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Abstract

Oil related issues such as oil/water emulsions are critical challenging issues in a wide range of
engineering processes and have caused negative effects to economy, environment, and ecology.
To deal with these issues, functional materials targeting at oil spills, emulsion destabilization have
been widely explored, and the relative interaction mechanisms have been extensively studied from
many aspects. However, despite much effort devoted to this area, the developed materials remain
many limitations. For example, the traditional materials for breaking the asphaltenes stabilized
emulsions are usually amphiphilic polymers that may further stabilize the emulsion at high dosage.
In the oil spill treatment and destabilization of surfactant stabilized emulsions, the developed
materials are usually functionalized by polymers via complicated methods. The material
synthesized via a simple strategy using small molecules has rarely been reported. Besides, the
understanding of underlying mechanisms needs to be improved, especially in the aspect of direct
force measurement of interactions between emulsified droplets in emulsion, which plays an

important role in predicting and altering the stability of emulsions.

In this project, a novel functional material with superhydrophilic polyelectrolyte has been
developed to destabilize asphaltenes-stabilized emulsion, and the scalable materials functionalized
with small molecules have been synthesized via a simple and facile method for oil absorption,
oil/water separation and demulsification. The atomic force microscope (AFM) is employed to
study the interactions between water/oil droplet and as-prepared materials, and the interactions
between two water or oil droplets with interfacially active particles to elucidate the destabilization

and stabilization mechanisms of emulsion.

In the first work, novel core-shell microspheres consisting of magnetic core and superhydrophilic

zwitterionic polyelectrolyte shell have been developed to break asphaltenes stabilized water-in-oil
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(W/O) emulsion and to release water from the emulsion with the assistance of external magnetic
field. In the study of interactions and mechanism, AFM force measurement reveals strong
attraction between the polyelectrolyte and water droplet surrounded by interfacially absorbed
asphaltenes in oil. Besides, the addition of as-synthesized core-shell microspheres increase the
water-oil interfacial tension (IFT). Also, the result of quartz crystal microbalance with dissipation
(QCMD) test shows that asphaltenes can adsorb on the polyelectrolyte, which indicates the
microsphere may absorb and rupture the asphaltenes film around emulsified water droplets to

facilitate destabilization of emulsions.

In the second work, fiber-based hydrophobic and oleophilic materials are synthesized via a facile
and scalable method using a small molecule, y-mercaptopropyldi(trimethylsiloxy)methylsilane
(MD(SH)M). The MD(SH)M-functionalized materials can effectively absorb five types of oil
spills from water, separate water from the mixture with high-density/low-density oil and
destabilize asphaltenes/surfactants stabilized emulsions. The mechanism is studied using adhesion
force measurement and AFM force measurement and is found to be related to the hydrophobicity
and oleophilicity of as-prepread materials, as well as the hydrophobic interaction between

MD(SH)M and oil droplets in aqueous phase.

In the third work, the Pickering emulsions formed by oil/water mixture under pH 2, 4, 9 and 11
with bilayer oleic acid coated Fe3O4 nanoparticles (FesO4@20OA NPs) are characterized using
microscope imaging, zeta potential, IFT and AFM force measurement. W/O emulsion is formed
at low pHs (i.e., pH 2 and 4), and its stabilization mechanism is mainly governed by the formation
of steric barrier of the confined particle layer (with FesO4@20OA NPs and aggregates). At high
pHs (i.e., pH 9 and 11), oil-in-water (O/W) emulsion is formed, and its stabilization mechanism is

mainly due to relatively low IFT, strong electrostatic repulsion from negatively charged carboxyl
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groups, and steric repulsion from the confined nanoparticles and their aggregates. Increasing the
maximum loading force and dwelling time enhances the confinement of Fe3O4@20OA particles

and aggregates at oil/water interface.

In the fourth work, the small molecule MD(SH)M is used to prepare slippery surface that is
independent of complex micro-/nano-scale surface structures and conventional infused lubricant
oils. The as-prepared MD(SH)M surfaces allow facile transport of bubbles in aqueous media and
water drops in oil, as well as facilitate the self-assembly of nanoparticles from their aqueous
suspensions. The MD(SH)M slippery surfaces have lower surface energy and contact angle
hysteresis as compared to conventional lubricant liquid-infused slippery surfaces, which allows
the three-phase contact line to move more freely and accounts for the higher moving velocity of

bubbles/drops under the same test condition.

In all, this project has developed novel superhydrophilic demulsifier for asphaltenes stabilized
emulsion and paved a new way to separate oil and water using small molecules. The useful
methodology developed in this work can be readily applied to study the interactions in other
emulsion systems to elucidate the destabilization and stabilization mechanism. Our work points
out a new path using polyelectrolytes and suitable small molecules to effectively solve the
oil/water emulsion issues and provides useful insights into the interaction forces of Pickering
emulsions stabilized by stimuli-responsive interface-active particles, which has great significance

and potential applications in many engineering processes.
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Chapter 1 Introduction

1.1 Oil contamination

The oil contamination, such as oily wastewater generated in food, textile and petrochemical fields',
oil spill accident during oil production and transportation?, and corrosion and fouling issues caused
by oil-water emulsions® has aroused great concern in recent decades due to a huge negative impact
on environment and ecosystems that human life relies on. The hazardous oily component in
wastewater can pollute the soil and groundwater resources and endanger living creatures and
human beings*. The oily wastewater from food industry contains fats, grease, flesh, and blood,
which requires high biochemical oxygen demand and chemical oxygen demand to degrade’. The
wastewater from textile industry contains a large amount of unconsumed dyes and surfactants®,
and wastewater from petrochemical industry contains high content of organics including phenols,
light hydrocarbons, polycyclic aromatic hydrocarbons’. Besides oily wastewater, oil spill is also a
critical worldwide oil contamination issue. Hundreds of oil spill accidents have happened all over
the world in the past century which heavily pollute the ocean and threat marine lives. The first
recorded oil spill accident can be traced back to as early as a century ago in November 1903,
Petriana, Australia®. Among hundreds of oil spill accidents, one of the biggest accidents in history
is the “Deepwater Horizon™ oil spill in the Gulf of Mexico in 2010. In the accident, millions of
barrels of crude oil were spilled into the ocean which brought deadly impact on marine lives and
local ecology®!°. In addition, the problems caused by oil becomes more challenging in the presence
of artificial or natural stabilizers (e.g., span80, asphaltenes) where stable and complex water-oil

emulsions are formed.



1.1.1 Formation of emulsion

The emulsion is usually formed with two immiscible liquids, such as water and oil, in the presence
of interfacially active components. The type of emulsions includes water-in-oil emulsion (W/O),
oil-in-water emulsion (O/W) and complex emulsions, such as water-in-oil-in-water (W/O/W)
emulsion'!. The W/O emulsion refers to micro-/nanoscale emulsified water drops suspended in
continuous oil phase (Figure 1.1)!2. Similarly, in O/W emulsion, water serves as a continuous
phase and the emulsified oil drops are suspended, as illustrated in Figure 1.1. The suspended drop
in continuous phase (e.g., water) in complex emulsion (e.g., W/O/W) is not a single-phase liquid
drop but a mixture of two immiscible liquids (e.g., W/O)'3. The stabilizers of emulsion include
artificial stabilizers (e.g., surfactants, particles) and natural stabilizers (e.g., asphaltenes, resins).
Artificial stabilizers such as the surfactants have affinity to both water and oil and are prone to stay
at oil/water interface to lower the interfacial tension, and thus stabilize the emulsion'®. The
surfactants can be divided into non-ionic surfactant (e.g., polyethylene oxide-co-polypropylene
oxide block polymers)!®, cationic surfactant (e.g., cetyltrimethylammonium bromide), anionic
surfactant (e.g., sodium dodecyl sulfate)'® and zwitterionic surfactant (e.g., octadecyl dimethyl
betaine)!” according to their surface charges. Usually, the surfactant preferring water phase tends
to stabilize O/W emulsion while the surfactant preferring oil phase tends to stabilize W/O

emulsion'?.
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Figure 1.1 Schematic of formation of water-in-oil (W/O) and oil-in-water (O/W) emulsions'’.

The emulsion stabilized with particles is called Pickering emulsion following Pickering’s
pioneering work in 19072°. The particles adsorbed at oil/water interface prevent the coalescence
of emulsified droplets and stabilize the emulsion as steric barrier’'. The stability of Pickering
emulsion is related to the energy of removing the particle from oil/water interface to either oil or
water phase and the energy can be calculated using the oil/water interfacial tension and the contact
angle of particle at interface?. The type of Pickering emulsion can be predicted by evaluating the
contact angle of particle at oil/water or air/water interface. The particles with contact angle less
than 90° tend to form O/W emulsion while those with contact angle greater than 90° tend to form
W/O emulsion, as illustrated in Figure 1.2 Numerous types of particles (e.g., clays, hydroxyapatite)
have been used by researchers to form Pickering emulsions in the past century. Silica particle is
one of the most frequently used particles because the silica particles can be easily obtained and

modified to study the factors (e.g., hydrophobicity, pH, salinity) affecting Pickering emulsion’s



stability?>>**. Besides, the particles responding to external stimuli have also attracted great research
interest, and the stabilization, destabilization, phase inversion or reactions of Pickering emulsions
can be easily achieved by controlling the external stimuli, such as magnetic, pH, and temperature?'.
For example, external magnetic field was employed to drive the Fe3O4 particle stabilized droplets
closer so that the reactants contained in the emulsified droplets would get contact and react under
UV radiation?®. The particles coated with double layer oleic acid could respond to the change of
pH to switch between W/O and O/W type Pickering emulsions®. Also, the effect of temperature

on the stability of Pickering emulsion was studied using thermal responsive particles?’.
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Figure 1.2 (Upper) Position of a small spherical particle at a planar fluid—water interface for a
contact angle (measured through the aqueous phase) less than 90° (left), equal to 90° (centre) and
greater than 90° (right). (Lower) Corresponding probable positioning of particles at a curved fluid—
water interface. For 0<90°, solid-stabilised aqueous foams or o/w emulsions may form (left). For

0>90°, solid-stabilised aerosols or w/o emulsions may form (right)?.

1.1.2 Asphaltenes behavior in stabilizing emulsion

The asphaltenes are the natural component in crude oil defined by the solubility, viz., the
asphaltenes are soluble in aromatic solvent (e.g., toluene) but insoluble in aliphatic solvent (e.g.,
heptane). The asphaltenes consist of many aromatic rings with short peripheral aliphatic chains

and some heteroatoms such as sulfur, nitrogen and oxygen?®. The asphaltenes start to aggregate



above a critical concentration (~100 mg/L) in good solvent (e.g., toluene) and the number of
asphaltenes molecules in one aggregation is usually less than ten?’. This aggregation with several
asphaltenes molecules is called asphaltenes nano-aggregates, of which the structure is described
as a disk with radius of 3.2 nm and height of 0.67 nm*°. When the concentration increases to a few
g/L in good solvent, the asphaltenes would form large aggregates. The shape of large aggregates
could be disks or vesicles with radius less than 10 nm?'*?. The formation of asphaltenes aggregates
is not only related to the concentration but also the solvent quality and temperature. When the good
solvent is mixed with alkanes (e.g., heptane) or the temperature is decreased, the large aggregates
tend to be generated in the solution®*-*. The thickness of the oil-water interfacial layer with
asphaltenes (3 g/L) is studied and measured to be ~7 nm, which is similar to the size of asphaltenes
large aggregates in good solvent®-®. According to the size, it is deduced that the asphaltenes
aggregates would adsorb on oil-water interface to stabilize the emulsion®. The adsorbed
asphaltenes form a rigid “skin-like” layer at the interface after a certain aging time to prevent the

37739 1t is reported that the emulsions are more stable with

coalescence of droplets in the emulsion
longer aging time in the emulsion stability test***!. Freer and Radke studied the aged asphaltenes
interfacial film using interfacial dilatational rheology and the result was fitted to two combined
models to show that most of the asphaltenes at oil-water interface were irreversibly adsorbed*?. In
the irreversibly adsorbed asphaltenes, about less than 2% of asphaltenes are interfacially active
and mainly contribute to the emulsion stability*. The remaining more than 98% asphaltenes
almost have no negative effect on emulsion stability if removed from the water/oil interface***.
In addition, the effects of pH and salinity on the stability of asphaltenes emulsion are also

investigated. It is found that the asphaltenes are charged at either low or high pH to increase the

interfacial activity and form stable emulsion. And the interfacial tensions (IFT) at oil-water



interface with three different concentrations of asphaltenes (i.e., 0.01%, 0.1%, 1%) all show the
highest value at neutral pH (pH 7). The IFT decreases when pH either decreases from 7 to 2 or
increases from 7 to 12, showing the asphaltenes emulsion is stable at low and high pH. The water
resolved from the as-prepared W/O emulsion with asphaltenes at different pH reveals the same
conclusion as IFT result that the emulsion is stable under low and high pH and the least amount of
water is resolved at pH 2 and pH 12%°. The increase of salinity or the addition of divalent ions (e.g.,
Ca®") usually destabilizes the asphaltenes emulsion as the electric or electrostatic repulsion

between ionized groups at interface are screened*’ .

1.2 Functional materials for destabilizing emulsions

Over the past decades, a variety of materials have been developed and applied to break emulsions
stabilized by either surfactant or asphaltenes. The developed functional materials could be a
functional chemical compound or a substrate modified with a functional compound. The
demulsification ability of a functional material is highly related to the special wetting phenomenon
(e.g., hydrophilic, oleophilic) which is determined by the property of functional compound as well
as the substrate. The functional compounds may possess different wettability of water and oil, such
as hydrophilic/oleophobic compound (e.g., cellulose)®®, hydrophobic/oleophilic compound (e.g.,
polydimethylsiloxane (PDMS))*!, hydrophobic/oleophobic compound (e.g.,
polytetrafluoroethylene)®?. The wettability of functional material can also be affected by the
structure of substrates. As illustrated in Figure 1.3, when the roughness of hydrophobic surfaces
increases, the hydrophobicity could be enhanced as compared to the original surface®®. The water
drop (Figure 1.3 (middle one)) on rough surface has greater contact angle than that of the water
drop on flat surface (Figure 1.3 (left one)). And if some air bubbles are trapped in the structured

rough surface (Figure 1.3 (right one)), the contact angle could be further increased to more than



150°%*, In this case, besides the intrinsic wetting property of functional compound, the roughness
of surfaces also plays an important role in altering the wettability of desired functional materials.
In addition, other properties of substrate also affect the demulsification performance, such as
magnetic property and high surface to volume ratio. The magnetic substance such as magnetic
particles can respond to the external magnetic field which provides additional magnetic force to
assist the break of emulsions™. The fiber-based porous substrate is an excellent candidate for
highly efficient demulsification due to the advantages of high specific surface area, controllable
pore sizes and ease of chemical modification'®. The details of magnetic particles and fiber-based

materials will be discussed in the following two subsections.

substrate substrate substrate

Figure 1.3 (Left) water drop on a hydrophobic substrate with smooth surface; (middle) water drop
on a hydrophobic substrate with rough surface; (right) water drop on a hydrophobic substrate with

trapped air bubbles in the rough surface.

Generally, the functional materials for destabilizing surfactant stabilized emulsions are either
hydrophilic/oleophobic or hydrophobic/oleophilic, and the demulsification is achieved mainly
through the distinctly different affinity to oil and water. The hydrophilic/oleophobic functional
material is usually suitable for the demulsification of O/W emulsion as the bulk water phase would
easily penetrate the functional material while the emulsified oil droplets are held to realize the

separation. For example, the superhydrophilic and underwater superoleophobic poly(vinylidene



fluoride) membrane was applied to separate the sodium dodecyl sulfate stabilized O/W emulsion®®.
The multiwall carbon nanotube decorated poly(vinylidene fluoride) membrane with
superhydrophilic property efficiently separates the sodium dodecyl sulfate stabilized O/W
emulsion at high flux®’. Likewise, the hydrophobic/oleophilic functional material is suitable for
the separation of W/O emulsion as the bulk oil phase flows through the functional material and
emulsified water drop is retained. For example, the PDMS-co-polymethylhydrosiloxane modified
glass fiber has superhydrophobic and superoleophilic property and is used to demulsify span 80
stabilized W/O emulsion®®. In sometimes cases, the hydrophobic/oleophilic functional material
can destabilize both W/O and O/W emulsions. For instance, Liu et al. synthesized a magnetic
PDMS functionalized sponge that could destabilize W/O emulsion stabilized by span 80 and O/W
emulsion stabilized by sodium dodecyl sulfate. In the experiment, the sponge is capped in a vertical
glass tube and the W/O emulsion was poured into the tube to allow the bulk oil phase to penetrate
through the functionalized sponge. The water droplets are kept in the sponge to realize the
separation of W/O emulsion. In the demulsification of O/W emulsion, the functionalized sponge
is immersed in the emulsion to absorb the oil droplets from bulk water phase®'. Overall, the
separation of either W/O or O/W emulsion is achieved via the different affinity to water or oil so
that the functional material can be wetted by one phase (i.e., water/oil) but not be wetted by the

other phase (i.e., oil/water).

Unlike the demulsifiers for surfactant stabilized emulsions, the common functional materials to
break asphaltenes stabilized emulsions are amphiphilic. It is found that the amphiphilic material
would actively adsorb at interface, thinning and penetrating the interfacial rigid asphaltenes film
to facilitate the coalescence of emulsified droplets. One of the most used material is polypropylene

oxide (PO)-polyethylene oxide (EO) block polymers. The PO-EO block polymers are interfacially



active and tend to adsorb at oil/water interface to compete with the asphaltenes. The PO-EO block
polymers with different structures have been extensively studied. The demulsification
performance is found to be related to the structure of block polymer where the branched structure
has the best performance, followed by star structure and linear structure®®®!. In addition, the
demulsification performance is also related to the hydrophilic-lipophilic balance (HLB) value. The
EO block in PO-EO polymer represents the hydrophilic part and the PO block represents the
lipophilic part. The HLB value of PO-EO block polymer would change with the change of chain
length of EO or PO. When the HLB value falls into the range between 8 and 14, the PO-EO block
polymers work as demulsifiers. Otherwise, the PO-EO block polymers with HLB lower than § or
higher than 14 may further stabilize the W/O and O/W emulsion instead of breaking the
emulsions®*%°. Besides traditional PO-EO block polymers, the PDMS based block copolymers
with PDMS unit as the core and EO moieties as terminals (EO-PDMS-EQ) is another commonly
used demulsifier with satisfying demulsification performance®®. Other materials like the ethyl
cellulose®’, triethylenetetramine and diethylenetruamine with amine groups as terminals are also

good candidates for destabilizing asphaltenes emulsions®®%°.

1.2.1 Materials based on magnetic nanoparticles

The functional materials based on magnetic nanoparticles attract lots of interest in emulsion
treatment area due to the swift response to external magnetic field, large specific surface area, and
the ease of recycle from the emulsion. The functional magnetic nanoparticles have great
application potentials in a wide range of areas including wastewater treatment, petrochemical
engineering and oil and gas industry (Figure 1.4), which all contain oil spill, oil/water separation
and demulsification processes '°. For example, the synthesized Fe;O4 nanoparticles are coated with

polydopamine as middle layer and then functionalized by 1H,1H,2H,2H-perfluorodecanethiol to



form superhydrophobic magnetic nanoparticles for collection of oil spills under external magnetic
field”'. Besides, magnetic particles synthesized via solvothermal method was treated by surface-
initiated atom transfer radical polymerization of dimethylaminoethyl methacrylate to break O/W
emulsion’?. Magnetic Janus particles with convex hydrophilic surface and concave oleophilic

surface were synthesized for fast and effective separation of oil droplets from O/W emulsion’>.
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Figure 1.4 Applications of functional magnetic nanoparticles’’.

1.2.2 Fiber-based materials

The fiber-based materials with advantages of high specific surface area, porous structure and the
ease of surface modification are good candidates to develop functional materials with controllable
wettability and have been extensively studied in the past decades. The fiber-based materials can
be generally divided into two categories: the inorganic fibers and the organic fibers'®. Three types
of inorganic fibers (i.e., metallic mesh, carbon nanotube membrane, inorganic oxide fiber) and
organic fibers (i.e., fabric fiber, electrospinning fiber, natural fiber) are discussed below

respectively.
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The easy manufacturing, strong mechanical property and adjustable pore size have made metallic
meshes such as stainless steel mesh a widely used substrate for the materials in oil/water
separation. For example, a polytetrafluoroethylene coated stainless steel mesh with
superhydrophobic and superoleophilic property is prepared for the oil/water separation’®. The
carbon nanotube membrane as a substrate has the unique characteristics of ultrathin film layer and
strong mechanical property. For example, an ultrathin single wall carbon nanotube membrane is
reported to effectively separate emulsified oil/water mixture’>. The inorganic oxide fibers are
commonly used in commercial applications, especially those under extreme situations such as
corrosive or high temperature situation due to the high chemical and thermal stability. For
example, nano-sized ZrO; is used to coat commercial Al O3 membrane to separate the stable O/W

emulsion’®.

The fabric fibers are usually flexible and scalable materials with satisfying mechanical strength
and suitable porous structure for the oil/water separation'®. For example, polyaniline and
fluorinated alkyl silane are incorporated to the cotton fabric to prepare a material with super-
hydrophobicity for the highly efficient oil/water separation’’. The benefit of electrospinning is that
the fibers with different lengths and different materials can be combined easily to synthesize the
fiber membrane with desired needs, such as great tensile strength, large surface area and various
pore sizes. For example, electrospinning fibers with superwetting property are developed to
separate oil/water mixture as well as O/W emulsions under the driving force of gravity’s. The
natural fibers such as wood fibers and cellulose fibers have the benefits of non-toxic, biodegradable
and abundant source. For example, the surface chemistry and roughness of wood fiber are modified
to obtain a super-hydrophobic natural fiber material with high tensile strength and high relative

humidity condition”.
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1.3 Functional materials for stabilizing emulsions

Though the formation of emulsion discussed above is very undesired and great efforts have been
made to break the emulsion, a stable emulsion is sometimes needed in pharmaceutical, food,
cosmetics industries and other engineering processes®®®!. For example, the encapsulation of drug
in a bio-compatible material, the production of diary product, candies, cereal-based products,
soups, and the manufacture of facial lotions and creams are all related to the techniques of
stabilizing emulsions. As discussed in section 1.1.1, the formation of emulsion needs two
immiscible liquids (e.g., oil and water) and interfacially active components. The stability of
emulsion is found to be related to the interfacial rheology and interfacial tension property®>%. The
interfacial rheology reflects the adsorption kinetics of interfacially active component at interface
and the viscoelasticity of interfacial films which is related to interfacial mechanical property and
is used to deduce the emulsion stability®*. The adsorption of surfactant could change the interfacial
tension to stabilize emulsion. Usually, higher concentration of surfactants may lead to a lower
interfacial tension that indicates a higher stability of emulsion®. The interfacial tension may not
be affected by the concentration of particles in Pickering emulsion as the stabilization mechanism
is via the steric hinderance rather than lowering interfacial tension. The stability of Pickering
emulsion depends on properties of particles including surface wettability, particle size, particle
shape, particle concentration and so on®®. Various functional particles such as bare particles,
particles chemically bonded with polymers, or particles physically blended with polymers, have
been developed to stabilize the emulsion. For example, bare chitosan or chitosan-based materials
are commonly used to stabilize Pickering emulsion. The chitosan colloidal particles used to
stabilize Pickering emulsion can be formed by self-aggregation of chitosan at alkaline pH as the

amino groups is deprotonated®’. The chitosan-based particles are synthesized through the attraction
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between positively charge amino groups of chitosan and negatively charged groups of polyanion
or polyelectrolyte®. Another way to prepare chitosan-based particles is to functionalize chitosan
with hydrophobic segment to alter the affinity to oil and water, and thus to further stabilize the

Pickering emulsion®’.

