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Nothing in life is to be feared, it is only to be understood. Now is the time to understand

more, so that we may fear less.

- Marie Curie
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Abstract

Abstract

Nanoplastics have become an increasing environmental concern due to their ability to spread
easily, remain in ecosystems for long periods, and potentially affect human health. Tradi-
tional detection methods like FTIR and Raman spectroscopy often struggle to detect such
small particles because of their limited resolution and sensitivity. This thesis investigates
the use of nanoelectromechanical systems-based Fourier-transform infrared spectroscopy
(NEMS-FTIR) to detect and analyze nanoplastics in water. The study focused on how
polyamide (PA) and polystyrene (PS) materials break down under artificial weathering over
25 days. Polyethylene terephthalate (PET) was also considered initially but later excluded
because it showed minimal changes during the experiment.

Plastic samples, including teabags, bottle pieces, lids, and particles, were exposed to
cycles of UV light and temperature changes that simulated one year of natural weathering.
A nebulizer was used to evenly apply the samples onto NEMS chips. NEMS-FTIR spectra
were recorded and analyzed using a Python-based workflow that enabled normalization,
background subtraction, and identification of key vibrational features. The results showed
chemical changes over time, such as stronger O—-H/N-H signals and oxidation-related
modifications in PA and PS samples.

This study confirms the high sensitivity and selectivity of NEMS-FTIR for early-stage
nanoplastic detection, highlighting its potential for real-world environmental monitoring
and as a complementary tool to existing analytical techniques.

v
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Kurzfassung

Kurzfassung

Nanoplastik stellt ein wachsendes Umweltproblem dar, da es sich leicht verbreiten kann,
lange in Okosystemen verbleibt und potenziell Auswirkungen auf die menschliche Gesund-
heit hat. Herkdmmliche Nachweismethoden wie FTIR- und Raman-Spektroskopie stoflen
beim Nachweis so kleiner Partikel aufgrund begrenzter Auflésung und Empfindlichkeit an
ihre Grenzen. In dieser Arbeit wird der Einsatz von nanoelektromechanischen Systemen
kombiniert mit Fourier-Transform-Infrarotspektroskopie (NEMS-FTIR) zur Detektion und
chemischen Analyse von Nanoplastik in Wasser untersucht. Der Fokus liegt auf dem Abbau-
verhalten von Polyamid (PA) und Polystyrol (PS) unter kiinstlicher Verwitterung iiber einen
Zeitraum von 25 Tagen. Polyethylenterephthalat (PET) wurde zunéchst berticksichtigt,
aber aufgrund geringer Verdnderung im Experiment nicht weiter analysiert.

Die Kunststoffproben — darunter Teebeutel, Flaschenstiicke, Deckel und Partikel — wur-
den UV-Licht- und Temperaturzyklen ausgesetzt, die ein Jahr natiirlicher Verwitterung
simulierten. Fiir die gleichméafiige Probenauftragung auf die NEMS-Chips wurde ein
Vernebler verwendet. Die NEMS-FTIR-Spektren wurden aufgenommen und mit einem
Python-basierten Workflow analysiert, der Normalisierung, Hintergrundsubtraktion und die
Identifikation wichtiger Schwingungsbanden ermoglichte. Die Ergebnisse zeigten chemische
Verdnderungen im Zeitverlauf, darunter verstéarkte O—H/N-H-Signale und oxidationsbed-
ingte Modifikationen in PA- und PS-Proben.

Diese Studie bestétigt die hohe Empfindlichkeit und Selektivitat von NEMS-FTIR zur
frithzeitigen Erkennung von Nanoplastikabbau und unterstreicht das Potenzial der Methode
fir den realitdtsnahen Umweltnachweis sowie als Ergénzung zu bestehenden analytischen
Verfahren.
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Chapter 1

Fundamentals

1.1 Introduction to Nanoplastics

Nanoplastics are an increasingly concerning environmental and health issue, due to their
small size, persistence, and potential to accumulate in organisms and ecosystems. These
plastic particles fall within the nanometer range, though their exact size definition remains
debated. Some authors define nanoplastics as particles smaller than 1000 nm (1 pm),
which aligns with broader classifications of nano-sized materials [1]. Others adopt a
more restrictive definition of less than 100 nm, in line with the general definition of
engineered nanomaterials [2—5]. Most scientific publications explicitly state the threshold
they use, reflecting the lack of consensus in the field. Beyond size, nanoplastics are also
characterized by their origin, typically as degradation products of larger plastics resulting
from environmental processes such as weathering, mechanical abrasion, and chemical
decomposition [6]. These definitions emphasize both their small scale and the diverse
pathways through which they enter ecosystems.

Nowadays, nanoplastics are widespread in the environment due to their diverse sources.
They can originate from the fragmentation of larger plastic waste, the inclusion of microbeads
in personal care products, wear and tear of synthetic textiles, and the abrasion of tires.
Industrial discharges and wastewater treatment plants further worsen their spread, as these
facilities often lack the capability to effectively capture such small particles [7]. Additionally,
manufacturing processes for nanoplastics and other industrial applications, such as paints
and coatings, are direct sources of their release into the environment [3].

The detection of nanoplastics across a wide range of environments highlights their
widespread presence. They have been identified in marine ecosystems, freshwater bodies,

soil, and even atmospheric particles [9]. Once released, they are readily transported via wind,
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Chapter 1 Fundamentals

water currents, and biota, allowing them to spread over long distances. Their persistence and
mobility raise concerns about their long-term ecological impacts, particularly in ecosystems

where they accumulate over time [10].

Nanoplastics also pose risks to food safety and human health. Studies have confirmed
their presence in seafood, such as fish and shellfish, as well as in common products
like table salt, honey, and bottled water [11]. This widespread presence indicates that
consuming contaminated food and water may be one of the primary ways humans are
exposed to nanoplastics. Furthermore, they have been detected in consumer products such
as cosmetics and industrial paints, creating additional pathways for human contact [12].
Recent investigations have revealed nanoplastics in human tissues, including blood, the
placenta, lungs, and even the brain, underscoring their ability to penetrate biological

barriers and accumulate in sensitive areas [13, 14].

In addition to their physical presence, nanoplastics carry chemical and biological risks.
Their large surface-to-volume ratio enables them to adsorb toxic substances, such as heavy
metals and persistent organic pollutants, which can then be transported into organisms that
ingest them [11]. The creation of "plastispheres" on their surfaces—a microbial community
that thrives on plastics—further complicates their impact, as these communities can harbor

pathogenic microorganisms and facilitate the spread of antibiotic resistance [15].

Despite growing evidence of their environmental and health impacts, regulatory frame-
works addressing nanoplastics remain underdeveloped. Most policies focus on microplastics,
leaving nanoplastics less regulated despite their unique hazards. Current legislation does not
adequately consider the specific pathways of nanoplastic exposure, such as their presence in
drinking water and their ability to penetrate living tissues [16]. Policymakers face challenges
in establishing standardized definitions and methods for quantifying nanoplastics, which

are crucial for effective regulation and mitigation strategies [17].

Detecting nanoplastics presents numerous challenges due to their size, low environmental
concentrations, and chemical diversity. Common analytical techniques such as Fourier
transform infrared spectroscopy (FTIR) and Raman spectroscopy are widely used for the
chemical identification of plastic particles, but often face limitations such as low throughput,
complex sample preparation, or spectral interferences [18-20]. More advanced methods, such
as pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS), can detect nanoplastics

in complex matrices but are time-consuming and require costly instrumentation [21,22].

These limitations have motivated the exploration of alternative detection techniques,

including nanoelectromechanical systems, which are discussed in the following sections.
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Recently, nanoelectromechanical IR spectroscopy (NEMS-IR) has emerged as a promising
alternative, offering high chemical specificity, broad spectral coverage, and minimal sample
requirements. The photothermal mechanism behind NEMS sensing enables chemical
identification through frequency shifts in a nanomechanical membrane resonator [23].
Furthermore, its compatibility with in-situ thermal desorption allows for the separation of
analyte mixtures prior to detection, enhancing its utility in analyzing complex synthetic
samples [21]. These capabilities make NEMS-IR a valuable addition to the growing set of
tools for nanoplastic detection.

Understanding the multifaceted impacts of nanoplastics is essential for addressing their
environmental and health implications. By integrating insights from recent research,
this introduction provides a foundational overview, highlighting the need for innovative
detection methods, comprehensive regulations, and sustainable practices to mitigate the

risks associated with nanoplastics.

Research Goals

The aim of this thesis is to investigate the chemical and structural degradation of selected
plastic materials under artificially induced weathering conditions. A key objective is to
assess whether nanoelectromechanical system-based Fourier-transform infrared spectroscopy
(NEMS-FTIR) can serve as a sensitive and reliable method for detecting nanoplastics in

aqueous samples at early stages of degradation.
To achieve this, the following goals were defined:

o To simulate environmental weathering through a 25-day accelerated UV and thermal

exposure protocol.
o To monitor macroscopic changes and mass variation in PS, PA, and PET samples.

» To track the evolution of specific vibrational bands associated with degradation, such
as O-H/N-H, amide I and II, and C-H stretching regions, using NEMS-FTIR.

o To assess the suitability of NEMS-FTIR for detecting chemical changes in plastic

degradation products without sample pre-concentration or filtration.
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Chapter 1 Fundamentals

1.2 Plastics Used in the Study

In this study, three widely used polymers have been examined: polystyrene (PS), polyethy-
lene terephthalate (PET), and polyamide (PA), specifically nylon 6. These specific polymers
have been chosen due to their unique structural properties, presence in the environment,
and different degradation rates, allowing an in-depth analysis of plastic breakdown processes

caused by accelerated weathering conditions.

Polystyrene (PS)

PS is one of the most important modern plastic industry materials and has been used
worldwide because of its low cost and outstanding physical properties [25]. However, PS is
also particularly vulnerable to photodegradation when exposed to ultraviolet (UV) radiation,
which represents some remarkable environmental challenges [26].

The PS chemical structure consists of benzene rings attached to a linear hydrocarbon
backbone, which contribute to its stability and rigidity. Despite that, this particular
structure also makes the material vulnerable to degradation influenced by UV radiation.
As described by Yousif and Haddad [27], the primary initializer of PS degradation is the
photooxidative process.

Under UV light, PS undergoes chain scission, where free hydrogen radicals are formed,
which are mobilized within the polymer matrix. The free radicals can then abstract
hydrogen atoms from nearby polymer chains, which leads to further breakage of bonds
and the creation of additional free radicals. This degradation process leads to a loss in
molecular weight, embrittlement, and change of color (yellowing) [27-29].

While the benzene rings offer some resistance to chemical breakdown, they also absorb
UV light and contribute to the photodegradation of PS. During UV exposure, less labile
phenyl radicals in the structure also interact with light to further promote degradation.
The resultant oxidative damage with chronic exposure becomes significant and manifests
as surface cracking, brittleness, and breakdown into smaller particles, such as micro- and
nanoplastics [28,29]. Figure 1.1 shows the chemical structure of PS. This leads to the
conclusion that PS is stable against mild environmental conditions and can thus be used
for extended periods.

For this study, PS was chosen because of its wide use among different industries and its
significant impact on plastic pollution around the world. It represents one of the major

concerns for the environment, as it is one of the 6 most consumed and produced polymers,
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Figure 1.1: The Chemical Structure of Polystyrene [30]

and is found abundantly in the sea [31-33]. In the accelerated weathering experiment, PS

was expected to degrade at a moderate pace, due to its structure and UV sensibility.

