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ABSTRACT 

  Nanoscience and nanotechnology offer potential routes towards addressing 

critical issues such as clean and sustainable energy, environmental protection and human 

health. Specifically, metal based nanomaterials are found in a wide range of applications 

and therefore hold a greater potential of possible release into the environment or for the 

human to be exposed. Understanding the aqueous phase behavior of metal and metal 

oxide nanomaterials is a key factor in the safe design of these materials because their 

interactions with living systems are always mediated through the aqueous phase. Broadly 

the transformations in the aqueous phase can be classified as dissolution, aggregation and 

adsorption which are dependent and linked processes to one another. The complexity of 

these processes at the liquid-solid interface has therefore been one of the grand 

challenges that has persisted since the beginning of nanotechnology. Although classical 

models provide guidance for understanding dissolution and aggregation of nanoparticles 

in water, there are many uncertainties associated with the recent findings. This is often 

due to a lack of fundamental knowledge of the surface structure and surface energetics 

for very small particles. Therefore currently the environmental health and safety studies 

related to nanomaterials are more focused on understanding the surface chemistry that 

governs the overall processes in the liquid-solid interfacial region at the molecular level.  

 The metal based nanomaterials focused on in this dissertation include TiO2, ZnO, 

Cu and CuO. These are among the most heavily used in a number of applications ranging 

from uses in the construction industry to cosmetic formulation. Therefore they are 

produced in large scale and have been detected in the environment. There is debate 

within the scientific community related to their safety as a result of the lack of 
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understanding on the surface interactions that arise from the detailed nature of the 

surfaces. Specifically, the interactions of these metal and metal oxide nanoparticles with 

environmental and biological ligands in the solutions have demonstrated dramatic 

alterations in their aqueous phase behavior in terms of dissolution and aggregation. 

Dissolution and aggregation are among the determining factors of nanoparticle uptake 

and toxicity. Furthermore, solution conditions such as ionic strength and pH can act as 

controlling parameters for surface ligand adsorption while adsorbed ligands themselves 

undergo surface induced structural and conformational changes. Because, nanomaterials 

in both the environment and in biological systems are subjected to a wide range of matrix 

conditions they are in fact dynamic entities. Thus monitoring and tracking these 

nanomaterials in real systems is extremely challenging and requires a thorough 

understanding of the surface chemistry governing their transformations. 

 The work presented in this dissertation attempts to bridge the gap between the 

dynamic processing of these nanomaterials, the details of the molecular processes that 

occur at the liquid-solid interfacial region and potential interactions. Extensive 

nanomaterial characterization is an integral part of these investigations and all the 

materials presented are thoroughly analyzed for particle size, shape, surface area, bulk 

and surface compositions. Detailed spectroscopic analysis was used to acquire molecular 

information of the processes in the liquid-solid interfacial region and the outcomes are 

linked with the macroscopic analysis with the aid of light scattering techniques. 

Furthermore, emphasis is given to the size dependent behavior and theoretical modeling 

is adapted giving careful consideration to the details of the physicochemical 

characterization and molecular information unique to the nanomaterials. 
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CHAPTER 1 

INTRODUCTION 

 

 Nanoscience and nanotechnology offer new opportunities for making superior 

materials for use in a wide range of applications important in industry, energy and health.1-

7 Because of their use, we can expect that these manufactured materials have the potential 

to get into the environment sometime during production, distribution, use or disposal.8 

Thus, there are many questions as to the EHS of nanomaterials.9-14 Metal-based 

nanomaterials including, metals, metal oxides and metal sulfides, in particular are a large 

percentage of nanomaterials that are being already used in consumer products.9,15-17 

Additionally, there is the continued development of these nanomaterials for energy 

applications and other emerging uses.18-20 Table 1 provides a list some of the many uses of 

several different metal-based nanomaterials.  

 The potential of uncontrolled release of nanomaterials into the environment during 

their product life cycle has raised some concerns as there is little known about the 

environmental fate, transformation and toxicity of these materials.21-23 Based on the 

evidence of detrimental health effects caused by nanoscale combustion derived particulates 

and other small particles in air (ultrafines), it is a fair prediction that engineered 

nanoparticles could negatively impact the environment and human health.24-27 Table 1 list 

several literature references for some recent laboratory studies on the environmental, health 

and safety studies of some metal-based nanomaterials.1,25,26,28-43 In addition to these 

laboratory studies, there is recent concrete field evidence that engineered nanoparticles can 

make their way into the atmosphere and the hydrosphere.44,45 This suggests risk of exposure 

to these materials via inhalation and ingestion by drinking water. Therefore, a forward 

looking approach is required for the development of nanotechnology that involves the 

balance between technological advancements of this innovative field of science along with 
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an emphasis on the data and knowledge needed to better understand environmental, health 

and safety issues of these materials. 

 

 
Table 1.1: Examples of metal-based nanomaterial applications and literature references of some 
recent EH&S studies. 

 
Metal-Based 

Nanomaterial Applications Recent EHS 
Studies 

Ag Antibacterial and disinfecting agent (textiles, healthcare, 
refrigerators, air conditioners, washing machines), anti-
corrosive coating (paints and coatings), microelectronic 
industry (wiring, encapsulation and connections), catalysis. 
 

 
1, 25, 28-30 

Al, Al2O3 Catalyst supports, antibacterial and disinfecting agent 
(textiles, plastics, coatings), transparent conductive and 
optical coating (optical lenses, windows and flooring), wear-
resistant additive, heat transfer fluid, cosmetic filler, water-
proof material. 
 

 
26, 31 

 

CeO2 Catalysis and catalyst supports, solid oxide fuel cells 
(electrode materials), sintering additives, heat resistant alloy 
coatings, uv absorbent, superconducting materials (buffer 
layer)  
 

 
32-35 

Cu, CuO Antibacterial and disinfecting agent (textiles, plastics and 
coatings), microelectronic industry (wiring and connections), 
catalysis (rocket propellant combustion), gas sensors, thermo-
electronics, superconductors. 
 

 
36-39 

Fe, Fe2O3, 
Fe3O4 

Environmental remediation (removal of actinides from waste 
water), magnetic data storage, biomedical applications (MRI 
contrast agents, magnetic separations, targeted drug 
delivery), semiconductor, microwave devices. 
 

 
37, 39 

TiO2 Photocatalysis, antibacterial and disinfecting agent (paint and 
coatings, ceramics, glass), cosmetics, uv resistors 
(sunscreens), air purification, semiconductors, astronautics, 
and solar cells. 
   

 
35, 37, 38, 40 

ZnO Electronic and electrical industry, cosmetics and 
cosmoceuticals (sunscreens, anti-agers, moisturizer), 
piezoelectric, high temperature lubricants, flame retardant, 
dental cement, photocatalytic decontamination, solar cell 
electrodes, paint pigments. 

 
33, 35, 37, 38, 

40, 41 
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Toward this end, it is important to recognize that there are major challenges for 

understanding nanomaterials in the environment as a result of the large surface to volume 

ratio and the large contribution of the surface free energy in the overall total free energy of 

the particle.46-49 For any given particle, the total free energy is the sum of the free energy 

contributions from the bulk and surface of the particle: 

 

𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐺𝐺𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠                                     (𝐸𝐸𝐸𝐸: 1.1) 

 

For nanoparticles the contribution of the Gsurface to Gparticle is on the order of that of Gbulk 

because as the size of the particles decrease the percentage of atoms at the surface increases. 

For example, consider a 1 cm3 cube, the percentage of atoms at the surface is miniscule, 

on the order of ~10-5%. However, if this cube is divided into much smaller cubes with 10 

nm sides then ~10% of the atoms will be on the surface. Figure 1.1 taken from Nützenadel 

et al. illustrates this decrease in surface atom percentage of palladium clusters as the size 

changes from the micron to nanoscale.50 From this plot, it can be easily seen why the 

surface free energy component for these very small particles in the nanoscale size regime, 

especially for those with dimensions less than 10 nm becomes a significant component of 

the total free energy. Furthermore, for a spherical particle, e.g. a liquid droplet, Gsurface can 

be expressed as: 

 

𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛾𝛾𝛾𝛾                                                      (𝐸𝐸𝐸𝐸: 1.2) 

 

where γ is the surface energy and A is the surface area.  However, most metal-based 

nanoparticles are in fact not spherical but instead have facets with specific crystallographic 

orientations.  Thus, Gsurface cannot be expressed simply as in Eq: 1.2 but instead will have 

several terms for each crystallographic plane contributing to the overall  
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Figure 1.1: Percentage of surface atoms as a function of cluster diameter of palladium clusters. 
(Reprinted with kind permission from Springer Science + Business Media: C. Nützenadel, A. 
Züttel, D. Chartouni, G. Schmid and L. Schlapbach, Eur. Phys. J. D, 8(2), 2000, 245-250, Fig.1) 
 
 
 

surface free energy.  Additionally for metal-based nanoparticles, the size and shape of 

nanomaterials give rise to unique surface electronic states that consequently affects the 

surface energy. Therefore, in a field of science which is “all about the size”, it is essential 

to have an in depth understanding of the surface chemistry governing the processes.51 A 

successful approach requires a theoretical framework supported by experimental data. 

 
1.1 Detailed Nature of Surface Structure and  
            Energetics at the Nanoscale 

 As already noted metal and metal oxide nanoparticles are not spherical but instead 

have faceted structures with different interaction energies depending on shape and different 

surface planes as well as the details of surface adsorption and speciation.  Nanoparticles of 

metals and metal oxides are known to exhibit unique reactivity and enhanced chemical 
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activity because of the presence of different surface crystal planes and surface defects as 

well as surface reconstruction and surface relaxation between layers. Below is an overview 

of some important aspects of nanoparticle surfaces as it relates to understanding the 

properties of nanomaterials. An interesting fact to note is that many of these unusual 

properties are associated with those having dimensions of less than 10 nm.52-55  

 
1.1.1 Surface Structure and Energetics in Controlling  
            Phase Stability  

 The thermodynamic crossovers in phase stability of various materials as a function 

of decreasing size highlight the important role that surface free energy plays. For nanoscale 

particles, this crossover leads to the stabilization of what are normally considered high 

energy phases for a particular.  For example, anatase, the lowest energy phase for nanoscale 

TiO2, is stabilized relative to rutile, the lowest energy phase for bulk TiO2, γ-Al2O3 is 

stabilized relative to α-Al2O3 and tetragonal and cubic ZrO2 are stabilized relative to the 

monoclinic phase.56-58  Navrotsky et. al. discuss quite extensively on the competition 

between surface energy and the energetics of phase transformations of various metal oxides 

and oxyhydroxides.56,59 In their studies, spontaneous oxidation of Co2+ and reduction of 

H2O has been observed for CoO nanoparticles smaller than 8 nm which is not seen with 

larger particles. Furthermore, 13 nm Mn2O3 particles were observed to reduce partially to 

Mn3O4 when heated in air at 975 K whereas 38 nm particles were not reduced until above 

1138 K which is the expected temperature for this conversion according to standard 

thermodynamic data. Chen et al. has shown under some conditions there can be self-

limiting oxidation behavior of Cu nanoparticles at 298 K leading to thinner oxide layers 

than the bulk which was related to the compressive stress in the Cu2O (111) layers 

formed.60 These results provide important evidence for size dependent redox properties for 

metal and metal oxides on the nanoscale. In general, the measured surface energy of a 

material is an average of different crystal planes, defects, edges, corners, kinks, pits and 
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steps. Although an average value can satisfactorily explain the behavior of bulk materials, 

it can be misleading when applied to nanomaterials. This has been evident in the several 

orders of magnitude error in oxygen fugacity and the hundreds of degree temperature 

difference observed in the calculated redox phase equilibrium of transition metal oxides 

using bulk thermodynamic parameters.59 Additionally, a series of studies on different 

morphologies of ZnO and TiO2 nanocrystals has shown significantly different surface 

enthalpies. Zhang et. al. has studied the hydrous and anhydrous surfaces of ZnO 

nanoparticles, nanoporous composites, nanorods, and nanotetrapods.61 Park et. al. has 

looked at TiO2 nanoparticles, nanowires and sea-urchin-like structures.62 Change in surface 

energies with morphology was observed to be significantly higher in ZnO than in TiO2. In 

both of these studies, the trends in surface energy variation were successfully correlated to 

the exposed crystal planes of the materials. 

 

1.1.2 Surface Adsorption, Relaxation and Reconstruction  

 The presence of surface functional groups and adsorbates impact the stability of 

nanomaterials. A study on the stability of nanocrystalline single-phase zirconia (ZrO2) by 

Radha et.al. showed that the stability crossover between monoclinic and tetragonal zirconia 

occurs at a particle size of 28 ± 6 nm and 34 ± 5 nm for hydrous and anhydrous states 

respectively.63 The different crossover size thresholds for hydrous and anhydrous states 

highlights the impact of the stabilizing effects of water adsorption and hydroxylation that 

contributes towards lowering the surface energy for nanoscale particles. Strong water 

adsorption by less stable phases has been observed in several studies.57,61,62  Fang et. al. 

observed that the wettability of metal oxides are closely related to the surface energy of the 

nanoparticles.63 However, regardless of the magnitude of the surface energy there are a 

variety of synthetic routes that allow for kinetic control enabling the formation of 

nanomaterials with less phase stability (high surface energy). The prevalence of these less 

stable nanomaterials largely depends on surface stabilization with capping agents, ions or 
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water molecules yielding materials which are metastable.  Removal of these surface 

stabilizing groups under certain conditions can result in a phase transformation of the 

nanomaterial. Fang et. al. highlight the importance of evaluating the surface energies of as 

received nanomaterials under ambient conditions for environmental studies over the more 

frequently studied “pure” materials at elevated temperatures and low pressures.63 

A study of the detailed surface structure of 3 – 5 nm Au crystals using diffraction 

intensity oscillations around the Bragg peaks has shown inhomogeneous relaxations by 

bond length shortening for edge and surface atoms.64 These relaxations are found to be 

coordination and facet dependent with the largest bond contractions observed for edge 

atoms (~0.2 Å), the next largest for the (100) surface atoms (~0.13 Å) and the smallest for 

atoms in (111) facets (~ 0.05 Å). Additionally, experimental diffraction peaks of 3.5 nm 

Au nanocrystals were compared to two models.  The first model was for the unrelaxed 

surface and the second model accounted for shorter distances between Au atoms at the 

surface and the underlying plane below. The comparison showed that the experimental data 

were best represented by the MD simulation that took into account relaxation.  Because the 

proportion of surface atoms is higher than the bulk in nanoscale, the bulk atoms are affected 

by such relaxation processes as seen by changes in the lattice parameters of these materials. 

Gilbert et. al. has studied ligand coated ZnS nanoparticles which showed that such 

relaxations, despite the surface stabilizing capping agents result in internal strain and 

stiffening of the lattice structure in the nanoparticles.65 Surface-bound ligands have also 

shown to contribute towards the internal strain by enhancing it in the order of covalent < 

electrostatic < van-der-Waals interactions with the surface atoms which is not unexpected 

as covalent bonds stabilize surface atoms to a greater extent.66 Understanding of these 

effects is important as they impact many nanoscale phenomena (interfacial stability, 

reactivity, mechanical and electronic properties) and are directly related to the surface 

structure and surface energy of the particles. 
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1.2 Nanoparticles in the Aqueous Environment 

Generally the nanomaterial interactions with living systems are mediated through 

the aqueous phase.67 For example when they are inhaled they get into the lung fluid and 

oral ingestion lead them to the blood plasma via saliva and other various fluids in the 

gastrointestinal tract. Once in the plasma, the nanoparticles can potentially find their way 

into the cells where the interactions are mediated in the cytosolic fluid.68,69 Furthermore, 

plant roots can take up these nanoparticles which can result bioaccumulation and 

biomagnification.70 The exposure to engineered metal oxide nanoparticles can be both 

intentional as well as unintentional originating from their applications and disposal 

respectively.8,71 The ultimate fate and the toxicological effects of these nanomaterials in 

both the environmental and biological media are directly affected by their transformation 

that occurs via surface ligand adsorption/displacement, aggregation and dissolution.72-75 

Although adsorption and dissolution are well understood for the bulk scale materials the 

same cannot be said about those at the nanoscale. Furthermore aggregation is a nanoscale 

phenomenon taking place to reduce the high surface energy. Figure 1.2 illustrates the 

detailed nature of these transformations at the liquid-solid interface compared to the broad 

categorization. As extensively discussed in Section 1.1, their unique surface chemistry can 

manifest significant deviations from the properties of their bulk counterparts. Therefore the 

exact mechanisms, thermodynamic parameters and kinetics of these transformations for 

nanoscale materials need investigation and are currently an extremely active area of 

research.    

 Nanomaterials in most cases are surface functionalized to inhibit aggregation.31,76-

79 In the absence of functionalization, even pristine nanomaterials have surface functional 

groups ranging from hydroxyls to acetates, carbonates to long-chained polymeric 

surfactants that spontaneously adsorb on to the surface during the synthesis. Upon release 

into the environment, especially into aqueous environments these initial surface ligands 

can potentially be displaced or undergo changes.72,80-83 
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Figure 1.2: Aqueous phase transformations of a metal based nanoparticle. The inset shows the 
overall processes which are categorized as ligand adsorption, aggregation and dissolution. However 
these overall processes are quite complex as illustrated by the detailed processes observed at the 
liquid- solid interface at the nanoparticle surface.  
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 Natural water systems contain a wide range of organic and inorganic ligands starting from 

simple nitrates, sulfates, oxalates and citrates to more complex humic and fulvic acids.84-87 

Furthermore, if these nanomaterials are internalized in biological systems, a series of 

complex ligand displacements can take place where a wide variety of proteins and enzymes 

can interact with these surfaces.88-91 In biological systems, surface ligand displacement by 

proteins lead to the formation of “protein corona” which is considered to define the 

biological identity of the particle.92 Additionally, ligand displacement reactions in aqueous 

systems can convert the “native form” of the nanomaterials into a “water-soluble/insoluble 

form” or a “biocompatible form”.93-95 Surface ligand adsorption has been shown to impact 

nanomaterial behavior in vital ways as this will impact everything from secondary size 

(through aggregation) to water solubility to soil mobility and to the ability of nanomaterials 

to get into cells.96 Thus, understanding the environmental impact of nanomaterials requires 

knowledge on the impacts of surface ligand displacement.  

Dissolution results in the generation of metal atoms or ions that can have known 

toxic effects.30,97-99  From the particle perspective, nanoparticle dissolution will result in 

the formation of nanoparticles that are smaller than the original primary particles.100 These 

even smaller particles will have potentially different properties.48,51 The presence of 

different crystallographic planes can lead to anisotropic dissolution resulting in changes in 

the particle morphology as the particle gets smaller. Dissolution can also potentially impact 

nanoparticle aggregation by causing de-aggregation as the particles within the aggregate 

dissolve.101 For nanoparticle aggregation, again taken from the particle perspective, there 

is a change in (secondary) size and density with a resulting decrease in available surface 

area, which may impact surface chemistry including nanoparticle dissolution. These issues 

– the impact of nanoparticle aggregation on dissolution and the impact of nanoparticle 

dissolution on aggregation – are not well understood but are important in the broader 

context of understanding the mobility of nanoparticles in the environment. Several studies 

have shown that nanoparticle aggregation decreases both the rate and extent of dissolution.  
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Rubasinghege et. al. have clearly shown that proton-promoted dissolution of goethite (α-

FeOOH) rods are greatly hindered as a result of aggregation.102   In particular, dissolution 

of nanorods in different aggregated states was compared to that of microrods. In this study, 

it was shown that isolated nanorods showed an enhanced dissolution rate on a per mass and 

per surface area basis compared with larger microrods. This enhanced activity (~3 times 

greater than surface area effects) was assigned to the larger fraction of (021) surface planes 

which are more active and readily dissolve. However upon aggregation of the nanorods the 

microrods dissolved to a much greater extent. This aggregation reduces the exposed active 

surfaces to the solution and changes viscosity and diffusion coefficients of the species 

within the confined regions of the aggregates and thereby slows the dissolution process. In 

another study, it has been shown that dissolution is inhibited for galena (PbS) nanocrystals 

when the nanocrystals surfaces are closely adjacent to each other and dissolution rates are 

facet dependent.103 Pre-dissolution crystal structures observed by HRTEM (Figure 1.3) 

show these nanocrystals to be terminated by six primary (100) facets, eight small (111) 

facets and twelve small (110) facets forming a cub-octahedral shape (Figure 1.3a and 1.3c). 

Upon dissolution (110) and (111) faces were observed to develop at a faster rate and 

dissolution occurred symmetrically around the nanocrystals in the absence of aggregation 

(Figure 1.3b). The images of aggregated nanocrystals show faster dissolution of the faces 

exposed to the bulk solution relative to the faces within the confined regions with surface 

separations of 1-2 nm (Figure 1.3d). It has been suggested that solution properties are 

altered within the confined regions of the aggregates in addition to the reduction in the 

exposed surface area.  
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Figure 1.3: HRTEM images of isolated PbS nanocrystals (a) prior to dissolution viewed along 
[100] axis (b) after 3 hour dissolution viewed along [100] axis (c) prior to dissolution viewed along 
[110] axis (d) after 3 hour dissolution viewed along [110] axis. (Reprinted from J. Liu, D.M. 
Arguete, J.R. Jinschek, J. D. Rimstidt and M. F. Hochella, Jr, The non-oxidative dissolution of 
galena nanocrystals: insights into mineral dissolution rates as a function of grain size, shape and 
aggregation state, Geochim. Cosmochim. Acta, 72(24), 5984-5996. Copyright (2008), with 
permission from Elsevier.) 
 
 
 
 

Not only can aggregation impact dissolution, dissolution can cause aggregates to 

come apart. Figure 1.4 clearly illustrates this behavior for copper nanoparticles.  These 

copper nanoparticles have an oxide coating and readily aggregate at circumneutral pH.  

TEM images of Cu nanoparticles (12 nm in diameter) in pH 7.0 water (Figure 1.4a) shows 

tightly aggregated particles making it difficult to distinguish specific nanoparticles. In 

contrast, images of particles that have been in pH 3.0 in the presence of citric acid (Figure 

1.4b) are easily distinguishable and no longer appear as aggregated but instead as 

individual particles.  
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Figure 1.4: Aggregation and dissolution of Cu nanoparticles in different solutions. TEM images 
of Cu nanoparticles in (a) pH 7.0 water (b) 1.5 mM citric acid at pH 3.0. 
 
 
 

Ligands play a dual role in these processes, as an adsorbate causing both a de-aggregation 

to occur while enhancing dissolution through a ligand-promoted process. Because both 

dissolution and aggregation depend on aqueous conditions such as pH, ionic strength and 

ligands there is a need for detailed investigations of nanoparticle dissolution and 

aggregation with emphasis on particle size and morphology under various environmental 

conditions.104 Especially very small nanoparticles (dimensions < 10 nm) have the potential 

of being uniquely distinct from the bulk.   
 

1.3 Theoretical Models of Finer Particles in  
             Aqueous Phase  

1.3.1 Ostwald-Freundlich Relation - Size Dependent  
             Dissolution: 

Toxicity of metal-based nanoparticles does not always originate from the particle 

itself but instead from the ability of these small particles to dissolve leading to ions in 

solution. For example, ZnO and CuO nanoparticles are considered nontoxic, however, 

100 nm 20 nm 

(a) (b) 
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because of their high solubility the producing Zn2+ and Cu2+ ions are found to induce 

various cytotoxicity.14,36,38,41 Classically, a modified form of Kelvin equation (3), also 

known as the Ostwald-Freundlich equation, is used to describe the size dependent solubility 

of nanoparticles.105 

 

                                                                                                            

 

 

where S is the solubility (in mol kg-1) of spherical particles with radius r, S0 is the solubility 

of the bulk,  V is the molecular volume (in m3 mol-1), γ is the surface free energy in mJ m-

2, R is the gas constant and T is the temperature. According to eq. 1.3, the solubility 

increases exponentially as the particle size decreases. It is evident in this relationship that 

the surface energy and particle size strongly determine the solubility of the nanomaterials. 

The most significant enhancement in the calculated solubility is expected for very small 

particles (size < 10 nm).  

There is some experimental evidence that suggests nanoparticle dissolution does 

not follow this simple model and some studies have reported suppressed dissolution as the 

particles become smaller.106 Schmidt and Vogelsberger describe an unusual size dependent 

dissolution maximum above the saturation concentration for nanoscale TiO2, a commonly 

considered insoluble metal oxide.107  In another study, Erbs et. al. showed no discernible 

size dependence on the rate of reductive dissolution for  3.4 – 5.9 nm ferrihydrite 

(Fe5HO8.4H2O) particles.108 However, the deduced pre-exponential factor which relates to 

the reagent surface encounters was shown to be six fold greater when comparing 3.4 nm to 

5.9 nm. They propose that this enhancement is a result of water molecules ordering at the 

nanoparticle surface impacting diffusion properties in the near surface region giving rise 

to a size dependent pre-exponential factor. 

