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Abstract

Selenium is an essential trace element nutrient for human life, but it can be extremely
toxic if taken excess. Various adsorbents have been applied for the removal of selenium from
water but performed poorly in the removal of Se (VI), which is more bioavailable and more
difficult to remove. Herein, we reported a new method to prepare poly (amido amine)
functionalized graphene oxide (PAMAM-GO) with different generations (GO-GO to GO-G4).
The resulting products were applied in selenium removal from simulated water, showing an
increasing capacity with increasing generation. The 4™ generation of PAMAM-GO (GO-G4)
shows a removal capacity of 60.9 mg g™ in Se (IV) and 77.9 mg g in Se (VI) at pH 6. The
adsorption mechanism is attributed to the electrostatic interaction between selenium oxyanions
and the adsorbents, proved by the effects of initial pH on removal capacity and zeta potential

measurements.
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Chapter 1 Introduction

1.1 Background of Selenium Pollution and Methods for Selenium Removal from Water

Selenium is an essential trace element nutrient for human life, however, it can be
extremely toxic if taken excess. An upper tolerable limit set for selenium intake is 400 pg day™.!
Elemental selenium and most metallic selenides have relatively low toxicities because of their
low bioavailability. However, selenate and selenite are very toxic, having an oxidant mode of
action similar to that of arsenic trioxide. The chronic toxic dose of selenite for humans is about

2400 to 3000 mg of selenium per day for a long time.”

Selenium compounds are found naturally in ground waters, and in agricultural runoffs
from the use of selenium containing insecticides and herbicides. In addition, selenium pollution
to water systems can also be caused by leaching of selenium from coal fly ash, mining and crude

oil processing.”

Selenium occurs in the environment with inorganic forms and organic forms, including
selenide (Se”), amorphous or polymeric elemental selenium (Se’), selenite (SeOs>), selenate
(SeO42'), and organic Se. Selenite-containing minerals also exist but these minerals are rare

(Table 1-1).


http://en.wikipedia.org/wiki/Selenide
http://en.wikipedia.org/wiki/Bioavailability
http://en.wikipedia.org/wiki/Selenite_(ion)

Table 1-1 Chemical forms of selenium in the environment

Oxidative state Chemical forms

Se” Selenide (Sez', HSe’, H,Se)

Se’ Element selenium (Se”)

Se*” Selenite (SeOs~, HSeOs, H,SeOs)
Se®" Selenate (SeO4”, HSeOy4”, HySeOy)
Organic Se Selenomethionine, selenocysteine
Selenite-containing minerals Gypsum

Selenium is most commonly found as oxygenated anions (selenite and selenate) in
aqueous environments, although several species of selenium are stable. The following figure
adapted from Eh-pH diagram indicates that selenite exists as the single charged anion (HSeOs")
below pH 7 while as the double charged anion (SeOs”) above pH 7. In the meanwhile, the higher
valence selenium in aqueous environments, selenate, is presented as the double charged anion
whenever the pH is larger than 2. In that sense, the pH of the water must be taken into account
for the removal of selenium along with the forms that selenium is presented in the water. The
result of this complexity is that both the speciation and the pH of the water must be taken into
account when attempting to remediate the selenium. This was demonstrated in early studies
focusing on coagulation filtration and lime softening, which concluded that neither approach was

effective for complete selenium removal, but that they could be optimized with pH adjustmen‘[s.4



HySelan)

Figure 1-1 Eh-pH diagrams of the system Se-O-H. Se = 10™'° mmol/g, 298.15K, 10’ Pa.’

Due to increased enforcement of selenium regulations and an increased understanding of
health and environmental effects, the need to be able to efficiently treat selenium has taken on an
increased importance.” Researchers have applied various treatment technologies to remove
selenium from water, including precipitation,”'’ ion exchange (IX),"' solvent extraction (SX),'*
B reverse osmosis (RO)," emulsion liquid membrane,'® nanofiltration,'® reduction/oxidation'’

. 18-2
and adsorption.'**

Among these methods, adsorption is an effective and economic way for waste water

treatment. The adsorption process offers flexibility in design and operation and in many cases



will produce high-quality treated effluent. In addition, because physical adsorption is reversible,

adsorbents can be regenerated by suitable desorption process.

24-25

Table 1-2 Comparison of different methods for selenium removal.

Method for Se removal

Advantages and Disadvantages

Precipitation

Simple, economic, effective for selenite but
ineffective for selenite, can cause secondary
contamination due to disposal problems”*

Ion Exchange

Effective for selenite, interfered by sulfate,
problems with resin fouling and regeneration™

Solvent Extraction

High extraction ration in acid environment,
problems with organic solvent after treatment'’

Reverse Osmosis

Require extensive pretreatment, problems with
membrane fouling”

Emulsion Liquid Membrane

Negative impact of sulfate on selenium
removal*®

Nanofiltration Similar to RO but energy saving, operated at
pressure”’

Reduction Time-consuming, expensive for  some
reagen‘[s26

Oxidation Oxidizing agents are expensive26

Adsorption Fast and easy, but highly interfered by other

. 24-26
1018

Various materials have been applied in waste water treatment as adsorbents, such as

2 oge 22 . 21 o . . 2 . 1
ash,? silica gel,” molecular sieves,” activated aluminum oxide, % activated carbon,'’ and meso-

porous materials."® Most kinds of contaminants can be removed from water using adsorption

process, including heavy metal ions and organic pollutants. Due to the increasing importance of

4



selenium remediation from waste water, several species of adsorbents including iron oxide,
activated alumina, activated carbon and graphene oxide have been applied to remove selenium
from waste water. However, most of these adsorbents perform well in Se (IV) removal but show
poor performance in Se (VI) removal. Thus, a new kind of adsorbents that has higher adsorption

capability, especially for Se (VI), needs to be designed and applied in selenium removal process.
1.2 Background of Dendrimers

First discovered and named by Tomalia and coworkers in 1985,>” Dendrimers are a new
class of polymeric materials. They are highly branched, monodisperse macromolecules. The
structure of these materials has a great impact on their physical and chemical properties. As a
result of their unique behavior, dendrimers are suitable for a wide range of biomedical and

industrial applications.”®

Dendrimers are mainly synthesized by two methods: divergent method and convergent
method. In the divergent method, the dendrimer is assembled from a multifunctional core. The
core molecule grows outwards by reactions with monomer molecules, typically by Michael
addition reaction. Due to the occurrence of side reactions and incomplete reactions of the end
groups which will lead to structure defects, large excess of reagents is required in the divergent

method. It causes some difficulties in the purification of the final product.”’

Compared to the divergent method, the convergent method was developed as an
advantage to the divergent synthesis.”’ In the convergent method, dendrimers are built from
small molecules, starting from the end groups and progressing inwards. The convergent approach
has advantages including minimizing the possibility of failure sequences and avoiding large

excesses of reagents, which simplifies the purification.*



4 x 8x 16 x

2x (a) 2x (b) 2 x

Figure 1-2 The divergent growth method (A) and the convergent growth method (B).*

The first dendrimer, poly (amido amine) (PAMAM), was made by Tomalia and
coworkers, grown from a three-branched core prepared by reacting ammonia with methyl
acrylate, followed by an excess of ethylenediamine.?’” This two-step sequence can be repeated to
form successive generations, each with twice as many branches as the previous genera‘tion.31 At

32-33

the end of each branch is a free amino group, which has potential applications in biology and

C o 3438
chemistry.

Acetylated PAMAM was prepared by reactions between PAMAM and acetic
anhydride.’” After acetylation of the outer layer, the dendrimer became water-soluble, and it was
applied for the reduction of the toxicity of 5-Fluorouracil (5FU), as well as drug delivery.
Dendrimers can also be applied as carriers in gene therapy. PAMAM can be used as a
transfection reagent for the delivery of antisense oligonucleotides and plasmid expression vectors

coding antisense mRNA.>* And it was found that specific inhibition of targeted gene expression



with picomolar concentrations of specific oligonucleotides will occur when delivered by

dendrimers.

Besides the applications in biology, PAMAM can also be applied in many chemical
processes. The combination of large number of functional groups and high solubility makes
dendrimers useful as nanoscale catalysts.”* PAMAM encapsulated palladium (Pd) nanoparticles
was prepared and applied as catalysts for the Heck reaction in 2001.% It was demonstrated that
the nanocomposites are very efficient catalysts giving good yields under phosphine-free

conditions and with 200 - 400 times less Pd than usual.

PAMAM has also been widely used as adsorbents, due to the large number of the
functional groups. It was observed by Fadhel and co-workers that CO, adsorption capacities for
the neat full generation PAMAM dendrimers were significantly enhanced by impregnation inside
the pores of SBA-15 mesoporous substrate, which was attributed to the surface spreading of the
dendrimers inside SBA-15, allowing accessibility of their amine groups to gaseous CO,.** In
another case, chitosan functionalized PAMAM was studied as adsorbents for Hg (II) removal,
and the optimum pH for the removal process was found at 5.0.>" Since magnetic separation has
been considered as an effective method for solid-liquid phase separation, PAMAM-conjugated
magnetic nanoparticles (Gn-MNPs) have also been investigated a lot. In 2010, Gn-MNPs were
applied in the removal of Zn (II) from waste water.”® It was found that more than 75% of the
total G3-MNPs can be recovered after 10 consecutive cycles and the adsorption of Zn (II) was

highly dependent on pH.