Polyamide (PA, Nylon 6)

PA, also commonly referred to as nylon, is another crucial material in modern-day industry,
known for its good mechanical properties, versatility, and resilience. Particularly, nylon 6
is commonly used because of its thermal resistance, chemical stability, and high strength,
which makes it usable in a wide range of applications, such as textile, packaging, and
different engineering components [34]. On the other hand, the materials’ durability proved
to be a great environmental challenge, especially when the material enters waste streams
and aquatic environments [35].

Like other nylons, nylon 6 is a polyamide, which means it has repeating amide linkages
on its backbone. These linkages are responsible for the bonding of hydrogen between
polymer chains, which improves materials’ strength and stiffness. This bonding results in a
semi-crystalline structure, which contributes to durability and makes the material resistant

to mild environmental conditions [36]. Figure 1.2 shows the chemical structure of Nylon 6.

O
H
/N
1 [~
s In

Figure 1.2: The Chemical Structure of Nylon 6 [37]



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 1 Fundamentals

Nylon 6 was chosen for this study since it is used widely in industry and textile production
as well for its environmental durability. It is considered to be among the most common
synthetic fibers in environmental samples, especially in microplastic form [35].

In the accelerated weathering experiment, PA (nylon 6) was expected to start degrading
at a slower pace, compared to other plastics, including PS, considering its crystalline

structure and strong hydrogen bonding of molecules.

Polyethylene Terephthalate (PET)

For years, PET has been one of the most used thermoplastic polymers and is particularly
known for its transparency, strength, and chemical durability. The mentioned properties
are what make PET a great choice for the manufacture of bottles, food containers, and
different kinds of packaging. Global production of PET reached 41 million tonnes in 2014
and is expected to keep growing [38].

Even though PET bottles are recycled efficiently, a great proportion escapes from waste
management systems and ends up in the oceans [39].

PET chemical structure is made of repeating ester bonds (-COO-) within a semi-crystalline
matrix. The fact that each monomer unit has a benzene ring leads to the materials’ chemical
stability and makes it applicable in mild environmental conditions [10]. Even though PET
is resistant to many forms of chemical degradation, it remains vulnerable to photooxidative

degradation when exposed to UV light. Figure 1.3 shows the chemical structure of PET.

[3-0-4]

Figure 1.3: The Chemical Structure of PET [11]

For this study, PET was selected due to its widespread use and the fact that it is
considered one of the main environmental pollutants, especially in microplastic form.

Regarding the accelerated weathering experiment, PET was expected to degrade at a
slower rate than plastic types like PS. Including PET in this study allowed us to investigate
a wider range of degradation behaviors, including both materials that degrade easily and

materials that take longer periods for degradation. The diversity helps obtain a more
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comprehensive view and gain a better understanding of how different polymer structures

influence degradation rates and environmental pollution in micro- and nanoplastic form.

1.3 Accelerated Weathering Process

Accelerated weathering is a time-compressed laboratory simulation of the environmental
degradation of materials through exposure to controlled cycles of UV light, heat, and
humidity [42]. This methodology is particularly useful in the studies of long-term durability
and breakdown pathways of polymers, such as PE, PP, and PS, as it allows researchers
to simulate years of environmental exposure within weeks or months [13]. Accelerated
weathering helps show the environmental impacts on plastics and their interactions within
ecosystems by understanding how these materials degrade into micro- and nanoplastics
under simulated conditions.

Several studies have shown that UV light is the most important factor when it comes
to degradation. Exposure to UV radiation initiates photochemical reactions that weaken
polymer structures, leading to molecular scission and surface oxidation. For instance,
research on PS subjected to high-intensity UV light demonstrated extensive surface oxidation
and crack formation, which facilitated the release of micro- and nanoplastics, highlighting
how such degradation products may persist in natural environments [12-15].

Experimental setups for accelerated weathering vary widely but typically involve special-
ized chambers like QUV and Q-SUN, which use xenon arc or UV-A /UV-B fluorescent lamps
to simulate sunlight exposure at intensities that can reach up to five times that of natural
sunlight. For example, a study on low-density polyethylene (LDPE) used a QUV chamber
to expose samples to high levels of UV-A radiation, resulting in significant oxidation, embrit-
tlement, and fragmentation within a few weeks. Under natural sunlight, such degradation
might take years, making accelerated weathering invaluable for understanding the rate
and characteristics of polymer breakdown [16]. High temperatures and humidity cycles
are often incorporated to replicate environmental conditions more realistically, simulating
fluctuations found in outdoor settings. Polypropylene (PP) and PET exposed to a combi-
nation of UV radiation and elevated temperatures (up to 60°C) showed rapid molecular
breakdown, characterized by increased surface roughness and brittleness due to oxidation.
By adjusting singular factors like UV intensity, temperature, and humidity, researchers can
more accurately simulate diverse real-world environments, from sunny shorelines to urban

landscapes [17,18].
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Chapter 1 Fundamentals

To ensure consistency and comparability in accelerated weathering studies, several
standards define the specific cycles, light sources, and temperature and humidity settings
to be used in testing. ASTM D4329 [19] and ISO 4892-3 [50] are commonly referenced
standards for exposing plastics to UV light and moisture using fluorescent UV lamps, often
specifying cycles like 8 hours of UV exposure at 60°C followed by 4 hours of condensation
or darkness at a lower temperature, simulating day and night conditions. ASTM G154 [51]
and ISO 4892-2 [52] are frequently applied when testing plastics with fluorescent and xenon
arc lamps, respectively, as they cover exposure cycles that mimic full-spectrum sunlight and
alternating moisture conditions. In setups focused on simulating outdoor conditions more
precisely, ASTM G155 [53] also provides guidance for xenon arc exposure with intermittent
water spray cycles, which help simulate effects like rain or dew. These standards are widely
adopted in the materials testing industry, guiding the design of accelerated weathering tests

to ensure consistent results and accurate simulation of natural degradation [16].

In recent years, innovative low-cost setups have also been developed to make accelerated
weathering more accessible. One such system, detailed in [54], includes UV light exposure
and temperature control alongside mechanical agitation to simulate marine conditions. This
system replicates oceanic environments at a fraction of the cost of traditional weathering
chambers by combining UV lamps and constant agitation to induce photooxidative and
mechanical degradation. This approach effectively demonstrated surface oxidation and
particle fragmentation in materials such as PS and PET under simulated marine conditions,

validating its effectiveness in providing environmentally relevant results [45].

The primary mechanisms behind accelerated weathering are photodegradation, oxidative
degradation, and thermal degradation. Photodegradation occurs when UV light interacts
with polymers, breaking chemical bonds and forming reactive radicals that degrade the
material. Studies on polystyrene exposed to xenon arc lamps have shown this process at
work, with the surface gradually developing cracks and roughness that lead to particle
formation as degradation progresses [14,55]. Thermal degradation often complements
photodegradation, as high temperatures can further destabilize polymer structures. This
effect is particularly pronounced in semi-crystalline polymers such as LDPE, where elevated
temperatures promote oxidative reactions and increase crystallinity, resulting in brittleness
and subsequent fragmentation. Researchers found that when LDPE samples were exposed to
combined high temperatures and UV light, the molecular structure weakened considerably,
leading to the release of microplastic fragments like those that might be found in real-world

environments such as beaches [39,10].
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The environmental implications of accelerated weathering studies are significant, as
the research demonstrates that weathered plastics produce micro- and nanoplastics with
enhanced surface reactivity, which increases their capacity to adsorb pollutants and interact
with biological organisms. For instance, accelerated weathering studies on LDPE have
shown that the surface of these plastics becomes more hydrophilic after extended UV
exposure, increasing the likelihood of adsorbing environmental contaminants if found in
aquatic environments [56]. Furthermore, insights from accelerated weathering inform the
design of more resilient polymers, as researchers can use these findings to develop additives
and stabilizers that extend polymer durability under environmental stress. This approach
also guides the creation of eco-friendly plastics with reduced environmental impact, offering
a pathway toward minimizing pollution by developing materials that better withstand
degradation [18,57].

To summarize, accelerated weathering provides a controlled, efficient means of understand-
ing plastic degradation and its ecological impact. The insights gained from these studies
play a crucial role in advancing both environmental science and material innovation, as
they help predict the environmental fate of polymers and guide sustainable design practices

that address the pressing issue of plastic pollution.

1.4 NEMS Resonator

Nanoelectromechanical systems (NEMS), commonly referred to as NEMS resonators or
NEMS chips, are highly sensitive mechanical devices engineered to oscillate at their natural
frequencies. These frequencies, known as eigenfrequencies, are determined by the resonator’s
inherent physical properties, such as its mass, stiffness, geometry, and material composition.
The principle of mechanical resonance underpins their operation. When a NEMS resonator
is driven at its resonant frequency, the amplitude of its oscillation is maximized, allowing it
to detect even slight physical changes in its environment. This phenomenon makes NEMS
resonators exceptionally useful in sensing applications, where detecting small variations is
paramount [58].

As defined by Schmid et al. [59], a resonator is "a mechanical system that vibrates at
one or more of its natural frequencies, which are determined by its physical properties
such as mass, stiffness, and geometry." This fundamental definition highlights the interplay
of mechanical properties that make these devices sensitive to external influences, such

as mass changes or temperature variations. The ability to translate these interactions
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into measurable shifts in resonant frequency forms the foundation of their application in
advanced sensing technologies. The unique characteristics of NEMS resonators arise from
their nanoscale dimensions, which allow them to achieve higher sensitivity compared to
microscale or macroscale counterparts. Their small mass and high resonant frequencies,
typically in the MHz to low GHz range [60,61], amplify the effects of external perturbations,
making them particularly effective for detecting trace-level interactions, such as the adhesion
of nanoplastics or other nanoparticles. Additionally, their compact size enables integration
into portable systems, further enhancing their applicability in environmental monitoring,

medical diagnostics, and materials research [62].

1.4.1 Modes of Oscillation

In NEMS resonators, modes of oscillation refer to the specific patterns in which the system
vibrates. Each mode is characterized by a unique natural frequency (eigenfrequency),
which depends on the resonator’s material properties, geometry, and external conditions.
These modes are central to the resonator’s functionality, as they define how the device
interacts with external stimuli such as added mass, thermal effects, or mechanical forces.
In practical terms, a mode of oscillation is described by the number of nodes and antinodes
formed during vibration. Nodes are points of zero displacement, while antinodes are
points of maximum displacement. These spatial configurations enable the resonator to
produce distinct responses under varying excitation conditions, making them versatile for
applications in sensing and signal processing. The eigenfrequencies of a NEMS resonator
are mathematically derived from the two-dimensional wave equation, which governs the
behavior of elastic membranes.

As defined in [59], the governing equation for the vibration of a membrane is given by:

2
o2 p (1.1)

o
where:
e 0 is the tensile stress,

e p is the density of the material,

o wu represents the displacement of the membrane at a given time and position.

10
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For a rectangular membrane, the eigenfrequencies (w,, ;) are given by:

o | n?x% ¢
+

]2 1.2
o=\ T (12

4 Y

where:
e L, and L, are the membrane’s dimensions,

e« n and j are the mode indices indicating the number of nodes along the x and y

directions, respectively.

These modes define the spatial distribution of vibrations on the membrane, with higher

mode indices corresponding to more complex vibration patterns.

Physical Interpretation and Practical Relevance

When it comes to physical interpretation and practical relevance, each mode of oscillation

represents a specific way the resonator vibrates under excitation. For example:

o The fundamental mode (where n = 1, j = 1) is the simplest pattern, with one antinode

at the center and no internal nodal lines.

o Higher-order modes (e.g., n =2, j=1;n=1,j=2; or n =2, j=2) feature
multiple nodes and antinodes. While these modes often have lower amplitudes, they
can provide enhanced sensitivity to localized perturbations, such as small particles

interacting with specific regions of the resonator.

