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ABSTRACT 

Optimizing Analytical Methods for studying Microplastics and Nano-plastics at the 

microscopic level 

By 

Kevin Diego-Perez 

Plastics are indispensable in our daily lives, but their overproduction and 

inadequate disposal have made them harmful environmental pollutants. Despite their 

inherent durability, environmental factors like mechanical forces, temperature changes, 

and exposure to light can degrade plastics. This results in the formation of microplastics—

particles smaller than 5 mm—which pose ingestion risks to wildlife, marine life, and 

ultimately, humans. These microplastics can go through further degradation that can 

change their properties and form nano-plastics that can potentially cause more harm. Our 

study concentrates on optimizing analytical techniques for studying these micro- and nano-

plastics at microscopic level. We first fine-tuned scanning electron microscopy (SEM) and 

atomic force microscopy (AFM) for tracking the degradation of individual polyethylene 

terephthalate (PET) microplastics subjected to 45-days of UV exposure. The optimization 

of SEM was crucial due to microplastics' minute size and non-conductive properties, which 

can lead to image distortions. By employing low vacuum SEM, we bypassed the need for 

metallic coatings, eliminating potential artifacts caused by surface charging. Using 

Pinpoint AFM, we assessed individual PET microplastics at the nanoscale, yielding both 

topographical and mechanical insights, including data on the Young's modulus. 

Additionally, we explored the chemical changes of PET microplastics using attenuated 

total reflectance-Fourier Transform infrared (ATR-FTIR) spectroscopy. Through these 
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combined techniques, we discerned the physical, mechanical, and chemical alterations 

caused by UV induced Photo-oxidation. In the second subproject, we fabricated nano-

plastics from commercial water bottles and tires using ball-milling, characterized their size, 

and used critical angle reflection imaging to investigate the absorption of heavy metal ions 

to these nano-plastics. This is the first time that the binding kinetics at nano-plastics were 

measured at the microscopic level.  
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CHAPTER 1 

1.1 Plastic Pollution  

The discovery of Bakelite in 1907 marked the inception of plastics and the mass 

commercialization of synthetic and semisynthetic polymers.1 Plastics and polymers are 

intrinsically interconnected, with polymers consisting of large molecular chains made up 

of repeating structural units called monomers.2 Plastics, whether synthetic or semi-

synthetic, are primarily composed of polymers. Both are broadly classified into three major 

categories: thermoplastics, thermosets, and elastomers, each distinguished by their unique 

properties.3 Thermoplastics are characterized by their ability to be deformed and extruded 

upon heating, featuring linear or slightly branched polymer chains.3 In contrast, thermosets 

undergo irreversible hardening upon curing and cannot be remelted or reshaped due to their 

tightly cross-linked polymer network.3 Elastomers, on the other hand, are formed from 

lightly crosslinked structures, granting them their elastic nature.3 The distinct properties of 

plastic polymers arise from their molecular arrangement and chemical characteristics, 

making them uniquely suited for specific applications.3 Polymers' low cost, lightweight 

nature, and corrosion resistance have made plastics ideal substitutes for materials like silk 

and metals in various applications, thereby establishing plastics as essential commodities.4 

There has been significant interest in plastic materials due to their continued 

production and increased rate of disposal.4 Plastics contribute to 12% of municipal waste 

in the United States and their many derivatives have become hazardous pollutants.4,5 

Single-use plastics contribute 50% of all produced plastics and are typically discarded 

within a year of production.5 Plastics inherently have a long lifespan and can persist in the 

environment between 20 and 500 years before decomposing.6 Plastic decomposition is 
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dependent on several environmental factors. A significant contributor of plastic and 

material degradation is sunlight which for plastics can cause both photo-oxidative7 and 

thermal degradation.8 Plastic pollution is exacerbated by the mismanagement of plastic 

waste. It is estimated that 5 to 13 million tons of plastic enter the oceans every year.9 The 

highest contributor of plastic pollution is polyethylene (PE) due its extensive use as one 

time use plastics and its derivatives such as low density and high density polyethylene.10 

Another significant pollutant is polystyrene (Styrofoam) due to its innate physical 

properties and low cost for packaging material.11 Plastics such as Polyethylene 

terephthalate (PET) are extensively used in fabric material and every year 56 million metric 

tons are produced to make plastic bags, and plastic bottles.12,13 However, during their 

lifetime, these plastics can become choking hazardous for aquatic life.13 Efforts have 

increasingly focused on preventing further plastic pollution due to its detrimental effects 

on aquatic and terrestrial life.12 

1.2 Microplastics and nano-plastics 

 

Figure 1. Schematic of plastic bottle becoming a pollutant and degrading into microplastics 
through 5 different mechanisms. 
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Microplastics (MPs) have become a significant focus of research due to their 

widespread environmental presence and potential impact on human health. Although MPs 

were first described in1970s, they were only recently termed “microplastics” by Richard 

Thompson OBE FRS in 2004.14,15 MPs, defined as plastics particles ranging from 1 𝜇m to 

5 mm in size and classified into two groups: primary and secondary microplastics.16 

Primary MPs are commercially produced plastic particles commonly used for cosmetic 

products and industrial applications.17 Secondary MPs result from the breakdown of larger 

plastics (Macro-plastics).17 Although plastics degrade naturally over time plastics often 

take decades to degrade.18 Environmental conditions and applications determine the rate of 

plastics degradation. For example, plastics can degrade via multiple different pathways 

such as hydrolytic,8 thermo-oxidative,17 photo-oxidative,19 mechanical20 and 

biodegradation.11  

Secondary MPs and NPs are the most prevalent type of MP as they originate from 

several sources like artificial turfs, made from polypropylene and polyethylene.21 Artificial 

turfs and infills are estimated to contribute 12% of plastic waste entering aquatic 

environments. Alternatively, Plastic based paints are also a significant contributor to MPs, 

as they eventually degrade and chip due to weather exposure. Car tires, wear away 

producing Rubber (Polystyrene butadiene) MPs that have been found distributed within 

and around roads.22 Another significant source of MPs was Polyethylene terephthalate 

(PET), which contributes to 56 million tons of global plastic production annually.12 PET is 

also extensively used in textile for polyester clothing a major source of Microfibril creation 

released during washing.4,23 Increasingly studies have detected MPs in fish, salt, sugar, 
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food, and large bodies of water increasing heightened concern for chronic, low level 

ingestion.24   

Research into MPs and NPs is crucial, as humans are estimated to consume between 

39,000 to 52,000 plastic particles annually from various sources.14 Although there is still 

speculation about the toxicity of MPs to humans their minute size poses a significant 

ingestion risk to mammals and aquatic life.25 What is worrisome is MPs and NPs have been 

found in salts and drinking water likely leading to low exposure of MPs and NPs through 

ingestion.26 MPs have been shown to cause intestinal blockages in fish and reduce fertility 

in some animals.24 MPs have also been shown to move upwards through the food chain to 

humans.16 Although larger MPs have been demonstrated in humans to travel passively 

through the gastrointestinal system. MPs have been known to mildly break down within 

the gastrointestinal system. This is concerning as MPs smaller than 2 𝜇m has been noted 

to be internalized by human colon cells causing rearrangement of normal metabolic 

pathways. Exposure to NPs was also thought to have a role in the development of 

neurological disorders like Parkinson’s.27  

NPs are thought to pose a far greater threat to humans than MPs. Nano-plastic (size: 

1 nm < 1 μm) can undergo translocation and can be taken up by cell inducing oxidative 

stresses.28,29 NPs below 100 nm are able to translocate to every organ in the human body 

and pass the blood brain barrier.30 MPs and NPs have been shown to be taken up by algae 

and microorganisms.29 This is concerning because some aquatic life depend on algae and 

microorganisms to sustain themselves.31 This has led to biomagnification within tropic 

levels.31 More insight is needed into understanding MPs and NPs as the degradation 

processes changes innates properties of the material affecting adsorption properties.31 
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Figure 2. Primary routes of PET degradation and end products.  