1.4 Study of interaction mechanisms

There are many techniques to study the interaction mechanism in emulsion such as IFT*, quartz
crystal microbalance with dissipation (QCMD)’!, integrated thin film drainage apparatus
(ITFDA)®?, surface force apparatus (SFA)», and atomic force microscopy (AFM)*. As a well-
developed nanoscale technique, AFM has attracted great interest in recent years in the application
of directly measuring the interactions between an emulsified droplet and another object (i.e.,
droplet, substrate), which plays an important role in understanding the mechanism of oil/water
separation and emulsion treatment. For example, the interaction between oil drop containing
asphaltenes and hydrophobic/hydrophilic substrate in aqueous solution was studied to investigate
the influence of the substrate wettability on the stability of emulsified asphaltenes oil droplets. The
results greatly help with the understanding of the mechanism related to oil fouling, corrosion, and
oil/water separation’>. Besides, the interaction between two oil droplets with interfacially
mobilized asphaltenes in water was measured using AFM force measurement to understand the
interaction mechanism in O/W emulsion stabilized by asphaltenes®*. The AFM force measurement
is a powerful and useful technology to quantify the interaction forces among the species (i.e.,
emulsified droplets, interfacially active components, bulk phase) in emulsion at nanoscale, which
provide new understanding of emulsion systems and useful information for many engineering

processes.
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1.5 Objectives

The oil related issues, either the oil absorption, break of emulsion or stabilization of emulsion are
critical problems in many science and engineering fields. Despite the rapid development of various
functional materials for emulsion treatment, the synthesis of most materials usually requires
complex process and involves amphiphilic polymers and materials for demulsification of
asphaltenes stabilized emulsions. Unfortunately, these amphiphilic materials have the potential to
further stabilize the emulsion. Thus, the development of a facile and simple method to synthesize
functional materials is necessary and the novel materials to destabilize emulsion with asphaltenes
are needed. In addition, though there are many particle materials for stabilizing Pickering
emulsion, the stimuli-responsive Pickering emulsion is not yet well studied especially in the aspect
of stabilization mechanism and arrangement of particles at water/oil interface. Besides, the direct
and quantified measurement of interactions in emulsion at nanoscale is of great importance in
understanding the mechanism and providing guidance to develop functional materials to interfere
the interactions in emulsions and alter the stability. The major objective of this project is to develop
novel functional materials to solve oil contamination, including oil spills and oil/water mixtures
(i.e., emulsion stabilized by asphaltenes or surfactants), as well as to unravel the underlying
interactions between droplets in the presence of interfacially active components using the state-of-
the-art nanomechanical techniques such as AFM force measurement. The specific objectives are

listed as follows.

(1). Develop novel superhydrophilic magnetic spherical particles using zwitterionic
polyelectrolyte to break asphaltenes stabilized W/O emulsion and investigate interfacial

interactions using AFM force measurement, as well as elucidate the destabilization mechanism.
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(2). Develop simple and scalable fiber-based materials using a novel small molecule to realize
oil/water separation, oil absorption and demulsification of surfactant or asphaltenes stabilized W/O

emulsions and elucidate the interaction mechanism using AFM force measurement and ITFDA.

(3). Unravel the interfacial interactions in pH-responsive Pickering emulsions stabilized by double
oleic acid layer coated nanoparticles using AFM force measurement, and propose the model of

particles arrangement at interface.

(4). Investigate the slippery behavior of a novel small molecule (the same small molecule in

objective No. 2) functionalized surface at water/oil and water/gas interface.

1.6 Structure of thesis

Chapter 1 introduces the current challenges of oil related issues and the development of functional
materials to destabilize or stabilize the emulsions. The mechanism of emulsion formation and
stabilization, and the nanomechanical techniques to study the interactions in emulsions at

nanoscale are also introduced. The objectives of this project are clarified.

Chapter 2 describes the characterizations and techniques used in this project including working
principles of AFM force measurements and QCM-D measurements, the setup and operation
procedure of ITFDA, procedures of measuring contact angle and IFT, and other surface

characterizations such as transmission electron microscopy (TEM), and X-ray diffraction (XRD).

Chapter 3 synthesizes a superhydrophilic magnetic microsphere to destabilize the asphaltenes
stabilized W/O emulsion at room temperature. The property of synthesized microsphere are
characterized and the interactions between asphaltenes and superhydrophilic polyelectrolyte at
oil/water interface are studied using techniques including XRD, TEM, AFM force measurement,

QCMD, and IFT, for better understanding of the destabilization mechanism.
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Chapter 4 synthesizes hydrophobic fiber-based scalable materials using a novel small molecule for
oil/water separation, oil absorption and demulsification of surfactant/asphaltenes stabilized
emulsions. The surface properties of synthesized materials, the interactions between oil/water
droplet and synthesized materials, and the hydrophobic interaction between an air bubble and
novel small molecule coated surface in water are characterized using techniques including SEM,

ITFDA and AFM force measurement for better understanding of the destabilization mechanism.

Chapter 5 demonstrates the stabilization mechanism and interfacial interactions of a pH-responsive
Pickering emulsion stabilized by double oleic acid layer coated nanoparticles using techniques
including AFM force measurement, IFT and optical imaging. Two models of nanoparticles
arrangement around emulsified droplets at oil/water interface are proposed and the effects of force

load and dwell time are studied.

Chapter 6 synthesizes a slippery surface using a liquid-like small molecule (the same small
molecule used in Chapter 4) and studies the slippery behavior of sliding air bubble in water, water
droplet in air and water droplet in oil. The forces related to the air bubble/droplet transportation is
theoretically analyzed and the surface properties including surface tension and surface morphology
is studied using techniques including AFM imaging and contact angle for better understanding of

the slippery behavior.

Chapter 7 presents the major conclusion and the future work of this thesis.
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Chapter 2 Experimental Methodologies

2.1 AFM force measurement

The AFM (atomic force microscope) force measurement is a powerful tool to study the interaction
force at nanoscale between two surfaces across a medium!>. As shown in Figure 2.1, the AFM
mainly consists of a laser source, a cantilever with tip, sample stage, scanner, and photodiode. The
scanner is composed by three piezo components to manage the horizontal (x and y direction) and
vertical (z direction) movement of sample. In the force measurement, the cantilever is placed at a
certain place above the sample. Then the cantilever is driven to approach the sample at a fixed
speed until a pre-set deflection of cantilever is reached, after which the cantilever is driven back
to the original position. The laser is focused on the end of cantilever and reflected to a photo
detector. The deflection of cantilever leads to the change of laser signal which is detected and
monitored by photo detector. In this case, the deflection of cantilever caused by interaction force
between the sample and the tip is monitored. Then the interaction force is obtained by converting
the deflection of cantilever using Hooke’s law. After measurement, the curve of force versus the
relative separation distance between tip and sample can be plotted. AFM cannot measure the
absolute separation distance between tip and sample and the zero point of relative separation
distance can be selected arbitrarily, such as at the maximum deflection of cantilever®. The tip and
sample can be functionalized with functional materials if needed and the measurement can be done
in air or across a fluid media. Besides cantilever with tip, a tipless cantilever glued with silica
microsphere or tipless cantilever pre-treated to pick up a water droplet/oil droplet/air bubble can

also be applied in AFM force measurement based on the specific needs.
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Photodiode

Figure 2.1 Schematic setup of AFM.

2.2 QCMD measurement

The QCMD (quartz crystal microbalance with dissipation) is a very useful nanoscale tool to
measure the real-time interactions and thin film formations. The QCMD sensor is a thin quartz
crystal sandwiched between a pair of electrodes and works as a microbalance in the experiment.
When a thin and rigid film is adsorbed on the sensor in experiment, the frequency will decrease,

and the change of frequency is proportional to the mass of adhered thin film. The relationship

CAf

n

between mass and frequency can be expressed by Sauerbrey equation Am =— , Where Am is

adsorbed mass, Af is the frequency shift, n is the order of harmonic overtones of the crystal

sensor and 7 equals to 1,3,5,7,9,11, C=17.7 ng/(Hz-cm?) for 5 MHz crystal sensor.
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2.3 Contact angle and IFT measurement

The contact angle and IFT (interfacial tension) measurement are both critical techniques in
experiments for surface property and interfacial property. The contact angle and IFT are measured
using a goniometer/tensiometer, the setup of which is simply illustrated in Figure 2.2. In the contact
angle measurement, the substrate is placed on sample stage and a sessile drop is generated on the
substrate. Then the image is captured by the camera to measure contact angle using software when
the contact line between sessile drop and substrate is defined. In the measurement of IFT, the
needle is immersed in a quartz cell placed on the sample stage and filled with liquid/air. A pendant
drop is generated at the tip of needle and the shape of pendant drop is monitored by camera. The
interfacial tension is automatically obtained in the software by analyzing the pendent drop shape

and the properties (e.g., density) of the bulk liquid/air and pendant drop.

Syringe

Light Camera
Needle

Figure 2.2 Schematic setup of goniometer/tensiometer.
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24 ITFDA

The ITFDA, integrated thin film drainage apparatus, is a technique to analyze the interaction force
between a drop and a sample substrate at microscale. As presented in Figure 2.3, the ITFDA
consists of a glass cell, actuator, capillary tube, sample stage and bimorph. A droplet is generated
using a gastight syringe at one end of the glass capillary tube (inner radius 0.74+0.05 mm) and the
movement toward/away from the sample is controlled by a motorized actuator. The sample is fixed
on the round shape sample stage clamped at the free end of bimorph cantilever. The bimorph
consists of two piezoelectric slabs that is sandwiched together to form a bending type force
transducer and covered in a fluorinated ethylene propylene sheath with the other end connected to
a high impedance charge amplifier. The force exerted on sample stage leads to the deflection of
bimorph to generate electrical charge. The relationship between exerted force and electric charge
can be calibrated by applying known weights at sample stage. The interaction between drop and
sample is recorded by a CCD camera. The glass cell can be filled with water/oil for under liquid

measurement at room temperature.
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Figure 2.3 The schematic setup of ITFDA.

2.5 Other characterizations

In addition to the AFM, QCMD, ITFDA technique, other techniques such as zeta potential, X-ray
diffraction (XRD), Transmission Electron Microscope (TEM) are also used in this project. Zeta
potential is measured using a Zetasizer Nano ZSP (Malvern Instruments, UK). XRD is performed
using a Rigaku Ultimate IV X-ray diffractometer with Cu Ka radiation (40 kV, 40 mA). The TEM
images of samples are characterized using a JEOL 2200FS Transmission Electron Microscope.
The attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectrum of samples are
measured on ATR-FTIR (Thermo Scientific Nicolet iS50). The field emission scanning electron
microscope (FE-SEM) images and energy dispersive X-ray spectroscopy (EDS) were conducted
on Zeiss Sigma SEM (Carl Zeiss, Germany). X-ray photoelectron spectroscopy (XPS) was
analyzed on a PHI VersaProbe III (® ULVAC-PHI, Inc., Japan/USA) and a Kratos Axis

spectrometer with monochromatized Al Ka. The C 1s peak at 284.6 eV is used to correct all XPS
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spectra. The molecular weight and molecular weight distribution (PDI) are determined by gel
permeation chromatography (GPC) (Viscotek model 250 dual detectors system), using 0.5 M
sodium acetate and 0.5 M acetic acid as eluent. The cyclic voltammetry measurement is performed
using a CHI 920c electrochemical workstation (CH Instruments Inc.) with a platinum wire (counter
electrode), Ag/AgCl (1 M KCI) microelectrode (reference electrode, 0.222 V vs standard hydrogen
electrode (SHE)). All potentials quoted are referred to the Ag/AgCl (1 M KCI) reference electrode.

The thickness of sample is measured using a spectroscopic ellipsometer (Sopra GESP-5, France).
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Chapter 3 Novel Fe3;O4 Based Superhydrophilic Core-shell Microspheres for
Breaking Asphaltenes-stabilized Water-in-oil Emulsion

3.1 Introduction

Emulsions have been used in a broad range of biological and technical applications, such as food
science!, pharmaceutical*® and oil industry’. When two immiscible liquids encounter each other
under mixing, one liquid generally disperses as drops in the other liquid, where emulsions are
generally formed!'%!'?. For example, oil and water can form water-in-oil (W/O) emulsions, oil-in-
water (O/W) emulsions and even multiple emulsions, such as water-in-oil-in-water (W/O/W) and
vice versa'’. Thermodynamically, emulsions are generally considered to be unstable as the
dispersed drops can readily coalesce with each other due to the low energy barrier. To stabilize the
emulsions, interface-active components, including amphiphilic polymers, Janus particles, proteins
and surfactants, are commonly applied as emulsion stabilizers that can adsorb at the liquid/liquid
interface, thereby elevating the energy barrier between emulsion drops and preventing the

coalescence!*1.

However, stable emulsions are undesirable in many engineering and
environmental processes due to the challenges associated with the downstream processing in oil

production (e.g., fouling, plugging and corrosion), oil-water separation and water treatment, thus

demulsifiers are required to break the emulsions.

Over the past few decades, considerable effort has been devoted to developing effective
demulsifiers, most of which focused on W/O emulsions such as water-in-diluted bitumen emulsion
or water-in-crude oil emulsion, the most commonly encountered emulsions in production of
conventional crude oil and oil sands'®!°. Asphaltenes are generally considered to be the main
stabilizers of emulsions in crude oil or bitumen, which is attributed to the heteroatoms (e.g., N, S,

0) in polyaromatic cores and side chains of asphaltenes molecules** 2. Compared with bitumen,
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asphaltenes can stabilize the W/O emulsion at a much lower concentration or form thicker organic
liquid films when the concentrations are the same?. It has been found that the adsorption of
asphaltenes is mostly irreversible due to the formation of a “skin-like” rigid film around water
drops, and the drop size could be less than 5 um to generate extremely stable emulsion®*. The
complex characters of asphaltenes have made the destabilization and removal of W/O emulsions
to be one of the toughest challenges in the oil industry. Despite the significant progress achieved,
studies on the demulsifiers for effectively breaking asphaltene-stabilized W/O emulsion are still
limited®*?’. Amphiphilic ethylene oxide (EO) and propylene oxide (PO) block polymer is one of
the most commonly used commercial polymers to break the asphaltene-stabilized W/O emulsion,
and the demulsification performance depends on the structure and relative ratio of EO and PO
segments and polymer concentration®®. The underlying demulsification mechanism was found to
be attributed to the more interfacially active EO-PO polymers that compete with asphaltenes at the
interface, penetrating and softening the interfacial asphaltenes film*. The traditional non-ionic
emulsifiers are usually amphiphilic, which can affect the performance of demulsification and
stabilize the emulsions if a high concentration is applied®>*°. Thus, the development of a non-
amphiphilic demulsifier, that can stay at the water-oil interface, may avoid the risk of

emulsification by the amphiphilic demulsifiers.

Polyelectrolytes, well-known for their super-wettability, are promising candidates for water-oil
separation as non-amphiphilic materials®' 3% K. He et al. reported a zwitterionic poly(2-
methacryloyloxylethyl phosphorylcholine) (PMPC) brush grafted surface which allows effective
separation of oil-water mixture and the repellency of oil in either dry or water-wetted state*>. Later,
a long-range “hydrophilic” attraction was found between polyzwitterionic surface and water drop

in oil media, originated from strong electrically induced dipole-dipole and ion-dipole
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interactions®. Such strong attraction between polyzwitterions and water across oil could provide
a facile strategy to demulsify the asphaltenes-stabilized W/O emulsions using microspheres coated

with zwitterionic polyelectrolytes.

In this study, novel core-shell magnetic microspheres coated with superhydrophilic zwitterionic
polyelectrolytes were synthesized by a facile method, which were used to break the asphaltene-
stabilized water-in-toluene emulsion. Quartz crystal microbalance with dissipation (QCM-D) was
conducted to investigate the adsorption of asphaltenes on polyelectrolyte surface in toluene. In
addition, the water drop probe atomic force microscope (AFM) technique was employed to
quantitatively measure the interaction forces between the water drop and polyelectrolyte surface
in oil media in the presence of asphaltenes at the nanoscale. This work provides an insightful
approach to synthesize new demulsifier materials and useful information regarding the interaction
behaviors of water droplets with asphaltenes and superhydrophilic microspheres at the water/oil
interface, with implications in breaking emulsions in a variety of environmental and engineering

processes.

3.2 Material and methods

3.2.1 Materials

The Cr-asphaltenes (solid free) were extracted from Athabasca bitumen3’-*8. Iron(Ill) chloride
hexahydrate (FeClz -6H20), dopamine hydrochloride, sodium citrate (Nas3Cit), [2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide, 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid and 4,4’ -azobis(4-cyanovaleric acid) were obtained from
Sigma-Aldrich.  Ethylene glycol (EG), anhydrous sodium acetate (NaOAc),
Tris(hydroxymethyl)aminomethane, sodium hydroxide (NaOH) and sodium borohydride (NaBH4)

were purchased from Fisher Scientific.
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3.2.2 Preparation of poly{3-[dimethyl(2-methacryloyloxyethyl)ammonio] propanesulfonate}
(PDMAPS)

The PDMAPS was prepared with a modified RAFT polymerization method®. The RAFT agent 4-
cyano-4-(phenylcarbonothioylthio)pentanoic acid (0.4 mmol, 0.1120 g) was added into 100 mL 4
mM NaOH solution at 45 'C until fully dissolved. Then the monomer [2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide (20 mmol, 5.6000 g) and
4,4’-azobis(4-cyanovaleric acid) (0.08 mmol, 0.0224 g) were added. After purged with argon for
30 min to remove oxygen, the polymerization was conducted at 75 C for 24 h. Thereafter, the
polymer product was purified by dialysis against distilled water for 3 days. Pink powder polymer

product was obtained after freeze-drying.

3.2.3 Preparation of Fe;O4@PDA-PDMAPS microsphere (FPPM)

The Fe3;04 microspheres and FesO4@PDA microspheres were prepared by following a previously
reported method*’. Then the prepared Fe;0s@PDA and PDMAPS were dissolved in Tris buffer
solution (pH=8.5), stirring at room temperature for 24 h. The product was washed with distilled
water and ethanol for three times. FPPM was obtained after drying under vacuum at room

temperature.

3.2.4 Characterizations

X-ray diffraction (XRD) patterns were recorded on a Rigaku Ultimate IV X-ray diffractometer
with Cu Ka radiation (40 kV, 40 mA). The morphologies of Fe;O4@PDA and FPPM were
characterized by JEOL JEM 2100 Transmission Electron Microscope (TEM). All the other
morphologies were characterized by JEOL 2200FS TEM. X-ray photoelectron spectroscopy
(XPS) was analyzed on a Kratos Axis spectrometer with monochromatized Al Ka. The C 1s peak

at 284.6 eV was used to correct all XPS spectra. The magnetic property was characterized on a
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Quantum Design 9 T-PPMS magnetometer with an applied field between -10 000 and 10 000 at
300 K. The molecular weight and molecular weight distribution (PDI) were determined by gel
permeation chromatography (GPC) (Viscotek model 250 dual detectors system), using 0.5 M

sodium acetate and 0.5 M acetic acid as eluent.

3.2.5 Emulsion test

The W/O emulsion was prepared with 20 vol% distilled water and 80 vol% organic phase. The
organic phase was 300 mg/L. C7-asphaltenes in toluene solution which was sonicated for 20 min
to ensure complete dissolution before emulsion preparation. The distilled water was added to
organic phase dropwise with an IKA T18 digital ultra-turrax homogenizer at 18 000 rpm for 8 min.
The solution was set for 2 h after mixing. After settling, two phases were observed: continuous
organic phase (supernatant) and a settled emulsion phase. The supernatant organic phase was
removed except the layer very close to the interphase to avoid the trace removal of emulsion*!. 15
mL of emulsion was prepared in each vial. 1 mL 3 mg/mL FPPM in toluene solution was added
into one arbitrarily selected vial while 1 mL pure toluene was added into another one. The
dispersion of FPPM in toluene is limited due to the hydrophilic polyelectrolyte outer layer. To
facilitate the dispersion of the FPPM in oil phase, a low concentration (3 mg/mL) of FPPM in
toluene was prepared and sonicated for 20 min. After sonication, the FPPM was well dispersed in
toluene, which was immediately added into the emulsion. The two vials were hand-shaken for 1
min to mix the emulsion and added liquid. Then the emulsions were settled for 3 h before putting
on a magnet. Pictures were taken before and after adding FPPM at 20, 40, 48 and 68 h. All the

procedures were conducted under ambient temperature (23 °C).
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3.2.6 AFM force measurement

PDMAPS was coated onto a gold wafer by following a method reported previously®>. The
interaction forces between PDMAPS coated gold surface and a water droplet in the asphaltene-in-
toluene solution were measured using an MFP-3D AFM (Asylum Research, Santa Barbara, CA)
mounted on an inverted microscope (Nikon Ti-U). For a typical test, the asphaltene-in-toluene
solution was first injected in a fluid cell with a pre-hydrophobized glass substrate where the water
droplets injected by a custom-made ultra-sharp glass pipet were spontaneously settled down and
immobilized*?. The water drops were aged for 10 min before the free asphaltenes in the solution
were completely washed off by exchanging the solution with pure toluene. The water droplet was
picked up by a custom-made silicon cantilever and placed above the PDMAPS coated wafer*#,
The force measurement was conducted by driving drop-anchored cantilever toward the PDMAPS
coated gold surface until drop attachment occurred or until a certain deflection of cantilever was
reached. To minimize the hydrodynamic effect, the driving velocity of water drop was kept at 1
um/s. The spring constant of the cantilever was calibrated using Hutter’s thermal method®. For
each experiment, force curves of at least 5 water drops and two independently prepared PDMAPS

substrates were measured and similar results were obtained. A schematic picture of the

experimental setup was shown in Figure 3.1.
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Oil

Asphaltenes

Figure 3.1 Schematic of AFM force measurement setup for measuring the interaction between a
water drop and polyelectrolyte surface coated on gold wafer in oil (i.e., asphaltene-in-toluene

solution).

3.2.7 Quartz crystal microbalance with dissipation monitoring (QCM-D) tests

The adsorption of asphaltenes on PDMAPS was monitored by a QCM-D E4 system (Q-sense,
Sweden) employing a QCM-D sensor which is a thin piezoelectric crystal disk with gold electrodes
on each side. The resonance frequency, f, and dissipation, D, will change simultaneously if the
adsorption occurs on the sensor. Prior to each experiment, the PDMAPS was grafted onto the
cleaned gold sensor using the same method in Section 2.6. A stable baseline was established by
pumping background solution (pure toluene) into the QCM-D chamber. Then the asphaltene-in-
toluene solution was pumped into the chamber at a flow rate of 0.35 mL/min for 50 mins when the
frequency shift Af'became stable. The change of frequency (Af) is related to the mass adsorbed

(Am) on the sensor surface by the Sauerbrey equation as follows,

Am = -2 (3.1)

n
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where C is a constant as 17.7 ng Hz'em™, Af is frequency change in Hz, n is the overtone number

which could be 1, 3, 5, 7, 9 or 13. In this work, n was chosen as 5 to show the typical data analysis.

3.2.8 Interfacial tension measurement

The interfacial tension (IFT) of asphaltene-in-toluene was measured in water using the pendant
drop method using a standard tensiometer (rame-hart, instrument Co., NJ, USA) at room
temperature. In a typical measurement, the organic solution was loaded into a syringe with a U-
shaped needle which was inserted in a quartz cell filled with distilled water. A pendant droplet was
generated at the tip of the needle by a syringe pump. The droplet profile was captured by a high-
speed charge-coupled device (CCD) camera every 1 s for 3600 s. All the experiments were
performed on an anti-vibration table. [FT was measured using asphaltene-in-toluene solutions with
asphaltene concentrations of 100, 200, 300, 400 and 500 mg/L with/without FPPM (1mg FPPM/15

mL asphaltene-in-toluene solution).