As shown in Figure 1.4, the vibrational modes of a square membrane illustrate the
progression from the fundamental mode to higher-order modes. The (1,1) mode, being
the simplest, has no internal nodes, while the (2,2) mode demonstrates the increasing
complexity of oscillation patterns with additional nodal lines dividing the membrane into
distinct oscillation regions.

In sensing applications, tracking these modes provides a deeper understanding of how
external factors, such as mass, influence the resonator’s behavior. Higher modes may also

reveal spatial information about where mass or energy is distributed on the membrane.

11
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Figure 1.4: Vibrational modes of a square membrane, including the fundamental mode (1,1)
and higher-order modes (1,2), (2,1), and (2,2). These modes demonstrate the
increasing complexity of oscillation patterns. Source [63]

Modes of Oscillation in Photothermal Detection

In the context of photothermal detection, modes of oscillation play a critical role in enhancing
the sensitivity and accuracy of NEMS resonators. When deposited particles absorb IR light,
the resulting photothermal heating causes localized expansion and modifies the resonator’s
tension. This, in turn, shifts the resonant frequency in specific modes. By analyzing these
shifts, the system can quantify the thermal and mechanical effects caused by the particles,
providing insights into their size, composition, and thermal properties.

The study by Chien [64] demonstrates how multi-mode analysis is used to improve
detection precision. By tracking higher-order modes alongside the fundamental mode, the
detection system can achieve a more nuanced response, enabling the differentiation of

particles with similar properties.

Advantages of Multi-Mode Analysis

Using multiple modes of oscillation has several advantages:

o Enhanced sensitivity: Higher modes are more sensitive to localized changes, allowing

for the detection of smaller or distributed masses.

12
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» Spatial resolution: Different modes provide spatially distinct vibration patterns, which

can help determine the location of interactions on the resonator surface.

o Noise reduction: Monitoring multiple modes helps differentiate true signals from noise,

improving the overall reliability of measurements.

1.4.2 Resonant Frequency and Frequency Shifts

The resonant frequency (fy) of a NEMS resonator is a fundamental property that defines
the natural oscillation rate of the system. At this frequency, the resonator vibrates
most efficiently, with maximum energy exchange between kinetic and potential forms.
This characteristic makes the resonant frequency a critical parameter for applications
requiring precise detection, such as identifying mass changes, thermal effects, or mechanical
perturbations at the nanoscale [60].

The resonant frequency is determined by the system’s mechanical properties, including

its stiffness (k) and effective mass (m). Mathematically, it is expressed as:

Jo L [k (1.3)

2tV m
where:

o k represents the stiffness or spring constant of the resonator, reflecting its resistance

to deformation,
o m is the effective mass of the resonating structure.

The formula illustrates that an increase in stiffness raises the resonant frequency, while
an increase in mass lowers it. This relationship underpins the resonator’s ability to detect

external influences, as any alteration in mass or stiffness will directly shift the frequency.

1.4.3 Frequency Shifts Due to Mass Changes

When an external mass (Am) interacts with the resonator, such as through particle adhesion
or deposition, the system’s total mass increases, resulting in a measurable frequency shift.

According to [58] the new frequency (fnew) can be approximated as:
m
new — : 14
o= foy |12 (1.4
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where:

o fnew 18 the new eigenfrequency after mass (Am) is added.
o fo is the original eigenfrequency of the resonator.
o m is the effective mass of the resonator before the mass change.

e Am is the added mass to the resonator.

This equation illustrates that the addition of mass (Am) decreases the resonator’s eigenfre-
quency (fnew). Such behavior is foundational in mass-sensing applications, where frequency

shifts provide insight into the added or removed mass at the nanoscale.

1.4.4 Approximation for Small Added Mass

For cases where the added mass (Am) is much smaller than the resonator’s mass (m),
the formula can be approximated to simplify calculations [65]. Using the equation 1.4 we

rewrite the denominator as:
m 1

m+ Am 1+A7m'

Using a Taylor series expansion for small values of %”, we approximate:

Substituting this into the eigenfrequency equation:
Am
fnew N fO(l - _) .

2m

The frequency shift Af is given by:
Af = f new — f 05

SO:

Jo
Af v —=—
/ 2m

Here, m is often denoted as my (the resonator’s original mass), leading to:

N

2m0

14
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This approximation is widely used for resonators in sensing applications, as it simplifies

the analysis while maintaining accuracy for small Am.

The relationship between mass and frequency shift forms the foundation of mass sensing
using nanomechanical resonators. When nanoplastics adhere to the resonator, even tiny
added masses induce measurable frequency changes, enabling real-time and non-invasive

detection in environmental applications.

1.5 Actuation and Tracking of Resonant Frequencies

The ability to excite nanomechanical resonators and detect their oscillation lies at the core
of their application in sensing. This process, known as transduction, involves converting
electrical or optical energy into mechanical motion (actuation), and conversely, converting
mechanical motion into a measurable electrical or optical signal (readout). Several distinct
mechanisms have been developed to achieve this, each offering specific advantages depending

on integration compatibility, sensitivity, and experimental conditions.

1.5.1 Electrodynamic Transduction

Electrodynamic transduction is based on the Lorentz force that arises when a current-
carrying conductor is placed in a static magnetic field. In this setup, an alternating current is
passed through a metallic layer on the resonator, which is positioned in a uniform magnetic
field. The interaction between the current and magnetic field generates a Lorentz force that
excites mechanical vibration in the structure. Simultaneously, the motion of the resonator
within the magnetic field induces an electromotive force (EMF) that can be measured as a
voltage across the conductor. In nanomechanical systems, electrodynamic transduction is
most commonly implemented in this form, known as magnetomotive transduction. This
approach enables both actuation and readout using the same principle and is widely used in
high-frequency NEMS due to its simplicity and robustness [59]. It enables efficient operation
at frequencies reaching into the gigahertz range, and was a foundational technique in some
of the earliest experimental demonstrations of nanomechanical resonators [66]. However, it
requires an external magnetic field and may introduce magnetomotive damping, which can

reduce the resonator’s quality factor [67,68].
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1.5.2 Electrostatic Transduction

Electrostatic transduction relies on the interaction between quasi-static electric charges
and is one of the most commonly used actuation and readout methods in MEMS and
NEMS devices. It operates by applying a voltage between a resonator and a nearby
electrode, generating an attractive electrostatic force that induces mechanical motion.
The displacement modifies the capacitance between the electrodes, and this variation can
be detected as a change in current or voltage, enabling precise readout. Electrostatic
transduction allows for low-power operation and is highly compatible with CMOS processes,
making it ideal for system integration and miniaturization. It has been successfully employed
in a variety of MEMS devices, including accelerometers, gyroscopes, microphones, and
micromirror arrays [59]. In nanomechanical resonators, however, the reduced size of the
moving structures leads to significantly smaller electrostatic signals, posing a challenge
to sensitivity. Additionally, locally trapped charges, such as those at dielectric interfaces,
can interfere with effective actuation and detection and must be carefully considered in

transducer design [69].

1.5.3 Piezoelectric and Piezoresistive Transduction

Both piezoresistive and piezoelectric transduction rely on the coupling between mechanical
strain and electrical signals, enabling their use for displacement detection, and in the case
of piezoelectric materials, for actuation as well. These methods are particularly useful
in nanomechanical systems where electrical readout is desired and optical access may be
limited [59].

In piezoresistive transduction, the electrical resistance of a strain-sensitive element changes
as the resonator undergoes mechanical deformation. This resistance change is measured
and related to the displacement of the structure. The sensitivity of the transduction is
characterized by the gauge factor, which depends on both geometric deformation and the
intrinsic properties of the material. In practice, piezoresistive sensing elements are often
implemented using metal or semiconductor thin films configured in Wheatstone bridges or
downmixing circuits [70,71]. While semiconductors offer high gauge factors, metals such as
gold are frequently preferred in NEMS due to their low impedance and low electrical noise.
Although gold exhibits a lower gauge factor, its low resistance simplifies readout circuitry
and enables high-frequency detection without significant signal amplification [72].

Piezoelectric transduction, in contrast, utilizes materials that generate an electric charge
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when mechanically deformed and conversely exhibit strain when subjected to an external
electric field. This bidirectional electromechanical coupling allows the same layer to serve
for both actuation and sensing. Actuation is typically achieved by applying an electric
field across a piezoelectric layer deposited asymmetrically with respect to the resonator’s
neutral axis, which results in a bending moment that drives vibration. During detection,
the mechanical motion of the resonator induces a time-varying electric displacement field in
the piezoelectric material, which produces a measurable current. The effectiveness of this
transduction depends on the piezoelectric material properties, especially the piezoelectric
coefficients [59]. Among available materials, aluminum nitride has become a preferred
choice for piezoelectric NEMS due to its strong electromechanical coupling, compatibility
with standard CMOS fabrication processes, and the ability to be deposited in thin, c-axis-
oriented films. This enables the fabrication of nanoscale piezoelectric devices with excellent
integration potential [73,74]. Together, piezoresistive and piezoelectric transduction methods
offer complementary strengths: piezoresistive elements are simpler and easier to integrate
for readout, while piezoelectric layers enable simultaneous actuation and sensing with high

signal fidelity in compact device architectures.

1.5.4 Optical Actuation and Detection

Optical techniques offer powerful and contact-free means of actuating and detecting nanome-
chanical motion, and are widely used in both experimental setups and integrated systems.
Optical transduction can be categorized into external (off-chip) and integrated (on-chip)
methods. External techniques, such as interferometry, laser-Doppler vibrometry, and optical
leverage, require only optical access to the resonator and are often used for rapid charac-
terization of prototypes. In contrast, integrated optical methods, such as Mach—Zehnder
interferometers, evanescent coupling, and waveguide-based detection, enable miniaturized
and scalable solutions that overcome the diffraction limit and eliminate the need for precise
laser alignment [59].

Interferometric detection, including configurations like Fabry—Pérot, Michelson, and
Mach—Zehnder interferometers, allows extremely precise measurement of displacement by
detecting phase shifts in a light wave caused by the resonator’s motion [75—77]. These
methods are typically limited by the need for phase stability and coherent light sources.
In contrast, laser-Doppler vibrometry (LDV) detects velocity rather than displacement by
measuring the Doppler shift in a laser beam reflected from a vibrating surface [59]. LDV

systems are commercially available with gigahertz bandwidths and do not require phase
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stabilization, making them ideal for high-speed measurements.

Other readout mechanisms include optical leverage, which measures the angular deflection
of a beam using a position-sensitive detector, and end-coupled waveguide detection, where
the vibrating resonator modulates optical coupling between waveguides. Additionally,
scattering-based transduction using plasmonic nanostructures can detect nanomechanical
vibrations via shifts in optical resonances caused by motion at the nanoscale.

Besides detection, light can also be used for actuation via radiation pressure or pho-
tothermal forces. In particular, radiation pressure—derived from the momentum carried by
photons—can drive resonators with forces in the piconewton range using milliwatt-scale laser
powers. When enhanced using high-finesse optical cavities, this interaction becomes the
basis of cavity optomechanics, which allows not only for actuation but also for ground-state

cooling and quantum-level control of mechanical systems.

1.5.5 Frequency Tracking Schemes

Precise tracking of the resonance frequency is fundamental in nanomechanical sensing
applications, as shifts in this frequency can indicate changes in mass, force, or environmental
conditions. Various schemes have been developed to monitor these shifts, each with its own

advantages and trade-offs.