1.3 Graphene-Based Nanomaterials
1.3.1 Background of graphene and graphene oxide

Despite the short history, graphene has inspired huge interest in physics *°, materials
science, chemistry and biology, following the study of Cgo'” and carbon nanotubes.*' Graphene is
defined as a flat monolayer of carbon atoms densely packed into a two-dimensional honeycomb
lattice by Novoselov and his co-workers in 2004.** However, graphene is also defined as
graphite with the layer number less than 10, which can be distinguished as three different types

(single-, double- and few-).*

Graphene can also be regarded as a basic building block for graphitic materials of all
other dimensionalities,” as depicted in the figure below. When graphene is wrapped up, it is
known as 0D fullerenes (Cgo or buckyball, molecule of carbon with 60 atoms, arranged similar to
a soccer ball); when graphene is rolled, it can be 1D nanotubes (CNT, cylindrical wire-like
structure with dimensions of a nanometer, can be single wall or multi-walls); when graphene is

stacked with the number of layers larger than 10, it is known as 3D graphite.



Figure 1-3 Mother of all graphitic forms. Graphene is a 2D building material for carbon material
of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes

or stacked into 3D graphite.*’

Since its successful preparation by mechanical cleavage from graphite in 2004*, it has
attracted large interest of researchers from different fields, due to its unique structure and many
unusual characteristics. Graphene has a high theoretical surface area of 2965 m* g"'.** Also, it
possesses an outstanding Young’s modulus (1060 GPa),” high electron mobility (15000 cm®
(V-s)") at room temperature,” and other remarkable properties such as good quantum-tunnel

effect and the half-integer quantum hall effect.****



Figure 1-4 Making graphene: Suspension of microcrystals obtained by ultrasound cleavage of
graphite in chloroform (top); large graphene crystal prepared on an oxidized Si wafer by the
scotchtape technique (bottom left); state-of-the-art SiC wafer with atomic terraces covered by a
graphitic monolayer (indicated by “1”’), and double and triple layers (“2” and “3”) (bottom

right).*

Besides the mechanical cleavage method to make graphene, people use chemical process
to obtain graphene as well, that is, to reduce graphene oxide. This process begins with the
oxidation of natural graphite to make graphite oxide, before the preparation of graphene oxide by
ultrasonic treatment of graphite oxide. After the reduction process, graphene oxide can be

converted to graphene. The graphite oxide is typically formed by reacting graphite with strong

10



aqueous oxidizing agents. It was first prepared by Brodie in 1859, by treating graphite with a
mixture of potassium chlorate and fuming nitric acid.”® Later in 1898, Staudenmaier improved
Brodie’s method by adding the chlorate (such as KClO3; or NaClOs) in multiple aliquots during
the reaction, as well as adding the concentrated sulfuric acid (H,SOy) to increase the acidity of
the mixture.”’ In 1958, Hummers and Offeman developed a safer, quicker, and more efficient
process using a mixture of sulfuric acid (H,SO,), sodium nitrate (NaNO;) and potassium
permanganate (KMnO,).”> The Hummers’ method is still widely used, normally with some
modifications. In general, the oxidation reaction could break the long-range p—p conjugation in
the original graphite surface and result in the formation of sp” graphitic domains surrounded by
disordered sp’ oxidized domains with various oxygen-containing functional groups including
hydroxyls (—OH), epoxides, carbonyls (—~C=0O), quinine, ketone, and phenol. The presence of
these oxygen-containing functional groups reduces the interlayer forces and imparts strongly
hydrophilic character, thereby facilitating the chemical processing of graphite oxide in solution
and promoting the exfoliation of graphite oxide into individual sheets of GO in aqueous media

via ultrasonic and stirring or rapid heating.
1.3.2 Functionalization of graphene and graphene oxide

As 1s known to all, graphene oxide possesses plentiful and reactive oxygen-containing
functional groups, which are reactive sites for various chemical reactions and surface
modifications. In general, there are three methods applied to the functionalization of graphene
oxide, including surface transition metal adsorption, non-covalent functionalization and covalent

functionalization.>

11



1.3.2.1 Transition metal adsorption

The hydroxyl groups and epoxy groups on the surface of graphene oxide provide active
sites for anchoring metal ions. According to Wang and co-workers’ work, Ti atoms could bind
strongly to the oxygen sites with binding energies as high as 450 kJ mol".** The Ti-anchored
graphene oxide not only forms a stable motif but also acts as an excellent substrate for hydrogen
storage. Besides Ti, Fe can also be anchored onto the surface of graphene oxide. The high-energy
barrier of Fe atom diffusion on GO and the strong binding strength of Fe anchored on GO
exclude the metal clustering problem and enhance the stability of the Fe-GO system. The Fe-

anchored GO exhibits good catalytic activity for CO oxidation.”
1.3.2.2 Non-covalent functionalization

Non-covalent interaction is one of most frequently applied methods to prepare graphene
nanocomposites. The interactions between organic molecules and graphene promote the
attachment of organic species on graphene surfaces. Small molecules like surfactants and
polymers can interact with graphene surfaces by n—mr stacking, or electrostatic or hydrophobic
interactions, which can provide useful ways to modify graphene surfaces for fabricating

. 56
graphene nanocomposites.

As one kind of small molecules, 1-pyrenebutyrate (PB") can be conveniently applied to
modify graphene. A highly water-soluble graphene was obtained by functionalizing reduced
graphene oxide with PB’, though the strong p-stacking interactions between pyrene moiety in the
molecule and graphene surfaces.”’ The obtained water-soluble graphene can be filtrated to
fabricate large scale conductive graphene films with 7 orders of magnitude higher conductivity

than graphene oxide. In another work, A novel graphene oxide-doxorubicin hydrochloride
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nanohybrid (GO-DXR) was prepared via a simple non-covalent method, and the loading and
release behaviors of DXR on GO were investigated.” The pH-dependent loading and releasing
may be due to the hydrogen-bonding interactions between —OH and —COOH groups of graphene
oxide and —OH and —NH; groups of DXR. At the same time, the fluorescence spectrum and
electrochemical characterization results show that strong n-w stacking interactions exist between

GO and DXR.

Along with small molecules, polymers are also widely applied to prepare functionalized
graphene oxide by non-covalent interactions. Qi et al. prepared amphiphilic RGO sheets by
using an amphiphilic coil-rod-coil conjugated triblock copolymer (PEG-OPE) as the n-r binding
stabilizer.”® The functionalized RGO forms a sandwich structure, which allows excellent
solubility in a variety of solvents, including toluene and water. It was also found that amine-
terminated polymers such as aminepolystyrene can be non-covalently attached to the carboxylate
groups on graphene surfaces, and the nanocomposites showed high dispersibility in various

organic media.*
1.3.2.3 Covalent functionalization

Covalent reaction is another method applied for the functionalization of graphene oxide,
involving the reaction of functional molecules and the oxygenated groups on graphene oxide.
The carboxylic groups at the edge of GO provide active sites for amidation and esterification.®'
Stankovich et al. reported graphene oxide attached to organic isocyanate via forming amides and
carbamate esters with carboxyl and hydroxyl groups on the surfaces of graphene oxide,

respectively.®’ Similarly, few-layer graphene materials were covalently functionalized with poly

(vinyl alcohol) via ester linkages, and the resulting functionalized sample could be readily
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soluble in aqueous and polar organic solvents, allowing solution-phase processing for various
purposes such as the fabrication of polymer—carbon nanosheets composites containing no

: : : 62
dispersion agents or any other foreign substances.