3.3 Results and discussion

3.3.1 Material characterizations

The molecular weight and polydispersity index (PDI) of synthesized PDMAPS were measured as
13.6 kDa and 1.35, respectively. The PDA was first coated on Fe3O4 (the grey color sphere) by
dissolving the equal amount of PDA and Fe;O4 in Tris buffer (pH 8.5) for 24 h, after which the
PDMAPS (red color) was deposited on the PDA layer (pale gold color), forming a core-shell

structure (Figure 3.2)*.
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Figure 3.2 Schematic of synthesis route of Fe304@PDA-PDMAPS (FPPM) core-shell

microspheres where dark grey sphere represents Fe304, rose gold and red color shells represent
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Figure 3.3 (a) XRD spectrum of the Fe304 core; (b) Magnetic hysteresis loop of Fe304 core.

Figure 3a is the XRD result where all the peaks can be assigned to the typical pattern of Fe3O4

(JCPDS 19-0629), showing a crystalline structure. The saturation magnetization value (Ms) is
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measured as 51 emu/g in the hysteresis loop (Figure 3.3b), which is sufficiently strong to collect
the microspheres by a small magnet*®*’. It should be noted that there is no hysteresis in the
magnetization curve, suggesting the superparamagnetism of the Fe3;O4 particles. The morphology
of Fe304 core, Fe;04@PDA and FPPM was characterized by TEM (Figure 3.4a-c), the average
diameters of which were measured as 200 nm (Figure 3.4a), 212 nm (Figure 3.4b) and 216 nm
(Figure 3.4c¢), respectively, indicating an average of ~10 nm PDA layer and ~4 nm PDMAPS layer.
The synthesize core-shell particle is named as Fe3O4@PDA -PDMAPS Microsphere (FPPM) as
the size is at sub-micron scale. The black line, green line and red line in Figure 3.4d show the XPS
spectra for PDMAPS, Fe;04@PDA and FPPM, respectively. The peak at 167 eV is assigned to S
2p which is a typical binding energy of S*. One obvious difference among the three spectra is that
the S peak is present in the spectra of FPPM and PDMAPS while absent in the spectrum of
Fe;04@PDA. As PDMAPS is the only one of the three materials (Fe3O4, PDA and PDMAPS)
containing S, the overlapped S peak in PDMAPS and FPPM spectra strongly suggests PDMAPS
has been successfully coated around Fe;O4@PDA as outer layer. The S 2p peak could be
deconvoluted into two peaks due to the S 2ps» and S 2pix spin-orbit splitting®. It is worth
mentioning that no peak can be assigned to Fe in the spectrum of Fe;O4@PDA, which is attributed
to the well coated PDA shell. Since the detection depth of XPS is about 10 nm, to screen the Fe
signal, the thickness of PDA layer should be at least ~10 nm, which agrees well with the TEM

analysis.
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Figure 3.4 TEM images of (a) Fe304 core, (b) Fe304@PDA microspheres and (¢) FPPM; (d) XPS

spectra of PDMAPS polymer (black line), Fe304@PDA (green line) and FPPM (red line).

3.3.2 Performance of FPPM on W/O emulsion
To clarify the effect of FPPM on the destabilization of W/O emulsion in the presence of

asphaltenes, a control experiment was conducted by adding 1 mL pure toluene into the emulsion
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(vial B), as compared with the addition of 1 mL 3mg/mL FPPM in toluene (vial A). The
destabilization performance was evaluated by monitoring the conditions of emulsion and the
amount of released water. In Figure 3.5a, the two vials of emulsion were prepared under the same
protocol, one of which was arbitrarily selected as the control experiment and labelled as B while
the other one was labelled as A. The asphaltenes, known as the main factor contributing to the
emulsion stability, can stabilize the W/O emulsion for a long time if no treatment is taken place.
In many cases, physical treatments, such as high temperature or long time vigorous shaking, were
employed together with the chemical treatment to facilitate the destabilization of emulsion®*>2, In
this work, to illustrate the influence of FPPM, all the above-mentioned treatments were not
considered except 1 min hand-shaken to ensure the complete mixing of solutions. After the first
20 h, a considerable amount of free water was released at bottom left corner, and large water drops,
mainly gathered at the bottom part, can be observed in vial A (Figure 3.5b). In comparison, no
obvious change can be detected for the emulsion without FPPM (vial B), indicating the significant
role of FPPM in destabilizing the emulsion. The samples at 0.8 cm from the bottom were taken for
observation under optical microscopeafter 3 h. For emulsion samples from via A (Figure A.2a),
coalesced water drops were observed, while the emulsion from vial B contained water drops with
rigid round shape that stayed isolated from each other (Figure A.2b), which agrees well with the
phenomenon described above (Figure 3.5b). The observed phenomena in Figure A.3 showed the
changes of emulsion condition at micro level, suggesting the time of the initial appearance of free
water was much earlier than 20 h. With longer time, large water drops started to appear in the top
emulsion layer and more water was released. Meanwhile, the layer thickness of supernatant
organic phase increased, attributed to the oil liberated from coalesced emulsion phase. At t=68 h,

a thick water layer was formed at the bottom due to the continuous breaking of emulsions and
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coalescence of water drops, which also led to shrinking of the emulsion layer and larger water
drops. Overall, the emulsion kept coalescing, releasing free water after adding FPPM; while the

reference emulsion remained almost unchanged without FPPM (Figure 3.5b-¢).
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Figure 3.5 Images of (a) prepared water-in-oil emulsions in the presence of asphaltenes: after
adding 1 mL 3 mg/mL FPPM in toluene solution (A) and 1 mL pure toluene (B). The emulsions

were settled on magnet for (b) t=20 h, (c) 40 h, (d) 48 h, and (e) 68 h, respectively. The blue arrow
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represents the direction of magnetic field. (f) The amount of released water with time (blue line:
the trend of released water amount) for the two cases: Vial A with the addition of 1 mL 3 mg/mL

FPPM in toluene solution, and Vial B (reference case) with the addition of 1 mL pure toluene.

The amount of released free water was weighed at different times (Figure 3.5f), showing a steady
increase with time and a relatively sharp increase during 40-48 h. As shown in Figure 3.5b-d, more
water drops were present at 40 h as compared to the case of 20 h, especially at the top part of
emulsion, most of which coalesced and disappeared at 48 h, ultimately leading to a sharp increase
of water amount. One phenomenon that is worth mentioning is the released water always initially
appears in the position far from the center of the magnet, which can be attributed to the distribution
of magnetic field. The vials were placed on the pole side of the magnet that exhibits the strongest
magnetism among the external field, especially around the center of the pole. As shown in Figure
3.5a-e, the blue arrow represents the magnetic force and the length of arrows indicates the strength
of magnetism. This strong magnetic force would drag more FPPM, as well as the trapped emulsion

drops, to the pole center, which squeezes water to the side far from the center.

Another emulsion test was performed following the same procedure of vial A but without magnet
(Figure A.3). After adding FPPM in toluene solution and handshaking, the color of emulsion turns
darker than that of the initial state, indicating the uniform dispersion of black FPPM. At the first
20 h, the emulsion remained uniform and no change was observed. At 40 and 48 h, some tiny water
drops appeared which can be observed clearly in the zoomed picture. With longer time, more water
drops appeared (Figure A.3e), and the morphology of the emulsion was completely different from
that at 20 h. After 96 h settling under gravity, a small amount of free water was released at both

left and right corners, suggesting the formation of a thin water layer. Without the magnet, there
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was no external force attracting the FPPM and trapped emulsion drops, and the generated water
layer was spread evenly at the bottom. Comparing the demulsification performance in Figure A.3
and Figure 3.5, it is concluded that FPPM can destabilize the emulsion, and the absence of external

magnetic filed would largely slow down the demulsification process and decrease the efficiency.

3.3.3 Force measurement between PDMAPS and emulsified water drop

To investigate the interaction between the FPPM outer layer and the emulsion drop, PDMAPS was
coated on a gold wafer and the force measurement was conducted between PDMAPS surface and
a water droplet in asphaltene-in-toluene solution. The morphology of the coated gold surface was
imaged by AFM tapping mode (Figure A.1), which showed similar morphology as previously
reported®®. Figure 3.6a and 3.6b show the typical force curves of water droplets in asphaltene-in-

toluene solution of 10 and 100 mg/L, respectively.
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Figure 3.6 Force curve between PDMAPS coated gold surface and water droplet in toluene with

asphaltenes concentration of (a) 10 mg/L, and (b) 100 mg/L. The arrow in (a) indicates the
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attachment of water droplet on PDMAPS surface; the arrows in (b) indicate the movement of the

droplet.

Figure 3.6a shows that with asphaltene concentration of 10 mg/L, the water droplet would attach
to the PDMAPS surface when the water drop was driven to approach the surface. Prior to
attachment, a strong attraction was measured at about 0.5 pm. Such long-range attractive
interaction between the water drop and zwitterionic polyelectrolyte surface in toluene could be
most likely attributed to the strong Debye and London interactions, consistent with our previous
report®®. When asphaltene concentration increased to 100 mg/L, no obvious jumping-in behavior
(attachment) was observed during approaching and strong adhesion was detected during retraction.
With increasing asphaltene concentration, the asphaltenes adsorbed at the oil-water interface could
weaken the long-range attraction between water drop and zwitterionic polyelectrolyte. The
adhesion measured during the retraction process in Figure 3.6b suggests that the PDMAPS and the

protective asphaltenes layer adsorbed at oil-water interface remain limited adhesion even under

high asphaltene concentration condition.

3.3.4 Change of interfacial property and adsorption of asphaltenes

The AFM force results above have shown the attraction between PDMAPS and water droplets in
the emulsion phase, which could drive the migration and adsorption of FPPM to the oil-water
interface. To confirm the change of interfacial property, the water-toluene IFT was measured at
five different asphaltenes concentrations with/without FPPM (Figure 3.7). The grey bar and red
bar represent the IFT at the water-oil in the presence of asphaltenes with/without FPPM,
respectively. In the absence of FPPM, the IFT decreased gradually with the increase of
concentration due to the adsorption of asphaltenes at the interface. The relationship between IFT

and the logarithm of asphaltenes concentration can be fitted to linear with R? equals to 0.994,
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which is consist with previous study??. With the addition of FPPM, the IFT increased at each

concentration, suggesting the instability of water drop and the trend to coalesce.

In addition, it is worth mentioning that the changes of IFT before/after adding the same
concentration of FPPM were different at different asphaltenes concentrations (Figure 3.7). At both
low and high asphaltenes concentrations (i.e., 100 and 500 mg/L), the IFT had minimal changes
while at the concentration of 300 mg/L the IFT had maximal increase, which was most likely
attributed to their interaction mechanisms shown below. At a high asphaltenes concentration, the
shielding effect is dominant and there would be high adsorption of asphaltenes on PDMAPS>?,
which could weaken the interaction between FPPM and water, ultimately leading to a minor
change of IFT. On the other hand, at a low asphaltenes concentration, the interaction between
FPPM and water is comparatively strong, which may result in a diffusion of FPPM to the
surrounding bulk water phase, thus causing a minor change of IFT as well. At the asphaltenes
concentration of 300 mg/L, both the shielding effect and adsorption of asphaltenes would suitably

stabilize FPPM onto the water-oil interface, consequently contributing to the major change of IFT.
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Figure 3.7 Water-oil interfacial tension with asphaltenes (grey) and water-oil interfacial tension

with both asphaltenes and FPPM (red).

To investigate the adsorption behavior of asphaltenes on PDMAPS surface, QCM-D test was
conducted on PDMAPS coated gold sensor using asphaltene-in-toluene solution as fluid phase.
The asphaltenes concentration was set to be 50, 100, 300 and 400 mg/L, respectively, which was
injected into the QCM-D chamber before the reach of a plateau (frequency change less than 0.2
Hz during 5 min). Figure 3.8a shows the frequency and dissipation changes at four different
concentrations where both the frequency and dissipation changes increased with concentration and
reached a plateau at the end. The changes of the four dissipations are all close to zero, meeting the
condition of using Equation (3.1) to calculate the mass of adsorbed asphaltenes. In Figure 3.8b,

similar to the trend of frequency (Figure 3.8a), the mass increased with both time and
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concentration. At a typical concentration, the mass increased sharply in the first 500 second, and
then accumulated slowly till the end. At a certain time (e.g., 1000 s), compared with the significant
mass increase from 135 ng/cm? (at 50 mg/L) to 170 ng/cm? (at 100 mg/L), the mass increase for
the concentration from 100 mg/L to 300 mg/L and from 300 mg/L to 400 mg/L became much
smaller, which are from 170 to 180 ng/cm? and from 180 to 183 ng/cm?® respectively. This
decreased increment indicates the trend of reaching a saturated adsorption state of polyelectrolyte

surface with increasing asphaltene concentration.
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Figure 3.8 (a) Frequency and dissipation changes with time during the QCM-D test on PDMAPS
coated gold sensor with asphaltene-in-toluene solution. (b) The mass of asphaltenes adsorbed on

PDMAPS coated gold sensor determined using QCM-D.

It was reported that the outer PDMAPS layer of FPPM could desorb the asphaltenes when the
asphaltenes-adsorbed PDMAPS was treated in water>®. This unique adsorption and desorption
behavior indicate the potential application of FPPM in recycle and reuse. To further prove the
asphaltenes desorption property of FPPM, the FPPM was firstly immersed in the 300 mg/L solids-

free C7-asphaltenes-in-toluene solution for 24 h, and then extracted by magnet and dried under
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vacuum, followed by the sonication in water for 20 min. The TEM images were taken after the
extraction from asphaltene-in-toluene solution (Figure A.4 (a)-(c)) and after sonication (Figure
A.4 (d)-(e)). From the TEM morphology, it was clear that the microspheres were covered and
connected by thin films (e.g., the red circles part), which filled the space between sphere shape
particles and changed the original round shape edges into irregular ones (Figure A.4 (a)-(b)). In
the zoomed TEM image (Figure A.5 (¢)), the overlapped layers showed the morphology of micelle
shape (blue circle) which was similar as the previously reported morphology of asphaltenes™.
After sonication in water, the edges of particles became round shape again and the layers
connecting the particles disappeared (Figure A.4 (d)-(e)), suggesting the asphaltenes desorption

behavior on FPPM.

3.3.5 Proposed interaction schematic

Based on the tests and analyses above, a possible interaction schematic is proposed. Figure 3.9a
shows the schematic picture of emulsion test where FPPM in toluene solution was added to vial A
while pure toluene was added to vial B. Figure 3.9b depicts the emulsion in vial A at micro level
where the water drops have been fully or partially broken to form the irregular shape of water
under the effect of FPPM. In the zoomed part of Figure 3.9b, because of the attraction to water,
the FPPM partitions to the water-oil interface after adding into the bulk emulsion phase, increasing
the interfacial energy. The “skin-like” asphaltenes protection layer around water droplet is known
as one of the main reasons of stabilizing the W/O emulsion and difficult to break. As demonstrated
by QCM-D tests, the FPPM can adsorb asphaltenes, which plays an important role in disrupting
the asphaltenes protection layer. The ruptured asphaltenes layer highly increases the probability of
water droplet coalescence and promotes the break of emulsions. In Figure 3.9a, the black arrow

lines represent the magnetic induction and the area with more lines has a stronger magnetic field.
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The vials were settling on either the north or south side of the magnet, the center point of which
has the maximum numbers of magnetic induction lines, suggesting the strongest magnetic force.
Therefore, the trapped water droplets together with the emulsion tend to be dragged to the center

which squeezes the released free water to the side.

FPPM » Water droplet © Asphaltenes

(a) (b)

Figure 3.9 (a) schematic of demulsification test; and (b) illustration of the interactions between
water-in-oil emulsion drops with asphaltenes and FPPM under external magnetic field involved in

the demulsification process in vial A of (a).

3.4 Conclusions

Removal of asphaltenes-stabilized W/O emulsion is a tough challenge in oil industry. In this work,
a novel type of microspheres with core-shell structure (FPPM) was synthesized via a facile route,
with magnetic core and superhydrophilic polyelectrolyte (PDMAPS) outer layer. The as-prepared
microspheres could greatly facilitate the demulsification process of asphaltenes-stabilized W/O
emulsion, especially under external magnetic field, where a considerable amount of free water

could be released. A strong attraction between PDMAPS and water drop was measured in the
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presence of asphaltenes using a drop probe AFM technique. Compared with the IFT at the water-
oil interface, the IFT increased with the addition of FPPM under all the asphaltenes concentrations
tested, indicating the emulsion drops were prone to coalescence. The asphaltenes have been found
to adsorb on the polyelectrolyte surface by the QCM-D test, demonstrating the protective
asphaltene layer at water-oil interfaces could be disrupted by FPPM. In addition, when the
asphaltene-adsorbed FPPM was treated in water, the adsorbed asphaltenes on the polyelectrolyte
shell can be released, which was verified by TEM imaging. This work provides useful insights
into the design of novel demulsifier materials and their interaction mechanism with water-in-oil
emulsions, with implications in a variety of engineering and environmental applications such as

oil-water separation.
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Chapter 4 Bio-inspired, Facile and Scalable Surface Functionalization

Approach with Small Molecules for Multitasking Oil Decontamination

4.1 Introduction

Oil contaminations have been challenging issues in many industries, such as gas and oil
production' and textiles®, and have aroused great attention all over the world due to the negative
impacts on environment and sustainable development of economy. The oil spill accidents are
representative examples, which could damage local environment and threaten wildlife over a long
period of time*. The industrial oily wastewater usually contains many harmful and non-
biodegradable organic compounds that could pollute local soil and fresh water sources, and would
generally take years to degrade in nature>°. It becomes more challenging that oily contaminants
form stable emulsions in water [i.e., oil-in-water (O/W) emulsion, water-in-oil (W/O) emulsion,
complex emulsion (e.g., W/O/W and O/W/O)] in the presence of artificial (e.g., surfactants,
nanoparticles) or natural surface-active species (e.g., asphaltenes, resins)’. Surfactants usually
stabilize emulsions by lowering water/oil interfacial tension while asphaltenes form a rigid skin-
like layer at oil-water interface to stabilize the emulsion®’. The different stabilization mechanisms

of diverse stabilizers require effective strategies for efficient demulsification.

Over the past few decades, a variety of materials have been developed to target oil decontamination
issues, among which fiber-based materials are commonly used as supporting substrate due to the
high specific surface area, interconnected porous structure and wide range of pore sizes!®!2. The
fiber-based substrates include two major categories: inorganic fibers (e.g., metal mesh) and organic

fibers (e.g., fabrics fiber), both of which have been applied in oil/water separation and
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demulsification processes!®. For example, stainless steel mesh was used as substrate and modified
by zeolitic imidazolate framework-8 film for oi/water separation'!. It was reported that cotton fiber
modified with SiO; and octadecyltrichlorosilane was an excellent candidate for oil absorption and
oil/water separation'>. Stainless steel mesh after functionalization with poly-(N,N-
dimethylaminoethyl —methacrylate) and poly(divinylbenzene) was employed for the
demulsification of sodium dodecyl sulfate stabilized W/O  emulsions'?. A
superhydrophobic/superoleophilic cotton fiber-based material modified by poly(vinyl phenol) and
1,3-phenylene bisoxazoline was also synthesized to treat span 80-stabilized W/O emulsions'*.
Generally, fiber-based functional materials are fabricated through specific reactions between
certain functional molecules and desired reactants on or pre-coated to fiber-based substrates!>!®,
to which the functional coating layers grant the capability for oil contamination removal and
water/oil separation. However, such an approach generally requires complex molecular design and
pre-treatment of the substrates. It remains a great challenge to develop a facile and substrate-

independent surface-functionalization approach for tailoring and regulating the fiber-based

supporting materials.

Recently, surface functionalization via polydopamine (PDA) chemistry has attracted much
research interest, which is a facile, versatile and scalable method to modify various types of
substrates'” >3, The PDA deposition is inspired by the mussel adhesive proteins that are rich in
catecholic amino acid residue (i.e., 3,4-dihydroxyphenylalanine). PDA can be spontaneously
formed by polymerization of dopamine monomers in alkaline solution and easily coat various
substrates?*. Moreover, PDA deposition layer has many chemical-reactive sites for diversified
secondary functionalization, enabling it to serve as an intermediate layer to immobilize various

functional compounds on target substrates.
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The surface wettability of materials after the secondary functionalization dominates their oil/water
separation and oil removal performance and is determined by the functional compounds used in
secondary functionalization. Specifically, hydrophilic/oleophobic compounds are usually suitable
for separating water from oil-water mixture; while hydrophobic/oleophilic compounds are usually
suitable for separating oil from oil-water mixture®>?¢. The commonly used hydrophobic functional
compounds fall into two categories: fluorinated compounds and non-fluorinated compounds. The
fluorinated compounds are traditional candidates for oil/water separation because of their low
surface energy and outstanding oil wetting property?’. However, the rising environmental concern
about fluoride pollution prompts researchers to pay more attention to non-fluorinated chemicals
including inorganics (e.g., Ti0>?, Si0>%°, Al05*°), small molecules and polymers*!~2. Many
polymers have been developed to functionalize porous substrates for oil/water separation, oil
absorption and demulsificaion, such as poly(methyl methacrylate) for hexane/water separation™,
polydimethylsiloxane for oil absorption (both heavy and light oils) and treating emulsion stabilized

0**33, polyethyleneimine for demulsification of tween 80-stabilized emulsion®, and

by span 8
polypropylene oxide-polyethylene oxide block polymers for demulsification of asphaltenes-
stabilized emulsion®’. The polymers used to break surfactants (e.g., span80, tween 80) stabilized
emulsions can be either hydrophilic or oleophilic; while the polymers targeting demulsification of
asphaltenes-stabilized emulsions are usually amphiphilic. Despite that much effort devoted to the
development of polymers to address oil contamination issues, substrate-supported small molecules

that can effectively break both surfactant- and asphaltenes-stabilized emulsions have rarely been

reported’®.

In this work, we report a facile surface functionalization strategy for porous substrates using small

non-fluorinated molecules for effective oil/water separation and treatment of surfactant-
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/asphaltenes-stabilized emulsion. A small molecule, Y-
mercaptopropyldi(trimethylsiloxy)methylsilane (MD(SH)M), has been applied to functionalize
fiber-based substrates, successfully realizing oil/water separation, oil absorption and
demulsification capabilities. The MD(SH)M is immobilized on commercial fiber-based substrates
via PDA deposition approach. The as-prepared materials are used to separate mixtures of water
and high-density/low-density oil, absorb oil from water, and break W/O emulsions stabilized by
span 80 or asphaltenes. The interaction forces between as-prepared functionalized fiber-based
materials and oil/water droplets are characterized using a modified integrated thin film drainage
apparatus (ITFDA). The hydrophobic interaction between MD(SH)M self-assembled monolayer
(SAM) and air bubbles in aqueous media is measured using atomic force microscope (AFM). This
work provides a novel, facile and scalable method for functionalizing diverse substrates or fiber-
based materials by using small non-fluorinated molecules, which has a great potential to address
effective water-oil separation and oil contamination issues, and improves the fundamental

understanding of the underlying interfacial interaction mechanisms.