Self-Sustained Oscillator (SSO)

An SSO utilizes the resonator’s motion to sustain oscillations through a positive feedback
loop. This method allows the system to oscillate at its natural resonance frequency without
external frequency sweeping. SSOs are advantageous for their simplicity and low power
consumption. However, their performance can be limited by the quality factor of the

resonator and the stability of the feedback loop.

Phase-Locked Loop (PLL)

A PLL involves an external oscillator whose frequency is adjusted to match the phase of
the resonator’s output. This closed-loop system offers high precision and stability, making
it suitable for applications requiring accurate frequency tracking. The complexity of PLLs

is higher compared to SSOs, but they provide better control over the oscillation conditions.
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Feedback-Free (FF) Scheme

The FF approach relies on open-loop measurements, where the resonator is driven near
its resonance frequency, and the response is monitored without feedback. This method
is straightforward to implement but may suffer from reduced sensitivity and stability,
especially in noisy environments.

As discussed by Besi¢ et al., both theoretical and experimental studies have shown that
while closed-loop approaches like the PLLO and self-adjusting SSO offer faster response
times, they tend to exhibit reduced precision in environments with significant transduction

noise when compared to the feedback-free scheme [78-80].

1.6 Sensitivity and Responsivity

The usefulness of nanomechanical resonators in sensing applications relies not only on their
ability to oscillate and track resonance frequency, but also on how sensitively that frequency
responds to external stimuli. This sensitivity is commonly quantified through the system’s
responsivity and its noise-equivalent power (NEP).

Sensitivity is quantified using the noise-equivalent power (NEP):
/S
NEP = Y ) (1.5)
Rp(w)
where:

o S,(w) represents the frequency noise power spectral density,
e Rp(w) represents the power responsivity [59],

o NEP measures the minimal absorbed power required to achieve a signal above the

noise level.

Responsivity, defined as the ability of the sensor to convert an input signal (such as
absorbed power) into a measurable output (frequency shift), is expressed as:
8w0 1

:——H =
RP aP wWo th(w)

RT(M)
G

Hin(w), (1.6)

e Rr(w): Represents temperature responsivity,

e (: Denotes thermal conductance,
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o Hiy,(w): Refers to the low-pass transfer function [59]:
1
P} Y

Hin(w) = 1 +w?r],

Pre-stressed silicon nitride resonators amplify Ry by a factor proportional to E/o,
resulting in temperature response enhancements exceeding 1000 [11,81].

Frequency Stability S,(w) is dictated by four primary noise sources [59]:
Sy(w) = Sym(w) +Sya(w) + Syr(w) + Sy pn(w), (1.7)

1. Thermomechanical noise arises from amplitude fluctuations, mitigated by maximizing

resonator vibrational amplitude.
2. Detection noise originates from the readout system, requiring low-noise configurations.

3. Temperature fluctuation noise stems from thermal dissipation, minimized through

high thermal conductance.

4. Photothermal back-action noise links light intensity fluctuations to frequency noise,

significantly suppressed by photothermal enhancement.

The system’s Limit of Detection (LoD), defined as the smallest quantity of an analyte
that can be reliably detected but not necessarily quantified, is closely linked to NEP and
photothermal heating.

1.7 NEMS-Based Infrared Spectroscopy

NEMS-IR is a relatively new analytical method that utilizes the photothermal effect for
chemical sensing. The technique relies on NEMS resonators, usually made from pre-stressed
silicon nitride, which function both as the sample holder and the sensor itself [24,582]. These
resonators are compatible with various sample deposition approaches [23], such as direct
aerosol collection or drop casting, which provides flexibility in sample handling [32, 83].
When IR light is absorbed by particles on the resonators surface, the local heating that
follows leads to thermal expansion and a reduction in the resonator’s tension. This induces
a shift in the resonant frequency of the resonator. The magnitude of this frequency shift

is directly related to the amount of absorbed infrared (IR) energy. As demonstrated by
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Besi¢ et al. [78,81], the frequency shift is tracked through a closed-loop oscillation setup in

combination with a frequency counter.

This method provides extremely high sensitivity, capable of detecting masses in the
picogram range under ambient conditions. Moreover, it operates over a wide spectral range,
from the UV to the far-IR [23], which allows it to be applied to a diverse array of samples,
including nanoparticles [35, 86], pharmaceuticals [32, 87], thin polymer films [$8], and even
explosive residues [39]. In addition, a recent study has demonstrated its use with in-situ

thermal desorption to separate analyte mixtures [24].

However, conventional NEMS-IR systems typically use tunable quantum cascade lasers
(QCLs), which are narrowband, expensive, and require wavelength scanning to build a

spectrum. This limits their practicality for broader applications.

To overcome these limitations, a new technique called NEMS-FTIR was introduced by
Timarac-Popovié et al. [90]. Instead of using a QCL, NEMS-FTIR combines the nanoelec-
tromechanical membrane resonator with a commercial broadband FTIR spectrometer as
a light source. This allows simultaneous analysis across the entire mid-IR spectrum in a
single measurement. NEMS-FTIR preserves the high mass sensitivity of NEMS-IR but

offers broader spectral coverage and simpler, more accessible instrumentation.

This technique was validated on a range of nanoplastics, including PS, PP, and polyvinyl
chloride (PVC), where clear and distinct spectral peaks were observed even for sub-nanogram
masses. The reported limits of detection were in the picogram range (353 pg for PS, 102
pg for PP, and 355 pg for PVC), highlighting the sensitivity of the method [90]. Spectral
outputs matched well with conventional FTIR data but without the peak shifts typically
associated with ATR-FTIR, making the results directly compatible with existing spectral

databases.

In addition to its spectral accuracy and sensitivity, NEMS-FTIR demonstrated quantita-
tive capabilities by enabling mass estimation of deposited particles based on their measured
absorbance. The authors reported strong agreement between the expected and estimated

masses of PS nanoparticles, validating the method’s reliability for quantitative analysis [90].

Despite its high sensitivity and flexibility, NEMS-FTIR does have certain limitations.
Very dilute samples may require pre-concentration. While techniques like multiple droplet
deposition or nebulization can address this, they may introduce complexity in routine
workflows. Additionally, in highly complex sample matrices, interference from organic

background material may necessitate further sample clean-up or simplification [90].
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1.8 Comparison of NEMS-Based Approaches with

Traditional Spectroscopic Techniques

Traditional techniques such as FTIR and Raman spectroscopy remain widely used for
microplastic analysis but face limitations at the nanoscale. FTIR is constrained by the
diffraction limit, restricting its spatial resolution to approximately 10-20 pum [91], while
Raman, although capable of sub-micron resolution, is susceptible to fluorescence interference
and requires longer acquisition times [92,93]. Even advanced approaches like SERS have
only recently achieved detection of PS nanoplastics down to 50 nm with detection limits
around 5-6 pg/mL [19,20].

In contrast, NEMS-based IR techniques, particularly NEMS-FTIR, bypass the diffraction
limit and offer picogram-level sensitivity. By combining nanomechanical resonance detection
with broadband IR spectroscopy, NEMS-FTIR enables the detection, identification, and
quantification of nanoplastics with minimal sample volumes. This makes it a powerful
alternative to conventional methods, particularly for trace-level or early-stage degradation

studies.
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Chapter 2

Implementation

2.1 Experimental Setup for Accelerated Weathering

The accelerated weathering experiments were conducted to study the degradation behavior
of three types of plastics: PA, PS, and PET.

For the study, PA samples were prepared from empty nylon 6 tea bags, while PS samples
were obtained from coffee cup lids, and PET samples were cut from plastic bottles. PS
and PET samples were cut into uniform rectangular pieces measuring 1 cm x 1 c¢m, as
seen in previous studies on plastic degradation [14], to ensure consistent exposure during
weathering, while the PA tea bags were left whole to preserve their original structure. The
thin cotton string and small label attached to the tip of each tea bag were carefully removed
using scissors.

The comprehensive classification of the prepared plastic samples, including their shapes,
sizes, and sources, is presented in Table 2.1. These details provided a systematic approach
for analyzing the deposition behavior and degradation patterns of each material type. The
prepared plastic samples for the experiment, including PS lid pieces, PA tea bags, and PET
bottle pieces, are shown in Figure 2.1.

The weights of seven pieces of each plastic type were measured during preparation using
the Sartorius Entris I BCE64I-1S scale with a readability of 0.1 mg, ensuring accurate
records for each sample placed into glass vials for subsequent removal at specific time
intervals. These weights are summarized in Table 2.2. On average, the PS samples weighed
approximately 0.07 g, PET samples weighed about 0.20 g, and PA tea bags weighed around
0.21 g.

All plastic samples, including PA tea bags, PS, and PET, were thoroughly washed three

times with Milli-Q water to remove impurities or loose particles. After washing, all samples
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(a) (b) ()

Figure 2.1: Prepared plastic samples for the accelerated weathering experiment: (a) PS lid
cut into 1 x 1 ecm? pieces; (b) PA tea bag after removal of the string and label;
(c¢) PET bottle cut into 1 x 1 cm? pieces.

were allowed to dry overnight under a laminar flow hood (Secuflow, Waldner Holding,

Germany).

Plastic particles corresponding to each material type were included in the experiment
to examine nanoscale degradation processes. For all three materials (PA, PET, and PS),
the particle concentration was standardized to 20 pg/mL to ensure consistency in the
experiment. PS nanoparticles (100 + 10 nm, 10% w/v in water) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). PA particles (5-50 pm) were purchased from Sigma-Aldrich
(Product No. GF58818471, CAS No. 25038-54-4, Vienna, Austria). PET particles were
initially provided by the Institute for Physical Chemistry of the Atmosphere at TU Wien,

but were not included in the final experimental analysis.

The vials used were made of borosilicate glass (1st hydrolytic class), known for their
high UV transparency, particularly in the UVA range, ensuring optimal UV exposure
while minimizing light absorption. Each vial was filled with 30 mL of Milli-Q water to

immerse the plastic samples during the weathering process. Screw caps constructed from
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Table 2.1: Overview of the types of plastics used in this study, including their shapes, sizes,

and sources.

Polymer Shape Size Source
Polystyrene (PS) Particle 100 + 10 nm Sigma-Aldrich
Polystyrene (PS) Piece lem x 1 cem Coftee lid
Polyamide (PA) Particle 5-50 pm Sigma-Aldrich
Polyamide (PA) Piece 7+ 0.3 cm x6 £ 0.3 cm Tea bag
Polyethylene Terephthalate (PET) Particle Unknown IPCA TU Wien
Polyethylene Terephthalate (PET)  Piece 1em x 1cem Bottle

Table 2.2: Weights of plastic samples during preparation.

Day PS Lid [g]

PET Bottle [g]

PA Tea Bag [g]

1 0.0731 0.1947 0.2098
2 0.0732 0.2213 0.2098
) 0.0703 0.1796 0.2129
10 0.0607 0.1899 0.2189
15 0.0527 0.1866 0.2094
20 0.0727 0.1825 0.2090
25 0.0750 0.1705 0.2123

PP with silicone/PTFE seals were used, offering resistance to both UV radiation and

high temperatures while maintaining a leak-proof environment. The prepared glass vials

containing the plastic samples, ready for placement in the climate chamber, are shown in

Figure 2.2.

Figure 2.2: Prepared glass vials containing PS, PET, and PA plastic samples (pieces and
particles) immersed in 30 mL of Milli-Q water, labeled for the sampling intervals.

During the preparation process all glass vials and screw caps were washed similarly to
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Chapter 2 Implementation

the plastic samples, three times with Milli-QQ water, and then dried under a laminar flow
hood to ensure cleanliness. Nitrile gloves (Kowloon, Stronghand disposable gloves, Helmut
Feldtmann GmbH, Germany) were worn at all times to ensure proper handling of the plastic
samples and glassware. Each glass vial was labeled using a marker to indicate the plastic

type and sampling day, ensuring accurate identification throughout the experiment.