Single use plastics like PET will experience many forms of degradation such as 

photo-oxidation, thermal oxidation, and hydrolysis (Figure 2).2 The prevailing mechanisms 

of degradation for PET is sunlight induced photooxidation.3 The main step is chain scission 

which results in decreased molar mass and production of CO and CO2.3 Degradation via 

sunlight occurs in all plastics and is the main contributor to plastic and, in general, material 

degradation.32 Degradation increases surface roughness and particularly via 

photooxidation has been found to produce surface reactive oxygen species and carboxyl 

end groups on the surface of MPs and NPs.32 Degradation can change susceptibility of MPs 

and NPs becoming carriers for toxic chemicals.17  

The coexistence of MPs and NPs with toxic materials has raised concerns about 

their role as transport vectors for harmful chemical compounds.33 These compounds 

include heavy metals such as lead, copper, mercury and cobalt that have been linked to 

adverse health problems in humans.34 The risks are exacerbated by degradation processes 

which alters both the chemical and physical properties of plastics, making the surface 

rougher and often times more absorbent.35 The health risks imposed by MPs and NPs is 
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largely a consequence of their small size and large specific surface area.36 Although, studies 

have shown that natural particles found in seawater are far more likely to adsorb heavy 

metal than MPs.34 MPs and NPs are likely undergoing changes that impact adsorption 

properties such as surface moiety, crystallinity, surface charge, and specific surface area.37 

Microplastics (MPs) pose significant implications for human health, as they are continually 

generated not only in marine environments but also through daily human activities.38 

Implication on human health is still a concern as MP and NPs are still an emerging 

area of study, and many techniques must be adapted to the field. There are also numerous 

plastics sources for MP and NP creation necessitating a threat assessment of MPs and 

NPs.12 By standardizing methods to study MPs we can further extrapolate the risks imposed 

by MPs.  Standardization of techniques will also ensure quality and consistency across MPs 

studies. Then to further NP research we have standardized a protocol for producing and 

characterizing the size and concentration of NPs. We then investigated the real time 

adsorption kinetic of NPs using critical angle reflectance (CARI) which has not been 

studied before.27,31 

1.3 Scanning Electron Microscopy (SEM) 
 

Scanning electron Microscopy (SEM) is a high-resolution imaging technique that 

can provide morphological information of a sample surface with nanometer resolution.39 

SEM utilizes electrons generated by an electron gun to produce an image. The electron 

beam produced follows a vertical path through the microscope, which is maintained under 

vacuum.40 The Emitted electrons from the samples are detected by the detector enabling 

the creation of detailed images.41 Often with nonconductive samples a thin conductive layer 

of metal is deposited on the sample for optimal scanning.42 Alternatively, low vacuum 



 

 7 

mode can be used, where the chamber is filled with water vapor to dissipate surface 

charges.43 This can allow imaging of nonconductive samples without metal coating.43 SEM 

can also be coupled with Energy dispersive X-Ray spectroscopy (EDS) to provide the 

elemental composition of the object by exciting atom at the samples surface.44  

Here we report on using SEM to monitor the morphological changes of individual 

PET MPs that have undergone degradation for a span of 45 days. We optimized low 

Vacuum mode SEM to achieve high quality images without metal coating. This will allow 

us to track physical changes on the same MP. SEM will specifically be used to track 

changes in size, shape and surface morphology over a span of 45 days. Throughout this 

process we will set a standard protocol to prepare MPs for low vacuum SEM imaging.  

1.4 Atomic Force Microscopy 

 

Figure 3. Schematic representation of atomic force microscopy (AFM) Pinpoint mode at 
a single point at different stages including the initial approaching the cantilever onto the 
sample surface (A), intermolecular interaction causing the cantilever to be pulled to the 
surface (B), cantilever in contact and impression into the sample (C), the cantilever being 
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pulled off the sample and a lateral force adhesion preventing the cantilever from pulling 
off (D), and finally the cantilever being pulled off  (E). The resulting force curve was 
plotted in the center. 
 

Atomic Force Microscopy (AFM) is a scanning probe microscopic technique for 

surface characterization. Several AFM modes exist, including dynamic (tapping) mode, 

non-contact mode, and contact mode.45 In AFM dynamic (tapping) mode, the cantilever 

oscillates perpendicularly to the surface as it scans, intermittently contacting the surface.45 

AFM non-contact mode involves the cantilever hovering above the sample surface, 

utilizing attractive and repulsive forces to measure surface characteristics without physical 

contact. AFM contact mode requires the cantilever tip to remain in continuous contact with 

the samples surface, to capture topographical data.45 AFM Pinpoint is a derivative of AFM 

contact mode and in practice, single-point measurements are done where the tip indents the 

surface, employing contact mechanics to analyze these interactions.46 Pinpoint mode 

measures nano-mechanical properties of samples by implementing force distance (FD) 

spectroscopy on the sample surface.46  

AFM PinPoint mode represents a significant advancement in materials science by 

enabling the measurement of strength and elastic modulus in specific areas while also being 

able to assess changes in the adhesive properties of materials.47 This improved method 

offers a more precise and detailed analysis to further enhance our understanding of material 

heterogeneity at the nanoscale level.20 In recent years, there has been significant interest in 

the micro-scale analysis of material samples, particularly soft materials, due to their critical 

industrial applications.20 Understanding the properties of soft materials is essential for 

developing new, advanced materials with unique characteristics such as self-healing, 

flexibility, and biocompatibility.48 PinPoint mode is one of several nano-mechanical 
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measurement techniques used to characterize material properties. Other techniques include 

Peak Force Quantitative Nano-mechanical Mapping (Peak Force QNM) and Quantitative 

