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ABSTRACT

Water plays an indispensable role in all aspects of life, including farming, domestic and
industrial uses. In industries, water has been extensively applied in mining, production and surface
treatment, producing a large quantity of contaminated water that threatens human health,
endangers environment and undermines sustainable development. Besides, in some cases, after the
application of water, the remnant of water in products (e.g., heavy oil) can result in difficulties in
refining and transport. Thus, technique development is immediately necessary to eliminate the
contaminants in aqueous effluents and to remove water from products. Herein, in this dissertation,
regenerable composites are designed, synthesized and employed for sustainable dye elimination
from water and water removal from heavy oil, and the associated interaction mechanism has also
been investigated.

Dyes, as a kind of most common pollutants existing in wastewater, can endanger the health
of living creatures. The adsorbents nowadays for dye removal usually suffer from low adsorption
capacity, sludge production and low regenerability. Herein, in this work, a poly (acrylic acid)
(PAA) functionalized magnetic Fe;O4 nanoparticle-graphene oxide nanocomposite (PAA/MGO),
with high adsorption capacity and rapid adsorption rate for dye (using methylene blue as a model
compound), was synthesized by a facile method. It was found that PAA/MGO composite (291
mg/g) possessed elevated maximum adsorption capacity (pH ~7) compared with MGO (70 mg/g),
and with the aid of magnetic separation, PAA/MGO composite showed remarkable regenerability
for 5 times of usage. The adsorption mechanism was also surveyed by Langmuir and Freundlich
isotherm models fitting and studying adsorption capacity difference at different pH (pH ~3-11).

Graphene oxide (GO), as a 2-dimentional nanomaterial, has been widely applied in dye

removal via adsorption due to its affinity to dyes, high surface area and rich functional groups



available for further modification. However, the fundamental understanding of the effect of
specific functional groups of GO on the interaction between GO and dyes is still unclear. Herein,
single-molecular force spectroscopy (SMFS) and Density Functional Theory (DFT) calculations
were applied to study the interaction between a single dye molecule and GO, which suggested that
the carboxylic groups could interact with cationic dye by electrostatic interaction under ionized
condition, whereas the epoxy groups on the basal plane of GO could enhance the n-m interaction
between aromatic parts of GO and cationic dye under both ionized and unionized conditions of
carboxylic groups on GO. The configuration of dye on GO was also investigated and discussed.
This fundamental study can shed light to GO nanocomposites designing and enhance their
performance in discoloration of wastewater.

Global demand for crude oil has constantly increased, which leads to a rising production
of heavy oil. However, the water residue in heavy oil can be stabilized by asphaltenes, the heaviest
components in heavy oil, and results in many problems in oil production and refining, which
include corrosion and low petroleum recovery. Asphaltenes tend to aggregate, precipitate and lead
to foulings on appliances and adsorbents, which can also undermine oil production and the process
to remove water from heavy oil. In this work, inspired by the long-range attraction property of
zwitterionic polyelectrolytes to water in oil, zwitterionic polyelectrolyte poly (3-[dimethyl(2-
methacryloyloxyethyl) ammonium] propanesulfonate) (PMAPS) grafted polydopamine (PDA)
coated silicon wafer substrates and sponges were fabricated, manifesting great underwater self-
cleaning ability, anti- oil property and regenerability. After being soaked in model heavy oil
(asphaltene toluene solution) under dry state, the PMAPS-PDA coating on silicon wafer substrates
still showed underwater superoleophobicity after being cleaned by acidic, neutral and alkaline

water, showing promises to minimize the fouling concerns in the handling and transport of heavy



oil. The PMAPS-PDA modified sponges could remove more than 90% of water from model heavy
oil for ten cycles, showing promises for water removal from heavy oil. Single-charged
polyelectrolytes cationic poly (2-(methacryloyloxy)ethyl trimethylammonium chloride) (PMTAC)
and anionic poly (3-sulfopropyl acrylate potassium) (PSPAK) were used to fabricate coatings
using the same method as PMAPS, and their performance in fouling cleaning-up and water
removal from model heavy oil was not comparable to PMAPS, demonstrating the superiority of

zwitterionic polyelectrolytes in anti-fouling and water removal applications in heavy oil industries.
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Chapter 1 Introduction

As the most abundant solvent existing in the world, water has been widely applied in most
kinds of industries, such as mining, paper and pulp, textile and oil sands industries,'* which have
benefited and greatly enriched human life. However, the discharged effluents containing various
pollutants might jeopardize the life of human beings and environment. Besides, the water residue
in the products may lead to process and transport difficulties.

Dyes are a kind of most common pollutants existing in wastewater, which are used to
colourize the products in many industries and their usage produces substantial amount of coloured
wastewater. Dyes discharged in environment can reduce the light penetration in water and impair
the photosynthetic activity of aquatic organisms.>® Moreover, many dyes are toxic to living
creatures and not easy to be degraded by microorganisms. Therefore, economic and efficient
techniques are highly required to remove dye pollutants from wastewater.

The increasing global demand for crude oil and conventional oil resources depletion lead
to a rising production of heavy oil. In the production process of heavy oil, the formation water will
be stabilized by asphaltenes (the heaviest components with aromatic structures and heteroatoms)
in the heavy oil and form water-in-oil (W/O) emulsions, in which the water can corrode the
appliances and impair the refined petroleum production.” Thus, it is urgent to develop cost-

effective method to remove water from the emulsions.
1.1 Industrial pollutants review

1.1.1 Industrial pollutants
The pollutants in industrial wastewater contain organic and inorganic substances, which
come from manufacturing and energy productions. The pollutants may be toxic or carcinogenic,

thus the wastewater treatment is imperative to protect human and ecological health. The discharged



pollutants include medicines, surfactants, heavy metals, pesticides, phenols, dyes, food additives,
oils and so on."®
1.1.2 Dyes in wastewater and their toxicity

As one of the most common pollutants, dyes are extensively used in many industries, such
as dye productions, paper and pulp, textile and plastics industries. More than one hundred thousand
kinds of commercial dyes are produced annually, and the total mass of dyes is over 700,000 tons.’
Dyes are a group of organic compounds, containing chromophore groups and conjugated structures,
which can adsorb visible lights and exhibit specific colors.!® In industries, dyes are applied to
impart color to substrates, such as papers, textiles and leathers, for a permanent coloration.'!
During the productions and applications of dyes, about 10-15% of dyes cannot bind to the
substrates and then discharged to the environment as effluent.!> Some dyes can lead to allergy,
skin irritation and even cancer in human beings.!® Besides, even a trace amount of dyes can cause
evident coloration of water, which can lead to the adsorption and reflection of visible lights, reduce
the light penetration in water for aquatic organism’s photosynthetic activity, and then deteriorate
healthy aquatic ecosystems.>® Therefore, it is highly imperative to decolorize the dye-
contaminated water.
1.1.3 Technologies to remove dyes from wastewater

Numerous efforts have been devoted to the remediation of dye-contaminated aqueous
effluents, and the current technologies applied to dye removal can be classified as: chemical,
biological and physical methods.'*

Chemical methods include the techniques involving chemical reactions, such as irradiation,

precipitation-flocculation, electrokinetic coagulation, electroflotation, electrochemical and

oxidation.'*!¢ These techniques are usually costly, and might produce sludges, causing disposal



problems. Besides, due to the excessive chemical disposal, secondary pollution may happen.

Recently, biological methods for dye removal have attracted enormous attention, in which
the microorganisms (e.g., fungi, algae, bacterial) are used to degrade and adsorb dyes from the
aqueous effluents.!” Employing biological methods for dye wastewater treatment possesses many
advantages, such as relatively economical efficient, generating less sludges and environmentally
friendly.!® However, the application of biological treatment is restricted by high land requirements
(large area, sensitive to sunshine duration),! low efficiency for some toxic or stubborn dyes'*?
and inadequate discoloration.'®

Physical methods are extensively used in industries for dye removal due to high dye
removal efficiency and easy application, such as adsorption, membrane filtration, electrodialysis
and ion-exchange.?!?> Membrane filtration can continuously separate dye, but this technique
requires pre-treatment of wastewater to avoid membrane blockage and the periodic replacement
of membrane is costly.?* In ion exchange process, wastewater containing dyes passes through
the ion exchange resin, and then the charged dyes can be fixed on resin. The shortcomings of this
technique include high cost and only effective for some specific species of dyes.2*2° Adsorption,
as an easy and economic process for dye removal, recently has attracted more and more attentions
and is considered to be superior compared to other techniques.
1.1.4 Adsorbent choices

As a treatment process with long history, adsorption possess flexibility, high removal
ability and recyclability for the adsorbates, thus it has been widely applied for wastewater
remediation.!* 1® A large variety of of natural and artificial adsorbents have been designed and
applied for wastewater treatment, such as silica gel, fly ash and coal, natural clay and activated

carbon. Activated carbon is the most achievable and commonly used adsorbent for dye removal.?’



Its porous structure endows itself with high surface area, resulting high adsorption capacity. The
drawback of activated carbon is that its activation needs high energy and its reactivation after usage
leads to 10-15% loss of itself.!® The porous structure of activated carbon might also lead to the
pore blockage, and then result in desorption and recycling difficulty. The remained challenging
issues of conventional adsorbents, such as relatively low removal efficiency and recyclability, and
separation difficulty, call for the development of new adsorbents. Graphene oxide (GO), with
unique 2-dimensional (2-D) structure, high surface area and rich functional groups, has attracted
many attentions recently for wastewater treatment. Its 2-D structure promises GO’s application in
fabricating composites for dye removal with good recyclability due to easy accessing and
desorption of dyes.
1.1.5 Graphene oxide-based composites used in adsorption applications

The rich functional groups on GO, such as carboxylic, epoxy and carbonyl groups, endow
GO with good water dispersibility and capability for further modification.?®?* To achieve specific
applications of GO in different fields, GO has been modified by various chemical and physical
methods for certain functionalities. Magnetic particles have been used to modify GO for easy
separation and recyclability.’*3> However, the decoration of magnetic nanoparticles on GO sheets
usually results in relatively low adsorption capacity (mg/g) for adsorbates. One possible feasible
way to solve the problem is to graft functional polymers to the magnetic graphene oxide (MGO)
to increase its adsorption capacity. Polymers contain numerous kinds of rich functional groups,
such as carboxylic and amino groups, which can have strong affinity for specific kinds of pollutants.
However, most efforts being devoted to the fabrication of graphene/polymer composites focus on
their mechanical and electric performance, whereas the adsorption capacity enhancement via the

combination of polymer on GO is rarely studied. Only limited studies have employed polymers to



modify GO targeting dye removal, including cellulose®* and chitosan.>*
1.1.6 Graphene oxide adsorption mechanism

GO i1s known to have affinities to aromatic organic compounds (AOCs) (e.g. dyes, drugs,
biomolecules), via a noncovalent approach which retains its structure and tremendous properties.>>-
37 Besides, m—n stacking between GO and AOCs can lead to effective quenching of the

fluorescence of dye.>® 3® Hence, GO has been widely applied in wastewater treatment,>’-3*** drug

44, 46-47 36, 48

delivery,*** biosensors, catalysis and so on. Gaining a detailed knowledge of GO-
AOCs interactions would greatly contribute to performance enhancement and extend GO’s
application scope.

Via Hummer’s method, GO can be produced in relatively large scale by chemical oxidation
and exfoliation of graphite flake, which makes its large-scale applications in various fields
possible. A great amount of oxygen-containing functional groups are introduced on GO sheets®’:
epoxy and carbonyl groups existing on GO surface, carboxylic groups locating on the edge of GO
flakes and the broken holes on GO’s surface.**->* The complex surface properties of GO lead to its
various types of interactions with the AOCs.>® Macroscopic experimental techniques, such as
ultraviolet (UV) spectroscopy,’*>® Fourier transform infrared spectroscopy (FTIR)> and
fluorescence spectroscopy,’® have been employed to provide overall information about the
aggregation types between GO and AOC:s. It was reported that GO carries negatively charges when
dispersed in water, which favors its adsorption for cationic AOCs.?® The proposed interaction
mechanisms between GO and cationic AOCs include the m-m interaction and hydrophobic

34,56 and the electrostatic interaction

interaction due to the remained sp? zones on GO’s surface,
introduced by the negatively charged carboxylic groups of GO.’’-*® However, using the

macroscopic techniques is difficult to survey the influence of specific kinds of functional groups



on GO-AOCs interactions, and the fundamental mechanism remains unclear. There has been no
experimental and theoretical study on exploring the interaction mechanism of GO-AOCs

interaction at nanoscale and single molecular level to our best knowledge.
1.2 Water relevant problems in heavy oil industries

The industrial development leads to significant burdens on energy sources. Due to the
decreasing conventional oil supply all over the world, unconventional oil sources, such as heavy
oil, receive more and more attention and investments nowadays.” ° The heaviest fractions
(asphaltenes) of heavy oil are easy to precipitate and form foulings on furnaces, reservoirs,
pipelines and other appliances, resulting in troubles in handling, transport and refining of the high
asphaltenic heavy 0il.%*6 Water, as the cheapest and most abundant solvent, is generally applied
for surface cleaning for fouled surface,* which might be not effective in cleaning heavy oil
contaminated surfaces due to the adhesion of asphaltenes to solids.%® Besides, the involvement of
water during heavy oil production and transportation will lead to water-in-oil (W/O) emulsions
stabilized by asphaltenes, which will undermine petroleum recovery and cause corrosion
problems. 668

Nowadays, due to the oil spills from now and then, oil/water separation and anti-oil fouling
coatings have attracted a lot of attentions. The oils separated from water include a large variety of
light oils, such as organic solvents, soybean oil and even light crude oil, but water removal from
heavy oil by adsorption has not been successfully achieved before as far as we know. It is
imperative to develop effective method to clean the heavy oil fouled surface and remove water
from heavy oil.

