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As advanced nanomaterials, inorganic-organic nano composites have received great interest as
potential platform (nano) structures for sensor, catalyst, sorbent, and environmental applications.
Here, my Ph.D. research has focused on the design, synthesis, and characterization of advanced
water-stable engineered metal-oxide nanoparticles functionalized by organic frames for
environmental applications. For the environmental applications, I have evaluated particle-
optimized sorption processes for the remediation and separation of arsenic, chromium, and
uranium under environmentally relevant conditions. More specifically, I have explored the
critical role of organic coating on sorption mechanisms and performances using engineered iron
oxide -based, manganese oxide -based, and manganese ferrite -based (core) nanoparticles with
varying size, composition, surface coating and functional groups. With the application for
environmental remediation of organic functionalized metal oxide nanoparticles, implication of
advanced materials is another essential subject for environmental nano impact. As
environmental implications, I fundamentally described material transport behavior(s), including
aggregation and deposition in terms of surface organic matrix; I quantitatively explored the role
of organic coating on collision and attachment of inorganic-organic nano composites for the

environmental fate and transport of new nano platforms. Further, I evaluated highly stable
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organic coated superparamagnetic nanoparticles as potential draw solute for osmotic pressure
driven membrane system to exploit paramagnetism of the particles. These works suggest better
understanding of environmental application and implication for inorganic-organic nano

composites.
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Chapter 1. Introduction

1.1 Introduction

Advances in nanotechnology have recently contributed to science and engineering fields
including material science, biotechnology, environmental engineering, among other disciplines.
Nanotechnology is generally focused on materials and processes that are defined by one of the
dimensions typically being 1 - 100 nm.! For perspective about just how small this is; if a
fullerene (Cso, MW 720) was the size of soccer ball, the actual soccer ball would be around size
of the earth (Figure 1.1).> Interestingly, mankind already has been using nanotechnology for
over some time. Four thousand years ago, ancient Egyptian used lead-sulphide nanoparticles (5
nm) for cosmetic purposes (hair dying).> Ancient Romans made gold and silver nanocomposites
to decorate the glass cup (e.g. Lycurgus Cup).* In the middle ages, various sized gold
nanoparticles were applied to stained glass, as gold nanoparticles have unique size dependent
color characteristics/properties.* The modern concept of nanotechnology was first introduced by
R. Feynman in 1959° in a talk that titled, “There is plenty of room at the bottom” at the annual
meeting of the American Physical Society.  This being said, practically speaking,
nanotechnology research really began in earnest at the end of 20th century. In 1985, Ceo (Bucky
ball), a nano sized carbon material, was experimentally identified by Curl, Kroto, and Smalley,
for which they were awarded the Nobel Prize in chemistry in 1996.5 Nanosized materials have
attracted significant attention due to unique materials properties which can vary considerably
compared to bulk materials. The first private nanotech company (Zyvex) was founded in 1997,
and the first nano-centric governmental effort (U.S. National Nanotechnology Initiative) was

established in 2000.
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Figure 1.1 Length scales when considering the size of nanomaterials. Shown on the left, within
the nanoscale size range, are classic carbon nano materials (diamond, fullerene, carbon nanotube,
graphite, graphene, graphene oxide, and carbon dot)’ and iron oxide nanocrystals. On the bottom
right, the size of the earth, soccer ball, and fullerene (Cs0) are compared for reference.?

Unique properties found at the nanoscale have led to a large number of material
applications in a wide range of commercial and industrial products such as catalysts, construction
materials, electronic devices, and cosmetics, among others.®!? It is estimated that by the year

2020, related industries will reach to a market value of approximately $3 trillion.!!

Among the
usage of engineered nanomaterials, metal- and metal-oxide nanoparticles currently comprise a
significant fraction of all produced and applied engineered nanoparticles.!> For example,
nanoscale silver and nanoscale titanium are widely used in treated paints for car, outdoor, and
indoor facilities.!*'* As a color additives, food industries have widely used titanium dioxide
nanoparticles.!> Nano sized titanium dioxide and zinc oxide currently are also routinely used in
skin cosmetics and sunscreens as ultraviolet (UV) filters.'?

Along with unique material property advantages, the impacts of nanomaterials on

environment and human health must also be evaluated for technological sustainability. In 2007,

Science Policy Council of U.S. Environmental Protection Agency published a "Nanotechnology
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White Paper" to address potential risks from environmental exposure to nanomaterials.'® The
White Paper provided information regarding the potential risk of nanomaterials including human
health (toxicity), fate, and transport research. Since, concerns regarding the possible unwanted
release of nanoparticles into the environment during their production, usage, or disposal have
been topics of considerable attention.!”!* Upon release to the environment, nanomaterials have
the potential to be transported into/through the environment, including surface and
groundwater(s), and eventually enter a food web. While a number of studies have examined

nanoparticles transport in porous media using well-controlled sand columns,?*?}

recently,
research has taken the next step in complexity analyses and focused on the role(s) of natural
organic matter (NOM) on fate and transport of nanoparticles.>* NOM is expected to play a
critical role in the stabilization of nanoparticles and corresponding stability dynamics will guide
environmental implications as they relate to fate, transport, and exposure. Research to date has
demonstrated that NOM can broadly stabilize nanoparticles in water, reducing aggregation under
a range of typically unstable conditions.?>8

To take advantage of novel material properties in water, colloidal stability of
nanomaterials is also a critical issue for engineered applications. When unaltered, the surface
energy of nano size material is typically high and thus the systems are unstable — nanoparticles
aggregates when the total free energy of the nano system is reduced as the surface area

decreases.! ¥

Further, the stabilization of surface energy of nanoparticles is crucial for the
control of their size during synthesis. Recently, organic functionalized (typically at the surface)
metal and metal oxide nano materials have been recognized as promising next generation

material in, tumor targeting, sensor, sorption, and catalyst due to their extreme stability

properties and specific surface affinities.’**? As another example, inorganic (metal- and metal



oxide-) based sorbents with rigid core structures and controllable geometries can be broadly
surface passivated with a number of organic coating strategies for selective contaminant affinity
and aqueous stability, among other desired properties.>>> An organic surface coating provides
electrostatic double layer (EDL) repulsion as well as extended Derjaguin, Landau, Verwey, and
Overbeek (XDLVO) repulsive interactions, such as osmotic and elastic-steric repulsion.’¢-
Despite being a critical aspect of next generation, engineered nanomaterials,*** the role of soft,
organic coatings remains unclear a fundamental colloidal stability, aggregation, and deposition
(transport) perspective.

In this Ph.D. thesis, research is focused on the design, synthesis, and characterization of
engineered metal-oxide nanoparticles which are surface functionalized by a library of organic
coating types and strategies for environmental applications and to understand potential
implications of such materials. Towards this, research here is organized into two interrelated
topic areas: 1) Defining the critical role of organic surface coatings with regard to the sorption
and separation of As(V), Cr(VI), and U(VI) by metal-(Mn, Fe) oxide nanocrystals (NCs) core
materials; 2) Fundamentally describing the role of organic coating(s) for inorganic-organic nano

platforms in terms of aggregation and deposition to better understand their behavior in water

considering both implications and applications.



Chapter 2: Literature Review

2.1. Synthesis of Metal Oxide Nanocrystals

To control the surface chemistry of nanocrystals in liquids, organic surfactants, including long
chain organic acids, are often applied as capping agents. Organic surfactants are bound to the
surface of nanoparticles by attractive forces, including as hydrophobicity, electrostatics, van der

40" Grafted surfactants provide electrostatic (double layer)

Waals attraction, and chemisorption.
repulsion and steric repulsion stabilizing surface based processes including additional growth
and aggregation.’’’ Synthesized nanocrystals can be dispersed in both polar solvents (i.e. water)
or non-polar solvents (i.e. hexane, toluene, or chloroform) depending on the surface chemistry.
In non-polar solvents, organic surfactants cover the surface of nanocrystals, typically with
hydrophobic terminal groups facing outwards (into the liquid phase).** For polar solvents,
organic surfactants with hydrophilic functionality can be employed.** For synthesis in polar
solvents, especially for water, van der Waals attraction between nanocrystals is significant and
rapid, even with capping agents present, making highly monodisperse particles difficult to
reproducibly prepare and control.*! Therefore, for monodiperse metal oxide nanocrystals,
including single crystal synthesis, non-polar organic solvents are often preferred for core particle
synthesis, with organic surfactant used as capping / stabilizing agents.

2.1.1. Metal Oxide Nanocrystal Growth Mechanism

Organic-based methods using metal-organic precursor(s) and organic surfactants at high
temperatures have been developed, by our lab and others, for nanocrystal synthesis routes that
allow for tunable shape and size along with very narrow size distributions. Growth of the metal

oxide nanocrystals (via metal-organic decomposition and particle nucleation) is affected by

various reaction conditions such as reaction time, temperature, concentration and ratio of metal
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precursors, and organic surfactants.*>* Typically, the size of nanocrystal increases with reaction
time and concentration of metal precursors.*? Further, the shape of nanocrystal can be controlled
through the co-surfactant and organic addictive.** Additionally, an increase in the ratio of

surfactants to metal precursors promotes nanocrystal growth.*’

Classic metal oxide nanocrystal formation can be thought of through two steps; first
nucleation and then particle growth according to LaMer and Dignae (LaMer model).* Fig. 2.1
presents a generalized illustration of time dependent monomer concentration and
nucleation/growth of nanocrystals. Before nucleation, metal precursors and surfactants form
monomers (reactive feeding sources), which reaches a critical concentration (part 1). As
monomer concentration continues to increase (past the critical concentration), nucleation begins
(Part IT). In this part, metal precursor and surfactant are still forming monomers. As the reaction
proceeds, monomer concentration reaches a maximum concentration then decreases back to the
critical concentration level. Under the critical concentration, particle growth occurs. During this
stage, molecularly dissolved monomer diffuse to/at the nuclei. growing to nanocrystal until the
monomer concentration reaches an equilibrium concentration.**** During this stage, monomer
depletion can promote Ostwald ripening, whereby larger nanocrystals become larger and smaller
nanocrystals shrink.* 47 Since growth of synthesized nanocrystals is time dependent, reaction
time is crucial and often empirically informed. After the reaction is complete, nanocrystals are
stabilized hydrophobic interface of the surface based surfactants (facing outwards), as mentioned

above.
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Ccrit ---------

Solubility
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Time
Figure 2.1 The LaMer mechanism for nanocrystal nucleation and growth*

2.1.2. Iron Oxide Nanocrystal Synthesis
The iron oxide nanocrystals can be synthesized through several types of methods including

42, 48 9 0

thermal decomposition, coprecipitation,* and microemulsion.’ For monodisperse
nanocrystals, thermal decomposition methods with organic surfactants in nonpolar solvent is
widely employed.’® This method is was first developed by Rockenberger et al. using
organometallic compounds FeCups (iron N-nitrosophenylhydroxylamine) as an iron precursor.>?
Various organometallic compounds have been demonstrated as suitable iron precursors including

1, iron acetylacetonate,>* and iron chelated complexes, among others.>> Yu et

iron pentacarbony
al. developed a method for highly monodisperse iron oxide nanocrystals using iron oxy-hydrate
as an iron precursor with oleic acid as an organic surfactant.*> Park et al. separated monomer
formation step, and nanocrystal nucleation and growth step using iron salts and sodium oleate.*3
2.1.3. Manganese Oxide Nanocrystal Synthesis

Similar to iron oxides described above, monodisperse manganese oxide nanocrystals can be

precisely synthesized via thermal decomposition methods using a variety of manganese
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precursors, such as Mn2(CO)s,>® Mn(II) acetylacetonate,’” Mn(II) acetate,’® and Mn(II) formate>
with oleate acid as a surfactant. Ghosh et al. used fatty acids as a stabilizing organic agent with
Mn(II) cupferronate.®® Recently, Schladt et al. separated the monomer (Mn-oleate) formation
step using the mixture of Mn(II) chloride and sodium oleate, forming Mn-oleate at (relatively)
low temperature (58°C);®! by decomposition of Mn-oleate (monomer) at high temperature
(320°C), which resulted in exceptionally narrow size distributions of manganese oxide
nanocrystals.

2.1.4. Manganese Ferrite Nanocrystal Synthesis

Manganese ferrite nanocrystals have Mn ions in the tetrahedral or octahedral sites of the
magnetite nanocrystals, which has (inverse)spinel structure.** The replacement of iron in
magnetite can be also accomplished with transition metal ions such as Co, Zn, Ni, Cr, and AL%
Further, multiple types of substations can be accomplished results in binary, ternary, or
quaternary (and beyond) metal oxide nanocrystals.®> In our research group, Lee et al.
demonstrated that the composition of manganese ferrite is controlled by molar ratio of initial
precursors.**  Here, iron rich or manganese rich manganese ferrite nanocrystals were
demonstrated to be precisely synthesized by changing the ratio of Fe-oleate : Mn-oleate.

2.1.5. Core@shell Manganese Ferrite Nanocrystal Synthesis

Core@shell structured nanocrystals can be synthesized through a modified metal oleate
method.**  Here, the concentration of core nanocrystals should be above the critical
concentration and concentration of metal oleate for the shell structure should be below the
nucleation concentration. The chemical composition of shell structure is determined by the

initial ratio of metal monomer.



2.2. Organic Surface Functionalization

For aqueous studies, nanocrystals synthesized in organic solvents must be phase transferred,
which involves surface modification.®> In addition, this step allows for desired functionalization

66-67

for engineering applications. Here, we summarize approaches for organic-based surface

modifications, which are relevant to research within this thesis.

2.2.1 Ligand Exchange

Ligand exchange methods replace the hydrophobic (original) surfactant layer in non-polar
solvents with hydrophilic surfactants, facilitating transfer to polar solvents (water phase).*® For
example, Uyeda et al. exchanged phosphine-based hydrophobic ligands of the CdSe/ZnS
quantum dots with poly(ethylene glycols) functionalized with thioctic acid.®® Benoit et al.
demonstrated that citrate stabilized gold nano colloids can be ligand exchanged with thiol-

functionalized methylpoly(ethylene glycol).*

With thermogravimetric and total organic carbon
analysis, grafting density was found to increase with increasing the diameter of nanoparticles
when length of polymer or surfactant is equal or less than the radius of the particles.®

2.2.2 Ligand Encapsulation

In addition to ligand exchange, ligand encapsulation methods also provide a tunable strategy for
particle transfer into polar solvents (here as water).*’ The premise of the method is a bilayer
structure coating on the surface of nanocrystal. To do this, a second layer of amphiphilic
surfactant which has hydrophobic carbon chain with hydrophilic functionality head group is used
(facing outwards) to render particles hydrophilic. This structure is similar to a cell membrane in
concept. For example, Prakash et al. developed an oleic acid - oleic acid surface bilayer for the

51

stabilization of nanoscale magnetite.”’ Lee et al. synthesized oleylamine coated cerium oxide

nanocrystals, with a bilayered structure, using poly(acrylic acid), oleic acid, and



polymaleicanhydride-alt-1-octadecene.”” To date, the ideal size and yield of bilayer ligand
density is obtained under optimized ligands concentrations which have been empirically derived.
One limitation for this method is for surfactants with relatively low critical micelle concentration
(CMC)s, whereby micelles preferentially form, leading to the surfactant release from the surface

of nanocrystal(s) and thus loss of colloidal solubility.>!

2.3. Environmental Applications: Sorption and Separation

For sorption technologies, nanomaterials provide extremely large surface areas and novel
reactivity for a number of aqueous contaminants.”!””> Further, organic-inorganic hybrid nano
composites, such as organic coated nanomaterials, have gained attention as potential next
generation nanoscale sorbents as they can be molecularly tuned with multi-functionality.’*=* For
example, magnetic separation and pollutant removal can achieved via magnetic inorganic
materials which can be surface modified to further enhance sorption capacities and colloidal
stabilities.’” ¢ 7> With regard to the organically surface modification, a range of materials have
been proposed, including, clays, oil palm, charcoal, and zeolite to increase the sorption affinity
for target contaminants.”*’” Celis et al. and Lagadic et al. demonstrated that organic ligands with
thiol functional groups coated on clays are effective for heavy metal adsorption.”®”’” Nomanbhay
et al. coated oil palm-based charcoal using chitosan to remove Cr(VI) from industrial
wastewaters.”> Kumar et al. prepared hexadecyltrimethylammonium bromide and
tetramethylammonium bromide coated zeolites to increase adsorption capacities, kinetics, and
selectivity for arsenic and chromium.”

The detection and remediation of heavy metals and metalloids have received interest due
to the regulatory requirements (i.e. human health concerns) at relatively low concentrations.’2

Towards this, multifunctional organic-inorganic nano composite materials have been recently
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demonstrated and show considerable potential. Organic-inorganic nano sorbent, have been
demonstrated for a number of inorganic cores including silica as the surface can be easily
(organically) functionalized. Brown et al.,”® Yoshitake et al.,”* and Lu et al.”> functionalized
thiol, amino, and amine group on the surface of silica nanoparticle, respectively. The organically
encapsulated silica nanoparticles showed excellent adsorption performance for heavy metals
(Hg(1), Cd(II)) and metalloid (As(V)).”*> Magnetic nanoparticles were used inorganic nano-
platforms for a number of organic coating materials, including decanoic acid,’? sodium dodecyle
sulphate,”!  cetylpyridinium bromide,”® 3-mercaptopropionic acid,%®  3-mercaptopropyl
trimethoxysilane,® 3-(2-aminoethylamino) propyltrimethoxysilane,” Dithizone,*® Schiff base,®
zincon,®  Bismuthiol,®*  3-(trimethoxysilyl)-1-propantiol, ~ 2-amino-5-mercapto-1,3,4-

81 and 1,5-diphenylcarbazide.®®  Further, researchers have

thiadiazole,®> Polyethylenimine,
demonstrated effective magnetic separation with these and other materials.®-*¢°® Takafuji et al.
embedded poly(1-vinylimidazole) with a trimethoxysilyl terminal group on the nanoscale
maghemite particles to remove the Cu(Il), Ni(Il), and Co(II),”® which demonstrated selective
adsorption performance for divalent metal ions. Specific affinity for heavy metal contaminants
(Pb, Cu, Hg, Ag, Cd, Co, and Ti) was explored by Warner et al. using a series of organically
coated magnetite nanocrystals.”® Pang et al. showed that polyethylenimine grafted magnetic
porous adsorbent have a preferential sorption performance for Cu(Il), Zn(II), and Cd(II).*! Wang
et al. modified the surface of magnetite using rhodamine hydrazide and verified the excellent Hg
(IT) selectivity over other metal ions.”” Organic coating(s) also increases the colloidal stability

and thus maintains material the surface area in water.*> %-101

Yavuz et al. and Mayo et al.
showed surface area dependent arsenite and arsenate sorption using colloidal stable oleic acid

bilayer magnetite nanocrystals.!®” Yantasee et al. demonstrated that dimercaptosuccinic acid
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surface coatings on iron oxide nanocrystals increased affinity for arsenic.”” Feng et al. presented
that surfactant (ascorbic acid) on iron oxide nanocrystal not only improved dispersity of the
nanocrystal in water but also prevented dissolution of iron oxide in arsenic sorption

101

experiments. Lee et al. showed that oleyl phosphate (OP) coatings have extremely high

affinity for uranyl ions.*’

2.4 Aggregation and Deposition of Nanoparticles

In natural waters, nanoparticles have the potential to be transported, while the surface of
nanoparticles may be affected by natural organic matter (NOM) among other aqueous
constituents.!”  Further, such interactions and coatings are inevitable irrespective of the
composition and origin of nanoparticles. For this, aggregation potential typically decreases in
the presence of NOM, while reactivity, toxicity, persistence (dissolution), and fate/transport
(mobility) can also be affected.!>!% With NOM surface modification/attachment, aggregation
behaviors of nanoparticles vary and have been described by extended Derjaguin, Landau,
Verwey, and Overbeek (XDLVO) interactions including osmotic and elastic-steric repulsion
forces.!!: 2830 107110 Johnson et al. demonstrated that stability of nano zero valent iron (nZVI)
significantly increased in the presence of NOM as NOM adsorbed on the surface of nZVI
reducing the attachment coefficient.!®® Pelley and Tufenkji showed that Suwannee River humic
acid (SRHA) encapsulated latex NPs, lowering attachment efficiency due to steric
stabilization.'”” Hyung et al. demonstrated that multi-welled carbon nanotubes were colloidally
stable in the presence of NOM.!!°

Organic coatings also play an important role in the deposition of nanoparticles. Franchi
and O’Melia demonstrated that humic acid reduced deposition of latex colloids and enhanced re-

entrainment of deposited particles at secondary minima, which are (more) susceptible to flow
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1

dynamics.!!! Phenrat et al. developed an attachment efficiency model equation for organic

matter encapsulated nanoparticles; the model equates increasing attachment efficiencies with

112

increasing flow velocity, '“ which was different than previous model frameworks (in the absence

of NOM) developed by Elimelech,''® and Bai and Tien.!'*!!

2.4.1. Particle Interaction Energies

Interaction energies for classic particle aggregation was developed by Derjaguin, Landau,
Verwey, and Overbeek (DLVO), whereby two kinds of energies are considered; van der Waals
(vdW) attraction and electrical double layer (EDL) repulsion,''® which are taken together as a
summation of interactions. Since, additional energies having also be considered for soft
materials as part of extend DLVO (XDLVO) energy consideration. With organic coatings, the

role of XDLVO energy of nanoparticles can be significant.*®

van der Waals Interaction
The vdW interactions originate from the dispersion forces between atoms (here constituting

particles).!!” Dispersion interactions is divided by three different types; Debye interactions,
Keesom interactions, and London interactions.''® The vdW interaction is not always attractive.
For example, carbon-water-Teflon system and carbon-butanol-Teflon systems actually have net
vdW repulsion.'’” However, most of vdW interactions in aqueous phase is attraction. There are
two different approaches for describing vdW attractive forces. One is Hamaker’s microscopic
approach and the other is Lifshitz’s macroscopic approach. The Hamaker approach is based on
the pair wise summation of inter molecular interactions.'? Hamaker expressed vdW intraction
by summing the all of interactions of molecules in one particle with all of the molecules in the
other particle. This approach can thus express vdW interaction as a simple equation, which is

composed of Hamaker constant with appropriate geometries in the equation. The dispersion
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force is electromagnetic which requires a finite time to travel in the medium. This results in
decrease of vdW interaction that is referred retardation. Hamaker's approach is needed to correct
the retardation.””!  Gregory made simple empirical factor for ideal spherical particles.'?
However, this simple correlation factor is inaccurate for long separation distances. vdW
interaction, however, is negligible at long separation distance. Lifshitz expressed the vdW
interaction based on the quantum electrodynamics which implicitly accounts for retardation
effects.!”®  Since Lifshitz’s macroscopic approach is mathematically limited (complicated),

Hamaker’s approach is widely used for practical purposes.'!®

Electric Double Layer Interactions
EDL interactions originate from overlap of geometrically opposed electrical double layers.'>*

The magnitude of EDL interaction is depended on thickness of diffuse layer (Debye screening
length), which is reciprocal of the Debye-Hiickel parameter.!”® Debye-Hiickel parameter
increases with increasing ionic strength and valence of ions, and vice versa. Thus, EDL
interactions are effectively reduced as the ionic strength and valence of ions increase.!?®

Various expressions for EDL interaction energies have been developed based on several
assumptions. Gouy-Chapman developed EDL model based on the four assumptions 1) infinite,
flat and impenetrable interface 2) ions are point charges (no volume) 3) the surface charge and
potential are uniformly smeared out over the surface 4) the properties of medium is constant.'?’
These assumptions give charge density and potential relationship (Poission equation). The
distribution of anions and cations is derived and expressed on the assumption of zero gradient of
the electrochemical potential (Boltzmann equation).'”® The combined Poission-Boltzmann
equation can be simplified by a Taylor series expansion when electrolyte solution considered

with symmetrical electrolytes (Z-Z).'%
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The Stern-Grahame model applies finite size of ions of the solution to overcome the draw
backs of Gouy-Chapman model."**!3! The main refinements of Stern-Grahame models affect
short range potentials (ca. within 0.3 nm from the surface).!!”” In the Stern-Grahame model,
electrostatic double layer consists of Stern and diffuse (Gouy) layers. The Stern layer is divided
by the inner Helmholtz layer (inner sphere complex) and outer Helmholtz layer (outer sphere
complex). The difference of inner and outer Helmholtz layer is hydration of adsorbed ions — un-

130-131" In addition, the Stern-Grahame model

hydrated ions occupy the Inner Helmholtz layer.
incorporates variation of dielectric permittivities. The permittivity of medium can significantly
decrease at a charged surface due to (high) field strengths. The values of relative permittivity of
water at diffuse layer, outer and inner Helmholtz layer are 78, 32 and 6, respectively.

The surface potential is not usually directly measurable and changes via overlapping EDL.
Thus, boundary condition of both Gouy-Chapman and Stern-Grahame model approaches are
limited.!**!33 To overcome this limitation, three different approximations have been developed.

) 134

First assumption is the constant potential assumption (CPA In this assumption, surface

potential remains constant but surface charge changes when EDL is overlapped. Second

assumption is the constant surface charge assumption (CCA),'*

whereby the surface charge
remains constant but surface potential is changed (dynamic). These two assumptions are
extreme cases that lead overestimation (CCA) and underestimation (CPA). To overcome
drawbacks of CCA and CPA, linear superposition approximations (LSA) were developed.'3®
These approximations are useful compromises between CCA and CPA by calculation total

potential as sum of each potential of surfaces. The LSA shows intermediate value between CCA

and CPA at short separation (< 3 nm).'"’

Born Repulsion
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Born repulsion is originated from the strong repulsive force between atoms due to

137

interpenetration of their electron shells. Lennard-Jones m-n potential is widely used to

consider the born repulsion.!*® In water phase, born repulsion is not typically considered due to

the hydration of surface and inherently low momentum scenarios.'"”

Hydration Effects
The hydration effects originate from the hydration of ions and surface(s) of materials. The

hydration effect is typically a repulsive force. For approaching materials, release of water
molecules is necessary, meaning that additional energy is required.'* Generally, the range of
hydration effect on is 3 - 4 nm. The hydration effect is significant at high ionic strength

conditions.'"’

Hydrophobic (Lewis acid-base) Attraction
Truly hydrophobic surfaces having no polar, ionic group, or hydrogen binding sites which

effectively lower favorable interactions with water molecules.'*® In contrast with other extended
DLVO interaction, hydrophobic attraction is a long range interaction (up to 80 nm) and decays
exponentially at a separation rage from 20 to 60 nm.!"” Hydrophobic materials, such as Ceo or

carbon nanotube (CNT), have a strong hydrophobic interaction, resulting in aggregation.

Magnetic Attraction
Under ambient conditions, relevant magnetic properties are typically found for transition metals

and metal oxides.!#!

For example, zero-valent iron and magnetite materials have long range
magnetic attraction that induces rapid aggregation.'**'4> However, research regarding magnetic
attraction with regard to aggregation at the nanoscale is unclear. Only a few experimental

observations have been reported considering magnetic attraction (in the case of zero-valent

iron).'#
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Elastic-Steric Repulsion

The elastic-steric repulsion is originated from the ‘soft’ surface coatings, typically organic.?® 43

When organic coated particles interact, organic coating layer can actually overlap (interpenetrate)

each other and compresses the organic layer.!*® The elastic-steric repulsion is a kind of physical

hindrance, effecting only below the range of organic coating layer length. 143

Osmotic repulsion
The concept of osmotic pressure differences between bulk solution and interfacial layers was

147

first reported by Langmuir.”®” With organic coating, the surface of organic coated particle has

low osmotic pressure compared to the osmotic pressure of the bulk solution. The osmotic
pressure difference leads to transport of water molecules from low to high osmotic pressure
points, resulting in osmotic pressure repulsion.'*® The range of osmotic repulsion is typically

considered as ca. two times of the length of organic coating layer.>% 143

2.4.2. Aggregation of Nanoparticles

Interaction Energy for Aggregation
To describe the interaction energy for particle aggregation, sphere-sphere geometrical factor was

 Derjaguin assumes that radius of approaching particle is large

developed by Derjaguin.'*
enough with separation distance. Using the Chord theorem, plate-plate interaction can be

changed to sphere-sphere interaction with simple geometric factor.!'>

Collision Theory for Aggregation
Particle collision theory is based on the Smoluchowski’s (1917) approach with two

assumptions. !