The epoxy and hydroxyl groups can also be involved in reactions. The epoxy groups on
the basal plane can be modified by nucleophilic ring-opening reactions, and the hydroxyl groups
can be modified by reactions such as forming esters. Recently, polydisperse graphene nanosheets
were synthesized and stabilized by the attachment of amine-terminated ionic liquid onto the
basal plane of graphene oxide through ring-opening reaction with the epoxy groups.”* The
resulting graphene sheets can be stably dispersed in water, DMF, and DMSO without any
assistance from polymeric or surfactant stabilizers. In another work, epoxy composites with both
GO and silane-functionalized GO at different loadings have been prepared, and the resulting
materials showed significant improvement of thermal and mechanical properties, due to silane
covalent functionalization of GO that produces improved dispersion of GO and strong interfacial

interaction with the epoxy matrix.®’
1.3.3 Applications of graphene-based materials
1.3.3.1 Energy applications

Functionalized graphene nanocomposites have been intensively investigated for energy-

related applications such as field-effect transistors (FET),**

photovoltaic devices, and sensor
platforms. The first graphene-based FET was reported by Novoselov ef al. in 2004.** The
graphene films were prepared by mechanical exfoliation of small mesas of highly oriented

pyrolytic graphite, and the as-prepared few-layer graphene had the sizes up to 10 um. A top-

gated graphene field-effect transistor (GFET) was designed based on a high-x gate dielectric
14



without bandgap engineering.66 The saturation velocity depends on the charge-carrier
concentration, which was attributed to scattering by interfacial phonons in the SiO, layer

supporting the graphene channels.
1.3.3.2 Graphene-based photocatalysis

During the past few years, photocatalytic decontamination has been intensively studied in
many areas, particularly the treatment of environmental pollutants. Apart from some unique
properties such as the large theoretical specific surface area and the high transparency due to its
one-atom thickness, the exceptional electrical conductivity enables graphene to absorb visible
light in addition to ultraviolet (UV) light. Because of the large two-dimensional surface size and
the large structure of m—m conjugation, graphene nanosheets can act as both adsorbents and
electron acceptors. Under light irradiation, the photoexcited electrons could be injected directly
or from the nano photocatalytic material into the graphene nanosheets (or graphene oxide
nanosheets). The synergistic effects between graphene nanosheets (or graphene oxide nanosheets)
and the loaded photocatalytic materials make significant contributions to the obtained high
photocatalytic activity. As a result, the injected electrons can easily move throughout each sheet
of graphene nanosheets (or graphene oxide nanosheets), and the bandgap energy (Eg) would be
reduced.®” CdS nanorods/reduced graphene oxide (RGO) composites were fabricated through a
facile one-pot hydrothermal synthesis.”® The sample CdS/RGO-1% possesses excellent
photocatalytic properties under visible light for the degradation of methyl orange with a rate
constant of 1.76x10” min™, which is about three times higher than that of pure CdS nanorods.
The novel composite material can also be used as an enzyme-free biosensor for H,O, based on

its electrocatalytic behaviour. The low-cost sensor shows rapid response and high sensitivity.
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This method opens up a facile route for preparing graphene-based nanocomposites with excellent
photocatalytic and electrocatalytic properties.®® In another work, The Cu,0/SnO»/graphene (CSG)
and SnO,/graphene (SG) nanocomposite photocatalysts were prepared by simple sol-gel growth
method, the resulting hybrid material SG showed superior photocatalytic activity to pure SnO,
and graphene. And the greater photocatalytic activity of CSG indicated that Cu,O addition could
promote the photodegradation of pendimethalin at SG with favoring the transfer of light-induced

electrons and holes between Cu,O and SnO,.*

TiO,-based materials have been the most promising candidates for photocatalytic
decontamination.”’ Zhang and co-worker prepared a chemically bonded TiO, (P25)-graphene
nanocomposite photocatalyst with graphene oxide and P25, using a facile one-step hydrothermal
method.”' The as-prepared P25-graphene photocatalyst possessed great adsorptivity of dyes,
extended light absorption range, and efficient charge separation properties simultaneously. It
showed significant advancement over bare P25 in the photodegradation of MB dye under both

UV and visible light irradiation.
1.3.3.3 Graphene-based materials as adsorbents

Due to its excellent properties such as large specific area, graphene and its derivatives

have been examined for pollution management, including gas adsorption,”*”’ organic pollutants

78-80 81-88
1 L.

remova and metal ions remova

The capacity of an adsorbent can be described by the equilibrium adsorption isotherm,
which is characterized by certain constants whose values express the surface properties and
affinity of the adsorbent. The adsorption isotherm is important from both theoretical and practical

points of view. The parameters obtained from the different models provide important
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information about the adsorption mechanism, the surface properties and the affinities of
adsorbents.”” Among the isotherm equations available for analyzing experimental adsorption
equilibrium data, the most widely used adsorption models for single-solute systems are the

Freundlich and Langmuir models. The Freundlich isotherm is expressed as follows:*
K C 1/n
q. = LpL, (1-1)
The saturated monolayer isotherm (Langmuir equation) is represented as follows:”

_ Qmax b Ce

Y (1-2)

where ¢. (mg g ') is the equilibrium concentration of pollutant in the solid phase; K
(mgl'l/ "1'"/g) is the Freundlich constant representing the adsorption capacity; C. (mg L") is the
equilibrium concentration of pollutant in the liquid phase; n is the constant describing the
adsorption intensity; gmax (Mg gfl) is the maximum amount of adsorption; o (L mgfl) is the

Langmuir adsorption equilibrium constant.

Experimental studies of NH3 adsorption/desorption on graphene surfaces were reported in
2009.” The study employed bottom-gated graphene field effect transistors supported on Si/SiO,
substrates, and found that the molecules adsorbed and desorbed rapidly on the outer surface of
the graphene, and much more slowly from the inner surface that is in contact with the SiO, gate
dielectric. Several studies relevant to the mechanism of gas adsorption have been studied, such as
H,S adsorption on a graphene layer,”* high-pressure CH, and CO, storage capacities,” "> oxygen

migration on graphene surface,”® and gas adsorption on graphene doped with different atoms.”’
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The applications of graphene oxide and its derivatives in organic pollutants removal have
been intensively studied due to the increasing environment pollution caused by organic
compounds. Organic compounds can be adsorbed on nanoparticles or nanostructured materials
via non-covalent interaction including electrostatic interaction, hydrogen bonds, - © stacking,
dispersion forces, dative bonds, and the hydrophobic effect.”’ In the case of graphene, the very
large delocalized m-electron system plays the dominant role in the formation of strong =m-m
stacking interaction with the aromatic rings of several organic compounds,”” while graphene
oxide provides rich functional groups for the formation of hydrogen bonding or electrostatic

interaction with organic compounds containing oxgen- and nitrogen-functional groups.’

Due to raising concerns over pollution of antibiotics including tetracyclines in aquatic
environments in recent years, graphene oxide was used as an adsorbent for tetracycline
antibiotics’ removal from the aqueous solution owing to its excellent hydrophilicity, special
structure, and high surface area. The mechanism for the adsorption of tetracycline on graphene
oxide was deduced to be via n—m interaction and cation—n bonding.”® In another work, Pei et al.
investigated adsorption of 1,2,4-trichlorobenzene (TCB), 2,4,6-trichlorophenol (TCP), 2-
naphthol and naphthalene (NAPH) on graphene (G) and graphene oxide (GO).” 1t was indicated
that except for hydrophobic interaction, four aromatics were adsorbed on G mainly via n—7
interaction. Compared to G, GO has lesser n-electron density and more O-containing functional
groups and the higher adsorption of hydroxyl-substituted TCP and 2-naphthol on GO was mainly
attributed to the formation of H-bonding between hydroxyl groups of TCP and 2-naphthol and
O-containing functional groups on GO. Magnetic cyclodextrin—chitosan/graphene oxide (CCGO)
with high surface area was synthesized via a simple chemical bonding method and examined for

the removal of hydroquinone from simulated water in 2013.*° The results indicated that
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electrostatic interaction may not have a great influence on the adsorption, while the hydrogen
bonds forming between hydroquinone and the hydroxyl/carboxyl groups on the CCGO may
greatly influence the adsorption. Hydroquinone may be adsorbed by cavities of the cyclodextrin

as well.

Although graphene can be applied as an ideal adsorbent for organic compounds because
of the large m-electron system, it does not work so well in metal ions removal. The adsorption of
metal ions therefore requires the formation of hydrophobic complexes.””” However, graphene
oxide is suitable for this situation due to its functional groups containing oxygen atoms which
can form a metal complex with metal ions. The adsorption capacities of graphene oxide on
organic compounds and metal ions are shown in Table 1-3. In general, the capacities of graphene
oxide and its derivatives are higher than any other reported adsorbents. For instance, Ren and co-
workers carried out a comparative study of Cu(Il) decontamination by graphene oxide,
multiwalled carbon nanotubes, and active carbon.®! It was found that under acid conditions, GO
has the highest adsorption efficiency with a maximum adsorption capacity of 1.18x107 mol g™
The adsorption of metal ions on GO is usually independent on the ionic strength, but highly

dependent on the solution pH.****

Due to the very large specific surface area, graphene and graphene oxide are widely used
to form nanocomposites as carriers. N-(trimethoxysilylpropyl) ethylenediamine triacetic acid
(EDTA-silane) modified graphene oxide was prepared and it was found that the introduction of
EDTA groups to the GO surface through silanization process can significantly increase the
adsorption capacity of GO for heavy metal removal.** Also, the poly (N-vinylcarbazole) blended

GO (PVK-GO) nanocomposite exhibits an exceptional adsorption capacity of Pb*" in aqueous
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solution, the adsorption capacity was directly influenced by the pH of the solution and increased

with the concentration of graphene oxide in the PVK-GO nanocomposite.™

Magnetite/graphene composites are another promising adsorbent widely used in the
preconcentration or separation of heavy metal ions from aqueous solutions.”” They can be
quickly separated and recovered from aqueous solution by an easy magnetic separation method.
A magnetite/graphene oxide (M/GO) composite was synthesized via a chemical reaction with a
magnetite particle size of 10-15 nm and was developed for the removal of heavy metal ions from
aqueous solutions in 2011.*® The sorption mechanism of Co (II) was attributed to inner-sphere
surface complexation at low pH, while the removal was accomplished by simultaneous
precipitation and inner-sphere surface complexation at high pH values. The magnetic graphene
oxide can also be used for anions removal from waste water. The magnetic graphene oxide
(MGO) composites were prepared by coprecipitation of FeCl;-6H,O and FeCl,"4H,O on
graphene oxide (GO) nanosheets and applied to the removal of As (V) from aqueous solutions by
Sheng and coworkers.”” It was found that the MGO composites are very suitable materials for the
removal of As (V) from aqueous solution in natural environmental pollution cleanup. In another
case, the magnetic chitosan grafted graphene oxide (MCGO), which showed an increased surface
area, was synthesized via a facile and fast process and further was developed to be highly

efficient adsorbent for Pb*" in aqueous solution.®
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Table 1-3 The maximum absorption capacities of RGO, GO and their derivatives or composites

toward organic compounds and metal ions.”