The weathering process was carried out in a SimTech Feutron Double Climate Chamber
with internal dimensions of 73 cm x 77 ¢cm x 102 cm. The chamber is designed for precise
environmental control, allowing fine-tuned temperature and UV exposure settings. It is
equipped with a programmable digital controller that regulates temperature, light intensity,

and exposure cycles.

Two Osram Ultra-Vitalux lamps (model 4008321543929, 300, 230V, E27), positioned
30 cm apart at the top of the chamber, provided the UV radiation source. The lamps were
installed externally in the chamber, and their operation was controlled using a programmable
timer switch, ensuring precise on-and-off cycles during the experiment. These high-pressure
mercury vapor lamps emit a broad spectrum of UV radiation, with significant output in
the UVA (315-400 nm) and UVB (280-315 nm) ranges, closely simulating natural solar
radiation. Their approximate irradiance was measured at 59.1 VV/m2 using a Conrad
Chromameter and confirmed through calculations, ensuring effective photodegradation

comparable to long-term outdoor exposure.

A fixed metal plate was positioned 32 c¢m below the lamps to securely hold the glass
vials containing the plastic samples. The arrangement of the glass vials within the climate
chamber, alongside the positioning of the lamps, is shown in Figure 2.3, providing a detailed

visualization of the experimental setup.

The internal environment of the chamber was maintained using precision-controlled
airflow, ensuring consistent temperature distribution and even UV exposure. Additionally,
the system featured an advanced cooling mechanism to prevent overheating during prolonged

UV exposure cycles.

The climate chamber was programmed on a cyclic schedule to replicate natural environ-
mental conditions. Each cycle comprised 8 hours of UV exposure at 60°C, followed by 4
hours of darkness at 25°C, facilitating thermal fluctuations similar to real-world day-night
cycles. These parameters were selected following internationally recognized standards ISO
4892-3 [50] and ASTM G154 [51], which recommend such regimes for simulating natural
weathering processes. The climate chamber programming interface, depicted in Figure 2.4,

details the cyclic schedule implemented to simulate natural environmental conditions. The
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Figure 2.3: (Left) Climate chamber setup, showing the UV lamps and glass vials positioned
on the metal plate. (Right) Diagram illustrating the arrangement of glass vials
inside the chamber for uniform UV exposure.

specific settings of the climate chamber, including radiation, temperature, and exposure

duration, used for the artificial aging of plastic samples are detailed in Table 2.3.

Table 2.3: Experimental conditions set in the climate chamber for the artificial aging process
of plastic samples.

Radiation Wavelength Temperature Irradiance

uv 280-400 nm  60°C (UV), 25°C (No UV) 8 h (UV), 4 h (No UV)

The total experimental period lasted for 25 days, which, according to Mathew Philip and

Farah Al-Azzawi [18], corresponds approximately to one year of natural weathering under
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Chapter 2 Implementation

Figure 2.4: Programming interface of the climate chamber, illustrating the cyclic schedule
for UV exposure (8 hours at 60°C) and dark recovery (4 hours at 25°C).

comparable UV intensities and exposure conditions. Throughout the experiment, plastic
samples were periodically monitored, with selected vials removed at specific time intervals:
after 1, 2, 5, 10, 15, 20, and 25 day(s), allowing a detailed investigation of degradation

progression over time.

2.2 Sample Collection and Preparation

To prepare water samples for analysis, three distinct sampling methods were explored:
manual dropcasting, nanodropper-based deposition, and a nebulizer setup. Each method had

unique advantages and disadvantages, which are detailed below, followed by a description
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of how they were applied during the experiment.

Figure 2.5: Microscopic images of NEMS chips after sample deposition using (a) manual
dropcasting, (b) nanodropper, and (c) nebulizer, showing differences in distri-
bution uniformity and drying artifacts.

(a)

2.2.1 Manual Dropcasting

When the experiment began, manual dropcasting was employed as the initial sampling
method due to its simplicity and ease of use. Manual dropcasting involved using a
precision pipette (Pipetman P2, Gilson Incorporated, WI, USA; volume range 0.2-2 puL)
with matching DIAMOND tips to deposit 1 uli of the prepared sample directly onto the
central perforated area of the chip. The key advantage of manual dropcasting was its
straightforward implementation, making it ideal for preliminary experiments. However,
significant limitations became apparent during its application. The droplet often failed to
dry uniformly on the membrane, leading to inconsistent particle distribution. Microscope
images revealed uneven deposition, with some areas of the membrane overloaded while
others remained uncovered. Figure 2.5a shows an example of this non-uniform coverage,
where particle clustering and bare spots are clearly visible on the membrane.

The need to wait for the liquid to fully dry, taking up to an hour for a 1 uL pipetted
sample, further reduced the practicality of the method for large-scale preparation. The
inconsistency compromised the reliability of subsequent analyses and underscored the

limitations of this method for achieving homogeneous coverage.
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2.2.2 Nanodropper-based Deposition

The nanodropper method was the next approach tested to improve sample deposition
consistency. The nanodropper used in this step was the PIPEJET nanoDispenser (BioFlu-
idix—Hamilton, Freiburg, Germany), equipped with a polyimide capillary (inner diameter:
200 pm, Prod. No. PJ-20010) and a 1 cm piece of Tygon tubing (Prod. No. VM-20053-1).
Droplets of precisely 20 nl. were deposited onto the center of the NEMS chip, with the
stroke velocity set to 90 pm/ms. This method offered greater control over droplet size and
placement, allowing for more uniform deposits on the chip’s surface. The nanodropper
also minimized the risk of sample loss. Despite these advantages, the method proved to be
highly time-intensive, as each sample required meticulous handling and precise adjustments.
Furthermore, to achieve a total deposited volume of at least 1 uL, needed to increase
the sample mass on the chip for improved detectability, it was necessary to dispense 50
droplets of 20 nLL each. A mandatory 2-minute pause between droplets was required to
ensure complete drying and accurate placement of subsequent drops. As a result, the
deposition of a single sample could take over 1.5 hours, making this method impractical for
the scope of the study. While it addressed some issues encountered with manual dropcasting,
its labor-intensive nature and limited scalability restricted its broader application. The
resulting deposition pattern can be seen in Figure 2.5b, where the droplet rings are visible,

indicating controlled but time-intensive application.

2.2.3 Nebulizer Setup

The nebulizer setup emerged as the most advanced and efficient sampling method. Designed
to aerosolize liquid samples, the nebulizer converted the sample into a fine mist, which was
then deposited onto the NEMS chips. The process involved passing the liquid through a
central capillary surrounded by pressurized air, creating a consistent aerosol. The inclusion
of a spray chamber further refined the aerosol by removing larger droplets, ensuring only
fine particles reached the chip. This method provided uniform sample coverage and proved
to be highly reproducible across multiple trials. The resulting deposition pattern is shown
in Figure 2.5¢, illustrating the uniform and homogeneous sample distribution achieved with
this method. Although the setup required precise calibration and additional equipment, such
as flow meters and a diffusion dryer, its ability to handle large sample volumes efficiently
made it the most suitable choice for the experiment. After evaluating the advantages and

disadvantages of all three approaches, the nebulizer setup was adopted as the primary
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sampling technique for the remainder of the experiment.

Nebulizer Setup: Detailed Explanation

Several deposition mechanisms govern particle capture in aerosol systems, including inertial
impaction, interception, and Brownian diffusion [91]. In our setup, NEMS chips are
specifically designed with an array of submicron perforations (6 ym in diameter, spaced
3 pm apart) distributed across a circular area of 600 um in diameter. When a flow rate
of 1 L/min is applied using the pump, the resulting air velocity through the perforated
membrane reaches approximately 109 m/s [95]. Under these conditions, particle deposition
is dominated by inertial impaction, a mechanism particularly effective at high flow velocities
and discussed in greater detail by Schmid et al. [90].

The nebulizer setup, illustrated in Figure 2.6, was composed of several key components
that worked together to ensure efficient aerosolization and deposition of liquid samples onto

the NEMS chips:

1. Syringe pump: A precision syringe pump was used to deliver the liquid sample to
the nebulizer at a controlled flow rate of 10 ul/min. This ensured a consistent and

steady supply of the sample, critical for maintaining uniform aerosol production.

2. Nebulizer: The nebulizer served as the central component of the setup, atomizing the
liquid into a fine aerosol. Pressurized air (0.45-0.50 L/min) was directed through the

nebulizer, creating shear forces that broke the liquid into micron-sized droplets.

3. Spray chamber: Downstream of the nebulizer, a spray chamber removed larger droplets
from the aerosol stream via a waste line. This step refined the aerosol, ensuring that

only fine, uniformly sized droplets were deposited onto the chip.

4. Inline filters: Inline filters cleaned the pressurized air entering and exiting the system,
preventing potential contamination of either the sample during aerosolization or the

surrounding environment.

5. Diffusion dryer: The aerosol passed through a diffusion dryer to remove excess

moisture, ensuring that only dry particles reached the chip.

6. Flow meters: Flow meters were strategically placed throughout the setup to monitor
and regulate air flow rates. Precise control of these parameters was essential for

achieving optimal aerosolization and deposition.
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7. Aerosol Flow Adapter: The Aerosol Flow Adapter (Invisible-Light Labs GmbH,
Austria) was used to securely position the NEMS chip during aerosol-based sample
deposition. It ensured correct alignment of the aerosol stream with the membrane
surface and protected the delicate chip from mechanical disturbance during handling.
The setup enabled consistent and reproducible deposition by maintaining the chip in
a fixed and stable position throughout the sampling process. An image of the adapter

in use is provided in Figure 2.7.

8. Pump: A vacuum pump maintained the airflow required to drive the aerosol through
the system. The pump ensured that the aerosol stream passed effectively through the
chip, facilitating consistent and complete deposition. The flow rate was maintained
at 0.7 L/min during the entire sampling process to ensure optimal particle transport

and uniform deposition.

Nebulizer

Excess air to
¥ the room

Diffusion Dryer

i )
NEMS chip
\ y
Yy
- N
Pump
. J

Figure 2.6: Schematic of the nebulizer setup used for sample preparation, including key
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Figure 2.7: The aerosol flow adapter used to securely position the NEMS chip during the
sample deposition [97].

2.2.4 Implementation in the Experiment

In the nebulizer setup, specific sampling durations were established for different particle
types to ensure optimal deposition and prevent overloading of the resonator. Aqueous
extracts obtained from PS lid, PS particle, PA particle, and PA teabag dispersions were
aerosolized using a syringe pump operating at 10 pL/min, with respective deposition
times of 7, 3, 5, and 5 minutes. These durations were determined based on preliminary
experiments to balance uniform coverage and adequate mass deposition while maintaining
the operational efficiency of the EMILIE™ chips.

Additionally, for each sample, the system was allowed to run for at least 10 minutes before
sampling began to ensure that the entire system was adequately flushed and stabilized.

Initially, triplicates were prepared for each sample, including blanks for each day, to
ensure robust data collection and reproducibility. However, due to the high number of chips
required for this experiment, the protocol was adjusted to duplicates to conserve resources
while maintaining reliable cross-verification.

All chips were handled with clean gloves and precision tweezers to avoid contamination
and physical damage to the delicate membranes. After sampling, the chips were stored in
chip-boxes with lid to protect them from dust, moisture, and other external elements. At
least two chips were sampled for each experimental condition, allowing for cross-verification
of results and minimizing the impact of outliers.