One is that aggregation is a second order reaction and the other is only two
colliding species aggregation (i.e. three or higher body collisions are neglect). There are three

different collision mechanisms: (1) Brownian diffusion (perikinetic aggregation), (2) fluid

motion (orthokinetic aggregation), and (3) differential settling. Nanoparticles are randomly
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move via Brownian motion, resulting in perikinetic aggregation behavior. Also, nanoparticles
aggregate under stirring condition by fluid motion (high sheer force) leading to orthokinetic
aggregation. Differential sedimentation happens when settling velocity of nanoparticles is

different relative to each other.'>?

Attachment Efficiency for Aggregation
Every event approach does not result in successful particle-particle attachment when there is an

effective energy barrier between nanoparticles. Thus, attachment efficiency concept is applied.
The stability ratio (W) is used can be determined by dividing fast aggregation rate constant (100%
favorable) with the observed aggregation rate constant. The reciprocal of stability ratio is

attachment efficiency (Equation 2.1).!%

W = fvfast _ 1 (Equation 2.1)

kiistow @
Where, kiifast and kiisow are fast and slow aggregation rate constants for very early stage of
aggregation, respectively. Generally, stability of nanoparticles is reduced with increasing ionic
strength, finally reaching the critical coagulation concentration (CCC) which the minimum ionic
strength for reaching an attachment efficiency of one. Above the CCC (referred to as diffusion
(transport) limited zone), attachment efficiency is nearly constant regardless of ionic strength.
On the other hand, below the CCC (called the reaction limited zone), attachment efficiency is a

function of ionic strength.!>*

2.4.3. Deposition of Nanoparticles

Interaction Energy for Deposition
For deposition processes, sphere-sphere interactions can be reconsidered as plate-sphere

interactions by defining the radius of one of colloidal particle is infinite.!"’
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Colloidal Filtration Theory
Colloid filtration theory, expanded from collision theory (above), is widely used for describing

transport of particles in saturated porous media (i.e. model groundwater flow) was originally

developed by Yao et al. (Equation 2.2).!%

Ce _ _
o exp(

3(1-6)
2 d

nNoal) (Equation 2.2)

Where, d. is the diameter of the sand, 0 is the porosity of the sand, L is the length of column, ¢ is
the porosity of the sand, Ce and Co are the effluent and influent concentrations of particles,
respectively. And no is the single collector efficiency, which represents ratio of the rate particles
strike a collector to the rate particles flow toward the collector. This relationship was derived
based on the assumption that porous media is an assemblage of isolated spheres. Further, Yao et
al. developed the single collector efficiency by considering main three different transport term;
diffusion, interception, and sedimentation. However, single collector efficiency developed by
Yao et al. has been observed to have discrepancies with regard to experimental data. To
overcome this difference, Rajagopalan and Tien adapted pore space geometry, called Happel’s

156-157

sphere-in-cell model (Happel, 1958), in the diffusion term. They modified the single

collector efficiency by considering an additional dimensionless term, which is related to the
London-van der Walls attraction forces of particles.!>” Tufenkji and Elimelech further modified
and improved the Rajagopalan and Tien equation by considering van der Waals number

characterizing ratio of van der Waals interaction energy to the thermal energy of particle.!*®

Attachment Efficiency for Deposition
Attachment (collision) efficiency for deposition of nanoparticles is defined as the ratio of the

actual deposition rate to the deposition rate under favorable condition (absence of the energy

159

barrier). Prediction models for attachment efficiency has been explored by a number of
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groups, including Elimelech’s.!®® He considers electrostatic double layer (EDL) repulsion, (i.e.,
Debye parameter, electrical surface potential) and van der Waals attraction (i.e., Hamaker
constant).  Attachment efficiency of this model is constant regardless of fluid velocity.
Hydrodynamic interactions can affect the release of attached nanoparticles and the torque applied
to the particles, which includes lift and drag forces. In case of the nanoparticle, the lifting force
is negligible comparing to the drag force. Thus torque applied to the nanoparticle is governed by
drag force.!'”> Bai and Tien also proposed a predictive framework for attachment efficiency.''*
15 They considered the effects of hydrodynamic interaction via London number. In the Bain ad
Tien prediction, attachment efficiency decreases as a function of fluid velocity due to release of
detached nanoparticle via hydrodynamic interactions. Recently, Phenrat et al. developed
attachment efficiency equation when particles were coated with organic matter or polymer.'!?
Phenrat et al. added dimensionless layer-electrokinetic parameter, considering effect of organic
matter. This empirical model presents increasing attachment efficiency with increasing flow

velocities.

2.5 Forward Osmosis
2.5.1. History of Draw Solutes

Development of ideal draw solutes is a significant issue for feasible application of forward
osmosis (FO) systems for water treatment. Ideal draw solutions should be highly soluble, non

toxic, and non reactive with the separating membrane.'®!

Cost effectiveness is also primary
factor for selecting an ideal draw solute as well. In addition, a draw solute properties should

limit of reverse diffusion, which promotes not only loss of draw solute but also significant water

flux decline due to the concentration polarization.'®?
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Historically, four different types of draw solute have been developed and applied as a
potential draw solution.'®® The first draw solute type is a gas (with volatile compounds), such as

ammonia and carbon dioxide,'®* sulfur dioxide,'> mixture of sulfur dioxide and aliphatic

166 167 68

alcohols,'®® ammonium bicarbonate,'®’ and mixtures of carbon dioxide and tertiary amines.!
The gas and volatile compounds can be removed and regenerated by heating and/or air stripping,
but these systems are expensive to install and operation cost is inefficient.!®3 In addition, reverse
diffusion is inevitable due to the small molecular weight of gas and volatile compounds.'® The
second draw solute type is inorganic salts dissolved in water. Sodium chloride (NaCl) is widely

used as a draw solute because of its high solubility and osmotic pressure.!”%!172

However,
sodium chloride (NaCl) has been used for only purpose of specific research such as evaluation of
FO membrane performance,!”® and comparing the fouling!”' and rejection!”? behaviors between
reverse osmosis (RO) and FO system. For the possible inorganic draw solute, precipitable salt
(aluminum sulfate) was suggested by Frank (1972).!7® The salt removal by precipitation requires
several complex processes. Early 2010, divalent ion salts, such as CaClz, MaClz, MgSOs4, and
NaxSO4 were proposed.'”  For these it was proposed that divalent cation salts have enough
osmotic pressure and solubility. Additionally, divalent cation salts can be reusable via using
ultrafiltration (UF) and/or nanofiltration (NF). Comparing to the monovalent cation, reverse
diffusion of divalent cation in FO system is low, however small amount of divalent cation leads
to significant fouling at the membrane surface.!”

The third draw solute type is organic solutes, such as ethylenediaminetetraacetic acid
(EDTA) sodium salts,'”® poly (aspartic acid sodium salt) (PAspNa),'”” and dendrimers.!”® Due to

their large molecular sizes, reverse diffusion is limited and recovery of organic solute can be

achieved by UF and/or NF. Also, as a part of organic draw solute, non toxic, green draw solutes
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(i.e. glucose, sucrose, or fructose) was proposed,'”!#! and commercially applied in U.S army!'®?

183

and National Aeronautics and Space Administration (NASA). The last draw solute type is

nanoparticle suspensions. A major advantage for NP suspensions is that the reverse diffusion of

6 Several nanomaterials have been

nano sized materials is negligible due to their size.!
developed and suggested such as hydrophilic nanoparticles'®* and citrate-coated carbon quantum
dots.!8>  The nano draw solute could be separated and regenerated by UF or membrane
distillation (MD).

As an alternative method for draw solute recovery system (and fouling management),
magnetic separation has been recently gained attraction.'®® Among the magnetic nanoparticles
(MNPs), iron oxide nanocrystals (IONCs),, are promising due to its environmentally input

8 cost, and relatively low toxicity property.'®”  Consequently, iron oxide

abundance,!
nanoparticles have been suggested and applied as a draw solute; however, while magnetic
separation was achieved, severe aggregation leads to significant flux decline. To overcome
aggregation of IONCs, organic coated IONCs have been proposed. An organic surface coating
provides osmotic and elastic-steric repulsion as well as electrostatic double layer (EDL)
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repulsion. Triethylene glycol,'1% polyacrylic acid,*® poly sodium acrylate,'*® poly(N-

194 and poly(ethylene glycol)diacid!®

isopropylacrylamide),'®! polyglycerol,'*? dextran,!*? citrate,
were used as coating agents. Comparing to the non-coated IONCs, organic functionalized

IONCs showed higher colloidal stability; however, eventual aggregation and IONCs adsorption

on membrane surface still decreased the water flux.
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Chapter 3: Engineered Superparamagnetic
Nanomaterials for Arsenic (V) and
Chromium (VI) Sorption and Separation:
Quantifying the Role of Organic Surface
Coatings

*Published in Environmental Science: Nano 2018, 5 (2), 556-563'%¢

3.1. Overview

Inorganic-organic nanoscale materials have recently received significant interest as tunable, next
generation, sorbents for the separation of metal and metalloid contaminants, including arsenic
(As) and chromium (Cr), among others. In this work, we have designed and synthesized IONCs
coated with specific functionalized organic materials with the goal of variable explicit evaluation.
Specifically, single domain, superparamagnetic, monodisperse IONCs were synthesized and
transferred into water via surface functionalization by ligand exchange and encapsulation
methods. As synthesized, hybrid materials showed high performance for both As(V) and Cr(VI)
sorption when nanocrystals are coated with positively charged organic surface coatings such as,
polyethyleneimine (PEI) and cetyltrimethylammonium bromide (CTAB). IONC cores coated
with negatively charged organic coating materials (polyethyleneglycol (PEG), oleic acid (OA),
sodium dodecyl sulfate (SDS)) and silica (SiO2) demonstrated significantly lower sorption
capacities. When silica coated IONCs (Fe304@Si0z, core-shell materials) were surface coated
with PEI, sorption capacities for As(V) and Cr(VI) of Fe:O4@SiO2@PEI are comparable to

Fe304@PEI, underscoring the importance of surface coating functionality. To complement these
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studies, real-time sorption behavior of As(V) and Cr(VI) with PEI was explored by quartz crystal

microbalance with dissipation (QCM-D).

3.2. Introduction

U.S. drinking water regulations require treated water to meet metals/metalloid standards,
including arsenic and chromium. To meet these standards, a number of techniques are applied,

197-201 In line

such as membrane filtration, ion exchange, sorption, and photocatalytic reduction.
with rapid expansion and application of material science and nanoscale engineering over the last
few decades, water treatment technologies have experienced significant advancements.”!"’> With
regard to nanoscale materials specifically designed for the sorption, and thus removal, of
dissolved inorganic contaminants, a number of materials have been proposed and demonstrated,
including engineered carbon-, mineral-, metal-, metal oxide-, and polymeric-based structures.’”
202-206 For metal oxide-based technologies, iron oxides have been the most heavily evaluated for
the treatment of metals and metalloids, including arsenic and chromium due to magnetic
properties for separation and high affinity for sorption.?’’?!® Generally, inorganic (metal- and
metal oxide-) based sorbents have rigid core structures with controllable geometries and surface-
based organic coatings with tunable functional groups for selective contaminant affinity and

aqueous stability, among other desired properties.?3-

Surface coated materials provide large
(extended) surface areas as well as improved colloidal stability of the nanocrystals (NCs) in
water. To date, the majority of previous reports have demonstrated negatively charged surfactant
coated inorganic composite materials.”® 1! As an example, Yavuz et al. showed surface area
dependent arsenite and arsenate sorption using colloidal stable oleic acid bilayer IONCs.!® Feng

et al. reported that surface coating agents (e.g. ascorbic acid) not only improved stability of the

nanocrystal(NC) in water but also hindered dissolution of the iron oxide nanocrystal (IONC)
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core during As(III) and As(V) sorption.!’! Yantasee et al. demonstrated that dimercaptosuccinic
acid surface coatings on IONCs increased affinities for metals and metalloids (Hg (II), Ag (I), Pb
(I1), Cd (1I), and As (I1I1)).” Warner et al. reported excellent heavy metal sorption performance
with a series of ligand-based surface functionalization of IONCs.”® Despite these reports, the
role of organic surfactant is still largely unclear from a mechanistic perspective; there is currently
a direct need for a systematic approach in terms of surface structure/species, charge, grafting
density, and solution pH, allowing for the deconvolution and ultimate optimization of key
material properties.

In this work, we describe the critical role of organic surface coatings with regard to the
sorption of As(V) and Cr(VI) by iron oxide nanocrystals (IONCs) core materials. For this we
quantitatively explored the role’s core particle size, ligand density, and modified surface
chemistries. Positively charged, amine-based, surface coated IONCs (IONCs coated with
polyethyleneimine (Fe3O4@PEI) and cetyltrimethylammonium bromide (Fe3O4@CTAB))
demonstrate high sorption capacities compared with negatively charged and control surfaces
(with no organic surface coating). As(V) and Cr(VI) sorption properties for the PEI coated
nanocrystal system were further explored using silica coated iron oxide (Fe3O4@Si02) materials
to delineate the role(s) of PEI vs. core surface processes. Finally, fast and irreversible As(V) and
Cr(VI) sorption behaviors (kinetics and extent) for PEI coatings were explored using a novel

quartz crystal microbalance-based technique.

3.3. Results and discussion

3.3.1. Synthesis and Surface Functionalization of Iron Oxide Nanocrystals
Monodisperse IONCs were synthesized via iron carboxylate decomposition in the presence of

oleic acid at 320 °C.**»2!! The size and shape of IONCs, as measured by TEM, were precisely
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controlled through the ratio of iron precursor (FEOOH) to oleic acid (OA), concentration of the
mixture of FEOOH and OA; and/or reaction time (Figure 3.1, Figure 3.S1 in the supporting
information) - resulting in a library of spherical particles with diameters from 8 to 25 nm.?!? Size
distributions are presented in Figure 3.S2 in the supporting information. Resulting NCs were
highly stable without visible precipitation in hexane for over one year. As shown in Figure 3.2

(a), the crystalline structure of synthesized IONCs matches magnetite (Fe3O4) (JCPDS Card #

190629), which is consistent with previous reports by our group and others.'%% 213

Figure 3.1 TEM images of monodisperse iron oxide (Fe3O4) NCs. Average diameter of Fe3Oa
NCs was measured using Image-Pro 6.0 with over a thousand crystals counted; (a) 7.9 + 0.9 nm,
(b) 123+ 1.0 nm, (c) 18.7 £ 1.0 nm, (d) 24.8 £ 1.4 nm. (e) Silica coated 7.9 nm IONCs.

Synthesized iron oxides were phase transferred from organic solvent into water through
both ligand encapsulation and exchange methods.®> 2!* Simple addition of hydrophilic
polymer(s), such as polyethylenimine (PEI) and polyethylene glycol (PEG) to the IONC in

hexane replaces the surface associated hydrophobic organic acid (here as oleic acid), resulting in

26



a single layered structure on the surface of the NC (termed ligand exchange). For ligand addition
methods, the hydrophobic tail of the secondary ligand interacts with the first layer’s hydrophobic
tail (here as oleic acid), to effectively form a bilayer coating.® Bilayer structures were
systematically varied with varied outer layers (hydrophilic region facing outward) including,
oleic acid (OA), cetyltrimethylammonium bromide (CTAB), and sodium dodecyl sulfate
(SDS).# 5! For both ligand encapsulation and exchange methods, IONCs, synthesized in an
organic solvent were successfully phase transferred from organic solvent to water with >70%
phase transfer efficiency.

Phase transferred NCs were characterized by dynamic light scatter (DLS) to measure
hydrodynamic diameter (Dn) and surface zeta potential. As shown in Figure 3.2 (b), Du of the
bilayer structure of IONC (coated with CTAB, OA, and SDS) is smaller than that of monolayer
IONC:s (coated with PEG and PEI); Du for CTAB, OA, SDS, PEG (MW = 2000) and PEI (MW
=25000) coated IONC were 26.2, 24.7, 24.4, 34.5 and 45.3 nm, respectively. Additionally, Du
of NCs increased as a function of IONC size (when the NC was treated with the same surface
stabilizer); Du of 8, 12, 19 and 25 nm IONC coated with CTAB was 22.7, 26.2, 31.4 and 33.8
nm, respectively. Surface charge of the phase transferred IONC was observed via zeta potential
measurement, shown in Figure 3.2 (c). CTAB, OA, SDS, PEG and PEI coated IONC had zeta
potentials of 26.7, -29.6, -31.2, -5.6 and 39.1 mV, respectively. The (inorganic) core size of
IONC did not significantly affect the surface charge when IONC was coated with the same
surface stabilizer (CTAB); zeta potential values were 28.7, 26.7, 29.0 and 30.1 mV for the 8, 12,
19 and 25 nm IONC coated with CTAB (Figure 3.2 (c)).

Figure 3.2 (d) shows the number of organic molecules per nanocrystal (NC) as measured

by total organic carbon (TOC). For 12 nm IONCs, surfactant loadings for CTAB, OA, SDS,
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PEG and PEI were ca. 4,600, 7,100, 6,900, 3,100 and 200 molecules per NC, respectively. As
expected, larger molecular weight surface stabilizers, such as PEG and PEI, have higher
associated mass (normalized to particle surface area) than ligands encapsulation materials, such
as OA, SDS, and CTAB (Table 3.S1). Interestingly, surfactant loading increased with the size of
IONC, when stabilized with the same surface coating (CTAB); surfactant loadings on 8, 12, 19
and 25 nm IONC were ca. 800, 4,600, 26,400 and 102,600 molecules per NC, respectively. We
hypothesize that as the core NC size is increased a more dense surfactant (CTBA) layer is
allowed based on relaxed steric hindrance (relatively less core curvature), as observed by
others.?!*21> Additionally, van der Waals attraction energy is proportional to size of NCs, thus

larger particles may require thicker organic loading.® '’
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Figure 3.2 Characterization of the engineered iron oxide (Fe3O4) coated with various surface
stabilizers. (a) X-ray diffraction (XRD) data of Fe3Os4 NCs and silica coated Fe3Os4 NCs
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(Fes04@Si102). Diffraction patterns were well matched with magnetite (FesO4) crystalline
structure (JCPDS Card # 190629) and broad XRD patterns (20° to 30°) of silica coated magnetite
NCs indicate that the silica shell was amorphous. (b-d) Water disperse magnetite NCs were
characterized. 12 nm magnetite NCs were functionalized with series of surfactant (cetyl
trimethylammonium bromide (CTAB), oleic acid (OA), sodium dodecyl sulfate (SDS),
polyethylene glycol (PEG) and polyethylenimine (PEI)) and four different sized, Fe3O4 NCs
were stabilized with CTAB; (b) hydrodynamic diameters at pH 7, (c) zeta potential at pH 7, (d)
number of organic molecules loaded on the NC surface.

3.3.2. Discerning the Roles of Surface Functional Group and Size of Iron

Oxide Nanocrystals as Sorbents
Pentavalent arsenic (As(V)) and hexavalent chromium (Cr(VI)) largely exist as anions over a

wide range of pH (above pH 2.2),°'° and are thus expected to preferentially associate with
oppositely charged (positively) surfaces. Functional group dependent As(V) and Cr(VI) sorption
was evaluated at pH 7 using IONC stabilized with various surface stabilizers including, OA with
a negatively charged carboxyl ending, SDS with a negatively charged, sulfate terminal group,
PEG with hydroxyl functional groups within the polymer chain, CTAB with a positively charged
methyl ammonium terminal group, and PEI with amine functional groups (primary, secondary
and tertiary amines). Dominant species for As(V) and Cr(VI) at pH7 are H2AsO4", HAsO4* and
CrO4%, respectively.?!¢2!7  As shown in Figure 3.3, net positively charged IONC stabilized by
PEI and CTAB (FesOs@PEI and Fe3Os@CTAB) showed significantly enhanced sorption
performance compared to negatively charged nanocrystals coated with OA, SDS, and PEG. The
maximum sorption capacity towards As(V) and Cr(VI) was 98 + 9.0 mg As ¢! NC! and 154 +
8.9 mg Cr g'! NC! for Fe304@PEI, and 44 + 2.8 mg As g! NC! and 103 + 4.6 mg Cr g'' NC!
for Fe304@CTAB. In contrast, negatively charged NCs had considerably lower sorption affinity
for both As(V) and Cr(VI) - sorption capacity values for OA, SDS and PEG coated NCs
(Fe304@OA, Fes0s@SDS, and FesO4@PEG) were below 14 mg As g! NC!' and 30 mg Cr g!
NC-!. The colloidal stability did not significantly affect the sorption performance as all of the
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NCs maintained their initial hydrodynamic diameters except for FesO4@OA (Figure 3.S3 in the
supporting information). Similar to others, we speculate that amine groups at the surface for PEI
and CTAB coatings are key binding sites for anionic As(V) and Cr(VI).2!8-21 Interestingly, there
was little difference in sorption efficiency between Fe3O4@PEI and Fe;O4@CTAB despite the
fact that FesO4@PEI has over 25 times more amine groups than FesO4@CTAB, implicating the
role of steric hindrance, which is likely related to the internally branched structure of PEI, for
these sorption processes (FesOs@PEI had an average of ca. 118,500 amine groups per NC while

Fe304@CTAB averaged ca. 4,500 amine groups per NC).?%°
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Figure 3.3 Arsenic (a) and chromium (b) sorption isotherm on 12 nm Fe30s NCs coated with
positively charged surface stabilizer (PEI (red) and CTAB (blue)) as well as negatively charged
organic coating (OA (green), SDS (purple) and PEG (black)). Dot plots with error bars and line
plots present experiment measurement values with standard deviations and Langmuir isotherm
fittings, respectively.
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Nanocrystal size was also considered as a key material variable for sorption performance.
Here, four different sizes of IONC (8, 12, 19 and 25 nm), coated with CTAB, were evaluated for
As(V) and Cr(VI) sorption at pH 7. Considering the standard deviations of the maximum
sorption densities, sorption performance similar for all sizes evaluated (Figure 3.4). The
maximum sorption density for 8, 12, 19 and 25 nm IONC was 56 + 3.3, 44 + 2.8, 45 + 2.8 and 43
+ 1.9 mg g! NC!, respectively for As(V) and 96 £ 7.0, 103 £ 4.6, 97 + 7.7 and 90 £ 2.2 mg g
NC-!, respectively for Cr(VI). This is likely due to an effective tradeoff due to higher mass
loading of CTAB per surface area for larger particles. In other words, the surface area advantage
of smaller particles is negated due to lower sorption densities of functional ligands. The number
of CTAB molecules of 25 nm Fe304@CTAB per NC was >100 times more than that of 8§ nm
Fe304@CTAB per NC (Table 3.S1 in the supporting information). Interestingly, the sorption
capacity per number of amine groups actually decreased when size of NCs was increased,
indicating an eventual maximum sorbate density per surface area, where additional amine

221 Sorption capacities per surface area and per

functional groups are not sterically available.
number of amine group as a function of size of NCs were presented in Figure 3.S4 and Table

3.S2 in the supporting information.
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Figure 3.4 Arsenic (a) and chromium (b) sorption isotherm on four different sized (8 nm (green),
12 nm (blue), 19 nm (red) and 25 nm (yellow)) Fe304 NCs coated with the same surface
stabilizer (CTAB)

3.3.3. Delineating the Role of Surface Coating(s) vs. Particle Surface
As(V) and Cr(VI) sorption performances were evaluated using silica coated iron oxide with

(Fe3s04@Si102@PEI) and without (Fe304@SiO2) PEIL.  Fe304@SiO2 NCs were designed to
evaluate the role of organic surface coating (PEI) by inhibiting sorption and reduction of
contaminants on/at the surface of magnetite NCs. Resulting Fe3sO4@SiO2 NCs were observed to
be monodisperse in water at pH 7. Figure 3.1 (e) shows silica coatings on the surface of Fe3O4
with uniform coating thickness of ca. 2 nm for 8 nm IONC cores. As shown in Figure 3.2 (a), an
amorphous phase silica coating on IONC was observed with a broad XRD response from 20° to
30°.222 Additionally, Fe304@SiO2 was also functionalized with PEI encapsulation by favorable

(electrostatic) interaction between hydroxyl groups of silica and amine groups of PEL.
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Figure 3.5 Arsenic (a) and chromium (b) sorption isotherm on PEI and silica coated 8 nm Fe3O4
NCs (Fe;04@SiO2@PEI 25K, red), silica coated 8nm Fe3Os NCs (FesOs@SiO2, green),
commercial iron oxide NCs (commercial Fe3O4, blue) and 22 nm silica NCs (SiOz, yellow).

The role of surface coating on sorption for As(V) and Cr(VI) was evaluated using
Fe304@Si02 and Fe3;04@SiO2@PEI via batch sorption isotherms (pH 7). As shown in Figure
3.5, sorption capacity of 8§ nm Fe304@SiO2 for As(V) and Cr(VI) was relatively low (1.0 £ 0.1
mg As g' NC! and 1.4 £ 0.4 mg Cr g' NC) due to surface passivation of IONC by silica
coating (maximum sorption capacity of nanocrystalline SiO2 (d = 22 nm) for As(V) and Cr(VI)
was 0.4 = 0.1 mg As g' NC! and 1.2 £ 0.2 mg Cr g' NC). SiO2 coating on IONC also
prevented the surface redox reactions at the surface of the IONC as shown by XPS analysis
(Figure 3.S5 in the supporting information). Fe(II) composition of 8 nm Fe3Os@SiO2 was
consistent before and after As(V) and Cr(VI) sorption; the ratio of Fe (II) before sorption and
after As(V) and Cr(VI) sorption was 13.7, 13.0 and 12.8%, respectively. In contrast, the sorption
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capacity of 8 nm Fe3Os@SiO2@PEI is dramatically enhanced to 68 + 4.3 mg As g! NC! and
143 £ 2.1 mg Cr g'! NC!, although IONC was covered with a silica coating. This implicates
positively charged polyethylenimine (PEI) coatings as primary sorption sites (via amine groups)
for anion sorbates.

The role of pH was explored for As(V) and Cr(VI) sorption with 12 nm Fe3;O4@PEI at
pH 5.6, 7.0, 8.5, and 11.5. For these, 12 nm Fe3Os@PEI particles were chosen based on high
sorption capacities (Figure 3.3). pH affects not only sorbate speciation (As(V) and Cr(VI)) but
also particle surface charge. As(V) has three acid dissociation constants (pka: 2.2, 7.0 and
11.5);*'® As(V) becomes a monovalent anion (H2AsO4") or a divalent anion (HAsO4%) in near pH
7. Cr(VI) is also a weak acid;?!” the monovalent anion (HCrO«) is the dominant chemical form
in weak acid and chromate becomes a divalent anion (CrO4>") above pH 6.5.