Adsorbate Adsorbent pH MAC Adsorbate Adsorbent pH MAC*
‘mg mg
g g
Tetracycline GO 3.6 313 Cr(VI) GO 3 65
Oxytetracyclin -~ GO 3.6 212 GO/Fe;04/B-CD 3 120
e
Doxycycline GO 3.6 398 As(II) RGO/Fe;04 7 10-13
1- RGO/Fe;04 7 408 RGO/Fe;04/ 7 14
Naphthylamine MnO,
1-Naphthol RGO/Fe;04 7 389 As(V) RGO/Fe;04 7 5.3-
5.8
Naphthalene RGO/Fe;04 7 337 RGO/Fe;04/ 7 12
MHOQ
MB GO 6 714 Cd(1n) GO 6 106
GO 6 244 GO 5 345
GO/chitosan/Fe;O 10 181 Pb(II) GO 6 842
4
Fuchsie RGO/Fe;04 6.6 89 GO 5 1119
Methyl orange ~ G/CoFe,04 8 72 GO 6.8 328
Co(II) GO 6 68 EDTA-GO 6.8 479
GO/Fe;04 6.8 13 RGO/MnO, 6 180
Ni(II) RGO 7 3 GO/Fe;04/chitosa 5 77
n
RGO/MnO, 7 47 Au(IIT) GO 5 146
Cu(I) GO 5 47 GO/chitosan 4 1077
GO 5 294 Pd(IT) GO 5 98
GO 53 118 GO/chitosan 3 217
GO 53 22 UVl GO 5 98
GO/Fe;04 53 18 GO 4 299
RGO/MnO, 6 103 RGO 4 47
Zn(II) GO 5 345 Eu(IID) GO 6 175
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1.4 Design and Scope

This work combines the advantages of graphene oxide with poly (amido amine) to
synthesize dendrimer-functionalized graphene oxide (PAMAM-GO). Graphene oxide has large
surface area and abundant surface functional groups, providing active sites for adsorption and
surface modification. Amine-terminated poly (amido amine) exhibits high affinity with high
valence selenium oxyanions, which can significantly improve the removal capacity of selenium.
Since the complexation of selenium ions and PAMAM is pH dependent, the adsorbents can be

reused after regeneration at high pH solutions.

In this work, graphene oxide was first modified by 3-aminopropyltriethoxysilane
(APTES). Different generations of PAMAM were then in-situ grafted onto the surface of
modified GO by repetition of a two-step method. The adsorbents are added into the selenium
containing solution first. After the adsorption process, PAMAM-GO could be separated from the

solution by filtration.

1.5 Outline of Thesis

Background of selenium pollution, poly (amido amine) and graphene/graphene oxide

(GO) are introduced in Chapter 1.

Chapter 2 describes the synthesis procedure of GO and dendrimer-functionalized
graphene oxide (PAMAM-GO). The characterization methods (principles and application) and

selenium adsorption tests are also listed in this chapter.

The characterization results are shown in Chapter 3, including TEM, FTIR, XPS, XRD

and TGA analysis.
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The effects of dendrimer generation, initial Se concentration and initial pH of solution are
discussed in Chapter 4. PAMAM-GO show increasing removal ability with increasing dendrimer
generation. GO-G4 has a removal capacity of 60.9 mg g in Se (IV) and 77.9 mg g™ in Se (VI)
at pH 6. The adsorbent shows higher removal capacity under lower pH, achieving 38.8 mg g”' in

Se (IV) and 127 mg g’ in Se (VI) respectively under pH 3.
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Chapter 2 Experimental Section

2.1 Chemicals

Natural graphite (7-10 micron), potassium permanganate (KMnQOy), sodium nitrate
(NaNOs3) and HO, (30 wt.%) were purchased from Alfa Aesar. Methylacrylate (MA),
ethylenediamine (EDA), 3-aminopropyltriethoxysilane (APTES, 99%), ethanol, methanol,
H,S04 (98%), HCI1 (1 N) and NaOH (1 N) were purchased from Fisher Scientific Company,
Canada. Milli-Q water was used in all processes of aqueous solution preparation and lavation.

All chemicals were used without further purification.
2.2 Adsorbents Synthesis
2.2.1 Synthesis of graphene oxide (GO)

GO was prepared by a modified Hummers method illustrated in earlier work.”* Typically,
2 g graphite and 1.5 g sodium nitrate were first mixed in a three-necked flask. Sulfuric acid (98%,
150 mL) was then added to the mixture with mechanical stirring in an ice-water bath. Afterwards,
9 g potassium permanganate was slowly (normally over about 1 h) added into the mixture.
Stirring was maintained for another 2 h in ice-water bath before the mixture was stirred
vigorously for 5 days at room temperature. Subsequently, 6 mL of H,O, was added into the
mixture to react with the residual KMnQOy. 250 mL of a solution mixed with 7.5 mL H,SOy4, 4.17
mL H,0, and Milli-Q water was then slowly added into the mixture to the obtained bright yellow
suspension with mechanical stirring maintained. The sediment was separated by centrifuge and

washed with Milli-Q water repeatedly until neutral pH, followed by another 5 days of dialysis to
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remove the soluble ions. Dried GO product was obtained in a fluffy golden flocci form after

freeze-drying.
2.2.2 Synthesis of amine-functionalized graphene oxide

GO contains hydroxyl, carboxyl and carbonyl groups on their basal planes and edges,
which can react with APTES to achieve the amine-functionalization of GO. Briefly, GO (300
mg) was dispersed in 150 mL ethanol by ultrasonication for 30 min at room temperature. Then
2.3 mL APTES was added dropwise into the suspension under N, atmosphere. The mixture was
then kept at reflux temperature for 24 h with mechanical stirring. Afterwards, the resulting
amine-functionalized GO was filtered, washed five times with ethanol and then freeze dried. The

resulting product was denoted as GO-GO.
2.2.3 Synthesis of PAMAM-modified graphene oxide

Synthesis of PAMAM dendrimer on the surface of amine-functionalized GO was
achieved according to the methods of Pan’ and Tajabadi’® with some modification. The
procedure was depicted in Figure 2-1. Firstly, 150 mL of 2 mg/mL GO-GO methanol solution
was sonicated for 30 min to obtain finely dispersed mixture. The solution was then vigorously
stirred by magnetic stirrer under N, atmosphere. 70 mL of MA solution in methanol (20%, v/v)
was then added dropwise to the mixture at 0 °C. Afterwards the flask was sealed and the mixture
was stirred at 50 °C for 24 h under N, atmosphere. The resulting material (denoted as GO-G0.5)
was collected by centrifugation and washed five times with ethanol before freeze drying.
Secondly, 100 mL of EDA solution in methanol (50%, v/v) was added into 150 mL GO-GO0.5
methanol solution under N, atmosphere. The flask was then sealed and vigorously stirred at

50 °C for 24 h. The product (denoted as GO-G1) was washed with ethanol five times and freeze
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dried for further use. These two steps were repeated until specified generation of dendrimer

obtained. The following generations of PAMAM-GO were denoted as GO-G2, GO-G3 and GO-

G4, respectively.

OCH3
§j4OCH;
/_/_ OCH3 _ NHZ
H2S04+KMIIO4
' D
NaNO3
— NHZ
Graphite GO-GO
Pz (0]
OCH;

(0] /—/ (0]

/_>__ NH /_>' OCH;
HzN ’\ NH2

] — N

<
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GO-G1 GO-GO0.5

Figure 2-1 Schematic illustration of the synthesis of PAMAM-modified graphene oxide.
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2.2 Adsorption Experiments

Different generations of the adsorbent (2 mg, dosage 0.2 g L) were added into 10 mL of
Se (IV) or Se (VI) solution, and mixed uniformly by shaking at 300 rpm at room temperature
(25 °C) for 24 h. NaOH and HCI were applied to adjust the pH of the solutions. The adsorbent
was separated by filtration after the adsorption process. The supernatant of Se (IV) and Se (VI)
was collected for Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis to
determine the concentration of selenium ions. The adsorption amount ¢ (mg g') is defined in the
following equation, where Cy (ppm) is the initial Se (IV) or Se (VI) concentration, C. (ppm) is
the equilibrium concentration of Se (IV) or Se (VI), W (mg) is the adsorbent weight, /' (mL) is

the total solution volume.

