Detection and Characterisation of Micro- and
Nano-plastics in Water using Optical
Spectroscopy

Syed Atif Igrar

Doctor of Philosophy

Aston University
March 2025

© Syed Atif Igrar, 2025

Syed Atif Igrar asserts his moral right to be identified as the author of this thesis.

This thesis copy has been supplied on the condition that anyone who consults it is understood to
recognise that its copyright belongs to its author and that no quotation from the thesis and no

information derived from it may be published without appropriate permission or
acknowledgement.

S.A. Igrar, PhD Thesis, Aston University, 2025.



ABSTRACT

Detection and Characterisation of Micro- and Nano-plastics in Water using Optical
Spectroscopy

Syed Atif Igrar

Doctor of Philosophy

2025

Micro- and nanoplastic (MNP) contamination in various environmental matrices has become an
increasing global concern due to its potential ecological and health impacts. However, detecting
and characterising these minuscule plastic particles remains challenging due to the limitations of
conventional spectroscopic techniques. This thesis explores the potential of photoluminescence
(PL) spectroscopy as an alternative technique for detecting and characterising MNPs in aqueous
media. The research encompasses the optimisation of fluorescence excitation-emission (FLE)
features for MNP detection, the development of a protocol for generating model MNPs, and the
proof-of-concept demonstration of a semi-portable PL spectrometer for microplastic detection.

In the first set of experiments, Fluorescence (FL) spectroscopy was utilised to investigate the
intrinsic excitation-emission features of common microplastics, including polystyrene (PS),
polyethylene terephthalate (PET), and polypropylene (PP). Through systematic analysis, distinct
fluorescence signatures were identified for each polymer type, enabling precise and label-free
identification. These spectral characteristics, linked to polymer-specific molecular transitions, form
the basis for a non-destructive fluorescence-based microplastic detection method.

The second set of experiments established a protocol for generating model MNPs through a high-
power direct ultra-sonication technique. This method significantly improved the efficiency of MNP
production compared to conventional methods, eliminating the need for chemical additives and
achieving high suspension stability in an aqueous medium. The generated MNPs, ranging from
100 nm to 150 pm, closely resembled environmental plastic pollutants in terms of size distribution
and morphology. Their characterisation using Raman spectroscopy, infrared spectroscopy
combined with machine learning, UV-Vis spectroscopy, and SEM imaging confirmed their
suitability as reference materials for microplastic research.

Furthermore, the third phase of the study examined the effectiveness of FLE mapping for
detecting and characterising MNPs in aqueous media. The study demonstrated that
ultrasonicated MNPs, including PS, PET, and PP exhibited strong and distinct FL spectra,
including those smaller than 100nm. This study confirmed that optimised excitation wavelengths
provide distinct FL fingerprints for MNPs and enhance their FL signal strength, improving the
technique's sensitivity for real-time detection.

Finally, the development of a semi-portable PL spectrometer further highlighted the feasibility of
real-time, on-site MNP detection. Although challenges such as background noise require further
optimisation, this proof-of-concept system represents a significant step toward field-deployable
MNP pollution monitoring.

Keywords: micro- and nanoplastics, photoluminescence spectroscopy, ultrasonication, semi-
portable spectrometer, microplastic detection, intrinsic fluorescence, machine learning.
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Chapter 1: Introduction and Background

Plastic pollution is one of the most crucial environmental challenges on a global scale. Since
1950, a substantial amount of plastic waste has entered the environment, where its degradation
resulted in the formation of smaller plastic particles down to the micro- and nanoscale [2]. These
particles are classified as micro- and nanoplastics (MNPs). Microplastics (MPs) are defined as
particles with a diameter smaller than 5 mm [3], while nanoplastics (NPs) have diameters ranging
from 1 to 100 nm or 1000 nm [4]. The definition of nanoplastics remains a topic of debate, with
some researchers setting the upper size limit at 1000 nm [5-7], while others define it as 100 nm
[8-10]. These minuscule plastic fragments, often invisible to the naked eye, have become
widespread, raising serious environmental and health concerns [11]. They have penetrated
terrestrial and aquatic ecosystems, from the highest mountain peaks to the depths of ocean
channels [12]. Of particular concern in recent years are nanoplastics, which, due to their
nanoscale size, are exceptionally difficult to detect and manage [13]. These particles present a
serious environmental threat due to their potential to disrupt ecosystems and pose risks to human

health [14].