As shown in Figure 3.S6 in the supporting information, zeta potential and hydrodynamic
diameters of 12 nm Fe3O4@PEI were measured over a wide range of pH (from 3.8 to 12.2). Zeta
potential decreases with increasing pH to 11.5, which was close to point of zero charge (PZC) of
12 nm Fe3O4@PEIL. NCs maintained their initial size at the PZC point due to steric repulsion of
PEI coatings. As shown in Figure 3.6, the highest sorption was found at pH 5.6 for As(V) (154 +
2.0 mg g'! NC) and at 7.0 for Cr(VI) (154 + 8.9 mg g'! NC!). The lowest sorption capacity of
19+ 2.7 mg As g NC! and 25 + 3.3 mg Cr g'! NC! was observed at pH 11.5. The maximum
sorption capacity increased with decreasing solution pH; only Cr(VI) sorption at pH 7 (154 £ 8.9

mg g'! NC!) was slightly higher than at pH 5.6 (147 + 14.3 mg g'' NC™).
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Figure 3.6 pH dependent As(V) and Cr(VI) sorption. Arsenic (a) and chromium (b) sorption
isotherm on 12 nm iron oxide NCs coated with PEI (12 nm Fe3;O4@PEI 25K) were investigated
as a function of pH (5.6 (blue), 7.0 (red), 8.5 (green) and 11.5 (purple)).

3.3.4. Real Time Analysis of Arsenate and Chromate Sorption on PEI
To quantify real time As(V) and Cr(VI) interfacial processes, sorption and desorption

phenomenon were investigated using quartz crystal microbalance with dissipation monitoring
(QCM-D). For these studies, real time frequency shifts, as a result of deposition (i.e. resonance
dampening) has a linear relationship with the deposited total mass according to the Sauerbrey

relationship®** (Equation (3.1)).

Am = — ¥ (Equation 3.1)

n

Here, m is the total deposited mass on the sensor surface, C is the quartz sensor constant, Fn is

the shift in resonance frequency and n is the resonance number (1, 3, 5, 7, 11 and 13).
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As shown in Figure 3.S7 in the supporting information, PEI coated sensors were prepared
using a surface grafting method, as described by others.??* Upon introducing the PEI solution,
the frequency shifted from 0 to ca. -63 Hz (after 1 to 3 min), which includes the PEI deposited
mass as well as the viscosity difference between DI water (background) and the PEI solution.
Sensors were saturated with PEI (solution) for 20 min and then subsequently washed with DI
water (pH 7) to rinse and eliminate any weakly (loosely) associated PEI. Figure 3.S8 in the
supporting information shows real time frequency and dissipation (n=3, 5 and 7) shifts of PEI on
sensor surfaces at pH 7.0 and 11.5; the pH was changed every 20 min for six times. As pH
increased from 7.0 to 11.5, the frequency increased (decreasing dissipation) and then decreased
(increasing dissipation) with decreasing pH from 11.5 to 7.0. Such behavior indicates that PEI
polymer coatings lose mass at pH 11.5, which is a result of water molecules adsorbing to the
positively charged PEI polymer. Whereas, at pH 11.5 (point of zero charge), associated water
molecules are released from the PEI via charge neutralization and thus the observed mass
decrease (Figure 3.S9 in the supporting information).????® Expanding this technique, we next

explored real time As(V) and Cr(VI) sorption behaviors on PEI coated sensor surfaces.
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Figure 3.7 The pH dependent (pH 5.6 (blue), 7.0 (red), 8.5 (green) and 11.5 (purple)) frequency
shift (overtone is 3) on PEI coated Q-sensors with 1 mM of arsenate (a) and chromate (b).
Surface associated water molecules are released from the PEI (increasing frequency) via sorption
of anion contaminants (As(V) and Cr(VI)) on PEL

To understand As(V) and Cr(VI) sorption behavior on a PEI coated surface, time
dependent frequency shift (release of water molecules) was monitored at four different pH
conditions. Before evaluating As(V) and Cr(VI) solution, PEI grafted sensors were stabilized
over 20 min using DI water at desired pH. Figure 3.7 presents real time frequency shifts of PEI
coated sensors exposed to 1 mM arsenate or 1| mM chromate under various pH conditions (pH
5.6, 7.0, 8.5 and 11.5). As the pH decreased, As(V) or Cr(VI) sorption increased (frequency
increased). PEI coated sensors have quick responses after reaction with As(V) or Cr(VI)
solution. These results corresponded well with the 12 nm Fe3O4@PEI batch sorption isotherm

and kinetic experiments for both As(V) and Cr(VI) (Figure 3.S10 in the supporting information).
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PEI coated nanocrystals reached equilibrium within 2 hrs (including the separation time);,
sorption densities were 117 +2.2 mg g' NC! for As(V) and 120 + 3.4 mg g NC™! for Cr(VI).
To explore the potential of recycling/reuse of PEI coated NCs, desorption tests were also
conducted using PEI coated sensors via surfactant charge neutralization at pH 11.5 (PZC of PEI).
As shown in Figure 3.S11 in the supporting information, the frequency of arsenate adsorbed Q-
sensor maintained their initial frequency during pH 11.5 solution flow (i.e. no mass desorption).
For chromate, 26.1% of frequency was recovered at pH 7 but the frequency was consistent at pH
values of 5.6, 8.5 and 11.5. These observations indicate that both As(V) and Cr(VI) adsorbed on
functionality group of PEI are quite strong near PZC conditions. We speculate that there is no
repulsive energy between neutralized amine functional groups and anion contaminants.
Desorption may require even more basic conditions above pH 11.5 to create significant repulsive

energy interactions.

3.4. Experimental

Materials
Iron oxy hydroxide (FeOOH), commercial magnetite nano power (<50 nm 98%), oleic acid (OA,

technical grade, 90%), l-octadecene (ODE, technical grade, 90%), cetyltrimethylammonium
bromide (CTAB, 95%), sodium dodecyl sulfate (SDS, 99%), poly (ethylene glycol) (PEG, Mw =
2000) and branched polyethyleneimine (PEI, Mw = 25000), Igepal CO-520 ((C2H4O)n -
Ci5H240, n = 5), tetraethoxy orthosilcate (TEOS), cyclohexane (99%), ethanol (99.9%), acetone
(99.5%), hexane (98.5%) sodium arsenate (NazHAsO47H20), potassium chromate (K2Cr207)
were purchased from Sigma-Aldrich. Silica nanocrystals (d =22 nm) were obtained from
NanoComposix.

Synthesis of Magnetite
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Iron oxide nanocrystals (IONCs) were synthesized by iron precursor decomposition at high
temperature (over 320 °C)* 2!, TONCs were synthesized in a 50 ml of three-neck flask
equipped with condenser, magnetic stirrer, and heating mantle under argon gas purging. 1 to 4
mmol of FeO(OH) with oleic acid (from 6 to 12 mmol) were used in the 1-octadecene (5 g) as a
solvent for synthesis of NCs. As shown in Figure 3.S1, the size of the engineered NC was
controlled by the concentration of the mixture of FEOOH and OA (the mole ratio of FEOOH/OA
was fixed to 1/3) in 1-octadecene (5 g); the synthesized iron oxide became lager (nm average
diameter) as the concentration of the mixture of FeOOH/OA increased (from 1/3 to 4/12). The
resulting NCs were purified using ethanol (20 ml) and acetone (25 ml) with 8000 rpm
centrifuging for 15 min; the purification process was repeated over six times. The purified NCs
were dissolved and stored in hexane because oleic acid stabilized NCs by forming a monolayer
51,227

via the hydrophilic head group (carboxyl group) facing the surface of the NCs.

The Organic Functionalization of Nanocrystals
Synthesized IONCs were surface functionalized and phase transferred from hexane to water by

ligand exchange or encapsulation methods** °!.

Oleic acid (OA), cetyltrimethylammonium
bromide (CTAB), sodium dodecyl sulfate (SDS), polyethylene glycol (PEG) and branched
polyethyleneimine (PEI) were used as phase transfer agents. Particular amounts of surface
stabilizer (0.05 to 10 mmol) were mixed with 0.5 mL IONCs in hexane (particular concentration
was 6.8 x 10'7 particles) and vigorously stirred in 8 mL dionized (DI) water (>18.2 MQ-cm
resistivity, Milli-Q, Millipore Corp). The mixture of phase transfer agents and NCs was then
probe-sonicated (Qsonica, Q-700, Taperd microtip) for 5 to 10 min at 80% amplitude with full

cycle. The as-phase transferred NC (in water) was put in the fume hood over 24 hrs to evaporate

excess hexane and purified using stirred cell with ultra filtration membrane (cellulose, 100K
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Dalton, Millipore) at 10 psi under inert gas (Ar) condition. Lastly, the resulting solution was
further filtrated by syringe filter (0.22 um, WHATMAN-PTFE) and the concentration of NC
solution was measured using inductively coupled plasma optical emission spectroscopy (ICP-
OES).

Silica coated IONCs were synthesized based on the previous report??82°, For details, 8
nm synthesized NCs (40 mg) were dispersed in cyclohexane (15 ml) containing Igepal CO-520
(2 ml) with vigorous stirring at room temperature for 5 min. To this mixed solution, NH4«OH
(29%, 0.4 ml) and tetracthoxy orthosilcate (TEOS, 0.1 ml) were rapidly injected and kept for 12
hrs with vigorous mixing. The resulting NCs were isolated by centrifugation at 8,000 rpm for 20
min after six times purification with ethanol and DI-water.

Sorption Isotherms
The surface functionalized (and phase transferred) NCs were used as sorbents targeting As(V) or

Cr(VI) over a range of 0.30 to 12.59 mgL™! as As(V) and 0.42 to 17.47 mgL"' as Cr(VI) at
different pH (5.6, 7.0, 8.5 and 11.5). pH of the solution was adjusted using HNO3; and NaOH
solution before batch sorption experiments and during the sorption test (after 4 and 8 hrs). After
24 hrs sorption isotherm, NCs were separated using ultracentrifuge (Sorvall WX Ultra 80,
Thermo Scientific) at 50,000 rpm for 2 hrs and the remaining concentrations of arsenic and
chromium in the supernatant were measured using Inductively Coupled Plasma Mass
Spectroscopy (ICP-MS, Perkin Elmer ELAN DRC II). The calculated sorption isotherm was

plotted by Langmuir isotherm (Equation (3.2)), that was best fitted with measurements.

_ 9maxkCe

= kT (Equation 3.2)

de
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Where qe is the sorption density of the system (mg as sorbed arsenic or chromium g™ as NC),
gmax maximum sorption density, ki Langmuir sorption constant, and Ce the equilibrium
concentration of arsenic and chromium.

Transmission Electron Microscope (TEM)
The diameter of synthesized IONCs was measured using transmission electron microscope

(TEM, Tecnai G2 Spirit, FEI). TEM images were further analyzed by Image Pro Plus 6.0 (Media
230

Cybernetics, USA); size and size distribution were obtain by counting over a thousand of NCs.

Hydrodynamic Diameter and Zeta Potential
The hydrodynamic diameter and zeta potential of aqueous phase IONCs were determined by

dynamic light scattering method (Malvern, Zetasizer Nano ZS, ZEN3600) at 22 °C.

X-Ray Diffraction (XRD)
XRD patterns (from 20° to 80° of 20) of synthesized NCs were measured using a powder

diffractometer (Bruker d8 Advance X-ray Diffractometer) with Cu Ko radiation (1.54 A).

Total Organic Carbon (TOC)
TOC (Shimadzu Scientific Instrument) was used to measure the mass of organic surface

stabilizers coated on NCs.

X-ray Photoelectron Spectroscope (XPS)
XPS spectrometer PHI 5000 VersaProbe II Scanning ESCA Microprobe (Physical Electronics)

was used with monochromatic Aluminum 38.6 W X-ray source and 200.0 um X-ray spot size
with a pass energy of 26.00 eV at 45.0°.

Quartz Crystal Microbalance with Dissipation (QCM-D)
QCM-D (Q-sense E4, Biolin Scientific) was used with a quartz sensor (SMHz silica coated

QCM-D crystal, QSX-202, Q-sense) at 22.00 + 0.02 °C under 100 plmin™! of flow rate (ISM935,

ISMATEC).
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3.5. Conclusions

As synthesized IONCs were functionalized and phase transferred to water by tailored surface
modification. Net positively charged surface stabilizers, such as PEI and CTAB, grafted on the
surface of IONC, demonstrate superior anion (here as arsenate and chromate) sorption.
Moreover, surface associated PEI polymer acts as an independent sorbent for arsenate and
chromate. Fast sorption onto PEI was observed via real-time monitoring, and sorbates were not
completely desorbed (irreversible) by simple pH adjustment. Taken together, these detailed
observations provide a better understanding of As(V) and Cr(VI) sorption on the organically
surface stabilized nanocrystal system depending on the surface functional group, grafting density,

and the surface coating structure.

3.6. Supporting Information
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Figure 3.S1 The diameter of synthesized Fe3O4 NCs as a function of oxyhydroxide (FeOOH)
concentration in 5 g of 1-octadecene as a solvent with the ratio of FFOOH/OA fixed to 1/3.
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Figure 3.S2 Histograms of the size distribution of synthesized FesO4 NCs. The average
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Size and size distribution was analyzed using Image Pro Plus 6.0 with over a thousand NCs
counted.
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Figure 3.S3 Hydrodynamic diameter of functionalized (PEI (red), CTAB (blue), PEG (black),

SDS (purple) and OA (green)) Fe3sO4 NCs after (a) As(V) and (b) Cr(VI) sorption.
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group as a function of size of NCs. (f) Maximum sorbed Cr per surface area and per number of
amine group as a function of size of NCs.
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Figure 3.S5 The oxidation states of iron (Fe) of silica coated 8nm iron oxide NCs (Fe304@Si0z)
before sorption and after As(V) and Cr(VI) sorption were explored using XPS by measuring 2P
iron.
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Figure 3.S6 Hydrodynamic diameter (blue) and zeta potential (red) of PEI coated 12 nm Fe3Oa4
NCs as a function of pH.
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Figure 3.S7 Time dependent frequency (blue) and dissipation (red) responses for PEI coating on
Q-sensor with overtone (n = 3). DI stabilized Q-sensor was coated by PEI solution (1 min to 3
min) and further stabilized for 20 min, and then PEI coated Q-sensor was restabilized with DI
water at pH7 (22 min to 40 min).
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Figure 3.S8 Frequency and dissipation shifts of PEI coated sensors as a function of pH between
7 and 11.5 with the overtone n = 3 (red), 5 (green) and 7 (blue). Low frequency (high dissipation)
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at pH 7 indicates that water molecules adsorbed with the charged functional groups of PEI and
adsorbed water molecules are released via the charge neutralization of PEI functional groups at
pH 11.5 (point of zero charge).

(a) (b) H,0
As(V)or Cr(Vl)  H,0p

PEI polymer grafted onto the
QCM resonator surface with

the coupled water molecules

Figure 3.S9 Conceptual depiction of arsenate and chromate binding on PEI grafted sensor. (a)
Water molecules adsorbed with positively charged functional groups of PEI grafted sensor. (b)
The positively charged PEI functional group is neutralized via anion contaminants (As(V) and
Cr(VI)) sorption and then adsorbed water molecules are released from the sensor surface. As(V)
and Cr(VI) speciation are dependent on solution pH.
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Figure 3.S10 Time dependent normalized sorption density for 1 mM (a) arsenate (red) and (b)
chromate (blue) using PEI coated 12 nm Fe3O4 NCs at pH7.

47



F (Hz)
(=]

F (Hz)
o

-2

-6

— pH 5.6
(a) — pH7.0
—— pHBS
— pH115
SR
0 5 10 15 20
Time (min)
— pH 5.6
| ) —
— pH 8.5
—pH 115
0 5 10 15 20
Time (min)

Figure 3.S11 The frequency responses (overtone is 3) of (a) arsenate and (b) chromate adsorbed
PEI coated Q-sensor after applying a pH 11.5 solution.

Table 3.S1 Organic loading of surface of NC

el Total O i .
il i i Number of carbon per Number of amine | Number of amine group | Number of molecules
Nanocrystals of st mpm ot nanocrystal groups per carbonP Y al stal rstal
Coating Material carbon)* ] i i it g
§ nm Fe;0,@CATB 21.7 + 4.5 21,172 0.037¢ 784 784
12 nm Fe;0,@CATB R 343 + 3.5 126,198 0.037 4,674 4,674
19 nm Fe,0,@CATB TIF T 552 + 10.8 713,203 0.037 26,415 26,415
25 nm Fe,0,@CATB 92,0 + 113 2,771,424 0.037 102,645 102,645
12 nm Fe,0,@PEI 25000 645+ 0.5 236,989 0.5¢ 118,495 204

a. Total organic carbon (TOC) for organic coated iron oxide NCs (50 ppm Fe)

B. Number of amine groups per carbon of CTAB functionalized NCs was calculated based on an
assumption of full CTAB surfactant encapsulation.
v. Number of amine groups per carbon of 12 nm Fe304@PEI was obtained by considering repeat
unit of multi branched PEI structure (Mw = 25000).

Table 3.S2 Maximum sorption capacity per surface area of NC and per number of amine

Nanoavstals Maximum As sorption mpnﬁ?‘ Maximum As sorption capacity | Maximum Cr sorption c:lpndt:\' Maximum Cr sorption capacity
- per surface area of NC (ing/m?) per numb er of amine per surface area of NC' (mg'm*) per number of amine
Snm Fe;O0,@CATB 0.38 9,51 %1020 0.66 1.65= 1012
12nm Fe;0,@ CATB 047 4.78x10°0 110 L12=1019
19nm Fe; 0@ CATB 0.72 3.00x1020 1.57 6.54= 1020
25nm Fe;Oy@CATB 0.93 1.75=10-0 1.94 3 e4=10-0
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Chapter 4: Surface Optimized Core-Shell
Nanocomposites (Fe:Os@MnxFeyO4) for
Ultra-High Uranium Sorption and Low-Field
Separation in Water

*Published in Environmental Science: Nano 2018, 5 (10), 2252-2256%

4.1. Overview

Multifunctional manganese ferrite coated superparamagnetic magnetite (core-shell) nanocrystals,
surface stabilized by (organic) a phosphate functionalized bilayer, have been simultaneously
optimized for ultra-high uranium sorption capacity, colloidal stability under elevated ionic
strengths, and susceptibility to low magentic fields, which are critical for subsequent separation

processes.

4.2. Introduction

Superparamagnetic metal oxide nanocrystals (iron based materials such as, iron oxides, ferrites,
etc.) have attracted significant interest for environmental applications due to their high potential
in sorption, separation, sensing, and catalytic processes for a variety of aqueous pollutants
including heavy metals and metalloids such as arsenic (As(IIl and V)), chromium (Cr(VI), and
uranium (U(VI)).!?% 231236~ A number of such materials have been developed by various wet

237-241

chemical methods. For example, Yavuz et al. demonstrated arsenic (As(Ill and V))

adsorption properties and magnetic separation of monodisperse iron oxide nanocrystals

23 Crane et al. reported the removal of U(VI) in water

synthesized via a precise organic route.
using iron oxide nanocrystals synthesized by coprecipitation method.”*”  Dui et al. have

demonstrated As(V) and Cr(VI) adsorption properties using MnFe204 hollow nanospheres
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ranging from 180 to 380 nm synthesized by a hydrothermal process.”*® Cai et al. have described
a phosphorylated graphene oxide—chitosan composite for selective U(VI) removal.>*° Chen et al.
reported amidoxime amended metal-organic framework for U(CI) extraction from seawater.?*!

Recently, our group has developed and demonstrated monodisperse manganese oxide
(MO) and manganese ferrite (MF) nanocrystals with varying composition ratios of manganese to
iron for ultra-high capacity uranium (VI) sorption and separation properties while considering
colloidal stability, pH, and ionic strengths.* In these studies, iron-rich manganese ferrite
(MnFe204) nanocrystals show better U(VI) sorption performance than manganese-rich
manganese ferrite (Mn2FeOs) nanocrystals (gmar for MnFe204@OA and Mn2FeOs@OA at pH
7.0 was 667and 270 milligram of U per gram of nanocrystal (mg U / g NC), respectively).
Higher concentration of Fe(II) (and Mn(II)) on the surface of MnFe204 leads to higher U(VI)
sorption (than Mn2FeOs materials) due to enhanced redox reactions between U(VI) and Fe(II)
and Mn(II).#

Considering excellent uranium sorption by iron-rich manganese ferrite materials and the
superparamagnetic properties of single domain iron oxides (IO), typically as magnetite, we
propose that by combining these properties into one particle-based material — as a single domain
magnetite core coated with a thin manganese ferrite — an optimized material for uranium sorption
and separation may be achieved. Core@shell type biferrimagnetic nanocrystals have been
synthesized as reported by Lopez-Ortega and Krycka et al.>** For these, iron oxide @
manganese ferrite (or manganese oxide) nanocrystals were synthesized under non-hydrolytic
route by decomposing manganese (II) acetylacetonate (as a manganese precursor) with 1,2-
hexadecandiol, oleylamine, and oleic acid in the presence of preformed iron oxide nanocrystals

oC 242-243

(as seed materials) at 200 Resulting core@shell nanocrystals were shown to be
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manganese-rich MnxFe3xO4 (in the range between Mn3Os and Mn2FeOs) as the shell phase(s) on
the surface of 11 nm iron oxide nanocrystals. However, based on our previous findings, iron-
rich manganese ferrite surfaces are significantly better than manganese-rich ferrites with regard
to U(VI) sorption capacities.

In this work, we have synthesized iron oxide nanocrystals coated with manganese ferrite
(I0@MF) shells with varying composition ratios of manganese to iron (Figure 4.1). These
nanocrystals were phase transferred into water via bilayer surface coatings, which consist of
oleic acid (OA) inner layer and an oleylphosphate (OP), which has an outward facing phosphate
head group. Uranium sorption was then explored and directly compared with analogous 10 and

MF particles with the same bilayer surface coatings.

4.3. Results and discussion

Monodisperse, iron-rich manganese ferrite coated iron oxide nanocrystals (Fe-rich IO@MF)
were precisely synthesized by decomposition of Mn-OA, as an Mn precursor, in the presence of
preformed 10 nanocrystal seeds in 1-octadecene at 320 °C for 1h. Control of Shell composition
(i.e. Mn:Fe ratio) was achieved by precisely varying the molar ratio of Fe and Mn in the reaction
(Figure 4.S1).24%243 Specific synthetic processes are described in the SI. Average diameters of
the resulting core@shell type nanocrystals increased slightly from 10.2 nm to 11.0 nm as a Mn-
OA precursor decomposed onto the surface of seed materials (IO nanocrystal, d = 10.2 = 0.9 nm)
as shown in Figure 4.S2.

Characterization of IO@MF materials is shown in Figure 4.S3 and 4.S4. Fe-rich
manganese ferrite shell composition was observed with a molar ratio of Mn to Fe of 0.28 with no
core alteration. Under these conditions, there was no evidence of forming individual (free)

manganese oxide nanocrystals in the reaction as shown in GIF (Gatan Image Filter) images of
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the synthesized nanocrystals (Figure 4.1 and Figure 4.S5). Furthermore, the composition ratio of
Mn/Fe of the synthesized nanocrystal sample was identical with the ratio of Mn/Fe of the starting
chemicals (the ratio of Mn-OA/Fe-OA). As shown in Figure 4.S6, XRD diffraction patterns of
IO@MF nanocrystals with varied composition of Mn/Fe in an [O@MF nanocrystal from 0.28 to
0.73 are well matched to the diffraction patterns of magnetite (core, Fe3O4; red vertical lines;
JCPDS cards #19-0629); however, MnO (200) phase was found from IO@MF with high ratio of
Mn/Fe concentration over 2.1. A high ratio of Mn precursor to Fe seed material over 2.08

mol/mol led to the formation of manganese oxide layer(s) on the surface of IO seed materials.

Figure 4.1 TEM images of the IO@MF nanocrystals. (A) HR TEM image of I0@MF
nanocrystals. The lattice fringes of 0.30 nm (center) and 0.26 nm (side) correspond to (220) of
Fe3O4 and (311) of MnFe204 (or (111) of MnO), respectively. (B) Gatan Image filter (GIF)
image of IO@MF nanocrystals. The overlay map shows the distribution of iron (red) and
manganese (green) in the particles.

The magnetic properties of engineered IO@MF nanocrystals were characterized by
SQUID analysis (Figure 4.2). IO@MF, 10 (Fe3O4), MnFe204, and Mn2FeOs nanocrystals
synthesized under organic reactions at 320°C showed superparamagnetic behavior with
hysteresis loops exhibiting nearly zero remanence and coercivity at 300K; 11 nm manganese

oxide nanocrystals, which is known as core@shell type materials of MnO@Mn304
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(antiferromagnetic core and ferrimagnetic shell) from the previous research, revealed a
displacement of hysteresis loop along the magnetic field axis, exchange bias (Hg), with -274.6
Oe at 2K (Table 4.S1).*-2** While being superparamagnetic, IO@MF nanocrystal samples were
also similar to inverted soft/hard ferrimagnetic core@shell structures, exhibiting a higher

exchange bias with -20.65 Oe of Hk at 2K (Table 4.S1).24>2%
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Figure 4.2 Magnetic properties of the nanoparticles synthesized under organic route. (A)
Hysteresis curves of [O@MF ([Mn]/[Fe] = 0.28, red), Fe3O4 (black), MnFe204 (blue), Mn2FeO4
(green), manganese oxide (orange) measured at 300 K. (B) Hysteresis curves of I0@MF
([Mn]/[Fe] = 0.28, red), FesOs (black), MnFe204 (blue), Mn2FeO4 (green), manganese oxide
(orange) measured at 2K.
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For aqueous application, we employed a surface-based organic bilayer technique to
facilitate aqueous transfer and stability (Supplemental Informationt).*>2*> Oleylphosphate (OP)
was used as a phase transfer agent (also as a surface stabilizer), which coordinates with the first
surface layer (oleic acid) on the as-synthesized IO@MF nanocrystal surface via hydrophobic-
hydrophobic interaction.*>24 The resulting hydrodynamic diameter (Du) and surface charge for
the phase transferred IO@MF@OP nanocrystals were 20.9 + 3.0 nm with -50.4 + 1.4 mV.
These IO@MF@OP nanocrystals were also colloidally stable in water under relatively high ionic
strengths. Critical coagulation concentration (CCC) values of sodium (Na) and calcium (Ca) for

the particles were 892.5 mM of Na* and 15.9 mM of Ca** for IO@MF@OP (Figure 4.S7).
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Figure 4.3. Uranium sorption isotherm of four different types of the nanocrystal samples (MF
([Mn]/[Fe] = 0.30, blue), iron-rich [O@MF ([Mn]/[Fe] = 0.28, red), IO (black), and Mn-rich
[IO@MF@OP ([Mn]/[Fe] = 2.07, orange)) coated with oleylphosphate (OP) at pH 7.0 for 24 h.
The curves were plotted and modeled as Langmuir isotherms.
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Figure 4.4 XPS spectra of the uranium (U) 4f spectra for the sample after uranium sorption. The
black lines are the raw data and the red dash lines are the fitted curves based on curve fitting
using Va (blue), Vb (sky blue), Ve(pink), and Va(green). The ratio of U(IV) to U(VI) was
calculated by (VatV)/(VetVa) in the XPS spectra of U4f from the sample after the uranium
sorption measurement and compared with uranyl (VI) nitrate.

