three
times with water and ethanol respectively.
7.3.6 Optimization of Pd loading for Pd-PDC synthesis

Four glass vials were loaded with 6g of CNC-PVP-PDA solution (0.193 wt%) and 5 g of
water sonicated for 10 min. Different amounts of potassium tetrachloropalladate (5, 10, 15 and 10
mg) were dispersed in 0.5 ml of water and added dropwise to each of the CNC-PVP-PDA solution
under gentle magnetic stirring. Another 0.5 mg dopamine dissolved in 0.5 ml of water was
introduced to the last vial to investigate the effect of additional dopamine on Pd particle formation.
All the samples were agitated for 24 h and dialyzed against de-ionized water for several days. All

four samples named as 5-Pd-PDC, 10-Pd-PDC, 15-Pd-PDC and 10-Pd-PDC+PDA.
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7.3.7 Assembly of MNP and Fe3;Oq4 particles onto Pd-MC and Pd-PDC
(1) Fe3O4 preparation

The Fe304 particles were prepared using a conventional coprecipitation method. Typically,
24 ¢ FeCl3*6H20 and 9.8g FeCl,*4H,0 were dissolved in 100 ml of H>O under nitrogen purging.
The temperature was elevated to 80°C and 50 ml of ammonia solution (28 wt%) was introduced
under vigorous stirring. After 30 min, the reaction mixture turned black and 3.76 g oleic acid was
charged into the reaction vessel, and the reaction was left for another 1.5 h. The final product
(Fe3O4) was washed with water and ethanol 3 times and recovered using a magnet.
(2) Fe-Pd-MC preparation

5 mg of pure Fe3sO4 was dispersed in 4 ml of ethanol by probe sonication, then they were
introduced into 10 ml, 30 ppm of Pd-MC solution. The Fe3;O4 nanoparticles would deposit and trap
inside the MF-CNC driven by and electrostatic interaction to form Fe-Pd-MC.
(3) MNP1 to 5-Pd-MC preparation

Five MNP-Pd-MC catalyst samples were prepared using 1 to 5 ml of MNP solution (solid
content: 0.1 wt%). The magnetic particles were first separated from the MNP solution using a
magnet and 1ml of water was charged into each vial to prepare MNP dispersions. Five other vials
containing 1 ml of Pd-MC (0.03 wt%) were mixed with 14 ml of water. Subsequently, the five re-
dispersed MNP solutions were introduced dropwise to each Pd-MC solution. The reaction was
kept agitated for 24 h and then washed with water and ethanol three times. All the samples were

designated as MNP1-Pd-MC to MNP5-Pd-MC.
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(4) Fe-Pd-PDC preparation

Smg of pure FesOs was dispersed into 4 ml ethanol by probe sonication, then it was
introduced to 10 ml containing 30 ppm 10-Pd-PDC solution. The Fe;O4 nanoparticles loaded onto
the PDA coating via electrostatic interactions to yield Fe-Pd-PDC. The reaction was maintained
for 24 h and washed with water and ethanol three times.
(5) MNP1 to 5-Pd-PDC preparation

Five MNP-Pd-PDC catalyst samples were prepared using 1 to 5 ml of MNP solution (solid
content: 0.1 wt%). The magnetic particles were first separated from the MNP solution using a
magnet and 1ml of water was added to each vial. Five other vials containing 1ml of 10mg-Pd-PDA
(0.193 wt%) and 14 ml of water were adjusted to 5.5 using 0.1 M HCI. Thereafter, these five 1ml
of MNP dispersions were added to each Pd-PDA solution and mixed for 24 h. All the samples
were washed with water an ethanol three times with the assistance of magnetic separation. All
these five samples labeled as MNP1-Pd-PDC to MNP5-Pd-PDC. The schematic representation of

MNP-Pd-PDC and MNP-Pd-MC are shown in Scheme 7-1 A, B.

CNC PVP-CNC PDA-PVP-CNC Pd-PDC

Melamine,
formaldehyde

pH 8-9

ch MNP-Pd-MC /

Scheme 7-1 The schematics of synthesis pathway of MNP-Pd-PDC (A), and MNP-Pd-MC (B)
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7.4 Characterization methods

7.4.1 Fourier transform infrared spectroscopy (FTIR)

The FTIR of MF modified CNC samples (CNC, MF-CNC, Pd-MC, Fe-Pd-MC, MNP-Pd-
MC) and the PDA samples (PVP-CNC, PDA-PVP-CNC, Pd-PDC, Fe-Pd-PDC and MNP-Pd-PDC)
were determined using the Bruker Tensor 27 spectrometer (Bruker, Billerica, MA, USA). The
pellet consisted of freeze-dried samples with KBr were scanned between 4000 to 400 cm™ with

the signal averaging of 32 scans with a resolution of 4 cm™! at room temperature.

7.4.2 Transmission electron microscopy (TEM)

TEM images were obtained with a Philips CM 10 electron microscope under an accelerating
voltage of 60 kV. All the samples were diluted to 0.01-0.05 wt% solution and one drop of the
sample was placed on the copper grid and left to dry. Morphological changes of CNC after
modification with various materials, including PVP, PDA, MF, Pd, Fe3Os and MNP were
examined using the TEM. Also, the optimization of the amount of Pd precursor added to the PDA-
PVP-CNC system was evaluated by examining the palladium distribution and the particle size of

nano palladium particles under TEM.

7.4.3 Dynamic light scattering (DLS)
The DLS measurements were used to determine the size of CNC and modified CNC prepared

using different reaction conditions. This measurement was conducted on a 0.1 wt% dispersion in

a Zeta-Sizer (Nanosizer ZS, Malvern Co., UK) at 25 °C.
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7.4.4 Zeta potential measurement
Zeta-Sizer (Nanosizer ZS, Malvern Co., UK) was used to determine the zeta potential of
different dispersions by measuring the charge density on the surface at 25 °C. Different samples

were prepared at 0.1 wt%.

7.4.5 UV-Vis measurements
The solution of 4-NP, 4-AP and NaBH4 mixed with 4-NP were scanned by a UV-Vis ( Varian
Cary 300 spectrophotometer). 3 ml of each solution was added to the quartz cell, and it was

scanned from a wavelength of 250 nm to 800 nm.

7.4.6 Evaluation of catalytic performance

The catalytic reduction of 4-nitrophenol (4-NP) in the presence of NaBH4 is commonly used
to evaluate the catalytic performance of metallic catalyst. The catalytic performance of MNP1 to
5-MC, MNP1 to 5-PDC and 5, 10, 15-Pd-PDC and 10-Pd-PDC+PDAwere investigated by the
reduction of 4-NP to 4-aminophenol (4-AP) using NaBH4 as the reducing agent. In detail, 7.865
mg of NaBH4 was added to 10 ml of 4-NP (0.104 mM) solution and mixed by gentle shaking on a
mechanical shaker (the molar ratio of NaBH4 to 4-NP was 200:1). The freshly prepared 4-NP,
NaBHs mixture (1ml) was then transferred to a UV-vis cuvette. Then, 10 pL. of each catalyst
dispersion was added to the cuvette and mixed with a plastic pipette. The dispersion concentration
of the MNP grafted catalysts was 400 ppm and 30 ppm for the dispersion of the non-magnetic
catalysts. The color of the mixture changed from bright yellow to colorless with bubbled evolved
as the catalytic reduction proceeded. The entire catalytic reaction was monitored by UV-vis
spectrometer over a time interval of 1 min for the first 5 min and Smin time interval thereafter up
to 30 min. Various parameters, such as apparent kinetic constants (Kapp), turnover frequency (TOF)

and activity factors (k) were determined from the decay of 4-NP absorbance via the pseudo-first
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order kinetic model. An excess amount of NaBH4 was used to ensure that the catalytic reaction

obeyed the pseudo-first order kinetics.

7.4.7 Magnetic separation efficiency

The separation test was performed with MNP1 to 5-Pd-MC and MNP1 to 5-Pd-PDC samples.
The separation solution was diluted to 400 ppm and 1 ml of the solution was transferred to a glass
vial. The glass vial was placed near a magnet and separated for 10 s, 30 s, 1 min, 3 min, 5 min, 10
min, and the supernatants were scanned by the UV-vis spectrometer from 250 to 600 nm. The
absorbances at the characteristic peak of 4-NP (400 nm) after different separation time were

recorded and plotted as a function of the separation time.

7.4.8 Reusability

The synthesized model catalysts: Fe-Pd-MC, MNP2-Pd-MC, Fe-Pd-PDC and MNP2-Pd-
PDC were used to investigate the recyclability of the material. A freshly prepared 4-NP solution
(200 pL) was mixed with 800 puL of 400 ppm model catalyst solution in a cuvette sealed with a
cap. After 10 min of catalytic reaction, the cuvette was placed over the high gradient magnetic
separator (HGMS) for 3 min of separation. The absorbance of the remaining 4-NP was obtained
by scanning the supernatant in a UV-vis spectrometer. The collected catalyst was washed with
water and ethanol 3 times, respectively, and 800 pL of water with 200 puL of fresh 4-NP solution
were charged into the cuvette for the next round of catalytic tests. Each sample was subjected to
10 test cycles with 4NP solution and the absorbance of 4-NP at 10 min were compared with the

value obtained from the first cycle to determine the conversion rate %.
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7.5 Results and discussion

7.5.1 Fourier-transform infrared spectroscopy (FTIR)

The variation of the chemical bonds after each modification was investigated by FTIR
analysis. Fe or MNP-Pd-MC samples and Fe or MNP-Pd-PDC series samples were characterized
by FTIR (Error! Reference source not found. A and B) to examine the interactions between
different coating materials and CNC. The spectra of MF-CNC (Error! Reference source not
found., A) show the absorbance of around 3300-3500 cm™! representing the stretching vibration
of secondary amine (N-H) that overlapped with the O-H stretching. The characteristic peak at 2960
cm! of C-H stretching vibration confirmed the formation of methylol group. The -C=N ring
vibration and the C-N vibration were confirmed by the vibration at 1530 cm™ and 1182 cm’!
respectively [422]. The triazine ring bending vibration occurred at 809 cm!, while the peak was
significantly reduced after the loading of Pd [423]. The new peak appeared at 2338 cm™!, which is
associated with the vibration of bridging CH», which confirmed the crosslinking reaction of
melamine formaldehyde [422]. The absorbance peak at 530 cm™ of Fe-Pd-MC spectra was
attributed to the Fe-O vibration from the loaded Fe3O4 particles [424]. The shift in the secondary
amine (N-H) after the deposition of Pd particles was attributed to the coordination between
nitrogen atom and Pd. All peak signals were reduced after the deposition of metallic particles, but

no new peaks were observed, indicating the physical interaction between Pd and the modified CNC.
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Figure 7-1 FTIR of (A) CNC, Melamine formaldehyde modified CNC, Pd loaded MF-CNC and
Fe304 or MNP functionalized Pd-MC, (B) CNC, PVP-CNC, PDA-PVP-CNC, Pd loaded PDA-
PVP-CNC and Fe;O4 or MNP functionalized Pd-PDC

7.5.2 Particle morphology

TEM was used to analysis the morphological variation of the material after each step of
modification, since the catalytic performance is closely related to both morphology and quantity
of the catalytic particles. Thus, the optimization of the Pd amount loaded into the Pd-PDC system
was also evaluated by TEM investigation. It was also used to explore the optimum amount of MNP
clusters added to the Pd-MC and Pd-PDC system. Figure 7-2 shows the TEM images of (a) pristine
CNC, (b) MF-CNC, (¢) Pd loaded MF-CNC (Pd-MC), (d) MNP2-Pd-MC, (e) Fe-Pd-MC, (f) PVP-
CNC, (g) PDA-PVP-CNC, (h) 5-Pd-PDC, (i) 10-Pd-PDC, and (j) 15-Pd-PDC. Pristine CNCs are
shown as a high aspect ratio nanorod with a length of around 200 nm and a diameter of 10 nm that
showed good dispersity in water (Figure 7-2, a). After the modification with melamine
formaldehyde (MF), a stronger contrast was observed from MF-CNC (Figure 7-2, b) that

confirmed the successful condensation of MF on the surface of CNC. In addition, all CNC
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nanorods have been homogeneously covered by a thin layer of MF, which provided uniformly
distributed amines sites for Pd deposition. After potassium tetrachloropalladate was reduced, 2-15
nm nano-Pd were uniformly decorated on the MF resin covering the CNC (Figure 7-2, ¢). In the
case of CNC coated with PVP and dopamine in sequence, polydopamine (PDA) acted as an in-
situ reducer to directly reduce Pd on PDA-PVP-CNC (PDC). A coating layer was observed on the
CNC surface after the coating of PVP (Figure 7-2, f) and PDA (Figure 7-2, g), they possessed
much thicker coating layer compared to MF-CNC. To optimize the method and the amounts of
palladium precursor used to deposit Pd particles onto the PDC system were investigated, where 5,
10, and 15 mg of potassium tetrachloropalladate were added during the in-situ reduction process.
In addition, 10 mg of potassium tetrachloropalladate together with the addition of dopamine during
the reduction phase were also examined. A small amount of nanometric (3.37 £ 1.30 nm) Pd
nanoparticles were deposited on 5-Pd-PDC catalytic particles, while more Pd particles were

observed in the
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Figure 7-2 TEM images of pristine CNC (a), MF-CNC (b), Pd loaded MF-CNC (Pd-MC) (c),
MNP2-Pd-MC (d), Fe-Pd-MC (e), PVP-CNC (f), PDA-PVP-CNC (g), 5-Pd-PDC (h), 10-Pd-PDC
(1), 15-Pd-PDC (j)

10-Pd-PDC system with no aggregation. However, further increase in the amount of potassium
tetrachloropalladate led to formation of networks between individual Pd particles that reduced the
total surface area of Pd particles. Because PDA has been used as a reducing agent in other studies
to prepare metal particles, we have also added dopamine to the system prior to the addition of
metal precursor. The 10-Pd-PDC with extra PDA added to the system displayed a thick PDA layer
on CNC and large Pd particles formed on the surface of PDC. This could be due to the faster
reduction kinetics of potassium tetrachloropalladate in the presence of dopamine during the
reduction reaction (Appendix 7-1, ¢). Thus, 10-Pd-PDC was selected for further modification and

catalytic studies.

