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Chapter 1 

Aquatic Contaminants – Current Challenges and Significance of Surface Chemistry  

 

Industrialization and modernization in the U.S. has resulted in an accumulation of 

hazardous waste, including organic compounds such as: vinyl chloride, polychlorinated biphenyl, 

benzo(α)pyrene, and other aromatic compounds. Much of this hazardous waste has been 

discharged into the environment, creating what the U.S. Environmental Protection Agency (EPA) 

classifies as superfund sites and brownfields. The U.S. EPA estimates the presence of tens of 

thousands of superfund sites and more than 450,000 brownfields in the United States.1-4 

Furthermore, pollutants in much lower concentrations, such as pharmaceuticals, are found 

consistently in waterways throughout urban and rural areas that arrived from the rise of 

urbanization. These compounds are part of a growing list of new contaminants that have not been 

detected previously or known to exist in the environment. Many scientists and government 

agencies now refer to these as emerging contaminants (EC). EC are generally found in low to trace 

concentrations and are notoriously difficult to detect.5, 6 From an ecological standpoint, the extent 

of toxicity and danger of EC to flora and fauna is poorly understood.7, 8  

There are several categories of EC that range from pharmaceuticals and personal care 

products (PPCPs), endocrine disrupters, industrial waste, and agricultural products. There are a 

variety of compounds classified as EC that many of us use on a daily basis and have become a 

major part of our society. These can vary from medical drugs, veterinary drugs, solvents, catalysts, 

herbicides, pesticides, soaps, fragrances, nanoparticles, trace metals, plasticizers, and 

microparticles. Compared to other pollutants, such as heavy metals or organics, at contaminated 

sites like superfund sites and brownfields, ECs are found in trace concentrations7, but this is still a 
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problem nonetheless. All these sites contain a heterogeneous mixture of organic pollutants 

resulting in complex interactions where surface chemistry is involved. There is a need to remediate 

these sites, but clean up can be difficult due to these complex and largely unknown interactions of 

the pollutants.  

An important physical process and remediation technique is based on the adsorption 

phenomenon which is the physical interaction of a molecule and the surface. The challenge is that 

the role surface chemistry plays in the fate and transport of emerging contaminants is relatively 

unknown. In order to investigate surface functionality, new analytical methods and tools are 

required. While specific questions are addressed for particular ECs (see forthcoming chapters), the 

wider scope of this thesis is to study pollutant-surface interaction at the aqueous-particle and air-

water interfaces. It is also to gain fundamental insights into the surface chemistry that drives 

adsorption processes in the environment. The ultimate aim is to catalog important adsorption 

parameters of pollutants that can assist in modelling their fate and transport. Furthermore, these 

parameters may be utilized for the development of remediation techniques.   

When assessing both natural water systems and polluted sites, there are many approaches 

to determine the extent of pollution and the impact it has on the surrounding ecosystem. Finding 

an effective, efficient, and low cost method for adsorptive site remediation is a challenge that 

requires knowledge of surface chemistry. There are tools specialized to understand surfaces and 

use existing instruments to solve environmental issues related to water pollution. These tools 

provide insight about surface interactions on a molecular level. This chapter is organized into 

sections beginning with a historical perspective of analytical tools used for environmental science. 

Thereafter, a discussion on the binding interactions involved with surface chemistry is presented. 

Then a literature review is presented on the current knowledge of colloidal natural organic matter 



3 

 

(NOM), a substance which can provide large surface area for EC adsorption. Finally, case studies 

of pertinent and specific emerging contaminants are outlined. 

 

1.1 Chemical Analysis Tools and Environmental Science – A Brief Historical Perspective 

Environmental science is often limited by the experimental tools and techniques available 

at the time of the study.8-10 Analytical tools and methods can dictate what and how systems are 

evaluated. Scientists have the choice to use the tools available at the time or develop new tools to 

study a system in different manner. As scientific tools become more precise, accurate, and 

sensitive, our understanding of the environment increases.11 Over the years, instruments have 

evolved, so too has our awareness of the impact pollutants have on the environment. The 

environmental challenges we face today are much different than the problems our society dealt 

with years ago.  

During the 16th and 17th centuries, scientific tools were limited to gathering information 

related to basic environmental conditions such as temperature, humidity, density and pressure.9, 12, 

13 The first glimpse of microscopic processes and microbial life was important scientific research 

and the invention of the light microscope in the 1590s opened the door to the field of microscopy.14 

In the 18th and 19th century, electricity was used to gain knowledge of chemical processes with the 

discovery of electrolysis and the piezoelectric effect.15 It was not until the 20th century, when 

Albert Einstein described the photoelectric effect, that light and electromagnetism were used to 

detect and quantify molecules and atoms.16 This phenomenon would eventually lead to the 

invention of modern instruments such as chromatography, ion-specific electrodes, Geiger counter, 

mass spectrometry, spectrophotometers, nuclear magnetic resonance, infrared spectroscopy, 

optical laser spectroscopy, charge-coupled device, and computers. Today we continue to improve 
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instrumentation and techniques to precisely and accurately measure chemical, biological, physical, 

and environmental phenomena. 

Currently, novel environmental challenges are emerging. These new and unique 

environmental problems are a consequence of several factors including population growth17-19, 

government regulations19, economic challenges17, 19, industrial growth18, scientific advances18, and 

access to manufactured products18, among others. Modern urban and rural communities around 

the world are faced with water, air, and soil pollution that are several orders of magnitude worse 

than our ancestors. Not one of these issues is more important than the other, they all need to be 

addressed. In some cases, correcting one issue could lead to the resolution of other problems or 

could make another worse. It is argued here, however, that water pollution is a complex issue due 

to the ever increasing production of contaminants added to our water systems every year. For 

example, there is a growing concern for human health and environmental safety due to the presence 

of man-made pollutants, such as industrial organics and PPCPs, within urban water systems. 

Conventional treatment methods often remove only a small fraction of these compounds because 

of the diverse mixture of molecular structures and competition with NOM.  

Once PPCPs have entered the aquatic ecosystem, there is a question to their fate and 

transport. Fate and transport describes the ultimate disposition, eventual resting place, and mobility 

of a molecule in the environment. Since little is known about the role surface chemistry plays on 

the fate and transport of industrial dyes and PPCPs in the environment, it is difficult to gain a 

complete understanding of the extent of pollution and the impact it has on the surrounding 

ecosystem. Adsorption is a probable fate and transport mechanism for removing dyes and PPCPs 

from aqueous solution.5 Furthermore, many remediation techniques rely on adsorption to remove 

these compounds from water due to efficiency, simplicity, cost effectiveness and ability to target 
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specific molecules.1 Thus, there is a need to better understand how these compounds interact with 

natural surfaces in order to design and develop more effective adsorption treatment methods. 

Analytical methods and tools are available to understand these natural interactions. Select 

literatures are presented to outline the binding interactions possible when a target molecule 

approaches a surface.    

 

1.2 Importance of Surfaces 

 Since much of the research involved in this thesis is related to adsorption and surface 

chemistry, a discussion on binding interactions between target molecules and adsorbent material 

is essential. Many types of material exist that can serve as an adsorbent. Pollution research, in 

terms of fundamental and remediation motivations, have used materials ranging from raw, natural 

plant matter11 to specifically designed man-made nanoparticles1, each with varying modes of 

success. Their effectiveness is dependent on the pollutant interaction with the surface of the 

material. Probability of adsorption can increase by changing environmental conditions such as pH, 

temperature, electrolyte concentration, solvent, and so forth. The molecular level interactions is 

the physical chemistry involved with a molecule adhering to a surface. This is called the binding 

interaction and several mechanisms can describe these interactions, such as hydrophobic, electron 

donating-accepting, hydrogen bonding, electrostatic, and chelating interactions.20-24  

Adsorption of molecules to a surface can be categorized as chemisorption and 

physisorption.25 Chemisorption is the adsorption based on new bond formation that is covalently 

bonded to the surface. This type of adsorption requires a chemical reaction with a large amount of 

energy exchange. Physisorption is the adsorption based on intermolecular forces with molecules 

typically held to the surface by much weaker forces than chemisorption. Specific (involves 
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electron densities and charge) and non-specific24 (dispersion forces) interactions are used to 

describe physisorption. 

 When aromatic structures are present, there is a high probability pi-electrons play a role in 

adsorption mechanisms.26 This is relevant to many emerging contaminants because they contain 

aromatic structures that are electron rich. Benzene is the most basic aromatic compound and 

capable of pi-pi interactions. Each carbon in the benzene ring is sp2 hybridized which makes the 

electrons in the p-orbital accessible to other p-orbitals. In fact it is known benzene has partial 

positive (C – H bond) and partial negative (C – C p-orbital) regions capable of interacting with 

other rings either (1) face to face, (2) edge to face, or (3) parallel offset.27  

Another important interaction involving aromatic structures is the cation – pi bond.28 This 

occurs when a cationic molecule interacts with the face of a partial negative ring. The cation acts 

as an electron donor and the ring accepts these electrons. Depending on functional groups attached 

to an aromatic ring, the partial charge on the ring can change from negative to positive. For 

example, electron withdrawing groups such as carboxylate can pull electron density out of the ring 

which results in a partial positive charge. In this scenario, it is possible that anionic molecules 

could bond with the ring. In contrast, electron donating groups, like amine, could enhance the 

partial negative region of the ring structure. Electron donating-accepting interactions (EDA) are 

commonplace in adsorption interactions and can greatly influence fate and transport of molecules 

in the environment.26, 29 For example, polycyclic aromatic hydrocarbons (PAHs) are an emerging 

contaminant originating from fuels. PAHs can be a model for understanding EDA interactions. Qu 

et al. studied the adsorption of a variety of PAHs on montmorillonite clay minerals exchanged 

with tetra-alkyl ammonium compounds.30 They found sorption was driven by cation-pi bonds. 
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 Chelation involves ions or neutral molecules interacting with metals through coordinate 

bonding of polydentate ligands to a single metal atom. This interaction is used in the treatment of 

lead poisoning in humans.31 It can also be used in analytical and remediation methods concerning 

water quality parameters where ethylenediaminetetraacetate (EDTA) or other molecule is the 

chelating agent.32-35 Humic acid (HA) and fulvic acid (FA) have chelation properties that enable 

stabilization of quantum dots in an aquatic environment.36 NOM has also been known to bind to 

natural inorganic colloids by chelation. 

Hydrophobic adsorption is the interaction of nonpolar regions of molecules to other 

hydrophobic region at surface binding sites. This type of interaction is common with organic 

molecules, especially moieties lacking functional groups. Although ligand exchange and bridging 

(cation and water) are important interactions for HA, hydrophobic interactions at low pH play a 

role in HA binding to aluminum oxide colloids.37 

The van der Waals force is an intermolecular force all atoms, molecules, and surfaces 

experience and defines fundamental characteristics such as solubility and polarizability. 

Adsorption by van der Waals interaction is very weak and nonexistent at long distances relative to 

electron clouds, but important nonetheless.  

Electrostatic (Coulombic force) interactions is a frequently observed binding mechanism 

in the environment due to the inherent repulsive and attractive nature of ionic compounds.38 The 

electrostatic force is a non-covalent attractive and repulsive interaction that is dependent on atomic 

and molecular charge.39 Cationic exchange capacity of soils is related to electrostatic attraction 

and repulsion of organic and inorganic compounds. Many environmental studies take advantage 

of this force for remediation of pollutants from soil and water.40 It is also possible that common 
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electrolytes found in water can enhance or reduce binding affinity depending on the charges 

present.40   

Ligand exchange is a covalent type of adsorption and requires a chemical reaction to 

replace one ligand with another. It was found that ligand exchange may be responsible for the 

adsorption of fulvic acid (FA) and humic acid (HA) on three clay surfaces.41 Fourier transform 

infrared spectroscopy (FT-IR) was used to observe losses in hydroxyl and carboxyl groups after 

the adsorption of FA and HA onto the clay mineral surfaces. There is evidence that NOM adsorbs 

and desorbs onto iron oxide surfaces by ligand exchange between hydroxyl and carboxyl 

functional groups.20 These authors developed a mechanistic view of the NOM-Fe oxide adsorption 

process.   

Cation bridging is an interaction that links a target molecule to a surface through cationic 

metals such as Ca2+, Mg2+, Fe2+, Fe3+, or some other related atom. This adsorption process is likely 

found in soil environments. In fact, HA adsorption to silicate type of clay, montmorillonite, 

increases in the presence of Ca2+ through cation bridging.42 

Hydrogen bonding is a common and important adsorption mechanism that involves 

binding hydrogen on a target molecule to an electronegative atom such as oxygen, nitrogen, or 

fluorine on a surface. Aqueous environments have H-bonding interactions with solutes, solvents, 

and surfaces. Silicate is an important mineral found in the environment. This anionic mineral is 

made up of silicon and oxygen and capable of forming H-bonds. Hydrophilic silica colloids have 

been well characterized and reportedly act as a solid acid or H-bond donor.43 Zhang et al. used 

Langmuir isotherms and FT-IR to show one of the main adsorption mechanisms for clofibric acid 

to graphene oxide is H-bonding, the other main mechanism was pi-pi interaction.29 The adsorption 

in this study was strongly affected by the presence of HA due to possible bridging interactions. 
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Although not technically a type of interaction, physical entrapment is included in this 

section because it is a mode of removing pollutants from the environment (e.g. water filtration). 

Although metal organic frameworks (MOF) use all the aforementioned routes of binding44, 45, 

physical entrapment by pore size exclusion is also a possibility.46 

 

1.3 Natural Organic Matter 

Much of the natural environment (i.e. aquatic and terrestrial ecosystems) is made-up of 

substances called natural organic matter and natural inorganic colloids. NOM is mainly comprised 

of numerous complex molecules of carbohydrates, long-chain hydrocarbons, proteins, humic 

acid47 and fulvic acid47 and sometimes referred to as supramolecular moieties21. These complex 

molecules are as diverse as the surrounding ecological factors and range widely in molecular mass 

and composition. Since NOM is composed of organic molecules, the structure, mass, and 

composition is relative to the geographic location and type of ecosystem. However, the most 

important structures are aromatic and aliphatic and contain relevant functional groups such as 

carboxylic acid, amine, thiol, alcohol, and methoxy group. Natural colloid composition is 

dependent on the presence of metals and minerals. Ecosystem cycles and pollutant mobility are 

influenced by natural compounds. To date, all studies have found NOM and colloids to have an 

average negative surface charge. NOM can impact global carbon cycles and influence nutrients as 

energy availability for aquatic organisms.48  

Before environmental scientists can utilize NOM for fundamental, management, or 

remediation studies, there must be an understanding of the material. Studies have been carried out 

in an attempt to characterize the structure, composition, and molecular mass of NOM. In order to 

begin analyses, scientists must collect, isolate, and extract NOM from aqueous solution.  The 
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Suwannee River located in Georgia is one of the most studied sites for NOM and used by the 

International Humic Substances Society (IHSS) as a site for reference material.49 It is common to 

separate and isolate NOM using fractionation columns and reverse osmosis. Green et al. collected 

samples from the Suwannee River and isolated NOM with reverse osmosis (RO) resulting in a 

dissolved organic carbon (DOC) content of 84.2% and nitrogen-to-carbon ratio (N/C) of 0.022 ± 

0.001.49 These samples can then be freeze dried for later experiments. 

The bulk and structural properties of NOM are often identified using several 

instrumentation and analytical methods. Understanding light absorption properties is essential for 

NOM photochemical analyses, thus UV-Vis50 and fluorescence51 are used. Spectral slopes in the 

275 – 295 nm range appear to be related to molecular weight of NOM.52 Fluorescence of NOM 

has been used to gain knowledge of the biogeochemical role these compounds have in freshwater.53 

Fluorophore signatures can help identify NOM source or origin (i.e. marine or terrestrial) and 

aromaticity.53 Sanderman et al. used isotropic data, carbon to nitrogen (C/N) ratios and spectral 

characteristics to determine age and source of NOM with an aim to observe spatial and temporal 

changes in a coastal wetland.54 Functional groups, compound class, and elemental analysis are 

accomplished with FT-IR, nuclear magnetic resonance (NMR), and mass spectrometry (MS). 

Actual structure identification requires tedious sample preparation and highly-advanced 

instrumentation techniques such as ultra-high performance liquid chromatography MS (UHPLC-

MS) with NMR analysis. The mass to charge ratio (m/z) are used to generate empirical formulas. 

These empirical formulas are plotted as hydrogen to carbon (H/C) versus oxygen to carbon (O/C) 

molar ratios in a Van Krevelen plot to categorize structure of NOM based on the molar mass 

overlap of compounds such as lipids, proteins, sugars, carbohydrates, hydrocarbons, lignins, and 
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tannins. This gives at least a conceptual understanding of what these NOM structures could look 

like.  

This work entails fundamental chemistry and processes involving NOM and pollutants. 

The aim of these studies is not to characterize NOM, but to determine their role on the fate and 

transport of emerging contaminants such as PPCPs, industrial waste, municipal waste, and urban 

and rural runoff. NOM is known to affect chemical processes and act as an adsorbent through a 

variety of mechanisms including chelation.20, 36, 37, 41, 48 

 

1.4 Pharmaceuticals and Personal Care Products 

Human population is steadily increasing throughout the cities around the world. Modern 

science and medicine has increased our understanding of the human body and has given us the 

ability to live longer, healthier lives through the development of better sanitation practices (e.g. 

municipal water treatment and waste disposal), scientific instruments, pharmaceuticals46, and more 

access to medical providers. While this advancement is a great achievement for mankind, it can 

also lead to environmental issues. Since people are living longer, cities have grown larger. 

Therefore, city planning is critical to keep the population healthy. Large cities are often associated 

with large volumes of waste. This waste contains many of the usual pollutants such as debris, fats, 

oils, grease, nutrients, and sewage. However, emerging contaminants are increasingly detected at 

low concentrations in aquatic communities and have become prevalent in our water systems. These 

emerging contaminants are associated with industrial and manufacturing processes. It is the 

development and availability of pharmaceuticals that has become a cause for concern when it 

comes to the health of our environment.  
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Many households contain pharmaceuticals and personal care products (PPCPs) and their 

release to the environment is mostly unregulated (i.e. no restrictions or guidelines on disposal).55, 

56 The public is unfamiliar with the best practices for the disposal of PPCPs. Those that are 

informed do not have a place to properly dispose of unused medication. To complicate matters 

further, the active ingredient in a pill is not the only concern. Pills are often filled with other 

compounds to increase solubility, decrease dissolution time (time-release properties), target 

specific areas of the body, give it color or flavor, and enhance uptake. This section presents a 

discussion of recent studies involving active ingredients in pharmaceuticals and an industrial dye 

relevant to the research in this thesis. Advances in pharmaceutical detection, fundamental 

processes, remediation, toxicity, and instrumentation use are also explored. 

Malachite green (MG) is an industrial organic cationic triarylmethane dye often detected 

in surface water.57 The chemical name is 4-[(4-(Dimethylamino)phenyl)(phenyl)methylidene]-

N,N-dimethylcyclohexa-2,5-dien-1-iminium chloride. Table 1.1 lists relevant molecular 

information and structure about MG and other target molecules explored throughout this thesis. 

MG has been used extensively in textile and fish farming industries.57 In salmonids farming, MG 

has been used as a disinfectant and antiseptic against parasites like protozoan ectoparasites.57, 58 It 

has also been used as a fungicide to treat fungus on fish eggs and skin. This compound has reduced 

and oxidized forms called Leucomalachite green (LMG) and MG – carbinol (MGC), respectively. 

In its reduced form, LMG is a highly toxic known carcinogen59 and has high affinity to animal 

tissue.58 Due to the accumulation in tissue, biomagnification is likely. MG and the other forms 

have been banned in Europe since 2000 because of potential toxicity fears for humans from the 

consumption of fish.58 
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Table 1.1 Molecular information and structure of target molecules malachite green, amlodipine, 

carbamazepine, ibuprofen, and sulfamethoxazole. 
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 MG concentrations can be reduced at water treatment facilities by hydrolysis58; however, 

toxic byproducts are formed upon degradation (reduction results in LMG).  Adsorption is 

accomplished with activated carbon and coal, but this method is not effective and only creates 

secondary pollution on the solid phase.58 Biosorption to microorganisms60, algae61, and fungi57 

have been shown as viable remediation techniques. HA can reduce MG availability by possibly 

acting as a chelating agent. This adsorption route can only occur in the absence of water hardness 

ions (e.g. Ca2+ and Mg2+) because Ca2+ take up binding sites on the HA surface.59 

Many types of particle exist in the environment and each have unique surface functional 

groups. Characterizing their surface is important for understanding surface chemistry involved in 

the environment. MG has been used extensively in previous research as a probe molecule. Its 

adsorption to various materials has been studied to gain fundamental information about surfaces.62, 

63 For instance, second harmonic generation (SHG; a laser spectroscopy technique that can be used 

to study surfaces, see section 2.2) signals were evaluated based on the dependence of particle size 

with the use of MG as a probe.64-66 It has also been used for determination of the heterogeneity of 

particle surfaces and evaluating multisite adsorption.67 Hydrophilicity of a particle surface can be 

studied by changing surface oxygen and carbon ratios. MG adsorption orientation is affected due 

to O/C ratios on carbon black microparticles; thus, SHG results give an indication of particle 

surface interaction with water.68 Studies also include surfactant synthesized and modified with MG 

to probe emulsions.69 The in situ transfer of molecules between colloids such as polystyrene 

sulfonate particles to clay particles was evaluated with MG which again served as a probe 

molecule.70 

Since MG is a prominent water pollutant, much research has been dedicated to understand 

adsorption to natural63 and man-made adsorbents71. Magnetic nanoparticles that contained an iron 
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core was functionalized with a type of chitosan, containing both –COOH and –NH2 functional 

groups, to remove cationic dyes from water. The removal of MG by these nanoparticles have been 

characterized with FT-IR, thermogravimetric analysis (TGA), TEM, and 57Fe Mössbauer 

spectroscopy.72 This study revealed the application of Langmuir-Freundlich isotherm models, 

resulted in binding constant and maximum mass of MG adsorbed to the surface to be 0.0356 L g–

1 and 123.30 mg g–1, respectively.72 Adsorption of MG has also been observed on several natural 

materials, which include: rice husks73, sawdust74, jute fiber75, coconut shell76, and Bagasse fly 

ash77. These studies make known the possible fate and transport of MG in nature. Metal-organic 

frameworks (MOF) have been used to study MG removal from water. 44, 78 MIL-100(Fe) was found 

to be the preferred MOF for MG and could potentially be used in a water treatment process. In this 

study, plotting zeta potential and adsorption capacity of MG onto MIL-100(Fe) versus pH gave 

insight into pH effects of binding. In the pH range of 1 – 4, adsorption was the most efficient and 

was attributed to electrostatic favorability. Furthermore, X-ray photoelectron spectroscopy (XPS) 

found that the nitrogen in MG+ displaced bound water molecules on the iron to open the metal 

binding site.78 

Amlodipine (AMP; brand name: Norvasc; pKa = 9.56) is a dihydropyridine calcium channel 

blocker8,79 chemically known as 3-ethyl-5methyl-2-[(2-aminoethoxy)methyl]-4-(2-chlorophenyl)-

1,4-dihydro-6-methyl-3,5-pyridinecarboxlate, monobenzenesulfonate (Table 1.1).80 Much of the 

literature surrounding AMP is focused on detection80, model systems (i.e. concerning 

environmental concentration), biological/physiological effects and separating chiral compounds 

from racemic mixtures.81 Fundamental information regarding adsorption, remediation, and 

environmental fate is limited. Maham and Sharifabadi found amlodipine adsorbs to sodium 

dodecyl sulfate-coated magnetite nanoparticles in a method designed to detect trace amounts of 
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hypertension drugs in urine.82 The mechanism used to ensure this method operates properly was 

based on the assumption that AMP hydrophobically and electrostatically bound to the surface 

coating of the particle. As solution pH increases from 4.0 to 7.0, adsorption decreases due to weak 

electrostatic attraction and increased repulsion between the coating and particle. Furthermore, as 

electrolyte concentration increased drug adsorption decreased which is attributed to competition 

for binding sites. Binding affinity to melanin pigment from Klebsiella sp. GSK was explored.83 It 

was concluded that adsorption increases with increasing initial concentration. Elevated 

temperatures (40oC) resulted in stronger binding with a value of 25.8 µg mg-1.  

