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Abstract

Surface functionalization methods are critically important for materials research community in
endowing surfaces with multiple novel and unique properties. Plant-derived polyphenolic
compounds exhibit material-independent adhesive affinity and form versatile coatings via
synchronous oxidation and self-polymerization in weak alkaline solutions. However, several
drawbacks like low homogeneity and time-consuming chemical reactions hinder their practical
implementations. A simple and effective surface modification approach based on catechol (CA)
by using sodium periodate (SP) as a trigger has been studied in this work to address these concerns.
With our strategy, SP-mediated CA films with good uniformity were successfully deposited on
various dense and porous substrates in a relatively short time. The polymerization and deposition
kinetics of CA under chemical oxidation were identified by UV—vis spectroscopy, atomic force
microscopy (AFM), and ellipsometry. The systematic investigation of membrane chemical,
wetting, and permeation properties under different coating times demonstrated that the optimal
coating time was 2 h.

In water purification, the optimally modified PVDF membranes, showing superhydrophilicity
and underwater superoleophobicity, possess outstanding pure water permeability, high adsorption
capacity for copper ions, and excellent rejection to oil.

In part II, our modification method was employed to fabricate a hydrophilic-hydrophobic Janus
membrane that can be applied in the generation of hollow polymeric capsules. The asymmetric
structure of Janus membrane was verified through characterization techniques including X-ray
spectroscopy (XPS), attenuated total reflection-Fourier transform infrared spectroscopy (ATR-
FTIR), and contact angle measurements. To provide proof-of-concept of Janus membrane

emulsification, a homemade apparatus was used to make double emulsions (i.e., gas-in-oil-in-
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water emulsions). The experimental parameters (e.g., gas flow rate, pH of continuous phase, and
surfactant concentration) controlling the drop size and size distribution were studied
comprehensively. The generated double emulsions underwent polymerization upon exposure to
UV light, thus producing UV-cured hollow polymeric microspheres.

In addition to reporting a simple and versatile strategy for surface modification and its
applications in membrane technology, this dissertation paves a way to illuminate the process of
plant phenolic deposition and also provides a feasible method to produce massive double

emulsions through membrane emulsification.
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Chapter 1 Introduction
1.1 Polymer Membranes and Their Applications

Membrane technology has drawn tremendous attention over the past few decades for their wide-
ranging applications, such as separations, emulsification, pharmaceutical industry and energy
production and storage.[1] Easy to scale-up, simple equipment, low-power operation, are among
the main advantages of membrane processes, rendering them the best available technologies in
various fields.[2]

Even though interest in ceramic, metal and liquid membranes has increased in recent years, the
vast majority of membranes existing in current market are polymer based. This is because polymer
materials can provide membranes with a wide variety of structures and desirable properties.[3] A
number of commercially available membranes are made of polymeric substances, such as
polyethylene (PE), polyethersulfone (PES), polypropylene (PP), polysulfone (PS),
polytetrafluroethylene (PTFE), and polyvinylidene fluoride (PVDF) (Figure 1.1). On the basis of
the pore sizes, there are four major pressure-driven separation membrane classes, microfiltration

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

‘[‘CHz_CHzt J{@’%‘@“’]Ln ~LCH2—E:3

O n
polyethylene (PE) polyethersulfone (PES) polypropylene (PP)
T O G
ﬁ —@—C'—@-} +CF2—Cth
O CH; h

polysulfone (PS) polytetrafluroethylene (PTFE)

—[—CHz—c:Fz-]—nl

polyvinylidene fluoride (PVDF)

Figure 1.1 Chemical structures of common polymeric membranes.



Water purification is one of the fields in which polymeric membranes are most frequently used.
Examples include high-salinity water desalination by membrane distillation (MD),[4] produced
water treatment by MF and UF standalone processes,[5] metal recovery by RO,[6] etc.
Specifically, membrane technology is considered the most efficient and time-saving technique for
remediation of oil-polluted water that is produced in massive amounts from multiple industrial
processes and residential facilities.[7] The oil pollutants can cause mutagenic and carcinogenic
effects as well as restrain sunlight penetration from water to reduce oxygen dissolution, thus posing
a disastrous threat to the ecosystem.[8] Much effort in recent years has been made to solve this
challenge using polymeric membranes. However, due to the inherently hydrophobic characteristic
of most polymer materials, polymeric membranes are confronted with problems like low water
flux and quick decline of water permeation caused by oil droplets clogging the pore.[9] Besides,
these membrane surfaces are usually non-selective, allowing both water and oil to pass, which
makes them hard to effectively treat either immiscible or emulsified oil-water mixtures.[10]
Because oil/water separation largely depends on the selective removal of oil or water, superwetting
membranes, namely, superhydrophobic-superoleophilic or superhydrophilic-under-water-
superoleophobic, has been deemed promising in oily wastewater remediation.[11, 12] For
example, the superhydrophobic-superoleophilic membranes allow oil drops to permeate through
the pores, while rejecting water drops, which leads to the removal of water from oil/water mixtures.

Another major application for polymer membranes is emulsification. Production of emulsions
plays a significant role in food processing, pharmaceuticals and material science.[13] They are
conventionally prepared by high-speed mixing, homogenizers, microfluidizers, and ultrasonic
devices. Compared with traditional methods, membrane emulsification offers unique advantages

in lower energy demands and better control of the emulsions being formed.[14] In emulsions



prepared by membrane emulsification, the to-be-dispersed phase under an applied pressure is
emulsified into the continuous phase by permeation through the uniform membrane pores. The
main factors determining membrane emulsification include membrane pore size, surface porosity
and wetting property. Thus, the appropriate choice of each parameter enables the continuous mass-
production of monodisperse droplets to meet industrial demand.

Other advanced applications of polymeric membranes include protein separations, battery
separators, drug delivery and so forth. Technological improvements in polymer membranes are
highly needed for the future success of polymer membranes in these advanced applications.

1.2 Membrane Surface Modification

As we mentioned above, surface properties (wettability, chemical composition, morphology,
charge) have a significant impact on membrane performance. While the surface properties of
pristine polymer materials are often not suitable for specific applications, surface modification
allows the construction of surface-enhanced membranes with a variety of functionalities, for
instance, hydrophobicity/hydrophilicity,[15] catalytic property,[16] chemical sensing,[17] anti-
microbial property,[18] anti-fouling property,[19] charge property,[20] biocompatibility,[21]
stimuli-responsibility,[22] and so forth. Also, the attachment of undesired molecules to the
membrane surfaces can cause membrane failure during long-term operation. Therefore, surface
modification is needed to inhibit this attachment. Coating,[23, 24] grafting,[25, 26] blending with
other additives,[27, 28] and plasma treatment[29, 30] are now mainstream methods to
functionalize the membrane surfaces. Despite a substantial number of surface modification
strategies have been explored, the basic principle has been to focus on immobilizing reactive
functional molecules on any membrane surfaces to either prevent undesired interactions or to

introduce additional interactions.[31] Among the aforementioned methods, surface coating stands



out as one of the most versatile modification techniques. Coating is often accomplished by binding
functional molecules onto membranes in aqueous solution through crosslinking, physical
adsorption, or sulfonation, which is convenient and easy to be implemented on a large scale.[32]
However, engineering inert polymer surfaces consisting of C—H or C—F bonds is difficult because
of their low surface energy and chemical reactivity. Thus, most polymeric membrane coating cases
contain two steps, which involves the introduction of adhesive groups on the membrane surfaces
and post-functionalization. Under ideal conditions, the coating can modify both the membrane
surface and pore walls throughout the membrane cross-section.
1.3 Bioinspired Catecholic Chemistry for Surface Modification

Bioinspired catecholic chemistry has become a hot research focus in surface engineering since
the work on mussel-inspired coating was published.[33] Catechol-containing molecules can self-
assemble on different materials (for example, metals, mica, oxides, ceramics, synthetic polymers)
by immersing objects into a catecholic solution under air. It is widely accepted that the ortho-
dihydroxyphenyl group, denoted as a “catechol” group, is responsible for the excellent adhesive
ability of these molecules (Figure 1.2). Bioinspired catecholic deposition strategy has brought
revolutionary promotion to modification of materials’ surfaces with its simple technical procedure,
unprecedented capabilities of material-independent adhesion including the low-surface-energy
organics, and post-functionalization accessibility for diverse uses. Moreover, the control of
catecholic deposition has been achieved via tuning pH, solution concentration, atmosphere and
reaction time. Dopamine (DA), the most representative example among catechol-bearing
compounds, has been extensively employed to fabricate multifunctional coatings, especially for
the surface engineering of polymeric membranes.[33, 34] During the DA-based coating process, a

thin adherent polydopamine (PDA) film is anchored on the surface of a substrate immersed in the
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Figure 1.2 A schematic illustration of catecholic surface chemistry by immersing an object in an

alkaline solution and chemical formula of the catecholic unit.

! ¥ g; &
) @_{’ catechol (CA)
Ho % oo gallic aC|d
o
NH;
H Ab* \Qlj ij[

OH
HO OH OH
HO OH . el
epigallocatechin

OH

tannic acid (TA) pyrogallol (PG) gallate (EGCG)

\ plant-derived phenols /
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DA solution.[35] Although the use of DA in membrane science covers nearly all applications
ranging from separation to emulsification,[36-38] several shortcomings exist which limits their
industrial applications. For example, DA deposition is a lengthy (normally up to 24 hours) and
low-efficient process, thus causing cost overruns and secondary pollution. On the other hand, the
dark color of PDA-coated surfaces may become its limitation for some applications. One of the

latest developments in this area is using nitrogen-free polyphenols with a structure similar to



dopamine as coating precursors (Figure 1.3). These natural compounds are ubiquitous in nature,
and most importantly, share many common advantages with DA, namely simplicity, versatile
adhesion capability and multifunctionality.[39] In addition, polyphenols (catechol is 39.8 CAD
per 100 gram when purchasing from Sigma-Aldrich) are much cheaper than dopamine (439.0 CAD
per 100 gram), making them a perfect candidate for industrial-scale processes. Despite many
appealing features of such materials, several limitations hinder their widespread utilization in
modifying polymer membranes. These drawbacks comprise low-efficiency deposition rate,
multiple steps needed to accommodate all the requirements, and poor coating stability under
extreme pH conditions. In these cases, future efforts are needed to address one or more of these
challenges for broadening the applicable scope of functional phenolic substances.
1.4 Objectives

Membrane processes are an emerging and attractive future trend in wastewater treatment and
emulsification. Tailoring the surface properties of existing membranes is the main direction in
developing functionalized and high-performance membranes for a wide array of purposes. In spite
of the promise offered by plant-inspired phenolic coatings, only a limited number of applications
are served by such coatings because of their aforementioned shortcomings. Therefore, a facial and
high-efficient surface modification technology using phenolic compounds is highly desirable. The
main objectives of this dissertation are described below:

1. To propose a facile strategy for fast, inexpensive deposition of the plant phenol coatings

and demonstrate the versatility of this approach.
2. To study the mechanism of oxidant-induced plant phenol polymerization and deposition.
3. To investigate the influence of plant phenol modification on the surface properties of PVDF

membranes.



4. To fabricate optimized membranes for different practices, including copper ion adsorption,
oil/water separation, and generation of double emulsions.
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Chapter 2 Literature Review
2.1 Plant-Inspired Surface Chemistry

The adhesives found in nature offer insights into developing new surface chemical methods.
Phenolic compounds, widely distributed in plant tissues, display diverse biological functions
ranging from pigmentation to defense of ultraviolet (UV) radiation.[1] Recently natural
polyphenols are of particular interest to materials scientists due to their intriguing physicochemical
properties. Polyphenols contain an enormous abundance and density of catechol (CA) functional
groups that are easily subject to oxidation upon exposure to air, resulting in browning of natural
products.[2] Most importantly, they exhibit strong solid—liquid interfacial properties that allow
them to attach to all kinds of solid surfaces, which is believed to be the result of high content of
CA groups. A clear understanding of the secret of polyphenol coatings is not only necessary for
the applications of plant-inspired surface chemistry in membrane science, but is also essential for
potential applications in other fields. Therefore, there has been a remarkable increase in the number
of published studies on their structures, mechanism of formation, and functions over the past few
years.
2.1.1 Mechanism of Polyphenol Coatings

Generally, the overall process of obtaining polyphenol coatings consists of two steps: (1) the
formation of phenol-based crosslinked polymers in the solution; (2) the assembly of these
polymers on the surface of the immersed object.