 
𝑆𝑆
𝑆𝑆0

= 𝑒𝑒𝑒𝑒𝑒𝑒 �
2𝛾𝛾𝛾𝛾
𝑅𝑅𝑅𝑅𝑅𝑅

�                                                         (𝐸𝐸𝐸𝐸: 1.3) 
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Deviations from predictions afforded by eq. 1.3 can be expected due to a lack of 

detailed knowledge of the surface free energy (γ), its size dependence as well as its 

dependence on the details of the surface structure (e.g. surface defects and different crystal 

facets present).103 In particular, nanoparticles surfaces feature a relatively larger number of 

edge and corner atoms which are well known to be preferred detachment sites.108 The 

enhanced activity of these sites is not accounted for. Aggregation, on the other hand, 

reduces the effective surface area of the nanoparticles exposed to the solution.102,103,105 The 

chemical behavior of the aqueous solution in the confined regions within aggregates is 

observed to be different because their viscosities are increased.104,109 Therefore, the 

diffusion coefficients of the species within this region are likely to be significantly lowered 

compared to the bulk solution resulting in a decreased rate of dissolution. Additionally, the 

concentration gradient of the dissolved species from the particle surface to the bulk solution 

is much smaller in these confined regions as a result of the overlap of diffusion layers of 

the particles.103 This concentration gradient is considered to act as a driving force for 

dissolution and a decrease in the gradient results in a reduction of the flux of atoms or ions 

away from the surface. 

 

1.3.2 Derjaguin-Landau-Verwey-Overbeek (DLVO) Theory: 

 Besides dissolution, aggregation of metal-based nanoparticles readily occurs in the 

aqueous solutions.110-114 Aggregation destabilizes aqueous particle suspensions leading to 

flocculation and sedimentation.84,114,115 Particle suspension stability is usually modeled by 

classical Derjaguin-Landau-Verwey-Overbeek theory (DLVO theory) or extended DLVO 

theory.77,99 In classic DLVO theory, particle suspension stability is determined by the net 

electrostatic surface interactions between the particles. Assuming spherical particles, the 

total interaction energy is given as the sum of attractive van-der-Waals forces and 

electrostatic repulsive forces between these spheres: 
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𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣 + 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒                                                 (𝐸𝐸𝐸𝐸: 1.4) 

                                                                                                                  
Attractive van-der-Waals forces are given by, 

 

𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣 = −
𝐴𝐴𝐻𝐻
6
�

2𝑎𝑎1𝑎𝑎2
𝑅𝑅2 − (𝑎𝑎1 + 𝑎𝑎2)2 +

2𝑎𝑎1𝑎𝑎2
𝑅𝑅2 − (𝑎𝑎1 − 𝑎𝑎2)2 + 𝑙𝑙𝑙𝑙

𝑅𝑅2 − (𝑎𝑎1 + 𝑎𝑎2)2

𝑅𝑅2 − (𝑎𝑎1 − 𝑎𝑎2)2�                   (𝐸𝐸𝐸𝐸: 1.5) 

 

where AH is the overall Hamaker constant, a1 and a2 are the particle radii and R is the 

distance between the centers of the particles. Values for the Hamaker constant are available 

in the literature but for less common materials, this can be calculated by: 

 

𝐴𝐴121 = (�𝐴𝐴22 − �𝐴𝐴11)2                                           (𝐸𝐸𝐸𝐸: 1.6) 

 

where A121 is the overall Hamaker constant for the aggregation of two nanoparticles of 

composition “1” when suspended in a medium “2”. A11 and A22 are Hamaker constants of 

the individual nanoparticles in a vacuum.115 

 Electrostatic repulsive forces, which depend on the particle radius (a) and the double layer 

thickness (1/κ), are given by: 

 

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 4𝜋𝜋𝜋𝜋ψ0
𝑎𝑎1𝑎𝑎2
𝑎𝑎1 + 𝑎𝑎2

𝑙𝑙𝑙𝑙[1 + exp (−𝜅𝜅𝜅𝜅)   ]   (𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝜅𝜅𝜅𝜅 > 5)       ( 𝐸𝐸𝐸𝐸: 1.7)  

 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 4𝜋𝜋𝜋𝜋Y1Y2𝑎𝑎1𝑎𝑎2 �
𝑘𝑘𝐵𝐵𝑇𝑇
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   (𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝜅𝜅𝜅𝜅 < 5)        ( 𝐸𝐸𝐸𝐸: 1.8) 
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where ε is the permittivity of solvent, ψ0 is the surface potential, kB is the Boltzmann 

constant, x is the distance between the particle surfaces, a is the radius of the particles, NA 

is the Avogadro’s constant, I is the ionic strength of the solution and κ is the inverse Debye 

length.  

 Aggregation occurs when the attractive forces between particles are larger than the 

repulsive forces. At close approach, if the repulsive forces are greater than the attractive 

forces, it will create an energy barrier for particle aggregation and, without collisions with 

sufficient energy, aggregation will not occur.77 In such situations, particles will not 

aggregate and suspensions will be stable. If particles have sufficient energy to overcome 

this energy barrier, then the particles will aggregate. 

 The solution pH and ionic strength can significantly impact the magnitude of these 

forces which will ultimately determine the net interaction force.74,77,99 If one considers the 

details of the surface composition of metals and metal oxides in aqueous solutions, these 

particles are often hydroxylated through reactions with water as shown below: 

 

𝑀𝑀 + 𝐻𝐻2𝑂𝑂 → 𝑀𝑀 − 𝑂𝑂𝑂𝑂 + 𝐻𝐻+                                         (𝐸𝐸𝐸𝐸: 1.11) 

 

Based on the solution pH, the hydroxylated surface can undergo protonation or 

deprotonation: 

𝑀𝑀 − 𝑂𝑂𝑂𝑂 + 𝐻𝐻+ → 𝑀𝑀 − 𝑂𝑂𝐻𝐻2+                                         (𝐸𝐸𝐸𝐸: 1.12) 

𝑀𝑀− 𝑂𝑂𝑂𝑂 → 𝑀𝑀 − 𝑂𝑂− + 𝐻𝐻+                                           (𝐸𝐸𝐸𝐸: 1.13) 

 

The pH at which the surface charge density of the nanoparticles is zero is defined as the 

point of zero charge (pHZPC) or isoelectric point (pHIEP).111 At this pH, the highest degree 

of aggregation is observed since there are no repulsive forces to keep the particles 

apart.99,115 In the absence of specific adsorption of ions in solution pHZPC is the same as 

pHIEP. When pHsolution < pHZPC the surface charge is positive and for pHsolution > pHZPC the 
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surface charge is negative. Therefore pH of the suspension plays a key role in determining 

the repulsive interactions between particles. The pHZPC of metals and metal oxide 

nanoparticles have a broad range of values depending on size, phase, surface face and 

method of preparation.111,116,117 The aggregation results in colloidal suspensions with wide 

size distributions.118,119  

 Classical DLVO theory has been further extended to account for the non-

electrostatic interactions.77,99 When the nanoparticle surfaces are coated with surface 

adsorbed ligands, the interactions between the solvent molecules and the ligands can be 

responsible for the steric stabilization of the particles which arises from osmotic and elastic 

contributions.31,77,120 Osmotic contribution depends on the molecular volume of solvent 

(v1), volume fraction of polymer within the coating layer (Φp), the Flory-Huggins 

interaction parameter (χ), particle radius (a), polymer layer thickness (w) and the distance 

between the particle centers (R) and can be given as follows for three different regions:31,120-

122 

 

 

  

 

 

 

 

The elastic repulsive energy results (Velas) from the entropy loss that occurs upon the 

compression of the coating layer and is considered to give a significant contribution when 

the distance between particles does not exceed the particle diameter. Taking all these 

interactions into consideration the extended DLVO theory calculates the total interaction 

energy: 

 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣 + 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒                             (𝐸𝐸𝐸𝐸: 1.17) 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = 0, (2𝑤𝑤 ≤ 𝑑𝑑)                                                        (𝐸𝐸𝐸𝐸: 1.14) 
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Extended DLVO theory can be useful in studying the aggregation in aqueous environments 

because dissolved organic matter and proteins that can adsorb on nanoparticle surfaces are 

often polymeric in nature with a large number of functional groups consisting carboxylate 

and phenolic groups.84,115,123 However, the extent of steric stability will greatly depend on 

the mode of adsorption; chemisorbed compared to more weakly physisorbed. Changes in 

the environmental milieu can result in displacement of the steric stabilizers and release the 

potentially reactive nanomaterials. 

 

1.4 Implications for the Environmental Fate,  
             Transport and Toxicity  

 Released nanoparticles in the environment, even those of the same bulk composition, can 

have different properties based on its initial application and the surface properties.9 They can be 

primary particles, aggregated particles, particles embedded in a matrix or functionalized.16 

Depending on environmental factors such as pH, ionic strength, presence of complexing molecules 

the surface chemistry of these particles can be modified resulting in de-aggregation, aggregation 

and surface ligand adsorption. The final form of the nanoparticles in the environment will largely 

impact their distribution, uptake and toxicity.124 Surface ligand adsorption impacts both the 

dissolution and aggregation of these materials. Dissolution results in mobilization of ions and 

smaller nanoparticles and with the aid of complexing molecules they can be taken up by plants and 

animals as well. Nanomaterials are expected to have enhanced dissolution properties relative to the 

bulk but detailed studies on the relationship between nanoparticle structure, nanoparticle size and 

dissolution are lacking.105 Aggregation in turn affects dissolution of these nanomaterials. Therefore, 

despite the broad classification introduced in section 1.2 surface ligand adsorption, dissolution and 

aggregation are processes which are dependent on one another. Thus changes in one process can 

potentially affect the others. This makes investigations in the aqueous phase to be extremely 
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challenging. Furthermore the complexities of aqueous environmental matrices can intervene with 

obtaining any useful information on nanomaterial fate, transport and toxicity. 

 There is a debate in the scientific community on existing high concentration-high 

toxicity relationship because high concentration of nanomaterials leads to high degree of 

aggregation that can potentially result in “bulk-like” material with no “nano effects” 

whereas the actual risks are affiliated with much lower level concentration of the same 

materials.23,125  Although these terms “bulk like” materials with no “nano effects” is used, 

they are not scientifically useful from a number of perspectives.  While aggregation will 

result in a much larger secondary particle size, the density of the aggregate will not be the 

same as the bulk but instead will depend on the packing of the nanoparticles.  Second, the 

highly active surfaces of the nanoparticles that make up the aggregate can disappear in 

some cases (e.g. PbS – vide supra) in other cases they can simply be buried (e.g. Cu – vide 

supra).  The extent of the accessibility of these interfaces will depend on the density of the 

aggregate and the packing of the particles that make up the aggregate. Under conditions 

where dissolution occurs within the aggregates, these buried reactive surfaces can become 

exposed (Figure 1.4).     

 Furthermore, it can be debated that there are at least two scenarios of concern with 

respect to nanomaterials in the environment.  The first is that there will be a persistent low 

level of nanomaterials in the environment that have the potential to be harmful from a long 

term exposure level perspective.  The second scenario relates to large plumes of 

nanomaterials getting into the environment as a result of an episodic event that includes a 

disaster such as an explosion of a factory producing large quantities of nanomaterials. Since 

metal-based nanomaterials are dynamic not static entities and change significantly over 

time and under different environmental conditions it is important to understand their 

interactions leading to the respective transformations in order to better understand and 

regulate the implications. 
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1.5 Introduction to Thesis Chapters 

 The broad, overall objective of the research presented in this dissertation was the 

determination of fate and transformation of engineered metal based nanomaterials in 

aqueous environments as a function of physical properties (f[size, morphology]) and 

solution conditions (f[pH, ionic strength, solution ligands]). All projects were conducted 

both macroscopically as well as at the molecular scale to understand the fundamentals 

governing the environmental processing.  

 In chapter 2, the general experimental protocols and instrumental techniques used 

to achieve the overall objective are outlined. The experiments were classified into four 

sections; (1) physicochemical characterization (2) aqueous phase ligand adsorption (3) 

quantitative nanoparticle dissolution and (4) nanoparticle-nanoparticle interactions and 

aggregation. Physicochemical characterization was conducted using transmission electron 

microscopy (TEM), powder X-ray diffraction (p-XRD), BET surface area measurements 

and X-ray photoelectron spectroscopy (XPS). Both surface and bulk characterizations are 

conducted to identify any specific surface contributions towards environmental processing. 

The well characterized materials are used in the quantitative batch studies to investigate 

both ligand adsorption and nanoparticle dissolution using high performance liquid 

chromatography (HPLC) and inductively coupled plasma optical emission spectroscopy 

(ICP-OES) respectively. Spectroscopic analyses with attenuated total reflectance Fourier 

transform infrared (ATR-FTIR) spectroscopy was used to probe the liquid –solid 

interphase at the nanoparticle surface to understand the molecular interactions. Dynamic 

and static light scattering techniques were used to study the aggregation behavior under a 

wide range of solution conditions. Surface charge measurements were used to compliment 

the aggregation behavior observed. 

 In chapter 3, the focus is on understanding the impact of ligand adsorption on the 

aggregation and the effect on mobilization. To probe these behaviors TiO2 nanoparticles 

were used due to their heavy use leading to the high risk of release into the environment. 
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The adsorption of citric acid which is a representative ligand in both environmental and 

biological media was studied as a function of solution pH. The pH dependent adsorption 

of citric acid on TiO2 nanoparticles as shown in the study drastically altered the aggregation 

behavior of the nanoparticles. These alterations were also in turn pH dependent. 

Furthermore, the spectroscopic studies revealed that the surface speciation of adsorbed 

citric acid can be different from the solution.  The DLVO theory calculations using the 

surface charge measurement complimented the observation of dynamic and light scattering 

techniques. 

 In chapter 4, the implications of aging on the environmental processing of metal 

based nanoparticles are investigated. Here an oxidized sample of copper nanoparticles 

(thick CuO coating) was compared to newly purchased Cu nanoparticles (thin oxide 

coating). Both samples were purchased from the same vendor and the aged sample was 

stored under ambient conditions for 3 years. The extensive physicochemical 

characterization revealed that both physical and chemical properties of these particles have 

changed. These changes were in fact reflected in their environmental processing with lower 

levels of dissolution, different modes of ligand adsorption and different aggregation 

behavior. This provides good evidence of metal oxide nanoparticles as dynamic entities 

with constantly changing properties. The ligands used in this study were citric and oxalic 

acid. 

 In chapter 5, the size dependent dissolution of ZnO nanoparticles and the effect of 

complexing ligands on the size dependent behavior are discussed. The dissolution was 

conducted at pH 7.5 and in the absence of ligands was indeed size dependent. However, 

the size dependent dissolution was completely masked in the presence of citric acid which 

enhanced the dissolution by several folds. Nevertheless this effect was very much ligand 

specific as the size dependence was retained in the presence of bovine serum albumin 

(BSA). Furthermore, in this study the dissolution measurements were used to estimate the 

surface energy of the ZnO nanoparticles using a classical model. This resulted in an 
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underestimation of surface energy as a result of lack of surface details accounted for in the 

model. This highlighted the importance of incorporating surface contributions in the 

prediction models for nanoparticles in solution which are obviously quite different from 

the fine particles in micron scale.  

 In chapter 6, a detailed spectroscopic investigation of histidine adsorption on TiO2 

nanoparticles in conjunction with batch adsorption studies is presented. This was aimed at 

better understanding the nano-bio interactions as histidine is an essential amino acid found 

as a component in many biomolecules. The spectroscopic data suggested strong 

interactions between the imidazole side chain and the carboxylate functional groups with 

the nanoparticles. However the adsorption was also reversible and therefore by fitting the 

batch adsorption data to the Langmuir isotherm the free energy, adsorption equilibrium 

constant and maximum adsorption was calculated. The experiments were conducted at pH 

7.4 in order to simulate physiological conditions. The aggregation experiments showed that 

unlike citric acid, histidine has no impact on the aggregation.  

 The conclusions and future directions for this research are given in Chapter 7. 

Collectively, these studies will contribute towards the growing database on the potential 

environmental and health implications of nanoscience and nanotechnology.  In particular, 

it is expected that these studies will help answer questions concerning the transformation 

and fate of manufactured nanomaterials and will also provide an understanding of the 

unique surface properties and surface chemistry of nanoparticles.   
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CHAPTER 2 

EXPERIMENTAL METHODS 

 

The research presented in this dissertation was conducted using a variety of 

experimental methods and techniques in order to investigate the aqueous phase behavior 

of engineered metal based nanoparticles. By using both macroscopic and microscopic scale 

analyses along with the extensive physicochemical characterization of the materials it is 

expected that this research will contribute towards developing a conceptual framework for 

understanding the fate, transport and potential toxicity of nanomaterials. Furthermore, the 

studies conducted here are envisioned to aid in their safe design. This chapter outlines the 

general experimental protocols. The specific details of each project is discussed in greater 

details in the respective chapters as these protocols were tailored to investigate different 

aspects of the aqueous phase behavior. 

 

2.1 Physicochemical Characterization Techniques 

2.1.1 Transmission Electron Microscopy (TEM)  

 The size and the morphology of engineered metal oxide nanoparticles were 

determined by JEOL JEM-1230 Transmission Electron Microscope (TEM). Sample 

preparation for the TEM analysis is as follows. A dilute suspension of nanoparticles in 

water was sonicated for 30 minutes. A TEM grid was dipped in this suspension and was 

dried overnight in a desiccator. Once dried the TEM analysis was performed. The TEM 

grids were carbon coated Cu grids (CF150-Cu) purchased from Electron Microscopy 

Sciences. The nanoparticle size was given as the average diameter of 100 – 300 particles.  

 

2.1.2 Powder X-ray Diffraction 

 Bulk crystalline phases of the nanoparticles were examined using powder X-ray 

Diffraction. Dry powder samples were placed in a 0.2µm well sample holder and pressed 
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with a glass slide to get a smooth surface. A Rigaku Miniflex II Diffractometer with a Co 

source was used to collect the XRD patterns between angles of 2θ from 25o – 90o. 

 

2.1.3 BET Surface Area Measurements 

 Brauner-Emmett-Teller (BET) analysis using the seven-point N2-BET adsorption 

isotherm was performed with a Quantachrome 4200e surface area analyzer to determine 

the specific surface area (m2/g) of nanoparticle dry powders. The sample was placed in the 

calibrated cell and degassed overnight at 100 0C prior to the analysis. The physical 

adsorption of N2 gas on the nanomaterial surface is quantified using its relative pressures 

(P/P0). The slope and the intercept of seven point N2-BET adsorption isotherm (eq. 2.1), 

yield the monolayer coverage of the adsorbed N2 gas. 

  

 

 

Here W – Weight of the adsorbed N2 gas, Wm – Weight of the adsorbate constituting a 

monolayer and C is a constant. The specific surface area was reported as the average of 

triplicate measurements. 

 

2.1.4 X-ray Photoelectron Spectroscopy (XPS) 

 X-ray photoelectron spectroscopy is used in probing the nanoparticle surfaces to 

identify the surface functional groups, surface elemental composition and the 

corresponding oxidation states. XPS ejects core electrons using X-rays to induce relaxation 

of higher energy level electron into a lower energy level, simultaneously releasing a 

photoelectron with a characteristic binding energy (EB). The kinetic energy (Ek) of the 

photoelectron is measure which is related to its binding energy according to the Einstein 

equation, 

𝐸𝐸𝐵𝐵 = ℎ𝑣𝑣 − 𝐸𝐸𝑘𝑘 − 𝜑𝜑                                                    (𝐸𝐸𝐸𝐸: 2.2) 
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where φ is the work function of the spectrometer. The sample preparation consists of 

pressing the nanoparticle sample on to the indium foil mounted on the XPS stub. Then the 

sample was placed in the analysis chamber with its pressure maintained at 10-9 Torr. The 

collected data was analyzed using CasaXPS data processing software. 

 

2.2 Aqueous Phase Ligand Adsorption Studies 

2.2.1 High Performance Liquid Chromatography (HPLC) 
             – Quantitative Batch Adsorption Measurements   

 Ligand adsorption by nanoparticles was quantified using the Dionex Ultimate 3000 

Dionex HPLC system equipped with a UV-visible diode array detector. The sample 

preparation for batch adsorption studies was conducted according to the following 

protocol. A fixed solid loading of nanoparticles (2g/L) was suspended in a series of known 

ligand concentrations in scintillation vials and allowed to mix overnight one and end-over-

end circular rotator (Cole-Palmer) to ensure equilibrium adsorption. Then aliquots of these 

solutions were filtered with 0.2 µm (Xpertec) syringe driven filters, centrifuged and the 

supernatant was analyzed for the remaining ligand concentration using the HPLC analysis. 

The amount of ligands adsorbed at the equilibrium was calculated by taking the difference 

between the initial and final concentrations. The mobile phase and the detector parameters 

varied according to the ligand of interest and are given in detail in the respective chapters.  

 
2.2.2 Attenuated Total Reflectance Fourier Transform  
            (ATR-FTIR) Spectroscopy – Molecular-based Surface  
            Adsorption  

 Ligand adsorption at the solid-liquid interface region was studied at the molecular 

scale using ATR-FTIR spectroscopy. This is based on the phenomenon of total internal 

reflection of IR radiation at the boundary between two media.82,126,127 A light beam 

undergoes total internal reflection when it is propagating in an optically dense medium (n1) 

and approaches the optically rare medium (n2) with an angle of incidence (θ) greater than 
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the critical angle (θc). This creates an evanescent field in the optically rare medium with 

electric field amplitude that decays exponentially with the distance from the surface. The 

penetration depth (dp) is defined as the distance required to decreases the electric field 

amplitude to e-1 of its value at the surface which is given by, 

 

𝑑𝑑𝑝𝑝 =  
λ

2𝜋𝜋𝑛𝑛1𝑛𝑛2(𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 − 𝑛𝑛212 )1/2                                               (𝐸𝐸𝐸𝐸: 2.3)  

where λ is the wavelength and n21 = n2/n1. The magnitude of dp is 1.46 µm for the AMTIR 

crystal. Therefore it is an excellent probe to study the interfacial region in the presence of 

strongly absorbing solvents as water. In a typical ATR-FTIR experiment, a thin film was 

generated on the AMTIR crystal (Figure 2.1) by making a suspension of nanomaterial and 

then drop-cast on to the ATR crystal. Then the liquid phase is pumped over the film using 

the flow cell and changes in the IR spectra was monitored and analyzed. Solution phase 

spectra were collected in each case for comparison. 

 

 

 

 

 

 

 

 

 

Figure 2.1: Schematic representation of a typical ATR-FTIR experimental setup. 
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ATR-FTIR spectroscopy also provides quantitative information of the liquid-solid 

interface. Depending on the size of the ATR crystal the radiation can undergo single or 

multiple reflections. The absorbance obtained by this technique when multiple reflections 

occur is not a classical measurement (continuous absorbance of light over a continuous 

path length) but a summation of discrete reflections.127 However this difference is reported 

to be insignificant in the literature and therefore the spectra collected allows calculating the 

concentration (c) of adsorbed species using the Beer’s law given by 

𝐴𝐴 = 𝜀𝜀𝜀𝜀𝜀𝜀 = 𝜀𝜀𝜀𝜀𝑑𝑑𝑝𝑝                                                     (𝐸𝐸𝐸𝐸: 2.4) 

where ε is the molar absorption coefficient and n is the number of internal reflections at 

the ATR element interface.126,127 

 

2.3 Quantitative Nanoparticle Dissolution Studies 

 The aqueous phase dissolution was quantified using a Varian inductively coupled 

plasma optical emission spectrophotometer (ICP-OES). Here the nanoparticle suspensions 

were allowed to mix for 24 hours on the end-over-end Cole Palmer rotator and aqueous 

phase was filtered and centrifuged. The supernatant was diluted appropriately using 1 M 

HCl solution and analyzed for the dissolved ions using ICP-OES. Two different methods 

were employed in the centrifugation steps depending on the extent of aggregation. For 

particles forming large aggregates (≥ 200 nm) 0.2 µm (Xpertec) syringe driven filters were 

used and the filtrate was centrifuged for 14,000 rpm for 20 minutes. However, if the 

aggregate sizes were small (< 200 nm) Amicon Ultra-4 centrifugal filter units (1-2 nm pore 

size, Millipore) were used and centrifuged at 7500 rpm for 30 minutes. For the ICP-OES 

analysis five standard solutions with known ion concentrations were used. The supernatant 

collected after the filtration and centrifugation is imaged using TEM in order to ensure no 

nanoparticles are getting through the filters. 
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2.4 Nanoparticle-Nanoparticle Interactions and  
             Aggregation Studies 

2.4.1 Sedimentation Profiling using Static Light Scattering 

 Sedimentation profiles of nanoparticles in the aqueous suspensions yield qualitative 

information of aggregation. Those of which aggregate heavily sediments at a faster rate 

than the ones aggregating to a lesser extent. This faster sedimentation results in decreasing 

scattering intensity as a function of time in contrast to constant scattering intensity for 

stable suspensions.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 2.2: Calibration series for TiO2 sedimentation measured at 508 nm. The suspensions were 
prepared by mixing TiO2 nanoparticles in 0.03 M NaCl solutions and then leaving the suspension 
overnight to achieve the equilibrium aggregate sizes. 
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Sedimentation profiles are obtained by sonicating nanoparticle suspensions for a fixed 

period of time, equilibrating for 24 hours to achieve steady state aggregation and measuring 

the absorbance at 508 nm as a function of time. The absorbance is considered to be 

proportional to the light scattered by the nanoparticles in the solution. Figure 2.2 illustrates 

that particle concentration is directly proportional to light scattering at this wavelength. 