Imaging (QI, by JPK Instruments).49 While these methods have been extensively used to 

probe the surfaces of cells, there are limited studies exploring the application of PinPoint 

mode on MPs.20 

Mechanical properties such as the Young’s modulus are intrinsic to materials, but 

they can change over time due to aging processes or degradation. Young modulus (denoted 

as E) and often referred to as the elastic Youngs modulus can be defined by the relationship 

of stress (𝜎) over strain (𝜀) and at low strain the relationship is linear (E = 𝜎/𝜀).20 The 

change in modulus can be caused by several factors including exposure to different 

temperatures and those listed in Figure 1.50 Continuous exposure to mechanical stresses 

can lead to creep and eventual fractures, altering the Young’s modulus.50 AFM Pinpoint 

mode could allow for nanoscale investigation of degradation processes, such as those 

induced by UV exposure.51 This technique can also provide insights into the material's 

heterogeneity, which is crucial for understanding material characteristics.52 This is because 

materials durability and strength is correlated with the composition of trans and cis bonds 

within a material.8 A material that contains more trans bonds is considered more crystalline 

and is often more brittle. While those with more cis bonds are amorphous and may be more 

flexible or softer. Oftentimes mechanical information such as this can obtained through 

universal testing machines which is not practical for nanoscale analysis of microscopic 

materials.53 

E = !
"
(1 − 𝑣)#($%$&

!/#

!
)
#
$

'%&'

()(*()*+%*,-.	)#)
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$
         (1) 
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These FD curves, as illustrated in Figure 3, provide detailed information on 

mechanical properties of the sample.46 This is done by fitting the FD curves data to a 

theoretical equation to extract the Young’s modulus. Here we used the Johnson–Kendall–

Roberts (JKR) model. Where 𝑣 = Poisson’s ratio, R = tip radius, Fmin = Minium Force to 

retract from the surface, 𝑑,-./= The point where the cantilever is neither pushed or pulled 

by intermolecular forces and 𝑑012	= the minimum distance where the cantilever is no 

longer being pulled in by adhesion.54  

Using Pinpoint mode, we have quantitatively mapped and tracked the nano-

mechanical changes caused by UV induced Photooxidation on PETm surface. Nano-

mechanical characteristics of microplastics have not been readily studied and with our 

study we have looked at specific active aging sites on single PETm particles throughout 45 

days of degradation. We have also set a standard protocol to prep and test microplastics 

using AFM Pinpoint mode.  

1.5 Fourier Transform Infrared Spectroscopy 

 

Figure 4. Modes of Fourier transform infrared spectroscopy including transmission (A), 
attenuated total reflectance (B), and reflectance (C). 
 

Fourier transform infrared spectroscopy (FTIR) and derivatives of FTIR have been 

routinely used for the identification of unknown materials while being a nondestructive 
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technique.55 In FTIR spectroscopy, an IR beam enters a Michelson interferometer, which 

splits the beam into multiple wavelengths.56 These wavelengths are measured almost 

simultaneously by the detector, providing the chemical composition of the sample within 

minutes.56 The IR beam is then introduced to the sample, either directly or through various 

methods. 

In Transmission FTIR, the beam passes through the sample and into the detector.57 

In Reflectance FTIR, the beam reflects off the sample surface before reaching the 

detector.58 Another common method is attenuated total reflectance (ATR) FTIR, where the 

beam enters an ATR crystal.58 This crystal allows the beam to reflect multiple times off the 

sample before being detected. The detected wavelengths are subjected to Fourier 

transformation, resulting in a spectrum that identifies the sample's functional groups.58 

Identifying these functional groups is crucial as it helps determine polymeric changes 

caused by degradation. FTIR has become an essential tool to identify plastics polymers 

found in the environment. Understanding polymeric material chemical composition is 

important in both assessing longevity and performance of a polymers. Many studies have 

been able to use FTIR to track the UV degradation of plastics thin film such as Polyethene 

terephthalate (PET), polycarbonate (PC), and polyamide (PA).25 

Using FTIR we planned to scan individual microplastics with FTIR reflectance. 

However, due to the thickness of the microplastic particles there was a poor signal to noise 

ratio. This was because reflectance FTIR works best on flat and reflective surfaces such as 

thin films. Our sample, while small, is also spherical which led us to perform bulk sample 

analysis using ATR-FTIR. This was to provide comprehensive information on the general 
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properties, specifically the conformational changes brought on by UV degradation 

processes.  

1.6 Nano-plastic fabrication and their characterization 

As mentioned previously, NPs are a cause for concern since they have 

environmental and health implications. However, nano-plastics found in the environment 

arise from the degradation of microplastics (secondary nano-plastics) or can be produced 

from commercial sources through chemical synthesis or physical grinding (primary nano-

plastics). Primary MP and NP are either made through bottom-up approach (chemical 

synthesis) or top-down approach (mechanical alteration).59 Bottom-up approach includes 

chemical synthesis through emulsion and nanoprecipitation.60 The main benefit of 

synthesizing NPs is that quantification of important traits such as concentration, size, 

chemical functionalization and content of additives.60 This makes the use bottom-up 

approach much more useful in the scientific field and many studies have already 

implemented the use of polystyrene NPs with chemical modifications. However, the main 

drawback is cost and production of plastic waste. The number of Nano-plastic in the 

environment cannot been readily quantified. Quantifying and analyzing nano-plastics in 

the environment is still a quite difficult task since NPs are both difficult to detect and 

separate.  
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Figure 5. Schematic of planetary ball mill rotating clockwise with four jars (large white 
circles) (A) Simultaneously all four jars will spin clockwise filled with zirconia balls and 
a sample of choice (B) 
 

Here, we use a top-down approach with a planetary ball mill to create nano-plastics, 

as ball milling is one of the most reliable methods for nanoparticle fabrication. Producing 

nano-plastics (NP) from existing plastic waste through ball milling is also beneficial. In 

ball milling, a rotating mill containing hard spheres (typically zirconia or steel) and the 

plastic sample is spun at high speed, causing collisions that grind the plastics down into 

micro- and nano-plastics. While nano-plastic formation occurs in the environment, the 

automotive recycling industry also uses milling techniques like ultra-centrifugal and ball 

milling for plastic waste processing.60 Different milling procedures are used to obtain 

optimal sample size. Dry milling is used for materials that do not require a fine particle size 

and do not aggregate. In contrast, wet milling, which involves a solvent, prevents 

overheating, reduces particle aggregation, and avoids combustion of fine particles. 

The main drawback to ball milling or top-down approach is the quantification of 

concentration and size of these particles. This requires the use of analytical techniques to 

quantify these properties. Dynamic Light Scattering (DLS) is a widely used technique to 
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determine the size of nanoparticles, typically in the nanometer range.61 In this method, a 

laser is directed at a sample containing particles suspended in a solution.61 The particles 

scatter the incident light, and their random motion—known as Brownian motion—causes 

fluctuations in the intensity of the scattered light.61 These fluctuations are measured over 

time, and an autocorrelation function is used to analyze how the intensity changes. By 

correlating the light fluctuations with particle motion, the diffusion rate of the particles can 

be determined.61 Using the Stokes-Einstein equation, this diffusion rate is then translated 

into an estimate of the particle's size, typically expressed as the hydrodynamic diameter.61 

This technique is particularly effective for measuring the size distribution of nanoparticles 

in suspension. 