Surface stabilized IO@MF@OP nanocrystals were evaluated as sorbent materials for
uranyl (VI) cations (UO2?" and hydroxo complexes such as, (UO2)m(OH)n>™", depending on pH)
over varied water chemistries.?*® It should be noted that [O@MF@OP nanocrystals maintained
their monodisperse status for U concentration up to 20 ppm (Figure 4.S8); Du for [O@MF@OP
slightly increased from 20 to ca. 35 nm at pH 5.6 and pH 7.0 as U concentration was increased to

40 ppm. Figure 4.3 shows nanocrystal composition dependent U sorption capacity
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measurements. Each was modeled as a Langmuir isotherm.?*” Maximum sorption capacity
(@max) for IO@MF with an iron rich ferrite shell is similar to values for MF nanocrystals with
the same bilayer coatings. gmqy for IO@MF@OP ([Mn]/[Fe] = 0.28) and manganese ferrites
(MF: Mno.cFe240a4, [Mn]/[Fe] = 0.30) at pH 7.0 was 1438 and 1492 mg of U per g of nanocrystal
(mg U / g NC), respectively.*> U(VI) sorption capacity of IO@MF@OP ([Mn]/[Fe] = 0.28) at
pH 5.6 was near the capacity at pH 7.0 (Figure 4.S9). For these, all isotherm modeling data is
presented in Table 4.S2. These value are among some of the highest values reported for uranium
sorbents.*> 248

While iron rich MF coatings can improve U sorption capacities of IO nanocrystals by a
factor of two, higher Mn shell content ([Mn]/[Fe] = 2.07), which resulted in Mn-rich MF
coatings (with manganese oxide phase shown in via XRD Figure 4.S6), display a marked
decrease of U sorption capacity. Figure 4.3 shows U sorption capacities of [O@MF@OP as a
function of Mn to Fe ratios in the shell composition from 0.28 to 2.07 with

Gmax Oof IO@MF@OP nanocrystals decreasing from 1438 to 400 mg U / g NC,
respectively.  We hypothesize that the decrease of @4, for Mn-rich IO@MF nanocrystal
([Mn]/[Fe] in a nanocrystal was 2.07) is due to the formation of pure manganese oxide phases
(and/or manganese-rich ferrite such as, Mn2FeO4) on the iron oxide core.* 2** It has been
previously reported that Mn precursor decomposition with high concentration in the presence of
IO seeds (when [Mn] / [Fe] of the starting materials was over 2.1) does form thick layered
Mn2FeOs, MnO, or Mn3O4 on the surface of IO nanocrystals (Figure 4.86).4 242243 Sych (thick)
Mn-rich phase layers on 10 nanocrystal may prevent high U sorption properties as less reduced
Fe (Fe(Il)) is available, which is critical for U reduction from U(VI) to U(IV), on the surface of

[0-based materials.*> 2+

56



For materials exhibiting the highest U sorption capacity ([Mn]/[Fe] in a nanocrystal was
0.28), the relatively highest percentage of U reduction was also observed. Figure 4.4 shows U
reduction as a function of nanocrystal surface composition. The highest U reduction (from U(VI)
to U(IV)) was found from Fe-rich IO@MF with U(IV) of 65 %; the U reduction percentage of
IO and Mn-rich IO@MF was 58 and 52 %, respectively (Table 4.S3). As mentioned above, we
hypothesize that Fe(Il) on the surface of the nanocrystal samples play a significant role in U
reduction (Figure 4.S9 and Table 4.S4). Fe(II) concentration of Fe-rich IO@MF decreased from
75 % to 25 % upon U reduction; Mn(II) of Fe-rich IO@MF was also observed to decrease from
28 % to 14 % with U reduction experiment (Figure 4.S10, Figure 4.S11, Table 4.S4, and Table

4.85).

4.4. Experimental

Chemicals.
Manganese (II) chloride tetrahydrate (MnCl2#4H20, 99.99 %), Ferric hydroxide oxide (FeOOH,

catalyst grade, 30-50 mesh), oleic acid (OA, 90 %), 1-octadecene (90 %) were purchased from
Sigma-Aldrich. Sodium oleate (97 %) and oleylphosphate (OP) were purchased from TCI
America. Uranyl nitrate hexahydrate (UO2(NO3)226H20) was purchased from Antec, Inc. All
nanocrystals were synthesized under nitrogen condition (N2, 99.999%)).

Synthesis of Manganese Oleate.
Manganese oleate was synthesized by the method reported by An et al.>*® Manganese chloride

tetrahydrate (15.8 g, 80 mmol) reacted with oleic acid (45.2 g, 160 mmol) in 20 g of ethanol, 10
g of water, and 30 g of hexane at 60 °C for 4 h. The resulting pink colloid was washed by using
water and ethanol. The purified manganese oleate was extracted by hexane.

Synthesis of Iron Oxide Nanocrystals.
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Iron oxide nanocrystals were synthesized by decomposition of iron oleate in 1-octadecene at 320
°C as reported by Park et al.* For 10 nm iron oxide nanocrystals, 21.8 pmol of iron oleate was
decomposed in the presence of 0.5 mmol of oleic acid in 1-octadecene at 320 °C for 1h. The
resulting black colloidal iron oxides were purified using ethanol, acetone, and hexane.*® The
purified iron oxide nanocrystals were stored in hexane.

Synthesis of Nanocrystalline Manganese Iron Oxide Coated Iron Oxides (IO@MF).
IO@MF nanocrystals were synthesized by decomposition of manganese oleates (Mn-OA) in the

presence of iron oxide (I0) nanocrystals as seed materials at at 320 °C. For details, 10 ml of 10
nanocrystals in hexane solution ([Fe] = 5,096 mg/L) and 0.5 ml of manganese oleate ([Mn] =
12,150 mg/L) was mixed with 1 mmol of oleic acid in 4 g of 1-octadecene at room temperature.
The mixture was heated at 60 °C for 0.5h and kept at 120 °C for 1h to evaporate hexane and
water. The reaction was then treated at 320 °C for 1h to decompose manganese oleate on the
surface of iron oxide nanocrystals (seeds). A schematic of [O@MnxFeyO4 nanocrystal synthesis
is presented in Figure 4.S12. The synthesized black colloids were purified using ethanol (and/or
acetone), and precipitated by centrifugation at 7000 rpm for 15 min. The resulting black
precipitates were then dissolved in hexane and the purified IO@MF was separated from hexane
solution containing colloidally unstable nanocomposites. The purified and colloidally stable
nanocrystalline [O@MF was well dispersed in various nonpolar solvents such as, hexane, THF,
and toluene. The concentration ratio of manganese to iron in IO@MF nanocrystals was 0.28,
measured by ICP-OES.

Phase Transfer of [O@MF Nanocrystals
The as-synthesized IO@MF nanocrystals were transferred to aqueous solution by ligand

encapsulation methods using probe sonication.?*> Briefly, 0.05 mmol of oleylphosphate as a

surface stabilizer was stirred with 5 mg of nanocrystal in hexane solution ([Fe] = 1,500 mg/ml
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and [Mn] = 870 mg/L, measured by ICP-OES) and 10 ml of ultra-pure water (MILLIPORE, 18.2
MQcm). Aqueous and organic phases were mixed by application of a probe-sonicator (UP 50H,
DR.HIELSCHER) for 10 min at 80 % amplitude and full cycle.>* The resulting solution was
further stirred for 1 day under vacuum to evaporate hexane and to obtain a clean black solution.
To remove excess free surface stabilizer molecules left in the suspension, the phase transferred
IO@MF nanocrystals were further purified using ultracentrifugation (Sorvall WX Ultra 80,
Thermo scientific) at 50,000 rpm for 2 h, and membrane filtration (Ultrafiltration cellulose
membranes, 100 KDa MWCO) using a stirred cell (Amicon), followed by syringe filtration (pore
size 0of 0.22 um, WHATMAN-NYL).

Dynamic Light Scattering
The hydrodynamic diameters and surface charge of IO@MF nanocrystals stabilized by bilayered

surface coating materials (oleic acid linked oleylphosphate (OA-OP)) were measured at pH 7.2
and 25 °C, using a Malvern Nano ZS system by Malvern Instruments equipped with a HeNe 633
nm laser (Malvern Zetasizer Nanoseries, Malvern, UK). The average hydrodynamic diameters
were obtained by the mean size of the first peak of the number distribution and the standard
deviation was determined from triplicate measurements.

Transmission electron microscope (TEM)
The diameters of the as-synthesized nanocrystals were measured through transmission electron

microscope (TEM). TEM specimens were prepared using carbon support film on 300 mesh
copper grids (electron Microscopy Sciences). The TEM micrographs were taken by a Tecnai G2
Spirit Twin microscope (FEI, Hillsboro, OR) operated at 120 kV. HR-TEM analysis was
performed using a JEOL 2100F microscope (JEOL. Tokyo, Japan) operated at 200 kV. The size
and size distribution data were obtained by counting over 1000 nanocrystals using Image-Pro

Plus 5.0.%!
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X-ray diffraction (XRD)
X-ray powder diffraction (XRD) patterns were obtained using a Rigaku D/Max/A. 20 range was

from 10 to 80 degree with a Cu Ka. radiation (1.54 A) and the X-ray was generated at 40 kV and
40 mA.

Inductively coupled plasma optical emission spectroscopy (ICP-OES)
The particle concentrations were measured by an inductively coupled plasma optical emission

spectroscopy (ICP-OES, Perkin Elmer Optima 7300DV) instrument equipped with autosampler.

Inductively coupled plasma mass spectroscopy (ICP-MS)
The uranium concentrations remained after uranium sorption measurement using manganese

oxide nanocrystals were measured by an inductively coupled plasma mass spectroscopy (ICP-
MS, Perkin Elmer ELAN DRC II) instrument equipped with autosampler.

Uranium sorption measurement
IO@MF coated with oleylphosphate (IO@MF@OP; [Fe] = 45.4 mg/L, [Mn] = 11.1 mg/L;

2.34 x 1013 nanocrystals calculated by the number of 10 nanocrystal obtained by by iron
concentration) was used from uranium sorption experiment at uranium concentrations ranging
from 0.1 to 40 mg/L of uranium (VI)) at pH 5.6, pH 7.0, and pH 8.5. After the sorption
experiment for 24 h, the nanocrystals were separated using ultracentrifugation at 50,000 rpm for
2 h and the remaining concentrations of uranium (VI) in the supernatant solution were analyzed
by ICP-MS.* These measurements were conducted in triplicates. The measured uranium
sorption density values (mass of sorbed uranium per mass of manganese) as a function of
equilibrium concentration of uranium (mg/L) were best fitted with the plot drawn by the

Langmuir isotherm equation:

_ 9maxkCe

= kT (Equation 4.1)

de
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where g, is the amount of adsorbed uranium at equilibrium concentration (mg/g), k is the
sorption constant, 4, 1S the maximum sorption density (mg/g; mass of the sorbed uranium per

mass of manganese), and C,, is the equilibrium concentration of uranium.

4.5. Conclusions
Surface tunable, superparamagnetic IO@MF nanocrystals coated with phosphate group

functionalized bilayer surface coatings are demonstrated to be highly effective for uranium
sorption/separation in water. The highest U sorption capacity of [O@MF nanocrystals (gmax was
1438mg U / g NC) was found to occur for surface stable IO nanocrystals with an iron-rich MF
shell structure ([Mn]/[Fe] of an IO@MF nanocrystal = 0.28) with significant redox reactions at
the particle interface. Such capacity is among the highest reported to date. Taken together, these
findings underpin broad, platform potential for these and similar materials for next generation

water treatment, including actinide separation and sensing technologies.
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4.6. Supporting Information
25
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Figure 4.S1 Composition control of IO@MF nanocrystals. The molar concentration of Mn in
IO@MF nanocrystal increases with elevated ratio of Mn precursor (Mn-oleate, Mn-Ol) to Fe
seed materials (10 nm iron oxide nanocrystals, 10).

Figure 4.S2 TEM images of iron oxide (IO) nanocrystals as seed materials (A) and manganese
ferrite coated iron oxide (IO@MF) nanocrystals (B). The average diameters of IO and IO@MF

nanocrystals are 10.2 = 0.9 nm and 11.0 + 1.0 nm, respectively.
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Figure 4.S3 EDS information of the center of IO@MF nanoparticle. The atomic ratio of
manganese to iron is 14.3 to 85.7.
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Figure 4.S4 EDS information of the side of IO@MF nanoparticle. The atomic ratio of
manganese to iron is 22.2 to 77.8.

(a)

Figure 4.S5 EFTEM micrograph at iron (A, red) and manganese (B, green) L3 edges in the
particles.
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Figure 4.S6 XRD of manganese ferrite coated iron oxide (IO@MF) nanocrystals depending on
the composition ratio of manganese to iron (from 0 to 2.10). The vertical lines at the bottom of
the chart indicate the reference peaks of iron oxide (red, JCPDS # 19-0629), manganese ferrite
(blue, JCPDS # 38-0430), and manganese oxide (orange, JCPDS # 07-0230).
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Figure 4.S7 Attachment efficiencies of oleyl phosphate (OP) coated IO@MF nanocrystals as a
function of NaClz (A) and CaClz (B) concentrations at pH 7.0. The nanocrystal concentration

employed was 3.0 X 102 nanocrystals/L. The critical coagulation concentrations (CCC) are
892.5 mM of NaCl and 15.9 mM of CaClz for [O@MF@OP nanocrystals.
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Figure 4.S8 The hydrodynamic diameters of IO@MF@OP nanocrystals at elevated uranium

concentrations in water (from 0 to 40 ppm of uranium) at pH 5.6 (red), 7.0 (black), and 8.5
(blue).
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Figure 4.S9 Uranium sorption isotherms of iron-rich [O@MF ([Mn]/[Fe] = 0.28) coated with
oleylphosphate (OP) at pH 5.6, 7.0, and 8.5 (equilibrated for 24 h). All sorption curves are
modeled as Langmuir isotherms.
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Figure 4.S10 XPS spectra of the iron (Fe) 2P spectra for the sample (Fe rich [O@MF (A), Mn-
rich IO@MF (B), and 10 (C)) before and after uranium (U) sorption. The black lines are the raw
data and the red lines are the fitted curves based on curve fitting using Ve (blue) and Vs (sky
blue). The ratio of Fe(Il) to Fe(Ill) was calculated by (V« )/(Vp) in the XPS spectra of Fe 2P3»
from the sample before and after the U sorption measurement.
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Figure 4.S11 XPS spectra of the manganese (Mn) 2P spectra for the sample (Fe rich IO@MF
(A) and Mn-rich IO@MF (B)) before and after uranium (U) sorption. The black lines are the raw
data and the red lines are the fitted curves based on curve fitting using V7 (blue), V2 (sky blue), V3
(pink), V4 (green), Vs (orange), and Vs (purple). The ratio of Mn(II)/Mn(III)/Mn(IV) was
calculated by (Vi+Va)/(V2+Vs)/(Vs +Vs) in the XPS spectra of Mn 2P from the sample before
and after the U sorption measurement.
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Figure 4.S12 Schematic of [O@MnxFeyO4 (core@shell structured) nanocrystal synthesis
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Table 4.S1 The information of average coercivity (Hc = (Hrc + Hrc) / 2) and exchange bias (He
= (Hrc - Hrc) / 2) values of a series of magnetic nanoparticles measured by hysteresis loops.

@300K @2K
Hc (Oe) Hc (Oe)
Hic Hgc He Hg Hi Hgc He He

Iron oxide@Mn,O, 1540 1435 14.88 -0.53  351.12 309.83 330.48 -20.65
Fe;0, 11.83 1137 11.60 -0.23  233.86 226.08 229.97 -3.89
MnFe,0, 11.53  11.67 11.60 -0.07 113.50 102.51 108.0 -5.50
Mn,FeQ, 10.18  10.34 10.26 -0.08 1418.76  1311.21 1364.99  -53.78
Manganese oxide 13.68 1249 13.08 -0.60 4096.11 3546.91 3821.51 -274.60

Table 4.S2 The information of the sorption isotherm of oleylphosphate stabilized IO@MF, MF,
and IO nanocrystals at pH 5.6, 7.0, and 8.5.

I0@MF@OP MF@OP 10@OP

Langmuir pH 5.6 7.0 8.5 5.6 7.0 8.5 56 70 85

ax 1428.6 1428.6 1000.0 1666.7 1428.6 1111.1 8333 7143 625.0

(mg U/g NC)

K 0.8 0.7 33 0.5 0.9 1.3 07 20 27

(L/mg)

R 0985 0990 0953 0984 0989 0976 0924 0991 0937
Freundlich (LKJ,L,) 5322 5221 5973 4292 5852 4960 2752 3984 3984

n 2.05 1.94 030 158 1.80 215 1.05 401 4.0l

R? 0.856 0.884 0.689 0.884 0905 0.838 0.847 0974 0.847

Table4.S3 XPS binding energies and the area under the curve of individual peaks of the uranium
(U) 4f spectrum for the sample after uranium sorption. The concentration of each of oxidation
state of U(IV) and U(VI) is Va+Ve and Vp+Va, respectively.

Samples v, 2 v, v, UIV)U(VI)
reneh ID@ME (33?)?;;;1\/} (3311(.)531\0 (393;%6?;3‘3\;) {39]2?65(;0‘3\/} 65.08/34.92
10 (33?)?5'20-‘:\() (381;%?31\” (391;2;3‘:\]} {39;‘230\/} 58.28/41.72
M [OME (33%?5'&\/} (333;?621\/} (39%?;8‘3\;) (39]2%24':\/} 52.08/47.92
Uranyl (V1) nitrate 0 58.60 0 41.40 0

(380.57¢V) (381.71eV) (391.23eV) (392.55¢V)
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Table 4.S4 XPS binding energies and the area under the curve of individual peaks of the iron
(Fe) 2P spectrum for the sample before and after uranium sorption. The concentration of each of
oxidation state of Fe(II) and Fe(Ill) is Vaand Vg, respectively.

P v, v, Fe(IT)/Fe(IIT)
L e o st
il (7 1?).56?‘3\/) (7 l?lr‘.l_’.;ggeV) i
10 (703%1\/) (713(;9-581“ 68.43/31.57
10-U (703‘;%57 lev) (71?)?{;;9@\1) 30.51/69.49
Mn-rich IO@MF (?03923126\/) (71(1)_23'38(:\1) 37.32/62.68
wﬂrir’h e (71%).?637ew (7171.2é?)3eV) i

Table 4.S5 XPS binding energies and the area under the curve of individual peaks of the

manganese (Mn) 2P spectrum for the sample before and after uranium sorption. The

concentration of each of oxidation state of Mn(II), Mn(III), and Mn(1V) is Vi+V4, V2+V5,

and V3+Vs, respectively.

Samples v, 7, v, v, v, v, Mn(I)Mn(Il)Mn(IV)
Fe-rich I0@MF 1831 38.07 12.40 935 17.50 437
(640.026V) (64142eV) (643.76eV) (65138¢V) (65294¢V) (654.57cy) 2063371677
Ferich 0@MF-U 635 50.63 10.82 715 1536 9.69 6599051
(64021eV) (641.51eV) (643.99¢V) (651.56¢V) (653.03eV) (654.46¢V) -5/65.99/20.
Mnrich0@MF 11,55 44.84 1281 269 32 489
(637.776V) (641.226V) (643.76¢V) (650.55¢V) (652.61¢V) (65433ev) | +24/63.06/17.70
Mnrich 0GMF- 633 4933 1321 586 1633 8.94 1065 661
U (640.18¢V) (64141cV) (643.99¢V) (65128¢V) (652.97¢V) (65445ey) | 2-10/63:66/22
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Chapter 5: Surface Functionalized Ferrites
for Single- and Multi-Sorption of Arsenic
(V), Chromium (VI), and Uranium (VI)

*To be submitted in peer review journal

5.1. Overview

Surface functionalized ferrite nanocrystals (NCs) were evaluated for single- and multisorbate
scenarios considering arsenic (V), chromium (VI), and uranium (VI) in varied water chemistries
(deionized (DI), ground and sea water). Multi sorbate systems were further examined for
competitive and/or cooperative effects. Synthesized manganese ferrite (MnFe204), were
compared with iron oxide (Fe3Os), and manganese oxide (MnxOy) nanocrystal cores. The
positively charged cetyltrimethylammonium bromide (CTAB) and negatively charged oleyl
phosphate (OP) were used as organic coating agents. MnFe204 NCs showed better sorption
performance and colloidal stability than Fe3Os and MnxOy when NCs were functionalized with
the same surfactant coating. For these, the maximum sorption densities for As(V), Cr(VI), and
U(VI) were 2.62, 3.43, and 4.27 mmol g’!, respectively. Number of organic molecules loading
on the surface of MnFe20O4 NCs was outstanding and high organic grafting density provides a
large number of sorption sites (functional group) for target sorbate and high repulsive energy
(osmotic and elastic-steric interaction) for enhanced stability. In the As(V) and Cr(VI) multi-
sorbate system, nano-sorbents showed higher As(V) sorption preference over Cr(VI). This As(V)
sorption preference was further verified using quartz crystal microbalance (QCM) via a CTAB
mimic polymer (Poly(diallyldimethylammonium chloride)). In the As(V) and U(VI) multi-

sorbate system, removal rates were significantly enhanced with CTAB functionalized MnFe2O4
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(MnFe204@CTAB) because increased local As(V) concentration at the surface of NCs promoted

uranyl arsenate precipitation.

5.2. Introduction

Treatment of heavy metals and metalloids has received significant interest due to regulatory

7879 Hazardous heavy metals and metalloids, are

requirements and related toxicity concerns.
globally distributed and often occur as mixed (or multi-contaminate) systems.?>>** For example,
As(V) and Cr(VI) simultaneously occur in the case of chromated copper arsenate (CCA), which
is been widely used as an antimicrobial treatment (e.g. utility poles, fence, and playground
equipment, etc.) to prevent fungal and bacterial decay.?>>>*® While CCA has been prohibited in
U.S. due to its toxicity, CCA treated equipment and furniture are still used.?’ Additionally,
uranium ore, which can contain 1.2 to 10 weight percent of arsenic as uranyl and arsenate readily
form mineral precipitates (uranyl arsenate), leading to simultaneous contamination scenerios.?*®
For sorption/separation technologies, nanomaterials provide an large surface area and

7172, 259 Organic-inorganic hybrid nano composites such as

reactivity for target contaminants.
organic coated nanomaterial have been regarded as next generation nano sorbents as they offer a
controllable rigid inorganic body (often magnetic) and a flexible organic coating with the tunable
functional groups.***°> For example, the affinity for heavy metal contaminants (Pb, Cu, Hg, Ag,
Cd, Co, and Ti) is described by Warner et al. for a series of organic coated magnetite NCs.”® Our
previous research also demonstrated that surface-based surfactants having a positively charged
functional groups (e.g. cetyltrimethylammonium bromide (CTAB) and polyethylenimine (PEI))
have excellent sorption performance for As(V) and Cr(VI).?®® In addition, phosphate functional
)4

)249

groups, such as oleyl phosphate (OP)* and monododecyl phosphate (SDP)~* have shown the

highest U(VI) affinity since uranyl ions were thermodynamically favored by phosphate.®!
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While many of the aforementioned materials show excellent sorption properties for sinlge
sobates, few have been evaluated for multi-sorbate loading and separation. Here, we evaluate
and compare single and multi sorbate systems with a focus on competitive and/or cooperative
effects for a range of water chemistries. For inorganic core particles, same sized manganese
ferrite (MnFe204), iron oxide (Fe3Os), and manganese oxide (MnxOy) NCs are compared.
Synthesized NCs were further organic functionalized using CTAB and OP via ligand
encapsulation method.  Results demonstrate that MnFexOs NCs shows better sorption
performance toward As(V), Cr(VI), and U(VI) than Fe3Os and MnxOy when NCs were coated
with same functional surface coating. This result is due to enhanced ligand density of CTAB and
OP loading on the surface of MnFe:O4 NCs. In the case of two sorbates, Cr(VI) sorption
capacity declined significantly in presence of As(V) due to competition for adsorption sites (here
as the amine functional group of CTAB). The As(V) sorption preference (in a dual As(V) and
Cr(VI) multi sorbate system) was further evaluated using Quartz crystal microbalance with
dissipation monitoring (QCM-D) by loading Poly(diallyldimethylammonium chloride) on the
surface of the Q-sensor. In As(V) and U(VI) multi sorbate systems, positively charged CTAB
functionalized MnFe204 NCs (MnFe204@CTAB) showed outstanding removal performance as

adsorbed As(V) on the surface of NCs enhanced further sorption and precipitation of U(VI).

5.3. Results and discussion

5.3.1. Synthesis and Characterization of Metal Oxide Nanocrystals
Three different composite metal oxide (manganese ferrite, iron oxide, and manganese oxide)

nanocrystals (NCs) were precisely synthesized by decomposition of both Fe-oleate or/and Mn-
oleate as precursors in the presence of excess oleic acid at high temperature (320°C).*> 262 Ag
synthesized NCs were monodisperse in a non-polar solvent (hexane).*% Figure 5.1 shows the
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TEM images for the synthesized NCs and their sizes and distributions. Manganese ferrites, iron
oxide, and manganese oxide NCs were 10.0 £ 0.7, 9.3 + 0.9, and 10.6 + 1.6 nm, respectively. As

reported by our previous study and others,*> 5 263

crystalline structures of the synthesized
manganese iron oxide and iron oxide NCs matches with the crystalline structure of MnFe204
(JCPDS Card # 380430) and Fe3Os (JCPDS Card # 190629), respectively. Manganese oxide
NCs matches with MnO (JCPDS Card # 070230) and Mn3O4 (JCPDS Card # 240734), which has
been previously reported as a MnO core with Mn3Os shell structure (Figure 5.S1 (a)).5% 262
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Figure 5.1 TEM images of monodisperse metal oxide NCs (a) manganese ferrites, (b) iron oxide,
and (c¢) manganese oxide. The inset Figure presents the histograms of the size distribution of
NCs. The average diameter and its standard deviation were 10.0 £ 0.7, 12.3 + 1.0, 9.3 £ 0.9, and
10.6 + 1.6 nm, respectively.
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Synthesized metal oxide NCs were phase transferred from organic solvent into water
through ligand encapsulation method using cetyltrimethylammonium bromide (CTAB) and oleyl
phosphate (OP), as discussed previously in this thesis.*> ?®° Positively charged CTAB is an
favorable coating material for As(V) and Cr(VI), while OP having negative phosphate functional
group, has been demonstrated to be favorable for U(VI) in our previous studies.*> 2 Phase
transferred NCs were characterized by dynamic light scatter (DLS) at pH 7 to measure
hydrodynamic diameter (Dn) and zeta potential ({). As shown in Figure 5.S1 (b), Du were 22.7,
24.1, and 23.4 nm for CTAB functionalized manganese ferrite (MnFe204@CTAB), magnetite
(Fes04@CTAB), and manganese oxide (MnxOy@CTAB) NCs, respectively. Du of OP coated
manganese ferrite (MnFe204@OP), magnetite (Fe3O4@OP), and manganese oxide (MnxOy(@OP)
NCs were 22.3, 25.2, and 21.9 nm, respectively. ( values of the NCs were 23.7, 23.4, and 25.6
mV, respectively for MnFe2O4@CTAB, Fe3O4@CTAB, and MnxOy@CTAB, and -27.7, -27.3,
and -26.3 mV, respectively for MnFe204@OP, Fe304@OP, and MnxOy@OP (Figure 5.S1 (c)).