The detection and quantification of these MNPs is not straightforward, given their minuscule size,
irregular morphology, diversity of materials, adsorption of toxic chemicals, and the complexity of
environmental matrices [15]. Many techniques, including microscopy, spectroscopy, chemical
analysis, and a combination of these, have been employed to detect and identify these MNP
particles [16]. Yet, challenges persist, as detecting MNPs in different environmental samples, i.e.,
water, soil, air, biota, and food, requires sophisticated equipment and specialised training.
Moreover, standardising detection procedures and classifying MNPs based on size, shape, and

polymer composition remains challenging [17].
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1.1 Aim and Objectives

This thesis aims to investigate the potential of fluorescence (FL) spectroscopy as an emerging

analytical method for detecting and identifying MNPs in the water. This aim will be achieved

through the following objectives:

1.

Investigation of intrinsic fluorescence emissions from microplastics (> 500 ym) in water
under multiprobe excitation wavelengths. This will involve using a novel two-dimensional
(2D) fluorescence excitation-emission (FLE) mapping method aimed at exploring the
detection and identification capabilities of fluorescence spectroscopy for commonly
encountered microplastics such as polystyrene (PS), polyethene terephthalate (PET), and
polypropylene (PP). Additionally, the study will analyse the observed optical features,
providing insights into their fluorescence characteristics. The findings are expected to
contribute to the advancement of fluorescence spectroscopy as a reliable method for
environmental monitoring and pollution control of microplastics in water.

Development of a laboratory-scale method for generating reference MNPs to facilitate
real-time environmental micro- and nanoplastic studies. This objective addresses the
challenges associated with obtaining secondary environmental MNPs, which are often
labour-intensive and time-consuming. The proposed method will enable the simple and
rapid production of reference MNPs using a direct ultrasonication technique, including
polystyrene (PS), polymethyl methacrylate (PMMA), polypropylene (PP), and polyvinyl
chloride (PVC). These reference materials will serve as controlled samples for validating
spectroscopic methods as detection and identification tools, ultimately contributing to the
advancement of analytical techniques for environmental microplastic monitoring.
Investigating the detection capability of fluorescence spectroscopy for micro- and
nanoplastics (MNPs) in water. This objective aims to evaluate the effectiveness of FL

spectroscopy in determining the detection limits for micro- and nanoplastics. The study

S.A. Igrar, PhD Thesis, Aston University, 2025. 2



will involve recording fluorescence excitation-emission (FLE) maps for ultrasonically
produced MNPs, including polystyrene (PS), polypropylene (PP), and polyethylene
terephthalate (PET), to identify their distinct fluorescence emission characteristics. These
findings will enhance the chemical characterisation and identification of MNPs in water,
reinforcing the role of fluorescence spectroscopy as a reliable tool for environmental
microplastic detection.

4. Development of a photoluminescence (PL)-based semi-portable analytical platform for the
rapid and label-free detection of microplastics in water. The initial phase will validate pre-
determined optimal excitation wavelengths to achieve strong fluorescence emissions from
three microplastic types with diameters of = 500 ym. These optimised excitation
wavelengths will guide the design requirements for a semi-portable PL spectrometer. The
subsequent phase will focus on the design and construction of the semi-portable PL
spectrometer, including the establishment of measurement protocols for microplastic
analysis. This development supports the aim of advancing fluorescence spectroscopy as
a practical and efficient tool for detecting and identifying microplastics in environmental

water samples.