As part of the process, each chip was inspected under a microscope before proceeding with
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further analysis to ensure that the samples were properly dried exactly on the membrane.
The microscope used for this step was a Leica DM6000 M Automated Research Microscope
for Materials Science, which enabled precise inspection of sample placement and surface
coverage. This step was critical to verify the quality of the sample preparation and prevent
inconsistencies in the experimental results.

The efficiency and reproducibility of the nebulizer setup were instrumental in ensuring
the success of the study. Its ability to produce uniform sample coverage allowed for the

reliable detection of nanoplastics, even at low concentrations.

Filtration Steps

For PA samples, an additional filtration step was implemented prior to deposition. This was
necessary because the PA particles used in this study ranged from 5 to 50 pum in diameter.
Given the high air velocities in the system, the direct impact of such large particles posed
a significant risk of mechanical damage or even membrane rupture. By filtering out the
larger fragments, only smaller particles were deposited onto the chip, reducing the risk of
structural failure and ensuring that the resonator remained within its operational limits.
Polycarbonate membrane filters (disk diameter 19 mm, pore size 30 nm) manufactured
by Whatman were used for this purpose. As the original PA particles were significantly
larger than the filter pore size, they were entirely retained during filtration. Therefore, any
particles detected after this step can be attributed to degradation products resulting from the
weathering process. This ensured that the material analyzed on the chip consisted exclusively

of nanoscale fragments, eliminating interference from intact, unweathered particles.

2.3 Obtaining Spectra using NEMS-FTIR

Following the sample preparation and deposition, the detection and identification of nanoplas-
tics were carried out using the nanoelectromechanical infrared (IR) analyzer (EMILIE™,
Invisible-Light Labs GmbH, Austria), coupled with a Bruker Vertex 70 FTIR spectrometer
(Bruker Optics GmbH, USA). This integrated system, as thoroughly explained in previous
sections, combines the high sensitivity of nanoelectromechanical resonators with the broad
spectral capabilities of a commercial FTIR source, allowing for precise detection of low-mass
analytes such as nanoplastics.

The pre-stressed SiN membrane of the NEMS chip functioned both as a sample holder and
as a detector. When the deposited analyte absorbed IR radiation, localized photothermal
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heating occurred, leading to a reduction in membrane tension and a corresponding shift in its
resonance frequency. These frequency shifts were tracked using a closed-loop, self-sustained
oscillator (SSO) circuit integrated into the EMILIE™ system. The frequency changes
were continuously converted into voltage signals and sent to the spectrometer, enabling the
system to generate IR spectra representative of the analyte’s molecular composition.

A schematic of the experimental setup is shown in Figure 2.8. Each sample-loaded NEMS
chip was placed into the vacuum chamber, where the internal pressure was maintained at
105 mbar to eliminate spectral interference from ambient gases and to minimize mechanical
noise, thereby enhancing the sensitivity and stability of the measurement. To ensure thermal
stability during measurements, the chip temperature was actively regulated to 25°C using

an integrated thermoelectric cooler (TEC) in combination with a Peltier element.

Sampled M1000 chlp

tracking
_ 0 device o

FTIR

,.,.‘\.,.,.,“_,_,\ - B |
J !ﬁ ‘ ‘
\ = /’J _4. |

Figure 2.8: Schematic representation of the NEMS-FTIR setup used in this study. The
sampled chip is placed in a magnetic field and connected to a frequency tracking
device, which monitors resonance frequency shifts (Af) and converts them into
a change in output voltage (AV') which is then sent to the FTIR. The system
is coupled to a commercial FTIR spectrometer, which serves as the broadband
infrared light source.

" Frequency | Af w AV

The FTIR acquisition parameters were configured as follows:
e Spectral range: 4000 to 400 cm™!
e Spectral resolution: 4 cm™!
e Number of co-added scans: 200

e Aperture: 6 mm

Stabilization delay: 30 ms

To ensure accurate interpretation, blank measurements were recorded under identical

conditions using chips sampled with distilled deionized water (DDW, 18 MQcm; Millipore,
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MA, USA) that went through the same accelerated weathering process. These spectra were
subtracted from sample spectra during post-processing to remove background signals. The

resulting spectral data were further analyzed as described in the following section.

2.4 Data Analysis and Interpretation

The background-corrected spectral data were processed and analyzed using a custom
Python-based workflow implemented in Jupyter Notebook. This workflow was applied
consistently to all sample types and time points, with modifications only where necessary
to account for spectral differences between materials.

As a first step, each raw spectrum was normalized by dividing it by the NEMS-FTIR
spectrum of the light source to correct for the wavelength-dependent intensity distribution.
The light source spectrum was recorded using a NEMS chip coated with a 5 nm ultra-
thin platinum film (EMILIE™ LIGHT chip, Invisible-Light Labs GmbH, Austria), which
functions as a broadband IR absorber [95].

Following light source correction, the spectra of blank samples were subtracted from the
corresponding analyte spectra to isolate signals originating from the polymeric particles.
To further reduce high-frequency noise while preserving relevant spectral features, optional
smoothing was applied using a Savitzky—Golay filter (typically with a window length of 20
and a polynomial order of 2).

All measurements were organized as instances of the MeasurementSet class, which
encapsulates both raw and processed data. For each polymer, a set of characteristic
wavenumber regions was predefined based on literature references and prior results. Within
each region of interest, peak tracking was conducted using a custom peak-detection algorithm,
extracting the maximum intensity within a specified window (typically +20cm=!). The
extracted peak intensities were then used to assess temporal trends in signal development
throughout the aging period.

The following types of visualizations and analyses were performed:

o Overlays of all time-point spectra were generated to facilitate visual comparison and

to observe spectral changes throughout the experiment.

o Inset plots were used to zoom in on specific spectral regions where relevant differences

or trends were observed.
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o Time-resolved plots of extracted intensity values were created to monitor trends such

as signal stability, increase, or decrease over time.

To aid interpretation, vertical lines were drawn at characteristic wavenumbers for each
material. All spectra were plotted with consistent line styles and colors to clearly differentiate
between time points. Exported plots were saved in vector formats (PDF and SVG) for
publication-quality figures and reproducibility.

This workflow allowed both qualitative inspection of spectral features and quantitative
tracking of peak intensity across different days. The same processing and analysis structure
was applied to all polymers, ensuring comparability while accounting for the unique spectral

properties of each material.
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Chapter 3

Results and Discussion

All measured samples, regardless of polymer type or origin, were processed using the same
NEMS-FTIR technique described in Chapter 2. Each sample type was monitored over time
to track spectral changes induced by the accelerated aging process.

Before discussing the spectroscopic findings, this chapter first presents the macroscopic
changes observed during weathering. These include visual degradation and mass loss,
which offer essential context for interpreting the chemical transformations detected through
NEMS-FTIR.

The results are presented in the following order:
o Macroscopic changes and mass loss
o PA teabag samples
o PA particles
o PS lid samples
o PS particles

For each group, key spectral features are highlighted and tracked over the aging period.
Visualizations are accompanied by extracted intensity values at selected wavenumbers to
enable comparison and interpretation. This structure allows for both individual material
evaluation and broader observations across different plastic types.

PET samples were excluded from further experimental steps primarily to optimize time
and resources. Among the tested polymer types, PET is known to degrade the slowest
under environmental conditions, making it a less suitable candidate for studies focused on

early-stage degradation products. While some challenges in deposition consistency were
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observed, they were not the main reason for its exclusion. Instead, the decision was driven
by the limited experimental capacity and a strategic focus on materials (e.g., PS and PA)

that exhibit faster degradation and are thus more relevant for the scope of this work.

3.1 Macroscopic Changes and Mass Loss

To complement the spectroscopic analysis presented later in this chapter, the physical
degradation of the polymer samples was also examined through direct visual inspection

and mass measurements at each time point during the accelerated weathering process.

Visual Appearance of Weathered Plastics

To visually assess degradation, photographs were taken before and after the weathering
process. The initial condition of the plastic samples is shown in the previous chapter,
in Figure 2.1, which shows their appearance before the start of the accelerated aging
experiment. The post-weathering state of the same materials after 25 days of UV exposure
and thermal cycling is shown in Figure 3.1. For each polymer type, the samples are arranged
from left to right in chronological order, starting with Day 1 and ending with Day 25, to

illustrate the progression of physical degradation over time.

Figure 3.1: Plastic samples after 25 days of accelerated weathering under UV exposure
and thermal cycling: (a) PS lid pieces; (b) PET bottle fragments; (c) PA tea
bag material. For each polymer type, one sample per day is shown, arranged
from left (Day 1) to right (Day 25), illustrating the chronological progression of
physical degradation.

The PS lid pieces (Figure 3.1a) exhibited the most pronounced visible changes. During

the first few days (Days 1-5), no significant alterations were observed. However, on
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day 10, yellowing became apparent and progressively intensified on days 15, 20, and 25.
In addition to discoloration, the samples became noticeably brittle and fragile, easily
breaking apart during handling, a characteristic indication of photooxidative degradation
in polystyrene [27].

The PET bottle fragments (Figure 3.1b) exhibited pronounced shape deformation. All
samples appeared curled and warped, even from the earliest time points. Despite the
noticeable physical change, it was, as previously mentioned, difficult to obtain consistent
and meaningful spectral data from PET samples.

In contrast, the PA tea bag material (Figure 3.1¢) showed no significant optical changes
throughout the 25-day period. The samples remained structurally intact, with no apparent
discoloration, fraying, or deformation. This suggests that PA exhibited the greatest

resistance to the applied weathering conditions in terms of visible physical degradation.

Mass Loss During Weathering

Mass measurements were recorded at each sampling point to quantitatively monitor potential
material loss as a physical indicator of degradation (Tables 2.2 and 3.1). However, the

results did not show a clear or consistent trend for all polymers.

Table 3.1: Weights of plastic samples after the accelerated weathering process.
Day PS Lid [g] PET Bottle [g] PA Tea Bag [g]

1 0.07294 0.19542 0.20648
2 0.07228 0.22280 0.20620
) 0.07280 0.18047 0.20924
10 0.06153 0.19251 0.21392
15 0.05258 0.18741 0.20392
20 0.07359 0.18334 0.20472
25 0.07532 0.17161 0.20721

For the PS lid samples, the measured masses fluctuated slightly, with a minor decrease
up to Day 15 followed by a slight increase by Day 25. This pattern suggests that while
initial degradation may have occurred, subsequent weight gain could be attributed to water
absorption, surface contamination, or incomplete drying before measurement. As such, no
definitive mass loss could be confirmed for PS.

The PET bottle fragments, in contrast, showed a small but consistent increase in mass

across all measured time points. This gain is likely due to swelling or residual water
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retention within the polymer matrix, rather than any form of degradation. These findings
align with visual observations, where PET underwent physical deformation (curling) but
showed no progressive fragmentation or discoloration.

Among the three polymer types, PA tea bag samples were the only ones to show a
consistent decrease in mass over time. From Day 1 to Day 25, a small but measurable
reduction in weight was observed, which may reflect subtle fiber degradation or leaching
under the applied UV and thermal conditions.

Overall, due to variability in measurements and possible interference from environmental
factors such as humidity and drying, these mass values are not used as the primary indicator
of degradation. Instead, they serve as supplemental information alongside the more reliable

spectroscopic results.

3.2 PA Teabag Samples

This section examines the spectral changes observed in the aqueous extracts obtained from
PA teabags soaked in water over a period of 25 days under accelerated weathering conditions.
FTIR spectra were analyzed to monitor characteristic vibrational bands associated with
structural changes in the polymer matrix. Assignments and interpretations are based on
established literature describing thermal and oxidative degradation, crystallinity behavior,
and hydrogen bonding dynamics in PA6 materials [99-104]. The results are presented
using five figures, including an overview spectrum of all time points and four detailed plots
focusing on critical vibrational regions relevant to PA degradation.