4.2 Experimental section

4.2.1 Materials

The C7-asphaltenes (solid free) were extracted from Athabasca bitumen using a method reported
previously39. Chloroform (ACS reagent, >99.8%), hexanes (ACS reagent, >98.5%), toluene (ACS
reagent, >99.5%), petroleum ether (PE) (ACS reagent), n-dodecane (ACS reagent, >99%), 2-
propanol (ACS reagent, >99.5%), hydrochloric acid (36%), tris(hydroxymethyl)aminomethane
(THAM), fiber-free polyurethane (PU) sponge and hydrophilic polyvinylidene fluoride (PVDF)
membrane with pore size 0.22 um were purchased from Fisher Scientific, Canada. Dopamine

hydrochloride, oil red O, (3-mercaptopropyl)methyldimethoxysilane (MPMDMS) and
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hexamethyldisiloxane (HMDSO) were ordered from Sigma-Aldrich, Canada. The stainless-steel
mesh (SSM) was purchased from Alfa Aesar. The cotton fiber (CF) was from cotton balls sold in
local pharmacy store. Corn oil was bought from local superstore. All the materials were used as

received.

4.2.2 Preparation of small molecule coated surfaces with various substrates

Selected substrates (i.e., CF, SSM, PVDF membrane, PU sponge) were first immersed in Tris
buffer (10 mM, pH=8.5) containing 2 mg/mL dopamine hydrochloride for 24 h at room
temperature to achieve PDA deposition, and then were thoroughly rinsed with water and ethanol
and dried under vacuum40. The CF, SSM, PVDF membrane and PU sponge coated by PDA were
denoted as CF@PDA, SSM@PDA, PVDF@PDA, and PU@PDA, respectively. The synthesis of
the small molecule has been reported in our previous work41. Briefly, MPMDMS, HMDSO, and
hydrochloric acid were mixed at 70°C in nitrogen atmosphere. After reacting for 4 h, the resultant
organic phase was washed by Milli-Q water to remove acid and was separated from aqueous phase
using a separatory funnel. The MD(SH)M was obtained by distilling the organic phase under
reduced pressure. The PDA-coated substrate was immersed in 2-propanol with MD(SH)M (5
mg/mL) for 24 h at room temperature to immobilize MD(SH)M via Michael addition21. The
CF@PDA, SSM@PDA, PVDF@PDA and PU@PDA with MD(SH)M functionalization were
named as CF@PM, SSM@PM, PVDF@PM, and PU@PM, respectively. The synthesis process

was illustrated in Figure 4.1.
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Figure 4.1 Schematic of synthesis route of functionalizing various substrates using MD(SH)M.

4.2.3 Oil/water separation and oil absorption

In the oil/water separation experiment, dodecane/water and chloroform/water mixtures were
prepared and used as model mixture systems to test the oil/water separation performance of as-
prepared materials. It is worth noting that the oil phase was dyed in red for ease of observation.
The freshly prepared oil/water mixture was poured into a beaker covered by SSM@PM to separate

oil and water under gravity force.

To evaluate the oil absorption capacity of as-prepared materials, the dry CF@PM was immersed
in various types of oil, including hexanes, chloroform, toluene, PE and corn oil. The CF@PM was
first immersed in oil (~50 mL) for 5 min to reach absorption saturation, and then the saturated
CF@PM was lifted out of the oil and exposed in air for about 10 s to remove loosely attached oil
under gravity. When there was no free oil on the surface of CF@PM, it was transferred and sealed
in a glass vial and weighed. The weight gain (w) of CF@PM was used to evaluate the oil absorption

capacity, which was expressed in Equation 1,
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m,—m,

Weight gain (w) = (1)

m,

where m,and m, are the weight of CF@PM before and after oil absorption, respectively.

The oil absorption capacity from water was also investigated for the as-prepared materials. Briefly,
2 mL oil was dyed in red and added to ~20 mL water. The dry CF@PM was held by a tweezer to
absorb the oil from water, after which the oil was squeezed out from CF@PM for water content
analysis. The water rejection rate (#,) was used to determine the ability of absorbing oil from water,

as expressed in Equation 2,

Rejection (77,) = (1-c)x100% (2)

where ¢ is the water concentration (ppm) in the oil squeezed out from CF@PM (after absorption
test in oil-water mixture) as compared with absorption from pure oil. It is noted that trace amount
of water might be contained in the pristine oil reagent; thus, the value of ¢ is calculated by using
“the water concentration (ppm) in oil squeezed out from CF@PM” minus “the water concentration
(ppm) in pure oil”. The used CF@PM was washed in 2-propanol and dried with air for cyclic

reuse. Each type of oil absorption test was repeated for at least three times.

4.2.4 Demulsification of W/O emulsion

The W/O emulsions were prepared by adding water into oil phase dropwise and mixing with an
IKA T18 digital ultra-turrax homogenizer at 15 000 rpm for 5 min. The water/oil volume ratio was
1/99 for W/O emulsion stabilized by span 80 (1 mg/mL) and 10/90 for W/O emulsion stabilized
by solid-free C7-asphaltenes (300 mg/L). The span 80 (1mg/mL)/Cs-asphaltenes 300 mg/L) were
dissolved in toluene as the oil phase for emulsion preparation. The demulsification experiments

were conducted by adding the W/O emulsion into an in-house built apparatus consisting of a

71



vertical glass pipe with dry CF@PM stuffed at the bottom end. The emulsion flowed through the
CF@PM under gravity force, and the liquid coming out from the end of glass pipe was collected
for further analysis. The amount of emulsion added in each run was controlled as 1 mL. The
demulsification performance of the CF@PM was evaluated by separation efficiency (7s), which
was calculated as below:

Separation efficiency (15) =(1— i) x100% 3)
c

e

where ¢, and ¢, are the water concentrations in original W/O emulsion and the separated liquid

phase collected at the end of glass pipe, respectively.

4.2.5 Interactions between water/oil droplets and as-prepared materials

The interaction forces between water/oil droplets and different materials were measured using a
modified setup of integrated thin film drainage apparatus (ITFDA)*. Specifically, the interaction
forces between a water droplet and bare CF in air, a water droplet and CF@PM in air, a water
droplet and SSM@PM in oil, and an oil droplet and SSM@PM in water were quantified. As
presented in Figure 4.2a, the water/oil droplet was generated using a gastight syringe at one end
of the glass capillary tube (inner radius 0.7440.05 mm) and moved toward/away from the surface
of sample driven by a motorized actuator. The sample was fixed on the stage clamped at the free
end of a bimorph cantilever. The force exerted on the sample would lead to the deflection of
bimorph to generate electric feedback response, which could be translated to force between
water/oil droplet and the sample surface using a calibrated relationship between exerted force and
electric response of the bimorph cantilever. Besides, the whole interaction process between the
droplet and sample was recorded by a CCD camera. The glass cell could be filled with water or

oil for force measurements in liquid at room temperature. A typical measurement includes four
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steps, as illustrated in Figure 4.2b. First, a droplet was generated at the end of glass capillary tube
and held above the sample (Figure 4.2b(1)). Then the droplet approached the sample at a constant
speed and stayed for a dwell time of 5 s after getting contact with the sample (Figure 4.2b(2)). The
droplet was subsequently lifted to a position higher than original position to ensure the detachment
from the sample (Figure 4.2b(3)), after which the droplet was driven back to the field of view

(Figure 4.2b(4)). The approach and retraction velocity of droplet was fixed as 100 um/s.
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Figure 4.2 (a) Schematic configuration of the modified setup of integrated thin film drainage
apparatus (ITFDA) for measuring the interaction forces between a liquid droplet and a substrate
surface. (b) Typical experiment protocol: (1) droplet starting to approach sample stage; (2) droplet
contacting with sample stage and staying for a certain time (dwell time); (3) droplet moving away
from the sample stage to ensure the detachment of the droplet and sample; (4) droplet moving back

to the field of view.
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4.2.6 AFM force measurement and theoretical model

The MD(SH)M SAM surface were prepared by functionalizing flat gold wafer substrates in
MD(SH)M in 2-propanol solution according to a method reported previously*'. The interaction
force between an air bubble and MD(SH)M SAM surface in 500 mM NaCl solution was measured
by an MFP-3D AFM (Asylum Research, Santa Barbara, CA) mounted on an inverted microscope
(Nikon Ti-U). The bottom glass of fluid cell was pre-treated by octyltrichlorosilane to enhance its
affinity to air bubbles, which was generated by a custom-made ultra-sharp glass pipet. A tipless
cantilever with gold patch at the end was treated by 1-dodecanethiol and employed to pick up one
air bubble, which was then placed above the MD(SH)M SAM surface for force measurement®.
The velocity of bubble approaching/retracting from the surface was set as 1 um/s to suppress
hydrodynamic effect. The spring constant of tipless cantilever was calibrated using Hutter’s

thermal method**. The measured force was analyzed using a theoretical model based on Reynolds

45,46

5

lubrication theory coupled with augmented Young-Laplace equation shown as below

8_h: 1 0 rh38—p)
ot 12uror or

4
where 4 is the thickness of confined water film, ¢ is the time, u is the viscosity of water, r is the
radical coordinate, and p is the relative hydrodynamic pressure. The boundary condition at

air/water interface is assumed as non-slippery according to recent reports*’ .

The deformation of bubble during the interaction process can be described by augmented Y oung-

Laplace equation as shown in Equation (5),

y 0, Oh 2
L (=22 pT1 5
r@r(rér) R P )
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where y is the air/water interfacial tension, R is the bubble radius, IT is the overall disjoining
pressure arising from surface forces such as van der Waals (VDW) force, electric double layer
(EDL) force and hydrophobic interaction (HB). Since the EDL force is significantly screened in
500 mM NaCl, VDW force and hydrophobic interaction dominate the disjoining pressure in this

case, which can be described in Equation (6) and (7), respectively,

AH
- - 6
vdw 67Z'h3 ( )

where Ay is the Hamaker constant of air/water/gold system calculated using Lifshitz theory. As
the thickness of MD(SH)M SAM is less than 1 nm*!, the VDW interaction is dominated by the
air/water/gold interaction, and the contribution of MD(SH)M SAM to the overall VDW force can

be neglected**-*°.

C h
I, = _HZ exp(— 30)9 C, =y(1-cosb) (7)

where Cj is a constant (mJ/m?) related to the wettability and interfacial tension of the surface, 6
is the static water contact angle on MD(SH)M SAM and Dy is the decay length of hydrophobic

interaction.

The overall interaction between an air bubble and MD(SH)M SAM surface, F(¢), is calculated by

integrating p(r, t) and I1(r, f) according to Derjaguin approximation*>#49-31,

F(t) =27 [ [ p(r,t)+ TI(h(r, t)Jrdr (8)

4.2.7 Material characterizations
Field emission scanning electron microscope (FE-SEM) imaging and energy dispersive X-ray

spectroscopy (EDS) were conducted on a Zeiss Sigma SEM (Carl Zeiss, Germany) to characterize
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the surface morphology and elemental distribution of as-prepared materials. The chemical
composition of bare CF and CF@PM were investigated using the attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy (Thermo Scientific Nicolet iIS50). The water
concentration (ppm) in pure oil and in oil samples squeezed out from CF@PM was measured using
Karl-Fischer titration (C20 Coulometric KF Titrator, Mettler Toledo, Switzerland). The water
contact angles on different materials were measured using a goniometer (rame-hart, instrument
Co., NJ, USA). The surface chemical composition of different materials was quantified by X-ray
photoelectron spectroscopy (XPS) on a PHI VersaProbe III (& ULVAC-PHI, Inc., Japan/USA),

and the XPS spectra was corrected by the C 1s peak at 284.6 eV.

4.3 Results and discussion

4.3.1 Preparation and characterization of MD(SH)M functionalized materials

The MD(SH)M can be immobilized on various types of substrates through the universal PDA
coating as an intermediate layer. The SEM images of bare and functionalized CF and SSM are
shown in Figure 4.3. The SSM weaved by stainless steel wires has a pore size of about 100 um
(Figure 4.3a). After PDA deposition, some aggregates are generated on the surface of stainless
wires with the size varying from a few microns to sub-microns (Figure 4.3b). The pore size of
SSM is not significantly affected by these aggregates, and the surface morphology of SSM barely
changes after functionalization of MD(SH)M (Figure 4.3c¢). Similarly, the SEM images of bare CF
show smooth fiber surface with width of about 8 pm (Figure 4.3d). In contrast, the CF@PDA has
many aggregates spreading pervasively on all the fibers (Figure 4.3e), suggesting that the
deposition of PDA causes evident changes in morphology and increases surface roughness. As the

coating of MD(SH)M does not exhibit obvious morphology changes in SEM images (Figure 4.3f),
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the EDS elemental mapping is employed to characterize the distribution of elements contained in
MD(SH)M. As shown in Figure 4.4a, the bare CF has strong signal of C (red color), O (purple
color) but almost no signal of Si, which is one of the main elements in MD(SH)M. The signal of
C is a bit strong in the pore area because the fiber is very thin and close to the background carbon
tape so that the C contained in the tape is detected as well. In comparison, besides C and O, the Si
signal shows up in the mapping of CF@PM, implying the successful functionalization of
MD(SH)M on fibers (Figure 4.4b). In the FTIR analysis, a new peak at 798 cm™! appears in the
spectra of CF(@PM as compared with that of bare CF, which corresponds to the stretching vibration
of Si-C bond (Figure 4.4c) '°. In the XPS analysis, the bare CF contains a high concentration of C
and O, and a very low concentration of Si, which agrees well with the EDS result that the signals
of C and O are strong but that of Si can barely be observed. The signal of N is noticed and the
signals of Si and O in the XPS spectra of CF@PM are much stronger than that of bare CF, which
is attributed to the PDA and MD(SH)M deposition. These results show the small molecule
MD(SH)M are scalable with various types of substrates through the universal PDA deposition as

an intermediate layer.
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Figure 4.3 SEM images of (a) SSM; (b) SSM@PDA; (c) SSM@PM; (d) bare CF; (¢) CF@PDA;

(f) CF@PM.
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Figure 4.4 SEM-EDS mapping of (a) bare CF and (b) CF@PM; (c) FTIR spectra of bare CF and

CF@PM; (d) XPS spectra of bare CF and CF@PM.

4.3.2 Wettability of MD(SH)M functionalized surfaces
The surface wettability of materials plays an important role in many engineering processes (e.g.,
oil/water separation). The wettability of MD(SH)M functionalized materials were evaluated by

measuring the contact angle of water and oil (i.e., toluene) droplet on them. It is worth noting that
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the oil is dyed in red to be distinguished from the water droplet. As shown in Figure 4.5, the
MD(SH)M functionalized surfaces all exhibit hydrophobicity and oleophilicity in air. The water
droplet on SSM@PM surface is stable with a contact angle of ~135°, while the oil droplet spread
on the SSM@PM forming a large oil stain (Figure 4.5a). The water droplet on CF@PM can
maintain a spherical shape with contact angle of ~160°, while the oil droplet is completely
absorbed by CF@PM in air (Figure 4.5b). The hydrophilic PVDF membrane shows a water contact
angle of ~105° and oil contact angle of ~0° after MD(SH)M functionalization (Figure 4.5c).
Similarly, the water contact angle of PU@PM is ~131°, and the absorbed oil can be squeezed out

from PU sponge to leave a red stain on paper.
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Figure 4.5 Images of water droplet, and toluene droplet (dyed in red) on (a) SSM@PM, (b)

CF@PM, (c) PVDF@PM, and (d) PU@PM.

To better understand the change of surface properties after functionalization using MD(SH)M, the
interaction forces between a water droplet and CF@PM in air (red curve) were studied by ITFDA

and compared with that of water droplet-bare CF (black curve) system, as illustrated in Figure
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4.6a. The force value is the net force exerted on sample where the positive and negative signals
represent repulsive and attractive forces, respectively. The tiny fluctuations in force curves are due
to the interferences of pieces of fibers inside cotton. The force curve of water droplet-bare CF
system can be divided into four stages: (1) the water droplet starts to approach the bare CF from
original position and negligible net force is measured; (2) the water droplet gets contact with bare
CF where an attractive force is generated and increases with time; (3) the attractive force rapidly
changes to repulsion as water droplet is about to withdraw from the tube; (4) almost all the water
in water droplet is absorbed by CF and the water droplet detaches from the glass tube, resulting in
a constant force exerted on the sample. The corresponding snapshots for each stage are shown in
Figure 4.6b and the water droplet has a spherical shape before interacting with bare CF (stage 1,
1.1 s). Weak attraction of about 0.02~0.03 mN is measured at the very beginning of stage 2 (5.7 s)
when water droplet starts to contact with a few pieces of fluffy fibers on bare CF. The shape of
water droplet remains spherical at 5.7 s under weak attraction, after which the droplet is dragged
to cylindrical shape at 9.0 s due to the strong attraction arising from the increased contact area
between water droplet and bare CF. As water droplet is being absorbed by bare CF during dwell
time, the cylindrical droplet turns to a concave bridge at 13.6 s and the increased attractive force
arises from the formation of capillary neck. With the increase of time, some water has been
absorbed by bare CF to exert a force due to its gravity on the sample and partially balance the
attractive capillary force, resulting in a smaller net attraction (15.3 s) as compared to the maximum
attractive force. The capillary neck becomes thinner and thinner with the retraction of glass
capillary tube and breaks at about 16.4 s, while the attractive force drastically decreases and turns
to positive value because of the increased mass from absorbed water. Then the water is completely

absorbed by bare CF (stage 4, 17.7 s), and the signal reflects a constant gravity force (~0.08 mN)
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of the absorbed water exerted on the sample. The force measurement shows a strong attraction

between water and bare CF.
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Figure 4.6 (a) Typical force curve as a function of time between a water droplet and bare CF (black
curve)/CF@PM (red curve) in air. The black and red force curves overlap at stage 1 (from 0 to ~3
s). (b) The snapshots in corresponding to the regime labeled with the same number in black force

curve in panel (a). (c) The snapshots in corresponding to the regime labeled with the same number

in red force curve in panel (a).
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The interaction between water droplet and MD(SH)M functionalized CF can be divided into five
stages and the corresponding snapshots are shown in Figure 4.6¢c. Same as the force curve of bare
CF, the interaction force at stage 1 is negligible when the water droplet moves toward CF@PM.
As the water droplet starts to get in contact with CF@PM (7.2 s and 9.0 s), a repulsive force is
observed at stage 2, suggesting the resistance of water after MD(SH)M functionalization, which is
distinctly different from the trend of bare CF. The water droplet can maintain a spherical shape
during the contact with CF@PM (13.6 s), and the repulsive force increases with the increased
contact area between water droplet and CF@PM. The force turns to attraction (~ 0.8 mN) at stage
3 and the water droplet is dragged to a cone shape due to the affinity to CF@PM (22.3 s, 24.0 s).
The water droplet eventually detaches from CF@PM with the elevation of glass capillary tube
(stage 4), during which the force rapidly changes back to almost zero, indicating there is almost
no water absorbed by CF@PM (stage 5). The shape of spherical water droplet barely changes after
interacting with CF@PM, as demonstrated in the snapshots at 24.1 s and 29.8 s. Though there is
limited adhesion measured during the separation of water and CF@PM, which was mainly
attributed to the attractive intermolecular interaction (e.g., VDW) at their contact interface, the
force measurement reveals that the wetting phenomenon by water is greatly resisted with

functionalization of MD(SH)M.

4.3.3 Oil/water separation

The oil/water separation performance of SSM@PM is tested using mixture of water and low-
density oil (i.e., dodecane)/high-density oil (i.e., chloroform) and water (Figure 4.7). The
SSM@PM is bent to a bowl-like shape and placed on top of a beaker prior to the separation

experiment. The oil phase is dyed in red to be distinguished from water. It is noted that SSM@PM
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does not need to be pre-wetted prior to the experiment. In the separation of low-density oil and
water, the oil/water mixture is gradually poured on SSM@PM. Dodecane penetrates SSM@PM
smoothly and flows into the beaker, while water is held steadily on top (Figure 4.7a). In the
separation of high-density oil and water, water contacts with the mesh first and is held on top.
Some water spills on the paper due to limited volume capacity of hand-made mesh bowl. The
chloroform can expel water layer to penetrate through SSM@PM to realize oil/water separation
(Figure 4.7b). The excellent capability in oil/water separation of SSM@PM can be attributed to its
special wettability of water and oil after MD(SH)M functionalization, and the underlying

mechanisms will be further studied using ITFDA and AFM force measurements.

L dodecane
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Figure 4.7 Separation of water and (a) dodecane, (b) chloroform using SSM@PM. The oil phase

is dyed in red.
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Figure 4.8 (a) the force curves as a function of time between a water droplet and SSM@PM in
dodecane (black curve), and between a chloroform droplet and SSM@PM in water (red curve).
The black and red force curves overlap at stage 1 (from 0 to ~5 s) and red force curve is shown in
front. (b) the snapshots in corresponding to the region labeled with the same number in black force
curve in panel (a). (¢) the screenshots in corresponding to the region labeled with the same number

in red force curve in panel (a).
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The force curve as a function of time between a water droplet and SSM@PM in dodecane is shown
in Figure 4.8a (black curve) and the corresponding snapshots are shown in Figure 4.8b. No
interaction is observed at stage 1 when water droplet is approaching SSM@PM. As water droplet
starts to get contact with SSM@PM, the force becomes positive indicating there is a repulsion
between SSM@PM and water in dodecane (stage 2, 5.9 s). The capillary tube is driven to move
closer to the sample at stage 2, which results in an increase of contact area between water droplet
and SSM@PM as well as the increased repulsive force. The water droplet greatly deforms at stage
3 in response to the strong repulsion (~0.02 mN) from SSM@PM, as shown in the snapshot of
12.7 s. The repulsion decreases during the retraction of water droplet (stage 4) and a weak
attraction of about 0.005 mN is detected when the water droplet completely detaches from
SSM@PM (stage 5). However, the deformation of water droplet can barely be observed in the
snapshot (19.4 s) because the attraction is very weak. Then the force goes back to zero suggesting
that there is no water residue left on SSM@PM (stage 6,21.9 s and 39.3 s). The force measurement
exhibits strong repulsion between SSM@PM and water in the oil phase and well explains why

water can be held steadily on dodecane wetted SSM@PM in oil/water separation.

The force curve and corresponding snapshots of the interaction between chloroform droplet and
SSM@PM in water are shown in Figure 4.8a (red curve) and 4.8c, respectively. Different from the
force curve of water-dodecane-SSM(@PM system, an attractive force is detected right after stage
1 (2.1 s). The attractive force induces chloroform droplet to attach to SSM@PM and deforms the
droplet to an elliptical shape (7.7 s). The attractive force gradually turns to repulsion (stage 3)
arising from the hinderance of expelling water film confined between the chloroform droplet and
SSM@PM (11.0 s). The droplet changes to cylindrical shape in the beginning of retraction process

(stage 4, 19.0 s), and then gradually turns into concave bridge with neck (22.7 s) with the elevation
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of capillary tube, during which the force turns to attraction and increases quickly. The attraction
becomes smaller as the neck grows thinner at stage 5 (26.6 s). At 27.4 s, the capillary neck breaks
to leave a chloroform droplet on SSM@PM (stage 6, 27. 5 s), and the interaction force changes
from ~ -0.038 mN to ~0.05 mN within 0.1 s. The tiny fluctuations in force curve may arise from
the motion of small bubbles lifted from SSM@PM in the measurement. The bubbles lifted after
the rupture of capillary neck move to the top of the chloroform droplet on SSM@PM to generate
a relatively large bubble (28.3 s, 39.3 s). The constant positive force value (~0.05 mN) arises from
the gravity force of chloroform droplet left on the SSM@PM. The force measurement
demonstrates a strong attraction between SSM@PM and chloroform droplet in water that helps to
expel the water film confined between them, so that the chloroform droplet jumps into contact
with and adheres to SSM@PM. As one side of SSM@PM is exposed to air in oil/water separation,

the chloroform can easily penetrate SSM(@PM to achieve oil/water separation.