Photodegradation and transformation products of AMP were studied under solar radiation 

and xenon lamp emission.84 The study found AMP follows pseudo first order kinetics. The use of 

ultra-high performance liquid chromatography quadrupole time of flight mass spectrometer 

(UHPLC-QTOF-MS) found 16 photolysis byproducts were generated from radiation processes. 

Furthermore, 15 of these are new and are the first to be reported. Byproduct formation has been 

found to be pH dependent. This study highlights the need to understand ECs in the environment 

because solar radiation creates byproducts that could be more toxic and persistent than the parent 

compound. 

Carbamazepine (CBZ; brand name: Tegretol) is an anticonvulsant drug used to treat 

seizures, nerve pain, and bipolar disorder (Table 1.1).8 It is chemically known as 5H-

dibenz[b,f]azepine-5-carboxamide. There seems to be conflicting reports from the literature on the 

pKa of CBZ. Reports show pKa values of 2.385, 786, 13.987, and 15.446. This can drastically skew 

the perceived structure of CBZ at a particular pH. As with many other drugs, CBZ is detected in 

wastewater discharge and surface water. This molecule is also known to form dimers in solution 

phase.88, 89 Dimer formation could impact the fate and transport of CBZ by possibly increasing 
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localized concentrations, inhibiting binding interactions, or limiting bioavailability. Hunter et al. 

used NMR to determine aggregate formation in concentrated solutions with polar (CD3OH) and 

nonpolar (CDCl3) solvents. This study found CBZ forms a dimer by two distinct mechanisms: (1) 

hydrogen bonding at the amide functional group, for example the oxygen at the carbonyl of one 

molecule H-bonds with hydrogen on the –NH2 group of another and (2) aromatic ring interaction. 

CBZ dimerization occurs by aromatic ring interaction in the polar solvent because amide groups 

are turned toward the solvent. On the other hand, aggregation occurs by H-bonding in the nonpolar 

solvent because aromatic rings face the solvent.  

Borisover et al. used carbamazepine as a probe molecule to determine adsorption 

enhancement on NOM through hydration effects.90 Their goal was to understand organic pollutant-

NOM interactions in environments with varying water content (i.e. soils, sewage, surface water, 

etc.). These authors made several observations and conclusions: (1) CBZ sorption to peat is 

stronger in water compared to organic solvent (n-hexadecane); (2) as water content of peat 

increased, the adsorbed [CBZ] also increased; and (3) molecule rigidity/flexibility, presence of 

aromatic and functional groups are important factors for hydration-induced enhancement of 

adsorption to NOM. Interestingly, the comparison of phenanthrene and CBZ isotherms serves as 

a model to understand non-specific binding for CBZ because these two molecules have similar 

aromatic backbones. Yamamoto et al. attempted to elucidate the sorption capabilities of various 

classes of pharmaceuticals based on functional group to naturally occurring organic and inorganic 

components.91 The overall purpose of the study was to better understand the sediment and soil 

moieties rather than binding mechanisms involved. However, it was claimed that electrostatic 

interactions are not the only important adsorption route. They suggest hydrogen bonding, dipole–

dipole, and hydrophobic interactions are the reason for large sorption coefficients when 
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electrostatically unfavorable. They found differences in sorption to HA to be largely dependent on 

the source of the material. This group acknowledges the need for further Langmuir isotherm 

analysis to better understand concentration dependence. 

Ibuprofen (IBP) is a non-steroid anti-inflammatory drug and one of the most commonly 

found drugs in households (Table 1.1).8, 92, 93 This is due to availability and accessibility. IBP has 

been detected in the environment on numerous occasions.94 Kostich et al. analyzed 56 

pharmaceuticals from 50 wastewater treatment facilities in the United States and detected IBP 23 

times with a mean and peak concentration of 460 and 4200 ng L-1 respectively.92 They used a 

robust extraction method that involved hydrophilic-lipophilic balanced, mixed-mode strong 

cation-exchange cartridges coupled with liquid chromatography-tandem mass spectrometry for 

analysis. Even at nanomolar concentrations and because there is a lack of information on the 

adverse effects of IBP, there is still a need to understand the environmental impact.85, 94 Several 

studies have been devoted to design water remediation methods utilizing adsorption processes.5, 

11, 95, 96 Reza et al. used microwave activated carbon from raw bamboo waste infused with ZnCl2 

as an adsorbent for removing IBP from wastewater.11 The activated bamboo waste (ABW) has an 

adsorbent capacity of 278.55 mg g-1 with an increasing negative surface charge as pH increases. 

They found there is a pH dependence on the adsorption of IBP to the surface of the ABW. IBP has 

a pKa of 4.91; thus, a pH in the range of 2 – 5 yields a neutral molecule and results in 85.66 – 

97.02 % removal from the bulk solution. There is electrostatic repulsion if the pH is greater than 

5. Thermodynamic results show Gibbs free energy of adsorption and enthalpy change to be –6.15 

kJ mol–1 and –21.20 kJ mol–1, respectively. This indicates spontaneous and exothermic processes 

with weak binding affinity. Their results show potential as an alternative remediation technique 

for IBP in aqueous solution. 



19 

 

Sulfamethoxazole (SMX) is a widely used antibiotic and frequently detected at high 

concentrations in wastewater (µg L–1) and surface waters (ng L–1) (Table 1.1).8, 18, 92, 97, 98 Due to 

the mutagenic effects of SMX, there is great concern for the health of aquatic organisms.97 There 

is also a concern for the persistence of this drug in wastewater and natural water. This persistence 

could lead to antibiotic resistance.97 Many studies involving SMX aim to remove this drug through 

means of adsorption such as activated carbon and peanut shells99. Reguyal and Sarmah used a 

process called pyrolysis to char pine sawdust and modified the biochar with iron oxide to add a 

magnetic component.98 They used this magnetic biochar to study adsorption of SMX along with 

effects from pH, NOM, and competing molecules. Data shows the Langmuir isotherm constant 

and maximum adsorption monolayer to decrease as pH increased. Since SMX is ionizable with 

pKa values of 1.25 and 5.29, they conducted ionic strength experiments to determine the extent, if 

any, of electrostatic interactions. As the ionic strength increased, SMX adsorption to the biochar 

also increased indicating a repulsive and electrostatically unfavorable interaction. Thus, binding 

mechanisms are largely driven by π-π electron donor-acceptor and hydrophobic interactions. The 

presence of a competing compound reduced adsorption but concentrations of NOM did not have 

a detectable effect. Another group conducted SMX adsorption experiments on two wetland plants: 

rice straw (RS) and alligator flag (AF).100 They found that at pH 6.0, maximum adsorption 

monolayer for RS and AF to be 3.650 and 1.963 mg g-1, respectively, which is much less than 

magnetic biochar at pH 6.5 (12.93 mg g-1)98.  It has been shown that SMX is degraded through 

microbial processes and can undergo biotransformation.97, 101, 102 SMX is also known to transform 

due to photolysis.103, 104 Byproducts of SMX degradation are a concern because their toxicity and 

persistence is unknown. 
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1.5 Conclusion 

 An objective of this chapter has been to demonstrate the diverse and rich research revolving 

around emerging contaminants and the natural environment. Strides have been made in trying to 

understand pollutant fate and transport in an aqueous environment. However, there are still many 

unanswered questions because these problems have many variables to consider. For example, the 

true structure of HA is still unknown because of the dependence on geographical location. The 

availability of HA to researchers trying to understand topics such as adsorption characteristics is 

limited only to a few options. Most research of HA and emerging contaminants uses standard 

references set and collected by the International Humic Substances Society. There appears to be a 

dependence on pH, electrolyte/ionic strength, functional group, and competing molecules on the 

removal of ECs from the aqueous phase. 

 This thesis is organized into chapters outlining theoretical background of relevant 

instruments used (Chapter 2), fundamental information of a remediation technique for the removal 

of MG from aqueous solution (Chapter 3), fate and transport of ECs in the presence of NOM 

(Chapter 4), analytical method development for the detection of ECs and future direction that is 

directly related to the research of this thesis (Chapter 5) and an Epilogue.    

 The focus of Chapter 2 is on the theory behind instruments that have been used for data 

collection throughout this thesis. It highlights a surface sensitive laser spectroscopy technique 

called second harmonic generation. Then, dynamic light scattering is discussed as a means to 

measure zeta potential and size of colloids in the presence of ECs. Surface tensiometery is a 

method used to collect data on surface tension of water when pharmaceuticals are dissolved. 

Lastly, an analytical instrument, called quartz crystal microbalance, used to detect ECs in water at 

low concentrations is described.   



21 

 

Chapter 3 addresses questions relating to fundamental parameters of magnetic colloids with 

the potential to serve as a remediation tool for MG removal from water. The following questions 

are addressed: What is the influence of magnetic forces on magnetic particle aggregation upon dye 

adsorption? What is the relationship between the dye concentration and the colloidal aggregation? 

Can magnetic colloids be used as a practical remediation tool? Does aggregation affect pollutant 

fate and transport? 

Chapter 4 focuses on questions regarding fate and transport of pharmaceuticals. This 

project investigates: Can magnetic colloids be modified with NOM to monitor adsorption of 

pharmaceuticals? What is the binding affinity of pharmaceuticals to a model NOM particle? What 

is the binding mechanism behind the adsorption of a drug molecule to a particle surface? 

Chapter 5 demonstrates an analytical technique to detect pollutants at low concentrations 

in aqueous solution. Can a reliable method be developed for quartz crystal microbalance to detect 

and quantify pharmaceuticals in water? Could an electrode be functionalized with NOM to study 

adsorption of pharmaceuticals? Within this chapter and the epilogue the future of EC research is 

also explored. Can the techniques described in this thesis be applied to other ECs? What is next 

for pharmaceutical research?  
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Chapter 2 

Theoretical Overview of Experimental Tools for Environmental Research 

Projects outlined in this thesis involve environmental research with a focus on surface 

chemistry. Several instruments have been used to characterize surfaces pertaining to 

environmental systems. The objective of this chapter is to outline the theoretical aspects of these 

instruments used to carry out experiments presented throughout this thesis. Major experimental 

techniques pertinent to this research are second harmonic generation, UV-Vis spectroscopy, 

dynamic light scattering, surface tensiometry, and gravimetric analysis based on quartz crystal 

microbalance.  

 

2.1 Overview of Surface Science Relevant to Environmental Science 

Surfaces are all around us and we interact with them on a daily basis without much thought. 

They are an essential part of daily life. These surfaces, or more generally interfaces, define the 

boundary between two immiscible phases.1 This boundary is inclusive to all phases of matter. At 

an interface, atoms and molecules experience asymmetrical forces. For example, water and oil are 

immiscible due to the polarity differences between the molecules in the respected bulk media. 

Thus, molecules at this interface experience different degrees of polarity, such that part of the 

molecule can simultaneously interact with both polar and nonpolar solvents. The surface is 

dynamic and molecular behavior is dictated by factors such as electrolyte concentration and 

solvent polarity. These factors can influence how molecules move through an interface, especially 

in fluids. For example, the surface of a cell membrane affects the transport of material from the 

surroundings into the cell. There are many other environmentally important surfaces, such as 
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aerosols (e.g., where a solid like sea salt or dust interacts with atmospheric gases), colloidal NOM, 

and mineral oxides. 

Instruments such as NMR spectroscopy, liquid chromatography MS (LC-MS), gas 

chromatography MS (GC-MS), FT-IR spectroscopy, UV-Vis spectroscopy, fluorescence 

spectroscopy provide mass and electronic information of molecules in the bulk phase, but not 

selective to surface-bound molecules. That is because the population of molecules in the bulk 

phase is much greater than those at a surface. As a result, instrumental response from molecules 

in the bulk overwhelms any signal from surface-bound species. Consequently, knowledge of 

surface chemistry is lacking on a molecular level, especially with respect to natural surfaces and 

pollutants in the environment. However, specialized tools are available to study chemical 

processes at an interface. Surface science is an active area of research that is relevant to many 

aspects of our modern society. There are applications of surface science in the medical, 

technological, environmental, and industrial fields.2-4 

The purpose of this chapter is to introduce instruments relevant to the study of surface 

chemistry and their practical applications in studying environmental chemical systems. Briefly, 

each section will begin with a description of the historical background for each instrument, 

followed by the theoretical background, and aspects of their practical operation.     

 

2.2 Introduction to Second Harmonic Generation Spectroscopy 

Second order nonlinear spectroscopy is a method that can be used to selectively probe 

molecules at a surface. This section will outline a special case of 2nd order nonlinear process called 

second harmonic generation (SHG), which is possible when two photons of the same frequency, 

ω, interact with matter to generate one new photon at twice the frequency, 2ω. Details of the 
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phenomenon will be described later in this section, but first, a brief discussion on the history and 

development of second order spectroscopy and the basic theory behind it are presented. 

 In 1875, physicist John Kerr recognized that the refractive index of carbon disulfide 

changed in an induced electric field, later known as the Kerr effect.5 The variation in the refractive 

index due to light is directly proportional to the square of the electric field. Since the response is 

not a linear one, nonlinear optical (NLO) effect was born. However, NLO effects are not observed 

with low powered light. It was not until 1960, when the invention of lasers were able to provide 

high-powered light, that led to the development of nonlinear spectroscopy.5 This enabled Peter 

Franken to observe one of the first NLO frequency doubling processes using quartz crystals. This 

phenomenon came to be known as second harmonic generation (SHG).5,6 Bloembergen and 

Pershan developed the theory in 1962.5-7 Finally in the 1980’s, it was recognized that SHG 

spectroscopy can be utilized to study surfaces. In addition, the invention of pulsed and tunable 

lasers at picosecond and femtosecond time rates allowed wider applications for the study of 

surfaces, such as the air-water interface.6 The history of nonlinear spectroscopy is long and 

involves contributions from many scientists, but this historic overview only highlights the major 

events that have led to surface chemistry today. It is now important to discuss the basic theory of 

SHG before highlighting the applications.       

 Before delving into SHG theory, it would be beneficial to provide a mathematical 

description of the general interaction of light with matter. Equation 2.1 describes induced 

polarization, �⃑� , when light, �⃑� , interacts with matter.  

      �⃑� (𝜔) = 𝜀𝜒(1)(𝜔): �⃑� + 𝜒(2)(𝜔): �⃑� �⃑� + 𝜒(3)(𝜔): �⃑� �⃑� �⃑� + ⋯     Equation 2.1 

where, ε is the dielectric constant and χ is the material susceptibility. This equation is a Taylor 

series as a function of electric field, �⃑� , in which the first term, χ(1), describes the susceptibility of 
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the medium with linear interaction of light, i.e. the polarization and electric field are linearly 

related.8,9,5,10 In a linear interaction, the frequency of the fundamental light remains unchanged. 

Higher order terms, such as χ(2)  and χ(3), have less of a contribution to �⃑� , because the magnitude of 

the susceptibility decreases with increasing order. The χ(2) is the second order susceptibility and 

third rank tensor, which has the lowest nonlinear susceptibility resulting in 2nd order nonlinear 

polarization. Our research uses SHG which is a 2nd order process; thus, the 2nd order polarization, 

�⃑� (2), is expressed as Equation 2.2.   

�⃑� (2)(2𝜔) = 𝜒(2): �⃑� (𝜔)�⃑� (𝜔)       Equation 2.2 

Common spectroscopic techniques like UV-Vis and infrared spectroscopy represent first 

order process that provide electronic and vibrational information about molecules in the bulk 

medium. However, these techniques do not provide direct information about molecules on a 

surface because both bulk and surface species exhibit 1st order response. First order process is 

prominent in a weak electric field, which is the field we are used to in everyday life.10 In order to 

observe 2nd order process, stronger field strength is needed, which is possible with high intensity 

laser. 

 An important characteristic of 2nd order and higher even order processes is that they can 

selectively probe molecules at a surface. The focus of the following discussion will be on 2nd order 

process only. The most general 2nd order process is sum frequency generation (SFG), which occurs 

when two incident light fields with two different frequencies interact with molecules, resulting in 

a new field oscillating at a frequency that is the sum of the frequencies of the incident fields. Recall 

that SHG is a special case in which the two incident fields have the same frequency, ω. The 

generated field is oscillating at double the frequency, 2ω. A selection rule for SHG (also for SFG) 

is that it can only occur in an anisotropic medium and not in an isotropic medium. An isotropic 
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medium is where molecules have random dipole moments; therefore, each molecule experiences 

a net force of zero. An example of isotropic medium is molecules dissolved in bulk solution. In 

this scenario, all the molecules experience uniform forces along Cartesian coordinates. In contrast, 

an anisotropic medium is where molecules experience different forces along Cartesian coordinates. 

In other words, in an anisotropic medium centrosymmetry is broken and molecules lack inversion 

symmetry. Surfaces tend to lack centrosymmetry. Therefore, SHG can be produced from surfaces 

but not bulk isotropic solutions.9,11,12 

 SHG can provide information about molecular adsorption and orientation at a surface. The 

2nd order induced polarization (eq. 2.2) is directly proportional to the SHG field, ESHG. The 

generated signal can be described by Equation 2.3.  

𝐸𝑆𝐻𝐺 ∝ √𝐼𝑆𝐻𝐺 ∝ 𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒〈𝛼
(2)〉     Equation 2.3 

ESHG is proportional to the square root of the second harmonic intensity, ISHG, which in turn is 

proportional to the number density, Nsurface, of adsorbed molecules. This means that by using SHG 

the surface coverage of a target pollutant adsorbed at a given surface can be determined. Note, 

𝜒(2) = 𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒〈𝛼
(2)〉. The 2nd order hyperpolarizability term, α(2), is an average over orientation 

of all molecules adsorbed to the surface. This allows the determination of molecular orientation at 

a planar surface. In this thesis, SHG has been used to probe molecules adsorbed at a surface, but 

not orientation. This is because, theory behind calculating orientation on a curved surface, like that 

of colloids, is not well established.  

The 2nd order hyperpolarizability is a unique constant of a material that describes dipole 

response to an external electromagnetic field. The magnitude of χ(2) is directly proportional to 

second harmonic intensity. It is possible for χ(2) to reach a maximum. This arises when an adsorbed 

molecule has an electronic transition frequency overlap with the frequencies of the fundamental 
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light or the SHG light. This is seen in equation 2.4, where α(2) is defined as a sum of transition 

dipole moments. The overlap results in resonance enhancement of second harmonic generation.  

                𝛼(2) = ∑
〈𝑔|�⃗�|𝑣〉〈𝑣|�⃗�|𝑒〉〈𝑒|�⃗�|𝑔〉

(𝜔−𝜔𝑔𝑣+𝑖Γ𝑔𝑣)(2𝜔−𝜔𝑒𝑔+𝑖Γ𝑒𝑔)
𝑔,𝑒          Equation 2.4  

The parameters g, e, and ν in this equation describe the ground, excited, and intermediate states, 

respectively. Electronic transition dipole moment is represented by �⃗�. Therefore, if α(2) magnitude, 

which is related to χ(2), is large, intensity of the SHG signal will be enhanced. This is known as 

resonance enhancement and used to probe specific SHG active molecules. 

Molecular information elucidated from SHG experiments are available for several different 

interfaces, such as: liquid-liquid7,11,13,14, liquid-gas7,11,13,14, liquid-solid11,13, solid-solid13,14, and 

solid-gas. At these interfaces, experiments can determine analyte adsorption/desorption7,11,13 

(number density, binding equilibrium constant, and Gibb’s free energy of adsorption), molecular 

orientation7,13, symmetry13, time-dependence11,13 (adsorption kinetics and photochemistry), 

surface charge density, surface pKa and chirality8. This information is not only useful to understand 

pollutant fate and mobility, but also cellular transport mechanisms and dye sensitized solar cells. 

Since SHG is highly surface specific14,15, it is useful for a wide variety of chemical 

systems2,14-20, and can be done in real time and in situ.14,15 SHG has been used to study nanoparticle 

and microparticle interfaces in aqueous solution.11 This method coupled with the Langmuir model, 

number density of malachite green dye molecules adsorbed to a nanoparticle was ascertained, 

which allowed the calculation of binding equilibrium constant and Gibb’s free energy11. SHG was 

also used to determine composition, size, charge, and polarity at the air-water droplet interface, 

which is useful for atmospheric properties.11,21 Finally, surface charge at silicon dioxide/water 

interface22 and molecular transport kinetics across liposomes membranes were studied with this 

method.11,23 Motti et al. explain the usefulness of SHG and SFG for studying organic electronics. 
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It has been shown that the structure of the surface of organic devices is important in charge transfer, 

which can determine the efficiency and longevity of organic light emitting diodes (OLED), solar 

cells, and transistors.14 Geiger and Walter have implemented SHG to study oligonucleotides and 

gained information about the electronic, vibrational, electrostatic, and chiral characteristics of 

these molecules bound to silica interfaces in aqueous solution.15 Vibrational SFG has been used to 

understand the adsorption of atrazine, an herbicide and EC, to the surface of silica particles which 

serve as a model mineral oxide surface. SFG revealed a binding energy of –35 kJ mol–1 when 

atrazine adsorbs to this particle.24 These are just a few examples of the applicability of SHG and 

SFG in current literature. Future chapters will refer to this section when describing experimental 

methods concerning laser spectroscopy. Figure 2.1 shows the laser configuration for SHG 

experiments that has been used in this thesis. The next section will describe dynamic light 

scattering as a useful tool for characterizing particle size and zeta potential, as well as a method 

for estimating molecular weight. 