1.2.1 Common water-in-oil (W/O) separation methods

Due to frequent oil leakage and increased production of industrial oily wastewater, great



efforts have been devoted for the separation of light oils/water mixture. Conventional methods for
oil/water separation can meet most separation requirements by combining different comprehensive
approaches, such as centrifugation, gravity separation, coagulation, electric field separation and
biological treatment. However, theses techniques usually suffer from low separation efficiency,
production of secondary fouling and large field requirements.®*"*> Recently, oil/water separation
by manipulating surface wettability has attracted more and more attention. Wettability is the
property of a surface that determines the liquid wetting behavior on the surface, resulted from
intermolecular interaction. If the surface shows different wettability for oil and water, then the
selective separation of oil/water mixture is possibly to be achieved. Superoleophilic and
superhydrophobic materials can be used to selectively remove oil from water, while
superoleophobic and superhydrophilic materials can be applied for separating water from oil. The
superoleophilic materials, due to their intrinsic property, are easy to be fouled by oil. The oil
fouling can block the pore of porous adsorbents and membrane, resulting separation failure.
Therefore, heavy oil/water separation is highly possible to be undermined by the asphaltenes
foulings. Superhydrophilic materials should be advantageous in heavy oil/water separation, which
is because that superhydrophilic materials could have strong affinity to water, and the bound water
molecules are possible to repel heavy oil foulings The underwater oil contact angle 8 can be

calculated by the following equation derived from Young’s equation (Figure 1.1):7%77
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where ¥,_g, Yw—g and y,_,, are oil-air, water-air and oil-water interfacial tensions, respectively.

6, and 6,, are the contact angles of oil in air and water in air, respectively.



Figure 1.1 Diagram illustrates the underwater contact angle determined by surface tensions.

The involved technologies in oil/water separation are mainly based on filtration (commonly
using meshes and membranes) and adsorption (typically using porous adsorptive materials).”® In
filtration, the oil/water mixture need to be collected and then flow through the meshes or
membranes by gravity or pressure. Oil/water separation by adsorption is more practical in some
cases due to its easy application.

1.2.2 Zwitterionic polyelectrolytes used in anti-fouling and oil/water separation

The underwater superhydrophilic property of the solid substrates can be achieved by
grafting various polymers on their surfaces, such as polyethylene glycol,”® poly (acrylic acid)3’-8!
and zwitterionic polyelectrolytes, and constructing surfaces with high roughness.”

Zwitterionic materials are a class of materials that are composed of both positive and

1,828 which extensively exist in living creatures,

negative ionic groups and remain charge neutra
such as cell membranes,®* peptides,®® proteins®® and osmolytes.?” The utilization of zwitterions’
antifouling property was inspired by the zwitterionic phospholipids headgroups in external face of

the mammalian cell membranes, resulting the cell’s nonfouling property.®® The antifouling of

zwitterions is attributed to the ionic groups of zwitterions that can bind water molecules, which



can prevent fouling adhesion. ¥-° Zwitterionic polyelectrolytes, the polymeric form of zwitterions,
possessing superiorly binding water ability compared with single-charged polyelectrolytes and

other hydrophilic species®”°!

and have been widely applied for surface modifications to achieve
underwater superoleophobicity’? and oil/water separation.”® In oil/water separation, the oils
include a large variety of light oils, such as ether, toluene, hexane, hexadecane, soybean oil and
even light crude oil.”>*> Besides, it is observed that zwitterionic polyelectrolytes possess a stronger
long-range attraction for water under oil compared with single-charged (cationic and anionic)
polyelectrolytes, which is likely due to their large dipole moment.’® Thus, it is promising to apply

zwitterionic polyelectrolytes as anti-fouling coatings for heavy oil fouling cleaning-up and the

removal of water from heavy oil by adsorption.
1.3 Objectives

As discussed above, the traditional adsorbents for dyes often suffer from low adsorption
capacity and regenerability problems. GO and its composites have been proved as effective
adsorbents for dyes, as well as a large group of aromatic organic compounds. Our objective is to
rationally design and fabricate GO-based adsorbent for dyes that have high adsorption capacity
and outstanding regenerability, and to understand the interaction mechanism between GO and dyes.

In heavy oil industries, it is challenging to overcome the heavy oil fouling and remove the
produced water from heavy oil. Our objective is to fabricate regenerable coating with underwater
self-cleaning property and coated sponge with water removal ability.

The detailed objectives are listed as follows.

(1) Fabricate poly (acrylic acid) modified magnetic graphene oxide (PAA/MGO)
composite for cationic dye removal using methylene blue as model compound. Survey its

adsorption capacity and regenerability performance.



(2) Combine single-molecule force spectroscopy (SMFS) and density functional theory
(DFT) simulations to study the interaction between GO and AOC molecule at single-molecule
level, which will provide information about adsorption energy and configuration of AOC molecule
on GO affected by specific kinds of functional groups.

3) Fabricate zwitterionic polyelectrolytes modified dopamine (PDA) coated silicon
wafer substrates and sponges. The underwater self-cleaning ability and regenerability of the coated
substrates after fouled by model heavy oil (asphaltene toluene solution) under dry state will be
investigated. The water removal ability (removal efficiency and regenerability) from model heavy
oil (asphaltene toluene solution) of the coated sponges will be studied. And the performance of
zwitterionic polyelectrolyte-PDA coating for water removal and underwater self-cleaning will be
compared with that of single-charged polyelectrolytes-PDA coatings.

1.4 Structure of the thesis

Chapter 1 reviews related literature and introduces the water-related challenges in
wastewater treatment and heavy oil industries. The objectives in this work are given.

Chapter 2 describes the primary techniques used in this study.

Chapter 3 demonstrates the adsorption capacity and regenerability for MB (a model
cationic dye) adsorption of PAA/MGO nanocomposite synthesized by a facile and effective
method, compared to MGO. The effect of pH and the mechanism involved in the adsorption
process has been studied, of which the results are presented and discussed.

In Chapter 4, the interaction mechanism between GO and AOC molecule (using MB as a
model compound) has been investigated in depth, analyzed by SMFS and DFT simulations at
single molecule level and elucidated.

In Chapter 5, zwitterionic polyelectrolyte poly (3-[dimethyl(2-methacryloyloxyethyl)

10



ammonium] propanesulfonate) (PMAPS) has been grafted on PDA deposited silicon wafer
substrates and sponges. The PMAPS-PDA coating’s performance in underwater self-cleaning after
being fouled in dry state by model heavy oil (asphaltene toluene solution) and its regenerability
has been investigated and compared with that of single-charged polyelectrolytes cationic poly (2-
(methacryloyloxy)ethyl trimethylammonium chloride) (PMTAC) and anionic poly (3-sulfopropyl
acrylate potassium) (PSPAK)-PDA coatings. The effect of pH on their underwater self-cleaning
ability and anti-oil property has also been studied and demonstrated. The water removal
performance from model heavy oil of PMAPS-PDA coated sponges has been surveyed and
compared with that of PMTAC-PDA and PSPAK-PDA coated sponges.

In Chapter 6, major conclusions and contributions of this work are presented. The

suggestions for future work are also outlined.
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Chapter 2 Experimental techniques

2.1 Atomic force microscope (AFM)

Quadrant Displacement Sensor

Normal

Light Beam

Figure 2.1 Typical AFM configuration'

Invented in 1986, atomic force microscope has been applied in numerous disciplines and
applications by obtaining images with subnanometer resolution’® and performing force
measurements.* It can be observed on Figure 2.1 that AFM is mainly composed of a piezo
transducer oscillating the cantilever for precise movements, a cantilever with a sharp tip interacting
with sample, a laser beam and quadrant displacement sensor recording the motion of the cantilever.
Tapping mode and ScanAsyst mode have been used in our work for samples’ AFM imaging. In
tapping mode, the probe is manipulated to oscillate around its resonance frequency, and it can
intermittently interact with the surface of sample. To maintain a constant tip-sample separation
distance, the oscillation amplitude is kept constant and the feedback generates the topography of
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the sample surface. ScanAsyst imaging mode is an image-optimization scanning mode that
continuously and appropriately adjusts parameters by using peak force of the force curves at every
pixel as feedback signal.

The principle of single-molecule force (SMF) spectroscopy is shown in Figure 2.2. To
study the interaction of molecule A and B of interest, a single molecule A is bound to AFM tip
using polyethylene glycol (PEG) as a linker to isolate the contribution of molecule A, and molecule
B is bound or coated on substrate. In a single force measurement, the tip is first brought toward to
the surface of B (1 and 2 in Figure 2.2), where a single molecule A-B complex is formed, and then
the tip is retracted (3 and 4 in Figure 2.2), the PEG linker is stretched and behaves like a spring.
When the applied force is equal to the bond dissociation force (F), the interaction bond breaks. By
applying different separation rates and obtaining the corresponding most probable F, the bond

dissociation energy (4G) and distance (4x) can be estimated.>*

Optical
detector

................. Approach
— Retract

Contact point 1 g
e -—
PEG linker F—
3
A % = 4 g

Substrate Distance

cantilever

Force

Figure 2.2 Scheme of SMF measurement setup to investigate the interaction between A and B.’
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2.2 Contact angle measurement

Using a standard contact angle goniometer (Ramé-hart, Model 250), water-in-air (W/A)
and oil-in-water (O/W) contact angles on different sample surfaces have been measured by sessile
and pendant drop method, respectively. A droplet of water or oil is placed on the surface of sample
by gravity or buoyancy, and its contact angle is obtained by fitting the drop outline using image

processing software.
2.3 Ultraviolet-visible (UV-vis) spectroscopy

UV-vis spectroscopy characterizes the adsorption or reflectance of lights in the range of
UV-vis spectral of the substances. The adsorption wavelength of lights is related to the electron
transitions from the ground state to the excited state. The concentrations of molecule in the aqueous
solution can be obtained by linear fitting of the characteristic peak adsorption intensity at specific
wavelength versus the concentrations of a series of aqueous solutions with different known
concentrations. In this work, the adsorption peaks of aqueous solutions have been characterized
by an Evolution 300 UV—Vis spectrophotometer (Thermo Fisher Scientific).?

2.4 Fourier-transform infrared (FTIR) spectroscopy

A Thermo Nicolet 8700 FTIR Spectrometer has been used to identify the functional groups
in the samples. FTIR spectroscopy is a technique applied to identify the existence of specific
functional groups in substances (gas, liquid or solid) by characterizing their adsorption bands in
the range of IR region (from 12800 to 10 cm™). Instead of repeatedly measuring the adsorption of
IR lights at each different wavelength, FTIR spectroscopy characterizes the adsorption bands under
the irradiation of lights with different combinations of wavelengths using interferometer. Then the

adsorption spectrum can be obtained by converting via Fourier transformation.

2.5 X-ray photoelectron spectroscopy (XPS)
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XPS is a spectroscopic method to characterize the elemental composition, and the
electronic environment of the elements in the surface of samples (0 to 10 nm) for measurement.
Monochromatic X-ray beam with known energy is used to irradiate a sample, and the energy of
escaped electrons from the sample can be given by analyzing the information obtained by the
electron detector. The electron binding energy Epinging (€V) can be given using the following
equation:’

Ebinding = Lphoton — (Exinetic + E@) (2.1)

where Epnoon 1 the energy of X-ray photons used, Ekinesic 1S the photoelectron kinetic energy
and Ey is solid effects correction.

Ebinding 1s determined by the electron configuration of the element’s electrons. The typical
spectrum can be obtained by plotting the detected electron number versus their Epinging. By
analyzing the XPS spectrum, the atomic and bond percentages can be calculated. In this study, a

Kratos Axis Ultra spectrometer has been used to characterize the as-prepared materials.
2.6 Thermogravimetric analysis (TGA)

TGA is a technique to monitor the mass of sample changing with increasing temperature,
which rises linearly as a function of time. The gas atmosphere during the measurement can be
controlled. Mass changes during measurements can be related to the physical and chemical
properties of the samples.!® TGA has been used in this work to evaluate the composition of the as-
prepared materials (TA instruments Q500).

2.7 Zeta potential measurement

When a colloidal particle with a net surface charge is dispersed in aqueous solution, it will
be surrounded by oppositely charged ions as shown in Figure 2.3 (using a negatively charged

particle as an example). The surface charge layer and the oppositely charged layer together are
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called as electrical double layer (EDL), which moves with the particle in the solution. Zeta
potential is defined as the potential difference between the bulk fluid and the stationary layer
attached to the particle.!! The value of zeta potential of colloidal particles can indicate the
electrostatic interaction between kinds of colloidal particles and also the stability of charged
particles in liquid dispersion. A Malvern Nanosizer Nano ZSP has been used to characterize zeta

potential of colloidal particles.

Electrical double layer

© Diffuse layer
A

- Surface potential

-- Zeta potential

0 Distance from surface

Figure 2.3 Diagram illustrates the electrical double layer (EDL) at the surface of a colloidal

particle in solution.

2.8 Coulometric Karl Fischer titration
Invented in 1935 and named by Karl Fisher, coulometric Karl Fisher titration is used in
this work to determine the trace amount of water (measuring range: 1 ppm — 5%) in a sample by
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using coulometric titration.'> During the titration process, iodine is generated electrochemically
and then reacts with water stoichiometrically.'® The titration end-point is determined by an abrupt
voltage drop due to excess iodine and the amount of charges that consumed to generate iodine

during titration is used to calculate the water content in the original sample.
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Chapter 3 Poly (acrylic acid) Functionalized Magnetic Graphene
Oxide Nanocomposite for Removal of Methylene Blue

3.1 Introduction

Dyes are widely used in many industries like textile, paper and pulp, dyestuffs and plastics
industries. The dye contaminants extensively exist in wastewater discharged by miscellaneous
industrial activities which cause various environmental problems.!”? A trace amount of water-
soluble dyes can cause noticeable colorization of water, which will reduce the light penetration
and thus interfere with the photosynthetic activity of aquatic organisms.>* Moreover, dyes are
generally toxic to living creatures and cannot be easily degraded by microorganisms.!* > Therefore,
economic techniques to efficiently remove dye contaminants from wastewater are highly desirable.