The suspensions were agitated immediately prior to the analysis.  

 

2.4.2 Dynamic Light Scattering (DLS) – Hydrodynamic  
            Diameter 

 Nanoparticle aggregation in the aqueous medium is quantitatively investigated by 

dynamic light scattering. The particles in a suspension undergo Brownian motion as a result 

of the random collisions with the solvent molecules causing diffusion. The diffusion 

coefficient (D) of a spherical particle size according to the Stokes-Einstein equation, 

 

 

where kB is the Boltzmann constant, η is the viscosity, T is the absolute temperature and d 

is the hydrodynamic diameter. In the DLS instrument, a laser beam was directed through 

the nanoparticle suspensions causing scattering as a result of this motion. Thus the intensity 

fluctuations as function of time is monitored and analyzed using autocorrelation functions. 

This is illustrated in Figure 2.3. The decay constant of these functions are related to the 

diffusion coefficient of the particles of the medium which is used to calculate the 

hydrodynamic diameter from Eq: 2.5. Hydrodynamic diameter gives a more realistic view 

of the nanoparticle size in the aqueous medium which is always larger than the primary 

size as a result of aggregation. This is a quantitative size analysis technique complimentary 

to the sedimentation profiling. The sample preparation for DLS analysis consists of 

𝐷𝐷 =
𝑘𝑘𝐵𝐵𝑇𝑇

3𝜋𝜋𝜋𝜋𝜋𝜋
                                                                              (𝐸𝐸𝐸𝐸: 2.5) 
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sonicating the nanoparticle suspension and allowing 24 hr to achieve the steady state 

aggregation. The sample was agitated to re-suspend the particles prior to analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 
 
 

Figure 2.3: Determination of particle size by dynamic light scattering. 

 

 

2.4.3 Zeta Potential – Surface Charge Measurements 

 The surface charge of nanoparticles plays a key role in their suspension stability 

and aggregation behavior. This was measured by the zeta potential mode of the DLS 

instrument in order to better explain the aggregation patterns of the nanoparticles of 

interest. Zeta potential is the potential between the particle surface and the “slipping plane” 

of the “electrical double layer”. Particles suspended in the aqueous medium have charged 
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surfaces (negative or positive). Thus in order to maintain the electric neutrality opposite 

charged ions in the medium attracts to the surface forming ion clusters and ionized layers. 

This region is referred to as the “electrical double layer”. The counter ion concentration 

gradually decreases with the distance from the surface. This double layer is further divided 

into the Stern layer and the diffuse layer. The ions in the Stern layer are strongly attracted 

to the surface and the ions in diffuse layer are in motion. When the particles undergo 

Brownian motion, not only the ions in the Stern layer but also a portion in the diffuse layer 

moves. The boundary in diffuse layer at which the ions move with the particle is referred 

to as the “slipping plane” (Figure 2.4).  

   

 
 

 

 

 

 

 

 

 
Figure 2.4: Schematic diagram representing the concept of zeta potential. 

 
 
 

In the zeta potential mode of the DLS instrument the nanoparticles were placed in an 

electric field and the velocity of the particles was measure by electrophoretic light 

scattering. The frequency of the laser light scattered by the particles is different from the 

incident light and the frequency shift (νD) is related to the particle mobility (U) by, 
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where λ is the wavelength of the incident light, n is the refractive index of the medium and 

θ is the scattering angle. Then for aqueous solutions containing electrolytes the zeta 

potential is calculated from, 

 
 

where ε0 and εr are the dielectric constants in vacuum and of the solvent respectively. The 

sample preparation for zeta potential measurements consists of sonicating the nanoparticle 

suspension and allowing 24 hr equilibrate. The sample was agitated to re-suspend the 

particles prior to analysis. 
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CHAPTER 3 

CITRIC ACID ADSORPTION ON TiO2 NANOPARTICLES IN AQUEOUS 

SUSPENSIONS AT ACIDIC AND CIRCUMNEUTRAL pH: SURFACE COVERAGE, 

SURFACE SPECIATION AND ITS IMPACT ON NANOPARTICLE-

NANOPARTICLE INTERACTIONS 

 

3.1 Abstract 

Citric acid plays an important role as a stabilizer in several nanomaterial syntheses 

and is a common organic acid found in nature. Here, the adsorption of citric acid onto TiO2 

anatase nanoparticles with a particle diameter of ca. 4 nm is investigated at circumneutral 

and acidic pHs. This study focuses on both the details of the surface chemistry of citric 

acid on TiO2, including measurements of surface coverage and speciation, and its impact 

on nanoparticle behavior. Using macroscopic and molecular-based probes, citric acid 

adsorption and nanoparticle interactions are measured with quantitative solution phase 

adsorption measurements, attenuated total reflection-FTIR spectroscopy, dynamic light 

scattering techniques, and zeta-potential measurements as a function of solution pH. The 

results show that surface coverage is a function of pH and decreases with increasing pH. 

Surface speciation differs from the bulk solution and is time dependent. After equilibration, 

the fully deprotonated citrate ion is present on the surface regardless of the highly acidic 

solution pH indicating pKa values of surface adsorbed species are lower than those in 

solution. Nanoparticle interactions are also probed through measurements of aggregation 

and the data show that these interactions are complex and depend on the detailed interplay 

between bulk solution pH and surface chemistry. 
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3.2 Introduction 

Citric acid is a tricarboxylic acid, with pKa1 = 3.13, pKa2 = 4.76, pKa3 = 6.40, that 

can form several species (H3Cit, H2Cit-, HCit2-, and Cit3-) depending on solution pH (Figure 

3.1). In addition to its natural abundance in the environment, citrate ion is often used in 

nanomaterials synthesis to control both the size and morphology of nanomaterials. Because 

the citrate ion is a useful capping group that can undergo facile exchange with other 

functional groups, it is an important surface ligand for the preparation of a wide range of 

nanomaterials with complex surface functionality that can be used in a number of 

biomedical and sensor applications.128-131 Furthermore, Yin et al. and Liu et al. report 

selective formation of anatase nanocrystallites from TiCl4 in hydrothermal autoclaving in 

the presence of organic acids including citric acid.132,133 These studies show that phase 

composition and size control are sensitive to the organic acid used due to surface adsorption 

during crystal growth.  

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.1: Citric acid (pKa1=3.13, pKa2=4.76, pKa3=6.40). (a) Molecular structure and 
deprotonation  (b) Calculated relative speciation of citric acid from pKa values as a function of pH. 
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 Citric acid is also found in human plasma (0.1 mM) that can result in its interaction 

with foreign species entering the body.134 Additionally, the estimated total organic acid 

concentration in soil solutions has been reported to be in the range of 10-100 µM and can 

reach as high as 1 mM in the rhizosphere.135 These organic acids are being heavily studied 

as a result of their role in mineral dissolution, detoxification of metals as chelating agents, 

and ultimately determining the fate and transformation of inorganic pollutants.136-138 Citric 

acid based studies are also considered to be good analogues for the functional groups in 

more complex humic acids that can provide insight into adsorption mechanisms.  

The focus of this study is on surface adsorption and surface chemistry of citric acid 

on ca. 4 nm TiO2 (anatase) at circumneutral and acidic pH as nanoparticle surfaces play a 

key role in their behavior. Although our particular interests are related to the chemistry of 

nanomaterials in the environment, the results of this study can be more broadly applied to 

understanding the detailed surface chemistry of this important ligand. In particular, the 

adsorption of citric acid has been studied here with emphasis on pH effects using 

quantitative solution phase adsorption measurements to determine surface coverage and 

ATR-FTIR spectroscopy to probe surface speciation. Additionally, nanoparticle-

nanoparticle interactions and the stability of nanoparticle suspensions with and without 

citric acid have been followed with light scattering techniques as a function of pH. 

Although few studies integrate these different types of measurements to provide a 

quantitative description of surface coverage, surface speciation, and nanoparticle 

interactions, there is the potential to gain additional insights into the adsorption of citrate 

on nanoparticle surfaces by integrating these experimental results. Thus, the current study 

provides important insights into the use of citrate as a capping agent and stabilizer of 

nanoparticles in aqueous suspensions. It also provides much needed experimental data on 

the interactions of nanomaterials with common ligands found in the environment. 
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3.3  Experimental Methods 

3.3.1 Nanoparticle Characterization  

Powder X-ray diffraction (XRD) was used to determine the bulk crystalline phase 

of TiO2 nanoparticles. Diffraction patterns were collected using a Rigaku Miniflex II 

diffractometer with a Co source. The specific surface area of the particles was determined 

from seven-point N2-BET adsorption isotherm measurements using a Quantachrome 4200e 

surface area analyzer. Samples were degassed for 3 h at 573 K prior to the analysis. 

 

3.3.2 Quantitative Solution Phase Adsorption/Desorption  
            Studies. 

Adsorption and desorption studies were conducted at pH 2.0, 4.0, 6.0, and 7.5. 

Stock solutions of 100 mM citric acid were prepared at pH 2.0, 4.0, 6.0, and 7.5 at 293 K. 

Solutions at pH 2.0 and 4.0 contained 0.01 and 0.0001 N HCl solutions, while solutions at 

pH 6.0 and 7.5 contained 25 mM of MES and HEPES, respectively. pH adjustment at 

higher pHs was done by NaOH solution (8 M). As a result of the ionic strength of pH 2.0 

solution and pH adjustments, all the solutions were prepared to have an ionic strength of 

0.03 M NaCl. The adsorption experiments were conducted according to the following 

protocol. 

From the solutions prepared above, 6 mL aliquots were added into 7 mL glass vials. 

To each of these vials, appropriate volumes of citric acid (100 mM) were added to obtain 

a concentration range of 0.1-5 mM in the reactors. Prior to the addition of the solid, 1 mL 

of sample was drawn out from each vial for the quantification of the initial citric acid 

concentration. A TiO2 solid loading of 2.0 g/L in the reactors was used. After mixing, the 

reactors were crimp sealed, covered in aluminum foil to inhibit any photo-induced 

chemistry, and mixed on a Cole-Parmer circular rotator for 24 h. After completion of the 

mixing, suspension pH was measured. Then, from each reactor two aliquots (∼1 mL each) 
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were drawn out with a disposable syringe, passed through a 0.2 µm syringe-driven filter 

(Xpertec) into separate centrifugation vials, and centrifuged at 14000 rpm for 20 min to 

separate the solution from the TiO2 nanoparticles. 

One set of these samples was analyzed using an Agilent HPLC equipped with a 

diode array UV-vis detector at 226 nm using 0.01N H2SO4 as the mobile phase. The 

instrument response was measured with respect to known standards of citric acid and 

converted into aqueous phase concentrations. The standards were prepared fresh for each 

set of reactors. The concentration of the adsorbed citric acid was then determined using the 

difference of the initial and final citric acid concentrations in the aqueous phase. 

Experiments were conducted to investigate the reversibility of citric acid adsorption 

onto TiO2 nanoparticles. For an adsorption study conducted with 3 mM of citric acid, the 

suspension was divided into five 1 mL aliquots and centrifuged for 20 min. The supernatant 

was decanted off and the remaining particles were re-suspended in fresh solutions of the 

same initial pH and transferred to a 7 mL glass vial, and the same procedure as in the 

adsorption study carried out to obtain the amount of citric acid in the solution. 

 

3.3.3 Quantitative Solution Phase Nanoparticle Dissolution  
            Studies. 

 A second set of the samples discussed above for quantitative adsorption 

measurements were analyzed using a Varian Inductively Coupled Plasma Optical Emission 

Spectrophotometer (ICP-OES) for any dissolved titanium. These centrifuged samples were 

diluted to 5 mL with 1 M HCl solutions prior to analysis. 
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3.3.4 ATR-FTIR Spectroscopy for Molecular Level Adsorption  
            Studies.  

 Solution phase attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy measurements were recorded of 100 mM citric acid solutions prepared at 

several different pH values (pH 2.0, 4.0, 6.0, and 7.5) using a Thermo-Nicolet FTIR 

Spectrometer equipped with a MCT/A detector. Additionally, citric acid adsorption onto 

TiO2 surface was also probed with ATR-FTIR spectroscopy. For surface adsorption 

studies, a thin, evenly coated TiO2 film was deposited onto an AMTIR crystal element in a 

horizontal ATR cell (Pike Technologies, Inc.). The film was prepared by placing a 

suspension of TiO2 (1.5 mg in 1 mL of Optima water) onto the crystal and drying overnight. 

The deposited film was slowly flushed with a stream of water to eliminate any loosely 

bound particles. Citric acid solutions (0.1, 0.2, 0.5, 1, 2, 5, and 10 mM) of constant ionic 

strength were prepared and then introduced into the horizontal cell. Initially, spectra were 

collected after 5 min. Additional experiments were conducted at pH 2.0 and pH 6.0 for 

longer periods of time to equilibrate the solution. Spectra were collected in the spectral 

range extending from 500 to 4000 cm-1 at an instrument resolution of 4 cm-1. 

 

3.3.5 Nanoparticle-Nanoparticle Interactions and  
            Aggregation Measurements 

 Nanoparticle-nanoparticle interactions and the aggregation behavior of 4 nm TiO2 

particle suspensions at 0.03-0.04 M ionic strength were examined at pH 2.0, 4.0, 6.0, and 

7.5. Sedimentation experiments were conducted with a UV-vis spectrometer by monitoring 

the changes in the light scattering when passed through TiO2 suspensions (2.0 g/L) as a 

function of time. Suspensions were prepared in a 1 cm path length cuvette, agitated, and 

placed in the UV-vis instrument and the amount of transmitted light (λ = 508 nm) was 

measured over time. The solutions were left overnight to reach the steady state aggregation, 
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and therefore, no aggregation was assumed to occur during the time of the measurement. 

Therefore, the sedimentation is solely attributed to the gravitational settling depending on 

the particle size. A linear relationship between the scattered light and the TiO2 suspension 

concentrations was observed for particle suspension concentrations of 0.5-2.0 g/L at 508 

nm (Figure 2.2). 

 A commercial dynamic light scattering (DLS) instrument (Malvern Zetasizer Nano 

ZS) equipped with a green laser at 532 nm was used to obtain the size distribution of 

aggregates in the absence and the presence of citric acid. For DLS measurements, 

suspensions were prepared at 0.01 g/L solid loading of TiO2 in appropriate pH solutions. 

The pH solutions were passed through a 0.2 µm syringe driven filter to minimize the 

influence of unwanted dust particles. Samples were allowed to sit overnight to ensure the 

aggregation had reached its steady state. Aggregate sizes were studied over a range of citric 

acid concentrations (0-0.2 mM). 

 In addition, the surface charge of the nanoparticles was measured using the zeta 

potential mode of the Malvern Zetasizer Nano ZS. All suspensions were prepared to have 

a solid loading of 0.05 g/L, 0.1 mM of citric acid, and a fixed ionic strength of 0.03 M. The 

suspensions were allowed to equilibrate for 24 h after mixing. Measurements were made 

at pH 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0. These experiments were also conducted in the absence 

of citric acid.  

 

3.4 Results and Discussions 

3.4.1 Nanoparticle Characterization.  

 XRD analysis confirmed that the TiO2 nanoparticles consist entirely of anatase. The 

measured surface area using a seven-point BET analysis showed an average value of 219±3 

m2/g from four replicate measurements. A previous TEM characterization of these 5 nm 

particles has shown a size distribution between 2 and 5 nm with an average nanoparticle 

diameter of 3.5±1.5 nm.139 These nanoparticles are referred to as 4 nm particles herein.  
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3.4.2 Citric Acid Adsorption on TiO2 Nanoparticles at  
            T=293K: Surface Coverage as f(pH).  

 Citric acid adsorption on 4 nm TiO2 nanoparticles was carried out at pH 2.0, 4.0, 

6.0, and 7.5. For 2 g/L of TiO2 nanoparticles, the initial and the final pH of the reactors 

were the same for pH 2.0, 6.0, and 7.5, while the reactors with initial pH 4.0 was raised to 

values ranging from pH 4.5 to 5.5. The general trend of citric acid adsorption onto the TiO2 

nanoparticles is a decrease with increasing solution pH. The surface area normalized uptake 

of citric acid at saturation coverage is given in Table 3.1 and goes from 9.7±0.4 ×1013 to 

3.1±0.4 ×1013 molecules cm-2 at the lowest and highest pH values of 2.0 and 7.5, 

respectively. Saturation coverage was determined to occur at concentrations greater than 2 

mM (Figure 3.2) and these values represent the average of four different independent 

measurements of solution phase concentrations between 2 and 5 mM.  

 

 
Table 3.1: Quantitative measurements of saturation surface coverage for citric acid on TiO2 
nanoparticles in solution at pH 2.0, 4.0, 6.0 and 7.5. 
 
 

pH Surface coverage (molecules cm-2) 

2.0 9.7 ± 0.4 x 1013 

4.0 7.5 ± 0.3 x 1013 

6.0 6.3 ± 0.5 x 1013 

7.5 3.1 ± 0.4 x 1013 
 

 

 

The decrease in surface coverage by over a factor of 3 is not unexpected since the surface 

charge of TiO2 nanoparticles and the citric acid species increase in negativity 

simultaneously with the increasing pH. Zeta potential measurements showed a zero point 
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charge pH (pHzpc) of TiO2 nanoparticles to be pH 4.2 in the absence of citric acid. This 

value is close to the pHzpc (pH 4.6-6.5 for sizes between 3.6 and 8.1 nm) reported in the 

literature for TiO2 nanoparticles of this size. Therefore, the surface charge of these particles 

is mostly positive for pH<4.0 and negative for pH>4.0.114  

 As shown in Figure 3.1, the major fraction of citrate species in the solution is 

neutral/monoanionic, mono/ dianionic, and trianionic in these three pH ranges of <4.0, 

between 4.0 and 6.0, and >6.0, respectively. As the solution pH increases, the repulsive 

forces between the nanoparticles and the negatively charged anions increase resulting in 

the observed decrease in the uptake.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2: Isotherms for the adsorption of citric acid on TiO2 nanoparticles at 293 K and pH 2.0, 
4.0, 6.0 and 7.5. A plateau is seen above citric acid concentrations of 2 mM indicating saturation 
coverage. The saturation coverage, i.e. the maximum number of adsorbed molecules cm-2 is 
determined using the specific surface area as determined by BET analysis.  
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This observed trend is in good agreement with previous studies on citric acid adsorption 

by goethite.137,138 However, the degree of drop in citric acid uptake is smaller for the 

nanoscale TiO2 particles compared to that of goethite in these studies with the 3-fold 

decrease when going from pH 5.5 to pH 8.0 for goethite in contrast to the 3-fold decrease 

from pH 2.0 to pH 7.5 for TiO2 nanoparticles. 

 Reversibility measurements showed that the adsorption of citric acid at all pH 

values was irreversible. Furthermore, the ATR-FTIR experiments showed no decrease in 

the peak intensities when the citrate adsorbed TiO2 surface was washed with water which 

confirmed the results of the reversibility studies. Studies of citric acid adsorption onto iron 

and aluminum oxides have shown inner-sphere complexes forming on the surface in the 

pH range considered.137,138,140 Since inner-sphere surface complexation typically represents 

a more strongly coordinated surface species that can be irreversible at 293 K, it can be 

proposed that citric acid adsorption on TiO2 nanoparticles is mostly likely inner sphere in 

nature (vide infra). 

 
3.4.3 Citric Acid Adsorption on TiO2 Nanoparticles  
            at T=293K: Nanoparticle Dissolution as a f(pH) with  
   and without the Presence of Citric Acid.  

 Although from thermodynamics, bulk TiO2 is known to be insoluble in aqueous 

media at 298 K, experimental observations have been made to suggest that for very small 

nanoparticles dissolution can occur given that solubility, due to size dependent surface free 

energies, is size dependent. Schmidt and Vogelsberger report that TiO2 precipitated by the 

hydrolysis of titanium tetraisopropoxide shows saturation dissolution at micromoles per 

liter and that particle size, morphology, pH, and temperature were shown to affect 

dissolution behavior.107 Because the current study is focused on 4 nm TiO2, measurements 

were done to determine if dissolution can occur for these nanoscale materials. Since citrate 

is potentially a polydentate adsorbate, it can form a strongly coordinating complex on the 

surface which can result in oxide dissolution associated with the simultaneous detachment 
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of two metal cations from the surface.140,141 However, ICP-OES studies showed no 

dissolution of TiO2 nanoparticles taking place in the presence of citric acid under all pH 

conditions investigated. 

 

3.4.4 Citric Acid Adsorption on TiO2 Nanoparticles at  
 T=293 K: Solution Phase Speciation Compared to 
  Surface Speciation as f(pH). 

 In solution, citric acid is fully protonated at pH 2.0, partially deprotonated at pH 

4.0 and 6.0, and it is fully deprotonated at pH 7.5 (Figure 3.1b). As shown in Figure 3.3, 

the fully deprotonated citrate ion has prominent absorption bands near 1570 and 1391 cm-

1 and a weak band around 1280 cm-1. The two prominent bands, 1570 and 1391 cm-1, are 

assigned to the asymmetric and symmetric stretching motions of the carboxylate group, 

respectively.136-138,140,142-145  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: ATR-FTIR spectra of 100 mM citric acid solutions at different solution pH. 
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The weaker band at 1280 cm-1 is assigned to coupled stretches and bends of the carboxylate 

group. With decreasing pH, the bands at 1570 and 1391 cm-1 diminish in intensity and at 

pH 2.0 are no longer present. Instead, absorption bands at 1722 and 1226 cm-1 are evident. 

These new bands correspond to the C=O stretching motion and coupled C-(OH) stretching 

and C-O-H bending motions, respectively.9-11, 14, 17-20 ATR-FTIR solution phase spectra 

agree well with the calculated speciation fractions shown in Figure 3.1b.  

 Spectroscopic measurements as a f(pH) gave useful information about the citrate-

surface adsorbed complex. ATR-FTIR spectra of adsorbed citric acid onto TiO2 

nanoparticles as a function of citric acid concentrations (ranging from 0.1 to 10 mM) and 

pH are shown in Figure 3.4. These spectra were recorded 5 min after introduction of the 

solution phase. A comparison of ATR-FTIR spectra recorded of 10 mM solution phase 

citric acid at all four pHs investigated to the spectra recorded in the presence of TiO2 (given 

by the dotted line) shows that there is no contribution of solution phase absorbance to the 

adsorbed spectra shown in Figure 3.4. 

 These ATR-FTIR spectra shown in Figure 3.4 provide information on surface 

speciation and indicate differences from speciation in solution. The most prominent 

difference between the solution spectra (Figure 3.3) and surface adsorbed spectra (Figure 

3.4) is observed at pH 2.0. The bands at 1570 and 1391 cm-1 which are not present in the 

pH 2.0 solution phase are present for adsorbed citric acid at pH 2.0. Furthermore, the band 

at 1722 cm-1 observed clearly in the solution phase spectrum and in fact the most intense 

band in the spectrum is seen to shift to 1717 cm-1 and is no longer the most intense band in 

the spectrum. The shift toward a lower value arises most likely as a result of the weakened 

C=O bond resulting from the interaction with the surface. 