Formation of CA-Based Crosslinked Polymers

CA is capable of diverse chemistry, enabling it to react with various molecules through different
crosslinking pathways. The following part will be structured according to the possible crosslinking

mechanisms that have been most extensively researched so far. Catechols have been known for
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years to be susceptible to auto-polymerization in aerated basic conditions. Although not yet fully
understood, the mechanism of the oxidative self-polymerization is believed to start from the
oxidation of the CA group, followed by further oxidation and polymerization. In the first auto-
oxidation step, phenolic compounds, or more typically, CA group, is spontaneously oxidized to o-
quinone at alkaline pH in the presence of dissolved oxygen in solution. The subsequent couplings
between o-quinones and catechols can generate oligomers that can further recombine to polymers
(Figure 2.1a).[3] The exact structures of these crosslinked polymers have not been perfectly
identified yet. However, some hypotheses can be found in publications (Figure 2.1b). Dubey et al.
reported that poly(catechol) structure was linked together with ether bonds.[4] Aktas et al.
proposed that catechol units were based on C—C linkages rather than bonding with the ether
oxygen.[5] The phenol oxidative polymerization is influenced by several factors, such as the
phenol concentration, solution pH, the presence of oxidants, etc. Oxygen plays a key role as
oxidant during this polymerization process. It has also been proved by experiments that phenol
polymerization can only occur in a weak alkaline condition, because the high pH can induce
deprotonation of the catecholic dihydroxyl group protons.

In addition to self-polymerization, phenolic compounds can also undergo reactions with
compounds bearing amine or thiol groups via the Michael addition or Schiff base reaction, leading
to the conjugation or cross-linking of polyphenols (Figure 2.1¢). This is because o-quinone groups
are highly reactive electrophilic intermediates, capable of reacting with nucleophiles.[6] Previous
investigations have revealed that in the presence of transition metals, CA can serve as a good
ligand for cations, for instance, iron or copper ions, giving rise to catechol-metal complexes

through strong coordination bonds (Figure 2.1d).[7] In contrast to the aforementioned crosslinked
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polymers (Figure 2.1a-c), the coordination of metal ions with phenols can provide stable, yet

reversible, crosslinking points between polymers.

a OH o, 0
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H H |, DHHO  OH

d

Figure 2.1 (a) A brief scheme of the oxidative crosslinking of catechol. (b) Structures for CA-
based oxidative crosslinked polymers proposed by Dubey (left)[4] and Aktas (right)[5]. Proposed
structure for the formation of CA-based (c) polyphenol/polyamine aggregates[6] and (d) CA—Fe**

complexes|7].

Polyphenol Deposition on Surfaces
Polyphenols show excellent adhesive properties which can be adhered to virtually any type of

bulk material surfaces immersed in the solution. Different interactions, such as covalent and non-
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covalent interactions, are believed to be involved in the polyphenol deposition process. For
covalent interactions, quinone formed from the oxidation process can form interfacial covalent
bonds with various nucleophilic functional groups present on target substrates, such as —-NH», —

SH, imidazole. For non-covalent interactions, the benzene ring of CA is able to form n—r stacking
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Figure 2.2 Possible interactions of polyphenol coatings with substrates. CA forms (a) n—r stacking
with other aromatic rings, (b) coordination bonds with metal surfaces, and (c) hydrogen bonds
through its hydroxyl group. (d) Quinone reacts with amines and thiols through Michael addition

or Schiff base reaction.
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with other aromatic rings, which enables the adsorption of CA-containing molecules to aromatic-
rich surfaces (e.g., polystyrene).[8] The ability of CA to bind to metal surfaces has also been
reported.[9] During this process, CA forms strong, reversible interfacial bonds with metals (i.e.,
stainless steel) or metal oxides (i.e., Au203, Al>O3, SiO2, TiO7). CA also forms extensive hydrogen
bonds through its hydroxyl groups, allowing CA to attach to hydrogen bonding sites.[10, 11]

The CA-decorated surfaces have reactivity toward thiols, amines, and metal ions, enabling
subsequent layer-by-layer self-assembly through covalent grafting of polymers via in-situ
polymerization or deposition of metal films via reduction of metal ions.

2.1.2 Recent Advances in Controllable Deposition of Polyphenol Coatings

Tedious and low-efficient deposition is the major limitation for the practical implementation of
catechol-inspired surface modification. One of the most significant developments in the field is
achieving fast deposition of polyphenol on substrates with controllability. The dominating step
during phenol polymerization is the oxidation of catechol to produce o-quinone. Thus, the primary
approach to accelerating phenol polymerization is to enhance the oxidation rate.

Enzymatic Oxidation

During in vivo biosynthesis, small phenolics such as monolignols and flavonoids can be
oxidized, in the presence of enzymes, yielding their corresponding semiquinones and quinones.
These compounds are highly reactive and can further interact with molecules including phenols,
amino acids, and proteins, giving rise to various polymeric phenolic components responsible for
the browning reaction.[12] Dosoretz et al. demonstrated that catechol can undergo polymerization
under oxidation of horseradish peroxidase (HRP) in aqueous medium and water-soluble polymeric
components were obtained.[13] Jeon et al. conducted laccase-catalyzed polymerization of plant

phenols on different substrates, such as aluminum, glass, and polymers.[14]
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UV Irradiation

UV light is able to generate reactive oxygen species (ROS) speeding up the oxidation.[15]
Taking this into account, UV light is a good alternative for reactions requiring an oxidation
process, thereby providing the reaction with enhanced controllability. Levkin’s group found that
UV irradiation could realize rapid and uniform deposition of polyphenolic coatings with spatial
and temporal control.[16]

Chemical Oxidation

Catechol groups are also readily oxidized upon addition of chemical oxidants. Studies have
suggested that oxidants are capable of inducing dopamine polymerization.[17, 18] The most
commonly used oxidants are ammonium persulfate (AP), potassium chlorate (PC), and sodium
periodate (SP). Ponzio et al. provided the comparison of different effects presented by three
oxidants, and pointed out that polydopamine coatings with adequate thickness and high
homogeneity were obtained using 20 mM SP at pH 5.[18] Recently, Zhang et al. have proposed a
CuSO4/H20»-triggered strategy for rapid coating of PDA.[19] It was demonstrated that the
deposition rate was tremendously enhanced because of the ROS generated by CuSO4/H>0,.
Nevertheless, the use of metal-containing oxidants unavoidably leads to surface contamination of
the PDA film caused by metal ions.

Oxidant-Free Polymerization

Usually, the chemical reagent triggered reaction was not capable of effectively controlling the
onset and termination of the polymerization. Hence, attempts have been made to realize fast and
controllable formation of PDA coatings without adding oxidizing agents. Microwave irradiation
was reported to show enhanced PDA coating kinetics, yielding rapid formation of

polydopamine.[20] During the microwave-assisted process, the predominant factor was free
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radicals generated from dopamine by radiation, instead of the increased temperature. Microplasma
electrochemistry was also used in developing enhanced and controlled PDA coatings since the
microplasma cathode could induce and drastically enhance the polymerization behavior of
dopamine.[21]
2.2 Membrane in Water Purification

Polymer-based membranes such as PVDF have become a viable alternative method for oily
wastewater cleanup. Owing to the different oil/water interfacial tension, utilizing materials having
superwetting features (namely, superhydrophobic-superoleophilic or superhydrophilic-underwater
superoleophobic) to achieve the demulsification of various types of emulsions has attracted
substantial attention.[22] The wetting behaviors of membranes are decided by the combination of
surface free energy and surface roughness.[23] Thus, a membrane can be endowed with special
wettability and shows selectivity for oil or water through the adjustment of the structure and
chemical composition of the material.
2.2.1 Superhydrophobic/Superoleophilic Membranes

Superhydrophobic membranes can selectively remove oil from oil/water mixtures, ascribed to
their distinct low surface energy characteristics. For example, Recently, Jang’s group made PVDF
membranes with superhydrophobicity and superoleophilicity through an ammonia-induced phase-
inversion process.[24] The addition of ammonia into a PVDF solution caused localized microphase
to separate and PVDF clusters to precipitate, ending up with a membrane constitutive of spherical
particles. In another example, Zhou et al. fabricated a nonwoven superhydrophobic membrane via
electrospinning of PVDF from its N,N-dimethylformamide/acetone solutions.[25] Moreover, the
hydrophobicity of PVDF membranes is tunable by adjusting the PVDF content in the solutions

during the electrospinning process.
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2.2.2 Superhydrophilic/Underwater Superoleophobic Membranes

The oil-fouling problem in superhydrophobic polymeric membranes can be extremely serious,
which leads to frequent cleaning procedures, unavoidable operation cost, and shortened lifespan
of membranes. Over the past several years, much attention has been particularly focused on the
excellent self-cleaning and anti-fouling properties of fish scales.[26] Studies revealed that a water
cushion can be trapped in the rough area of fish scales owing to its hydrophilic materials composed
of calcium phosphate, protein, and a thin layer of mucus. The trapped water prevents direct contact
between oils and materials, causing an oleophobic surface. If the surface roughness is increased,
the surface may become superoleophobic.[27] Inspired from the oil repellency behavior of fish
scales, underwater superoleophobic membranes are developed through the synergetic effect of
hydrophilic chemical compositions and micro/nanohierarchical structures. Zhang and co-workers
developed a superhydrophilic/underwater superoleophobic poly-(acrylic acid)-grafted PVDF
membrane, which consisted of hydrophilic coatings and rough micelle aggregates on the porous
substrate.[28] It can successfully separate either surfactant-free mixtures or surfactant-stabilized
emulsions under very low transmembrane pressure. During the continuous filtration process, the
underwater superoleophobicity and low oil-adhesive property prevented the membrane from
fouling by oils, giving rise to the ease of recycling. Recently, taking advantage of the simplicity of
mussel-inspired chemistry, Zhang’s group reported a novel one-step dip-coating methodology that
a silane coupling agent was incorporated to co-polymerize with dopamine to directly bind TiO>
nanoparticles on PVDF membrane surfaces.[29] The as-prepared organic-inorganic hybrid
membranes were endowed with selective separation of various types of emulsions and durable oil
resistance. These representative publications on the fabrication of superhydrophilic polymeric

membranes offer possibilities for their applications in oil/water separation.
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2.3 Membrane Emulsification

Over the past few decades, there has been an increasing interest in using membrane
emulsification to produce emulsions.[30] This emerging approach gives some potential advantages
over the traditional methods, including simplicity of the process, need for less surfactant, energy
requirement reduction and narrow size distributions.

2.3.1 Influence of Process Parameters

The membrane emulsification process employs a low pressure to press the dispersed phase to
penetrate through a porous membrane into the continuous phase (Figure 2.3).[31] There are several
important factors influencing emulsifying performance.

The most crucial parameter determining the droplet size is the geometrical structure of the
membrane, namely, the membrane pore size. Membranes having very narrow pore-size
distributions are necessary for the preparation of monodispersed emulsions. The membrane
porosity, indicative of the distance between two neighboring pores, also plays a key role during
the emulsification membrane process.[32] Because when two adjacent drops are sufficiently close

to each other, they are prone to minimize the interfacial tension, eventually leading to coalescence.

membrane

Figure 2.3 Schematic diagram of the membrane emulsification process.
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Abrahamse and co-workers determined the maximum porosity for a membrane of 5 um diameter
to be 1.5% in order to avoid coalescing with droplets at adjacent pores.[33] However, a lower
dispersed phase release rate is obtained for membranes with lower porosity.