To date, various technologies have been invented and applied for the removal of dyes from

7 0 11-12

wastewater, including coagulation/flocculation,®”’ photocatalysis,®1* ultrafiltration, and
adsorption.'** Among these methods, adsorption has received much attention due to its high
efficiency, simplicity and economy.'> '>17 A variety of adsorbents such as clay,'® zeolite'” and
carbon materials,?® have been developed to remove colored organic pollutants. Yet, challenging
issues like relatively low removal efficiency and separation difficulty still remain for most

conventional adsorbents.

Graphene oxide (GO) has unique 2-D structure with high surface area and rich functional
groups, such as carboxylic, epoxide and hydroxide groups, which endow its good dispersibility in

21-22

water and availability for further modification, attracting considerable attention for wastewater

treatment.?>? Inherently, the basal plane of GO is able to interact with the aromatic rings of
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3031 contributing to its adsorption of organic dye pollutants. To expand

organics by -1 stacking,
the practical applicability of GO, various chemical and physical modifications have been applied
to decorate GO with specific functionalities, such as photocatalysis ability,'? improved adsorption
capacity for specific pollutants *? and recyclability.'* Magnetic particles have also been introduced
to GO sheets to enhance the separation efficiency. >*° It is noted, however, the introduction of
magnetic particles to GO commonly leads to a relatively low adsorption capacity of the composite
materials. One possible way to cope with this dilemma is to graft the magnetic graphene oxide
(MGO) with functional polymers, which contain abundant functional groups such as carboxyl and
amino groups and can adsorb pollutants through electrostatic interaction or chelation.?” Although
much effort has been devoted to the fabrication and characterization of graphene-polymer
composites, most of the attempts focused on their mechanical and electric performance instead of
the adsorptive property in wastewater treatment.*3° The role of polymers in most MGO-polymer
composites reported was usually to strengthen the mechanical property of the composites.**#!
Among the limited studies on polymer modified graphene oxide targeting dye removal, cellulose
and chitosan have been chosen as the functional polymers to eliminate methylene blue (MB) and
fuchsine from wastewater, respectively.'” ** Functionalization of MGO composites using
polymers containing abundant carboxylic groups (like poly (acrylic acid)), which have strong

affinity to positively charged organic pollutants and the ability to enhance water dispersibility, has

not been reported.

Herein, we report a facile and effective method to prepare poly (acrylic acid) (PAA)
modified magnetic graphene oxide composite (PAA/MGO). Magnetic graphene oxide composite
(MGO) was first synthetized using a co-precipitation method,?! and PAA was then introduced to

the as-prepared MGO through carbodiimide activation under sonication at room temperature.*-4
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The carboxylic groups of PAA can be bound to GO surfaces, and also have electrostatic affinity
to cationic pollutants, which is expected to synergistically enhance the adsorption performance.*’
In this work, PAA/MGO was utilized to remove organic dye pollutants (i.e. methylene blue), and
a higher adsorption capacity with excellent recyclability was achieved as compared to that of
33-35, 48-50 The

magnetic graphene oxide or graphene oxide composites reported previously.

adsorption mechanism was also investigated and proposed.

3.2 Materials and experimental methods

3.2.1. Chemicals and materials

FeCl3-6H2O and FeCl,-4H,O were purchased from Sigma-Aldrich. KMnQO4, NaNOs,
methylene blue (MB), NaOH, HCI, ammonium hydroxide and hydrogen peroxide were purchased
from Fisher Scientific. Graphite flake (325 mesh), H2SO4 (98%), 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) and poly (acrylic acid) (25%, Average M.W. 240,000)
were obtained from Alfa Aesar. All chemicals used in this study were analytical grade and used as

received.

3.2.2. Preparation of graphene oxide (GO)

A modified Hummer’s method was applied to synthetize GO.>! Briefly, graphite (2 g) and
NaNO; (1.5 g) were mixed in a 250 ml three-necked flask in an ice bath, and H>SO4 (98%, 150
mL) was added into the mixture with stirring. Then, KMnOs (9 g) was slowly added to the mixture
over about 1 h. Stirring and ice bath were maintained during the addition of KMnO4, which were
kept for another 2 h after the addition. The ice bath was removed afterwards while the stirring was
kept vigorously for 5 days at room temperature. H>O> solution (6 mL) was then added into the

mixture with another 2 hours agitation. Sequentially, 250 mL solution of deionization (DI) water
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mixed with H>SO4 (98%, 7.5 mL) and H2O> (30 wt%, 4.17 mL) was added to dilute and wash the
mixture. The resulted mixture was thoroughly washed by DI water, centrifuged, and then dialyzed
for 5 days. Finally, the GO aqueous solution was lyophilized and fluffy black dried GO was

obtained.

3.2.3. Preparation of Magnetic Graphene Oxide (MGO)

MGO was synthetized following a modified co-precipitation method.’? The procedure of a
typical synthesis experiment is as follows. Firstly, 100 mg GO was dispersed into 100 mL DI water
by ultrasonication until fully dispersed. Then the GO solution was added into a 250 mL three-
necked flask and stirred vigorously. Secondly, FeCl;-6H20 (0.819 g) and FeCl>-4H20 (0.294 g)
were dissolved in DI water (25 mL), and the solution was dropped into the GO solution in the flask
under severe agitation for 20 min. Afterwards, the mixture was heated to 50 °C, and the pH was
adjusted to 10 with the observation of black precipitate. The solution was further heated to 85 °C
and the heat was maintained for an hour. The as-prepared MGO was magnetically separated and

washed for more than 3 times. Finally, black MGO powder was obtained by freeze-drying.

3.2.4. Preparation of PAA/MGO

PAA/MGO composite was synthesized based on a modified synthetic method for
PAA/Fe;04.> Briefly, MGO (50 mg) was dispersed in 1 ml of buffer (3 mM phosphate, pH = 6.0,
0.1 M NaCl) by sonication in a centrifuge tube. Afterwards, 0.25 mL of carbodiimide solution
(0.025 g mL! in buffer) was added to the MGO solution. After 10 min sonication, 0.286 mL of
PAA solution (25 wt%.) was mixed with 0.963 mL buffer. The PAA mixture was then added to

the MGO mixture. The reaction was carried out under sonication for another 30 min. Finally,
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PAA/MGO was magnetically separated and washed by DI water for over 3 times. Grey powder of

PAA/MGO was obtained after freeze-drying.

3.2.5. Sample Characterizations

Fourier transform infrared (FTIR) spectra were recorded on a Thermo Nicolet 8700 FTIR
Spectrometer. Thermogravimetric analysis (TGA) was carried out using a TA instruments Q500
under Ar flow (5.0 mL-min™) and Air (200.0 mL-min!) at a heating rate of 10 °C min™.
Transmission electron microscopy (TEM) images were recorded by CM20 FEG transmission
electron microscope operated at 200 kV. Atomic force microscopy (AFM) imaging was conducted
using an Asylum MFP-3D AFM to characterize the morphology and thickness of GO in tapping
mode. GO sample was prepared by dropping GO aqueous solution on a freshly cleaved mica
surface, followed by overnight drying. X-ray photoelectron spectroscopy (XPS) measurements
were carried out on a Kratos Axis Ultra spectrometer using Al Ka radiation, operated at 12 mA,
14 kV, of which the peak fitting was performed by CasaXPS software. Zeta potential was measured
using a Malvern Nanosizer Nano ZSP. The concentrations of MB in aqueous solutions during
adsorption tests were characterized using an Evolution 300 UV—Vis spectrophotometer (Thermo
Fisher Scientific). The Magnetic hysteresis measurements were conducted at room temperature

under a maximum applied field of 60000 Oe on a Quantum Design 9T-PPMS magnetometer.

3.2.6. Adsorption tests

The adsorption of MB in aqueous solutions using MGO and PAA/MGO composites was
carried out in batch experiments. Solutions of adsorbents (4 mg) dispersed in deionized (DI) water
(0.5 mL) were mixed with different concentrations of MB solutions (25 ml) in centrifuge tubes

(pH =7, pH was adjusted using 0.1 M HCI and 0.1 NaOH). The adsorption experiments were
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performed by putting the centrifuge tubes in a shaker (300 RPM) and monitored with time. Portions
of the mixture were taken out at different time intervals, of which the adsorbents were magnetically
removed and the residue concentrations of MB were determined with UV-visible
spectrophotometer.’® 3 The adsorption kinetics and isotherms of MB on the as-prepared

adsorbents were obtained under aforementioned condition.

The effect of pH on the adsorption of MB on MGO and PAA/MGO was also investigated.
Solutions of MGO or PAA/MGO (4 mg) dispersed in DI water (0.5 mL) and 20 mg L' MB
solutions (25 mL) were mixed and adjusted to different pH (pH=3, 5, 7, 9, 11). The mixtures were
left in shaker (300 RPM) for 24 h to reach adsorption equilibrium. The adsorption capacity g, (mg
g!) and removal percentage p% can be calculated by Equation 3.1* and Equation 3.2%*, where Cy
and C; (mg L") are the initial concentration and concentration at time ¢ of residual MB in the
solutions, respectively, m (g) stands for the mass of the adsorbent used, Vp (mL) and V; (mL) are

initial volume and volume at time ¢ of solutions, respectively.

qp = 3.1)
p =2=% % 100 (3.2)

Co

3.2.7. Zeta potential measurements

MGO or PAA/MGO (5 mg) was added into 10 mM NacCl solutions (10 ml) and the
suspensions were sonicated until fully dispersed. The pH of the supernatants of the suspensions
was adjusted to pH~3 to 11 using 0.1 M NaOH or HCI, and the zeta potential was then determined
using a Malvern Nanosizer Nano ZSP. The measurements for each type of samples were repeated

for 3 times.
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3.2.8. Recyclable usage

MGO and PAA/MGO (8 mg) aqueous solutions (0.5 mL) were added to 20 mg L' MB
solutions (25 mL) respectively and then the pH of the mixtures was adjusted to pH~7 using 0.1 M
NaOH or HCI. The solutions were then left in the shaker (300 rpm) for 5 h. After adsorption, the
adsorbents were collected by external magnet and MB concentrations in the residue solutions were
measured by UV spectroscopy. For desorption, the recycled adsorbents were dispersed in 10 mL
ethanol solution (5 % vol. acetic acid), sonicated for 15 min and recovered magnetically. The
desorption process was repeated for 3 times. After magnetic separation, the adsorbents were

washed with 2 mL DI water and then magnetically separated for reuse.

3.3 Results and discussion

3.3.1. Synthesis and characterizations of nanocomposite adsorbents

Figure 3.1 shows the synthesis route of PAA/MGO composite. GO was first prepared from
graphite based on a modified Hummers method.>! FeCl, and FeCls solution (Fe?": Fe**= 2:1) was
dropped to GO solutions as iron source, with Fe*" and Fe*" ions attracted to the negative-charged
oxygen atoms of GO. The solution was adjusted to alkaline condition (pH=10) and Fe;O4 particles
were formed in situ by co-precipitation.’> PAA was then bound to the surfaces of GO by a “grafting

from” method.?”>°
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Figure 3.1 Schematic of synthesis process for PAA/MGO composite. Note, the binding of PAA
and —COOH groups on GO by forming acid anhydride groups as illustrated in (d) may not be very
stable in aqueous solution, and the binding between PAA and —OH groups on GO would dominate

the grafting interaction.

AFM topography and height profile of GO are shown in Figure 3.2a and 3.2b, respectively,
indicating a single layer of GO sheet with thickness of ~0.91 nm which is consisted with literature
value.”’ Single layer of GO sheet is thicker than pristine graphene monolayer that is atomically flat
with a well-known van der Waals thickness of ~0.34 nm, which is mainly due to the covalently
bonded groups on the carbon atoms and distorted sp>-hybridized geometry transformed from the
planar sp>-hybridized geometry.>* The single layer structure of GO obtained contributes to its high

surface area allowing further surface modification.
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Figure 3.3 TEM images of (a) GO, (b) MGO and (¢) PAA/MGO, HRTEM images of (d) MGO,

and (e) PAA/MGO.
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The TEM image of GO (Figure 3.3a) reveals that GO possesses a transparent sheet
structure. TEM image of MGO (Figure 3.3b) shows that the magnetic nanoparticles (with an
average diameter of ~7 nm) disperse evenly on the transparent graphene oxide sheets and have a
crystal structure with a lattice spacing of 0.48 nm, corresponding to the (111) plane of spinel-
structured iron oxide, as shown in the HRTEM image of MGO (Figure 3.3d).’® The modification
of PAA on MGO shows no significant change of the morphology of iron oxide nanoparticles on
graphene oxide sheets in TEM image of PAA/MGO (Figure 3.3c¢). It is noted that after the binding
of PAA on MGQO, the crystal structure of the magnetic nanoparticles on PAA/MGO is much less
visible in the HRTEM image (Figure 3.3e) as compared to that in the HRTEM image of MGO
(Figure 3.3d), which is most likely due to the electron scattering and energy loss in the grafted

PAA.59’ 60-61

Powder X-ray diffraction (XRD) was employed to characterize the crystalline structure of
magnetic iron oxide nanoparticles in the MGO and PAA/MGO composites, and the XRD patterns
are shown in Figure 3.4a and are in accordance with the standard XRD spectra for Fe3;O4 (PDF#01-
071-6336). The XRD results confirm the successful deposition of Fe3O4 nanoparticles on GO

sheets and that the addition of PAA does not change the crystalline structure of these nanoparticles.

