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Figure 5.1 ATR-FTIR spectra of the molecular adsorption on TiO2 NP film, (a) 0.5 mg/ml BSA,
(b) 0.1 mg/ml FA, respectively, as a function of time. The adsorption spectra shown were collected
at 5 min (black), 30 min (red), 60 min (blue), 90 (magenta), 120 min (green). .......c.cccecvevverreenee. 98
Figure 5.2 ATR-FTIR spectra following broadband irradiation of pure water on TiO2 NPs. The
spectra shown were collected at 5 min (black), 30 min (red), 60 min (blue), 90 min (magenta), 120
min (green) and are referenced to the initial dark spectrum of the H20--TiO; film................... 100
Figure 5.3 ATR-FTIR spectra of photochemical process of coated TiO2 NPs, (a) BSA coated TiO3,
(b) FA coated TiO2. The spectra shown were collected at 5 min (black), 30 min (red), 60 min (blue),
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Figure 5.4 ATR-FTIR spectra of the photochemical process of 10 mM sodium benzoate on TiO>
NPs. The spectra shown were collected at initial spectrum in the dark (black), 5 min (red), 30 min
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Figure 5.5 Mass spectra of benzoate reacted with (a) bare TiO., (b) BSA-coated TiO2 and (c) FA-
COAEEA THO2. .ttt b et b bbbt b et b b et b bbbt n e 104
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Figure 5.7 ATR-FTIR spectra of photochemical process of coated TiO2 NPs in presence of 2 mM
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5 min (black), 30 min (red), 60 min (blue), 90 (magenta), 120 min (green). ........cccceeeevvevreennens 106
Figure 6.1 (a) TEM image of the as-synthesized covellite nanoparticles. (b) Size distribution of the
individual nanoparticles within the observed aggregates were determined by measuring the
diameter of distinct particles which were typically at the edge of the larger aggregate (e.g. see red
circles within the image). (c) powder X-ray diffraction data of as-synthesized covellite NPs to

standard diffraction data for the covellite phase. ... 121
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Figure 6.2 ATR-FTIR spectra of oxidized covellite after 2 hrs. at RH 2%, RH 39% and RH 87%,
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Figure 6.3 (a) (b) (c) ATR-FTIR spectra of CuS under ambient conditions as a function of time at
different RH: 2%, 39% and 87%, respectively. (d) Integrated peak area of sulfate absorption bands

(1050 to 1170 cm'Y). Each spectrum was recorded every five minutes for a total time of 120 minutes.

Figure 6.4 ATR-FTIR spectra in the spectral region extending from 2500 to 3600 cm™ as a function
of time following. This is the same experiment shown in Figure 6.2 but for a different spectral
region. It can be seen that as the surface transforms a broad peak grows in during at RH 87% in
this higher wavenumber region. This is associated with adsorbed water on the surface............ 124
Figure 6.5 (a) crystal model of covellite, (b) High-resolution XPS characterization of covellite
samples under various condition: Cu 2p region (left) and S 2p region (right). The blue spheres

represent Cu and the yellow spheres represent sulfur. The binding models are visualized by

Figure 6.6 (a) PTIR spectroscopy for particles, with an inset showing the corresponding AFM
height image of oxidized covellite NPs exposed to pure oxygen for 24 hrs at RH 87% with height
images. (b) AFM height image and (c) chemical map of the sulfate rich regions of the particle
taken at 1098 CM L. ..o s 128
Figure 6.7 (a) High resolution TEM image of covellite NPs after oxidation at RH 87%, (b) the
selected CuSQa4 phase, () the FFT pattern of the selected CuSO4 phase, (d) the selected CusS phase,
(e) the FFT pattern of the selected CUS Phase. .......ccociviiiiiiii i 129
Figure 6.8 Simplified schematic of the surface during the transformation of CuS nanoparticles

under different relative humidity. The transformation processes are composed of three main steps:

XV


file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235265
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235265
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235266
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235266
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235266
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235266
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235267
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235267
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235267
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235267
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235268
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235268
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235268
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235268
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235269
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235269
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235269
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235269
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235270
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235270
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235270
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235271
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235271

(1) CuS dissolution in adsorbed water, (2) ROS formation initiated by oxygen in presence of water,

(3) further sulfide oxidation by ROSs. At RH 87%, Cu* also transforms to Cu?*. .................... 131

XVi


file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235271
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc49235271

LIST OF TABLES

Table 3.1 Representation of different molecules used in this study and their different pH dependent
properties (protonation and secondary CONfOrMALION). .........ceoveriiiieiieiiiie e 43

Table 3.2 Assignments for the vibrational frequencies (cm™) of the main functional groups in the

SEUAIEA MOIECUIES. ... bbbt 45
Table 3.3 Summary of the surface coverage assuming a rigid layer. .........ccccooveveiiiiiciinnnnnn. 49
Table 5.1 Assignment of the vibrational frequencies (CM ™) ......cccovoverieeeieecce e 99

xvii


file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc47941870
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc47941870
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc47941871
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc47941871
file:///C:/Users/Haibin%20Wu/Desktop/Thesis/Dissertation%20Chapters/Haibin%20Wu%20Thesis%202020.docx%23_Toc47941872

ACKNOWLEDGEMENTS

I would like to express my deep appreciation to my advisor Professor Vicki Grassian for
her continuous support of my study and research, for her patience and immense knowledge. In the
past five years, | got learned a lot from her, like attitude to work and study skills. During

dissertation preparation, her guidance has proved to be invaluable.

I would like to thank my mother for all her support and encouragement. Every important
decision | made in my life is totally supported by my mother, even though some of them sounded

ridicules.

Also, I would like to thank my committee members. Prof. Andrew Kummel, your class
was helpful for expanding my professional knowledge and increasing my presentation skills. Prof.
Jessie Jokers, Prof. Kim Prather, Prof. Alina Schimpf and Donald Sirbuly, thank you all for your

patience and insightful comments for my research.

Next, | appreciate all help from all Grassian group members. Dr. Natalia | Gonzalez-Pech
and | worked out my first paper at UC San Diego. Her support in research and life really helped
me out the situations. Amber Rose gave me a great help with writing including our paper and my
dissertation. Dr. Liubin Huang used to help me with projects and mass spectrometry. Amber,
Liubin and | together worked out a manuscript for publication. Victor Or gave me a strong support
in preparing our manuscript in both technique and writing. The encouragements and discussion
with Dr. Mona Shrestha were really helpful to relax from the frustration in the life. Izaac Sit, |
would like to thank you here for your endeavors for our paper. Additionally, I also thank Sabrina

Gonzalez-Calzada for her hardworking for our project. Dear Grassian group members, | really

Xviii



enjoyed working with you all in these years. You guys spent your precious time with me. The

discussion among us helped me find new ways to solve problems | met in class and research.

Special thanks to Dr. Shutang Chen and Dr. Jiang Wang, you are great friends and
colleagues. | enjoyed being friends with you and your family. I was impressed with your

selflessness to your friends. | really appreciate all help and support since | came to the USA.

Last but not the least, I would like to say thank you to my friends here for your

encouragement, help, and support. You guys give me five years delight time to live in San Diego.

Chapter 1 & 2, in part, is currently being prepared for submission for publication of the
material: Haibin Wu, Izaac Sit, Vicki H. Grassian. The dissertation author was the co-first author

of this paper.

Chapter 3, in full, is a reprint of the material as it appears in Environmental Science: Nano
2018. Haibin Wu, Natalia | Gonzalez-Pech, Vicki H Grassian. The dissertation author was the

primary investigator and author of this paper.

Chapter 4, in full, has been submitted for publication of the material as it may appear in
Nature Nanotechnology, 2020, Linkel K. Boateng, Seyyedali Mirshahghassemi, Haibin Wu, Vicki
H. Grassian, Joseph R.V. Flora, Jamie R. Lead. The dissertation author was the investigator and
author of this paper. The dissertation author conducted the spectroscopic measurements and
analysis. Dr. Linkel Boateng and Dr. Flora conducted the computational simulations. Dr. Seyyedali
Mirshahghassemi provided the magnetite NPs for the research. | also acknowledge U of SC

Research Cyberinfrastructure for the computational time used for the research.

XiX



Chapter 5 is currently being prepared for submission for publication of the material. Haibin
Wu, Liubin Huang, Amber Rose, Vicki H. Grassian. The dissertation/thesis author was the primary

investigator and author of this material.

Chapter 6 in full, has been submitted for publication of the material as it may appear in
Nanoscale. Haibin Wu, Victor Or, Sabrina Gonzalez-Calzada, Vicki H. Grassian. The dissertation

author was the primary investigator and author of this paper.

XX



VITA

2010 Bachelor of Sciences, Lanzhou University, Lanzhou, CN
20010-2012 Working, Changchun Institute of the Applied Chemistry, CAS
2012-2015 Teaching Assistant, University of Arkansas
2015 Master of Science, University of Arkansas
2016-2020 Research Assistant, University of California San Diego
2020 Doctor of Philosophy, University of California San Diego
PUBLICATIONS
1. Haibin Wu, Liubin Huang, Amber Rose, Vicki H. Grassian, “Surface Adsorbed Biologically
and Environmentally Relevant Ligands on TiO2 Nanoparticles Transformations: The Influence on

Reactivity of Nanoparticles”, submitted.

2. Haibin Wu, Victor Or, Sabrina Gonzalez-Calzada, Vicki H. Grassian, CuS Nanoparticles in
Humid Environments: Adsorbed Water Enhances the Transformation of CuS to CuSOs; submitted.

3. Haibin Wu, lzaac Sit, Vicki H. Grassian, Probing Nanoparticle Surface Chemistry in Aqueous
Media Under Different Environmental Conditions of pH and Temperature, in preparation, (co-
first author).
4. Linkel K. Boateng, Seyyedali Mirshahghassemi, Haibin Wu, Vicki H. Grassian, Joseph R.V.
Flora, Jamie R. Lead, Mechanistic study of oil adsorption onto PVVP-coated nanoparticles: An
integrated experimental and molecular dynamics study; submitted.
5. Haibin Wu, Natalia Gonzalez Pech, Vicki H. Grassian, Displacement Reactions between
Environmentally and Biologically Relevant Ligands on TiO2 Nanoparticles: Insights into the
Aging of Nanoparticles in the Environment, Environ. Sci.: Nano, 2019, 6, 489-504.
6. Sanjaya Jayalath, Haibin Wu, Sarah Larsen, Vicki Grassian, Surface Adsorption of Suwannee
River Humic Acid on TiO2 Nanoparticles: A Study of pH and Particle Size, Langmuir, 2018, 34,
3136-3145.

FIELDS OF STUDY
Major Field: Physical Chemistry

Professor Vicki H. Grassian

XXi



ABSTRACT OF THE DISSERTATION

Surface Transformations of Metal Oxide and Metal Sulfide Nanoparticles: Surface Adsorption,

Surface Reactions and Surface Oxidation

Haibin Wu

Doctor of Philosophy in Chemistry

University of California San Diego, 2020

Professor Vicki H. Grassian, Chair

xXii



As nanoparticle (NP) surfaces are highly reactive, NPs can interact with environmental and
biological systems and undergo complicated surface transformation processes, including ligand
adsorption, ligand displacement reactions, surface oxidation. These transformations can
significantly alter the physiochemical properties of NPs. Although surface transformations have
been proposed in previous studies, information on the details of these mechanisms and the impact

on NP behavior remains unclear.

In this dissertation, in-situ ATR-FTIR was employed to better understand surface
transformation on oxide NPs (i.e. TiO2). Displacement reactions of ascorbic acid, citric acid, and
bovine serum albumin by humic acid show three different behaviors ranging from complete
displacement, partial displacement, and no displacement, respectively. The detailed chemistry
analyzed using two-dimensional correlated spectroscopy indicate the formation of different types
of adsorption modes including outer sphere and inner sphere complexation during the reaction.
These reactions are important to understand if NPs are to be used for in-situ environmental
remediation. For example, we through combined in-situ ATR-FTIR and molecular dynamic
simulations studied how fulvic acid (FA) alters the performance of polyvinylpyrrolidone coated
magnetite NPs in crude oil clean-up. Additionally, the effects of surface coatings on TiO> NP
reactivity associated with the formation of reactive oxygen species (ROS) was investigated. The
results indicate that the generated ROS on TiO2 NPs under light can be completely quenched by

BSA but partially by FA.

Another focal point of this dissertation is on surface oxidation of CuS NPs. The details of
oxidation were investigated via in-situ ATR-FTIR in oxygen under various relative humidity (RH)
and the formation of sulfate on the surface at higher relative humidity was observed. These surface

species were confirmed by microscopic methods including high resolution transmission electron

xXiii



microscope and atomic force microscope infrared-spectroscopy. X-ray photoelectron spectroscopy
data suggests that CuS NPs show little oxidation under dry conditions (RH < 2%), while surface

oxidation occurs stepwise with increasing RH resulting in distinct products.

Overall, these studies presented in this dissertation provide valuable insights into the details
of mechanisms associated with surface transformation and impacts on the reactivity and properties

of NPs.
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Chapter 1 Introduction

1.1 Nanoparticles

Nanoparticles (NPs) are regarded as zero dimensional nanomaterials with a size in the
range of 1 - 100 nm, in which the properties are dramatically different from that of the bulk-scale.t
These properties are not only related to chemical composition and crystalline structure but also
size and morphology at a nanoscale level. At the nanoscale, quantum confinement effects strongly
influence electrical, thermal and optical properties of these particles. This effect is evident for
particles with a size smaller than their double Bohr radius.? In addition, another important
consequence of small size is an increased surface-to-volume ratio and a high specific surface area.
When the size of particles is reduced to the nanoscale, surface atoms comprising a small proportion
in the bulk will play a crucial role in generation of strain and structural perturbations.® The
asymmetrical force acting on the surface atoms leads to high surface tension leading to bond
lengths at the surface differing from that of the bulk. Consequently, the interfacial properties,
reactivity and potential toxicity of particles at the nanoscale (especially less than 30 nm), are
different from bulk materials.! Figure 1.1 shows the diverse physiochemical processes occurring
on the surface of NPs, including surface acid-base reactions, redox reactions, and ion dissolution.
Due to changes of physicochemical properties caused by size effects, NPs show unique size
dependent properties in catalysis, magnetism, optics etc. For example, gold nanoparticles display
size-dependent catalytic activities in both product formation and dissociation reactions.* Another
type of noble metal nanoparticle, 8 nm Pd, exhibits high performance in catalyzing hydrogenation
of alkenes at room temperature.® The size dependent property of magnetic particles is reflected in
the enhancement of magnetization in 12 nm particles more than any other size particles.®

Numerous metal and semiconductor NPs have been developed as catalysts in solar cells, batteries,



water splitting, fuel cells, and CO2 reduction.”*? In addition to applications in catalysis, NPs have
been employed for medical diagnostics, imaging and even therapies. For instance, some NPs have
been widely employed in MRI imaging as a contrast agent due to their prominent magnetic
properties.’®  Plasmonic NPs, such as Au and CuS NPs, are used in tumor imaging and

photothermal therapy.*>8

Though NPs exhibit wide potential for applications and have prominent properties, the

increasing usage of NPs has raised concerns about the potential risks to human health and the
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Figure 1.1 Physicochemical Processes occurring at the surface of an inorganic nanoparticle.
(Reprinted and modified from Ref 1 with permission from Nature Publishing Group).

environment.*®2?2  The high surface energy turns NPs into very active entities under different

circumstances. For example, silver NPs are utilized as antibacterial agents in a wide range of



applications, such as face masks and detergents. Silver NPs released into the environment,
however, can undergo different transformations including dissolution, surface aging and
precipitation.?® These transformations promote the release of toxic silver ions into the environment,
which can cause ecotoxicity. As implied by previous studies, gold NPs may not have an immediate
negative impact on cell viability for short-term exposure but can cause unpredicted DNA damage
for longer-term exposure.?* 2 Furthermore, uptake of NPs has caused significant research attention
focused on the impact of NPs on human health. Recent reports show that metal oxide nanoparticles
have been found in human brain cells and this is believed to be a positive correlation with certain

disease occurrence.2% 27

1.2 Metal Oxide and Metal Sulfide NPs

Based on composition, inorganic NPs can be primarily classified as metal, oxide, sulfide,
nitride, phosphide, silica and carbon based. Because of their potential widespread applications and
unique physiochemical properties, studies on these NPs have spiked in recent decades. Among
those materials, oxides and sulfides have attracted much research interest as semiconductors. 29
Engineered metal oxide and metal sulfide NPs represent a wide range of compounds on the
nanoscale. Among these diverse semiconductor NPs, titanium dioxide and copper sulfide NPs have

attracted attention based on their high stability, biocompatibility, and performance in catalysis.

1.2.1 Titanium Dioxide

Titanium dioxide (TiO.), also known as titania, comes in natural forms as anatase, brookite
and rutile. For particles greater than 50 nm in size, rutile has been shown to be the most
thermodynamically stable form among these natural forms.*° TiO- is a semiconductor. Its electrode
potential of the conduction band is lower than 0 V vs NHE, and the electrode potential of the

valence band is around -3.2 V vs NHE.3! This unique band structure indicates that TiO, can be a



good potential catalyst for water splitting and solar energy conversion.>*3¢ TiO, can generate
excited electrons when irradiated by UV light, and form positively charged holes in the valence
band. The electron-hole pairs (excitons) have high reactivity in catalyzing chemical reactions. The
excitons recombine and release energy in other forms e.g. florescence or heat. For catalytic
processes, reactions occur mostly on or near the surfaces of the catalysts. Therefore, recombination
weakens the catalytic activity and conversion efficiency. For TiO2 NPs, due to its large surface
area and defects on the surfaces, the generated charge carriers (e-/h+) can be easily trapped on the
surface. Consequently, the lifetime of the electron-pair is elongated, resulting in enhancing

catalytic activity and efficiency.

Apart from high reactivity, TiO2 NPs have high crystalline lattice energy and strong
chemical bonds between the Ti and O ions; thus, TiO2 is thought to be chemically and
photochemically stable. Due to the high reactivity and chemical stability, TiO>, NPs have been
widely employed in many aspects, such as biosensors,®’ sunscreen additives,* photocatalysts and
photovoltaic cells®® 4% 41, However, with the large scale of TiO, NP usage, a considerate amount
has been released into the environment and the potential impacts of TiO2 NPs on the environment
and on human health have arisen. TiO2 NPs in the environment likely undergo surface ligands
reactions (e.g. adsorption, desorption, and displacement). Alteration of the surface character can
further impact behaviors of TiO2 NPs in the environment, such aggregation, transportation,

reactivity, and toxicity.

1.2.2 Copper Sulfide
Copper sulfide (CuS) is a diverse family comprising of six domain crystal phases in nature:
chalcocite, djurleite, digenite, anilite, roxbyite and covellite. The diversity of the binary Cu-S

system is due to various nonstoichiometric compositions, represented as Cu,-xS.*> The vacancies



of Cu in copper sulfide, caused either by oxidation or carbonization, lead to a transition of copper
sulfide from semiconductor to metal-like materials. Among these phases, chalcocite and covellite
receive more attention than others due to their prominent physiochemical properties.*? Chalcocite
is, however, unstable under ambient conditions despite its potential applications in energy and
sensing;*> * whereas covellite is regarded as the more stable form of copper sulfide.*® Structural
analysis indicates that covellite has a hexagonal symmetry (hcp) with the cell dimensions: a =
3.976 and ¢=16.382 A.*® Covellite has an unusual structure composed of two layers, CusS—CuSs,
stitched together by S—S covalent bonds. Cu atoms are located in two different environments i.e.
CuSs units (triangular coordination) and CuS4 units (tetrahedral coordination) along the c-axis.*®
Along with structure, oxidation states of each element in covellite have been the subject of debate
for years.*”*® Much of the published research shows that copper ions in covellite possess a
+1charge instead of a +2 charge, while sulfur has various valences and oxidation states. Thus it
has been proposed that a better representation of covellite would be CusS3 with the oxidation states
as Cu*3S¥S2.50 It is interesting that covellite possesses unique metallic-like characteristics for its
conductivity,>! with an optical band gap.>? Vacancies of Cu appearing in the valence band leads to
the appearance of localized surface plasmon resonance (LSPR) in the near IR region.5®>* The
LSPR character of covellite in the NIR makes it as a good photothermal agent for tumor therapy.®>
5" Furthermore, Tang and his co-workers recently explored the usage of CuS NPs as a photothermal
switch for TRPV1.%® In addition, the special layer feature in CuS crystals allows for the
intercalation of alkali metal ions (i.e. Na, Li) in between the S—Cu—S layers, thus making CuS a
promising electrode material for battery applications.** % As discussed above, the surface states

of CuS NPs have an important effect on its properties, such as dissolution and LSPR.

1.3 Surface Chemistry and Transformation



Due to the high surface-to-area ratio, the surface chemistry of these nanoparticles plays an
important role in their properties and behavior. In this dissertation research, several different types
of surface chemistry and surface transformations have been explored. As discussed in more detail
below, we focus on surface oxidation and surface ligand reactions (e.g. adsorption, desorption, and
displacement) on metal oxide NPs (i.e. TiO2) and the effects on the reactivity of generating reactive

oxygen species.

1.3.1 Surface Ligand Reactions

Molecular adsorption onto surfaces can change the surface composition and surface charge.
Surface adsorption processes can be either reversible and/or irreversible, sometimes referred to as
physisorption and chemisorption. Physisorption interactions are derived from intermolecular
forces (e.g. Van der Waals, electrostatics, hydrogen bonding). For chemisorption, stronger bonding
interactions between the surface and ligand occur. Chemisorption of organic ligands depends on
the nanoparticle composition due to the varying surface affinity between different chemical

groups.®® Molecules with carboxylic, hydroxyl and phosphate groups are easily chemisorbed to

: “ I
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Figure 1.2 Possible binding modes of a carboxylic acid to a TiO> surface. (Reprinted and
modified from Ref 61 with permission from Royal Chemical Society).



oxide surfaces (e.g. FesO4 and TiO>) through intrinsic surface hydroxyl groups, which are called
ligand exchange reactions. The carboxylic group has three main bonding modes with surface
cations by forming inner sphere complexes: bidentate bridging, monodentate, and bidentate
chelating (as shown in Figure 1.2).% The most common ligands on these surfaces are amine, thiol,
and hydroxyl groups. Liquid-solid interfaces are important in many biological systems and
environmental systems, where water is present. With the assistance of water near the surface, outer
sphere complexes of ligand and surface ions are observed under some conditions, which often

means a weaker interaction.