It has been generally observed that the membrane pores should be continuous phase-wettable,
that is to say, a hydrophilic membrane wetted with the water phase is suitable for making oil-in-
water emulsions and a hydrophobic membrane wetted with the oil phase for water-in-oil
emulsions.[34] Observations showed that oil-in-water emulsions generated by hydrophobic
membranes have larger drop sizes and are more polydispersed in comparison with hydrophilic
membranes.[31, 35] Similar behavior was found when the adsorption of anionic surfactant sodium
dodecyl sulfate (SDS) on a positively charged membrane surface radically altered the wettability
of the membrane surface.[35]

In addition to membrane parameters, the characteristic properties of the flowing continuous
phase droplets (i.e., the velocity) also have significant effects on droplets growing on the surface
of the membrane. Typically, the droplet size decreases as the flux increases, but the effect of the
flux on decreasing droplet size is governed mainly by the size of membrane pore, which is more
efficient for membranes with smaller pore sizes.[36]

2.3.2 Preparation of Double Emulsions

Double emulsions are important in the fabrication of low calorie food products, drugs
encapsulating active ingredients, cosmetics, and other high value-added goods. Double emulsions
are defined as droplets having smaller droplets contained within them. Water-in-oil-in-water
(W/O/W) emulsions and oil-in-water-in-oil (O/W/O) emulsions are examples of double emulsions.
Considerable research attention has been paid to the development of new approaches to generating

double emulsions over the last several decades. Membrane emulsification is attractive because of
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its energy-saving operation, higher degree control of drop size and distribution of drops, simple
equipment, and commercial viability compared with the traditional high-pressure homogenization
and mechanical stirring.[37]

The commonly used procedures in membrane emulsification can be divided into two groups:
cross-flow membrane emulsification and pre-mix membrane emulsification. During cross-flow,
the to-be-dispersed phase is pumped through the membrane under gas pressure and forms droplets
at the pore mouth. These droplets grow and then are detached by the continuous phase circulating
tangentially to the membrane surface.[38] In the latter technique, a coarse pre-mix emulsion is
produced, subsequently being compressed through the membrane pores in order to obtain finer
drops. Although the resultant droplets have a slightly wider size distribution than those made by
cross-flow membrane emulsification, they are still more uniform than commonly obtained by
conventional processes.[39] A better control of the resulting emulsion drops can be produced using
microfluidic techniques, but at very low production rates.[40]

Mine et al. firstly demonstrated the use of Shirasu porous glass (SPG) membranes to generate
W/O/W emulsions in a membrane emulsification system.[41] They prepared simple W/O
emulsions first by a microfluidizer, which were permeated through SPG membranes in the
following emulsification step. It was found that the membrane has to be prewetted with the
continuous phase and should have a mean pore size larger than or equal to twice the diameter of
the inner droplets in the simple emulsion. Otherwise, the membrane pores will hinder the
penetration of these emulsion drops and it will be impossible to make double emulsions. Since
then, a number of studies have been carried out on the usage of similar procedures to fabricate
double emulsions with different chemical compositions for a variety of applications.[30] For

example, Su’s group successfully prepared insulin-loaded microcapsules that can be used as drug
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carriers in controlled-release delivery systems via membrane emulsification.[42] A water-in-oil
primary emulsion firstly made by a homogenizer passed through an SPG membrane into an
external aqueous phase under the pressure of nitrogen gas, eventually forming narrow-dispersed
W/O/W emulsion drops. Upon solvent evaporation from the double emulsions, solid polymer
microcapsules were obtained. In another example, Berendsen and co-workers reported the
fabrication of procyanidin-loaded W/O/W drops through a similar two-step procedure, where a
water-in-oil emulsion produced by a rotor-stator homogenizer was dispersed to the outside
aqueous phase by repeated premix membrane emulsification.[43] These double emulsions were
subsequently fed into a spray dryer and the rapid water evaporation resulted in microcapsule
formation. Overall, membrane emulsification has been proved to be a powerful and reliable
technique used for the generation of double emulsions.[44-46]
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Chapter 3 Experimental Techniques
3.1 Ultraviolet-Visible (UV-Vis) Spectroscopy

The use of UV-Vis spectroscopy to analyze a material’s structure, concentration and identity is
quite prevalent, which measures the light absorbance, transmittance or reflection of a sample after
the UV-Vis light passes through the sample.[1] An absorbance spectrum shows the selective
absorption of a compound in the UV-Vis region, which is due to excitation of electrons within the
molecule. If a molecule is exposed to particular wavelengths of light matching its energy gap, this
light with the precise amount of energy will be absorbed and used to bump one of the electrons to
a higher energy orbital. Organic compounds having double- and triple-bonded carbons (such as
carbonyl groups, carboxyl groups, or nitro groups) are the best absorbers of UV radiation in the
200 — 800 nm range because these groups possess electrons with relatively low excitation energies.

UV-Vis spectrophotometer consists of five components — source of radiation, a monochromator
isolating specific wavelength, a sample holder (cuvette), a detector and a signal processor. The
light source usually uses a deuterium lamp for UV measurements and switches to a tungsten
filament lamp for visible measurements. Sample holders must be made of a material exhibiting
adequate transmission in the wavelength range of interest.

In this research, the absorption spectra of catechol solutions in the range of 250 to 650 nm were
taken from a Shimadzu UV-3600 spectrophotometer.
3.2 Atomic Force Microscopy (AFM)

AFM has a capability of high-resolution imaging, which utilizes a cantilever with a very sharp
tip to scan over regions of interests, thereby producing three-dimensional images of surfaces at sub
nanometer scales. As the probe approaches the surface, the force between atoms on the surface

and the probe causes the cantilever to deflect towards or away from the surface. The surface profile
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is imaged by measuring the deflection of the cantilever, providing sensitive topographical
information.

In this thesis, the morphology of the CA-treated silicon wafers was studied with an AFM
(Asylum Research, MFP-3D, Santa Barbara, USA) operated in tapping mode in air to avoid surface
damage. The samples were fixed on a magnetic support using double-sided tape. The data were
achieved by a Bruker Dimension Icon AFM, with the help of Liyuan Feng.

3.3 Ellipsometry

Ellipsometry is able to measure a change in polarization of light as light reflects or transmits
from layered materials without destroying the materials. By taking advantage of the polarizability
of light, it allows for accurate analysis of thin film properties like the refractive index and the
thickness.[2] In typical ellipsometry, light from a light source passes through a linear polarizer that
modifies any incident polarization state to the linear state. Upon interaction with a sample, the
phase of the reflected light becomes elliptically polarized. The angle and polarization dependent
response is recorded by a detector and fitted to a theoretical model. Subsequently, the film
thickness and refractive index of an unknown film can be deduced. It is worth noting that the
supporting substrate beneath the investigated layer must have very well-defined and uniform
surface structures, for example, silicon wafers, glass sheets, and metallic discs, otherwise
appreciable scattering effects will occur which leads to distorted results.[3]

In this study, ellipsometry measurements were performed on a spectroscopic ellipsometer
(Sopra, GESP-5) in the National Institute for Nanotechnology (NINT), with the help of Ni Yang.
The incident angle is 75°.

3.4 Helium Ion Microscope (HIM)
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HIM utilizes helium ions instead of electrons to scan and image surfaces. Except for the imaging
source, it resembles a scanning electron microscope in its general architecture. Since helium ions
have very high source brightness and shorter wavelength compared to electrons, it can be brought
to a focus with an extremely small probe size, yielding resolution performance three times that of
a scanning electron microscope.[4] Most importantly, HIM can be used to image insulating
samples. During imaging, insulating samples quickly get positively charged when the helium ions
accumulate on the surface, which severely prevents electron emission from the insulator surface
and causes a drastic reduction in contrast quality of images.[5] This issue can be addressed by
using an electron flood gun mounted in the HIM chamber that can deliver electrons compensating
the positive charge on the sample surface. The flood gun parameters should be carefully adjusted
in order to effectively neutralize the surface charge and achieve high-contrast imaging of uncoated,
electrically insulating samples.

Throughout this work, HIM images of uncoated samples ranging from polymeric membranes
to polymeric microcapsules were captured on an Orion HIM (Carl Zeiss, USA) at the University
of Alberta’s micro and nanofabrication facility (nanoFAB).

3.5 Energy Dispersive Spectroscopy (EDS)

EDS detects the characteristic X-ray spectrum emitted by a specimen during bombardment with
a high-energy beam of electrons to realize the qualitative and quantitative analysis of chemical
constituents. This process consists of the identification of emission lines appeared in the spectrum
and measurements of intensities of spectral lines of each element to determine the concentrations
of the elements present.

EDS mappings in this thesis were done by Nathan Gerein in the Department of Earth and

Atmospheric Sciences at University of Alberta. The EDS elemental maps were taken at 10 keV on
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a Bruker energy dispersive X-ray spectrometer. Prior to measurements, a thin carbon layer was
deposited on the samples using a Nanotek SEMprep 2 sputter coater.
3.6 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a useful surface chemical analysis tool operating on the theory of the photoelectric effect
that electrons of an atom can absorb a photon and then be ejected as photoelectrons.[6] By
irradiating X-ray beams, electron emission from the specimen surface was initiated and the kinetic
energy of the emitted photoelectrons was recorded. Therefore, according to Einstein’s famous
equation (3.1), the binding energy of the electrons can be calculated[7]:

E,=hv-(E,+ ¢) (3.1)
where Ej, (J) is the kinetic energy of the ejected electron, 4v (J) is the incident photon energy, E),
(J) s the binding energy of the ejected electron, and ¢ (J) is the material work function. In a typical
XPS test, since 4v and ¢ are known values, the measurement of E, returns the E}, of the photo-
ejected electron.

All XPS measurements presented in this research were conducted by Dr. Shihong Xu on an X-
ray photoelectron spectrometer (AXIS 165, Kratos Analytical Ltd.) at nanoFAB, University of
Alberta. Survey-scans with 0-1100 eV binding energy range were run using an Al Ka X-ray source.
Data analysis was accomplished using the Casa XPS software (Casa Software Ltd., UK), and
atomic concentrations were quantified by integration of the relevant photoelectron peaks.

3.7 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

FTIR can identify molecule structures and their chemical bonds with molecules’ characteristic
absorption of infrared radiation. The major advantage of FTIR imaging in ATR mode is that it
avoids the complex samples preparations. For each ATR-FTIR test, the infrared beam enters the

ATR crystal and a total internal reflection of the beam occurs at the interface between the crystal
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and the studied sample. This reflection process results in the formation of an evanescent wave that
extends beyond the crystal-sample interface with a penetration depth of 0.5-5 pm into the
sample.[8] In regions of the infrared spectrum at which energy absorption by the sample occurs,
the intensity of the reflected evanescent wave is reduced (attenuated). After undergoing multiple
reflections in the crystal, the attenuated beam is eventually recorded by a detector when it exits the
crystal. The spectrometer then creates an infrared spectrum.

Various membrane samples in this study were characterized using an Agilent Cary 600 Series
ATR-FTIR spectrophotometer. Each spectrum was collected from 1500 to 4500 cm™', with 32
scans at a resolution of 4 cm™.

3.8 Contact Angle Measurements

The contact angle of different fluids, indicative of the surface wettability, is a parameter
strongly affected by chemical and morphological characteristics. On smooth surfaces, the water
contact angle (WCA) can be determined by Young’s equation (Figure 3.1)[9]:

Ysg = Vst Vg cos O (3.2)
where 0 (°) is the solid-liquid contact angle, y5, (mN m!) is the surface tension of the solid, y,
(mN m™) is the interfacial tension between liquid and solid, and Yig (mN m™') is surface tension of
the liquid. Typically, the hydrophobic surface exhibits a static WCA larger than 90°, while the

hydrophilic surface shows a static WCA smaller than 90°.

Vi
gas g
Vsg A‘
solid Vis

Figure 3.1 Schematic illustration showing a liquid drop on a smooth solid substrate.
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In this dissertation, contact angles measurements were performed using the sessile drop
technique with an Attension theta optical tensiometer (T200, Biolin Scientific). Droplets of
deionized water or oil were placed on the sample surface with a syringe, and the droplet images
were taken by the digital camera. Contact angles were then calculated using the Biolin software
by fitting the Young-Laplace equation around the outline of the droplet.

3.9 Surface Zeta Potential Measurements

When a membrane is in contact with an aqueous fluid, charges are developed on the membrane
surface, leading to the formation of an electrical double layer.[10] Characterizing the surface
charge of a membrane is crucial because membrane charge strongly affects its adsorption property.
The zeta potential, originating from electrical charges at a solid-liquid interface where an electrical
double layer forms, provides insights into the charge characteristics of surfaces. Streaming
potential measurements are widely utilized to determine the zeta potential.

When an electrolyte solution flows through a capillary channel under a hydrostatic pressure
difference, this fluid carries the counter ions to downstream, resulting in a streaming current,
thereby generating a potential difference known as streaming potential. Subsequently, the zeta
potential 1is determined following the approximation of the Helmholtz-Smoluchowski
equation.[11]

In this thesis, the zeta potential was measured using a SurPASS electrokinetic analyzer (Anton
Paar, GmbH) equipped with an adjustable disk gap cell (14 mm diameter). Measurements were
performed by pumping 1 mM KCl electrolyte solution through the channel under 100 mbar. Prior
to measurements, the electrolyte solution was tuned to pH 5.5 via drop wise addition of 0.1 M HCI.