The MAA-EA nanogel templated magnetic clusters (MNP) and pure Fe3Os4 were used to
impart the magnetic property to the Pd-MC and Pd-PDC catalyst. Different amounts (1 to 5 ml) of
MNP clusters grafted Pd-MC were investigated using the TEM. The MNP2-Pd-MC is shown in
Figure 7-2 d, where appropriate amounts of well-defined spherical MNP clusters were observed.
The MNP1-Pd-MC (Appendix 7-1 d, e), MNP3-Pd-MC (Appendix 7-1 f, g) and MNP5-Pd-MC
(Appendix 7-1, j) were also examined by TEM. The MNPI1-Pd-MC possessed several MNP
clusters that might not provide sufficient magnetization to effectively separate the catalyst. Excess
amount of MNP clusters were observed from MNP3 to 5-Pd-MC model catalyst, several MNP
clusters were even entangled with each other resulting in a reduction of Pd particle surface area.
The MNP2-Pd-MC has a high catalytic reaction rate that comparable to the MNP1-Pd-MC (the

results are presented in the following sections Figure 7-6), but also has good separation
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performance. Combined with the catalytic performance test and the separation efficiency test, 2ml
MNP was selected as the optimal amount of MNPs. However, when pure Fe3O4 particles were
loaded to Pd-MC, non-uniform Fe;O4 particles merged with Pd particles resulting in a reduction
in catalytic performance. Also, the leaching of Fe-Pd-MC posed toxicity concern, where severe
aggregation and free Fe;O4 were evident (Figure 7-2 e and Appendix 7-1 a, b). On the other hand,
nanogel templated MNPs possessed well-controlled particle size and the nanogel served as a
protection barrier between magnetic particles and Pd particles. The schematic illustration and TEM
images for the Pd loaded Pd-PDC system, nanogel, MNP clusters and MNP1 or 5-Pd-PDC are

shown in Scheme 7-2.

a
b
: “
15-Pd-PDC \ - # :
d MNP clusters SN
20-Pd-PDC MNP5-Pd-PDC
+PDA

Scheme 7-2 Scheme illustration and high magnification TEM images of (a) 5-Pd-PDC, (b) 10-Pd-
PDC, (c¢) 15-Pd-PDC, (d) 10-Pd-PDC+PDA, (e) stained MAA-EA nanogel, (f) MNP clusters, (g)
MNP1-Pd-PDC and (h) MNP5-Pd-PDC
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7.5.3 Particle size and stability

Particle size and stability are important factors that can affect the catalytic performance,
hence the average particle size and zeta potential were used to evaluate the stability of CNC after
each modification. Figure 7-3 shows the particle size and zeta potential of (A) MF series samples
and (B) PDA series samples. The average diameter of the CNC was 90.3 + 9.1 nm, after melamine
formaldehyde polycondensation, the particle size increased dramatically to 580 + 38.2 nm. This
large increase of the particle size was attributed to the entangled MF network as indicated by the
TEM micrographs (Figure 7-2, b). The porous layer of MF provided many amino sites available
for Pd deposition, as well as MNP conjugation. However, a reduced particle size was obtained
after the incorporation of Fe3O4 into the MF-CNC system. Since Fe3O4 particles did not covalently
bonded to MF-CNC, they could detached from the clusters resulting in the reduction of the average
particle size of Pd-MC system. The surface charge of pristine CNC was -48 + 6.7 mV brought
about by the negative sulfate groups, imparting high stability to the CNC dispersions. The zeta
potential of MF-CNC increased to +10 mV after the polycondensation of melamine formaldehyde,
as large amounts of secondary amines were present on the CNC surface, which shielded the
negative charges. MNP-Pd-MC possessed a zeta potential of -25+ 1.1 mV, imparting good
stability to the catalyst. The loading of MNP clusters did not eliminate the positive surface charge
of MF-CNC, even though the Fe3O4 clusters shielded the positive surface charges.

For the PDA samples, the particle size of CNC increased after the modification of PVP and
dopamine, which confirmed the successful deposition of PDA on the surface of CNCs. The particle
size of PDC was much smaller compared to MF-CNC, while Pd-PDC possessed a size similar to
Pd-MC. This is because the loading of Pd particles onto MF-CNC occurred within the porous MF

layer, while the Pd particles deposited on the PDC surface aggregated resulting in a larger particle
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size. The zeta potential was enhanced after the coating with dopamine due to the self-condensation
of dopamine that yielded amine groups on the surface of PDC. After the loading of Pd particles,
the NHz groups chelated with Pd particles that reduced the zeta potential. Overall, the zeta potential
for all samples in the PDA series was below -27 mV, thus the colloidal particles were extremely

stable.
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Figure 7-3 Average particle diameter (nm) and zeta potential (mV) of CNC, MF-CNC, Pd-MC,
2mI-MNP-Pd-MC and Fe-Pd-MC are shown in (A), average particle diameter (nm) and zeta
potential (mV) of CNC, CNC-PVP, CNC-PVP-PDA, MNP2-PDC and Fe-PDC

7.5.4 Optimization of Pd loading for Pd-PDC

In the Pd-PDC system, dopamine functioned as both the surface modifier and reducing agent.
Therefore, an appropriate quantity of palladium precursor was added, and the pathway of the
reduction process is critical to the catalytic performance of the catalyst. Various amounts (5, 10,
15 mg) of potassium tetrachloropalladate were added to the PDC system for the synthesis of the
catalyst. The 10-Pd-PDC was also used to investigate the effect of adding additional dopamine
during the reduction of the palladium precursor. The catalytic performance of 5-Pd-PDC, 10-Pd-
PDC, 15-Pd-PDC and 10-Pd-PDC+PDA are shown in Figure 7-4 A, B, C, D. The concentration

of 4-NP as a function of the reaction time, and the correlation of In(Cy/Co) versus time of the four
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catalysts are shown in Scheme 7-2 A, B. As shown in Figure 7-4, 10-Pd-PDC reduced the 4-NP
to the lowest concentration after a 30-min reduction compared to the other three model catalysts.
This result is consistent with the TEM images, where the 10-Pd-PDC catalyst possessed discrete
Pd nanoparticles (Scheme 7-2, b, with no aggregation). However, the further increase of the
palladium precursor (15-Pd-PDC) led to a decline in the catalytic performance due to the
aggregation of the Pd particles (Scheme 7-2, ¢). Moreover, the addition of more dopamine during
the reduction of palladium precursor resulted in a faster reduction rate yielding larger Pd particles
that diminished the catalytic performance (Scheme 7-2, d). The Langmuir-Hinshelwood kinetics
of heterogeneous catalyst could be used to model the catalytic reaction occurring at the surface of
the particles. As the amount of NaBH4 used was in excess compared to 4-NP, the reduction reaction
was independent of NaBH4 concentration. Thus, a pseudo-first order kinetic model was used to
determine the reaction rates [425]. The equation of the degradation model is shown in Eq (7.1),
where Co is the initial concentration of 4-NP, and C; represents the concentration of 4-NP at time
t. Ao is the absorbance at 400 nm at time 0 and A represents the absorbance at 400 nm at time t of
catalytic degradation of 4-NP. The apparent kinetic rates (kapp) were determined from the slope of
In(Av/Ao) versus time. Another important parameter for evaluating the performance of the catalyst
is the turnover frequency (TOF, h™!'), where the reaction rate constant was normalized by the mass
of palladium present in the catalytic system. The equation used to calculate TOF is presented in
Eq (7.2), where n (mol) is the molar amount of 4-NP used, MR is the mass ratio of palladium
precursor to the total amount of all the components in the catalyst, m (g) is the mass of the catalyst
used for the test, My is the molecular weight of palladium (106.42 g/mol) and kapp (h!) is the
apparent kinetic rate constant.

< _ _p

C A
i = ~kappt or INCH)=In(GH) = —kgppt (7.1)
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Figure 7-4 UV spectra of catalytic reduction of 4-NP using (A) 5-Pd-PDC, (B) 10-Pd-PDC, (C)
15-Pd-PDC and (D) 10-Pd-PDC+PDA for a 30 min reaction time

7.5.5 Evaluation of catalytic performance

Catalytic reduction of 4-NP to 4-AP was used to evaluate the performance of the catalysts
by monitoring the absorbance of 4-NP using a UV-vis spectrometer over 30 min. As shown in
Figure 7-5 (A), 4-NP displays a characteristic absorbance at 317 nm (red line), while pure 4-AP
possessed a characteristic absorbance peak at 300 nm (blue line) [426]. The characteristic
absorbance peak possessed a red shift from 317 nm to 400 nm (black line) in the presence of freshly

prepared NaBH4 solution due to the formation of 4-nitrophenolate ions. The catalyst played an
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important role in promoting the degradation of 4-NP, since the degradation of 4-NP by NaBH4
took place over several days. When 10 pL of 30 ppm Pd-MC catalytic solution was introduced to
the system, the absorption of 4-NP (0.104 mM) was progressively reduced. The solution in the
cuvette transformed from bright yellow to transparent, and bubbles were generated due to H»
production. Furthermore, the new peak at 290 nm was attributed to the formation of 4-AP. The
logarithm of (Ay/Ao) versus time of blank 4-NP, MF-CNC and Pd-MC/4-NP mixture is shown in
Figure 7-5 (B). Compared with Pd-MC, MF-CNC displayed a zero catalytic reaction rate of 4-NP,
which suggested that all the catalytic properties were attributed to the palladium nanoparticles on
the MF coating. The pseudo first order reaction rate constant was obtained from the linear fitting,

having a value of 2.11x107 s!for Pd-MC and 0 for MF-CNC and pure 4-NP solutions.
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Figure 7-5 The UV spectra of 4-NP, 4-AP and 4-NP in the presence of NaBH4 are presented in

(A), the summary of logarithm of absorbance at 400 nm versus time of 30 ppm Pd-MC, 30 ppm
MF-CNC and 4-NP solutions (B)

Fe;04 particles and MNP clusters were used to introduce magnetic characteristic to the Pd-
MC and Pd-PDC catalysts. Catalytic performance tests in all 4 catalytic systems (Fe-Pd-MC,

MNP2-Pd-MC, Fe-Pd-PDC and MNP2-Pd-PDC) were conducted in 10 uL of 30 ppm 4-NP
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solutions. The successive UV-vis absorption spectra on the reduction of 4-NP were recorded and
the results are shown in Appendix 7-3, and the linear fitting of In(A¢/Ao) versus time is presented
in Appendix 7-2. The catalytic performance of Pd-MC catalysts was superior compared to the Pd-
PDC catalysts, as demonstrated by a higher reduction rate constant and lower 4-NP absorbance.
Because the MF coated CNC possessed a mesoporous structure with more palladium particles
trapped within the pores, which provided more active sites for 4-NP reduction. By comparing the
catalytic performance of both Fe3;O4 based and MNP clusters functionalized catalyst, MNP2-Pd-
MC and MNP2-Pd-PDC showed superior performance in reducing 4-NP compared to the
corresponding Fe-Pd-MC and Fe-Pd-PDC catalysts. This could be associated to diminished
surface area of Pd particles in MNP based catalyst, while the magnetic attraction between Fe3O4
particles generated aggregated clusters covering the surface of some Pd particles. Furthermore, the
porous MF resin on the surface of CNC provided active amine groups for Pd deposition, while the
grafting of MNP clusters did not significantly alter the total amount of NHz groups. Also, MNP
clusters provided sufficient magnetization for separation without sacrificing the catalytic

performance, which will be discussed later.

Various amounts of MNP clusters were introduced onto the Pd-MC and Pd-PDC systems
and their catalytic performance and separation efficiency were examined to optimize the amount
of MNP clusters for the catalyst system. The primary objective is to achieve an adequate separation
without seriously impacting the catalytic performance. Successive 30-min UV-vis spectra of 4-NP
catalytic reduction using MNP1 to 5-Pd-MC (10 pL of 400 ppm) are summarized in Appendix 7-
4, A to E. After the introduction of MNP-Pd-MC catalysts, the characteristic peak of 4-NP at 400
nm decreased gradually and the characteristic peak of 4-AP at 300 nm increased progressively.

The pseudo-first-order reaction constant k (s!), turnover frequency (TOF, h!) and the activity
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factor k (s'!g!) of different catalysts were determined and summarized in Table 7-1. As indicated
by the rate constant of MNP1 to 5-Pd-MC, MNP2-Pd-MC possessed the highest reaction rate
constant (2.142x103 s™!), which supported the conclusion from TEM analysis. The MNP2-Pd-MC
possessed MNP clusters distributed over the Pd-MC surface with no aggregation of the Pd particles.
The MNP5-Pd-MC possessed the lowest rate constant (0.570x 1073 s!), due to the agglomeration
of MNP clusters within the MNP-Pd-MC systems that reduced the Pd sites, which significantly
impacted the catalytic performance. However, the MNP4-Pd-MC possessed the highest TOF
(540.42 h'') compared to the MNP2-Pd-MC since the TOF was normalized based on

Table 7-1 Comparison of catalytic performance of Pd-MC and Pd-PDC based catalyst

Sample name Pseudo-first-order Activity factor k (s= | Turnover frequency TOF (h!)
constant k (s™) ')
MNPI1-Pd-MC 1.467x1073 366.8 112.0
MNP2-Pd-MC 2.142x1073 535.5 305.8
MNP3-Pd-MC 0.884x1073 221.0 184.9
MNP4-Pd-MC 1.961 x10° 490.3 540.4
MNP5-Pd-MC 0.570x1073 142.5 194.9
5-Pd-PDC 1.261x1073 4203.3 3614
10-Pd-PDC 1.624x1073 5413.3 340.6
15-Pd-PDC 0.968x1073 3226.7 178.2
10-Pd-PDC+PDA 0.713x107 2376.7 159.0

the amount of Pd present in each catalyst system. The concentration profile of 4-NP for 5, 10, 15-
Pd-PDC and 10-Pd-PDC+PDA catalyst and the correlation between In(Ay/Ao) and time are shown
in Appendix 7-5 A and Appendix 7-5 B respectively. The catalytic reaction rate of 4-NP is
directly proportional to the concentration of catalyst in the system. For homogeneous catalyst, the
catalytic activity is depended on the total number of catalytic molecules, however, the catalytic
activity of heterogeneous catalyst depends on the active sites on the surface of the catalysts [427].
The Langmuir-Hinshelwood kinetics of heterogeneous catalysis proposed by Wunder and
coworkers could be used to model two prevalent mechanisms for the reduction of 4-NP, namely

surface-mediated hydrogen transfer and surface mediated electron transfer. In most instances,
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hydrogen and electron transfer could occur simultaneously during the 4-NP reduction. Both
NaBH4 and 4-NP molecules needed to be on the surface of metal catalyst prior to the reduction
reaction, thus, the Langmuir isotherm could be used to describe the adsorption mechanism between
reactants and the catalyst. The adsorption of BHy4 is a fast and reversible process, and a hydrogen
radical generated from electron transfer was transported to the catalytic particle surface via
adsorption. The adsorption of 4-NP molecule onto the catalyst surface is also fast and reversable.
Subsequently, the adsorbed 4-NP molecule would react with the hydrogen radicals to produce 4-
AP via the 4-hydrocylaminophenol intermediate [428] [429], which is the rate-determining step
for 4-NP reduction. Eventually, the 4-AP molecules detached from the catalyst surface releasing
the adsorption site for subsequent 4-NP catalytic reduction.