For oxide NPs, the surface is covered by surface hydroxyl groups and can range from 1-10
-OH/nm? depending on particle composition.®? ¢ These hydroxyl groups from the dissociation of
water on these surfaces. When oxide NPs are in an aqueous medium, the surface charge arises
from the protonation and deprotonation of these surface hydroxyl groups.®* Protonation and
deprotonation is highly influenced by the solution pH. Changes in surface charge for silica, for

example, can be described as:®

= SiOH < Si0~ + H* (1.1)

= SiOH + H* < SiOH," (1.2)

The pH dependent protonation/deprotonation depends on the particle isoelectric point

(IEP). The IEP is defined as the pH at which a molecule or colloid is neutrally charged. For silica
this value is about 2. Moreover, intermolecular interactions can also be influenced by pH. A recent
study showed that pH affects electron delocalization and promotes m — m interactions between
adsorbed aromatic molecules on gold NPs.%® The intermolecular interaction can affect molecular

orientation that may facilitate a chemical reaction between adsorbed molecules.®”"3



1.3.2 Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) are defined as a chemically unstable and reactive molecule
containing oxygen. Examples of ROS include superoxide radicals, hydroxyl radicals and hydrogen
peroxide. Superoxides (03") are important products of one electron reduction reactions of an
oxygen molecule, which can be the precursor of other ROS. Hydroxyl radicals (OH") are highly
reactive ROS as the neutral form of the hydroxide ion. Hydrogen peroxide (H20) is the simplest
peroxide used as an oxidizer and antiseptic. The chemical reactivity of ROS can be reflected by
their half-life and diffusion. The OH" radical is highly reactive, as its half-life is approximately 10
%s (1 ns), while the other two have a few orders of magnitude longer half-life than OH": 10 s and
10 s for 05~ and H20-, respectively.” Given the very short half-life of OH" it is very likely that
OH-" is scavenged a few angstroms (A) close to its site of formation.” In contrast, 05~ and H.0;
have larger values of diffusion distance with upper limits of 0.16 um and 0.23-0.46 um,
respectively.”*’® Hydrogen peroxide, compared to the other two ROS, is more stable but
decomposes slowly in the presence of light. Apart from these three major ROS, singlet oxygen is
a gas phase ROS induced by light. These four are major ROS generated in nature, such as
biological system and the atmosphere. Most ROS are found as natural byproducts of normal cell
metabolism.”” ® Due to high chemical reactivity, controllable amounts of ROS can be utilized for
different therapies.” 8 However, ROS are harmful to organisms at high concentrations by causing

damage to important biological molecules including proteins, fatty acids and DNA.8!



Many studies have shown that NPs used in catalysis, drug delivery and therapy produce
ROS in the process.® 82 As primary intermediates of some reactions (e.g. photocatalytic reactions),
the mechanism of ROS generation has become crucial to understanding the performance and safety
of nanomaterials. The major mechanisms of NP induced ROS are the photoinduced and chemical
redox mechanisms. Photoinduced ROS generation mostly occurs on semiconductor NPs under
irritation, for example, TiO2, ZnO and quantum dots.® 84 The semiconductors are excited, forming
excitons that have separated holes and electrons. The excited electrons have the ability to reduce
surface adsorbed oxygen molecules to superoxide ions and the holes can oxidize water molecules
to hydroxyl radicals, when the energy levels match the redox potential of water oxidation. The
chemical redox mechanism is based on the oxygen reduction reaction and water oxidation reaction
by active NP surfaces. The process may also involve a Fenton reaction triggered by dissolved ions
from the NP surface. The proposed mechanisms are shown in Figure 1.3. Both mechanisms

indicate that the generation of ROS mainly occur on the NP surface. Therefore, surface properties,
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Figure 1.3 lllustration of ROS generation mechanisms, photoinduced mechanism (left) and
chemical redox mechanism (right).



including surface oxidation state, surface ligands and surface charges, play an important role in

ROS production.

1.4 Dissertation Motivation and Objectives

Due to their large usage and release, it is expected that NPs will make their way into the
environment, including soils, waters and even the atmosphere.?! 22 Most NPs are dynamic entities
and their states can be altered significantly over time. It is evident that NPs can undergo aging and
transformations when released to the environment. However, the majority of studies concentrate
on the environmental impacts of NPs in their native sates, and only a few studies have focused on
the dynamic changes at the molecular level in details. These changes would largely impact the
properties of NPs including dissolution, reactivity, and aggregation. In addition, aging will affect
their behavior and interactions with biomolecules in the environment. Surface coatings of NPs
play a key role in their behavior in the environment. NPs with coatings in the environment are
expected to undergo ligand displacement processes between environmentally and biologically
relevant molecules. This change will lead to new features and properties of NPs in terms of
dissolution, aggregation, and reactivity. In addition to ligand reactions, the surface oxidation state
is another crucial factor that would influence behaviors of NPs. In the other words, the
physiochemical properties of NPs are largely reshaped by the new surface states after
transformation. The details of these transformations and its impacts on important properties still
need to be further studied. The objective of this dissertation is to explore the surface
transformations processes such as ligand reactions and surface oxidation and understand effects of
the transformations on the physiochemical properties of NPs. Therefore, we proposed three

scientific questions to address in this dissertation:
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1. What are the details of the mechanisms for environmentally and biologically relevant

ligand reactions on stable oxide nanomaterials at the molecular level?

The research presented in Chapter 3 is about the investigation of ligand reactions including
adsorption, desorption, and displacement, on TiO2> NPs. The ligand molecules are ascorbic acid,
citric acid, humic acid and BSA protein as representatives of molecules in biological and
environmental systems. Various techniques (e.g. in-situ ATR-FTIR, QCM-D) were employed to
address this science question. The focus of this chapter is on displacement reactions occurring
between humic acid with the other three molecules, representing the processes that NPs may
undergo when released to the environment. Further analysis by 2DCOS provides more details of

the displacement processes for better understanding of ligand processes.

2. What impacts do these reactions have on the behaviors of nanoparticles in terms of

reactivity and performance in environmental applications?

Studies conducted in chapter 4 and 5 focus on impacts of ligand reactions on NPs. In
chapter 4, we combine molecular simulation and ATR-FTIR spectroscopy to study how ligand
reactions affect the performance of magnetite NPs in crude oil clean-up in sea water. The principles
obtained from displacement reactions in chapter 3 were used to explain how the presence of fulvic
acid affects the crude oil adsorption compared to original surface. The simulation results supported

the experimental observation.

The reactivity of NPs coated by different ligands was investigated in chapter 5. The study
focuses on ROS on TiO2 NPs under irradiation. The process was studied via in-situ ATR-FTIR
which is powerful to observe the change caused by intermediates. Furthermore, mass spectrometry

was also used to provide more information of products after the process.
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In addition, sedimentation study carried out in chapter 3 also implies the stability of TiO>

NPs suspension influencing by ligand displacement reactions in natural waters.

3. How do metal sulfide nanoparticles oxidize in the environment and what environmental

factor(s) (such as humidity) significantly contribute to the oxidation?

The surface oxidation relevant to the stability of sulfide NPs is studied in chapter 4. We
focus on CuS NPs (covellite) which show wide potential applications in energy and medical uses.
The experiments were carried out under a controllable RH in pure oxygen gas. The conditions
were controlled from dry, ambient and humid. The oxidation courses were in-situ observed by
ATR-FTIR and surface species were analyzed by XPS. Furthermore, advanced microscopic

methods (i.e. AFM-IR and HR-TEM) were also utilized for surface imaging.

Ligand displacement reactions will modify the stability of nanomaterials during their
transport in the environment. Furthermore, possible generation of ROS during surface
transformation of NPs would provide new angles to consider the safety of NPs in their wide variety
of applications. The surface oxidation study offers a new understanding of surface transformation
of sulfide NPs. Additionally, the mechanisms of the oxidation processes suggest potential toxicity
to biological and environmental systems. Overall, the insights of this dissertation are of significant

relevance to the fate of nanomaterials and impacts on their properties.
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Chapter 2 Experimental Methods and Techniques

A variety of techniques were employed for the research presented in this dissertation. These
include basic structural characterization (e.g. surface area, crystalline structure), in- situ vibrational
spectroscopy, electron microscopy, surface sensitive spectroscopy, and quartz crystal
microbalance with dissipation. In addition, two-dimensional correlation spectroscopy (2DCQOS)
was also conducted to further analyze the infrared data and to understand ligand displacement

processes. Experimental details of each of these methods and analyses are given below.

2.1. ATR-FTIR Spectroscopy

Reflection Infrared (IR) spectroscopy is developed by combining conventional
transmittance IR spectroscopy with reflection theories.! Reflection IR spectroscopy can be
employed for samples that are difficult to measure with conventional transmission Fourier
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Figure 2.1 Electromagnetic wave reflection depicting the evanescent wave near the
interface in an internal reflection element. (Reprinted and modified from Ref 2 with
permission from Royal Society of Chemistry)
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transform IR (FTIR) spectroscopy. One of the main internal reflection spectroscopic techniques is
Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy. ATR-FTIR
is developed based on the total internal reflection phenomenon that occurs at an interface when a
light beam propagates from a medium of high refractive index (n1, optically denser medium) to a
medium of low refractive index (n, optically rarer medium). For total internal reflection to occur,

the incidence angle of the infrared beam must be greater than the critical angle.

The reflection of the propagating beam at the boundary between the two media generates
an evanescent electric field in the direction perpendicular to the interface as illustrated in Figure
2.1.2 The electric field amplitude exponentially decays with distance from the interface, as shown

in Equation.2.1:

E=Ege ' (2.1)

where E represents the electric field amplitude of the evanescent wave, Eo is the electric field
amplitude at the interface, z is the distance from the interface, and d; is the depth of penetration. It
is useful to note that the penetration depth is not constant but dependent on the incident
wavelengths of the beam and the refractive indices of the interfacial media (as shown by Equation
2.2):

1 ~ A
)2

dp — (2.2)

)2

2.i020 22 P20 _ 2
2n(n?sin?0 — n? 2m(sin%0 — nZ,

where A is the incident light wavelength, ny is the refractive index of the denser medium, n; is the
refractive index of rarer medium, ny; is the relative index of refraction, and 6 is the incident angle
which is greater than the critical angle. ATR spectra are obtained by measuring absorption of the

evanescent wave from IR active moieties in the interfacial region. This feature of ATR makes it a
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more sensitive technique than conventional transmittance FTIR to probe the interfacial region even
in the presence of strong absorbing solvents, like water. Therefore, in-situ ATR-FTIR can be

applied to examine adsorption kinetics and molecular structural change associated with adsorption.

In addition to qualitative analysis, ATR-FTIR also offers semi-quantitative information.
Reflections in the internal reflecting element can be single bounce or multi-bounce. The
relationship between absorbance and interfacial concentrations follows Beer’s law. The modified

Beer’s law for quantitative ATR-FTIR is shown below in Equation 2.3:
A =—-1logR = end,c (2.3)

where R is reflectivity of ATR, € is the molar absorption coefficient, n is the number of active
internal reflections in the reflection element (for multi-bounce ATR) and d. is the effective
evanescent wave penetration depth. For practical applications of analyzing molecules on
nanoparticles (NPs), a film of NPs is placed on an ATR element (which is ~1-2 um thick). The

effective penetration depth in this case is (Equation 2.4):>*

n21d —-2zq -2z
de =55 (e fiy — d”)(E(rlz)z (2.4)

where z; and z» are two distances from the interface of ATR element, Ej, is the relative electric

field amplitude at z = 0 in medium 2.
On/Off
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Figure 2.2 Schematic of various ATR-FTIR experimental setups.
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The ATR-FTIR experimental setup used in this dissertation is shown in Figure 2.2. This
setup is based on a flow cell ATR crystal and is modified by using different flow cell covers for
different studies. Adsorption and displacement reactions were carried out in a flow cell. The cover
used for photochemical reactions was modified with a quartz window in the middle of the cover
to allow the light to reach the film surface. For gas phase reactions, the cover was specially
designed with Teflon material and a directly connected humidity sensor to in-situ monitor RH
during the reaction. The gases used for this research were ultrahigh purity Oz and N2. The RH was
controlled by adjusting the ratios of humid gas and dry gas. The schematic of the setup is shown
in Figure 2.3. In this work, an AMTIR (amorphous material transmitting IR radiation) crystal was
chosen because it possesses high chemical resistance in acidic and neutral environments and a

good depth of penetration compared to other popular materials for ATR such as ZnSe and Ge.
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Figure 2.3 Schematic of the ATR-FTIR and gas flow experimental setup used for CuS
oxidation.
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2.2. Two-Dimensional Correlation Spectroscopy

Two-Dimensional Correlation Spectroscopy (2DCOS) has been well characterized as an
analytical method used to study changes induced by external perturbations such as temperature,
surface reactions, pH, and concentration.>® In typical 1D spectroscopic experiments, an
electromagnetic probe is used to investigate the interaction of the probe and system. However,
once an external perturbation is used to stimulate the system, spectral intensity changes can occur.
2DCOS is a way of analyzing spectra to determine whether intensity fluctuations are correlated
and to determine the sequence of spectral changes. These transient spectral fluctuations are called

dynamic spectra y(v, t) and is defined by Equations 2.5 and 2.6:

~ _ y(v, t) - 7(”)' Tmin St< Tmax
Yy t) = { 0, otherwise (2.5)
Tmax
yw) =——— [ ywoa 2.6)
Y= Tmax - Tmin o Y .

where v is the spectral variable (wavenumber in FTIR spectra) and t is the perturbation variable.
y(v) is considered the reference spectrum which could be the initial state before perturbation but

is customary to be equal to the averaged spectrum.

2D-COS can be thought of as a quantitative intensity comparison of two spectra between
some perturbation interval. This is a way to visualize how similar or dissimilar the correlation
between intensity fluctuations are. The similarity between two spectra as the perturbation variable
is changed, is measured by the synchronous spectrum, ®(v4,v,). Likewise, the out-of-phase or
dissimilarity between two spectra is measured by the asynchronous spectrum, W(v4, v,). For a set
of m equally spaced spectra between the interval of Tmin and Tmax, along the perturbation variable

t, the synchronous and asynchronous 2D correlations are given by Equations 2.7-2.9:
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1
D (v1,v;) = my(vﬂTy(Uz) (2.7)

1
¥(vy,v2) = my(vﬂTNiﬁ(vz) (2.8)
y (U, tl)
ﬂw=th) (2.9)
y (,ty)

The Nijj term refers to the ith row and jth column element in the Hilbert-Noda transformation matrix
(Nij) which is defined by Equation 2.10:
0 ,ifi=j

Nj; = L otherwise (2.10)
n(j—i)

The synchronous and asynchronous correlation maps can be analyzed by following Noda’s rules.
If ®(vq,v,) is positive, then v and vz intensity values are changing in the same direction, whether
increasing or decreasing. On the other hand, if ®(v4,v,) is negative, then vi and vz intensity
values are changing in opposite directions, i.e. one is increasing and the other decreasing. The
sequential order spectral variations can be determined by the signs of both asynchronous and
synchronous correlation maps. If ®(v4,v,) and W(v4,v,) are the same, the change to v1 occurs
before changes to v,. If the signs are negative, then the change to v1 occurs after changes to v.. If
there is a zero value for the correlation map, then there the bands have no correlation. Recently,
FTIR generalized 2DCOS experiments have been used investigate metal oxide surface interactions

such as oxyanion adsorption,® 1% protein conformational change,* "3 and displacement reactions.®

2.3. Quartz Crystal Microbalance with Dissipation Monitoring
Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) is based on the

converse piezoelectric effect that a material is able to generate internal stress in response to an
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externally applied electric field.!* A QCM sensor (shown in Figure 2.4a) is composed of a piece
of quartz disc coated by a pair of metal electrodes on the top and bottom. When an electric field is
applied to the quartz disc, it will oscillate at its resonance frequency. The resonance frequency of
the sensor is related to the total oscillating mass including adsorbed molecules. QCM measures
the change in frequency of the quartz crystal resonator when molecules are adsorbed compared to
the initial state. The adsorbed mass for a rigid surface has a relationship with the change of

frequency which is described by the Sauerbrey relationship (Equation 2.11):%°

(a) (b)
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Figure 2.4 (a) common design for a quartz crystal gold electrode for QCM, (b) a diagram
depicts frequency change with mass gain on the electrode surface, (c) Frequency and
amplitudes for quartz oscillations with different types of adsorbates. (Reprinted and
modified from Ref 17 with permission from Royal Society of Chemistry)
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Am = — — 2.11
m an ( )

where Am is adsorbed mass, C is the mass sensitivity constant related to the properties of quartz
(usually 17.7 ng/(cm?sHz) for 5 MHz crystal), Af is the change of frequency, and n is the overtone
number. The Sauerbrey relationship fails to describe the mass gain for a viscoelastic or soft film.
Dissipation of oscillation energy on a soft surface becomes more evident than on a rigid surface.®

Dissipation is expressed by Equation 2.12:

Elost

= (2.12)
21 X Estored

where Ejost is the energy lost during one oscillation cycle and Estoreq is the total energy stored in the
oscillator. In the operation of QCM-D, the applied electric field is shut off, and the energy of the

oscillator decays as a function of time as described by Equation 2.13:1" 8

A(t) = Aoe_% sin(2wft + @) (2.13)

where A is the amplitude, 7 is the decay time constant, f is the frequency and ¢ is the phase. The

dissipation factor, D, is related to the decay time constant by Equation 2.14:17:18

D—1 2.14
" nfe 1D

As indicated by the equations above, soft or viscoelastic surface would have greater dissipation
than a rigid surface. Previous studies have shown that the dissipation energy is able to reflect

intermolecular interactions and conformational changes for large and biological molecules.*® 2

2.4. Electron Microscopy
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2.4.1 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a powerful tool for the analysis and
characterization of nanomaterials. In TEM, an electron beam is accelerated stepwise by high
voltage electric fields and transmitted through a specimen. In this work, TEM was used to image
nanoparticles and analyze the d spacing of the crystalline material. For TEM analysis, the
preparation of samples would vary. For TiO, a dilute suspension of TiO2 NPs in water was
sonicated for 10 minutes and a droplet was cast on carbon-coated Cu grids. CuS NPs after
oxidation were prepared in a different way. In this case, the dry powder sample was first placed
on the grid and a few drops of ethanol were used to flush the excess powder. The grid was then
immediately transferred to a vial filled with inert gas. Once completely dry, the sample grid was
sent for TEM analysis. The acquired TEM images were processed by DigitalMicrograph and

ImagelJ software for the further analysis, such as lattice spacing measurement, FFT pattern etc.

2.4.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is another imaging technique with a focused beam
of electrons scanning the surface. The signals from the interaction of the electrons and sample
surface include secondary electrons, backscattered electrons, diffracted backscattered electrons,
X-ray photons etc. Secondary electrons and backscattered electrons are mostly used for imaging.
The energy of secondary electrons is usually lower than 50 eV so that the mean free path is limited
in solid matter.?? As a result, the secondary electrons can only escape from the sample surface.
SEM combined with other detectors has become a very useful tool for nanoscience and material
science. For this work, SEM was primarily used to image the profile of thin films made of TiO:
NPs. As discussed in previous section, the thickness of a film is crucial for ATR-FTIR to

understand the interaction and adsorption of molecules on the NP surface. To prepare a film, 1 mL
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of a1 mg/mL TiO2 NP suspension was cast onto the ATR element to dry (the density of the TiO>
NP film is 0.13 mg/cm?on a 7.5%1 cm ATR element). To simulate a film on an ATR element, 32
uL of a 1 mg/mL TiO2 suspension was placed on a 0.5*0.5 cm silicon wafer to dry. The sample
was mounted on a cross-section sample holder to image the thickness of the film. In addition to
traditional SEM, focused ion beam SEM (FIB-SEM) was also employed, the results of which

corroborated SEM results, namely, the thickness of a film is around 1 um as shown in Figure 2.5.

2.5.X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS) is a surface sensitive technique that measures the
kinetic energy of photoelectrons induced by incident x-ray photons. Electron binding energy can

be determined by photoelectron kinetic energy as described by Equation 2.15:
Ebinding = Ephoton — (Exinetc + @) (2.15)

where Epinging is the binding energy (BE) of the electron, Eppeton IS the energy of the x-ray

photons, Eyinetc 1S the measured kinetic energy of photoelectrons and @ is the work function of
the material and the instrument. The binding energy is subject to the oxidation state of the atoms
and the local chemical and physical environment. Thus, XPS can be used qualitatively and semi-
quantitatively to analyze surface states and chemical bonding. In this work, XPS was used to
analyze the surface oxidation states of CuS NPs before and after oxidation reactions. The CuS NP
powder was placed on a silicon wafer (pre-cleaned by ethanol and acid). The samples were then

kept in vacuum desiccator before mounting on XPS sample holders.

2.6. Nanoparticle Characterization

30



2.6.1 Powder X-ray Diffraction Spectrometry

In powder X-ray diffraction spectrometry, incident X-ray waves interact with an atom
resulting in electronic cloud movement. This movement then re-radiates the same frequency waves,
called elastic scattering. These diffracted waves can interfere to produce a diffraction maximum at

certain incident angles. The lattice planes separated by the interplanar distance, d, in a solid has a

2.16):
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Figure 2.5 (a) cross-sectional SEM image for a TiO2 NP film, (b) FIB-SEM image of a
TiO2 NP film.

2dsinf = ni (2.16)
where @ is the incident angle, 4 is the wavelength of the incident wave and n is a positive integer
representing the order of the diffraction. The crystalline phases of nanoparticles in this dissertation

were characterized by Powder X-ray Diffraction (PXRD).