∆𝑚 = −𝐶 ∙ 	∆5
6

                   (2) 

Another technique used for measuring small quantities of material was Quartz 

Crystal Microbalance (QCM).62 In QCM, an electric field is applied to a quartz crystal with 

electrodes attached to both sides, causing the crystal to vibrate at a specific resonant 

frequency.62 The resonate frequency is innate and determined by the properties of the 

quartz. When a sample is applied to the surface of the crystal, the resonant frequency 

shifts.62 This shift, denoted as ∆f, can be correlated with the mass of the deposited 

material.63 The overtone number (n) is related to the sample's material, while the mass 

sensitivity constant (C), depends on the properties of both the quartz and the sample. By 

measuring the frequency change (∆f), we can calculate the change in mass (∆m) and use 

QCM to determine the concentration of our in-house made nano-plastic solution.63  
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1.7 Critical Angle Reflection Imaging 

  

Figure 6. Schematic of the CARI setup. Nano-plastics on a glass coverslip placed on a 
prism-coupled imaging system with index-matching oil. The incident angle θi of a p-
polarized light is set just below the critical angle (A). An angle sweep showing the 
reflectivity change as a function of incident angle at four regions of interest (ROIs) as 
labelled with color boxes in the inset CARI image (B). The blue solid line labels the 
selected incident angle for CARI.64  
 

Critical Angle Reflection Imaging (CARI) is a newly developed imaging technique 

for monitoring molecular interaction and binding kinetics.64 As shown in Figure 6A, the 

collimated incident light is reflected by the glass surface and a detection camera is focused 

at the sample layer on the surface to collect the reflected light.64 The contrast of the image 

comes from reflectivity changes, which are modulated by the refractive index changes on 

or near the sensing surface.64 The incident light is set at slightly below the critical angle to 

achieve an optimal sensitivity.64 CARI has been approved capable of molecular interaction 

measurements including proteins, nucleic acid, and cell-based detections.64    

 In this study, we applied CARI to monitor the real-time adsorption of heavy metals 

onto NPs and analyze the kinetics of this process. While UV-Vis is a widely used technique 

for measuring metal adsorption, it requires isolating adsorbed metals before measurement, 

preventing real-time monitoring of interactions.65 CARI addresses this limitation by 

B. A. 
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enabling continuous imaging, allowing for real-time analysis. Furthermore, CARI provides 

spatially resolved characterization, which can reveal sample heterogeneity.64 We observed 

the binding kinetics of NPs from commodity plastics such as PET (from water bottles) and 

rubber NPs (from tires). CARI was used to observe copper adsorption with the two NP.  

1.8 Goals of Study 

Here we report on two subprojects that focus on setting protocols for plastics 

particles analysis at the microscopic level. The first focuses on optimizing three different 

analytical methods to characterize and quantify polyethylene terephthalate microplastics 

(PETm) degradation under UV exposure. Although extensive research has been conducted 

on the degradation of plastics into microplastics, few studies have explored the 

environmental impact of UV-degraded microplastics. Advancing research on this topic is 

essential to increase awareness of the potential hazards associated with degraded PET 

microplastics. We hope to reveal more information on the physical, mechanical, and 

chemical changes brought on by the degradation of PET microplastics under accelerated 

UV degradation. We will also set a standard protocol to analyze microplastics using 

spectroscopic and microscopic techniques. We will develop protocols to employ Fourier-

transform infrared spectroscopy (FTIR), digital microscope Keyence VHX 7000 4K (DM), 

atomic force microscopy (AFM) and scanning electron microscopy (SEM) to facilitate the 

recurrent monitoring of the same microplastic particle.  

The second is to fabricate nano-plastics from water bottles and car tires and 

investigate heavy metal adsorption to these nano-plastics. This research specifically seeks 

to inform on best practices for creating and characterizing nano-plastics. Using Critical 

angle reflectance imaging (CARI) we examined the chemical interaction of nano plastics 
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with copper. CARI will provide us insights into the potential absorption capacity of nano 

plastics in real time.  
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CHAPTER 2 

Experimental Details 

2.1 Chemicals and Materials 

Copper (II) sulfate pentahydrate was purchased from Fisher Scientific (Waltham, 

MA). Polyethene terephthalate microplastics (PETm) were purchased from 

Nanochemazone (Alberta, CANADA). Light bulbs 4 Pack 25-Watt UV Light Bulb with 

Ozone (185nm/254nm) were purchased from Biamnocm. The UV chamber was 

constructed from cardboard and lined with aluminum foil. Conductive double-sided carbon 

tape (8 mm), glass slides, ethanol (100%), and Phosphate buffered saline (PBS) tablets 

were acquired from Fisher Scientific (Waltham, MA). Rubber nano-plastics were procured 

from discarded tires, and PET nano-plastics were fabricated from Arrowhead water bottles. 

All aqueous solutions were prepared with double-deionized water (resistivity = 18.2 

MΩ⋅cm at 25 °C, Milli-Q Ultrapure water EQ 7000 Purification System, MilliporeSigma, 

Burlington, MA, United States).  4" diameter, Stainless Steel Frame/Stainless Steel Wire 

0.33- and 1.0-mm sieves were purchased from Adamas Beta (Shanghai, China).  

2.2 Scanning electron microcopy sample preparation for UV degradation 

  

Figure 7. Sample preparation for microplastics UV degradation tests. PETm to be analyzed 
by SEM were placed on carbon tape fixed on a glass slide. Prepared microplastic samples 
were then placed into UV chamber for exposure of specific time intervals (0, 15, 30, and 
45 days). 
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Three different sample preparations were used for optimal characterization with 

SEM, AFM and FTIR respectively. Nine individual PET microplastics were placed onto 

carbon tape attached to a glass slide (24 mm × 24 mm) for SEM characterization. Individual 

PETm were placed onto the carbon tape using clean Parr 45C10 fuse wire (34 B&S gauge), 

as shown in Figures 7. Prior to degradation samples were categorized with Digital 

microscope and SEM imaging. The particles were then introduced to the UV chamber, 

where the UV lights were kept on for 24 hours a day in 15-day increments. The chamber 

maintained an average temperature of 42.35 °C ±	1.69.  

Samples were characterized before UV exposure and then after each 15-day UV 

exposure. Initial imaging was taken with Digital microscope Keyence VHX 7000 4K (DM) 

using full ring lighting for magnifications below 1000x and with depth composition feature 

for magnifications above 1000x. The area of particles was determined using Keyence 

software “measure tool” specifically the “polygon” feature.  SEM imaging was then taken 

with Thermo-scientific AXIATM ChemiSEMTM scanning electron microscope with 

Tungsten filament under low vacuum. For comparison, some samples were treated with a 

gold particle coating (Cressington sputter coater 108 auto) and imaged under high vacuum 

(10-4 Pa). 