The conversion of 4-NP to 4-AP using different Pd-PDC catalysts could described by a two-
step process, which is different from the common 4-NP reduction with noble metals. Also, this
non-linear relationship between In (Ay/Ao) and time was not observed for the Pd-MC catalysts,
indicating that the different mechanism could be associated with the PDA matrix. In this study,
the reduction process could be divided into three steps: (1) both NaBH4 and 4-NP molecules adsorb
onto the surface of metallic catalyst, (2) 4-NP was reduced by the borohydride ions on the catalyst
reduction sites, (3) generated 4-AP molecules desorb from the surface of the metal catalyst, where
step two is the slowest process and the rate-determining step. The general 4-NP reduction
mechanism in the presence of Pd-MC and Pd-PDC is shown in Scheme 7-3 (A). Additionally, the
phenomenon of "reconstruction" on the surface of the catalyst was previously reported,
demonstrating that ligands could be replaced by the compounds adsorbed on the surface [430].
Normally, the induction time for ligand replacement could be ignored due to the fast kinetics,

however, the strong interaction between the surface and ligands, gave rise to a longer induction
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time [431][432]. As demonstrated in Figure 7-6 A and Figure 7-6 B, no induction time was
observed with MNP-Pd-MC catalysts or when the MNP-Pd-PDC catalyst with less than 4ml MNP
clusters. However, an induction time of around 5 min was observed when 4 or 5Sml MNP clusters
were involved the catalyst synthesis. The rate of adsorption of 4-NP molecules on the surface of
the catalyst was determined by the concentration of 4-NP and the available surface area of the
catalyst [433]. This delay of induction time was due to the lower accessible area of Pd in Pd-PDC
catalyst compared to the Pd-MC catalyst. Apart from acting as a reducing agent during the
reduction of Pd nanoparticles, DA acted as a stabilizer on the surface of the Pd particles. Other
researchers have confirmed the presence of DA on the surface of gold nanorods synthesized using
DA as an in situ reducing agent. DBA promotes the production of anisotropic nanostructure
particles, and a reduction in the yield and purity were observed when the concentration of DBA
exceeded a critical value [434]. As observed from the optimization of Pd precursor used in the
preparation of Pd-PDC catalyst, 10-Pd-PDC+PDA displayed the worst reduction performance
compared to 10-Pd-PDC. Thus, an excess amount of DA negatively impacted the Pd formation,
and excess DA might cover and conjugate to the Pd particles that hindered the adsorption of 4-NP
and NaBH; to the surface of Pd particles that consequently reduced their catalytic performance.
Also, more catechol groups from the excess PDA loaded 10-Pd-PDC+PDA increased the pH of
the catalytic system, which stabilized the NaBH4 and prevented it from self-hydrolysis [435]. The
Pd particles in the MNP incorporated system were covered by the MNP clusters, leading to a longer
time for the reactant to diffuse through the MNP and bound to the Pd surface. Thus, the low NaBH4
hydrolysis rate, excess PDA coverage and conjugation to the Pd particles impacted the binding
between the reactants and catalysts. Thus, a longer induction time was required for the

displacement of 4-NP molecules on the surface of 4ml/Sml MNP Pd-PDC catalysts. The schematic
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illustration of the catalytic mechanism is presented in Scheme 7-3 (B). A catalytic induction time
of 11 min was reported by Yu and coworkers for gold nanoparticles prepared using 0.08 mM
caffeic acid [432].

The reaction rate constant and other parameters were calculated from the linear regression
of In(A¢/Ao) versus time (10 to 30 min). The highest rate constant (1.624x107 s'') was observed
for 10-Pd-PDC, which was associated with the large amounts of discrete Pd nanoparticles since
the total surface area of Pd particles controlled the catalytic performance. The 15-Pd-PDC had
more Pd, however interparticle entanglement led to a significant reduction in the total surface area
of Pd. Furthermore, both 10-Pd-PDC and 10-Pd-PDC PDA possessed a similar mass ratio of
palladium, however the later catalytic performance was reduced by more than 50% with excess
PDA confirming the importance of Pd particle size on the catalytic performance. The average size
of palladium particle of 10-Pd-PDC+PDA was 12.34 + 2.06 nm (Appendix 7-1 ¢, Appendix 7-
6 (D)), while the particle size of 10-Pd-PDC was 10.83 + 2.43 nm (Figure 7-2, i, Appendix 7-6
(B)). Average particle sizes obtained from TEM (Image J measurement) are summarized in Table
7-2. The catalytic property of prepared MNP-Pd-MC and Pd-PDC catalyst were compared with
other types of palladium-based catalyst supported on various matrices (such as mesoporous silica,
chitosan hydrogel, carbon-based material and polymer modified fibrous material) are summarized
in Table 7-3. The rate constant is directly proportional to the size of palladium particles, the Pd

loaded PEI/PCL
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Figure 7-6 The logarithm of absorbance at 400 nm versus time of (A) MNP1 to 5-Pd-MC, and the
logarithm of absorbance at 400 nm versus time of (B) MNP1 to 5-Pd-PDC

Table 7-2 Summary of average Pd particle size measure by Image J

Sample name Average size
5-Pd-PDC 337+ 130
10-Pd-PDC 10.83 +2.43
15-Pd-PDC 17.45 +3.17
extra PDA 12.34 £ 2.06

MNP 32,19 £3.44
Nanogel 32.30 £3.33
Pd-MF-CNC 15.48 +2.30

composite fiber possessed the highest reaction rate due to the 0.22 nm of Pd particle. Both MNP-
Pd-MC and Pd-PDC possessed intermediate rate constant, high TOF and activity factor, especially
10-Pd-PDC with an activity factor k of 4203.3 s*'g"!. As a result, the superior catalytic properties

of Pd-MC and Pd-PDC catalysts make them attractive and effective catalysts for 4-NP degradation.
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Table 7-3 Comparison of different palladium-based catalysts applied for 4-NP reduction

Supporting matrix Size of Pd Reaction rate TOF (h) Activity Ref
particles (nm) | constant k (s) factor K
s'g"h
Silica nanosphere 10.2 2.04 x10? - 510 [436]
CNC 1-40 5.7 X103 879.5 - [437]
Chitosan hydrogel 28.33 1.47 x1073 0.9 17.016 [68]
Fibrous silica nanosphere 4 19.6 x1073 - [438]
Polyethyleneimine 0.22 1.66 x107! - - [439]

(PEI)/Polycaprolactone
(PCL) composite fiber

Graphene@carbon hollow 3-4 - 273.6 [440]
sphere

MF coated CNC 15.48 1.961 x10° 540.42 490.25 This work
PDA coated CNC 3.37 1.261x10° 361.42 4203.33 This work

7.5.6 Separation efficiency

The magnetization is an important factor in the production of magnetic-based materials, which is
directly related to their separation efficiency. A simple separation experiment was conducted to
evaluate the separation efficiency of MNP1 to 5-Pd-MC and MNP1 to 5-Pd-PDC catalysts. The
catalyst was introduced to a fresh 4-NP solution placed on a magnet for a fixed time, and the
supernatant was withdrawn and scanned in a UV-Vis spectrometer. The absorbance at 400 nm was
recorded and plotted against the separation times. Having more MNP clusters in the catalytic
system would increase the separation efficiency, whereas more MNP clusters would contribute to
more leaking of Fe;O4 particles after several rounds of separation and recovery with a strong
magnet. Separation tests were conducted in the absence of 4-NP, therefore, the absorbance of 400

nm can be attributed to the MNP clusters that had not fully removed from the aqueous phase.
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(A) presents the separation curve of MNP1 to 5-Pd-MC, where MNP1-Pd-MC presented a fast
separation (the ratio of unseparated MNP versus the separated MNP). The separation was
completed after 3 min, and no obvious change in the absorbance @ 400 nm was observed. The

separation curve of MNPl to 5-Pd-PDC and Fe-Pd-PDC are shown in
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(B) revealed a similar absorbance after the magnetic separation of 300s, and the absorbance value
was close to 0 at 400 nm. This could be attributed to the smaller particle size of MNP-Pd-PDC
particles compared with MNP-Pd-MC particles. Both Fe-Pd-MC and Fe-Pd-PDC exhibited a
higher UV absorbance than MNP based catalyst possibly caused by the aggregation of pristine

Fe304 and the presence of small Fe;O4 particles that could not be separated due to their small size.
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Figure 7-7 Separation performance of MNP1 to 5-Pd-MC (A), and MNPI to 5-Pd-PDC samples
evaluated by magnet separation (B)

The magnetic hysteresis loops of MNP clusters are shown in Appendix 7-7. MNP possessed a
superparamagnetic character indicated by zero coercivity, and the high Ms (53.23 emu/g) s due to
the high magnetic content in the nanogel template. The rapid separation performance of MNP
grafted catalyst demonstrates the potential for a magnetic assisted catalytic process, where the
nanogel barrier minimized the direct contact of Fe;O4 and reduced the toxicity of the system.
7.5.7 Reusability

Reusability of magnetic based catalyst is important as it is directly related to the processing

and operation costs. Fe-Pd-MC, MNP2-Pd-MC and MNP2-Pd-PDC were examined in the
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(A) shows the result of 4-NP conversion after 10 cycles of catalytic-washing of Fe-Pd-MC and
MNP2-Pd-MC. Almost 100% conversions were obtained from the Fe/MNP-Pd-MC catalyst until
7 cycles, while a severe drop was observed for MNP2-Pd-MC after cycle 8 due to the loss of
catalyst caused by the reduced magnetization as the Fe3O4 particles/MNP clusters were lost after
repeated recycling. Thus, the MNP2-Pd-MC particles lost more Fe;O4 from the MNPs clusters
resulting in a lower amount of Pd particles that led to a lower conversion rate. The result indicated
that MNP clusters could be recycled 7 times without severe loss when the cuvette was placed on
top of the HGMS. In comparison, Fe-Pd-MC displayed better recyclability, due to the higher

magnetization of  the aggregated  Fe;O4  particles. As shown in
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(B), the recyclability of MNP2-Pd-PDC deteriorated as the conversion rate of 4-NP decreased to
23%

after the first catalytic wash cycle. The MNP2-Pd-MC system possessed a better conversion rate
for many cycles due to the highly porous structure of melamine formaldehyde shell for Pd
deposition, and the strong coordination between NH> and Pd particles compared with OH-Pd in

Pd-PDC systems. In conclusion, MNP2-Pd-MC displayed excellent reusability for the catalytic

degradation of 4-NP.
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Figure 7-8 Recyclability test of Fe-Pd-MC and MNP-Pd-MC (A), recyclability test of MNP-Pd-
PDC and MNP-Pd-MC

7.6 Conclusions

Synthesis catalyst with high catalytic activity has drawn a lot of attention, while it has been
challenging due to the balance between the high surface area and difficulty of separation. Many
works have devoted to the development of magnetic based catalyst, however, aggregation was
frequently occurred on ununiform Fe3Os attached magnetic catalyst system [441]. And the
traditional polymer coated Fe3O4 caused severe leaking issue after three rounds of separation [442].
In this study, two different catalytic systems, namely Pd-MC and Pd-PDC were prepared. A MAA-
EA nanogel with Fe3Os clusters incorporated into the catalyst system imparted the magnetic
separation characteristic to the catalysts prevented the aggregation issue. The melamine
formaldehyde modified CNC possessed a highly porous structure for the loading of large amounts
of Pd particles (15.48 + 2.3 nm) resulting in a better catalytic performance. The MNP2-Pd-MC
maintained an almost 100% 4-NP conversion rate up to 7 cycles of catalytic test and washing.

However, the dopamine modified CNC displayed a lower rate constant determined from the first
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order kinetic model. PDA interacted with the surface Pd, which hindered the adsorption of reactive
species necessary for the catalytic reaction. A delay of induction time was observed at the very
beginning of the catalytic reduction of 4-NP. Excess amount of PDA resulted in a faster reduction
rate of Pd particles in the PDA-CNC system, that led to the formation of larger Pd particles. The
highest TOF values were 540.42 and 340.57 h'! from the MNP4-Pd-MC and 10-Pd-PDC catalytic
system, respectively, matching the reported results of previous studies. The novel nanogel based
MNP clusters effectively reduced the toxicity arising from the leaking of magnetic particles. The
MNP clusters grafted to Pd-MC catalyst could be used at least 7 times without severe loss of
magnetization and catalytic performance. This MNP based catalyst could be used in a magnetic
assisted 4-NP reduction, and the MNP clusters could be combined with other system for the

recycling and reuse of the catalysts.
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Chapter 8: Sustainable high porosity adsorptive membrane for
cationic/anionic dye, heavy metal ions, and PFAS removal

Persistence contaminants, such as perfluoroalkyl and polyfluoroalkyl substance (PFAS) are
widely present in our water systems threatening human beings by negatively impacting the
reproductive system. Additionally, heavy metal and organic dyes continues to contribute to
challenges in wastewater treatment due to agriculture and industrial activities. In this chapter, a
sustainable membrane was prepared from soft wood fiber (WF) crosslinked with (3-
glycidyloxypropyl)trimethoxy silane (GPTMS) and poly(ethyleneimine) (PEI). Tanfloc (TF) (a
natural tannin based commercial flocculant) was used to coat CNC for preparing Pickering
emulsion in hexane. When the Pickering emulsion was added to the membrane formulations, the
porosity of the membrane WGP-111-EM45 increased to 41.60 % compared to the membrane
without emulsion (23.65 %). Gravity filtration with methyl orange (MO) was used to evaluate the
performance of the membrane with various amounts of PEI or emulsion loadings. WGP-111-
EM45 was selected and further evaluated in dynamic filtration system. A simple pressure
controlled dynamic filtration system was designed and inlet flowrate, inlet concentration and
number of membranes loaded to the filtration system were evaluated. The highest filtration
capacity was obtained as 22679.1 mg/g with MO, inlet concentration of 50 ppm and inlet flowrate
was 11.22 ml/min. An increased in the number of membranes (bed height) led to an increase in
the removal efficiency with a lower slope in the breakthrough curve due to the enhanced diffusion
mass transfer. Furthermore, the membrane filtration efficiency of the membrane towards copper
ions (Cu?") and methylene blue (MB) was evaluated by gravity filtration and a 98% removal
efficiency of 10 ml 1000 ppm Cu?* was achieved with WGP-111-EM45 and an 89 % removal

efficiency was achieved for 10 ml, 20 ppm MB. This sustainable porous membrane provided
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adsorption sites towards cationic/anionic dye and heavy metal ions based on multiple mechanisms,
such as ion exchange, electrostatic interactions, chelation and m-m interactions. This membrane
displayed promising potential for removing pollutants via both gravity filtration and pressure
driven dynamic filtration. Over 99% of removal efficiency was achieved by filtrate 10 ml 0.5 and
1 ppm PFOA through WGP-111-EM45 and PFOS (10 of of 0.5 or 1 ppm) was fully removed
indicated by zero residues detected from LC-MS. This work provided a promising alternative for
treating both traditional contaminates (organic dyes and heavy metal ions), and also emerging

contaminates (PFAS) by low carbon footprint process.

8.1 Introduction

The rapid development of contemporary society has led to a wide range of innovation and
uses of materials. Accordingly, the presence and potential impacts of emerging contaminants have
raised many concerns and challenges. Among them, one class of synthetic compounds called per-
and polyfluoroalkyl substances (PFASs), which are ecotoxic amphiphilic molecules comprising of
alkyl-fluorinated chains and terminated with ether carboxylic or sulphonic acid functional groups
has emerged as a major threat [157]. Both perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS) were widely used since the 1950’s [443], and they have been
detected in the environment and human bodies since 2000s [444] and it raises major concerns due
to the possible health risk. These compounds have been widely used in the production of the fire-
fighting foam, carpet, dental floss, non-sticky cookware, stain-resistant product, fast food
packaging and pesticides due to their excellent water/oil resistance capability and long durability
[445]. PFASs were proven to be extremely persistent, bio-accumulative and toxic due to the
intrinsic stability of the C-F bonds. All these physicochemical properties of PFAS made them

difficult to be degraded, and the accumulative effects in living organisms raised major toxicity
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concerns. PFASs are also highly mobile, since they were found to display long-distance
transportation via both ground water and surface water [446]. However, non-reduction of PFAS
concentration after conventional water treatment process has contributed to the presence of high
concentration of PFAS in our drinking water [443]. Long time exposure to PFAS is known to cause
side effects on various living organisms, such as fish and birds. In terms of human beings, the
progressive accumulation of PFAS in blood serum might lead to cancer, liver damage, malfunction
of the physiological system, sex organs and it could impact the early childhood development [447].
In 2016 the United States Environmental Protection Agency (EPA) has issued a 70 ng/L limit for
the total life time advisory (LTHA) concentration for PFOA and PFOS in drinking water based on

their toxicity [448].