2.6.2. Specific Surface Area Analysis

Specific surface area (SSA) is an important parameter for nanomaterials. In this work, the
SSA was calculated by Brunauer-Emmett-Teller (BET) theory. SSA of NP dry powders was
analyzed using a Quantachrome Nova 4200e surface analyzer. Clean and dry sample tubes were
weighed prior to adding any sample. Then, a certain mass of NP powder was placed in the bulb of

the glass sample tube and vacuum-degassed at 120°C for 8 hours to remove any pre-adsorbed
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molecules on the sample surface. After degassing, the total mass (sample and tube) were measured.

The accurate mass of the sample was obtained by subtracting the tube mass from the total mass.
Next, a total 20-point N2 adsorption-desorption isotherm was acquired in the relative

pressure range of 0.05-0.99 in a liquid nitrogen bath at 77.3 K. The specific surface area (m?/g)

was determined based on the BET equations shown below (Equations 2.17-2.19):23

1 _ 1 +C—1(P> 2.17)
v[(PO/p) _ 1] v,C  v,C \P, '
(v,,Ns)
Stotal = (2.18)
S
SBET = total (2.19)

v is the quantity of adsorbed N2 molecules, v is the monolayer adsorbed quantity, C is the BET
constant, P and Po are the equilibrium and saturation pressure, Stotal iS the total surface area, Sget
is the specific surface area, N is Avogadro’s number, s is the adsorption cross section of N2, V is

the molar volume of N2 and m represents sample mass.
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Chapter 3 Displacement Reactions Between Environmentally and Biologically Relevant Ligands

on TiO2 Nanoparticles: Insights into the Aging of Nanoparticles in the Environment

3.1 Abstract

Coatings on nanoparticle (NP) surfaces play a key role in dictating their behavior in the
environment. For metal oxide NPs, the physicochemical processes of dissolution, aggregation, and
reactivity are all impacted by surface coatings. The current study focuses on adsorption and
displacement reactions of different molecular and biological species representative of different
coatings on TiO2 NP surfaces. These different species include ascorbic acid (AA), citric acid (CA),
humic acid (HA) and bovine serum albumin (BSA) protein. Surface adsorption, desorption, and
displacement reactions of these four species on 20 nm TiO> NPs were investigated using attenuated
total reflectance—Fourier transform infrared spectroscopy. Further insights of these reactions and
on the behavior of TiO. with these coatings were gained from quartz crystal microbalance with
dissipation measurements, dynamic light scattering and sedimentation studies to investigate
nanoparticle stability. Our results show that HA adsorbs strongly onto TiO2 NP surfaces at neutral
pH. In contrast, smaller acidic molecules such as AA and CA bind more weakly and, as a result,
HA can displace these molecules from the TiO surface as determined by two-dimensional
correlation spectroscopy. In the case of BSA, HA does not displace the protein but instead co-
adsorbs on the nanoparticle surface. Our results show that the relative binding affinity to the
surface depends on the ability of different functional groups to interact with the surface and
through non-specific surface interactions that become important for larger species with higher
molar mass. To our knowledge, this is the first time that these types of displacement reactions on
TiO2 NPs have been investigated and probed with in situ techniques. The insights that this work

provide are of relevance in understanding the fate of nanomaterials as ligand displacement

36



reactions will modify the stability of these nanoparticles during their transport in the environment,

nanoparticle agglomeration and their interactions with biological systems.

3.2 Introduction

Metal oxide nanomaterials and their composites have been extensively studied and
developed, due to their vast potential applications as photocatalysts,® 2 solar cells,® biosensors,*
diagnostic,® and drug delivery.® ” Because of these developments, it is expected that these
nanomaterials will be released into the environment.® Once in the environment, nanomaterials will
undergo a variety of different aging and transformation processes, involving reactivity, dissolution,
and both hetero- and homo- agglomeration, thus altering the properties of the nanomaterials over
time.®!* Among various metal oxide nanomaterials, TiO2-based products are some of the most
widely used,® due to their unique photocatalytic properties'®*® and biocompatibility.'°?* However,
modeling studies have indicated that an increased concentration of nanomaterials in the
environment can create potential risks to various organisms.?4?” Therefore, the fate of TiO2 NPs
in the environment has attracted much attention over the past decade. Several factors play a role
in the fate of nanomaterials with the surface being an important one due to surface

functionalization and surface ligand reactions.?®3!

Natural organic matter (NOM) is expected to adsorb onto TiO2 NPs released into the
environment, and impact their agglomeration and stability,®?-3 thus affecting the mobility of TiO>
NPs.®” Humic acid (HA) is used as a typical model for NOM as it is widely distributed in soil,
sediments, and water in the environment with concentrations that vary from 0.1 to 50 mg/L.%® HA
refers to a category of natural substances derived from the decomposition of plants and animals.
HA is a collection of large macromolecular structures with high aromatic conjugated structures

containing amino, hydroxyl, ketone, phenolic, and carboxylic functional groups.3® Previous studies
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of metal-HA interactions show that HA can bind metal ions.*® ** Among the different interaction
mechanisms by which NOM adsorbs on NPs, surface ligand exchange between NP surface and a
variety of groups of NOM is the dominant interaction.*? This interaction has two main steps:* (1)
the outer-sphere complexation between polar functional groups and surface hydroxyl group, and
(2) the ligand exchange resulting in formation of an inner-sphere complex. The spectroscopic
studies suggest that the adsorption of HA on TiO2 NPs involves various functional groups, such
as phenol and carboxyl groups.** # In addition, the adsorption process is significantly modified
by the pH: the hydroxyl groups on the surface are protonated favoring ligand exchange.*? 44
Furthermore, studies have shown that interactions between NOM or HA have significant impacts
on the properties of NPs, such as chemical reactivity,*® 4’ dissolution,*® and toxicity.*® HA as a
surface ligand can significantly influence the fate and properties of nanomaterials in the

environment.

Attenuated total reflectance—Fourier transform infrared (ATR-FTIR) spectroscopy allows
the in-situ monitoring of adsorbed species by measuring spectral changes during the adsorption of
ligands onto surfaces. Although adsorption of ligands on nanomaterials has been intensively
studied by this technique,* 5055 most of these studies focus on the adsorption processes on
hydroxylated TiO2 NPs surface. However, TiO2. NPs are often coated by ligands because
surfactants and surface ligands are used in the wet chemical synthesis of nanomaterials. As such,
it is expected that the released TiO> NPs in the environment undergo diverse surface ligand
reactions, especially ligand displacement reactions. It is crucial to understand the displacement
reactions that TiO> NPs may undergo in the environment, since surface coatings can significantly
affect the physiochemical properties. Nevertheless, there are few reports about mechanisms of

displacement reactions and the impact of these reactions on the fate of TiO2 NPs. Herein, ATR—
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FTIR spectroscopy is used to explore the mechanism of displacement reactions between
environmentally and biologically relevant ligands including ascorbic acid (AA), citric acid (CA),
and bovine serum albumin (BSA) by HA. AA and CA were selected due to their common use as
molecular coatings.>® Moreover, they are also found in various biologically relevant systems with
different concentrations (e.g. 0.1 mM CA in blood plasma® and 40 — 770 mg/kg AA in fruits®).
BSA is used as a model of human serum albumin (typical concentration in blood is 3.5-5 g/dL)%®
and other proteins that NPs interact with in the environment.>® In order to get a better understanding
of the effect of NOM on TiO2 NPs in the environment, HA is chosen as a model to show how

NOM displacement reactions may impact NP surfaces and NP sedimentation behavior.

3.3 Experimental Methods

3.3.1 ATR—FTIR Spectroscopy

ATR-FTIR spectra were recorded using a 500 pl horizontal ATR flow cell with an AMTIR
window (Pike Technologies Inc.) in a Nicolet iS 10 FTIR spectrometer equipped with an MCT-A
detector. Spectra were collected with 264 scans at an instrument resolution of 4 cm™ in the AMTIR
window range (750 to 4000 cm™). In order to control pH, all solutions were prepared by dissolving
the corresponding solutes (e.g. AA, CA, HA, and BSA) in 25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Fisher Scientific) buffered solutions. Unless otherwise

indicated, all solutions contain HEPES to maintain a pH of 7.5.

Solution phase spectra were collected for 100 mM citric acid (CA), 100 mM ascorbic acid
(AA), 10 g/L bovine serum albumin (BSA) and 1 g/L humic acid (HA). For these adsorption
studies, the following concentrations were used: 10 mM AA, 10 mM CA, 1 g/L BSA, and 0.05
g/L HA solutions. The adsorption studies were carried out by flowing solutions over TiO2 NP thin

films at a fixed flow rate (~ 0.4 mL/min). The morphology and crystalline phase of TiO2 NPs are
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shown in Appendix A Figure Al, indicating that TiO2> NPs have an average size of 23 £8 nm and
their crystalline in nature containing mostly anatase with a small amount of rutile. The thin film
was prepared by drying 1 mL of 1 g/L TiO2 NPs on AMTIR crystal overnight (Figure A2). After
the adsorption study, the HA solution (0.05 g/L) was immediately introduced to the same TiO2 NP
thin film for the displacement reaction. All spectra were recorded every five minutes to monitor
the process. To avoid the interference from the buffer, the range below 1200 cm™* was not included

in the analysis as the HEPES buffer showed strong absorptions in this region.

3.3.2 Analysis of Two-Dimensional Correlation Spectroscopy

Two-dimensional correlation spectroscopy (2D-COS) is a well-established analytical
method used to investigate changes that occur following an external perturbation e.g. time and
pH.* %0 Furthermore, the sequential order of functional band intensity changes in the displacement
process can be analyzed by synchronous and asynchronous maps of 2D-CQOS, thus revealing the
mechanism of displacement processes involving HA on TiO, NPs first coated with other
adsorbates. For the 2D-COS, pretreatments of data (e.g. baseline correction and smoothing) are
recommended to avoid artificial peaks in 2D maps. The baseline correction was carried out by a
simple offset and the smoothing function uses the Savitzky-Golay algorithm. All spectra used for
2D-COS were baseline corrected and smoothed using the OMNIC 9 software (Thermo Fisher).
2D-COS was performed on a set of dynamic ATR-FTIR spectra at intervals of 5 min collected
during the displacement process. The computation of 2D-COS was performed by Matlab R 2017b
(MathWorks Inc.) and 2dshige version 1.3 (Shigeaki Mortita, Kwansei-Gaukuin University, 2004-
2005) following the algorithm developed by Noda.%? 6 The results in the synchronous (®) and
asynchronous (W) 2D correlation spectral maps can be interpreted as follows, which is also known

as Noda’s rules.®® In the synchronous map, a positive value of cross peaks indicates the change of
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corresponding spectral variations either increase or decrease in the same direction with the applied
external perturbation, whereas a negative value means the changes in two opposite directions: one
increases and the other decreases. The sequential order between the two bands v4 and v, can be
determined by the signs of synchronous and asynchronous correlation maps: if the signs of & and
Y are the same, the change of v, band occurs before the v, band and if the signs are opposite, the
change of vy band occurs after the v, band. A zero value suggests the two bands have no

correlation.

3.3.3 Quartz Crystal Microbalance with Dissipation (QCM-D)

The adsorption behavior was also interrogated by a quartz crystal microbalance with
dissipation (QSense Pro, Biolin Scientific) using a commercial TiO2 coated 5 MHz AT-cut quartz
sensors (Biolin Scientific, QSX 999). The TiO. sensors were custom made by Biolin Scientific
and the provided characterization is shown in Figure A3. X-ray photoelectron spectroscopy
confirms a Ti (V) oxide. The presence of a shoulder at a binding energy around 532eV in Figure
A3b indicates that the TiO, surface on the sensor is hydroxylated.®* Frequency and energy
dissipation changes were monitored as a function of time. The TiO2 sensors were reused several
times for different measurements. Between each measurement, the crystal sensors were cleaned
by soaking in 2% sodium dodecyl sulfate solution (SDS, Sigma Aldrich), dried with N2, and then
treated in a UV-ozone chamber for 20 min. The baseline was collected with Milli-Q water. A
gentle flow of each solution was maintained over the TiO> surface at a flow rate of 50 pL/min for
60 min. Following this, the flow was stopped, and the solution was kept over the surface for 30
min for equilibration. Reviakine et al. proposed a very strict criteria that the ratio of the change in
dissipation to the change in frequency should be less than 4x 107" Hz for a laterally homogeneous

film in order to apply the Sauerbrey equation shown in Eq. 3.1.%° The mass gain can still be
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calculated based on the Sauerbrey equation for the surface when there are small changes in

dissipation less than 2 ppm,®

_ CxAF

n

Am

(3.1) 9

where Am is the mass gained per unit area (ng €m2), AF is frequency shift (Hz "), C is a constant
value of 17.7 ngem2 Hz* for a 5 MHz AT-cut QCM sensor, and n the overtone number.
Overtones 5, 7, 9 and 11 were monitored for all measurements. The QCM-D plots shown herein

have all been normalized by the overtone number.

3.3.4 Sedimentation and Dynamic Light Scattering

The solutions for sedimentation and dynamic light scattering (DLS) studies were prepared
by dispersing TiO2 NP powder in 10 mM AA, 10 mM CA, and 1 g/L BSA solutions, respectively.
The pH and ionic strength were kept at 7.5 and 0.03 M (87.6 mg NaCl in 50 mL). TiO> NP
suspensions were sonicated for 10 min for mixing prior to placing on a Cole—Parmer rotator
overnight. The concentrations of TiO2 NP suspensions for sedimentation and DLS are 0.5 g/L and
0.1 g/L, respectively. An aliquot was used for the sedimentation and DLS analysis of pre-coated
TiO2 NPs. Then, for the displaced coating samples, 15 mL aliquots were transferred to 15 mL
centrifuge tubes and then centrifuged at 10000 rpm for 20 min. After carefully removing the
supernatant, 15 mL of 0.05g/L HA solution at same pH and ionic strength was added to the
centrifuge tubes. The suspensions were sonicated for 10 min and mixed overnight. The samples
were then used for the sedimentation and DLS analysis. The sedimentation experiments were
performed using a UV-Vis spectrometer (Lambda 35, PerkinElmer), by monitoring the light
intensity at a wavelength of 550 nm over time. The DLS measurement was conducted with a Delsa

Nano C instrument (Beckman Coulter Inc.).

42



3.4 Results and Discussion

3.4.1 Adsorption of AA, CA, HA and BSA on TiO2 NP Surfaces

Table 3.1 shows both molecular and representative structures of the relevant species under
study, ascorbic acid (AA), citric acid (CA), humic acid (HA) and bovine serum albumin (BSA),
along with information about the pH dependent behavior, including pKa values and the pH-
dependent conformations in the case of BSA. The functional groups within each molecule are
relevant for the adsorption on TiO2 NPs, since the adsorption process often involves exchange
reactions between molecules and the surface hydroxyl groups and or hydrogen bonding
interactions. 42 61 6288 The ATR-FTIR spectra shown in Figure 3.1 provide the details of the
adsorption of AA, CA, HA and BSA onto TiO> surfaces by monitoring the vibrational frequencies

Table 3.1 Representation of different molecules used in this study and their different pH
dependent properties (protonation and secondary conformation).

AA CA HA BSA
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and intensity of the functional groups. In addition, the solution phase spectra of these are also

shown.
(a) AA (b)
7 D
<9 (>
= =
< <
"E "E T T T T T 1 T
2 s | [oo2 In solution
2 2 1570
. , : 1390
1800 1600 1400 1200 1900 1800 1700 1600 1500 1400 1300 1200
Wavenumbers (cm™) Wavenumbers (cm™)
() HA (d) BSA
On TiO
Toos 1545 2

1651

In solution

Absorbance

Absorbance

1652
i 1400
1446 .

1313
' 1249

T T T T : T T
1800 1700 1600 1500 1400 1300 1200

T II T L : T : T T
1900 1800 1700 1600 1500 1400 1300 1200 1900

Wavenumbers (cm™) Wavenumbers (cm")

Figure 3.1 ATR-FTIR spectra of target species adsorbed onto TiO2 and in solution phases.
(a) Spectra of adsorbed 10 mM and in solution 100 mM AA,; (b) spectra of adsorbed 10
mM and in solution 100 mM CA,; (c) spectra of adsorbed 0.05 g/L and in solution 1 g/L
HA; (d) spectra of adsorbed 1 g/L on and in solution 10 g/L BSA. The adsorption spectra
shown were collected at 5 min (black), 30 min (red), 60 min (green), 90 (blue), 120 min

(magenta).

AA is the smallest molecular species amongst the four and its structure is composed of a
primary OH, a secondary OH, and an enediol in a lactone. At pH 7.5, one of the enols in AA is
deprotonated, and the deprotonation improves the conjugation enediol group and C=0. As seen
in Figure 3.1a, the conjugation of the enediolate with the C=0 bond causes a shift of the C=C

stretching frequency to 1581 cm™ in solution. However, when AA binds to the TiO2 surface, there
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is a blue shift to 1590 cm™. The binding mode of AA on TiO: surface has been reported

previously.®® AA binds to Ti (1V) sites through the enediols. One enolate binds to Ti (1V) directly,

Table 3.2 Assignments for the vibrational frequencies (cm™) of the main functional

groups in the studied molecules.

this work (cm™)

literature (cm ) **

molecule vibrational mode 5> 69, 78.86
solution adsorbed o
v (C=0) 1721 1773, 1711 1780, 1725, 1702
v (C=C) 1581 1590 1604, 1595,1594
AA v (enediolate, C-OH) 1411 1416 1415, 1345
§ (C-OH) / & (C-H) 1356 1396,1359,1369
v (enediolate, C-OH) * 1345 1345
V,m (COO) 1570 1570 1580-1569
CA v, (COO-)/OH def 1390 1396, 1435 1436, 1400-1391
3(0=C-0-) 1278 1293, 1260 1292-1260
v (C=0) 1737, 1697 1748,1696 1720, 1640
V,m (COO) 1566 1570 1590-1550
v (C=C) 1511 1524 1525
HA
3 (C-H) 1457 1451 1450
Oy (COO-)/OH def 1384 1387 1350
v (phenol C-OH) 1264 1270
ide I =0 jor +v_(C-
amide Lv, (¢=0) major +v,( 1652 1651 1695-1630
N) minor
. N 46 (N-
amide ITv_(C-N) +6 (N-H) out 1547 1545 1550
of phase
BSA
d (C-H) 1446 1451 1500-1400
amide III or v (C-O)/ v (C-O- 1400, 1313, .
C)/ v (C-C) 1249 1400,1313 1400-1000

* the vibration frequency of enediolate forming a 5-membered ring.
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and the other enol group assists in chelating to a Ti (IV) ion which then forms a five membered
ring structure with Ti (IV) ion. This is supported by the shift in the vibration of C-O from 1356 to
1345 cm during the adsorption. A charge transfer occurs between adsorbed AA and Ti (1V) ion.%°
In this structure, the lactone ring in AA is positively charged,’® "* possibly resulting in a blue shift
of carbonyl vibration mode into from 1721 cm™ and 1773 cm™. Besides, AA can also bind to Ti

(IV) through only one enediolate, thus carbonyl vibration shifts from 1721 to 1711 cm™.
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Figure 3.2 The adsorption and desorption processes of (a) 10 mM AA, (b) 10 mM CA, (c) 0.05
g/L HA and (d) 1 g/L BSA. The intensity was normalized using the absorbance at 1385 cm™* for
AA, 1570 cm™ for CA, 1570 cm™ for HA, and 1545 cm™ for BSA, respectively.

For CA, the structure consists of a tertiary alcohol OH and three carboxylic groups that are
all deprotonated at pH 7.5.%2 The spectra for the free solution phase and adsorbed molecules are

shown in Figure 3.1b. The asymmetric stretching vibration of the carboxylate groups is around
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1570 cm in both adsorption and solution spectra, but the symmetric vibration shifts from 1390
cm in solution to 1396 cm™ when adsorbed on the TiO2 NP surface and a shoulder appears at
1435 cm™. The splitting of carboxylate vibration between asymmetric and symmetric vibrations
indicates that some carboxylates interact with surface through a bidentate bridging mode. It is
worth noting that the band of the deformation O=C—O at 1278 cm in solution phase shifts to
higher wavenumbers at ~1293 cm™ for adsorbed species on TiO2 NPs. This is caused by a specific
interaction between COO™ and Ti (IV), suggestive of monodentate bonding. Park et al. propose
that citrate binds on surface through bidentate bridging via the central carboxylate ion and

monodentate via one of terminal carboxylates.’

HA has multiple functional groups that can participate in the interaction with TiOg,
including carbonyl, amide, carboxylate, phenol, polysaccharide, and alcohol hydroxyl.** % In the
spectra for adsorbed HA on TiO2 NPs (Figure 3.1c), the dominant absorption bands appear at 1570
and 1387 cm™, which correspond to the asymmetric and symmetric carboxylate vibrations,
respectively. Importantly, these characteristic frequencies shift from 1566 cm™ and 1384 cmtin
solution phase to 1570 cm™ and 1386 cm™ for adsorbed species, respectively. This indicates that
HA binds to TiO, NP surface via carboxylate as suggested by others.** Other characteristic
absorption bands including 1748 cm for the C=0 stretching of protonated carboxylic acid group,
1451 cm! for the C—H bending mode, and 1298 cm™ for -COO-Ti groups are seen. In addition,
an absorption at 1264 cm possibly comes from the binding mode phenolic C—-O-Ti, which is not

present in solution phase.”
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For BSA, the spectra (Figure 3.1d) show an amide | band at near 1650 cm™2, which mainly
consists of stretching vibration C=0 of amide.’ The other intense band in the spectra is due to the
amide Il band around 1550 cm™ caused by the bending of N-H and C—N. In previous studies, we

have observed information about the small changes in the secondary structures which include o—
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Figure 3.3 Shifts in frequency and dissipation, normalized by overtone number, for the
adsorption of ascorbic acid (a), citric acid (b), humic acid (c) and bovine serum albumin
(d) onto a TiO. coated surface with QCM-D. Blue and red lines represents changes in
frequency and dissipation, respectively. Data are shown for overtones 5, 7, 9, and 11 in a
color gradient, in which the darker colors are for smaller overtones.

helixes, extended chains and turns during the adsorption of BSA onto TiO2 NPs.%% /7 A summary
of these peak assignments are listed in Table 3.2, including comparison to the values reported in

the literatures. 4 52 69, 78-86
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The adsorption-desorption process was also investigated by ATR-FTIR, shown in Figure
3.2. The desorption behavior of the adsorbed molecules when washing with a buffer solution
reveals the nature of the interaction with the surface. This is observed when the maximum intensity
reached during the adsorption process for AA and CA decreases upon the desorption process. In
addition, Figure 3.2 shows that AA has a slower adsorption and desorption kinetics compared to
CA. This discrepancy relates to the binding modes to TiO surface. AA tends to form a 5-
membered ring with Ti (IV) while CA binds via a simpler bidentate bridging mode. For BSA and
HA, the intensity of adsorption spectra approaches the maximum values and its intensity does not
change when buffer is introduced suggesting irreversible adsorption and little loss of BSA or HA
from the surface. In contrast to AA and CA, macromolecules such as BSA and HA, prefer to adsorb

on surface by forming monolayer e.g. BSA® and HA.%'

Table 3.3 Summary of the surface coverage assuming a rigid layer.