2.3 Atomic force microscopy sample preparation for UV degradation 

  

Figure 8. Sample preparation for microplastics UV degradation tests. Individual PETm to 
be analyzed by AFM were placed on carbon tape fixed on a magnet disk. Prepared 
microplastic samples were then placed into UV chamber for exposure of specific time 
intervals (0, 15, 30, and 45 days). 
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For AFM samples magnetic disk (diameter: 15 mm) substrate was used. Prior to 

degradation samples were categorized with AFM Pinpoint. The particles were then 

introduced to the UV chamber, where the UV lights were kept on for 24 hours a day in 15-

day increments. The chamber, which was not temperature controlled, maintained a 

temperature between 42.35 °C ±	1.69. AFM samples were also imaged using Digital 

microscope Keyence VHX 7000 4K (DM) using the same parameter used for the SEM 

samples.  

AFM samples were scanned using Park NX12 multifunctional microscopy platform 

equipped with a detachable AFM head (Park Systems, Seoul, South Korea). The instrument 

was operated with Smart Scan software (Park Systems, Seoul, South Korea). 

Nanomechanical studies were carried out through Pinpoint mode. AFM Contact cantilevers 

(OMCL-AC160TS, 26 N/m, 300 kHz) with a tip radius of 7 nm were used and were 

calibrated using the Sader method. We prepared 3 MPs that were each scanned 3 times 

(5.00 ×5.00 µm scans) 100 pixels in which the JKR model was applied. After degradation 

we were unable to do scans, so we instead opted to used single point analysis of several 

different location which were done in triplicate using the JKR model. From Pinpoint Mode 

we acquired AFM Z-height images which was 1st-order flattened with XEI (Park Systems, 

Seoul, South Korea). Flattening was performed to compensate for the slope and non-

linearity introduced by the AFM piezoelectric scanner. 
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2.4 Fourier transform infrared spectroscopy sample preparation for UV degradation  

 

Figure 9. Sample preparation for microplastics UV degradation tests. Bulk sample was 
prepared by scattering PETm on a petri dish to be analyzed by FTIR. Prepared microplastic 
samples were then placed into UV chamber for exposure of specific time intervals (0, 15, 
30, and 45 days). 
 

FTIR analysis, samples were placed in 10.00 cm glass petri dish by covering the 

petri dish bottom with a thin layer of PETm particles. Prior to degradation samples the 

sample was categorized using FTIR-ATR. The particles were then introduced to the UV 

chamber, where the UV lights were kept on for 24 hours a day in 15-day increments. The 

chamber, which was not temperature controlled, maintained a temperature between 42.35 

°C ±	1.69. The particles for FTIR analysis were shaken for approximately 30 seconds each 

day then placed back into the chamber to allow for homogeneous exposure. Chemical 

characterization was done with ATR-FTIR Microscope NicoletTM ContinuumTM in the 

range of 600–4000 cm-1 with 64 scans and data were processed in Excel.  

2.5 Preparation and characterization of Nano-plastics 

Nano-plastics were fabricated from PET bottles or tires. PET bottles were cut down 

to 1 cm and below and grinded down using a lejieyin grain mill (AZ, United States) for 10 

minutes. Tires were cut using a handsaw for 1 hour to produce 6 grams of rubber particles. 

The resulting plastics particles from both materials were sieved separately through 0.33 

mm and 1.00 mm sieve. Plastics above 1.00 mm were further grinded with lejieyin grain 
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mill. Only plastics from rubber and PET smaller than 1.00 mm were collected for ball-

milling. 

 Ball-milling was conducted with PBM-04 Planetary ball mill (Brossard, Canada) 

that holds four Zirconia jars (100 mL each). An even number of jars must always be used, 

and each jar was filled a third of the way with zirconia balls. Particles between 0.33 mm 

and 1.00 mm were ball milled using 5.00 mm diameter zirconia balls to further reduce 

particles size. The resulting plastics were then combined with particles below 0.33 mm and 

further ball milled using 1.00 mm diameter zirconia balls.  

Within each jar approximately 0.25 grams of plastics were milled at 450 RPM using 

unidirectional operation in nonfixed time mode for a period of 5 minutes and then allowed 

to cool at room temperature for 2 minutes. Ball-milling and cooling were repeated for a 

total of 9 cycles. The ball milled plastic particles were first sieved using 0.33 mm sieve, 

the resulting plastic particles were then sonicated for 20 minutes, and then filtered using a 

1.00 µm syringe filter to only collect particles below 1.00 µm in size. The size distribution 

of both nano-plastic samples was obtained using dynamic light scattering (DLS) with a 

Malvern Zetasizer NanoS system (Malvern Panalytical, Westborough, MA). Nano-plastic 

concentration was approximated using Quartz crystal microbalance QCM200 – 5 MHz 

QCM, Standard Research Systems, (Sunnyvale, CA). Approximately 20 uL of the 

homemade solution was drop casted onto 25.4 mm QCM quartz crystal gold electrode. The 

frequency of the quartz chip was taken before and after the sample dried, we applied the 

Sauerbrey equation to the change in frequency. 

For CARI tests, 5 µL of nano-plastics samples were drop-casted onto a clean glass 

cover slip then allowed to dry and then washed with distilled water and placed onto the 
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imaging platform. Copper solutions with concentrations of 10, 3.3, 1.1, 0.37, 0.122, and 

0.041 mM were injected to the sample through a flow cell at a flow rate of 196 µL/min. 

CARI measurement was conducted using ImageSPR (Biosensing Instruments, Tempe, AZ) 

and the data was processed using ImageAnalysis (Biosensing Instruments, Tempe, AZ). 
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Chapter 3 
 

Results and Discussion 
 
3.1 Morphological characterization of polyethylene terephthalate microplastics   
 

 

Figure 10. Scanning electron microscopy (SEM) imaging of a non-coated PETm particles 
under low vacuum mode at varying accelerating voltages (V) and pressures (P) (A-F) and 
a different PETm particle under high vacuum mode (<10-4 Pa) sputtered coated with thin 
film of gold (G-H). 
 

Immobilized PETm particles were tested under various pressures and accelerating 

voltages to optimize SEM imaging. Accelerating voltage is crucial because it determines 

the amount of energy with which the electrons impact the sample. Lower accelerating 

voltages are usually used with nonconductive materials whereas in high vacuum both low 

and high accelerating voltages can be used for conductive materials. Under high vacuum 

the chamber is ideally at a pressure of < 10-4 Pa reducing. In low vacuum mode (LVM) 

SEM the pressure is above < 10-4 Pa which allows for the introduction of water vapor which 

minimizes surface charging by dissipating the charge on nonconductive materials. Our goal 

was to achieve image quality comparable to Figures 10G and 10H without the use of gold 

coating. This choice was essential for our study, as gold coating would inhibit repeated 

monitoring of the same microplastic sample over the UV exposure period. Preliminary 
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results depicted in (Figure 10A-D) showed blurring at lower accelerating voltages but 

increased image sharpness at higher accelerating voltage but at the cost of surface charging 

near the edge of the particles. However, with LVM-SEM higher accelerating voltages are 

required to reach the sample due to the introduction of water vapor in the chamber. From 

Figure 10D to Figure 10E we compared the same accelerating voltages (10 kV) at higher 

pressures (20 Pa) this improved the image quality. Water particles are likely adhering more 

readily to the surface of PETm at higher pressures and dissipating the electrons at the 

surface reducing charging. We obtained similar results with 15 kV at the same pressures 

(20 Pa) but opted for lower voltage to minimize potential damage to the sample. Using 

LVM-SEM we can effectively image non-conductive materials by dissipating electrons 

away from the surface. 
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Figure 11. Keyence 4K Digital Microscope (DM) images (A-D) and SEM images (F-H) 
of the same PETm over 45 days of degradation. The images were collected with PETm 
before exposure (A, E), after UV exposure of 15 days (B, F), after UV exposure of 30 days 
(C, G), and after UV exposure of 45 days (D, H). Precise determination of the area from a 
top-down perspective of 9 different microplastics were determined using DM imaging (I). 
 