To meet the regulatory requirement, various water treatment techniques have been applied
for PFAS removal. Granular activated carbon (GAC), ion exchange (IX), microfiltration (MF)/
nanofiltration (NF) and low-pressure reverse osmosis (RO) were considered to be relatively
effective in PFAS removal. GAC can be easily fitted to the current water treatment process for
PFAS removal, while it has limited effectiveness in removing short chain PFAS and the presence
of other macromolecules like natural organic matters (NOM) can severely reduce its efficiency.
Anion exchange (AIX) can capture long chain PFAS and some short chain PFAS, while the
enriched high concentration waste stream needs an additional desalination step. Low pressure RO
was considered as one of the most effective strategies in PFAS removal, however, the high
operational cost limits its large-scale application. Nanofiltration is more effective in removing
PFAS compared to GAC and AIX, whereas the high cost and large volume of waste stream lead
to the necessity of a secondary treatment process. Improving the adsorption efficiency via the

appropriate modification of adsorbents or reducing the cost of the filtration offers the most
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promising pathway for PFAS remediation. Nicholas et al. developed a polysulfide polymer
supported powdered activated carbon (PAC) for the removal of PFOA and PFOS from water.
Sodium chloride porogen was used during the inverse vulcanization between sulfur and canola oil
for polysulfide polymer preparation, which increased the surface area of the adsorbent. The
polymer functioned not only as a support or lubricant, and also acts as a binding agent for PFAS.
The removal efficiency of this polymer blended with carbon was examined by passing 10 L of
field surface water containing 150 + 20 ppt of PFOS through a 40g adsorbent packed column,
where a 85% removal was achieved. Even though, blending the PAC with sulfur-based polymer
effectively reduced the respiratory risk caused by the dust, a secondary separation was still required
after the adsorption [449]. PFOS and PFOA possess low vapor pressure as 2.48 X 10 and 0.017
mmHg at 20°C, respectively, which enable the evaporative separation as an appropriate technique
for PFAS removal and enrichment. Chen et al. used a commercial poly (tetrafluoroethylene) (PTFE)
membrane to remove and concentrate PFAS from water via the direct contact membrane
distillation (DCMD) strategy. The low molecular weight of the 5-carbon perfluoropentanoic acid
(PFPeA) was used as a model PFAS to study the DCMD performance of the PTFE membrane.
PFPeA has a boiling point of 140°C, which is much higher than water (100 °C), thereby enabling
the concentration of PFPeA through DCMC. Increasing the feed temperature led to an increase of
the PFPeA drag-diffusion through the membrane, resulting in a higher PFPeA concentration in the
permeate. The morphology of the membrane before and after the DCMD test were examined to
investigate the fouling mechanism. Fouling occurred after the long time DCMD operation due to
compaction and fouling of the membrane, which reduced the rejection rate, and also the permeate
flux. A maximum rejection rate of 85% was obtained in DCMD below 6.2 kPa, which is superior

than the rejection rate of 80% obtained with NF (600kPa). This work disclosed the possibility of
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using DCMC strategy for PFAS removal, while further work is needed on the hydrophilic
modification of the membrane to prevent severe fouling [157]. By considering the low
concentration of PFAS and the energy consumption, a gravity driven membrane filtration was
applied for PFAS remediation, where the membrane was fabricated by electrospinning of the
quaternary ammonium (QA) grafted polyvinylidene fluoride (PVDF) onto a polyethylene
terephthalate (PET) non-woven substrate. This PVFF-g-QA membrane provided a high affinity
towards PFAS with both hydrophobic property and electrostatic interactions, achieving over 95%
PFOX removal in synthetic ground water. The removal efficiency of PFOX could maintain over
90% with a 8 hour filtration test (258 L/m?), and the concentration could be enriched by up to 39-
fold with PFOS, which performed better than the decomposition process, such as advanced
oxidation or thermal methods. It was found the PFOA removal was more favorable in basic pH
and high conductivity, while the removal of PFOS was not affected due to its strong hydrophobic
interaction with the components in the membrane. This work provides an insight into using
electrospinning membrane via gravity filtration (less energy intensive process) for PFAS removal.
However, the membrane produced from the more expensive and complex electrospinning process
will increase the operational cost [450]. In a conclusion, a material with high affinity towards
PFAS is highly desired, and the implementation of the material in a low energy-needed process is

necessary.

This work proposes a sustainable membrane synthesized by crosslinking soft wood fiber
with (3-glycidyloxypropyl)trimethoxy silane (GPTMS) and poly(ethyleneimine) (PEI). A
positively charged biopolymer produced from natural condensed tannins [69], Tanfloc (TF), was
coated onto cellulose nanocrystals (CNC) and used to stabilize a Pickering emulsion containing

water and hexane. This emulsion was used to increase the porosity and surface area of the
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membrane. Wood fiber is a cellulose based natural material that is abundant in nature, and PEI is
a highly water-soluble amine-based polymer with a strong binding affinity towards acidic dye,
which was also used to enhance the wet/dry strength of paper. This novel emulsion imprinting
method for porosity enhancement is proposed in this study to increase the porosity of the
membrane and improve PFAS removal efficiency by retaining the high surface area in the
membrane. The TF-CNC not only functioned as a Pickering emulsier, it also provided abundant
adsorption binding sites via electrostatic interaction for PFAS removal. Both gravity filtration (GF)
and dynamic filtration setup was designed and used to evaluate the filtration performance of the
membrane. Due to the restriction of the PFAS usage, methyl orange (MO), a negatively charged
dye was used as a model compound to examine the filtration performance and optimize the
membrane formulation at the initial stage. The removal efficiency of a cationic dye, methylene
blue (MB), and a heavy metal copper (Cu?") were also studied to evaluate the filtration
performance of the membrane for a wide range of pollutants. Finally, the removal of PFAS was
investigated and the filtrate concentration will be quantified using a liquid chromatography-mass

spectrometry (LC-MS).

8.2 Experimental
8.2.1 Materials

Soft wood fiber (WF)-BCTMP (bleached chemi-thermomechanical pulp) were provided by
Brazil, hexane (98%), poly(ethyleneimine) solution (PEI, 50 wt% in water), (3-
glycidyloxypropyl)trimethoxy silane (GPTMS > 98%), Hexane, methylene blue (MB, dye content >
82 %), methyl orange (MO dye content > 85 %) were purchased from Sigma Aldrich. Tanfloc (TF)

was provided by TANAC, Brazil, cellulose nanocrystals (CNC) was supplied by Celluforce Inc.
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perfluorooctanoic acid (PFOA, 95%), heptadecafluorooctanesulfonic acid solution (PFOS, 40% in

water)

8.3 Methods
8.3.1 Preparation of Tanfloc coated CNC (TF-CNC)

The 2 wt% CNC suspension was first prepared by dispersing 6 g of CNC into 300 ml water
with Glass-Ball-Mill Tube (IKA BMT-20 G), and further dispersed in a sonication bath for 30
mins. Another 4 wt% Tanfloc solution was prepared by dispersing 12 g of Tanfloc (TF) in 300 ml
of water by homogenizing at 5000 rpm for 10 mins. The 2 to 1 mass ratio of Tanfloc coated CNC
suspension was obtained by adding 300 ml of 4 wt% TF suspension into 300 ml of 2 wt% CNC
suspension and homogenized (5000 rpm) for 3 mins, and the suspension was further stirred at 500
rpm for 24 hours. The TF coated CNC (TF-CNC) suspension was purified by centrifugation, and
the TF-CNC template was obtained after removing the supernatant and it was then stored in the
fridge prior to use.
8.3.2 Preparation of TF-CNC stabilized hexane emulsion

1.3 wt% of TF-CNC was prepared from the TF-CNC template in a 200 ml volume, and was
then further dispersed for 5 minutes using a homogenizer running at 5000 rpm. To achieve a TF-
CNC to hexane volumetric ratio of 2:1, 100 ml of hexane was added to the dispersed solution and
homogenized at 7000 rpm for two minutes.
8.3.3 Fabrication of TF-CNC EM contained wood fiber membrane

The 0.6 wt% of wood fiber (WF) suspension was prepared by dispersing 12 g of WF into 2
L of water and transferred to the fiber beater vessel. All the components of the fiber beater were
secured and the fiber beater was turned on and allowed to rotate for after 170 rotations to prepare

finer WF suspension for membrane fabrication. 10 g of wood fiber membrane was prepared by
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mixing 1666.67 g of 0.6 wt% WF suspension in a 2L beaker, followed by the addition of the same
mass ratio of GPTMS (10 g) and left for 2 hrs to promote the crosslinking reaction. Then, 45ml of
TF-CNC EM was added and mixed well for 5 mins, and 50 g of 20% PEI solution was added to
the beaker to produce a 1:1:1 (WF: GPTMS: PEI) mass ratio WF membrane containing 45 ml of
emulsion. The membrane suspension was left for another 30 mins stirring before the membrane
was compressed (Scheme 8-1, A). The equipment and process images of the membrane fabrication
process is shown in Appendix 8-1.

A polyvinyl chloride (PVC) mesh was used as a support when compressing and drying the
membrane. The PVC mesh was placed on top of the hand sheet former (The HERMANN
MANIFACTURING Co. Lancaster, OHIO, USA) and covered by a medical cloth (where the
membrane will be formed). The forming cylinder was clamped onto the supporting mesh, and
water was added to a preset level and the fiber suspension was poured into the forming cylinder
(WF-GPTMS-EM-PEI suspension). The perforated shaker was placed in the forming cylinder and
shake from top to bottom, 5 times for 6 seconds, and it was carefully removed. After 5 seconds,
the water evacuation valve was opened to drain the pulp suspension over the mesh with medical
cloth to form the membrane. The membrane was transferred to a vacuum oven and dried at 55 °C,
-5 to -10 bar. The membrane fabricated was designated based on the composition of the various
components. For example, membrane prepared using the above recipe was designated as WGP-
111-EM45, where 111 is the mass ratio (wood fiber: GPTMS: PEI) and EM45 corresponds to the
membrane produced with 45 ml of the emulsion. The membrane was then overnight soaked in
deionized water as a purification step before the desired membrane size was prepared using a

puncher for conducing the adsorption experiments. The chemical reaction of the crosslinking
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process and the chemical structure of the crosslinked membrane is shown in Scheme 8-1 B and C,

respectively.

8.4 Characterization
8.4.1 FTIR

The FTIR spectra of CNC, Tanfloc, Tanfloc-CNC, wood fiber and membrane WGP-111-
EM45 were obtained using a Bruker Tensor 27 spectrometer (Bruker, Billerica, MA, USA). The
samples were mixed with KBr and compressed into transparent pellets, and scanned between 4000
and 400 cm™! with a resolution of 4 cm™! at room temperature.

8.4.2 Microscopic imaging

The optical images of different concentrations of CNC and TF-CNC stabilized hexane
emulsion was investigated using a Leica inverted Fluorescence microscope with a 20X objective.
Various concentrations of CNC (0.1 wt%, 0.2 wt%, 0.3 wt%, 0.5 wt% and 1.0 wt%) stabilized
hexane was examined by microscopy in addition to the 0.3 wt%, 0.6 wt%, 1.0 wt%, 1.3 wt%, 1.5
wt% and 2.0 wt% TF-CNC stabilized hexane emulsion ( with 1: 2 volume ratio of hexane: TF-
CNC suspension). The microscopic samples were prepared by placing one drop on emulsion on
the glass slide and covered with the coverslip.

8.4.3 Particle size and zeta potential

Zeta-sizer (Nanosizer ZS, Malvern Co., UK) was used to examine the particle size and zeta
potential of 0.1 to 1.5 wt% TF-CNC and 2.0 wt% TF-CNC. The measurements were conducted by
measuring 0.05 wt% dispersion in a zeta sizer at 25°C, and the particle size of TF-CNC stabilized

emulsion was measured by the particle sizer.
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8.4.4 Emulsion particle size

Anton Paar (PSA 1190) was used to measure the size of 0.1 to 1.5 wt% and 2.0 wt% TF-
CNC stabilized hexane emulsion (volume ratio of hexane: TF-CNC suspension equals to 1:2).
8.4.5 Porosity measurement

The porosity of the WF membranes produced with various formulations were calculated
using Eq (8.1), where the porosity % corresponds to ratio of the pore volume versus the total
volume of the membrane; Vpore is the pore volume (m®); Vimembrane is the total volume of the
membrane (m?); Vwater is the volume of the water that replaced the air in the membrane pores (m?);
muwet (g) 1s the wet mass of the membrane after 24 hours soaking in the water and 1 hour of bath
sonication (for removing air bubble trapped inside the membrane network). Excess surface water
was removed by wiping it with a tissue paper, and the wet membrane was immediately transferred
to a moisture analyzer (VWR). The drying process was performed from room temperature (25 °C)
and gradually heated to 90 °C at a heating rate of 5 °C/min until a constant weight was obtained ;
mwe (g) is the mass of water absorbed by the wood fibers, mary (g) is the dry mass of the membrane,

Pwater 1S the density of water at 25 °C (0.997 g/ml).

POTOSity 0 = M %100 = _ VYwater %100 = (Myet—MwF—Mary)/Pwater +100 (81)

membrane membrane Vmembrane

8.4.6 Gravity filtration

A simple gravity filtration test with 30 to 200 ppm MO was conducted with a series of
membranes to investigate the removal efficiency and the flux of the membrane. The removal
efficiency was calculated using Eq (8.2), where R describes the removal percentage of the pollutant;
Co represents the initial concentration of the pollutants (ppm); Cr corresponds to the concentration
of the pollutant after filtration (ppm). The flux of the filtration process was calculated according

to Eq (8.3), where J is the flux of the pollutant solution passing through the membrane during the
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filtration process (L/m*hr), Q is the volume of solution passed through the membrane; At is the

time interval (hr) and A is the membrane area (m?).

R % = ==L+ 100 (8.2)

0

J= =2 (8.3)

8.4.7 pH effect on gravity filtration

The effect of the pH of the membrane on the removal efficiency of negatively charge
molecules was investigated. Methyl orange (MO) was employed as a model pollutant to elucidate
the performance of the membrane. The experiment was conducted by filtering 10 ml of 50 ppm
MO solution through a 10g of 1:1:1.5 (WF: GPTMS: PEI) membrane contained 45 ml of emulsion
placed inside a syringe. The membrane was pre-conditioned by soaking it in a series of pre-
adjusted pH (3.5, 5.5, 7.5, 9.5 and 11) solution. The filtration of each pH pre-conditioned
membrane was repeated twice, and the MO concentration in the filtrate was measured by UV
spectrometer and the filtration time was also recorded.

8.4.8 Multi-layer gravity filtration

Gravity filtration efficiency of MO in various number of WGP-111-EM45 membranes (1, 3,
5, 10) was conducted. The membrane was soaked overnight in water and 7/8 inch diameter circular
membrane was prepared using a puncher. For each test, 30 ml of 100 ppm MO was added to the
membrane placed in a syringe, and the filtration time was recorded and the filtrate concentration
was measured by UV spectrometer.