AA CA BSA HA
Adsorbed Adsorbed Adsorbed Adsorbed
Initial molecules Initial molecules Initial molecules Initial molecules
concentration, ~ (St. D?;/-), concentration, (St D?;/.), concentration,  (St. D?;I-), concentration, ~ (St. D?;/.),
mM x10 mM x10 g/L x10 g/L x10
2 2 2 2
molecules/cm molecules/cm molecules/cm molecules/cm
21.3 25.4 0.32 157
* * * *
0.10 (2.06) 0.10 (1.99) 0.01 ©.01) 0.01 (0.06)
21.5 25.1 0.34 1.71
0.50 (1.96) 0.50 2.27) 0.05 (0.01) 0.02 (0.08)
21.8 24.3 0.35 1.81
1.00 2.03) 1.00 (2.41) 0.10 (0.01) 0.05 (0.09)
24.8 28.9 0.37 1.95
5.00 (2.26) 5.00 (2.59) 0.50 ©.01) 0.10 0.10)
27.0 33.0 0.39 2.07
100 (2.59) 10.0 (3.78) 1.00 (0.01) 0.20 (0.11)

* At this concentration, the adsorbed mass includes a contribution from HEPES
Following these ATR-FTIR experiments, QCM-D was used to investigate adsorption and

desorption processes of these four species by measuring the adsorbed mass and assessing
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conformation changes of the molecules by monitoring changes in frequency (AF) and dissipation
(AD), respectively. Although the QCM experiment uses a deposited TiO surface but not NPs, it
is expected that these measurements can provide additional insights into the interactions of these
molecules with TiO> surfaces and thus complementing the ATR-FTIR measurements. It is
important to note that the QCM will not consider the curvature effect on the adsorption onto NPs
but can verify in a quantitative manner the qualitative observations from the ATR-FTIR. In
particular, it will show if the surface is fully covered with the adsorbate at the concentration used
in the ATR-FTIR experiments. The sensors are first exposed to the buffer solution, and a small
amount of HEPES is adsorbed. Then, the corresponding adsorbate is introduced. Solutions with 5
increasing concentrations were introduced to calculate the surface coverage (Table 3.3,
molecules/cm?). However, due to the similarity in the molar mass, the displacement between
HEPES and AA or CA on surface do not exhibit a discernible frequency shift at low concentrations.
Thus, AA (Figure 3.3a) and CA (Figure 3.3b) gained mass, can be only associated to the adsorbate
when concentrations are higher than 5 mM. As shown in Table 3.3, for the small molecules AA
and CA with relatively weak interaction with the surface, the number of adsorbed molecules is not
greatly affected at low solution concentrations (smaller than 5 mM), indicating at such
concentrations the small molecules form a stable interface like a monolayer. In contrast, a
noticeable gain is observed at higher concentrations (larger than 5 mM), which is associated with
an increase in dissipation. AA and CA have relatively weak interaction with the surface so that
they are reversibly or partially reversibly adsorbed on the surface. However, this increase in mass
and dissipation is diminished when the surface is washed with buffer solution. The removal of the
loosely bonded molecules when flowing the buffer solution, is in good agreement with adsorption-

desorption study by ATR—FTIR (Figure 3.2). In contrast, larger macromolecular species such as
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HA (Figure 3.3c) and a protein such as BSA (Figure 3.3d) show a significant decrease in AF at
low concentrations that is far larger than that observed for the HEPES buffer solution. The surface

coverage (molecules/cm?) observed for the different concentrations of the analyzed solutions are

summarized in Table 3.3.
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Figure 3.4 ATR-FTIR of the displacement reactions of AA-(a), CA-(b), and BSA-(c) pre-
coated TiO2 NPs by HA. The initial coating spectra are on the left, the time dependent
displacement spectra are in the middle, and the difference spectra are on the right. The
displacement spectra were collected at 5 min (black), 30 min (red), 60 min (green), 90
(blue), 120 min (magenta). The difference spectra were obtained by subtracting the initial
spectra from displacement spectra.
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For AA, CA, and BSA, the adsorption process at each condition would reach the
equilibrium very quickly revealing that AD and AF quickly level off and become constant values.
However, HA never exhibits a plateau phase in the AD plot which is different from other molecules,
suggesting that HA alters its conformation in order to adsorb onto the TiO> surface. In addition,
the shifts in dissipation provide insights into the viscoelasticity of the adhered layers.5* & 8 The
change in dissipation (AD) relates to how much the added layer deforms (soft surface) and how
much the added layer resists deformation (rigid surface) when the crystal shears.®® A rigid surface,
such as monolayer of adsorbed molecules, typically has a value of AD less than 1 ppm (107%), while
values larger than 1 ppm imply a soft surface.®® The discrepancy on the dissipation plots of the
different overtones supports the formation of a softer film,% 8 which in the case of HA, suggests
the changes on conformation is caused by intermolecular interactions and by the different
adsorption modes generated for the multiple functional groups in the macromolecule, which is in

a good agreement with the ATR—FTIR results.

3.4.2 Displacement Reactions

In these experiments, the displacement process was recorded by introducing 0.05 g/L HA
solution on the TiO2 NP film that was pre-coated with AA, CA, and BSA in the adsorption process,
respectively. As seen in Figure 3.4a, the profile of the AA-coated TiO2 NP spectra significantly
changes during the displacement process. The main adsorption band shifts from 1590 to 1580 cm™
Lwhen introducing HA to the TiO; film, and the other main adsorption band at 1385 cm increases
during the displacement process (Figure 3.4a middle). In addition, the band shifts from 1711 cm
to 1696 cm* which is assigned to carbonyl vibration from HA. To confirm the presence of HA on
the surface, the initial spectrum was subtracted from the displacement spectra, shown in Figure

3.4a right. The progressive decrease in time for the bands at 1773 and 1711 cm™* from carbonyl
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vibrations due to adsorbed AA, indicates HA displaces AA. Also, two new peaks appear at 1551
and 1385 cm, which correspond to the -COO- vibrations of HA. In addition, the asymmetric
vibration of -COO~ of HA appears to be shifted to 1551 cminstead of 1570 cm™ due to a negative
contribution of the peak at 1590 cm™ caused by the displacement. The absorption at 1285 cm™
comes mainly from the deformation of —-COO-Ti moiety when binding on the surface. All these
changes indicate that HA displaces AA from the surface. Due to the reversible nature of the AA
adsorption onto the TiO> surface, we hypothesize that HA displaces most of the AA as shown in
the scheme in Figure 3.5a. However, it is not possible to rule out that some AA molecules are still

attached on the surface.

During the displacement of CA, the similarity between carboxylate vibrations are the
characteristic IR bands of CA (Figure 3.4b left), and these IR features are very similar to the
vibrations observed for HA on TiO: surface (Figure 3.1d), which makes it difficult to discern the
displacement process. However, during the displacement reaction (Figure 3.4b middle), it is seen
that the symmetric stretching of COO- band at around 1396 cm has around a 5 cm™ red shift,

changing from 1396 to 1391 cm™. In addition, the growing band above 1700 cm™ is from the C=0

a) AA b) CA ¢) BSA
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Displacement Co-adsorption Co-adsorption
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Figure 3.5 A schematic representation of displacement reactions and co-adsorption by HA
on pre-coated TiO2 surfaces with AA (a), CA (b), and BSA (c), respectively. HA is
represented here as a macromolecular structure.
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of carboxylic acid group in HA. Furthermore, the difference spectra (Figure 3.4b right)
corroborates the displacement on TiO2 NPs as it displays the main features of adsorbed HA onto
TiO2 NPs, such as carbonyl vibration from HA at 1698 cm™. Additionally, the main bands of CA
at 1570 and 1395 cm™ display growing negative values with time in the difference spectra,
suggesting the loss of CA from the surface followed by a time dependent HA adsorption. Therefore,
we infer that CA is partially displaced by HA as shown in Figure 3.5b. As suggested in the
displacement process, when TiO2 NPs fully coated with small molecules e.g. AA and CA are
exposed to HA solution, HA tends to displace the pre-coatings. In the case of CA, it is possible
that a partial displacement occurs as shown in Figure 3.5b, where HA displaces more weakly
bonded CA molecules while co-adsorbing with CA which may be on edge and/or corner sites

leading to more strongly bonded CA molecules on the surface of TiO2 NPs.

In the case of BSA, the displacement process in Figure 3.4c (middle panel) shows no
significant alteration of vibrational frequency, but an increase of intensity after introducing HA.
The difference spectra (Figure 3.4c right) confirm that HA is adsorbing on the surface. A possible
explanation is that HA mainly co—adsorbs with BSA rather than displaces it. At neutral pH, due to
negative charges on both BSA and HA, electrostatic repulsion is expected, it is therefore concluded
that non-specific hydrophobic interactions are the driving force for the co-adsorption of HA and
BSA.%% As Zhao et al. report,®? HA can overlap on the top of BSA ring-like aggregates. Figure
3.5¢ shows both adsorption modes whereby HA stacks on top of the adsorbed BSA. In addition to
ATR-FTIR study, the process of displacement of BSA by HA was also studied by QCM-D (Figure
A4). Compared to BSA, HA has much lower molecular mass, therefore, if BSA was completely
displaced by HA, the mass should decrease. However, the QCM-D result shows that the mass

increases when introducing HA and the dissipation quickly reaches a value above two. This all
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supports that HA is not able to displace BSA but instead co-adsorb on the surface forming a second

layer interacting with mainly adsorbed BSA molecules.

To corroborate the proposed displacement modes in Figure 3.5, the reverse processes were
also investigated. In these experiments, NP surfaces were coated first with HA, then AA, CA or
BSA was introduced and finally the buffer was flowed over the film after the displacement process.
The spectra for each step are shown in Figure A5. The results agree with the expectation that AA
weakly binds to the surface and no big change was observed after flowing buffer, therefore AA
does not change or displace the HA-coating on the surface. CA is partially able to displace HA as
reflected in the shift of the carboxylate symmetric vibration from 1385 to 1395 cm™ corroborating
that CA and HA are co-adsorbed. Most interesting is that BSA fully displaces HA from surface

due to its strong binding ability. The summary of these processes is represented in Figure A6.

Due to the overlap of some IR bands in the one-dimensional spectra, 2D-COS was
employed to investigate the details of the displacement of these initial molecular and protein
coatings by HA. In addition, the synchronous (®) and asynchronous () 2D correlation spectral
maps are helpful in discerning the role of the functional groups in these displacement reactions.
The synchronous (left) and asynchronous (right) 2D correlation maps shown in Figure 3.6 are for

the displacement by HA of NP surface pre-coated by AA (a), CA (b), and BSA (c), respectively.

When HA is introduced to the AA-coated TiO2 NP film, three predominant autopeaks show
up on the diagonal in synchronous 2D correlation spectra map (Figure 3.6a left) at near 1560, 1451
and 1386 cm™, which agree with the main bands in the HA spectra (Figure 3.1c), the positive
values of the peaks indicate that the band intensity changes in the same direction. There is also a

weak autopeak showing at 1277 cm™, which is assigned to §(O=C-O-) when binding to TiO>
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surface.%? Interestingly, there are a few barely noticeable small negative cross peaks appearing at

(1560, 1775), (1560,1721), (1451, 1775), (1451, 1721), (1386, 1775), (1386, 1721). The negative
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Figure 3.6 Synchronous (left) and asynchronous (right) 2D correlation maps following
introduction of HA to a TiO; surface covered with (a) AA, (b) CA, and (c) BSA.
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peaks indicate that these band intensity changes are in opposite direction. During the displacement
process, AA is displaced by HA, and HA adsorbs on surface, which results in a decrease of
carbonyl from AA (1775 and 1721 cm™) and increase of carboxylate absorptions from HA (1560
and 1451 cm™). These data agree with the full surface displacement reaction proposed in Figure
3.5a. The asynchronous map (Figure 3.6a right) provides useful information of the sequential order
of functional group changes in the adsorption. A series of cross peaks correlated to 1650 cm™
assigned to C=0 (ketone, amide) is observed, which merged into the peak of 1590 cm™ in the 1D
IR spectra. The relevant cross peaks in asynchronous map are positive, such as (1650, 1560), (1650,
1389), (1650, 1291), (1743, 1560), (1743, 1389), (1560, 1291) (1560, 1269). According to Noda’s
rules,® the main bands changes shown in the asynchronous map follow such order: 1743, 1650
cm! bands are prior to 1560 and 1389 cm™. This is followed by 1291 and 1269 cm™ It indicates
changes are in the sequence C=0 (carboxylic) and C=0 (ketone, amide) are earlier than COO",

which is followed by COO-Ti (monodentate) and C-O-Ti (phenolic).

In the case of the CA-coated TiO2 NP surface, when introducing HA, the synchronous map
(left panel in Figure 3.6b) displays similar autopeaks to AA-coated surface at 1560, 1457 and 1372
cm L. In addition, two weak autopeaks were observed at 1696 and 1274 cm™*, which are carbonyl
vibration and deformation of carboxylate from HA, respectively. The lack of negative peaks
suggest that co-adsorption is the main process during the time-dependent reaction as proposed in
Figure 3.5b. The relevant cross peaks in asynchronous map are positive, such as (1638, 1560),
(1638, 1390), (1638, 1460), (1696, 1560), (1696, 1460), (1330, 1560), (1330, 1390), (1460, 1560)
(1330, 1264). This asynchronous map (Figure 3.6b right) exhibits a slightly different order: 1696,

1638 — 1460, 1330 —»1560, 1390, 1264 cm™. The structural changes implied in asynchronous map
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follow such a sequence: C=0 (carboxylic) and C=0 (amide, ketone) are earlier than COO and C—

O-Ti (phenol).

In comparison to the small molecules coated NPs, BSA-coated NPs has two main
autopeaks (Figure 3.6¢ left) on the diagonal at 1572 and 1385 cm* representing the adsorption of
HA. The lack of negative peaks supports the proposed co-adsorption scheme in Figure 3.5¢c. The
relevant cross peaks in asynchronous map are positive, such as (1610, 1505), (1610,1250),
(1570,1696), ((1570, 1505), (1570, 1284), (1505,1250). Based on the interpretation of the
asynchronous 2D correlation map (Figure 3.6¢ right), the changes observed on the peaks during
sorption follow the order 1570~ 1696, 1610 — 1505— 1284, 1250 cm™. According to the
sequence, the structural changes occur in this sequence: COO  — C=0 (amide,
ketone) » C=C— COO" (bending), C-OH (phenol). Therefore, HA approaches BSA-coated
TiO2 surface through intermolecular interaction of H-bonding between these dangling functional
groups (COO™ and C=0). As already noted, in the displacement reaction HA co-adsorbs on the
surface mainly through interacting with BSA instead of displacing BSA. It has been reported that
HA tends to interact with BSA ring-like aggregates by hydrophobic interaction,® thus resulting in
the change of C=C vibration. The changes in the bending of carboxylate (1284 cm™) and the phenol
vibration (1250 cm™) that show up after the changes in the C=C vibration also suggest that HA
keeps changing conformation when adsorbing onto the BSA-coated TiOg, this agrees with the

changes on dissipation observed with QCM-D (Figure A4).

Chen et al. demonstrate that functional groups changes of HA while adsorbing onto bare
TiO; follow the trend: carboxylate — C—O (phenol or tertiary) —» C=0 (ketone, amide) at pH 7.
In our study, the surface is pre-coated by other adsorbates and it is observed that HA shows a

different adsorption pathway for each case compared to adsorption onto the hydroxylated surface.
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Therefore, we demonstrated that surface coatings on NP surfaces can modify the behavior of

exactly how NPs interact with NOM in the environment.

3.4.3 Sedimentation and Agglomeration.

In order to evaluate the effect of these coatings and displacement reactions on NP
agglomeration with HA, the agglomeration was assessed by following the changes in the
hydrodynamic size of the agglomerates and their sedimentation behavior. Figure 3.7 shows
sedimentation curves of the TiO, NP suspensions before and after ligand displacement. Any
impact would be of great significance for the transport and fate of NPs in the environment.%
Adsorbates on TiO2 NPs such as AA and CA result in steric repulsion, thus inhibiting the
agglomeration of TiO suspensions.5? % 72 Therefore, the stability of TiO, NPs coated by AA or
CA shows an increase compared to bare hydroxylated TiO2 NPs in HEPES buffer (Figure 3.7a,b).
In comparison to AA and CA, HA carries more polar functional groups such as phenol and
carboxylate and has stronger steric hindrance.** ® As expected, the sedimentation rates of the
samples after displaced by HA became much slower than those capped with only small molecules.

Besides, the hydrodynamic diameters of the agglomerates are reduced in the presence of HA with
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Figure 3.7 The effects of displacement reactions on sedimentation behavior of TiO,NPs.
The displacement reactions on the AA- (a), CA— (b) coated TiO, NPs with HA make the

particles more stable (top) and smaller (bottom). However, HA is not able to displace BSA—
(c) and it is shown not to affect the stability of the nanoparticle solution.

59



agglomerate size decreasing from 350 to 250 nm. However, BSA has a strong interaction with
TiO2 NPs and enhance the electrostatic repulsion of TiO2 NPs, resulting in the high stability of
TiO2 suspension, shown in Figure 3.7c. Although the stability stays the same for BSA-coated NPs,
the addition of HA causes an increase in the hydrodynamic diameters from ca. 275 to 600 nm. At
pH 7.5, the ligands on the surface are negatively charged. Therefore, the repulsive force in between

each particle promotes the stability of these NPs in aqueous suspensions.*4 52 71,83

3.5 Conclusions

The adsorption of different environmentally and biologically relevant molecules onto TiO>
NP surfaces has been systematically investigated. The ATR—FTIR measurements show that
different functional group such as phenol, carboxylate, and enediol are involved in the adsorption
process. The desorption data suggest that under the conditions used in this study, AA and CA are
able to reversibly and partially reversibly adsorb on TiO> surface, respectively. In contrast, BSA
and HA mostly adsorb on the surface in an irreversible process monolayer, which is supported by
the results from QCM-D. An interesting observation is that HA changes its conformation during
adsorption process, reflected in the continuous increase of the dissipation. The properties of TiO>
NPs are expected to be changed by NOM in the environment. Therefore, we focused on the
displacement of different coatings on TiO2 NPs with HA as it is a model for NOM found in the
environment. Based on our study, the interaction between the small molecules and the surfaces of
nanomaterials is reversible and HA can easily displace these molecules either fully or partially.
However, the protein coated NPs shows no displacement but instead co-adsorbs with HA. Along
with different coated TiO2> NPs, 2D-COS provides relevant insights on the mechanism for the
displacement reactions. In general, HA interacts with coated molecules first by weak interaction

e.g. H-bonding and displaces these molecules by forming strong bonds with phenol and
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carboxylate groups. The effects of displacement reactions on sedimentation and agglomeration
were studied. The results show that TiO> NPs with different coatings displayed a slower
sedimentation rate in presence of HA. The hydrodynamic diameters of TiO2 NPs were also
modified by HA. These all imply that NOM can stabilize released NPs and influence the fate of
NPs in the environment. The study shows not only the effect of NOM on sedimentation and
agglomeration of coated NPs but also provides a first look on how displacement reactions may

occur in the environment.
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Chapter 4 Mechanistic study of oil adsorption onto PVP-coated magnetic nanoparticles: An

integrated experimental and molecular dynamics study to inform remediation

4.1 Abstract

Nanotechnology has recently sparked considerable interest as a cleanup technique for oil
remediation.*® Although several studies have been reported in this area,’*° the mechanisms of the
surface processes involved in the adsorption of oil onto nanoparticles (NPs) are still not clearly
elucidated. Here, we combine molecular dynamics (MD) simulations and experimental data using
ATR-FTIR spectroscopy to show that polyvinylpyrrolidone (PVP) polymer interacts physically
with magnetite cluster via van der Waals with an average binding strength of —9.2 kcal/mol. The
results indicate that the adsorption of crude oil onto PVP-coated magnetic NPs is
thermodynamically favorable with an adsorption free energy of —3.6 kcal/mol. However, crude oil
adsorption reduces in the presence of fulvic acid (FA), which is attributed to the ability of FA to
partially displace PVP in seawater and form a new coating layer on the magnetite surface. Our
work highlights the implications of molecular interactions and environmental conditions on the
adsorption of crude oil onto NPs, which is critical for the effective design of nano-based oil

remediation strategies.

4.2 Introduction

The application of nanoparticles (NPs) for oil removal from oil spills and wastes has been
widely studied! 12 due to the limitations in traditional clean up techniques.***> The majority of
studies have however been conducted under simple laboratory conditions (e.g., ultra-pure water)
and the behavior and performance of NPs under real conditions have rarely been investigated.6
In order to assess the practical application of NPs for oil remediation, studies under relevant

environmental conditions must be explored to evaluate the effectiveness of NP-based remediation
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techniques. Moreover, the mechanisms of the surface processes involved in the adsorption of oil
onto magnetic NPs must be elucidated under such environmentally relevant conditions. Atomistic
simulations can provide unique insight of the molecular interactions between NPs and crude oil to
elucidate adsorption mechanisms, which is critical for the effective design of nano-based
remediation strategies. Molecular dynamics (MD) simulations have been extensively used to
evaluate intermolecular binding and adsorption mechanisms between different NPs and various
adsorbates.'®?! MD simulations can provide microscopic-level description of NP-adsorbent
interactions to rationalize experimental findings. For instance, Biirger et al. adopted MD
simulations to establish that the adsorption of amino acids onto Fe-terminated magnetite-(111)-
surface was energetically favorable and was predominately due to electrostatic interactions.?