3.10 Atomic Adsorption Spectrophotometer (AAS)
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AAS is a widely applied technique for the quantitative determination of element concentration.
This technique employs the specific wavelengths of light absorbed by free atoms in the gaseous
state. For each test, the solution sample supplied to a thermal atomizer is atomized. The
concentration of the atom is determined by the amount of radiation absorption with calibration to
the standard absorption spectrometry of a known concentration of the element.

In this research, the remaining copper ion concentration was measured by Shiraz Merali with
an atomic adsorption spectrophotometer (AAS, Varian 220FS).

3.11 Optical Microscope

Optical microscopes, using visible light and lenses to create magnified visual or photographic
images of small objects, are the oldest and broadest type of microscopes. An optical microscope
usually contains objective lens for collecting light from the specimen, and another eyepiece to
bring the image to focus for the eye. A charge-coupled device (CCD) camera equipped with the
optical microscope can record the images in the digital format and then transfer these digital
images to the computer storage devices, enabling real-time monitoring of these digital images on
the computer.[12]

In this dissertation, optical microscope images of the surfactant-stabilized hexane-in-water
emulsion before and after filtration were taken on the optical microscope (Carl-Zeiss, Axioskop
40). For polymeric capsule characterization, optical microscope and fluorescence images were
captured using a Carl Zeiss Axiovert 200M inverted microscope mounted with a CCD camera
(Photron fastcam mini AX200).

3.12 Total Organic Carbon (TOC) Analysis
TOC analysis can be used for determining the total amount of organic carbon in an aqueous

system. Most TOC analyzers are based on the TC-IC (total carbon-inorganic carbon) technique,
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where the TOC concentration is calculated as a result of subtraction of the IC concentration from
the obtained TC concentration. Typically, the sample undergoes combustion at a temperature of
680°C on a platinum catalyzer in the combustion furnace, decomposing to carbon dioxide that is
detected by a non-dispersive infrared detector to determine total carbon of the sample.[13]
Furthermore, the oxidized specimen is subjected to acidification, to convert only the IC in the
specimen to carbon dioxide. Eventually, the IC value is determined by the same detector and TOC
is the difference between TC and IC.

The TOC in this work was determined using a Shimadzu TOC-L analyzer in NINT with the
assistance of Ni Yang.

3.13 Scanning Electron Microscope (SEM)

SEM scans the sample’s surface with an electron beam. A beam of high-energy accelerated
electrons strikes atoms in the sample and produces various signals, such as backscattered electrons,
secondary electrons, auger electrons, and characteristic X-rays, generating images for evaluation
of morphological and elemental changes.

The most common detection mode of SEM imaging is the secondary electron mode because
these electrons can be easily collected. Secondary electrons are atomic electrons from the loosely
bound outermost shell, gaining enough kinetic energy from the incoming electrons to eventually
escape from the specimen.[14] When studying a conducting object, its conductivity permits
electrons to be transported away from the incident beam location. However, excess electrons can
build up rapidly in a specimen made of non-conducting material. The charge buildup deflects the
incoming electrons from their path, resulting in image distortion. In order to obviate this problem,
a thin layer of conducting material, typically gold or carbon with thicknesses 5-10 nm, can be

sputtered onto the surface.
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In this thesis, the surface morphology of membranes was observed by SEM (FEI Quanta 250).
Before performing SEM imaging on membrane specimens, the membranes were sputtered with a
~ 10 nm thick gold layer using a Denton Vacuum Desk II sputter.
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Chapter 4 Oxidant-Induced Plant Phenol Surface Chemistry for Multifunctional Coatings:
Mechanism and Potential Applications’
4.1 Introduction

Mussel-inspired chemistry offers a universal and versatile route for engineering the surface
functionalities in diverse fields, e.g., biomedical science, energy storage, and environmental
issues.[1-7] Dopamine (DA), the most renowned representative, has been widely applied for
fabricating multifunctional coatings on natural or synthetic substrates via simple immersion into a
slightly alkaline dopamine solution in the presence of oxygen.[8] Despite all the merits of
polydopamine (PDA) coatings, i.e., broad applicability and post-functionalization accessibility,
the practical applications of PDA coatings are impeded by their toxicity, undesirable dark color
coatings, large aggregates and limited precursors which leads to expensive costs.[9-11]

Recently, phenolic compounds isolated from various plants have attracted extensive attention
due to the structural resemblance to dopamine.[12, 13] These plant-derived phenols have been
demonstrated by the ability to modify the surface chemistry of almost any type of surfaces in a
manner similar to that of dopamine. Plant polyphenol-inspired coatings retain many of the benefits
of PDA coatings, yet induce less discoloration and morphological changes to the substrate and
have a remarkable abundance of coating precursors less costly than dopamine.[14] Moreover, of
particular interest is the much smaller aggregates formed from plant polyphenols, which leads to
a coating layer with high uniformity.[ 15] Nevertheless, their time-consuming deposition processes
(up to 24 hours or even several days) and multiple post-functionalization steps hinder more

widespread use. Recent studies have incorporated the deposition and functionalization of

' A version of this chapter was published on Journal of Membrane Science as Chen, Y.; Liu, Q.,
Oxidant-induced plant phenol surface chemistry for multifunctional coatings: Mechanism and
potential applications, Journal of Membrane Science, 2019, 570-571, 176-183.
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polyphenol coatings in a single simultaneous step via co-depositing phenols with polymers or
organics containing amine groups.[16-18] For example, Qiu et al. described the co-deposition of
catechol (CA) and polyethyleneimine (PEI) conferred the polypropylene microfiltration
membranes (PPMMs) noticeable surface charges capable of treating dye water.[19] Xu et al.
fabricated a CA/nanoparticles decorated-polyimide membrane via co-deposition of CA and
octaammonium polyhedral oligomeric silsesquioxane (POSS-NH3'Cl) to accomplish organic
solvent nanofiltration.[20] While the aforementioned methods typically mimic the molecular
structure of dopamine through binary coating systems, the intrinsic deficiencies of phenol
deposition still remain unaddressed. Therefore, it is highly desirable to develop facile and low-cost
strategies for the rapid construction of pure polyphenol coatings. On the other hand, other
investigated one-step approaches of pure plant phenol coatings including enzyme catalysis and
UV irradiation improved the deposition rate of polyphenol coatings to some extent, but the
performances were mediocre with limited hydrophilicity.[21, 22] Central to polyphenol
polymerization is an alkaline pH-induced oxidation. Why could not induce polyphenol
polymerization by an oxidant? Although it has been mentioned to oxidize dopamine by oxidants
in some literature,[23-28] addition of oxidants to the polyphenol coating systems has never been
reported. We previously[26] reported that SP can efficiently construct a superhydrophilic PDA
coating on PVDF membranes. However, the visible aggregates of PDA coatings are unavoidable,
and the potential application of SP-induced coatings in metal ion adsorption has remained
unexplored. Moreover, polyphenols alone succeeding in the formation of superhydrophilic
coatings will undoubtedly broaden the scope of plant phenols.

Herein, we report a straightforward and general approach to greatly improve the polyphenol-

coating kinetics for construction of an ultrathin skin layer by using SP as a trigger. The simplest
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and most economically advantageous compound in plant-derived phenols, CA, was selected to
investigate the reaction mechanisms and the deposition behaviors upon the addition of SP. SP was
chosen on account of not only its application in PDA synthesis but also the elimination of metal
contamination in the coating. We found that the deposition rate of CA coatings induced by SP was
dozens of times faster than the traditional methods. Moreover, our SP-accelerated CA coatings
were successfully assembled on several substrates, including polar and non-polar materials.
Notably, the optimally constructed PVDF membranes that are rapidly deposited by CA for 2 hours
exhibit ultrahigh water permeability, excellent heavy metal adsorption ability, and successful
separation of several oil-in-water emulsions. To the best of our knowledge, this is the first
comprehensive study reporting SP-mediated plant-inspired surface chemistry and its potential use
in water purification.
4.2 Experimental Section
4.2.1 Materials

Polypropylene (PP) and polytetrafluoroethylene (PTFE) membranes with diameter of 47 mm
and average pore size of 0.22 um were purchased from Yibo Co. (Haining, China). PVDF
membranes (mean pore size 0.45 pm, diameter 47 mm) were obtained from the Millipore Co. CA,
sodium dodecyl sulfate (SDS), hexane, ethanol, and silicon wafers were purchased from Sigma-
Aldrich. Anhydrous cupric sulfate (CuSQO4), anhydrous sodium acetate, cover glasses, glacial acid,
kerosene, petroleum ether, potassium chloride (KCl), SP, and tris (hydroxymethyl) aminomethane
hydrochloride (Tris-HCI) were purchased from Fisher Scientific. All chemicals were used without
further purification.
4.2.2 Preparation of CA Solutions

CA (2 mg mL") and SP (4 mg mL™") were dissolved in a beaker containing 30 mL of acetate
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buffer (50 mM, pH = 5.0). The container was covered with aluminum foil, shaken at 135 rpm at
room temperature for different times (0.5, 1, 2, 4 h). In addition, CA (2 mg mL™') was dissolved
in Tris-HCI buffer solution (pH = 8.5, 50 mM) for 24 h. The following operations are the same as
the above-mentioned procedures.
4.2.3 SP-Assisted Deposition of CA on Various Substrates

The substrate was first prewetted thoroughly with ethanol and then submerged in the freshly
prepared deposition solution. The container was covered with aluminum foil, shaken at 135 rpm
at room temperature for different times (0.5, 1, 2, 4 h). Subsequently, the modified substrate was
rigorously rinsed with Milli-Q water and then dried at 40 °C overnight before use. PVDF
membranes were selected to study the surface properties of CA coatings and present potential
applications. The as-prepared PVDF membranes were denoted as CA-SP-0.5, CA-SP-1, CA-SP-
2, and CA-SP-4 according to their oxidizer and reaction times. For comparison, the pristine PVDF
membrane was immersed in Tris-HCI buffer (50 mM, pH = 8.5) in an open vessel for 24 h which
was designated as CA-O-24.
4.2.4 Characterizations

UV-vis absorption of the solutions was measured with an ultraviolet spectrophotometer (UV
3600, Shimadzu, Japan) from 650 nm to 250 nm. The surface roughness of as-coated silicon wafers
was evaluated by an atomic force microscopy (AFM, Asylum Research, MFP-3D, Santa Barbara,
USA) using the tapping mode in air. The thickness was detected by a spectroscopic ellipsometer
(Sopra, GESP-5) at an incident angle of 75°. A light spot size of 360 x 360 pm? was scanned for
each sample. Helium ion microscope (HIM) images were captured on an Orion HIM (Carl-Zeiss,
USA). The element distribution maps of samples were obtained via energy dispersive spectroscopy

(EDS, Carl-Zeiss Sigma). Elemental compositions of the membrane surfaces were analyzed by an
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X-ray photoelectron spectrometer (XPS, Kratos, AXIS 165). The surface chemical structure of
membranes was characterized by an attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR, Agilent, Cary 600 Series). The water contact angles in air and oil
contact angles underwater were measured through a theta optical tensiometer (Attension, Biolin
Scientific T200). The surface zeta potential of membranes was measured by an electrokinetic
analyzer (SurPASS Anton Paar, GmbH). 1 mM KCI solution was used as the electrolyte solution.
The copper ions concentration in the solution was measured using an atomic adsorption
spectrophotometer (AAS, Varian 220FS). Optical microscopy images of the feed and filtrate
solution were taken on the Axioskop 40 (Carl-Zeiss). The concentration of oils remaining in the
filtrate was determined using a total organic carbon analyzer (Shimadzu, TOC-L).
4.2.5 Copper lons Adsorption

Copper ion solution with a starting concentration of 10 ppm was prepared by dissolving a
certain amount of CuSOj4 in Milli-Q water. The membrane sample was loaded in 50 mL copper
ion solution, which was shaken at 100 rpm under ambient conditions. Solution specimens were
taken at certain intervals (6 h, 12 h, and 24 h) for Cu?" ion concentration measurements. The

adsorption capacity was defined as the below formula (4.1):

1y (Co—=Co)V
qe (mg g I)ZOT (4.1)

where Cy (ppm) and C. (ppm) are the initial and remaining Cu" ion concentrations, V' (L) is the
volume of the solution, and m (g) is the membrane mass, respectively.