Surfactant loadings on MnFe204@CTAB, Fe304@CTAB, and MnxOy@CTAB were ca.
16,000, 5,000, and 3,000 molecules per NC, respectively (Figure 5.S1 (d)). The numbers of OP
per NC were 19,000, 7,000, and 4,000 for MnFe204@OP, Fe3O4@OP, and MnxOy@OP,
respectively.  Surfactant loading was varied depending on core metal oxide composition.
Interestingly, surfactant loading by both CTAB and OP was highest for MnFe20O4 followed by
Fe3Os and MnxOy. The surface stabilizers, such as CTAB and OP, also reduce the
thermodynamic energy of NCs to prevent particle aggregation.?¢*

5.3.2. As(V), Cr(VI), and U(VI) Single Sorbate System
As expected, high colloidal stability has an advantage for sorption performance through the

maintenance of available surface area. Before evaluating the sorption performance of the
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synthesized NCs, their colloidal stabilities were investigated by measuring the critical
coagulation concentration (CCC). As shown in Figure 5.S2 (a), CCC values for MnxOy@CTAB
were 259 mM in NaCl and 133 mM in CaCl.. The counter ion of MnxOy@CTAB is the anion
CI', thus divalent cation Ca®>" does not significantly affect their colloidal stability.
MnFe204@CTAB and FesOs@CTAB were colloidally stable under high mono- or di-valent
cation concentrations; NCs maintained their initial diameter in up to 1 M of NaCl and in up to
IM of CaCl.. As presented in Figure 5.S2 (b), (c), and (d), CCC values for OP coated NCs were
449.6, 694.5, and 1129.5 mM in NaCl and 6.9, 7.1, and 9.9 mM in CaClz for MnxOy, Fe304, and
MnFe204 NCs, respectively. The highest number of organic molecules loaded MnFe204 showed
the best colloidal stability. We speculate that the grafting density plays critical role in colloidal

stability by providing effective repulsive energies, such as elastic-steric and osmotic repulsion.>®-
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Figure 5.2 As(V) (a), Cr(VI) (b), and U(VI) sorption isotherm on metal oxide (MnFe204 (red),
Fe3O4 (blue), and MnxOy (green)) NCs coated with the positively charged surface stabilizer
(CTAB (solid line)) or the negatively charged organic coating (OP (dotted line)). Dot plots with
error bars and line plots present experiment measurement values with standard deviations and
Langmuir isotherm fittings, respectively.

The sorption performances of synthesized metal oxide NCs were first explored in single
sorbate system. As expected, positively (oppositely) charged CTAB functionalized NCs
(MnFe204@CTAB, Fe304@CTAB, and MnxOy@CTAB) showed better As(V) and Cr(VI)
sorption performance than negatively charged OP coated NCs (MnFe204@OP, Fe304@OP, and
MnxOy@OP) (Figure 5.2 (a) and (b)). The maximum sorption density (qmax) of CTAB stabilized
NCs for As(V) was 2.62 = 0.15, 0.86 = 0.02, and 0.31 £ 0.03 mmol g"! for MnFe204, Fe30s, and
MnxOy, respectively and qmax of OP functionalized NCs towards As(V) was 0.97 £ 0.03, 0.14 +
0.02, and 0.06 = 0.01 mmol g for MnFe204, Fe3O4, and MnxOy, respectively. The Qmax of
CTAB stabilized NCs for Cr(VI) was 3.43 + 0.19, 2.53 + 0.01, and 0.45 = 0.02 mmol g for
MnFe204, Fe304, and MnxOy, respectively and gmax of OP functionalized NCs towards Cr(VI)
was 1.39 + 0.09, 0.20 = 0.03, and 0.09 £ 0.01 mmol g' for MnFe204, Fe3O4, and MnxOy,
respectively. We speculate that positively charged quaternary amine group of CTAB is the key
binding sites for both As(V) and Cr(VI) as they exist in an anionic form above pH ca. 2.2.%° For
U(VI) removal, negatively charged OP functionalized NCs showed outstanding sorption
performance (Figure 5.2 (c)). The phosphate functional group of OP is the dominant sorption
site for the uranyl cation.*® The qmaxtowards U(VI) for OP coated NCs was 4.27 = 0.38,2.47 +
0.13, and 1.91 + 0.08 mmol g' NCs for MnFe204, Fe304, and MnxOy, respectively and qmax
towards U(VI) for CTAB functionalized NCs was 0.65 + 0.08, 0.64 + 0.05, and 0.69 + 0.04

mmol g'! NCs for MnFe204, Fe304, and MnxOy, respectively.
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In our previous research, MnFe2O4 showed the highest U(VI) sorption and separation
among the expanded series of particle core compositions (MnFe2O4, Fe3Os, and MnxOy)
evaluated.*® In that reports, we also verified that MnFe204 NCs had enhanced (surface) redox
potentials compared to the Fe304, and MnxOy NCs.* Here, we found out MnFe204 NCs showed
the highest surfactant loading comparatively, which is key for sorption sites and stability. The
sorption performance for synthesized NCs was also compared with commercial MnFe204, Fe3Oa,
and MnO NCs, which demonstrated lower qmax than all as synthesized NCs regardless of the
composition of the NCs and contaminants (Figure 5.S3). The gqmax of commercial NPs was
below 0.14 + 0.01 mmol g for As(V), 0.04 £ 0.00 mmol g' NCs for Cr(VI) and 0.04 + 0.00
mmol g! NCs for U(VI). Two reasons to account for the differences including 1) the
commercial NCs were severely aggregated in water phase compared to the synthesized NCs
(Figure 5.S4) and 2) The presence of organic stabilizer with specific functional groups (CTAB
and OP) increased sorption capacity of synthesized NCs as compared to the commercial NCs —

i.e. increased favorable surface sites.
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Figure 5.3 As(V) (a) and Cr(VI) (b) sorption isotherm on manganese ferrite (MnFe204) NCs
coated with CTAB (solid line) and U(VI) (C) sorption isotherm on MnFe204 with OP (dotted
line) in DI water (red), synthesized ground water (purple), and sea water (black).

5.3.3. Effects Water Chemistry on Single Sorbate Systems
To understand how environmentally relevant ionic conditions affects these processes, we

explored the sorption behaviors in DI water, synthesized groundwater, and synthesized seawater
using MnFe204@CTAB for As(V) and Cr(VI) and MnFe204@OP for U(VI). The composition
of the synthesized ground water and seawater are presented in Table 5.51.265-26¢  As presented in
Figure 5.3, sorption capacities for As(V) and U(VI) decreased in groundwater and sea water
conditions. The gmaxtowards As(V) was 2.62 £ 0.15, 0.57 £ 0.08, and, 0.34 + 0.05 mmol g for
DI, ground water, and, sea water, respectively and qmax towards U(VI) was 4.27 = 0.38, 2.21 +
0.05, and, 1.00 + 0.03 mmol g for DI, ground water, and, sea water, respectively. The Cr(VI)

sorption density for MnFe:04@CTAB was dramatically reduced in the ground and sea water
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conditions. The qmaxtowards Cr(VI) was 3.43 £ 0.19, 0.05 £0.01, and, 0.00 + 0.00 mmol g™ for
DI, ground water, and sea water, respectively. The surface area of MnFe2O4 did not play critical
role in ionic conditions dependent sorption performance because NCs maintained their initial
size after sorption isotherm test except for the case of U(VI) sorption in synthesized seawater
(Figure 5.S5).

To further explore the reason(s) why sorption affinities were decreased in the ground and
sea water conditions, sorption densities were explored using each divalent cation and divalent
anion of the synthesized ground and seawater (Mg**, Ca?’, and SO4*). In addition, effects of
total ionic strength of groundwater and seawater were evaluated using monovalent ions (NaCl).
As shown in Figure 5.S6 (a), total ionic strength is not a significant factor in As(V) sorption
performance. Normalized sorption densities for total ionic strength of groundwater (C7) and
seawater (C4) were 0.84 and 0.98, respectively. For the Cr(VI) sorption, both total ionic strength
of groundwater and seawater critically blocked the Cr(VI) sorption (Figure 5.S6 (b)).
Normalized sorption densities were 0.30 (C7) and 0.00 (C4). The divalent cations (Mg>" and
Ca®") have a significant effect on Cr(VI) sorption density; normalized sorption density was 0.0
(C1), 0.15 (C2), and 0.64 (C5). The ionic strength influence the double layer thickness of
MnFe204@CTAB,?*” affecting binding for both As(V) and Cr(VI). In the presence of sulfate
ions (SO4%), As(V) sorption performance for MnFe:04@CTAB was significantly hindered;
normalized sorption densities were 0.18 (C3) and 0.26 (C6). Also, small amount of sulfate ions
significantly influence the Cr(VI) sorption affinities; normalized sorption densities was 0.00 (C3)
and 0.02 (C6). Taken togethers, we conclude that the divalent anions, including sulfate, act as
competing ions for both As(V) and Cr(VI). Contrary to the As(V) and Cr(VI), sulfate ions did

not have a significant effect on the U(VI) sorption performance on MnFe204@OP (Figure 5.S6
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(c)). Normalized sorption density was above 0.8 in presence of sulfate ions. However, divalent
cations, such as Mg?" and Ca?®*, suppressed sorption U(IV) affinity; normalized sorption density
was 0.27 (C1), 0.26 (C2), and 0.67 (C5). Also, with increasing ionic strength, normalized U(VI)
sorption density decreased to 0.53 in ground water and 0.20 in sea water due to charge screening
of MnFe204@O0P.*

5.3.4. Multi Sorbate Systems

Multi sorbate systems were explored to evaluate the competitive and/or cooperative effects when
two or more contaminants are involved in sorption processes simultaneously. Manganese ferrite
(MnFe204) NCs, which showed outstanding sorption performance in single sorbate systems,
were used for the multi contaminant sorption study. To investigate every possible multi sorbate
system scenerio, four different systems As(V) and Cr(VI); As(V) and U(VI); Cr(VI) and U(VI);
and As(V), Cr(VI), U(VI) were evaluated with comparison of single sorbate systems. Among
these, As(V) and Cr(VI) showed significant competitive effects. In the As(V) and U(VI) systems,
we could not present the As(V) and U(VI) sorption isotherms as As(V) and U(VI) readily formed
uranyl arsenate precipitates.”® Therefore, we focus our discussion on As(V) and Cr(VI); As(V)
and U(VI) systems. And other multi sorbate systems (Cr(VI) and U(VI); As(V), Cr(VI), and
U(VI)) are presented in Supplementary Information (Figure 5.S7 and S8).

5.3.5. As(V) and Cr(VI) Multi Sorbate System

Figure 5.4 (a) and (b) present the Cr(VI) sorption isotherm for multi (As(V) and Cr(VI)) and
single sorbate systems on MnFe:O4@OP and MnFe:O4@CTAB.  Cr(VI) sorption on
MnFe204@OP was strongly hindered in the presence of As(V). The gmax for Cr(VI) was 1.39 +
0.09 mmol g for the single Cr(VI) system and the qmax for multi sorbate systems was below

0.23 + 0.04 mmol g'. With MnFe204@CTAB, Cr(VI) sorption performance was significantly
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decreased in the presence of As (V). The qmax for Cr(VI) was 3.43 £ 0.19 mmol g for single
system and 1.62 + 0.08 mmol g! in the presence of As(V). Regardless of surfactant coating of
the NCs, Cr(VI) sorption capacity was greatly reduced in the presence of As(V) due to the

competition for sorption sites.?*®

Within the standard deviation of the gmax values, NCs had no
influence on As(V) sorption performance in the presence of Cr(VI); resulting in 2.72 £+ 0.22 and
2.62 + 0.15 mmol g for MnFe204@CTAB with and without Cr(VI), respectively and 0.96 +
0.05 and 0.97 + 0.03 mmol g for MnFe204@OP with and without Cr(VI), respectively (Figure
5.4 (c)).

To further quantify the sorption preference between As(V) and Cr(VI), real time sorption
behaviors were investigated using quartz crystal microbalance with dissipation (QCM-D) by

monitoring. Real time frequency shifts obtained by QCM-D can be correlated with a variation of

deposited total mass based on Sauerbrey relationship (Equation 5.1).22

CAFy,
n

Am = (Equation 5.1)

Here, m is the total deposited mass on the Q-sensor, C is the quartz sensor constant, Fn is the
shift in resonance frequency, and n is the resonance number (1, 3, 5, 7, 11 and 13). Dissipation
obtained by QCM-D presented viscoelastic properties of the adsorbed layer on the Q-sensor.
The dissipation during the oscillation of Q-sensor is described below (Equation 5.2).22% 269

Eq

D= (Equation 5.2)

- 2mEg

Where, D is the energy dissipation, Eq is the energy dissipated during one oscillation, and Es is
the energy stored in the oscillation system. To mimic the quaternary amine group (functionality
head group of CTAB), we loaded the quaternary amine polymer Poly(diallyldimethylammonium
chloride) (PDDA) on the surface of the silica Q-sensor by "grafting to" method;?** PDDA was

anchored from the PDDA solution (2.0 wt.% in H20) to the Q-sensor surface. After grafting
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PDDA, we re-stabilized the PDDA coated Q-sensors using DI water (pH 7) to rinse and
eliminate weakly anchored PDDA and close the viscosity gap (Figure 5.S9). For these, one must
also consider potential changes in the polymer configuration, and thus the Sauerbrey relationship
is not fully valid*?>?’° because PDDA is linear polymer. However, we can confirm whether the
PDDA polymer interacts with As(V) and Cr(VI) or not by monitoring real time frequency and

dissipation shifts.
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Figure 5.4 Single and multi sorption isotherm on MnFe204 NCs coated with CTAB (solid line)
or OP (dotted line); single sorbate systems (As(V) (pink) and Cr(VI) (cyan)) and multi sorbate
systems (As(V) and Cr(VI) (blue)).

To explore the As(V) and Cr(VI) sorption preference, we flowed each of an As(V) or
Cr(VI) solution (I mM) at pH 7 ove the PDDA coated sensor. As shown in Figure 5.5,
frequency and dissipation of PDDA coated Q-sensor significantly decreased after applying | mM

As(V) solution. In the Cr(VI) solution, a similar dissipation decrease was observed with small
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frequency decrease. After signal stabilization, we switched the influent solution from As(V) to
Cr(VID) and Cr(VI) to As(V), respectively. As(V) bound to PDDA coated Q-sensor had no
significant frequency and dissipation change upon the addition of 1 mM Cr(VI) solution. In the
case of Cr(VI) sorbed onto PDDA frequency and dissipation shift where obvious when As(VI)
solution was applied, indicating surface exchange. This observation provides strong evidence for

an As(V) sorption preference on amine functionality head group over Cr(VI).
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Figure 5.5 Time dependent frequency and dissipation shift (overtone n = 3) of the PDDA coated
Q-sensor. At 10 min, | mM As(V) solution (a) or 1 mM Cr(VI) solution (b) were applied to the
Q-sensor. Then at 77 min, after frequency and dissipation signals were stabilized, 1 mM Cr(VI)
solution (a) and 1mM As(V) solution (b) were flowed to the Q-sensors.

5.3.6. As(V) and U(VI) Multi Sorbate System

As mentioned, As(V) and U(VI) multi sorbate systems were not explored via sorption isotherms,

due to the formation of uranyl arsenate precipitates.?® However, specific evaluation of uranyl
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arsenate precipitates are interesting due better understanding of remediation of uranium mine
waters.”’! To explore removal performance for the NCs in the presence of both As(V) and U(VI),
we applied MnFe204 NCs (100 ppm) at pH 7 with same initial As(V) and U(VI) (concentration)
ratios for low and high initial concentrations (0.004 and 0.021 mM). As shown in Figure 5.6,
without NCs (blank), 11.9% of As(V) and 13.5% of U(VI) were removed in low initial
concentration and 85.4% of As(V) and 84.8% of U(VI) were removed in high initial
concentration due to the uranyl arsenate mineral precipitation.

In the presence of MnFe204@CTAB, As(V) and U(VI) removal rates increased in both
low and high concentrations. 80.6% of As(V) was removed and 99.1% of U(VI) was removed
for low initial concentration. At high concentration, 97.6% of As(V) was removed and 99.8% of
U(VI) was removed. The functionality head group (amine) of MnFe204@CTAB had a strong
affinity for As(V), resulting in enrichment of local As(V) concentration at the surface of the NCs.
We speculate that this increased local As(V) concentration promotes additional U(VI) sorption
and precipitation as adsorbed As(V) become thermodynamically stable with U(VI) along with
potential surface-based concentration polarization.*>2’> With negatively charged MnFe2O4@OP,
U(VI) removal also increased; 93.6% removal in low concentration and 96.6% removal in high
concentration. However, MnFe204@OP had no significant influence on As(V) removal; 7.8%
removal in low concentration and 15.3% removal in high concentration. We hypothesize that
adsorbed U(VI) on the phosphate functional group is likely to be thermodynamically stable with
the phosphate functional group, resulting in no additional As(V) sorption and precipitation.

To further investigate these observations, precipitates were analyzed by XRD. Figure
5.510 presents XRD patterns of the precipitate samples; precipitates were prepared under 1 mM

uranyl and arsenate with or without the NCs (500 ppm) at pH 7 for 24 hr. Additionally, uranyl
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phosphate precipitate was prepared to compare the U(VI) precipitate with MnFexOs@OP
because OP has phosphate functional head group. After preparing the precipitates, NC samples
were extracted by external magnetic force or filtered. Then the samples were washed several
times (over 3 times) to exclude the solution precipitates. XRD patterns for uranyl arsenate
mineral precipitates matched with trogerite (UO2HAsO4-4(H20)) with a 1:1 ratio of U(VI) and
As(V). XRD for wuranyl phosphates corresponded with hydrogen uranyl phosphate
(UO2HPO4:4(H20)) at a one to one ratio. For MnFe:O4@CTAB, uranyl arsenate precipitates
were observed on the surface of NCs, suggesting adsorbed arsenate could promote uranyl
arsenate precipitates. In the precipitates with MnFe2O4@OP, however, there was no crystalline

peak, indicating that precipitates are amorphous or just simply MnFe204@OP with strong uranyl

binding.
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Figure 5.6 As(V) (a) and U(VI) (b) removal with or without MnFe:O4@CTAB and
MnFe204@OP.

5.4. Experimental

Chemicals.
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Chemical material including iron (III) chloride hexahydrate (FeCls-6H20, 97%), manganese (II)
chloride tetrahydrate (MnCl2-4H20, 99.99%), oleic acid (OA, technical grade, 90%), 1-
octadecene (ODE, technical grade, 90%), cetyltrimethylammonium bromide (CTAB, 95%),
ethanol (99.9%), acetone (99.5%), hexane (98.5%), sodium arsenate (Na:HAsO47H:20),
potassium chromate (K2Cr207), and Poly(diallyldimethylammonium chloride) were purchased
from Sigma-Aldrich. Oleyl phosphate (OP) and sodium oleate (97%) were obtained from TCI
America. Uranyl nitrate hexahydrate (UO2(NO3)2:6H20) was purchased from Antec, Inc.
Manganese (II) oxide (MnO, 60 mesh, CAS Number 1344-43-0), iron (II, III) oxide (Fe3Oa4, <50
nm, CAS Number 1317-61-9), and manganese iron oxide (MnFe204, 50 nm, CAS Number
12063-10-4) nano powder were obtained from Sigma-Aldrich; TEM images of commercial nano
materials were presented in Figure 5.S11.

Synthesis of Iron Oleate and Manganese Oleate.
Iron oleate (Fe-oleate) and manganese oleate (Mn-oleate) were synthesized by the method

reported by An et al.?** Fe-oleate was synthesized by heating the mixture of iron (III) chloride
hexahydrate (40 mmol) and oleic acid (120 mmol) in ethanol (100 g), water (50 g), and hexane
(80 g) for 4 hrs at 58 °C. The mixture of manganese chloride tetrahydrate (40 mmol) and oleic
acid (80 mmol) in ethanol (100 g), water (50 g), and hexane (80 g) were heated 4 hrs at 58 °C for
Mn-oleate synthesis. The resulting metal-oleate (Fe-oleate or Mn-oleate) suspensions were
purified over six times using water and ethanol (1:1 volume ratio) and then the purified metal-
oleate was extracted using hexane.

Synthesis of Manganese Ferrite, Iron Oxide, and Manganese Oxide Nanocrystals.
Manganese ferrite, iron oxide, and manganese oxide nanocrystals (NCs) were synthesized by the

method reported by our previous reasearch.** Iron oxide NCs were synthesized by

decomposition of Fe-oleate (0.31 mmol) with oleic acid (0.21 mmol) in 1-octadecene (5 g) at
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320 °C for 1 hr. Manganese oxide NCs were synthesized by Mn-oleate decomposition at 320 °C;
Mn-oleate (0.3 mmol) with oleic acid (0.15 mmol) was used for synthesizing NCs in I-
octadecene (5 g) as a solvent. Manganese ferrite NCs were synthesized by decomposition of the
mixture of metal-oleate as precursors (Mn-oleate (0.27 mmol) and Fe-oleate (0.54 mmol)) with
oleic acid (2 mmol) in 1-octadecene (5 g) at 320 °C for 1 hr. All NCs were synthesized under
argon purging (99.999%). The resulting NCs were washed with ethanol (20 ml) and acetone (25
ml); the purify process was repeated over six times. The purified NCs were stored in the non
polar solvent hexane.

Surface Functionalization and Phase Transfer.
Synthesized NCs were organically surface functionalized and phase transferred from the organic

solvent (hexane) to water phase by ligand encapsulation method.**>! Cetyltrimethylammonium
bromide (CTAB) and oleyl phosphate (OP) were used as phase transfer agents. Particular
amounts of surface stabilizer (1 to 10 mmol) were mixed with 0.5 mL nanocrystal (NC) in
hexane (particle number of 3.8 X 1017) and vigorously stirred in 8 mL dionized (DI) water
(>18.2 MQ-cm resistivity, Milli-Q, Millipore Corp). The mixture of phase transfer agents and
NCs was probe-sonicated (Qsonica, Q-700, Taperd microtip) for 5 to 10 min at 80% amplitude
with full cycle. The phase transferred NC (in water) was put in the fume hood for over 24 hrs to
evaporate excess hexane and then purified using stirred cell with an ultra-filtration membrane
(cellulose, 100K Dalton, Millipore) at 10 psi using argon gas. Lastly, the resulting solution was
further filtrated by syringe filter (0.22 ym, WHATMAN-PTFE) and the concentration of the NC
solution was measured using inductively coupled plasma optical emission spectroscopy (ICP-
OES, Perkin Elmer Optima 7300 DV).

Sorption Isotherms.
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The synthesized metal oxide NCs were used as sorbents for arsenic (V), chromium (VI), and
uranium (VI) over ranges of 0.021 to 0.168 mM at pH 7.0. In the multi sorption systems, all
initial contaminant concentrations were the same molar concentration. pH of the solution was
adjusted using HNO3; and NaOH solution before batch sorption experiments and during the
sorption test (after 4 and 8 hrs). After 24 hrs, to measuring the sorption isotherm, NCs were
separated using ultracentrifuge (Sorvall WX Ultra 80, Thermo scientific) at 50,000 rpm for 2 hrs
and supernatants were measured using Inductively Coupled Plasma Mass Spectroscopy (ICP-MS,
Perkin Elmer ELAN DRC II). The calculated sorption isotherm was plotted by Langmuir
isotherm (Equation 5.3), that was best fitted with measurements.

— qmanLCe
Qe = 14K, Co)

(Equation 5.3)
Where q, is the sorption density of the system (mmol as sorbed contaminants per g as NC), @max
maximum sorption density, k; Langmuir sorption constant, and C, the equilibrium concentration

of contaminants.

Critical Coagulation Concentrations (CCC).
The critical coagulation concentration (CCC) of NCs was measured in varied concentrations of

NaCl or CaClz using the dynamic light scattering (DLS) method at pH 7.0. The attachment
efficiency (a) of NCs was calculated by dividing the measured aggregation rate constant (k;4)

into the fast aggregation rate constant (K1 45). Here, CCC is at a minimum concentration

when the a becomes one (Equation 5.4).

o = (Equation 5.4)

k11, fast

Transmission Electron Microscope (TEM).
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The diameter of synthesized NCs was measured using a transmission electron microscope (TEM,
Tecnai G2 Spirit, FEI). TEM images were analyzed by Image Pro Plus 6.0 (Media Cybernetics,
230

USA); size and size distribution were obtain by counting over a thousand of NCs.

Hydrodynamic Diameter and Zeta Potential.
The hydrodynamic diameters and zeta potential of NCs were determined by dynamic light

scattering method (Malvern, Zetasizer Nano ZS, ZEN3600) at 22 °C.

X-Ray Diffraction (XRD).
XRD patterns (from 20° to 80° of 20) of synthesized NCs were measured using a powder

diffractometer (Bruker d8 Advance X-ray Diffractometer) with Cu Ko radiation (1.54 A).

Total Organic Carbon (TOC).
A total organic carbon analyzer (TOC, Shimadzu Scientific Instrument) was used to measure the

number of organic molecules coated on NC.

Quartz Crystal Microbalance with Dissipation (QCM-D).
Quartz crystal microbalance with dissipation (QCM-D, Q-sense E4, Biolin Scientific) was used

with a quartz sensor (SMHz silica coated QCM-D crystal, QSX-202, Q-sense) at 22.00 £+ 0.02 °C

under 100 pl min™ of flow rate (ISM935, ISMATEC) to verify the sorption preference.

5.5. Conclusions

The composition dependent manganese iron oxide NCs were synthesized and surface
functionalized with CTAB and OP to explore their sorption performance on single and multi
sorbate systems considering As(V), Cr(VI), and U(VI). Outstanding As(V), Cr(VI), and U(VI)
sorption performances and colloidal stability were observed for MnFe20O4 NCs in a single sorbate
system due to high organic grafting densities of CTAB or OP on the NC, which provide a large
number of effective sorption sites for sorbate and osmotic and elastic-steric repulsion for

colloidal stability. For the As(V) and Cr(VI) multi sorbate system, As(V) has higher sorption
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preference over Cr(VI) for all cases explored. In the As(V) and U(VI) multi sorbate system, both
As(V) and U(VI) removal was significantly enhanced with positively charged MnFe:04@CTAB
due to increased As(V) local concentration at the surface of the NC which promoted the uranyl

arsenate precipitation.