In the present study, we use Attenuated Total Reflection Fourier Transform Infrared (ATR—
FTIR ) spectroscopy and MD simulations to investigate the surface processes involved in using
NPs for the successful removal of oil from the aqueous phase.???> A combination of experimental
studies and computational modeling is useful for probing mechanisms at different scales to
improve data quality and depth and provide confidence in data. This approach is expected to
provide insight on the nature and strength of PVP interaction with FezOa cluster, as well as crude

oil adsorption onto magnetite NPs under realistic environmental conditions.

4.3 Methods
4.3.1 Experimental.

Materials. The preparation of synthetic seawater follows the EPA recommended seawater
composition: Milli-Q water, sodium chloride (NaCl, Fisher Chemicals, ACS grade), sodium
sulfate (Na2SOs, Fisher Chemicals, ACS grade), potassium chloride (KCI, Fisher Chemicals, ACS

grade), potassium bromide (KBr, Aldrich, 99%), sodium tetraborate decahydrate
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(NazB4O7-10H20, 99%-+), magnesium chloride hexahydrate (MgCl2-6H20, Fisher Chemicals,
ACS grade), calcium chloride dehydrate (CaCl2-2H20, MP Biomedicals, 99%), strontium chloride
hexahydrate (SrCl,-6H20, Avantor, ACS grade), and sodium bicarbonate (NaHCOs, Fisher
Chemicals, ACS grade). All solutions containing organic compounds were prepared using
synthetic seawater. In this study, crude oil, a representative of Deepwater Horizon oil spill
(reference MC 252 surrogate oil, sample ID: A0068H, AECOM Environment) was used. Also,
Suwannee River fulvic acid (International Humic Substances Society) was used to represent
natural organic macromolecules present in ocean water.

NPs synthesis. PVVP-coated magnetic NPs were synthesized using a modified hydrothermal
method previously reported.” In summary, 0.18 mmol of PVP (Mw 10 kDa, Sigma-Aldrich) was
added to 6.25 ml ultrapure water while the solution was stirred at 80 5 <. 1 mmol of FeCl2.4H,0
(98%, Alfa Aesar) and 4 mmol of FeCl3*6H20 (>98%, BDH) were added to the solution and stirred
while the temperature was kept constant. Next, 0.12 mmol PVP was dissolved and finally 6.25 mL
ammonium hydroxide (28-30%, BDH) was added to the solution dropwise at room temperature
while the solution was stirred. The suspension was mixed for 25 min at 90+5 <€ and the precipitate
was washed once with deionized water and separated by magnetic decantation to remove
impurities. The NPs were re-dispersed in water again via sonication and stored for later use. The
details of NPs characterization including atomic force microscopy (AFM), thermogravimetric
analysis (TGA), Fourier transform infrared spectrometry (FTIR), dynamic light scattering (DLS),
and X-ray powder diffraction (XRD) data have been published previously.” 8

Adsorption experiments. ATR—FTIR spectra were recorded using a horizontal ATR cell
with an AMTIR element (Pike Technologies Inc.). The cell was placed inside a Nicolet iS10 FTIR

spectrometer equipped with an MCT-A detector. The NP film was made by drying 1 mL of the
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as-synthesized FesO4 NP solution on an AMTIR crystal in a dry air environment overnight.
Different solutions were then added to the cell with the NP film. A glass cover was placed over
the flow cell followed by spectral collection. All spectra were collected by acquiring 1000 scans
at an instrument resolution of 4 cm™ in the spectral range extending from 750 to 4000 cm™. For
solution phase spectra, 1 mL seawater was added on the AMTIR crystal with a NP film. A glass
cover was placed over the flow cell and a background spectrum was immediately collected. Next,
the seawater was carefully removed after collecting a background, and 1 mL of FA (10 ppm, 20
ppm or 50 ppm) was added onto the same film. The spectra were collected after 2-hour adsorption.
Crude oil mainly consists of saturated and unsaturated hydrocarbons and is immiscible in polar
solvents such as water. In order to promote the adsorption of crude oil on FesO4 NPs, a crude oil
suspension was rotated with dispersed NPs. For the spectrum of a dry PVP-Fe304 NP film after
crude oil adsorption, 10 mL PVP coated NP solution was centrifuged for 10 min at 10,000 rpm to
separate the NPs from the solution. Then, 10 mL of crude oil suspension (1.7 g/L) was added to
the NPs after removing the supernatant. The solutions were sonicated for 30 min and placed onto
a Cole-Parmer rotator for 48 hrs. After the adsorption, the NPs were re-dispersed in 10 mL Milli-
Q water. ImL of the NP solution was added onto an AMTIR crystal dry overnight in a dry air
environment. In the case of FA-PVP-Fe304 NPs, the NPs were exposed to FA solution prior to
crude oil adsorption. For the spectrum of a dry FA-PVP-Fe304 NP film after crude oil adsorption,
the NPs were separated from 10 mL of stock solution by centrifugation and exposed to 10 mL of
50 ppm FA for 24 hrs. prior to crude oil adsorption. After adsorption process of FA, the NPs were
re—dispersed in crude oil solution for 48 hrs. Afterwards, the NPs were centrifuged and dispersed
in 10 mL Milli-Q water. 1 mL suspension of NPs in water was placed onto an AMTIR crystal

drying overnight. The spectrum of dry film was collected to study crude oil adsorption.
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4.3.2 Molecular models and simulations

The molecular model of the NP was constructed using the Atomsk modeling tool.?®
Because we are interested in the NP-PVP surface interactions, a cut-out of a 10 nm diameter NP
was used in the molecular dynamics simulations to reduce computational time in the simulations.
A PVP polymer model was constructed to match the experimental properties by sequencing 90
PVP units to form a PVP polymer chain. Initially, 3 PVP polymer chains were randomly located
in a large periodic box and equilibrated to form a PVP polymer with the desired density. In this
study, humic acid (HA) is chosen as a representative NOM molecule to investigate its influence
on oil adsorption. The HA structure is based on the Temple-Northeastern-Birmingham (TNB)
molecular model which consists of carboxyl, phenolic and amine functional groups.?’ The TNB
HA has properties similar to Suwanee river NOM which was used in the experiments. All
simulations were performed with the LAMMPS?® computational package and results visualized
using visual molecular dynamics.?® For the simulations involving possible chemical reactions, a
magnetite cluster with three FezO4 units with a PVP monomer was solvated in explicit water and
simulated using the reaxFF force field*® developed for amine iron oxide system.®* The reaxFF
force field has been widely used to simulate bond formation and breakage. For all other simulations,
the consistent valence force field (CVFF)% was used to describe the interactions between the PVP
polymer while the NP interactions were described using the clayFF forcefield.3® The CVFF has
been shown to be consistent with the clayFF force field. A PVP-NP complex was solvated in TIP3P
water. Sodium, calcium, potassium and chloride ions were added to create a representative hard
water and seawater systems. In our experiments, PVP is generally only slightly charged and the
NPs are nearly uncharged at neutral pH, therefore, a near neutral pH is maintained in the

simulations. The solvated systems were initially minimized for 10,000 steps and equilibrated at a

76



constant volume for 1 ns. The system was further equilibrated at a constant pressure of 1bar using
Berendsen’s barostat with the PVP atoms harmonically restrained with a force constant of 10
kcal/mol/A. All atoms of the NP were fixed during the simulations. A 10 ns production simulation
was conducted under the NVT ensemble without restraints on the PVP atoms at constant
temperature and volume. The Langevin thermostat was used to maintain a temperature of 300 K
in the simulations. The long-range electrostatic interactions were calculated using the particle-
particle mesh solver®* and the cutoff distance for the short-range Lennard-Jones interactions was
set to 10 A. All bonds involving hydrogen atoms were restrained to their equilibrium value using
the SHAKE algorithm. Periodic boundary conditions were applied in all directions. The velocity
Verlet scheme was adopted to propagate the equation of motions with a time step of 2 fs. In the
umbrella sampling simulations, a harmonic restraint of 20 kcal/mol/A was applied to restrain the
center-to-center distances of the PVP and the respective adsorbates. The intermolecular distances
were varied from the minimum separation to distances where interactions were negligible in 0.1
nm increments. Umbrella sampling windows were simulated for 1 ns saving data at 10 ps interval

for analysis.

4.4 Results and Discussions

ATR-FTIR spectroscopy was employed to probe a PVP coated Fe3O4 NP film to study the
interaction between PVP and Fe3Os NPs, crude oil and PVP-coated NPs and investigate the
stability of the coatings on FesO4 NPs in seawater under different environmental conditions. Here,
we studied the adsorption and desorption mechanisms of PVP coatings on FesOs NPs in seawater.
The binding of @ PVP monomer onto a magnetite cluster in seawater was simulated to probe the
nature and strength of PVP-magnetite interactions. To effectively simulate the occurrence of

possible chemical reactions between potential reactive points on the PVP and (Fe3s04)3 molecules,
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MD simulations coupled with umbrella sampling®® were conducted to quantity the binding of the
carbonyl oxygen in the PVP onto Fe?" and Fe3* atoms in the (FesOs)s cluster®® (Technical details
can be found in the Methods section). A mechanistic insight on crude oil interaction with PVP-
coated NPs was obtained by conducting simulations to quantify the binding strength of crude oil
onto PVP-coated NP in the presence of salt and natural organic matter (NOM) (representative of
environmental conditions, where oil remediation would occur).

The result of the ATR-FTIR spectroscopy study is shown in Figure. 4.1a together with the
simulation configuration (Figure. 4.1b) and the potential of mean force (PMF) describing the
strength of PVP interaction with FesOs as a function of interatomic distance (Figure. 4.1 ¢). As
indicated in the spectra, the PVVP coating (black line in Figure 4.1a) shows a broad absorption from

1200 — 1700 cm™* associated with different vibrational motions. For example, the peak at 1658
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Figure 4.1 (a) PVP Coating Stability. Baseline corrected ATR-FTIR spectra of a thin film of
PVP-coated Fe3s04 NPs before (black) and after (red) exposure to seawater for 4 hrs. (b) PVP-
Fe;04 complex in water (¢c) PMF as a function of the distance between PVP-O and Fe. PVP and
(Fe304)3 are shown in CPK model and water molecules shown as lines.
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cm is assigned to the stretching mode of the C=0 in PVP and multipeaks from 1200 — 1600 cm~
! (labeled in the light grey area) represent bending modes of CH or CHz groups.®" 38

It can be observed that, the bending modes of CH or CHa in PVP molecules’ 3 in the range
1250 — 1700 cm™* diminishes after exposure to seawater indicating the partial desorption of PVP
in seawater. The amount of PVP left on the NP surface following exposure to seawater is estimated
to be ~10 % based on the integrated area of the peaks in the spectral area extending from 1250 to
1350 cm™'. This frequency of carbonyl stretching in PVP on the NP surface is similar to the
reported values for pure PVP, indicating that carbonyl functional groups may interact with metal
cations on NP surface through electrostatic attraction or hydrogen bonds with hydroxyl groups on
NP oxide surfaces.*’ The other broad absorption ca. 3400 cm is the stretching motion of O—H or
adsorbed water on NPs, and the bending mode of water adsorbed on NP surfaces near 1638 cm™?
is overlapped with PVP carbonyl absorption. It can be seen that absorption at 1658 cm! shown in
the PVP coated Fe3Os film changes to ~1638 cm™ after exposure to seawater which is associated
with the bending mode of adsorbed water or hydroxyl group on NP surfaces (red curve in Figure
4.1a), suggesting partial desorption of PVP from the NP surface. Thus, PVP is not strongly bound
onto NP and partially desorbs from the NP surface when in contact with seawater.

This observation is consistent with the results of the simulations which suggest a physical
interaction between PVP and (Fe3O4)s cluster. As shown in the PMF above, PVP-O interacts
favorably with Fe?* and Fe3* atoms at a minimum interatomic separation of 0.15 nm with
corresponding binding energies of —9.5 and —8.9 kcal/mol, respectively. A negative PMF value
indicates attraction while a positive PMF represents repulsion relative to the free energy at a
separation of 1.0 nm. As the interatomic distance increases, the PMF becomes flat indicating

negligible interaction between Fe and PVP-O atoms. Although the computed PVP-(Fez0a4)3
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interactions are significant, experimental bond dissociation energies for Fe and PVP-O are on the
order of 97.3 kcal/mol*!, which is significantly stronger than the resulting binding energies from
the above PMFs. The weak binding of PVVP onto (Fez04)3 cluster suggests that interactions between
(Fes0a4)s and PVP atoms are mainly physical, mostly due to Van der Waals interactions.'® Thus,
both experimental and simulation results indicate a weak binding of PVP onto (Fe304)s cluster in
seawater suggesting that PVP is physically sorbed onto (Fe30Os)s in solution through multiple
points of attachment.

Recent experimental studies have shown that PVP-coated NPs can be used to achieve
nearly 100% oil removal from water.”® In this study, simulations were performed to understand
the mechanisms of oil removal by PVVP-coated NP using nonane as a representative hydrocarbon.
An initial molecular configuration of the system was built by randomly locating nonane molecule

on the surface of a PVP-coated NP as shown in Figure 4.2a.
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Figure 4.2 (a) PVP-coated NP with oil in water (b) PMF as a function of the distance between
PVP and oil. NP is shown in VDW model, PVP is shown in licorice model, oil is shown in blue
licorice model, Na*, K" and CI ions are shown as spheres and water molecules shown as red dots.
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We first simulated nonane interaction with both uncoated and PVP-coated NPs to evaluate
binding mechanisms and binding contributions from the different adsorbents. The resulting PMF
is shown in Figure 4.2b as a function of the separation distance between PVP and oil. Due to the
hydrophilic nature of the surface of the pristine NP, oil interaction with the uncoated NP is less
favorable with a binding energy of only —1.0 kcal/mol. However, in the case of the of PVVP-coated
NP, there is an increased oil interaction, thus, the presence of the PVP coating significantly
increased oil binding from —1.0 to —3.6 kcal/mol. The increased adsorption is attributed to the fact
that oil sorption is likely driven by hydrophobic effect, with hydrophobic moieties of the PVP

coating allowing preferential sorption of hydrocarbons from the oil-water mixture onto the PVP-
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Figure 4.3 (a) ATR-FTIR spectra of various concentrations of fulvic acid in seawater on
PVP- Fe;04 NP films. The spectra show that absorptions associated with FA carboxylate
groups (at 1390 and 1570 cm™') increase with increasing FA concentrations labeled with
blue dash lines. Simultaneously, PVP desorbs from the surface as shown by the negative
features at 1290 and 1652 cm™! labeled with red dash lines. (b) PVP-coated NP-NOM
complex in water (c) PMF as a function of the distance between NOM and PVP.
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coated NPs.*? It must be noted that due to the neutral pH condition maintained in the simulations,

the binding of oil onto the PVVP-coated NPs is primarily driven by Van der Waals interactions.

We also performed further experiments and simulations to investigate the effect of NOM
on the adsorption of oil onto PVVP—coated NPs. In our experiments, Suwannee River FA (SRFA)
IS chosen as a representative model of NOM with reasonable abundance in aqueous
environments.*® FA has a complex macromolecular structure with conjugated aromatic rings and
polar functional groups (e.g. phenol, amide and carboxylic acid groups).** The interaction of FA
and PVP—Fe304 NPs was investigated via ATR—FTIR by adding 1 mL synthetic seawater solutions
containing various concentrations of FA at pH 7.9 on a PVP-Fe304 NP film after 2 hours
adsorption. Figure 4.3a shows ATR-FTIR spectra of adsorbed FA on these NP films. As indicated
in the figure, the two negative peaks observed in the spectra at 1290 and 1652 cmtis due to the
partial desorption of PVP. The peaks at 1390 and 1570 cm™ correspond to FA carboxylate
symmetric and asymmetric stretching, respectively. Humic acid (HA) and FA have been reported
to strongly bind onto metal oxide surface regardless of pre-coated molecules.***> These two types
of NOM are able to chemically bind to metal oxide surfaces, via their multifunctional groups e.g.
carboxylate and phenol.***¢ Previous study shows FA strongly adsorbs on metal oxide surfaces,
resulting in an irreversible adsorption onto metal oxide surface.*” Our flowing ATR-FTIR results
confirm that FA is able to adsorb on Fe3O4 NPs and the intensity does not show notable decrease
after flowing seawater onto the FA adsorbed Fe3;O4 NP film for 30 min (Figure. B1 in Appendix
B). The simulation results indicate a favorable interaction between PVP coating and the simulated
HA molecule in seawater (Figure 4.3b). As indicated in Figure 4.3c, HA strongly binds onto the
PVP-coated NP surface with a free binding energy of —14.0 kcal/mol. Although the nature of this

interaction is physical, with increased HA concentration, HA adsorption onto PVVP-coated NP can
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become irreversible and be classified as a pseudo-chemical interaction. The favorable interaction
between HA and the PVP-coated NP indicates a strong affinity for the adsorption of HA onto

Fe3O4 NPs as observed in the experiments.

The splitting of symmetric and asymmetric stretching of a carboxylate suggests the binding
coordination of carboxylate onto a NP surface. The magnitude of splitting in this case around 180
cm! in the spectra normally indicates a carboxylate is binding to a surface through a bridging
mode in which a carboxylate group binds with two adjacent metal ions on the surface.*® *° We
observed that negative desorption peaks of PVP and positive adsorption peaks border appear in the
spectra when FA solution is placed on the PVP-Fe3O4 NP film. Thus, it is possible that FA adsorbs
onto NPs simultaneously with the partial desorption of PVP from the iron oxide surface in seawater.

Our recent study indicates that FA can act as a competitive phase for either PVP or oil and
reduce oil interaction with NPs.® To further probe the effect of this mechanism on oil adsorption,
HA interaction with oil, PVP monomer and PVP-coated NP were simulated to quantify the binding
strength for the different cases. As presented in Figure 4.4b, the interaction of HA with oil

(snapshot shown in Figure 4.4a) is slightly stronger (-5.1 kcal/mol) than the interaction with PVP
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Figure 4.4 (a) NOM-oil complex in water (b) PMF as a function of the distance between NOM
and oil. NOM is shown in licorice model, oil is shown in blue licorice model and TIP3P water
molecules shown as points.
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(3.5 kcal/mol) in the aqueous phase. The stronger binding between HA and oil suggest that the
formation of HA-oil complexes is likely, which can lead to increased aqueous solubility of oil. The
increased oil solubility will likely drive oil away from the surface of the PVP-coated NP to reduce
oil removal from the aqueous phase.

The dry films of crude oil adsorbed NPs were investigated via ATR-FTIR spectra shown
in Figure. 4.5. The three peaks observed in the 2800 to 3000 cm™* range are associated with C—H
stretching vibrations, while the two peaks at 1381 and 1464 cm™ are associated with CHz and CH3
deformation modes.*® As observed in Figure 4.5, a comparison of the spectrum for the crude oil
suspension in seawater (indicated in blue) with the other two spectra following adsorption indicates
an increase in absorbance but no changes in frequency. This suggests that crude oil interacts with
NPs mainly via hydrophobic interactions and the adsorption behavior is influenced by the presence

of FA. It is evident that coatings on NPs favors adsorption of crude oil. However, the spectrum

2951 ! 1464 1381
—~T~—————— Crude oil

M \—MJ:\JI\__\/ Crude oil interacting with

P! PVP-Fe,0, NP

Crude oil interacting
with FA-PVP-Fe,O, NP

3000 2800 1600 1400 1200
Wavenumber (cm™)
Figure 4.5 Crude oil adsorption on PVP-Fe304 NPs in absence and presence of FA. ATR-FTIR
spectra in the region extending from 1200 to 1610 and 2775 to 3000 cm™' of ~1.7 g/L crude oil
solution (blue), a dry NP film after adsorption of crude oil on PVP-Fe304 NPs (red), and a dry NP

film after adsorption of crude oil on FA -PVP-Fe304 NPs. These spectra show that FA does not
impact crude oil adsorption on the NP surface.
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following adsorption of crude oil on FA-PVP—Fe304 NPs shows slightly lower absorbance than
the one on PVP—Fe304 NPs, indicating that the presence of FA may reduce the adsorption of oil
in agreement with previous results.” & The favorable interaction between FA and PVP—FesO4 NPs
makes FA a strong competitive adsorbate to potentially block oil adsorption onto NPs. It is possible
that FA is more favorable to competitively adsorb onto the active sites than oil molecules inhibiting
oil adsorption onto the NPs. Moreover, the slightly basic pH of seawater promotes deprotonation
of the FA molecule, which can lead to increased polarity in the surface chemistry of the NP and
result in reduced nonpolar hydrophobic interaction of oil molecules with the NPs.

The different surface processes involved in the adsorption of oil onto PVP-coated Fe3O4
NPs are presented in the schematic shown in Figure 4.6. As illustrated, the PVP coating on Fe3O4
NP is not stable in seawater and consequently, desorbs partially from the surface of the FesO4 NP.
Thus, PVP partially desorbs from the surface in the presence of salt and FA, forming a new layer.
In the presence of FA, FA molecules are able to displace PVP and form a new coating layer on the
NP surface. It is worth noting that some PVVP molecules may not be directly displaced by FA but

through intermolecular interaction with FA due to steric effect on some sites. This results in co-

: ’ PVP displacement

Aggregation

PVP-coated NPs FA-PVP-coated NPs Crude oil covered FA-PVP-coated NPs  Crude oil wrapped micron sized globules

Co-adsorption ‘e *  Intermolecular interactions K s

Figure 4.6 Schematic of surface processes for PVP coated Fe3O4 NPs in the presence of FA and
crude oil. The processes occur in an ion-rich environment representing by blue and dark red dots.
Initial PVP is unstable in seawater and can be readily displaced by FA to form new FA-PVP
coatings. The adsorbed crude oil on new coating surface aggregate into micron size globules with
the help of the ions.’
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adsorption and intermolecular interaction, which enables crude oil to be readily adsorbed onto the
new surface through intermolecular interaction with FA. Moreover, as observed in our previous
study’, the crude oil covered NPs would further aggregate by forming micron sized globules in the
presence of ions, which can result in increased crude oil adsorption. The mechanisms associated
with NPs aggregation in being investigated via molecular dynamics simulations in our current
studies. The results of an integrated experimental and MD simulations study have shown favorable
adsorption of crude oil onto PVP-coated magnetic NPs in the presence of NOM. The results
indicate that PVP is physically sorbed onto the surface of (FesOa4)s cluster through multiple points
of attachment via physical Van der Waals interactions. In the presence of FA, the PVP coating on
the magnetic NPs is partially displaced, resulting in the formation of a new coating layer, which
consequently reduces oil adsorption. The reduced oil adsorption is attributed to reduced non-polar
hydrophobic interactions between oil molecules and the magnetic NPs surface. Thus, the presence
of FA influences crude oil adsorption onto NPs via an interplay of co-adsorption and
intermolecular interactions.