8.4.9 Mechanical test for membranes
The tensile strength of the membranes was measured by a CETR-UMT (Bruker) instrument.

Both wet tensile tests (adding 5 ml of water) and dry tensile tests were conducted on five 60 X 15
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mm membrane strips. The membrane strip was clamped between two clamps (assisted with a sand
paper) at a distance of 40 mm. The elongation rate was set as 18 mm/min and the tensile index (TT)
was calculated based on previous reported study [451] and also referred to the TAPPI method
T494 om-01. The equation is given below Eq (8.4), where F (kg) represents the applied maximum
force before the fracture of the membrane strip, g is the gravitational acceleration constant (9.81
m/s?), m (g) is the weight of the membrane strip, W (m) and L (m) indicates the width and length

of the membrane strip, respectively.

tensile strength _ F-g/W

Tensile Index (TI) = (8.4)

grammage m/Lw
8.4.10 Scanning Electron Microscope (SEM)

The morphology, structure and alignment of the WGP-11Z-EMJV membranes were examined
using the SEM. Samples for the SEM analyses were prepared by fracturing the liquid nitrogen
frozen membrane followed by gold sputtered to minimize charging. The SEM images were
obtained in a Carl Zeiss NTS GmbH instrument with an acceleration voltage of 20 kV.

8.4.11 Dynamic adsorption experiments

A dynamic filtration experiment was conducted using a “home-made” pressure driven
filtration system. The schematic of the dynamic filtration setup is shown in Scheme 8-2, where
(A), (B), (D) show the single membrane dynamic filtration set up, multiple membrane dynamic
filtration setup and the flowchart of the dynamic filtration process, respectively. The membrane
were assembled in series inside the membrane holder as shown in (C). Various factors were
investigated for the dynamic filtration process using the WGP-111-EM45, such as MO initial
concentration (2, 5, 15, 30, 50 ppm), flowrates (8.33, 45 and 100 ml/min) of 15 ppm MO, and the
number of membranes (1, 3, 6, 10 membranes) or bed height. The apparent average diameter of

the membrane was 23.9 mm, which was sealed by the O ring to prevent any leak, and the average
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membrane height was 6.15 mm. The capacity of the membrane loaded column, q. (mg) was
obtained from area under the breakthrough curve (A) of the plot of adsorbed MO concentration
Cads (Eq (8.5)) versus elution time t (min) multiplied by the flowrate Q (ml/min) and inlet

concentration Co (ppm) of MO (Eq (8.6)) [452][453].

Cags = Co — C: (8.5)
QA _ Q t=t
e = To00 = Tooo Je=o Caasdt (8.6)

The amount of MO (m (mg)) used in the filtration system at different time was calculated
from Eq (8.7), and the removal efficiency determined from Eq (8.8). Finally, the membrane
sorption capacity qc corresponding to the weight of MO (mg) adsorbed per one gram of dry
membrane is described by Eq (8.9), where X (g) is the total mass of the dry membrane loaded to

the filtration system [454].

_ CO*Q*t
m =500 (8.7)
R% = % %100 (8.8)
m
_ 4
q=" (8.9)

Pressure Control ( D)

mbrane Setup
Air

Waste Tank

=

Membranes was hold here

Purified Water

Scheme 8-2 Dynamic filtration setup with one membrane build into the system (A); Dynamic
filtration setup with 10 membranes build into the system (B); Cross section of the designed
membrane holder and the way membrane stacked in the membrane holder (C); Flow diagram of
the designed dynamic filtration system (D)
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8.5 Results and discussion
8.5.1 FTIR

FTIR spectra of CNC, TF, TF-CNC, WF and membrane WGP-111-EM45 are presented in
Figure 8-1. The spectrum of cellulose-based material (CNC and WF) displayed an absorption band
at 3200 and 3346 cm™!, which was attributed to the stretching vibrations of O-H bond originated
from the hydroxyl groups. Asymmetric and symmetric stretching vibration of C-H bonds is
indicated by the absorption band at 2900 cm™!, and the vibrational band of C-O-C from sugar unit
is shown at 1053 cm'[455]. Tanfloc spectrum displayed a weak band centered at 1725 cm™! that is
associated with the C=0 bonds, and the large absorption band located at 1608 cm™ is due to the
C=C stretching [69]. The hydroxyl groups (O-H) vibration band appeared at 1465 cm™'[456]. The
presence of the C=C stretching (1608 cm™') in the spectrum of TF-CNC confirmed the successful
coating of TF onto CNC. Wood fiber still possesses lignin after the bleaching process, since the
H>O:> treatment does not have the capability to remove all the aromatic lignin from the wood fiber.
Thus, the vibrating band at 1500 cm! is evident in the FTIR spectra of wood fiber [457]. FTIR
spectrum of membrane WGP-111-EM45 displayed an adsorption band of aromatic lignin at 1500
cm! and also a weak peak located at 1608 cm™ (C=C), which indicated the successful loading of

the TF-CNC hexane emulsion into the wood fiber membrane.
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Figure 8-1 FTIR spectra of CNC, Tanfloc, TF-CNC, softwood fiber and WGP-111-EM45
membrane

8.5.2 Stability of the Pickering emulsions

Stability is one of the most important standards to evaluate the performance of the surfactant
when preparing the emulsion, and it was examined by the microscopic and digital images by
observing the particle size and comparing the height of the creaming layer. Emulsions are prepared
using spherical particles of two different categories of liquids that stabilized by amphiphilic
molecules, such as surfactants or functioned polymers [458]. When using solid particles as
stabilizing agent instead of conventional surfactant molecules, the produced system is defined as
Pickering emulsion. It presents advantages, such as outstanding stability, controllable permeability
and improved elastic responses over traditional emulsion system [459]. The increasing concern on
the carbon footprints has fostered the use of sustainable material from abundant natural resources,
such as CNC, a rod-shape cellulose particles with high aspect ratio and crystallinity. CNCs possess

amphiphilic properties due to the presence of both hydrophilic face ((010)£/(110)a), ((1-
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10)B/(100)a) and also the ((200)8/(220)a) hydrophobic edge plane, which allow the CNC to
become a promising renewable, economic nanoparticle to prepare Pickering emulsion [458].
However, the stability of CNC stabilized Pickering emulsion is closely determined by the
characteristics of CNC, such as aspect ratio, charge density and wettability [460]. The CNC used
in this study was obtained from sulfuric acid hydrolysis, which possessed large amounts of
negative charge on its surface. Tanfloc, a natural tannin based commercial flocculant was used to
impart a positive surface charge to CNC via surface coating. Abundant amino groups on TF coated
CNC provided additional adsorption sites for negatively charged PFAS molecules. Both CNC and
TF-CNC stabilized hexane emulsion was examined under the microscope. As shown in Figure 8-
2 (A), pristine CNC stabilized hexane possessed a similar morphology and particle size distribution
when the concentration of CNC was increased from 0.1 to 1.0 %. Large emulsion droplet (> 50
pum) was observed in all microscopic images of the CNC stabilized emulsion system. In Figure 8-
2 (C), there was almost no differences in the height of creaming layer at varying concentration of
CNC (0.1 to 1%), which indicated the negligible influence of CNC concentration on the stability
of the hexane emulsion. This poor performance was due to the high negative surface charge of
pristine CNC that induced large electrostatic repulsion between neighboring CNC particles.
However, the particle size of the TF-CNC stabilized emulsion droplet (Figure 8-3) displayed a
decreasing trend with increasing TF-CNC concentration. From Figure 8-2 (B), there was
negligible large droplets in all TF-CNC stabilized emulsion systems. Homogenous emulsion
droplets were observed when the concentration of TF-CNC exceeded 1.3 % Since Tanfloc
possessed a high density of positive surface charge, it was coated on the CNC via electrostatic
interactions that counteracted the negative charge from CNC and the remaining positive charge

stabilized the hexane-water emulsion (Table 8-7). The particle size of the stabilized droplets
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decreased with increasing TF-CNC concentration, which was due to the increased surface
coverage of the TF-CNC on the surface of hexane droplets. The height of the creaming layer also

displayed an increasing trend as more TF-CNC was added as shown in Figure 8-2 (D).

0.3 wt% CNC

%1 3 wt% TF-CNC 1 5 wt% 'I'F-CNC

* The scale bar in above image represents 50 um

01%  02% | 0.3% mm 0.7%  08%| 09%  1.0%

= =S ——

Figure 8-2 Microscopic images of 0.1, 0.2, 0.3, 0.4, 0.5, 1.0 wt% of CNC stabilized hexane
Pickering emulsion (water: oil=2:1) (A); the microscopic images 0f 0.3, 0.6, 1.0, 1.3, 1.5, 2.0 wt%
of TF-CNC stabilized hexane Pickering emulsion (water: oil= 2:1) (B); the digital image of 0.1 to
1.0 wt% of CNC stabilized hexane Pickering emulsion (C); and the digital image of 0.1 to 1.0 wt%
of TF-CNC stabilized hexane Pickering emulsion (D)
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Table 8-1 Summary of zeta size and zetapotential

Sample CNC TF-CNC
Size (nm) 89.1+32 4853 +23.1
Zeta potential (mV) -41 £2.6 282+ 0.7

8.5.3 Emulsion particle size

The particle size of the TF-CNC hexane emulsion is closely related to the stability of the
emulsion and the porosity of the membrane. The relationship between the concentration of TF-
CNC and the emulsion particle size versus concentration is shown in Figure 8-3. The size of the
emulsion droplet dramatically decreased from 44.3 ym to 17.5 um when the TF-CNC
concentration was increased from 0.1 to 0.5 wt%. A further reduction in the particle size was
obtained up to 1.3 wt% TF-CNC, beyond which there was no obvious reduction. Together with
the emulsion images shown in Appendix 8-2, no phase separation phase was observed. Thus, the

1.3 wt% TF-CNC was selected as the optimal concentration for further study.

45 - {—O— Mean droplet sizel

0.0 0.5 1.0 1.5 2.0
TF-CNC concentration (wt%)

Figure 8-3 Emulsion particle size versus TF-CNC concentration (Volume ratio of TF-CNC
suspension to hexane = 2: 1)
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8.5.4 Porosity and permeation flux

TF-CNC stabilized hexane emulsion was used to enhance the porosity of the crosslinked
membrane, since porosity is a critical factor that directly affect the adsorption or filtration
efficiency. The porosity and removal efficiency of 10 ml MO via gravity filtration of the membrane
for various amounts of EM incorporated membrane is shown in Figure 8-4 (A), and the effect of
the PEI mass ratio on the porosity and removal efficiency (%) of 10 ml 200 ppm MO is shown in
Figure 8-4 (B). The porosity variations versus volume of emulsion added to the membrane
displayed a parabolic trend, where an optimum porosity (41.6) was obtained from membrane
WGP-111-EM45 (45 ml emulsion). Surprisingly, the removal efficiency did not follow the same
trend, where the membrane prepared with 120 ml emulsion displayed the best gravity filtration
performance for the 200 ppm MO. The major adsorption mechanism in this membrane system
consisted of electrostatic interactions between the negatively charged MO and positively charged
PEI and TF-CNC in the membrane. High porosity provided a larger surface area for MO molecules
binding to adsorption sites inside of the membrane. Too much emulsion led to a reduction in the
porosity while the removal efficiency was enhanced due to more binding interactions with TF-
CNC. The variation of PEI mass ratio also had a large effect on the removal efficiency, since the
abundant ammonium groups are present on the branched PEIL. The porosity of the WGP-11Z-EM45
membrane was enhanced by 39.27% when the PEI mass ratio was increased from 0 to 1.0, and the
removal efficiency improved from 0 to 76 %. Nevertheless, further increase in the PEI mass ratio
to 1.5 led to a reduction in both the porosity and removal efficiency. Even though increasing the
amount of PEI provided more amine groups, while the highly crosslinking network reduced the

porosity and the accessible surface area for binding with the MO molecules. Thus, the WGP-111-

298



100 50 100 50
95 - A it 90 4 B
i o ) 41.14 41.60
E 901 35 40 £ 80 | [40
= 35.79 = 7. » o
s 85 B S
N 555258 o ,\; & 60 31.04 @
® 801 o S 30 S ® RS F30
s 26.52 i - 504 S [RXRKA >
X 754 23.65 BB = x R KA b
3 B 2 3 B KRS
z 704 : 20 3 2 XK AR 20 3
g & S B 0B B S
S 654 B 13.61 8 R /B
B ; 20 4 [RIRRKY RIS
S B S S B
= 601 = 10 S 10{REK RS A
k] R
551 OB [ sssssses
R ke
50 0 -10 ¥ ¥ ¥ f T 0
0 20 45 85 120 0.0 0.2 0.5 1.0 1.5
WF:GPTMS:PEI (1:1:1) with XmL Emulsion WF:GPTMS:PEI=1:1:X + 45 mL Emulsion

Figure 8-4 The effect of emulsion volume on the removal efficiency (%) of 10 ml 200 ppm MO
and porosity (A); the effect of PEI mass ratio on the removal efficiency (%) of 10 ml 200 ppm MO
and porosity (B)

EM45 was selected as the optimum membrane used for the gravity filtration test of MO, MB, Cu?",
PFAS, and the dynamic filtration of MO.
8.5.5 Gravity Filtration Performance

Gravity-driven separation technique is commonly applied for oil/water separation due to its
simple setup and ease of operation. By considering the energy consumption and the regulated
purchase of the PFAS based chemicals, the performance of membranes fabricated with different
compositions was firstly studied by treating MO with solely gravity-driven filtration experiments.
The PFAS (PFOA and PFOS) removal test was also conducted and discusses in the last section.
The removal efficiency and permeation flux for the gravity filtration experiments with 10 ml of
MO using the WGP-11 (0.2/0.2/1.0/1.5)-EM45 and WGP-111.5-EM0O membranes are shown in
Figure 8-5 (a, b, ¢, d, e) and the summary of all removal efficiencies are shown in Figure 8-5 (f)
respectively. All WGP-11Z-EM45 membranes possessed similar trend, the removal efficiency of