 

Figure 2.1 Schematic of the laser configuration for SHG experiments.  

 

2.3 Dynamic Light Scattering 

 Particles can exhibit different shapes, sizes, surface charges, surface functional groups, 

structure, and composition.25,26 All of these factors play a critical role in the adsorptive behavior 

of molecules to the surface of particles.27 Thus, characterizing particles based on the above 

mentioned parameters is of utmost importance for biological26, environmental27,28, and chemical 
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fields29. Size and surface charge of nanoparticles can dictate cellular uptake and toxicity for a 

biological system.26,30,31 Dynamic light scattering (DLS) (also known as photon correlation 

spectroscopy and quasi-elastic light scatteing) is a simple and effective tool for characterizing 

colloidal stability with respect to size and zeta potential. For our study, Malvern Zetasizer Nano 

ZS has been used. It is equipped with a 4 mW He–Ne laser at wavelength of 633 nm and 

backscatter detector set at an angle of 173o with a size range of in the order of: 0.6 nm – 6 µm 

capable of determining zeta potential, size, and molecular weight of particles in aqueous solution. 

In this section, the method for zeta potential (ZP, ζ) determination at the slipping plane is discussed. 

In the next section, determination of particle size is discussed, which is an important parameter for 

describing stability of particles in terms of aggregation. Finally, a DLS technique to find molecular 

mass of macromolecules is outlined.    

    

2.3.1 Zeta Potential 

 Nearly all particle surfaces found in the environment are considered to be negatively 

charged.25,26,32 For a charged particle, a potential from the surface to the diffuse layer exists. This 

potential is a function of distance. A general equation describing the surface potential in reference 

to the potential at the stern layer is Equation 2.6.26 

𝜓 = 𝜓𝑑𝑒
−𝜅𝑥        Equation 2.5 

where 𝜓𝑑 is the surface potential of the stern layer, κ is the Debye-Hückel parameter (related to 

ionic strength), and x is distance from the particle surface. Ionic strength is important for ZP, 

because the presence of ions can influence the thickness of the slipping plane.26,33 If the slipping 

plane is compressed and near the stern plane, then 𝜓𝑑 is approximately ζ and Equation 2.6 changes 

to26: 
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𝜓 = 𝜁𝑒−𝜅𝑥         Equation 2.6 

In the research presented in this thesis, electrophoretic mobility is measured directly by 

Laser Doppler Velocimetry (LDV) technique and then ZP of the slipping plane surrounding the 

particle surface is calculated.33 Colloids have distinct planes or layers surrounding them. 1,34 The 

inner layer is called the stern layer. This layer has tightly bound ions to the particle surface. 

Between the stern layer and bulk solution is called the diffuse layer where loosely bound ions exist. 

The interface of the diffuse layer and bulk solution is called the slipping plane. These regions 

contain counter ions that create an electric double layer (EDL).1,34 LDV measures the velocity of 

particles under an applied electric field at the slipping plane. Mobile particles move toward 

oppositely charged plates while the slipping plane helps to push the particle through the dispersing 

liquid. Any ions within the slipping plane move with the particle. Ions in the slipping plane 

influence velocity when the electric field is applied. Equation 2.8 describes electrophoretic 

mobility as a measure of velocity and electric field strength.26,33  

𝜇𝑒 =
𝑉

𝐸
         Equation 2.7 

where µe is the electrophoretic mobility, V is velocity and E the electric field strength. Velocity of 

the particle is determined by factors such as viscosity of the solvent, dielectric constant of the 

solvent, and ZP.  Including these parameters into Equation 2.8, ZP can then be calculated from 

Henry’s equation using the empirically determined 𝜇𝑒 (eq. 2.9).26,34 

𝜇𝑒 =
2𝜀𝑟𝜀0𝜁𝑓(𝑘𝑎)

3𝜂
        Equation 2.8 

where εr is the dielectric constant, ε0 is the permittivity of vacuum, η is solution viscosity, and f(ka) 

represents Henry’s constant (1.5 for expanded slipping planes and 1.0 for compressed slipping 

planes). If the EDL << particle radius (up to 1 µm) in an aqueous solution of high electrolyte 
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concentration (10-2 M), Henry’s equation simplifies to the Helmholtz-Smoluchowski equation (eq. 

2.10).26,33,34 

𝜇𝑒 =
𝜀𝑟𝜀0𝜁

𝜂
      Equation 2.9 

Several factors influence ZP, such as pH and ionic strength. Titration curves can find 

isoelectric point (i.e. pH where ZP is zero) and point of zero charge of the particle could be 

determined. An increase in ionic strength causes the EDL to compress and ZP will decrease in 

magnitude. 

 

2.3.2 Size 

Derjaguin-Landau-Verwey-Overbeak (DLVO) theory is often evoked to explain particle 

aggregation based on van der Waals attractive and electrostatic double layer forces.25 Particle 

diameter can be determined by monitoring movement from the Brownian motion of the particle. 

Brownian motion is defined as random collisions with molecules of the solvent surrounding the 

particle (i.e. diffuse layer molecules). Size as a measure of hydrodynamic radius and includes the 

slipping plane, is calculated by the Stokes–Einstein equation (eq. 2.10)26 which is based on the 

relationship between diffusion speed and size in a liquid medium (i.e. smaller particles move faster 

than larger particles).  

𝐷𝑡 =
𝑘𝐵𝑇

6𝜋𝜂𝑅𝐻
     Equation 2.10 

where 𝐷𝑡 is the translational diffusion coefficient, kB is Boltzmann constant (1.381 × 10−23 J/K), 

T is temperature, η is absolute viscosity and RH is the hydrodynamic radius. 

Detection of particle movement is dependent on how the particle scatters light. For 

example, for small particles (size < λ/10) elastic scattering (carries same energy as incident beam) 

is dominant and scattering is not angle dependent.26 The type of scattering is called Rayleigh 
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scattering. Larger particles (size > λ/10) have anisotropic Mie scattering, which is inelastic 

scattering and angle dependent.26 Intensity of scattered light is in constant flux with respect to time 

due to Brownian motion and constructive/destructive interferences are experienced. These 

fluctuations in scattered light intensity is the translational diffusion coefficient. As with ZP, 

changes in pH and ionic strength can affect colloidal stability in terms of size.25 Aggregation occurs 

when the isoelectric point is approached.26 

 

2.3.3 Molecular Weight of Humic Acid 

 DLS can be used to estimate and determine molecular mass of macromolecules. Molecular 

weight of a compound is determined from time-averaged scattering light intensity using static light 

scattering processes. Application of the Rayleigh equation and Debye plot generates molecular 

mass (1000 – 2 ⨯ 107 Da) and 2nd Virial coefficient. Equation 2.11 shows the intensity of scattered 

light, Pθ, from particles in solution. Plotting 
𝐾𝐶

𝑅𝜃
 versus initial concentration gives a y-intercept of 

M–1.  

𝐾𝐶

𝑅𝜃
= (

1

𝑀
+ 2𝐴2𝐶)𝑃(𝜃)   Equation 2.11 

In this equation, 𝑅𝜃 is the Rayleigh ratio (ratio of scattered light to incident light of sample), M is 

the sample molecular weight, A2 is the 2nd Virial coefficient, C is concentration, Pθ is an angular 

dependence of sample scattering intensity, and K (eq. 2.12) is an optical constant. 

𝐾 =
2𝜋2

𝜆𝑜
4𝑁𝐴
(𝑛𝜊

𝑑𝑛

𝑑𝑐
)
2

    Equation 2.12 

where 𝑁𝐴is Avogadro’s constant, λo is laser wavelength, no is the solvent refractive index (RI), and 

dn/dc is differential refractive index increment. Generally, neat toluene is used as reference 

sample. 
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2.4 Surface Tensiometer 

Surface tensiometer measures the surface tension of a liquid as a unit of force.35 Molecules 

at a liquid surface do not experience the same attractive force as those in the bulk. As a result, 

cohesive forces are strongest among neighboring molecules and this creates a film-like surface. 

The force required to disrupt this film is known as the surface tension. Molecules at an air-water 

interface are typically amphiphilic in nature meaning there exists a polar (hydrophilic) and 

nonpolar (hydrophilic) region on the molecule. The polar region is oriented towards the bulk water 

solution (i.e. aligns with water molecules), whereas the nonpolar region is angled in favor of the 

air interface. There are several methods for determining the surface tension of a liquid, which 

include: Goniometer, Du Noüy-Padday, Du Noüy ring, Wilhelmy plate, and bubble pressure. Du 

Noüy ring method has been used in this study, which is the focus in this section. 

To determine surface tension of a liquid, tensiometers are simple instruments that use a 

fine torsion wire attached to a series of levers and counterweights to apply enough force to pull a 

platinum-iridium ring through a liquid surface.35 A graduated Vernier dial provides force readings 

as dynes cm–1. The force required to the pull the ring out of the liquid surface is related to the 

circumference of the wire and surface tension (eq. 2.13).35 

𝐹 = 2𝐿𝑇     Equation 2.13 

where F is the force, L is the circumference of the wire ring, and T is the surface tension. 

Surfactants are defined as a surface active molecule and are known to lower or disrupt 

surface tension between two phases. They can have toxicological impacts and be persist in the 

environment. This is dependent on chemical properties such as alkyl chains, ethoxylation, and 

micelle formation. Surfactants with short alkyl chains are typically less toxic than surfactants with 

long chains. There is a tendency for surfactants to form micelles. Critical micelle concentration 
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(CMC) can dictate the concentration of surfactants available in the bulk solution; thus, CMC can 

preclude toxic surfactant interaction with aquatic organisms. Nonylphenol polyethoxylate (NPE) 

is a known surfactant toxic to many organisms including humans. Surfactants are known to affect 

soil-water balance by disrupting microbial activity and populations. It is also possible to solubilize 

nonpolar plant cells and disrupt micronutrient absorption. 

 

2.5 Quartz Crystal Microbalance 

Quartz crystal microbalance (QCM) is a relatively new analytical tool for aqueous 

mediums that can generate chemical and physical information about an interface, such as binding 

equilibrium constants.36 It was originally used to determine adsorption of atmospheric gases onto 

functionalized or non-functionalized sensors. The QCM can determine if a compound adsorbs to 

a surface by monitoring frequency changes.36,37 QCM measures frequency change as a function of 

mass uptake, where mass is linearly proportional to the frequency change.38 The quartz oscillates 

with a shear force at an absolute frequency of 5 MHz (Fig. 2.2).39 As mass is loaded onto the 

crystal, the frequency of oscillation diminishes and is recorded as a frequency shift. Frequency 

shift (∆f) can be used to calculate the mass added to the crystal using the Sauerbrey equation (eq 

2.14).37,39 

∆𝑓

𝑓𝑜
= −

∆𝑚

𝑚
      Equation 2.14 

Where 𝑓𝑜 is the fundamental frequency of the quartz plate, ∆𝑚 is the change in mass, and m is the 

mass adsorbed.  

 

Figure 2.2 Shear force oscillation of the piezoelectric quartz plate. 
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Equation 2.14 can be modified to show the linear relationship of mass change per unit area 

at the sensor surface to the observed ∆f of oscillation (eq. 2.15). 

Δ𝑓 = −𝐶𝑓 ∙ Δ𝑚     Equation 2.15 

Where Cf is the sensitivity factor of the crystal (56.6 Hz cm2 µg-1 for a 5 MHz crystal).39 It can also 

measure differential capacitance and dissipation energy.36 This instrument works by oscillating a 

quartz crystal plate at a very high rate and as mass deposits on the surface, frequency changes are 

observed. This is possible due to mass sensing gold pins and piezoelectric properties of the 

gold/chromium cut quartz plate (Fig. 2.3). The quartz crystal plate serves as the working electrode, 

which sits on top of the gold pins that sense mass change. QCM is a sensitive instrument that can 

detect nanogram changes in mass36,40 and has a resolution of 0.1 Hz frequency change.41 However, 

this instrument is not selective, i.e. it detects overall mass change regardless of the chemical 

species. This research provides the ability to observe adsorption in real time and in situ by 

monitoring only the frequency. 

 

Figure 2.3 (a) holder with gold pins (b) Au/Cr quartz plate (c) mounted plate (d) water tight 

mounted crystal. 
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Results presented in this chapter have been published in Williams, T. A.; et al., J. Colloid Interface 

Sci 2016, 481, 20-27.

Chapter 3 

Cationic Dye Remediation from Water Using Functionalized Magnetic Colloids – 

Influence of Aggregation 

 This chapter explores the use of functionalized magnetic colloids as a technique for 

the remediation of an industrial cationic dye from water. Attractive magnetic forces can 

cause magnetic colloids to become unstable in the presence of an adsorbing molecule and 

result in the formation of particle aggregation. The influence of aggregation on the 

effectiveness of colloids as a remediation tool will be discussed. Instruments such as UV-

Vis, laser spectroscopy, and optical microscopy have been used to determine adsorption 

and gain information regarding particle aggregation. A mathematical model is presented to 

fit data when particle aggregation is prominent. 

 

3.1 Introduction 

With the rise in urban population and man-made industrial and residential waste 

there is an increased demand for effective pollution remediation technologies.1-3 Examples 

of synthetic waste include, but not limited to, organic dyes, pharmaceuticals and personal 

care products, metal catalysts, organic solvents, and particulate matter. Every year these 

emerging contaminants are detected in ever increasing concentrations in aquatic 

ecosystems. There is an emerging concern because ECs are potentially harmful to both 

humans and aquatic life. Outdated models for water pollution control, such as aeration, 

filtration, and coagulation, are not sufficient to remove ECs.1, 4, 5 Conventional treatment 

techniques are effective for biodegradable compounds but face challenges in removing the 

anthropogenic pollutants.6, 7 Moreover, incomplete degradation of the parent organic 



47 

 

pollutants using the traditional methods can generate byproducts that are also detrimental 

to the aquatic environment.8 A cost effective9-11 alternative that has gained popularity over 

the conventional methods is the application of adsorbents paired with magnetic carrier 

technology (MCT).3, 12-14 This approach involves binding of contaminants that are in 

general not magnetic, onto a magnetic particle (MP) and subsequently removing the particle 

with the target compound attached by means of magnetic field. 

 

Figure 3.1 (a) Schematic of malachite green, MG+, adsorption onto the surface of magnetic 

particles and the resulting number of aggregates. (b) Structure of positively charged MG+. (c) UV-

Vis absorption spectrum of MG+ and the corresponding laser and SHG wavelengths. 

 

An important example of the application of non-functionalized MPs, such as 

magnetite15, hematite16, and zero-valent iron17, include removing inorganic toxic heavy 

metals. The application of MCT as an effective remediation tool for organic contaminants 

is gaining attention.18 There is a limited number of studies pertaining to the removal 

efficiency of organic dyes using functionalized MPs.19 Recently, it has also been 

highlighted that when suspended in a liquid medium, MPs can aggregate13, 19-23 due to the 

long-range attractive magnetic interactions even when an applied magnetic field is not 
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available. Figure 3.1a represents an example of magnetic colloidal aggregation with and 

without dye adsorbed to the particle surface. It is possible adsorption of a molecule to a 

particle surface could facilitate particle aggregation. MPs can be functionalized and tailored 

to target specific molecules. Adsorption of the target molecule onto MPs can alter surface 

properties, such as surface charge density, which can lead to increased aggregation of the 

particles. This can decrease the number of binding sites available to the target compound 

rendering MPs less effective. Furthermore, aggregation can preclude the determination of 

binding affinity of the target pollutant to the particle because certain analytical methods 

may not distinguish adsorption from aggregation. Therefore, investigation of colloidal 

aggregation is of fundamental and practical significance to pollution remediation 

technology.  

It should also be mentioned that aggregation of particles can influence fate and 

transport of pollutants in an aquatic environment; thereby, altering dynamic ecosystem 

cycles. Thus, understanding pollutant-colloid stability is of importance to the field of 

environmental science. These issues demand a systematic investigation to elucidate the 

interaction of organic cations at the aqueous-solid magnetic particle interface.19 

Accordingly, the aim of this work has been to address the following questions – (1) what 

is the influence of magnetic attraction on MP aggregation upon dye adsorption, (2) what is 

the relationship between the dye concentration and the colloidal aggregation, (3) can MCT 

be used as a remediation tool, and (4) does aggregation affect pollutant fate and transport? 

To probe and determine the dye binding constant, Kads, we have used a combination of a 

separation method based on UV-Vis spectroscopy and in situ surface selective optical 

second harmonic generation (SHG) polarization dependent technique.  
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We present a spectroscopic investigation of the adsorption equilibrium (Fig. 3.1a) 

between the positively charged malachite green (MG+, Fig. 3.1b), a prevalent aquatic 

pollutant, to polymeric-based carboxylic group (COOH) functionalized magnetic particles 

(m-PSCs). Malachite green is an example of an organic cationic dye used in the 

manufacturing and textile industries, which can form carcinogenic, mutagenic, and toxic 

byproducts upon degradation.8, 10, 24, 25 Additionally, a practical motivation for studying 

MG+ is that one of its electronic transitions in the visible region of the spectrum is easily 

accessible with the laser used in generating resonantly enhanced SHG in this experiment 

(Fig. 3.1c). As discussed in Chapter 2 (section 2.1), the resonance enhancement allows one 

to probe the adsorption of MG+, directly and selectively. For this reason MG+ has been the 

molecule of choice for numerous SHG studies.26-31 Thus, the use of MG+ as a representative 

organic cationic dye brings in added benefit as it provides the opportunity to compare the 

adsorption of MG+ onto functionalized magnetic colloids with that of similar polymer based 

substrates with non-magnetic core. 

In this chapter, it is demonstrated that COOH functionalized m-PSCs (880 nm in 

diameter), dispersed in an aqueous solution, undergo significant aggregation upon 

adsorption of the positively charged malachite green. The dye-induced aggregation alters 

the adsorption isotherms collected using SHG technique as well as the UV-Vis separation 

method. By measuring polarization and particle number density dependent adsorption 

isotherms it is shown that SHG is sensitive to colloidal aggregation. Further evidence of 

the aggregation as a function of MG+ concentration ([MG+]) is corroborated based on 

optical microscopy data. In order to obtain a quantitative understanding of the binding 

process, the adsorption of MG+ onto m-PSCs has been compared with its adsorption onto 
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polymeric based non-magnetic particles (PSC) of same size, shape, and surface functional 

group. The comparative results not only highlight the influence of aggregation on isotherm 

measurements but also serve as the basis for developing and applying a modified Langmuir 

model in characterizing the adsorption isotherm of MG+ onto the aggregating colloids. The 

finding is significant as it provides fundamental insights into the nature of dye-induced 

aggregation in MPs and offers an approach to quantify the equilibrium binding constant, 

Kads, in the presence of aggregation.  

A detailed discussion on the application of SHG and UV-Vis spectroscopic methods 

in determining adsorption isotherms is presented first. 

  

3.2 Determination of Adsorption Isotherms 

3.2.1 Adsorption Isotherm based on SHG Technique  

As mentioned earlier in Chapter 2, the generated surface second harmonic field, 

𝐸𝑆𝐻𝐺 , which is the square root of second harmonic intensity, ISHG, is directly proportional 

to the number density, N, of the adsorbed species. Note, the surface coverage, 𝜃, is defined 

as N/Nmax, where Nmax is the maximum amount (moles L–1) adsorbed when the surface is 

saturated. This linear relationship between ESHG and N, allows direct probing of molecular 

adsorption and accordingly, SHG spectroscopy has been applied to study molecular 

adsorption to various interfaces.31-36 

Adsorption isotherms based on SHG can provide binding equilibrium constants for 

organic molecules on colloidal surfaces in situ. Previous studies31-34 have demonstrated that 

the adsorption of MG+ onto polymer based particle can be explained using a generalized 

Langmuirian model described by the differential Equation 3.1,   
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𝑑𝑁

𝑑𝑡
= 𝐾𝑎𝑑𝑠 (

𝑐−𝑁

𝑐0
) (𝑁𝑚𝑎𝑥 −𝑁) − 𝑁 = 0     Equation 3.1 

where 𝑐 is the initial concentration of the solute in the bulk solution, 𝑐0 is the concentration 

of the bulk solvent (55.5 M for water), and Kads is the adsorption equilibrium constant 

representing the binding affinity of the molecule to the surface. Solving equation 3.1 leads 

to an expression for 𝜃 (eq. 3.2).  

    𝑁 =

(𝑁𝑚𝑎𝑥+𝑐+
𝑐0
𝐾𝑎𝑑𝑠

)−√(𝑁𝑚𝑎𝑥+𝑐+
𝑐0

𝐾𝑎𝑑𝑠
)
2

−4𝑐𝑁𝑚𝑎𝑥

2
    Equation 3.2 

Incorporation of equation 3.2 into equation 2.3 allows us to fit the experimental adsorption 

isotherm data (ESHG vs. initial concentration), from which the parameters, Kads and Nmax are 

obtained. The depletion of the solute upon adsorption is taken into account in this 

generalized Langmuir model.  

The magnitude of Kads depicts the strength of binding. For instance, Kads with higher 

magnitude indicates a stronger binding of the target molecule to the surface. The Gibbs free 

energy of adsorption at a given temperature, T, is calculated using Equation 3.3, where R 

is the gas constant. 