Chapter 4, in full, has been submitted for publication of the material as it may appear in
Nature Nanotechnology, 2020, Linkel K. Boateng, Seyyedali Mirshahghassemi, Haibin Wu, Vicki
H. Grassian, Joseph R.V. Flora, Jamie R. Lead. The dissertation author was the investigator and
author of this paper. The dissertation author conducted the spectroscopic measurements and
analysis. Dr. Linkel Boateng and Dr. Flora conducted the computational simulations. Dr. Seyyedali
Mirshahghassemi provided the magnetite NPs for the research. | also acknowledge U of SC

Research Cyberinfrastructure for the computational time used for the research.
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Chapter 5 Impact of Surface Adsorbed Biologically and Environmentally Relevant Ligands on

TiO2 Nanoparticle Reactivity

5.1 Abstract

Several studies have shown that environmentally and biologically relevant coatings on
nanoparticle (NP) surfaces can significantly alter the physicochemical properties (e.g. dissolution
and aggregation) of particles yet there remain some questions on how these coatings impact
reactivity. In this study, we investigated the molecular-level details of surface adsorption and
surface reactivity of TiO2 NPs using in-situ Attenuated Total Reflectance—Fourier Transform
Infrared spectroscopy (ATR-FTIR) in the presence of bovine serum albumin (BSA) protein and
fulvic acid (FA), which are selected as representative biologically and environmentally relevant
molecules. Our results show that both BSA and FA adsorb strongly onto TiO> NP surfaces at
neutral pH. However, the photochemical behavior of TiO, with these two adsorbed coatings show
large differences compared to bare TiO2 and differences between each other. In the absence of any
coatings, the photooxidation of solution phase benzoate by to hydroxyl benzoate as the major
product is observed yet this reaction is completely inhibited when TiO; is coated with BSA and
partially inhibited when TiO. is coated with FA. Additionally, we find that BSA can strongly
scavenge ROS generated under irradiation by quenching the formation of electron-hole pairs. In
contrast, FA behavior shows photoinduced hydrophilicity of the TiO> coated surface and the
generation of ROS. These differences are attributed to the stronger interaction of BSA with the
surface compared to FA. This study provides important insights into the impacts of
environmentally and biologically relevant coatings and how they may modify the reactivity of the

NPs in the environment.
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5.2 Introduction

Due to the abundant use of NPs utilized in industry, large quantities of these NPs can end
up being released into the environment as a pollutant.> Metal oxide nanoparticles (NPs) have been
used in consumer products on a large scale. Previous research has indicated that released metal
oxide NPs may exhibit some toxicity.? * With the increased use of metal oxide NPs, concerns about
the safety and toxicity of nanomaterials have arisen. TiO2 NPs are one of the most widely used in
consumer products* due to their unique properties,> ® high biocompatibility, and high abundance.”
10 Yet there remains some questions about the potential harm of TiO2 NPs to both the environment

and to biological organisms as such there has been interest in the fate and reactivity of TiO2 NPs.}*"

14

As a chemically stable material, the toxicity of TiO2 NPs is primarily caused by reactive
oxygen species (ROS) generated at the surface by photochemical processes.'' > However, the
reactivity of TiO2 NPs can be altered in the presence of surface coatings.%1° For TiO2 NPs released
in the environment, these NPs can undergo different surface transformation processes such as
adsorption, desorption and displacement.?® 2! For example, the adsorption of natural organic matter
(NOM) onto released TiO». NPs can impact their physiochemical properties including
agglomeration, stability and mobility.???” Fulvic acid (FA) is a representative molecule for NOM
due to its high solubility at all pH values and wide distribution in soil, sediments, and water in the
environment.?®%° FA represents a family of natural compounds derived from the decomposition of
plants and animals. Previous studies have shown that the interaction of FA with nanomaterial
surfaces can involve strong chemical bonds, Van der Waals interactions and/or electrostatic
interactions depending on the nature of the surface, solution phase pH and ionic strength.3* Among

the different interaction mechanisms by which NOM adsorbs onto NP surfaces, the dominant
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interaction is surface ligand exchange between the NP surface and functional groups on the surface
which can result in irreversible adsorption leaving a strongly adsorbed coating on the surface.®? In
addition to NOM coatings, biologically relevant molecules found in the environment can also
adsorb onto NP surfaces. These biological molecules include proteins and peptides.?! 3334 Among
the numerous types of proteins, BSA is used as a model protein for serum albumin.*® Adsorbed
proteins can impact he properties of NPs (including aggregation, dissolution, reactivity and
toxicity).®® Thus, it is clear that the role surface coatings of environmentally and biologically

relevant ligands play are key to understanding NPs in the environment. *7-3°

The reactivity of TiO> NPs involves the generation of reactive oxygen species (ROS)
including hydroxyl radical (OH"), superoxide (O2"), and hydrogen peroxide (H20.).*° Different

reactions to form these species are represented in Equations 1-8 below:

TiO; + hv - h), + ey, (5.1)
h}, + H,0 > OH" + H* (5.2)
e,, + 0, » 05" (5.3)

H,0 - H* + OH" (5.4)
20H° - H,0, (5.5)

0;' +H* > HO; (5.6)
HO5 + H* - H,0, (5.7)
H,0, + e,, > OH' + OH" (5.8)
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TiO2 NPs first form e/h* pairs, i.e. the formation of a hole and an excited electron by absorbing
photons above the bandgap (Step (1)). As seen in the mechanism, water is oxidized to hydroxyl
radicals as shown in Step (2). Hydroxyl radicals can interact to form hydrogen peroxide (Step (5)).
Through a series of steps (Steps (3), (4) and (6)) oxygen in the system is reduced to superoxide
which can then react with protons resulting in the generation of hydrogen peroxide (Step (7)).

Additionally, hydrogen peroxide can be reduced to hydroxyl radical and hydroxide ion (Step (8)).

These ROS are mainly responsible for the photocatalytic properties of TiO2 NPs in
different applications including dye degradation.*'*> These reactions can also cause phototoxcity
to organisms in the enviroment.! 124647 How surface coatings play a crucial role in the formation
of ROS is important to understand. A previous study by Long et al. suggests that NOM coatings
(such as humic acid, HA) on TiO2 NPs can serve as a scavenger to quench holes, consequently
weakening the capability of these NPs for the photochemical degradation of phenol.*® In addition,
a study focused on the denaturation of adsorbed proteins indicates that the protein corona, to some
degree, prevents phototoxicity.®® 4° However, these studies have not been able to reveal the

detailed molecular based mechanisms occur on the surface.

Herein, we employed the use of mass spectrometry and ATR—FTIR spectroscopy to further
explore photochemical reactions in-situ. ATR-FTIR spectroscopy is a technique that allows for
in-situ monitoring of adsorbed species and chemical processes by measuring spectral changes of
specific functional groups. Although the adsorption of ligands on nanomaterials has been
extensively studied by ATR-FTIR spectroscopy,?® %% there are few reports about the
mechanisms and roles of environmentally and biologically relevant coatings in reactions and their

impact on the photoactivity of TiO2 NPs in the environment.

5.3 Experimental Methods

95



5.3.1 Materials

TiO2 NPs were purchased from Aldrich (vendor reported size 21nm, >99.5%). Solutions
of sodium benzoate (BA, >99.5%, Sigma-Aldrich), Suwannee River fulvic acid (FA, International
Humic Substances Society, Minneapolis, MN) and bovine serum albumin (BSA, > 98%, Sigma-
Aldrich) were prepared to maintain a stable pH of 7 for all experiments.. Sodium hydroxide (NaOH,
1N; Fisher Scientific) and hydrochloric acid (HCI, 1N; Fisher Scientific) were used to adjust pH.

All the solutions were prepared with Milli-Q water.

5.3.2 ATR—FTIR Spectroscopy

ATR-FTIR spectra were recorded using a 500 puL horizontal ATR flow cell with an
AMTIR window (Pike Technologies Inc.) in a Nicolet iS 10 FTIR Spectrometer equipped with an
MCT-A detector. Spectra were collected with 264 scans at 4 cm™ resolution in the AMTIR
window range (4000 — 750 cm™t). The TiO2 NP thin film was prepared by drying 1 mL of 1g/L
TiO2 in Milli-Q water on the AMTIR crystal in a dry air flow overnight. For adsorption, 0.5 g/L
BSA, and 0.1 g/L fulvic acid solutions were used to fully cover the TiO2 NP surface. The solution
of BSA or FA was flowed over a TiO2 NP film for two hours at a fixed flow rate (~0.4 mL/min)
to cover the TiO. surface (adsorption step). In-situ photochemical reactions followed three
sequential steps: (1) adsorption of BSA or FA, (2) introduction of sodium benzoate, (3) exposure
to broadband irradiation. For the IR time course measurements, spectra were collected at an
interval of 5 min. An LCS-100 solar simulator (model 94011A, Oriel, Newport) equipped with an

AM1.5G filter and water filter is used to irradiate the sample.

For experiments with sodium benzoate, 10 mM sodium benzoate solution was introduced
into the ATR cell with the TiO2 NP film for two hours to equilibrate in the dark prior to exposure

to light.
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5.3.3 Batch Reactor Photochemical Experiments

TiO2 NP powder was first mixed with 0.1 mg mI=t FA or 0.5 mg mI~t BSA solution to coat
the surface with a loading amount of 2 g L™ for 12 hrs. The coated TiO2 NPs were then separated
from the suspension by centrifuging for 10 mins at 10,000 rpm. The precipitate was washed with
water to remove any excessive solution remaining on the surface. The samples were transferred to
a vacuum desiccator to dry, then ca. 20 mg of coated TiO2 powder was added to a 20 mL glass vial
with 10 mL of 2 mM BA solution. The vial was covered with foil and transferred into a bath
sonicator to sonicate for 10 mins. The well-mixed suspensions were then exposed to light
generated by a solar simulator with vigorous stirring for 6 h. After reaction, the suspensions were
transferred to 15 mL centrifuge tubes and centrifuged for 10 mins at 10,000 rpm. The resulting
supernatant was filtered through an MCE membrane (Millex-GS, 0.22 um) and kept refrigerated
for further mass spectrometric analysis.
5.3.4 Mass Spectrometry Analyses of Photooxidation Products

The supernatant collected from the batch reactor were analyzed by a high-resolution hybrid
linear ion trap mass spectrometer equipped with a heated electrospray ionization source (HESI-
HRMS, Thermo Orbitrap Elite) using direct infusion mode. Prior to experiments, the samples were
diluted by a factor of 10 with acetonitrile. Data were collected in negative ionization mode over
the mass range of 50-2000 Da, with the spray voltage set at 2.60 kV, capillary temperature at 325 °C

and S-lens at 60%.

5.4 Results and Discussion
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5.4.1 ATR—FTIR Spectroscopy of BSA and FA Adsorption on TiO2 NPs

ATR-FTIR spectroscopy was employed to study ligand adsorption and photochemical
reactions of ligands on TiO2 NPs as well as the photochemical oxidation of BA on TiO2 NPs with
coatings at pH 7. As shown in Figure 5.1, ATR-FTIR spectra are recorded as a function of time in
the presence of BSA and FA, in 5.1(a) and 5.1(b), respectively, on a TiO2 surface. These spectra
were referenced to a water-TiO; film at the same pH. As can be seen in the spectra, there is an
increase in intensity of several peaks in the spectral range extending from 900 to 2000 cm™ as a
function of time. The peak assignments for BSA and FA have been made previously and these are

listed in Table 5.1. For the adsorbed BSA spectra (Figure 5.1a), the amide | band appears at 1651

(a) BSA adsorption on TiO, (b) FA adsorption on TiO,
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Figure 5.1 ATR-FTIR spectra of the molecular adsorption on TiO2 NP film, (a) 0.5 mg/ml
BSA, (b) 0.1 mg/ml FA, respectively, as a function of time. The adsorption spectra shown
were collected at 5 min (black), 30 min (red), 60 min (blue), 90 (magenta), 120 min (green).

cm 1% The N-H bending and C—N stretching of the amide Il band appears at a vibrational
frequency around 1545 cm™. The other two absorption features at 1453 and 1400 cm™ are due to
C—H bending and the amide I11 band, respectively. For FA adsorption, there are multiple functional
groups of FA involved in the interaction with TiOz including: carbonyls, amides, carboxylates,
phenols, polysaccharides, and alcohol hydroxyls.?% * In the adsorbed FA spectra (Figure 5.1b),

the dominant absorption bands correspond to the asymmetric and symmetric carboxylate
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vibrations appear at 1570 and 1392 cm™, respectively. In addition to the strong asymmetric and

symmetric vibrations of carboxylate, the absorption band at 1292 cm™ is assigned to the bending

Table 5.1 Assignment of the vibrational frequencies (cm™)

Biological  and/or Adsorbed  Species Literature (Cm_l) 21,
Vibrational Mode
Chemical Species [this work (cm™)] 29,52, 57-61
amide | 1651 1695 — 1630
amide II 1545 1550
3 (C-H) 1453 1500-1400
BSA
amide III and/or v
(C-0)/ v (C-0-C)/ v (C- 1400 1400 - 1000
C)
v (C=0) 1753,1707 1720, 1640
Vaeym (CO0) 1570 1590 — 1550
3 (C-H) 1451 1450
V,,,(COO-)/OH def 1392 1350
FA
3 (0-C=0) 1292 1292
v (phenol C-OH) 1271 1270
1153, 1090, 1041,
v (C-C, C-0) 1200 —1000
942
v (C=0) 1600, 1557, 1497 1660 — 1450
Benzoate Dsym(COO-)/OH def 1391 1400 - 1391
3 (C-H) 1434 1450
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of the —-COO-Ti groups.?% 2 All of these vibrational bands indicate that FA primarily binds to the
TiO2 NP surface via the carboxylate group. Other characteristic absorption bands include C=0

stretching at 1753 and 1707 cm™.

5.4.2 ATR-FTIR Spectra Monitoring Photochemical Processes on TiO2 NPs

Figure 5.2 shows ATR-FTIR spectra of pure water on a TiO2 NP film as a function of time.
The water bending mode can be seen at 1636 cm and the increase of this peak suggests water
adsorption upon irradiation, indicating photoinduced superhydrophilicity on TiO, NPs.2 It should
note that the region below 1200 cm also grows with irradiation. The prominent peaks located at
1100 and 1084 cm are attributed to adsorbed superoxide on the surface.®3%° Another peak at 980
cmt is possibly due to a terminal Ti = O that is believed to be an intermediate state in
photocatalytic processes.®® Given the broad absorption below 900 cm™, it is likely that H,O2,
which exhibits an IR vibrational frequency around 870 cm™, forms in addition to superoxide. Thus,

1084
1110

10'02 1636

120 min

0
|
|
|

5 min

' 1800 1600 1400 1200 1000 800
Wavenumber (cm™)

Figure 5.2 ATR-FTIR spectra following broadband irradiation of pure water on TiO2 NPs.
The spectra shown were collected at 5 min (black), 30 min (red), 60 min (blue), 90 min
(magenta), 120 min (green) and are referenced to the initial dark spectrum of the H20--
TiO2 film.
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TiO: has a surface that is very reactive to the generation of ROS in water including H20, and

superoxide radicals.

5.4.3 ATR-FTIR Spectra Monitoring Photochemical Processes of Coating Molecules on TiO2 NPs

The photocatalytic behavior of TiO coated by BSA and FA was investigated in-situ by
ATR-FTIR. The corresponding solution remained above the film when irradiated with light. The
resulting IR spectra are shown in Figure 5.3. As can be seen, the intensity of each spectrum
increased with irradiation time due to background and TiO; surface changes induced by photons.®”
%8 No vibrational frequency shifts are seen for the major peaks of BSA (Figure 5.3a). Interestingly,
anew peak at 1761 cm*appears to grow at later irradiation times. Although this peak has not been
reported in previous work,3* it is likely that this comes from photooxidation of BSA on the TiO;
surface. It is also worth noting that the intensity of the amide | band at 1651 cm™? increases
significantly with irradiation time. In previous studies, it has been suggested that this was caused
by changes in secondary structure under irradiation.>® As shown previously,?! BSA has a strong

binding affinity for the TiO. surface; therefore, the generated ROS or excited holes from TiO2 may

(a) BSA photochemistry on TiO, (b) FA photochemistry on TiO,
1651 1946 1102
Jo‘cs N\ 1445 . 874

1761
I

120 min
120 min

5 min

5 min W

2000 1800 1600 1400 1200 1000 2000 1800 1Isbb 1400 1200 1000 800
Wavenumber (cm™) Wavenumber (cm™)
Figure 5.3 ATR-FTIR spectra of photochemical process of coated TiO2 NPs, (a) BSA
coated TiOg, (b) FA coated TiO>. The spectra shown were collected at 5 min (black), 30
min (red), 60 min (blue), 90 (magenta), 120 min (green).
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first react with the adsorbed BSA molecules, which shows spectral changes of BSA induced by

irradiation.

Adsorbed FA is also able to quench the generation of trapped holes so that the production
of OH" is inhibited but to a much lesser extent.30:37:6%.70 |n contrast to BSA coated TiO2 NPs, the
spectra of adsorbed FA under irradiation change dramatically with time (Figure 5.3b). The first
spectrum, collected at 5 min after irradiation, shows the characteristic vibrations of adsorbed FA
on TiO2 NPs which include the asymmetric and symmetric vibrations of COO™ at 1572 and 1388
cm?, respectively. As irradiation time increases, the symmetric peak shifts to 1411 cm after 30
min, while the asymmetric peak does not change vibrational frequency but instead merges with a
peak at 1636 cm! that is adsorbed water on the TiO, surface. It is plausible that the adsorbed
molecules change their binding modes upon irradiation due to TiO, surface changes’* and photo-
degradation.”> " It is worth noting the three new peaks in the low vibrational frequency range
below 1200 cm * (1102, 980, and 874 cm ) are likely from surface ROS intermediates generated
by irradiation. The peak at 874 cm™ is assigned to hydrogen peroxide (reported IR frequency for
hydrogen peroxide is 877 cm™).”* The other two peaks at 1102 and 980 cm are possibly from an
adsorbed superoxide intermediate with Ti** and Ti = 0,respectively.® % Therefore, these peaks
provide evidence for the formation of ROS on the FA-TIiO> coated surface. FA also has a high
degree of conjugation in its structure with the presence of aromatics and olefinic groups, this can
enable an electron transfer pathway, which helps to enhance oxygen reduction.” The photoinduced
surface change affects the binding mode of FA on the TiO2 surface and can give rise to surface

regions whereby water can adsorb on the surface. This can be seen in the IR spectra, where
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photoinduced water adsorption and oxygen reduction products such as superoxide and hydrogen

peroxide were observed.

1391 0O-H bending mode

1600 14341 07
1 1
[o.05 , -

120 min

5 min

Y dark

2000 1800 1600 1400 1200 1000
Wavenumber (cm™)

Figure 5.4 ATR-FTIR spectra of the photochemical process of 10 mM sodium benzoate on
TiO2 NPs. The spectra shown were collected at initial spectrum in the dark (black), 5 min
(red), 30 min (blue), 60 min (magenta), 90 min (green), 120 min (orange).