C,—C)xV
q:(O e)

W (2-1)

2.3 Characterization Methods
2.3.1 TEM

The Transmission Electron Microscopy (TEM) has become the premier tool for the
microstructural characterization of materials.”’ It utilizes energetic electrons to provide high-

resolution morphologic, compositional and crystallographic information on samples.”

In a conventional TEM, a thin specimen is irradiated with an electron beam of uniform
current density. Electrons are emitted in the electron gun by thermionic, Schottky, or field
emission. The latter are used when high gun brightness and coherence are needed. The electrons

then pass through multiple electromagnetic lenses to the screen, where the electrons are
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converted to light to form an image. In the images, the lighter areas represent the places where

more electrons pass through, while the darker areas reflect the dense areas of the object. These

differences provide information on the structure, texture, shape and size of the sample.”'*
@ Cathode
. Wehnelt-electrode
Electron gun _ =
— — Accelerating tube
—— Anode
Condenser lenses
Illumination system
EL&ZE Objective prefield lens
"""""""""" : .| Specimen holder
Eﬁ \1@ Objective postfield lens
I,
Image-forming system Intermediate lenses
Projector lens

Image acquisition = Viewing screen

Camera chamber

Figure 2-2 Basic components of a TEM.'"!
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In this work, TEM is mainly applied to observe the morphology of GO and PAMAM-GO.
The characterization of the morphology was performed by TEM using a Hitachi HF 3300 Mode.
TEM samples were prepared by pipetting several microliters of GO and PAMAM-GO dispersion

onto lacey carbon coated copper grids and dried.
2.3.2 Fourier Transform Infrared Spectroscopy (FTIR) analysis

Fourier transform infrared (FTIR) spectroscopic imaging is a relatively new method that

has received great attention as a new field of analytical chemistry.'®

It is widely used in
characterization of various fields, ranging from molecular complexes to cells or tissues. Infrared

radiation is divided into three regions: near-infrared region (10,000 - 4,000 cm’l), mid-infrared

region (4,000 - 200 cm™), and far-infrared region (200 - 10 cm™).'®®

Infrared spectroscopy (IR) probes the molecular vibrations. A normal mode of vibration
is infrared active (i.e., it absorbs the incident infrared light) if there is a change in the dipole
moment of the molecule during the course of the vibration. The asymmetric vibrations of all
molecules can be detected by IR. The vibrational frequencies of a given chemical group are
expected in specific regions which depend on the type of atoms involved and the type of

. 104
chemical bonds.

Dispersive IR spectrometers are slowly being replaced by quicker and more sensitive
Fourier transform (FT) instruments. The greater sensitivity of the FTIR spectrometers is related
to the continuous detection of the entire transmitted energy simultaneously, using interferometers,
and rapid Fourier transformation of the interferogram into a spectrum. The increased sensitivity
of FTIR spectrometers led to the development and recent broad application of reflectance

techniques, such as ATR and DRIFT.'®
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The FTIR spectrometer has several advantages including: (1) higher signal-to-noise ratio
(SNR); (2) high accuracy of wavenumber, with the error range within £ 0.01 cm’™; (3) rapid

scanning (1 s or less); and (4) extremely high resolution (0.1 ~ 0.005 cm™).'%

Typical setup of a Fourier transform infrared (FTIR) spectrometer is shown in Figure 2-3:
the light from an infrared light source is sent through an aperture hole to the beam splitter that
sends two equivalent beams (one reflected and one transmitted) to a fixed and to a scanning
mirror, respectively. After acquiring different optical path lengths (in addition to the equal
distances of both mirrors from the beamsplitter — the ‘zero path difference’) these two beams
recombine on the beamsplitter and are sent to the sample, then to a semiconductor detector. The
detector signal as function of the optical path difference between the two mirrors is the

interferogram. After calculation the infrared spectrum is obtained.'”’
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Figure 2-3 A schematic representation of an interferometer used in FTIR spectrometers.'"’

In this project, FTIR spectra were recorded on Nicolet iS50 FT-IR Imaging System, and
is mainly applied for the determination of the functional groups on GO and differenent

generations of PAMAM-GO.
2.3.3 XPS analysis

X-ray photoelectron spectroscopy (XPS) is generally regarded as an important and key
technique for the surface characterization.'® It provides a total elemental analysis, except for
hydrogen and helium, of the top 10-200 A (depending on the sample and instrumental conditions)
of any solid surface which is vacuum stable or can be made vacuum stable by cooling. The

information content in a typical XPS spectrum is enormous, including: (1) simple elemental
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analysis; (2) detailed considerations of chemical shifts and chemical bongding nature in the
surface region; and (3) various loss or relaxation structures which provide further information on

the chemical nature of the surface.'”

Surface analysis by XPS is accomplished by irradiating a sample with monoenergetic soft
x-rays, causing electrons to be emitted and analyzing the energy of the detected electrons. The

emitted electrons have kinetic energies given by:'"
KE =hv—BE -, (2-2)

where /v is the energy of the photon, BE is the binding energy of the atomic orbital from which

the electron originates, and ¢ is the spectrometer work function.

Each element has a unique set of binding energies, XPS can be used to identify and
determine the concentration of the elements in the surface. Variations in the elemental binding
energies arise from differences in the chemical potential and polarizability of compounds, which

can be used to identify the chemical state of the materials being analyzed.'"
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Figure 2-4 Basic mechanism of XPS.""!

In this thesis, XPS analysis was conducted using AXIS 165 XPS Spectrometer. All the
bonding energies have been corrected by referring to the C 1s photoelectron peak at 284.6 eV. In

this work, XPS was used to determine the chemical bonds between PAMAM and graphene oxide.
2.3.4 XRD

A crystal is a periodic array of atoms or molecules, where each element of the smallest
repeating unit makes the same kind of interaction with its neighbors. The smallest repeating unit
of a crystal is termed the asymmetric unit. Diffraction is observed when waves are scattered by a

periodic array that is arranged with the appropriate spacing to fulfill Bragg’s law:'"?
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2dsinf=nA (2-3)

Bragg’s law is satisfied when a lattice with a characteristic spacing (d) scatters incident
radiation of an integral (n) number of wavelengths (4), which interfere with each other
constructively and destructively to give rise to a diffracted wave. A diffracted wave is observed

at a characteristic scattering angle (6) relative to the source.''?

Figure 2-5 shows the schematic illustration of X-ray diffractometer. O is an axis
perpendicular to the plane. The X-ray source is S, the line focal spot on the target T of the X-ray
tube. X-rays diverge from S and are diffracted by the specimen C to form a convergent diffracted

beam which comes to a focus at the slit F and then enters the counter G.'">

diffractometer _—

circle

Figure 2-5 Schematic illustration of X-ray diffractometer.'"
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In this work, X-ray Diffraction analysis was taken on a RIGAKU Rotating anode XRD
system with a copper anode, 40 kV, 2 degs minute”'. XRD analysis would identify the substance

of GO, PAMAM-GO and iron oxide.
2.3.5 TGA analysis

In thermogravimetric analysis (TGA), changes in weight are measured as a function of

"4 TGA can provide

increasing temperature or time under a precisely controlled atmosphere.
information about physical phenomena, such as second-order phase transitions, including
vaporization, sublimation, absorption, adsorption, and desorption. Likewise, TGA can provide
information about chemical phenomena including chemisorptions, desolvation (especially

dehydration), decomposition, and solid-gas reactions (e.g., oxidation or reduction).'*
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Figure 2-6 Schematic diagram of TGA instrument.' "

In this thesis, TGA was conducted with TA Instrument Q-500 equipment, using nitrogen
as the purge gas. The heating rate was 1 °C min™'. Before the tests, all the samples were carefully

ground to powders to ensure sufficient diffusion of heat.
2.3.6 Zeta potential measurement

Relative motion between the particle surface and the electrolyte, for example, due to fluid
flow, results in shear within the electrical diffuse layer under applied voltage. The plane along

which such shearing occurs is called the "slipping plane," and the electrical potential along this
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plane is defined as the zeta potential (shown in Figure 2-7). " In other words, zeta potential is

the potential difference between the dispersion medium and the stationary layer of fluid attached

117

to the dispersed particle.
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Figure 2-7 Schematic representation of zeta potential.''®

Zeta potential can be used to determine surface isoelectric points and quantify a change in
surface ionizable groups.'"” It is a key indicator of the stability of colloidal dispersions. For

molecules and particles that are small enough, a high zeta potential will confer stability, i.e., the
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solution or dispersion will resist aggregation. When the potential is small, attractive forces may

exceed this repulsion and the dispersion may break and flocculate.'?%'!