4.3.4 Bubble-MD(SH)M interaction

The force profile between an air bubble and MD(SH)M SAM surface in 500 mM NacCl solution is
measured using AFM to investigate the hydrophobic interaction, as illustrated in Figure 4.9. In
Figure 4.9a, a weak repulsion of ~5.5 nN arising mainly from VDW force appears during approach,
after which a sudden “jump-in” behavior occurs, implying the bubble attaches onto the surface.
The surface force in 500 mM NaCl solution mainly consists of VDW force and hydrophobic
interaction as the EDL force is significantly suppressed. As illustrated in the force curve, the
hydrophobic interaction overcomes repulsive VDW force to rupture the water film and induce
bubble attachment. The experimental data (red circle) can be well fitted by the aforementioned
model based on the Reynolds lubrication theory and augmented Young-Laplace equation (black

curve) using the Co of 89.2 mJ/m?, which is calculated based on the data (i.e., contact angle and
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interfacial tension) reported previously*!. The decay length Dy is determined to be 1.50 = 0.05 nm
from the theoretical calculation, showing a strong hydrophobic interaction between air bubble and
MD(SH)M SAM surface**2. The critical central separation just before bubble attachment is
calculated to be 13.7 nm, as shown in Figure 4.9b. The “pimple” droplet shape reveals that the
center of bubble is severely pulled to the SAM surface because of the hydrophobic interaction. It
can be estimated in the calculated disjoining pressure profiles that the overall disjoining pressure
turns attractive at separation distance of ~17 nm due to the hydrophobic attraction and increases
drastically until 13.7 nm where the bubble attachment occurs (Figure 4.9c). The hydrophobic

interaction endows MD(SH)M functionalized materials with strong attraction to oil in aqueous

phase.
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Figure 4.9 (a) Force profile between an air bubble and MD(SH)M SAM surface in 500 mM NaCl,
red circle and black line represent measured force data and theoretically fitted result, respectively.
(b) The calculated bubble profile before attachment. (c) The disjoining pressure profiles due to the

various surface forces (e.g., VDW, HB).

4.3.5 Oil absorption
As illustrated above, the MD(SH)M functionalized materials have strong affinity to oil in both air

and liquid phase, which makes them a good candidate for oil absorption as well as demulsification.
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CF is chosen as the substrate for oil absorption tests because of the high specific surface area and
the good capacity of liquid absorption. The gained weights of CF@PM after absorbing five types
of oil, hexane, chloroform, toluene, PE and corn oil are shown in Figure 4.10a, which are 11.0,
16.1, 12.4, 5.9 and 14.0 times larger than the original weight of CF@PM, respectively. The weight
gain follows the trend of density that chloroform has the highest density (1.48 g/mL), while hexane
(0.65 g/mL) and PE (0.65 g/mL) have the lowest density. The weight gain after absorbing PE is
relatively small because of its high volatility. Some absorbed PE evaporates during the 10 s waiting

time before transferring CF@PM to glass vial.

The CF@PM is also used to absorb spilled oil from water, as illustrated in Figure 4.10b, where
toluene is dyed in red and used as the model oil. The CF@PM is held by a tweezer to move around
to absorb spilled oil. After absorption, the red toluene oil cannot be observed in the beaker, and
the performance is evaluated by calculating the water rejection rate. As shown in Figure 4.10c,
only trace amount of water is absorbed by CF@PM while absorbing five types of spilled oil,
showing a good water repellency in oil absorption. The water rejection rate of chloroform is a bit
lower than that of hexane, toluene and PE, which may be attributed to the small amount of water
adhered to the superficial layer of CF@PM in the immersion in water. The chloroform spill can
be effectively absorbed by CF@PM from the bottom of beaker even though a small amount of
water has adhered to CF@PM, which is mainly contributed to the strong hydrophobic interaction.
The water rejection of corn oil is low because some organic acid components in corn oil can form
hydrogen bonding with water and result in a relatively higher water content in the absorbed oil.
The recycle and reuse of CF@PM in oil absorption is tested using toluene as spilled oil, and the
results are exhibited in Figure 4.10d-e. Despite some minor fluctuations, generally the water

concentrations stay low (a few hundred ppm) and slightly increases from ~450 ppm to ~600 ppm
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in 10 cycles (Figure 4.10d). The water rejection rate is nearly 100% for all the cycles, showing a

good recyclability of CF@PM in absorbing oil from water (Figure 4.10¢).
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Figure 4.10 (a) The weight gain of CF@PM after absorbing different types of oil. (b) The
experiment of absorbing toluene (dyed in red) from water in a beaker using CF@PM. (c¢) The water
rejection rate of absorbing different types of oil from water using CF@PM. (d) The water
concentration in the toluene squeezed out from CF@PM after oil absorption in 1-10 cycles. (e) the

water rejection rate of absorbing toluene from water in 1-10 cycles.

4.3.6 Demulsification of span 80 or asphaltenes stabilized W/O emulsions

The demulsification of surfactant or asphaltenes stabilized W/O emulsions is conducted using a
custom-made apparatus, and the CF@PM does not need to be pre-wetted by oil before use. As
illustrated in Figure 4.11a, the span 80-stabilized emulsion turns from milky white to a clear

solution after filtering through CF@PM under gravity. Besides, the emulsified spherical water
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droplets disappear after filtration as shown in the microscope images (Figure 4.11b). The water
content in the demulsified solution of first run greatly decreases to ~380 ppm as compared with
that of original emulsion (1 vol.%). The water content stays around ~350 ppm in the following 9
runs (Figure 4.11c). The separation efficiency for first 10 runs is all above 95%, suggesting
CF@PM could efficiently break span80-stabilized W/O emulsion with satisfying capacity. In the
demulsification of asphaltenes-stabilized W/O emulsion (Figure 4.12a), the turbid emulsion
becomes clear organic solution after filtration. The pattern on background paper (inset in Figure
4.12a) cannot be observed through the turbid emulsion but is very clear through the filtered organic
solution. The emulsified water droplets cannot be observed in the microscope image after filtration
(Figure 4.12b), revealing the successful demulsification of asphaltenes-stabilized emulsion. The
amount of filtered solution in the first run is less than that of original emulsion because some of
the oil is absorbed by dry CF@PM. The demulsified solutions in 1 to 3 runs are optically clear to
show the background letters (Figure 4.12c). Such excellent demulsification performance is mainly
attributed to the strong affinity to oil as well as the resistance to water of MD(SH)M functionalized
materials. The bulk oil phase in emulsion would be absorbed quickly by CF@PM and flow to the
vial, while the emulsified water droplets would be inhibited, achieving the successful oil/water

phase separation.
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Figure 4.11 (a) Breaking water-in-toluene emulsion stabilized by span 80 using CF@PM. (b)
Microscope images of emulsion before and after filtration. (c) The water concentration in oil phase
after demulsification in 1-10 runs. (d) Separation efficiency of breaking span 80-stabilized W/O

emulsion in 1-10 runs.
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Figure 4.12 (a) Breaking asphaltenes (300 mg/L) stabilized W/O emulsion using CF@PM. The
inset shows the zoomed region highlighted by blue circle. (b) Microscope images of emulsion
before and after filtration. (c¢) The bottle test of emulsion before and after filtration, the volume of

emulsion before filtration in each run is 1 mL.

4.4 Conclusions

In this work, we report a facile, universal, and scalable method to functionalize fiber-based
substrates (e.g., SSM and CF) using a hydrophobic/oleophilic small molecule MD(SH)M for
applications in oil/water separation, oil absorption and demulsification. Using the universal PDA
coating as intermediate layer, this method can readily modify various commercially available
substrates, which is of great importance in applications in engineering, food, and environmental
fields. The results of XPS, ATR-FTIR and SEM-EDS characterizations demonstrate that the

MD(SH)M coatings has been successfully and facilely immobilized on various surfaces with PDA
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as the intermediate layer. The contact angle measurement in air on four MD(SH)M functionalized
materials (i.e., CF@PM, SSM@PM, PVDF@PM, PU@PM) indicates that the MD(SH)M coating
endows the as-prepared materials with very low oil contact angle (~0°) and high water contact
angle (up to ~160°). This hydrophobic property of as-prepared material is further studied in force
measurement with a water droplet in air that the CF@PM shows resistance to water droplet while
the bare CF exhibits strong attraction to absorb water droplet. The SSM@PM is selected as the
model material to conduct oil/water separation experiments and exhibits excellent separation
ability for mixtures of water and low-density/high-density oil. The fundamental interaction
mechanisms underlying the oil/water separation performance of MD(SH)M functionalized
materials have been investigated using ITFDA and bubble probe AFM techniques. It is found that
MD(SH)M coating layer possesses strong affinity to oil droplet under water but shows almost no
adhesion to water droplet in oil. Surface force measurements between an air bubble and MD(SH)M
SAM in 500 mM NaCl demonstrate that hydrophobic interaction contributes significantly to its
excellent oil affinity in water, with a decay length of 1.50 nm. In addition, the oil absorption and
demulsification tests show that CF@PM is capable of effectively absorbing five types of spilled
oil from water with water rejection rate higher than 99.5%, maintaining high water rejection
capability even after 10 cyclic uses. The CF@PM also shows excellent performance in treating
W/O emulsions stabilized by surfactants or asphaltenes, with the separation efficiency higher than
95% in cyclic demulsification tests. Our work provides a facile and scalable method to
functionalize a broad range of substrates by depositing suitable small molecules, with useful
applications in various oil decontamination processes such as oil/water separation, oil absorption

and demulsification.
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Chapter S Probing the Interactions Between Pickering Emulsion Droplets
Stabilized with pH-Responsive Nanoparticles

5.1 Introduction

Emulsions play an important role in a wide range of chemical and industrial fields, such as oil
industry'™, food engineering®®, pharmaceuticals’ and cosmetics®. Emulsions are usually formed
by mixing two or more immiscible liquids (e.g., oil and water) with interfacially active materials,

10-12 " and nano/micro particles'>. The emulsions stabilized with

such as surfactants’, asphaltenes
particles are commonly called Pickering emulsions, which have been studied for more than a
century following Pickering’s pioneering work in 1907'. It is generally accepted that the particles
with partial wettability in both aqueous and organic phases can adsorb to the oil/water interface.
Pickering emulsions stabilized with hydrophilic particles tend to form oil-in-water (O/W)
emulsions, while those with hydrophobic particles tend to form water-in-oil (W/O) emulsions.
Over the past few decades, broad applications have been developed based on Pickering emulsions®,

such as preparation of Janus microgels', synthesis of hybrid microspheres'®, and formation of

switchable emulsions!”’.

Recently, stimuli-responsive Pickering emulsions have attracted great research interest due to their
switchable property in response to external stimuli, such as pH'®!°  magnetic field”® and
temperature *!. The pH-responsive Pickering emulsions are usually produced based on the particles
bearing polar functional groups (e.g., carboxyl group) that respond to pH changes. Therefore, the
alteration of surface wettability and surface charge by tuning pH could trigger the switch between
phase separation and stable emulsions, or transition between different types of emulsions®*. The
stabilization mechanism of Pickering emulsion has been studied from many aspects, such as

contact angle, interfacial tension, partitioning behavior, and especially the arrangement of particles
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at interface?>?*. It has been reported by Binks and co-workers that Pickering emulsion droplets can
be stabilized by particles through two possible mechanisms, viz., steric repulsion due to the dense
particle monolayer covering the oil/water interface of droplets, and steric barrier from a compact
particle monolayer confined between contacted emulsion droplets (so-called bridging
stabilization)**%. Lee et al. observed the microstructure of faceted droplets bridged via monolayers
of particles in a gel-like emulsion using confocal microscopy?®. French et al. developed a model
O/W system to study the factors affecting the bridging behaviors such as particle wettability, shear
rate, and particle volume fraction?’. French and co-workers also reported that particles adsorbed
on two droplets could exchange with each other during the bridging process, which further enabled
the formation of stable Pickering emulsion?®. Despite the considerable research progress achieved
through experimental characterization (e.g., microscopic imaging) and theoretical analysis, the
experimental quantification of the interaction forces between two Pickering emulsion droplets has
been rarely reported, particularly at the nanoscale. More importantly, unraveling how the pH
stimuli modulates the interaction forces in W/O and O/W Pickering emulsions is still not available.
Experimentally quantifying the surface forces of Pickering emulsions is of both fundamental and
practical significance to reveal their interaction mechanisms and facilitate the development of pH-

responsive Pickering emulsions®® 2,

Recently, the drop probe atomic force microscope (AFM) technique has been applied to quantify
the interactions in emulsions at nanoscale, such as the interactions between two water droplets in
oil with interface-active species (e.g., asphaltenes)®>=’. In a typical measurement, a drop probe
can be generated by anchoring a liquid droplet on a tipless AFM cantilever, which is placed above
another droplet, lowered to make the head-on collision, and then driven to measure the interaction

force. The measured force data can be well analyzed using a theoretical model based on Reynolds
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lubrication theory and the augmented Young-Laplace equation to precisely reconstruct the
combinatory effects arising from different surface forces (e.g., van der Waals, electric double layer

37-41 " These theoretical calculations have been also

forces) and hydrodynamic interaction
experimentally validated using AFM coupled with reflection interference contrast microscopy
(RICM)**. These force measurements provide useful information on surface deformation,

intermolecular forces and adhesion of droplets, which plays a critical role in determining the

behaviors (e.g., stability) of bulk emulsions and their interaction mechanisms at nanoscale.

In this work, bilayer oleic acid-coated Fe3O4 nanoparticles (Fe3Os@20OA NPs) were synthesized
for stabilizing oil/water emulsions. The pH-responsive Fe;O4@20OA NPs are able to switch the
emulsions from W/O type in acidic condition to O/W type in basic condition. For the first time,
the interaction forces between two Pickering emulsion droplets (i.e., pH-responsive O/W or W/O
droplets with Fe3O4@20A NPs) were measured using the drop probe AFM technique to study
their stabilization mechanism. More specifically, force measurements were conducted between
two water droplets at low pH (i.e., pH 2 and 4) in oil and between two oil droplets in alkaline water
(i.e., pH 9 and 11) in the presence of Fe;04@20A NPs. The force profiles were analyzed using
the theoretical model based on the Reynolds lubrication theory and augmented Young-Laplace
equation by including the effect of disjoining pressure. The adsorption mechanisms of
Fe304@20A NPs to oil/water interfaces were proposed and their contributions to the stability of
Pickering emulsions were discussed based on the surface force results and interfacial tension

measurements.
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5.2 Materials and methods

5.2.1 Materials

The chemicals including n-Dodecane, oleic acid (OA), iron(Ill) chloride hexahydrate
(FeCls-6H0), iron(II) chloride tetrahydrate (FeCl.-4H2O), hydrochloric acid (HCI) (~37%) and
trichloro(octadecyl)silane (OTS) were purchased from Sigma Aldrich. Ammonium hydroxide
(NH4OH) (30%) and sodium hydroxide (NaOH) were purchased from Fisher Scientific. All the

chemicals were used as received.

5.2.2 Preparation of Fe304@2OA NPs and Pickering emulsions

The Fe30s4@20A NPs were prepared according to a previously reported method, where
FeCl3-6H>0 and FeCly-4H>O were mixed at 80 °C in aqueous solution, followed by the addition
of NH4OH and OA *. The 0.1 wt% Fe3;04@20A NPs in aqueous suspensions with different pH
conditions were prepared by adding HCI or NaOH to adjust pH to 2, 4, 9 and 11, respectively.
Then the aqueous suspension containing Fe;Os@20A NPs was mixed with equal volume of
dodecane using an IKA T18 digital ultra-turrax homogenizer at 10,000 rpm for 5 min. The as-
prepared emulsions were denoted according to the pH condition, emulsion2, emulsion4, emulsion9
and emulsionl11, respectively. The microscopy images of the as-prepared emulsions were obtained

using an optical microscope.

5.2.3 Sample characterizations

Zeta potentials of Fe304@20A NPs in aqueous suspensions at pH 2, 4, 9, and 11 were measured
using a Zetasizer Nano ZSP (Malvern Instruments, UK). The dodecane/water interfacial tension
(IFT) in the presence of Fe;O04@20A NPs was measured by a goniometer/tensiometer (rame-hart,
instrument Co., NJ, USA) using the pendant drop method at room temperature (21.5 °C). The

aqueous droplet at a certain pH containing Fe;O04@20A NPs was generated at the tip of a needle
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in the quartz cell filled with dodecane. The drop profile was captured by a charge-coupled device
(CCD) camera every 1 s for a total of 1500 s. X-ray diffraction (XRD) spectrum of Fe3O4@20A
NPs was recorded on a Rigaku Ultimate IV X-ray diffractometer with Cu Ka radiation (40 kV, 40
mA). The morphology of Fes04@20OA NPs was characterized using a JEOL 2200FS Transmission
Electron Microscope (TEM). The attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectrum of Fe3O04@20A NPs was measured on ATR-FTIR (Thermo Scientific Nicolet

iS50).

5.2.4 AFM force measurements

The forces between two water droplets in oil (i.e., dodecane) or two oil (i.e., dodecane) droplets in
aqueous solution (i.e., 1 mM NaCl) with/without Fe3O4@20OA NPs were measured using an MFP-
3D AFM (Asylum Research, Santa Barbara, CA) mounted with an inverted microscope (Nikon
Ti-U). The experimental configurations for the surface force measurements with/without
Fe304@20A NPs are shown in Figure 5.1. Prior to the force measurement, the water droplets
were injected into AFM fluid cell using a custom-made ultra-sharp glass pipet, and the injected
water droplets were then spontaneously settled and immobilized on a pre-hydrophobized glass
substrate by gravity force *°. For water droplets (pH 2 or 4) containing Fe;04@20A NPs, 15-min
aging was applied to allow Fe;04@20A NPs to adsorb onto water/oil interface, after which a large
amount of pure dodecane was applied to exchange with the bulk oil phase. For the force
measurements between two oil droplets in aqueous solution, the oil droplets were generated and
immobilized on the substrate of AFM fluid cell using a previously reported controlled dewetting
method *¢*’. Similarly, 15-min aging was applied to allow Fe;O4@20A NPs in the bulk aqueous
phase (i.e., pH 9 or 11) to adsorb onto oil/water interface before washing off the free FesO4@20A

NPs by exchanging the bulk phase with 1 mM NacCl of the same pH. In all force measurements, a
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custom-made tipless cantilever with gold patch at the end was pre-treated to pick up one water/oil
droplet, generating a drop-probe, which was placed above another water/oil droplet to ensure a
head-on contact®’*. To suppress hydrodynamic effect, the driving velocity of droplet probe was
kept at very low values (e.g., 1 um/s or less). The spring constant of the cantilever was calibrated

using Hutter’s thermal method*®.

ecane

“6,0,@20A NP

Figure 5.1 Schematic of four experimental configurations for force measurements using AFM for
(a) two water droplets in oil; (b) two oil droplets in aqueous solution; (c) two water droplets (pH
2 or 4) in oil with Fe304 nanoparticles coated with bilayer oleic acid (Fe;O4@20A NPs); and (d)

two oil droplets in aqueous solution (pH 9 or 11) with Fe304@20A NPs.
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5.2.5 Theoretical model

The measured forces between two water droplets in oil or two oil droplets in aqueous solution
without FesO4@20A NPs were analyzed using a theoretical model based on the Reynolds
lubrication theory and augmented Young-Laplace equation ****°, The deformation of droplets

due to Laplace pressure, hydrodynamic pressure p , and disjoining pressure I1 can be described
by the augmented Young-Laplace equation:

ro M

2r or or R, 1)

where j is the interfacial tension, R, is the harmonic mean of the two droplet radii R and R, , r

is the position expressed by radical coordinate, p(l’ ,! ) is the hydrodynamic pressure, h(l” o1 ) is the
separation between two drops at position 7, and ¢ is the time. The disjoining pressure I1 generally
arises from surface forces such as van der Waals (VDW) and electrostatic double layer (EDL)

interactions. The disjoining pressure due to VDW and EDL interactions between two drops can be

described by Equations (5.2) and (5.3), respectively 4041454952,
1, [h(r,0)] oA 52
o T (1) (5-2)
I, [h(r,1)] = 64k,Tp, tanhz(%) exp[—xh(r,1)] (53)

B

where A,, is the Hamaker constant, K is the inverse of Debye length, ¢ is the surface potential

of water/oil interface, o, is the number density of ions in water, and e is the fundamental

charge. For aqueous solutions with 1:1 salt, the Debye length K ~ can be calculated as
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k' =Q2pe ek, T)" (5.4)

where ¢, is the vacuum permittivity and & is the dielectric constant of the medium. The overall
interaction force F(f) between two droplets can be calculated by integrating p(r,t) and

[1(h(r,t)) based on the Derjaguin approximation as shown below.

F()) =2z [ [p(r, )+ TI(h(r,0)]rdr (5.5)

The drainage process of confined thin water/oil film between the oil/water drops is described by

the Reynolds lubrication equation:

Oh(r,t) 1 0, 5, 0p(rt)
= —(rl’(r,t
ot 12ur or (i) or ) (5-6)

where 4 1s viscosity of bulk fluid phase. Immobile boundary condition is assumed at the oil/water

interface, which is consistent with recent reports 33403,

5.3 Results and discussion

5.3.1 Preparation and characterization of Fe3O4@2OA NPs

The morphology of Fe;O04@20A NPs characterized by TEM is shown in Figure 5.2a-b. The as-
prepared FesO4@20OA NPs are small spherical particles with mean diameter of ~10 nm. The peaks
in the XRD spectrum of Fe;04@20A NPs (Figure 5.2¢) can be assigned to the typical pattern of
Fe304 (JCPDS 19-0629), revealing the crystalline structure of Fe3O4 core. Figure 5.2d shows the

ATR-FTIR spectrum of Fe;O4@20A NPs where the peaks at 550 cm™ and 1625 cm™! are assigned
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to the Fe3O4 core, corresponding to the vibration of Fe-O bond and the hydroxy group on Fe3O4
surface °*. Peaks at 2852 cm™!, 2922 cm™ and 1405 cm! represent asymmetric stretch of -CHa,
symmetric stretch of -CH>, and vibration of -CH3, respectively, attributing to the aliphatic chain of
OA %. The -COO stretch at 1520 cm™ and C-O stretch at 1050 cm™ come from the carboxyl groups
of OA bonded to the Fe;O4 core *°. The peak shown at 1710 cm’! corresponds to the stretch of C=0
in second OA layer, suggesting the successful preparation of double OA layers ***’. Besides, zeta
potentials of Fe304@20OA NPs in aqueous suspensions at pH 2, 4, 9, and 11 are shown in Figure
5.2e, which decrease with the increasing pH. The as-prepared Fe;O4@20OA NPs can be well
dispersed in either organic solvent (i.e., dodecane) or aqueous phase at high pH (i.e., pH 11)
because of the long aliphatic chains on OA layers or the negatively charged carboxyl groups on
second OA layer (Figure 5.2f). In aqueous solution at low pH (i.e., pH 4), Fe304@20A NPs tend
to precipitate to the bottom because the carboxyl groups are uncharged and the hydrophobic
interactions among the long aliphatic chains contribute to the aggregation. The above results

demonstrate the successful preparation of pH-responsive Fe;O4@20A NPs.
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Figure 5.2 (a-b) Morphology of Fe304@20OA NPs characterized by Transmission Electron
Microscope (TEM); (c) X-ray diffraction (XRD) spectrum of Fe304@20OA NPs; (d) attenuated

total reflectance Fourier transform infrared (ATR-FTIR) spectrum of Fe304@20A NPs; (e) zeta
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potentials of Fe304@20OA NPs in aqueous suspension at pH 2, 4, 9 and 11; (f) Fe304@20A NPs

(0.01 wt%) dispersed in dodecane, and aqueous phase at pH 11 and pH 4.