 ∆𝐺 =  −𝑅𝑇𝑙𝑛𝐾𝑎𝑑𝑠      Equation 3.3 

Gibbs free energy of adsorption describes the spontaneity of binding; for example, values 

that are more negative indicate favorable adsorption. The underlying assumption in the 

Langmuir model is that there is no interaction between the adsorbates, there is a single 

adsorption site, and only a monolayer adsorption is possible. In the Results and Discussion 

section it will be shown that the generalized Langmuir model is not applicable in 

determining binding constant for a system with colloidal aggregation and a modified 

Langmuir isotherm equation will be presented. 
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3.2.2 Adsorption Isotherm based on UV-Vis Separation Technique  

While SHG experiments allow the determination of an adsorption isotherm in situ, 

another approach to generate an adsorption isotherm is by means of a UV-Vis based 

separation technique. In this case, an absorption peak of the target molecule in solution is 

monitored before and after its adsorption onto the magnetic particle. Separation of the m-

PSCs containing the adsorbed species is achieved by applying a magnetic field. The 

concentration of MG+ removed via adsorption, 𝑐𝑀𝐺+,𝑟𝑒𝑚𝑜𝑣𝑒𝑑 , is calculated based on the 

Beer-Lambert law as follows: 

 𝑐𝑀𝐺+,𝑟𝑒𝑚𝑜𝑣𝑒𝑑 = 𝑐𝑀𝐺+,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑐𝑀𝐺+,𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 =
𝐴
𝑀𝐺+,𝑖𝑛𝑖𝑡𝑖𝑎𝑙

−𝐴
𝑀𝐺+,𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

𝜀𝑙
   Equation 3.4 

where 𝐴 and 𝜀 are the absorbance and the extinction coefficient of MG+ at 425 nm, 

respectively. The path length, l, is 1 cm in our experiments. A plot of 𝑐𝑀𝐺+,𝑟𝑒𝑚𝑜𝑣𝑒𝑑 versus 

𝑐𝑀𝐺+,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 generates an adsorption isotherm from which Kads can be obtained by fitting the 

experimental data using equation 3.2. 

 

3.3 Methods and Materials 

 In this section, methods for sample and instrument preparation are discussed. 

3.3.1 Chemical and Sample Preparation  

The polymeric-based carboxyl iron microspheres (ProMag SeriesCOOH, PMC1N) 

and polymeric-based carboxyl microspheres (non-magnetic PSC, PC03N) were both 

purchased from Bangs Laboratories, Inc. and have mean diameters of 880 and 870 nm, 

respectively. TEM experiments were conducted to show that the size of the particle are 

consistent with manufactured specifications and, more importantly, they are uniform in size 
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(Fig. 3.2). These images also show the iron core as darker shade in contrast to the brighter 

outer shell. Particles uniform size is important for SHG experiments because signal 

intensity is dependent on the size. Since we know from TEM images that the particles are 

uniform, signal intensity is expected to be consistent for all sample sets throughout all SHG 

experiments. Throughout this chapter, the magnetic particles are defined as m-PSC and the 

non-magnetic to be PSC. All solutions have been prepared with Millipore water. Malachite 

Green Carbinol hydrochloride (dye content: 85%, PN: 213020-25G) was purchased from 

Sigma-Aldrich. The following preparation applies to both magnetic and non-magnetic 

PSCs for the SHG as well as UV-Vis experiments. Stock solutions of pH in the range of 

3.3 and 4.0 were prepared using HCl (ACS reagent, 37%) purchased from Sigma-Aldrich 

and was determined using a calibrated Fisher Scientific Accumet AB 150 benchtop pH 

meter. The particles were diluted to pH 4.0 ca. in glass vials to the desired particle number 

density. They were prepared at room temperature and sonicated for 10 minutes prior to 

dilution. Similarly, the desired concentration range of MG+ dye (0 – 170 µM) was achieved 

by dilution using pH 3.3 solution to a final pH of 4.0 ca. The pKa of MG+ is 7.0 and the 

surface pKa of carboxylate polystyrene particle is 5.4.37 Therefore, at pH 4, malachite green 

is predominantly positively charged and a fraction of PSC is negatively charged. MG+ is 

known to adsorb on both negatively charged as well as neutral surfaces of polymer 

particles.27  
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Figure 3.2 TEM images showing the (a) size of m-PSC and (b) uniformity of the particles. 

We acknowledge Dr. Tykhon Zubkov for assisting and allowing us to use the TEM facility 

to capture these images. 

 

Adsorption kinetics experiments were conducted to determine the time required for 

adsorption to equilibrate. Selected SHG kinetic data are shown in Figure 3.3. These 

experiments were done for two polarization combinations, HV and VV, which will be 

elaborated in the subsequent sections. Time-dependent experiments, in both polarization 

configurations, show equilibrium is reached within 30 minutes after PSC and m-PSC are 

mixed with MG+. This is noted by a plateau at a longer time. Based on this data, we have 

selected 2.5 hours to be the adsorption equilibrium time for all adsorption isotherm 

experiments. This is to ensure equilibrium between the dye and particle has been achieved 

for all [MG+]. SHG adsorption isotherms were measured for three different particle number 

densities: 0.54 × 108, 1.07 × 108, and 2.14 × 108 particles mL-1. The particle number 

densities for UV-Vis experiments were higher (2.14 × 108, 4.24 × 108, and 8.48 × 108 

particles mL-1) in order to resolve the absorbance change upon adsorption. 

 

(a) (b) 
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Figure 3.3 Time-dependent raw SHG intensity of MG+-particles solutions at 401 nm – non- 

magnetic (left) and magnetic (right) PSC particles with number density of 1.07 × 108 mL–

1. HV and VV polarization combinations are shown on top and bottom, respectively. 

 

3.3.2 SHG Setup 

The experimental arrangement for the SHG measurements consists of a Nd:YVO4 

solid state laser (Spectra-Physics, Millennia PRO 15sJ) pumped Ti:Sapphire Tsunami 

oscillator (Spectra-Physics, 3941-X1BB) with 70 fs pulses at a repetition rate of 80 MHz. 

The fundamental laser light was tuned to a wavelength of 800 nm. The beam was passed 

through a Glan-Thompson polarizer (GTH10M) and a half-wave plate (WPH10M-808) to 

select and ensure linear polarization. The polarizations perpendicular and parallel to the 

laser table are defined as vertical (V) and horizontal (H), respectively. Optical components 

used were purchased from Thorlabs, Inc. The laser was focused at the center of a 2.0 mm 

quartz cuvette using a lens (LA4148) with a focal length of 5.0 cm. Stray light at double 
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the frequency was blocked with a red filter. Samples were not stirred due to the magnetic 

nature of the particles, but were kept at a constant 22 oC with a Flash 300 temperature-

controlled cuvette holder (Quantum Northwest). The generated SHG signal was collected 

using a 5.0 cm lens and passed through a blue filter to block the fundamental beam. The 

polarization of the SHG light was selected using an analyzer (GLB10) and focused into a 

monochromator (Acton SP2500, Princeton Instruments). The power at the sample was 390 

mW and was monitored to be within ± 2%. The SHG intensity, ISHG, in the range of 360 

nm to 440 nm was detected with a CCD camera (PIXIS 400B, Princeton Instruments) and 

processed using WinSpec software supplied by Princeton Instruments. Baseline correction 

was made based on light detected without any sample. Total of four spectra per sample, 

each for 15 seconds, were collected and the peak intensities for each were averaged. Refer 

to figure 2.1 for schematic of the laser table configuration for SHG experiments. 

Figures 3.4 and 3.5 display raw SHG spectra and intensities, respectively, for HV 

and VV polarizations collected at approximately 400 nm while fundamental laser light is 

800 nm. HV and VV polarizations have an effect on SHG peak intensity. Generally higher 

intensities are detected for HV polarization. Fundamental laser light is tuned to 800 nm and 

samples are placed in a cuvette holder in the laser pathway. Peaks are then collected at 400 

nm. Samples with neat PSC (i.e. MG is not present) have a lower SHG intensity than PSC 

in the presence of MG. MG without particles exhibit very low SHG intensities. In other 

words, MG adsorbed to PSC has higher peak intensity than MG without particles. The 

difference between SHG peak intensity for MG with and without particles is used to 

calculate concentration of MG adsorbed. Corrections for turbidity of the particle (i.e. light 

absorbed by the particle) are accounted for in calculations. The square root of the raw SHG 
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peak intensity is equal to the SHG electric field, ESHG. Data reported for isotherms in the 

results and discussion section use normalized ESHG. Equation 3.5 shows that data is 

normalized with the SHG peak intensity of the particle without dye. 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐸𝑆𝐻𝐺 = √(𝐼𝑆𝐻𝐺,𝑀𝐺++𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 − 𝐼𝑆𝐻𝐺,𝑀𝐺+/𝐼𝑆𝐻𝐺,𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒      Equation 3.5 

A plot of Normalized ESHG versus initial MG concentration is generated. The lines used to 

fit the data are a result of applied generalized Langmuir equation from which the fitting 

parameters Kads and Nmax are ascertained. 
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Figure 3.4 Representative SHG spectra of the particle-MG+ solutions (after allowing 2.5 hours to 

reach equilibrium) for varying MG+ concentrations – non-magnetic (left) and magnetic (right) PSC 

particles with number density of 1.07 × 108 mL–1. HV and VV polarization combinations are 

shown on top and bottom, respectively. The peak intensities were used to generate the SHG 

adsorption isotherms. 
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Figure 3.5 The raw SHG intensities at 400 nm at HV (circles) and VV (triangles) 

polarization combinations for the different MG+ concentrations with non-magnetic PSC (left 

column, (a)–(c)) and magnetic PSC (right column, (d)–(e)). The number densities of the PSC 

particles from top to bottom are 0.54 × 108, 1.07 × 108, and 2.14 × 108 particles mL-1.   
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3.3.3 Optical Microscope Experiment  

Images of the m-PSCs and PSCs were taken at a number density of 1.0 × 108 

particles mL–1 with varying concentrations of MG+. The concentrations of MG+ used were 

0, 1.7, 8.5, 17, 25.5, 42.5, 85, and 170 µM. The samples were prepared using the same 

method as described for the isotherm experiments. A single drop was placed on the surface 

of clean glass slides and immediately analyzed using an optical microscope (EVOS) with 

an objective of 40x magnification.  The glass slides were washed using ethanol and allowed 

to dry completely before placing samples on the surface. Images were captured without 

allowing the sample to dry; i.e. particles suspended in solution, which is representative of 

the sample when analyzed using SHG methods. 

 

3.3.4 UV-Vis Experiment  

UV-Vis spectra were collected using Agilent Cary 8453 diode array UV-Vis 

spectrometer. Spectra of a wide range of [MG+], both untreated and treated with m-PSCs, 

were collected in parallel for a given particle density. Samples were contained in glass vials 

and MG+ adsorbed to the m-PSCs was removed using a magnetic separator (Bangs 

Laboratories, Inc.) for 10 minutes. The remaining MG+ in the bulk solution was carefully 

transferred by glass Pasteur pipette to a 10 mm quartz cuvette, analyzed, and compared to 

the UV-Vis spectrum of the untreated MG+ solution. 
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3.4 Results and Discussion 

3.4.1 SHG-based MG+ Isotherms – Comparison between Nonmagnetic and Magnetic 

Colloids 

Since MG+ adsorption onto PSC has already been characterized by SHG38, our goal 

was to compare the binding constant of m-PSC to the literature reported binding affinity of 

PSC. These SHG adsorption isotherms are presented for three particle number densities 

(i.e. 0.54 × 108, 1.07 × 108, and 2.14 × 108 particles mL-1) for both HV (Fig. 3.6) and VV 

(Fig 3.7) beam polarizations. Fundamental laser light is polarized either parallel (H) or 

perpendicular (V) to the laser table. SHG laser light has a fixed polarization of V.  

There are distinct differences between isotherms for PSC and m-PSC data. For PSC 

(Fig. 3.6a – c and 3.7a – c), the normalized ESHG increased as the initial [MG+] increased 

which is an indication adsorption to the particle surface is in fact occurring. At particular 

initial [MG+], there is a sudden drop in SHG signal. This SHG signal drop indicated the 

saturation point of the particle (i.e. all binding sites are occupied) and the point when 

electrostatic forces decreased and hydrophobic interaction between the particles increased. 

Particle aggregation can be explained by hydrophobic interactions after MG adsorption. It 

should be noted that previous SHG adsorption studies of MG+ onto PSC were conducted at 

low concentrations. In this study, higher initial [MG+], past the saturation point, has been 

explored. At the higher [MG+], a drop in SHG signal is observed. This is attributed to 

particle interaction. Data is fit with Langmuir up to the saturation point, the drop is not 

included in this fit. The average Kads for all three number densities for PSC was found to 

be 1.2 (± 0.1) × 107 and corresponds to a ∆Gads of – 40 ± 0 kJ mol-1. 



62 

 

 

Figure 3.6 SHG adsorption isotherms of MG+ on non-magnetic PSC (left column, (a)–(c)) and 

magnetic PSC (right column, (d)–(e)). The number densities of the PSC particles from top to 

bottom are 0.54 × 108, 1.07 × 108, and 2.14 × 108 particles mL-1. The polarization of the 

fundamental and SHG beams were H and V, respectively. 
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Figure 3.7 SHG adsorption isotherms of MG+ on non-magnetic PSC (left column, (a)–(c)) and 

magnetic PSC (right column, (d)–(e)). The number densities of the PSC particles from top to 

bottom are 0.54 × 108, 1.07 × 108, and 2.14 × 108 particles mL-1. The polarization of the 

fundamental and SHG beams were V and V, respectively. 
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For m-PSC, it is clear from the data (Figs. 3.6d – e and 3.7d – e) that at a low initial 

[MG+], the normalized ESHG is less than one before gradually increasing. It is reasonable to 

attribute this drop to the early onset of aggregation from the magnetic field of the particles, 

which changed the shape and size of the m-PSC before it reached saturation of [MG+]. The 

overall normalized ESHG signal is much weaker for m-PSC than PSC experiments. Each 

individual data point also has more uncertainty and scattering that is indicative of size and 

shape change from aggregation. Even though m-PSC data had more error than PSC, it was 

also fit with generalized Langmuir. The average Kads for all three number densities for m-

PSC was found to be 1.9 (± 1.1) × 106 and corresponds to a ∆Gads of –35 ± 1 kJ mol-1. SHG 

experiments present us with drastically different binding equilibrium constants, yet these 

particles are of the same size, shape, and functional group and should match that of ∆Gads 

of PSC. SHG provided Kads values for PSC and m-PSC are an order of magnitude different. 

A summary of Kads and Nmax values for SHG isotherms for PSC and m-PSC in HV and VV 

configuration is shown in Table 3.1. It has been hypothesized that colloidal instability due 

to aggregation of magnetic particles is compounded by the adsorption of pollutants. To 

corroborate the aggregation hypothesis, we conducted optical microscopy experiments to 

visualize the aggregation process. These experiments will be discussed in the next section.  
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Table 3.1 Summary of Kads and Nmax fitting parameters of SHG isotherms for three number 

densities (0.54 × 108, 1.07 × 108, and 2.14 × 108 particles mL-1) of magnetic and non-

magnetic particles. Data represents HV and VV configurations. 

 

 

3.4.2 Optical Microscopy: Visual Confirmation of Aggregate Formation 

In order to confirm the patterns observed with SHG, we present a visual 

representation of m-PSC aggregation in the presence of increasing [MG+]. Figure 3.8 is a 

series of optical microscopic images of PSC and m-PSC with an increasing range of [MG+] 

(0 – 170 µM). Note, the formation of aggregates for m-PSC when the dye is not present, 

but this is not observed for PSC. It is apparent that m-PSC form aggregates when MG+ is 

absent. This suggests magnetic attractive forces plays a role on aggregation formation. Both 

of these particles initially have electrostatic repulsion; however, magnetic attractive forces 

are also in play for m-PSC. As [MG+] increased, negative surface reduced and magnetic 

forces with hydrophobic interactions become dominant. Although m-PSC form aggregates 

not only in higher number but also in size, aggregation can be seen in the case of PSC ca. 

17 – 26 µM which is consistent with the saturation point observed with SHG experiments. 

Again, aggregation of PSC is still possible once electrostatic repulsion is reduced and 

hydrophobic interactions appear; however, overall number and size of aggregates is more 

extreme for m-PSC.  
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Figure 3.8 Optical microscopic images of non-magnetic (left) and magnetic (right) PSC particles 

1.07 × 108 mL–1, in the absence and presence of different concentrations of MG+. Note the contrast 

has been adjusted using Picasa Software to better visualize particle aggregation. We acknowledge 

Nicole Chodkowski for assisting, and Dr. Randy Bernot and Dr. Melody Bernot for allowing us to 

use the optical microscopy facility to capture these images. 
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Now that aggregation is confirmed we turn our attention back to the determination 

of binding equilibrium constants for m-PSC. One of the goals of the project was to 

determine if magnetic particles could be a useful remediation tool for industrial dyes. This 

means we need a different technique to characterize the binding affinity of MG+ to m-PSC, 

for this we turn to a UV-Vis magnetic separation method which is not sensitive to particle 

aggregation. 

 

3.4.3 UV-Vis isotherm of MG+ adsorbed to m-PSC: Towards the determination of Kads 

Figure 3.9a demonstrates the magnetic separation technique used to generate 

adsorption isotherms based on UV-Vis spectroscopy (Fig 3.9b). The isotherms in Figure 

3.9b include three number densities of m-PSC: 2.12 × 108, 4.24 × 108, and 8.48 × 108 

particles mL-1. Higher number densities were used for UV-Vis experiments compared to 

SHG in order to achieve better resolution of the saturation point. The data shows a slow 

ascension of MG+ removed from the bulk solution and then a gradual fall. However, the 

plateau typically observed for PSC experiments is not achieved here. This is attributed to 

the induced aggregation from the adsorption of MG+ to the m-PSC surface. As initial [MG+] 

increases, several forces are at play (1) electrostatic repulsion between particles (m-PSC 

𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛
↔        m-PSC) and electrostatic attraction between dye and particle (MG+ 

𝑎𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛
↔       m-

PSC), (2) then as m-PSC approaches the saturation point, electrostatic repulsion of m-PSC 

reduces until magnetic attraction takes over (m-PSC
𝑎𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛
↔        m-PSC) and aggregation 

occurs. This leads to fewer binding sites on the surface of m-PSC. This can be seen in the 

data as a gradual drop in [MG+] removed. Furthermore, increased particle number density 

resulted in a drop at higher initial [MG+], this is explained by a higher total number of 
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binding sites (i.e. more particles means more available locations for MG to adsorb). There 

appears to be a linear relationship m-PSC number density and [MG+] which suggests an 

equilibrium between aggregated particles and dye adsorbed. Unfortunately, due to 

aggregation of m-PSC and lack of plateau, the data does not fit well with a generalized 

Langmuir equation and Kads cannot be extracted. Nevertheless, we developed a modified 

Langmuir equation that can be used to fit isotherms with aggregation. 

 

Figure 3.9 (a) Demonstration of magnetic separation (b) Adsorption isotherms based on UV-Vis 

separation technique for three different number densities of MPs. Isotherm data were collected by 

co-author Ms. Jenny Lee and is reproduced here from a previous publication in the Journal of 

Colloid and Interface Science.39 

 

A modified Langmuir equation (eqs. 3.6 and 3.7) was developed to take into account 

the loss of surface binding sites when particles aggregate. 

𝑑𝑁

𝑑𝑡
= 𝐾𝑎𝑑𝑠 (

𝑐−𝑁

𝑐0
) (𝑁𝑚𝑎𝑥(1 − 𝛼𝑐) − 𝑁) − 𝑁 = 0    Equation 3.6 

𝑁 =

(𝑁𝑚𝑎𝑥(1−𝛼𝑐)+𝑐+
𝑐0

𝐾𝑎𝑑𝑠
)−√(𝑁𝑚𝑎𝑥(1−𝛼𝑐)+𝑐+

𝑐0
𝐾𝑎𝑑𝑠

)
2

−4𝑐𝑁𝑚𝑎𝑥(1−𝛼𝑐)

2
   Equation 3.7 

This equation has been used to fit the data and obtain several fitting parameters: Kads, Nmax, 

and α. The fitting parameters Kads and Nmax are the same as before (eqs. 3.1 and 3.2), but 

the new parameter, α, which has a unit of M– 1, describes the extent of loss of binding sites 
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per unit dye concentration. This loss is assumed to be a linear function of initial [dye]. In 

figure 3.9b, application of this equation show an excellent fit to the experimental data. It is 

also important to note the residual sum of squares, RSS, has a low order of magnitude, thus 

taking into account loss of binding sites describes the data exceptionally well (Table 3.2). 

 

Table 3.2 The fit parameters, Kads, ∆G, α, and Nmax obtained by fitting the experimental data 

presented in Figure 3.9b using equation 3.7. 

 

 

Equipped with this new fitting tool, we can determine binding equilibrium constants 

and other fitting parameters (summarized in Table 3.2). Results from the isotherm (Fig. 

3.9b) provide a Kads value for m-PSC, 1.1 (± 0.3) × 107, that is comparable and in agreement 

with the SHG determined Kads for PSC, 1.2 (± 0.1) × 107. It is now possible to see that 

despite aggregation, PSC and m-PSC have comparable binding affinities because both have 

similar size, shape, and functional group and are independent of aggregation. Therefore, 

aggregation does not influence Kads, but can hinder the concentration of dye adsorbed to 

the particle surface due to the loss of binding sites. Upon further analysis, the particle 

diameter, surface area, and Nmax was used to calculate parking area (i.e. the amount of area 

one molecule of MG takes up at a binding site). The average parking area is calculated at 

2.2 (± 0.4) Å2 molecule–1, which is comparable to the manufacturer provided value of 1.9 

Particle Number 
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( 10
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( 10
3
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RSS 

( 10–11) 

2.12 0.8 (± 0.3) – 39.1 (± 0.9) 3.6 (± 0.4) 33 (± 3) 2.6  (± 0.2) 1.4 

4.24 0.8 (± 0.4) – 39 (± 1) 2.5 (± 0.7) 92
 
(± 17) 1.9  (± 0.3) 6.1 

8.48 1.8 (± 0.5) – 41.0 (± 0.7) 2.4 (± 0.3) 164 (± 16) 2.1  (± 0.2) 1.1 
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Å2 group–1. Interestingly, polarization dependent SHG derived Kads values can now be used 

as an investigative tool for locating aggregation of nano-sized particles that cannot be 

resolved with other optical or spectroscopic methods. This will be discussed further in the 

next section.  

 

3.4.4 SHG polarization dependence as diagnostic tool for aggregation detection 

 Here a description of a potential aggregation detection method using SHG is 

presented. It is possible to use SHG as a powerful tool for detecting aggregation of unstable 

colloids qualitatively. Polarization dependent studies should result in Kads values that are 

within error of each other because the binding equilibrium constants are independent of 

light polarization. By plotting Kads from HV polarization data versus particle number 

density, Figure 3.10a effectively demonstrates the error associated with aggregated 

particles. All three number densities for PSC fall within error and do not vary from one 

another, but m-PSC data shows large uncertainty that resulted in an erroneous average Kads 

value. Furthermore, plotting Kads for all number densities and polarizations it is clear to see 

PSC data is clustered together and again fall within error, in contrast, more error is observed 

for m-PSC (Fig. 3.10b). Simply plotting these empirical values can serve as a diagnostic 

tool to detect aggregation that cannot be resolved by other instrumental means. 
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Figure 3.10 (a) Adsorption equilibrium constant, Kads, obtained using HV polarization 

combination, versus m-PSC particle number density and (b) Kads obtained using VV versus 

HV polarization combinations. Blue and red circles represent non-magnetic and magnetic 

PSCs, respectively. Note the plots are in log-scale. 