5.4.4 ATR-FTIR Spectra Monitoring Photochemical Processes of BA on TiO2 NPs.

Hydroxyl groups are hard to detect in solution and here we use sodium benzoate as a probe
molecule since benzoate can react with hydroxyl radicals to produce a series of product compounds.
Sodium benzoate in solution was introduced into the ATR cell over coated and uncoated TiO>
films in the dark. The photochemical reaction for benzoate solution on bare TiO2 NPs was first
investigated and the spectra are shown in Figure 5.4. The first spectrum was collected without light
irradiation (initial solution). The characteristic peaks of benzoate are located in the region from
1600 to 1391 cm™: they are primarily from the symmetric stretching vibration of carboxylate
(1391 cm™), bending of C—H (1434 cm™) and the breathing modes of the benzene ring (1600,
1557, and 1497 cm).%! The asymmetric stretching of carboxylate is likely overlapping with these
peaks. The peak at 1645 cm™ is attributed to the bending mode of adsorbed water on the TiO;

surface. As seen in Figure 5.4, the intensity of the peaks increases with irradiation time. It is
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interesting that a new shoulder peak at 1309 cm™ appears after irradiation, which is close to the
bending mode of O—H in hydroxyl benzoate.’® " This suggests that benzoate on bare TiO2 is
oxidized to hydroxyl benzoate. In order to confirm this, mass spectrometry was used. Figure 5.5a

shows the mass spectra of benzoic acid when reacted with bare TiO2 NPs under irradiation

(a) Bare TiO, (b) BSA coated TiO, (c) FA coated TiO,
COOH oo 121 121
100+ 121 100 100+
= g g
£ g0 137 S £ g
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T 60 T 60 2 601
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Figure 5.5 Mass spectra of benzoate reacted with (a) bare TiO., (b) BSA-coated TiO; and
(c) FA-coated TiOa.

conditions. A pronounced peak at m/z 137, with the formula of C;HsO3", dominates the spectrum
of benzoic acid reacted with bare TiO.. Additionally, m/z 93 (CeHsO"), 153 (C7Hs047), and 169
(C7Hs05") are also observed. Figure 5.6 displays a plausible mechanism for the formation of these
products. It is well known that ROS such as hydroxyl radical can be generated on the TiO2 surface
under UV conditions.*® Therefore, the formation of these products may arise from the oxidation of
BA by the generated hydroxyl radicals. The reaction of BA with hydroxyl radicals is initiated via
an electron transfer step that generates a carboxyphenyl radical intermediate. This radical can react
with H20 to form hydroxyl benzoic acid (m/z 137) or undergo decarboxylation to produce a phenyl

radical resulting in the formation of phenol (m/z 93). Upon further oxidation, the carboxyphenyl
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radical intermediate can also be converted to dihydroxy (m/z 153) and trihydroxy benzoic acid

(m/z 169), in addition to other products.

coo COOH

coo
. . HO
S HO HO =
| OH OH | OH
y = HO g~
mi/z 137 m/z 153 m/z 169

coo” coo’ coo
{ w

\ o
-Co, : HO/H,0 /Jﬁ

— |

S
m/z 93

Figure 5.6 The proposed pathway of benzoate oxidation

In order to understand the effects of coating molecules on photochemical processes in the
presence of BA, BA solutions were first introduced onto BSA- or FA-coated NP films in the dark.
The ATR-FTIR dark spectra are provided in supporting information (Figure C1), i.e. the
adsorption of BA on pre-coated NPs. All spectra preserve the initial IR characteristic absorptions.
It is clear that there are no observed peak shifts due to displacement reactions by BA. Therefore,
these data suggest that BA in this process interacts with the surface coatings and not directly with
the TiO> surface. Benzoic acid has been reported to interact with tryptophan residues in BSA via
Van der Waals forces and electrostatic interactions with the positively charged amino acid.”® "
Compared to BSA-only coated spectra, the peak at 1761 cm™ is weaker in presence of benzoate
(Figure 5.7a). Additionally, a peak at 1100 cm is seen following irradiation which may be due to
benzoate. Overall, BSA coating strongly inhibits the oxidation of benzoate by hydroxyl radicals.
When the FA-coated surface was exposed to the benzoate solution as shown in Figure 5.7b, the

first spectrum closely resembles that of the FA-only coated surface spectra, which suggests again
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that benzoate has little interaction with the TiO. surface. The possible surface ROS intermediates
generated by irradiation appear in the same range as discussed in the case of FA-only coated
surface. There are, however, some small spectral differences from the presence of benzoate. A new
peak at 1268 cm™ is observed in the spectra, which is possibly from the O—H stretching mode in
hydroxybenzoic acid.’® These new peaks suggest that benzoate is oxidized to hydroxybenzoate on

the FA coated surface.

The mass spectrometry data further corroborates the results of ATR—FTIR discussed above.

(a) BSA photochemistry on TiO, in presence of BA (b) FA photochemistry on TiO, in presence of BA
165115‘?4 1453 1632 1411 1129
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Figure 5.7 ATR-FTIR spectra of photochemical process of coated TiO2 NPs in presence
of 2 mM sodium benzoate, (a) BSA coated TiO», (b) FA coated TiO,. The spectra shown
were collected at 5 min (black), 30 min (red), 60 min (blue), 90 (magenta), 120 min (green).

As shown in Figure 5.5b, there is only one pronounced peak for benzoate at m/z 121 on BSA
coated surface. However, m/z 93 (C¢Hs0"), and 153 (C7HsO4") are also observed on FA coated
surface (Figure 5.5¢) in addition to the dominant peak at m/z 137 for hydroxybenzoate. The
products for FA coated TiO; are less than that of bare TiO,, indicating that FA prohibits OH"
production. Moreover, these peaks disappear in the reaction of BA with BSA-coated TiO,
suggesting that BSA has a much stronger inhibition effect on the production of hydroxyl radicals

than FA.

5.5 Conclusions
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BSA and FA, as representative ligands of biological and environmental significance, were
chosen to study their effects on the generation of ROS under irradiation of TiO, nanoparticles
through in-situ ATR-FTIR and mass spectrometry. The photochemical in-situ IR measurements
on bare TiO2 NPs exhibit generation of ROS on NP surface. However, ROS were not observed on
BSA coated NP surfaces. Although, BSA was exhibited some evidence of oxidation. In contrast
to BSA, ROS is observed to be generated on FA coated TiO2 NP surfaces and FA binding modes
are suspected to change caused by photoinduced surface changes. Based on our study, the
interaction between coating molecules and surfaces of nanomaterials show significant impacts on
the generation of ROS and holes which are highly relevant to the reactivity of TiO2> NPs. Upon
further study, benzoate could be used to detect OH radicals that are not visible in IR spectra.
Benzoate does not show the sign of oxidation on BSA coated surface, but it is oxidized on FA
coated surface under irradiation. Along with these in-situ spectroscopic measurements, mass
spectrometry is also utilized to analyze the products on these three surfaces i.e. bare, BSA coated
and FA coated surface. These results indicate that the presence of benzoate alters the interaction
of BSA with TiO> surfaces with other amino residues instead of the one without benzoate, thus
prohibiting oxidation of benzoate by hydroxyl radicals. Interestingly benzoate can partially react
with ROS on FA-coated TiO2 NPs. Therefore, the ability for ROS generation on TiO2 NPs with
different coatings follows this sequence: bare TiO2 > FA-TiO2 > BSA-TiO>. This study shows the
importance of biological and environmental ligands on modulating the reactivity of TiO>

nanoparticles in the environment.
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Chapter 6 CuS Nanoparticles in Humid Environments: Adsorbed Water Enhances the

Transformation of CuS to CuSOq4

6.1 Abstract

Covellite copper sulfide nanoparticles (CuS NPs) have attracted immense research interest
due to their widespread use in a range of biological and energy applications. As such, it is crucial
to understand transformations of these nanomaterials and how these transformations influence the
behavior of these nanoparticles in environmental and biological systems. This study specifically
focuses on understanding the role of water vapor and adsorbed water in the transformation of CuS
NP surfaces to CuSOs in humid environments. Surface sulfide ions are oxidized to sulfate by
oxygen in the presence of water vapor, as detected by atomic force microscopy infrared
spectroscopy (AFM-IR) and in-situ attenuated total reflectance Fourier transform infrared
spectroscopy (ATR—FTIR). These results show that the transformation of CuS to CuSOs is highly
dependent on relative humidity. Sulfide to sulfate conversion is not observed to any great extent
at low RH (< 20%) whereas there is significant conversion at higher RH (> 80%). X-ray
photoelectron spectroscopy (XPS) analysis confirms that sulfide is irreversibly oxidized to sulfate.
Furthermore, it shows that initially Cu ions possess the original oxidation state as the original
covellite, i.e. Cu*, but then these are oxidized to Cu?* at high RH. The formation of CuSO4 has
also been confirmed by HRTEM. These analyses show that adsorbed water on the NP surfaces
enhances the conversion of sulfide to sulfate and the oxidation of surface copper from Cu* to Cu?*

in the presence of molecular oxygen.

6.2 Introduction
With the rapid development of nanotechnology in the past decades, nanomaterials have

been widely applied in many aspects, e.g. catalysts, cosmic products, drug delivery media, sensor
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or electrode materials.™* Among various types of nanomaterials, copper sulfide nanomaterials
have been attracting research attention due to its unique properties and applications in chemical
sensors and catalysis.> > Copper sulfide represents a family of chemical compounds including
two prominent forms: chalcocite (Cu2S) and covellite (CuS). Covellite is known as the relatively
more stable structure when exposed to oxidizing conditions at atmospheric pressure.® Additionally,
covellite nanoparticles (NP) have tunable localized surface plasmon resonances (LSPR) in the
near-infrared region.® Therefore, in addition to the applications as sensor and electrode materials,
covellite NPs have received significant attention as a potential material for imaging and

photothermal therapies.'%?

Although the toxicity of covellite NPs is limited by its low solubility in water,*> 4 given
the wide biological and catalytic applications, these NPs experience an array of different reactive
conditions, such as within biological organisms and/or release into the environment which can
impact is solubility through the adsorption of chelating ligands and surface transformations. Thus,

there are concerns about potential toxicity generated from surface transformations of covellite NPs.

Water vapor has been reported to be reactive with some semiconductors by promoting
surface oxidation, such as NiS.'® However, few studies directly address covellite NP oxidation in
presence of molecular oxygen and water vapor. Herein, we investigated surface transformations
of covellite NPs at different RHs. These transformations were observed through ex-situ (AFM-IR
spectroscopy and XPS) and in-situ methods (ATR—FTIR spectroscopy) as a function of relative
humidity (RH). The results indicate these transformations are promoted in the presence of water,
forming CuSO4 at high RH levels. The physiochemical properties of CuS NPs are highly
dependent on the surface states coatings.’®?° Thus, formation of a CuSO4 surface layer can alter

the physiochemical properties of the nanoparticle, e.g. it can lead to increased solubility and
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enhanced dissolution when exposed to the same biological and environmental ileu in which the
original CuS NPs are considered inert. As reported in previous studies, Cu ions are cytotoxins,
able to damage DNA and proteins.?"?> As such, transformations of CuS nanoparticle surfaces have

a range of potential consequences from its use in different applications to its toxicity.

6.3 Experimental Details
6.3.1 Synthesis of Covellite Nanoparticles

A typical method is employed by mixing 0.456g copper (I) nitrate * hexahydrate (Sigma
Aldrich), 0.6 g thiourea (Acros Organics), and 20mL of ethylene glycol (Fisher Scientific) in a 50
mL three neck flask. The system is under initial vacuum and then nitrogen gas is introduced to
minimize exposure to air. The the temperature was raised to 110 € and kept for ten minutes. A
mixture of 5SmL of 1M sodium hydroxide and 5 mL ethylene glycol was injected into the flask.
The solution was then held for an additional five minutes before cooling down to room temperature.
The CuS NPs were separated by centrifuging for 10 mins at 10,000 rpm. The NPs were washed
four times by water quickly to remove the excessive ions and precursors. The as-synthesized CuS

NPs were immediately transferred a vacuum desiccator to avoid potential further oxidation by air.

6.3.2 CuS Nanoparticle Characterization

The crystalline lattice was analyzed by powder X-ray diffraction (PXRD). XRD was
performed on a Bruker AXS D8 FOCUS diffractometer equipped with Cu-K radiation (A =
1.54180 A). The low-resolution transmission electron microscopy images were obtained by using
TECNAI G2 SPHERA transmission electron microscopy (TEM) operated at 80 kV. High-
resolution TEM (HRTEM) images were carried out on a JEOL JEM-2800 (HR) electron

microscope operated at 200 kV.
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6.3.3 AFM-PTIR Spectroscopy

Samples were analyzed using a nanolR2 (Anasys Instruments - Bruker, Santa Barbara, CA)
microscopy system equipped with a tunable mid-IR optical parametric oscillator laser (OPO).
AFM imaging of conducted under ambient conditions at 298 K and a relative humidity (RH) of
~40% at ambient pressure. Images were collected at a scan rate of 0.5 Hz using gold-coated silicon
nitride probes (tip radius < 30 nm) 0.07 — 0.4 N m~! spring constant and 13 *+4 kHz resonant
frequency in contact mode. Photothermal infrared (PTIR) spectra were collected at different
locations across the surface with a nominal spatial resolution of < 30 nm, a spectral resolution of
8 cm™, co-averaging 128 laser pulses per wavenumber. All spectra shown are taken on a single
point with no smoothing filters applied. Background corrections were done by substrate
subtraction using a spectrum taken on the bare gold roughly 100 nm away. Chemical maps were
taken by keeping the laser at a fixed wavelength, with a scan rate of 0.1 Hz, averaging 8 times per

pixel.

6.3.4 X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) measurements were performed by using an AXIS
Supra by Kratos Analytical. The binding energy was calibrated against adventitious carbon 1s peak

at 284.5eV.

6.3.5 ATR—FTIR Spectroscopy

ATR-FTIR spectra were recorded using a 500 pl horizontal ATR flow cell with an AMTIR
element (Pike Technologies Inc.). A Nicolet 6700 FTIR spectrometer equipped with an MCT-A
detector was used. Each spectrum was collected with 264 scans at an instrument resolution of 4

cm™t in the AMTIR spectral range (750 to 4000 cm™). CuS NPs, 3 mg, were dispersed in 1 mL
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methanol and dropped on the AMTIR element. The slurry was dried in a nitrogen atmosphere

overnight.

6.4 Results and Discussion
6.4.1 Characterization of CuS Nanoparticles

The morphology of the as-synthesized NPs was characterized by TEM. The NPs are seen
to be aggregated as shown in Figure 6.1a with individual particles size of around 8 nm. The fine
crystalline structure of the CuS NPs is analyzed by PXRD, as shown in Figure 6.1c. The standard
data for covellite (JCPDS no. 06-0464) is also shown as blue bars in Figure 6.1c for comparison.
The diffraction peaks are indexed to different planes: (101), (102), (103), (006), (106), (110), (108)
and (116) plane. All of these different planes agree well with the standard data assigned to covellite

phase. The overlapped peaks (103) and (006) are weaker than the one (110) suggests that

8§ 10 12 14 16 18 20 22

Diameter (nm)

(110)

CuS NPs

Covellite Standard
Ly 1 II
40 50 60 70 80

[ L

20 (degree)

Figure 6.1 (a) TEM image of the as-synthesized covellite nanoparticles. (b) Size
distribution of the individual nanoparticles within the observed aggregates were
determined by measuring the diameter of distinct particles which were typically at the edge
of the larger aggregate (e.g. see red circles within the image). (c) powder X-ray diffraction
data of as-synthesized covellite NPs to standard diffraction data for the covellite phase.
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preferential growth of CuS NPs is along with <110> directions, also indicating polysulfide in

CuS.®

6.4.2 ATR—FTIR Spectroscopy

The ATR—FTIR spectra shown in Figure 6.2 provides evidence for surface transformations
and oxidation by monitoring the appearance of new vibrational bands as the CuS nanoparticles are
exposed to oxygen at different relative humidity. The oxidation product of interest is soi’ which
displays vibrational frequencies in the spectral range from around 900 to 1100 cm™2, as labeled in
Figure 6.2. As shown in these spectra, the peaks in this region do not become apparent at low RH
2% but do show up at RH 39 and 87%. The fundamental vibration frequencies of an isolated sulfate
ion, SOZ, with T symmetry, is around 971-993 and 1070 —1190 cm™* for the symmetric stretching
and asymmetric stretching modes, respectively.?”?® The surface oxidized spectra are more

complicated that simple isolated sulfate ion due to various interactions with the surface leading to

RH 87%

RH 39%

RH 2%

1400 1300 1200 1100 1000 9200
Wavenumber (cm?)

Figure 6.2 ATR-FTIR spectra of oxidized covellite after 2 hrs. at RH 2%, RH 39% and
RH 87%, respectively.
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both a decrease in symmetry of the ion and different bonding mode coordinating to the surface. 2"
30 Previous literatures proposed sulfate may interact with a surface i.e. hematite or fluorite by
forming inter-sphere complex with surface cations, which display the Csy (monodentate with three
absorption bands) and Coy (bidentate with four absorption bands) symmetry. Thus, the peaks in
this region are consistent with the formation of sulfate. For example, A broad peak centered around
959 cm appearing at high RH values is assigned to symmetric stretching vibration for adsorbed
species. The lower value for the symmetric stretching than the isolated ion suggests that sulfate
may interact with water or OH~ and Cu ions on the surface (i.e. S—O *s« OH/H20 e*+ Cu*) that is
similar the interaction found in Cux(OH),SO4 compounds.?® % The asymmetric stretching of S-O
shows multiple peaks depending on the coordination environment. For example, peaks near at
1049, 1136, and 1191 cm™ may be assigned to a bidentate complex, and the bands at 1031 and

1127 cm™ to a monodentate complex.?® 3031 A previous study about adsorbed sulfate on surface
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Figure 6.3 (a) (b) (c) ATR-FTIR spectra of CuS under ambient conditions as a function of
time at different RH: 2%, 39% and 87%, respectively. (d) Integrated peak area of sulfate
absorption bands (1050 to 1170 cm™). Each spectrum was recorded every five minutes for
a total time of 120 minutes.
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indicates that the peak at 1360 cm™ might be caused by the formation of polysulfate onto the
surface.®® Additionally, the peak at 1274 cm™ may reflect the formation adsorbed sulfate—water
structure.® *2 In order to determine if adsorbed water may cause the oxidation of sulfide, a control
experiment was carried out under nitrogen atmosphere. The comparison suggests that molecular

oxygen acts as the oxidant but not water in the oxidation process.

The time dependence of the surface oxidation process was observed in situ by ATR-FTIR
spectroscopy as shown in Figure 6.3. At low RH, 2%, there is no change in the vibrational spectra.
However, the intensity of sulfate peaks increases with oxidation time at higher RHs. The integrated

peak areas from 1050 to 1170 cm™* are plotted as a function of time at the different RH. These data
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Figure 6.4 ATR-FTIR spectra in the spectral region extending from 2500 to 3600 cm™ as
a function of time following. This is the same experiment shown in Figure 6.2 but for a
different spectral region. It can be seen that as the surface transforms a broad peak grows

in during at RH 87% in this higher wavenumber region. This is associated with adsorbed
water on the surface.
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show that the rate of sulfate formation is ca. 1.5 times faster at 87% versus 39% RH whereas there

is no formation at 2% RH.

In order to better understand the interaction of water with the surface, the spectral region
from 2600 to 3500 cm™ was monitored during reaction at 87% RH as shown in Figure 6.4. As the
time proceeds, a very broad band appears in the spectra. It is interesting that the strongest broad
peak is at low wavenumbers that that typically found for the O—H stretch of adsorbed water.
However, reports of low frequency bands even as low as 2980 cm™* have been attributed to O-H
stretching mode of Cu(H20),*, indicating that water molecules bond to surface Cu ions.® In
addition, there is a broad peak around 3350 cm~* which is closer in frequency to the O—H stretching
vibration of water molecules not directly bonded to surface metal ions but instead interacting with
the surface and other adsorbed water through hydrogen bonding interactions. Overall, these data
suggest that water adsorbs on the surface and participates in the oxidation of sulfide to sulfate.
This transformation is irreversible as the sulfate peaks do not decrease over time in the absence of
oxygen and relative humidity. Our results are in agreement with the previous simulation that the

adsorption and oxidation of iron sulfide surfaces can be enhanced due to adsorbed water.>*

6.4.3 X-Ray Photoelectron Spectroscopy in Cu 2p and S 2p Regions

A study by Evans Jr. et al. indicates that covellite has an unique crystalline structure of
hexagonal close-packing: Cu atoms occupy two different sites - tetrahedral and triangular
coordination; S atoms form disulfide groups and single sulfide ions, as shown in Figure 6.5a.%
CusS and CuSz layers resemble through disulfide bridge. The valence of Cu and S in covellite has
been the subject of debate for years.'® 36-41 Covellite is normally described as mixed valance state
of Cu and S. Previous studies proposed that the appropriate oxidation formalism for CuS is

proposed to be (Cu*)sS? (Sz) -, in which oxidation state of Cu in covellite CuS is Cu* rather than
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Cu?* and S has various valences such S?~and S,.%%3" However, other studies carried by *3Cu NMR
indicates Cu possesses mixed valence states with Cu* and Cu?*.3% 4244 Furthermore, simulations
have propose a structure with no integer valences for the copper ions.*® Here we employ X-ray
photoelectron spectroscopy to analyze the surface chemical states of covellite NPs. Figure 6.5b

depicts the Cu 2p and S 2p regional XPS spectra of the freshly synthesized covellite NPs under
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Figure 6.5 (a) crystal model of covellite, (b) High-resolution XPS characterization of
covellite samples under various condition: Cu 2p region (left) and S 2p region (right). The
blue spheres represent Cu and the yellow spheres represent sulfur. The binding models are
visualized by VESTA.
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different conditions. According to XPS results shown in Figure 6.5b, the freshly synthesized
covellite NPs do not show noticeable oxidation even though sample transfer process exposed to
room air for a short time. In contrast, the samples exposed to pure oxygen in presence of water
vapor display sulfide oxidation as evident by sulfate at 168 eV in the S 2p region.*® The peaks at
161.8 and 163.0 eV are regarded as S 2p1/2 in sulfide compounds,*’ and the other peak of S at
164.2 eV is very close to polysulfide 2p1/2 in chalcogenides caused by high Cu-deficiency in the
near surface region.'8 264849 The XPS in the Cu 2p region displays two intense doublet peaks at
932.0 and 951.9 that are assigned to 2p3/2 and 2p1/2 consistent with Cu in covellite, respectively.3
As shown in Figure 6.5b, Cu peaks at 932.0 eV have asymmetric tails which is caused by kinetic
energy losses in the interaction of photoelectrons with free charge carriers and is no evidence for
Cu?* as described previously. 8 It is also important to note that shake-up satellite peaks at around
945 and 965 eV originating from Cu (I1) % % are not observed in XPS spectra for freshly
synthesized sample and sample oxidized at RH 39%, indicating Cu* is mainly the main format in
covellite NPs instead of Cu?*.* 2 For the sample, oxidized at RH 87%, the Cu 2p spectrum
indicates a peak showing around 936 eV for the compound of CuSO3 as labeled in the Figure 6.5b,
while this is not noticeable for the freshly synthesized sample, the sample oxidized under RH 39%
does show evidence for Cu?*. It is evident that at high RH surface copper ions in covellite are also
oxidized and the product that forms is CuSO4, however at lower relative humidity, RH 39%, the
formation of an unusual Cu.SO4 surface species is suggested, possibly an intermediate prior to

formation of CuSQg that is seen for higher RH.
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6.4.4 Imaging Techniques: Atomic Force Microscopy Coupled to Infrared Spectroscopy and High-

Resolution Transmission Electron Microscopy

1098
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Figure 6.6 (a) PTIR spectroscopy for particles, with an inset showing the corresponding
AFM height image of oxidized covellite NPs exposed to pure oxygen for 24 hrs at RH 87%
with height images. (b) AFM height image and (c) chemical map of the sulfate rich regions
of the particle taken at 1098 cm™.