In this thesis, zeta potential measurements were performed on Nanosizer Nano (Marlven).
All samples were dispersed in 1 mM NaCl aqueous solution by ultrasonication. Zeta potential for

PAMAM-GO was used to determine the surface charge properties and stability in water.
2.3.7 ICP-MS

Inductively coupled plasma-mass spectrometry (ICP-MS) is accepted as the most
powerful multi-element analytical technique available today, capable of true multi-elemental
determinations within minutes. It has become one of the most important techniques for the

determination of over 70% of the elements of the periodic table.'*

The sample, typically introduced into the ICP-MS in a liquid form, is pumped into the
sample introduction system, which is made up of a spray chamber and a nebulizer. It emerges as
an aerosol that is introduced through the injection channel of the ICP torch into the base of the
plasma. The plasma (a highly ionized gas) contains different heating zones where the sample is
successively dried, vaporized, atomized, and ionized. During this time, the sample is transformed
from a liquid aerosol to solid particles, then into a gas. The so-called analytical zone of the

plasma, at approximately 6000 - 7000 K, contains the highest population of excited atoms and

monoatomic positively charged ions, representing the elemental composition of the sample. The
highly efficient ion extraction, ion transportation through the mass spectrometer and detection is
what gives to ICP-MS its ultratrace elemental detection features.'” Additionally, ICP-MS

provides selective multi-elemental (and multi-isotope) detection capabilities to simultaneous
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monitoring of the different mass to charge (m/z) ratios of the different isotopes. Such information
can be used for confirmation purposes and allows, also, the quantification of such elements by

applying isotope dilution strategies.'**
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Figure 2-8 Schematic diagram of the major components of an ICP-MS instrument.'**

Perkin Elmer’s Elan 6000 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

was used to detect the concentration of selenium before and after the adsorption process.
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Chapter 3 Characterization
3.1 TEM imaging

Figure 3-1 shows the TEM images of graphene oxide and GO-G4. Compared to the
relatively smooth surface of graphene oxide (Figure 3-la), new species (corresponding to
PAMAM molecules) with high density could be observed on the surface of GO-G4 (Figure 3-1b),
indicating successful functionalization of PAMAM on graphene oxide surface.'” The covalent

bonding can be further proved by FTIR spectroscopy.

~

Figure 3-1 TEM images of graphene oxide (a) and GO-G4 (b).
3.2 Fourier Transform Infrared Spectroscopy (FTIR) analysis

The Fourier Transform Infrared Spectroscopy (FTIR) spectra of GO and different
generations of PAMAM-GO are shown in Figure 3, indicating the dendrimer modification
process. In the FTIR spectra of GO, the peaks observed at 1620 cm™and 1730 cm™ are attributed
to the presence of C=C and C=0, respectively. A broad peak at around 3200 cm™ is also

observed due to the presence of hydroxyl groups on the basal plane of GO. However, after the
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modification with APTES and different generations of PAMAM, this peak significantly
decreases, indicating a loss of hydroxyl groups, caused by the reaction between hydroxyl group
and silane group. After the silanization of GO by APTES, a peak at around 1550 c¢m™' can be
observed, indicating the successful functionalization of GO by APTES and the existence of
amine groups. It can also be proved by the peaks observed at 2873 cm™, 2938 cm™ and 2971
cm’', which are attributed to the asymmetric or symmetric stretch of C-H bond in methyl or
methylene groups.’® '*® As the generation increases, the intensity of the band of amine groups

increases significantly compared to that of C=C band.

(1) GO-G4
(2) GO-G3
3) GO-G2
4) GO-G1
(5) GO-GO
(6) GO

(1)
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Figure 3-2 FTIR spectra of GO and PAMAM-GO with different generations.
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3.3 X-ray Photoelectron Spectroscopy (XPS) analysis

The X-ray Photoelectron Spectroscopy (XPS) spectra of GO and different generations of
PAMAM-GO are shown in Figure 3-3. As shown in Figure 3-3a, the XPS spectra of GO mainly
shows the C 1s and O 1s peaks, while different generations of PAMAM-GO exhibit a N 1s peak
in XPS spectra, indicating the modification process, which is consistent with the FTIR results.
The ratio of N/Si was found to increase with the generation, showing the propagation of
dendrimers. The XPS analysis of C 1s spectra (Figure 3-3b and 3-3c) show detailed functional
groups on the surface of different kinds of materials. It is shown in Figure 3-3b that there are

three main types of carbon species in graphene oxide, C-C at 284.6 eV, C-O at 286.7 eV and

C=0 at 288.2 eV. Compared to graphene oxide, the C 1s XPS spectra of GO-G4 shows a
significant decrease at 286.7 eV. This indicates the loss of C-O which may be caused by the
reaction between hydroxyl groups and silane groups. Moreover, there are two new peaks
observed at 285.4 eV and 286.1 eV corresponding to the existence of C-NH, and C-N bonds
respectively.'?’ The successful introduction of primary amine groups can also be proved by the N
Is XPS spectra of GO-G4, the peaks appear at 399.9 eV and 401.1 eV are attributed to amines

NH, and amide bonds N-C=0 respectively.'**'*’
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Figure 3-3 (a) XPS of GO and PAMAM-GO with different generations; (b) the Cls XPS spectra
of GO; (¢) the Cl1s XPS spectra of GO-G4; (d) the N1s XPS spectra of GO-G4.

3.4 X-ray Diffraction (XRD) analysis

The X-ray diffraction (XRD) patterns of GO, GO-G0O and GO-G3 are shown in Figure 3-
4. According to Bragg Equation (2dsinf=A, A is the wavelength of X-ray, ~ 1.54 A), the
interlayer space of GO is 7.7 A at 20=11.4°. The XRD pattern of GO-G4 shows a broad peak at

20=15-35°, which indicates that the PAMAM-modified graphene oxide exist in a form of

noncrystalline state.'*
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Figure 3-4 X-ray diffraction patterns of GO, GO-G0 and GO-G4.

3.5 Thermal Gravimetric Analysis (TGA) analysis

The TGA curves of GO and PAMAM-GO are shown in Figure 3-5. For GO, the weight
loss started from ~ 20 °C to ~ 120 °C could be attributed to adsorbed water. The most significant
weight loss occurs at around 160 °C, which may be due to pyrolysis of the labile oxygen-

containing functional groups, yielding CO, CO,, and steam.'*'"'*?

The further mass loss starting
at around 600 °C is attributed to the pyrolysis of the carbon skeleton of GO.'** Compared with
the curve of GO, GO-GO shows less weight loss below 200 °C, indicating much of hydroxyl and

epoxy groups have been converted after the silanization reaction with APTES. A weight loss
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between 500 °C and 600 °C is caused by the pyrolysis of silane moieties of GO-G0.'** As shown
in Figure 3-5b, the TGA curves of different generations of PAMAM-GO presents a weight loss

of 8.5 %, 12.89 %, 15.84 % and 19.4 % (generations 1-4, respectively), occurring between

280 °C and 450 °C.134+133
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Chapter 4 Adsorption Tests

4.1 Effect of generation on selenium removal capacity

Different generations (0-4) of the adsorbents were applied for the removal of selenium
oxyanions. As shown in Figure 4-1, the adsorption amount of Se (VI) shows a significant
increase from GO-GO to GO-G4, which is attributed to the increase of amine groups. However,
the adsorption amount of Se (IV) on PAMAM-GO exhibits differently. It reaches the highest
value when GO-G3 is applied as the adsorbent, and then drops when the generation continues

increasing. The results will be discussed later in the mechanism session.
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Figure 4-1 Comparison between different generations of PAMAM-GO for adsorption of Se (IV)

and Se (VI) ions at Cy =40 ppm, pH = 6.
4.2 Comparison between GO-G4 and MGO for selenium adsorption

The comparison between GO-G4 and MGO (synthesized by co-precipitation method®”)
for both Se (IV) and Se (VI) ions adsorption at different concentrations are shown in Figure 4-2a
and Figure 4-2b. GO-G4 exhibits stronger adsorption capability than MGO in both Se (IV) and
Se (VI) ions removal. For selenite ions removal, GO-G4 shows higher adsorption amount
obviously under higher concentration, while it does not show significant increase compared to

MGO under lower concentration. However, for the selenate ions, GO-G4 shows much stronger
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adsorption capability from ~20 ppb to ~80 ppm, indicating PAMAM-GO has higher selectivity
in Se (VI) removal. The difference can be attributed to the different mechanisms for each kind of

selenium oxyanion. The mechanisms will be discussed later.
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Figure 4-2 (a), (b): Comparison between GO-G4 and MGO for adsorption of Se (IV) and Se (VI)
ions at different initial selenium concentrations (pH = 6). (c) Comparison of maximum

adsorption capacity between GO-G4, GO and MGO (MGO data obtained from previous work'*®).
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4.3 Effect of initial selenium concentration on adsorption isotherms - Langmuir and

Freundlich adsorption models

The commonly used Langmuir and Freundlich adsorption models were applied for study
the isotherms of Se (IV) and Se (VI) ions removal on GO-G4. The Langmuir isotherm is

90
expressed as follows:

_ 90aPC,

T 1rbC, D

where gmax (mg g ') is the maximum amount of adsorption; » (L mg ') is the Langmuir
adsorption equilibrium constant, C, (mg L") is the equilibrium concentration of pollutant in the

liquid phase.