3.5 Conclusions 

In this work, it has been shown that surface functionalized magnetic particles undergo 

significant aggregation upon surface adsorption of an organic cation, MG+. While this was 

confirmed based on optical microscopy images, it is demonstrated that polarization and particle 

number density dependent SHG adsorption isotherms can serve as a diagnostic tool to isolate 

aggregation in particles that cannot be resolved by optical microscopy or other spectroscopic 

means. We have further developed a modified Langmuir model to describe the adsorption 

isotherm, obtained based on separation technique, in the presence of colloidal aggregation. This 

model accounts for the loss of surface sites that occurs when particles collide and coalesce. The 

agreement in the comparable results obtained for the Kads values of non-magnetic and magnetic 

PSC validate the modified Langmuir adsorption model applied. The underlying physical insights 

gained from this study are (1) the equilibrium of adsorption is not affected by aggregation and (2) 

the loss of surface sites due to aggregation can be treated as a linear function of the dye 
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concentration for the wide range of particle number density and dye concentration explored in this 

work.  

The environmental implication of these findings is that although m-PSC aggregate upon 

the adsorption of MG+, this method would be a viable option for pollution remediation of cationic 

dyes because adsorption is spontaneous; however, concentration removed can be limited for higher 

MG concentration range. Binding affinity of the organic cation depends on the surface functional 

group, the effectiveness of magnetic particles in removing organic dyes from an aquatic 

environment decreases with increasing dye concentration and would require large particle number 

densities to overcome the aggregation phenomenon. The research presented in this article not only 

provides a fundamental insight on the application of MCT as a pollution remediation tool, but also 

offers a mathematical model to determine binding constant in the presence of colloidal 

aggregation. This is significant because aggregation is common20, 21 in aqueous surface chemistry 

that dictates the fate and transport of organic contaminants via adsorption onto various colloids, 

such as dissolved organic matter and mineral/metal oxides, in the environment.13, 40-43 
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Chapter 4 

Pharmaceutical Interaction with NOM Surfaces – Equilibrium and Mechanism of Binding 

 This chapter explores binding equilibrium and adsorption mechanisms of pharmaceuticals 

onto colloidal NOM and model colloidal NOM. Adsorption of select PPCPs to the air-water 

interface has also been demonstrated. After a brief introduction of PPCPs, the chapter is organized 

into sections beginning with materials and methods. A method for coating amine functionalized 

magnetic colloids with NOM is then described, followed by results of three drug molecules 

adsorbed onto the surface of the developed NOM particles and model colloids will be shown. 

Furthermore, results for the adsorption to the air-water interface are described. Following these 

results, there is a discussion on binding mechanisms of the target molecule onto these surfaces. 

4.1 PPCP Interaction with the Natural Environment – A Brief Introduction 

Pharmaceuticals and personal care products (PPCPs) are ubiquitous throughout modern 

urban areas. Studies have shown that a wide variety of these compounds can infiltrate aquatic 

ecosystems at detectable concentrations1, 2 and have the potential to harm both humans and aquatic 

life.2, 3 These emerging contaminants are difficult to remove using existing techniques4, 5 often due 

to the diverse mixture of molecule structures and competition with other compounds found in 

urban water systems. Since conventional treatment methods often remove only a small fraction of 

these contaminants, this leads to their inevitable release to the environment.4, 6 Once in the aquatic 

environment, there is a number of pathways that determine pollutants fate. Figure 4.1a outlines 

these probable routes. Important adsorption pathways involve adsorption to the air-water interface7 

(Fig. 4.1c), colloidal matters8 (Fig. 4.1b), minerals9, or sediments.10 PPCPs could also become 

available for assimilation by flora and fauna in aquatic and terrestrial systems.11, 12 Metabolites are 

then generated by the transformation of the parent molecule within a biological system.13, 14 Studies 
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show metabolites are also unlikely to be degraded or removed in water treatment processes15 and 

could become more persistent or toxic after transformation14; however, information about the 

toxicity of these compounds is still lacking.16, 17 Assimilation and effects of these emerging 

contaminants is not well understood as ecosystem perturbation is rarely linked directly to PPCP 

presence18, but is a cause for concern nonetheless.  

PPCPs can also be photolyzed by direct or indirect sunlight.19, 20 For instance, Santoke et 

al. has shown three antidepressants degraded more rapidly by indirect photolysis when mixed with 

humic acid, which resulted in several new compounds.19 These distinct pathways could lead to 

longer pollutant retention times and life cycles in the environment. 

 

 

Figure 4.1 Possible fate and transport routes of PPCPs as pollutants in the environment. (a) 

Starting at the top and rotating clockwise: air-water interface, bulk solution, colloidal surface, 

sediment, terrestrial, biological uptake, and photolysis. (b) Adsorption of target molecule (green 

ovals) to a particle surface. (c) Target molecule adsorbing at the air-water interface. 

 

PPCP interaction with naturally occurring materials in the aquatic environment is not well 

understood, but information on binding at the mineral surface is accumulating.9, 21 A prominent 

substance of interest is NOM, which is defined as a large collection of organic moieties (e.g. 

carbohydrates, proteins, humic acid, and fulvic acid) that contain a wide range of chemical 
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functional groups22-25 (recall NOM Section 1.4). A potential migration pathway of PPCPs involve 

adsorption to NOM surfaces that can then have an impact on the mobility of these pollutants.26 

Furthermore, upon adsorption to the NOM surface, aggregation of this colloidal system could be 

a possibility.27 In spite of these possibilities, fundamental information about binding strength, 

mechanism, and the role surface chemistry plays in the fate and transport of PPCPs in the aquatic 

environment are lacking. A systematic evaluation of binding interactions to NOM surface is thus 

needed. 

Important functional groups found in NOM are carboxylic acid, alcohols, ketones, 

aldehydes, amides, and amines which allow for specific binding, and possibly hydrogen bonding, 

with pollutants. It is also necessary to include nonspecific binding pathways that arise from the 

presence of long-chain hydrocarbons and aromatic structures through hydrophobic, electron 

donor–acceptor, cation–π and π–π interactions. Further discussion of these interactions are 

illustrated in section 4.4 along with the discussion of results. Given the complexity of NOM 

binding interactions, it is necessary to not only focus on actual NOM, but also on the specific 

components of PPCP-NOM adsorption. A model system allows to narrow multiple functional 

group interactions to a single interaction. This study involves adsorption to model particles 

functionalized with specific functional groups found in NOM. Without this fundamental 

understanding, binding parameters such as Kads and Gibbs free energy of adsorption would not 

provide a clear physical meaning with respect to the complex system. 

Recent studies have focused on adsorption of pharmaceuticals to a number of different 

substances. Some of these have focused on activated carbon28, graphene29, natural clay10, 30, and 

metal organic frameworks31. However, there has yet to be a systematic pH dependent study with 

the intent to quantify and understand the sorption mechanisms to NOM that affect fate and 
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transport in the environment. Mináriková et al. demonstrated adsorption of acetylsalicylic acid, α-

amanitin, amlodipine, digoxin, phenobarbital, ibuprofen, imipramine, carbamazepine, oxazepam, 

promethazine, and theophylline to diosmectite and activated charcoal.32 They found imipramine 

and promethazine adsorbed to diosmectite, but there was no mention of the binding mechanism 

involved. Maham and Sharifabadi found amlodipine adsorbs to sodium dodecyl sulfate-coated 

magnetite nanoparticles through electrostatic and hydrophobic interaction.33 Several studies have 

tried to understand pharmaceutical interactions with NOM through the use of fluorescence and 

mass spectrometry. Attempts have been made to understand binding mechanisms of 

pharmaceuticals to HA26, 34, but not through direct in-situ adsorption studies with minimal sample 

perturbation. Borisover et al. used carbamazepine as a probe molecule to determine adsorption 

enhancement on NOM through hydration effects.35  Yamamoto et al. attempted to elucidate the 

sorption capabilities of various classes of pharmaceuticals based on functional group to naturally 

occurring organic and inorganic components.36 The overall purpose of the study was to better 

understand the sediment and soil moieties rather than binding mechanisms involved. However, it 

was claimed that electrostatic interactions are not the only important adsorption route. They 

suggest hydrogen bonding, dipole–dipole, and hydrophobic interactions are the reason for large 

sorption coefficients when electrostatically unfavorable. They found differences in sorption to HA 

to be largely dependent on the source of the material. This group acknowledges the need for further 

analysis with other fitting models, such as Langmuir, to better understand the effect of 

concentration on adsorption. It is important to note some of these studies mentioned here utilize 

less polar solvents, such as ethanol, to dissolve the target molecule to achieve higher 

concentrations; however, this may not represent conditions for a natural aquatic environment. 
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The work presented in this chapter focuses on the binding affinity of three pharmaceuticals 

detected in the environment, amlodipine (AMP), carbamazepine (CBZ), and ibuprofen (IBP), to a 

NOM surface. A novel separation method has been developed, which involves coating magnetic 

colloids with NOM that allowed the separation of these particles to evaluate subsequent PPCP 

adsorption on NOM surfaces. Since NOM behaves as a colloidal system in the environment25, 

surface functionalized polymer-based magnetic colloids has also functioned as a model system to 

determine adsorption behavior due to substituent effects, aromatics, hydrophobic interactions and 

hydrogen bonding.  

Adsorption has been monitored with a UV-Vis magnetic separation technique. Dynamic 

light scattering (DLS) has been used to monitor zeta potential and size of the particles upon the 

adsorption of the target molecules. To better understand possible binding mechanisms, Gibbs free 

energy of adsorption, zeta potential, size measurements, and mathematical simulations (i.e. 

Henderson–Hasselbach equation) has been used. Furthermore, adsorption to the air-water interface 

has been evaluated with surface tensiometry to gain insight into other possible adsorption routes 

for these pollutants. This research has implications for environmental remediation (possible 

treatment technique), ecosystem management (influence on pollutant retention and 

bioavailability), and colloidal science (particle stability and surface interactions). 

 

4.2 Materials and Methods 

4.2.1 Chemical and sample preparation 

The two colloids used are carboxyl (ProMag Series∙COOH, m-PSC) and amine (ProMag 

Series∙NH2, m-PSN) iron infused polymeric microspheres purchased from Bangs Laboratories, 

Inc. and have mean diameter of 764 and 850 nm, respectively. Figure 4.2 illustrates the pH 
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dependent species of the surface functional group on the polymer particle (i.e. neutral and ionic 

forms).   

 

Figure 4.2 Polymeric particle used for UV-Vis and DLS adsorption experiments. (a) carboxylic 

acid (neutral) and carboxylate (anionic) and (b) primary amine (neutral and cationic).   

 

Amlodipine besylate, carbamazepine, and ibuprofen were purchased from Sigma-Aldrich. 

Refer to Table 1.1 for structural and pertinent information on these molecules. Millipore water has 

been used in all sample preparation. Stock solutions of water with pH circa 4.0 and 10.0 were 

adjusted with HCl (ACS reagent, 37%) and sodium hydroxide (Sigma-Aldrich), respectively, and 

has been determined with Thermo-Fisher Scientific benchtop pH meter (Orion STAR A series and 

Orion Ross Ultra pH/ATC triode). Particles have been diluted with pH 4.0, 7.0, and 10.0 ca. in 

glass volumetric flasks to the desired number density and sonicated for 5 minutes prior to use. In 

addition, concentration ranges of AMP (0 – 60 µM), CBZ (0 – 35 µM), and IBP (0 – 55 µM) were 

diluted with pH 4.0, 7.0, and 10.0 ca. Millipore water.  

Particle number densities for AMP, CBZ, and IBP adsorption experiments have been 

diluted to 0.5 ⨯ 108, 1.0 ⨯ 108, 2.0 ⨯ 108 particles mL-1. Desired concentrations of AMP, CBZ, 

and IBP have been treated with particles and allowed to equilibrate for two hours before analysis. 

Controls and standard curves have also been prepared with the same concentrations of AMP, CBZ, 

and IBP as the particle treated samples, but diluted with only water (i.e. no particles). Figure 4.3 
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describes sample preparation pictorially. The analysis of absorption from samples with and without 

particles allows quantifying the molecule uptake. 

 

 

Figure 4.3 Example of sample preparation. Untreated samples diluted with water and treated 

samples diluted with desired particle number density. 

 

Figure 4.3 describes pH dependent speciation of these molecules and surface functional 

groups. At pH 4, the predominant charge of AMP, CBZ, and m-PSN is positive, while a fraction 

of IBP and m-PSC is negatively charged. At pH 10, predominant charge of IBP and m-PSC is 

negative, while AMP, CBZ, and m-PSN remain mostly neutral. There is a mixture of positive, 

negative, and neutral charges in pH 7 solution.  
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Figure 4.4 The protonated fraction of (a) AMP (b) CBZ and (c) IBP (left axis) with m-PSC and 

m-PSN (right axis) versus pH. Charged and neutral fractions of AMP, CBZ, and particle surface 

functional group show distinct variation with pH depending on their pKa. pKa values: AMP = 9.5; 

CBZ = 13.9; IBP = 4.96; m-PSC = 5.4; and m-PSN = 11.5. 
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4.2.2 Isotherms Generated using UV-Vis Spectrophotometer Separation Technique 

To generate adsorption isotherms, prepared stock solution of target compounds have been 

used to create two sets of concentration gradients in glass vials, one set was mixed with the 

appropriate pH solution of water and the other was mixed with the desired number density of 

particles (Fig 4.3). These sets of samples were allowed two hours of adsorption time, determined 

by time dependent experiments. After adsorption occurred, samples were introduced to a magnetic 

field for 20 minutes to separate the magnetic particles from the bulk solution (refer to Fig. 3.8a). 

An Agilent 8453 UV-Vis spectrometer equipped with temperature controller was used to collect a 

UV-Vis spectrum ranging from 190 – 1100 nm with a 1 nm resolution and 10 second integration 

time. The spectrum was taken to monitor absorption peaks of the treated versus untreated samples. 

Peaks used for analysis were 366, 285, and 222 nm for AMP, CBZ, and IBP, respectively. The 

difference in treated and untreated peaks and Beer–Lambert Law has been used to calculate 

concentration adsorbed. A detailed description of this procedure has been provided in section 3.2.2. 

Thereafter, removed concentration versus remaining concentration has been plotted and fit with 

the generalized Langmuir equation to generate binding equilibrium constants. 

Concentration dependent absorbance spectra have been collected to detect and monitor 

adsorption. The peak absorbance assigned for the target compound are 366, 285, and 222 nm for 

AMP (Fig 4.5a), CBZ (Fig 4.6a), and IBP (Fig 4.7a), respectively. Standard plots of absorbance 

versus concentration were then generated to establish the extinction coefficient, ε, for each 

compound. The ε values are: AMP (7.45 ⨯ 103 L mol-1 cm-1; Fig 4.5b), CBZ (1.36 ⨯ 104 L mol-1 

cm-1; Fig 4.6b), and IBP (8.87 ⨯ 103 L mol-1 cm-1; Fig 4.7b). Extinction coefficient stayed constant 

for each pH solution for all molecules. 
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Figure 4.5 (a) UV-Vis spectrum of AMP and (b) standard curve of AMP at a wavelength of 366 

nm in pH 7 solution. The linear fit results in an extinction coefficient of 7.45 ⨯ 103  L mol-1 cm-1. 
 

 

Figure 4.6 (a) UV-Vis spectrum of CBZ and (b) standard curve of CBZ at a wavelength of 285 nm 

in pH 7 solution. The linear fit results in an extinction coefficient of 1.36 ⨯ 104 L mol-1 cm-1. 

 

 

Figure 4.7 (a) UV-Vis spectrum of IBP and (b) standard curve of IBP at a wavelength of 222 nm 

in pH 7 solution. The linear fit results in an extinction coefficient of 8.87 ⨯ 103 L mol-1 cm-1. 
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4.2.3 Preparation of NOM Coated Particles 

NOM isolated by reverse osmosis from the Suwannee River in Georgia and purchased from 

the International Humic Substances Society (IHSS, lot # 2R101N). A stock solution with a 

concentration of 300 ppm has been prepared by dissolving a known mass into phosphate buffer 

solution with a pH of 7.4. The stock solution has been diluted to 150 ppm in two different 100 mL 

volumetric flasks where one flask contained a 1:1 ratio by volume of NOM to PBS and the second 

with a 1:1 ratio by volume of NOM to m-PSN (4.0 x 108 mL-1). A separate vial contained m-PSN 

(4.0 x 108 mL-1) in PBS without HA to serve as a reference. Flasks were wrapped in aluminum foil 

and given 24 hours to equilibriate. After adsorption time, stock solutions of 4.0 x 108 mL-1 m-PSN 

and the HA coated particles were subjected to a magnetic field for one hour. Absorption peaks of 

the diluted HA, m-PSN, PBS, and HA coated particles were collected using UV-Vis spectroscopy. 

While maintaining particle concentration, HA coated m-PSN particles were resuspended in fresh 

PBS and once again placed into a magnetic field for one hour. Lastly, absorption peaks of the 

resuspended HA coated m-PSN has been analyzed to ensure the HA remained bound to the particle 

surface. At this point, the HA coated m-PSN were used for AMP and CBZ adsorption studies. 

Adsorption isotherms have been generated in the same manner as previously described in section 

4.2.2. 

 

4.2.4 DLS for Model NOM Particles 

 Dynamic light scattering (DLS) method has been used to characterize the stability of m-

PSC and m-PSN particles in the presence of variable AMP and CBZ concentrations. The Malvern 

Zetasizer Nano ZS used is equipped with a 633 nm laser capable of determining zeta potential, 

size, and molecular weight of particles in aqueous solution. Methods for determining particle zeta 
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potential is described first. Next, determination of particle size is discussed, which is an important 

parameter for describing stability of particles in terms of aggregation. Lastly, a DLS technique to 

find molecular mass of NOM is outlined.    

Zeta Potential – Recall, section 2.3.1 provides a description of the theory of zeta potential. 

Briefly, the zeta potential of the slipping plane to the particle surface was determined by Laser 

Doppler Electrophoresis technique (size range: 3 nm – 10 µm). This method determines the charge 

between the particle surface and bulk solution by monitoring velocity of particles under an applied 

electric field. Samples were prepared in the same manner as described above in pH 4.0, 7.0, and 

10.0 ca. solutions with increasing concentrations of AMP (0 – 60 µM) and CBZ (0 – 35 µM) at a 

final number density of 1.0 ⨯ 108 particles mL-1. These samples were carefully injected (as directed 

by manufacturer) into a folded capillary cell (DTS1060) via syringe to reduce bubble formation. 

Folded capillary cells were cleaned and rinsed with 95% ethanol and Millipore water before use 

and rinsed with Millipore water between samples. Three trials of each sample were analyzed with 

a minimum of 10 measurements per trial. The average and standard deviation of the trials were 

used for zeta potential. General software specifications for zeta potential and size experiments are 

set to polystyrene as the substrate (refractive index: 1.590 and absorbance: 0.010) and water as 

solvent (refractive index: 1.330 and viscosity: 0.9540 cP).  

  Size – The particle diameter was determined from the measured Brownian motion of the 

particle. Then the size was calculated by the Stokes–Einstein equation that is based off the 

relationship between diffusion speed and size (i.e. small particles move more quickly than large 

particles). This zetasizer has a backscatter detector set at an angle of 173o and has a size range of 

in the order of: 0.6 nm – 6 µm. See section 2.3.2 for a detailed explanation of size theory. Samples 

were prepared in the same manner as zeta potential experiments. Measurements were taken in a 
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glass cuvette (PCS1115) clear on all four sides with maximum and minimum volume height of 15 

and 10 mm (determined by the manufacturer). Three trials of each sample were analyzed with a 

minimum of 10 measurements per trial. The average and standard deviation of the trials were used 

for particle size. 

Molecular Weight of Humic Acid – Molecular weight of HA was determined from time-

averaged scattering light intensity using static light scattering processes. Application of the 

Rayleigh equation and Debye plot generated molecular mass (1000 – 2 ⨯ 107 Da) and 2nd virial 

coefficient. Stock HA samples were dissolved in PBS (pH 7.4) to a concentration of 250 ppm. HA 

stock was diluted to create a concentration range of 0 – 250 ppm. Solvents were filtered twice 

through syringes fitted with 0.01 µm filters (Millex-VV PVDF) prior to use. All glassware was 

washed with aqua regia (4:1 HCl to HNO3, Sigma Aldrich), rinsed thoroughly with Millipore 

water, and allowed to dry completely. Neat toluene was used as reference sample.   

 

4.3 Results 

Experimental data are presented by first discussing the method designed to coat m-PSN 

with NOM. Next, AMP and CBZ adsorption isotherms determined by magnetic separation 

technique to NOM coated m-PSN in buffered pH 7.4 solution are discussed. Then, AMP, CBZ, 

and IBP adsorption isotherms for a range of m-PSC and m-PSN particle densities in three pH 

aqueous solutions are presented. Finally, zeta potential and size of the two particles in the presence 

of increasing [AMP] and [CBZ] are shown followed by a discussion of the experimental results. 
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4.3.1 Preparation of NOM coated m-PSN 

 Particles untreated and treated with HA were analyzed by magnetic separation UV-Vis 

spectrometry technique. Figure 4.8a shows the absorbance of bulk HA before and after the addition 

of m-PSN. The absorbance decreased for all NOM concentrations ([NOM]) after the addition of 

m-PSN to the solution. An adsorption isotherm (Fig 4.8b) was generated from the absorbance data 

at a wavelength of 290 nm. Saturation is achieved when the initial concentration is 75 ppm which 

corresponds to 8.4 ppm of NOM adsorbed to the surface of m-PSN. The ppm calculation is based 

on the mass in grams of NOM per volume of buffer solution, assuming solution density is 1 mg L–

1. 

 

Figure 4.8 (a) UV-Vis spectrum of treated and untreated NOM (b) NOM adsorbed to m-PSN versus 

initial NOM concentration. The solid blue curve is to guide the eye. 
 