 For other pH values, the spectra appear more similar between the solution phase 

and on the surface. However, upon closer inspection, it can be seen that the absorption 

bands for the surface adsorbed species are broad compared to solution phase. Furthermore, 

a shoulder peak at 1436 cm-1 can be observed in all the spectra.  
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Figure 3.4: ATR-FTIR spectra of adsorbed citric acid as a function of initial concentration (0.1, 
0.2, 0.5, 1.0, 2.0, 5.0 and 10 mM) at different pH: 2.0, 4.0, 6.0 and 7.5.  (Solid line – adsorbed 
phase, dotted line – 10 mM CA in solution phase) 

  

 

In the literature (Table 3.2) for the solution phase spectra, the shoulder at 1436 cm-1 is 

given as -CH2 – bending mode.146 However, by inspecting Figure 3.4 which gives the 

surface adsorbed citric acid spectra at pH 4.0, it can clearly be seen that there is a distinct 

band appearing at 1436 cm-1. This band, as it grows, overlaps with the absorption at 1398 
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Table 3.2: Vibrational frequencies (cm-1) and assignments of the solution phase and initially observed (t=5 min) adsorbed citric acid species on 
TiO2 Nanoparticles at pH 2.0, 4.0, 6.0 and 7.5. (Refs: 9-11, 14, 17-20) 

 

Mode of vibration 
pH 2.0 pH 4.0 pH 6.0 pH 7.5 

solution surface solution surface solution surface solution surface 

ν(C=O) 1722 1717 1720 1717 1721 - - - 

νas(COO-) - 1579 1570 1578 1570 1569 1570 1569 

νs(COO-) - 1400 
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1391 
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ν(C – OH)     1094  1094  

ν(OC – OH)+δ(OC – OH) 1226  1226  -  -  

δ(CH2) 1436  1436  1436  1436  

δ(O=C-O-)     1280 
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cm-1. These changes in spectral features suggest that the absorption bands in the surface 

spectra are a sum of several overlapping peaks. These observations support the proposed 

mode of citrate adsorption as an inner sphere complex, that is, inner sphere adsorptions are 

known to result in broader spectra and a higher splitting of several of the absorption 

bands.136  

 ATR-FTIR spectroscopy also reveals that the surface spectra are time dependent. 

Figure 3 shows this explicitly for pH 2.0.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.5: Molecular level analysis (a) ATR-FTIR spectra as a function of time show changes in 
surface speciation following adsorption of 10 mM citric acid at pH 2.0. (b) A plot of the normalized 
intensity of the νs(C=O) at 1717 cm-1 as a function of time. (c) Cartoon representation of surface 
adsorption of citric acid from solution at pH 2.0. 
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In these experiments, spectra were recorded as a function of time for up to 4 h. It can be 

seen from the spectra shown in Figure 3.5a that after 4 h the band at 1717 cm-1 has 

disappeared from the spectrum and is no longer present. The intensity of this peak plotted 

as a function of time (Figure 3.5b) clearly demonstrates this. These data show that, at pH 

2.0, the adsorbed species undergo deprotonation on the surface and yields the fully 

deprotonated citrate ion on the TiO2 nanoparticle surface (Figure 3.5c). These results 

suggest that there is an increase in the acidity of citric acid when adsorbed on the surface. 

In other words, the ability to deprotonate and the apparent pKa’s of citric acid have 

decreased upon surface complexation and are below 2. However, it should be noted that at 

pH 4.0 and at a concentration of 10 mM similar ATR-FTIR data show that the C=O stretch 

peak does not decrease with time arising possibly due to differences in the mode of 

adsorption at different pH values, suggesting that the details of the nature of adsorption 

sites and coordination mode play a role in surface speciation. 

 It has been proposed that citrate adsorption on goethite results in the formation of 

inner-sphere complex with citrate coordination to the surface via at least one carboxylate 

group.136 The spectra observed in the goethite study are similar to the spectra collected in 

this current study. With the observed deprotonation taking place on the surface, it can be 

proposed that the initial adsorption is via the carbonyl oxygen (C=O), which result in the 

increased polarization of the C-O-H bonds leading to rapid loss of H+ (Figure 3.5c). At pH 

2.0, all the carboxylic groups of the molecule appears to be bound to the surface as seen by 

the complete loss of the protonated C=O peak in the spectra collected as a function of time. 

But at pH 6.0, whether all the carboxylate groups are bound to the surface is less clear as 

deprotonation does not necessarily indicate surface coordination. However the increased 

breadths of the peaks are indicative of surface coordination as discussed above. 
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3.4.5 Light Scattering and Zeta-Potential Measurements  
 of TiO2 Nanoparticle Suspensions as a f(pH) with and  
 without the Presence of Citric Acid To Investigate 
 Nanoparticle-Nanoparticle Interactions and Aggregation.  

 The stability of the nanoparticle suspensions was investigated under the same 

conditions that the quantitative surface adsorption measurements were made. 

Sedimentation plots as a function of time are shown in Figure 3.6a. These data show that 

nanoparticles settle out of solution as a function of time for nanoparticle concentrations of 

2.0 g/L at pH 4.0, 6.0, and 7.5. Only at pH 2.0 are nanoparticle suspensions stable. 

Furthermore, the nanoparticle suspensions at pH 2.0 were visually stable for several days. 

This stabilization of TiO2 particle suspensions has been previously observed at highly 

acidic and basic conditions.147 Complementary DLS measurements gave the largest size 

distribution of aggregates at pH 6.0 and the smallest at pH 2.0 (Figure 3.6b). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.6: Aggregation Measurements (a) Sedimentation plots from UV-vis and (b) 
Hydrodynamic diameter from DLS measurements for TiO2 NPs in the absence of citric acid at 
different pH: 2.0, 4.0, 6.0 and 7.5. 
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 According to Derjaguin, Landau, Verwey, and Overbeek theory (DLVO theory), 

the stability of a colloidal system is determined by the sum of van der Waals attractive 

forces and electrical double layer forces that exist between particles as they approach one 

another due to Brownian motion.140,141 At pH 2.0, TiO2 nanoparticles experience higher 

repulsive forces due to high surface protonation, hence, increased double layer formation. 

At pH 6.0 (which is in the range of pHzpc for 4 nm TiO2 nanoparticles), the surface charge 

is almost neutral and the double layer formation is almost zero. Therefore, the attractive 

van der Waals forces as the pH increases begin to dominate resulting in increased 

aggregation.147 

 The aggregation behavior of the TiO2 and nanoparticle-nanoparticle interactions 

alters in the presence of citric acid in highly acidic and circumneutral conditions. 

Sedimentation plots for pH 2.0 and pH 6.0 show that the presence of citric acid reverses 

the behavior seen in Figure 3.7.  

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 3.7: Static light scattering studies (a) Sedimentation of TiO2 NPs in the absence of citric 
acid compared to (b) sedimentation of TiO2 NPs in the presence of citric acid (3 mM) at pH 2.0 
and pH 6.0. 
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It is seen that citric acid causes a destabilization of solutions at pH 2.0 and significantly 

enhances the aggregation, whereas for pH 6.0, citric acid stabilizes nanoparticle 

suspensions. DLS measurements of nanoparticle suspensions at pH 2.0 and 6.0 as a 

function of increasing citric acid adsorption shown in Figure 3.8 complement the 

sedimentation data presented in Figure 3.7. The DLS data collected at nanoparticle 

suspensions of 0.01 g/L clearly show that at pH 2.0 aggregate size increases with increasing 

concentration, whereas at pH 6.0, aggregate size decreases with increasing concentration 

of citric acid. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.8: Intensity normalized aggregate distribution at (a) pH 2.0 (b) pH 6.0. The DLS 
experiments were conducted as a function of increasing citric acid concentrations with a suspension 
of 0.01 g/ L TiO2 NPs. 
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neutralizes the surface charge to a greater extent and thereby reduces the double layer 

formation leading to the observed enhanced aggregation at pH 2.0. At pH 6.0, the adsorbed 

citrate could have created a negative charge on the neutral surface leading to a double layer 

formation thereby increasing the repulsive forces (charge stabilization). 

 Zeta potential measurements support the data shown in Figures 3.7 and 3.8. In 

general, zeta potentials measure the net charge at the diffuse boundary of a particle. It is 

generally assumed that zeta potentials close to zero result in unstable suspension and 

nanoparticle aggregation. Figure 3.9a shows differences in the zeta potential for TiO2 in 

the presence and absence of citric acid. These data show that at pH 2.0 citric acid shifts the 

zeta potential for TiO2 nanoparticle suspensions toward zero (from +60 to +19 mV) and 

thus decreases the nanoparticle suspension stability as confirmed by the sedimentation plots 

and DLS aggregate size measurements. However, at pH 6.0, citric acid shifts the zeta 

potential measurement for TiO2 nanoparticle suspensions further away from zero (from -

33 to -45 mV). Thus, it is clear that the presence of citric acid affects the surface charge 

under pH conditions and the direction of change supports the molecular measurements that 

show surface charge alterations upon adsorption; That is, the deprotonated citric acid on 

the surface lowers the net surface charge toward zero at acidic pH conditions and increases 

the net negative charge at circumneutral pH conditions. The shift in the surface charge 

(although not very large) seems to be enough to overcome the activation barrier for 

aggregation at pH 2.0 while increase the energy barrier for aggregation at pH 6.0. These 

observations and hypotheses are supported using DLVO theory along with measured zeta 

potential values at the different pH conditions. According to DLVO, nanoparticle-

nanoparticle interactions are determined by the potential energy between two nanoparticles 

which is a sum of the attractive and repulsive interactions, 

 

𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟                                               (𝐸𝐸𝐸𝐸: 3.1) 
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due to van der Waals and electrostatic interactions, respectively. Attractive forces are a 

function of particle size and the Hamaker constant which accounts for inter-particle 

interactions. Repulsive forces are due to surface charge and electrostatic interactions as 

measured by the zeta potential.  

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 

 

 

 

 

 

 
Figure 3.9: Impact of the surface charge (a) Zeta potential measurements of TiO2 (0.05 g/L) in the 
absence of and the presence of citric acid (0.1 mM) as a function of pH. (b) DLVO theory 
calculations for TiO2 NPs in the absence and presence of citric acid at pH 2.0 and pH 6.0. A cartoon 
representation of the surface charge alteration with the addition of citric acid is also shown. 
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According to these calculations, nanoparticle suspensions at pH 2.0 in the absence of citric 

acid are the most stable with the highest nanoparticle-nanoparticle repulsive barrier of 

nearly 3 kBT, whereas in the presence of citric acid, pH 6.0 suspensions are most stable and 

show the highest nanoparticle-nanoparticle repulsive barrier of 1.5 kBT (Figure 3.9b). 

 Similar studies done on TiO2 nanoparticles in the presence of oxalic acid and 

Suwannee River Fulvic Acid (SRFA) have shown different trends in aggregation.84,148 

According to Pettibone et al., the presence of oxalic acid at pH 2.0 has shown a similar 

enhanced aggregation but the aggregation at pH 6.5 had remained unaffected.148 Analysis 

of the surface charge in the presence of oxalic acid showed that at pH 2.0 the surface charge 

is shifted from +25 to +4 mV which is a much similar to the case of citric acid. However, 

at pH 6.0, the surface charge has shifted from -33 to -23 mV with oxalic acid and the 

sedimentation behavior remained unaffected. The difference in the aggregation behavior at 

pH 6.0 for oxalic and citric acid could be a result of increased electrostatic and steric 

repulsions present in the citric acid-TiO2 compared to oxalic acid-TiO2. DLVO theory 

suggests that the repulsive forces form an energy barrier for the particle aggregation. Only 

the particles that collide with sufficient energy to overcome this barrier will form 

aggregates. These repulsive forces can be steric and/or electrostatic. A study by Domingos 

et al. has shown decreased aggregation in the presence of SRFA from highly acidic medium 

up to pH 6.0 after which there is an increase in the aggregation.84 SRFA has high steric 

repulsions resulting in a very high energy barrier for aggregation. Therefore, the observed 

decrease in aggregation for SRFA is to be expected. Domingos et al. suggest that the 

increase in the aggregation for higher pH conditions was due to a different mechanism 

involving bridging of nanoparticles by SRFA. 

 Because aggregation behavior can be altered upon coadsorption of other species, 

sedimentation studies were also conducted in the presence of both citric acid (3 mM) and 

oxalic acid (3 mM) at pH 2.0 and 6.0 (Figure 3.10). These data show that the aggregation 
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behavior of TiO2-citrate prevails even in the presence of oxalic acid and shows that TiO2 

has a greater affinity toward citric acid compared to oxalic acid. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.10: Sedimentation plots for TiO2 in the presence of (a) both citric acid and oxalic acid (b) 
only oxalic acid. The aggregation behavior shows that citric acid determines the stability of these 
nanoparticle suspensions even in the presence of oxalic acid. 
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realized due to lack of quantitative data for nanoparticle levels in the environment and in 

vivo. Although the behavior of nanomaterials in the environment or in vivo remains 

uncertain due to the complex nature of the milieu, a summary of the results discussed here 

with respect to nanoparticle-nanoparticle interactions at different pH and the impact of a 

citric acid, a common ligand, is presented in Figure 3.11 as a guide to begin to understand 

this complexity as it relates to the distribution and bioavailability of nanoscale TiO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.11: A summary of the behavior of nanoscale TiO2 particles as a function of pH and citric 
acid at fixed ionic strength (0.03 M). 
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is a pH dependent process with surface coverage decreasing as a function of pH. Second, 

although citric acid solution speciation is highly pH dependent in the range investigated 

here (2.0-7.5), surface speciation was found to differ and after equilibration shown to be 

the completely deprotonated form at highly acidic solution pH, and at pH 2.0, surface 

adsorption changes from a partially deprotonated form to the fully deprotonated form over 

time scales of minutes to hours. Thus, surface adsorption increases the acidity of citric acid 

resulting in a loss of protonated carboxylate groups lower than expectations based on 

solution pKa values. Third, the adsorption of citric acid is irreversible at T = 293 K 

suggesting strong coordination to the surface which is indicative of an inner sphere 

complex to the surface with one or more carboxylic groups. Fourth, nanoparticle– 

nanoparticle interactions occur under all pH conditions considered but the degree of 

aggregation changes as a function of solution pH with the greatest degree of aggregation 

occurring around pHzpc and the lowest in highly acidic pH. Fifth, the presence of citrate 

alters the aggregation behavior at both highly acidic and neutral pH conditions by altering 

the surface charge of the nanoparticles. At pH 2.0, this results in the destabilization of 

relatively stable suspensions in the presence of citrate with the formation of aggregates. In 

contrast, at pH 6.0, TiO2 suspensions are unstable and large aggregates are present; 

however, in the presence of citrate, aggregation was hindered and suspensions were more 

stable. These trends observed in aggregation of TiO2 nanoparticles in the presence of citrate 

are of environmental and biological significance as aggregation plays a key role in 

controlling the distribution of these particles in aquatic environments and cellular matrices 

as well as in the body where citric acid is found in abundance. Thus, the studies discussed 

here provide important insight into the behavior of some of the smallest TiO2 particles and 

their surface chemistry with citric acid. 

 Furthermore, it is well-known that the development of nanomaterials for use in a 

wide range of fields including medicine, solar energy conversion, water purification, and 

catalysis is of great interest.21,23,124,149,150 151Among a large number of these engineered 
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nanomaterials, nanoscale TiO2 is of great interest due to some of its unique characteristics, 

including its high refractive index for use in plastics, enamels, artificial fibers, electronic 

material, and rubber. Its ability to absorb solar light makes it useful in solar panels. It is a 

self-cleaning disinfectant, an effective photocatalyst, and a good support material for 

heterogeneous catalysts.150 

 With increasing use, recent studies have in fact shown that TiO2 is in the 

environment and indeed have found convincing evidence of its presence both in the 

atmosphere and hydrosphere. In some cases, there is evidence that it is from anthropogenic 

sources.44,45A study conducted by Kaegi et al. shows the emission of engineered TiO2 

nanoparticles from the exterior facades into natural water and the presence of these 

particles in the urban runoff.45 Zheng et al. has detected Ti-rich inhalable particulates in 

the atmosphere.44 An exposure model developed by Mueller et al. has suggested annual 

worldwide production of nanoscale TiO2 as of 2008 is nearly 5000 tons, hence, increasing 

the potential of this material getting into the environment.21 The model simulation predicts 

1.5 × 10-3 µg m-3, 0.7 µg L-1 and 0.4 µg kg-1 of nanoscale TiO2 in air, water, and soil, 

respectively. Grassian et al. has shown that subacute exposure of 2-5 nm sized TiO2 

nanoparticles results in moderate but statistically significant inflammatory responses 

among animals at weeks 0, 1, or 2 and resolves after 3 weeks.139 Furthermore, the studies 

of Sun et al. on higher uptake of As(V) in aquatic animals in the presence of nanoscale 

TiO2 highlight the enhanced transport of known contaminants via co-transport.149 Thus, 

understanding the behavior of nanomaterials especially in natural water systems is complex 

due to a number of factors including pH, ionic strength, and the presence of complexing 

molecules.84,86,148,152 Furthermore, nanoparticle aggregation adds to the complexity and 

questions the validity of high concentration-toxicity relationships due to a potential 

decrease in bioavailability of the aggregated particles.23 Investigations of the behavior of 

nanomaterials in these simpler systems such as the ones discussed here offer some insights 

into their behavior in the more complex matrices found in nature. 
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CHAPTER 4 

ENVIRONMENTAL IMPLICATIONS OF NANOPARTICLE  

AGING IN THE PROCESSING AND FATE OF  

COPPER-BASED-NANOMATERIALS 

 

4.1 Abstract 

Copper nanomaterials are being used in a large number of commercial products 

because these materials exhibit unique optical, magnetic, and electronic properties. 

Metallic copper nanoparticles, which often have a thin surface oxide layer, can age in the 

ambient environment and become even more oxidized over time. These aged nanoparticles 

will then have different properties compared to the original nanoparticles. In this study, we 

have characterized three different types of copper-based nanoparticle (NP) samples 

designated as Cu(new) NPs, Cu(aged) NPs, and CuO NPs that differ in the level of 

oxidation. The solution phase behavior of these three copper-based nanoparticle samples 

is investigated as a function of pH and in the presence and absence of two common, 

complexing organic acids, citric and oxalic acid. The behavior of these three copper-based 

NP types shows interesting differences. In particular, Cu(aged) NPs exhibit unique 

chemistry including oxide phases that form and surface adsorption properties. Overall, the 

current study provides some insights into the impacts of nanoparticle aging and how the 

physicochemical characteristics and reactivity of nanomaterials can change upon aging. 

 

4.2 Introduction 

Metal-based nanomaterials can be released accidentally into natural systems during 

the manufacturing process, transport, or use. Thus, these materials have the potential to 

increase regional amounts of metals in the environment which will have an effect on local 

ecosystems.153 Copper and copper oxide nanomaterials in particular are being used as 

catalysts, superconductors, and lithium ion electrode materials.2,154,155 Copper 
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nanoparticles are also attractive candidates as nanofluids because of their high thermal 

conductivity.52,156 Nanoscale copper oxide is a p-type semiconductor with applications in 

photovoltaic, magnetic storage, and electronic materials.157-160 Additionally, the use of 

composite materials to create systems that combine the optical, electronic, and magnetic 

properties of nanoscale copper (or copper oxide) with other materials that increase thermal 

and mechanical properties is particularly attractive from an engineering 

perspective.154,160,161 

In general, the physiochemical properties of materials will drive their fate and 

transport in the environment. The surface properties of nanomaterials in particular will 

govern the interactions of these materials with environmental interfaces and biological 

systems.162-164 However, one important, but not well-understood consideration is how 

environmental processing and/or aging results in changes in the surface, composition, 

morphology, reactivity, and toxicity compared to the pristine or freshly synthesized 

nanomaterial. For example, Pan et al. have shown the formation of ZnCO3 on ZnO 

nanostructures under ambient conditions.165 Additionally, many metals can oxidize under 

ambient conditions. Therefore interfacial properties will be driven by the oxide layer 

present on the surface of the metal. Although the oxide layer can act as a protective coating 

for the metal core, conditions favoring dissolution can expose the underlying metal. Further 

modification can occur with the adsorption of ligands, such as organic acids, onto the 

surface of the nanomaterial. 

Organic acids in natural aquatic systems can either inhibit or enhance dissolution 

and aggregation. These processes, dissolution and aggregation, directly affect the mobility 

and uptake of nanomaterials.141 Plants release organic acids, such as oxalic acid and citric 

acid, to complex metals to increase uptake or employ defensive action against 

phytotoxicity.141,166-168 These acids are also introduced into natural systems from industrial 

processes or purposefully introduced for mobilization and extraction of heavy metals.169-

171 Citric acid has been examined for the separation of metals from industrial sludge, 
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chemical− mechanical polishing of copper, and extraction of metals from harbor 

sediments, and plays a role in metal and mineral processing.169,172,173 The dissolution of 

metals can be promoted in some cases by these acids as a result of their chelating ability 

by polarizing the surface and weakening the surface metal−oxygen or metal−metal bonds. 

In the absence of dissolution, surface adsorption of organic acids can alter the surface 

charge and therefore subsequent interactions with environmental interfaces and biological 

systems.141,168,174 

Copper and copper oxide nanoparticles have shown toxicological responses 

particularly in aquatic species and animal studies.36,37,39,164 Because of this, we have 

undertaken a study of three different types of copper nanoparticles that differ in their level 

of oxidation. These are designated as Cu(new) NPs, Cu(aged) NPs, and CuO NPs. Here we 

investigate and compare the propensity for these copper-based NPs to become more mobile 

through dissolution and deaggregation in the presence and absence of citric acid and oxalic 

acid as a function of pH. A comparison of the aqueous behavior between newly purchased 

commercially manufactured Cu nanoparticles (Cu-(new) NPs), to nanoparticles that were 

allowed to sit in the laboratory environment for several years under ambient conditions 

(Cu(aged) NPs), is particularly interesting as it probes potential effects of aging on 

environmental processing and the fate and transport of these materials. 

 

4.3 Experimental Methods 

4.3.1 Nanoparticle Characterization  

 The bulk crystalline phases of these nanoparticles were examined using X-ray 

diffraction (Rigaku Miniflex II Diffractometer with a Co source). Nanoparticle size was 

determined by considering hundreds of randomly chosen particles using a JEOL JEM-1230 

TEM. Surface areas were determined using a multipoint BET analyzer (Quantachrome). 

Samples were heated to 100 °C under vacuum for 18 h prior to analysis with triplicate 

measurements made on each sample. Surface composition was investigated using a 
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custom-designed Kratos Axis Ultra X-ray photoelectron spectroscopy (XPS). This system 

and the analysis procedures used have been described previously.175 The XPS binding 

energies were internally referenced to adventitious C peak at 286.4 eV. 

 

4.3.2 Aqueous Phase Measurements. 

 Nanoparticle suspensions at a mass loading of 1 g/L were prepared at pH 3, 7, and 

11 containing different concentrations of organic acid: 0, 0.1, 1, and 10 mM. Immediately 

after mixing these nanoparticles suspensions, samples were covered in aluminum foil to 

inhibit possible light-induced effects and placed on a circular rotator (Cole-Palmer) for 24 

h. Aliquots of 1.5 mL were then drawn out, filtered with a 0.2-μm syringe-driven filter 

(Xpertec), and centrifuged for 30 min at 22 000 rpm. The remaining solution was analyzed 

using a Varian inductively coupled plasma optical emission spectrophotometer (ICP-OES) 

for soluble copper. The centrifuged samples (1 mL) were diluted to 7 mL with 1 M HCl 

solutions prior to analysis to solubilize any un-dissolved nanoparticles left in the 

supernatant during the filtration process. 

 Compositional changes of the powder that occurred during the processing were 

investigated by XRD analysis of the processed samples. Nanoparticles were treated with 

10 mM organic acid at different pH as noted above, and the solid phase was collected after 

centrifuging and dried under vacuum overnight. Dried samples were immediately placed 

in airtight vials and analyzed using X-ray diffraction (Rigaku Miniflex II Diffractometer 

with a Co source).  

 

4.3.3 ATR-FTIR Spectroscopic Measurements of Surface  
Adsorption.  

 Organic acid adsorption onto the surface of the nanoparticles was probed using a 

Thermo Nicolet FTIR spectrophotometer equipped with a MCT/A detector and a horizontal 
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flow cell (AMTIR crystal, Pike Technologies, Inc.). A thin even coating of nanoparticles 

was formed by placing an aqueous solid suspension (1.5 mg/mL) on the crystal and 

allowing it to dry overnight. The deposited film was slowly flushed with a stream of water 

to eliminate any loosely bound particles followed by addition of the organic acid (10 mM) 

solution. Spectra were collected at 10-min time intervals for a period of 1 h. The 

contribution of the solution phase organic acids to these spectra was minimal at the 

concentrations used. 

 

4.3.4 Sources of Nanomaterials and Chemicals. 

 Two different batches of copper nanoparticle samples were purchased from 

Nanostructure and Amorphous Materials, Inc. (Houston, TX) at different times. Both 

batches were in powder form and were stored in glass containers at 20 °C under 

atmospheric pressure (ambient conditions). One batch was newly purchased and used 

immediately to conduct experiments (Cu(new) NPs) and the other batch was purchased in 

2006 and allowed to sit in the laboratory under ambient conditions (Cu(aged) NPs). Copper 

oxide nanoparticles were purchased from Sigma-Aldrich. Solution pH was adjusted using 

sodium hydroxide (NaOH; Fisher Scientific; certified ACS plus) and hydrochloric acid 

(HCl; Fisher Scientific; certified ACS plus). The aqueous solutions of citric acid/oxalic 

acid (Sigma Aldrich, 99.5% certified ACS plus) and all reactors were prepared using 

Optima water (Fisher Scientific). 