The Freundlich equation is represented as follows:®

q=K,.C,/ (4-2)

where Ky and n are Freundlich constants. Kr represents adsorption capacity and n
represents the degree of dependence of adsorption at the equilibrium concentration. When # is
between 0.1 and 1, the adsorption process is considered as optimal adsorption; while when n > 2,

the adsorption is difficult to occur.*” *""**

The isotherm parameters and correlation coefficients are shown in Table 4-1. The n
values in Freundlich equation are less than 1 for both Se (IV) and Se (VI) removal, indicating the
adsorption processes of Se (IV) and Se (VI) were favorable. The results show the Langmuir

equation provides a better fitting for both Se (IV) and Se (VI) adsorption with higher R* values,
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which means GO-G4 provided homogeneous adsorption sites in the process of selenium removal.
The maximum removal capacity obtained from Langmuir equation for Se (IV) and Se (VI) are
60.9 mg g™ and 77.9 mg g, respectively. The maximum capacity of GO-G4 shows a significant

increase compared to GO and MGO, shown in Figure 4-2c.

Table 4-1 Parameters of Langmuir and Freundlich models for adsorption of Se (IV) and Se (VI)

1ons on GO-G4.

Isotherm type Isotherm constants Se (IV) Se (VI)

Langmuir Gmax [ME g'l] 60.893 77.856
b[L mg'] 0.0170 0.2220
R’ 0.982 0.985

Freundlich Kr 2.048 17.472
n 0.664 0.369
Ry’ 0.980 0.945
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Figure 4-3 Fitting curves using Langmuir and Freundlich models under different (a) Se (IV) and
(b) Se (VI) equilibrium concentrations.

4.4 Effect of initial pH on selenium adsorption

As shown in Figure 4-4, the removal capacity of Se (VI) increased dramatically with pH
decreased, and reached a capacity of 127 mg g™ at pH = 3. By contrast, the removal capacity of
Se (IV) also gradually increased with decreasing pH, but did not show significant change. The
phenomenon show that lower pH will facilitate the adsorption of both Se (IV) and Se (VI) ions

on GO-G4, but the initial pH influences the adsorption of Se (VI) much more than that of Se (IV).
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Figure 4-4 Effect of initial pH on selenium removal with initial Se concentration of 40 ppm.

4.5 Discussion of selenium adsorption mechanism

It is shown from the above results that PAMAM-GO, especially GO-G4, has good
performance in the removal of both Se (IV) and Se (VI). Since initial pH of the solution has a
great impact on the removal capacity of selenium, the adsorption of selenite and selenate ions on
GO-G4 are considered to be mainly governed by electrostatic interactions. Zeta potential of GO-

G4 was measured in 1 mM NaCl aqueous solution to explore possible mechanism for selenium
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adsorption on dendrimer functionalized graphene oxide (shown in Figure 4-5). The zeta potential
was found to decrease as pH increased, with an isoelectric point of 7.9. At low pH, more primary
amine and tertiary amine groups are protonated, providing more active sites for binding negative-
charged selenium ions. As the initial pH increases, these two kinds of amine groups become

deprotonated, leading to the decrease of zeta-potential.

According to Eh-pH diagrams of the system Se-O-H,’ it is obvious that selenite exists as
the single charged anion (HSeOs") below pH 7 while as the double charged anion (SeO;”) above
pH 7. On the other hand, selenate is presented as the double charged anion whenever the pH is
larger than 2. In the adsorption process using GO-G4 as adsorbents, both Se (IV) and Se (VI)
ions can be adsorbed by electrostatic attraction. At pH below 7, Se (VI) ions are more negative
charged, resulting in stronger electrostatic attraction than Se (IV) ions with GO-G4. While at pH
above 7, both Se (IV) and Se (VI) ions ionize completely, however, amine groups of GO-G4
become deprotonated and the electrostatic interactions become weaker. In that case, the removal

capacities of selenium ions on GO-G4 decrease.

Compared to Se (VI), adsorption amount of Se (IV) is less impacted by initial pH, it can
be attributed to the formation of an inner-sphere complex through aqueous ligand exchanging

with the surface hydroxyl groups.*'*!

The decrease of the removal efficiency of Se (IV) from
GO-G3 to GO-G4 (shown in Figure 4-1) can be attributed to larger dendrimer molecules that

hinder selenium ions to interact with the basal plane of GO, leading to less ions adsorbed by

ligand exchanging (illustrated in Figure 4-6).
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Chapter 5 Preparation and Characterization of Dendrimer Functionalized

Magnetic Graphene Oxide

1142144 and the mechanism of selenium

Iron oxide has been applied in selenium remova
adsorption on iron oxide has been reported.'*'*® The adsorption of Se (VI) on goethite was well
described by the modified triple-layer model, indicating Se (VI) was adsorbed via electrostatic
attraction, forming outer-sphere surface complexes. On the contrary, Se (IV) forms two kinds of
complexes during the adsorption process which are both inner-sphere surface complexes.'*® The

inner-sphere surface complexes are more stable than outer-sphere surface complexes, which

makes the adsorption of Se (IV) more efficient on iron oxide.

In this thesis, we reported a new kind of adsorbents that more efficient in Se (VI) removal.
It is possible to improve the performance in both Se (IV) and Se (VI) removal by combining the
magnetic iron oxide with PAMAM-GO to develop dendrimer functionalized magnetic graphene
oxide (PAMAM-MGO). The combination could help stabilize iron oxide nanoparticles and
provide more active sites for adsorption. Moreover, the adsorbents can be easily collected and
recycled after magnetic separation and Se stripping at high pH. The primary results for the

characterization of PAMAM-MGO are shown as follows:

The TEM images of graphene oxide and PAMAM-MGO are shown in Figure 5-1.
Figure 5-1a shows that graphene oxide possesses a transparent sheet structure. The TEM images
of PAMAM-MGO show that magnetic nanoparticles are well dispersed on the surface of GO
nanosheets, with an average particle size of ~ 20 nm. Figure 5-1c shows a closer view of the

designated area in Figure 5-1b.
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Figure 5-1 TEM images of (a) GO and (b), (c) PAMAM-MGO.

The Fourier Transform Infrared Spectroscopy (FTIR) spectra of GO, GO-G4 and
PAMAM-MGO are shown in Figure 5-2. In the FTIR spectra of GO, the peaks observed at 1620
cm'and 1730 cm™ indicate the presence of C=C and C=0, respectively. A broad peak at around
3200 cm™ is also observed due to the presence of hydroxyl groups on the basal plane of GO. In
the spectra of GO-G4 and PAMAM-MGO, the peaks observed at 2873 cm™, 2938 cm™ and 2971
cm’ are attributed to the asymmetric or symmetric stretch of C-H bond in methyl or methylene
groups. The peak appeared at around 1550 cm™ indicates the existence of amine groups on GO-

G4 and PAMAM-MGO.
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Figure 5-2 FTIR spectra of GO, GO-G4 and PAMAM-MGO.

The existence and structure of magnetic iron oxide particles were further determined by
X-ray diffraction (XRD) patterns (shown in Figure 5-3). According to Bragg Equation (2dsinf=A,
) is the wavelength of X-ray, ~ 1.54 A), the interlayer space of GO is 7.7 A at 20=11.4°. The
XRD pattern of GO-G4 shows a broad peak at 260=15-35°, indicating that the PAMAM-modified
graphene oxide exist in a form of noncrystalline state.*” In the XRD patterns of PAMAM-MGO,
the characteristic peaks (20) at 30.1°, 35.5°, 43.1°, 53.4°, 57.0° and 62.6° are consistent with the
standard patterns of magnetite, which proves the existence of magnetic particles on the surface of
graphene oxide.
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Figure 5-3 X-ray diffraction patterns of GO, GO-G4 and PAMAM-MGO.

The TGA curves of GO, GO-G4 and PAMAM-MGO are shown in Figure 5-4. For GO,
the weight loss started from ~ 20 °C to ~ 120 °C could be attributed to adsorbed water. The most
significant weight loss occurs at around 160 °C, which may be due to pyrolysis of the labile

oxygen-containing functional groups, yielding CO, CO,, and steam.'*'"'*

The further mass loss
starting at around 600 °C is attributed to the pyrolysis of the carbon skeleton of GO.'** The TGA

curve of GO-G4 shows a significant weight loss starting at around 280 °C, which is attributed to

the decomposition of PAMAM dendrimers."**'*> Compared to the GO and GO-G4, PAMAM-
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MGO gradually loses weight due to the lower weight percentage of GO and the oxidization of

FC304 to Y-F6203. 147
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Figure 5-4 TGA curves of GO, GO-G4 and PAMAM-MGO.