MO decreased with increasing MO initial concentration. This was commonly observed for other
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adsorption system, where a higher initial concentration would lead to a lower removal efficiency
due to the saturation of the adsorption sites [461]. WGP-110.2-EM45 removed 73 % of 20 ppm
MO, while the other membranes achieved 100 % removal efficiency of 20 ppm MO. Surprisingly,
the concentration had no effect on the permeation flux for all the membranes, which could be due
the available of excess adsorption sites for low processing volumes. Figure 8-5 (f) shows that the
WGP-111-EM45 displayed a better filtration performance compared to the WGP-111.5-EM45
membrane, due to the lower porosity and high crosslinking to the membrane. This 21 % reduction
confirmed the significance of the emulsion on the removal efficiency, since the optimum amount

of emulsion successful improved the porosity of the degree
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Figure 8-5 Removal efficiency and permeation flux for the gravity filtration of 10 ml MO (20, 30,
40, 50, 70, 100 and 200 ppm) by using WGP-11 (0.2/0.5/1.0/1.5) -EM45 membrane (a, b, c, d);
Removal efficiency and permeation flux for the gravity filtration of 10 ml MO (20, 30, 40, 50, 70,
100 and 200 ppm) by using WGP-111.5-EMO (e) membrane; Summary of removal efficiency of
MO with WGP-11 (0.2/0.5/1.0/1.5) -EM45 membrane and WGP-111.5-EMO (f)

caused by more PEI present in the membrane. The removal efficiency of 100 ppm MO reduced

from 85 % (WGP-111.5-EM45) to 67 % (WGP-111.5-EMO0) when no emulsion was added
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membrane and the TF-CNC providing extra adsorption sites for MO. Briefly, the emulsion
template increased the porosity of the membrane and displayed promising potential for the gravity
driven removal of negatively charged pollutants. In addition to the testing of the filtration
efficiency on negatively charged MO, another positive charged dye, methylene blue (MB) and
heavy metal ions (Cu?*) was used to investigate the filtration performance of the WGP membrane
towards other types of pollutants. The permeation flux and the removal efficiency of 10 ml of 20
to 200 ppm MB by using WGP-111-EMO0 and WGP-111-EM45 are shown in Figure 8-6 (A) and
(B). In contrast to the filtration performance for MO, the emulsion incorporated membranes
displayed lower filtration performance on MB compared to the membrane without emulsion
(WGP-111-EMO). This was due to the difference of the surface charge of MB and MO, since MO
possessed negatively charge that could interact with the positively charged membrane network
(PEI and TF-CNC). However, the positively charge MB would be repelled by the positive charge
functional groups from PEI and Tanfloc. We observed that the WGP-111-EM0 membrane
displayed a better removal efficiency for MB, due to the absence of TF-CNC. The removal
mechanism of MB was mainly attributed to the components present in the wood fiber, including
cellulose, hemicellulose and lignin, that contains aromatic ring can interact with the MB molecules
via 1t~  interactions. The adsorption mechanism of MB on treated Pinus elliottii sawdust was
associated with electrostatic interaction between the negatively charged adsorbent, m - &
interaction with cellulose based components from the wood structure [462]. Also, the microporous
structure of the Pinus elliottii sawdust adsorbent possessed a radius of 17 A, which enhanced the
binding to MB adsorption by diffusion due to its small molecule size (8-9 A) [462]. The permeation
flux and the removal efficiency of 10 ml of 20 to 1000 ppm Cu?* using WGP-111-EM0 and WGP-

111-EM45 membranes are shown in Figure 8-6 (C) and (D). Superior filtration efficiency (nearly
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100 %) was achieved, which was due to the strong chelation between the heavy metal ions (Cu®")
and the N atoms from the PEI crosslinker and TF coated CNC. The ion-exchange process was the
major mechanism for copper removal, since the electron-donor feature of the amine groups and

the electron accepter nature of the copper ions [463]. Similarly, Wu reported that the removal of
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Figure 8-6 The permeation flux and removal efficiency of 20, 30, 40, 50, 70, 100 and 200 ppm of
MB via gravity filtration by WGP-111-EMO (A) and WGP-111-EM45 (B); the permeation flux
and removal efficiency of 20, 30, 40, 50, 70, 100, 200 and 1000 ppm of Cu?* via gravity filtration
by WGP-111-EMO (C) and WGP-111-EM45 (D)

Cu(Il) using tetracthylenepentamine (TEPA) crosslinked cellulose adsorbent, and they attributed
the chelation between the active adsorption sites (N, O, S) and cationic ions as confirmed by XPS

results [464]. Another PEI modified cellulose/alginate crosslinked adsorbents was applied for
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Cu(Il) removal, where the main adsorption mechanism was due to the complexation between PEI
and Cu(II) and also the ion exchanged between Na* and Cu(II) [465].

The permeation flux and the removal efficiency (%) of WGP-111-EM45 for 10 ml, 20 to
200 ppm MO, MB and Cu?* is shown in Figure 8-7. As discussed previously, the highly porous
wood fiber membrane displayed promising filtration efficiency for anionic dye, cationic dye and
heavy metals via cooperative adsorption mechanisms, including electrostatic interaction, -

interactions, ion exchange and chelation interactions.
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Figure 8-7 Summary graph of the removal efficiency (%) of MO, MB and Cu?" by using WGP-
111-EM45 and WGP-111-EMO

8.5.6 pH effect on MO gravity filtration

Electrostatic interaction between the positively charged membrane and negatively charged
MO is the main mechanism for the excellent filtration performance, thus, the pH effect on the
filtration efficiency is of great importance. WGP-111.5-EM45 was preconditioned at pH 3.5, 5.5,
7.5, 9.5 and 11.5, and gravity filtration with 10 ml of 50 ppm MO was performed, and the results

is shown in Figure 8-8. The removal efficiency of MO was gradually decreased from 82 % to 71 %
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as the pH of the membrane was increased from 5.5 to 11.5. A reduction of the permeation flux was
also observed with increasing pH due to the reduced attractive forces between the less positively
charged membrane and negatively charged MO molecules at elevated pH. At an extreme pH of
11.5, only 13.4 % reduction of filtration efficiency was observed, which confirmed that the main
mechanism for MO removal was electrostatic interaction. Titration was also conducted to quantify
the amount of amine groups existed in the membrane, the titration results is shown in Appendix
8-3 and the results are summarized in Table 8-2.

Table 8-2 Summary of the titration results and calculated amine quantity (mmol/g)

Membrane 0.02 M NaOH (ml) Membrane mass Amine groups (mmol/g)
WGP-110.2-EM45 189 0.3 1.587
WGP-110.5-EM45 207.1 0.9 4.346

WGP-111-EM45 203.5 1.2 5.897
WGP-111-EM0 209.5 0.84 4.010
WGP-111.5-EM45 215.8 1.51 6.997
WGP-111.5-EM0 214.9 0.77 3.583

This WGP-111.5-EM45 membrane exhibited promising filtration performance over a wide
range of pH (5.5 to 11.5), which could be used to remove pollutants from various sources with

limited reduced filtration efficiency.
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Figure 8-8 Removal efficiency and permeation flux of 10 ml, 50 ppm MO with different pH
conditioned WGP-111.5-EM45

8.5.7 Gravity filtration of MO with different layers of membrane

The operation of the membrane system, including fouling removal and membrane
replacement contributed to the high operational and capital costs. Therefore, the investigation of
filtration efficiency of MO using multi-layer membranes assembled in series will be important.
Various layers (1, 3, 5, 10) of WGP-111-EM45 membranes (d = 7/8 inches) were used to examine
the removal efficiency of 30 ml, 100 ppm MO and the results are summarized in Figure 8-9. Single
layer of membrane removed 31 % MO, an additional 52 % were removed using two membranes.
Assembled gravity filtration with 6 membranes achieved almost 100 % removal efficiency. A
reduction trend of the permeation flux was obtained, where a 78.7 % reduction was observed when
the membrane layer was increased from 1 to 2. This explained that the permeation flux is closely
related to the bed height (one membrane thickness = 5.45 + 0.21 mm) of the filtration membrane

when gravity is the only driving force in the filtration process.
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Figure 8-9 Removal efficiency (%) and permeation flux of WGP-111-EM45 when used for gravity
filtration of 30 ml, 100 ppm MO by usingl, 3, 5 and 10 membranes
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8.5.8 Mechanical Strength (Tensile Index)

The mechanical strength of WGP membranes with various mass ratios of PEI and the 45 ml
emulsion (WGP-11(0.2/0.5/1.0/1.5) were investigated. Figure 8-10 shows both the dry (red point)
and wet (black point) tensile index of these WGP membranes, where the dry tensile index increased
from 2965 + 198 Nm/g to 5002 + 102 Nm/g at 1.5 (mass ratio) of PEI involved in the membrane
system, which is a 68.7 % increase. This value is three orders of magnitude higher than the hard
wood pulp membrane consisting of melamine formaldehyde modified CNC (MF-CNC) as the
additive with a tensile index of 12.2 Nm/g when 14 wt% of MF-CNC was added [451]. The
influence of branched PEI crosslinking degree on the tensile strength of the PVA/BPEI membrane
increased from 13.2 to 42.5 MPa when the PEI content was increased from 3% to 18%. However,
the elongation was reduced from 87.1 % to 18.2 % due to the prevention of the hydrogen bond
formation [466]. The tensile index is related to the fiber strength and fiber length, and softwood
pulp is longer (3 to 7 mm) compared to hard wood fiber (1 to 2 mm) resulting in a higher tensile
index [75]. The mild beating process was also applied in our experiment, which straightened the
curled fibers [467], and this contributed to the high tensile index of the membrane prepared from
soft wood pulp. PEI worked as a dual functional additive that could both enhance the mechanical
strength of the membrane by improving the crosslinking degree of neighboring fibers and also
provided electrostatic adsorption sites for negatively charged pollutants. From the SEM images
shown in Figure 8-11 (A), more connecting junctions between fibers was observed as more PEI
was added to the membrane. The network facilitated the transfer of forces among fibers, which
enhanced the mechanical property of the membrane network. The mechanism of the enhanced
mechanical property was well documented in a percolation model, where the stress transfer could
be achieved when the concentration of the filler exceeded the percolation threshold [468]. Herein,

PEI also acted as a bridging filler, and the significant improvement of tensile index for a mass ratio
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of 1.5 indicated that the PEI content had reached the percolation threshold. However, the wet
mechanical strength was only enhanced to a limited degree, and the tensile index was improved
from 1387 £ 80 Nm/g to 1414 + 125 Nm/g when the PEI content was increased from 0.2 to 1.5.
After wetted with water, the tensile index decreased approximately 80 % when 1.5 times of PEI
was added to the membrane. In the dry status, wood fibers were entangled, which enhanced the
mechanical strength, while the wood fibers swelled after wetting with water molecules filled the
voids in the membrane networks that reduced the physical frictions among between the fibers.
Cellulose fibers have high affinity to water molecules due to the abundant hydroxyl groups, and
the water filled in the network expanded the network due to the surface tension, and both these
factors destroyed the inter-fiber interactions and reduced the tensile index. Compared with the
membrane prepared with the emulsion, the tensile index of the membrane decreased by 11.4 %
(1.5 PEI, dry status) when no emulsion was added to the system. This explained that the evaporated
TF-CNC hexane emulsion acted as an adhesive within the membrane, and TF coated CNC also
acted as a nano filler that enhanced the mechanical strength. Since CNC is a common material
used as a reinforcing additive to improve the mechanical properties, which was closely related to
the dispersity of the CNC in the hybrid system [469]. The addition of emulsion enhanced the
porosity of the system, which improved the dispersion of the additives (PEI or TF-CNC) in the
membrane. Therefore, the tensile index was enhanced with membrane prepared with emulsion

compared to those prepared without emulsion.

308



5.5k
1| @ Wet Tensile Index
5°0k'_ @ Dry Tensile Index
~ 4.5k N 1
S0 ]
£ 4.0k -
\Z./ 1 Without Emulsion
% 3.5k
= |
= 3.0k
@ !
§ 2.5k':
=20k
1.5k ] Ml
1.0k ] i Without Emulsion

00 02 04 0.6 08 1.0 1.2 14 1.6
Mass ratio of PEI:WF

Figure 8-10 Wet and Dry tensile index of membranes with various mass ratios of PEI to WF, from
02to 1.5

8.5.9 Morphology and macrostructure (SEM)

The wood fiber membranes fabricated with a fix mass ratio of wood fiber : GPTMS (1:1)
together with 45ml EM were further crosslinked with a corresponding mass ratio as 0, 0.2, 0.5, 1.0
and 1.5 PEIL The effect of various amounts of the crosslinking agent (PEI) on the macrostructure
of the prepared membrane was examined using the SEM. As shown in Figure 8-11 (A), WGP-
110-EM45 membrane displayed a smooth surface aligned along the direction of the cellulose fiber.
The small amounts of the adhesive attached to the fiber surface was due to the reaction with
GPTMS, and the fractures were due to the bleached chemi-thermomechanical processing during
the pulp production, and also the fiber refining process with the fiber beater. The addition of PEI
to the membrane system produced crosslinks between the cellulose fibers, resulting in a larger
fiber width and adhesive networks. More PEI incorporated membrane possessed a denser structure

(Appendix 8-4), which contributed to the reduced porosity at 1.5 PEI mass ratio (Figure 8-4, (B)).
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However, the WGP-111-EM45 (PEI->EM) prepared by loading the EM after the PEI crosslinking
process exhibited a smoother fiber surface compared to WGP-111-EM45. The results indicated
that the addition of emulsion before the crosslinking reaction reduced the porosity of the final
membrane. The influence of various amounts of emulsion added to the WGP-111-EM membranes
were also compared in the SEM images (Figure 8-11, (B)). Fibers in WGP-111-EMO possessed
randomly orientated fibers with a relatively smooth surface. With the increase of the volume of
the emulsion in the membrane system, a more compact network was observed. WGP-111-EM85
and WGP-111-EM120 displayed a dense and compact crosslinking network compared with other
membranes (EM< 85ml), and the cellulose fibers were oriented in a parallel direction with fewer
voids. The result is consistent with the reduction in the porosity from the increased in the volume
of emulsion (>45ml) added. This arrangement of the crosslinked macro-fibers explained the
increasing tensile strength when the emulsion was added to the system. The forces were well
distributed among the oriented fibers that increased the forces necessary to fracture the fiber
bundles. However, when the mechanical tests were performed on the membrane without emulsion,
the forces were not transferred to the neighboring fibers as the emulsion as not present to form a
connection. Instead, forces were applied to individual fibers, resulting in a low mechanical strength.
Additionally, the SEM images provided a detailed analysis of the macrostructure of softwood
cellulose fibers, where most of the fibers possessed a hollow rectangular prism-like structure with
obvious edges. Surprisingly, the well-structured spherical pits (Appendix 8-5) were evident in the
thin wall of most fibers, while the pits were commonly observed after deformation under uniaxial

extension [470]. In conclusion, both PEI and emulsion enhanced the strength of the membrane via
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Flgure 8-11 Cross-sectional SEM 1mages of WGP 11(0/0 2/0 5/1 0/ 1.5) -EM45 andWGP 111-
EM45 (PEI2>EM) (A); Cross-sectional SEM images of WGP-111-EM(0/20/45/85/120) (B)

bridging of the fiber networks, and our mild mechanical process and crosslinking reaction

guaranteed the structural integrity of the fibers, which enhanced the mechanical property.