5.3.2 Preparation of Pickering emulsions with Fe3;O4@2OA NPs

The bulk Pickering emulsion was prepared by mixing equal volume of dodecane and aqueous
solution containing Fe3O4@20A NPs at pH 2, 4, 9 and 11, respectively. W/O emulsion is formed
when aqueous solution is at pH 2 and 4 (denoted as emulsion2 and emulsion4, respectively); while
O/W emulsion is formed when aqueous solution is at pH 9 and 11 (denoted as emulsion9 and
emulsionl1, respectively), agreeing with the results reported previously *°. Emulsion2 tends to
gradually coalesce after forming Pickering emulsion, which is more readily destabilized compared
with emulsion4, emulsion9 and emulsionl 1. The optical microscopic images of formed Pickering
emulsions are shown in Figure 5.3. The emulsion2 exhibits larger drops than other three emulsions,
and some aggregated solids and coalesced water drops can be observed in Figure 5.3a, indicating
partial water drop coalescence. In contrast, the drops in emulsion4, emulsion9 and emulsionl1 are

spherical with diameter ranging from 10 to 40 um and no obvious coalescence is observed.
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Figure 5.3 Optical microscopic image of formed (a) emulsion2; (b) emulsion4; (c) emulsion9 and

(d) emulsionl1.

The interfacial tension at water/dodecane interface with Fe304@20A NPs under different pHs is
shown in Figure 5.4. At pH 2, the IFT starts from ~50.4 mN/m and decreases to ~44.5 mN/m at
500 s, which then decreases more slowly until a plateau of ~43.5 mN/s is reached at 1250-1500 s
(Figure 5.4a). Similarly, the IFT at pH 4 starts at ~50.0 mN/m and decreases to ~45.4 mN/m at
500 s, ending at the same IFT value (i.e., ~43.5 mN/s) at pH 2. Overall, the I[FT values change with
time at pH 2 and pH 4 in a very similar trend; but the emulsion2 is unstable while emulsion4 is
more stable, suggesting the reduced IFT is not the factor responsible for the difference in the

stability of W/O emulsions at pH 2 and 4. Unlike pH 2 and 4, the IFT at pH 9 (Figure 5.4b) starts
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at ~54.0 mN/m and rapidly drops to ~48.8 mN/s within 250 s, which then keeps decreasing slowly
to ~46.2 mN/m at 1500 s without reaching a plateau. The IFT at pH 11 exhibits a similar trend as
that at pH 9, decreasing from ~51.5 mN/m at 0 s to ~42.2 mN/m at 1500 s, indicating Fe3O4@20A

NPs are more stable at water/dodecane interface at pH 11.
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Figure 5.4 Interfacial tension between dodecane and water with Fe304@20OA NPs at (a) pH 2

(black circle) and pH 4 (red triangle), and (b) pH 9 (red square) and pH 11 (black inverted triangle).

5.3.3 Interactions between two water droplets in oil and two oil droplets in water

To quantitatively determine the influence of interfacial nanoparticles on the interactions of
Pickering emulsions, the forces acting between two water droplets in oil and two oil droplets in
water without nanoparticles were measured at first (Figure 5.5). The approaching and retracting
velocity of droplet is fixed at 1 pm/s to suppress the hydrodynamic effect. All experimental data
(black open circles) can be well fitted by the aforementioned theoretical model and the fitted data
are shown as red solid dots. Here, the x-axis, “piezo displacement”, refers to the relative
displacement between bottom center point on upper droplet and top center point on lower droplet,
and the zero point is set at the point where maximum force load (~38 nN) is reached or droplet

coalescence happens. The arrows indicate the moving direction of upper droplet. Positive value

115



and negative value of measured force indicate repulsive and attractive interactions, respectively.
The force between two water droplets interacting in oil is shown in Figure 5.5a where a small
repulsion is measured due to weak hydrodynamic repulsion when the upper droplet approaches the
lower one. A jump-in behavior is noticed when the repulsive force reaches ~0.15 nN, indicating
that the upper water droplet is in contact with lower water droplet and then coalesces into a larger
water droplet. The coalescence of two water droplets can also be observed using inverted
microscope. The VDW force is the only surface force available for two pristine water droplets
interacting in oil, and the positive Hamaker constant for water-dodecane-water system suggests an
attractive VDW force. When attractive VDW force overcomes weak hydrodynamic repulsion, the
coalescence of two water droplets happens. The force result in Figure 5.5a agrees well with other
reported force measurements that water droplets without interfacially active materials tend to

coalesce in 0il**-*8,

Figure 5.5b shows the interaction forces between two oil droplets in water. The repulsion gradually
increases due to hydrodynamic and EDL repulsion when the upper oil droplet approaches the lower
one, and the measured repulsion gradually decreases during retraction until a weak attraction is
reached, which is attributed to the “hydrodynamic suction” effect®”. No coalescence is observed
from either the force curve or microscope imaging during force measurement, suggesting that the
two oil droplets are stable against each other and a stable water film is maintained between them.
The surface force mainly consists of VDW and EDL force, where the VDW force is attractive
while EDL force is repulsive. According to the DLVO theory, the Debye length is ~9.6 nm in 1
mM NaCl solution. The strong EDL repulsion overcomes VDW attraction and prevents the

coalescence of two oil droplets. By fitting the experimental data with the theoretical model, the
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surface potential is determined to be -38 mV, which is consistent with the reported experimental

values®%°!,
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Figure 5.5 Interaction force profiles between (a) two water droplets in oil and (b) two oil droplets
in I mM NaCl aqueous solution at pH 7 (the inset: enlarged regime in blue dash square). Black
open circles are experimental data and red solid lines are fitted theoretical values. The velocity is
1 um/s and the maximum load is fixed at ~38 nN. The arrow indicates the moving direction of
upper droplet. The harmonic mean of the droplets’ radii are 75 and 90 um for (a) and (b),

respectively.

5.3.4 Interactions between two water droplets in oil and two oil droplets in water with
Fe304@20A NPs

The measured force curves between two water droplets in oil and two oil droplets in 1 mM NaCl
aqueous solution with FesO4@20OA NPs are shown in Figures 5.6a-b and Figures 5.6c-d,
respectively. Clearly, no droplet coalescence can be observed from either force curve (Figure 5.6a-
b) or inverted optical microscope images during the interaction of the emulsified water droplets in
oil, which is different from the case without Fe3;Os@20A NPs (Figure 5.5a). The additional

repulsive force that inhibits the droplet coalescence during the approach of water droplets arises
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from the steric effect caused by Fe3O4@20OA NPs adsorbed at the water/oil interfaces. When the
water droplets get separated, a jump-out behavior with an attractive force is detected, indicating
the interfacial adhesion exists between the two water droplets. The adhesion is most likely
attributed to the bridging effect of Fe3O04@20OA NPs at water/oil interfaces. It has been reported
that a portion of particles at water/oil interface of one droplet will be shared by another droplet in
the confined region when the two droplets enter into contact, thereby forming a confined particle
monolayer and bridging the two droplets together?® 8. During the separation of the two droplets,
the confined particles will be redistributed to the water/oil interfaces of these two droplets, during
which the exchange of particles could occur?®. The confined particles at the contact region can
behave as a robust barrier to effectively prevent the coalescence of droplets and such a bridging
interaction also leads to the interfacial adhesion during separation. It is noted that many tiny force
steps are observed before jump-out (detachment) in the retraction curve (inset of Figures 5.6a-b),
and these weak step-like adhesion behaviors are most likely due to the loss of bridging at the edge
of the contact zone and redistribution of confined Fe;O4@20A NPs close to the edge region on
the water/oil interfaces. Such interfacial particle bridging behaviors are similar to the fusion and

6263 "and the small adhesive

adhesion behaviors when two bilayers are interacting with each other
steps associated with detachment in Figure 5.6a-b are similar to the “stick-slip” phenomena
observed during separation in the contact mechanics tests of polymer surfaces®*%. The approach
and retraction force curves in Figures 5.6a-b do not overlap, and the adhesion hysteresis is mostly
caused by the change of droplet shape during force measurements as well as the steric repulsion
and interfacial adhesion associated with the re-arrangement of interfacial nanoparticles under

confinement. The above interaction phenomena are observed for the cases at both pH 2 and 4. The

normalized interfacial adhesion (maximum adhesion force/radius of droplet) at pH 2 is measured
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to be ~0.056 mN/m (Figure 5.6a), which is larger than that at pH 4 (~0.014 mN/m) in Figure 5.6b,

thereby contributing to the more evident adhesive hysteresis and more unstable emulsion at pH 2.
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Figure 5.6 Interaction force profiles between two water droplets at (a) pH 2 and (b) pH 4 in oil
with Fe304@20OA NPs. Interaction force profiles between two oil droplets in 1 mM NaCl at (¢)
pH 9 and (d) pH 11 with Fe304@20A NPs. The inset is zoomed regime in blue dash square. Each
force curve consists of both approach (black curve, indicated by black arrow) and retraction (red
curve, indicated by red arrow) process. The maximum load applied is fixed at ~38 nN. The

harmonic mean of the droplets’ radii are 65, 55, 50 and 50 um for (a), (b), (¢) and (d), respectively.
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The force curves measured between two oil droplets in 1 mM NaCl aqueous solutions at pH 9 and
11 with Fe30O4@20A NPs are shown in Figures 5.6¢ and 5.6d, respectively. Similar to the force
curve without Fe;O4@20A NPs (Figure 5.5b), the two oil droplets are stable against each other
during the complete approach-retraction cycle. It is worth noting that no force step or jump-out
behavior is observed in the measurement between two oil droplets interacting in water at either pH
9 or 11, suggesting there exists a stable water film between two oil droplets and no confined
bridging monolayer is formed. Compared to the force curve in Figure 5.5b, the “hydrodynamic
suction effect” in the presence of Fe;O4@20OA NPs at pH 9 is less evident as indicated in the inset
of Figure 5.6c, which most likely arises from the interfacial adsorption of nanoparticles that
produces the relatively rigid structure of oil droplets. Interestingly, the “hydrodynamic suction
effect” is completely suppressed at pH 11, indicating that more nanoparticles are adsorbed to the
oil/water interface, resulting in denser distribution of nanoparticles and thus allowing the droplet
to perform as a solid-like microsphere, which is consistent with the considerably reduced IFT at
pH 11 shown in Figure 5.4b. Since each droplet is surrounded by a layer of particles at oil/water
interface, the steric repulsion keeps the two oil droplets apart and maintains a thin water film in
between. Therefore, the droplet is not deformed considerably, and a very low force hysteresis is
observed. The above quantitative force results indicate the distinct arrangement and behaviors of
pH-responsive Fe;O4@20A NPs at the oil/water interface during the interactions of emulsion
droplets under acidic or basic conditions. Under acidic environment, the particles around two
droplets would form a confined monolayer to bridge the droplets in W/O emulsions. While under
basic condition, the particles form a dense and rigid layer on each droplet that prevents the drainage

of confined thin water film due to the strong steric repulsion among the O/W emulsions.

5.3.5 Effect of loading force on the interactions
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Figure 5.7 Interaction force profiles between two water droplets at (a-b) pH 2 and (c-d) pH 4 in oil
with Fe304@20A NPs. Interaction force profiles between two dodecane droplets in 1 mM NaCl
aqueous solutions at (e-f) pH 9 and (g-h) pH 11 with Fe304@20A NPs. The maximum loading
force is fixed at ~38 nN for (a), (¢), (e), (g), and ~76 nN for (b), (d), (), (h). The inset is zoomed
regime in blue dash square. Each force curve consists of both approach (black curve, indicated by
black arrow) and retraction (red curve, indicated by red arrow) process. The harmonic mean of the

droplets’ radii are 65, 55, 50 and 50 um for (a-b), (c-d), (e-f) and (g-h), respectively.

The maximum loading force applied can affect the interactions of emulsion droplets and behavior
of particles at water/oil interface, which play an important role in mediating the surface interaction
and emulsion stability. Under all the pH conditions, the approaching and retracting velocity is
kept at 0.1 pm/s to further suppress the hydrodynamic effect (Figure 5.7). The maximum loading
force is firstly fixed at ~38 nN (Figure 5.7a, 5.7¢c, 5.7e, 5.7g), the same as the maximum load force
in Figure 5.6. Then the maximum loading force is increased to ~76 nN to investigate the effect of

loading force (Figure 5.7b, 5.7d, 5.7f, 5.7h).

At pH 2, more force steps appear at velocity of 0.1 um/s (Figure 5.7a) compared with the force
curve under 1 pm/s, indicating that the “stick-slip” phenomena are more prominent under a low
hydrodynamic condition ®. Similarly, the force steps mainly appear in the blue dash square regime
where two water droplets are about to detach. At a maximum load of ~76 nN (Figure 5.7b), the
number of force steps obviously increases, and the force steps appear even at the piezo
displacement of ~0.9 um and ~1.5 pm, suggesting that more particles could be confined between
two contacted emulsion droplets under larger loading force (i.e., strong confinement). The
approach and retraction force curves are widely separated from each other, and the large hysteresis

is due to more confined interfacial particles and particle aggregates serving as bridges, their
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rearrangement and deformation of water droplet associated with the loading-unloading processes.
The force measurement result agrees well with microscopic image of unstable bulk emulsion2. At
pH 4 (Figures 5.7c¢ and 5.7d), the force profiles under both low and high load forces are similar
regarding the force steps and adhesion hysteresis, indicating that the droplet is stable against high
loading force, which is consistent with the stable bulk emulsion4 based on microscopic

observation.

For two oil droplets interacting in 1 mM NacCl at pH 9, the hydrodynamic suction effect can barely
be observed at velocity of 0.1 um/s (Figure 5.7¢), and the approach and retraction curves almost
overlap under a maximum loading force of ~38 nN. However, as shown in Figure 5.7f, a jump-out
behavior with force steps appears at the high load force of ~76 nN, suggesting that the particles
confined form a steric layer at contact region. The confined particle layer becomes more compact
and forms adhesive bridges under stronger loading force condition. The hysteresis of approach-
retraction force curves appears at the ~76 nN case is mostly due to the adhesion induced by the
confined particles between the two drops. The force curve at pH 11 is not obviously affected by
either hydrodynamic effect or force load (Figure 5.7g and 5.7h), and no adhesion or hysteresis is
detected, indicating that a stable thin water film can be maintained between the two droplets with

strong repulsion.
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5.3.6 Effect of dwelling time on the interactions
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Figure 5.8 Interaction force profiles between two water droplets with different dwelling time (t) at
(a) pH 2, t=1 s, (b) pH 2, t=5 s, (c) pH 4, t=1 s, and (d) pH 4, t=5 s in oil with Fe304@20A NPs.
Interaction force profiles between two dodecane droplets in 1 mM NaCl with different dwelling
time at (e) pH 9, t=1s, (f) pH 9, t=5s, (g) pH 11, t=1 s, and (h) pH 11, t=5 s with Fe304@20A
NPs. The inset is zoomed regime in blue dash square. Each force curve consists of both approach
(black curve, indicated by black arrow) and retraction (red curve, indicated by red arrow) process.
The arrow indicates the moving direction of upper droplet. The harmonic mean of the droplets’

radii are 65, 55, 50 and 50 um for (a-b), (c-d), (e-f) and (g-h), respectively.

The effect of dwelling time is investigated by keeping the emulsion droplets under the maximum
loading force (~38 nN) for a certain time (i.e., 1 s or 5 s) during the interaction (Figure 5.8).
Compared with Figure 5.6a, force steps appear from the very beginning of separation (i.e., high
repulsive load) rather than only at the end of separation (i.e., low repulsive load or attractive load)
at the dwelling time of 1s (Figure 5.8a), suggesting that more Fe;O4@20OA NPs are under strong
confinement which results in a stronger bridging particle layer. With the dwelling time increasing
to 5 s, the number of force steps increases as shown in Figure 5.8b because the NPs have more
time to migrate to the contacted interfaces. Unlike the force curve at pH 2, the dwelling time of 1
sand 5 s (Figure 5.8c and 5.8d) does not change the force curve considerably at pH 4, indicating
that the Fe3O4@20A NPs are able to migrate rapidly to form the confined particle layer, which
contributes to the relatively more stable emulsion. At pH 9, it can be seen from the inset in Figure
5.8e and 5.8f that several tiny force steps occur when a dwelling time (i.e., 1s, 5 s) is applied.
Interestingly, the force steps sometimes even occur in the adhesive force regime (Figure 5.8e and

5.8f), which is similar to the polymer bridging behavior commonly measured between solid
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colloids. Such a behavior is different from the force steps aforementioned for water-water
interaction in oil, which is partially attributed to the enhanced hydrogen bonding interaction of
carboxyl groups covered on NPs located on the opposing oil droplets after contact for certain time.
At pH 11, the effect of dwelling time on the force curve is not observed (Figure 5.8g and 5.8h),
which might be due to the complete deprotonation of carboxyl groups under such basic condition

with strong repulsion between the two drops, leading to a stable confined thin water film.

5.3.7 Interaction mechanism

The interaction mechanism between two water droplets in oil or two oil droplets in aqueous
solution with FesO4@20A NPs at water/oil interface is proposed based on the force measurements,
IFT tests and microscopic imaging results. As W/O emulsion is formed at low pHs (i.e., pH 2 and
4), the interactions between two water droplets in oil have been measured. In the force
measurement, two pristine water droplets coalesce in oil in the absence of Fe;04@20OA NPs, while
water droplets are stable against each other with the addition of Fes;O4@20OA NPs. It is reported
that when aqueous phase is acidic, Fe;O4@20OA NPs tend to partition to oil phase, where the
second layer of oleic acid is partially dissociated, thereby leading to the formation of partially
bilayer-monolayered Janus coating *. In this case, the Fe3;04@20A NPs form a confined layer at
the contact of two water droplets and act as a steric barrier at water/oil interface due to the partial
wettability to both water and oil phase (as illustrated in Figure 5.9). The stabilization mechanism
is mainly governed by the formation of steric barrier of the confined particles layer (with
Fe304@20A NPs and aggregates as illustrated in Figure 5.9) instead of lowering interfacial
tension 2*, which contributes to the observation that the emulsions at pH 2 and pH 4 have similar

IFT values but different stabilities. It is noted that the emulsion stability is related to the energy of
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particle attachment/detachment from the oil/water interface, which can be approximately

expressed as E = zr’y,, (1+cos @)’ for particles with diameter at nanometer scale, where £ is the

energy required to remove particle from interface to oil phase, 7 is particle radius, 7, is oil/water

interfacial tension, and ¢ is water contact angle of particle 2*. The water contact angle of
Fe;04@20A NPs at pH 2 (~120°) is higher than that at pH 4 (~100°) °, so the Fe;04@20A NPs
at pH 2 are easier to remove from the oil/water interface, which could induce an unstable Pickering

emulsion as demonstrated by force measurement and microscopic imaging.

High pH Steric repulsion

gsponsive Pickering emuls

Low pH Steric barrier
O Water Oil ® Nanoparticle s Aggregate
*.* Emulsified oil drop £t Emulsified water drop

Figure 5.9 Schematic of interactions between emulsion droplets in the presence of Fe304@20A

nanoparticles under low pH (i.e., pH 2, pH 4) and high pH (i.e., pH 9, pH 11) conditions.
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At high pHs (i.e., pH 9 and 11), O/W emulsion is formed since Fe;O4@20OA NPs with the charged
-COO" groups on the second oleic layer tend to stay in aqueous phase®’. The force measured
between two oil droplets in 1 mM NacCl at basic conditions shows no adhesion and a stable thin
water layer is confined between two oil droplets. As the carboxyl groups on the second oleic layer
is charged, part of the Fe304@20OA NPs has preference to stay in water. Meanwhile, part of the
Fe304@20A NPs prefers staying in oil due to the long aliphatic chain of OA. In this case, the
Fe304@20A NPs act similarly to surfactants, which can lower IFT of oil/water interface as shown
in Figure 5.4b. The stabilization mechanism of O/W emulsion drops under the basic condition is
mainly due to relatively low IFT, strong electrostatic repulsion due to negatively charged carboxyl
groups, and steric repulsion from the confined particles and their aggregates®’, leading to a stable

confined thin water film between the oil drops, as illustrated in Figure 5.9.

According to the force measurements, increasing the maximum loading force or dwelling time will
strengthen the confinement and particle-particle interaction of the confined Fe;O4@20A NPs, thus
affecting the emulsion drop interaction. Such a proposed stabilization mechanism for O/W and
W/O Pickering emulsions in the presence of Fe3O4@20OA NPs is consistent with previous report

on Pickering emulsions with microscopic particles’.

5.4 Conclusions

In this work, we have investigated the stabilization mechanisms of W/O and O/W Pickering
emulsions with pH-responsive Fe3O04@20A NPs using microscope imaging, IFT tests and AFM
force measurements. In the AFM force measurement, the interaction forces between two water

droplets in oil as well as two oil droplets in water without/with interfacially active Fe;O4@20A
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NPs under different pH conditions are directly quantified at nanoscale. The measured forces of
pristine water droplets in oil or oil droplets in water without Fe;Os@20A NPs can be well
described by a theoretical model based on Reynolds lubrication theory and augmented Young-
Laplace equation. For force measurements of emulsions with Fe;O4@20A NPs, water droplets
are stable against each other in oil under acidic condition (i.e., pH 2 and pH 4) with adhesion
detected during separation. In this case, particles are confined and form a steric barrier to prevent
droplet coalescence, and these confined particles and aggregates also cause a bridging attraction
during the separation of the drops. Under basic condition (i.e., pH 9 and pH 11), no adhesion is
detected between two oil droplets, indicating the presence of a confined thin water film. For this
case, the oil droplets are mainly stabilized due to relatively lower IFT, strong electrostatic
repulsion due to negatively charged carboxyl groups, and steric repulsion from the confined
particles and their aggregates. Increasing the maximum loading force and dwelling time enhance
the confinement of particles and particle aggregates at oil/water interface and thus influence the

interactions of the emulsion droplets.