Figure 3.2 shows an overview of the normalized NEMS-FTIR spectra over the full mid-
infrared range. Several key regions were identified as undergoing notable changes with
increasing exposure duration: the N-H stretching region ( 3300 cm~!), the aliphatic C-H
stretching region ( 2930 cm™!), and the amide I and II bands ( 1640 and 1535-1540 cm™1,
respectively). These bands are well-established markers of polyamide chemistry and are
sensitive to environmental and thermal stress [100, 102].

Figure 3.3 highlights the evolution of the N-H stretching band. The increasing peak
intensity suggests enhanced hydrogen bonding, which may result from oxidative functional-
ization or water sorption under weathering conditions [102—104]. Similar spectral changes
were reported in studies involving PA6 subjected to UV, moisture, and thermal aging [104].

Figure 3.4 highlights the spectral changes in the amide I region, centered near 1640 cm™!,
which corresponds to the C=0 stretching vibration in the polyamide backbone [100, 102].
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Figure 3.2: NEMS-FTIR spectra of aqueous extracts obtained from PA teabags immersed
in water during 25 days of artificial weathering.

A gradual increase in peak intensity is observed over the weathering period, consistent
with oxidative degradation and the accumulation of carbonyl-containing byproducts such
as aldehydes and ketones [99, 101]. Changes in hydrogen bonding environments have
also been linked to crystalline transformations and variations in FTIR spectral bands in
polyamide 6 [100]. These trends align with previously reported findings in thermally and
environmentally aged PA6 materials [104].

Figure 3.5 focuses on the amide II region (1550 cm™!), which primarily corresponds to
N-H bending and C-N stretching vibrations in polyamide structures [102]. While typically
less intense than the amide I band, the amide II region also reflects structural changes
observed during polyamide aging [99, 104].

Changes in the amide II band further support the observed trend of oxidative degradation,
complementing the evolution of the amide I region and reinforcing the progressive nature
of molecular modifications in PA6 during weathering [99, 10].

Figure 3.6 shows the spectral behavior in the aliphatic C—H stretching region (2900—
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Figure 3.3: NEMS-FTIR spectra of aqueous extracts obtained from PA teabags, highlighting
the N—H stretching region. The zoomed-in inset shows the evolution of peak
intensity in the 3200-3400 cm™! range.

3000 cm~!), which includes characteristic vibrations of methylene groups. In polyamide 6,
Liu et al. [105] identified peaks at 2932 cm™! and 2854 cm~! as corresponding to ~CHay—
stretching.

Although this region is less emphasized in polyamide degradation studies, a moderate
increase in peak intensity near 2932 cm~! is observed during the artificial weathering period.

In summary, NEMS-FTIR analysis of aqueous extracts from weathered PA teabags
revealed progressive spectral changes across key vibrational regions. Increased intensity in
the N-H, amide I, and amide II bands indicates moisture uptake and oxidative modification
of the polymer backbone [99, 101,102, 104]. Additional changes in the CH; stretching region
support gradual chemical alteration of the matrix [105]. These findings, obtained without
sample pre-concentration or filtration, highlight the sensitivity of the NEMS-FTIR method

for monitoring polyamide degradation.
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Figure 3.4: NEMS-FTIR spectra of aqueous extracts obtained from PA teabags, highlighting
the amide I region. The zoomed-in inset shows the evolution of peak intensity

in the 1600-1700 cm~! range.
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Figure 3.5: NEMS-FTIR spectra of aqueous extracts obtained from PA teabags, highlighting
the amide II region. The zoomed-in inset shows the evolution of peak intensity
centered at 1550cm~! during artificial weathering.
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Figure 3.6: NEMS-FTIR spectra of aqueous extracts obtained from PA teabags, highlighting
the C—H stretching region. The zoomed-in inset shows peak intensity evolution
in the 2900-2970 cm~! range.

46



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.3 PA Particles Samples

This section presents the spectral evolution of PA6 particle samples subjected to 25 days of
artificial weathering. The results are based on NEMS-FTIR analysis of aqueous extracts
and reveal progressive spectral changes across key vibrational regions, indicative of polymer
oxidation and structural modification. The results are presented using five figures, including
an overview spectrum of all time points, three detailed plots focusing on critical spectral
regions, and a final comparison between Day 1 and Day 25.

Figure 3.7 shows an overview of the spectra across the mid-infrared region. Key changes
are observed in the N—H stretching region ( 3300 cm™!), the amide I and II regions ( 1650
and 1550 cm™!), and the CHy stretching region ( 2930 cm™!). These bands are known to
be sensitive to degradation processes in polyamide materials [99,102]. A similar pattern
of spectral evolution was observed in the PA teabag samples, as shown in the previous
section, with progressive intensity increases in the same vibrational regions, although the

magnitude and consistency of the changes vary slightly between the two sample types.

Spectra of PA Particles under Accelerated Weathering
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Figure 3.7: NEMS-FTIR spectra of aqueous extracts obtained from PA particles during 25
days of artificial weathering.
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Chapter 3 Results and Discussion

As shown in Figure 3.8, the N-H stretching band increases in intensity over time,
consistent with enhanced hydrogen bonding due to oxidative surface modification and
moisture uptake [103, 104]. In the amide I region (Figure 3.9), the band at 1650 cm™!
corresponds to C=O0 stretching vibrations in polyamide structures [99]. While this band has
previously been associated with oxidation and structural changes in aged PA6 materials [101],
a decrease in its intensity over time has also been reported under thermal oxidative aging
conditions [103]. The spectra for PA particles in this study similarly show a gradual decline
in the 1650 cm™! band, suggesting a loss of ordered amide structures or changes in hydrogen
bonding. This trend differs from the behavior observed in the PA teabag samples, where

the amide I band increased over time, indicating a sample-dependent degradation response.
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Figure 3.8: NEMS-FTIR spectra of aqueous extracts obtained from PA particles, highlight-
ing the N—H stretching region. The zoomed-in inset shows the evolution of peak
intensity in the 3100-3500 cm™~! range during artificial weathering.

To highlight the cumulative changes resulting from artificial weathering, Figure 3.10
presents a direct comparison of NEMS-FTIR spectra for PA particles on Day 1 and Day 25.
Several characteristic vibrational bands show clear differences, including the broad N-H
stretching region (3100-3500 cm™!), the amide I region ( 1650 cm™!), and the amide II
region (1550 cm™).
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Figure 3.9: NEMS-FTIR spectra of aqueous extracts obtained from PA particles, high-
lighting the amide I region. The zoomed-in inset shows the evolution of peak
intensity in the 1600-1700cm™" range over 25 days of artificial weathering.

Compared to Day 1, the Day 25 spectrum exhibits an increased peak intensity near
3300 cm~!, consistent with enhanced hydrogen bonding due to oxidative surface modification
and moisture uptake [103,104]. In contrast, the amide I and II bands show reduced intensity,
a trend that has been previously reported during thermal oxidative degradation of PA6 [103].
This decrease has been linked to the loss of hydrogen-bonded amide structures and reduced
molecular order in aged polyamides. Together, these changes reflect ongoing chemical and
structural modification in PA materials under artificial weathering conditions, in agreement
with prior observations of environmental and accelerated aging [104].

In summary, the NEMS-FTIR analysis of PA particles exposed to artificial weathering
reveals progressive chemical and structural transformations over the 25-day period. Key
spectral changes include increased O—H/N-H stretching due to hydroxyl formation, as well
as attenuation of the amide I and II bands, indicating backbone degradation and reduced
crystallinity. These results are consistent with previously reported degradation pathways
in polyamide materials and confirm the susceptibility of PA to oxidative and hydrolytic

breakdown under environmental stress.
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Figure 3.10: Comparison of NEMS-FTIR spectra of aqueous extracts obtained from PA
particles on Dayl and Day?25.

In summary, the NEMS-FTIR results for PA particles show increased N—H stretching
and decreased amide I and II band intensities, indicating progressive chemical changes

consistent with oxidative aging [99, 103, 104].

3.4 PS Lid Samples

This section examines the spectral changes observed in the aqueous extracts obtained from
PS lids soaked in water and exposed to accelerated weathering over 25 days. The analysis
is based on NEMS-FTIR measurements and interpreted in relation to established FTIR
degradation patterns of polystyrene as reported by Campanale et al. [106], Lambert and
Wagner [11], Yousif and Haddad [27], and Borgmeyer et al. [107]. The results are presented
using five figures, including an overview spectrum of all time points and four detailed plots
focusing on critical spectral regions.

Figure 3.11 presents the full spectral evolution. The key vibrational bands characteristic
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of pristine polystyrene—such as aromatic C-H stretching (3025-3080 cm~!), aromatic C=C
stretching (1600 and 1492 cm~!), and out-of-plane C-H bending (755 and 698 cm~!)—remain
detectable throughout the exposure period, indicating preservation of the aromatic back-
bone [106, 108].

Spectra of PS Lid under Accelerated Weathering
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Figure 3.11: NEMS-FTIR spectra of aqueous extracts obtained from PS lids immersed in
water over 25 days of accelerated weathering.

Figure 3.12 shows the evolution of the FTIR spectra in the 1500-1650cm~! region for PS
lid samples subjected to 25 days of artificial weathering. This region includes the aromatic
C=C stretching mode typically centered near 1600cm~', which is a prominent feature of
polystyrene [106, 108].

The figure reveals a gradual increase in peak intensity in this region over time, particularly
between Day10 and Day25. This trend might indicate that the structure of the aromatic
ring is retained during degradation but can become increasingly IR active due to local
chemical modifications [106]. Such changes are consistent with early oxidative processes,
where partial functionalization of the aromatic backbone occurs without complete cleavage
of the ring [27].

The preservation and amplification of this band, also reported by Campanale et al. [100]
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Figure 3.12: NEMS-FTIR spectra of aqueous extracts obtained from PS lids, highlighting
the aromatic C=C stretching region. The zoomed-in inset shows peak intensity
evolution in the 1500-1650 em™' range under accelerated weathering

in artificially aged PS fragments, suggest surface-level modification of the polystyrene
matrix rather than bulk structural breakdown. This interpretation is further supported by
Lambert and Wagner [11], who observed nanoplastic formation and surface erosion in PS
lids without full aromatic degradation.

Figure 3.13 highlights the evolution of the 1350-1500cm~! region in PS lid samples during
25 days of artificial weathering. This region contains key vibrational modes associated
with polystyrene, including aromatic C—H bending and C=C stretching near 1450 and
1492cmt [106, 108].

The observed increase in peak intensity over time suggests the formation of new or
modified vibrational environments within the polymer matrix. This may result from
oxidative functionalization of the aromatic ring or local changes in the backbone symmetry,
as has been previously reported during UV-induced degradation of PS [27,106]. Campanale
et al. noted similar growth in this region in aged PS fragments, linking it to increased ring
substitution and environmental weathering effects.

Although no new peaks appear, the intensity amplification without shift implies that
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Figure 3.13: NEMS-FTIR spectra of aqueous extracts obtained from PS lids highlighting
the C-H bending region. The inset shows the evolution of peak intensity in
the 1350-1500 cm~! range over the 25-day weathering period.

the phenyl rings are preserved but chemically modified. This is consistent with early-stage
photooxidation, where side-group chemistry evolves while the core structure of PS remains
intact [27,107].