The FTIR spectra of GO, PAA, MGO and PAA/MGO are shown in Figure 4.4b. For the
FTIR spectrum of GO, the peaks from 1000 to 1300 cm™ can be ascribed to the C-O vibration of
hydroxyl groups and C-O-C vibration of epoxy groups; the peaks around 3436 and 3625 cm™' can
be attributed to the O-H vibration of hydroxyl groups and the peak at 1739 cm™ is due to -C=0

62-63 indicating that the oxidized product of graphite (i.e. GO) via

vibration of carboxylic groups,
the modified Hummers’ method possesses various oxygen-containing functional groups. With the

deposition of Fe3O4 nanoparticles on GO sheets, the intensity of the peaks for the hydroxyl, epoxy
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and carboxylic groups was weakened, which is most likely because the oxygen of these groups
can interact with iron ions to form oxide. For PAA/MGO, the appearance of —CH; vibration at

1455 and 2923 cm™! and the enhanced —C=0 vibration peak of carboxylic groups confirm the

deposition of PAA on the composite surfaces.**
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Figure 3.4 (a) XRD patterns of MGO and PAA/MGQO, (b) FTIR spectra of GO, PAA, MGO and

PAA/MGO.
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The Cls XPS spectra of GO, MGO and PAA/MGO are shown in Figure 3.5a, 3.5b and
3.5¢, respectively. The spectra were calibrated using the binding energy of the adventitious Cls at
284.6 eV. In Figure 3.5, the deconvolution of Cls XPS spectra of GO, MGO and PAA/MGO
shows four peaks at 284.6 eV, 286.5 eV, 287.7 eV and 288.3 eV, which can be assigned to
saturated C-C bonding of graphene, the carbon-linking hydroxyl groups (C-OH) and epoxy groups
(C-0-C), carbonyl groups (C=0), and carboxyl groups (-COOH), respectively.®>* The bond
percentage and binding energy (B. E.) of different bonds based on the Cls spectra for GO, MGO
and PAA/MGO are summarized in Table 3-1. Table 3-1 shows that after the co-precipitation of
magnetic particles, the relative intensity of peaks corresponding to oxygen-containing groups
significantly decreases, agreeing with FTIR results, which supports the hypothesis that the oxygen-
containing groups reacted with iron ions to form Fe3O4 nanoparticles. Compared to MGO, the
intensity of C=0 peak of PAA/MGO dramatically increases, suggesting the successful deposition

of PAA on MGO.

Table 3-1 XPS Cl1s peak information for four types of C bonds in GO, MGO and PAA/MGO.

Materials COOH C=0 C-O0 C-C

% BE. % BE. % BE. % B.E.

GO 7.4 2884 429 2873 445 286.6 439 284.6

MGO 5.6 288.7 2.11 2877 31.2 2864 61.1 284.6

PAA/MGO 13.8 288.7 2.11 2879 25.8 286.4 583 284.6
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Figure 3.5 Cl1s XPS spectra of (a) GO, (b) MGO and (c) PAA/MGO.

The thermal behaviors of GO, MGO, PAA/MGO and Fe3O4 were characterized by
thermogravimetric analysis and the TGA results are shown in Figure 3-6. For the TGA curve of
GO, the weight loss below 120 °C is due to the loss of physically adsorbed water. The weight loss
from 120 °C to ~300 °C is ascribed to the loss of oxygen-containing functional groups. The final
weight loss from 430 °C to 530 °C is mainly attributed to the burning of carbon.®” For Fe;O4, a
slight weight gain below 200 °C is due to the oxidization of Fe;O4 to y-Fe,03.>* In contrast, the

weight gain of MGO and PAA/MGO owing to the oxidization of Fe304 was overwhelmed by the
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decomposition of oxygen-containing groups, thus these two composites showed gradual weight
loss with increasing temperature till 400 °C. Based on the mass loss of the composite materials in
TGA tests shown in Figure 3-6, the mass fraction of Fe3O4 in MGO was evaluated to be ~71% and

the mass fraction of PAA in PAA/MGO composite was estimated as ~15%.
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Figure 3.6 TGA curves of GO (black), MGO (blue), PAA/MGO (green) and Fe3O4 (red).
3.3.2. Magnetization tests

Figure 3.7 shows the magnetic responses of MGO and PAA/MGO composites, both of
which show typical superparamagnetic behavior. The saturation magnetizations of MGO and
PAA/MGO are 27.7 emu g™ and 12.3 emu g'!, respectively. The reduced saturation magnetization
of PAA/MGO as compared to MGO could be attributed to the less mass fraction of magnetic
component in the composite. The inset in Figure 3.7 shows a picture of the mixtures (pH = 7) of
20 mg L' MB solutions (5 mL) with (a) 0.5 mL of DI water, (b) 0.5 mL of MGO (2 mg) solution
and (c) 0.5 mL of PAA/MGO (2 mg) solution. Under an external magnetic field, both MGO and

PAA/MGO can be easily separated, but only the residue solution for the PAA/MGO case can be
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totally discolored (in ~ 2 minutes), which demonstrates the magnetism and different adsorption

capacity of the nanocomposite adsorbents.
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Figure 3.7 Magnetic hysteresis loops of MGO and PAA/MGO. The inset shows the mixtures of
20 mg L-1 MB solutions (5 mL) and (a) 0.5 mL of DI water, (b) 0.5 mL of MGO (2 mg) solution

and (c) 0.5 mL of PAA/MGO (2 mg) solution.

3.3.3. Adsorption tests

The adsorption capacity of MB on MGO and PAA/MGO composites was investigated by
batch tests. Figure 3.8 shows the adsorption capacity g of MB on MGO and PAA/MGO as a
function of adsorption time ¢. Figure 3.8 exhibits that the adsorption of MB drastically increases
with time in the first few minutes, and then gradually reaches equilibrium. The adsorption capacity
q: at time ¢ of MB on PAA/MGO was much higher than that on MGO. For example, ¢, =100 mg/g
and 37 mg/g at t=20 min for PAA/MGO and MGO, respectively, showing that the
functionalization of PAA on MGO significantly improved the adsorption capacity of MB of the

composite materials.

45



120 . -— o
G A PAAIMGO
jo)]
E g0}
o
%* MGO
S 60 H
o 120
o
[&]
f
S 30n 60
a
2 0
< on ) . . 0 20 40 60
0 300 600 900 1200 1500
Time, t (min)

Figure 3.8 Adsorption capacity g; of MB on MGO and PAA/MGO as a function of adsorption
time ¢, with 20 mg L' initial concentration of MB, pH =7. Inset shows the adsorption profile of

MB on MGO and PAA/MGO in the initial adsorption stage.

The pseudo-first-order and pseudo-second-order kinetic models were used to study the
adsorption kinetics of MB on MGO and PAA/MGO.%% The pseudo-first-order kinetic model
assumes that the adsorption rate is proportional to the available number of adsorption sites; while
the pseudo-second-order kinetic model assumes that the adsorption rate is proportion to the square

of available number of adsorption sites.>°

kit
2.303

Pseudo-first-order kinetic model: log(q, — q;) = logq. — (3.3)

Pseudo-second-order kinetic model: — = 21 + = 3.4
qt qek> de

ge and g; (mg g'!) represent the amounts of MB adsorbed at equilibrium and at any adsorption time
t. ki (min') and k> (g mg! min') are pseudo-first and pseudo-second order rate constants,
respectively. Figure 3.9a and 3.9b show the fitting for the adsorption of MB on MGO and
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PAA/MGO using the pseudo-first-order kinetics and pseudo-second-order kinetics, respectively.
All kinetic parameters obtained by linear regression of the two kinetic models are summarized in
Table 3-2. The higher correlation coefficient values (R°) in Table 3-2 and the good agreement
between the measured g. .y and the calculated g. . indicate a better fitting of the data using the
pseudo-second-order kinetic model than the pseudo-first-order model for the adsorption behaviors

of MB on MGO and PAA/MGO.
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Figure 3.9 Fitting of the adsorption kinetics of MB on MGO and PAA/MGO using (a) the pseudo-
first-order kinetic model and (b) pseudo-second-order kinetic model. Symbols are experimental

values and solid lines are the fittings using the two kinetic models.
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Table 3-2 Parameters for the fitting of the adsorption of MB on MGO and PAA/MGO using the

pseudo-first-order and pseudo-second-order kinetic models.

Adsorbents ge ep Pseudo-second-order kinetics ~ pseudo-second-order kinetics

(mg g
ki qe, cal R’ k> (g mg-l qe, cal R?
(min™) (mgg") min™") (mg g™
MGO 61.2 0.0027 19.26 0.58862 0.0023 60.9 0.99687
PAA/MGO 117.5 0.0030 19.26 0.91559 0.0007 118.3 0.99998

To better understand the interactions between the adsorbents and MB, the adsorption data
has been analyzed using Langmuir and Freundlich isotherm models, as shown in Equation 3.5 and
Equation 3.6, respectively.’%”! Langmuir model assumes monolayer adsorption of adsorbate on a
homogeneous surface of adsorbent. C. (mg L) is the equilibrium concentration of the MB. g
(mg g!) is the maximum Langmuir monolayer adsorption capacity. b is related to the energy of
the adsorption.”” ¢,, and b can be obtained from the fitting of experimental data by Equation 3.5.
The Freundlich isotherm model is an empirical model assuming a heterogeneous surface of
adsorbent. Krand n are the indicators of adsorption capacity and adsorption intensity, respectively,

which can be determined from the fitting of experimental data by Equation 3.6.

. . C C
Langmuir isotherm equation: = = Lyl (3.5)
de bam  qm

Freundlich isotherm equation: logq, = logKy + %logCe (3.6)
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Figure 3.10 Isotherms of the adsorption of MB on (a) MGO and (b) PAA/MGO, with a contact

time of 24 h.

Figure 3.10a and 3.10b show the fitting of adsorption data using the Langmuir and
Freundlich models for the adsorption of MB on MGO and PAA/MGO, respectively and the fitting
parameters are summarized in Table 3-3. The regression coefficients (R°) suggest that the

Langmuir model fits the adsorption better, which implies that both MGO and PAA/MGO likely
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possess homogeneous adsorption surface and the adsorption of MB on these two adsorbents is
likely monolayer. However, it should be noted previous studies have shown that certain
heterogeneous materials/surfaces and heterogeneous adsorption could also obey the Langmuir
model.”> ”® The g, of MB on PAA/MGO (290.7 mg g!) is much higher than g, of MB on MGO
(70.0 mg g') due to the incorporation of PAA. At pH 7 for the adsorption tests, the deprotonated
carboxylic groups of PAA grafted on MGO can have electrostatic attraction with cationic MB. The
hydrophilicity of PAA also facilitates the dispersion of PAA/MGO composite and enhances the
stability of the suspension, facilitating the exposure of adsorbent surfaces to contact with MB

molecules.

Table 3-3 Fitting parameters of the adsorption of MB on MGO and PAA/MGO using Langmuir

and Freundlich isotherm models.

Langmuir model Freundlich model

b(mgL"h) gn(mggh) K K n R
MGO 3.80 70.0 0.95 47.48 7.66 0.62
PAA/MGO 0.49 290.7 0.97 120.24 345 0.88

3.3.4. Effects of pH

The effects of pH on zeta potential of MGO and PAA/MGO and the adsorption capacity,
g, of MB on MGO and PAA/MGO were also investigated and the results are shown in Figure 3.11.

Figure 3.11a shows that with increasing pH=3 to 11 the zeta potential of both MGO and
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PAA/MGO decreases, and the zeta potential of PAA/MGO is lower than that of MGO over the
whole pH range. The decreased zeta potential can be attributed to that the carboxylic groups on
MGO and on the PAA chains of PAA/MGO deprotonate as pH increases leading to more
negatively charged surfaces. The lower zeta potential of PAA/MGO compared with MGO is due
to its higher content of carboxylic groups. Figure 3.11b shows that adsorption capacity of MB on
MGO increases with increasing pH over the whole range (pH=3 to 11); while adsorption capacity
of MB on PAA/MGO increases from pH=3 to 7 achieving almost complete adsorption from pH=7
to 11 (viz. PAA/MGO removed almost all the dye in the solutions). It is noted that PAA/MGO
exhibits much higher adsorption capacity of MB than MGO over the whole pH range investigated.
As MB molecule contains chloridion that can deionize in aqueous solution and carry positive
charge, MB shows electrostatic attraction with negatively charged carboxylic groups.”* Therefore
more negative zeta potential of MGO and PAA/MGO leads to higher adsorption capacity of MB.
It is noted that the zeta potential of MGO at pH=3 is ~-6.1 mV and is almost neutral with negligible
electrostatic attraction with MB. The limited adsorption capacity of MB on MGO and PAA/MGO
even at pH 3 indicates that n-m interaction between GO surface and MB also plays a role in the

adsorption process.
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Figure 3.11 (a) Zeta potential of MGO and PAA/MGO and (b) adsorption capacity of MB on

MGO and PAA/MGO under various pH conditions.