8.5.10 Dynamic filtration (Concentration effect)
Membrane replacement due to the fouling issue and operational cost is the major concern
when a new membrane system was translated from lab to industry. Therefore, the performance of

a dynamic filtration system that can accommodate multiple membranes are of great importance.
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The influence of several factors, such as initial concentration of the pollutants, pressure drop of
the system, inlet flow rate effect and the number of membranes loaded to the system on the
filtration performance of MO were investigated using the WGP-111-EM45 membrane. Figure 8-
12 shows the effect of MO initial concentrations (2, 5, 15, 30, 50 ppm) on the breakthrough curve
with one membrane assembled in the dynamic filtration system (0.075 MPa, 275-300 ml of MO
solution). The filtrate was continuously sampled every 1 minute until a constant concentration was
obtained. A 50 ppm initial concentration led to a rapid 50 % breakthrough in 2 mins, while a 30
ppm MO solution took 12 mins to achieve a 50 % breakthrough for one membrane. Surprisingly,
the saturation of the membrane did not increase with increasing amounts of the treated solution,
and only when the critical value of breakthrough of the membrane was observed, the outlet
concentration was kept constant for a short time period. The breakthrough level was elevated when
the initial concentration was increased, while a slow saturation behavior was observed for the 2
ppm MO solution. A high adsorption capacity was achieved when the same volume of higher
initial MO concentration was used, since more MO was removed before the saturation stage. Also,
the fluctuation of the outlet concentration in the ‘plateau’ period could be attributed to the
accumulation effect of the MO on the wall of the pores in the membrane. When the amount of MO
that could be bound to the membrane was exceeded, the outlet concentration would increase. At
this point, the inlet flow may flush out the MO adsorbed on the surface, allowing extra adsorption
sites to become available. This results in an increased outlet MO concentration, which causes the
whole cycle to repeat. This can possibly explained the fluctuation in the data in the plateau region
[471]. This explained the fluctuation behavior in the ‘plateau’ region during the dynamic filtration.
The quantity of adsorbed MO before and after normalizing against the mass (g) of dry membrane

was used to calculate the removal efficiency, which is summarized in Table 8-3. The amounts of
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MO removed by one WGP-111-EM45 membrane increased from 0.279 mg to 4.876 mg when the
MO inlet concentration was increased from 2 to 50 ppm. This was due to the increased driving
force of the diffusion (concentration difference between the bulk solution and the membrane), and
the dynamic filtration promoted the diffusion leading to the better adsorption-filtration efficiency,
since more MO was adsorbed to the inner structure of the membrane. The highest capacity
achieved was 22679.1 mg/g at 50 ppm MO inlet concentration of 15 ppm solution (275 ml),
indicated its potential for large scale MO purification. The removal efficiency increased from 25.8 %
to 64.2 % , that decreased to 39.6 % when the MO initial concentration was further increased. This
was due to the increased flow rate (under the same pressure drop, 0.075 MPa) leading to a
reduction in the contact time between MO molecules and adsorption sites on the membrane. The
integration curve based on Eq (8.6) to obtain the value of the membrane sorption capacity (qc) is
shown in Appendix 8-6.

Table 8-3 Parameters of the dynamic filtration test with various initial concentrations of MO

Concentration Flowrate Pressure Drop Volume (ml) qc (mg) q (mg/g) R %
(ppm) (ml/min) (MPa)

2 5.00 0.075 300 0.279 1.29 46.50

5 6.88 0.075 275 0.883 4.07 64.17

15 8.09 0.075 275 1.733 7.99 42.00

30 7.43 0.075 275 4.049 18.66 49.10

50 11.22 0.075 275 4.876 2247 35.49
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Figure 8-12 Dynamic filtration of various concentrations of MO solution with one layer of
WGP-111-EM45 membrane (d = 23.9 mm), under 0.075 MPa

8.5.11 Dynamic filtration (Effect of flow rate)

The inlet flow rate and pressure applied to the dynamic filtration system is closely related to
the operational cost. The effect of flow rates on the breakthrough curve was investigated at three
pressure drops (0.050, 0.075 and 0.100 MPa) or 8.33, 45 or 100 ml/min, the bed height was equaled
to one membrane height (6.15 mm) and the initial concentration was kept at 15 ppm. The
breakthrough curve is shown in Figure 8-13 with the parameters summarized in Table 8-4. A
higher level of breakthrough could be achieved with an increased inlet flow rate (pressure drop),
where a pressure drop of 0.1 MPa might drive the system to achieve an approximately 80 %
breakthrough, while only 50% could be reached with 0.05 MPa. The increase in the inlet flow rate
of MO led to a reduction in the process volume of the solution and time required to reach the
breakthrough stage. This is displayed as the critical point as shown in Figure 8-13, and Qc, q and
R % are summarized in Table 8-4. The removal efficiency of one membrane decreased from 56.9

to 24.4 % with increasing flowrates, since the lower flowrate resulted in a higher residence time
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for the MO molecule transport through the porous membrane with accessible more adsorption sites
for binding. Higher flowrate resulted in a sharper breakthrough curve, and a faster breakthrough
point [454]. Elevated flowrate could partially overcome the resistance of the external film diffusion
resulting in a faster saturation of the membrane. However, a lower inlet flowrate increased the
interaction between the membrane and MO molecules resulting in a higher removal efficiency.
This phenomenon has been well documented, where the removal efficiency of a fix bed column
decreases with increasing flowrates and a reduced mass transfer zone [472]. Also, the shape of the
breakthrough curve could be affected by various factors, such as the equilibrium isotherm, film
diffusion, interparticle mass transfer and any other mass transfer processes [452]. The balance
between the process time and removal efficiency should be considered in a real industrial
application. The integration curve based on Eq (8.6) to obtain the value of the membrane sorption

capacity (qc) is shown in Appendix 8-7.

1.0 @ 0.050 MPa
@ 0.075 MPa
@ 0.100 MPa

0 2 4 6 8 10 12 14 16
Time (min)
Figure 8-13 Dynamic filtration of 15 ppm MO solution with one layer of WGP-111-EM45
membrane (d = 23.9 mm), under various pressures (0.050, 0.075 and 0.100 MPa)
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Table 8-4 Parameters of the dynamic filtration test with various inlet flow rates of MO solution

Concentration | Flowrate (ml/min) | Pressure Drop Volume (ml) | qc(mg) q R %
(ppm) (MPa) (mg/g)

15 8.33 0.050 250 2.10 9.68 56.0

15 45 0.075 450 2.36 10.89 35.0

15 100 0.100 700 3.29 15.15 31.30

8.5.12 Dynamic filtration (Effect of number of membranes)

Figure 8-14 shows the breakthrough curve of 15 ppm MO filtrated for 1 to 10 layers of WGP-
111-EM45 membranes, where the bed height was varied from 6.15 mm to 61.5 mm, corresponding
2.15x10* g to 2.15x107 g. All the dynamic filtration parameters are summarized in Table 8-5. As
shown in Figure 8-14, the time prior to reaching the breakthrough point increased significantly
with more membranes stacked inside the column. The breakthrough point appeared at 7, 12, 15
and 20 mins for 1, 3, 6 and 10 membranes respectively. This is due to more adsorption sites present
when more membranes were loaded to the filtration system. Furthermore, more membrane loaded
led to a lower slope in the breakthrough curve caused by a larger mass transfer zone [473]. The
results of the lower slope in the breakthrough curve could be attributed to the competition between
the axial dispersion and the diffusion mass transfer, where the later was the major mechanism with
a larger bed height inside the column. Moreover, the removal efficiency increased from 38.1 % to
64.6 % when the bed height was increased from 6.15 to 61.5 mm. Thus, more membranes loaded
to filtration system would be more desirable for real applications, while a balance between the
energy consumption to overcome the higher pressure drop for the multiple membrane system and
the elevated filtration efficiency should be considered. The integration curve based on Eq (8.6) to

obtain the value of the membrane sorption capacity (qc) is shown in Appendix 8-8.
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0 5 10 15 20 25
Time (min)
Figure 8-14 Dynamic filtration of 15 ppm MO solution with 1, 3, 6, 10 layers of WGP-111-EM45
membrane (d = 23.9 mm), under 0.075 MPa

Table 8-5 Parameters of the dynamic filtration test with various bed heights

Number of Concentration Flowrate Pressure Drop Volume qe q(mg/g) | R%
membrane (ppm) (ml/min) (MPa) (ml) (mg)
1 15 45.00 0.075 450 2.36 10.89 35.0
3 15 61.29 0.075 950 0.70 3.23 4.91
6 15 44.68 0.075 1050 1.80 8.15 114
10 15 71.62 0.075 1325 1.58 7.29 7.97

8.5.13 Gravity filtration of PFOA and PFOS

The gravity filtration results of WGP-111-EM45 for the removal 10 ml of 0.5 and 1ppm
PFOA and PFOS is shown in Figure 8-15. A 99.4 % and 99.2 % removal efficiency were obtained
by passing 10 ml of 500 pg/L and 1000 pg/L PFOA through the WGP-111-EM45 membrane
(gravity filtration), where the concentration was reduced to 2.19 pg/L and 7.82 ug/L, respectively.
Surprisingly, 10 ml of 0.5 ppm and 1 ppm of PFOS were completely removed and no residue PFOS
were detected by LC-MS instrument. The results indicated that the membrane could effectively
remove low concentration of PFOA and PFOS via a simple gravity filtration due to the electrostatic

interactions. The removal efficiency of PFOA decreased with increasing initial concentration of
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PFAS due to the reduction of accessible adsorption sites. The concentration of PFOA used in this
test was much higher than the environmental relevant concentration of PFAS, thus an enhanced
removal efficiency with lower initial PFAS concentration could be expected. Gravity filtration was
more effective for PFOS compared to PFOA since the Kow of PFOS (6.3) is higher than the Kow of
PFOA (5.3) [450]. This high porosity sustainable membrane showed promising potential in
removing extremely low concentration PFAS that can be used as an alternative to other expansive

strategies (AIX or RO) for PFAS removal.
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Figure 8-15 Filtrate concentration and removal efficiency of WGP-111-EM45 by removing 10 ml
of 0.5 and 1 ppm PFOA and PFOS

Conclusions

Various pollutants with very distinctive physicochemical properties pose major difficulties
in removing these multi-pollutants using a single material. This study successfully developed a
sustainable membrane with enhanced porosity from wood fiber using a Pickering emulsion
templating strategy. A 75 % increase in the porosity was observed for membrane prepared with 45

ml emulsion (WGP-111-EM45). This membrane possessed superior filtration efficiency towards
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various pollutants, including cationic dye (MB)/anionic dye (MO) and heavy metal ions (Cu?*) via
gravity filtration. Increasing the emulsion volume led to an increase in the porosity up to 41.60 ml,
and further increase the emulsion volume to 120 ml caused a reduction in the membrane porosity
to 13.61 due to the Oswald opening of the emulsion droplets. With more crosslinking agent added
to the membrane formulation, both the dry and wet tensile index were enhanced as the applied
forces were transferred to the neighboring fibers. A dynamic filtration system was used for the
continuous removal of MO, and the breakthrough curves were examined for various process
factors, such as initial concentration, inlet flow rate, and membrane numbers (bed height).
Increasing the initial MO concentration and bed height would enhance the removal efficiency of
the dynamic filtration, while the increased flowrate led to a reduction in the filtration efficiency.
The highest capacity of the membrane was achieved with a WGP-111-EM45 (d = 23.9 mm, h =
6.15 mm and 2.15x10* g), achieving a 22679.1 mg/g with MO when the inlet concentration of 50
ppm and inlet flowrate of 11.22 ml/min. The filtration performance of membrane WGP-111-EM45
on PFOA and PFOS was also evaluated via gravity filtration, over 99% of removal efficiency was
achieved for PFOA (10 ml of 0.5 and 1 ppm) and there was no residue PFOS (10 ml of 0.5 and 1
ppm) detected after filtration. This sustainable membrane displayed promising potential for
wastewater filtration, and further experiments should be conducted to evaluate the removal

efficiency of the multi-pollutant system.
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Chapter 9: Original Contributions and Recommendations

9.1 Original Contribution to Research

Water treatment strategies are enhanced by nanotechnology, and increasing attention has
focused on nature materials with low carbon footprint due to their biodegradable characteristics.
Cellulose based material, such as CNC, $-CD and wood fibers (WF) have been widely used to
address environmental issues, while their small size presented a separation challenge when used
in aqueous system. Various research activities have focused on integrating cellulose nanomaterials
into a different configuration, such as hydrogel beads, acrogel and membrane that may lead to the
sacrifice of high surface area of the cellulose nanomaterial. Therefore, the concept of magnetic
separation is being considered as a good alternative, where the absorbents could be readily
separated and recovered while preserving the high surface area. On the other hand, nanogel
templating strategy was also employed throughout this doctoral research, since it could serve as a
scaffold for the nucleating and forming metallic nanoparticles to achieve the desired size and shape
control and minimized aggregation. This thesis focuses on the development of novel material using
nanogel and CNC as templating strategies to address environmental related issues like wastewater
treatment and antimicrobial applications. The main objectives of this thesis are:

1) development of a pH-responsive nanogel fabricated by crosslinking MAA and EA with
DAP via semi-continuous emulsion polymerization,

2) development of f-CD functionalized magnetic nanoparticles (FMNPs) applied for
PrHy removal from drinking water,

3) investigation the effect of f-CD loading and pH effect on the adsorption mechanism

between PrHy and FMNPs,
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4) development of fluorescence AgNCs by photo-induced colloidal scaffold method
applied for antimicrobial and biolabeling applications,

5) development of magnetic cluster modified MF-CNC and PDA-CNC applied to the
catalytic reduction of 4-nitrohenol (4-NP) to 4-aminophenol (4-AP),

6) development of sustainable membranes consisting of softwood fiber, GPTMS and PEI
with enhanced porosity via Pickering emulsion templating strategy. Evaluation of
removal efficiency of the membrane for MO, MB and Cu?* via a simple gravity driven
filtration process. Additionally, a column based dynamic filtration was applied for the
removal of MO and the investigation of inlet flowrate, initial concentration, pressure
drop, number of membrane (bed height) on filtration efficiency.

My research explores both the synthesis of advanced materials using the templating strategy,
and also exploring their application in addressing environmental challenges. The major findings

are summarized below.

9.1.1 Facile synthesis and characterization of pH-responsive methacrylic acid/ethyl
acrylate crosslinked nanogel by semi-continuous emulsion polymerization

In this study, the pH-responsive nanogel was synthesized by crosslinking MAA and EA
with DAP via the semi-continuous emulsion polymerization process. The effect of various MAA,
EA monomer ratios and DAP percentage on the physicochemical properties of the nanogel was
explored. pH-responsive property of the nanogel displayed a ‘S’ shape trend in the particle size
from pH 3 to 11, where the particle size increased from pH 3 to 7 and decreased from 7 to 11. The
zeta potential displayed a ‘U’ shape characteristic, which was due to the protonation of the
carboxylic acids when the pH was increased from 3 to 7 and shielding effect caused by the excess
NaOH at high pH condition. Well-defined monodispersed spherical nanogel was observed from

the TEM images of stained nanogel (various compositions). Also, the pKa values of 50:50 MAA-

321



EA nanogels were between 6.13 to 6.54, and the quantity of carboxyl groups present in the nanogel
was calculated from the titration measurements. At least 2 wt% of DAP was required to fabricated
robust and stable spherical MAA-EA nanogel, while insufficient DAP led to a formation of a
loosely crosslinked polymer network. All the characterization results provided a clear description
of the MAA-EA nanogel, which could be easily reproduced. This robust pH-responsive nanogel

provided a promising nano-reactor to fabricate other metallic nanoclusters.