These experiments are proof of concept for the adsorption of NOM to m-PSN. Note, m-

PSC was also used; however, adsorption of NOM was not detected. Stock solutions of NOM 

coated m-PSN particles have been prepared following similar protocol (see above in the methods 

section). The stock solution has been prepared in larger volumes with NOM concentrations that 

far exceed the saturation point. Figure 4.9 shows the absorbance of untreated bulk NOM solutions, 

treated NOM solution, and the resuspension of NOM-particle complex. After the NOM coated 
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particles were resuspended and separated in PBS the absorbance was comparable to neat PBS. 

This indicated that NOM remained adsorbed to the surface of m-PSN. PBS was used as a solvent 

for NOM adsorption experiments to maintain a neutral pH because NOM did not completely 

dissolve or remain adsorbed to m-PSN when resuspended in neat water. At this point, NOM coated 

m-PSN are ready for use with AMP and CBZ. These results will be described in a further section. 

 

Figure 4.9 UV-Vis spectrum of dissolved NOM, NOM treated with m-PSN, and NOM 

resuspended in PBS. 

 

4.3.2 AMP and CBZ adsorption isotherms to NOM coated m-PSN 

  The absorption peak and ε were used for calculating the concentration of AMP and CBZ 

removed during adsorption experiments with NOM coated m-PSN. See figures 4.5 – 4.7 for the 

absorption spectra of these compounds and the corresponding extinction coefficients. Each of the 

adsorption experiments presented herein contains a final number density of NOM coated m-PSN 

of 1 x 108 mL-1. The adsorption isotherm for AMP shows saturation when remaining [AMP] is 12 

µM, which is equivalent to ca. 10 µM removed from bulk solution (Fig 4.10a). Equation 4.1 is the 

generalized Langmuir equation used to fit the data as removed concentration versus remaining 

concentration, where the fitting parameters Nmax is the maximum concentration adsorbed, Kads is 

the strength of binding, c is the equilibrium concentration of the target molecule, and co is the 

concentration of water.  
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𝑁 = 𝑁𝑚𝑎𝑥
𝐾𝑎𝑑𝑠(

𝑐

𝑐0
)

𝐾𝑎𝑑𝑠(
𝑐

𝑐0
)+1

        Equation 4.1 

Once Kads has been determined, Gibbs free energy of adsorption, ∆Gads, is calculated at 

room temperature. The fitting equation resulted in binding equilibrium constants, Kads, of 2.0 (± 

0.6) × 107 from which ∆Gads has been calculated to be –41.2 ± 0.7 kJ mol-1. The magnitude of 

∆Gads depicts the extent of spontaneity of adsorption where negative values represent spontaneous 

binding. This result represents only one set of data, further experiments are to be carried out to get 

an average of the adsorption equilibrium parameters. Nonetheless, this is an important result 

because it shows that NOM coated m-PSN is applicable to study AMP adsorption and may be used 

as a tool for other PPCPs.   

CBZ experimental data with NOM coated m-PSN show scattering due to adsorption of 

significantly smaller surface population of CBZ. Note, surface saturation has been reached at initial 

[CBZ] of 25 µM corresponding to 2 µM removed from bulk (Fig 4.10b). The Langmuir fit gave a 

binding equilibrium constant, Kads, of 5.6 ⨯ 106 ± 1.6 ⨯ 106 and ∆Gads of –38.2 ± 0.7 kJ mol-1. 

According to literature, IBP absorption should be monitored at 265 nm; however, due to poor water 

solubility, IBP is typically dissolved in nonpolar solvents like hexane. The experiments presented 

here are conducted in water; thus, peak absorption at 265 nm is diminished and not suitable for 

reliable analysis. IBP has been monitored at 222 nm in water and it is concluded adsorption is not 

taking place. IBP adsorption data to NOM coated m-PSN are not presented here. 
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Figure 4.10 Langmuir isotherms of (a) AMP and (b) CBZ adsorbed to NOM coated m-PSN. 

 

4.3.3 Fundamental Experiments: AMP and CBZ adsorption isotherms to m-PSC and m-PSN 

 Figure 4.11 shows adsorption isotherm data for AMP to three number densities of m-PSC 

(Figs. 4.11 a-c) and m-PSN (Figs. 4.11 d-f) in pH 4, 7, and 10 solutions. The solid lines represent 

a Langmuir fit (eq. 4.1) for each number density: 0.5 (red), 1.0 (black), and 2.0 (blue) x 10
8

 

particles mL
-1

. Data revealed AMP adsorbed to the surface of m-PSC at all three number densities 

and reaches a plateau once all binding sites are saturated. Saturation concentration is dependent on 

particle number density. The amount of AMP removed from the bulk solution increased with 

increased number of particles (i.e. more binding sites are available). Adsorption of AMP to m-PSN 

shows similar behavior as m-PSC; however, the concentration of removed AMP has been reduced 

and the saturation point is achieved at lower concentrations compared to m-PSC.  
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Figure 4.11 AMP adsorbed to m-PSC in (a) pH 4 (b) pH 7 and (c) pH 10 solution and to m-PSN 

in (d) pH 4 (e) pH 7 and (f) pH 10 solution for three number densities: 0.5 (red), 1.0 (black), 2.0 

(blue) x 108 particles mL-1. 

 

Kads remained within the same order of magnitude and error for each number density for 

both particles. Adsorption studies have been carried out for several particle number densities to 

show Kads remains constant. The fact that Kads does not change as a function of particle number 

density indicates particle aggregation is not occurring.  Nmax increased as particle number density 
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increased. The values of Kads and Nmax for AMP adsorption experiments are summarized in Table 

4.1. The error calculated Kads for an individual particle number density is determined by fitting 

parameters. Average Kads has been determined for the three number densities in a given pH 

solution. Standard deviation is the reported error for the average Kads value. 

 

Table 4.1 Summary of Kads and Nmax for each number density of AMP adsorbed to m-PSC and m-

PSN in three pH solutions: 4, 7, and 10. 

 

 

Number 

Density pH Kads Kads Error Nmax (M)  Nmax Error (M) 

m-PSC 

5.0 x 107 4 2.39 x 107 9.05 x 106 8.80 x 10-6 5.78 x 10-7 

1.0 x 108 4 1.47 x 107 3.45 x 106 1.50 x 10-5 8.61 x 10-7 

2.0 x 108 4 1.22 x 107 7.49 x 106 2.50 x 10-5 4.52 x 10-6 

  Average 1.69 x 107 4.08 x 106   

5.0 x 107 7 2.63 x 107 6.48 x 106 1.38 x 10-5 7.80 x 10-7 

1.0 x 108 7 1.33 x 107 4.25 x 106 2.68 x 10-5 2.89 x 10-6 

2.0 x 108 7 2.65 x 107 7.59 x 106 4.80 x 10-5 5.29 x 10-6 

  Average 2.20 x 107 3.62 x 106   

5.0 x 107 10 1.70 x 107 4.87 x 106 1.24 x 10-5 8.60 x 10-7 

1.0 x 108 10 1.91 x 107 3.40 x 106 3.13 x 10-5 1.66 x 10-6 

2.0 x 108 10 2.83 x 107 6.59 x 106 4.22 x 10-5 3.21 x 10-6 

  Average 2.15 x 107 2.96 x 106   

m-PSN 

5.0 x 107 4 2.31 x 107 1.20 x 107 3.41 x 10-6 3.28 x 10-7 

1.0 x 108 4 1.57 x 107 5.13 x 106 7.70 x 10-6 5.85 x 10-7 

2.0 x 108 4 2.93 x 107 7.59 x 106 1.12 x 10-5 5.77 x 10-7 

  Average 2.27 x 107 5.03 x 106   

5.0 x 107 7 1.38 x 107 4.75 x 106 5.46 x 10-6 4.56 x 10-7 

1.0 x 108 7 2.18 x 107 4.75 x 106 1.16 x 10-5 5.72 x 10-7 

2.0 x 108 7 2.93 x 107 5.76 x 106 2.20 x 10-5 1.10 x 10-6 

  Average 2.16 x 107 2.95 x 106   

5.0 x 107 10 2.40 x 107 6.88 x 106 8.01 x 10-6 4.57 x 10-7 

1.0 x 108 10 3.14 x 107 8.27 x 106 1.50 x 10-5 8.55 x 10-7 

2.0 x 108 10 1.71 x 107 3.69 x 106 3.50 x 10-5 2.43 x 10-6 

 Average 2.42 x 107 3.79 x 106  
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Figure 4.12 shows adsorption isotherm data for CBZ to three number densities of m-PSC 

(4.12 a-c) and m-PSN (4.12 d-f) in pH 4, 7, and 10 solution. As with the case of AMP binding to 

the model colloid, CBZ data shows similar adsorption trends. There is a reduction in the adsorbed 

concentration of CBZ to both particles when compared to AMP. Also, a higher concentration of 

CBZ is removed by adsorption to m-PSN compared to CBZ removal with m-PSC. As with AMP 

adsorption experiments, Kads remained within the same order of magnitude and error for each 

number density for both particles. Nmax increased as particle number density increased. The values 

of Kads and Nmax for CBZ adsorption experiments are summarized in Table 4.2. 
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Figure 4.12 CBZ adsorbed to m-PSC in (a) pH 4 (b) pH 7 and (c) pH 10 solution and to m-PSN 

in (d) pH 4 (e) pH 7 and (f) pH 10 solution for three number densities: 0.5 (red), 1.0 (black), 2.0 

(blue) x 108 particles mL–1. 
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Table 4.2 Summary of Kads and Nmax for each number density of CBZ adsorbed to m-PSC and m-

PSN in three pH solutions: 4, 7, and 10. 

 

 

Number 

Density pH Kads Kads Error Nmax (M) Nmax Error (M) 

m-PSC 

5.0 x 107 4 9.15 x 106 3.69 x 106 1.77 x 10-6 2.19 x 10-7 

1.0 x 108 4 1.08 x 107 3.02 x 106 2.67 x 10-6 2.14 x 10-7 

2.0 x 108 4 6.96 x 106 3.65 x 106 3.78 x 10-6 6.89 x 10-7 

  Average 8.97 x 106 2.00 x 106     

5.0 x 107 7 5.33 x 107 3.59 x 107 9.76 x 10-7 9.37 x 10-8 

1.0 x 108 7 2.88 x 107 1.33 x 107 1.71 x 10-6 1.49 x 10-7 

1.5 x 108 7 1.25 x 107 4.00 x 106 4.43 x 10-6 3.94 x 10-7 

  Average 3.15 x 107 1.28 x 107     

m-PSN 

5.0 x 107 4 3.73 x 106 6.88 x 105 2.29 x 10-6 1.79 x 10-7 

1.0 x 108 4 3.38 x 106 3.39 x 105 4.75 x 10-6 2.14 x 10-7 

2.0 x 108 4 6.14 x 106 9.72 x 105 7.37 x 10-6 4.29 x 10-7 

  Average 4.42 x 106 4.13 x 105     

5.0 x 107 7 5.99 x 106 3.66 x 106 2.38 x 10-6 4.96 x 10-7 

1.0 x 108 7 1.39 x 107 5.45 x 106 4.79 x 10-6 4.60 x 10-7 

2.0 x 108 7 5.49 x 106 1.23 x 106 9.75 x 10-6 8.20 x 10-7 

  Average 8.46 x 106 2.23 x 106     

1.0 x 108 10 1.70 x 106 4.62 x 105 4.98 x 10-6 8.18 x 10-7 

2.0 x 108 10 4.01 x 106 8.07 x 105 6.95 x 10-6 6.33 x 10-7 

3.0 x 108 10 5.47 x 106 1.20 x 106 1.09 x 10-5 9.93 x 10-7 

 Average 3.73 x 106 5.06 x 105   

 

Adsorption of CBZ to m-PSC in pH 10 solution is weak and not well resolved, because the 

concentration removed was below reliable detection limits (ca. 0.10 absorbance). Figure 4.13 

compares the UV-Vis absorption spectrum of adsorption of CBZ and AMP to m-PSC in pH 10. 

There is less of a difference in the absorption peaks of untreated and treated CBZ (Fig. 4.13a) 

compared to AMP (Fig. 4.13b).  
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Figure 4.13 UV-Vis spectrum of treated and untreated (a) CBZ and (b) AMP with m-PSC in pH 

10. Note the lack of adsorption for CBZ as can be seen by the lack of absorption difference after 

treated with m-PSC. 

 

At this stage, a discussion on the binding strength is presented. Figure 4.14 shows ∆Gads 

for AMP (Fig 4.14a) and CBZ (Fig 4.14b) bound to m-PSC and m-PSN for each pH solution. All 

∆Gads values for AMP are within error of each other and remain similar regardless of the surface 

functional group. ∆Gads value for CBZ adsorbed to m-PSC in pH 7 solution is more negative than 

pH 4 and more negative than m-PSN in all pH solutions. For CBZ onto m-PSN, solutions of pH 7 

have a higher magnitude of ∆Gads than pH 4 or 10. That is, all binding constants for CBZ, except 

CBZ bound to m-PSC at pH 7, are less negative compared to AMP. Table 4.3 summarizes average 

∆Gads for AMP and CBZ adsorbed to m-PSC, m-PSN, and NOM coated m-PSN in three pH 

solutions: 4, 7, and 10.  
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Figure 4.14 Average ∆G for (a) AMP and (b) CBZ adsorbed to m-PSC (black circle) m-PSN (blue 

square) in three pH solutions: 4, 7, and 10. 

 

Table 4.3 Summary of the average ∆Gads for AMP and CBZ adsorbed to m-PSC, m-PSN, and NOM 

coated m-PSN in three pH solutions: 4, 7, and 10. 

  
AMP CBZ 

Particle pH 
∆Gads 

(kJ/mol) 

∆Gads 

(kJ/mol) 

 4 -40.7 ± 0.6 -39.3 ± 0.6 

m-PSC 7 -41.6 ± 0.4 -42.0 ± 0.7 

  10 -41.4 ± 0.3 ND 

 4 -41.5 ± 0.6 -37.5 ± 0.2 

m-PSN 7 -41.3 ± 0.4 -38.9 ± 0.6 

  10 -41.6 ± 0.4 -38.1 ± 0.3 

NOM 7 -41.2 ± 0.7 -38.2 ± 0.7 

 

Absorption peaks at 222 nm has been used to monitor IBP adsorption. However, adsorption 

of IBP to m-PSC and m-PSN has not been observed. Figure 4.15 shows the results of adsorption 

studies with IBP and both particles. Data points scattered and remained relatively constant in pH 

7 solution at all number densities for both particles. Other pH solutions could result in adsorption, 

but water solubility limits these experiments. It is possible to improve solubility with the addition 

of a less polar solvent; however, this study is focused on adsorption in aqueous solution. 
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Adsorption in a nonpolar solvent does not represent environmental conditions and has not been 

explored in this thesis.   

 

Figure 4.15 IBP did not adsorb to either m-PSC at number densities of (a) 1.0 (b) 2.0 and (c) 3.0 

x 108 particles mL–1 or to m-PSN (d) 1.0 and (e) 2.0 x 108 particles mL–1 in pH 7. 
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4.3.4 Dynamic Light Scattering Characterization of AMP and CBZ onto m-PSC and m-PSN  

 This section covers results of experiments pertaining to zeta potential and particle size 

measurements using dynamic light scattering techniques. NOM samples and NOM coated m-PSN 

have been characterized by DLS to determine zeta potential, size, and molecular weight. The zeta 

potential of m-PSN and NOM attached to m-PSN in a buffer solution (pH 7.4) has been found to 

be –20.0 mV and –24.5 mV, respectively. The molecular weight of NOM has been determined to 

be 69,400 ± 7.30 kDa.  

Figure 4.16 describes the zeta potential of m-PSC (Fig 4.16a) and m-PSN (Fig 4.16b) in 

the presence of increasing concentrations of AMP. In the case of m-PSC, particles have an 

approximate average initial zeta potential of –55 mV in all pH solutions. As the concentration of 

AMP increases, zeta potential becomes less negative with final zeta potential (i.e. highest [AMP]) 

of –32, –26, and –45 mV for pH 4, 7, and 10, respectively. For m-PSN, as [AMP] increases, initial 

zeta potential were found to be –38, –50, and –58 mV and final zeta potential of approximately 0, 

–22, and –38 mV for pH 4, 7, and 10, respectively. Zeta potential data for m-PSC and m-PSN as 

[CBZ] increases shows similar behavior compared to increasing [AMP], however, the extent of 

zeta potential change is diminished (Fig 4.16 c-d). The data also shows that zeta potential of m-

PSC in pH 10 solutions do not change as a function of increasing [CBZ], consistent with adsorption 

isotherm experiments which indicates CBZ adsorption to m-PSC is miniscule. 
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Figure 4.16 Zeta Potential of (a) m-PSC and (b) m-PSN with increasing [AMP] and (c) m-PSC 

and (d) m-PSN with increasing [CBZ] in three pH solutions: 4 (red), 7 (black), and 10 (blue). 

  

As for the size of the particles, it remains constant, within experimental error, and does not 

show discernible trends with respect to increasing [AMP] (Fig 4.17 a-b). However, m-PSN does 

show a size trend as the pH of the solution increases (Fig 4.17b). As the pH increases the overall 

size of the particle also increases, although the particle size is still relatively constant with 

increasing [AMP]. This indicates that the hydrodynamic range of the particle is increasing due to 

the protonation and hydrogen bonding of the –NH2 functional group on the surface. The pH plays 

a role in the unfurling of the polymeric scaffolding when terminated with –NH2 resulting the 

particle to swell (Fig 4.18). Size data for m-PSC and m-PSN as [CBZ] increases shows similar 

behavior compared to increasing [AMP] (Fig 4.17 c-d). 
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Figure 4.17 Size of (a) m-PSC and (b) m-PSN with increasing [AMP] and (c) m-PSC and (d) m-

PSN with increasing [CBZ] in three pH solutions: 4 (red), 7 (black), and 10 (blue). 

 

 

Figure 4.18 Depiction of hydrodynamic size of m-PSN decreasing as pH increases. Black double 

arrow represents average diameter.   

 

 

 

2000

1800

1600

1400

1200

1000

800

600

D
ia

m
e
te

r 
(n

m
)

60x10
-6

50403020100

Concentration (M)

(a) 

2000

1800

1600

1400

1200

1000

800

600

D
ia

m
e
te

r 
(n

m
)

60x10
-6

50403020100

Concentration (M)

(b) 

2000

1800

1600

1400

1200

1000

800

600

D
ia

m
e
te

r 
(n

m
)

35x10
-6

302520151050

Concentration (M)

(c) 

2000

1800

1600

1400

1200

1000

800

600

D
ia

m
e
te

r 
(n

m
)

35x10
-6

302520151050

Concentration (M)

(d) 



104 

 

4.3.5 Surface Tension of AMP and CBZ at the Air-Water Interface 

 Figure 4.19a shows surface tension of water decreases with increasing [AMP] in all pH 

solutions. This indicates AMP is adsorbing to the water surface; therefore, water molecules at this 

interface are displaced and the surface tension is reduced. Increased [CBZ] does not have an effect 

on the surface tension of water (Fig 4.19b). Thus, CBZ is not adsorbing to the air-water interface.  

 

Figure 4.19 Surface tension of (a) AMP and (b) CBZ at the water surface in pH 4, 7, and 10 

solutions. 

  

4.4 Discussion 

The ease of adsorbing NOM to magnetic particles paved the way to streamline experiments 

involving emerging contaminant–NOM interactions. This effective magnetic separation method 

not only allows adsorption in-situ but reduces sample perturbation and complications to an already 

challenging system. It also allowed the study of specific and non-specific binding interactions at 

the NOM surface by tailoring functional groups either on the magnetic particle or the target 

molecule (e.g. emerging contaminants such as PPCPs). Other methods such as fluorescence, GC-

MS, LC-MS, HPLC, and NMR often have complicated sample preparation and have limitations 

due to solvents. It has also been shown that LC-MS and HPLC have matrix effects due to the 

presence of NOM.37 These instrumental methods may result in erroneous measurements and 
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confound conclusions. There are other separation techniques, usually involving ultra-

centrifugation; however, this method perturbs the system and can trap target molecules in pores 

which appear to be adsorption.    

Here a thorough discussion on EC binding is presented, in the following order: AMP, CBZ, 

and IBP. AMP (brand name: Norvasc) is a dihydropyridine calcium channel blocker13 chemically 

known as 3-ethyl-5methyl-2-[(2-aminoethoxy)methyl]-4-(2-chlorophenyl)-1,4-dihydro-6-methyl-

3,5-pyridinecarboxlate, monobenzenesulfonate. Studies presented here provide evidence that 

strong binding affinity occurs for AMP to NOM coated m-PSN. Data also shows that AMP has a 

high binding affinity for the surface of both m-PSC and m-PSN. Hernandez-Ruiz et al. found that 

Suwannee River NOM has high molar mass, low polydispersity, and high molar absorptivity which 

indicates polyphenolic aromatic structures.26 This fact opens up the possibility to a negatively 

charged surface and π-bond interactions. Since AMP contains a terminal amine group (pKa = 9.52) 

with electron withdrawing carboxylate groups on the pyridine ring and m-PSC has surface 

functional groups of –COOH (pKa = 5.4 at the surface), conditions for electrostatic interactions 

are favorable in all pH solutions (Figs 4.4a and 4.20). 

 

Figure 4.20 Depiction of an electrostatic interaction between AMP+ and –COO– surface functional 

group on m-PSC. 
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 However, AMP and m-PSN have similar charges on the amine groups and therefore is 

electrostatically unfavorable, nevertheless adsorption is still observed. This indicates that the other 

functional groups on AMP or alternative binding mechanisms play a role in the binding of AMP 

to the surface of m-PSN. Assuming steric hindrance is not a factor, electrostatic adsorption at the 

dicarboxylate functional groups on the 3 and 5 position of the pyridine ring is probable. It is also 

possible AMP is binding through hydrophobic, π–π, π–polar or H–bonding interactions (Fig. 4.21). 

Demeestere et al. have shown pH and solvent dependent adsorption behavior such as electrostatic, 

hydrophobic, and H–bonding for serotonin reuptake inhibitors (paroxetine, fluoxetine, and 

citalopram) to molecularly imprinted polymers for solid phase extraction.1 

 

Figure 4.21 Depiction of an π–π interaction between AMP+ and –NH3
+ surface functional group 

on m-PSN. 