Magnetic measurement of PAMAM-MGO was carried out at room temperature. As
shown in Figure 5-5, the saturation magnetization is 57.7 emu g™, which is lower than reported
value (92 emu g"') of pure iron oxide nanocrystals.'"*® This can be explained by the presence of
graphene oxide and PAMAM. In addition, PAMAM-MGO exhibits no remanence effect at low
applied magnetic fields (shown in the inset in Figure 5-5). The magnetic properties will enhance

the application by rapid separation from the solutions when applied magnetic fields.
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Figure 5-5 Magnetization curve of PAMAM-MGO at room temperature. Inset is a magnified

view of the magnetization curve at low applied fields.
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Chapter 6 Conclusions, Contributions and Future Work

6.1 Conclusions

Selenium has been a challenging environment issue. Various adsorbents have been
applied for the removal of selenium from water but did not show good performance, especially in
Se (VI) removal, which is more bioavailable and more difficult to remove. In this project,
different generations of dendrimer functionalized graphene oxide (PAMAM-GO) were
synthesized and applied for the removal of selenium ions from water. Our results show that the
removal capacities of Se (IV) and Se (VI) ions increase with the generation of PAMAM-GO.
Compared to GO and MGO, GO-G4 has good performance in the removal of both Se (IV) and
Se (VI) with capacities 60.9 mg g™ and 77.9 mg g at pH 6. This work provides new technology

and insight for selenium removal from aqueous environment.
The conclusions in this work are summarized as follows:

(1) Different generations of dendrimer functionalized graphene oxide (PAMAM-GO)
were prepared using a new method via silanization of GO, followed by Michael addition reaction

and amidation of ester groups.

(2) PAMAM-GO were characterized by TEM, FTIR, XPS, XRD, TGA, etc for surface
morphologies analysis and chemical compositions analysis. TEM images showed different
surface features of GO-G4, compared to GO, which should be attributed to dendrimer molecules
grafted onto the surface of GO. FTIR, XPS and XRD characterized the chemical compositions
and structures of different generations of PAMAM-GO, indicating the successful
functionalization of PAMAM molecules onto the surface of GO.
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(3) In selenium adsorption tests, different generations of PAMAM-GO show high
removal capabilities for selenite and selenate. GO-G4 shows higher adsorption capability of Se
(VI) than Se (IV), with a removal capacity of 60.9 mg g in Se (IV) and 77.9 mg g™’ in Se (VI) at

pH 6.

(4) The removal capacities of selenium ions on PAMAM-GO can be impacted by
adsorption conditions such as generations of dendrimer and initial pH. Our results show an
increase from GO-GO to GO-G4 in the removal capacities of Se (VI) on PAMAM-GO while a
decrease from GO-G3 to GO-G4 in the removal capacities of Se (IV). Lower initial pH can
facilitate the adsorption process of both selenium ions on GO-G4, with a greater influence on the
removal of selenate than selenite. When applying GO-G4 as adsorbent, the removal capacity of
Se (VI) increased to a capacity of 127 mg g at pH = 3 while that of Se (IV) increased to a

capacity of 39 mg g™

(5) Adsorption of Se (IV) and Se (VI) on GO, MGO, GO-G4 were also compared in this
work. GO-G4 showed a better performance in both Se (IV) and Se (VI) removal, especially for

the removal of selenate.

(6) The adsorption of Se (VI) on GO-G4 is attributed to the electrostatic interaction
between charged amine groups and double charged selenate anions. On the contrary, the
mechanism of the adsorption of Se (IV) on GO-G4 could be a combination of electrostatic
interaction between charged amine groups and selenite anions and the formation of an inner-

sphere complex through ligand exchanging with hydroxyl groups on the surface of GO.

64



6.2 Contributions to the original knowledge

In this work, different generations of dendrimer functionalized graphene oxide
(PAMAM-GO) were prepared using a new method via silanization of GO, followed by Michael
addition reaction and amidation of ester groups. The resulting materials were applied for the
removal of selenium ions from water. Previously reported adsorbents performed well in Se (IV)
removal rather than Se (VI), which is more toxic for human. However, PAMAM-GO, especially
for the 4™ generation, GO-G4, shows a much better performance in both selenium oxyanions
removal and higher adsorption capability in Se (VI) removal. The results show that PAMAM-
GO has an excellent performance in selenium removal from waste water and provide a new

scope on adsorbents for selenium removal.
6.3 Future work
6.3.1 Effects of ion strength on selenite and selenate removal

As discussed above, selenium adsorption occurs in two different ways: electrostatic
interactions and ligand exchange. The adsorption of Se (VI) on PAMAM-GO is attributed to
electrostatic attraction between SeO4> and protonated amine groups. The adsorption will be
affected by ion strength. However, Se (IV) is assumed to be adsorbed on PAMAM-GO via both

electrostatic attraction and ligand exchange.

Indicated in previous research, selenate adsorption is strongly affected by ion strength
while selenite adsorption is relatively unaffected by the changes in ion strength. By studying the

effects of ion strength on both selenium ions removal, it is possible to figure out the adsorption
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mechanisms of both selenium ions on PAMAM-GO and they can be further confirmed by

infrared spectroscopy Study_139-140

6.3.2 Interfering ions

Selenium oxyanions removal could be effected by interfering ions, including SO4> and
PO,.'" The effects of these interfering ions will be further studied under different ion
concentrations, pH and ion strength. Pre-treatment methods will be developed for highly

interfering ions in further work, as well as the consideration of total cost.
6.3.3 Potential applications for pollutants removal

As mentioned in the literature review, PAMAM-GO can be applied in various pollutants
removal, including Hg (II), Zn (II) and CO,. It is feasible to considerate PAMAM-GO as a

universal adsorbent for different pollutants removal in the industry.
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Appendix

The original data obtained by ICP-MS are listed in the following tables. The detection limit (DL)
for selenium by ICP-MS is 0.002 ppm.

Appendix 1 Selenite concentration after adsorption using different generations (0-4) of
PAMAM-GO as adsorbents. Adsorbents dosage 0.2 g L, initial pH = 6, room temperature
(25 °C), shaking rate 300 rpm, adsorption time 24 h.

Adsorbents Initial selenium  Selenium concentration after adsorption (ppm)

concentration
(ppm) Measurement 1 Measurement 2 Measurement 3
GO-GO 41.6 39.6 39.3 39.9
GO-Gl1 44.7 41.4 41.5 41.3
GO-G2 41.6 36.3 36.2 36.5
GO-G3 41.6 34.7 34.4 34.9
GO-G4 43.2 37.9 38.0 37.9

Appendix 2 Selenate concentration after adsorption using different generations (0-4) of
PAMAM-GO as adsorbents. Adsorbents dosage 0.2 g L, initial pH = 6, room temperature
(25 °C), shaking rate 300 rpm, adsorption time 24 h.

Adsorbents Initial selenium  Selenium concentration after adsorption (ppm)

concentration
(ppm) Measurement 1 Measurement 2 Measurement 3
GO-GO 43.0 42.2 42.0 42.6
GO-G1 44.7 42.7 42.6 429
GO-G2 43.0 36.9 36.5 37.3
GO-G3 43.0 30.8 30.1 31.6
GO-G4 48.9 353 35.0 353
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Appendix 3 Selenite concentration after adsorption on GO-G4 with different initial selenite
concentration. GO-G4 dosage 0.2 g L™, initial pH = 6, room temperature (25 °C), shaking rate
300 rpm, adsorption time 24 h.

Initial selenium concentration (ppm) Selenium concentration after adsorption (ppm)
70.7 64.2
57.9 52.6
43.2 37.9
21.4 19
13.4 11.1
1.09 0.875
0.530 0.419
0.214 0.165
0.110 0.0883
0.0601 0.0502
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Appendix 4 Selenate concentration after adsorption on GO-G4 with different initial selenate
concentration. GO-G4 dosage 0.2 g L™, initial pH = 6, room temperature (25 °C), shaking rate

300 rpm, adsorption time 24 h.

Initial selenium concentration (ppm)

Selenium concentration after adsorption (ppm)

82.3 67.14
66.0 51.12
48.9 35.34
30.9 19.92
15.0 54

1.0 0.435
0.491 0.184
0.199 0.0456
0.101 0.0282
0.0546 0.0134

86



Initial pH Initial selenium  Selenium concentration after adsorption (ppm)

concentration
(ppm) Measurement 1 Measurement 2 Measurement 3
3 43.2 354 34.7 35.2
4 43.2 35.6 35.7 35.7
5 43.2 36.9 35.9 36.6
6 43.2 37.9 38.0 37.9
7 43.2 39.5 39.5 39.4
8 43.2 40.6 40.6 40.6

Appendix 5 Effect of initial pH on selenite adsorption on GO-G4. GO-G4 dosage 0.2 g L™,
initial selenite concentration ~ 40 ppm, room temperature (25 °C), shaking rate 300 rpm,
adsorption time 24 h.

Initial pH Initial selenium  Selenium concentration after adsorption (ppm)

concentration
(ppm) Measurement 1 Measurement 2 Measurement 3
3 48.9 23.5 23.1 23.5
4 48.9 24.1 243 24.2
5 48.9 32.0 31.9 31.9
6 48.9 353 35.0 353
7 48.9 43.2 433 43.2
8 48.9 47.2 473 47.1

Appendix 6 Effect of initial pH on selenate adsorption on GO-G4. GO-G4 dosage 0.2 g L™,
initial selenate concentration ~ 40 ppm, room temperature (25 °C), shaking rate 300 rpm,
adsorption time 24 h.
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