3.3.5. Recyclable usage tests

The recyclability of adsorbents is an important factor for their practical application in water
treatment. Adsorption-desorption cycles were carried out to test the recyclable usage of MGO and
PAA/MGO on the removal of MB. Figure 3.12 shows that after 5 cycles, the removal percentage

of MB by PAA/MGO still remains >98%, while the removal percentage of MB by MGO drops
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gradually to about 31%. The better recyclability of PAA/MGO is likely due to the better dispersity

of the adsorbents owing to the functionalization of hydrophilic PAA on MGO.
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Figure 3.12 Removal percentages p% of MB by MGO and PAA/MGO for 5 cycles.
3.4 Conclusions

In this work, we report a facile method for the synthesis of poly (acrylic acid)
functionalized magnetic Fe;O4 nanoparticle-graphene oxide nanocomposite (PAA/MGO). The
structure and surface properties of MGO and PAA/MGO composites were characterized by
various techniques including FTIR, XPS, TEM, HRTEM, TGA and zeta potential determinations.
The adsorption behaviors of a model dye pollutant, methylene blue, on MGO and PAA/MGO were
evaluated in batch tests. At pH 7, MGO and PAA/MGO nanocomposites show a maximum
adsorption capacity of MB ~70 mg g and ~291 mg g’!, respectively. The higher adsorption
capacity of MB on PAA/MGO compared to MGO was attributed to the enhanced electrostatic
attraction between positively charged MB molecules and negatively charged nanocomposite

surfaces due to the higher content of deprotonated carboxyl groups on PAA/MGO. The removal
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capacity of MB by both MGO and PAA/MGO adsorbents also increases with increasing solution
pH, and the zeta potential of both MGO and PAA/MGO decreases with increasing the solution pH
which enhances the electrostatic attraction between MB and the composite surfaces. At pH 3,
MGO and PAA/MGO become almost neutral with zeta potential close to 0 mV, both of which still
show limited adsorption capacity to MB, indicating that n-n interaction between GO surface and
MB also contributes to the adsorption process. Our results show that the PAA/MGO possesses
rapid adsorption rate and higher adsorption capacity of MB than previously reported magnetic
graphene or magnetic graphene oxide composites (~44 to ~190 mg g'!) under similar experimental
conditions.** 77 PAA/MGO also can be easily separated under an external magnetic field with
excellent recyclability and reusability. The PAA/MGO nanocomposite has great potential

application as a novel adsorbent for the removal of cationic organic pollutants from wastewater.
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Chapter 4 Unraveling the Interaction between Graphene Oxide and

Aromatic Organic Compounds

4.1 Introduction

Over the past decade, graphene oxide (GO) and its derivatives, one type of the graphene-
based nanomaterials, have received much attention in many research areas and engineering
applications, due to their unique physicochemical, mechanical, electronic, optical and structural
properties.' In bioengineering, the atomically thin 2-D structure renders GO with extremely high
specific surface area coupled with conjugated basal plane structure, serving as a platform or
nanocarrier for a large quantity and variety of molecules containing aromatic functional groups,
such as drugs,’!! genes!? and fluorescent molecules!>!*. The affinity of fluorescent molecules with

aromatic functional groups to GO can lead to their effective quenching,'>!*

contributing to
biosensing application.'>!7 Therefore, it is of great interest and importance to understand the
interaction mechanism between the aromatic organic compounds (AOCs) and GO surfaces that
determines their interaction energies and the configurations of the interfacial nanostructures for
enhanced functionality.

By chemical oxidation and exfoliation of graphite flakes, GO can be produced in relatively
large scale following modified Hummers’ method,'® with epoxy and carbonyl groups on GO’s
basal plane, carboxylic groups on GO flakes’ edge while part of the sp> domain structure being
retained from pristine graphite.!®?* The complex chemical constitution of GO leads to various
interactions between its surface and AOCs,'* which have been characterized by many experimental
techniques on bulk samples at relatively macroscopic scale, such as ultraviolet (UV)

spectroscopy>>2°

and energy-dispersive X-ray spectroscopy (EDS). 2° Batch adsorption tests
showed that negatively charged GO favors the adsorption of cationic AOCs.?” The interactions
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between GO and cationic AOCs are generally believed to include electrostatic interaction

0,%7? and 7- 7 interaction due to the

introduced by the negatively charged carboxylic groups on G
remained sp? zones on GO’s surface.? 3® However, the understanding of the role of the specific
functional groups in the interactions of GO with AOCs and their binding strength still remains
unclear. To the best of our knowledge, there has been no experimental and theoretical study on
characterizing the interaction mechanism of GO-AOC:s at the single molecular level and nanoscale.

In this work, for the first time, we unveil the nanomechanical interaction mechanism
between a model aromatic organic molecule and GO surface by using both single-molecule force
spectroscopy (SMFS) measurements based on atomic force microscopy (AFM) and density
functional theory (DFT) simulations. Our results provide new insights into the interaction
mechanisms of GO-AOCs with useful implications on the design of advanced GO-based

nanocomposites with tunable nanostructures and performance for a broad range of bioengineering

and engineering applications.
4.2 Materials and methods

4.2.1 Materials

Potassium permanganate, sodium nitrate, methylene blue (MB), toluidine blue o (TBO)
and hydrogen peroxide were purchased from Fisher Scientific. Graphite flake (325 mesh), sulfuric
acid (98%), DL-thioctic acid (TA), poly(ethylene glycol) (HO-PEGa000-OH, Mn 4000 g/mol), 4-
(dimethylamino)pyridine (DMAP) and poly(ethylene glycol) methyl ether (CH3-PEG1900-OH, Mn
1900 g/mol) were obtained from Alfa Aesar. Succinic anhydride, N,N’-dicyclohexylcarbodiimide
(DCC), N-hydroxysuccinimide (NHS) and dichloromethane (DCM) were purchased from Sigma-
Aldrich. 1,4-dioxane were obtained from ACROS. All chemicals used in this study were analytical

grade and used as received.
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4.2.2 Preparation of graphene oxide (GO)

Graphene oxide was prepared by a modified Hummer’s method.?! Graphite (2 g) and
sodium nitrate (1.5 g) were first added to a 500 ml 3-neck flask, and then sulfuric acid (98%, 150
mL) was added into the mixture in an ice bath with stirring. Then potassium permanganate (9 g)
was slowly added into the mixture during a period of 1 h. Stirring was kept for 2 h in the ice-water
bath and then kept for another 5 days at room temperature. After that, hydrogen peroxide solution
(30 wt. %, 6 mL) was added into the mixture under agitation and the stirring was kept for 2 h. 250
mL solution (98 wt. %, 7.5 mL sulfuric acid and 30 wt. %, 4.17 mL hydrogen peroxide solution in
deionized water) was added to dilute and wash the mixture. The resulted compound was
thoroughly washed by deionized water, centrifuged and then dialyzed for 5 days. Eventually, the
graphene oxide powder was obtained by freeze drying after sonication. The surface chemistry of
GO was characterized using an X-ray photoelectron spectrometer (Kratos Axis Ultra, NY) with Al

Ko radiation (12 mA, 14 kV).

4.2.3 Atomic force microscopy (AFM) imaging tests

The silicon wafer substrates used for topography measurements were prepared as follows.
First, the silicon wafer substrates were rinsed by mili-Q water, ethanol, dried by Argon, and,
subsequently, cleaned through UV-ozone treatment. Then, GO solution (20 mg/L) or mixture of
equal-volume GO (20 mg/L) and MB (0.5 mg/L) aqueous solutions was dropped on the silicon
wafer substrates. After fully dried, tapping mode AFM was carried out to characterize the surface
topography of the samples using an Asylum MFP-3D AFM (Asylum Research, Santa Barbara,

CA).
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4.2.4 Single-molecule force spectroscopy (SMFS) measurements

Silicon wafer substrates were extensively rinsed by mili-Q water and ethanol, dried by
Argon gas, and further cleaned through UV-ozone treatment. Then, a drop of GO solution (20
mg/mL) was spread on each substrate using pipet tip. The substrates were naturally dried overnight
before single-molecule force measurement. The synthesis method of CH3-PEG1900-TA and TBO-
PEGu4000-TA is described in Supporting Information. For tip modification, silicon nitride
cantilevers with gold coated tips (NPG-10 probes, Bruker, Santa Barbara, CA) were first cleaned
by UV-ozone treatment for 15 min and then transferred into an aqueous solution with a TBO-
PEGu000-TA/CH3-PEG1900-TA mass ratio of 1:2.

Single-molecule force spectroscopy experiments were carried out on a Dimension Icon
AFM (Bruker, Santa Barbara, CA) and conducted in water (pH 5.6, natural pH; or pH=2, adjusted
by 0.1 M HCl). The spring constants of cantilevers were determined to be ~0.15 N/m using the
Hutter and Bechhoefer method.??
4.3 Experimental results and discussion

Methylene blue (MB), as a typical cationic aromatic dye, was chosen as a model AOC
compound in this study, which has been applied in cell staining,** anti-microbial**> and medicinal
photosensitizer.>>3® The affinity between MB and GO makes GO as a good carrier and adsorbent
for MB, contributing to their applications in biosensor®’ and MB removal from wastewater.*® AFM
topography imaging of pure GO and MB/GO complex has been conducted and the results are
shown in Figure 4.1. MB molecules were adsorbed to GO in aqueous solution and then the mixture
solution was deposited on silicon wafer substrate to prepare the MB/GO complex sample for AFM
imaging. The typical topographic AFM images of pure GO (Figure 4.1a and 4.1b) show that the

GO sheets are smooth and flat. The height profile of pure GO (Figure 4.1¢) demonstrates that the
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GO surface is smooth with a ~0.1 nm height fluctuation and the thickness of GO is ~0.8 nm,
indicating a single layer structure, which is in agreement with the literature.’**! The topographic
AFM images of MB/GO complex (Figure 4.1d and 4.1e) show obvious difference with a large
number of nanoaggregates of MB molecules adsorbed on the GO surface. The height profile of
the MB/GO complex (Figure 4.1f) shows that the thickness of the flake is ~0.9 nm, suggesting the
single layer structure of GO is not changed and the slightly increased thickness might be due to
the presence of MB molecules between GO and the silicon wafer substrate. Owing to the
adsorption of MB on GO surface, the MB/GO surface is evidently rougher, as compared to GO,

with a height fluctuation of ~0.4 nm.
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Figure 4.1 (a, b) Topographic atomic force microscopy (AFM) images and (c) height profile of
graphene oxide (GO) on silicon wafer substrate. (d, ) Topographic AFM images and (f) height

profile of methylene blue (MB)/GO complex on silicon wafer substrate.
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The surface chemistry of GO was characterized using X-ray photoelectron spectroscopy
(XPS). The Cl1s XPS spectrum of GO has been calibrated using the binding energy (B. E.) of the
adventitious Cls at 284.6 eV and is shown in Figure 4.2. The deconvolution of the Cls XPS
spectrum of GO shows four peaks at 284.6, 286.6, 287.3 and 288.3 eV, which can be assigned to
sp> carbon (C-C) and sp? carbon (C=C), epoxy groups (C-O-C), carbonyl groups (C=0), and
carboxylic groups (-COOH), respectively.**** Epoxy groups are the dominative functional groups
on GO with a content of 44.5%, and the content of carboxylic groups is much less (7.4%), while
the carbonyl group content is 4.3%, which is even less. However, surprisingly little attention has
been paid to study the role of epoxy groups in GO, of which the content is ~6 times that of

carboxylic groups, in GO’s interactions with AOCs.
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Figure 4.2 X-ray photoelectron spectroscopy (XPS) Cls spectrum of GO.

The different functional groups on GO can lead to various interactions for GO-AOCs in
aqueous solution. Single molecular force measurements were conducted at both pH 2 (Figure 4.3a,
with carboxylic groups remaining neutral) and pH 5.6 (Figure 4.3b, with carboxylic groups
ionized).** The ionized carboxylic groups could introduce electrostatic interaction between GO

and cationic AOC molecule. As shown in Figure 4.3¢-3d, toluidine blue O (TBO) is employed in
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SMEFS experiments due to its highly similar chemical structure to MB with the amino group to be
end-tethered to polyethylene glycol (PEG), which is used as a linker and flexible spacer to isolate
the contribution of TBO from the AFM tip.****® Force measurements were conducted over the
different regions of GO surface using the TBO modified tip to qualify the interactions with various

functional groups via the force-distance curves.*’#®
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Figure 4.3 Schematic illustrations of free MB and GO molecules under (a) neutral (unionized) and
(b) ionized conditions. The ionization of carboxylic groups of GO would introduce electrostatic
interaction between GO and cationic MB, which is absent under neutral condition. (¢) Scheme of
experimental setup for single-molecular force (SMF) measurement (conducted under both neutral
(pH 2) and 1onized conditions (pH 5.6) of GO) to study the interaction between GO and toluidine
blue O (TBO). TBO possesses highly similar chemical structure to MB with amino group to be
end-tethered to polyethylene glycol (PEG), which is used as a linker between AFM tip and TBO.