We imaged nine different PET microplastic (PETm) samples using DM and SEM 

imaging over a span of 45 days. We used both tools as complementary techniques since 

SEM can provide finer image quality than that of DM imaging. DM imaging requires the 

use of “depth up” feature. “Depth up” compiles 200 images together from the lowest point 

to the highest point of a sample and stitches the 200 images together. Depth up feature may 

result in image blurring or glare that can be seen in figure 11B. In addition, only 200 images 

can be taken with this specific feature which may result in some details being lost but can 

be seen with SEM. For example, with DM imaging (Figure 11C) we see what looks like a 

smooth microplastics surface however with SEM (figure 11G) we can see what looks like 

the surface wrinkling. However, using both methods we can show the damage induced by 

UV radiation. Across 9 PETm samples there was an average reduced area of 37% after 45-

days of UV exposure. The decreasing area of all 9 samples can be seen in Figure 11I.  
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SEM is often considered a destructive technique however we do not suspect that 

SEM is adding any additional damage to the sample since we see little to no change on the 

particle itself in Figure 10 even over an extended period of SEM imaging. However, to 

reduce possible chemical and mechanical changes caused by SEM we will use different 

samples for AFM and FTIR characterization. We do see that the carbon tape is undergoing 

degradation, which may affect AFM characterization although we believe carbon tape 

won’t be ideal for long-term degradation studies we believe that for this study the carbon 

tape will be effective enough for 45 days. Alternative adhesives should be explored in 

future studies for longer degradation periods. 

3.2 Chemical characterization of polyethylene terephthalate microplastics
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Figure 12. FTIR spectra of PETm using FTIR reflectance (A) Overlay of FTIR spectra of 
PETm under UV exposure for 0, 15, 30, and 45 days before (B) and after normalization 
with the peak at 723 cm-1 (C). 
 

To establish the baseline characteristics of polyethylene terephthalate microplastics 

(PETm), we performed reflectance FTIR characterization on bulk virgin MPs. Figure 12A 

depicts the graph obtained through FTIR Reflectance. We cannot see any apparent peaks 

of the polymer sample possibly due to low transparency of PETm particles. We moved 

from single particles analysis using reflectance FTIR to attenuated total reflectance FTIR 

(ATR-FTIR) which limited our analysis to bulk PETm particles. 
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Following baseline characterization of PETm using ATR-FTIR (Day 0), we 

subjected the bulk PETm particles to 45-days of degradation in 15-day increments. Figure 

12B illustrates the raw ATR-FTIR scans of all peaks throughout 45-days of UV exposure. 

Overall absorbance of individual peaks decreased which in ATR-FTIR is commonly 

associated with a reduction in number of reflections with the sample, the decrease in 

number of molecules (decreasing size of the particles). Normalization was necessary to 

compare across different scans to account for these variations in peak intensity (height).  

 
Figure 13. Experimental and literature intensity changes in the region 690 – 760 cm⁻¹ (A 
& B), 750 – 1000 cm⁻¹ (C&D), 1050 – 990 cm⁻¹ (E & F).  
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Absorbance peaks were normalized to the 723 cm⁻¹ peak (Figure 13C) which is 

associated with bending of the benzene ring. We compared our values on the left with those 

form literature which will be shown on the right (Figure 13B).66 The literature focused on 

following PET conformational changes based on shifting FTIR peaks when PET is heated 

past its melting point and then allowed to cool.66 In Figure 13B the shifting is the result of 

benzene ring bending from amorphous (cis isomer, 730 cm⁻¹ region) to crystalline state 

(trans isomers, 723 cm⁻¹ region). In our sample the absence of peak shift (the peak 

remaining in 723 cm⁻¹ region) suggests that the benzene ring in the PETm particles was in 

the crystalline phase throughout the entire degradation process making it useful for 

normalization after 45 days of degradation. 

We can further extrapolate changes in conformation when comparing absorbance 

peaks with those discussed in literature.66 The peaks at 968, 848 and 894 cm⁻¹ have been 

attributed to the conformation ethylene glycol unit’s specifically the stretching of the (–C–

H bond). The peaks at 968 cm⁻¹ and 848 cm⁻¹ belong to the trans isomers and the peaks at 

894 cm⁻¹ is assigned to the cis isomer depicted in Figure 13C. The literature values (Figure 

13D) assume intensity changes are associated with conformational changes brought on by 

heating. Whereas in our sample during UV exposure, we see that all three peaks are 

decreasing which could indicate the disappearance of the ethylene glycol unit. In our 

sample we also see the disappearance of two absorption bands at 1095 and 1120 cm⁻¹ 

Shown in Figure 14A is attributed to the cis isomer (amorphous) the trans (crystalline). 

Figure 13E, which is also associated with the ethylene glycol segment shows a decreasing 

peak intensity 1010 to higher wavenumbers in 1025 region depicted by the arrow. Although 
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chain is likely breaking due to chain scission the ethylene glycol unit was becoming more 

crystalline due to UV exposure.  

 
Figure 14. Experimental and literature intensity changes in the region 985 - 1050 cm⁻¹ (A 
& B), 1050 – 1320 cm⁻¹ (D & C), 1420 – 1320 cm⁻¹ (E & F).  
 

We also encounter similar changes in peaks to those mentioned literature (Figure 

10D) at 1235, 1255, 1285 and 1307 cm⁻¹. The 4 locations have been attributed to the 

stretching vibration of the ester group (–C–O–C=O) in its amorphous phase. Our scans 

showed decreasing band at all four regions (Figure 10C) and the resulting formation of one 

broad peak at the 1235 cm⁻¹ region like the literature may imply that the ester group is 
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being incorporated into the crystalline region. The broadening of the peak insinuates that 

the PET microplastics are in fact becoming more crystalline within these specific regions.  

 

Figure 15. Experimental and literature intensity changes in the region 1400 – 1600 cm⁻¹ 
(A & B), 1800 – 1600 cm⁻¹ (C & D), 3500 - 2800 cm⁻¹ (E & F). 
 