The long-term performance of the representative membrane was evaluated through 4 sequential
adsorption and desorption cycles. The membrane was first bathed in copper ion solution for 24 h
using the foregoing procedure, followed by immersion in HCI solution at pH =3 for 30 min and a

water wash. Repeating cycles were conducted with the same membrane.
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4.2.6 Oil/Water Separation

The surfactant-free oil/water mixtures were prepared by sonicating oil and water in a ratio of
1:99 (v/v) for 30 min to obtain homogenous and white emulsions. The surfactant-stabilized oil-in-
water emulsions were prepared by dissolving 0.04 mg mL™! of sodium dodecyl sulfate (SDS) in
oil/water mixtures via a similar process. All these mixtures and emulsions are stable at least for 12
h without de-emulsification. The droplet sizes of the emulsions were in the range of several to tens
of micrometers, as determined by optical microscopy observation.

The separation experiments were carried out in a vacuum filtration setup (Millipore) with the
optimum PVDF membrane being fixed between two glass vessels. For each separation experiment,
the fabricated membrane was prewetted with water and 100 ml of the prepared mixture or emulsion
was poured into the filtration cup and filtered under a relatively low transmembrane pressure of
0.075 MPa. The filtrate water was collected. The permeation flux (4.2) and the separation

efficiency (4.3) were calculated using the following equations:

V
2h )= — 42
ﬂuX(Lm h) o (4.2)
. . Cr
separation efficiency (%) = (1—6) x100 (4.3)

o

where V' (L) is the volume of permeate, 4 (m?) is the effective membrane area (11.34 cm?), ¢ (h) is
the time of permeate collection, Cr(ppm) is the concentration of oil in the filtrates, and C, (ppm)
is the initial concentration of oil in the oil/water mixtures or oil-in-water emulsions.
4.2.7 Oil Fouling Test

The reusability of the membrane was evaluated by repeated filtration experiments. For each
cycle, 100 mL of the SDS-stabilized hexane-in-water emulsion was poured into the funnel and

filtered until 20% of the emulsion was left in the funnel. Then, the funnel was emptied before
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another 100 mL of the original hexane-in-water emulsion was added to repeat the filtration
separation. This procedure was repeated for 10 times. Between two cycles, the membrane was
washed with DI water to remove the oils fouled on the membrane.[29] The variations of the
permeation flux and separation efficiency during this process were measured.
4.3 Results and Discussion
4.3.1 Oxidant-Induced Polymerization and Deposition of CA

Previous studies suggested that the plant phenolic compounds deposition mechanism involves
oxidation of the catechol group to quinone.[30] Therefore, the reactivity of CA under different
experimental conditions was determined by UV-vis absorption of quinone (Figure 4.1a). In
addition to the intrinsic characteristic adsorption peak of CA at 260 nm, the UV-Vis spectra
showed significant absorbances at around 390 nm, attributed to the formation of quinone group,
which proved that both SP and oxygen oxidation of CA lead to quinone formation.[31] For the
spectra of solutions with SP, the peak intensity was getting stronger with increasing reaction time;
however, it increased very slowly after 2 h, indicating that a maximum conversion of catechols to
quinones was achieved. Figure 4.1b illustrates the color difference between the CA solutions under
various conditions, and the CA solution oxidized by Oz for 24 h exhibited a faint yellow color.
When SP was added, the colorless solution turned brown immediately and displayed a gradient
color depth as a function of time. The increase of absorbance intensity at 390 nm and darkening of
the solutions under chemical oxidation suggested that SP tremendously accelerated the oxidation
and polymerization of CA.

To demonstrate the competence for constructing phenolic coatings using SP as a trigger, CA
coatings were deposited on silicon wafers. The surface roughness of the nascent silicon wafer was

0.795 nm (Figure 4.1¢) and this value increased to 0.814 nm (Figure 4.1d) for coatings deposited
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by air oxidation for 24 h and 4.503 nm (Figure 4.1¢) for coatings deposited by chemical oxidation
for 2 h, respectively. These results strongly supported the hypothesis that SP can substantially
enhance the CA-coating kinetics. The evolution of the SP-mediated CA films was further studied
by an ellipsometer. As presented in Figure 4.1f, the thickness of the CA films increased quickly
within the first hour and then increased linearly with the deposition time at a slower rate, which
was in accordance with results shown by deposition degree. It should be noted that although the
oxidation of catechols to quinones was largely complete in 2 hours, to a higher degree of deposition
a longer immersion time was allowed. To confirm the versatility of our strategy, these CA coatings

were deposited on other material substrates, including glass sheets and polymeric membranes.
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Figure 4.1 (a) UV-vis spectra of 100-fold diluted CA solutions; (b) Color of 20-fold diluted
solutions with different reaction time and condition. AFM images of the (c) nascent, CA-coated
silicon wafers triggered by (d) air for 24 h, and (e) sodium periodate for 2 h. (f) Time-dependence

of thickness for the CA coatings deposited on silicon wafers, as determined by ellipsometry.
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Successful formation of a CA layer onto the surface was clearly seen from the development of a
yellow or brown color on these substrates (Figure 4. S1).
4.3.2 Surface Properties of the CA-Coated PVYDF Membranes

CA coatings have been regarded as a versatile platform for hydrophilic modification of a variety
of materials, especially for hydrophobic porous membranes. In this study, PVDF microfiltration
membranes were employed to perform surface functionalization by the SP-controlled deposition
of CA. The surface morphologies of the nascent and the optimally modified PVDF membranes are
presented in Figure 4.2. The surface of the nascent PVDF membrane was really smooth. There
was no obvious difference between the surface morphology of the CA/SP-decorated membrane
and that of the nascent one. This result indicated that an ultrathin, uniform and particle-less skin
layer was fabricated on the PVDF membrane. Overall, these coatings had almost no impact on the
pore structure of the pristine substrate, thus avoiding decreases of surface area and pore size, a

very common phenomenon in the cases of polydopamine coatings.

i -y ; »

Figure 4.2 Surface morphologies of the nascent (a, b), and CA-SP-2 (¢, d) PVDF membrane. The
scale bars are 1 um at different magnifications.

The EDS elemental mapping images of C, O, and F are exhibited in Figure 4. S2. The dispersion
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of the O element was very homogenous as the same as C and F element, which confirmed that a
superhydrophilic coating was deposited uniformly on the top surface and cross-section of the
membrane. Furthermore, the surface chemistry of the pristine and as-constructed PVDF
membranes was analyzed by ATR-FTIR and XPS. The FTIR spectra (inset in Figure 4. S3) display
one broad absorption band between 3600 and 3150 cm™ in all modified PVDF membranes,
attributed to the phenolic hydroxyl groups O—H stretching vibrations, while the broadness of the
absorption bands is an indicator for intramolecular hydrogen bonds.[15] In the spectra of CA/SP-
decorated membranes (Figure 4. S3), the absorption peak at 1717 cm is assigned to the stretching
vibration of C=0 of the carboxylic acid groups, and the absorption peak at 1608 cm! is attributed
to the resonance vibration of C=C groups. In comparison, there is no discernable peak at these
positions in the spectrum of CA-O-24.[15, 26] Meanwhile, for CA/SP-decorated membranes, the
intensity of these peaks became stronger with an increase in coating time from 0.5 h to 2 h and
marginally increased after 2 h. The existence of these two peaks offers strong proof that the
addition of SP enormously speeds up the oxidation and deposition rate of CA, hence remarkably
enhancing the hydrophilicity of PVDF membranes.

Figure 4.3a-c presents the high-resolution Cls XPS spectra of the nascent and as-modified
PVDF membranes. As shown in Figure 4.3a, the Cls peak of the nascent PVDF membrane could
be split into two main satellite peaks corresponding to C-F at 288.3 eV and C-C at 283.6 eV.[32]
For the Cls spectra (Figure 4.3b-c and Figure 4. S4) of PVDF membranes after different
modifications, two new peaks appeared, including C=C at 281.8 eV and O—C=0 at 284.2 eV,
respectively. In addition, the higher intensity ratio O—C=0/C—C of CA-SP-2 coating than that of
CA-0O-24 indicated that the SP-triggered oxidation leads to a thicker CA film. Survey scan XPS

spectra (Figure 4. S5) of PVDF membranes demonstrate that Fls peaks weakened and the Ols
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peaks were identified after decoration with CA or CA/SP. Compared with the bare and CA-
decorated PVDF membranes, the stronger peak intensity and the higher atomic concentrations of
element O (Table 4.1) on the CA-SP-2 (17.38%) and CA-SP-4 (17.24%) surfaces suggested higher
contents of hydrophilic groups were generated, indicative of better hydrophilicity of the CA/SP-
modified PVDF membranes. It is worth noting that SP was not detected in the resulting coatings,
confirming that the deposited films were composed of only polyphenols. The overall results
verified the successful formation of pure CA coatings, resulting in the introduction of a large
number of carboxylic groups onto the membrane surface. Figure 4.3d outlines the possible
mechanism for SP-triggered CA coatings, where CA was first oxidized to o-quinine and then
further oxidation led to side-chain cleavage, yielding to carboxyl functions. Meanwhile, the
obtained oligomers crosslinked with each other to deposit on the PVDF surface. This phenomenon
could be explained by the fact that SP produced radicals that are more active than molecular
oxygen, such as superoxide radicals (O3 ) and hydroxyl radicals (-OH).[33] More importantly, CA
coatings can act as a “primer” layer for further functionalization, on which a variety of secondary

layers can be induced via Michael addition or Schiff base reaction to meet specific application
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Figure 4.3 Cl1s XPS spectra of the (a) nascent, (b) CA-O-24 and (c) CA-SP-2 PVDF membranes.

(d) Schematic illustration of the possible polymerization mechanism of CA.
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demands.

Table 4.1 Elemental compositions of the nascent and modified membranes

Composition (%) Atomic ratio
Membrane
C F @) o/C

Nascent PVDF 59.76 40.24

CA-O-24 62.63 33.79 3.59 0.06
CA-SP-0.5 70.97 15.71 13.32 0.19
CA-SP-1 73.55 11.36 15.08 0.21
CA-SP-2 73.62 9.00 17.38 0.24
CA-SP-4 73.11 9.65 17.24 0.24

Special wettable surfaces can be obtained by the synergistic effect of micro-/nano-hierarchical
structures and chemical affinity.[34] The wettability of different membranes was investigated by
time-dependent water contact angle (WCA) as shown in Figure 4.4a. The nascent PVDF
membrane exhibited high hydrophobicity with the steady water contact angle of 114° in 30 s due
to the low surface energy. After 24-hour modification using dissolved oxygen, the WCA of the
CA-0O-24 membrane decreased to around 89°. In contrast, the water drop permeated through the
membrane and reached a final WCA of 0° when the membrane surfaces were deposited with CA
under chemical oxidation for more than 0.5 h. And the optimally decorated surface, CA-SP-2,
showed excellent superhydrophilicity with the water contact angle instantaneously dropping to
zero in 6 s. It is worth mentioning that our oxidant-triggered method showed the shortest
modification time in comparison with recent advances (Table 4. S1). Figure 4.4b presents
photographic images of the wettability of the membranes. Both the nascent and CA-O-24 PVDF
membranes were resistant to water droplet permeation, while the water droplet immediately spread

on and soaked through the CA-SP-2 membrane. The underwater oil contact angle of the CA-SP-2
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membrane was measured (Figure 4.4c). As observed, the CA/SP-coated PVDF membrane
displayed a high underwater oil contact angle of 156° for chloroform, showing excellent
underwater superoleophobicity. The oil adhesion of the CA/SP-decorated PVDF membrane was
characterized by dynamic underwater oil adhesion measurement, as demonstrated in Figure 4.4d.
An oil droplet was forced to contact sufficiently with the membrane surface and then lifted up.
During this process, the oil droplet could be completely detached from the membrane surface and
no observable oil was left, thus indicating the low affinity of the membrane surface to oil. This
superoleophobicity and low oil-adhesion behavior could be attributed to the “Cassie-Baxter” state

at the water/oil/solid interface, where water was trapped in the micro/nanostructured CA/SP-
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Figure 4.4 (a) Water contact angle of the nascent and as-modified PVDF membranes. (b) Digital
photographs of a water drop on the membrane surface of the nascent, CA-O-24, and CA-SP-2
PVDF membranes (above) and the reverse side of the membranes (below). (The water droplet is
about 5 uL.) (c) Underwater oil contact angle and (d) dynamic underwater oil-adhesion of the CA-

SP-2 PVDF membrane.
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coated membrane due to its high surface energy composition of numerous O—H groups, forming
a repulsive hydration layer that can avoid direct contact between the solid phase and the oil
phase.[35] To investigate the influence of solely SP on the PVDF membranes, another control
experiment without adding CA was conducted. After 2 h of SP treatment, neither the color change
nor the enhanced hydrophilicity of the membrane was observed (Figure 4. S6), providing an
indication that SP only served as a trigger in the phenol deposition.
4.3.3 Potential Applications of the CA-Coated PVDF Membranes

The dynamic hydrophilicity of the membranes was examined by pure water flux measurements
(Figure 4.5a). Due to the poor hydrophilicity of the pristine and CA-O-24 PVDF membranes, the
membranes were pre-wetted by ethanol before the flux measurements. The water fluxes of pre-
wetted PVDF membranes were initially high, while there was a reduction in water flux of the CA-
SP-0.5 membrane, attributed to the lower density of hydrophilic groups in this membrane than
those of the pre-wetted membranes. When the oxidant-induced deposition time exceeded 1 hour,
the water flux dramatically improved to over 21000 L m™ h'!, at least twofold higher than other
state-of-the-art materials.[26, 36-40] The higher water flux of the CA-SP-4 membrane than that of
the CA-SP-2 membrane can probably be attributed to the higher deposition degree of hydrophilic
moieties. The pure water fluxes of these CA/SP-modified PVDF membranes were exceptional
compared to the pre-wetted membranes, which can be reasonably explained by the substantial
enhancement of the hydrophilicity with negligible change on the effective average pore size.