Additional insights into the transformation of nanoparticles can be obtained through
imaging techniques. Figure 6.6 shows the PTIR spectra and the corresponding AFM image of the
87% RH oxidized CuS NPs deposited on a gold substrate utilizing AFM-PTIR spectroscopy.
Individual NPs are expected to be ca. 8 nm in diameters, and the AFM spectra show that the
nanoparticles remain highly aggregated when deposited onto the surface but mostly in two
dimensions, x-y plane not in the z-direction which is a measurement of the height. PTIR spectra
taken on the center and edge of a particle show a single peak at 1098 cm™. As both CuS and the
underlying gold substrate do not have any vibrational modes in the mid-infrared spectral region,
this peak can be attributed to the vas(SOz) from oxidation of the CuS NPs. Although AFM-IR is
not a surface selective technique, we expect the aggregates to contain the oxidized material, and
subsequently provide enough sulfate ions for signal detection. Chemical maps taken at 1098 cm™

show the spatial distribution of the sulfate absorbing regions, which are highest at the center of the
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aggregate. The presence of these sulfate modes provides further evidence that these sulfate
containing NPs are formed irreversibly under elevated humidity. The presence of these sulfate
modes provides further evidence that these sulfate containing NPs are formed irreversibly under

elevated humidity.

In order to further confirm the formation of CuSO4 at high RH, the reacted sample was

imaged by HRTEM. Figure 6.7a shows the HRTEM image of the oxidized sample at RH 87%.

0.320 nm

CusS (101)

10 nm

%

Figure 6.7 (a) High resolution TEM image of covellite NPs after oxidation at RH 87%, (b)
the selected CuSO4 phase, (¢) the FFT pattern of the selected CuSOa4 phase, (d) the selected
CusS phase, (e) the FFT pattern of the selected CusS phase.

The corresponding FFT pattern of HRTEM fringes also indicate with two distinct crystal phases.

The d-spacing values are 0.197 nm and 0.320 nm, respectively. The former one is very close to
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the value for crystal facet (320) of CuSO4 (PDF 15-0775) and the latter is for (101) of covellite
(PDF 15-0775). Therefore, the new features rather than Cus is likely caused by the formation of

CuSOa.

6.4.5 Surface Transformations and Oxidation of CuS in Humid Environments

Surface transformations of CusS, covellite, NPs are shown in humid environments when
exposed to air. Simulations show that oxygen preferentially adsorbs on sulfide surfaces compared
to water®® with molecular oxygen reversibly adsorbing onto covellite NP surfaces when covered
by organic surfactants (e.g. oleylamine),}” whereas the molecular oxygen reacts with surface
sulfide in the form of sulfate at the early oxidation stage without ligand protection as seen here. In
addition to sulfide oxidation, oxygen can also chemically bond to the copper ion center on the
sulfide surface.3* > Oxygen acts as an electron acceptor and able to oxidize both Cu*and sulfide
ions. Furthermore, the reduced oxygen ion is reported to generate reactive oxygen species with

the help from Cu*.>* Therefore, we propose the following mechanism for the formation of Cu?*

and SO;~.
H,0 —» H* + OH~ (6.1)
H,0 + S?~ > HS™ + OH™ (6.2)
0, + 2HS™ - H,0, + 53~ (6.3)
0, + Cu' - 0; + Cu?* (6.4)
0, + 2H* + Cu* — H,0, + Cu?* (6.5)
H,0(ad) + Cu?>* - H*(ad) + OH*(ad) +Cu* (6.6)
20H*(ad) - H,0, (6.7)
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H,0, + 28%7 /5%~ - 4H,0 + S0%~ (6.8)

Several important features can be gleaned from the proposed mechanism. First, there is
the formation of reactive oxygen species (ROS) including superoxide, hydroxyl free radical and
hydrogen peroxide. The ROS can further oxidize sulfide and disulfide to sulfate. Second, ROS in
Step 5 reacts with protons from water molecules to yield Cu?* and hydrogen peroxide. Thus, in a
water-free environment the oxidation processis inhibited resulting in little transformation of the
sulfide surface. It is interesting that the adsorption of water is enhanced on the oxidized surface as

seen in the infrared spectra. This indicates an increase in the adsorption energy.>*

Transformation processes under different RHs are summarized in Figure 6.8 in a simplified
schematic. As depicted in Figure 6.8, the covellite surface dissolves into copper, sulfide and

disulfide ions in the water layer, while under dry condition (e.g. ~RH 2%), this does not occur
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Figure 6.8 Simplified schematic of the surface during the transformation of CuS
nanoparticles under different relative humidity. The transformation processes are
composed of three main steps: (1) CusS dissolution in adsorbed water, (2) ROS formation
initiated by oxygen in presence of water, (3) further sulfide oxidation by ROSs. At RH
87%, Cu* also transforms to Cu?".
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since little water adsorbs onto NP surfaces. The dissolved sulfide ions may hydrolyze to HS— that
is are oxidized by oxygen gas through a two electron reaction of oxygen species involving
formation reactive oxygen species as intermediates.>® Moreover, water also serves as a hard base
to stabilize relatively hard acid Cu?* rather than softer Cu* in CuS.*® Additionally, previous studies
of sulfide oxidation show that active metal centers on surface can promote adsorbed water to form
hydroxyl free radicals.3* %3 % 57. 38 The generation of ROS enhances the oxidation and speeds up
these surface transformations. Overall, water is thought to play three key roles: (1) water serves as
a medium for the dissolution of CuS; (2) water provides protons for the initial oxidation step by
oxygen as shown in the reaction mechanism; (3) water attached to metal centers can dissociate into
ROS as an intermediate to accelerate surface oxidation. Thus, water is able to accelerate the
oxidation, so that Cus is oxidized to CuSOg4 at high RH i.e. 87%. Interestingly, at RH 39%, there
is no Cu” oxidation observed. Therefore, this suggests that Cu2SO4 is on the nanoparticle surface
and perhaps an intermediate to CuSOg at higher RH. Taken together he results imply the surface

of covellite CuS NPs is vulnerable to air oxidation in humid environments.

6.5 Conclusions

In summary, the transformation of covellite NP surfaces under ambient conditions at
different RHs has been systematically investigated. These results show that the synthesized NP
surface is more reactive toward oxygen in the presence of water. High RH increases the oxidation
rate and with the formation of CuSO4 formation at 87% RH Interestingly, the transformation of
Cu* to Cu?* is not observed at intermediate relative humidity of 39%, while sulfate does form
suggesting that Cu.SOs may be an intermediate in the reaction to CuSOs. Adsorbed water is
proposed to be a medium for this reaction to occur by favoring the surface dissolution of CuS to

the corresponding ions and provide protons to yield ROS by oxygen. The conversion of CuS to
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CuSOg4 found in this study will provide insights and an understanding of the potential impact this

chemistry may have in biological and environmental systems.
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Chapter 7 Conclusions and Future Directions

Nanoparticles, NPs, especially metal oxides and metal sulfides have attracted a great deal
of interest for their properties and broad applications. NPs have a unique advantage over larger
particles, namely high surface area, surface tension and unique properties due to quantum
confinement. These make properties of NPs highly dependent on their surface states, including

surface ligands, surface redox processes, surface defects etc.

Furthermore, NPs highly reactive surfaces are involved in surface ligand reaction, ROS
generation, surface relaxation and surface redox. These surface chemical processes have a big
impact on the behavior of NPs. Therefore, surface transformations have become crucial to the
understanding of NPs and their physiochemical properties, including dissolution, reactivity,
aggregation and even toxicity. With increased usage, significant amounts of NPs from research
and industry have been released into the environment. Once these NPs are released into the
environment, they can undergo aging and surface transformation in complex conditions. This
dissertation has focused on understanding the molecular level details of surface transformations
for two common NPs, titanium dioxide and copper sulfide, under environmentally and biologically
relevant conditions and the potential consequences of these transformations on the environment.
Furthermore, the principles learned from ligand reactions on TiO2 NPs were successfully used to
explain the effect of humic substances on crude oil cleanup with magnetic NPs. This dissertation
focused on several scientific questions: What are the details of the mechanisms for environmentally
and biologically relevant ligand reactions on stable oxide nanomaterials at the molecular level?;
What impacts do these reactions have on the behaviors of nanoparticles in terms of reactivity and
performance in environmental applications? and; How do metal sulfide nanoparticles oxidize in

the environment and what environmental factor(s) (such as humidity) significantly contribute to
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the oxidation?. These were addressed through four specific projects to understand surface

transformations of NPs as described in the chapter summaries below.

7.1 Chapter 3 Summary

This chapter focused on ligand reactions on TiO2 NPs including adsorption, desorption and
displacement. Ligand reaction experiments included a wide variety of techniques: BET, PXRD,
UV-VIS spectrometry, ATR-FTIR, TEM, SEM, dynamic light scattering and QCM-D. The
crystalline phase of the TiO2 NPs (P25) was confirmed using PXRD: a mixture of anatase (80%),
rutile (13%) and amorphous (7%). The ligand reactions were investigated using ATR-FTIR by
flowing the chosen ligand solutions over TiO2 NP films. Among the chosen ligands, ascorbic acid
(AA) shows the weakest interaction with TiO2 NPs with reversible adsorption. Citric acid (CA)
shows partially reversible adsorption with stronger affinity than AA. Humic acid (HA) and bovine
serum albumin (BSA), macromolecules, strongly adsorb on TiO2 NPs resulting in irreversible
adsorption. Further study about the displacement between HA and the other three ligands indicates
that HA could displace the smaller molecules (AA and CA) and form a coating. On BSA-coated
surfaces, co-adsorption of HA occurrs, rather than displacement. This was observed by ATR-FTIR
and these spectroscopic results were corroborated by QCM-D. Furthermore, QCM-D results also
demonstrates that HA co-adsorbs with BSA by strong intermolecular interactions. Interestingly,
HA changes its conformation during the adsorption process, reflected in the continuous increase
of the dissipation. The data provided by 2DCOS reflects the sequence of the functional groups
involved in the displacement processes. The outersphere complex was thought to be the first stage
of displacement: HA interacts with coated molecules first by weak interaction e.g. H-bonding.
Next, HA occupies the active sites on the surface by replacing pre-adsorbed molecules. After either

displacement or co-adsorption, the newly formed coating layers alter the aggregation and
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sedimentation behavior of TiO2 NPs. HA largely enhances the stability of TiO> NPs suspended in
solution, which is important to the transportation of TiO2 NPs released to the environment. This

research provides insights to the fate TiO2> NPs with coatings in the environment.

7.2 Chapter 4 Summary

This chapter focused on understanding how humic substances influence crude oil
adsorption on magnetite NPs which are used for crude oil cleanup in sea water. Coupling of
molecular dynamics (MD) simulations and experimental data using ATR-FTIR spectroscopy
allowed for better understanding of these processes. The magnetite NPs used were first coated by
polyvinylpyrrolidone (PVVP) molecules that were used in the synthesis of the NPs. PVP molecules
interact with the magnetite surface with an average binding strength of —9.2 kcal/mol, the energy
of which matches the VVan der Waals interaction. The time dependent ATR-FTIR spectra showed
that signal intensity of the PVP coating on the NPs decayed over time, indicating the loss of PVP
from the surface. Combining MD simulation and spectroscopy, PVP is thought to weakly interact
with surface Fe ions mainly through its carbonyl (C=0) functional groups, resulting in physical
adsorption. Furthermore, the MD results indicate that crude oil favorably adsorbs onto PVVP-coated
magnetic NPs with an adsorption free energy of —3.6 kcal/mol. Interestingly, this adsorption is
inhibited to some degree in the presence of fulvic acid (FA), which is attributed to the ability of
FA molecules to displace PVP in seawater and form a new coating layer on the surface of the NPs.
The displacement ATR-FTIR results suggest FA has a stronger adsorption affinity than PVP and
is able to displace PVP from the surface. As a result, under such conditions, FA shows irreversible
adsorption. This work provides implications of molecular interactions and environmental
conditions on the adsorption of crude oil on NPs, which is crucial for the design of nano-based oil

remediation.
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7.3 Chapter 5 Summary

This chapter focuses on how ligands affect TiO2 nanoparticle reactivity. Ligand adsorption
on TiO2 NPs can affect not only their sedimentation behavior but also reactivity. The reactivity of
TiO2 NPs is mainly reflected by the generation of ROS, which also cause toxicity towards
organisms. Two different ligands of biological and environmental significance, BSA and FA, were
chosen to study the effects of ligands on the generation of ROS under irradiation. Benzoic acid
was used to detect a highly reactive ROS—hydroxyl radicals. The mass spectrometry results
indicate that benzoic acid is oxidized by hydroxyl radicals forming hydroxybenzoic acid,
dihydroxybenzoic acid and trihydroxybenzoic acid. Interestingly, the decarboxylation product,
phenol, was observed by MS. Bare TiO2 shows a high yield of these products, whereas it is hard
to detect the oxidized products from BSA-coated TiO>. The ability for ROS generation on TiO>
NPs with different coatings follows this sequence: bare TiO, > FA-TiO, > BSA-TIO..
Photoirradiation ATR-FTIR was used to further investigate the mechanisms. Bare TiO2 NPs in
water under irradiation exhibits broad ROS IR features such as peroxide and superoxide. In
addition, IR results also corroborated photoinduced hydrophilicity of TiO3, as reported previously,
showing an increased water bending peak with time. Under irradiation, spectra of BSA on the TiO>
film exhibit a new peak at high vibrational frequency (~1760 cm—1) in addition to IR features of
BSA, but no ROS were observed. In contrast, the ROS IR features appear on FA-coated TiO2 NPs.
These results suggest that BSA has a strong capability to quench reactive intermediates, but FA
can only inhibit ROS generation to some degree. Thus, understanding surface composition and its
role in TiO; reactivity is needed to predict the behavior of TiOz in environmental and biological
systems. Overall reactivity is suppressed but depending on the details of the ligands adsorbed that

suppression can be complete or partial in nature.
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7.4 Chapter 6 Summary

The properties of CuS NPs especially LSPR are highly dependent on its surface states. As
such, it is crucial to understand surface transformations, including surface oxidation, of these
nanomaterials and their impact on the physiochemical properties in the environment. This chapter
focused on understanding of the effects of environmental condition (i.e. relative humidity, RH) on
surface transformation process of Cu NPs. This study was carried out in a gas flow ATR-FTIR
system by controlling the humid gas flow. The oxidation of sulfide ions to sulfate by oxygen shows
a very close relationship with water vapor and adsorbed water. The in-situ ATR-FTIR results
suggest at high RH, sulfide ions can rapidly convert to sulfate by oxygen, whereas this process
cannot occur in the absence of water. Surface transformation was further studied by XPS. The
vibrational spectroscopy results were further confirmed by XPS: sulfide is oxidized to sulfate.
Interestingly, Cu ions still possess the original oxidation state as the original covellite at ambient
RH (~ 40%) but convert to Cu?* at high RH (87%). ROS, as intermediates, are proposed to be
involved in the oxidation process, in which water catalyzes the conversion of copper from Cu™ to
Cu?*. Oxygen acts in this process as a final electron acceptor. Meanwhile, water undergoes surface
chemistry resulting in the formation of hydroxyl radicals which enhance oxidation processes. Most
interesting is the fact that water can also serve as a medium to promote dissolution of CuS. The
formation of the final product, CuSOs, after oxidation was observed by microscopic methods
including HR-TEM and AFM-IR. This study provided insights about surface transformations of
sulfide NPs in different humid environments when released to the environment. Furthermore, the
findings also implied stability of sulfide NPs used as device components when exposed to the

atmosphere, containing water and oxygen. Moreover, as a proposed mechanism, the
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transformation may enhance toxicity not only caused by releasing Cu?* ions but by the formation

of ROS.

7.5 Future Directions

The transformation of NP surfaces is exceedingly complicated as it is influenced by many
environmental factors. The transformation in turn reshapes physiochemical properties of NPs
including reactivity, stability, and toxicity. As such, studies about surface changes have become
highly significant for the application and safety of NPs. The research in this dissertation presented
both insights of how NPs behave in the environment and implications for safety of NPs in
applications. However, some areas remain unknown or speculative, and need further study in order
to get a more comprehensive understanding about the fate of NPs when released into the

environment:

1. In the ligand displacement reactions, conditions were controlled at pH 7.5. However,
environmental conditions are more complex than the ones used in the experiment.
Environmental factors such as ionic strength and pH should be considered in ligand
displacement reactions. Additional work related to the stability and transportation of NPs
caused by ligand reactions should be conducted in order to assess the fate of NPs in the
environment under these further conditions.

2. Theoretical simulation work will be needed to support the assumption that ROS
intermediates are generated in surface transformations. Along with theoretical simulation,
electron paramagnetic resonance (EPR) can also be used to explicitly analyze ROS
formation.

3. Studies related to toxicity induced by NP surface transformations are needed to evaluate

the potential negative effects on human health and the environment. Dissolution
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experiments are supposed to provide more information of toxicity induced by surface
transformations. Additionally, In vivo studies under similar conditions are also

recommended to fulfill the goals.

In conclusion, the research presented here provided important insights into the behaviors
of NPs caused by interface changes and the effects of different factors on the physiochemical
properties of NPs. The future directions of this work will greatly expand understanding of the
impact surface transformations on NPs and how these alterations in turn influence the environment,

biological systems, and human health.
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Appendix A Supporting Information for “Displacement Reactions Between Environmentally and
Biologically Relevant Ligands on TiO2 Nanoparticles: Insights into the Aging of Nanoparticles in

the Environment”

A.1 Experimental Details and Additional Experimental Data

Reagents and Sample Preparation. TiO> nanoparticles (vendor reported size 21nm,
>99.5%) were purchased from Aldrich. Solutions of citric acid, (CA, >99.5%, Sigma-Aldrich),
ascorbic acid (AA, ACS grade, VWR), humic acid (HA, technical grade, Sigma-Aldrich), and
bovine serum albumin (BSA, > 98%, Sigma-Aldrich) were prepared with 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Fisher Scientific) to maintain a stable pH.
Sodium hydroxide (NaOH, 1N; Fisher Scientific;) and hydrochloric acid (HCI, 1N; Fisher
Scientific) were used to adjust pH to 7.5. The ionic strength was maintained by sodium chloride

(NaCl, Fisher Scientific). All the solutions were made in Milli-Q water.

Nanoparticle Characterization. The crystallinity of TiO> NPs was determined by Powder
X-ray diffraction running at 40 kV, 4 mA for Cu Ka (A = 1.5418 A) (Bruker D8 Advance
diffractometer). The morphology and size of nanoparticles were characterized by transmission

electron microscope (FEI Tecnai G2 Sphera TEM) operating at 200 kV shown in Figure Al.
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Additionally, scanning electron microscope (Zeiss Sigma 500 SEM) is employed to show the

profile of a thin film of TiO2 nanoparticles shown in Figure A2.
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Figure Al. Characterization of TiO, NPs powder. (a) The TEM image shows the morphology
of TiO, NPs. (b) The X-ray diffractogram shows that rutile and anatase crystalline phases are
present in the of TiO, NPs. The blue and black lines represent the diffraction pattern of rutile
(PDF#21-1276) and anatase (PDF#21-1272), respectively.

Figure A2. SEM images of TiO 5 nanoparticles on Si wafer, (a) top view; (b) side view. The
scale bars shown in the images are 1 um.
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Analysis of 2DCOS. Two-dimensional correlation spectroscopy (2D-COS) was used to
analyze the displacement reactions of CA-, AA- and BSA-coated TiO2 NPs with HA. In this work,
the time after introducing humic acid was used as the external perturbation for the structural
changes of HA and its complexation on TiO2 nanoparticles surfaces during the displacement
process. Based on Noda and Ozaki’s work,'%? the variation in a discrete set of dynamic spectra is

represented by

~ — y(v, t) - y_(v)» Tmin St< Tmax
Yy = { 0, others

where v is the spectral variable (wavenumber in FTIR spectra); t is a perturbation variable. y(v)
is the time-averaged reference spectrum. The synchronous (®) and asynchronous (V) 2D

correlation spectral maps can be calculated from discrete dynamic spectra by
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where m is equally spaced point in t between Tmin and Tmax, and the Hilbert- Noda transformation

matrix (N) is given by
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QCM TiO2 Characterization. X-ray photoelectron spectroscopy confirms a Ti (IV) oxide

and the presence shoulder with a binding energy around 532eV in Figure A3b indicates that the

TiO2 surface on the sensor is partially hydroxylated.
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Figure A3. Binding energy of TiO, sensor. (a) high resolution scan in Ti 2p region of the sample,
(b) high resolution scan in O 1s region of the sample.
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QCM Overtones. Frequency and dissipation changes following BSA adsorption and

subsequent.
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Figure A4. Shifts in frequency and dissipation for the displacement process of BSA by HA onto a
TiO, coated surface with QCM-D. Blue and red lines represents changes in frequency and

dissipation, respectively. Data are shown for overtones 5,7, 9, and 11.

Additional Displacement Studies. In these experiments, HA adsorption was followed by

AA, or CA or BSA. FTIR spectra are shown in Figure A5 and a proposed mechanism is shown in

Figure A6.
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Figure A5. Displacement reactions on HA pre-coated TiO2 NPs through ATR-FTIR by
AA (a), CA (b), and BSA (c).
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Figure A6. A schematic representation of displacement reactions of HA pre-coated TiO, surface

by AA (a), CA (b), and BSA (c), respectively. HA is represented here as a macromolecular
structure.
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Appendix B Supporting Information for “Mechanistic study of oil adsorption onto PVP-coated
magnetic nanoparticles: An integrated experimental and molecular dynamics study to inform

remediation”

B.1 Additional Experimental Data

Adsorption No Desorption
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Figure B1. ATR-FTIR spectra of sequentially introducing different solutions. NPs for

adsorption (a) flowing 10ppm FA, (b) flowing sea water. the black, red and blue lines

represent 15 90 and 120 min, respectively.
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Appendix C Supporting Information for “Surface Adsorbed Biologically and Environmentally

Relevant Ligands on TiO, Nanoparticles Transformations: The Influence on Reactivity of

Nanoparticles”

C.1 Additional Experimental Data

(a) BA adsorption on BSA coated TiO, (b) BA adsorption on FA coated TiO,
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Figure C1. In-situ ATR-FTIR spectra of BA adsorption on coated TiO2 NPs, (a) BSA
coated TiOg, (b) FA coated TiO>. The spectra shown were collected at 5 min (black), 30
min (red), 60 min (blue), 90 (magenta), 120 min (green) and the orange dash line represent

coating molecules only on TiO2 NPs.
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