 

4.4 Results and Discussions 

4.4.1 Nanoparticle Characterization.  

 Powder XRD of the three nanoparticle samples − Cu(new) NPs, Cu(aged) NPs, and 

CuO NPs − shows the presence of different phases (Figure 4.1). The XRD pattern for 

Cu(new) NPs consists of three phases: a set of intense Bragg diffraction peaks which 

correspond to the fcc structure of metallic Cu along with weaker diffraction peaks due to  
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Figure 4.1: Characterization of Cu-based nanoparticles by X-ray diffraction 

 

 

the presence of Cu2O (cuprite) and CuO (tenorite). Cu(aged) NPs show the presence of 

only two phases − Cu (fcc metal) and CuO (tenorite) − with peaks of nearly equal intensity 

for the two. Cu2O was not observed in the XRD patterns of Cu(aged) NPs even though 

Cu2O was observed for these nanoparticles before aging.26 CuO NPs show only one phase 

– the tenorite crystalline phase.  

 Although bulk compositions of these three samples differ significantly, surface 

analysis by XPS yields similar surface composition as revealed by the Cu 2p binding 

energy region shown in Figure 4.2. Peaks at 933.4 and 953.5 eV in XPS correspond to the 

Cu 2p3/2 and Cu 2p1/2 photoelectrons in CuO, respectively,39,176 with shakeup satellite peaks 

at higher binding energies (941.2, 942.9, and 961.7 eV). XPS data in the O 1s binding  
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Figure 4.2: Surface analysis of Cu-based nanoparticles by X-ray photoelectron spectroscopy. 

 

 

energy region show the presence of – OH functional groups on the surface of all three 

samples as well as some CO3
2‑ as evidenced by the C 1s binding energy region (Figure 

4.3a).177,178 In addition to carbonates, there are two other peaks with lower binding energy 

in the carbon region (Figure 4.3b). One is due to so-called adventitious carbon and the other 

may be due to carboxylate carbon of organic precursors that may have been used in the 

synthesis of the nanoparticles.178  
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 TEM images and the size distribution of all three samples are given in Figure 4.4. 

Cu(new) NPs are heavily aggregated and, upon careful inspection, show an average 

primary particle size of 10 ± 5 nm. Cu(aged) NPs have an even wider size distribution with 

the TEM image showing small particles as well as much larger particles and an 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3: XPS spectra in the (a) O 1s and (b) C 1s region for the nanoparticles. 
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Figure 4.4: Transmission electron microscopy (TEM) images and respective size distribution of 
Cu(new) NPs, Cu(aged) NPs and CuO NPs. 
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overall average primary particle size of 18 ± 10 nm. Prior to aging, the Cu(aged) NPs 

sample showed an XRD pattern similar to the Cu(new) NPs and a narrower size distribution 

of 12 ± 1 nm.39 Current analysis shows an increase in the average up to 18 ± 10 nm which 

was greater than the expected size increase (15 nm) assuming a size increase due oxidation. 

One plausible explanation consistent with the observed size increase is the coalescence of 

these nanoparticles. Magdassi et al. observed coalescence of Ag nanoparticles at room 

temperature when they were supported on a solid substrate and in contact with an 

oppositely charged polyelectrolyte.179 Grouchko et al. showed with in situ HRTEM that 

close contact between Ag nanoparticles led to formation of larger particles with the original 

crystal structure.180 Similar behavior can occur for Cu NPs as well and the images in Figure 

4.4 clearly show several particles with diameters >30 nm, consistent with coalescence. CuO 

NPs are larger in size than both Cu NP samples with a mean diameter of 24 ± 9 nm. It 

should be noted that all of these TEM images were obtained after ultrasonication of a NP 

–  methanol suspension for 5 min. This treatment did not break up the Cu(new) NP 

aggregates suggesting they are “tightly formed aggregates”. This is consistent with the BET 

surface area reported for Cu(new) NPs of 9 ± 1 m2/g which is much lower than the 

calculated surface area of 67 m2/g assuming a perfect sphere with diameter of 10 nm 

indicating the measured surface area is controlled by aggregation. Cu(aged) NPs give a 

BET surface area of 28±4 m2/g below a calculated surface area of 37 m2/g. The fact that 

the BET and calculated values are closer for the aged materials suggest that upon oxidation 

there is a weakening of particle−particle interaction. In fact Cu(aged) NPs de-aggregate 

upon ultrasonication more readily indicating that these aggregates are not as tightly bound 

as Cu(new) NPs. BET surface area of CuO NPs was also affected by aggregation and gave 

a lower measured value (22 ± 0.4 m2/g) than calculated (40 ± 15 m2/g). The characterization 

data for all three different nanoparticles investigated (Cu(new) NPs, Cu(aged) NPs, and 

CuO NPs) are summarized in Table 4.1. 
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Table 4.1: Summary of physicochemical characterization data of Copper based nanoparticles 

 
 Cu (new) Cu (aged) CuO 

Phase Cu, Cu2O, CuO Cu, CuO CuO 

Primary Particle Size 10 ± 5 nm 18 ± 10 nm 24 ± 9 nm 

Measured Surface Area 9 ± 1 m2 g-1 28 ± 4 m2 g-1 22 ± 0.4 m2 g-1 

Calculated Surface Area 67 ± 34 m2 g-1 37 ± 20 m2 g-1 40 ± 15 m2 g-1 

Surface Functionalization O, O-H and CO3
2- O, O-H and CO3

2- O, O-H and CO3
2- 

 

 

4.4.2 Aqueous Phase Behavior in the Presence and Absence  
 of Organic Acids. 

 Nanoparticle dissolution has remained a point of discussion with respect to both 

environmental and health impacts as it is often debated whether impacts are due to the ions 

or the nanoparticles for the particles that do dissolve. However, an often overlooked fact 

when conducting dissolution studies is both dissolved ions and smaller suspended 

nanoparticles have higher mobility and bioavailability compared to the aggregates. 

Therefore, suspended nanoparticles are often removed from the medium by ultrafiltration. 

But if true environmental conditions are to be considered, both dissolved and some 

amounts of suspended smaller particles will inevitably be present. Furthermore, from a 

nanotoxicology perspective these suspended particles maybe of greater importance as these 

nanoparticles can be internalized and trigger reactive oxygen species generation or dissolve 

intracellularly.164 Therefore, in this current study, we have measured the “total mobilized 

concentration (TMC)” of Cu(new) NPs, Cu(aged) NPs, and CuO NPs under acidic, neutral, 

and basic conditions with varying concentrations of organic acids. This fraction consists of 

dissolved Cu ions and the suspended smaller particles after 0.2-μm filtration to remove 

larger aggregates (>200 nm) and centrifugation at 22000 rpm (30 min) to remove some 
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additional smaller aggregates (<200 nm). The supernatant changed from initially colorless 

to blue confirming the presence of Cu2+ in the solution from nanoparticle dissolution. TEM 

analysis of the supernatant confirmed the presence of some remaining nanoparticles as well 

(Figure 4.5). Upon dilution with 1 M HCl, any remaining nanoparticles completely dissolve 

into ions. The objective of using 1 M HCl for the dilution is to dissolve all the suspended 

nanoparticles such that the ICP-OES analysis can accurately quantify the “total mobile Cu 

concentration”. 

 

 

 

 

 

 

 

 
 
Figure 4.5: The color change of the supernatant of Cu(new) NPs after 24 hours confirming the 
release of Cu2+ by dissolution of the particles and the presence of smaller nanoparticles in the TEM 
images of the supernatant after filtration and centrifugation. 
 
 

 

 The results of these solution phase experiments are shown in Figure 4.6. In the 

absence of organic acid, all three NPs, Cu(new), Cu(aged) NPs, and CuO NPs, behave 

similarly and showed the highest total mobilized concentration (TMC) under acidic 

conditions (Cu(new) NP: 21±1 mg/L, Cu(aged) NP: 15±1 mg/L, CuO NP: 25±1 mg/L). 

This concentration enhanced significantly (∼10 fold) in the presence of citric acid for the 

Cu(new) NPs irrespective of the solution pH and, at a concentration of 10 mM, ranged 

between 192 ± 34 and 230 ± 30 mg/L. As citric acid is a good chelating complex its  
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Figure 4.6: Total mobilized concentration (TMC) of Cu(new) NPs, Cu(aged) NPs and CuO NPs 
(1 g/L) as a function of organic acid concentration under varying pH conditions. TMC = dissolved 
Cu ions + suspended Cu nanoparticles (see text for further details) 
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presence can result in enhanced dissolution exposing the core of Cu(new) NPs because of 

its thin oxide layer. Cu(aged) NPs and CuO NPs also showed an enhancement in TMC 

which decreased with increasing pH. This enhancement was significantly less than that 

found for Cu(new) NPs. Cu(aged) NPs behave more similarly to CuO NPs than Cu(new) 

NPs as a result of the thick oxide coating.  

 Oxalic acid has a less pronounced effect compared to citric acid. There were no 

appreciable differences among the three copper NPs. Because oxalic acid does not promote 

dissolution as much as citric acid it may not dissolve the surface oxide layer completely. 

Thus the different cores remain unexposed leading to similar solution-phase behavior. The 

highest total mobilized concentration was found in the presence of highest concentration 

of oxalic acid and remained below 50 mg/L even at acidic pH for all the samples. As the 

solution pH increased, for lower concentrations of oxalic acid very small amounts of 

dissolved or suspended particles were detected for Cu(aged) NPs and CuO NPs. However, 

Cu(new) NPs showed a relatively higher TMC with oxalic acid compared to Cu(aged) NPs 

and CuO NPs at alkaline pH. 

 XRD patterns of the organic acid processed Cu(new), Cu(aged), and CuO NPs 

shown in Figure 4.7 reveal very interesting differences. Low pH solutions favor the 

formation of Cu2O from Cu NPs. For Cu(new) NPs, there is 100% conversion to Cu2O 

upon drying from both citric and oxalic acid solutions. For Cu(aged) NPs, some of the CuO 

phase remains with citric acid and with oxalic acid both CuO and Cu core has been retained. 

The thick oxide coating of the Cu(aged) NPs acts as a barrier for the oxidation of the metal 

core. The difference in behavior in the presence of citric and oxalic acid for the Cu(aged) 

NPs can be attributed to the extent of dissolution of the oxide coating. The greater 

dissolution with citric acid exposes the metal core whereas limited dissolution with oxalic 

acid retains some of the metal core. However, the presence of CuO in Cu(aged) NPs after 

processing which is not observed with Cu(new) NPs indicates that the thickness of the 

oxide coating is not uniform around the particle. At neutral pH Cu(new)  
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Figure 4.7: XRD patterns of organic acid processed Cu(new) NPS, Cu(aged) NPs and CuO NPs 
after drying. 
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NPs converted quantitatively to Cu2O while Cu(aged) NPs did not undergo any phase 

transformation and showed composition similar to the unprocessed samples. This confirms 

that under neutral pH, the dissolution of the thicker oxide coating is insufficient to expose 

the Cu core for oxidation. CuO samples did not show any phase transformations under any 

of the conditions investigated and remained CuO under all conditions. 

 

4.4.3 Surface Adsorption Measurements. 

 ATR-FTIR spectroscopy can provide molecular level insights into the adsorption 

of these environmentally important organic acids on nanoparticle surfaces. In these 

spectroscopic measurements, only oxalic acid was investigated as the extent of dissolution 

was too great in the presence of citric acid. Additionally because of their light absorption 

properties in the infrared region, Cu(new) NPs are not amenable to these measurements. 

Therefore, surface adsorption measurements shown here are for Cu(aged) and CuO NPs.  

 Figure 4.8 shows solution phase and adsorbed oxalic acid spectra on Cu(aged) and 

CuO NP at pH 3.0 and 7.0. Note that the solution-phase reference spectra are at a 

concentration ten times greater than the concentrations used to investigate surface 

adsorption. For solution-phase oxalic acid (with pKa1 = 1.3 and pKa2 = 4.3), several peaks 

are observed at pH 3.0. The carbonyl group stretch (C=O) can be seen at 1722 cm−1 for the 

protonated carboxylic group of oxalic acid and the peaks at 1576 cm−1 and 1308 cm−1 

correspond to the asymmetric and symmetric stretch of the deprotonated carboxylate 

group.181,182 The bands at 1243 cm−1 and 1406 cm−1 are assigned to νs(CO)+ δ(O−C=O) 

and νs(C−O)+νs(C−C) vibrations, respectively.183 The shoulders observed at 1700, 1613, 

and 1440 cm−1 are a result of the presence of oxalic acid dimers in solution.182,183At pH 7.0 

(>pKa2), completely deprotonated species are present and only peaks for the symmetric and 

asymmetric stretching of the carboxylate groups are observed.  
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Figure 4.8: ATR-FTIR spectra of solution phase (100 mM) and adsorbed oxalic acid (10 mM) on 
Cu(aged) NPs and CuO NPs at pH 3.0 and pH 7.0. 
 
 
 
 

Surface-adsorbed oxalic acid shows differences from the solution-phase species (Table 

4.2). At pH 3.0, both Cu(aged) and CuO NP spectra show intense peaks at 1721, 1697, 

1424, and 1295 cm−1. Due to vibrational coupling of the two C=O stretching motions, there 

are absorptions at 1721 and 1697 cm−1.142 The bands at 1425 and 1295 cm−1  
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Table 4.2: ATR-FTIR peak assignment for the adsorption of oxalic acid (10 mM) on Cu(aged) and 
CuO NPs.  

 

 

 

correspond to the symmetric and asymmetric combination of C−O and C−C vibrations, 

respectively.142 These spectral features suggest a bidentate bridging surface complex where 

the single-bonded oxygen of the carboxyl groups (O=C−O−) coordinates with a Cu metal 

centers on the surface. In addition to these absorptions, Cu(aged) NP spectra show low 

intensity peaks at 1602 and 1576 cm−1 as well as a shoulder at 1308 cm−1 which is not 

observed for CuO NPs. Compared to the solution-phase spectrum, these can be attributed 

to weakly bonded oxalic acid species on Cu(aged) NPs. Thus these data suggest that for 

CuO NPs only monolayer adsorption occurs, whereas for Cu(aged) NPs there may be 

additional binding sites or multilayer adsorption. It is interesting to note that both samples 

have the same surface composition yet Cu(aged) NPs behave differently toward the same 

ligand. This observation is seen to an even a greater extent at pH 7.0 where the intensity of 

peaks at 1571 and 1308 cm−1 dominate over the peaks at 1720, 1692 and 1424 cm−1 for 

Mode of vibration 
Wavenumbers (cm-1) 

solution adsorbed 

νs(C=O) 1722 - 

νs[(C=O)+ νs(C=O)] 

νas[(C=O)+ νs(C=O)] 
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νas(COO-) 1570-1576 1570-1577 
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νs[(C=O)+ νs(C=O)] 

1406 1425 

1295 

νs(COO-) 1308 1308 
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Cu(aged) NPs. Because at this pH both carboxylate groups are deprotonated, these peaks 

can also be attributed to bidentate-chelating coordination of one of the carboxylate groups 

to the surface.142 CuO NPs also show similar peaks but their intensities are much lower 

suggesting that at pH 7.0 oxalic acid adsorption modes may differ from those of Cu(aged) 

NPs. As the net interaction between nanoparticles and oxalic acid is controlled in part by 

the surface charge under the given experimental conditions, this suggests that although 

aging of Cu NPs result in similar surface composition, CuO, the surface charge may be 

affected by the underlying Cu core. 

 

4.5 Conclusions and Implications 

 The aging of Cu NPs has profound effects on its size, size distribution, bulk 

composition, and surface properties. Aged nanoparticles show an increase in the average 

particle size and a shift in the size distribution as a result of coalescence and coarsening 

under ambient conditions of temperature and relative humidity. The resulting particles are 

intermediate but also differ in composition when compared to Cu(new) NPs and CuO NPs. 

For example, no Cu(I) phases are present in the aged particles compared to Cu(new) NPs 

and the distribution of the CuO layer may be non-uniform. Because these physicochemical 

characteristics govern the nanoparticle properties, aged nanomaterials can be expected to 

give rise to unique chemical behavior as evidenced here. Thus, nanoparticle aging is an 

important aspect to be considered in the environmental and health implications of 

nanomaterials. The oxidation of Cu occurs readily in ambient conditions and Cu(I) and 

Cu(II) present on the oxidized surface can be released into the solution. For the HCl 

acidified samples in the current study, the following reactions can occur. 

 

𝐶𝐶𝐶𝐶2𝑂𝑂(𝑠𝑠) + 2𝐻𝐻𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎) → 2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑠𝑠) + 𝐻𝐻2𝑂𝑂(𝑙𝑙)                          (𝐸𝐸𝐸𝐸: 4.1) 

𝐶𝐶𝐶𝐶𝑂𝑂(𝑠𝑠) + 2𝐻𝐻𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎) → 2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑠𝑠) + 𝐻𝐻2𝑂𝑂(𝑙𝑙)                           (𝐸𝐸𝐸𝐸: 4.2) 
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Previous studies show these reactions to lead to the formation of paratacamite (γ-

Cu2(OH)3Cl) in the presence of concentrated HCl.184 In the current study presence of 

organic acids inhibited this formation and resulted in converting the Cu metal into Cu2O 

for both Cu(new and aged) NPs. A detailed mechanism for atmospheric corrosion of copper 

in the presence of organic acid (L) under high relative humidity (85−95%) has been 

proposed by Harveth et al.185 According to that mechanism, the organic acid (L) initially 

forms a surface complex with Cu0 which reacts with dissolved O2 to form Cu2O and CuL2. 

CuL can then reform and the process repeats itself converting all Cu0 to Cu2O. 

 

4𝐶𝐶𝐶𝐶𝐶𝐶 +  1 2⁄ 𝑂𝑂2 → 𝐶𝐶𝐶𝐶2𝑂𝑂 + 2𝐶𝐶𝐶𝐶𝐿𝐿2                                   (𝐸𝐸𝐸𝐸: 4.3) 

𝐶𝐶𝐶𝐶𝐿𝐿2 + 𝐶𝐶𝐶𝐶0  → 2𝐶𝐶𝐶𝐶𝐶𝐶                                                 (𝐸𝐸𝐸𝐸: 4.4) 

 

The formation of Cu2O occurs only with the adsorption of the organic acid on Cu0 centers. 

This mechanism agrees well with the XRD patterns obtained for the processed samples 

(Figure 4.7). Cu(new) NPs showed the formation of Cu2O because it has a thin oxide 

coating that dissolves away rapidly. For Cu(aged) NPs, Cu2O formation occurs only at pH 

3.0 when the Cu core becomes exposed following dissolution of the thick oxide coating. 

At pH 7.0, no Cu2O is formed from Cu(aged) NPs as the dissolution is limited and thus 

does not expose the underlying metallic Cu core. It is interesting to note that Cu2O 

formation by Cu(aged) NPs relate well with the type of organic acid which enhances 

dissolution of the oxide coating to a greater extent. Once Cu2O forms on the surface there 

are two possible pathways. The surface can continue to dissolve away exposing more Cu0 

for organic acid adsorption or given that Cu2O is a p-type semiconductor with negatively 

charged vacancies mass transport of Cu+ ions and electrons can occur in a direction normal 

to the surface via the vacancies.186 In the current study, both these pathways are in fact 

plausible. Because CuO NPs did not contain any metallic Cu, no formation of Cu2O 

occurred. These results also show the unique nature of Cu(aged) NPs in solution. 
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 Ligand-promoted dissolution of Cu and CuO nanoparticles in the presence of 

organic acid increases their mobility in natural environments by the formation of ions and 

smaller nanoparticles. Enhancement in dissolution and mobility depends on the nature of 

the organic acid and pH. Citric acid causes the greatest dissolution and mobility. Citric and 

oxalic acid interact weakly or strongly by forming outer-sphere or inner-sphere complexes, 

respectively. The strength of the interaction is sensitive to the pH as it determines the 

solution speciation of the acid as well as the surface charge (Figure 4.9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.9: Zeta potential of the Cu(aged) NPs as a function of pH in the presence and absence of 
organic acids. Data indicates the generation of a negative charge on the surface of the nanoparticles. 
Citric acid (green) shifted the charge to more negative values as compared to the oxalic acid 
(orange). 
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Smaller suspended nanoparticles can potentially be taken up by plant roots and aquatic 

species resulting in bioaccumulation and biomagnification. Therefore “total mobilized 

concentration” can potentially give a more accurate measure of bioavailability from an 

environmental perspective. However it is important to note that because dissolved Cu ions 

have a greater affinity toward humic-like organic substances and form insoluble complexes 

which get incorporated into the organic fraction in the soil system, the mobilization can in 

fact be inhibited although the dissolution is enhanced.169 Thus, it is important to study and 

understand competing processes that occur in natural environments. 

 Furthermore, the possibility of threshold coverage has been observed for strongly 

bonded organic acids. Axe and Persson studied the dissolution caused by different surface 

speciation of oxalate on the boehmite (γ-AlOOH) surface and showed evidence of a critical 

concentration needed to induce dissolution.187 The critical surface concentration was 

correlated to the inner-sphere complex concentration present on the surface; therefore, less 

than or equal concentrations of the inner-sphere complexing of oxalate on the surface 

created a semi-protected, stable surface. In the current study a similar decrease in 

dissolution was consistently observed at all pH with lower oxalic acid concentration. 

Therefore, at appropriate concentrations, oxalic acid can be considered as a dissolution 

inhibitor rather than a promoter. Solution-phase chemistry will also play an important role 

in the dynamic processing of copper nanoparticles because the type of solution-phase 

complexes that are formed between Cun+ (where n = 1 or 2) and organic acids are dependent 

on the relative ratios of the metal and ligand.188  When no or limited dissolution 

occurs, the adsorption of organic acids changes the surface charge of these nanoparticles 

(Figure 4.9) and affects their aggregation behavior (Figure 4.10).  
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Figure 4.10: Sedimentation plots of Cu(aged) NPs in the presence (open points) and 
absence (solid points) of organic acids (1 mM) at pH 3, 7 and 11. All data is normalized to 
the initial absorbance. 

 

In acidic environments and especially at pH < 5, the interactions with the organic acid 

strongly influence the termination of the surface. Electrostatic and Lewis acid−base 

reactions are the driving force for surface interactions and complexation of organic acid on 

copper nanoparticle surfaces. Sedimentation studies conducted for aged Cu-NP with and 

without organic acids at λ = 512 nm (Figure 4.10) show that the presence of citric acid 

decreases the aggregation as a result of increasing negative charge on the surface. Oxalic 

acid on the other hand increases aggregation by shifting the surface charge toward more 

neutral values. A study on α-Al2O3 showed that electrokinetic properties of surfaces are 

more greatly affected by citrate complexes than maleate or oxalate.168 This is in good 

agreement with our findings where the surface charge was shifted to more negative values 

in presence of citric acid when compared to that of oxalic acid.  

 The effects caused by the adsorption of organic acid and consequent dissolution of 

copper in natural environments lead to increased metal ion concentrations, smaller particles 

that are more soluble and stable making them less easily separated in wastewater systems, 
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and possibly increasing the bioavailability to both plants and animals. Traditionally, 

bioavailability is linked with solubility, but because of their size nanoparticles are in fact 

also bioavailable as nanoscale solid particles.189,190 Further considerations are needed to 

account for the possibility of both soluble metal and solid metal nanoparticles being 

bioavailable. Soluble metal particles as well as nanoscale particles have been shown to 

increase the inflammatory response. Smaller particles may induce responses which may 

have different mechanistic pathways for inflammation compared to the dissolved ions.191 

For example, copper-containing nanoparticles showed that soluble copper induced an 

inflammatory response that was mechanistically different in zebrafish to the inflammatory 

response of 80 nm copper particles inferring that increased amount of soluble copper was 

not the sole cause of response.36 Copper nanoparticles have shown to produce reactive 

oxygen species which can cause cytotoxicity.192 There are also deleterious effects for 

increased concentrations of copper on microbial species.193 However, the role of soluble 

ions versus the nanoparticles in toxicological responses has been reported with conflicting 

results for different transition metals. Therefore, a thorough understanding of possible 

environmental processes that can occur for Cu nanoparticles is a key requirement in 

elucidating the toxicological responses. This current study attempts to lay out some 

interesting differences in the solution phase behavior of different copper-based 

nanomaterials 
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CHAPTER 5 

DISSOLUTION OF ZnO NANOPARTICLES AT CIRCUMNEUTRAL pH:  

A STUDY OF SIZE EFFECTS IN THE ABSENCE AND THE PRESENCE OF 

LIGANDS 

 

5.1 Abstract 

Understanding size-dependent processes, including dissolution, of engineered 

nanoparticles is essential in addressing the potential environmental and health impacts of 

these materials as well as their long-term stability. In this study, experimental 

measurements of size-dependent dissolution of well-characterized zinc oxide (ZnO) 

nanoparticles with particle diameters in the range of 4 to 130 nm have been measured at 

circumneutral pH (pH 7.5) and compared. Dissolution was found to be enhanced with 

smaller ZnO nanoparticles compared to larger-sized particles, even though the 

nanoparticles were present in solution as aggregates with hydrodynamic diameters on the 

order of 1 – 3 μm in size. Although these results are found to be in qualitative agreement 

with theoretical predictions, a linearized form of the Kelvin equation to calculate a surface 

free energy yielded quantities inconsistent with expected values from the literature. 