5.6. Supporting Information
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Figure 5.S1 (a) XRD of manganese iron oxide, iron oxide, and manganese oxide NCs.
Diffraction patterns matched with MnFe.04 (JCPDS Card # 380430), Fe3Os4 (JCPDS Card #
190629), and MnO core (JCPDS Card # 070230) with Mn3O4 shell structure (JCPDS Card #
240734). Water disperse synthesized NCs coated with cetyltrimethylammonium bromide
(CTAB) and oleyl phosphate (OP) were characterized; (b) hydrodynamic diameters at pH 7, (c)
zeta potential at pH 7, (d) number of organic molecules loaded on the NC surface.
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Figure 5.S2 Critical coagulation concentration (CCC) of water dispersed metal oxide NCs was
determined by measuring attachment efficiency as a function of salt concentration (NaCl (blue)
and CaCl:z (red)); (a) MnxOy@CTAB, (b) MnxOy@OP, (c) Fe30s@OP, and (d) MnFe204@OP.
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metal oxide (MnFe204 (red), FesO4 (blue), and MnxOy (red)) NCs after (a) As(V), (b) Cr(VI),

and (c) U(VI) sorption experiments.
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Figure 5.S5 Hydrodynamic diameter of CTAB (solid line) and OP (dotted line) functionalized

MnFe204 NCs after (a) As(V), (b) Cr(VI), and (c) U(VI) sorption experiments in DI water (red),
ground water (purple), and sea water (black); MnFe204@OP not shown because it precipitate
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Figure 5.5S6 Normalized As(V) (a), Cr(VI) (b), and U(VI) (c) sorption density on MnFe204@OP
or MnFe204@CTAB with a series of ions and concentrations; sea water condition: C1, C2, C3,
and C4. The NaCl concentration is adjusted to the total ionic strength of sea water. Ground
water condition: C5, C6, andC7. The NaCl concentration is adjusted to the total ionic strength of
ground water. Error bars present standard deviations
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Figure 5.5S11 TEM images of commercial NCs. (a) manganese ferrite (MnFe204), (b) iron oxide
(Fe304), and (c¢) manganese oxide (MnO)

Table 5.S1 Composition of synthesized ground water and sea water

Ground water Sea water
Ion mM mM
cr 6.6 564.1
Na' 7 488.9
K* - 3 7
Mg - 452
Ca 08 36
SO4* 1.0 179
Br- - 0.6
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Chapter6: Exploring Fundamental Behavior
of Organic Coated Silica Nanoparticles via
CM-D

*To be submitted in peer review journal

6.1. Overview

Here we investigate the influence of organic coatings on the deposition of silica nanoparticles
(NPs) with respect to their diameter, flow velocity, and attachment efficiency using a quartz
crystal microbalance with dissipation monitoring (QCM-D). For favorable conditions, organic
coating decrease deposition rate.  Unexpectedly, the attachment efficiency (under the
unfavorable condition) of organic coated NPs increased with increasing flow velocity (up to 2.65
x 10 m/s for 20 nm NPs and 1.32 x 10° m/s for 200 nm NPs), although hydrodynamic torque
also increased with increasing flow velocity. To better understand these observations, we
deconvolute deposition mechanisms (diffusion and sedimentation) and determined relative
effects (diffusion velocity, intermediate distance, and travel time) for partitioning from the liquid
phase (bulk solution) to the solid phase (the surface of Q-sensor). For these, the diffusion
velocity (from liquid to solid) of NPs increased with increasing flow velocity, leading to increase
NP's kinetic energy for deposition. With organic coatings, a flow velocity increase reduces the
secondary minimum deposition of NPs, and thus enhances their primary minimum deposition.
NPs deposited at the primary minimum are resistant to hydrodynamic torque forces, resulting in

an attachment efficiency increase with increasing flow velocities.
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6.2. Introduction

Organic surface coatings significantly influence not only the aggregation of NPs but also
deposition of NP as described and discussed in the introduction and literature review in previous

111-112, 273

chapters. Regarding NP deposition, different mechanisms, such as diffusion,

8 which makes specific elucidation

sedimentation, and interception occur simultaneously,"
difficult. Towards this, a quartz crystal microbalance with dissipation (QCM-D) monitoring can
be a powerful tool to elucidate the deposition mechanism of nanoparticles in terms of organic
coating, due to its a nanogram sensitivity and configuration flexibility.?’* QCM-D, which is
based on the (inverse) piezoelectric effect, measures the frequency and dissipation of Q-sensor in
real time.?”> Deposited mass has a linear relationship with negative frequency shift (via
Sauerbrey relation) based on the assumption of deposition via (near) homogeneous films.?*> In
the case of NPs deposition, NPs forms laterally heterogeneous films composed of discrete
NPs.?”> The Sauerbrey equation is still valid for the NPs deposition when dissipation is
relatively low (and NPs have solid core structures).?’

In this work, we observe increasing attachment efficiency between SiO2 NPs (surface
functionalized, 20 - 200 nm) and QCM sensors with increasing flow velocities, while remaining
in the range of typical ground water flow velocities (6.11 x 10 to 1.32 x 107> m/s). This is an
interesting discrepancy, as it does not match with previous theoretical conclusions. To better
understand this observation, for the first time, we directly calculated the diffusion velocity,
intermediate distance, and travel time of NPs (assumption free). The diffusion velocity of NPs
from the bulk (liquid phase) to the collector (solid phase) increased as flow velocity was
increased. With organic coatings, a flow velocity increase can reduce the secondary minimum

deposition of NPs, and enhance their primary minimum deposition via increasing their kinetic
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energy. This enhancement results in increasing attachment efficiency with increasing flow

velocity.

6.3. Results and discussion

6.3.1. Size-Dependent and velocity-Dependent Deposition (Favorable

Conditions)
The size of NPs governs their deposition, as diffusion and sedimentation are significantly

affected by the diameter of NPs.!*® Here, the effects of organic coating on size dependent (20,
50, 100, and 200 nm) under favorable deposition conditions were evaluated in 1mM of NaCl at
pH 7.2, with a 1.06 x 10* m/s flow rate. Highly monodisperse silica NPs, with or without
organic coating ((3-aminopropyl) triethoxysilane, APTES), were used as model NPs. Detailed
characterization information, including, TEM image, size histogram, TEM diameter,
hydrodynamic diameter (number mean and volume mean), mass of NP, mass of coating, and zeta

potential, can be found in the supporting information (Figure 6.S1, Table 6.S1, and 6.S2).
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Figure 6.1 (a) Collector efficiency as a function of diameter of NPs. (b) Collector efficiency of
20 nm NPs as a function of flow velocity. (c) Collector efficiency of 200 nm NPs as a function of
flow velocity. The black dashed linear regression line is for bare NPs and the purple dashed
linear regression line is for organic coated NPs.

Figure 6.1 (a) presents collector efficiency for bare and organic coated silica NPs as
measured by QCM-D. For this system, the collector efficiency is the ratio of total NPs (mass)
flux in QCM-D chamber (reactor) compared with total NPs deposited rate on Q-sensor. Also,
favorable deposition implies that every collision between NPs and Q-sensor leads to permanent
deposition. The collector efficiencies are 0.145, 0.100, 0.056, and 0.028 for 20, 50, 100, and 200
nm bare NPs, respectively and 0.125, 0.087, 0.037, and 0.020 for 20, 50, 100, and 200 nm
organic coated NPs, respectively (Figure 6.1 (a)). As NP size increased, the collector efficiency
decreased, regardless of surface coating. As previously reported, while the settling velocity of
NPs increases with (increasing) size, Brownian diffusion of NPs is inversely proportional to their
diameter.'>® Over the explored range of 20 - 200 nm, deposition of NPs is more significantly

9. 158 Collector efficiency of

affected by a diffusion decrease than a sedimentation increase.
organic coated NPs was slightly lower than that of bare NPs, which is more pronounced for
larger NPs. In this case, lower collector efficiency means a reduction of collision not a decrease
of attachment efficiency as all NPs were deposited under favorable conditions. Collision is
affected by not only external factors (flow velocity, fluid viscosity, and temperature), but also
characteristics of NPs (size, density, van der Waals (vdW) interaction).!® Here, every
experiment condition (external factors) is identical, and core size and density differences
between bare and organic coated NPs are negligible. Thus, we speculate that the organic surface

coating is likely to reduce pairwise intermolecular interaction (vdW interaction). On the basis of

Hamaker's approach, total interaction is calculated by simply summing the vdW interactions of
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each molecule in one particle with all of the molecules in the substrate, which is the Q-sensor in
this case.?’® The separation distance is governing factor for vdW interaction. The small portion
of the surface coating (as mass ratio) likely contributes to the relatively large interaction energy
difference?”’ because the separation distance of coating is always closer than core particles.
Also, the influence of interaction energy induced by coating may be size-dependent; the
contribution (separation distance) of the surface of the material increases with a decreased radius
of curvature (increasing size) of NPs.

Flow velocity is also considered as a key variable for evaluating the role of a surface
coatings on the deposition as NPs can be resuspended via flow dynamics under the unfavorable

condition.!!

Before exploring the flow velocity effects under the unfavorable deposition, we
investigated favorable deposition as a function of flow velocity in 1mM of NaCl at pH 7.2. Two
different size (20 and 200 nm) NPs, with or without organic coating, were used in five different
flow velocity conditions (6.11 x 10, 1.32 x 107, 2.65 x 107, 5.29 x 105, and 1.06 x 10™* m/s).
As shown in Figure 6.1 (b), the collector efficiency for 20 nm NPs decreased with increasing
flow velocity, regardless of surface coating, because the total number of collisions decreased
with increased flow velocity.!'” '3 The collector efficiencies were 0.32, 0.28, 0.20, 0.18, and
0.14 for 20 nm bare NPs in 6.11 x 10, 1.32 x 107, 2.65 x 10>, 5.29 x 107, and 1.06 x 10* m/s
flows, respectively. For organic coated 20 nm NPs, they were 0.28, 0.23, 0.19, 0.16, and 0.12 in
6.11 x 107, 1.32 x 107, 2.65 x 107, 5.29 x 107, and 1.06 x 10* m/s flows, respectively. Figure
6.1 (c) presents the collector efficiency of 200 nm NPs as a function of flow velocity. The
collector efficiencies of bare NPs were 0.187, 0.133, 0.078, 0.044, and 0.028 with increasing

flow velocity, and the collector efficiencies of organic coated NPs were 0.180, 0.104, 0.062,

0.035, and 0.020 with increasing flow velocity. Similarly to the 20 nm NPs case, the collector
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efficiencies of both bare and organic coated 200 NPs decreased with increasing flow velocity due

119, 158

to the diffusion decreases the number of NP collisions with collector. With organic

coating, both 20 nm and 200 nm NPs had slightly lower collector efficiency than bare NPs.
6.3.2. Attachment Efficiencies for Unfavorable Conditions

To further investigate the role of surface coatings, we explored the deposition of NPs as a
function of flow velocity under unfavorable conditions, using 20 and 200 nm NPs at pH 7.2. To
obtain proper attachment efficiency, the mass change resulting from deposition of NPs should be
large enough to provide clearly detectable frequency signal. Through initial screening, we found
that 0.2 M NaCl for 20 nm NPs, 0.1 M for 200 nm bare NPs, and 0.25 M NacCl for 200 nm
organic coated NPs provide a sufficient frequency signal without aggregation of NPs. Though
the zeta potential of NPs decreased in the presence of high salts, the NPs maintained their initial
diameters (Figure 6.S2). The zeta potentials of 20 and 200 nm bare NPs and 20 and 200 nm
organic coated NPs were -7.0 and -10.1 mV, and 6.8 and 14.8 mV, respectively. As presented in
Figure 6.2, the attachment efficiency of bare NPs was either constant or decreased with
increasing flow velocity, regardless of size. These results match well with previous attachment

H4-115 However, the

efficiency model equations developed by Elimelech!!® and Bai and Tien.
attachment efficiency of organic coated NPs increased with increasing flow velocity for certain
flow ranges (up to 2.65 x 10~ m/s for 20 nm NPs, and 1.32 x 10> m/s for 200 nm NPs), though
the torque applied NPs increased with increasing the flow velocity (Figure 6.S3) and then
dropped. Recent studies reported increasing attachment efficiency of NPs with increasing flow

102,112 Kim et al. suggested that the

velocities when NPs are coated with organic materials.
roughness of collector (porous media) may contribute to the unexpected attachment efficiency

behavior in the presence of dissolved organic matter.?’® Additionally, a change in aggregate
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density could lead to unexpected attachment efficiency as aggregates density changes would
result in under- or over-estimation of the number of collision in terms of flow velocity.!!3 ?
However, the roughness of the collector and aggregation of NPs were negligible in this study as
we used ideal collectors (Q-sensor) with highly monodisperse NPs. The unexpected attachment
efficiency increase may result from enhanced interaction energy between organic coated NPs and
the collector. According to the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory,
secondary minimum plays significant role in deposition of large colloid (e.g., 1000 nm).!!®- 27
With an organic coating, the different interaction energy sources include elastic-steric and
osmotic repulsion components. These short range energies are important under high ionic

O as they can result in considerable secondary energy barriers''!: 28! for

strength conditions®®
particles of this size range. In the presence of potential secondary minima, detailed deposition
information, such as the diffusion velocity, intermediate distance, and travel time of NPs are

required for fundamental understanding. For this, by operating the QCM-D upside down, we can

obtain these parameters.
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Figure 6.2 (a) Attachment efficiency of 20 nm bare (black) and organic coated (purple) NPs as a
function of the flow velocity under unfavorable conditions. (b) Attachment efficiency of 200 nm
bare (black) and organic coated (purple) NPs as a function of flow velocity.
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Figure 6.3 (a) Sketch of the motion of NPs by diffusion and sedimentation in normal and
inverted configurations of QCM-D operation. (b) Collector efficiency resulting from diffusion
and sedimentation for 200 nm bare and organic coated NPs as a function of flow velocity.

6.3.3. Inverted QCM-D Approach

Because sedimentation is readily measurable, 200 nm NPs were used for these studies. To
separate the different deposition mechanisms (diffusion vs. sedimentation), the QCM-D was
operated in both normal and inverted (upside down) configurations at five flow velocities (6.11 X
10, 1.32 x 107, 2.65 x 103, 529 x 103, and 1.06 x 10* m/s). Every deposition test was
conducted in ImM NaCl at pH 7.2. The possible velocity vectors of diffusion (Brownian
motion) and sedimentation for NPs are presented in Figure 6.3 (a). In normal QCM-D operation
mode, gravity works in the deposition direction, but in inverted operation, it acts opposite to the
direction of deposition. The driving forces for NPs deposition in the normal QCM-D
configuration are diffusion and sedimentation (diffusion + sedimentation), but gravity hinders the
deposition of NPs in the inverted QCM-D configuration (diffusion - sedimentation). The
separated collector efficiencies of 200 nm bare and organic coated NPs are presented in Figure
6.3 (b); here diffusion is the governing deposition mechanism. The collector efficiency (by

diffusion) of organic coated NPs decreased slightly more than bare NPs as flow velocity was
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increased. Cho et al. calculated the diffusion velocity (V;) of NPs by assuming a constant
intermediate (travel) distance (1 mm).?®> However, in our work, for the first time, the diffusion
velocity, intermediate distance, and travel time of NPs were explored on the basis of the two
deposition mechanisms (diffusion and sedimentation). Diffusion works in all directions by
Brownian random motion of NPs, and sedimentation proceeds in only one direction, driven by

gravity (Figure 6.3 (a)). As shown in Figure 6.4 (a), the sum of the Y-axes of every diffusion

velocity vector is V; - sin 8 (0 - 360°), and the settling velocity (1) acts only downward (-90°).

Hence, the total of the velocity vectors (Y-axis) of NPs in the normal QCM-D configuration is
Vg sin +V, Ininverted mode, it is V; - sin 8 — V. The settling velocity (V) can be obtained
by Stoke's equation (Equation 6.1):2%

_ 9(pp=pw)d®

V
9 18u

(Equation 6.1)
Here, g is the acceleration caused by gravity, p, is the density of NP, p,, is the density of water,
d is the diameter of the NP, and u is the viscosity of the solution. The diffusion velocity (V)
can be calculated because the ratio of the collector efficiency of the normal configuration to the
collector efficiency of the inverted configuration is proportional to the ratio of the positive area
to the negative area of V- sin6 + 1, from 0 to 360 degree (Figure 6.4 (a)). Based on the

calculated diffusion velocity, the intermediate distance and travel time can be obtained using

Equations 6.2 and 6.3, which derived from the Stokes-Einstein relationship:2%

_ kpT

= Trad (Equation 6.2)

where D is the diffusion coefficient of the silica NP, kg is the Boltzmann constant, and 7 is the

absolute temperature.
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v, = % == (Equation 6.3)
Here, x is the intermediate distance (travel distance). As presented in Figure 6.4 (b), the
diffusion velocity of both bare and organic coated NPs increases with increasing flow velocity.
Conversely, the travel distance and time for both NPs decreases with increasing flow velocity
(Figure 6.4 (c) and Figure 6.S4). Travel distance implies the thickness of diffusion boundary

285 NP concentration near the collector

layer, which decreases with increasing flow velocity.
approaches the bulk concentration when flow velocity is increased. A NP concentration gradient
increase results in increased diffusion velocity. The kinetic energy of NPs is directly related to
their velocity: 0.5 - myp - V. Here, myp is the mass of the NP and V is the velocity of the NP.
High kinetic energy increases the ratio of NPs deposition on the primary minimum to their
deposition on the secondary minimum. With an increased number of NPs deposited on the

286-287

primary minimum, detachment by hydrodynamic force becomes lower, resulting in

increasing attachment efficiency with increasing flow velocity.
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Figure 6.4 (a) Sketch of the sums of the Y-axes of motion from diffusion and sedimentation. (b)
Diffusion velocity (c) travel distance for 200 nm bare (black) and organic coated (purple) NPs as
a function of flow velocity. (d) Attachment efficiency of 200 nm bare (black) and organic coated
(purple) NPs as a function of flow velocity under inverted QCM-D operation.

In addition, we observe that sedimentation significantly affects attachment efficiency at
high flow velocity conditions even though diffusion is dominant. As shown in Figure 6.2 (b) and
Figure 6.4 (d), the attachment efficiencies of the normal and inverted configurations were
similar, except for the highest flow velocity condition (1.06 x 10 m/s). The deposition
mechanism of 200 nm NPs at the highest velocity condition was mainly diffusion.
Sedimentation was small (but not negligible) compared to diffusion (Figure 6.3 (b)); the
sedimentation percentages were 7.27 and 5.55 % for bare and organic coated NPs. Hence, we
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hypothesize that under high flow velocities, NPs are more readily deposited on the upper surface
of the porous media than the under surface. Based on this observation, diameter and density,
which are governing factors for sedimentation, could be important when injecting a solution
containing NPs for sensing and subsurface environmental remediation. For biomedical
applications such as tumor targeting, diameter and density could also be important, as blood flow

velocity is much higher (3.0 x 10 - 4.0 x 10" m/s)**%-2% than typical ground water velocities.

6.4. Experimental

Nanoparticles (NPs).
Bare (hydroxylated) and organic coated ((3-aminopropyl) triethoxysilane (C9H23NOs3Si),

APTES) 20, 50, 100, and 200 nm silica NPs were purchased from nanoComposix. The average
size and distribution of NPs were measured using transmission electron microscopy (TEM,
Tecnai G2 Spirit, FEI) images with Image Pro Plus 6.0 (Media Cybernetics, USA) by counting
over 1000 NPs.?** The hydrodynamic diameter (Du) and zeta-potential of the NPs were
measured by dynamic light scattering (Malvern, Zetasizer Nano ZS, ZEN3600) at pH 7.2 and 22
°C. The number concentration of NPs was measured using inductively coupled plasma optical
emission spectroscopy (ICP-OES, Perkin Elmer Optima 7300DV), and organic loading mass was
measured using a total organic carbon analyzer (TOC, Shimadzu Scientific Instrument).

Quartz Crystal Microbalance with Dissipation (QCM-D).
The deposition of NPs was monitored using QCM-D (Q-sense E4, Biolin Scientific) with a Q-

sensor (5 MHz silica-coated QCM-D crystal, QSX-202, Q-sense). The flow velocity was
controlled by a peristaltic pump (ISM935, ISMATEC).

Measuring the Collector Efficiency.
The deposition experiments were conducted in duplicate with four different mass flux

conditions, by applying oppositely charged NPs to the quartz Q-sensor (Figure 6.S5-S7). For the
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positively charged Q-sensor coating agent, poly-L-lysine (PLL, Sigma Aldrich) was used.!¢

From the QCM-D deposition results, we calculated the collector efficiency (Equation 6.4).%°
. . _ CAF, 1 __ deposited mass .
Collector efficiency = it X mass Fi mass (Equation 6.4)

Here, C is the mass sensitivity constant (17.7 ng/cm? for a 5 MHz AT-cut quartz Q sensor), Fy is
the resonance frequency, 7 is the resonance number (1, 3, 5, 7, 11, 13), and m is the mass of NPs
deposited. We monitored every n and selected the third » due to its stability.

Measuring the Attachment Efficiency.
The attachment efficiency of NPs on quartz Q-sensors was evaluated by dividing the time-

dependent frequency shift of the unfavorable condition to that of the favorable condition
(Equation 6.5).° Every test was conducted in duplicate with four different mass flux conditions

(Figure 6.S8-S9). .

(AF; /At)Unfavorable 1
o = Equation 6.5
(AFS/At)Favorable ( 1 )

Protocol for poly-L-lysine (PLL) coating.
To make positively charged Q-sensor, we coated Q-sensor using PLL. First, we rinsed the quartz

sensors in 10 mM HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and 100
mM NaCl for 10 min. Then we coated the quartz sensors using 0.1 g/L of PLL in 10 mM
HEPES buffer and 100 mM NaCl solution. After the signal stabilized, we rinsed the quartz

sensor again for 10 min using 10 mM HEPES buffer in100 mM NaCl solution (Figure 6.510).1¢

6.5. Conclusions

In this chapter, we measured the diffusion velocity (bulk solution to Q-sensor) of NPs by
deconvolution of diffusion velocity vector on the basis of a new and novel QCM-D technique.

The diffusion velocity of NPs increased as a function of flow velocity. The organic coated NPs
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deposited more on the primary minimum due to the increased kinetic energy (diffusion velocity)

when flow velocity was increased, which leads to increased attachment.

6.6. Supporting Information

Figure 6.S1 presents TEM images and size histograms of bare and organic coated silica NPs; the
sizes were measured for over 1000 NPs, counted using Image Pro Plus 6.0. Hydrodynamic
diameter (Dn) of NPs was further analyzed using dynamic light scattering (DLS). The size
information (TEM diameter, Du (number mean and volume mean)) is summarized in Table S1
for bare silica NPs and in Table S2 for organic coated NPs. As shown, the TEM diameter and
number mean Du had highly similar values, suggesting that the silica NPs used in this study were
highly monodisperse. The zeta potentials of the NPs were measured by DLS in 1 mM of NaCl at
pH 7.2. The zeta potentials were -9.26, -17.6, -33.1, and -41.0 mV for 20, 50, 100, and 200 nm
bare silica NPs, respectively, and 9.05, 20.2, 22.4, and 39.6 mV for 20, 50, 100, and 200 nm

organic coated silica NPs, respectively.
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Figure 6.S2 The time-dependent diameters of (a) 20 nm bare NPs at 0.2 M NaCl and 20 nm
organic coated NPs at 0.2 M NaCl. (b) The time-dependent diameters of 200 nm bare NPs at
0.25 M NaCl and 200 nm organic coated NPs at 0.1 M NaCl. Solution pH was 7.2.

Measuring the Torque Applied to Deposited Nanoparticles. Two hydrodynamic forces act on a
deposited NP; one is the drag force (Fp, Equation 6.6) and the other is the lifting force (Fp,

Equation 6.7).287- 2!

Fp = (1.7005)6muVr, (Equation 6.6)
Here, V is the fluid velocity and rp, is the radius of deposited NP.
FL = 81.2r,2pw®V/vos (Equation 6.7)

Here, w is the velocity gradient at the collector surface, and v is the kinematic viscosity of the
fluid. The torque applied to a deposited NP was determined by the larger of drag and lift forces.
In our experimental conditions, drag was the governing force in calculating the torque applied to
a deposited NP (Equation 6.8).2°!

Tappliea = 1.399r,Fp (Equation 6.8)
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Figure 6.S3 (a) The torque applied to 20 nm bare (black) and organic coated (purple) NPs as a
function of flow velocity. (b) The torque applied to 200 nm bare (black) and organic coated
(purple) NPs as a function of flow velocity.
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Figure 6.S5 Frequency shift (dF/dt) as a function of the number of NPs under favorable
condition. (a) 20, 50, 100, and 200 nm bare NPs, (b) 20, 50, 100, and 200 nm organic coated NPs.
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Figure 6.S7 Frequency shift (dF/dt) as a function of the number of NPs under favorable
deposition conditions at different flow velocities (1.06 x 10* m/s (purple), 5.29 x 10 m/s
(green), 2.65 x 107 m/s (yellow), 1.32 x 107 m/s (blue), and 6.11 x 10" m/s (red)). 200 nm (a)
bare and (b) organic coated NPs with normal QCM-D operation. 200 nm (c) bare, (d) organic
coated 200 m NPs with inverted QCM-D operation under favorable conditions.
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Figure 6.S8 Frequency shift (dF/dt) as a function of the number of 20 nm NPs under unfavorable
deposition conditions at different flow velocities (1.06 x 10* m/s (purple), 5.29 x 10 m/s
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(green), 2.65 x 107 m/s (yellow), 1.32 x 107> m/s (blue), and 6.11 x 10 m/s (red)). (a) 20 nm
bare NPs in 0.2 M NaCl and (b) 20 nm organic coated NPs in 0.2 M NaCl.
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Figure 6.S9 Frequency shift (dF/dt) as a function of the number of NPs under unfavorable
deposition conditions at different flow velocities (1.06 x 10* m/s (purple), 5.29 x 107 m/s
(green), 2.65 x 10 m/s (yellow), 1.32 x 10 m/s (blue), and 6.11 x 10°m/s (red)). (a) 200 nm
bare NPs in 0.25 M NaCl and (b) 200 nm organic coated NPs in 0.1 M NaCl with normal QCM-
D operation. (c) 200 nm bare NPs in 0.25M NaCl and (d) 200 nm organic coated NPs in 0.1 M

NaCl with inverted operation.
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Figure 6.S10 Real time frequency responses of Q-sensor for NPs deposition; (a) The NPs
deposited on the negative quartz sensor. A linear slope represents their deposition (40 <t min).

(b) The NPs deposited on the positive quartz sensor. The profile (25 min to 70min) represents
Poly-L-lysine coating process on the surface of quartz sensors. Deposition shows after 105 min

(a linear slope).

Table 6.S1 The detailed information of bare silica NPs (20, 50, 100, and 200 nm)

Hydrodynamic | Hydrodynamic Zetapotential at | Zetapotential atp
BareNPs TEM diameter diameter diameter Mass of NP pH7.2 (1 mM H 7.2 (high salt co
(number mean) | (volumemean) NaCl) ndition)
0.26+£1.95m 7.0+£2.1mV
20 2267 +2.40 227 1.5 260+19 1.62E-17 -
1nim 1nim nm nm k4 v ©2M N:\Cl]
. - - . . -17.6 £0.65m
50nm 47.38 £3.30nm 47.6£1.50m | 524 +0.4nm 1.48E-16¢g v ' -
100 mm 10586 £6.22 mmn 1040+24nm | 104.74+0.7 nm 1.65E-15¢ -33.1+0.30mV -
1745 4+ 45 - +0.22 - + T
200nm | 207.91+8.13nm | 203.5+5.00m "4"11:' Iy ospaag | MO —\_,0'" m (t)c.'il:" l—ullfn‘;]\)
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Table 6.S2 The detailed information of organic coated silica NPs (20, 50, 100, and 200 nm)

. . . . Zetapotential
Organic . Hydrodynamic | Hydrodynamic o e o | Zetapotential -
coated TEM d_mmet diameter diameter Mass of NP I\1Ia:>s Of:m: atpH7.2(1m ]211:]? coll-l(gi:;i
NPs o (number mean) | (volumemean) ace coating MNaCl) > n)
22.2+21n 005+1.12m | 6.§+0.1mV
20 230+23 No0+22 1.51E-17¢g 8.22E-19¢g .
1 m nim 1 g - W {0_2 M NaC.‘l)
+20 20.18 £0.
sonm | 484 . "] 404+05mm | 55.1+00um | 1.57E-16g | 9.53E-18g | *° 1181:{-'0 60 .
3 S - - - 22.42 A7
100 nm 108.3 %6 111.3+1.1nm | 1237 £2.2nm 1.76E-15¢ 56lE-17¢g 4 i.D 4 -
nun mv
208.2 £11. 3056 £0.34 14.8+£1.4mV
200 nm 2002+£1.8nm | 234.6+3.1nm 1.25E-14 5.11E-16 ¢ .
" § nm " - s - mv (0.1 M NaCl)
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Chapter 7: Nanoparticle Stability in Water:
Understanding Critical Dynamics of Organic
Coatings and Relative Aggregation Density

*To be submitted in peer review journal

7.1. Overview

Inorganic-organic nano composites have received interest as a potential platform (nano) structure
for sensor, catalyst, sorbent, and environmental applications. Here we describe the critical role
of organic surface coatings with regard to the colloidal stability of engineered manganese oxide
nanoparticles (MnxOy NPs) core materials (chosen due to antiferromagnetic properties at room
temperature). To systematically evaluate the role of surface coating on colloidal stability, we
prepared libraries of monodisperse MnxOy NPs with a series of surface coatings including those
with different structures. Quantitatively, we specified the role of surface organic coating by
comparing critical coagulation concentration (CCC) with experiment and expectation (Schulze-
Hardy rule). We observed that the effective density of nanoclusters can exceed NPs' primary
(bulk) density depending on empty space of organic coating regime(s). Interestingly,
poly(maleic anhydride-alt-1-octadecene) coated NPs were more colloidally stable at the point of
zero charge (PZC) than at pH 7, though the NPs lost its surface charge potential. Critical
coagulation concentrations (CCC) was 334 mM in NaCl and 1.5 mM in CaCl: at pH 7, compared
to CCC values of 807 mM in NaCl and 210 mM in CaClz at PZC. We determined that polymer
configuration changes significantly effects colloidal stability. The shrinkage of polymer chains
(at PZC) dramatically increases bulk colloidal stability of organic coated NPs, which was

confirmed with a quartz crystal microbalance-based technique to evaluate polymer dynamics.
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Overall, we systematically demonstrate and quantify organic coating variables, including
structure, grafting density, and configuration influence on colloidal stability of organic coated

NPs.