The peak found in the (1727 cm⁻¹) belongs to the carbonyl group (Figure 15A and 

15B). The decreasing intensity and eventual developing peak at 1717 cm⁻¹ (indicated by 

the arrows) is associated with the transition from amorphous to crystalline phase. The 

developing peak in 1717 region only begins to develop in day 45 but is another indicator 

of the gradual change in crystallinity of the polymer. The 3050 cm⁻¹ regions can be 
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attributed to the four aromatic (C–H bonds) of the terephthalate ring while the peak at 2950 

and 2910 cm⁻¹ is associated with the aliphatic (–CH2–) groups (Figure 15E and 15F) in the 

ethylene glycol unit and in its cis conformation. The dropping intensity of both peak is a 

result of the phase transformation from cis to trans conformation (trans conformation being 

more crystalline). However as mentioned previously the peaks associated with ethylene 

glycol in other regions are also decreasing which may indicate the disappearance of 

ethylene glycol unit. 

The literature attributes peak changes to conformational changes in the PET chain 

that make for a more crystalline polymer. What we assume is that the disappearing peaks 

are caused by UV induced photo-oxidation. This is likely causing chain scission in the 

ethylene glycol unit, leading to disappearing absorbance peaks in those regions. In addition, 

a more refined sample preparation for ATR-FTIR may be required as some specific regions 

such as those depicted Figure 14E and 15A seem to be affected by the granular shape of 

the particles. In these regions, peak variations prevent us from confidently assuming 

changes in the ethylene glycol unit. 
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3.3 Mechanical characterization of polyethene terephthalate microplastics 

 
 

Figure 16. Optical image of a PETm before degradation at 1500× magnification. (A) AFM 
images (B-D) collected from the red box labeled in A with Pinpoint mode JKR, including 
height (B), Young’s Modulus (C), and adhesion force (D). Height was first ordered 
flattened.   
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Figure 17. Optical image of a PETm after 15 days of degradation at 1500× magnification. 
(A) AFM images (B-D) collected from the red box labeled in A with Pinpoint mode JKR, 
including Young’s Modulus with error (B), Young’s Modulus with errors removed (C), 
and height (D). Height was first ordered flattened.   
 

The average reported Modulus for PET is 2.95 GPa. This is heavily dependent on 

how the sample is made since the modulus of PET can vary from 1.4 GPa to as high as 3.5 

GPa. Using the JKR model on PET surface, we obtained a resulting Modulus of 3.154 GPa 

± 0.512 (Figure 16). We found Pinpoint mode scanning with JKR after 15 days of UV 

exposure resulted in improper calculation of the Youngs modulus. Improper modulus 

calculation was apparent within a 5x5 um scan area since they appear as white dots and 

have a modulus of upwards of 100 Terra Pascals (Figure 16B). Realistically this is 



 

 36 

impossible when you consider the average modulus of a diamond which is only 1200 GPa. 

We can sometimes attribute large jumps in modulus to noise that can be considered as 

outliers. But because there were changes to the samples surface due to aging several factors 

may affect Pinpoint mode scans. Differences in shape, size and roughness in the samples 

could result in improper calculations of the Youngs Modulus. This can include increased 

adhesion which necessitates a higher restoring force to separate the tip and sample thus 

giving an improper calculation. Presence of surface contaminants, changes in surface 

roughness, or changes in polymer heterogeneity.  

To reduce improper calculations, we opted to preforms smaller 1x1	𝜇m scans rather 

than 5x5 𝜇m scans. The reduced size did not fix the error in calculations which is depicted 

in Figure 17B. The reduced size resulted in Modulus of 35.44 GPa ±79.67. Errors such as 

these are not uncommon and could be caused by noise from outside forces. In which case 

XEI can be used to remove outliers caused by such noises (Fig 17C). After data processing 

the average Modulus was 9.5 GPa ± 3.916. However, the removal of these high modulus 

may not be ideal due to the level of manipulation required. Information result directly from 

degradation could have been removed. What is more concerning is that results across three 

different samples were all different using JKR.  

Furthermore, interpreting Pinpoint mode data requires caution due to several 

influencing factors. During retraction, adhesion forces can induce a hysteresis effect, where 

the tip remains attached to the surface longer, necessitating a measurable force to detach. 

This phenomenon can impact results on a scan that composes of many pixels. In addition, 

Pinpoint mode initial approach is very important in obtaining a proper scan. Initial 

approach produces a force curve, as shown in Figure 3. Factors such as uneven surfaces 
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and varying intermolecular forces acting on the cantilever can also cause improper 

approaches, leading to errors in the calculation across several different force curves. 

Moreover, the compounding effect of each problem may result in the error of the modulus. 

 

Figure 18. Optical images of the same PETm at 1500× magnification after UV exposure 
of 15 days (A), 30 days (C) and 45 days (E) and the Young’s Modulus collected from the 
nine spots labeled red in corresponding optical images (B, D, F). Polyethylene 
Terephthalate (PET) microplastics (MP) (1500x). Young’s moduli were extracted from 
F/D curve and ran in triplicates. 
  

To avoid the above-mentioned problems and to cover as much sample surface as 

possible, we decided to only record force curves at individual spots dispersed over the 

whole microplastics rather than running scans on small areas. We observed that the 
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Young's modulus of the samples was decreasing. Although the Modulus stayed relatively 

the same over the first 15 days of UV exposure from 3.154 GPa ± 0.512 rose slightly to to 

an average 3.161 GPa ± 0.511 (figure 18A-B). After 30 days of exposure the Youngs 

modulus dropped to 1.266 GPa ± 3.076 then to 0.91 GPa ± 0.733 after 45-days of 

exposure.  

The decreasing modulus indicates that the material was becoming softer with 

increased UV exposure. This was contrary to our expectations since we anticipated that the 

sample would become more brittle (higher Young’s modulus).66 This is also concerning 

because it is contradictory to our findings in FTIR data which insinuates that the sample 

was becoming more crystalline. We hypothesize that FTIR shows the overall change across 

the material whereas AFM-PM gives information uniformity of degradation across samples 

surface. This likely comes from the variations in the chemical composition and mechanical 

compositions at different layers within the same particle after UV degradation.57 This could 

also be attributed to Photooxidation that may occurs more readily in the upper layers of the 

plastic rather than deeper layers which are deprived of oxygen.  

However, the differences can also be the result of the transition from the hot UV-

lit environment to room temperature. Although PET's glass transition temperature (69-

89°C) and UV box only reaches temperatures of between 41°C and 43°C. The constant 

exposure to heat and then slow exposure to room temperature may be affecting the phase 

of crystallinity especially at the sample surface. The Youngs modulus of plastic are 

dependent on several mechanisms such as solidification after melting, nucleation, crystal 

growth from melting, and crystallization by stretching. For future experiments potential 

errors in AFM Pinpoint mode measurements cannot be completely ruled out. Since AFM 
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Pinpoint considers several factors when it comes to scanning samples. Even so AFM 

Pinpoint mode can map mechanical information at the surface with nanometer precision, 

allowing for detailed study of heterogeneous surfaces and materials.  