Reasons for this inconsistency are discussed and include potential deviations of solubility 

behavior from classical thermodynamics as a result of a lack of detailed knowledge of 

surface structure and surface properties, including the presence of different surface crystal 

facets, and the aggregation state. The effect of environmental and biological ligands on this 

size dependent behavior was probed using citric acid and bovine serum albumin (BSA). 

The presence of citric acid, significantly enhanced the extent of ZnO dissolution for all 

sizes, and the greatest enhancement was observed for the 4 nm particles. However bovine 

serum album (BSA) did not promote solubility and therefore the size dependent dissolution 

was in fact preserved in its presence. 
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5.2 Introduction 

Although materials with nanoscale dimensions have been present for some time, 

nanomaterials have attracted even more attention recently because they now can be 

synthesized with great control, and they show distinct size-dependent properties.16,194 As a 

result, a large number of materials having nanoscale dimensions are being used in different 

applications because of their unique electronic, thermal, optical, and photoactive properties 

in the fields of information technology, electronics, catalysis, medicine, and 

energy.49,105,115,195,196 

One key aspect of nanoscience is the ability to tune the properties of matter via the 

control of size and shape.48,51,116,117,197 For example, it has been clearly demonstrated in a 

number of studies that electronic properties exhibit size-dependent behavior.48,51 

Additionally, magnetic properties of transition metals have shown significant variations 

with size when materials are in the nanoscale size regime.48 Theoretical calculations have 

shown that the surface charge density of nanomaterials are highly size dependent whereby 

a considerable increase in surface charge density is predicted for particles smaller than 10 

nm.116 Chemical reactivity and catalytic activity of nanomaterials also depend on size 

where smaller nanomaterials are often more active and show enhanced selectivity 

compared to their larger counterparts.48,74 Interestingly, in some cases, there are specific 

nanoparticle sizes that are highly selective and more active relative to other sizes (larger or 

small).198,199 

Size-dependent dissolution of nanomaterials is an area of great interest due to the 

importance of dissolution in industries such as pharmaceuticals, cosmetics, agrochemical, 

paints and coating.200,201 Significant increases in solubility with decreasing particle size 

have been observed in the literature.74,105,200,202 Pharmaceutical drugs composed of 

nanoscale particles are considered an important formulation route for oral administration 

of drugs with poor dissolution properties.200 Dissolution of materials has been long studied 

where an enhanced rate of dissolution of finely divided solids compared to large crystals 
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has been observed.54,203 Increased surface area is one important reason for increased kinetic 

rates of dissolution. Furthermore, it is now becoming clear that the dissolution of 

engineered nanomaterials is extremely important in terms of stability of these materials as 

well as the environmental and health impacts that these particles may have if released into 

the environment.24 

Dissolution of nanoparticles in aqueous systems, especially for metal-based 

nanomaterials, is a concern because these metals can give rise to toxic effects.87 Since the 

properties of nanoscale materials differ markedly from the bulk, variations in toxicity 

effects may be related to the dissolution properties of nanomaterials relative to micrometer-

sized particles of these materials.85 For small particles, several theoretical models and 

approaches have been put forth to describe the size-dependent dissolution of materials 

beyond surface area effects.201,204 However, large discrepancies exist among these 

theoretical studies and experimental measurements in addition to only a limited number of 

investigations being available on well-characterized nanomaterials to describe this 

phenomenon. 106-108 

ZnO is of particular interest as it is widely used in a number of consumer products 

such as sunscreens, cosmetics, dye-sensitized cells, plastic additives, and electronics due 

to their distinct thermal, electronic, and optical properties.61,194,195,205-208 Thus occupational, 

incidental, and direct exposure via consumption can be given as the most likely routes of 

exposure to ZnO nanomaterials. Despite the general conviction of ZnO as a biologically 

safe material, recent research continues to highlight potential biological toxicities of 

nanoscale ZnO.27,209 A study by Brayner et al. on biocidal effects and cellular 

internalization of nanoscale ZnO in Escherichia coli bacteria has shown membrane 

disorganization resulting in increased permeability and consequent accumulation of ZnO 

nanoparticles in the bacterial membrane.194 A comparison study of TiO2, SiO2 and ZnO 

toxicity toward Bacillus subtilis and E. coli by Adams et al. has determined ZnO to be the 

most toxic.210 Often a criticism of these studies is the lack of differentiation between the 
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effects of dissolved Zn2+ ions and the actual nanoparticles, as it is thought that the 

mechanisms of toxicity are most likely different in each case. Thus Lin et al. attempted to 

distinguish between such effects with Lolium perenne (ryegrass), which showed significant 

reduction in its biomass even below the toxicity threshold of Zn2+, suggesting potential 

ZnO nanoparticle toxicity.70 In addition, Heinlaan et al. showed that ZnO nanoparticles 

with LC50 (mg L-1) values of 1.9, 3.2, and 0.18 differed from ZnSO4. 7H2O LC50 (mg L-1) 

values of 1.1, 6.1, and 0.98 for Vibrio fischeri, Daphnia magna, and Thamnocephalus 

platyurus, respectively.38 Xia et al. studied the cellular response of macrophage and 

epithelial cell lines toward ZnO nanoparticles, which indicated particle dissolution and 

release of Zn2+ playing a key role in inducing toxic effects.33 Furthermore they observed a 

size reduction in ZnO agglomerates from 413 to 36 nm when transferred from the water to 

cell culture medium facilitating nanoparticle uptake and subsequent intracellular 

dissolution. By contrast, Raghupathi et al. observed size-dependent growth inhibition in 

various microorganisms including E. coli and Staphylococcus aureus with ZnO 

nanoparticle suspensions, which was not observed when the suspension supernatant was 

used.97 According to this study, toxic effects arise from ZnO nanoparticles and not the 

dissolved Zn2+ ions. Poynton et al. used gene expression profiling of Daphnia magna to 

show distinct modes of toxicity between ZnO nanoparticles and ZnSO4.211 Li et al. 

highlighted the effect of water chemistry in dictating the toxicity profile of ZnO 

nanoparticles.212  

Although many controversies still exist on the origin of these toxicities, the 

generation of reactive oxygen species (ROS), creation of protein corona encapsulating the 

nanoparticles (depending on size, curvature, shape and surface features) leading to protein 

unfolding, fibrillation, thiol cross-linking, and loss of enzymatic activity are all considered 

to trigger the actual “effects”.33 The debate in the scientific community continues in 

determining exact mechanisms that give rise to the toxicity of nanoscale ZnO. Therefore, 

a fundamental understanding on size-dependent dissolution of nanoscale ZnO becomes 
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crucial from environmental and toxicological perspectives. In the current study, the size-

dependent dissolution of ZnO has been investigated using well-characterized nanoparticles 

in the presence and absence of citric acid and bovine serum albumin, abundant coordinating 

ligands of environmental and biological significance, to better understand the dissolution 

of ZnO on the nanoscale. 

 

5.3 Experimental Methods 

5.3.1 Nanoparticle Characterization  

 Nanoparticles were characterized with different techniques including transmission 

electron microscopy (TEM), powder X-ray diffraction (XRD), Brunauer EmmettTeller 

(BET) surface area analysis, and attenuated total reflectance Fourier transform infrared 

(ATR-FTIR) spectroscopy. Diffraction patterns were collected using a Rigaku Miniflex II 

diffractometer with a Co source. TEM images of the samples were collected using TEM, 

JEM JEOL-1220. The specific surface area of the particles was measured using seven-point 

N2 BET adsorption isotherm measurements using a Quantachrome Nova 4200e surface 

area analyzer. Numerical values are reported as the average of triplicate measurements. 

ATR-FTIR spectroscopy measurements were obtained to investigate the surface functional 

groups present on ZnO nanoparticles. Measurements were obtained using an AMTIR 

crystal element in a horizontal ATR cell (Pike Technology, Inc.). A thin film of ZnO was 

prepared by depositing a ZnO suspension (1.5 mg in 1.0 mL of ethanol) onto the AMTIR 

crystal and drying overnight. ATR-FTIR spectra of the thin films of nanoparticles were 

recorded. 

 

5.3.2 Quantitative Dissolution Measurements. 

 Dissolution studies were conducted using a Varian inductively coupled plasma 

optical emission spectrophotometer (ICP-OES) at room temperature (∼25 C) at pH 7.5. 

The experiments were conducted according to the following protocol. The dissolution of 
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ZnO at pH 7.5 was studied using seven samples of sizes 4, 7, 15, 17, 24, 47, and 130 nm 

with a ZnO solid loading of 0.5 g/L. ZnO and HEPES buffer (pH 7.5, 10 mL) were mixed, 

covered with aluminum foil to inhibit any photoinduced dissolution, and placed on a Cole-

Parmer circular rotator for 24 h. After completion of mixing the suspension pH was 

measured. Previous methods that were used to separate TiO2 nanoparticles (4 nm) from 

solution by filtration (0.2 μm, Xpertec filters) and centrifugation (22000 rpm for 30 min) 

was not suitable for ZnO nanoparticles, as they dissolve to form even smaller particles that 

get through the filters as seen by the TEM images of the supernatant. Therefore a different 

method was employed whereby dissolved Zn2+ was separated from the ZnO nanoparticles 

in the solution using Amicon Ultra-4 centrifugal filter units with pore diameters of 1.2 nm 

(Amicon Ultracel 3K, Millipore, USA). Aliquots (∼2 mL each 3) were transferred into 

filter units and centrifuged at 7500 rpm for 30 min. The filtrate collected was analyzed 

using ICP-OES to quantify the dissolved zinc. To confirm the absence of smaller ZnO 

nanoparticles, filtered solutions were imaged using TEM, and UV/visible (UV/vis) 

absorbance spectra (in the range of 250 – 400 nm45) were collected. No particles were 

observed in the micrographs, and no distinct peaks observed in the UV/vis spectra. These 

centrifuged samples were diluted to 5 mL with 1 M HCl prior to analysis, and the 

calibration was conducted with 5.0, 10.0, 25.0, and 50.0 ppm Zn2+ standards prepared in 1 

M HCl. The average and standard deviation of triplicate measures are reported for all 

dissolution measurements. 

 Dissolution rates of ZnO nanoparticles of different sizes were investigated in a 

kinetic study using 4, 7, and 15 nm ZnO samples. The above procedure was followed with 

aliquots of the sample being drawn at time intervals of 15 min for the first 4 h and then 1 h 

intervals for 24 h. These data showed that the dissolution of ZnO nanoparticles at this pH 

had reached steady state in 24 h. 
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5.3.3 Aggregation Measurements.  

 Because of the propensity of nanoparticles to aggregate and the impact that 

aggregation may have on dissolution, the aggregation behavior of ZnO particle suspensions 

was examined. Size distributions of the aggregates were obtained using a dynamic light 

scattering (DLS) instrument (Delsa Nano C particle analyzer) equipped with a green laser 

at 532 nm. Suspensions were prepared at 0.5 g/L solid loading of ZnO at filtered pH 7.5 

buffer and allowed to sit overnight to ensure steady state aggregation. 

 

5.3.4 Sources of Nanomaterials and Chemicals. 

 Six laboratory-synthesized samples and a commercially manufactured sample of 

ZnO nanoparticles were used in this study. The detailed synthesis of ZnO powdered 

materials can be found in the work of Bian et al. for the 4 nm diameter ZnO and in that of 

Wu et al. for 7, 17, 24, 47, and 130 nm diameter ZnO samples (see Table 1).74,213 The 

commercial sample of 15 nm diameter was purchased from Alfa Aesar. Solutions at pH 

7.5 were prepared with 4-(2-hydroxyehtyl)-piparazeneethanesulfonic acid (HEPES; Sigma 

Aldrich; ≥ 99%). To adjust the pH of the solution to 7.50 ± 0.01, sodium hydroxide (NaOH; 

Fisher Scientific; certified ACS plus) was used, and solutions were prepared using optima 

water (Fisher Scientific). 

 

5.4 Results and Discussions 

5.4.1 Nanoparticle Characterization.  

 A summary of the characterization data for ZnO nanoparticles used in this study is 

given in Table 5.1. These data include average particle diameters determined with TEM 

along with a standard deviation for these diameters as measured from the analysis of over 

100 particles along with calculated and measured BET surface areas (average value of 

triplicate measurements and standard deviation reported). For smaller nanoparticles (≤15 

nm), the measured surface area was significantly lower than the expected calculated value.  
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Table 5.1: Single particle diameter (d) and BET surface area of ZnO Nanoparticlesa. 

 

Diameter (d) 

nm 

Calculated surface areab 

m2/g 

BET surface area – measured 

m2/g 

4 ± 2 268 ± 134 105 ± 13 

7 ± 2 153 ± 44 75 ± 4 

15 ± 4 71 ± 19 47 ± 1 

17 ± 3 63 ± 11 50 ± 3 

24 ± 3 45 ± 6 40 ± 2 

47 ± 7 23 ± 3 26 ± 1 

130 ± 21 8  ± 1 11 ± 1 
a All ZnO nanoparticles were synthesized from zinc acetate except for the 15 nm sample, which 
was a commercially purchased sample. b Calculated surface area = 6/(d.ρ) where d = diameter and 
ρ = density. 

 

 

This difference can be attributed to aggregation of nanoparticles that has the potential to 

inhibit surface adsorption leading to an overall lower surface area. TEM images of the ZnO 

nanoparticles and the XRD data are shown in Figure 5.1. XRD data show that these samples 

are crystalline and confirm the expected wurtzite crystal structure for these ZnO 

nanoparticles. XRD peaks also showed the expected line broadening for smaller 

nanocrystallite size. Figure 5.2 illustrates the surface functional groups for these different 

samples determined from ATR-FTIR spectroscopy. The spectra for 7 nm sample is 

representative to that of 17, 24, 47 and 130 nm ZnO nanoparticles since they are all 

synthesized using the same precursor medium. Surface adsorbed acetate groups, which 

originate from the zinc acetate precursor used in the synthesis, can be seen in the surface 

spectra of 4 and 7 nm ZnO nanoparticles. Absorption bands present at 1400 and  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.1: Nanoparticle characterization (a) TEM images of ZnO nanoparticles with diameters. The scale bar is the same 50 nm in each image 
except for the last image (200 nm). (b) Corresponding XRD patterns of the ZnO nanoparticles. 
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1565 cm-1 in the 4 nm ZnO spectrum can be assigned to the symmetric and asymmetric 

stretching modes of the carboxylate group, COO-.144 Two peaks appear in the 7 nm 

spectrum at 1400 and 1574 cm-1, which are also assigned to the symmetric and asymmetric 

stretching modes of COO-, respectively. In comparison, the spectrum of the 15 nm ZnO 

sample (commercial sample) has absorptions that are centered near 1389 and 1500 cm-1. 

The frequencies of these vibrational bands are more closely associated with adsorbed 

carbonate groups.214 During the dissolution process, these adsorbed acetate and carbonate 

groups will be removed from the surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.2: ATR-FTIR spectra for 4, 7 and 15 nm ZnO nanoparticles. The 4 and 7 nm samples 
were laboratory synthesized from zinc acetate precursor, whereas the 15 nm sample was purchased 
from Alfa Aesar. 
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 Hydrodynamic diameters of ZnO aggregates were measured in solution at pH 7.5 

with DLS. The results from these measurements are given in Table 5.2. As can be seen, the 

hydrodynamic diameters for all of the ZnO samples are considerably larger than their 

primary particle sizes as measured with TEM. Aggregates present in the solution are in the 

range of 2 – 3μm. 

 

 
Table 5.2: Hydrodynamic diameters of ZnO nanoparticle aggregates at pH 7.5 after 24 hour 
equilibration. 

 

Single particle diameter (d) (nm) Hydrodynamic diameter (µm) 

4 ± 2 3 ± 0.3 

7 ± 2 2 ± 0.1 

15 ± 4 3 ± 0.1 

17 ± 3 2 ± 0.1 

24 ± 3 2 ±0.1 

47 ± 7 3 ± 0.4 

130 ± 21 2 ± 0.3 

 

 

 

5.4.2 Aqueous Phase Behavior in the Presence and Absence 
 of Organic Acids. 

 Dissolution of ZnO nanoparticles was measured for six laboratory synthesized ZnO 

samples and one commercial sample at pH 7.5. Dissolution measurements were done after 

24 h. From the results of kinetic measurements, the amount of dissolved Zn2+ reaches 
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steady state within a ca. 6 h time period, so the 24 h measurement insures equilibrium in 

these systems. The final pH values of the solutions were increased slightly and raised to 

values ranging from 7.7 to 7.8. The data for measurements of Zn2+ concentrations show the 

greatest extent of dissolution for 4 nm nanoparticles, as shown in Table 5.3 and Figure 5.3. 

The overall trend shows a decrease in the extent of dissolution with increasing particle size. 

When normalized to the surface area of the nanoparticles, the dissolution ranged from 2.0 

x 1014 to 6.0 x 1014 Zn2+ cm-2 for all samples corresponding to the dissolution of the surface 

monolayer. The highest value of 6.0 x 1014 was reported for 130 nm ZnO nanoparticles 

with the lowest surface area. 

 

 
Table 5.3: Quantitative measurements of [Zn2+] and pH along with calculated solubility products 
(Ksp) for ZnO nanoparticles. 

 

 

 Thus, size-dependent dissolution was clearly observed even in the presence of 

aggregation for ZnO nanoparticles at circumneutral pH in this relatively simple matrix. The  

 

Diameter (nm) [Zn2+] (mg/L] pH Ksp (mol/L)3 

4 ± 2 14.9 ± 0.3 7.7 ± 0.01 (6.0 ± 2.0)x10-17 

7 ± 2 7.6 ± 0.1 7.7 ± 0.01 (3.4 ± 0.4)x10-17 

15 ± 4 4.9 ± 0.1 7.8 ± 0.01 (2.5 ± 0.3)x10-17 

17 ± 3 5.6 ± 0.1 7.7 ± 0.01 (2.5 ± 0.2)x10-17 

24 ± 3 4.8 ± 0.1 7.8 ± 0.02 (2.6 ± 0.4)x10-17 

47 ± 7 4.4 ± 0.1 7.8 ± 0.02 (2.2 ± 0.2)x10-17 

130 ± 21        3.4 ± 0.1      7.8 ± 0.01 (1.9 ± 0.9)x10-17 
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Figure 5.3: Measured Zn2+ concentrations after 24 h from aqueous suspensions of ZnO 
nanoparticles (0.5 g/L) of different size at an initial pH of 7.5. 

 

 

dissolution process increases substantially upon addition of citric acid with 4 nm ZnO 

nanoparticles showing even a greater extent (Figure 5.4a). The enhanced dissolution of 4 

nm particles results from the large surface area, and, when normalized to the BET surface 

area, all the samples showed similar dissolution in the range of 1.3 x 1015 to 8.0 x 1015 Zn2+  

cm-2 corresponding to the dissolution of first two surface layers. Citric acid with its three 

carboxylate groups is an excellent complexing ligand.168 It forms very stable bidentate 

complexes with Zn2+ ions in the solution that has a stability constant of log K= 4.9 at 

circumneutral pH.215 The following reactions show the initial hydroxylation of the ZnO 

nanoparticle surface (Eq: 5.1), the surface adsorption of aqueous citric acid via ligand 
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exchange mechanism (Eq: 5.2), followed by the subsequent dissolution of the surface as a 

result of polarized and weakened metal oxygen bonds (Eq: 5.3). 

 

 

 

 

 

The presence of citric acid clearly affected the dissolution process as can be seen by the 

increasing dissolution as a function of citric acid concentration (Figure 5.4b). Using 50 

mM concentration to ensure that dissolution is not limited by available citric acid, the 

dissolution experiments of ZnO were conducted for 4, 7, 15, 17, 24, 47, and 130 nm 

samples, which showed no dependence on size when normalized to the BET surface area.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.4: Dissolution of ZnO in the presence of citric acid after 24 h. (a) ZnO dissolution as a 
function of size at 50 mM citric acid concentration. (b) ZnO dissolution as a function of citric acid 
concentration for 4 nm ZnO. 
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≡ 𝑍𝑍𝑍𝑍𝑂𝑂(𝑠𝑠) + 𝐻𝐻2𝑂𝑂(𝑙𝑙) ⇌  ≡ 𝑍𝑍𝑍𝑍(𝑂𝑂𝑂𝑂)2 (𝑠𝑠)                                              (𝐸𝐸𝐸𝐸: 5.1) 

≡ 𝑍𝑍𝑍𝑍(𝑂𝑂𝑂𝑂)2 (𝑠𝑠) + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒3−(𝑎𝑎𝑎𝑎)  ⇌   ≡ 𝑍𝑍𝑍𝑍(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)−(𝑎𝑎𝑎𝑎𝑎𝑎) + 2𝑂𝑂𝑂𝑂−
(𝑎𝑎𝑎𝑎)   (𝐸𝐸𝐸𝐸: 5.2) 

≡ 𝑍𝑍𝑍𝑍(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)−(𝑎𝑎𝑎𝑎𝑎𝑎)  ⇌   ≡ 𝑍𝑍𝑍𝑍(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)−(𝑎𝑎𝑎𝑎𝑎𝑎)                            (𝐸𝐸𝐸𝐸: 5.3) 
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This contradicting observation obtained from the matrices with different complexities 

highlight several important points. First, size-dependent dissolution is evident for ZnO 

nanoparticles, as shown in Figure 5.3. As the size of the particles decrease surface area and 

the number of edges, kinks and defect site density increase creating “hot spots” of 

dissolution. Thus, enhanced dissolution properties are observed for smaller particles. 

Second, when complexing ligands are present in the medium, these can adsorb on to the 

majority of flat terraces as well polarizing and weakening the metal-oxygen bonds of the 

lattice surface.168 Thus in the presence of such ligands, additional dissolution hot spots are 

created on the terraces other than the edges and kinks, leading to the same extent of 

dissolution for both nanoscale and bulk materials, potentially explaining the decrease in 

the lack of size dependent behavior (Figure 5.4a). Additionally, other products form in 

solution that can control the reaction chemistry. Bovine serum albumin (BSA) on the other 

hand only slightly increased the dissolution at the very small scale. (Figure 5.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Dissolution of 4 nm ZnO in the presence of bovine serum albumin (1 g/L) after 24 h. 
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BSA being a plasma protein can potentially form proton coronas which can encapsulate 

the nanoparticles and prevent dissolution. The objective of using these ligands in the 

current study was to investigate the effect that environmentally and biologically relevant, 

common, complexing ligands have on size-dependent dissolution. 

 

5.4.3 Surface Energy of ZnO Nanoparticles in Solution. 

 Zinc oxide dissolution is well-known and occurs over a wide range of pHs.74 At 

circumneutral pH of 7.5, the dissolution of zinc oxide is limited, and thus this is a good pH 

to investigate size-dependent behavior due to the fact that there is minimal interference 

from products that can form and a change in pH that occurs when large quantities dissolve. 

For ZnO, the following reactions are important in water at pH 7.5:216,217 

 

 

 

 

 

Overall, the net reaction for the dissolution of ZnO is as follows: 

 

𝑍𝑍𝑍𝑍𝑍𝑍(𝑠𝑠) +  𝐻𝐻2𝑂𝑂(𝑙𝑙)   ⇌   𝑍𝑍𝑍𝑍2+(𝑎𝑎𝑎𝑎)  + 2𝑂𝑂𝑂𝑂−
(𝑎𝑎𝑎𝑎)                       (𝐸𝐸𝐸𝐸: 5.7) 

 

In the current study, the solubility product constant, Ksp, for the samples was calculated 

using the Zn2+ concentration obtained from ICP-OES analysis and the OH concentrations 

obtained via measuring the solution pH both after 24 h. The solubility, S, of ZnO is then 

related to Ksp according to eq 8:  

 

 

 

  
𝑍𝑍𝑍𝑍𝑍𝑍(𝑠𝑠) + 𝐻𝐻2𝑂𝑂(𝑙𝑙) ⇌ 𝑍𝑍𝑍𝑍(𝑂𝑂𝑂𝑂)2 (𝑠𝑠)                                            (𝐸𝐸𝐸𝐸: 5.4) 

𝑍𝑍𝑍𝑍(𝑂𝑂𝑂𝑂)2 (𝑠𝑠) ⇌ 𝑍𝑍𝑍𝑍(𝑂𝑂𝑂𝑂)+(𝑎𝑎𝑎𝑎) + 𝑂𝑂𝑂𝑂−
(𝑎𝑎𝑎𝑎)                                  (𝐸𝐸𝐸𝐸: 5.5) 

𝑍𝑍𝑍𝑍(𝑂𝑂𝑂𝑂)+(𝑎𝑎𝑎𝑎)  ⇌ 𝑍𝑍𝑍𝑍2+(𝑎𝑎𝑎𝑎) + 𝑂𝑂𝑂𝑂−
(𝑎𝑎𝑎𝑎)                                        (𝐸𝐸𝐸𝐸: 5.6) 

 

𝑆𝑆 = �
𝐾𝐾𝑠𝑠𝑠𝑠

4 �
1/3

                                                          (𝐸𝐸𝐸𝐸: 5.8) 
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Measured Zn2+ concentrations, equilibrium solution pH, and calculated Ksp for all seven 

ZnO samples are given in Table 5.3. Measured Zn2+ concentrations show that ZnO 

nanoparticles dissolve at pH 7.5 and the extent of dissolution increases with decreasing 

particle size. The data presented in Figure 5.3 indicate larger concentrations of Zn2+ and 

thus enhanced dissolution for the smaller ZnO nanoparticles compared to larger particles. 