7.2. Introduction

In water, nanoscale particles aggregate when the free energy of the system is reduced by
decreasing the surface area."?® Particle aggregation decreases reactivity and affects not only
toxicity and persistence, but also fate and transport.!??1% For charge-stabilized nanomaterials,
the stability ratio, as a function of ionic strength (reciprocal of attachment efficiency) provides

65, 211, 213

fundamental insight into particle stability regimes. Practically, this is measured by

critical coagulation concentrations (CCC), which are directly calculated via stability ratios, are
widely used as a practical index for evaluating of stability of nanomaterials in water.??-2%
According to classical Derjaguin—Landau—Verwey—Overbeek (DLVO) theory, electrostatic
double layer (EDL) repulsion is reduced as a function of counter ion concentration and type
through the effective decrease of Debye screening length (surface charge screening).?% 2%

There are a number of approaches for evaluating the CCC (colloidal stability) of nano
materials on the basis of classical DLVO interactions.!!®- 153296-2% Eor most, CCC relationships
are described in terms of counter valence ion concentration and/or type, as described by the
Schulze-Hardy rule, which is derived from linear superposition of Gouy-Chapman and
unretarded Hamaker expressions (i.e. classical DLVO theory).!'- 13*  Such DLVO expressions,
including the Schulze-Hardy rule, have theoretical limitations when asymmetric ions are
incorporated. Because the Taylor series expansion of the Poisson-Boltzmann equation (involved
in the description of EDL) is simplified only when dissolved ions are symmetric electrolytes.?-

301 Without such simplification, complex numerical computational procedures are required.
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Despite this limitation, the Schulze-Hardy rule is widely accepted when describing monovalent

and asymmetric divalent counter ion dynamics.??-%

Interestingly, when (nano)materials are
coated or encapsulated by organic substances, such as artificial surfactants, organic matter, the
Schulze-Hardy rule is no longer valid.*®> Because the Schulze-Hardy rule considers only
classical DLVO interactions, extended DLVO (XDLVO) interactions have been explored to
better describe the behavior of particles with organic coatings in water.

Organic-inorganic nanoscale composites have gained considerable interest as next
generation materials for catalysts, sorbents, and sensors, among other environmental
applications, due to unique, tunable physico-chemical properties in addition to high colloidal
stability upon surface passivation.>>3* Organic surface coatings can provide EDL repulsion as
well as XDLVO interactions, such as osmotic and elastic-steric repulsion for inorganic bodies.*®"
3% XDLVO interactions relating to colloidal stability remains an area of ongoing research.’¢*
Specifically, the quantifying the role of organic coatings remains a challenge from a colloidal
stability and (net) aggregation density perspective.

In this work, we explore the role of organic coated nanoparticles with regard to structure
(bilayer- linear polymeric- multi branched polymeric-) and conformation change (shrink and
stretch of polymer chains). We have designed and synthesized monodisperse manganese oxide
nanoparticles (NPs) with varied organic surface coatings (polymer- and organic acid-based) and
an inorganic shell (silica), for comparison. We observed that the presence of the unsaturated
carbon (i.e. double bond) in organic surfactant plays significant role in colloidal stability of
bilayer structured NPs. For polymer functionalized NPs, colloidal stability is highly influenced
by coating structure and configuration. Additionally, the relative amount of empty space

(density) of organic coating regime strongly correlates with relative aggregation density. The
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collapse (shrinking) of polymers grafted on the surface of NPs dramatically increases elastic-

steric repulsion, which significantly affects colloidal stability.

7.3. Results and discussion

7.3.1. Synthesis and Characterizations
Manganese oxide (MnO and Mn3Os) NPs were designed as model core NPs due to

antiferromagnetic properties at room temperature.%

Highly monodisperse manganese oxide
(MxOy) NPs were precisely synthesized via Mn-oleate (precursor) decomposition in the presence
of oleic acid at 320 C°.**262 As measured by TEM, the sizes and size distributions of resulting
synthesized MxOy NPs were 13.8 + 1.4, 18.4 £+ 1.5, and 24.6 + 1.3 nm, respectively (Figure 7.1
and Figure 7.S1); size was controlled by Mn-oleate concentration (Figure 7.S2). As shown in
Figure 7.2 (a), X-ray diffraction (XRD) patterns were matched with MnO (JCPDS Card # 07-
0230) and Mn304 (JCPDS Card # 24-0734), which matches the well-known MnO-Mn3O4 core

shell structure (Figure 7.2 (a)).%% 262

i

o : :I PO o o

Figure 7.1 TEM images of monodisperse MnxOy (from a to c) and (d) silica encapsulated 18.4
nm MnxOy NPs; Average diameter of NPs was measured by counting over 1000 NPs using
Image-Pro 6.0; (a) 13.8 £ 1.4 nm, (b) 18.4 + 1.5 nm, (c) 24.6 = 1.3 nm.
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Synthesized MnxOy NPs were surface functionalized by both ligand encapsulation and
exchange methods for phase-transfer from organic solvent into water.%> 21> MnxOy NPs with
surface bilayers were synthesized by first surface stabilizing the particles in NP phase upon
formation, with oleic acid (aligned with hydrophobic tail facing outwards, into the organic phase.
Particles were then phase transferred via a second organic acid outer layer (s) such as oleic acid
(OA) and stearic acid (SA) with the functional head group faces outward, effectively rendering
the particle surface hydrophilic and thus stable. As shown in Figure 7.S3 (a), optimized bilayer
structure (arrangement/concentration) was achieved by adjusting ligand(s) concentrations.
Above or below the optimal organic acid concentrations resulted in poor dispersion and/or low
stability. For example 35.4 pumol of OA was the optimized concentration for phase transfer of a
particular concentration (0.16 g/L) of MnxOy NPs. Above the critical micelle concentration
(CMCQ), organic acid (OA and SA) forms micelles in the water phase, leading to the removal of
the surfactant from the surface of NPs and decrease the stability of NPs.’! Below optimal
concentrations, colloidal stability decreases due to the insufficient surface stabilization.

Polymer stabilized MnxOy NPs were prepared using negatively charged poly(maleic
anhydride-alt-1-octadecene) (PMAO), positively charged linear polyethylenimine (PEI), for
which multi-branched PEI was used. As presented in Figure 7.S3 (b), above the certain polymer
concentration, particle transfer is optimized; 0.32 umol of multi branched PEI was the minimum
needed to transfer and surface stabilize MnxOy NPs (0.16 g/L or 1.8x10'7 particles/L). As a
control (no organic coating), silica coated 18 nm MnxOy NPs were synthesized via a sol-gel
method using tetraethyl orthosilicate (TEOS) as the silica source.?”®?* For these, silica shell

228-229

thickness was controlled by TEOS concentration , resulting in shells of ca. 3 nm.
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Figure 7.2 Characterization of the MnxOy NPs coated with various surface stabilizers. (a) XRD
data of manganese oxide (MnxOy) NPs; diffraction patterns were matched well with MnO
(JCPDS Card # 07-0230) and Mn304 (JCPDS Card # 24-0734) crystalline structures. (b to d)
Three different size MnxOy NPs (13, 18, and 25 nm as diameters) were stabilized with oleic acid
(OA) and stearic acid (SA). 18 nm MnxOy NPs were functionalized with series of surfactants
(poly(maleic anhydride-alt-1-octadecene) (PMAO), linear polyethylenimine (LPEI), multi
branched polyethylenimine (PEI), and silica (Si02)). (b) Surface functionalized MnxOy NPs
were characterized by measuring hydrodynamic diameter at pH 7.0, (c) zeta potential at pH 7.0,
and (d) number of carbons per cubic nm.

Phase transferred NPs were characterized by dynamic light scattering (DLS, Malvern,
Zetasizer Nano ZS, ZEN3600) to measure hydrodynamic diameters (Dn) and zeta potential ().
As shown in Figure 7.2 (b), Du of the bilayer structure NPs increased with increasing diameters

of MnxOy NPs. Du of 14, 18 and, 25 nm OA (bilayer) coated MnxOy NPs (MnxOy@OA) were
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18.0, 23.9, and 30.2 nm, respectively. And Du of 14, 18 and, 25 nm SA coated MnxOy NPs
(MnxOy@SA) were 17.5, 28.7, and 32.4 nm, respectively. Du of polymer coated MnxOy NPs
was 55.7 nm for multi branched PEI coated NPs (MnxOy@PEI), 63.9 nm for linear PEI stabilized
NPs (MnxOy@LPEI), and 31.5 nm for PMAO stabilized NPs (MnxOy@PMAO). Additionally,
silica encapsulated manganese oxide NPs (MnxOy@SiOz) had a Du of 25.1 nm. As shown in
Figure 7.2 (c), similar { was measured for NPs surface coated with the same coatings: { of 14,
18, and 25 nm MnxOy@OA was -28.2, -21.0, and -26.8 mV, respectively and -26.4, -29.4, and -
264 mV for 14, 18, and 25 nm MnxOy@SA, respectively. { of 18 nm MnxOy@PEI,
MnxOy@LPEI, MnxOy@PMAO, and MnxOy@SiO2 was 37.2, 25.9, -40.8, and -22.6 mV,
respectively.

As shown in Figure 7.2 (d), the number of carbon molecules (surface associated) per
cubic nm was measured by total organic carbon (TOC, Shimadzu Scientific Instrument). When
NPs encapsulated with the same organic stabilizer, organic surfactant loading increased with the
size of NPs. Surfactant loadings on 14, 18, and 25 nm MnxOy@OA were 20.2, 23.5, and 40.7
carbons per cubic nm, respectively. Numbers of carbons on 14, 18, and 25 nm MnxOy@SA
were 17.8, 33.5, and 48.7 per cubic nm, respectively. To achieve similar degrees of colloidal
stability, larger NPs require dense organic loading because van der Waals attraction energy is
proportional to size of NPs.* 1Y In addition, larger NPs are likely to allow for more dense
surfactant loading due to the relaxed steric hindrance (i.e. relatively less core curvature).?!4213
As expected, larger molecular weight, polymeric, coatings, such as PEI and PMAO, have heavier
organic loading on the surface of NPs than ligands encapsulation agents, such as OA and SA
(Table S1). For 18 nm MnxOy NPs, organic loadings for PEI, LPEI, and PMAO were 6.3, 5.0,

and 14.0 carbons per cubic nm, respectively.

124



3 3z =

> |(@ 14 nm Mn,0,@SA % [(b) 18 nm Mn,O,@SA > |(c) 25 nm Mn,O,@SA

& 1 pro—a-8 occ & 11 _fo'"ﬂ"‘"" & 1 $ cr e

3 PZC7 & pH7| S PZCe! dg% pH7| 3 chf o pH 7

= ¢ / p= o : = S

ul Ao d u g /| s g i

E P b/ = % §F g £ g P

201y » o1y S b 4 | £0.1 @ %!

= P g = 4 55 : = K

o I o / ! ! 3] / |

g ') v g Vi % 1 ] o Z 1y

z 1 10 100 1000 & 1 10 100 1000 & 1 10 100 1000
NaCl Concentration (mM) NaCl Concentration (mM) NaCl Concentration (mM)

3 3 C)

> [(d)14nm Mn,O,@0A > (e) 18 nm Mn,O,@0A > |(f 25 nm Mn,O,@0A

S 1 fo—op s 1 - 1 51 P~ 8B

: PzCy ipH7 3 pzcyl foH7 8 PZC/ ﬁ 7

= g I = it = J :

L / ! L [ I w @ /i

e ,g;o f = ‘fé fr! = @ b |

£0.1 A ] £0.1 g ! 20.1 7 i

e ? 1 = ! ({L i 5 ! rI i

Q v [&] I 1 [5] S 1

] ya il ¥ 1] i l ¥ ] £ A ¥

E 1 10 100 1000 2 1 10 100 1000 ﬁ 1 10 100 1000
NaCl Concentration (mM) NaCl Concentration (mM) NaCl Concentration (mM)

Figure 7.3 Attachment efficiency of bilayer structured MnxOy NPs as a function of NaCl
concentration at pH 7.0 (blue) and at pH 4.0 (PZC, balck); stearic acid (SA) stabilized (a) 14 nm
MnxOy NPs (14 nm MnxOy@SA), (b) 18 nm MnxOy@SA, (c) 25 nm MnxOy@SA, oleic acid
(OA) coated (d) 14 nm MnxOy NPs (14 nm MnxOy@OA), (e) 18 nm MnxOy@OA, and (f) 25 nm
MnxOy@OA.

7.3.2. Role of Bilayer Structure on Colloidal Stability

Bilayer coatings were evaluated for three different sized particles (14, 18 and 25 nm) with oleic
acid (OA) and steric acid (SA) outer coatings. Both SA and OA have 18 carbon chains with
identical functional head groups (carboxyl). While SA is made of (sp3) C18 linear carbon chain,
OA has an unsaturated cis-C18 organic acid with a double bond between C9-C10.* As shown
in Figure 7.3, CCC values for both MnxOy@SA and MnxOy@OA were measured using NaCl at
pH 7.0. CCC values for 14, 18 and 25 nm MnxOy were 256, 326 and 392 mM for MnxOy@SA,
respectively and 596, 609 and 702 mM for MnxOy@OA, respectively. Here, larger NPs are more
actually more stable than smaller NPs, despite van der Walls (vdW) attractions increasing as a

function of size (Figure 7.S4). This is likely due to the fact that, larger particles have
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significantly higher grafting density (grafting density ratio of 25 nm to 14 nm is 2.0 and 2.7 for
OA and OA, respectively).

Interestingly, MnxOy@OA shows better colloidal stability than MnxOy@SA over all size
ranges tested. To explore this finding, CCC values for both MnxOy@OA and MnxOy@SA were
additionally measured at a pH near the point of zero charge (PZC) to minimize electrostatic
double layer (EDL) repulsion. As pH was lowered, { of MnxOy@SA and MnxOy@OA decreased
via protonation of carboxyl group (Figure 7.S5). At PZC (pH 3.5), MnxOy@SA and
MnxOy@OA readily aggregated. We selected the pH of solution at pH 4 (near the PZC) to
prevent unwanted aggregation. At pH4,  for 14, 18 and 25 nm MnxOy@SA was -5.0, -4.2, and -
4.5 mV, respectively, and { for 14, 18 and 25 nm MnxOy@OA was -6.5, -5.5, and -4.7 mV,
respectively. CCC values at pH 4 were 38, 35 and 83 mM for MnxOy@SA, respectively and
167, 202, and 162 mM for MnxOy@OA, in order of increasing the size (Figure 7.3).
MnxOy@OA containing cis double bond has better colloidal stability than MnxOy@SA. In
previous reports, our group demonstrated that the restricted vibration and rotation of unsaturated
carbon chains (OA) compared to the saturated carbon chains (SA) likely lower net entropy
(effects), leading to higher elastic-steric repulsive energies.*’

7.3.3. Surface Coating Dependent Colloidal Stability

The effects of surface coating types on colloidal stability were evaluated using 18 nm MxOy NPs
with three types of surface coatings: inorganic (silica) coated NPs (MxOy@SiO2), bilayer
structured NPs (MxOy@SA and MxOy@OA), and poly(maleic anhydride-alt-1-octadecene
(PMAO, Mw=40000) coated MxOy NPs (MxOy@PMAO). Without organic coating(s) (negative
control), MxOy@SiO2 has no osmotic or elastic-steric repulsion. As shown in Figure 7.4, the

CCC values were measured using NaCl or CaClz at pH 7.0. CCC values in NaCl were 415 mM
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for MxOy@SiO2, 609 mM for MxOy@OA, 326 mM for MxOy@SA, and 334 mM for
MxOy@PMAO. Unexpectedly, MxOy@SiO2 demonstrates a relatively high CCC value without
organic surface stabilization. Here, we hypothesize that silica coating effective decreases vdW
interactions. Hamaker constant (Ai121) for the silica (Si02) has been reported over a range from
0.63x107% to 0.85x1072° J,10:306-307 which is significantly lower than Hamaker constant (Ai21) for
manganese oxides (7.84x102° 1).2%® 1In addition, polymer coated MxOy@PMAO has smaller
CCC (334 mM) than bilayered MxOy@OA (609 mM). Grafting density also plays important role
in steric repulsion.®® Despite the fact that the organic loading mass for MxOy@PMAO was
higher than MxOy@OA, grafting density of MxOy@OA was 1.7 times higher than that of

M:Oy@PMAO (Table S1).
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Figure 7.4 Attachment efficiency of surface functionalized 18 nm MnxOy NPs ((a) MnxOy@SiO2,
(b) MnxOy@OA, (¢) MnxOy@SA, and (d) poly(maleic anhydride-alt-1-octadecene) coated
MnxOy (MnxOy@PMAO)) as a function of salt concentration (NaCl (blue) and CaClz (red)) and
Schulze-Hardy rule expectation (yellow line).
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The Schulze-Hardy rule relates the valence of counter ion(s) to colloidal stability via
classical DLVO approach (XDLVO interactions are not considered). To elucidate effects of
XDLVO integrations on colloidal stability, we compared experimentally measured CCC values
in CaClz and CCC calculated (modeled) by the Schulze-Hardy rule.!”-?° As shown in Figure 7.4,
CCC values in CaClz for MxOy@SiO2, MxOy@OA, MxOy@SA, and MxOy@PMAO were 12.0,
16.3, 3.8, and 1.5 mM (measurement), respectively and 12.6, 24.6, 9.9, and 7.9 mM (Schulze-
Hardy rule), respectively. While MxOy@SiO2 corresponded well with Schulze-Hardy, organic
coated NPs significantly deviated from Schulze-Hardy calculations, as expected. The percentage
differences between them for MxOy@Si02, MxOy@OA, MxOy@SA, and MxOy@PMAO were 4,
50, 155, 430 %, respectively. Polymer stabilized MxOy@PMAO had the highest discrepancy
between experimental measurements and Schulze-Hardy calculations. These differences are
likely to be from XDLVO interactions in addition to (PMAO) configuration changes. To further
explore the configuration change of PMAO, we used Quartz Crystal Microbalance with
Dissipation monitoring (QCM-D). Frequency shift has linear relationship with variation of

deposited total mass (Sauerbrey Equation).?*

CAF,

(Equation 7.1)

Here, m is the total deposited mass on the Q-sensor, C is the quartz sensors constant, F» is the
shift in resonance frequency and #» is the resonance number (n =3). Dissipation shift presents
viscoelastic properties of the adsorbed layer on the sensor. The dissipation during the oscillation

of Q-sensor is described as below (Equation 7.2).22% 26

_ _ Ea .
D= P— (Equation 7.2)
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Where, D is the energy dissipation, Eq is the energy dissipated during one oscillation, and E is
the energy stored in the oscillation system. Figure 7.5 presents the frequency and dissipation
shift of the PAMO grafted sensor as a function of salt concentration (NaCl or CaClz). With
increasing NaCl concentration (up to 2 M NaCl), frequency shift was decreased and dissipation
shift was increased. This indicates that counter ions (in this case as Na") can cause swelling-type
interactions with PMAO.?%: 3%  For MxOy@PMAO particle systems, as the ionic strength is
increased, the organic coatings effectively decreases in density and thus additional overlapping
with coatings on other particles can occur. In contrast with monovalent counter ions (Na®),
PMAO dynamics behave differently in the presence of divalent counter ion (Ca®"). From 1 to 20
mM (CaClz), frequency shift decreased with slightly increasing dissipation shift, indicative of
PMAO swelling;??> 3% however, higher CaClz concentration (20 mM to 1 M) led to the effective
collapse of the PMAO also releasing water molecules (adsorbed in PMAQ) due to neutralization
of functional groups(maleic anhydride)?*>3!? Further, above 1 M (CaCl2), the frequency was re-
decreased (increasing dissipation). indicating that re-expansion (re-hydration) of the PAMO; the
adsorbed Ca** ions is likely to form a strong counterion-counterion correlation by developing

opposite charges at functional groups of PMAQ.3!!
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Figure 7.5 (a) Frequency shift and (b) dissipation shift of poly(maleic anhydride-alt-1-
octadecene) (Mw = 40000, PMAO) as a function of salt concentration (NaCl (blue) and CaClz

(red)).

7.3.4. Surface Coating Dependent Aggregation Density
Particles aggregate, the importance of aggregation (cluster) density is crucial for transport

behavior(s), including sedimentation.'*8

To date, cluster density of particle aggregates, as a
function of organic surface coating(s) not been quantified. Aggregation behavior of organic
coated NPs is different from NPs aggregation without surfactant or NOM due to the XDLVO
interactions.  Specifically, elastic-steric repulsion originates from interaction (collision),
interpenetration (surface layer overlapping) and final compression of the adsorbed organic
coating layer.'*® Further, upon aggregation, overlap of the organic coating regime(s) is likely for
organic coated NPs. For critical coagulation concentrations (CCC) experiments, normalized
density as a function of attachment efficiency can be quantified by considering two types of
number concentrations. Here the number of nanoclusters was measured based upon DLS
(intensity mean) using the photon count rate as an indicator of the number concentration via

Rayleigh scattering relationship (Equation 7.3).3!2

I:IO

n*(1+cos20) (mz—l
8R2Z A% m2+2

) d°N (Equation 7.3)

Where, [ is the scattered light intensity, /o is the incident light intensity, 0 is the scattering angle,
A is the wavelength of incident light, R is the distance of observation point and particles detected.
m is the ratio of the refractive index of particles to the medium, d is the diameters of nanoclusters
and N is the number concentration of nanoclusters. Equation 7.3 is reduced by applying the
method coefficient term (o) (Equation 7.4), which is constant regardless of experimental

conditions.
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m?-1
m2+2

I =1a ( ) d®N (Equation 7.4)

Number of aggregates can be measured with information of initial number concentration

(Equation 7.5).313-314

Py d;°Ng

5 = LN, (Equation 7.5)

Normalized aggregate (relative) density can then be obtained by dividing the two different
number concentrations for two different times with spherical shape assumption, typically starting
with t = 0. It should be noted that there are limitations to this approach as average aggregate
diameters need to be below the wavelength of incident light (Rayleigh scattering criteria). As
shown in Figure 7.S6, the number of nanoparticles has a linear relationship with photon count
rate over a wide range of sizes from 23 to 208 nm of silica NPs. This indicates that such density
evaluations can be made for clusters under ca. 200 nm, as the incident laser wavelength is 633

nm and thus we only evaluate and describe aggregate density for nanoclusters up to ca. 200 nm.
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Figure 7.6 Normalized density of surface coated 18 nm MnxOy NPs ((a) MnxOy@SiO2, (b)
MnxOy@SA, (¢) MnxOy@OA, and (d) MnxOy@PMAO) as a function of attachment efficiency
(attachment efficiency was controlled using NaCl).

Figure 7.6 shows relative aggregate density as a function of attachment efficiency (ionic
strength as NaCl). Interestingly, density of the nanoclusters is highly dependent on coating type.
MxOy@SiO2 nanoclusters have < 0.6 normalized densities at low attachment efficiencies (o < 0.2)
as shown in Figure 7.6 (a). In contrast, normalized density of bilayer structured NPs (MxOy@SA
and MxOy@OA) maintained their primary density under low attachment efficiency conditions (a
< 0.1) (Figure 7.6 (b) and (c)). Perhaps even more interesting, MxOy@PMAO has above 1
relative density over a wide range of attachment efficiency conditions due to MxOy@PMAO
surface coating overlap (Table S1). In addition, as increasing the attachment efficiency,
normalized density decreases regardless of surface coating types. Under low attachment

efficiency conditions (low salt concentration), NPs have a chance to penetrate into nanoclusters
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before permanent sticking, leading dense aggregates. However, NPs permanently attach to the

nanoclusters at less contact at high attachment efficiency condition (high salt concentration).!®
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Figure 7.7 (a) Attachment efficiency of 18 nm linear polyethyleneimine (LPEI) coated MnxOy
(18 nm MnxOy@LPEI) as a function of salt concentration (NaCl (blue) and CaClz (red)); (b)
Time dependent hydrodynamic diameters of multi branched polyethyleneimine (PEI) coated 18
nm MnxOy (18 nm MnxOy@PEI).

7.3.5. Effects of Polymer Structure and Configuration Change on Colloidal
Stability
To elucidate the effects of polymer structure on particle stability, two different structured PEI

with identical MW and composition were used as surface coating materials: linear
polyethylenimine (PEI) and multi branched PEI. Figure 7.7 (a) presents the attachment
efficiency of MxOy @LPEI under varied ionic salt conditions at pH 7. CCC was 256 mM in
NaCl and 139 mM in CaCla. For the positively charged NPs, divalent cation (Ca*") did not
significantly influence their stability because counter ions are anions (CI) not cations (Na" and
Ca®"). Theoretically, CCC in NaCl should be 2 times higher than CCC in CaCl> (the
experimental result was 1.8 times). Interestingly, MxOy(@PEI was extremely stable under 1 M of

NaCl or CaClz concentration (Figure 7.7 (b)). This fact further highlights the importance of
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organic coating structure in colloidal stability. For multi branch polymer coated NPs
(MxOy@PEI), a small portion of interpenetration leads to significant compression because multi

branch polymer segments anchored each of carbon chains due inherent structure.
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Figure 7.8 Attachment efficiency of poly(maleic anhydride-alt-1-octadecene) coated MnxOy NPs
(18 nm MnxOy@PMAO) as a function of (a) NaCl concentration and (b) CaCl. concentration at
pH 7.0 and at PZC.