9.1.2 B-cyclodextrin functionalized magnetic nanoparticles for the removal of
pharmaceutical residues in drinking water

MAA)-EA colloidal scaffolds were prepared and was used as templates for the in-situ co-
precipitation of Fe?* to produce stable functional magnetic nanoparticles (MNPs) decorated with
B-CD (FMNP < 500 nm). Emulsion polymerization with the controlled addition of monomer
mixtures during the seed formation stage allowed for good size control, and silica coating was
introduced to prevent the oxidation of FMNP. The superparamagnetic FMNP with high saturation
magnetization (33 emu/g) could be readily separated from water using a high gradient magnetic
separator (HGMS). Procaine hydrochloride (PrHy) was used as a model pharmaceutical residue to
evaluate the performance of the FMNP, and 53.65 mg PrHy/g FMNP was adsorbed using 600 ppm
FMNP. A fast (30 min) adsorption kinetic followed the pseudo-first-order kinetic model that
described the physical adsorption through a 1 to 1 host—guest inclusion mechanism. The adsorption
behavior obeyed the Freundlich isotherm with a linear adsorption performance. The proposed
system was scalable and adaptable to existing water treatment processes, and it could be used to

concentrate and detect low concentration pharmaceuticals via a pre-concentration strategy.
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9.1.3  Adsorption mechanism of B-cyclodextrin functionalized magnetic nanoparticles for
the removal of procaine hydrochloride

FMNPs functionalized with low, moderate and high amounts of B-CD (designated as
FMNP-L, FMNP-M and FMNP-H respectively) were prepared and evaluated for the removal of 5
to 100 ppm PrHy. The adsorption performance depended on the alignment of CD cavities on the
surface of FMNPs, where the amounts of accessible CD cavities available for binding, and pH
were examined in detail. The adsorption isotherm of FMNPs was fitted to the Langmuir and
Freundlich models, where the Langmuir model fitting was observed for PrHy below 30 ppm
confirming a monolayer surface adsorption. However, the adsorption isotherm fitted the
Freundlich model for PrHy between 5 to 100 ppm suggesting the occurrence of multiple-stage
adsorption process for CD cavities with different accessibility caused by overlapping or steric
hindrance of CM-B-CD. The correlation of CD alignment and adsorption behavior with the 3-CD
based adsorbent was demonstrated in this study. The adsorption capacity of the FMNP depended
on to the amounts of 3-CD on the adsorbents, and the steric hindrance of the CD cavities. This
study provides a new perspective on the mechanism and the adsorption behavior of 3-CD grafted

nanomaterial.

9.1.4 Synthesis of silver nanoclusters in colloidal scaffold for biolabeling and antimicrobial
applications

A robust method to prepare silver nanoclusters (AgNCs) inside a methacrylic acid-ethyl
acrylate (MAA-EA) nanogel is proposed, where AgNCs were produced inside the nanogel scaffold
via UV-photoreduction. The impact of UV irradiation time on the formation of AgNCs and their
application in biolabeling and antimicrobial properties were examined. The AgNCs formation is
described by two stages; (1) Agn (n=2-8) nanoclusters formation between 0-25 min, and (2) larger

silver nanoparticles (AgNPs) formed via aggregation inside the nanogel. The antimicrobial
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performance depended on the size and concentration of silver ions (Ag"). A low maximum
inhibitory concentration (MIC) of 1.1 ppm was observed for antimicrobial test with yeast, and a
MIC of 11 and 22 ppm was recorded for Escherichia. coli and Staphylococcus aureus respectively.
Combined with the green illumination property of AgNCs (emitted at 525 nm) with dead yeast, it
could be used for biolabeling. By tuning the size through photoirradiation, the nanogel templated

AgNCs is a promising candidate for antimicrobial and biolabeling applications.

9.1.5 A novel magnetic cluster modified palladium-cellulose nanocrystal hybrids as
recyclable catalyst for 4-nitrophenol reduction

The development of noble metal catalysts with high catalytic performance and low metal
loading has attracted increasing interest from the research communities. However, the separation
of the spent nanoscale catalyst from the applied system is challenging, most of the recovery
platform, such as resin or membrane system led to a sacrifice of high surface area as well as
catalytic efficiency. Two series of recyclable catalysts were synthesized by loading palladium (Pd)
particles onto melamine formaldehyde (MF) modified cellulose nanocrystals (CNC) and dopamine
(DA) coated CNC. In situ co-precipitation of magnetic nanoparticle (MNP) clusters were used to
impart magnetic characteristic to the catalysts. This magnetic cluster successfully achieved high
magnetization without aggregation issue. The amount of palladium precursor added to the catalytic
systems was optimized, where 10-Pd-PDC yielded 10.83 £ 2.43 nm discrete Pd loaded hybrids.
The catalytic performance of the catalysts was assessed by the reduction of 4-nitrophenol (4-NP)
in the presence of sodium borohydrides (NaBHs). The 4-NP reduction mechanisms were analyzed
using the Langmuir-Hinshelwood model and the apparent rate constant k (s!), turnover frequency
(TOF, h'!) and activity factors (s'g"") were determined to be 2.142x1073, 305.82 and 535.5 using
MNP2-Pd-MC respectively. An induction time was observed for MNP-4 or 5-Pd-PDC, where was

attributed to the diffusion of the reagents across the thick PDA and MNP layer. The separation
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efficiency of the magnetic catalysts was evaluated by monitoring the absorbance at 400 nm as a
function of separation time, and the MNP2-Pd-MC could be recycled 7 times without severe loss
in activity. Pd-MF-CNC displayed excellent catalytic performance for the reduction of 4-NP, while
Pd-PDA-CNC possessed a lower catalytic reactivity due to the inferior catalytic surface area. The
developed templated MNP could be extended to other systems allowing for the recycling and reuse

of the catalysts or adsorbents.

9.1.6  Sustainable high porosity adsorptive membrane applied for cationic/anionic dye,
heavy metal and PFAS removal

Persistence contaminants, such as perfluoroalkyl and polyfluoroalkyl substance (PFAS) are
widely founded in water systems threatening the health of human beings due to the negative impact
of PFAS on the reproductive system. Also, heavy metal and organic dyes still contributed to a
significant composition of the wastewater caused by agriculture and industrial activities. A
sustainable membrane produced from soft wood fiber (WF) crosslinked with (3-
glycidyloxypropyl)trimethoxy silane (GPTMS) and poly(ethyleneimine) (PEI). Tanfloc (TF) (a
natural tannin based commercial flocculant) was used to coat CNC to prepare Pickering emulsion
with hexane. When added to the membrane formulation, the porosity of the membrane WGP-111-
EMA45 increased to 41.60 % from the membrane without emulsion (23.65 %). Gravity filtration
with methyl orange (MO) was used to evaluate the performance of the membrane with various
amounts of PEI and emulsion loading. WGP-111-EM45 was selected and further studied in the
dynamic filtration system. A simple pressure controlled dynamic filtration system was designed
and inlet flowrate, inlet concentration and number of membranes loaded to the filtration system
were evaluated. The highest filtration capacity was obtained as 22679.1 mg/g with MO, inlet
concentration of 50 ppm and inlet flowrate was 11.22 ml/min. Increased membrane number (bed

height) led to an increase in the removal efficiency with a lower slope in the breakthrough curve
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due to the enhanced diffusion mass transfer. Furthermore, the membrane filtration efficiency of
the membrane towards copper ions (Cu?*) and methylene blue (MB) was also evaluated by gravity
filtration and a 98% removal efficiency of 10 ml 1000 ppm Cu?" was achieved with WGP-111-
EM45 and an 89 % removal efficiency was achieved for 10 ml, 20 ppm MB. This sustainable
porous membrane provided adsorption sites towards cationic/anionic dye and heavy metal ions
based on various mechanisms, such as ion exchange, electrostatic interactions, chelation and -
interactions. This membrane displayed promising potential to remove pollutants via both gravity
filtration and pressure driven dynamic filtration. The filtration performance of membrane WGP-
111-EM45 on PFOA and PFOS was also evaluated via gravity filtration, over 99% of removal
efficiency was achieved for PFOA (10 ml of 0.5 and 1 ppm) and there was no residue PFOS (10
ml of 0.5 and 1 ppm) detected after filtration. This sustainable membrane displayed promising
potential for wastewater filtration, and further experiments should be conducted to evaluate the

removal efficiency of the multi-pollutant system.

9.2 Recommendations for Future Studies

Recommendations for the future study are proposed by considering the scope of the
research in this thesis research, and the additional studies that can be conducted to address
wastewater treatment or other new applications. In Chapter 3, a robust pH-responsive nanogel was
developed and various characterization were conducted in the investigation of the physicochemical
properties. The next step should focus on the emulsion polymerization mechanistic study during
the synthesis. Together with the mechanistic study, a more universal polymerization recipe and
experimental condition can be deduced and contributed to addressing the reproducibility issue for

most nanogel preparation technique.
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In Chapter 4 and 5, a B-CD functionalized magnetic nanoparticle (FMNP) was developed
and applied for the PrHy removal. Further study related to the effect of various 3-CD loaded
FMNPs and pH and CD cavity alignment on the PrHy removal efficiency was explored. In the
next step, fluorescence probe and molecular simulation can be performed to investigate the
alignment of the CD cavities on the FMNP. A continuous magnetic assisted water purification
system with the HGMS can be designed and enrichment of low concentration pollutants like PFAS
can be performed.

In Chapter 6, silver nanoclusters synthesized within nanogel scaffold by photo-reduction
was applied for antimicrobial and bio-labelling application. The reduction mechanism of the
AgNCs with/without UV irradiation was investigated. The next step can extend the fundamental
characterization of the AgNCs within the nanogel, such as the effect of AgNC size on the
interaction between the nanogel scaffold and AgNCs. High resolution TEM can be used to monitor
the growth of the AgNCs at different UV irradiation times.

In Chapter 7, magnetic nanoparticles assisted Pd-MF-CNC and Pd-PDA-CNC was
developed and applied for 4-NP reduction. The quantity of Pd loaded to the system was optimized
and the 2MNP-Pd-MC can be reused for seven times without severe loss of catalytic efficiency.
Further study can be extended to the investigation of the mechanisms of induction time by
monitoring the oxygen level in the system during the catalytic test.

In Chapter 8, wood fiber crosslinked membrane was developed and used to removal anionic
dye (MO), cationic dye (MB), heavy metal (Cu?>*) and PFAS. Both gravity filtration and column
based dynamic filtration was applied for the MO filtration, and various factors were investigated.

Further study can be extended to investigate the dynamic filtration efficiency of PFAS in both
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individual waste stream and simulated surface water that contains other contaminants like natural
organic matters (NOM).

In summary, this thesis employed the templating strategy of nanomaterial, including
cellulose based material and polymeric nanogel to address various environmental issues. Various
water treatment processes enhanced by nanomaterials were conducted for the removal of
pharmaceutical residues, organic dyes (MO, MB), heavy metals (Cu?*) and emerging contaminants
(PFAS). MAA-EA nanogel was first developed and studied exhaustively. Various metallic
nanoclusters were further synthesized in the nanogel, where MNP were used to impart magnetic
property to the attached material and AgNCs were used as antimicrobial and biolabeling agent.
Finally, a sustainable membrane was developed, and the porosity was reinforced by a Pickering
emulsion templating strategy. All the material and processes developed in this this dissertation,

successfully addressed environmental issue from different perspectives.
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AgNCs@o6min UV, d: AgNCs@25min UV, e: AgNCs@40min UV, f: AgNCs@80min UV, g:
AgNCs@200min UV, h: AgNCs@360min UV
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Appendix 6-13 Microscopic image of 8%DAP nanogel treated yeast test sample dyed with MB
(washed 2 times) a, b. AgNCs@o6min-1.1 ppm yeast test sample dyed with MB c, d.
AgNCs@6min-11 ppm yeast test sample dyed with MB e, f, g. AgNCs@Omin h, i. AgNCs@
25min UV j. AgNCs@ 6h UV k, 1
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Appendix 6-14 TEM image of yeast test and antimicrobial test sample, yest test with
AgNCs@40min (1-4), E - coli with nanogel (5), AgNCs@Omin (6), AgNCs@25min (7),
AgNCs@360min(8), S-aureus with nanogel (9), AgNCs@Omin (10), AgNCs@25min (11),
AgNCs@360min(12)
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Appendix 7-1 TEM image of Fe-Pd-MC (a, b), 10mg Pd-PDC with extra dopamine (c), Iml MNP-
Pd-MC (d, e), 3ml MNP-Pd-MC (f, g), 4ml MNP-Pd-MC (h, 1), Sml MNP-Pd-MC (j)

1
—
1

In(C¢/Cy)
o

3

®  Fe-Pd-PDC
-44 | @ 2mlI MNP Pd-PDC

A Fe-Pd-MC

v 2ml MNP Pd-PDC
_5 T ! . ¢ :

Time (s)

Appendix 7-2 Summary of catalytic reaction rate of four different catalyst: Fe-Pd-MC, 2ml MNP
Pd-MC, Fe-Pd-PDC and 2ml MNP Pd-PDC catalyst
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Appendix 7-3 Catalytic test with 4-NP by using Fe-Pd-MC (A), 2ml MNP Pd-MC (B), Fe-Pd-

25

2.0

= 4-NP Blan}
=1 min

Absorbance (a.u.)

0.0 T T .
250 300 350 400 450 500 250 300 350 400 450 500
Wavelength (nm) Wavelength (nm)
25 25
C D ——4-NP Blas
—— 1 min
] | 3 min
20 20 <4 min
—~ ——5 min
C] —— 10 min
) —
1.5 e 15 _iém
H ——25 min
= ——30 min
]
1.0 2 1.0
=
0.5 0.54
0.0 T T T T 0.0 T T T T
250 300 350 400 450 500 250 300 350 400 450 500

Wavelength (nm)

PDC (C) and 2ml MNP Pd-PDC catalyst (D)

Absorbance (a.u.)

Absorbance (a.u.)

Wavelength (nm)

Absorbance (a.u.)

250 300 350 400 450 500
Wavelength (nm) Wavelength (nm)
3
£
@
£
=
2
=
3
2
=
T T T T 0.0 T v T T
250 300 350 400 450 500 250 300 350 400 450 500

‘Wavelength (nm)

389

Wavelength (nm)



Absorbance (a.u.)

E F— 4P Blank]
1 min

250 300 350 400 450 500
Wavelength (nm)

Appendix 7-4 Catalytic performance of 1ml MNP Pd-PDC, 2ml MNP Pd-PDC, 3ml MNP Pd-
PDC, 4ml MNP-Pd-PDC, 5ml MNP Pd-MNP
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Appendix 7-5 The remaining concentration of 4-NP versus catalytic reaction time by using 5, 10,
15 mg Pd-PDC and 10mg Pd-PDC with extra dopamine (A), 4-NP degradation rate by using 5,
10, 15 mg Pd-PDC and 10mg Pd-PDC with extra dopamine (B)
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14 D
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30

Appendix 7-6 The size distribution of 5-Pd-PDC (A), 10-Pd-PDC (B), 15-Pd-PDC (C), 10-Pd-
PDC+PDA (D) and Pd-MF-CNC (E) obtained by TEM analysis with Image J
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Appendix 7-7 The magnetic hysteresis loops of MNP measured by SQUID at 300 K between -1T
and 1T

PFAS (- - - -)

(WF)

WF+ GPTMS + PEI + Emulsion WGP + EM

Appendix 8-1 Equipment and process images of the membrane fabrication process

Appendix 8-2 TF-CNC hexane emulsion (0.1-1.5,2wt%) Hexane : TF-CNC = 1:2
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Appendix 8-3 Titration results of WGP-110.2-EM45, WGP-110.5-EM45, WGP-111-EM45,
WGP-111-EM0, WGP-111.5-EM45, WGP-111.5-EMO0
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Appendix 8-4 Low magnification SEM images of PEI mass ratio effect on membrane structure
(PEI:WF=0, 0.1, 0.5, 1.0, 1.5)
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Appendix 8-6 qc integration with various MO initial concentration
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Appendix 8-7 qc integration with various pressure drop (flowrate)
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Appendix 8-8 q. integration with various number loaded to the column filtration system
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