The arrangement of particles in Pickering emulsion has been studied previously by many

researchers?*27.28,67.68

via theoretical simulation or experimental analyses such as low temperature
field emission scanning electron microscopy. The experimental analyses mainly focus on the
observation of particle arrangement at oil/water interface, based on which the stabilization
mechanism is proposed®>°. Many previous studies focused on single emulsion system, such as
water-in-cyclohexane Pickering emulsion with silica particles, and toluene-in-water Pickering
emulsion with PS particles®’. The direct measurement of interaction forces between emulsified

droplets in Pickering emulsions at nanoscale is rarely reported. Pickering emulsions under external

stimuli have many potential applications, but the interactions of such emulsions and particle
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arrangement have been barely investigated. In this work we have employed a drop probe AFM
technique to directly quantify the interaction forces between emulsified droplets in a pH-
responsive Pickering emulsion, that can form either W/O or O/W emulsion with Fe304@20OA NPs
under different pH conditions. This work has elucidated the interaction forces and stabilization
mechanisms of W/O and O/W Pickering emulsions with pH-responsive particles and the
arrangement of interfacially active particles. The methodologies established in this work can be
readily extended to investigate the interaction mechanisms of other Pickering emulsion systems.
In future studies, high-resolution imaging may be coupled with force measurements to provide a
more complete picture on the interaction behaviors of Pickering emulsions under various stimuli

(e.g., pH, temperature).
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Chapter 6 Novel Multifunctional Solid Slippery Surfaces with Self-Assembled
Fluorine-Free Small Molecules

6.1 Introduction

The transport and interactions of gas bubbles or liquid drops, as important phenomena related to
solid/gas/liquid interfaces, play an important role in numerous engineering processes, which have
also been widely discovered in nature. For example, the desert beetle can survive in very dry areas
by harvesting water from fog-laden wind, while the water beetle can survive in river by clinging
air bubbles to its hydrophobic body'-2. Inspired by these natural phenomena, materials and methods
for facile bubble/drop transport have been developed and adopted in various engineering
applications, including water harvesting®*, photocatalysis>®, wastewater treatment®'? and food
industry'®. For example, air bubbles in pipelines need to be transported and expelled via air vent
to prevent serious erosion and blockage'*. Automatic transport of testing drops in microfluidic
devices could greatly simplify the detection of pathogens'>. The facile transport of gas bubbles and
liquid drops have been realized based on a variety of functional substrates, mainly including

superhydrophobic and slippery surfaces'® 2,

Superhydrophobic surfaces, inspired by natural surfaces such as lotus leaf and butterfly wing, are
usually constructed with hydrophobic micro/nano structures. These superhydrophobic surfaces
generally exhibit a water contact angle larger than 150°, allowing the injected water drops to
rebound with almost no residue?'. Superhydrophobic surfaces could transport water drops as well
as gas bubbles??. For example, Yu et al. designed a cone-shaped superhydrophobic surface which
allowed bubbles to move spontaneously and directionally along the cone due to the Laplace
pressure gradient?®. On the other hand, superhydrophobic surface was found to hinder the

buoyancy-driven bubble transport because of the strong adhesion between the bubble and
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superhydrophobic surface?*. To resolve this challenge, researchers have designed lubricant oil-
infused slippery (LIS) surfaces, which are inspired by the Pitcher plant'®>>2¢, The LIS surfaces
can be fabricated by infusing a polymer lubricant oil (e.g., FC-70, silicon oil) into either
nano/micro-textured substrates or porous substrates?’?®. The selection of lubricant oils generally
needs to meet the following requirements: (1) the lubricant oils should spread and fully cover the
substrate; (2) the substrate prefers the lubricant oils instead of the testing liquids; (3) the lubricant
oils are immiscible with the testing liquids'’. The properties of lubricant oils such as surface
tension and viscosity have a great impact on the behavior of bubble/drop transport on LIS surfaces.
The commonly used substrates for fabricating the LIS surfaces are composed of fluorinated
polymers or silicone polymers such as polydimethylsiloxane (PDMS)**?°33. The fluorinated
polymers perform better than PDMS due to lower surface tension and viscosity, but the fluorinated
materials are generally not environmentally friendly. In addition, the impregnated lubricant on LIS
surface may be pulled up and cloak the droplet which would contaminate the droplet and cause the

t34,35

loss of lubrican . The fabrication of superhydrophobic surfaces requires preparation of

complex surface nano/micro structures, while the LIS surfaces always require infused liquids

36 Besides

which could be unstable and may cause potential environmental concerns
superhydrophobic and LIS surface, some other smooth non-fluorine slippery surfaces were
prepared by  grafting polymers such as  PDMS, trimethylsiloxyterminated
polymethylhydrosiloxanes (PMHSs), and coating paraffin wax to the porous polymer surface.
Though these previously reported smooth slippery surfaces can transport liquid drop in air with
low contact angle hysteresis and tilting angle, the ability of transporting gas bubbles in liquid media

was not demonstrated®’ . Despite the considerable effort on developing slippery surfaces, a facile

fabrication of slippery surfaces using small molecule without the preparation of complex
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nano/micro structures or infused liquids has been rarely reported yet. Thus, it is of fundamental
and practical importance to design a novel type of environment-friendly slippery surfaces without
the need of lubricant oil infusion. It is known that self-assembled monolayers (SAMs) consisting

4447 while the silane derivatives are

of short-chain alkanethiols exhibit some liquid-like property
a commonly used class of lubricants due to their low friction behavior**’. Inspired by the
interesting characteristics of short-chain SAMs and silane lubricants, the self-assembly of short-

chain thiols terminated with multiple silane tail groups is expected to produce a monolayer coating

with promising slippery properties.

In this work, for the first time, we report a novel type of slippery surfaces via the self-assembly of
a synthesized non-fluorine small molecule, y-mercaptopropyldi(trimethylsiloxy)methylsilane
(MD(SH)M), instead of polymers commonly used in traditional superhydrophobic or LIS surfaces.
The MD(SH)M molecules could be readily grafted on gold substrates in different solvents. Due to
the slippery characteristic of silane groups and the liquid-like property of short-chain thiols, the
as-prepared slippery surfaces can transport air bubbles underwater as well as water drops in oil
media without the aid of engineering nano/micro structures or infused lubricant liquids.
Interestingly, the slippery surfaces can not only immobilize air bubbles against the buoyance force
but also show low friction of three-phase contact line movement, which allows air bubbles to attach
to the surfaces while also move freely. The new slippery surfaces have also been applied to
facilitate the assembly of nanoparticles suspended in water drops. The developed strategy paves a
way towards facilely fabricating multifunctional slippery solid surfaces using chemically bonded

small molecules without engineering complex nano/micro structures or infused lubricant liquids.
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6.2 Experimental section

6.2.1 Materials

Ethanol (ACS reagent, >99.8%), n-hexane (ACS reagent, >98.5%), 2-propanol (ACS reagent,
>99.5%), isopropanol 70% (v/v water) and hydrochloric acid (36%) were purchased from Fisher
Scientific, Canada. Silica (SiO2) nano-powders (~12 nm diameter), Glycerol (=99.5%), (3-
mercaptopropyl)methyldimethoxysilane and hexamethyldisiloxane were purchased from Sigma
Aldrich. Gold wafer was purchased from Angstrom Engineering Inc. All materials were used as
received. The y-mercaptopropyldi(trimethylsiloxy)methylsilane (MD(SH)M) was synthesized by
stirring the mixture of hexamethyldisiloxane (81.19 2), (3-
mercaptopropyl)methyldimethoxysilane (18.04 g), and hydrochloric acid (0.21 g) at 343 K for 4 h
under nitrogen atmosphere. After reaction, a suitable amount of Milli-Q water was added to the
resultant mixture to facilitate the removal of acid from the organic phase, and the organic phase
was separated from the aqueous phase using a separatory funnel. The collected organic phase was
mixed with Milli-Q water again for further removal of the acid residues. This process was repeated
several times till the pH of the separated phase barely changed. The organic phase was then
distilled under reduced pressure to obtain the product MD(SH)M. The structure of MD(SH)M was
characterized using proton nuclear magnetic resonance (IH NMR, Bruker AV 500 NMR

spectrometer) in chloroform-d (CDCI5).

6.2.2 Self-assembly of MD(SH)M on gold surface in different solvents

The gold wafer was treated under UV ozone for 30 min before immersing into n-hexane, ethanol,
2-propanol and isopropanol 70% solutions with 1 mM MD(SH)M at room temperature (21.5 °C),
respectively. After 24 h of deposition, the gold wafer was thoroughly rinsed with a large amount

of ethanol to wash away the unbonded MD(SH)M. The MD(SH)M-coated gold surfaces were
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denoted as n-hexane-immersed surface (HS), ethanol-immersed surface (ES), 2-propanol-
immersed surface (PS) and isopropanol 70%-immersed surface (IS), respectively, according to the

type of immersing solvents.

6.2.3 Self-transport of bubble/drop

The MD(SH)M-coated gold surfaces were immersed in a desired liquid in a rectangular transparent
cell. A bubble/drop was injected using an automated dispensing system (Ramé-hart instrument
company, USA) to approach and contact with the MD(SH)M surface. By controlling the inclined
angle of the cell and the size of bubble/drop, the bubble/drop would slide along the MD(SH)M
surface spontaneously. The motion video of bubble/drop was recorded by a digital camera.
Average velocity was used to represent the overall transport performance since the transport length
was almost the same for all the surfaces prepared in this work '®. Average velocity (v) was
calculated by dividing transport distance by transport time, where the transport distance was
defined as the distance between the front edge of bubble/drop on starting point and ending point.
Several typical frames were taken from the motion video to represent the transport process. The
moment that the bubble/drop fully contacted with the sample surface at a certain inclined angle
was considered as the starting point, while the moment that the bubble/drop ceased the movement
on the sample surface was considered as the ending point. The transport time is the time from the

starting point to ending point.

6.2.4 Assembly of nanoparticles facilitated by using as-prepared slippery surfaces

In a typical experiment, a 2 pL SiO2 (~12 nm diameter) suspension in water (15 mg/mL) was
dropped on HS, ES, PS, IS and bare gold surfaces, respectively. The shape changes of the drops
with time and the shape of assembled aggregate of SiO2 nanoparticles at room temperature were

recorded by an optical microscope.

142



6.2.5 Surface characterization

The morphologies of MD(SH)M surfaces and bare gold surface were characterized using atomic
force microscope (AFM) imaging (Dimension Icon AFM, Bruker, Santa Barbara, CA) and filed
emission scanning electron microscope (FE-SEM) (Zeiss Sigma). A contact angle goniometer
(Ramé-hart instrument company, USA) was employed to measure the static water contact angle in
air using sessile drop method and the static air contact angle in water using captive bubble method.
The sliding angles of water drop (20 pL) and glycerol drop (20 puL) on HS, ES, PS, IS and bare
gold surface in air were measured using an Attention Theta tensiometer (Biolin Scientific, Finland)
with tilting cradle. The tilted angle was tested from 0° to 20°. The thickness of MD(SH)M layer
deposited on gold substrates was measured using a spectroscopic ellipsometer (Sopra GESP-5,

France).

6.3 Results and discussion

6.3.1 Characterization of MD(SH)M surfaces

The 'H NMR spectrum of the synthesized molecule is shown in Figure 6.1a, which provides the
structural information on the synthesized molecule, demonstrating the successful synthesis of
MD(SH)M. The slippery surfaces were fabricated by immersing gold surfaces in four types of
solvents (i.e., n-hexane, ethanol, 2-propanol and iso-propanol 70%) with 1 mM MD(SH)M,
respectively. The AFM images in Figure 6.1b show the morphologies of HS, ES, PS and IS
surfaces, where HS surface exhibits many small aggregates while ES, PS and IS surfaces are
smooth and uniform. The root-mean-square roughness (Rq) of HS, ES, PS and IS are 0.95 nm,
0.55 nm, 0.52 nm, and 0.51 nm, respectively. The morphology of bare gold surface before coating
MD(SH)M was also characterized using AFM imaging (Figure B.1a) where no aggregation could

be observed with Rq ~ 0.49 nm. The topographic AFM image of bare gold surface is similar to
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that of ES, PS and IS. The morphology of four as-prepared surfaces (Figure 6.1c) and bare gold
surface (Figure B.1b) is also characterized by FE-SEM. ES, PS and IS surfaces are smooth and
flat, which are similar to bare gold surface. The SEM image of HS shows some aggregates,
agreeing with the result from AFM imaging. The static water contact angles in air (WCA-A), air
contact angles in water (ACA-W) and water contact angles in dodecane oil (WCA-O) of the four
surfaces, HS, ES, PS and IS, are shown in Figure 6.1d. The WCA-A of ES, PS and IS are close to
each other with the value of 102°, 103° and 101°, respectively, revealing the MD(SH)M coatings
deposited in alcohol solvents (i.e., ethanol, 2-propanol and iso-propanol 70%) are hydrophobic.
However, the WCA-A value of HS is around 75°, indicating the relatively hydrophilic property of
HS surface. For the ACA-W measurements, HS (ACA-W ~133°) also exhibits different wettability

from other three surfaces (ACA-W ~82°£3°). Besides, compared with ES, PS and IS, HS shows

smallest WCA-O due to relatively higher hydrophilicity. For a smooth surface, the WCA-A, 6, ,
is correlated to the surface tension of water 7, and the interfacial energy of water/solid interface
¥y according to the Young’s equation (Equation 6.1).

cos O, = (Vs =Vsw) ! Vi (6.1)
Similarly, the ACA-W 8, is correlated to 7, and yg, by Equation 6.2.

cos0, =(Vsw =75) Vw (6.2)
The sum of 8, and 6, for HS, ES, PS and IS was calculated as 208°, 187°, 185° and 180°,
respectively. If the surface is atomically smooth, the sum of &, and 6, should be exactly 180°

according to Equation 6.1 and 6.2. It is noticed that the sum of 8,, and 8, for IS is around to 180°

while that for HS, ES, and PS exceeds 180°, the derivation of which is mainly caused by the surface

roughness (Rq), as the Young’s equation is strictly applicable to smooth surfaces. As discussed
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above, the Rq of HS is 0.95 nm that is much greater than the Rq of ES (0.55 nm), PS (0.52 nm)

and IS (0.51 nm). The higher roughness caused the sum of g, and 9, for HS to deviate more

significantly from 180° than other three surfaces. The topographic AFM image and WCA-A of PS
surface after heated at 35° and frozen at -20° for 1h are shown in Figure B.2. The WCA-A and Rq
of PS after heating treatment (Rq 0.50 nm) and freezing treatment (Rq 0.52 nm) are almost the
same as original PS, indicating good chemical stability of the coated MD(SH)M. Figure 6.1¢ shows
that the average coating thicknesses of HS, ES, PS and IS are 1.78, 0.78, 0.70 and 0.85 nm,
respectively. The average coating thicknesses of ES, PS and IS are almost the same with the
standard deviation considered. However, the coating thickness of HS is more than twice of the
other three surface cases, which may indicate the different adsorption behaviors of MD(SH)M on
gold substrate in heptane and alcohol solvents. It was reported that the thickness of alkanethiol
monolayer on gold surface was about 0.5 nm for 1-propanethiol, 1.1 nm for 1-octanethiol and 1.3
nm for 1-undecanethiol . The backbone of MD(SH)M has five atoms including four carbon atoms
and one silicon atom, and thus the thickness is expected to be in the range of 0.5-1.1 nm for
monolayer adsorption. The above surface morphology and coating thickness results indicate that
MD(SH)M molecules assembled as a monolayer on gold surfaces for ES, PS and IS while it was

not the case for HS.
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Figure 6.1 (a) The chemical structure and 1H NMR spectrum of MD(SH)M. (b) Topographic AFM

images of n-hexane-immersed surface (HS), ethanol-immersed surface (ES), 2-propanol-

immersed surface (PS) and isopropanol 70%-immersed surface (IS), (image size: 5x5 um?, scale
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bar: 1 um). (c) SEM images of HS, ES, PS and IS (scale bar: 1 pum). (d) Water contact angle in air
(WCA-A), air contact angle in water (ACA-W) and water contact angle in oil (WCA-O) for HS,

ES, PS and IS. (e) Measured thickness of the MD(SH)M coating on HS, ES, PS and IS.

6.3.2 Adsorption of MD(SH)M on gold surfaces

To further investigate the adsorption behavior of MD(SH)M on gold surface, the CV experiments
have been conducted and the results are shown in Figure 6.2. The CV curves of ES, PS and IS
commonly show a reduction peak at around -0.95 V, which is attributed to the desorption of
MD(SH)M molecules from the gold surface through the de-bonding of Au-S. The area under this
reduction peak is used to calculate the adsorption density of MD(SH)M. It is noted that the
difference in the peak area of CV curves in Figure 6.2a-c is mainly due to the distinct surface areas
of the samples exposed in aqueous media for CV test. Based on the reduction peak and Equation
B.4, the density of adsorbed MD(SH)M for ES, PS and IS is calculated to be 2.15, 2.50 and 1.91
chains/nm?, respectively. The adsorbed MD(SH)M molecules on ES, PS and IS are considered to
form a monolayer, which agrees well with the results from AFM imaging (Figure 6.1b) and coating

thickness measurements (Figure 6.1¢).
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Figure 6.2 CV curves of (a) ES, (b) PS, (¢) IS, and (d) HS in 0.5 M KOH and 3.3 M KCl solution,

and (e) the surface graft density of MD(SH)M determined on HS, ES, PS and IS.
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Unlike ES, PS and IS, the CV curve of HS shows two peaks at -0.95 V (peak 1) and -0.85 V (peak
2) (Figure 6.2d), suggesting two different adsorption forms of MD(SH)M, which require different
energies (or potentials) for desorption. Peak 1 has the same peak potential as those reduction peaks
for Au-S breaking found in the cases of ES, PS, and IS. The potential of peak 2 is more positive
than that of peak 1, indicating that some of the adsorbed MD(SH)M molecules require less energy
for desorption. It is reported that the poorly packed alkythiols tend to desorb at more positive
potentials compared to the well oriented monolayer, because the poorly packed layers facilitate
the permeation of electrolyte ions, which allows the generation of a sufficient potential gradient
from hydrocarbon to headgroup of alkythiols to initiate the desorption at a relatively positive
potential °%3, Therefore, the additional peak 2 in Figure 6.2d is likely to arise from the desorption
of disorderly packed MD(SH)M molecules. Based on the peak 1 of CV curve in Figure 6.2d, the
graft density of HS is calculated as 0.13 chains/nm?, much less than that of monolayer on ES, PS
and IS, which further suggests that there would be some defects on the HS surface where the
disorderly packed MD(SH)M may exist. Besides, the total graft density of peak 1 and 2 on HS was
less than that of ES, PS or IS (Figure 6.2¢). However, the coating on HS is much thicker than that
of ES, PS and IS due to the physical aggregation of MD(SH)M, as also indicated by AFM imaging
of HS (Figure 6.1b). The reported graft density of densely packed alkanethiol on gold surface is
about 4.92 molecules/nm?, which is twice or more than the graft density of as-prepared surfaces in
this work #*. The steric effect from the two side groups of MD(SH)M could lower the graft density.
Besides, MD(SH)M is a polar small molecule which may aggregate in non-polar solvent (i.e.,
hexane), resulting in low graft density and large physical aggregation. PS has higher graft density

than ES as the configuration of 2-propanol is closer to that of MD(SH)M. Because MD(SH)M is
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insoluble in water, its solubility in isopropanol (70%) would be smaller than that in ethanol and 2-

propanol which lowers the graft density.

The surface energies of HS, ES, PS and IS are calculated using three-probe-liquid method. The
surface energy parameters of three probe liquids (i.e., dilodomethane, water and ethylene glycerol)

are listed in Table B.1. The contact angles of the three probe liquids on the four surfaces are
measured by sessile drop method (Table B.2). The y¢ values of HS, ES, PS and IS are calculated

to be 43.83, 31.08, 28.55, and 37.30 mJ/m?, respectively (Table B.3). The difference of surface
energy is related to graft density as HS, ES, PS and IS are prepared by self-assembly of MD(SH)M
on gold wafer with the same headgroup exposed. The MD(SH)M, containing three silane head
groups per molecule, is expected to have relatively low surface energy like other silane derivatives.
Thus, the surface with higher graft density (i.e., PS) tends to have lower surface energy. HS has

the highest surface energy due to very low graft density and aggregations.

6.3.3 Bubble affinity on MD(SH)M-coated surfaces

Prior to the bubble transport experiments for demonstrating slippery surface property, the affinity
of air bubbles on the MD(SH)M surfaces in water was investigated. The air bubble profiles of
different volumes on HS, ES, PS and IS surfaces are recorded and shown in Figure 6.3a, where all
the bubbles were aligned to the left edge (blue dash line) according to three-phase contact line.
The right edges of three-phase contact line are marked by grey, red, yellow and green dash lines,
according to the bubble size. For HS, the right edge of 5 puL. bubble is marked by grey dash line,
while the right edge of the 10, 15 and 20 pL bubbles are vertically on the same position which is
marked by red dash line. When the size increases to 25 uL, the bubble is dragged upwards by
buoyancy force, leading to the left shift of right edge, and the bubble ultimately detaches from HS

when the bubble volume is 30 pL. For ES, PS and IS, the right edges of bubbles keep moving to
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the right side with the increase of bubble volume, which are marked by grey, red, yellow, and
green for 10, 20, 30, and 40 uL bubbles, respectively. As all the bubbles are aligned to the left, the
movement of bubble’s right edge reveals the change of bubble-surface contact area, or the change
of three-phase contact line. Figure 6.3a shows that with increasing the bubble volume, the three-
phase contact line only moves slightly on the HS but expands freely on the ES, PS and IS surfaces.
Figure 6.3a also shows that the critical bubble volume that can be immobilized on the HS is only
half of that on ES, PS and IS, indicating weaker bubble affinity and stronger three-phase contact

line friction for the HS case.

The schematic analysis of a bubble on flat substrate surface in water is shown in Figure 6.3b. The
buoyancy (F) of the bubble can be expressed as F, = pgV , where p is the density of water, g is
the acceleration of gravity and V is the volume of bubble. The adhesion force (F,) can be expressed
as F, =y, L., sina, where L., is the length of three-phase contact line and & is the contact
angle of bubble on the surface (Figure 6.3¢)**. When F) exceeds F,, the bubble would detach from
the surface. F; was determined assuming three-phase contact line is a round circle shape. The

diameter of three-phase contact line was measured from the captured images of the sessile drop or

sessile bubble, by assuming the three-phase contact line is a round shape circle.
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Figure 6.3 (a) Air bubbles of different sizes in contact with HS, ES, PS and IS under water. The
dash lines are used to define the edge of three-phase contact line; (b) the schematic analysis of a

bubble on substrate surface under water; (c) the contact angle of bubbles of different volumes on

HS, ES, PS and IS.

Table 6.1 shows that the F, values for the ES, PS and IS cases are greater than the F, values when

the bubble size is 10, 20, 30, 40 and 50 pL, respectively. Thus, bubbles would attach to the

substrate surfaces, which is consistent with the experiment results. For HS, F, is greater than £}

for bubbles from 5 to 25 pL, indicating the bubbles would stay on the surfaces. It is noticed that

F 15 0.389 mN for 20 puL bubble and decreases to 0.308 mN for 25 pL bubble due to the shrinkage
of three-phase contact line. The F, of 30 uL bubble becomes less than 0.308 mN because of the

further shrinkage of three-phase contact line. Therefore, the 30 pL bubble could not attach on HS

surface anymore.

Table 6.1 The buoyancy and adhesion forces (Fb and Fa) calculated for bubbles with different

volumes on HS, ES, PS and IS surfaces.

Bubble Volume, V (uL) | Buoyancy, F, (mN) | Adhesion Force, F. (mN)

HS ES PS IS
5 0.0490 0.278
10 0.0980 0.334 | 0.698 | 0.829 | 0.852
15 0.147 0.389
20 0.196 0.389 | 0.852 | 0.924 | 0.988
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25 0.245 0.308

30 0.294 1.01 |1.02 |1.07
40 0.392 1.02 | 1.10 | 1.17
50 0.490 1.19 | 1.19 |1.19

6.3.4 Bubble transport underwater
When the bubble moves along a tilted surface with an inclined angle £, the related forces involved

are illustrated in Figure 6.4a. The adhesion force F, balances with the y-axis (normal direction)

component of the buoyancy to ensure the bubble remains on the surface. The x-axis component of

buoyancy ( F, sin ) provides the driving force for bubble self-transport. The resistant force

consists of two parts, one due to the contact angle hysteresis (CAH) and the other arising from the

drag force. The resistance of CAH can be expressed as F_.,,, = 7,,L(cos8, —cos6,), where L is the
line length along the axis-direction between bubble and surface, 6, is the receding contact angle
and @, is the advancing contact angle of the bubble *>°°. The drag force is mainly determined by

the velocity of bubble °’. When the driving force exceeds the resistance force, the bubble would
slide along the surface. It is found that the bubble would transport on ES, PS and IS but not HS,
and this phenomenon may be due to the strong attraction between water and HS thus leading to
strong static friction (resistance force) that has to be overcome before bubble moves. Bare gold
surface before coating MD(SH)M is also tested for the bubble transport. However, the bubble
releases from bare gold surface before reaching 30 pL volume (Figure B.3). As the bubble self-
transport behaviors on ES, PS and IS are quite similar, the transport on ES is shown as an example

(Figure 6.4b). Figure 4c and 4d show the effect of inclined angle § on the average velocity of
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transport of a 50 puL bubble (Figure 6.4¢) and the effect of bubble volume on the average velocity
at 20° inclined angle, respectively. The transport velocity of bubble shows the relationship as
PS>ES>IS under the same testing condition. The average receding and advancing contact angles
during bubble transport are calculated in Table 6.2, where the IS surface shows the largest

hysteresis, followed by ES and PS. The (cos&, —cos@,) values are calculated as 0.33, 0.32 and
0.36 for ES, PS and IS, respectively. A greater (cosd, —cosé,) value would contribute to a larger
resistance force £, . As the driving force from buoyancy is constant for a certain volume of

bubble on a fixed inclined angle, the increase of F,,,, would cause a decrease of the net driving

force, which could lower the average velocity. Increasing the inclined angle f and bubble volume
raises the driving force F; sin £, and thus the average velocity becomes higher. For example, the
velocity v of 50 pL bubble is 0.46 cm/s on PS with an inclined angle of B =10°, which increases to
1.70 cm/s and 5.06 cm/s when the 3 increases to 15° and 20°, respectively. At f =20°, the velocity
of 30 uL bubble is v~ 0.31 cm/s on ES, which significantly increases to 4.43 cm/s when the bubble

volume is 50 pL.
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Figure 6.4 (a) Schematic force analysis of a bubble when it moves along an inclined surface. (b)
Selected snapshots for the side-view of the transportation process of 30 uL. bubble on ES. (c)
Influence of the surface inclined angle B on average velocity v. (d) Influence of bubble volume V

on average velocity v.