(d) Ilustration of the chemical structures of MB and TBO-PEG.
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A representative force—distance curve is shown in Figure S 4.1. With retraction of the
cantilever, the force—distance curve first exhibits a typical appearance of elastic extension of the
tethered PEG chain, which can be well fitted with the extended freely jointed chain (E-FJC) model
shown by the red curve.*" Then the force reaches a local maximum associated with the
detachment of TBO from the GO surface. Single molecule force experiments have been carried
out systematically at different locations across the GO surfaces under various retraction speeds
(i.e., ~300 to ~4700 nm/s) at pH 2 and pH 5.6, and the bond dissociation forces obtained from the
force-distance curves have been collected. The histograms of the bond dissociation forces have
been fitted using the Gaussian distribution to provide the most probable bond dissociation forces.
It is found that the most probable bond dissociation forces F increase with increasing the loading
rate » under the same pH condition. Fitting the data of F vs. In (r) (Figure 4.4a and 4.4b) using the
Bell-Evans model (Equation 4.1)°!52 provides useful information about activation Gibbs energy
for bond dissociation (4G) (Equation 4.2) and the bond dissociation distance from the equilibrium

position (4x),

__ kpT Ax kgT
F =" (W) + 522 In(r) (4.1)
AG = RTIn (%) (4.2)

where kg is the Boltzmann constant, 7' is the absolute temperature, and ko is the spontaneous
dissociation rate of the bond. 4G is bond dissociation energy, R is the gas constant and A4 is the
Arrhenius prefactor or the frequency factor, which is chosen as 10° s7! in the calculation according

to previous reports.>>>4
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Figure 4.4 The most probable bond dissociation forces between TBO and GO under different
loading rates at a) pH 2 and b) pH 5.6, where the red line corresponds to the fitting by the Bell-
Evans model. Representative histograms of bond dissociation force values for TBO-GO at ¢) pH
2 and d) pH 5.6 (red curve: Gaussian fitting to give the most probable bond dissociation force).
At pH 2 (Figure 4.4a), the linear fitting of F versus In(r) reveals a 4G of -4.61 kcal/mol
and a Ax of 2.3 A for TBO-GO dissociation, and the representative histogram of bond dissociation
forces (Figure 4.4c) shows a single peak at 7=545 nN/s, in which the involved interaction should
not be ascribed to electrostatic interaction due to the electrically neutral carboxylic groups on GO.
(More histograms under different loading rates at pH 2 and pH 5.6 are shown in Figure S 4.2a and
S 4.2b.) At pH 5.6 (Figure 4.4b), similar linear fitting gives 4G = -4.57 kcal/mol and Ax = 2.3 A,
indicating the same type of interaction as that under pH 2 (further discussed in the next section).
It is noted that a second local maximum appears as r» increases to 512 nN/s (as indicated by the

blue arrow) in Figure 4.4d, which is most likely ascribed to the electrostatic interaction between
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the negatively charged ionized carboxylic groups of GO and cationic TBO. It is noted that the
count attributing to the main peak is much higher that of the second maximum, yet the specific
interactions involved still remain to be ravelled, as further discussed in the following section.
4.4 Theoretical calculations

The interactions between MB and a series of graphene surfaces (i.e., pristine graphene,
graphene with an epoxy group (epoxy-graphene) and an unionized/ionized carboxylic group
(unionized/ionized carboxyl-graphene), according to the XPS and SMF results) have been
simulated, and the electrostatic potential (ESP) surfaces of each single molecules have been
computed and mapped using B3LYP/6-31G* level. All the geometries were optimized in vacuum
and the energies in water were calculated by the single-point energy calculation based on the
optimized geometry in vacuum using polarizable continuum model (PCM) with zero-point
vibrational correction, and all these calculations were performed using the Gaussian 09 Program
package.> The optimized configurations of single molecules are shown in Figure S 4.3. All these
molecules possessing multi-cyclic aromatic structures lead to planar structures with slight
distortion and the results are consistent with previous reports.?® >37 The adsorption energies (Euq)
of MB molecule on different graphene surfaces were calculated by Equation 4.3 based the

optimized geometries.>’-

Eui= Ecomplex - ( Egraphene surface + EMB) (43)

where Ecompiex, Egraphene surface and Envp are the total ground state energies with zero-point vibrational
correction of MB/each type of graphene surface, each type of graphene surface and MB molecule,

respectively.
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Figure 4.5 Electrostatic potential (ESP) surfaces of (a) graphene, (b) epoxy-graphene, (c)

unionized carboxyl-graphene, (d) ionized carboxyl-graphene and (¢) MB with a color scale of -
12.55 (red) to 12.55 kcal/mol (blue). The ESP surface of MB is clipped to reveal the molecule
structure. The grey, white, blue and yellow balls stand for carbon, hydrogen, nitrogen and sulfur
atoms, respectively. ESP surfaces of (d’) ionized carboxyl-graphene with a color scale of -94.125
(red) to -18.825 kcal/mol (blue), and e’) MB with a scale of 50.2 (red) to 75.3 kcal/mol (blue). All
electrostatic potentials are mapped on 0.002 electrons/Bohr? electron density isosurface.

As shown in Figure 4.5, on the ESP surfaces, the regions with ESP values less than or equal
to the minimum ESP (ESPin) are coded with red color, while the regions with ESP values larger
than or equal to the maximum ESP (ESP,..) are coded with blue color. In Figure 4.5a-5¢, the ESP
surfaces are colored in the same scale (ESPuin=-12.55 and ESPqx= 12.55 kcal/mol). To observe
the ESP difference of the atoms on each molecule more clearly, negatively charged ionized
carboxyl-graphene (Figure 4.5d°, ESPpin = -94.125 and ESPna: = -18.825 kcal/mol) and cationic
MB molecule (Figure 4.5¢’, ESPuin= 50.2 and ESPua = 75.3 kcal/mol) are also coded in other

color scales. As shown in Figure 4.5a, for graphene, as well as other electrically neutral aromatic
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molecules, the upper and bottom sides should be electron rich (red) due to the T electron cloud,
while the hydrogen atoms (or o framework) on the edge (blue) are electron deficient. Thus, the
repulsion between 1 electron clouds and attraction between hydrogen (or o framework) and
electrons of the two stacking aromatic molecules lead to an offset 7 stacking.®*! As shown in
Figure 4.5b, with electron rich oxygen atom, the epoxy group on graphene is electron-donating
which leads to high local m-electron density of the graphene. The electronic neutral carboxylic
group on graphene (Figure 4.5¢), also with electron rich oxygen atoms, is electron-withdrawing,
which decreases the m-electron density of graphene. lonized carboxyl-graphene shows negative
potential (Figure 4.5d) with the highest negative potential locating at the oxygen atoms of
carboxylic group (Figure 4.5d’). The cationic MB molecule is positively charged (Figure 4.5¢),
and its amine nitrogen is electron-withdrawing and decreases the m-electron density in the methyl

groups (Figure 4.5¢).

The configurations of an MB molecule adsorbed on different graphene surfaces are shown
in Figure 4.6.9? The distances between MB and different graphene surfaces, adsorption energy in
vacuum (Eud, vacuum) and adsorption energy in water (Eud, warer) are listed in Table 4-1. It can be
observed that MB molecule forms an offset parallel stacking to the basal plane of graphene (Figure
4.6a), unionized (Figure 4.6¢) and ionized carboxyl-graphene surfaces (Figure 4.6d) with vertical
distances of ~3.8 A (Table 4-1), and a T-shaped 7 stacking on epoxy-graphene with ~4.9 A distance
between the centers of rings, which agrees with literatures regarding the criteria for defining n-
interaction.>%% 63-%4 The interaction between cationic MB with © system includes not only 7- &
interaction, but also cation- « interaction. The Eud vacuum between cationic MB and different neutral
graphene surfaces is in the range of -8.77 to -11.22 kcal/mol, which is reasonable according to

previous reports on the Eud vacuum between cationic aromatic molecule and neutral aromatic
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molecule.'* The Eug, vacuum between cationic MB and anionic deionized carboxyl-graphene is -62.24
kcal/mol, which is in the same order of the electrostatic interaction energy between organic
dimmers as reported previously.®> Table 4-1 shows that Eug warer is much weaker than Euq vacuum
between cationic MB and different graphene surfaces, which follows the same trend: Eus of
MB/graphene < E,; of MB/unionized carboxyl-graphene < E.s of MB/epoxy-graphene < Euq of
MB/ionize carboxyl-graphene. The possible reason for lower Eqs in water than in vacuum is that
the cationic ionized MB molecule and anionic ionized carboxyl-graphene are surrounded by polar
water molecules, thus their attractive interaction with their dimmers will be weakened.’® As shown
in Table 4-1, the affinity of MB to pristine graphene is the lowest and all the functional groups on
graphene can further stabilize the stacking configuration in different degrees. For MB/unionized
carboxyl-graphene, the 7 interactions of graphene with cationic MB are weakened by the decreased
n electron density of graphene. In contrast, the electron rich oxygen on the carboxylic group can
have polar interaction with cationic MB, thus the binding strength of MB/unionized carboxyl-
graphene Eug waer = -0.07 kcal/mol is slightly higher than that of MB/graphene, suggesting the
contribution of unionized carboxylic group to the interaction between MB and graphene is not
significant. For MB/epoxy-graphene (Figure 4.6b), the electron rich epoxy group can attract
electron deficient methyl groups of MB via polar interaction and its increased m-electron density
enhances the m interaction with cationic MB.%®’ The polar interaction might alter the
configuration of MB molecule on epoxy-graphene surface from parallel z stacking to T-shaped =
stacking. When the carboxylic group is unionized, MB/epoxy-graphene possesses the strongest
binding strength with Eug, waser of -0.96 kcal/mol which should dominate the GO-MB interaction.
Thus, the main peaks in the bond dissociation histograms obtained in the SMF experiments at both

pH 2 and 5.6 should be attributed to the interaction between TBO and the regions with epoxy
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groups on GO, and the carboxylic group on the edge of GO has almost negligible contribution to
the attraction between TBO molecule and the basal plane of GO. The E.s between MB and ionized
carboxyl-graphene is strongest among all the complexes, which is possibly due to the electrostatic
attraction between the ionized positively charged MB and negatively charged carboxyl-graphene,
and the enhanced & interactions between MB with low & electron density and graphene with high
m-electron density. The computation results also support that the appearance of the second local
maximum in histograms of bond dissociation forces for TBO-GO in the SMF measurements at pH
5.6 (Figure 4.4d) should be attributed to the dissociation between deionized TBO and carboxylic
groups on GO, suggesting that the affinity of TBO to ionized carboxylic group is strong enough to
attract TBO molecule to the vicinity of the carboxylic group on graphene edge. At pH 5.6, the DFT
simulation results show that MB/epoxy-graphene possesses the second strongest binding strength,
which further substantiates that the interaction between TBO and the regions with epoxy groups
on GO attributes to the main peaks in bond dissociation histograms in the SMF experiments. The
much higher counts for the primary maximum compared to that of the second maximum suggests
that though the interaction between ionized carboxylic groups on GO and AOCs has the highest
strength, the epoxy groups on GO dominate in enhancing the interactions between GO and AOC:s,
under both neutral and ionized conditions of carboxylic groups, due to their high content and
relatively strong interaction with AOCs. The calculated Eug, warer for MB/epoxy-graphene complex
is in the same order of magnitude with bond dissociation energies 4G (-4.57 kcal/mol) in SMFS
results, and the lower value of calculated Eu waer 18 possibly because of the neglected thermal
effects and treatment of correlation energy in function. Nevertheless, it should be noted that the

trend of Euq in DFT results fully support and interpretate the SMFS results.
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Figure 4.6 Optimized geometries of MB adsorbed on different graphene surfaces. (a)
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MB/graphene. (b) MB/epoxy-graphene. (c) MB/unionized carboxyl-graphene. (d) MB/ionized

carboxyl-graphene. Grey: carbon; white: hydrogen; red: oxygen; blue: nitrogen and yellow: sulfur.

Table 4-1 E,; of MB on different graphene surfaces.

Name Distance? (A)  Eud. vacuum (Kcal/mol)  Eqg, warer (Kcal/mol)
MB/graphene 3.9 -8.77 0.28
MB/epoxy-graphene 4.9 -11.22 -0.96
MB/unionized carboxyl-graphene 3.8 -9.13 -0.07

MB/ionized carboxyl-graphene 3.8 -62.24 -2.44

“ Vertical distance between parallel stacking dimer and distance between the centers of rings of

the T-shaped stacking dimmer.
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4.5 Conclusions

In this work, SMFS and DFT calculations have been applied to systematically and
quantitatively investigate the nanomechanical interaction mechanism of a model AOC molecule
and GO surface. Electrostatic interaction and ©- © interaction have been traditionally considered
as the main driving interactions for the formation of AOCs/GO complexes. Interestingly, our
results reveal that the role of electrostatic interaction between the negatively charged ionized
carboxylic groups on GO and cationic AOC molecule has been overestimated, while the role of
epoxy groups has been overlooked. It was found that most binding events in the formation of
AOC/GO complex should be contributed to the presence of epoxy groups on GO due to their much
higher content. The associated activation Gibbs energy for bond dissociation (4G) is determined
as -4.61 kcal/mol and the bond dissociation distance from the equilibrium position (4x) is 2.3 A.
The epoxy groups facilitate the adsorption of the AOCs on GO through polar interaction and
enhanced = interactions. Our findings shed light on the design and development of novel GO based
nanocomposites with tunable nanostructures and surface properties. For example, aromatic
functional groups ended molecules (e.g., double stranded DNA) can be possibly immobilized
around the epoxy groups on GO, and the immobilization locations can be further manipulated by
tuning the distribution of epoxy groups on GO as achieved by annealing treatment.®® The
methodology used in this work can be readily extended to the investigation of molecular

interaction mechanisms of various GO based nanocomposites and their applications.
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Supporting Information
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Figure S 4.1 A typical force-extension curve for the rupture between TBO and GO. The red

corresponds to the fitting with extended freely-jointed chain (FJC) model.
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Figure S 4.2 Representatives histograms of bond dissociation force values for TBO-GO at

increasing loading rates at (a) pH 2 and (b) pH 5.6 (red curve: Gaussian fitting to give the most

probable bond dissociation force).
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Figure S 4.3 Optimized geometries of (a) methylene blue, (b) graphene, (¢) epoxy-graphene, (d)
neutral (unionized) and (e) ionized carboxyl-graphene. Grey: carbon; white: hydrogen; red:

oxygen; blue: nitrogen and yellow: sulfur.

Synthesis of Tip Modification Agents

CH3-PEGi900-TA: CH3-PEGi900-OH (1.9 g, 1 mmol), DCC (0.248 g, 1.2 mmol), and
DMAP (1.2 mg, 0.01 mmol) were dissolved in 10 mL of DCM. The reaction mixture was protected
by N> and cooled to 0°C in an ice bath. A solution of TA (0.206 g, I mmol) in 5 mL of DCM was
added slowly. After kept in ice bath for 1 h, the reaction mixture was stirred at room temperature
for 24 h. The reaction solution was filtered, and the organic layer was concentrated. The product
was precipitated by the addition of ethyl ether into the resulting mixture. The precipitation was

dissolved and precipitated again to obtain. The final product was achieved by vacuum desolvation.