1.2 Thesis Structure

The structure of this thesis comprises six chapters, outlined as follows:

Chapter 1: introduces micro- and nanoplastics, covering their origins, fate, impact, and
prevalence across various environmental matrices. It also provides a detailed overview of the
preliminary steps involved in MNP analysis, including sampling methods and sample preparation
techniques. Additionally, it presents a comprehensive review of state-of-the-art methods for
analysing MNPs. Finally, a literature review on fluorescence spectroscopy for microplastic

detection and identification is also covered.
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Chapter 2: explores the intrinsic fluorescence emissions of microplastics larger than 500 um
when subjected to multiprobe excitation wavelengths. It introduces a novel approach using two-
dimensional (2D) fluorescence excitation-emission (FLE) mapping to detect and identify
commonly found microplastics, including polystyrene (PS), polyethylene terephthalate (PET), and
polypropylene (PP). By analysing the fluorescence characteristics of these microplastics, the
study aims to enhance the application of fluorescence spectroscopy for environmental monitoring
and pollution assessment.

Chapter 3: outlines the development of a laboratory-scale method for generating reference
MNPs, which are essential for studying real-time environmental microplastics. The acquisition of
secondary environmental microplastics is known to be challenging, labour-intensive, and time-
consuming. Therefore, the chapter focuses on introducing a simple and rapid production of
reference MNPs (PS, PP, PMMA, PVC) using a direct ultrasonication technique.

Chapter 4: presents FLE mapping analysis for ultrasonicated micro- and nanoplastics (US-
MNPs) in water. Building on the findings from Chapter 3, where a laboratory-scale ultrasonication
technique was used to generate reference MNPs, this chapter investigates their fluorescence
properties to evaluate the detection capabilities of fluorescence spectroscopy. FLE maps were
recorded for ultrasonically produced polystyrene (PS), polypropylene (PP), and polyethylene
terephthalate (PET) to identify their distinct fluorescence signatures and establish the detection
limits of this method. The findings contribute to advancing fluorescence spectroscopy as areliable
tool for microplastic identification, offering an alternative to traditional spectroscopic methods
while addressing their inherent limitations.

Chapter 5: focuses on developing a photoluminescence (PL)-based semi-portable analytical
platform designed for rapid and label-free micro- and nanoplastics (MNP) detection. Initial
developments focused on using optimal excitation wavelengths for strong fluorescence emissions
from three different types of microplastics with diameters = 500 ym, as reported in Chapter 2.
Subsequently, the recorded optimal excitation wavelengths were utilised to establish the system
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design requirements of a portable PL spectrometer. Finally, this chapter details the complete
design and construction of the semi-portable PL spectrometer, including measurement protocols
for MNPs.

Chapter 6: presents an overall conclusion of the thesis.
1.3 Microplastics: Origin, Fate, and Impacts

Plastic pollution stands as one of the paramount environmental challenges of our era,
stemming from the annual influx of over 8-16 million metric tonnes (MMT) into the oceans [18].
This issue arises from inadequate management of synthetic plastic produced, ranging from 1.5 to
299 MMT between 1950 and 2013, and the anticipated cumulative production is expected to soar
to 34 billion metric tonnes by 2050 [19]. As shown in Figure 1.1, a significant rise in plastic
production has been noticed since 2004. The surge in plastic production from 225 MMT in 2004
escalated to 367 MMT by 2020 [20]. After plastic enters the environment, it undergoes rigorous
weathering conditions, hydrolysis, photo-oxidation by ultraviolet (UV) radiations from sunlight, and