The stability of the CA/SP coatings is of vital importance for long-term practical service. In this
paper, the superhydrophilic robustness of the CA coatings deposited by chemical oxidation in the
presence of salty (seawater) and erosive media (pH = 2 and pH = 12) was investigated,

respectively. All the membranes were immersed into seawater and harsh pH solutions for 6 h,
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followed by drying and then contact angle measurements. As observed in Figure 4.5b, the CA-SP-
2 membrane showed exceptional tolerance against acidic and high-salinity environments,
maintaining its original superhydrophilic feature with a WCA of 0°. However, the WCA of the as-
prepared membrane increased slightly after being rinsed by a strongly basic solution for 6 h. This
was because a little CA/SP coatings disintegrate at high pH conditions, which was consistent with
the change in color from colorless to yellow in the alkaline solution (inset of Figure 4.5b). The
deprotonation of the carboxylic acid and phenol moieties at alkaline pH may contribute to the
dissolution of CA coatings.[41] In addition, the superhydrophilicity of the membrane can be easily
restored by a simple immersion into the coating solution. The mechanic stability of the CA-SP-2
membrane was also evaluated by a five-minute sonication. No obvious color changes could be
seen in the sonicating solution (inset of Figure 4.5b) and the WCA of the sonicated CA-SP-2
membrane remained constant with a value of zero (Figure 4.5b), suggesting outstanding
mechanical stability of the CA/SP coatings. The strong resistance of CA-SP-2 against harsh

environments is beneficial for applications in oil-seawater separation under typical marine
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environments.

Copper ion removal experiment was conducted to examine the adsorption ability of CA
coatings towards heavy metal ions. As shown in Figure 4.6a, the heavy metal adsorption capacity
of both the nascent and as-coated membranes increased with adsorption time, while better affinity
to Cu (II) was observed for the CA-SP-2 PVDF membranes in each group, confirming the superior
Cu®* collecting performance of the CA coatings. Specifically, the CA-SP-2 PVDF membrane
sample incubated in the Cu?" solution for 24 h exhibited q. of about 36.2 mg g, comparable to
other newly developed absorbents ( e.g. PVDF/PDA blended membranes,[42] PDA/PEPA coated
sponges,[43] etc.). Four sequential adsorption/desorption cycles were conducted to investigate the
reusability of the CA-SP-2 PVDF membrane. Figure 4.6b illustrates that its adsorption efficiency
decreased at an acceptable rate of about 6% after each treatment, suggesting a possible application
in industry.

The adsorption mechanism can be predominantly ascribed to the strong cation attraction
between copper ions and hydroxyl functional groups in CA coatings. Catechol-Cu’** ion
coordination, meanwhile, may also play a role. The improvement of copper ion adsorption was
further explained by the zeta potential (Figure 4.6¢). At pH = 5.5, the pH value of 10 ppm CuSO4
solution, the nascent PVDF membrane was negatively charged, while a shift towards more
negative direction was observed on the CA-SP-2 membrane.

The obtained membrane (CA-SP-2) exhibited excellent selective wettability for oil and water,
indicative of its superior oil rejection property. To examine the oil/water separation performance
of the CA-SP-2 membrane, a series of oil/water mixtures and surfactant-stabilized oil-in-water
emulsions with micrometer-sized droplets were prepared to permeate through the membranes,

respectively. The separation process was conducted in a vacuum suction filter driven by a 0.075

54



MPa transmembrane pressure. When a mixture/emulsion was poured onto the optimum membrane
(CA-SP-2), water quickly passed through the membrane while oil droplets were retained above.
The optical microscopy images of the feed solution and its collected filtrate were firstly used to
evaluate the separation effectiveness, where SDS-stabilized hexane-in-water emulsion was taken
as an example. It can be seen from the Figure 4. S7 that the original milky white feed emulsion
(left) became totally transparent (right) after performing the separation. In the optical microscopy
images, numerous droplets with the size ranging from several to tens of micrometers in the feed
emulsion were not detectable in the filtrate at all, suggesting the successful separation of oil
droplets from water. The precise oil concentration of the filtered phase was determined by TOC.
Figure 4.6d summarizes the separation efficiency of the CA-SP-2 PVDF membrane for all the
examined mixtures and emulsions, including 99.93% for hexane/water, 99.96% for
kerosene/water, 99.95% for petroleum ether/water, 99.96% for toluene/water, 99.77% for hexane-
in-water, 99.92% for kerosene-in-water, 99.05% for petroleum ether-in-water, and 99.80% for
toluene-in-water.

The separation flux of the optimally prepared membrane was calculated by measuring the time
needed to separate a certain volume of the feed solution. As shown in Figure 4.6e, the CA-SP-2
membrane exhibited extremely high permeability for all four oil/water mixtures, including
10354.44 L m™ h™! for the hexane/water mixture, 9006.12 L m™ h™! for the kerosene/ water mixture,
9609.85 L m h'! for the petroleum ether/water mixture and 9992.59 L m™ h*! for the toluene/water
mixture, respectively. For oil-in-water emulsions, the corresponding permeation fluxes decreased
a little bit but were still comparable, such as 9536.98 L m™ h! for hexane-in-water emulsion,
6660.67 L m? h'! for kerosene-in-water emulsion, 8248.91 L m? h™! for petroleum ether-in-water

emulsion, and 8573.98 L m? h! for toluene-in-water emulsions. The obtained separation fluxes
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were superior to those of previously reported membranes with similar rejection properties.[26, 44]
In contrast, an extremely low flux of 105.08 L m™ h™! was observed for the pristine PVDF
membrane (Figure 4. S8). This might be attributable to the immediate oil fouling on the membrane
surface.

Oil antifouling ability is a key criterion for membrane filters in the treatment of oil-containing
wastewater. Given the ultralow oil adhesion to the CA-SP-2 PVDF membrane, we expect that it
has outstanding antifouling properties. Here, the antifouling performance and reusability of the

CA-SP-2 membrane were investigated by measuring the variations in permeation flux and
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Figure 4.6 (a) Cu*" adsorption capacity of nascent and CA-SP-2 PVDF membranes with different
experimental time. (b) Reusability of Cu?* adsorption of the CA-SP-2 membrane. (c) Zeta
potential of nascent and CA-SP-2 PVDF membranes at pH = 5.5. (d) Separation efficiency and (e)
filtrate flux of various oil/water mixtures and oil-in-water emulsions. (f) Cycling separation
performances of the CA-SP-2 PVDF membrane using surfactant-stabilized hexane-in-water

emulsion as an example.
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separation efficiency in a 3-cycle SDS-stabilized hexane-in-water emulsion separation operation.
As illustrated in Figure 4.6f, a sharp permeation flux decrease was observed at the beginning of
each cycle, owing to the high flux-induced oil accumulation on the membrane surface.[45] Then
the decline rate reached stable and the flux decreased gradually with increasing filtration times,
resulting from the formation of oil cake on the membrane surface.[26] However, the flux could be
recovered completely to the starting level after water flushing. The oil rejection ratios after each
cycle were all above 99 %, indicating that the separation efficiency drops insignificantly after
multi-separation processes. Considering all observations together, SP-assisted plant-inspired
coating technology has great potential application in metal reclamation as well as water
purification with respectable durability for long time usage.
4.4 Conclusions

In summary, a universal single-step method was developed for the fast deposition of high-
performance CA coatings. Under the trigger of SP, the CA was steadily anchored on various
substrates and formed a uniform “pure” coating without any metal salt contamination.
Remarkably, the CA/SP-decorated PVDF membranes are imparted with ultrahigh water
permeability, excellent adsorption ability towards Cu?* and outstanding rejection of oil. In
comparison to PDA coatings, plant phenolic coatings are quite attractable for their abundant
natural resources and nontoxicity. This oxidant-assisted CA deposition method, applicable for
other natural phenolic deposition systems, shows significant superiorities over conventional
phenol coating methods (using dissolved oxygen, enzymes and UV irradiation) in their high-
efficient deposition process and unparalleled wetting performance, which may point a direction
for the fabrication of functional polyphenol coatings.
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4.6 Supporting Information

Glass PP PTFE PVDF

Figure 4. S1 Digital photographs of the (A) nascent substrates, (B) CA/SP-coated substrates after
2 h deposition. PP: polypropylene; PTFE: polytetrafluoroethylene; PVDEF: polyvinylidene

fluoride.
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Figure 4. S2 FESEM images and EDS mappings of (a) top surface and (b) cross-section of the

CA-SP-2 PVDF membrane.
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Table 4. S1 Recent advances in polyphenol-based superhydrophilic coatings

Materials Time (h) Ref
Tannic Acid + Ovalbumin 15 [1]
CA + PEI 6 [2]
CA + POSS-NH3"CI 3.5 [3]
CA + SP 2 This work

PELI: polyethyleneimine; POSS-NH;"Cl: octaammonium polyhedral oligomeric silsesquioxane.
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Chapter 5 Janus Membrane Emulsification for Facile Preparation of Hollow Microspheres?
5.1 Introduction

Double emulsions are emulsions within the emulsions which have been attracting great research
interest because they hold tremendous promise in food products, material science, wastewater
treatment, mineral processing, and pharmaceuticals.[1-4] A majority of double emulsions are
either water-in-oil-in-water (W/O/W) or oil-in-water-in-oil (O/W/O). Specifically, gas-in-oil-in-
water (G/O/W) emulsions that are microbubbles stabilized with a thin oil layer can be very useful
in various areas. For example, oily bubbles containing oil-soluble collectors in the oil layer can be
applied in mineral flotation, ensuring high-efficient recovery and low-cost operations.[5]
Nanoparticle-shelled bubbles are capable of acting as ultrasonic contrast agents in biomedical
imaging.[6] Most importantly, these emulsions are versatile templates for making different kinds
of hollow polymeric microspheres. Under UV illumination, the polymerizations of monomers
encapsulated in the oil layer of G/O/W emulsion droplets transfer the reactive oil layer into a solid
layer; hence, the hollow polymeric microspheres are produced.