Figure 3.14 shows the FTIR spectra of aqueous extracts obtained from PS lids over a
25-day artificial weathering period, with a zoomed-in inset highlighting the 2300-2400cm™!
region. A sharp peak centered at 2344cm™! is present across all time points. This band is
not associated with polystyrene degradation products.

The 2344cm~! signal is commonly attributed to the asymmetric stretching vibration of
carbon dioxide (COy ) [109]. It is well known in FTIR analysis that such peaks may arise from
ambient atmospheric COy or CO, adsorbed onto the sample or extract surface, especially
when spectra are acquired without full gas purging. The persistence and narrowness of this
peak suggest it originates from external sources rather than chemical transformations in
the PS matrix.

Accordingly, the feature at 2344 cm™! is interpreted as a non-informative artifact and is

not considered evidence of PS degradation in the aqueous extracts.

Figure 3.15 focuses on the 3200-3400cm™" region in the FTIR spectra of aqueous extracts
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Figure 3.14: NEMS-FTIR spectra of aqueous extracts obtained from PS lids, highlighting
the CO5 band. The zoomed-in inset shows the spectral evolution in the 2300—
2400 cm~! range over the course of 25 days of accelerated weathering.

obtained from PS lids during 25 days of artificial weathering. This broad region is commonly
attributed to O—H stretching vibrations, associated with hydroxyl-containing species such
as alcohols, carboxylic acids, or adsorbed water [27, 106].

The gradual increase in intensity over time suggests the formation of hydroxylated surface
groups as a result of oxidative degradation [100].

This trend is consistent with prior studies that observed UV-induced oxidation of
polystyrene leading to hydroxyl group incorporation, particularly on the polymer sur-
face [107].

Although the band remains broad and lacks fine structure, its progression over time
might suggest surface-level chemical transformation, likely driven by oxygen and moisture
exposure during the weathering process.

Spectral analysis of aqueous extracts obtained from PS lids demonstrated that several
vibrational regions, including those associated with aromatic C=C stretching, aliphatic C-H,
and hydroxyl groups, undergo a gradual increase in intensity during the 25-day artificial

weathering period. In particular, these changes begin to emerge clearly after Dayb, aligning
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Figure 3.15: NEMS-FTIR spectra of aqueous extracts obtained from PS lids, highlighting
the O—H stretching region. The zoomed-in inset shows peak intensity evolution
in the 3200-3400 cm~! range.

with the onset of observable physical degradation in the samples. As shown in Figure3.1(a),
PS lid fragments developed visible yellowing and became increasingly brittle after Day 5.
This correlation between spectral evolution and macroscopic deterioration reinforces the
conclusion that surface-level chemical modifications, particularly oxidative degradation,
are responsible for the early stages of material breakdown in PS lids under environmental
stress.

The following section focuses on PS particles to evaluate whether similar degradation
patterns occur at the nanoscale and to what extent particle size and surface area influence

the spectroscopic response.

3.5 PS Particles Samples

The NEMS-FTIR spectra of aqueous extracts from PS particles subjected to accelerated

weathering over 25 days exhibit evident changes in multiple vibrational regions. Due
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Chapter 3 Results and Discussion

to variability in peak progression across intermediate time points, the analysis focuses
on comparative evaluation between Dayl, Day25, and a pristine PS reference. Specific
spectral regions are highlighted to provide insight into chemical changes related to oxidative
degradation and structural modification.

Figure 3.16 shows the full NEMS-FTIR spectral evolution of aqueous extracts from PS
particles over a 25-day artificial weathering period. Across the spectrum, key vibrational
features associated with polystyrene are preserved, including the aromatic C—H stretching
bands (3025-3080cm™), the aromatic C=C stretching bands (1600 and 1492cm~!), and the
strong fingerprint bands near 755 and 698cm™! [106, 10g].

Spectra of PS Particles under Accelerated Weathering
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Figure 3.16: NEMS-FTIR spectra of aqueous extracts obtained from PS particles subjected
to accelerated weathering over 25 days.

Although overall spectral changes were observed throughout the weathering period, the
evolution of peak intensities was not strictly linear. In most regions, the highest intensities
were recorded around Day10, followed by a slight decline or stabilization at later time points.
As this trend was not reported in comparable FTIR studies on PS degradation [106,107], it

may reflect variability introduced by sampling conditions, such as differences in particle
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distribution, extract concentration, or surface contact during measurement. These effects are

particularly relevant in analyses involving aqueous extracts from heterogeneous particulate

materials.

Figure 3.17 presents a comparison of NEMS-FTIR spectra of aqueous extracts obtained

from PS particles on Day 1, Day 25, and an unweathered reference sample (10 ng). The

reference spectrum exhibits only the characteristic aromatic and aliphatic PS bands with

minimal background, confirming its chemical stability. In contrast, both aged samples

display higher peaks across several regions, particularly Day25, which shows elevated
signals in the O—H stretching (3200-3500cm~!) and fingerprint (600-1500cm=!) regions.
These changes are consistent with oxidation-related surface modifications reported in
literature [106, 107].
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Figure 3.17: Comparison of NEMS-FTIR spectra of aqueous extracts obtained from PS

particles on Dayl, Day25, and an unweathered reference sample (10 ng).

Figure 3.18 presents NEMS—FTIR spectra of aqueous extracts obtained from PS particles,

highlighting the fingerprint region (600-1500 cm™!) for Day 1, Day 25, and a pristine

10 ng reference sample. The Day25 spectrum shows the highest peak intensities across
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multiple bands, particularly near 1000-1100cm~" and 750-700cm~', which are attributed
to ring bending and out-of-plane C-H vibrations characteristic of polystyrene [106, 108].
The overall increase in peak intensity in this region suggests progressive accumulation of
surface oxidation products and enhanced IR activity due to chemical modifications induced

by weathering.

Detailed View of the Fingerprint Region (600-1500 cm™1)
0.7 H B

— Day |
— Day 25
—— Referent 10 ng

06

Blank Corrected Response (a.u.)

T T T T T T
1500 1400 1300 1200 1100 1000 00 500 00 600
Wavenumber (cm 1)

Figure 3.18: NEMS-FTIR spectra of aqueous extracts obtained from PS particles, detailed
view the fingerprint region (600-1500 cm™).

Figure 3.19 shows a zoomed-in view of the aromatic C=C stretching band centered near
1495cm~! in PS particle extracts. This band is a well-established diagnostic marker of the
polystyrene aromatic backbone [106, 108]. Tt is clearly present in both Dayl and Day25
spectra, with Day 1 exhibiting slightly higher peak intensity. The reference sample displays
a much lower response, consistent with its lower concentration. The overall preservation of
this signal over time suggests that the core aromatic structure of the PS particles remains
chemically stable throughout the aging process, despite surface-level oxidative modifications
observed in other spectral regions.

Figure 3.20 shows the evolution of the O—H stretching region (3200-3500cm") in the FTIR
spectra of PS particle extracts. This broad absorption band is typically associated with
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Figure 3.19: NEMS-FTIR spectra of aqueous extracts obtained from PS particles, highlight-
ing the aromatic C=C stretching region. The zoomed-in inset shows spectral
features in the 1480-1510 cm™! range.

hydroxyl-containing species, including alcohols, carboxylic acids, or adsorbed water [106,107].
A clear increase in peak intensity is observed from Dayl to Day25, while the pristine PS
reference shows minimal response. This trend is consistent with progressive surface oxidation
and the formation of polar oxygen-containing groups on the PS particles during weathering.

In summary, the NEMS-FTIR analysis of aqueous extracts from polystyrene particles
exposed to accelerated weathering revealed progressive surface modification characterized
by increasing peak intensities in the O-H stretching region and key fingerprint bands. While
core aromatic structures remained intact, the emergence of hydroxyl-related signals and
enhanced activity in degradation-sensitive regions suggest oxidative transformation at the
particle surface. These findings align with previously reported weathering behavior in
polystyrene materials [106, 107], and support the broader conclusion of Chapter 3, namely
that FTIR spectroscopy enables detection of early-stage chemical degradation in polymer

samples even without direct preconcentration or filtration steps.
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Figure 3.20: NEMS-FTIR spectra of aqueous extracts obtained from PS particles, high-
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lighting the O-H stretching region. The zoomed-in inset shows increasing peak
intensity in the 3200-3500 cm™! range with weathering duration.
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Chapter 4

Conclusion and Outlook

This thesis aimed to investigate the chemical and structural degradation of PA, PS, and PET
materials under artificially induced weathering conditions, using NEMS-FTIR spectroscopy.
To simulate environmental exposure, an accelerated weathering protocol was applied over
25 days, combining UV radiation and thermal cycling. The development of characteristic
vibrational bands was tracked in two polymer types (PA and PS) over a 25-day exposure
period. This included changes in O-H/N-H stretching (3100-3500 cm™!), amide I and II
bands (1600-1700 and 1500-1600 cm™'), and aromatic and aliphatic C-H regions. The
observed spectral changes indicated progressive oxidation, hydrolysis, and chain scission,
consistent with degradation mechanisms reported in the literature. Although PET was
initially included in the study, it was excluded from the final analysis due to weak spectral
responses and limited degradation under the applied weathering conditions.

Macroscopic inspection and mass tracking complemented the spectroscopic analysis,
allowing visual and quantitative observation of degradation effects in all three types of
polymers. Notably, PS showed visible yellowing and embrittlement, while PA exhibited
minor but measurable mass loss, supporting the chemical changes observed spectroscopically.

This work has also shown the practical strength of NEMS-FTIR as a detection tool. The
key advantage of this method is the ability to identify plastic materials using minimal sample
quantities, often without the need for pre-concentration. In contrast to earlier studies, which
required steeping up to 60 teabags in 200 mL of water to detect nanoplastics [110, 111],
NEMS-FTIR has been shown to detect PA particles from a single teabag in only 30 mL
of water exposed to the aging process. This improvement demonstrates the method’s
high sensitivity and its applicability for detecting chemical changes in plastic degradation
products in low-concentration aqueous samples, without the need for preconcentration.

Additionally, NEMS-FTIR overcomes the limitations of traditional FTIR or Raman
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Chapter 4 Conclusion and Outlook

microscopy by enabling the chemical identification of micro- and nanoplastics regardless of
particle size. Its non-destructive nature allows seamless integration with complementary
techniques such as SEM, EDX, and O-PTIR, facilitating multi-modal sample characteri-
zation. Crucially, the configuration is affordable and accessible for regular environmental
monitoring due to the use of commercially available FTIR sources. Transparent and repeat-
able analytical methods are further supported by the use of open-source spectrum libraries
such as Open Specy and Spectragryph.

In addition to this, compared to earlier nanoplastic degradation studies, such as Lambert
and Wagner’s investigation of PS breakdown using nanoparticle tracking analysis (NTA) [44],
the NEMS-FTIR approach employed in this thesis offers significant advantages. While their
study required up to 14 days to observe measurable nanoplastic formation and relied on
size-based particle counting, NEMS-FTIR provided chemical information about degradation
signatures, such as O-H stretching and amide bond evolution, within the first few days
of exposure. Moreover, NEMS-FTIR allows for simultaneous chemical identification and
monitoring of structural changes, which NTA cannot achieve. These differences underline
the broader analytical power and faster diagnostic potential of NEMS-based spectroscopy
in nanoplastics research.

Looking ahead, NEMS-based spectroscopy holds strong potential for nanoplastic detection
in complex matrices such as air, soil, or biological fluids. Future developments may focus
on improving automated sample handling, real-time spectral acquisition, and coupling
with portable instruments. The findings of this thesis provide a foundational step in this
direction, establishing NEMS-FTIR as a reliable and sensitive tool for detecting degradation

in polymer materials and advancing the field of nanoscale plastic analysis.
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