mechanical breakage caused by sand abrasion or water turbulence [21].
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Figure 1.1 shows the different categories of plastic waste generated globally from 1950 to 2020. The blue
lines represent global plastic production, while the yellow bars indicate European production in metric
million tonnes (MMT) [22].
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The environmental MPs have been categorised into two main types, primary and
secondary microplastics. Primary microplastics (PMPs) are tiny plastic particles that are
intentionally manufactured to be small in size, typically with dimensions less than 5 millimetres
[23]. These microplastics are produced for various purposes, i.e., cosmetics and personal care
products [24], textiles [25], and industrial abrasives [26]. The intentional production of primary
microplastics contributes to their direct release into the environment. Their small size makes them
particularly challenging to manage and can lead to ecological and environmental concerns as
they may be ingested by marine organisms, affecting the food chain and ecosystem health. On
the contrary, secondary microplastics (SMPs) refer to small plastic particles that result from the
breakdown or fragmentation of larger plastic items. SMPs can be shaped into various forms,
including microbeads, microfibers, thin films, and smaller plastic fragments [27]. As shown in
Figure 1.2, SMPs are the dominant contributors to microplastic pollution. These include synthetic
textiles (35%), tyre wear (28%), and city dust (24%), which together account for the majority of
emissions [28]. In contrast, PMPs contribute a much smaller fraction, including road markings
(7%), marine coatings (3.7%), personal care products (2%), and plastic pellets (0.3%) [28]. The
origin of these plastics highlights the need for improved waste management, sustainable material
alternatives, and pollution control measures to mitigate their environmental impact. Additionally,
these particles pose environmental concerns as they can be ingested by marine organisms,

potentially entering the food chain and affecting ecosystem health.

MNPs have been found in various environmental matrices, indicating their pervasive presence
across different ecosystems. The common environmental matrices where microplastics have
been detected include water bodies (surface water and oceans) [29], soil [30], air [31], sediments
[32], biota (plants and animals) [33], food and beverages [34], drinking water [35], and recently
human blood [36] and clouds [37]. The widespread distribution of microplastics across different

environmental matrices raises concerns about their potential impact on ecosystems, human
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Figure 1.2: The proportional distribution of primary and secondary microplastic sources. City dust, tyre wear,
and the synthetic industry contribute significantly to the majority of microplastic pollution [28].

health, and the overall health of the planet [14]. The toxicity and environmental effects of
microplastics are primarily influenced by their physiochemical properties, such as size, shape,
surface chemistry, density, colour, and bioavailability. The toxicity of MNPs is size-dependent, as
smaller particles have higher toxicity due to factors like increased surface area, persistent
retention times, and the potential for the accumulation of pollutants [38-40]. The shape of the
MNPs also has an impact on ingestion, depending on how long they stay in the body after
consumption [41]. For instance, Daphnia magna quickly ingests polyethylene particles with both
regular and irregular shapes. However, the irregularly shaped microplastic particles had longer
gut clearance compared to regular particles [42]. The presence of MNP particles at different levels
in water bodies is greatly influenced by the density that projects their distribution and destination,
which further leads to their distribution in different habitats and biota [43-45]. The colour of MNPs
is another feature that can mislead visual predators and disrupt their foraging behaviour,
depending on their ingestion preferences. Research shows that the MPs resembling the prey
were more likely to be consumed, i.e., blue microplastic particles were consumed because they

were confused with blue copepods [46]. Furthermore, based on the polarity and affinity of different
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functional groups of MPs, various toxic contaminants can be adsorbed on their surface, such as
persistent organic pollutants (POPs), polychlorinated biphenyls (PCBs), heavy metals, polycyclic
aromatic hydrocarbons (PAHSs), dichlorodiphenyltrichloroethane (DDT), polybrominated diphenyl

ethers (PBDEs), and other contaminants such as poly-fluoroalkyl substances (PFAS) [47].

The identification and characterisation of MNP are of utmost significance owing to their potential
toxicity and substantial environmental impact. The MNP detection process necessitates a
systematic approach that starts with meticulous sampling methodologies. After sampling, the
subsequent phases involve diverse pre-treatments and sample preparations, which are integral
to ensuring the accuracy and reliability of the identification process [48]. The forthcoming sections
will elaborate on these crucial steps, specifically delving into the latest techniques employed and

addressing the challenges inherent in the processes.