There are a variety of methods that have been studied to produce G/O/W double emulsions,
such as ultrasonication, high shear mixing, and mechanical agitation.[7, 8] However, it is still
difficult to develop a technique having a high production rate, uniformity of the structure, and cost
effectiveness by a facile and simple procedure. The limitations for these traditional approaches are
energy-intensive and difficult to control the size distributions of droplets. Many alternative
methods have been developed using microfluidic devices to form monodispersed double emulsions
on a drop-by-drop basis.[9, 10] This technology can produce one droplet at a time with excellent

control over composition, dimension, and structure, but commercial applications on the

2 A version of this chapter will be submitted for publication on Journal of Membrane Science.
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microfluidic techniques remain very few due to the limited throughput. Improving production rates
by designing parallelized microfluidic chips seems to be feasible, but encountered the problems in
channel blockage and leakage that are difficult to be located and resolved.[11]

Among these approaches, membrane emulsification holds a promise as it enables us to produce
near-monodisperse emulsion droplets in low energy consumption with a high throughput.[12] In
the membrane emulsifying process, the to-be-dispersed phase is extruded from the membrane
pores to form drops, which are detached from its surface into the continuous phase once the drag
and buoyancy force acting on each drop become balanced.[13] Traditionally, the production of
double emulsions by membrane emulsification contains two steps, which means that the single
emulsion was first prepared through a non-membrane method (e.g. ultrasonication, high-shear
processing) and served as the to-be-dispersed phase to pass a membrane in the latter step. For
example, Eisinaite at al. reported the formation of W/O/W emulsions enclosing beetroot juice in
the inner aqueous phase using a two-step emulsification process.[14] Recently, the two-step
premix membrane emulsification process was used by Na et al. to enable the construction of
double-emulsion-templated porous microspheres.[15] There is only one peer-reviewed journal
article we can find in which membranes were employed in both emulsification steps to generate
double emulsions. A water-in-oil emulsion was first prepared using a hydrophobic membrane and
then permeated through a hydrophilic membrane to generate W/O/W emulsions.[16] Besides, we
are unaware of any previous studies that have managed to prepare double emulsions in a one-step
membrane emulsification process. Among different types of membranes, such as ceramic, metal,
polymer, and Shirasu porous glass (SPG) membranes, the polymeric membranes stand out because
of their high flexibility, cost-effectiveness, and the possibility of being used as a disposable

membrane in industrial production.[17]
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Surface wettability plays a crucial role in droplet growth and detachment. As a rule of thumb,
the membrane pores should be wetted by the continuous phase in order to make drops of the
dispersed phase at a small size. Hence, only membranes wetted by water (hydrophilic) are suitable
for making oil drops suspended in a continuous water phase.[13] Nakashima and co-workers have
reported that violation of the rule (using membranes with opposite wetting characteristics) would
lead to a polydispersed emulsion with larger average droplet size.[18] An explanation of this
difference is that the oil droplet is likely to quickly detach from the hydrophilic surface at a small
size, while tending to form a spreading film on the hydrophobic surface. However, the direct
utilization of a hydrophilic membrane increases the gas intrusion pressure drastically, leading to
extra energy cost and membrane failures.[19] Therefore, a membrane with
hydrophilic/hydrophobic asymmetry is believed to be favorable for making G/O/W emulsions
because the hydrophilic side achieves fast detachment of oily bubbles at small sizes and the
hydrophobic side allows gas/oil permeation.

Herein, nearly-monodispersed G/O/W double emulsions were prepared using a porous
polymeric membrane in a one-step membrane emulsification process. The inherently hydrophobic
PVDF membrane was first modified via single-sided catechol (CA) deposition. Under a
pressurized nitrogen supply, the gas stream passed through organic phase containing organic
additives (reactive monomers) and then ran through the membrane pores into the aqueous phase
to generate double emulsions G/O/W. The effects of pHs of the continuous aqueous phase on
generation of double emulsions G/O/W were studied. The mean droplet size as a function of gas
permeation flux has also been investigated. Moreover, hollow polymeric microspheres were
successfully synthesized after UV irradiation of reactive oil layer of G/O/W double emulsions.

Considering the operational efficiency of membrane emulsification, it is entirely feasible to scale
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it up for massively manufacturing various microcapsules for a wide range of applications in food
products, composite functional materials, and pharmaceuticals.
5.2 Experimental Section
5.2.1 Materials

Polyvinylidene fluoride microporous membranes (PVDF, 70 mm, pore size is ~ 2 um) were
purchased from Yibo Co., Ltd (China). 2-Hydroxy-2-methylpropiophenone, catechol, ethanol, and
oleic acid were obtained from Sigma-Aldrich. 1, 6-Hexanediol diacrylate (HDDA), anhydrous
sodium acetate, glacial acid, Nile Red and sodium periodate were bought from Fisher Scientific.
All reagents were analytical grade and used as received. Water used throughout the experiments
was purified in a Milli-Q (Millipore, Billerica, MA, USA) system.
5.2.2 Membrane Modification

The superhydrophilic modification was conducted on PVDF membranes as reported in our
previous work.[20] These as-made membranes were labelled as superhydrophilic membranes. For
the single-sided deposition,[19] catechol (2 mg mL!") was dissolved in acetate buffer (50 mM, pH
= 5.0) with sodium periodate (4 mg mL™") by ultrasonication. The nascent PVDF membrane was
floated on the above solution after pre-wetted by ethanol and placed between two filter papers for
the adsorption of residual ethanol. Then the aluminum foil-covered beaker was put on a shaker
with slow shaking (50 rpm) under ambient conditions. After 20 min, the as-made membranes were
rinsed by water, followed by drying at 40 °C overnight. The hydrophilic side of the resulting
membrane was referred to as Janus-Hydrophilic, and the hydrophobic side as Janus-Hydrophobic.
5.2.3 Membrane Characterization

The surface morphology variation of membrane before and after modification was observed

using scanning electron microscopy (SEM, FEI Quanta 250) after coating with gold. X-ray
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photoelectron spectroscopy (XPS, Kratos, AXIS 165) was performed to characterize elemental
compositions of the membrane surfaces. Characteristic peaks of the membranes were analyzed by
attenuated total reflectance-Fourier transform infrared spectroscopy spectra (ATR-FTIR, Agilent,
Cary 600 Series). The surface wettability of membrane was evaluated in terms of water contact
angle (WCA) and oil contact angle (OCA). The WCA in air and the OCA underwater were
detected using a theta optical tensiometer at room temperature (Attension, Biolin Scientific T200).
5.2.4 Membrane Emulsification

A custom built device (Figure 5. S1) was used to conduct membrane emulsification. The
apparatus was separated into two parts with the tested membrane in between. The bottom chamber
connecting a nitrogen gas inlet and an oil inlet was first filled with 150 mL HDDA containing 10"
2 M oleic acid, 50 ppm Nile Red, and 10 mol% photo-initiator (2-hydroxy-2-
methylopropiophenone). Subsequently, 300 mL of Milli-Q water was added into the upper
container. The compressed nitrogen from the bottom of the cell was forced to pass through the
membrane at flow rates from 100 to 400 mL min™'.

For the fabrication of hollow polymeric microspheres, the oil droplets encapsulating
microbubbles were solidified upon UV light exposure for 30 s with a 120 W UV spot light source
(XE 120-Q, Photonic Solution Inc.).

5.2.5 Emulsion and Polymer Capsule Characterization

Optical microscope and fluorescence images were captured with an inverted microscope (Carl
Zeiss Axiovert 200M) equipped with a CCD camera (Photron fastcam mini AX200). The average
droplet diameter and droplet distribution were counted and analyzed by Image J software. For this
determination, a total of 200 microspheres produced at pH 7 and 150 microspheres at pH 9 were

counted respectively, during which only the gas bubble surrounded by an obvious oil layer was
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counted for size analysis of double emulsion. Surface morphology of the polymerized
microbubbles was viewed by a helium ion microscope (HIM, Zeiss Orion).
5.3 Results and Discussion
5.3.1 Fabrication of Janus Membranes

Our Janus membrane was obtained after the asymmetric deposition by floating the nascent
PVDF membrane on the CA/SP solution surface for 20 min. The side contacting with the solution
was darker after deposition. In this process, a hydrophilic coating was formed on the immersed
membrane surface via oxidant-induced CA cross-linking. The top view SEM images of the nascent,
each side of the Janus, and the superhydrophilic membranes are shown in Figure 5.1a. We can see
that both modifications introduced ignorable pore size changes to PVDF membranes. The
asymmetric chemistry of Janus membrane was identified by comparison of the chemical
compositions of each membrane surface. From the high-resolution C 1s spectra as shown in Figure
5. S2, compare with pure PVDF, two new peaks at 283.8 eV and 286.9 eV, attributed to C=C and
O—C=0respectively, appeared in the spectra of modified membranes. The higher intensity of these
peaks in the Janus-Hydrophilic side than that of the Janus-Hydrophobic side provided direct
evidence of the asymmetric deposition of CA. The surface elemental compositions are listed in
Table 5. S1. As suggested, a higher concentration of O (11.96%) can be observed on the Janus-
Hydrophilic surface than the Janus-Hydrophobic surface (8.47%). There was more CA coated on
bottom membrane surface than on the top due to the capillary effect during the modification
process.[19] Survey scan XPS spectra (Figure 5.1b) of the modified PVDF membranes reveal
strong O signals and weakened F signals, suggesting different amounts of functional groups were
generated on each side. The asymmetric surface components were further evidenced by ATR-

FTIR spectra (Figure 5.1c). The new peaks at 3500 — 3100, 1717 and 1608 cm ™! in the spectra of
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as-modified membranes were ascribed to the O—H stretching vibrations of phenolic hydroxyl
groups, the C=0 stretching vibrations of carboxylic acids, and the C=C resonance vibrations of
aromatic rings, correspondingly. The Janus-Hydrophilic side exhibited stronger peak intensity than
the Janus-Hydrophobic side, which was in good agreement with the XPS analysis. The overall
results showed that more functional groups adhered to the Janus-Hydrophilic side compared with

the Janus-Hydrophobic side.
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Figure 5.1 (a) SEM top view images of the nascent, Janus-Hydrophobic, Janus-Hydrophilic, and
Superhydrophilic PVDF membranes. (b) XPS wide scans and (c) ATR-FTIR spectra for nascent
and as-modified PVDF membranes. (d) Water contact angles of the nascent and as-modified PVDF
membranes. (e) Oil contact angles under water on nascent, each surface of the Janus, and

superhydrophilic PVDF membranes. The oil is 1, 6-hexanediol diacrylate.
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The surface wettability is a crucial factor in membrane emulsification performance. Therefore,
the WCA on each type of surface was measured (Figure 5.1d). As presented, the initial WCA of
the Janus-Hydrophilic membrane was 21.2° and then the water drop penetrated into the membrane
pores in 4 s. Compared with the Janus-Hydrophilic side, the Janus-Hydrophobic side showed
hydrophobicity with an initial water contact angle of about 93°, while instantly decreased to 68°
and gradually permeated through the membrane pores reaching 0° in 15 s. To demonstrate the
Janus membrane’s anisotropic surface affinity towards water and oil, we further investigated the
OCAs in water on the nascent, the superhydrophilic and the Janus membranes (Figure 5.1¢). The
pristine PVDF surface was moderate lyophilic with an OCA around 53°, arising from its
hydrophobicity and air trapped in the membrane pores. After asymmetric modification with CA/SP,
the OCA of the modified side increased to ~133°, suggesting oleophobicity. The OCA of the Janus-
Hydrophobic side also increased to ~89° because of a little CA coating formed on this surface.
These phenomena proved that our Janus membrane exhibited anisotropic surface wettability.
5.3.2 Spreading of the Oil over the Gas Bubble

The formation of the oil-coated bubbles depends on the successful spreading of oil droplets
over the gas bubbles, which is governed by the balance between the surface tensions (y) at the
contact line of the air (A), o1l (O) and water (W) interfaces.[21] The spreading interactions between
different fluids can be described by the spreading coefficient. For the air—oil-water system, the oil
spreading coefficient is defined as (5.1):

SMNmM™) = y4w —Yajo — Yow (5.1)
where Y (MmN m™), ¥4/0 (mN m™), and yo iy (mN m™') are the air-water surface tension, air—
oil surface tension and oil-water interfacial tension respectively. In order for the oil to spread

entirely across the air bubble, the S has to be positive. In our work, the interfacial tension of
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HDDA-—water under various conditions was investigated to estimate the corresponding S. The
interfacial tension measurements (Table 5. S2) revealed positive values for the spreading
coefficients, suggesting that the monomer oil is capable of spreading along the air—water interface
within the experimented range. It was also found that changing either the water pH or the surfactant
concentration has little effects on the HDDA—water interfacial tension.
5.3.3 Generation of G/O/W Emulsions

As an experimental proof of concept, the as-fabricated membranes were used to generate
G/O/W emulsions through membrane emulsification. The emulsification process is illustrated in
Figure 5.2. It should be mentioned that the feed volume of oil was fixed from the beginning and
not extra supply was added to the system until the end of an experiment. The membrane was fixed
in a home-built emulsification system with the hydrophilic side faced to the water, and the oil
(HDDA) was dyed with Nile Red so as to improve visibility. When the gas valve was open,
numerous droplets grew on the membrane surface and rose to the air/water interface to form stable

emulsions.
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Figure 5.2 Schematic illustration of generating hollow microspheres through Janus membrane in

a homemade emulsification device.
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To verify the advantages of Janus membranes, the nascent and superhydrophilic membranes
were also involved for comparison. A gas flow rate of 300 mL min"' was chosen for these
experiments. As suggested in Figure 5.3b and c, both the Janus and superhydrophilic membranes
were able to produce G/O/W emulsions. In addition to G/O/W emulsions, gas bubbles were also
produced. In contrast, the nascent (Figure 5.3a) membrane failed in double emulsion generation.
As we mentioned above, the wettability of the membrane surfaces contributed to these results.
When being forced out of the membrane pores, the oil was inclined to form a tiny droplet on a
hydrophilic/oleophobic surface, while it preferred to spread on a hydrophobic surface and then
form an oil film, thereby the Janus and the superhydrophilic membranes succeeding in emulsion
fabrication owing to their similar wetting behaviors. Notably, the smaller quantities of double

emulsions in the case of the superhydrophilic membrane may be caused by the less spreading time.