 

Zeta potential data for m-PSC can again be explained electrostatically, but the fact that the 

negative surface charge of m-PSN is also decreasing further corroborates adsorption is occurring 

when charge repulsion is present and must be due to another binding phenomenon. It is important 

to note the negative surface charge on m-PSN is due to the presence of possible sulfonate groups 

within the polymeric substructure from the manufacturing of these particles. Due to the proprietary 

restrictions, necessary information is lacking (i.e. population of sulfonate groups).  
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CBZ (brand name: Tegretol) is an anticonvulsant drug used to treat seizures, nerve pain, 

and bipolar disorder chemically known as 5H-dibenz[b,f]azepine-5-carboxamide (several values 

of pKa have been reported in the literature and are listed as follows: 2.326, 734, 13.938, 15.442). By 

a comparison of data between the results found in this study (–38.2 kJ mol–1) to Bai et al. (–25.9 

kJ mol–1), we find CBZ binds stronger to NOM. This difference could be due to the source of 

NOM, fluorescence method used, or assumptions they made to calculate binding constants. The 

overall decrease in binding affinity to m-PSC and m-PSN compared to AMP is due to lack of 

functional groups on CBZ and presence of steric hindrance. For CBZ (this study assumed a pKa of 

13.9 for this discussion) adsorption to m-PSC, the amide can electrostatically interact with the –

COOH surface groups. Adsorption to m-PSN can be explained by π-polar interactions that arise 

from the electron donating nature of the amide functional group on CBZ. This electron donating 

group can donate electrons into the CBZ ring structure which results in partial negative charge. 

Figure 4.22a depicts a π-polar interaction with CBZ π-electrons and the positive charge of the 

amine on m-PSN. It is also possible for the amide to carry a positive charge and interact with the 

π–electrons on the particle surface (Fig. 4.22b). The fact that CBZ adsorption to m-PSC in pH 10 

is not detectable can be attributed to CBZ dimer formation. Orientation of functional groups on 

CBZ when a dimer forms in pH 10 solution is shown in figure 4.23. CBZ is known to form dimers 

and is plausible to be highly favorable at pH 10.39, 40 The dimeric form may not have an affinity 

for the particle surface. 
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Figure 4.22 Depiction of a π–polar interaction between (a) π-electrons on CBZ and –NH3
+ surface 

functional group on m-PSN and (b) CBZ+ and π-electrons on m-PSN. 

 

 

Figure 4.23 Orientation of functional groups on CBZ when a dimer forms in pH 10 solution. 

  

 Broader environmental implications of this study have shown that both AMP and CBZ 

have a binding affinity to –COOH and –NH2 surface functional groups. This fact is important 

because aquatic NOM moieties are known to contain these groups. Our research can serve as a 
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model system to better understand colloidal NOM. It stands to reason that these particular 

pharmaceuticals, and likely others with similar structures, will be found adsorbed to NOM 

substances in the aquatic environment. Depending on the conditions of the aquatic environment, 

these pollutant–NOM complexes could become heavy and sediment or in turbulent rivers, could 

remain in the bulk and be carried downstream.  Experimental data shown here suggests adsorption 

of the pollutant to the NOM surface does not aggregate and will likely remain suspended in 

solution. If the pollutant in question also has an affinity for the air–water interface, it is possible 

the pollutant–NOM complex is driven to the surface where it becomes biologically available or 

undergoes photochemistry. It has also been shown that different PPCPs exhibit different binding 

strengths. 

In summary, the presence of multiple functional group and alternative binding mechanisms 

explains the large ∆Gads values for AMP and CBZ onto m-PSC and m-PSN. Zeta potential shows 

that the surface charge of both particles become less negative with an increase in [AMP] and [CBZ] 

adsorption. This suggests the electrostatic interaction between the target molecule and the particle 

surface can play a role, irrespective of its surface functional group. The pH dependent studies 

reveal electrostatic interaction is not the sole driving force for these molecules to adsorb. Binding 

affinity to NOM coated m-PSN is higher and is attributed to the presence of multiple binding sites 

within NOM and/or the presence of a diverse group of chemical functionalities. 

  

4.5 Conclusions 

PPCPs have the potential to bind strongly to colloidal NOM with varying degrees of 

affinity. This can influence the residence time in the environment because surface interactions can 

alter the mobility, chemical reactivity (e.g. photolysis rate), and biological availability of the 
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PPCPs. It was concluded that the adsorption of AMP and CBZ to the surface of –COOH and –

NH2 functionalized magnetic polymer colloids is not limited to electrostatic interactions. Our 

results show a strong indication of hydrophobic interaction, hydrogen bonding, and possibly π – π 

stacking. Therefore, these particles tend to contain regions of specific and nonspecific binding sites 

for these molecules to adsorb.  

It is also shown that these colloids do not aggregate when adsorption of AMP and CBZ 

occur. Since aggregated particles become heavier, mobility of this contaminant-particle complex 

would be less likely to sediment. Thus, if released into an aquatic environment they are prone to 

move further downstream from the source. Future experiments focused on adsorption are 

necessary to better understand the binding mechanisms involved. AMP is known to form 

metabolites and derivatives by enzymatic activity in the human liver.13 It will be important to 

understand the implications of these structures on the adsorption to NOM. 

This research has provided important clues, such as binding constants, to environmental 

scientists trying to understand the emerging contaminants in an aquatic ecosystem. Our findings 

can allow environmental scientists to model fate and transport of these potentially harmful active 

pharmaceuticals and their metabolites. 
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Chapter 5 

Advancing Existing Analytical Methods to Detect Emerging Contaminants and Determine 

their Fundamental Properties 

 The purpose of this chapter is to design a detection method for ECs in water using QCM. 

Considerations for plate functionalization and setup design have been outlined. Self-assembled 

monolayers have been used to functionalize the gold coated quartz plate. A flow cell and dip 

injection method has been used to deliver sample directly to the quartz plate surface. Isotherms of 

mass uptake versus concentration are presented in an attempt to determine binding equilibrium 

constants in water. This chapter also explores future research possibilities. Lastly, preliminary data 

for the determination of thermodynamic parameters for a drug molecule using SHG techniques 

have been shown.   

5.1 Introduction 

 The narrative of this thesis until now has been focused on adsorption of PPCPs at the 

colloid and air-water interface. The purpose of the aforementioned experiments has been to 

determine adsorption equilibrium constants and binding mechanisms to better understand 

fundamental questions regarding particle aggregation and pollutant fate. Motivation for the 

research described in this chapter is based on the need to detect trace levels of PPCPs in the aquatic 

environment. Detection method of pollutants in general are often specific for a given adsorbate. 

For example, ion specific electrodes are common for the detection of ammonia, fluoride, and H+ 

(pH) in the wastewater industry; however, a different technique is necessary for organics, 

suspended solids, and metals. Furthermore, these methods exist because the EPA defined priority 

pollutants based on the availability of reference standards.1 It is also beneficial for instruments to 

not only qualitatively detect pollutants but to quantify these compounds at trace levels.  
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Currently, detection of PPCPs is limited because they are present in aqueous solution at 

low concentrations. Thus, instruments designed to detect ECs must be sensitive enough to monitor 

concentrations as low as nanograms per liter.2,3 Frequently used instruments for EC detection is 

mass spectrometry1,3-5 in conjunction with gas chromatography (GC) or high performance liquid 

chromatography (HPLC), as well as, HPLC equipped with UV-Vis and fluorescence detectors.6 

Although these instruments are sensitive and selective towards specific compounds, they are 

expensive and time consuming. Another method has been developed that uses a voltammetric 

analytical technique utilizing TiO2 modified carbon paste electrodes for AMP detection.7 The 

detection limit in their method is 2.97 × 10−9 𝑀. This method is simple and effective; however, 

it uses buffer solutions (i.e. not representative of environmental conditions) and does not provide 

additional information such as, kinetics and binding equilibrium constants. There is a need for 

sensitive, effective, and cost efficient detection tools for ECs that can provide information about 

concentration, reaction rates, and adsorption constants.    

Quartz crystal microbalance (QCM) is a sensitive instrument with the capability to detect 

mass changes in the range of nanograms of a given compound. Refer to section 2.5 for a description 

on the operation of this instrument. QCM is not limited as an in-situ qualitative instrument, it can 

also provide quantitative information such as, binding rates and equilibrium binding constants. 

Although QCM has not been utilized for pharmaceutical detection in the aqueous environment, it 

has been shown to be a powerful tool for biochemical processes of macromolecules.8,9 As a 

biosensor, QCM does not require labeling tracers for biochemical reactions. Usually the gold 

surface on the quartz plate is modified to serve as a binding site specific to a molecule. For instance, 

Dubiel et al functionalized the gold surface with a drug molecule to detect the binding of anti-drug 

antibodies.10 Fung and Wong modified the quartz plate with an alkyl-thiol layer and used antibody 
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coupling agents to detect Salmonella paratyphi.11 Supported lipid bilayers (SLB) are used to 

investigate lipid-protein interactions.12 Nonionic surfactants have also been evaluated using QCM 

on the bare hydrophobic gold surface.13   

Considering previous research of using QCM to detect large macromolecules, this chapter 

addresses the following research question: Can a method be developed to detect and quantify small 

molecule, such as ECs, in water? The purpose of this chapter has been to demonstrate the use of 

QCM as a detection tool for ECs. The research goals have been to develop a method for (1) 

functionalizing QCM plates (2) detecting ECs in aqueous solution in real time and (3) quantifying 

mass uptake onto the functionalized QCM plate. A proof of principle for the mass uptake of MG 

and AMP onto a –COOH terminated thiol self-assembled monolayer (SAM) in aqueous solution 

has been shown. 

This chapter is organized in the following manner: (1) description of plate functionalization 

by spin coating, annealing, and SAM formation (2) experimental setup regarding the instrument 

and equipment (3) preliminary results and discussion and (4) theoretical calculations of frequency 

changes for MG and AMP. Furthermore, future experiments involving sulfamethoxazole (SMX; 

refer to section 1.5 for background information) will be discussed. This molecule contains the 

functional group oxazole. Preliminary SHG results for an oxazole dye to determine 

thermodynamic properties has been described in the future work section.  

 

5.2 QCM Method Development – A Dynamic Process 

 The development of a method for detecting ECs in water using QCM has not been 

straightforward. This section will detail the process and introduce several techniques that did not 

necessarily make it to the final procedure, but provided critical insights into the development of 
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QCM as an effective tool to detect ECs. Discussion begins with plate functionalization using a 

sorbent known to bind pharmaceuticals. Then, a spin coating technique is briefly discussed 

followed by a discussion on the SAM method used for this study. Lastly, the experimental setup 

and equipment used are outlined.  

5.2.1 Metal Organic Framework and Duloxetine – Preliminary Insight into QCM 

Method development for this chapter begins with a promising adsorptive material called 

metal organic frameworks (MOFs) which has been used to remove PPCPs from water.14,15 This 

particular method involves using clusters of compounds with a metal core and organic ligands to 

create structures that have dimensionality and high porosity with large pore sizes.14,16,17 MOFs are 

crystalline structures with the organic ligands coordinating around the metal ions and link other 

metal-ligand structures together to form two and three-dimensional lattice, which results in an 

inorganic-organic hybrid porous material with high surface area and numerous binding sites.14,16-

18 These adsorbents are used in as an adsorbent for gas uptake, catalysis, and drug storage.19 For 

water pollution, the idea is to introduce contaminated water to the MOF and entrap the pollutants 

in the pores. 

Adsorption process is a promising option for PPCP removal because of the availability of 

many types of adsorbents, and their low cost, high efficiency, effectiveness, and usability. 

Therefore, finding a tunable and effective adsorbent is always in demand. Activated carbon is 

among the most widely used adsorbent in water treatment but is not selective nor specific toward 

molecules.20 MOFs are a class of adsorbents that can be tailored to adjust pore size, pore number, 

and metal-ligand group to be specific toward target molecules. The ability to change these 

parameters make MOFs a versatile adsorbent. It has also been shown that MOFs can serve as 

catalysts for photolysis18, which could be useful once the target molecule has been adsorbed to the 
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framework. Furthermore, MOFs are biodegradable, which is desirable when considering 

environmental remediation.16 Limited research has shown that MOFs can be used to adsorb and 

remove PPCPs.14,15 However, functionalizing a QCM plate with MOF to monitor PPCP mass 

uptake is a new method not previously described in the literature. 

In this project, duloxentine (DUX; also known as Cymbalta; Fig. 5.1a), as a model drug 

molecule, has been selected for adsorption onto MOF. DUX is a common drug used to treat 

depression and anxiety.21-23 This drug is a serotonin and norepinephrine reuptake inhibitor and has 

a high binding affinity to plasma proteins,22 which can affect transport mechanisms across cell 

barriers. This drug and other antidepressants have been detected in wastewater and surface water.23 

Although Santoke et al.23 have studied the advanced oxidation treatment and photochemical fate 

of this drug, this study has attempted to remove duloxentine from water via MOF using an iron 

(Fe) metal core called Basolite F300 (purchased from Sigma Aldrich) which resembles the MOF 

MIL-100-Fe.24 The structure of Basolite F300 has an iron metal core with 1,3,5-

benzenetricarboxylate ligand linkers, however the actual structure is proprietary and not known at 

the present. Thus, the basic structure of one unit of MIL-100-Fe is illustrated in figure 5.1b.  

 

 

Figure 5.1 (a) molecular structure of DUX and (b) diagram of one unit cell of MIL-100-Fe. Note, 

open binding site on iron indicated by arrow.  
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Select literature shows that MOFs and QCM can be used in tandem.17 However, adsorption 

studies involving PPCP in conjunction with MOF and QCM have not been attempted. To the best 

of our knowledge, the work presented in this chapter is the first exploration of adsorption of a 

PPCP to MOF monitored in situ with QCM. The approach of this project has been to functionalize 

a gold quartz plate by annealing Basolite F300 onto the surface. DUX has been injected into a 

reservoir and flowed onto the MOF-Au plate to determine binding rate and affinity. This drug 

molecule contains a thiophene functional group and Basolite F300 has an open iron binding site 

capable of forming bonds with sulfur. The details of this experiment are explained next. 

Basolite F300 has been dispersed in ethanol and added dropwise onto a clean gold plate. 

After the solvent evaporated, the MOF functionalized plate has been annealed at 100oC in an oven 

overnight. Once the plate is coated, it was mounted onto the QCM holder and oscillator (see Figs. 

2.2 a-d). Stock solutions of DUX was prepared and injected into a reservoir. This solution was 

then flowed at a rate of 100 µL min–1 (recommended by manufacturer) with a peristaltic pump 

onto the MOF plate while frequency was monitored. Several trials have been attempted to adsorb 

DUX onto Basolite F300. It has been found that Basolite F300 is unstable in water and is removed 

from the surface of the gold plate. Nevertheless, this study allowed the exploration of QCM 

methods and gave insight into the importance of gate time, capacitance nulling, and stable surface 

layers. These parameters will be explained in the following sections.     

 

5.2.2 Self-Assembled Monolayer – Materials and Method 

QCM experiments with MOF did not produce adsorption results for DUX; however, it led 

to a new approach in which the QCM plate was functionalized using SAM. This section describes 

the method for coating the gold plate with a self-assembled monolayer. SAM is a tightly packed 
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monolayer on a metal surface. Thiol terminated compounds like n-mercaptoalkanes, are known to 

bind strongly to gold.25 Once the gold surface is covered, physisorption can take place at the newly 

formed monolayer. This monolayer can be tailored to target specific compounds.  

Since sulfur is known to have large binding affinities to gold, 3-mercaptopropionic acid 

(MPA) has been used to form a SAM on a 5 MHz quartz gold plate. MPA has a binding energy on 

the order of –27 kJ mol–1 (in hexane and benzene solution)26,27  to gold and a chain orientation 

angle of 30o versus the surface normal.26  The plate has been prepared by rinsing the surface with 

ethanol and sonicating in ethanol solution for 10 minutes. The plate surface was then treated with 

Piranha solution (3:1 ratio by volume of H2SO4:H2O2) for five minutes to remove any organic 

material. Next, the plate was rinsed with Millipore water, ethanol, and dried under a stream of N2 

gas. A 3M MPA solution in 3:1 ethanol to water has been prepared and added dropwise until gold 

surface is covered with solution, ca. 100 µL. MPA was allowed to adsorb onto the gold for 24 

hours, after which the plate was rinsed with water, ethanol, and then dried with N2 gas. Thiolated 

plates were used immediately or stored in a desiccator. The SAM procedure presented in this 

section has been used for all experiments hereinafter. After each experiment, the plate was flushed 

with water and sonicated in the provided basket with ethanol for 10 minutes. Cleaned plates are 

stored in a desiccator. Fresh plates have been prepared for experiments with a different target 

molecule or if the plate becomes damaged from repeated use. 

To confirm adsorption, resonant frequency is measured by QCM before and after 

treatment. If adsorption occurred, the frequency will have decreased. However, this approach is 

not reliable due to adsorption of atmospheric gases and dust. Thus, more comprehensive methods 

are necessary to view the surface, such as atomic force microscopy (AFM) and reflectance Fourier-

Transform infrared spectroscopy (FTIR). An IR spectrum was collected and sulfur-carbon stretch 
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has been observed. However, further analysis will need to be carried out in the future. The newly 

formed thiol SAM is terminated with carboxylic acid, thus it is possible to have a negatively 

charged surface under certain pH conditions (i.e. partial negative surface charge in acidic and 

neutral pH solutions). Figure 5.2 depicts the –COOH terminated thiol SAM and the electrostatic 

interaction with MG+. 

 

Figure 5.2 Formation of MPA SAM on gold quartz plate and the electrostatic interaction with 

MG. 

 

5.2.3 Instrumental and Equipment Setup 

Improving Signal to Noise Ratio – the Water Profile – One of the lessons learned from the 

MOF-DUX experiments was that thermal stability is critical to frequency changes. It has been 

determined that temperature difference can lead to frequency changes of ca. 8 Hz oC–1 in water. 

This effect is due to the shear oscillation in a viscous and dense fluid. This effect is shown in figure 

5.3 where water experiments have been carried out before (Fig 5.3a) and after (Fig 5.3b) 

temperature control. All experiments carried from this point have been temperature controlled with 

a jacketed beaker and chiller at 20oC.  

Quartz 

MG
+
 MG

+
 MG
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Figure 5.3 Water profile (a) in the absence of and (b) in the presence of constant temperature as 

controlled by a chiller.  

 

Flow Cell Setup – Several experimental designs have been used for QCM studies presented 

in this thesis. The two most frequently used instrumental setups are described here. For the first 

method, a flow setup has been designed with a reservoir of temperature controlled solution that is 

pumped onto the quartz plate through a flow cell. A schematic is shown for this method in figure 

5.4a. In this method, the target molecule can be injected into the reservoir to increase concentration 

delivered to the plate. The flow rate is controlled with a peristaltic pump set at 100 µL min–1. 

Temperature is controlled with a liquid-jacketed borosilicate beaker and chiller set at 20oC. This 

beaker serves as the reservoir. In this procedure, the plate frequency is first stabilized dry (usually 

five minutes). Then, a desired volume of water (pH can be adjusted) is added to the jacketed beaker 

and allowed to reach thermal equilibrium while the plate is stabilizing. The chiller is set to 20oC. 

Once frequency and thermal equilibrium has been reached, the pump is turned on to allow neat 

water to flow into the cell. A water profile is plotted until frequency becomes stable and a baseline 

is established. Time is recorded when a constant volume of target molecule solution is injected 

into the reservoir. It usually takes about five minutes for the sample to reach the plate. Frequency 

is collected over 30 minutes until adsorption has taken place (indicated by a negative change in 
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frequency followed by a stable baseline). In this method, the target molecule is added in succession 

to slowly increase the concentration in the reservoir. This procedure is repeated until there is no 

more change in frequency after an injection. 

  

 

Figure 5.4 Schematic of QCM setups (a) flow cell setup. Samples are injected into the reservoir 

and pumped onto the plate attached to the holder. (b) Dip injection method. The jacketed beaker 

is raised until the stationary holder is fully submerged. Samples are injected directly into the 

solution. 

 

Dip Injection Setup – For the dip injections method, the plate frequency is stabilized in air 

(usually five minutes). Then, 100 mL of water (pH can be adjusted) is added to the jacketed beaker 

and allowed to reach thermal equilibrium while the plate is stabilizing (Fig. 5.4b). The chiller is 

set to 20oC. Next, the beaker is raised on a jack until the holder and plate (holder and plate remain 

stationary to minimize frequency disturbance) are fully submerged. A water profile is plotted until 

frequency becomes stable and a baseline is formed. Time is recorded when a constant volume of 

target molecule solution is injected. Frequency is collected over 30 minutes until adsorption has 

taken place (indicated by a negative change in frequency followed by a stable baseline). This 

procedure is repeated until there is no more change in frequency after an injection. 
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5.3 Results and Discussion 

 This section describes the data provided from the improved QCM method for detection and 

quantification of MG and AMP. First, adsorption of MG onto SAM is presented. Then, adsorption 

of AMP onto SAM is shown. Lastly, theoretical calculations show more improvements are 

necessary to eliminate errors that lead to false frequency shifts. 

 

5.3.1 MG Experiments – First Detection 

 Experiments in this section followed the dip injection method. MG and –COOH binding 

affinity has been established with m-PSC (see chapter 3 for details of these experiments). Thus, 

MG to –COOH terminated thiol SAM monitored by QCM allow the comparison of binding 

equilibrium constants to evaluate method validity. In the previous study, pH 4 solution had been 

used to optimize electrostatic interactions between cationic MG and m-PSC. Therefore, pH 4 

solution for all measurements were used in this study. A stock solution of 91.4 µM has been 

prepared and used for injections; however, constant volume additions have not been followed for 

this experiments.  

Figure 5.5 shows a series of injections of MG into the jacketed beaker. The black arrow 

indicates injection time. Frequency decreased approximately 27 Hz upon the first injection of MG 

with a final concentration, after volume correction, of 0.091 µM (Fig. 5.5 a). This injection had 

the largest frequency difference compared to the others. Injections two through five also had 

subsequent frequency changes (Figs. 5.5 b-e). As can be seen from figures 5.5 a-e, each successive 

injection resulted in less of a frequency change until final concentration reached 1.20 µM (Fig. 5.5 

f) when frequency changes had not been detected. This is indicative of a complete saturation of 

the uptake. Saturation is corroborated by additional injections past the first indicated flat line (Figs. 
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5.5 g-i). Note, a disturbance in frequency is observed immediately after the injection of MG. This 

is consistent for all injections. Due to the pKa of MG and –COOH, adsorption through electrostatic 

interactions is probable. Calculating the binding equilibrium constant, Kads, from QCM data is 

described next.      

 

Figure 5.5 Frequency change of thiolated gold quartz plate after injection of MG. Final MG 

concentration after injection: (a) 0.091, (b) 0.20, (c) 0.30, (d) 0.50, (e) 0.70, (f) 1.20, (g) 1.50, (h) 

2.00, and (i) 5.0 µM. Black arrow represents injection time. 