 The above observations can be attributed to the higher surface free energy and 

activity of nanoparticles due to their small size in addition to the increased surface area. 

The relationship between particle size and solubility can be described using a modified 

Kelvin equation, which is typically used to describe the change in vapor pressure due to a 

curved liquid-vapor interface, and is also known as the Ostwald-Friedrich equation (eq 

9).105,201,204Accordingly, the solubility is expected to increase exponentially with 

decreasing particle size as follows:  

 

 

 

where S is the solubility (in mol/kg) of a spherical particle with diameter d (m), Sbulk is the 

solubility of the bulk, γ is the surface free energy (in mJ/m2), V is the molar volume (in 

m3/mol), R is the gas constant (in mJ/mol K), and T is the temperature (in K). As size 

decreases, the surface energy of the particles is expected to increase, which results in 

enhanced dissolution.105 This equation can be related to the solubility product constant and 

linearized to give  

 

 

As can be seen from eq 10, assuming a constant V and γ with varying size, a plot of  ln Ksp 

versus d-1 can be used to deduce both the surface energy and the bulk solubility product 

constant of the ZnO nanoparticles. Using the solubility product constant values determined 

(see Table 5.3), ln Ksp versus d-1 for all seven ZnO samples in buffered solution is plotted, 
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and the experimental results showed a linear trend in agreement with the theoretical 

prediction depicted by the linearized Kelvin equation (eq 10). The bulk solubility product 

constant (1.9x1017 mol3 /L3) obtained from the intercept of the graph is comparable to the 

1.7x1017 mol3 /L3) at 25oC stated in the literature.53 Furthermore, the surface energy 

calculated using the slope of ln Ksp versus d-1 plot is determined to be 0.06±0.01 J/m2. 

 Figure 5.6 compares the variation of ln[𝐾𝐾𝑠𝑠𝑠𝑠/𝐾𝐾𝑠𝑠𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏] versus d-1 with three different 

surface energies: γ = 1.31 J m-2 for hydrated gas-solid interface,61 γ = 0.1- 0.5 J m-2 for 

metal oxides in solution,207 and γ = 0.06 J m-2 from the best fit of data. The experimental 

data is quite lower than that predicted from specific values reported for the surface energy 

of ZnO nanoparticles (γ = 1.31 J m-2) in particular. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.6: Surface energy of ZnO nanoparticles. (a) ln[𝐾𝐾𝑠𝑠𝑠𝑠/𝐾𝐾𝑠𝑠𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏] is plotted as a function of the 
inverse of particle diameter (d-1). (b) The experimental data plotted on an expanded scale. 
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Zhang et al. have reported values of 1.31 and 2.55 J/m2 for hydrous and anhydrous surfaces, 

respectively,61 at the gas-solid interface, indicating the significant reduction of surface 

energy by surface adsorbed water. Therefore once in solution, adsorption of ions and 

solvent molecules reduce the surface energy to fall within the range of 0.1 - 0.5 J m-2. 

However, in the current study, the experimental data of smaller nanoparticles (d< 10 nm) 

was clearly outside the range predicted, accounting for the reduction in surface energy by 

surface adsorbed species, indicating contribution from additional factors. A key factor can 

result from aggregation of nanoparticles in the solution, as can be seen by the large 

hydrodynamic diameters observed (Table 5.2). Additionally, the presence of surface 

adsorbed acetate groups for most of the nanoparticles investigated (Figure 5.2) could 

potentially contribute toward lowering the surface energy. It should also be noted that the 

calculated surface energy in this study, γ = 0.06±0.01 J m-2, is an average of the surface 

crystal faces for a range of sizes. This average value may or may not be representative of 

all the planes that could result from the differences in prominent crystal faces for each size. 

Park et al. has shown that for three-dimensional assemblies of TiO2, the average surface 

energy is closer to that of simple TiO2 nanoparticle structures with (101) dominant surface 

planes, whereas ZnO tetrapods showed larger deviations in the average surface energy from 

the simple spherical nanoparticles.62 

 Apart from the differences in the actual experimental conditions and differences 

between the samples and synthesis procedures from those in literature, the theoretical 

model itself has some limitations that could result in an under- or overestimation of the 

surface energy. Although it has been assumed in the modified Kelvin equation that the 

nanoparticles are spherical, it is important to note that nanoparticles are not spheres and 

have distinct shapes and facets.201,204In addition, aggregation leads to the formation of 

several irregularly shaped structures such that the actual size of particles is uncertain. 

Aggregation has been shown to decrease the rate of dissolution and even completely 

quench the process in some cases.102,105 It is postulated that effective, reactive surface area 

 

 



 104 

of the nanoparticles exposed to the solution is reduced due to aggregation, and the solution 

properties within the aggregates are different from the bulk. Although aggregation plays a 

significant role in nanoparticle dissolution, it is not accounted for in the modified Kelvin 

equation.103,105 Furthermore, different surface energies have been successfully correlated 

with different morphologies of nanomaterials, which clearly indicates the dependence of 

surface energy on the exposed crystal planes.61,62 ZnO nanoparticles with different sizes do 

not have the same number of edge and corner atoms.108 Therefore, the surface-to-volume 

ratios can be different as well as the surface free energies. Additionally, most stable crystal 

planes of nanoparticles vary with size. The modified Kelvin equation does not account for 

these potential size dependencies of γ and also for its dependence on surface properties 

such as defects and different surface crystal facets.105 It has been revealed from several 

research studies that one of the major problems associated with the modified Kelvin 

equation is the uncertainty as to whether the value of γ is constant for very small 

particles.204,218 

 On other studies of ZnO dissolution, Meulenkamp discussed size selective etching 

of ZnO nanoparticles by anhydrous acetic  acid in ethanolic solution and showed that for a 

mixture of 3.15 and 4.30 nm ZnO nanoparticles, the former etches at a much faster rate.202 

However, based on particle size evolution during the etching process, it was clearly shown 

that particle size decrease is much smaller than predicted using a simple model of cube root 

dependence where all the surface particles detach at the same rate. However, the 

experimental particle size evolution was successfully simulated in a Monte Carlo process 

where size dependence and polydispersity had been accounted for. Dissolution 

measurements of single-crystal ZnO (0001) surfaces by in situ atomic force microscopy 

(AFM) imaging showed that for pH 5.5 - 3.8, the dissolution proceeds only along the pre-

existing edges and not along the terraces.219 This was successfully correlated to the 

positively charged surface at this pH for the (0001) terraces inhibiting the proton promoted 

dissolution in contrast to the other crystallographic planes (1120 or 1010) present at the 
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edges. In another study on the dissolution of PbS nanocrystals, greater dissolution for (110) 

and (111) edges was exhibited over(100) primary terraces, as shown by the high-resolution 

TEM (HRTEM) images.103 Furthermore, comparison of the dissolution rates of 14.4 nm 

PbS nanocrystals vs 3.1 μm nanocrystals gave 10 times greater rate for the former than the 

latter.105 Little size dependence was observed by Peng et al. for ZnO nanoparticles in a 

more complex matrix (marine water) and with nanoparticles all greater than 6 nm in size.206 

All these studies highlight distinct dissolution behavior that depends on the size and 

topographical features at the nanoscale. 

 

5.5 Conclusions and Implications 

 This current study has focused on understanding the size dependent dissolution of 

ZnO nanoparticles in the range of 4 – 130 nm at pH 7.5. A number of interesting and 

important conclusions about the dissolution of nanoparticles can be derived from this study 

of well-characterized particles. First, smaller nanoparticles show a greater extent of 

dissolution compared to larger particles as expected from classical theoretical predictions 

depicted by the modified Kelvin equation and size. Second, there are quantitative 

deviations from the modified Kelvin equation that can arise from the presence of surface 

functional groups: dependence of γ on exposed crystal planes and aggregation. Third, the 

theoretical model itself lacks detailed surface topographic parameters to achieve accurate 

quantitative predictions. Fourth, aggregation, which plays a significant role in the 

dissolution of nanoparticles can play a role in the dissolution process, and here it is shown 

that ZnO nanoparticles aggregated to larger micrometer particles under the conditions of 

these studies. However, aggregation did not completely mask the size dependent 

dissolution of ZnO. Finally, the particle size dependence of ZnO was not as prevalent in 

the presence of citric acid, which was attributed to ligand-promoted dissolution. Overall, 

this study provides a link between theoretical predictions and actual experimental 
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observations of size-dependent dissolution of nanoparticles where only a few such studies 

are available in the literature.  
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CHAPTER 6 

HISTIDINE ADSORPTION ON TiO2 NANOPARTICLES: AN INTEGRATED 

SPECTROSCOPIC, THERMODYNAMIC AND MOLECULAR-BASED APPROACH 

TOWARDS UNDERSTANDING NANO-BIO INTERACTIONS 

 

5.1 Abstract 

Nanoparticles in biological media form dynamic entities as a result of competitive 

adsorption of proteins on nanoparticle surfaces called a protein corona. The protein affinity 

towards nanoparticle surfaces potentially depends on the constituent amino acid side chains 

which are on the protein exterior and thus exposed to the solution. Therefore, studying the 

adsorption of individual amino acids on nanoparticle surfaces can provide valuable insights 

into the overall evolution of nanoparticles in solution and the protein corona that forms. In 

the current study, the surface adsorption of L-histidine on TiO2 nanoparticles with a 

diameter of 4 nm at pH 7.4 (physiological pH) is studied from both macroscopic and 

molecular perspectives. Quantitative adsorption measurements of histidine on 4 nm TiO2 

particles yield a maximum adsorption coverage of 6.2 ± 0.3 x 1013 molecules cm-2 at 

T=293K and pH 7.4.  These quantitative adsorption measurements also yield values for the 

equilibrium constant and free energy of adsorption of K = 4.3 ± 0.5 x102 L mol-1 and ∆G = 

-14.8 ± 0.3 kJ mol-1, respectively. Detailed analysis of the adsorption between histidine and 

4 nm TiO2 nanoparticle surfaces with ATR-FTIR spectroscopy indicates both the imidazole 

side chain and the carboxylate group interacting with the nanoparticle surface. The 

adsorption results in no change in surface charge and thereby does not change nanoparticle-

nanoparticle interactions or aggregation behavior of these 4 nm TiO2 nanoparticles in 

aqueous solution. 
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6.2 Introduction 

The field of nanoscience and nanotechnology continues to grow with superior 

materials being fabricated for a broad range of applications in industry, energy and 

health.18,93,153,220 The inherent size-dependent chemical, mechanical, optical, electrical, 

magnetic, electro-optical and magneto-optical properties, that can be entirely different 

from their bulk counterparts, render these materials to be of great interest from many 

scientific and application-based perspectives.51 The superior nature arises in part from the 

large contribution of the surface free energy to the total free energy as a result of the high 

surface-to-volume ratio of the constituent atoms in nanomaterials.57 From a medical and 

diagnostic perspective, these materials are attractive candidates in reaching inaccessible 

targets (e.g. the brain) and interacting with cellular machinery.89 Therefore with increased 

usage from both intentional and unintentional exposure to nanomaterials is inevitable.13 

Consequently, it is of vital importance that design of safer nanomaterials and safety 

assessment of existing materials are conducted in parallel to the development of 

applications.221 Understanding the interactions at the nano-bio interface plays a key role in 

this process and in the long run towards the sustainable development of nanoscience and 

nanotechnology.88  

The formation of a “protein corona” is well established in the literature for 

nanoparticles in biological media which result from the competitive adsorption of proteins 

on nanoparticle surfaces.92,222 This results in potential changes of interfacial properties and 

of aggregation state while altering the biological identity of the nanoparticles that affect 

their fate within the cells and tissues.223,224 The protein corona is a dynamic entity where at 

the initial stage high abundance low affinity proteins bind to the primary nanoparticle 

surface which exchange over time with the low abundance high affinity proteins.90,223,225 

Both thermodynamic and kinetics of the protein adsorption at the surface contributes 

towards determining the final constituents of the corona. Therefore irrespective of the 

several thousand of proteins present in biological fluid, the protein corona is enriched with 
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a significantly lower number, about 10-50 proteins, with the highest affinity proteins 

binding to nanoparticles at equilibrium.80,223,226 In order to follow the evolution of the 

protein corona and to better understand the final state reached at equilibrium, an important 

focus that needs further attention is the interaction of individual amino acids at the 

nanoparticle surface. Protein affinities towards nanomaterials are dependent on the number 

of domains present that have attractive interactions with the nanoparticle surface.227 These 

“domains” are specific portions of the protein that are rich in particular amino acids. For 

example, high molecular weight kininogen adsorbs onto iron oxide nanoparticles via 

domain 5 which is rich in histidine. Another aspect of importance is the 

hydrophobicity/hydrophilicity of the nanoparticle surface which is determined by the 

presence of polar functional groups (e.g., surface hydroxyl groups on oxide surfaces).88 

Based on this, surface interactions with biomolecules can vary significantly. Furthermore, 

amino acid side chains are responsible for stabilizing higher order secondary structures of 

proteins.88 When specific domains interact with nanoparticles with high curvature, this can 

cause an unfolding or distortion of the protein secondary structure.92,228,229 This can lead to 

the new catalytic sites that become exposed and/or the deformation of existing catalytic 

sites that may trigger undesirable biological responses. Since conformational changes in 

the proteins are typically irreversible even under conditions where the adsorption may be 

a reversible process, protein adsorption can affect physiological function of the protein 

even once it is desorbed or displaced back into solution.230,231 Therefore, in order to better 

understand the adsorption of proteins and the impact that surface adsorption can have on 

protein structure, a comprehensive understanding of amino acid – nanoparticle interactions 

is required.232,233  

TiO2 nanoparticles are used heavily in cosmetics, construction materials, medical 

applications and energy storage devices.15,151,153,234 In year 2010 the nanoscale TiO2 

production was estimated to be 5000 t and is expected to further increase.234 Some of the 

above applications lead to direct exposure while engineered TiO2 nanoparticles have been 

 

 



 110 

observed in urban run-off as well as in the atmosphere by Kaegi et al. and Zheng et al. 

respectively, which can result in indirect exposure.44,45 Histidine on the other hand is an 

essential amino acid with a side chain pKa which is close to the physiological pH, pKa2 

6.04. This enables ready exchange of protons with respect to small changes in the medium 

pH that affect the charged state of the side chain. Additionally the neutral imidazole ring 

of histidine can undergo tautomerization with ring flips (rotamerization) to interconvert 

between protonated and deprotonated forms with negligible changes in the space occupied 

by the ring which is generally important for protein function.235 Furthermore, histidine is 

known to complex effectively with transition metal ions in the solution. These structural 

and chemical properties of histidine are utilized by biological systems and as a result it is 

found in a large number of metalloproteins, ion channels and enzyme active sites. It is also 

a precursor of histamine, a biogenic amine that triggers local immune responses.236-238 As 

a result of this abundance, the potential of histidine and TiO2 NPs interacting with each 

other in vivo can be significant. Although a large number of toxicological studies have 

been conducted to assess the safety of TiO2 nanoparticles, fundamental information on how 

nanoscale TiO2 interacts with biological molecules remains sparse especially under 

aqueous conditions. This knowledge is an absolute requirement in order to understand 

structure-function relationships which aid in improving their applications and safe design. 

Therefore, to obtain a comprehensive understanding of the adsorption processes at the 

nano-bio interface spectroscopic analysis was conducted using ATR-FTIR spectroscopy 

along with quantitative adsorption measurements to obtain the thermodynamic parameters 

on the histidine – TiO2 NP model system. Additionally, nanoparticle aggregation was 

measured using dynamic light scattering techniques to analyze the impact of histidine 

adsorption on particle mobility. The findings of the current study are expected to contribute 

towards bridging the gap between protein corona evolution and interactions at the nano-

bio interface in aqueous matrices. Furthermore, this information is also useful in 

 

 



 111 

biocompatible nanomaterial synthesis where amino acids are used to control size and 

morphology as well as stabilizing agents.94,239,240 

 

6.3 Experimental Methods 

6.3.1 ATR-FTIR Analysis of Solution Phase Adsorption. 

 Molecular level insights of histidine adsorption on TiO2 nanoparticles were 

investigated using Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy 

(ATR-FTIR). The following protocol was used to carry out the experiments. A suspension 

of TiO2 NPs (1 mL of 1.5 mg/mL) was directly deposited on the horizontal AMTIR crystal 

and dried overnight. Once dried, the surface was covered with a flow cell (1 mL) connected 

to a peristaltic pump, flushed water (pH 7.4, ~1 mL/min) over to eliminate loosely bound 

particles and the background spectrum was collected. A solution of histidine (0.5 mM at 

pH 7.4) was then introduced in the flow system and single beam ATR-FTIR spectra were 

collected as a function of time at 4 cm-1 resolution for 30 hours. Each single beam spectrum 

was referenced to the background water spectrum to obtain the absorbance. At these 

histidine concentrations no solution phase histidine contributes towards the spectral 

intensity for the adsorbed species. The side chain contributions of histidine in solution 

phase are identified by comparing with the spectra of glycine. In order to distinguish 

between the different vibrational modes solution phase spectra was collected as a function 

of pH. Furthermore, to identify possible formation of peptide bonds adsorption of his-gly 

peptide on TiO2 NPs was investigated as well.  The extent of reversible adsorption was 

investigated by running water (pH 7.4) for 1 hour after the adsorption experiments.   All 

experiments were conducted in triplicate. 

 

6.3.2 HPLC Analysis of Solution Phase Adsorption. 

 Quantitative adsorption studies of histidine on TiO2 nanoparticles were conducted 

according to Pettibone et al. with slight modifications.148 Briefly, TiO2 nanoparticles (2 
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mg/mL) were added to a series of histidine solutions (0.01 – 8.0 mM) and mixed for 24 

hours to achieve the adsorption equilibrium. From the supernatant aliquots (1 mL) were 

withdrawn, filtered (Xpertec, 2 μm pore), centrifuged at 22000 rpm for 30 minutes to 

remove any unfiltered particles and was analyzed for remaining histidine using HPLC 

(Dionex Ultimate 3000) equipped with a uv-vis detector (λ = 210 nm). The mobile phase 

consisted of 40 mM Na2SO4 (pH 2.65 adjusted with methane sulfonic acid). The adsorbed 

histidine was calculated by difference between the initial and final solution phase 

concentrations. Experiments were conducted as a function of temperature (293, 298, 303, 

310 and 320 (±0.5) K) to get additional thermodynamic data. In order to investigate the 

role of ionic strength, quantitative histidine adsorption measurements were also conducted 

as a function of ionic strength at 1 mM histidine. All experiments were conducted in 

triplicates.  

 

6.3.3 Dynamic Light Scattering Aggregation Measurements.  

 The aggregation behavior of TiO2 nanoparticles in the presence of histidine was 

investigated using a Beckman Coulter Delsa Nano submicron Particle Analyzer. The 

hydrodynamic diameter and the zeta potential of TiO2 NPs (0.01 g/L) at pH 7.4 were 

measured in the presence of increasing concentrations of histidine (0, 0.01, 0.1, 1.0 and 5.0 

mM). TiO2 NPs stock solution (1 g/L) was sonicated (40% amplitude, 30 sec) to form 

uniform suspensions and aliquots (50 μL) were added to the histidine solutions (5 mL) 

 

6.3.4 Sources of Nanomaterials and Chemicals. 

 All experiments conducted used TiO2 nanoparticles purchased from 

Nanostructured and Amorphous Materials Inc. (Houston, TX). These were extensively 

characterized previously and gave a particle size distribution of 4 nm, BET surface area of 

219±3 m2/g and consisted of 100% anatase phase. L-Histidine (Sigma Aldrich 99.5% 

certified ACS plus) solutions were prepared using Optima water (Fisher Scientific). The 
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pH was adjusted using NaOH (0.08 M, Fisher Scientific ACS plus) solution. The ionic 

strength studies were conducted in NaCl solutions (Sigma Aldrich 99.5% certified ACS 

plus). 

 

6.4 Results and Discussions 

6.4.1 Analysis of Solution Phase Histidine ATR-FTIR  
Spectra under Physiological pH.  

 Histidine consists of an imidazole ring, amine (NH2) and a carboxylic group 

(COOH). The increased structural complexity of the side chain (consisting of an imidazole 

ring) results in the broad spectral bands when compared to simple amino acids such as 

glycine. Figure 6.1 compares the ATR-FTIR spectra of solution phase amino acids glycine 

and histidine at pH 7.4 which give a clear illustration of this fact.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.1: ATR-FTIR spectra of solution phase histidine and glycine at pH 7.4 
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For glycine the peaks at 1600, 1510, 1441, 1408 and 1328 cm-1 correspond to νas(COO-), 

δ(NH3
+), δsc(CH2), νs(COO-) and γ(CH2).241,242 Thus this comparison allows identifying 

that the broad bands in histidine spectra around 1600, 1512, 1346 and 1275 cm-1 are due to 

the side chain CH2 group and imidazole vibrations.241 Furthermore, as shown in Figure 6.2, 

in histidine all three functional groups’ protonation state is sensitive to solution pH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.2: Solution phase speciation of histidine as a function of solution pH. (a) Molecular 
representation of the deprotonation of histidine where pKa1 = 1.70, pKa2 = 6.04 and pKa3 = 9.09. (b) 
Quantitative calculation of histidine speciation using Henderson-Hasselbalch equation. 
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These changes in the protonation state is reflected in the ATR-FTIR spectra collected as a 

function of pH (Figure 6.3) which are thereby used to further resolve the broad bands 

observed in the solution phase histidine IR spectra.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6.3: ATR-FTIR spectra of solution phase histidine as a function of pH (acidic pH 1.6, 
neutral pH 7.4, and basic pH 10.0). 
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[νs(C=O)] and the ring breathing [νs(C=C)] modes respectively.241,243,244 Some contribution 

from the asymmetric carboxylate [νas(COO-)] stretch vibration can be observed from the 

shoulder at 1600 cm-1. As the pH increase to pH 7.4 approximately 93% is in the H1-his 

form where no protonated carboxylic functionality exists (Figure 6.2). Correspondingly 

νs(C=O) at 1737 cm-1 diminish and [νs(C=C)] maxima at 1627 cm-1 shifts to 1600 cm-1 as 

the  asymmetric carboxylate [νas(COO-)] stretch vibration grows in and overlaps with the 

ring breathing [νs(C=C)] mode. According to literature the broad band in the region of 1485 

– 1550 cm-1 results from the overlap of ring breathing [νs(C=N)+ δ(CH)] and amine group 

bending δs(NH3
+).241,243 Changing the solution condition from pH 1.6 to pH 7.4 the peak 

maxima shifts from 1530 cm-1 to 1512 cm-1 corresponding to the deprotonation of the 

imidazole group (Figure 6.2). The IR spectra changes further under basic conditions. At 

pH 10.0 the peak at 1600 cm-1 split into 3 main components. According to literature at pH 

7.4 the peak corresponds to overlap of 3 vibrational modes, νs(C=C)+δas(NH3
+)+νas(COO-

).241,243 With the deprotonation of the amine group at pH 10.0, the δas(NH3
+) mode can 

potentially redshift and thereby in this study the peak at 1562 cm-1 is concluded to 

correspond to the δas(NH2). Thus the shoulder at 1497 cm-1 is attributed to the amine group 

symmetric bending [δs(NH2)]. The peaks at 1437 and 1408 cm-1 corresponds to the δ(CH2) 

and νs(COO-) respectively. Further the broad bands around 1343 and 1260 cm-1 also result 

from the overlaps of the side chain CH2 groups, imidazole ring and the 

carboxylic/carboxylate groups.  Figure 6.3 illustrates the curve fits for the pH 7.4 solution 

phase according to the above analysis using Gaussian- Lorentzian (GL30) line shape and 

these vibrational mode assignments are summarized in Table 6.1. At pH 7.4 the overlapping 

bands around 1600 and 1512 cm-1 cannot be resolved. Thus appear as single broad bands.  