Figure 5.3 Optical micrographs of the G/O/W emulsion prepared by (a) nascent, (b) Janus, and (c)

superhydrophilic PVDF membranes.

To achieve the controllable generation of the G/O/W emulsions, it is significant to determine
the optimal parameters that provided the best control over drop size and particularly the size
distribution. Therefore, the influence of water pH was investigated by generating G/O/W
emulsions in water with different pH values (3, 7 and 9) and results were shown in Figure 5.4. In

these experiments the gas flow rate was kept constant at 300 mL min™'. In acidic aqueous media
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(pH = 3), the fabricated G/O/W emulsions were unstable and eventually no G/O/W droplets or
other emulsions was observed under the optical microscope (Figure 5.4b). This is because the
carboxylate head groups of oleic acid is protonated at low pH and prefers to stay in the oil phase
instead of the oil/water interface.[22] In contrast, the emulsion droplets produced at pH 7 and 9

were more stable, due to the strong deprotonation of oleic acid which leads to an increase in the
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Figure 5.4 (a) Variation in the average size of G/O/W droplets prepared in water with different
pH values (3, 7 and 9). (b) Microscope images of G/O/W droplets prepared at pH = 3, 7 and 9. (c¢)

Size distributions of emulsions prepared at pH =7 and 9.
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stability of the double emulsions. It is interesting to note that at high pH value of 9 G/O/W droplets
with smaller sizes (~160 pm) and narrower size distributions were produced in comparison with
those produced at neutral pH (~228 pm), but an accompanying drastic decrease in the production
yield of G/O/W emulsions occurred (Figure 5.4b and c). Although high pH gave better control
over the size and size distribution, pH 7 was selected in the following experiments in order to
obtain high yields.

The effects of the gas flow rates on the size of the droplets and size distribution were further
studied. Figure 5. S3 shows the optical photos of the G/O/W emulsions prepared under different
gas fluxes. As can be seen, a decrease in gas flow rates created larger emulsion drops. It was
assumed that the time for an emulsion drop to grow and detach from membrane surface was
dependent upon the gas flow rates. Therefore, the increase of gas flow rate allowed less time for
the drops to grow.[23] Data for the average droplet size as a function of gas flux are summarized
in Figure 5.5, including ~268 pm at 100 mL min™!, ~248 um at 200 mL min™', ~228 um at 300 mL
min!, and ~220 pm at 400 mL min’!, respectively. To determine the size of microspheres produced

at each gas flow rate, approximately 100 microspheres were counted correspondingly. These
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Figure 5.5 The effect of the gas flow rate on droplet size.
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results demonstrated that the optimized gas flux at which relatively uniform-sized double
emulsions were efficiently produced was 300 mL min™.

For the production of hollow microspheres, the G/O/W emulsions were exposed to a mercury
UV source for 30 s. Upon UV illumination, the monomer polymerized immediately and hard-
shelled microcapsules were produced. Figure 5.6a and b reveal the successful formation of
microcapsules of good spherical shape and relatively uniform size (192 — 285 pum). In the
fluorescence micrograph as illustrated in Figure 5.6b, the existence of a bright green ring
encapsulating a cavity in the interior was indicative of a hollow structure instead of a porous

structure or a solid particle. The solidification of our double emulsion drops was further confirmed

Figure 5.6 (a) The microscope photograph of the hollow microspheres after polymerization. (b)

The fluorescent image of hollow microspheres with the shell containing fluorescent dye Nile red.
The pH of water is 7. HIM micrographs of the hollow polymeric microcapsule prepared at (c, d)

pH =7 and (e) pH =9, respectively.
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by HIM characterization results (Figure 5.6c—e) and convincing hollow—sphere structures can be
identified. We can see from the HIM images that the microspheres produced at both pHs are in
perfect spherical shape, while we obtained smaller-sized hollow microspheres at pH 9. In Figure
5.6¢, we note that the neighboring microspheres are connected, which may be caused by the reason
that the concentration of deprotonated oleic acid was too low to stabilize the double emulsion drops
and keep them perfectly separated. The high magnification of intentionally broken capsules also
reveals the thickness of the shell at pH 7 and 9 was approximately 20 um, indicating that pH has
little or no effect on the shell wall thickness.
5.4 Conclusions

In this study, we facilely prepared a hydrophilic/hydrophobic Janus membrane via single-sided
CA/SP deposition. Narrowly distributed G/O/W double emulsions were successfully fabricated by
a one-step membrane emulsification process for the first time. Such a method was demonstrated
as a successful one-step preparation of double emulsions and a precursor for hollow microspheres.
The hollow structured microspheres may find potential applications in catalysis, drug delivery,
cosmetics, and modern electronics. We believe that our approach, which only needs one dispersion
step as compared to the common complicated micro fabrication with multiple-step emulsification
processes, is promising in a high throughput production of double emulsions at a low cost. This
work provides a new opportunity in the preparation of double emulsions and the fabrication of
hollow microspheres for many applications in enhanced oil and mineral recovery, drug delivery
vehicles, and water treatment. More research on the mechanism and control of the formation of
double emulsions will be conducted in the future.
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5.6 Supporting Information

Figure 5. S1 Digital photograph of the home-built emulsification apparatus.
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Figure 5. S2 High-resolution XPS spectra of C 1s for the nascent and modified membranes.



Table 5. S1 Elemental composition of each membrane surface as determined by XPS

Composition (%) Atomic ratio
Membrane
C F o o/C
Nascent 54.03 45.97
Janus-Hydrophobic 64.44  27.10 8.47 0.13
Janus-Hydrophilic 68.04  20.00 11.96 0.18
Superhydrophilic 69.27 18.01 12.72 0.18

Table 5. S2 The interfacial tension between monomer oil and water and the calculated spreading
coefficient

Oleic acid concentration Water pH
Condition (the pH of water is 7) (the oleic acid concentration is 102 M)
10" M 10° M 3 7 9
Yoyw (mNm™) 7.17 9.09 7.23 6.52 8.45
S (mN m™) 31.43 29.52 31.37 32.08 30.15

100 mL/min 200 mL/min 00 L/min 400 mL/min

Figure 5. S3 Microscope images of G/O/W droplets fabricated by tuning the gas flow rates from

100 to 400 mL min™".
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Chapter 6 Conclusions and Contributions
6.1 Major Conclusions

This dissertation has provided a novel one-step surface modification strategy and investigated
its several potential applications in combination with membranes. This technique is expected to be
commercially relevant, requiring a single synthesis step and having no unusual requirements with
respect to post-functionalization. By adopting this technique, two types of membranes were
developed and experimentally applied in areas including: (1) water purification and (2)
emulsification.

We have found that sodium periodate could significantly accelerate CA polymerization and
deposition under acidic pH. The possible crosslinking mechanisms of catechol under chemical
oxidation has been explored. To test the versatility of CA coatings, immersion coating from
aqueous catechol/sodium periodate solutions was performed on a variety of substrates. Oxidant-
assisted CA polymerization was applied for modifying both the inner porous structures and the
outer surfaces of the PVDF membranes uniformly, and to tune the functionalization degree of the
surfaces by varying the immersion time. The pure water flux, permeate flux during the filtration
of oil/water emulsion, and oil rejection of these CA-modified membranes were determined and
compared to those of pristine membranes. Further characterization of the CA films demonstrated
that the CA deposition under the oxidation of sodium periodate is an easy and effective means of
surface functionalization. The resulting membrane exhibited robust mechanical stability,
evidenced by its tolerance of caustic environments. Meanwhile, the as-made PVDF membranes
showed outstanding copper ion adsorption and excellent resistance to oil, while maintaining high
oil rejection over the testing time. This study clearly demonstrated the promising potential of

preparing high performance superwetting membranes by using oxidant-assisted CA deposition.
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In an attempt toward creating asymmetrically wettable surfaces using a catechol-inspired
approach, CA/SP-anchored Janus membranes were fabricated via single-sided deposition. The
asymmetric structure of Janus membrane was examined by ATR-FTIR, XPS, and contact angle
test results. A novel double emulsion generator using Janus membranes was developed. The Janus
membrane emulsification system features high throughput of double emulsions in an energy-
effective way, thereby reducing operation costs. Compared with traditional and advanced
techniques, our approach showed better performance, increasing production rates, demonstrating
the potential of Janus membrane emulsification for fabricating hollow polymeric microspheres.
6.2 Contributions to the Original Knowledge

Surface modification inspired from nature is a growing field that aims at incorporating
biological strategies to fabricate functionalized surfaces for on-demand applications. Plant-
inspired chemistry has shown great potential in engineering surface properties, while the
conventional CA coating method suffers from the limits of inefficient deposition rate as well as
limited hydrophilicity. Specific contributions of this dissertation work to the original knowledge
are described below:

1. This research has demonstrated for the first time that SP was used to trigger CA deposition
and CA coatings with drastically enhanced hydrophilicity were achieved in a relatively short
time in acidic aqueous solution. Although the precise mechanism behind the oxidant-
assisted deposition is not fully unraveled, the obtained knowledge broadens the application
prospects of plant-inspired chemistry.

2. Oxidant-assisted CA deposition on PVDF membranes provided direct evidence that this
approach can impart long-lasting superhydrophilic properties to the PVDF membranes. The

as-modified PVDF membranes exhibited much higher pure water flux than those reported
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in other studies. Therefore, this work provides a novel and facile technique to modify the
membrane surface with the enhanced superhydrophilicity and water permeation for water
treatment.

Previous studies on using membrane emulsification in the manufacture of double emulsions
were limited to O/W/O and W/O/W emulsions. This work successfully fabricated G/O/W
emulsions and subsequently synthesized hollow polymeric microcapsules using only one
single membrane emulsification. This allows the membrane emulsification technique to
answer the requests of fabricating products with specific size, narrow size distribution,

complex core—shell or hollow structure, and diverse functions.
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Chapter 7 Future Work

Despite the progress, there are also challenges in each project, which need to be resolved in the
future. Plant phenols represent a large group of molecules, which are abundant in nature. While
this study has concentrated on one simple model compound — catechol, future studies are required
to explore the deposition behaviors of a more complex model compound and eventually natural
mixtures of phenolic compounds in plant extracts. Moreover, the mechanism of chemical oxidation
should be better understood, and more applications should be tested. The surface modification
strategy developed in this thesis can be potentially applied in any number of surfaces for an equal
number of different purposes. For example, the surface modifications with plant phenols and other
zwitterionic polymers may show effectiveness to mitigate membrane fouling problems in the long-
term water filtration. The highly hydrophilic polyphenol film will be effective in retarding the
favorable deposition of the proteins on the filtration membrane.

Further investigation of the Janus membrane emulsification will improve our fundamental
understanding of the dynamic mechanisms contributing to droplet growth and detachment and
hence optimization of different parameters. In this study, the feed conditions of oil were the same
in all emulsification tests. Therefore, it would be worthwhile to investigate the influence of oil
flow rate on the oily bubble formation kinetics. Moreover, the studies conducted in the present
thesis are based on just one kind of monomer oil - HDDA, and new products with improved quality
and functional properties can be expected when other oils are incorporated into the system. Design
optimizations of emulsification setups could also serve as the next step of experimentation, which

will eventually help in addressing scale-up issues.
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