 

 Recall from section 2.5 that frequency change can be assumed to be linearly proportional 

to mass uptake (eq 2.15). By calculating the difference between final frequency and initial 

frequency, the change in mass can be determined. It is assumed that each addition (injection) of 

MG to the beaker, some will adsorb to the plate. If this mass is added to the previous adsorbed 
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mass, an isotherm can be generated. Generalized Langmuir equation can then be used to fit the 

data, which provides Kads from which ∆Gads is calculated. Figure 5.6a shows the isotherm of 

adsorbed mass versus concentration of MG to the SAM. The change in frequency should be linear 

to the change in mass; this is shown in figure 5.6b. The Kads and ∆G values determined using QCM 

are 2.2 × 108 and –47 kJ mol–1, respectively. However, previous SHG methods show a Kads value 

of 1.2 × 107 and ∆G of –40 kJ mol–1 for MG adsorbed to m-PSC spherical particles. These 

differences could be due to a difference in surface structure, because SHG experiments use a –

COOH polymer-based group whereas QCM uses –COOH thiol-based groups. The SAM has a 

short chain alkane surface that is flat, whereas colloidal surfaces, like those used in SHG, have 

long polymer chains and curved. Furthermore, QCM measurements are not probing surfaces 

directly (i.e. it is a measure of mass uptake) and electrolyte concentration may play a role in 

frequency change. It is also plausible that the assumption that ∆f ∝ ∆m is not accurate in this case. 

Presence of charge and other shear forces can influence ∆f. Nonetheless, it has been shown that 

MG can be detected at sub-micromolar concentrations. 

 

 

Figure 5.6 (a) Adsorbed mass of MG onto SAM versus concentration (b) change in frequency 

versus change in mass show a linear relationship. The solid line is a fit to the generalized Langmuir 

model (eqs. 3.1 and 3.2). 
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5.3.2 AMP Experiments – Pharmaceutical Detection Tool Applicable in Water 

 Experiments in this section follow the dip injection method. All solutions have been 

prepared in neutral Millipore water. A stock solution of AMP has been prepared at a concentration 

of 121.3 µM which is the solubility limit of this compound. Initial volume of 100 mL of neutral 

water has been added to the jacketed beaker. Injection volume and temperature has been held 

constant at 1 mL and 20oC, respectively, for the entire experiment. Final concentration of AMP 

range from 0 – 1.20 µM. 

 Figure 5.7 shows the series of injections of AMP into the jacketed beaker. As with MG 

injections, a disturbance in frequency is observed immediately after the injection of AMP. This is 

consistent for all injections and goes to highlight the sensitivity of the equipment. The approximate 

frequency changes observed for all injections are in the range of less than 1 and 3 Hz (Figs 5.7 a-

e). These frequency changes are less in magnitude than MG injections. Saturation has not been 

observed for this study. Higher [AMP] are necessary to reach a complete monolayer; however, 

solubility limits the concentration. This preliminary data has been plotted as adsorbed mass versus 

concentration and fit with generalized Langmuir equation to obtain binding equilibrium constants 

(Fig 5.8 a). Figure 5.8b shows the linear relationship between frequency change and mass change. 

For information on data processing and calculations, refer to section 5.3.1. QCM experiments show 

AMP binds to –COOH terminated thiol SAM in pH 7 with Kads and ∆Gads of 3 (±2) × 107 and 

−43 ± 2 𝑘𝐽 𝑚𝑜𝑙−1, respectively. These values have been compared to previous AMP adsorption 

studies to m-PSC in pH 7 solution (see section 4.3.3), where Kads and ∆Gads have been determined 

to be 2.4 (±0.4)  × 107 and −41.6 ± 0.4 𝑘𝐽 𝑚𝑜𝑙−1. Although these values are comparable 

between two different analytical methods, QCM has much higher uncertainty. This error is 

attributed to lack of numerous data points, mechanical vibrations, and unaccounted viscosity in the 
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mass adsorbed calculation. Sources of error has been explored and discussed in the following 

section. 

  

 

Figure 5.7 Frequency change of thiolated gold quartz plate after injection of AMP. Final AMP 

concentration after injection: (a) 0.30, (b) 0.54, (c) 0.75, (d) 1.01, and (e) 1.20 µM. Black arrow 

represents injection time. 
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Figure 5.8 (a) Adsorbed mass of AMP onto SAM versus concentration (b) change in frequency 

versus change in mass show a linear relationship. The solid line is a fit to the generalized Langmuir 

model (eqs. 3.1 and 3.2). 

 

5.3.3 Theoretical Calculations – Fine Tuning 

 To confirm the findings in these experiments, it is possible to calculate theoretical 

frequency changes based on molecule diameter, area of gold electrode surface, and assumptions 

of binding orientation. If experimental data lies outside theoretical frequency changes, it is 

probable this method requires troubleshooting and fine tuning. All calculations are based on four 

assumptions: (1) a complete monolayer is formed, (2) target molecules bind to only one site, (3) 

multiple layers do not form, and (4) target molecules do not interact with one another. Figure 5.9 

shows a complete monolayer formation where the entire gold surface is covered by the target 

molecule. 

 

-3.0

-2.5

-2.0

-1.5

-1.0

D
e

lt
a

 F
re

q
u

e
n

c
y
 (

H
z
)

50x10
-3

403020

Delta Mass (µg/cm
2
)

(a) (b) 
0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

A
d

s
o

rb
e

d
 M

a
s
s
 (

µ
g

/c
m

2
)

1.2x10
-6

1.00.80.60.40.2
Concentration (M)



130 

 

 

Figure 5.9 Example of a complete monolayer. Theoretical calculations are based on the 

assumption that the gold surface is completely covered by the target molecule. Green dots 

represent a target molecule. 

 

Table 5.1 demonstrates the frequency changes associated with MG and AMP if bound to 

the thiol surface resembles a flat orientation (i.e. horizontal). Note, molecular diameter and weight 

of MG and AMP is approximately 14 and 13 angstroms and 364.911 and 408.879 g mol–1, 

respectively. Molecular geometry obtained from energy optimization using MOPAC within 

Chem3D Ultra software. The maximum frequency change for this binding orientation is –2.2 Hz 

for MG and –2.9 Hz for AMP. When these target molecules bind upright onto the plate (i.e. vertical 

and minimum area), maximum frequency change increases to –5.4 and –4.8 Hz for MG and AMP, 

respectively (Table 5.2). The increase in maximum frequency change when bound upright is 

attributed to decreased area each molecule needs to adsorb, which allows for more molecules to 

adsorb to the surface. These theoretical calculations lead to the realization that empirically 

determined frequency changes due to adsorption do not make physical sense for MG. AMP 

adsorption appears to fall within the calculations; however, more experiments are needed to 

determine reproducibility and reliability of this method. 
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Monolayer 

Formation 
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Table 5.1 Theoretical calculations of frequency changes for MG and AMP when adsorbed flat 

onto the surface. 

  

 

Table 5.2 Theoretical calculations of frequency changes for MG and AMP when adsorbed upright 

onto the surface.  

 

 

Flat Malachite Green Amlodipine

Diameter 

(Angstroms, max) 14 13

Molecule Diameter 

(cm; max) 1.41 x 10
-7

 1.30 x 10
-7

Molecule Radius 

(cm; max) 7.04 x 10
-8

 6.48 x 10
-8

Areamolecule (cm
2
) 1.56 x 10

-14
1.32 x 10

-14

Nmonolayer 7.25 x 10
13

8.58 x 10
13

moles 1.20 x 10
-10

1.42 x 10
-10

M.W. (g mol
-1

) 364.911 408.879

grams 4.40 x 10
-8

5.85 x 10
-8

grams/area 3.89 x 10
-8

5.15 x 10
-8

∆f (Hz) -2.2 -2.9

Upright Malachite Green Amlodipine

Diameter 

(Angstroms, min) 9 10

Molecule Diameter 

(cm; min) 9.00 x 10
-8

 1.01 x 10
-7

Molecule Radius 

(cm; min) 4.50 x 10
-8

5.04 x 10
-8

Areamolecule (cm
2
) 6.36 x 10

-15
7.99 x 10

-15

Nmonolayer 1.78 x 10
14

1.42 x 10
14

moles 2.95 x 10
-10

2.35 x 10
-10

M.W. (g mol
-1

) 364.911 408.879

grams 1.08 x 10
-7

9.61 x 10
-8

grams/area 9.52 x 10
-8

8.50 x 10
-8

∆f (Hz) -5.4 -4.8
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In troubleshooting these methods, it has been discovered there are several sources of error. 

Table 5.3 lists the error source and impact it has on data collection. Stirring is important for 

ensuring the solution is homogenous after sample injection, but the frequency and vibrations of 

the stir plate can add noise to the data. The solution to this issue is to slow stirring to 150 RPM, 

this allows complete mixing with minimal noise in frequency reading. As discussed previously, 

temperature change can lead to false frequency change. This error has been eliminated by the 

inclusion of a chiller to ensure solutions remain at a constant temperature. Mechanical vibrations 

from the instrument and surrounding equipment add noise. These vibrations have been alleviated 

by conducting experiments on an air table. Electrical vibrations originate from cables and 

connections to electrical devices. This type of vibration has led to drifting of data, but these 

vibrations cannot be eliminated. The solution to electrical vibrations is to limit run time. It was 

also discovered that the flow cell method leads to additional mechanical and electrical vibrational 

error, thus dip injection provided smoother data collection. 

Table 5.3 Sources of error and the error contribution to poor data collection. Solutions to error 

have also been listed. 

    

 

 

There are other sources of error that are inherent to these experiments. For example, 

electrolyte close to the piezoelectric electrode can affect the double layer and cause unrealistic 

frequency changes. This creates uncertainty and false mass uptake information. QCM equations 

were intended for use with molecules in the gas phase. Liquids can be used, but the equation used 
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to calculate mass adsorbed must take into account viscosity differences. A modified equation can 

be utilized to account for this difference. Since QCM can be used in liquid phase, the Sauerbrey 

equation (eq. 2.14 and 2.15) must be modified to account for viscosity and density differences of 

liquids compared to air (eq. 5.1).28 

∆𝑓𝑇 = ∆𝑓𝐿 + ∆𝑓𝑀 = −
2𝑓𝑜
2

𝑛(𝐶66𝜌𝑞)1/2
[
∆𝑚

𝐴
+ (

𝜌𝐿𝜂𝐿

4𝜋𝑓𝑜
)
1/2

]      Equation 5.1 

where ∆𝑓𝑇 is total frequency change, ∆𝑓𝐿 is frequency change of the liquid, ∆𝑓𝑀 is frequency 

change of the adsorbed mass, C66 is the stiffness of the quartz (2.957 ⨯ 1010 nm-2), n is an overtone, 

A is area of gold plate (0.6 cm2), 𝜌𝑞 is density of quartz, 𝜌𝐿 is density of solvent, and 𝜂𝐿 is viscosity 

of solvent. Future experiments will continue to improve signal to noise ratios by minimizing 

potential sources of error. Changes in mass will account for viscosity and density by utilizing the 

modified Sauerbrey equation. 

 

5.4 Conclusion 

Experimental parameters play a crucial role in detection and quantification of pollutants 

using QCM methods. Temperature must be controlled to prevent false frequency changes. 

Vibrations and noise must be limited to improve signal to noise ratio. Volume injections should 

be kept constant to eliminate injection errors. Electrolytes contribute to frequency change and data 

may need to be corrected. MG show frequency shifts beyond the theoretical calculations. This is 

likely due to charged species near the surface, which may affect the electric double layer and lead 

to erroneous frequency shifts. Future experiments will attempt to correct for electrolyte 

contribution. MG and AMP have been detected and quantification has been accomplished, 

however reproducibility is needed to be confident of results. Binding equilibrium constants, Kads 

and ∆G, for MG have values that are not comparable between different analytical methods even 
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though functional groups and target molecule remain the same. It is possible the difference in the 

equilibrium constants is due to the planar nature of SAM, while colloidal functional groups have 

curvature. AMP does have comparable binding constants, but QCM results contain large error. 

Solvent density and viscosity need to be accounted for using the modified Sauerbrey equation. 

 

5.5 Future Research 

The work presented throughout this thesis has opened up many new pathways for future 

research by generating new questions. In this chapter, it has been shown that QCM has a great 

potential to detect PPCPs in water. Indeed, further work must be done. For instance, future QCM 

experiments can aim to utilize amine terminated thiol SAM. This will provide method comparison 

with previous adsorption experiments involving m-PSN. Surface characterization of the SAM will 

be necessary to confirm adsorption to the quartz gold plate, which can be carried out with AFM 

and FTIR. Studies that are pH dependent are necessary to find optimum conditions for QCM 

detection. Other molecules such as CBZ and IBU should be explored. It is also important to explore 

functionalization of the gold plate with NOM, because NOM represents a natural surface in water. 

Preliminary QCM data of NOM adsorption to –COOH terminated thiol SAM, as well as, –NH2 

terminated thiol SAM have been collected (not shown in this thesis). They do not appear to show 

adsorption of NOM onto the SAM surface, however it may depend on optimizing the solution and 

surface condition. Further studies should be carried out on this system, because it will present 

another method to study of fate and transport of pollutants in aqueous solution.  

 Further DLS experiments will be conducted to evaluate zeta potential and sizing effects of 

NOM coated m-PSN in the presence of increasing [AMP] and [CBZ]. It will also be important to 

gain a better understanding of the NOM structure used in these experiments, thus UHPLC-MS will 
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be conducted. Since a method for coating m-PSN with NOM has been successful, SHG 

experiments will be attempted. This will help to better understand surface interactions with target 

molecules and NOM. 

 Data from chapter 4 has suggested the importance of binding interactions other than 

electrostatic, such as hydrophobic adsorption. Preliminary experiment have attempted to explore 

these interactions with C60 fullerene particles coated onto m-PSC and m-PSN. If adsorption of 

AMP and CBZ to C60 is observed, then there is confidence hydrophobic binding is real because 

this system eliminates electrostatic adsorption.  

 

5.6 SHG to determine ∆H and ∆S of Drug Adsorption 

Another study that has been carried out, for which preliminary data has been collected, 

involves the fundamental thermodynamics properties of a model drug molecule, oxazole dye, 

binding onto colloidal particles. This compound resembles the pharmaceutical sulfamethoxazole 

(SMX), which has the highest concentration detected in the environment compared to other 

pharmaceuticals. Note, refer to section 1.5 for background information on SMX. As the name 

suggests, this molecule contains a functional group called oxazole. Oxazole is a parent compound 

for a wide class of heterocyclic aromatic compounds. This molecule is suitable for SHG 

experiments because it exhibits resonant enhancement at the SHG frequency. The objective of this 

project has been to utilize SHG technique to determine enthalpy change, ∆H, and entropy change, 

∆S, of oxazole dye adsorption to polymeric sulfonate particle (PSS) surface. To the best of our 

knowledge, this has not been done for colloidal system with SHG. This provided an opportunity 

to advance SHG as a powerful analytical tool. In addition, SHG results with this dye could be used 

to compare results provided by QCM. The comparison of a well-established SHG method to this 
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new QCM technique could impart confidence that QCM is a reliable instrument for detecting small 

molecules in aqueous solution. 

In this SHG experiment, stock solution of oxazole dye (362.38 g mol–1) were prepared at a 

concentration of 110.4 µM in neutral Millipore water. A range of concentrations (0 – 35 µM) have 

been prepared in two sets of glass vials. One set was treated with PSS at a final concentration of 

1 × 108 particles mL–1 while the other set was prepared neat. Both treated and untreated samples 

have been given 2.5 hours to allow adsorption to equilibrate in a temperature controlled water bath 

set to the desired temperature of 22, 35, and 50oC. Refer to section 2.2 for a detailed description 

of SHG theory and refer to section 3.2.1 for a description of SHG experimental setup and data 

processing. A temperature controlled cuvette holder has been used to maintain desired temperature 

during measurements. Both VV and HV polarization configurations have been conducted. A 5 mm 

quartz cuvette has been used, as well as, fluorescence from a coumarin based dye to optimize 

signal intensity. Laser power has been monitored throughout the experiment.  

Figure 5.10a shows the adsorption isotherm of oxazole dye onto the PSS surface at three 

different temperatures: 22, 35, and 50oC. Data fit with generalized Langmuir equation (eqs. 3.1 

and 3.2). Temperature appears to affect the binding of oxazole to the surface of this particle. At 

22oC, saturation of PSS is nearly complete even at low concentrations. On the other hand, 

saturation is not observed at the other two temperatures. Since lower temperature result in a 

stronger binding affinity, the adsorption of this dye to PSS can be considered to be exothermic. 

This means heat has been released as binding occurs.  The surface functional group of PSS is 

sulfonate (–SO3
–) and the dye carries a positive charge, thus electrostatic interactions are expected.  
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Figure 5.10 (a) Temperature dependent adsorption of oxazole dye onto PSS at three different 

temperatures: 22, 35, and 50oC. Data presented is VV configuration and fit with generalized 

Langmuir equation. (b) lnKads versus 1/T (K–1). 

 

Thermodynamic parameters ∆H and ∆S were determined by plotting lnKads versus 1/T (K–

1) (Fig. 5.10b). The slope of this line includes ∆H and the intercept contains ∆S; the Clapperon 

equation has been used to extract ∆H: 

𝑙𝑛𝐾𝑎𝑑𝑠 = −
∆𝐻

𝑅
(
1

𝑇
)       Equation 5.2 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆       Equation 5.3 

Table 5.4 Summary of binding equilibrium constants and thermodynamic parameters for oxazole 

dye adsorption to the surface of PSS. 

  

 

Results from SHG experiments show a ∆H of –85.1 kJ mol–1 (eq. 5.2) and ∆S of –137.4 J 

K–1 mol–1 (eq. 5.3) at 22oC (295 K). Table 5.4 summarizes Kads, Nmax, and ∆Gads for the adsorption 

of oxazole dye onto the surface of PSS. While this is preliminary data, this goes to demonstrate 

Temperature 

(
o
C)

K ads N max

∆G ads 

(kJ/mol)

22 1.1 (± 0.2) ⨯ 10
8

133 ± 3 -45.3 ± 0.4

35 9 (± 3) ⨯ 10
6

100 ± 10 -39.4 ± 0.8

50 5 (± 2) ⨯ 10
6

110 ± 10 -37.9 ± 0.8
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that temperature dependent studies can be carried out to provide information about enthalpy and 

entropy change upon adsorption of PPCP onto colloidal particles. 
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Epilogue 

 

The data presented throughout this thesis have shown the importance of surface 

interactions on the removal, fate, mobility, and detection of pollutants currently found in the 

environment. Production of man-made compounds is far from slowing down and will likely be an 

environmental concern for years to come. The present task is to understand their eventual fate and 

eventually gain insight into the impact they will have on humans and aquatic life.   

Scientific research has shown the arrival of potentially dangerous compounds is a cause 

for concern not just for humans, but also for aquatic organisms. Little is known about the cause 

and effect emerging contaminants has on the ecosystem. Therefore, development of new 

remediation techniques for the removal of these pollutants is an important undertaking. Progress 

on the detection of very small concentrations of emerging contaminants has been made. 

Furthermore, newly developed tools and analytical techniques has provided additional information 

about pollutant interaction with various surfaces. Methods have matured in a way to paint a picture 

of the possible pathways contaminants can take in an aquatic environment. Man-made molecules 

have a dynamic and intricate journey that starts from the manufacturing process, spills over to 

consumer use and waste, and leads all the way to an eventual resting place in the environment. 

Closing this loop and implementing industrial ecology could eliminate future issues with the 

release of these compounds to sensitive environments.  

Fundamental information, such as electrostatic interactions of amlodipine adsorption to 

carboxylate functional groups, is vital to the development of procedures that prevent pollution 

dumping. Second harmonic generation can serve as a tool to detect aggregation in the presence of 

industrial dye waste. It can also give information on the influence a magnetic field has on particle 

aggregation. We have shown in this thesis, adsorption of malachite green onto magnetic particles 
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can induce aggregation and reduce the effectiveness of magnetic carrier technology on the removal 

of industrial dyes from water. This information is critical to creating pollution remediation tools 

for compounds present in the environment. Laser spectroscopy can provide a unique look into the 

diverse world of surfaces by probing molecules adsorbed to natural and synthetic surfaces. This 

technique can give insight into the binding affinity of emerging contaminants to surfaces 

ubiquitous throughout the aquatic environment. It is important to gain knowledge of the binding 

interactions pharmaceuticals and industrial waste have with surfaces to determine fate and 

transport in the natural world.  

Traditional spectroscopic tools have been used in conjunction with separation techniques 

to gain insight into newly developed man-made pollution issues. Pharmaceuticals have a wide 

range of functional groups capable of binding to surfaces through specific and nonspecific ways. 

It has been shown here that amlodipine has many modes of adsorption, such as electrostatic, π-π, 

and hydrophobic interactions. Carbamazepine binding is impacted by not only electrostatic 

interactions but also hydrogen bonding. These facts complicate the fate and transport in an aquatic 

environment because there are many surfaces with varying surface functionalities. It is possible 

that pharmaceutical retention, persistence, and bioavailability are influenced by the presence of 

surfaces such as those found on suspended particles and the air-water interface in an aquatic 

ecosystem. There is much more to learn about binding strength, steric hindrance, binding 

orientation, effect of competing molecules, photochemical and biochemical transformation, and 

toxicity. The effects of emerging contaminants on aquatic life will not be fully realized until more 

fundamental questions are addressed.  

The scientific community and government agencies continue to learn more about the 

effects emerging contaminants have on biological and environmental systems. It is possible trace 
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concentrations of emerging contaminants are enough to have huge impacts on the ecosystem; thus, 

analytical instrumentation techniques are pushing the boundaries on detection limits. Quartz 

crystal microbalances have the potential to detect nanograms of industrial dyes and 

pharmaceuticals like malachite green and amlodipine. This technique would fulfill the need to 

detect these synthetic compounds early and reliably before they can be released into sensitive 

aquatic environments. Early detection may be key to pollution prevention.  

With the many tools and analytical techniques available, new questions can be explored in 

depth. It is an opinion that emerging contaminants will be a part of everyday life for a long time; 

thus, there is a need to explore pollutant interactions in the environment to prevent further 

complications for future generations. Humans have released many types of ECs into the ecosystem 

and their effects are still unknown. It is our responsibility to clean up the environment and stop 

further damage by being good environmental stewards. Often times this means changing the way 

we live our lives to be more thoughtful and conscientious of our surrounding. We must realize our 

actions have consequences. If we want a clean environment, especially clean water, we must instill 

responsibility and inspire young generations of the future.   

 

 


	Title Page
	Table of Contents
	Thesis - Body