Polymer coated NPs (MxOy@PEI, MxOy@LPEI, and MxOy@PMAQ) maintained their
initial hydrodynamic diameters at a point of zero charge (PZC) (Figure 7.S7). Here, we
hypothesize that polymer configuration change plays important role in colloidal stability. To
further explore this, CCC for MxOy@PMAO was measured under two different pH values (pH 7
and pH 2.5 (PZC)) in varied ionic salt concentration (NaCl or CaClz2). As shown in Figure 7.8,
CCC for MxOy@PMAO was dramatically increased at the PZC, though NPs lost their surface
charge (absence of EDL repulsion): 334 mM in NaCl and 1.5 mM in CaCl: at pH 7 and 807 mM
in NaCl and 210 mM in CaCl> at PZC. Colloidal stability at PZC is attributed to polymer
configuration changes. Toward this end, PMAO dynamics were monitored under pH 7 and PZC
using QCM-D. Figure 7.9 presents the frequency and dissipation (n=3, 5 and 7) at pH 7 and

PZC; the pH was changed every 20 min for six times. As pH increased from PZC to 7.0, the
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frequency decreased (increasing dissipation) and then increased (decreasing dissipation) with
decreasing pH from 7.0 to PZC. Such PMAO dynamics indicates that polymer was collapses
(shrinks) at pH near PZC via releasing adsorbed water molecules due to a charge
neutralization.?>>2?6 Based on these observations, it is likely that the shrink/collapse dynamics of

surface polymer chains dramatically increases the colloidal stability of polymer coated NPs.
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Figure 7.9 Frequency and dissipation shift of poly(maleic anhydride-alt-1-octadecene) (PMAO)

at pH 2.5 (PZC) and pH 7.0 with the overtone n = 3 (red), 5 (green), and 7 (blue); time dependent
(a) pH, (b) frequency, and (c) dissipation

7.4. Experimental

Chemicals
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Manganese (II) chloride tetrahydrate (MnCl2¢4H20, 99.99%), oleic acid (OA, technical grade,
90%), 1-octadecene (ODE, technical grade, 90%), stearic acid (SA, 98.5%), oleic acid (OA,
99%), poly(maleic anhydride-alt-1-octadecene) (PMAO, Mw=40000), linear polyethyleneimine
(LPEI, Mw=25000), branched polyethyleneimine (PEI, Mw=25000), Igepal CO-520
((C2H4O)n-Ci15sH240, n=5), tetracthoxy orthosilcate (TEOS, 99.99%), poly-L-lysine (PLL),
cyclohexane (99%), ethanol (99.9%), acetone (99.5%), hexane (98.5%) were purchased from
Sigma-Aldrich; sodium oleate (97%) was obtained from TCI America; silica NPs were obtained
from NanoComposix.

Synthesis of Manganese Oleate (Mn-oleate)
Mn-oleate was synthesized by the method reported by An et al.>** The mixtures of manganese

chloride tetrahydrate (40 mmol) with oleic acid (80 mmol) in 100 g of ethanol, 50 g of water, and
80 g of hexane were heated at 58 °C for 4 hrs. The resulting Mn-oleate suspension was purified
over six times using water and ethanol (1:1 volume ratio) and then extracted the purified Mn-
oleate using hexane.

Synthesis of Manganese Oxide Nanoparticles (MnxQOy NPs)
MnxOy NPs were synthesized by Mn-oleate decomposition at 320 °C under argon gas purging.

The size of the MxOy NPs was controlled by Mn-oleate concentration; for 14, 18, and 25 nm
MxOy NPs, 0.5, 1.0, and 2.0 mmol of precursor were used in the presence of oleic acid (0.5
mmol) in of 1-octadence (5 g), respectively. The resulting NPs were purified using ethanol (20
ml) and acetone (25 ml). The purifying process was repeated over six times. Purified MnxOy
NPs were stored in nonpolar solvent hexane.

Organic Functionalization
Synthesized MnxOy NPs dissolved in non polar solvents were phase transferred from hexane to

water by ligands exchange or encapsulation methods.**>! Oleic acid (OA), stearic acid (SA) and
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poly (maleic anhydride-alt-1-octadecene) (PMAOQO) were used as ligands encapsulation agents
and linear polyethyleneimine (LPEI) and multi branched polyethyleneimin (PEI) were used for
ligand exchange agents. Detailed information for organic functionalization was described in our
40,51

previous paper and others.

Silica Coating
Silica coating on MnxOy NPs was prepared based on the method reported by Selvan et a

1228229
For details, 2.0 ml Igepal CO-520 was added in 15 ml cyclohexane containing 40 mg of 18 nm
synthesized MnxOy NPs. And then, 0.4ml NH4OH (29%) and 0.1 ml tetraethoxy orthosilcate
(TEOS) were injected rapidly and kept the mixture over night with vigorous mixing. The

resulting silica coated NPs were purified using ethanol and DI over six times using centrifugation.

Critical Coagulation Concentration (CCC)
The CCC of NPs was measured by DLS (Malvern, Zetasizer Nano ZS, ZEN3600). Detailed

information for measuring CCC has been described in our previous research and by others.!%316-
317" For the CCC estimated by Schulze-Hardy rule, that was derived from linear superposition
Gouy-Chapman expression and unretarded Hamaker expression: ccc o z ®A~2tanh*(ze(/
4kT), where z is valence, 4 is the Hamaker constant, e is the electron charge, { is the zeta
119, 153

potential, k is the Boltzmann constant and T is the absolute temperature.

Transmission Electron Microscope (TEM)
The diameters of the synthesized MnxOy NPs were determined using transmission electron

microscope (TEM, Tecnai G2 Spirit, FEI) with carbon support film on 300 mesh copper grids
(Electron Microscopy Sciences). Average size of MnxOy NPs were analyzed by counting over a
thousand of NPs using Image Pro Plus 6.0 (Media Cybernetics, USA).?°

X-ray Diffraction (XRD)
XRD patterns (from 20° to 80° of 20) were measured using a powder diffractometer (Bruker d8

Advance X-ray Diffractometer) with Cu Ko radiation (1.54 A).
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Quartz Crystal Microbalance with Dissipation (QCM-D)
QCM-D (Q-sense E4, Biolin Scientific) with quartz sensor (SMHz silica coated QCM-D crystal,

QSX-202, Q-sense) was used to evaluate polymer dynamics at 22.00 £ 0.02 °C. PMAO coating
was conducted by the "grafting to" method*** using PLL as a linker.'® 2 g/L of PMAO solution
was prepared and use its supernatant. Baseline experiments (with PLL linked Q-sensor) were
conducted for the compensation of undesired dissipation and the frequency shift caused by ionic

strength (viscosity).

7.5. Conclusions

Variable factor of organic coating, such as structure, grafting density, and configuration change
have great influence on colloidal stability of NPs. Amount of empty space of organic coating
regime is determinant of density of nanoclusters. Situationally, density of aggregates exceeds its
primary density. In addition, shrinkage of polymer structure via solution chemistry (i.e. pH,

ionic strength) dramatically increases colloidal stability.

7.6. Supporting Information

The van der Waals (vdW) energy interaction was calculated based upon the sphere-sphere

geometry. Equations for calculation of vdW energy is as follows.?!8

Ay | 2a2 2a? R®+4ah .
V =—ZH + +In Equation 7.S1
Vdw 6 | +4ah | h’+aah+4a? h? +4ah+4d? (Eq )

Here, & is the separation distance, @ is the diameter of MnxOy NPs, and Ax is the Hamaker

constant (7.84 x 10729 J)*% for MnxOy NPs -water- MnxOy NPs system.
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Figure 7.S1 The histograms of the size distribution of synthesized MnxOy NPs. The average
diameters and their standard deviation analyzed by Image Pro Plus 6.0 were 13.8 + 1.4, 18.4 +
1.5, and 24.6 + 1.3.
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Figure 7.S2 Diameters of synthesized MnxOy NPs as a function of Mn-oleate concentration with
0.5 mmol oleic acid in 5 g of 1-octadecene as a solvent.
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Figure 7.84 van der Waals energy interaction of three different size (13.8, 18.4, and 24.6 nm)
MnxOy NPs as a function of separation distance.
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Figure 7.S5 Zeta potential (red) and hydrodynamic diameters (blue) of bilayer structured
MnxOy NPs; 14 nm NPs with (a) oleic acid (OA) (14 nm MnxOy@OA); (b) stearic acid (SA) (14
nm MnxOy@OA); 18 nm NPs with (¢) OA (18 nm MnxOy@OA); (d) SA (18 nm MnxOy@OA);
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Figure 7.S6 Photon counter rate as a function of the number of silica NPs; (a) 23 nm NPs (23 nm
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Table 7.S1 Total organic carbon (TOC), organic coating volume, and grafting density of organic

coated MnxOy NPs.
Total Organi . Grafting densit | Carbonra
) Organic coat | s
. cCarbon(pp |. ° yv(number of ca | tio (carbon
Nanoparticle ing volume ( . e
m as carbon) . rbon per cubic | mass/total
. cubic nm) P . o
) nm)’ mass
14nm Mn,O,@OA 963 %12 35,616 202 0.77
18 nm Mn,O,@OA 1383+ 1.0 104,699 235 0.77
25 nm Mn, O, @OA 1574433 164,217 40.7 0.77
14nm Mn,O,@SA 1026+ 06 43221 17.8 0.76
18 nm Mn,O,@SA 1147+ 1.1 60,728 335 0.76
25 nm Mn,O,@SA 1465+ 0.7 127,725 487 0.76
18 nm Mn, O, @PEI 2768422 783,305 63 0.56
18 nm Mn,O,@LPEI 1326+12 1,115,495 5.0 0.56
18 nm Mn,O,@PMAO | 179.1 %21 226.934 14.0 0.75

a. TOC was measured using 50 ppm of MnxOy NPs.

B. Organic coating volume was calculated on the basis of hydrodynamic diameter and size of

core MnxOy NPs.

v. Grafting density was calculated by dividing the number of carbon per NP and organic coating

volume.
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Chapter 8: Surface Functionalized
Superparamagnetic Iron Oxide
Nanoparticles as Draw Solutes for
Osmotically Driven Water Transport

*To be submitted in peer review journal

8.1. Overview

Here we demonstrate highly stable organic-coated engineered superparamagnetic iron oxide
nanoparticles (IONPs), which can create a constant driving force in osmotic pressure driven
membrane systems without aggregation, reverse diffusion, or membrane fouling. Organic
coatings are compact, thin and have very similar surface charge as the membrane itself, which
results in effective osmotic pressure in forward osmosis (FO) mode. To increase the osmotic
pressure further, we synthesized and demonstrated hollow IONPs with the same coatings.
Finally, water flux can be increased further using an oscillating magnetic field to exploit

paramagnetism of the particle cores (for solid particles).

8.2. Introduction

Pressure retarded osmosis (PRO) and forward osmosis (FO) have attracted with regard to energy
generation, energy recovery, and water treatment.'**?** For both PRO and FO processes,
developing stable, ideal draw solutes remains a major challenge. Promising draw solutes should
have high solubility, be nontoxic, and not physically or chemically react with membrane surface,
resulting in sorption or fouling.'®! Further, production and recovery costs of draw solutes should

be relatively low for scaled applications. Finally, there should be no reverse diffusion (draw
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solute permeation into the feed solution), which causes loss of osmotic pressures and
concentration polarization (CP).!2

Magnetic nanoparticles (MNPs) have been considered as advanced draw solutes as they
can be magnetically separated/regenerated, thus controlled in solution. ~Among MNPs,
superparamagnetic iron oxide nanoparticles (IONPs) are promising candidates because of their

t186

relatively low cost!®® and toxicity.!®” To date, previous studies have reported IONPs as draw

solutes with organic surface coatings, including triethylene glycol,'®®1%° polyacrylic acid,*!
poly(sodium acrylate),'”° poly(N-isopropylacrylamide),'! polyglycerol,'®?> dextran,'”* citrate,'**
and poly(ethylene glycol)diacid.'® For all, IONPs aggregation and deposition on the surface of
membrane (fouling) remains a critical challenge that has not been solved.

As draw solutes in membrane systems, MNPs should be colloidally stable. Colloidal
stability of IONPs is depends on the synthesis methods and surface coating strategies.
Engineered IONPs can be synthesized by several methods (also discussed above), including

4 co-precipitation,” and microemulsion.’* For producing

thermal decomposition,**
monodisperse IONPs having high colloidal stability, thermal decomposition with an organic
surface surfactants in nonpolar solvent is a highly reproducible method for monodisperse
suspensions with precise surface coatings.’! Here, we prepared highly monodisperse IONPs (12
nm) with a series of surface coatings, including sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB), and polyethylene glycol (PEG). We evaluated the
library of functionalized IONPs as potential draw solutes in osmotic pressure-driven membrane
processes. Draw solutes evaluated are highly colloidally stable due to their steric repulsion,

which prevents nanoparticle aggregation and adsorption on the membrane surface. Additionally,

we increased the osmotic pressure of the draw solution by hollowing out the NP core structures,
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which enhanced pressure with the same mass of draw solutes. Lastly, we improved the CP
profile using an oscillating magnetic field to increase the water flux with superparamagnetic

particles.

8.3. Results and discussion

8.3.1. Synthesis of Superparamagnetic IONPs and HNPs

Highly monodisperse 12 nm IONPs were synthesized by thermal decomposition in the presence
of OA*> 290 As measured by TEM (Figure 8.1 (a)), their size was 12.3 £ 1.0 nm and size
distribution was presented in Figure 8.2 (a). The crystalline structure of the synthesized IONPs
were well known as Fe3O4 (JCPDS Card # 190629), which has been previously reported by our
group and others. (Figure 8.2 (b))*>2%° In addition, IONPs were hollowed out via acid etching
using technical grade TOPO (Figure 8.1 (b)).*>> The resulting IONPs and HNPs were highly
monodisperse in nonpolar solvent because of their hydrophilic functional group of oleic acid

coating (hydrophobic head facing into the solvent).*’
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Figure 8.1 TEM images of monodisperse (a) IONPs and (b) HNPs. Average diameter (12.3 +
1.0 nm) of IONPs and HNPs was measured using Image-Pro 6.0 with over a thousand crystals
counted.

Synthesized IONPs were coated by both ligand encapsulation and exchange methods for

phase-transfer from into water.*>%! SDS, with a negatively charged sulfate terminal group, and
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CTAB, with a positively charged methyl ammonium terminal group, were used as ligand
encapsulation agents. PEG (MW = 5K) with hydroxyl functional groups within the polymer
chain was used as a ligand exchange agent. The hydrodynamic diameters (Du) and zeta
potentials of phase transferred IONPs and HNPs were analyzed by DLS at pH 7. As shown in
Figure 8.2 (c¢), Du values for SDS-coated IONPs (IONP@SDS), CTAB-coated IONPs
(IONP@CTAB), PEG-coated IONPs (IONP@PEG), and SDS-coated HNPs (HNP@SDS) were
23.5,24.6, 37.7, and 26.3 nm, respectively. The zeta potentials for [IONP@SDS, IONP@CTAB,

IONP@PEG, and HNP@SDS were -25.5, 26.7, -6.3, and -35.1 mV, respectively.
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Figure 8.2 (a) Size distribution of synthesized IONPs. The average diameter and the standard
deviation were 12.3 = 1.0 nm. (b) X-ray diffraction (XRD) data of IONPs; diffraction patterns
were well matched with magnetite (Fe3O4) crystalline structure (JCPDS Card # 190629, lower
bars). (¢) Hydrodynamic diameters and zeta potentials of IONPs and HNPs coated with various

surface stabilizers at pH 7.
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8.3.2. Osmotic Pressure Driven Membrane System
An osmotic pressure driven membrane system has two operation modes, depending on the

membrane's surface direction. When the active layer of the membrane faces the feed side, the
system is in forward osmosis (FO) mode. For FO, significant internal concentration polarization
(ICP) occurs in the support layer, leading to a decrease of draw solution concentration at the
surface of active layer. External concentration polarization (ECP) is built up near the active
layer, increasing the feed solution concentration at the surface of the active layer (Figure 8.3 (a)).
On the other hand, as shown in Figure 8.3 (b), ECP and ICP are created on draw side and feed
side, respectively, in the PRO mode (active layer facing the draw solution). Both forms of CP
are significant problems in osmotic pressure driven membrane processes, due to the reduction of

the net driving force.

(a) FO Mode (b) PRO Mode
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Figure 8.3 Osmotic driving force profile in osmotic pressure driven membrane processes: (a) FO
mode (active layer faces feed solution) and (b) PRO mode (active layer faces draw solution).

Here, oy is the osmotic pressure of draw solution at bulk, 7trb is the osmotic pressure of feed
solution at bulk, ATtmax is maximum osmotic pressure difference between draw and feed solution

(ideal case), and ATesr is effective osmotic pressure difference between draw and feed solution
(real case).
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Figure 8.4 Draw solute performances of synthesized NPs in osmotic pressure driven membrane
processes (FO and PRO modes). Water fluxes were measured by time dependent total volume
increase (V/Vo). (a) Concentration dependence tests using IONP@SDS, (b) organic coating
dependence tests using IONP@SDS, IONP@PEG, and IONP@CTAB, (c) inner core particle
dependence tests using IONP@SDS and HNP@SDS.

Concentration-dependent (450, 900, and 1800 ppm) draw solute tests were performed
using IONP@SDS. The water fluxes were 0.19, 0.42, and 0.58 L/hr-m? for 450, 900, and 1,800
ppm, respectively, in FO mode and 0.42, 0.60, and 1.16 L/hr-m? for 450, 900, and 1,800 ppm,
respectively, in PRO mode (Figure 8.4 (a)). As expected, when the particle concentration
increased, the water flux increased, because particle concentration and osmotic pressure have a
linear relationship (Van't Hoff equation). The increase in draw solution volume was
approximately linear as a function of time indicating low fouling. We speculate that the organic

coating plays a significant role in NP draw solutes’ behavior, as steric repulsion prevents NP
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aggregation and membrane adsorption.*®37 In addition, the synthesized NPs are too large to pass
through/into the membrane (via size exclusion). This fact was confirmed by ICP-OES
measurements of the feed solution after the experiments. Over the tested concentration ranges,
ICP has more influence on osmotic systems than ECP (i.e. flux of PRO mode is higher than that
of FO mode). This is due to physical properties of the membrane support layer, such as the
thickness, porosity, and tortuosity, as they relate to hindered transport/diffusion of draw
solutes.’?

For optimized organic coated IONPs, the thickness and surface charge of the organic
coating need to be considered. Organic coating-dependent tests were performed using an
identical IONP concentration (900 ppm) with various organic stabilizers, including SDS, CTAB,
and PEG. As shown in Figure 8.4 (b), the water fluxes were respectively 0.42, 0.14, and 0.32
L/hr-m? for IONP@SDS, IONP@CTAB, and IONP@PEG, in FO mode, and 0.60, 0.56, and
0.65 L/hr-m?, respectively for IONP@SDS, IONP@CTAB, and IONP@PEG, in PRO mode.
For the tested organic coatings, IONPs performances were similar in PRO mode. On the other
hand, their performances varied considerably, depending on the coating type, in FO mode. To
create effective osmotic pressure in FO mode, draw solutes in the bulk solution should diffuse to
the end of the support layer (toward the active layer). A thin organic coating layer of IONPs
(e.g. SDS) is better for diffusion than a thick layer (e.g. PEG). Also, positively charged
IONP@CTAB showed a considerably lower water flux than negatively charged IONPs
(IONP@SDS and IONP@PEG). The membrane, composed of a polyamide thin film with
polysulfone supports, has a negative surface charge.’>* We speculate that oppositely charged
IONPs (e.g. CTAB) are more readily transported and associate with negatively charged support

layer due to electrostatic attraction, resulting in considerable ICP.
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Figure 8.5 (a) Attachment efficiency of IONP@SDS (blue) and HNP@SDS (red) as a function
of NaCl concentration (b) Draw solute performances of synthesized IONP@SDS and
HNP@SDS in osmotic pressure driven membrane processes (FO and PRO modes). Water fluxes
were measured by time dependent total volume increase (V/Vo).

8.3.3. Flux Enhancement
To improve the draw solute performance, we explored the use hollow IONPs (HNPs) as draw

solutes and oscillating magnetic field. First, the inners of core IONPs were hollowed to increase
the number concentration of NPs (osmotic pressure) for the same mass concentration. High
colloidal stability aids draw solute performance by preventing aggregation and membrane
fouling. Colloidal stabilities of both IONPs and HNPs were investigated by measuring the
critical coagulation concentration (CCC). Both HNP@SDS and IONP@SDS had similar

colloidal stabilities; CCC values were 175 mM and 159 mM in NaCl for HNP@SDS and
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IONP@SDS, respectively (Figure 8.5 (a)). For the same mass concentration (900 ppm), water
flux was enhanced using HNPs because they increased the number concentration (Figure 8.5

(b)). The water fluxes were 0.53 and 1.11 L/hrrm? for HNP@SDS in FO and PRO modes,

respectively.
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Figure 8.6 (a) Schematic diagrams of oscillating magnetic field for improvement of the
concentration polarization (CP) profile of IONPs (b) Total volume increase (V/Vo) as a function
of time before and after oscillating magnetic field control in FO and PRO modes.

We next demonstrated the improvement of the CP profile when organic coated IONPs
were used as draw solutes. To reduce the CP in osmotic pressure driven membrane systems, we
applied a magnetic field using the stator of AC motor, as illustrated in Figure 8.6 (a). This stator
is a part of motor (1125 RPM) of tractor (730, John Deere). The stator coils produce an
oscillating magnetic field, which have a linear relationship with applied current. We applied 10
times lower current than original current of tractor battery. In this manner, the maximum
magnetic field produced by stator is 10 times lower than original magnetic field for operating
tractor. Magnetic field-dependence tests were implemented using 1800 ppm of IONP@SDS as a
draw solute in both FO and PRO modes. As shown in Figure 8.6 (b), water flux was increased
by 23% in FO mode and 80% in PRO mode upon application of the magnetic field. We
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hypothesize that the magnetic field has a direct effect on ICP because the support layer
physically hinders diffusion of the draw solute. Unexpectedly, in a few cases we also observed
some case whereby water flux was stopped (no effective osmotic pressure) during the magnetic
field applied (data not shown). We hypothesize here that applied magnetic field also boosted the
ECP profiles of superparamagnetic IONPs depending on the system location. Oscillating
magnetic field control, including direction and strength, is also important factor to be considered
as a part of flux optimization, which was beyond the scope of this initial study. To our
knowledge this is the first case that stable magnetic particles were demonstrated to increase flux

via applied magnetic field for osmotic driven processes.

8.4. Experimental

Materials.
Iron oxy hydroxide (FeOOH), oleic acid (OA, technical grade, 90%), 1-octadecene (ODE,

technical grade, 90%), cetyltrimethylammonium bromide (CTAB, 95%), sodium dodecyl sulfate
(SDS, 99%), poly (ethylene glycol) (PEG, Mw = 5000), trioctylphosphine oxide (TOPO,
technical grade 90%), ethanol (99.9%), acetone (99.5%), and hexane (98.5%) were purchased
from Sigma-Aldrich. Membrane material was provided by Porifera (Hayward, CA, USA).

Synthesis of IONPs.
IONPs were synthesized by iron oxyhydroxide decomposition at 320°C.**26° FeOOH (2 mmol)

with OA (6 mmol) were used in the ODE (5 g) as a solvent. Detailed information about the
synthesis and purification processes for NPs was given in our previous research and other.
sources.*> 20 The purified NPs were dissolved and stored in hexane.

Synthesis of Hollow IONPs (HNPs).
Synthesized IONPs were hollowed out at 300°C using technical grade TOPO as an acid etching

agent.>*” IONPs in hexane (particular concentration was 7.8x10'® particles) with TOPO (9 g)
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were used in the 3 g of ODE as a solvent. The resulting HNPs were purified using ethanol (20
mL) and acetone (25 mL), and centrifuged at 8000 rpm for 15 min at 5°C. The purification
processes were repeated six times. The purified NPs were dispersed and stored in hexane.

Organic Coating.
Synthesized IONPs were organically functionalized by ligand exchange using PEG, and by

B 40, 51

ligand encapsulation using SDS and CTA Detailed information about the organic

functionalization protocol and washing processes is given in elsewhere.®213: 260

Transmission Electron Microscope (TEM).
For over a thousand synthesized NPs, the size and size distributions were measured using a

transmission electron microscope (TEM, Tecnai G2 Spirit, FEI) and Image Pro Plus 6.0 software
(Media Cybernetics, USA).?*°

Hydrodynamic Diameter and Zeta Potential.
The hydrodynamic diameters and zeta potential of aqueous phase IONPs were determined by a

dynamic light scattering (DLS) method (Malvern, Zetasizer Nano ZS, ZEN3600) at pH 7 and 22
°C.

Colloidal Stability.

The colloidal stability of NPs was evaluated via critical coagulation concentration (CCC)
measurement using DLS. The protocol for CCC measurements was given elsewhere.!>* 316317

Osmotic Pressure Driven Membrane System.
A diffusion/osmosis apparatus having U-shaped tube (0.95 cm? effective surface area) was used

as the osmotic pressure driven membrane system. Engineered superparamagnetic NPs were used
as draw solutes, with 10 mL of initial draw solution volume. DI water (>18.2 MQ-cm resistivity,
Milli-Q, Millipore Corp) was used as a feed solution and was connected to a digital balance (ML
1502E, Mettler Toledo). Every test was conducted at room temperature.

Magnetic Field System.
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The outside stator of an alternating current (AC) motor (Delco, 1103021, 24 volt) were used as a
field coil.

X-Ray Diffraction (XRD).
XRD patterns of synthesized NCs were measured using a powder diffractometer (Bruker d8

Advance X-ray Diffractometer) with Cu Ko radiation (1.54 A).

8.5. Conclusions

Organic coated superparamagnetic [ONPs create stable and effective osmotic pressure in osmotic
pressure driven membrane system. Their performance can be improved by hollowing out the

inner cores or applying oscillating magnetic field.
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Chapter 9. Future Directions

9.1 Future Directions

For this doctoral dissertation research, I have focused on the environmental application and
implication of organic-coated metal oxide nanocrystals. For the environmental application of
organic-inorganic nano systems, I have evaluated particle-optimized sorption processes for the
sorption and separation of metals and metalloids. As demonstrated, the specific functional group
of organic coating dramatically increased the sorption capacity of engineered nanocrystals. With
organically surface coating, however, surface passivation of metal oxide nanocrystals is
inevitable. For example, organic coatings may hinder the direct sorption on the surface of metal
oxide nanocrystals. Organic surface passivation also can affect the redox reaction of metal oxide
nanocrystals. The influence of the organic surface passivation on metal oxide nanocrystals
should be considered for the fundamental understanding of environmental sorption and
separation processes.

Magnetic nanoparticles have been received attention as inner core particles of organic-
inorganic nanocomposites due to their magnetic (thus separation) properties. Among magnetic
nanoparticles, superparamagnetic iron oxide nanoparticles are promising candidates due to low
cost (i.e. environmental abundance) and low toxicity. Until now, research of magnetic attraction
of magnetic nanoparticles, including iron oxide nanoparticles, is unclear. With organic
functionalization, magnetic momentum may be blocked by organic surface passivation. Along
with the magnetic interaction of organic coated magnetic nanoparticles, their aggregation and

redispersion is an attractive research topic.
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For the environmental implication of organic-inorganic nano systems, their fundamental
transport behavior(s), including aggregation and deposition, have been investigated. In this
study, I have explored the role of an organic coating in inorganic-organic nano platforms in
terms of structure and conformation changes. The organic structures and their configuration
changes are significant factors for colloidal stability of organic-inorganic nano systems. With
the experimental research, the investigations of nano systems need to be supported/studied by
XDLVO computational calculations for complete understanding nano behavior(s). Additionally,
the role of organic coating is unclear from classical DLVO perspective; there is no Hamaker
constant expression for inorganic-organic nanocomposites. For the fundamental approaches, the
combination expressions of geometrically outer surface organic materials and inner metal oxide
need to be developed for the interaction energy of organic-inorganic nano matrixes.

While there has been a considerable amount of work focused on both engineered and
natural nanomaterial/nanoparticle fate and transport in subsurface environmental systems,
fundamental studies for soft (or loose) cluster structures are still being refined. Organic-
inorganic nanocomposites have a high probability of taking on properties of soft aggregates.
Soft aggregates can be released from deposited site when hydrodynamic drag torques, which
overcome resisting adhesive torques. In addition, partial release can occur through solution
physico-chemical variations by breaking of soft aggregates. Fundamental aqueous behaviors of
loose (or soft) aggregates need to be elucidated for better understanding with improving current

theoretical models.
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