 

 

 

 

 



 

 

 
                                                                                                       Table 6.1: ATR-FTIR spectroscopic data for solution phase histidine at pH 7.4 
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6.4.2 ATR-FTIR Spectroscopy of Histidine Adsorption on 
  TiO2 Nanoparticle Surfaces. 

 The vibrational spectra of histidine adsorbed on TiO2 nanoparticle surface is shown 

in Figure 6.5. The adsorbed phase spectra were collected over 30 hours to allow saturation. 

As observed, at the low concentration used, 0.5 mM, there is no significant contribution to 

the adsorbate vibrational spectrum from solution-phase histidine. There are several 

significant differences between the solution (Figure 6.4) and adsorbate spectra (Figure 6.5). 

For example, the relative intensity between νas(COO-) and the other vibrational modes 

show a significant reduction with the most prominent being that of the band at 1512 cm-1. 

This suggests there is a change in the absorption coefficient which can 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 6.5: ATR-FTIR spectra of adsorbed histidine (0.5 mM) at pH 7.4 as a function of time. 
Spectra in solid lines are collected at 3, 30 min, 1, 6, 10, 15 and 30 hrs. The dotted line corresponds 
to the 0.5 mM histidine in solution. 
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result due to interactions of the functional group with the surface and changes in bond 

angles, bond distances and symmetry upon adsorption. As already noted, imidazole ring 

and δs(NH3
+)  vibrations contribute towards bands observed within this spectral range. 

Furthermore comparing the adsorbed phase to the solution it is clearly observed that 

νs(COO-) mode at 1408 cm-1 is split into 2 peaks at 1414 and 1384 cm-1. Temporal 

variations are also observed given by the shifting and broadening of the initial peak maxima 

at 1642 cm-1 to 1588 cm-1 over time and a new peak appearing at 1726 cm-1 at higher 

coverage. 

In order to resolve the overlapping bands in the adsorbed phase and temporal 

variations, spectra collected at 3 min, 1 hr, 6 hr and 30 hrs are curve fit using Gaussian 

Lorentzian (GL30) line shapes which is shown in Figure 6.6 and the corresponding peak 

assignments are summarized in Table 6.2.  The curve fits show that the broad band around 

1600 cm-1 consists of three main components. The component at 1642 cm-1 can be 

attributed to δ(H2O) that result from the incomplete subtraction of water. However, it can 

also be argued that this component also consist of contributions from the surface 

complexed imidazole ring vibrations as this component grows consistently with time. The 

two peaks at 1617 and 1588 cm-1 are due to the νas(COO-) of carboxylate groups complexed 

to the surface in different adsorption modes (bridging/bidentate). Correspondingly the 

νs(COO-) shows 2 peaks at 1414 and 1384 cm-1. According to the IR analysis of the solution 

phase spectra (Figure 6.3) the imidazole group has vibrations in the 1485 – 1550 cm-1 

region. Therefore the components at 1551 and 1472 cm-1 may arise from surface 

complexed imidazole groups. However, as shown in Figure 6.6c starting at 6 hr a low 

intense new peak was observed at 1726 cm-1 which was observed even after 24 hrs (Figure 

6.6d). Since no carbonyl groups can exist at pH 7.4 the origin of this peak indicate the 

possibility of amide bond formation between the adsorbed histidine molecules. 

Furthermore the reduction in the relative intensity of the band at 1512 cm-1 also suggests 

the possibility of NH2 group undergoing reaction. 
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Figure 6.6: ATR-FTIR spectra of histidine (0.5 mM) at pH 7.4 adsorbed on TiO2 NPs at 
(a) t = 3 min (b) t = 1 hr (c) t = 6 hrs and (d) t = 30 hrs. Spectra are curve fitted using 
Gaussian – Lorentzian (GL30) line shape. 
 

Table 6.2: Peak assignments for the curve fit 
components. Here the FWHM is fixed for the 
components corresponding to the same 
functional group with different modes of 
adsorption. 
 

 

120 



 121 

 Although amide bond formation between a carboxylic acid and an amine is an 

unfavorable process which requires activating the carboxylic group, the surface can 

provide a lower energy pathway with these high surface energy materials and therefore the 

possibility cannot be ignored. If peptide bond formation is occurring on the surface of these 

nanoparticles it can have many important biological implications. In this case the peak 

observed at 1726 and 1551 cm-1 may result from the amide I and amide II vibrational 

modes. Thus adsorption of his-gly peptide on TiO2 NPs was studied under the same 

conditions for comparison (Figure 6.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.7: ATR-FTIR spectra collected for his-gly peptide adsorbed (0.5 mM) on TiO2 NPs over 
60 minutes compared to his-gly solution (10 mM). The dotted line corresponds to the 0.5 mM his-
gly in solution. 
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The reason for selecting this peptide was to have less complexity in the spectra and ease of 

identifying the amide bond peak. Figure 6.7 shows the spectra for solution phase and the 

adsorbed phase peptide respectively. There is no solution phase contribution at 0.5 mM as 

can be seen in Figure 6.7 and no difference is observed between solution phase and 

adsorbed phase. In general, amide I and amide II peaks are observed at 1650 and 1545 cm-

1 respectively in proteins. But in this dipeptide the overlap of the νas(COO-) of the terminal 

carboxylate group with the amide II peak has resulted in a single broad band centered 

around 1574 cm-1 which does resemble the broad peak at 1588 cm-1 in adsorbed histidine. 

But the amide I peak for his-gly is at 1685 cm-1 which is significantly different from 

adsorbed histidine and confirmed that the peak at 1726 cm-1 is not due to amide bond 

formation. Furthermore the amide III region was not observed in adsorbed histidine 

spectra. Thus it was concluded the peaks at 1551 and 1472 cm-1 are a result of surface 

complexed imidazole group and this complexation causes a change in the relative 

intensities in the adsorbed phase spectra. Thus the peak at 1726 cm-1 may arise from the 

carboxylate (COO-) coordination with Ti-atoms in corners and edges of the nanoparticle 

surface planes that can disrupt the carboxylate resonance at higher coverages. 

 In the curve fit spectra δ(CH2)  mode at 1442 cm-1 shows no shifts but there are 

changes in the region 1150-1380 cm-1 corresponding to the imidazole ring breathing 

modes. In a study by Tsud et al., histidine adsorption on CeO2 was investigated by 

synchrotron radiation photoemission, resonant photoemission and NEXAFS, histidine 

binding to the ceria surface was deduced to be via the anionic carboxylate and all three 

nitrogen atoms with the imidazole ring parallel to the surface.245 The N-atoms of the 

imidazole ring was found to interact strongly via the π-orbitals while the amine N-atom 

interacts with the oxide via its H-atoms. Based on the IR analysis of this study it can be 

concluded that histidine adsorption on TiO2 nanoparticles occur in a very similar mode of 

adsorption. The proposed modes of histidine adsorption on TiO2 nanoparticle surfaces as 

suggested by the spectroscopic data are illustrated in Figure 6.8.  
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Figure 6.8: A cartoon representation of different adsorption modes of histidine on TiO2 
nanoparticle surfaces. The imidazole ring interacts with the surface Ti-atoms via the π-orbitals and 
the amine group can form H-bonds with the surface O-atoms. The main difference is between the 
interactions via the carboxylic group. In both (a) and (b) structures the imidazole ring is considered 
to be oriented parallel to the surface. At higher coverage it can potentially orient upwards. 

 

 

Reversibility of this adsorption was investigated by flushing the histidine adsorbed TiO2 

film with pH 7.4 water (Figure 6.9). All spectral features decreased in intensity except the 

peaks at 1726, 1588, 1442 and 1384 cm-1. Strong conclusions cannot be drawn from the 

peaks around 1726 and 1588 cm-1 because of the contributions from the δ(H2O) in this 

region. Nevertheless it can be stated that they potentially result from the relatively strongly 

bound species on this nanoparticle surface. However their concentration is relatively low 

compared to those desorbed.  
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Figure 6.9: ATR-FTIR spectra collected as a function of time by flushing the histidine adsorbed 
TiO2 nanoparticle film with pH 7.4 water. 
 
 
 

6.4.3 Adsorption Isotherms and Binding Affinity (K) for 
  Histidine on 4 nm TiO2  

            The quantitative adsorption studies of histidine on TiO2 at pH 7.4 showed a 

Langmuir-like behavior with an initial uptake being linearly proportional to concentration 

and then leveling off at higher concentrations (Figure 6.10). Although there may be 

multiple binding sites and interactions between adsorbates, these structures may be similar 

in energy. Therefore, assuming monolayer adsorption of histidine on TiO2 nanoparticles 

 

 

1726 
1615 1512 1442 

1384 
1338 

1276 A
b
s
o
r
b
a
n
c
e 

Wavenumber (cm
-1

) 
1700 1600 1500 1400 1300 1200 

0.005 

Adsorbed histidine 

H2O flush@10 min 

H2O flush@20 min 

H2O flush@30 min 

H2O flush@60 min 

1588 

 

 



 125 

surface at pH 7.4 and reversible at 24 hours, the experimental data can be fit using the 

Langmuir model, according to Eq: 6.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 6.10: Adsorption isotherm for histidine adsorbed on 4 nm TiO2 NPs at pH 7.4 and at a 

temperature of 293 K. According to the Langmuir adsorption model Kads = 4.2 ± 0.5 x 10
2
 L mol

-1
 

and Cmax = 6.2 ± 0.3 x 10
13

 molecules cm
-2

.  

 

According to the Langmuir model, 

           

 

where Cads – adsorbed [histidine], Ceq – unbound [histidine] at the equilibrium, Cmax  – 

saturation [histidine] and K– equilibrium binding constant. From this analysis, the 

saturation concentration (Cmax) and the equilibrium binding constant (K) of histidine were 
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calculated to be 6.2 ± 0.3 x 1013 molecules/cm2 and 4.2 ± 0.5 x 102 L mol-1 respectively. 

Additionally, the free energy (∆G) of histidine adsorption on 4 nm TiO2 particles can be 

calculated by 

∆𝐺𝐺 =  −𝑅𝑅𝑅𝑅 ln𝐾𝐾                                                (𝐸𝐸𝐸𝐸: 6.2)   

 

to be -14.7 ± 0.3 kJ mol-1 at 293 K. This value of the free energy is in accordance with the 

literature to be described more as a physisorption process. Therefore it can be concluded 

that in solution at pH 7.4, histidine is physisorbed on the TiO2 NPs. Also these                                                                                      

thermodynamic parameters obtained from the quantitative adsorption studies suggest that 

the interaction between histidine and TiO2 nanoparticles to be H-bonding, dipole-dipole 

and/or electrostatic interactions. Adsorption of histidine was further conducted at different 

temperatures; 293, 298, 303, 310 and 320 K to obtain the enthalpy and the entropy changes 

associated with the adsorption process. The respective equilibrium constants and calculated 

free energies are given in Table 6.3. The thermodynamic parameters calculated from this 

data showed an exothermic adsorption with ∆H = -24.5 ± 5.2 kJ mol-1 and ∆S = -0.03 ± 

0.02 kJ mol-1 K-1.  These values agree well with a typical physisorption process. 

 Additional experiments conducted under different ionic strength conditions gave 

decreasing surface adsorption with increasing ionic strength initially and approached a 

constant value at the highest salt concentrations investigated (Figure 6.11). Histidine that 

adsorb at high ionic strength are not bound electrostatically but consist of those which are 

H-bonded or coordinated with the surface. Therefore it can be concluded that only a portion 

of histidine adsorbs via electrostatic interactions and the remaining via H-bonding or 

coordination.  
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Table 6.3: Temperature dependent adsorption studies of histidine at pH 7.4. 

 

Temperature (K) Kads 
( L mol-1) 

∆G = -RT ln Kads 
(kJ mol-1) 

293 4.2 ± 0.5 x 10
2 -14.7 ± 0.3 

298 3.3 ± 0.5 x 10
2 -14.4 ± 0.4 

303 3.0 ± 0.5 x 10
2 -14.4 ± 0.4 

310 1.9 ± 0.2 x 10
2 -13.5 ± 0.3 

320 1.9 ± 0.5 x 10
2 -13.9 ± 0.6 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 6.11: Ionic strength dependence of histidine adsorption at pH 7.4. Error bars represent the 
standard deviation for three replicates. 
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6.4.4 Aggregation Behavior of TiO2 NPs in the Presence  
 of Histidine 

 Aggregation plays a key role in determining the mobility, uptake and dissolution 

behavior of nanoparticles.24,71,84 Therefore the current study investigated any changes that 

may occur in the aggregation behavior of TiO2 nanoparticles upon adsorption of histidine.  

In the absence of histidine, the hydrodynamic diameter was nearly half-micron in size, 434 

± 33 nm. The aggregate size did not change significantly upon addition of histidine (Table 

6.4). The zeta potential values for each of these solutions varied slightly but stayed within 

a small range of -36.0 ± 2.6 mV (0 mM histidine) to -30.7 ± 2.4 mV (0.1 mM histidine) 

indicating that no significant changes in the surface charge with histidine adsorption which 

is consistent with the lack of the change in aggregation behavior observed. The aggregation 

is controlled by the net interactive forces between the surfaces which can change with 

modifications to surface charge and steric repulsions.84,99,246 At pH 7.4, histidine is in its 

neutral from and therefore does not introduce an additional charge to NP surface upon 

adsorption. Furthermore the saturation coverage of histidine (6.2 ± 0.3 x1013 

molecules/cm2) indicates only a single layer of histidine is on the NPs surface. Therefore 

the steric repulsions do not increase significantly upon histidine binding. 

 

 
Table 6.4: Hydrodynamic diameter and zeta potential measurements as a function of histidine 
concentration using dynamic light scattering (DLS). 

[Histidine] 
mM Dh (nm) Zeta potential (mV) 

0 434 ± 33 -36.0 ± 2.6 
0.01 568 ± 82 -33.0 ± 3.7 
0.1 501 ± 34 -30.7 ± 2.4 
1 500 ± 54 -31.7 ± 2.9 
5 584 ± 36 -32.6 ± 2.6 
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6.5 Conclusions and Implications 

 The current study gives a detailed analysis of both bulk and microscopic behavior 

of 4 nm TiO2 NPs in physiological pH aqueous solutions. The findings are briefly outlined 

as follows. 

1. The equilibrium binding constant and maximum adsorption for histidine on TiO2 

NPs was 4.2 ± 0.5 x 102 L mol-1 and 6.2 ± 0.3 x1013 molecules/cm2 respectively at 

pH 7.4 at a temperature of 293 K. The adsorption was observed to be reversible. 

2. The free energy change associated with the adsorption was -14.7 ± 0.3 kJ mol-1 at 

293 K.  

3. Temperature dependent studies over the range of 293-320 K gave enthalpy (∆H) 

and entropy changes (∆S) of -24.5 ± 5.2 kJ mol-1 and -0.03 ± 0.02 kJ mol-1 K-1, 

respectively. 

4. From the spectroscopic data, it is proposed that there are different modes of 

adsorption for histidine on the nanoparticle surface.  These occur through the 

imidazole side chain and the carboxylate group via H-bonding and coordination 

with the surface Ti-atoms respectively.  

5. Bulk adsorption studies and surface charge measurements also indicate electrostatic 

interactions between the protonated amine group and the negatively charged 

surface. 

6. The aggregation behavior as measured by DLS was little affected as the surface 

charge did not change with histidine adsorption. 

 

 A detailed understanding of amino acid residues allows for insights into 

understanding the complexity and challenges of dynamic changes and complex interactions 

with proteins at the nano-bio interface. These single amino acid component studies can be 

used in prediction models for more complex systems. Xia et al. has developed a biological 

surface adsorption index (BSAI) to characterize these interactions under biologically 
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relevant aqueous conditions.247,248 In that study, the adsorption coefficients are correlated 

to a set of solute descriptors (R, π, α, β, V) by 

log𝐾𝐾𝑖𝑖 = 𝑐𝑐 + 𝑟𝑟𝑅𝑅𝑖𝑖 + 𝑝𝑝𝜋𝜋𝑖𝑖 + 𝑎𝑎𝛼𝛼𝑖𝑖 + 𝑏𝑏𝛽𝛽𝑖𝑖 + 𝑣𝑣𝑉𝑉𝑖𝑖                           (𝐸𝐸𝐸𝐸: 6.3)                            

With known adsorption coefficients and regression analysis the coefficients [r, p, b, v] can 

be derived which correspond to the hydrophobic, H-bond acidity/basicity, 

dipolarity/polarizability and lone-pair interactions. The constant c is the electrostatic 

interactions which can be measured by the zeta potential. Therefore bulk measurements 

along with microscopic analysis can allow for the validation of such models.  

 Furthermore, several simulation and experimental studies have been conducted to 

understand the adsorption process of amino acids on nanoparticle surfaces and specifically 

histidine. Koppen et al. has studied the adsorption configurations of cysteine, lysine, 

glutamic acid and histidine on anatase (101) and (001) and rutile (110) and (100) using 

Carr-Parrinello simulations of aqueous solutions.249 The calculated adsorption energies of 

glutamic acid and lysine using these configurations are given as 160 and 110 kJ mol-1 for 

rutile surface while on anatase surface it was reported to be largely dependent on the 

surface orientation. Feyer et al. used XPS and NEXAFS to study the adsorption of L-

histidine from the gas phase on clean and oxygen coated Cu(110) surface at submonolayer, 

monolayer and multilayer coverage.236 The spectra obtained have shown that at low 

coverage histidine interact only via the carboxylate group and the imidazole N-atoms and 

as the coverage increase the molecules were randomly oriented. This study was followed 

by investigating the adsorption of histidine and histidine containing peptides on Au(111) 

that has shown chemisorption via the imidazole ring and carboxylate group.237 Furthermore 

differences were observed between the gly-his-gly and gly-gly-his peptide spectra 

highlighting the influence of amino acid sequence on the bonding geometry. All of the 

experimental studies noted above are conducted under highly controlled, gas phase, 

conditions which give insightful information on the amino acid - surface interactions. 

However, in terms of nanotoxicology, which deals with more complex matrices and in 
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aqueous environments, the applicability of gas-phase investigations in the absence of 

solvent effects become questionable. Therefore, the current study focuses on an 

experimental approach to understand the adsorption of histidine on TiO2 nanoparticle 

surfaces in aqueous solutions at physiological pH 7.4. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

As Wolfgang Pauli once famously said, "God made the bulk; surfaces were 

invented by the devil".  Thus the research presented in here is focused on understanding 

the behavior of metal based nanomaterials in aqueous environment as it relates to surface 

properties and interactions leading to their transformations and potential implications. The 

primary focus is on the fundamental details of ligand adsorption on nanoparticle surfaces, 

analysis of changes in aqueous phase behavior due to surface adsorption and to extend this 

molecular based understanding to explain and predict the overall environmental processing 

of nanomaterials in aqueous environments, thus for their safe design.  

In chapter 2, the details of bulk and spectroscopic techniques used in nanoparticle 

characterization, quantitative ligand adsorption, nanoparticle dissolution and analysis of 

particle-particle interactions were outlined. This suite of analytical techniques and methods 

allow for the correlation of surface and bulk properties of the metal based nanoparticles to 

the dynamic processes observed under complex environmental and biological conditions. 

Although in this study, the complexity of the medium matrices was relatively simple, this 

methodology allowed for the isolation and of the individual components that makes up the 

complex system.  

In chapter 3, the details of citric acid adsorption on TiO2 nanoparticles were 

discussed. The spectroscopic analysis showed deprotonating citrate species on the surface 

of TiO2 nanoparticles which changed the net surface charge. This change in surface charge 

enhanced aggregation under acidic conditions and inhibited it under circumneutral 

conditions. This directly affects the mobility of these nanoparticles in the environment as 

particle aggregation result in sedimentation and limited distribution resulting in several 

different implications. (1) These nanoparticles can concentrate and deposit in a particular 

location or spread over a long range. (2) The aqueous environments are constantly 
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changing and therefore this behavior can very well be interchangeable. (3) When the 

medium is within a biological system, changes in the transport properties can cause 

detrimental effects on organs where these particles accumulate especially if they reach the 

lethal dose limits. With citric acid and TiO2 nanoparticles being abundant both in the 

environment and in biological systems these findings provide valuable insights into their 

aqueous phase behavior.   

 In chapter 4, the importance of accounting for the aging of nanomaterials which are 

used in the environmental health and safety studies was highlighted. The study clearly 

shows marked differences between the physicochemical properties which are reflected in 

their environmental processing. More specifically the copper nanoparticles which are 

focused in the study oxidized over time changing in their size, shape and chemical 

composition. Thus when they are subjected to ligand promoted dissolution the extent to 

which they dissolve reduced for the aged nanoparticles. Furthermore an important finding 

of this study was the “total mobilized concentration” of copper which was operationally 

defined as the sum of dissolved ions and dissolved smaller nanoparticles. This is potentially 

an important factor to consider in toxicological studies where enhanced toxicities are 

observed with nanoparticles. Furthermore the metallic core of the nanoparticles affects the 

overall surface features as observed by the differences between adsorption of oxalic acid 

on to aged copper and CuO nanoparticles. Therefore the oxidized surface of aged copper 

is not equivalent to CuO surfaces. 

 In chapter 5, the size dependent dissolution of ZnO nanoparticles was presented as 

well as how certain ligands inhibit this behavior while others retain it. The size dependent 

dissolution was studied at circumneutral pH and the ligands of interest were citric acid and 

bovine serum albumin (BSA). The size of the nanoparticles varied from 4 nm to 130 nm 

and smallest nanoparticles showed the highest dissolution. Normalizing to the nanoparticle 

surface area the dissolution was equivalent for all the sizes which highlighted that this 

enhanced dissolution was a consequence of larger surface area and increased sites of 
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“dissolution hot spots”. However, citric acid resulted in completely masking the size 

dependence as a result of nonspecific adsorption onto the nanoparticle surfaces. Ligand 

adsorption is known to polarizing and weakening the lattice structure at the surface 

promoting dissolution. Bovine serum albumin which is an equivalent of a human serum 

protein on the other hand forms a protein corona encapsulating the ZnO particles and can 

potentially inhibit dissolution. The surface energy of ZnO nanoparticles were estimated 

using the dissolution data and Ostwald–Freundlich model for size dependent dissolution. 

The value of 0.06 Jm-2 was an underestimation compared to the expected which highlights 

the lack of surface details incorporated into these classical models. 

 In chapter 6, specific nano-bio interactions at the TiO2 nanoparticles surface using 

histidine, an essential amino acid is discussed.  Extensive spectroscopic analysis revealed 

that the histidine interact with the surface mainly via its imidazole side chain and the 

carboxylic functional group. The adsorption was reversible and therefore the adsorption of 

histidine quantified using HPLC was modeled using Langmuir adsorption isotherms to 

obtain the thermodynamics of adsorption. Thermodynamic data suggested physisorption 

of histidine on adsorption and this does not impact the aggregation behavior of TiO2 

nanoparticles in contrast to what was observed with vitric acid. This study gives insights 

into side chain interactions of biological molecules which is crucial to understand the 

toxicological levels at the molecular scale. 

The behavior of engineered nanoparticles will be dictated by the surface atoms and 

their high surface free energies.  Surface structure, surface reconstruction, surface 

relaxation and surface adsorption will be driving forces in nearly all processes involving 

nanomaterials yet often the details of these driving forces are poorly understood especially 

in complex milieu such as those found in the environment. From the discussion presented 

here, it is evident that there are still many unexplored areas of investigations that need to 

be addressed in order to fully understand and evaluate the properties of nanomaterials in 

the environment. Greater focus is needed on nanomaterials having very small dimension 
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where size-dependent properties are observed. Therefore future research conducted should 

be focused on gathering information with respect to complex interactions that connect 

functional properties to structure, bonding, composition and dynamics. Some of the grand 

challenges include: 

1. Greater understanding of the size- and shape-dependent chemistry and/or properties 

of nanomaterials that are important in environmental processes (e.g redox behavior, 

surface chemistry).   

2. Analysis of surfaces in complex environments and the use of in-situ 

characterization of surface structure and composition in complex milieu. 

3. Identify the role of surface functional groups on the stability of nanomaterials and 

delineating the details of the surface adsorption process including the mode of 

adsorption and reversibility of adsorption and possible displacement reactions that 

can occur. 

4. Determine the primary form of engineered nanomaterial release into the 

environment in terms of size, shape and surface functionality. 

5. Identify various reaction mechanisms that nanoparticles can potentially undergo in 

the environment so as to better understand transformations that are most likely to 

occur.   

To meet these challenges it is essential for there to be theoretical and experimental 

efforts devoted toward understanding nanomaterials and the properties that are important 

in their mobility, uptake and toxicity. While monitoring is a key aspect to environmental 

studies, simulations backed by solid scientific underpinnings can greatly expand the 

understanding of these materials.   
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