Table 6.2 Receding and advancing contact angles of bubble transport on ES, PS, and IS

Receding contact angle (6r) | Advancing contact angle (64)

ES | 79.3°£1.5° 98.3°+2.1°
PS | 84.3°£2.5° 103+2.6°
IS | 72.3°£2.1° 93.3°+0.6°
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6.3.5 Water drop transport

Besides the transport of air bubbles, the slippery surfaces can also realize the transport of water
drops in oil (i.e., dodecane), as shown in Figure 6.5. Similar to bubble transport, the driving force
and resistant force involved in the transport of water drop in oil is illustrated in Figure 6.5a. The
driving force of water drop transport is the x-axis component of the net force of gravity and

buoyancy (p-p,)gV ., where p and p, are the density of water and oil, respectively. As an

example, Figure 6.5b shows the typical snapshots captured during the water transport on PS, where
the water drop slides smoothly from the top to the bottom. Similar to the bubble transport
phenomena, the water drop can slide along the ES, PS and IS, but cannot slide on the HS and bare
gold surface. As shown in Figure 6.5c, the average transport velocities of a 20 pL drop on an
inclined ES, PS and IS (=20°) are 0.27+0.08, 0.37+0.04 and 0.25+0.06 cm/s, respectively. Same

as the bubble transport under water, PS shows the highest transport speed among all the surfaces.
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Figure 6.5 (a) Schematic force analysis of a water drop when it moves along an inclined surface
in oil (i.e., dodecane). (b) Selected snapshots for the side-view of the transportation process of 20
uL water drop on PS in dodecane. (c) Average velocity of 20 uL. water drop moving along tilted

HS, ES, PS and IS with inclined angle 20° in dodecane.

The sliding angles of 20 puL water drops on HS, ES, PS, IS and bare gold surface in air were
measured (Table 6.3). PS shows the smallest sliding angle, followed by ES and IS. Similar to
bubble/water transport, the water drop cannot slide on HS and bare gold surface. The sliding angles
of 20 pL glycerol drops are also measured in Table 6.3 where PS shows the best sliding
performance among the three slippery surfaces. Compared with water, the sliding angle of glycerol

slightly increases due to its higher viscosity.
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Table 6.3 Sliding angle of water drop and glycerol drop on HS, ES, PS, IS and bare gold surface

1n air

HS ES PS IS Bare gold surface

Water drop Cannot slide | 13.8°+0.5° | 11.0°+0.7° | 14.7°+0.4° | Cannot slide

Glycerol drop | Cannot slide | 16.5°£1.5° | 13.6°+0.5° | 18.5°+0.5° | Cannot slide

6.3.6 Self-assembly of nanoparticles

Besides the transport of bubbles/drops, the pinning and depinning of droplets is also an important
phenomenon associated with slippery surfaces, which is related to the hindrance of three-phase
contact line movement®®>?. Previous study reported that the edge of the droplet could be strongly
pinned on conventional lubricant-infused slippery surface to leave a typical coffee ring . To
investigate the possible coffee ring phenomena on HS, ES, PS, IS and bare gold surfaces, 2 L.
drops of SiO> (diameter~12 nm) suspension in water (15 mg/mL) was dropped on these surfaces
and then evaporated in air. The top view of the evaporation process was monitored and recorded
using a microscope (Figure 6.6). For suspension droplets on HS and bare gold surface (Figure 6.6a
and 6.6¢), the three-phase contact line moves slightly in the first 5 min, with the suspension droplet
changing from a round shape to an irregular shape, after which the three-phase contact line strongly
pins on the substrate surface until the suspension droplet is completely dried. The dried SiO> flakes
exhibit many cracks and break into pieces due to the strong hinderance of three-phase contact line
movement. In contrast, for the ES, PS and IS cases, the suspension drops maintain a spherical
shape until they are fully dried, showing their low friction at the three-phase contact line (Figure
6.6b, 6.6¢ and 6.6d). After the suspension drops were fully dried, the SiO flakes maintain their

integrity. It is noted that the dried SiO» flake on the PS surface (Figure 6.6¢) shows the best
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integrity as compared to the ES (Figure 6.6b) and IS (Figure 6.6d) cases, indicating PS has the
lowest three-phase contact line friction, which is consistent with the results that PS is the most

“slippery” surface for the transport of air bubbles and water drops as discussed above.

Another interesting phenomenon observed during the evaporation process in Figure 6.6 is that the
Si0; flakes on ES, PS and IS could freely stand from the substrate surface after completely dried.
The SiO; flakes on the ES and IS could be easily moved with a tweezer by gently touching the
edge of SiO; flake due to the low friction between the substrate surfaces and SiO> flakes.
Interestingly, the SiO; flake on the PS was found to spontaneously sweep across the PS surface by
itself at the end of evaporation process. The SiO> flake suddenly disappeared from focused region
under the optical microscope at the end of evaporation process, which was found at the edge of the
PS substrate. The above results indicate the low friction behaviors between the SiO> flakes and the
ES, PS and IS surfaces, with the ultralow resistance friction for the PS case. Compared with
previously reported lubricant oil-infused slippery surface, the as-prepared slippery surfaces (e.g.,
PS) in this work show much lower resistance to three-phase contact line movement, which

provides a new method to concentrate nanoparticles by self-assembling %!,

Figure 6.7 shows the schematic of the evaporation process discussed above, in both top view and
corresponding side view. Figure 6.7a represents the case for non-slippery surfaces, such as HS and
bare gold surfaces. The edge of hemisphere-shaped droplet changes to an irregular shape and then
strongly pins on the substrate surface during evaporation. In this case, the suspension drop dries to
from broken flake pieces. Figure 6.7b represents the case for slippery surfaces such as ES, PS and
IS. The hemispherical droplet gradually shrinks to a smaller hemispherical droplet during

evaporation and dries to from a round and integrate flake.
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Figure 6.6 Snapshots for the shape change of aqueous silica suspension drops with evaporation
time on (a) HS, (b) ES, (c) PS, (d) IS and (e) bare gold surface. The scale bar (400 um) is the same

for all the pictures.
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Figure 6.7 Schematic of the evaporation process of an aqueous nanoparticle suspension drop on

(a) non-slippery and (b) slippery surfaces.

6.4 Conclusions

In this work, for the first time, we have designed and developed novel slippery solid surfaces by
one-step self-assembly of a non-fluorine small molecule MD(SH)M. Interestingly, the as-prepared
MD(SH)M coatings possess liquid-like slippery properties, which have been applied for
directional transport of air bubbles in water and water drops in oil, as well as for self-assembly of
nanoparticles from aqueous suspensions. The solvent used for coating deposition was found to

significantly influence the graft density and adsorption form of MD(SH)M on gold substrate,
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which further affects the surface energy, morphology as well as the slippery property of the
MD(SH)M coating obtained. AFM imaging, cyclic voltammetry tests and film thickness
measurements demonstrate that MD(SH)M coatings prepared via immersion in ethanol (ES), 2-
propanol (ES) and 70% isopropanol (IS) are monolayers, with graft density much higher than that
prepared by immersion in n-hexane (HS). PS displays the highest graft density as compared with
ES and IS, resulting in the lowest surface energy among the four cases. It is found that air bubbles
in water and water drops in oil can be facilely and directionally transported by the PS, ES and IS
surfaces, while not on the HS surface. The bubble/drop size and inclined angle of substrate surface
play an important role in the bubble/drop transport behavior (e.g., velocity). A larger bubble/drop
size or higher inclined angle enhances the driving force (buoyancy or gravity force), leading to a
higher average transport velocity. The as-prepared slippery MD(SH)M surfaces can facilitate the
self-assembly of SiO, nanoparticles associated with the evaporation process of sessile drops of
aqueous nanoparticle suspensions on PS, ES and IS, due to the low three-phase contact line
resistance. Among the 4 substrates (PS, ES, IS and HS), PS shows the lowest resistance force (or
friction) in bubble/drop transport and self-assembling of nanoparticles during drying aqueous
suspension drops, which is mainly due to its relatively low surface energy and contact angle
hysteresis. This work provides a novel strategy to facilely fabricate solid slippery coatings by using
small non-fluorine molecules with lubricative functional groups, which possesses liquid-like
slippery properties. This new strategy avoids the fabrication of complex nano/micro structures or
using infused lubricant oils as widely used in preparing conventional slippery surfaces. Besides
gold surface, this type of small molecule can be coated on other metals (e.g., Cu, Ag) or various

surfaces pre-coated with polydopamine via Michael addition/Schiff base reaction. The new
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strategy and as-prepared slippery solid surfaces have great potential in a wide range of engineering

and bioengineering applications where low friction is desired.
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Chapter 7 Conclusion and Future Work

7.1 Major conclusion

The research in this project aims at developing novel functional materials to solve oil
contamination problems (i.e., oil/water mixture, oil spill and oil/water emulsion), and elucidating
the underlying interfacial interactions in emulsions at nanoscale. This project points out new ways
of designing functional materials and provides insights into fundamental understanding of
interactions in oil/water emulsions, which has great importance and applications in many

engineering and bioengineering processes.

The first work develops novel magnetic microspheres functionalized with superhydrophilic
polyelectrolyte, which can effectively break the asphaltenes stabilized W/O emulsion to release
the emulsified water. The mechanism of destabilization is studied using AFM force measurement,
QCMD and IFT. The AFM force measurement shows that there is strong attraction between the
superhydrophilic polyelectrolyte and water droplets in oil with asphaltenes. This strong attraction
would allow the as-prepared microsphere to attach to the emulsified water droplets in the bulk
emulsion. Besides, the asphaltenes adsorbs to the polyelectrolyte in QCMD experiment which
indicates the asphaltenes layer around emulsified water droplets could be broken by
superhydrophilic microsphere to facilitate the coalescence of water droplets. An increased
water/oil IFT value is observed after adding the microsphere in oil droplet with asphaltenes,
suggesting the emulsion becomes unstable with the addition of microsphere. As compared with
the control experiment without external magnetic field, it is revealed that the external magnetic
force plays an important role in accelerating the demulsification. In all, the destabilization of

asphaltenes stabilized W/O emulsion is attributed to the synergic effect from the attraction between
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water and polyelectrolyte, the increase of interfacial tension and additional external magnetic

force.

The second work aims at developing functional materials with small molecules for oil absorption,
oil/water separation and demulsification via a simple and scalable method. The functional
materials are prepared using commercially available fiber-based substrates (i.e., cotton fiber,
stainless steel mesh) with polydopamine as intermediate layer and the small molecule MD(SH)M
as outer layer. The substrates are simply immersed in dopamine dissolved solution to generate the
polydopamine layer and then immersed in 2-propanol with MD(SH)M to prepare the functional
materials, which has the hydrophobic and oleophilic (oil contact angle ~0°) property in air. The
contact angle of water on functionalized cotton fibers (CF@PM) can reach up to ~160°. In the
oil/water separation experiment, the functionalized stainless steel mesh (SSM@PM) can
effectively separate the water mixture with high-/low-density oil and the separation mechanism is
revealed by studying the interaction between a water droplet and SSM@PM in oil as well as
between an oil droplet and SSM@PM in water using ITFDA. Strong attraction is found between
oil droplet and SSM(@PM in water and repulsion is observed between water droplet and SSM@PM
in oil. In the measurement of hydrophobic interaction between an air bubble and MD(SH)M in
water, the decay length is determined to be 1.5 nm. This strong hydrophobic interaction also
contributes to strong affinity of functional materials to oil under water. The CF@PM can absorb
five types of oil spills from water, as well as break the span80 stabilized emulsion to decrease the
water content from 1% to a few hundred ppm. The demulsification efficiency is maintained above
95% after ten runs. Besides, the CF@PM can break the asphaltenes stabilized W/O emulsion to

obtain a clear organic solution without emulsified water droplets.
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In the third work, the stabilization mechanisms of W/O and O/W Pickering emulsions with pH-
responsive Fe3O4@20A NPs are studied using AFM force measurement, IFT tests and microscope
imaging. The forces between two water droplets in oil and two oil droplets in water without
interfacially active FesO04@20OA NPs are measured first as control experiment. The two water
droplets coalesced in oil due to VDW attraction while two oil droplets in water are stable against
each other and no adhesion is measured because of strong EDL repulsion. The force curves without
Fe304@20A NPs can be well fitted to a theoretical model based on Reynolds lubrication theory
and augmented Y oung-Laplace equation. In the force measurements with Fe304@20OA NPs, water
droplets are stable against each other in oil under acidic condition (i.e., pH 2 and pH 4) with
adhesion detected during separation and no adhesion is detected between two oil droplets under
basic condition (i.e., pH 9 and pH 11). By analyzing the IFT results and microscope imaging, it is
proposed that particles are confined to form a steric barrier in acidic condition to prevent droplet
coalescence and the attractions during the separation of droplets arise from bridging of confined
particles and aggregates. Under basic condition the oil droplets are mainly stabilized due to
relatively lower IFT, strong electrostatic repulsion from negatively charged carboxyl groups, and
steric repulsion from the confined particles and their aggregates. The effect from maximum
loading force and dwelling time on interactions of emulsion droplets are studied by AFM force
measurement. It is found that the increase of maximum loading force and dwelling time enhance

the confinement of particles and particle aggregates at oil/water interface.

In the fourth work, the small molecule MD(SH)M (same small molecule in the second work) is
assembled on gold wafer to prepare slippery surfaces. The slippery surface can transport air bubble
in water, and transport water droplets in oil/air. This slippery behavior is related to the liquid-like

property of small molecule and the low surface tension after coating MD(SH)M. With the study
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of solvent effect, it is found that the gold surface modified in 2-propanol with MD(SH)M has the
highest coating density and lowest surface tension which contributes to the highest transport speed
of air bubble/droplet, as compared with those modified in ethanol, hexane and 2-propanol/water
mixture. The as-prepared slippery surfaces show low resistance to the three-phase-contact line

movement which allows the Si0; nanoparticles suspending in water to self-assembly a round shape

solid SiO; flake.

In summary, novel functional materials for destabilizing emulsions, oil/water separation and oil
absorption have been developed and the relative interfacial interactions have been studied at
nanoscale using AFM force measurement. The developed magnetic microsphere points out a new
way in the demulsification of asphaltenes stabilized emulsion using superhydrophilic material
instead of traditional amphiphilic materials. The external magnetic field greatly facilitates the
demulsification process which can be extended to the application of breaking other types of
emulsions. The developed fiber-based functional materials for oil absorption, oil/water separation
and demulsification sheds novel lights on the use of suitable small molecule, rather than traditional
polymers, to solve the oil related problems. The interactions between droplets with immobilized
nanoparticles in W/O and O/W emulsion have been studied and the models of particle arrangement
at oil/water interface are proposed, which contributes to the study of stabilizing mechanism of
Pickering emulsion. A novel non-fluorine slippery surface without micro/nano structure and

infused liquid has been prepared by small molecules.

7.2 Suggestions for future work
(1) Considering the excellent demulsification performance of superhydrophilic polyelectrolyte in
breaking the asphaltenes-stabilized emulsions, it is worth to explore the demulsification capability

of other superhydrophilic polyelectrolytes, such as cationic polyelectrolyte and anionic
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polyelectrolyte. The charge of polyelectrolyte may interact with the charged asphaltenes in
aqueous phase to alter the emulsion stability. Therefore, the comparison of cationic, anionic and
zwitterionic polyelectrolyte has significance in understanding the influence arising from ionic

interactions on stability of asphaltenes-stabilized emulsions.

(2) As the aqueous phase of emulsions in many engineering and bioengineering processes contains
salts and acidic/basic components, it is important to include the effect from salinity and pH in the
study of demulsification. The demulsification work (i.e., first and second work) in this project uses
pure water to prepare the emulsion. Hence, it is suggested to study the salinity and pH effect in the

future work.

(3) As shown in the second and fourth work, the silicon based small molecules can be used to
prepare materials for oil/water separation, oil absorption and bubble/droplets transportation under
liquid, which indicates the small molecules are good candidates to solve the oil contamination
issues. However, the study of small molecules, specifically the novel silicon based small molecules
is very rare in the interactions with oil/water and interfacially active components (e.g., asphaltenes,
particles). In the future work, it is suggested to synthesize several novel silicon based small
molecules by changing a certain functional group of MD(SH)M, for example, changing the alkane
chain length of MD(SH)M, and substituting the —CH3 with -SiR3 to change the number of Si in
MD(SH)M. In this case, the effect from chain length and Si content will be studied, which provides

the guidance in designing suitable small molecules for oil decontamination processes.
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Appendix A Supporting Information for Chapter 3

1.0 um

Figure A.1 AFM topographic image of PMAPS coated on gold in air.

0.8 cm from the bottom of vial A 0.8 ¢cm from the bottom of vial B

Figure A.2 Optical microscopic image of emulsion stabilized by asphaltenes. The emulsions for

imaging were taken at 0.8 cm height from the bottom of vial A and vial B in Figure 3.7.
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Figure A.3 (a) Prepared water-in-oil emulsions in the presence of asphaltenes. After adding 1 mL
3mg/mL FPPM in toluene solution the emulsion was settled without external magnetic force for
(b) 20 h (c) 40 h (d) 48 h (e) 68 h and (f) 96 h, respectively.

211



Figure A.4 TEM images of (a), (b) FPPM after treatment in asphaltenes-in-toluene solution; (c)
magnified view of the region circled in yellow in (b); (d), (¢) FPPM after sonication in water.

212



Appendix B Supporting Information for Chapter 6

B.1 Experimental section
B.1.1 Surface energy measurement

The surface energies of MD(SH)M-coated gold surfaces were measured using a three-probe-liquid
method 2. The contact angles of three probe liquids, including one non-polar liquid (i.e.,
diiodomethane) and two polar liquids (i.e., water and ethylene glycol), on the MD(SH)M-coated
gold surfaces were measured by sessile drop method. The surface energy (y) consists of Lifshitz-
van der Waals component (y-V) and Lewis acid-base component (y* and y°) according to the Good

and Van Oss model (Equation B.1).

y=y"+2yy" (B.1)

The relationship between liquid contact angle (0) and the surface energy components is shown in
Equation B.2, where the subscript S or L represents MD(SH)M-coated gold surface or liquid,

respectively.

y.(cosO+ ) =2(r" 1" +ysrs +\rsri) (B.2)
To determine the surface energy of MD(SH)M-coated gold surface ( y ) using Equation B.1, three

surface energy components, y:”, y!

o and y;, need to be determined based on Equation B.2 by

using three probe liquids with known surface energies. The correlation can be rearranged as

Equation B.3, where L1, L> and L3 represent three different probe liquids, respectively.

-1

Yo V70 N NV || (,(cos8, +1)
Vs |=91 2|y v N7 || | 7i(cosé, +1) (B.3)
Vs 2V, 7’LL;V Y, Vi3 \ 7/23 7/“(008 03 +1)

<2}
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B.1.2 Cyclic voltammetry (CV) measurement

The number density of MD(SH)M molecules grafted on gold substrate was characterized by CV
measurement using a CHI 920c electrochemical workstation (CH Instruments Inc.) *°. During a
typical CV measurement, a platinum wire was used as counter electrode, a Ag/AgCl (1 M KCI)
microelectrode worked as reference electrode (0.222 V vs standard hydrogen electrode (SHE)),
and the MD(SH)M-coated gold surface was set as working electrode. All potentials quoted were
referred to the Ag/AgClI (1 M KCI) reference electrode. The experimental solution consisted of 0.5
M KOH and 3.3 M KCl, which was purged with nitrogen for 30 min before each experiment. The
potential swept between -0.2 V and -1.3 V at a rate of 0.5 V/s. One electron was transferred from
the working electrode to the adsorbed MD(SH)M to break the Au-S covalent bond, which led to
the desorption of MD(SH)M, showing a reduction peak between -0.8 V and -1.0 V. The reduction
reaction is presented as Au-S-R + le” = Au + R-S". The number density o of MD(SH)M grafted

on gold substrate can be calculated by Equation B.4.

_OxN,
o= (B.4)

Where Q is the total charge density on the surface as calculated based on the area of reduction
peak, the area of substrate surface and the scan rate, N, is the Avogadro constant and F' is the

Faraday constant.
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(b)

Figure B.1 (a) Topographic AFM image and (b) SEM image of bare gold surface before coating

MD(SH)M, the scale bar is 1 um.

Table B.1 Surface energy parameters of three probe liquids

Surface Energy (mJ/m?) | y7 | ¥ 7,

Diiodomethane 50.80 | 0.00 |0.00 |50.80
Water 21.80 | 25.50 | 25.50 | 72.80
Ethylene Glycerol 29.00 | 1.92 | 47.00 | 48.00

Table B.2 Contact angles of three probe liquids on HS, ES, PS and IS

Water diiodomethane Ethylene glycol
HS 74.6°+1.7° | 43.2°+1.8° 72.3°+0.4°
ES 101.8°+1.1° | 55.8°+2.0° 79.6°+1.5°
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PS 102.7°£1.2° | 61.0°+1.0° 80.4°+0.9°

IS 101.2°£1.7° | 48.1°£1.9° 80.9°+0.1°

Table B.3 Calculated surface energies of HS, ES, PS and IS

Surface Energy (mJ/m?) yH ¥ Vs Vs

HS 37.96 |3.05 |2.82 |43.83
ES 30.99 |0.01 |024 |31.08
PS 28.00 |0.08 | 1.01 |28.55
IS 3533 |0.72 | 1.35 |37.30

103.1°£0.7°

-3.0 nm

Figure B.2 Topographic AFM images of PS surface after (a) being heated at 35° and (b) being

frozen at -20° for 1h (scale bar: 1 um). The inset is water contact angle on the corresponding

surface.
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Figure B.3 Bubble on bare gold surface under water.

217



References

1.

Xie, L. et al. Mapping the Nanoscale Heterogeneity of Surface Hydrophobicity on the

Sphalerite Mineral. J. Phys. Chem. C 121, 5620-5628 (2017).

Xie, L. et al. Probing the Interaction Mechanism between Air Bubbles and Bitumen
Surfaces in Aqueous Media Using Bubble Probe Atomic Force Microscopy. Langmuir 34,

729-738 (2018).

Xie, L. et al. A wet adhesion strategy via synergistic cation-n and hydrogen bonding
interactions of antifouling zwitterions and mussel-inspired binding moieties. J. Mater.

Chem. A7,21944-21952 (2019).

Wang, J., Liu, Q. & Zeng, H. Understanding Copper Activation and Xanthate Adsorption
on Sphalerite by Time-of-Flight Secondary Ion Mass Spectrometry, X-ray Photoelectron
Spectroscopy, and in Situ Scanning Electrochemical Microscopy. J. Phys. Chem. C 117,

20089-20097 (2013).

Gong, L. et al. Interaction Mechanisms of Zwitterions with Opposite Dipoles in Aqueous

Solutions. Langmuir 35, 28422853 (2019).

218