HO-PEGua000-TA: HO-PEGu4000-OH (4 g, 1 mmol), DCC (0.248 g, 1.2 mmol) and DMAP

(1.2 mg, 0.01 mmol) were dissolved in 25 mL of DCM. The reaction mixture was protected by N
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and cooled to 0°C in an ice bath. A solution of TA (0.206 g, 1 mmol) in 5 mL of DCM was added
slowly. After kept in ice bath for 1 h, the reaction mixture was stirred at room temperature for 24
h. The reaction solution was filtered, and the organic layer was concentrated. The product was
precipitated by the addition of ethyl ether into the resulting mixture. The precipitation was

dissolved and precipitated again to obtain. The final product was achieved by vacuum desolvation.

HOOC-PEGu4000-TA: HO-PEGua000-TA (804 mg, 0.2 mmol), DMAP (2.5 mg, 0.02 mmol),
and succinic anhydride (21 mg, 0.21 mmol) were dissolved in 15 mL of 1,4-dioxane and protected
by N». The reaction mixture was stirred at room temperature for 48 h. The reaction solution was
filtered, and the organic layer was concentrated. The product was precipitated by the addition of
ethyl ether into the resulting mixture. The precipitation was dissolved in DCM and precipitated by

ethyl ether to obtain. The final product was achieved by vacuum desolvation.

Dye-PEGu4o00-TA: HOOC-PEGa000-TA (92 mg, 0.02 mmol), TBO (8.3 mg, 0.02 mmol),
DMAP (1 mg, 0.008 mmol) were dissolved in 50 mL of DCM and protected by N> and cooled to
0°C in an ice bath. A solution of DCC (4.53 mg, 0.02 mmol) in 5 mL of DCM was added slowly.
After kept in ice bath for 1 h, the reaction mixture was stirred at room temperature for 48 h. The
reaction solution was filtered, and the organic layer was concentrated. The product was
precipitated by the addition of ethyl ether into the resulting mixture. The precipitation was
dissolved and precipitated again to be obtained. The final product was achieved by vacuum
desolvation. Its successful synthesis was proved by the 'H NMR spectrum (ds-DMSO, 400 MHz,
0): 7.94-7.2 (5H, aromatic H), 4.51(4H, O=COCH2CH20), 4.08 (1H, SSCH(CH)2), 3.42-3.62
(~412H, PEGao00), 3.39 (6H, NH(CH3)2), 3.13 (2H, SSCH2CH>), 2.91 (2H, OC=OCH>CH2C=0N),

2.75 (2H, OC=0OCH2CH>C=0N), 2.30 (2H, SSCH>CH2CH), 2.28 (2H, OC=0OCH:CH:CH>), 2.24
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(3H, phenyl-CH3), 1.67 (2H, OC=OCH,CH2CH,), 1.39 (2H, OC=OCH,CH,CH2), 1.53 (2H,

SSCHCH:CH,).
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Chapter 5 Regenerable Functionalized Sponge Composite Materials
for Removal of Water from Qil

5.1 Introduction

Zwitterions widely exist in living creatures and in nature, including cell membranes,'
peptides,? proteins® and osmolytes.* The cell’s nonfouling nature is believed to be contributed by
the zwitterionic headgroups of phospholipids, which are the main component of external face of
the mammalian cell.’ As an ubiquitous class of materials, zwitterion materials integrate both
positive and negative ionic groups and remain charge neutral,” which can superiorly bind water
molecules and prevent fouling adhesion by hydration introduced by electrostatic interaction,
compared to other hydrophilic materials achieving hydration via hydrogen bonding, such as
poly(ethylene glycol) (PEG), dextran and tetraglyme.’® Zwitterionic polyelectrolytes, as a
polymer form of zwitterions with strong hydration strength and long chain that weakens the
attraction between substrates and fouling, have been widely applied in surface modification to

10-11 Tybrication,'> underwater

achieve various functionalities, such as nonfouling,
superoleophobicity!® and oil/water separation.'* In the application of oil/water separation,
zwitterionic polymers, as well as other hydrophilic polymer with hydration ability, have been
coated on various substrates or directly fabricated as devices to filtrate the oil/water mixture and
high separation efficiency has been achieved due to their decent oil resistant performance when
being hydrated. The oil filtrated from water includes a large family of light oils, such as

hexadecane, ether, toluene, hexane, soybean oil and even light crude oil !>

Global demands for crude oil steadily increase over the last quarter of the 20™ century, and

with declining production of middle and light oil, the production of heavy oil is rising and will
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become more and more important.!”!® Handling and transport of heavy oil is widely recognized
as a challenging topic due to its heavy fractions (asphaltenes) and formed water residues during
extraction.!” Asphaltenes are the heaviest components of crude oil with aromatic structures and
heteroatoms, that tend to aggregate, precipitate and adsorb on the surface of reservoirs and
pipelines, resulting difficulties for transportation and petroleum recovery.?®> Besides, the
existence of asphaltenes in heavy oil can stabilize the water-in-oil emulsions, and the water
residues can lead to corrosion of appliances and impair the production of refined petroleum. Thus,
innovative approaches and technologies are required to clean asphaltenes contaminated surface
and remove water from heavy oil in petroleum industry. Using hydrated surfaces, as in previous
studies for the case of light oils, to resist the heavy oil adhesion is not practical because the
involved water would lead to appliance corrosion and refining difficulties. Therefore, it will be of
great interest and importance to develop a surface that after contacted with heavy oil in dry state
and the oil contaminants can still be cleaned by water with good regenerability, which has not been
accomplished before to our best knowledge. The displacement of oil by water on the solid interface
requires the solid surfaces exhibiting a strong affinity toward water. Very recently, an unexpected
and superior long-range attraction has been observed between zwitterionic polyelectrolyte surfaces
and water droplet in oil compared with other kinds of single-charged polyelectrolytes (cationic and
anionic) by our group. The attraction is supposed due to the strong dipole interaction introduced
by the large dipole moment of the polyzwitterion. >* Herein, in this work, it is found that the
zwitterionic poly(3-[dimethyl(2-methacryloyloxyethyl) ammonium] propanesulfonate) (PMAPS)
coating on polydopamine (PDA) modified silicon wafer surface shows outstanding underwater
self-cleaning property and recyclability after heavy oil contamination (using asphaltenes solution

as a model heavy oil) under its dry state compared with cationic poly(2-(methacryloyloxy)ethyl
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trimethylammonium chloride) (PMTAC) and anionic poly(3-sulfopropyl acrylate potassium)
(PSPAK) polyelectrolytes, which implies its promising application for self-cleaning coating on
various instruments, including reservoirs, pipelines and other handling appliances.

The anti-fouling property and affinity to water of the zwitterionic coating also inspires its
application in the removal of water in heavy oil. Recently, two-dimensional (2D) filtration
membranes, including steel meshes®® and fabrics,? have attracted great attentions, because they
can continuously and effectively separate oil/water mixtures. Unfortunately, asphaltenes in heavy
oil tend to precipitate and could easily clog the membranes, reducing their performance in
permeation flux and separation efficiency. Therefore, research efforts for facile, low-cost and
efficient materials that can remove water from heavy oil are significantly desired. Herein,
zwitterionic PMAPS has been grafted on PDA modified polyurethane (PU) sponge to adsorb water
from model heavy oil (asphaltene toluene solution) with high separation efficiency for the first
time to our best knowledge. After removing the water from oil, the sponge is taken out, washed
by water and ready for reuse, which is a promising technology for the application of water removal

from heavy oil.
5.2 Experiments and materials

5.2.1 Materials

3-[dimethyl(2-methacryloyloxyethyl)ammonium]  propanesulfonate = (MAPS), 2-
(methacryloyloxy)ethyl trimethylammonium chloride (MTAC), dopamine hydrochloride,
tris(hydroxymethyl)aminomethane, and 3-sulfopropyl acrylate potassium (SPAK) were purchased
from Sigma Aldrich. 4,4’- azobis(4-cyanopentanoic acid) (V501) was obtained from Aldrich. The
polyurethane (PU) sponge is commercial available. Sodium borohydride was purchase from Alfa

Aesar. PMAPS, PMTAC and PSPAK polyelectrolytes were synthesized by RAFT polymerization
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method (mole ratio of monomer to 4-cyanopentanoic acid dithiobenzoate (RAFT agent) equals to
50:1).24
5.2.2 Preparation of PDA coated silicon wafer substrates and sponges

Before coating, silicon wafer substrates were rinsed by ethanol and Milli-Q water
repeatedly, dried by nitrogen gas and cleaned by UV-ozone for 15 min. PDA coated silicon wafer
substrates were prepared by immersing silicon wafer substrates in dopamine solution (2 mg mL™!,
pH 8.5 tris buffer) under magnetic stirring for 24 h. After coating, the silicon wafer substrates were
taken out from the solution, rinsed by Milli-Q water and dried by nitrogen gas.

The PU sponges were cut into blocks with mass of 25 mg and cleaned by Milli-Q water
and ethanol repeatedly. And then three pieces of PU sponges were immersed in dopamine solution
(2 mg mL"!, pH 8.5 tris buffer) for 24 h under magnetic stirring. Then the PDA coated sponges

were removed from the solution, washed by Milli-Q water and dried by lyophilization.

5.2.3 Synthesis of polyelectrolytes-grafted PDA coated silicon wafer substrates and sponges

30 mg of different polyelectrolytes (PMAPS, PMTAC and PSPAK) were dissolved into 15
mL pH 8.5 tris buffer. Then, reducing agent NaBH4 was added into the previous solution and the
mixture was stirred for 1 hr. After that, 5 pieces of PDA coated silicon wafer substrates were put
into the solution under stirring for 24 h.

Different polyelectrolytes (PMAPS, PMTAC and PSPAK, 120 mg) were dissolved into 40
mL of tris buffer (pH 8.5), to which NaBH4 was added. The stirring was kept for 1 hr. After that,
3 pieces of PDA coated sponges were put into the solution with stirring for 24 h.

5.2.4 Characterization

Atomic force microscope (AFM) images of the silicon wafer substrates were obtained

using a Dimension Icon AFM (Bruker, Santa Barbara, CA) by tapping mode. A scanning electronic
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microscopy (SEM, Tescan Vega-3, Czech Republic) was used to characterize the topography of
the substrates. X-ray photoelectron spectroscopy (XPS) measurements were employed to
characterize the chemical composition using a spectrometer (Kratos Axis Ultra, NY) with Al Ka
radiation (12 mA, 14 kV). Water contents of oil/water mixture was measured by a Karl Fischer

titrator (Mettler Toledo, OH).

5.2.5 Anti-asphaltenes performance study of polyelectrolytes PDA coated silicon wafer
surfaces

For recyclable test, in each cycle, dry silicon wafer surfaces, PDA coated silicon wafer
surfaces, and different polyelectrolytes-PDA coated silicon wafer surfaces were immersed in 1000
ppm asphaltene toluene solution for 1 h. After that, the surfaces were taken out and washed by
Milli-Q water for underwater oil contact angle measurement. Then, the surfaces were dried by
nitrogen gas for next cycle.

To study the pH effect of water, dry silicon wafer surfaces, PDA-coated surfaces, and
different polyelectrolytes PDA-coated silicon wafer surfaces were immersed in 1000 ppm
asphaltene toluene solution for 24 h, taken out and washed by water (pH 2, 5.6 and 11). Then the

underwater oil contact angle on different surfaces were obtained.

5.2.6 Water removal performance in asphaltene toluene solution

0.7 mL Milli-Q water was added into 10 mL 500 ppm asphaltene toluene solution and
shaken for 30 s to form a water-in-oil (W/O) emulsion solution. Then the pre-wetted different
polyelectrolytes modified PDA coated sponges were put into the W/O emulsion solution and
shaken. Then the sponge was manipulated by tweezer to access the water droplet in the edge of

container. The sponge was then taken out and washed in water for recycling tests.
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5.3 Results and discussion
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Figure 5.1 (A) Schematic illustration for the fabrication of polyelectrolyte-polydopamine (PDA)

coating on silicon wafer and sponge substrates. (B) Chemical structures of polyelectrolytes:

poly(3-[dimethyl(2-methacryloyloxy)ethyl ammonium] propanesulfonate) (PMAPS), poly(2-

(methacryloyloxy)ethyl trimethylammonium chloride) (PMTAC) and poly(3-sulfopropyl acrylate

potassium) (PSPAK). (C) XPS spectra of (a) blank, (b) PDA, (¢c) PMAPS-PDA, (d) PMTAC-PDA

and (e) PSPAK-PDA coated silicon wafer surfaces.
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Figure 5.2 Atomic force microscopy (AFM) topographic images (1x1 um?) of a) PDA, b)

PMAPS-PDA, ¢c) PMTAC-PDA and d) PSPAK-PDA coated silicon wafer surfaces.