3.4 Size and Concentration Determination of Polystyrene Butadiene and 
Polyethylene Terephthalate Nano-plastic 

 

  
 
Figure 19. Digital Microscope (DM) of Polystyrene Butadiene (Rubber) (A) Size 
distribution plot of rubber nano-plastics obtained by Dynamic Light Scattering (DLS). (B) 
DM of Polyethylene terephthalate (PET) (C) Size distribution plot of PET microplastics 
obtained by DLS (D)  
 

Using a refined literature-reported method for ball milling, we produced two 

distinct types of nano-plastics from polystyrene butadiene (Rubber) and water bottles 

(PET).  Using QCM we were able to obtain the concertation of the ball milled solution. We 

obtained a concentration of 1.03 g/L ± 0.26 for rubber NPs and concentration of 0.41 g/L 

± 0.32 for PET. Dynamic light scattering (DLS) was then used to determine the size 

distribution of nano-plastics prepared from Rubber and PET. Prior to analysis the bulk 

solution was sonicated for 15 minutes to prevent aggregation of the particles. The diameter 
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of the two nano-plastics samples were determined to be 195.50 ± 14.39 nm (rubber) and 

229.20 ± 16.80 nm (PET). 

3.5 Nano plastic Adsorption kinetics studying using Critical Angle Reflection imaging 

 

 
Figure 20. Representative results from CARI study of adsorption kinetics of copper ion to 
tire nano-plastics. Including the bright field image (A) and CARI images (B-D), kinetic 
fitting of the association and dissociation curves (E) and the histogram of the resulting the 
equilibrium dissociation constant (KD) (F). C shows the regions of interest (ROIs) enabled 
for kinetic analysis and D shows the remaining ROIs after filtering out the ROIs gave poor 
fitting. E and F only show the data from the remaining ROIs in D. 
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Figure 21. Representative results from CARI study of adsorption kinetics of copper ion to 
PET nano-plastics, Including the bright field image (A) and CARI images (B-D), kinetic 
fitting of the association and dissociation curves (E) and the histogram of the resulting the 
equilibrium dissociation constant (KD) (F). C shows the regions of interest (ROIs) enabled 
for kinetic analysis and D shows the remaining ROIs after filtering out the ROIs gave poor 
fitting. E and F only show the data from the remaining ROIs in D. 
 

CARI allows us to study the adsorption kinetics of copper ion to nano-plastics. The 

tire nano-plastics sample showed typical association and dissociation of a first-order 

reaction at the plastic area, as shown in Figure 20. The following equations were used to 

run non-linear regression analyses on the experimental curves and to extract the kinetic 

parameters including association rate constant (ka) and dissociation rate constant (kd). 

(3) 
 

(4) 

Where R is the image intensity at individual ROI, t the time, C the concentration of 

copper, Rmax the maximum concentration that can be adsorbed to the sample. Kinetics 

analysis was conducted for all ROIs shown in Figure 20C. After applying excluding filters 

related to fitting errors for ka and kd, only ROIs containing nano-plastics survived and gave 

an average KD (kd /ka) of 5.1 µM, with a 95% confidence interval of 3.6 - 7.2 µM 
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We didn’t observe similar phenomena at PET nano-plastics. As shown in Figure 

21, after the excluding filter applied, only six ROIs survived and distributed randomly with 

irregular association and dissociation profiles. There was no sufficient data to obtain the 

KD. However, it is safe to assume that copper ion shows a much slower and weaker 

adsorption to PET nano-plastics compared to tire nano-plastics.  The rubber is an elastomer 

has lightly crosslinked polymer chains making it porous structure. Since it’s a used tire 

various additives, fillers, and other chemicals still in the rubber nano plastics can interact 

with metal ions. Certain additives may have functional groups that form weak bonds with 

copper ions, facilitating absorption. 
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Chapters 4 
 

Conclusion 
 

4.1 Microplastic physical, chemical and mechanical Degradation 
 

Our study investigated PETm exposed to UV light over a span of 45 days. We 

tracked the physical degradation using SEM and DM and were able to consistently show 

the decreasing size of 9 individual PETm plastics. DM imaging and SEM imaging were 

complementary techniques that allowed us to look both at the size and surface of the PETm. 

Although we found the optimal parameter for SEM-LVM there was still charging on the 

samples surface during SEM imaging which could be the result of the changing surface og 

individual PETm particle. Even aforementioned problems SEM and DM imaging can 

adequality show the physical changes as the result to UV exposure. Atomic force 

microscopy (AFM) Pinpoint was able to show the Young’s modulus of the sample 

decreased over time. Decreasing Modulus indicates increased malleability and softness of 

the materials surface. Although we attribute the changing Modulus to UV exposure the 

high temperatures of 41°C and 43°C can be playing a factor. We mention this because it is 

contradictory to results found in FTIR which insinuates the polymer is becoming more 

crystalline. However, we must also keep in mind multiple factors that can result in errors 

of the Young’s modulus such as the depth of UV degradation causing different layers to 

form in the same microplastics and different intermolecular forces on the surface. ATR-

FTIR analysis was also adequately able to track conformal changes of PETm granules from 

UV exposure. Showing decreasing heights in certain region which is indicative of the 

transition from amorphous to crystalline phase in the PET chain while others were due to 
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chain scission. Using these optimized characterization techniques, we can track the 

degradation of PETm particles multiple characteristics.  

4.2 Nano-plastic characterization and Kinetic difference overview 
 

Synthesis of nano plastics through physical grinding was successful using the 

modified literature method. It allowed us to obtain polystyrene butadiene nano-plastics 

with an average size of 195 ± 14 nm. Using the same method, we were able to obtain PET 

nano-plastics with an average size 234 ± 168 nm. We were then the first to be able to adapt 

critical angle reflectance (CAR) to nano-plastics. Specifically, we were able test the kinetic 

interaction of PET and rubber nano plastics with copper. The interaction showed the 

adherence of copper onto rubber plastics but little to no interaction with PET nano-plastics. 

This is confirmed our suspicions since plastics such as PET are used primarily for water 

bottles and used readily for its inertness compared to other plastics. While rubber is an 

elastomer with more porous structure which gives rubber its innate flexibility than that of 

PET which contain a tightly linked structure.  

With increased use of plastics, the creation of nano-plastics and Micro-plastics 

likely to occur. It is of utmost importance to adapt analytical methods into looking at 

morphological, chemical, and mechanical properties of microplastics. This is because 

ultimately Microplastics will become nano plastics. Nano plastics are especially 

concerning since they can be translocated throughout the human body and can become 

vector for heavy metal exposures. Because of this there is a need to understand the binding 

kinetics of nano plastics in real time which have become a ubiquitous contaminant in the 

environment. For future experiment will look at the adsorption kinetics of multiple heavy 

metals. In addition, a simplified kinetic model was used here to determine sorption rates. 
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Second-order and intraparticle diffusion are two model not applied here and will be 

considered for future experiments. We will also attempt to correlate the 

morphological/mechanical changes to the adsorption kinetics of both micro- and nano-

plastics.   
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