Figure 5.3 Scanning electronic microscopy (SEM) images of a) PDA, b) PMAPS-PDA, ¢)

PMTAC-PDA and d) PSPAK-PDA coated polyurethane (PU) sponges.
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Zwitterionic PMAPS, cationic PMTAC and anionic PSPAK polyelectrolyte-PDA coatings
have been fabricated by a facile method. As shown in Figure 5.1A, to achieve substrate-
independent surface modification, PDA has been coated on the substrates (silicon wafer surfaces
and PU sponges) first, of which the catechol derivatives can deposit on various organic and
inorganic substrates via covalent and non-covalent interactions.?’”?” Then, zwitterionic PMAPS,
cationic PMTAC and anionic PSPAK polyelectrolytes are grafted to the PDA coated substrates.
The chemical structures of zwitterionic PMAPS, cationic PMTAC and anionic PSPAK
polyelectrolytes are shown in Figure 5.1B. The elemental compositions of PDA and
polyelectrolytes-PDA coatings have been characterized by X-ray photoelectron spectroscopy
(XPS) and the spectra are shown in Figure 1C. Successful deposition of PDA is confirmed by the
appearance of N Is peak at 398.4 eV, which is absent in pure silicon wafer surface. After the
grafting of polyelectrolytes, two signal peaks of S 2p and S 2s at 166.0 eV and 229.6 eV appear
due to the sulfur containing end groups of polyelectrolytes. Atomic force microscopy (AFM)
topographic images PDA, PMAPS-PDA, PMTAC-PDA and PSPAK-PDA coated silicon wafer
surfaces, and scanning electronic microscopy (SEM) images of PU sponges with PDA, PMAPS-
PDA, PMTAC-PDA and PSPAK-PDA coatings are shown in Figure 5.2 and Figure 5.3,
responsively. It can be observed that PDA aggregates appear on the surface of coatings with high

coverage, and there are no obvious changes after the further modification of polyelectrolytes.
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Figure 5.4 Water contact angle in oil (WCA-A (A-E) and oil contact angle in water (OCA-W)

Plain silicon wafer PDA silicon wafer

(a-e) on different silicon wafer surfaces.

The water contact angles in air (WCA-A) and oil contact angles in water (OCA-W) of different
silicon wafer substrates are shown in Figure 5.4. The oil phase is 1000 ppm asphaltene toluene
solution. The PDA coated silicon wafer substrate is hydrophilic with WCA-A of 45.7° £ 1.1°,
which is consisted with previous reports.?® 3 After the grafting of polyelectrolytes, only
zwitterionic PMAPS-PDA coated silicon wafer substrate shows superhydrophilicity with WCA-
A < 5° while cationic PMTAC and anionic PSPAK-PDA coated silicon wafer substrates show
hydrophilicity with WCA-A ~ 40° which indicates that PMAPS-PDA coated silicon wafer
substrate is more hydrophilic in air compared with PMTAC-PDA and PSPAK-PDA coated silicon
wafer substrates. With the grafting of the three kinds of polyelectrolytes on the PDA coated silicon
wafer substrates, all substrates show underwater superoleophobicity, which is possibly due to the

hydrated water introduced by the ionic groups of polyelectrolytes that prevent the oil fouling.
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Figure 5.5 (a) A series of photos to illustrate the process to clean different asphaltenes
contaminated substrates (plain silicon wafer, PDA, PMAPS-PDA, PMTAC-PDA and PSPAK-
PDA coated silicon wafer substrates). The substrates are first soaked in asphaltene toluene solution
under dry state, then washed in water and taken out in air. When being washed in water, (b) the
oil film stays on the surface of plain silicon wafer, while (e) the oil on the PMAPS-PDA coated
silicon wafer surface leaves and there is no oil can be observed. When the substrates are taken out
from water, (c¢) the attached water on plain silicon wafer substrate shrinks into a single water
droplet, (f) while the water stays as film on PSPAK-PDA coated silicon wafer substrate. The OCA-
W on (d) plain silicon wafer and (g) PMAPS-PDA coated silicon wafer surface after first time

cleaning.
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Figure 5.6 OCA-W on zwitterionic PMAPS, cationic PMTAC and anionic PSPAK-PDA coated
silicon wafer substrates after being soaked in 1000 ppm asphaltene toluene solution under dry state

and washed by water over ten cycles.

As the major source of pipeline fouling, asphaltenes in heavy oil are a class of aromatic
and polar macromolecules that can aggregate and adsorb onto a wide range of solid surfaces.’!-3
Thus the surface fouled by heavy oil requires to have strong attraction for water that the water
molecules can penetrate and displace the adsorbed heavy oil film to achieve self-cleaning. To
assess the self-cleaning ability, anti-fouling ability after cleaning by water and recyclability of the
as-prepared surfaces, as shown in Figure 5.5a, the OCA-W were measured after the nitrogen-dried

substrates been soaked in asphaltene toluene solution (1000 ppm) for one hour and washed in

water, repeatedly. It can be observed that after been soaked in asphaltene toluene solution for the
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first time, when the oil contaminated silicon wafer surface is washed in water (Figure 5.5b), the
oil film remains stable on the silicon wafer surface, resulting reduced hydrophilicity in air (Figure
5.5¢) and underwater oleophobicity (Figure 5.5d). In contrast, when the zwitterionic PMAPS-PDA
surface is washed in water (Figure 5.5¢), the oil quickly releases from the surface with no oil
residues on the surface that can be observed (Figure 5.5f) and the surface still show
superoleophobicity (Figure 5.5g). After ten times recycle, it is found that the underwater
oleophobicity of both cationic PMTAC and anionic PSPAK-PDA surfaces decrease gradually,
while zwitterionic PMAPS-PDA surface remains remarkable superoleophobicity. The reduced
oleophobicity may be due to the gradual oil fouling of cationic PMTAC and anionic PSPAK-PDA
surfaces resulted from the failing of self-cleaning by water, which is in accordance with previous
report that zwitterions can bind water molecules superiorly via ion-dipole interaction than single-
charged groups* ¥ and the long-range attraction between zwitterionic polyelectrolytes and water
in oil is stronger than that between single-charged polyelectrolytes and water in oil.2*

For industrial application, the polyelectrolyte coatings need to maintain their self-cleaning
and anti-heavy oil property in environment with wide pH range. However, asphaltenes in heavy
oil contain hydroxyl groups (-SOH) and carboxylic groups, thus asphaltenes at oil/water interface
would carry different charges under various pH.*® Asphaltenes at oil/water interface with variable
charging properties might change their interactions with the coating surfaces and impair their self-
cleaning and anti-fouling property under certain pH condition. Herein, the self-cleaning and anti-
fouling property of zwitterionic PMAPS, cationic PMTAC and anionic PSPAK-PDA surfaces is
characterized under acidic, neutral and alkaline pH. It can be observed in Figure 5.7a that under
pH 2, 5.6 and 11, zwitterionic PMAPS, cationic PMTAC and anionic PSPAK-PDA substrates all

show underwater superoleophobicity. However, after being soaked in 1000 ppm asphaltene
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toluene solution for 24 h under dry state and washed by water with different pH, only zwitterionic
PMAPS-PDA silicon wafer substrates show superoleophobic property at all pH values, while both
cationic PMTAC and anionic PSPAK-PDA substrates lose superoleophobicity at certain pH values
(Figure 5.7b). This might be due to the high hydration strength of zwitterionic polyelectrolytes
under wide pH range that water molecules can clean and replace the oil foulings on the surface,
which lead to the recovered superoleophobicity, while the hydration strength of cationic PMTAC

and anionic PMTAC polyelectrolytes is impaired at some certain pH due to their single-charged

groups.
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Figure 5.7 OCA-W values taken for zwitterionic PMAPS, cationic PMTAC and anionic PSPAK-
PDA coated silicon wafer substrates (a) before and (b) after being soaked in 1000 ppm asphaltene

toluene solution under dry state and washed by water (pH=2, 5.6 and 11).
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In practical industry, the removal of water from heavy oil is highly required, however,
asphaltenes components incline to precipitate and may clog the membrane, which limits the
application of membranes in heavy oil/water separation. In this work, zwitterionic PMAPS,
cationic PMTAC and anionic PSPAK-PDA coated sponges are fabricated and applied to remove
water from asphaltene toluene solution. In a typical illustrative experiment, the PMAPS-PDA
coated sponge is added to the W/O emulsion solution to adsorb water, and then the sponge is taken
out and washed in water for recycling (Figure 5.8). Figure 5.9 shows the recycling performance of
the three kinds of polyelectrolytes-PDA coated sponges in the removal of water from oil, it can be
observed that during 10 cycles of usage, the removal percentages of water by cationic PMTAC
and anionic PSPAK grafted PDA sponges gradually decrease, while the percentages of water

removed by zwitterionic PMAPS sponge maintains higher than 90%.
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Figure 5.8 A series of implementing processes to demonstrate the water removal ability and anti-

fouling property of PMAPS-PDA coated sponge.
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Figure 5.9 Removal percentage when adsorbing water from water-in-oil (W/O) emulsion solutions
over 10 cycles by PMAPS, PMTAC and PSPAK-PDA coated sponges. After application in each

cycle, sponges are washed in water.

5.4 Conclusions

In summary, we have successfully fabricated zwitterionic PMAPS, cationic PMTAC and
anionic PSPAK-PDA coated silicon wafer substrates and sponges. It was found that though soaked
in model heavy oil under dry state, the zwitterionic PMAPS-PDA coated silicon wafer surfaces
still can be cleaned by water and maintain underwater superoleophobicity after ten-time cycles.
However, the oleophobicity of cationic PMTAC and anionic PSPAK-PDA coated silicon wafer
substrates gradually decrease with increasing cycle number. This remarkable underwater self-
cleaning ability and superoleophobicity might be due to the superior water binding ability and
long-range attraction for water of zwitterionic polyelectrolyte coating in oil. Applying the PMAPS-

PDA coating on inner surfaces of heavy oil transportation pipelines, and the surfaces of other
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related appliances can make these surfaces be easily cleaned by water, which has not been realized
before to our best knowledge. In addition, the zwitterionic PMAPS-PDA coated sponges can
remove more than 90% water from water-in-model heavy oil emulsion for ten cycles, which is a

promising technology in heavy oil industry for practical application.
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Chapter 6 Conclusions and Suggestions

6.1 Major conclusions

(1) Poly (acrylic acid) modified magnetic graphene oxide composite (PAA/MGO) was
synthesized successfully by a facile method, which was substantiated by Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD),
thermogravimetric analysis (TGA) and high-resolution transmission electron microscopy
(HRTEM) results. The batch tests of the adsorption of a model cationic dye, methylene blue (MB),
on PAA/MGO and magnetic graphene oxide (MGO) were carried out. After the functionalization
of Poly (acrylic acid) (PAA) to MGO, the maximum adsorption capacity of MB (pH ~7) increased
from ~70 mg g to ~291 mg g!. It was observed that, with increased pH (from 3 to 11), zeta
potential of both PAA/MGO and MGO decreased, and the adsorption capacity of MB on both
PAA/MGO and MGO increased, implying that electrostatic interaction played an essential role
during adsorption and the increased adsorption capacity of PAA/MGO compared to MGO was due
to the rich contents of anionic carboxylic groups of PAA.

(2) The adsorption behavior of aromatic organic compounds (AOCs), using MB as a model
compound, on graphene (GO) was systematically and quantitatively investigated by single-
molecular force spectroscopy (SMFS) combined with Density Functional Theory (DFT)
simulations. Our results showed that epoxy groups were the dominative functional groups that
facilitated the GO-AOCs interaction. Derived from SMFS results, the bond dissociation events
between AOC and the regions on graphene with epoxy groups had a bond dissociation energy 4G
of ~-4.6 kcal/mol and bond dissociation distance Ax of 2.3 A. It was revealed by the simulation
results that the epoxy groups facilitated the adsorption of the AOC on GO through polar interaction
and enhanced & interactions.
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3) Zwitterionic poly (3-[dimethyl(2-methacryloyloxyethyl) ammonium]
propanesulfonate) (PMAPS), cationic poly (2-(methacryloyloxy)ethyl trimethylammonium
chloride) (PMTAC) and anionic poly (3-sulfopropyl acrylate potassium) (PSPAK) grafted
polydopamine (PDA) coated silicon wafer substrates and polyurethane (PU) sponges were
fabricated successfully. It was found that PMAPS-PDA coating showed superiorly anti-fouling
performance compared with PMTAC and PSPAK-PDA coatings. After being soaked in model
heavy oil under dry state, the PMAPS-PDA coated silicon wafer substrates could be easily cleaned
by water (pH 2, 5.6 and 11). The PMAPS-PDA coated sponges could remove more than 90% of

water from the model heavy oil for ten cycles.
6.2 Major contributions

(1) PAA/MGO shows higher maximum adsorption capacity of MB than the previous
reported magnetic graphene or MGO composites (~44 to 190 mg g!) under similar experimental
conditions with rapid adsorption rate. As a highly effective and efficient adsorbent, it is promising

to utilize PAA/MGO to remove cationic organic pollutants from wastewater.

(2) It is the first time that employing SMFS and DFT simulations to study interaction
mechanism between AOCs and GO at single molecular scale. The adsorption energy and
morphology derived from the experimental and theoretic results have the potential to provide
guidance to tune the adsorption behavior of AOCs on GO and to fabricate new AOCs/GO
composites in the future. Besides, the method to combing SMFS and DFT calculations are
supposed to be effective to survey the adsorption mechanism of various molecules on GO and

other 2-D materials, such as MoS,.
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(3) For the first time to our best knowledge, the underwater self-cleaning of substrates
being fouled by model heavy oil under dry state is realized and the removal of water from model
heavy oil by adsorption is achieved. This PMAPS-PDA coating can be easily fabricated and is
promising to be applied in industries to minimize the fouling concerns in handling and transporting
heavy oil, and to remove the water residues, which can avoid the corrosion problem and benefit

petroleum recovery.
6.3 Suggestions for future work

(1) Tune the number and variety of functional groups on GO for selective adsorption for

some specific kinds of pollutants.

(2) Fabricate PMAPS-PDA coated sponges with larger size for large-scale application, or
to apply PMAPS-PDA coating in more real industrial conditions. Toluene was used as the diluting
agent for asphaltenes in this study, while in the future, the dilutes that applied in industries can be

used.
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