1.4 Sampling Processes

Sampling stands as the primary and crucial stage in achieving precise characterisation of
MNP. However, it is quite challenging due to the varied physicochemical properties of MNPs and
the intricate composition of environmental matrices. The selection of an appropriate sampling
method primarily relies on the type of matrix, i.e., water, soil, snow, sediments, organisms, and
air, and the physicochemical attributes of MNP, encompassing factors like size, shape, surface
chemistry, density, and polarity. Sampling MNP in environmental waters involves different
techniques that consider the hydrological conditions, such as currents, wind, and water density,
that change the distribution of MNP in water [49]. To this end, different sampling methods have
been developed for sampling MNPs from river water [50], seawater [51], lakes [52], ponds [53],
and wastewater [54].
The sampling of MNP from water bodies has been mainly classified into two categories: (a) net
sampling and (b) bulk sampling methods. The net sampling method involves using different nets

with varying mesh sizes from 1-500 uym. This technique can only sample MP and cannot capture
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NP because the mesh size manufacturing limit is 1um [55]. Additionally, the heterogeneous
distribution of MP in water bodies necessitates the collection of large volumes, typically ranging
from 100 L to several cubic meters, to obtain a more representative sample [56]. This method
enables the collection of MP from marine and river matrices [57]. Figure 1.3 shows all devices
that are used for net, bulk, and other sampling techniques. The most common devices for net
sampling are Manta, Neuston, Bongo, and MOCNESS nets. The Manta and Neutson are mainly
used to collect MP from surface water. On the other hand, the Bongo net is used for sampling MP
in water columns at depths of 1-212 m [58]. However, neither of these nets is suitable for vertical
water columns. These nets are designed for horizontal or oblique towing and lack the structural
features, such as rigid frames or flow meters, needed for controlled vertical descent and retrieval.
As a result, they are not suitable for precise vertical column sampling where depth-resolved data
is required. To collect MP in vertical columns, different multi-stage technologies have been
developed, such as multiple opening and closing net environmental sampling systems
(MOCNESS) [59], continuous plankton recorders (CPR) [60], and multi-net trawl [61]. The bulk
sampling method involves the collection of a substantial volume of water, typically ranging from
200 to 1,100L, and often at least 500 L in scenarios with low particle abundance, to obtain a
representative sample and account for uneven microplastic distribution in the water column [62].
The collected volume is then transported to a laboratory for further physical and chemical

treatments to make it ready for analysis.

Compared to net-based sampling methods, bulk sampling has the capability to collect both MP
and NP from the water using glass or steel buckets and bottles to avoid contamination. This
method can be used to sample surface water and verticle water columns with a volume capacity
between 2 and 50 L [63]. The most common devices used for bulk sampling of MNP are buckets,
Niskin, Rosette, and immersible pumps. The stainless steel buckets were formerly employed for

collecting bulk samples from the surface waters of the Bohai Sea [58] and the effluent of
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wastewater treatment plants in urban river basins [64]. Niskin bottles, which are cylindrical water
samplers designed to collect discrete samples at specific depths, are used in various
configurations to collect bulk water samples, with deep-sea models capable of operating at depths
exceeding 10,000 meters [65]. The Rosette device comprises multiple Naskin bottles arranged in
a circular manner with a conductivity temperature depth sensor. This device is used during the
diving process to collect MNP-contaminated water samples in deep water columns [51, 66]. This
method has been utilised to sample the microplastics (MP) in the water column down to around
4 km. The findings indicate that the predominant concentration of microplastics is located within
the vertical layer spanning depths from 8 to 51 meters [67]. Among bulk sampling techniques, the
immersible pump is also a standard method to sample at a specific depth of water columns.
However, this method demands increased operational energy and involves intricate processes,

making it inconvenient for water sampling [68].
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Figure 1.3 The devices commonly employed for sampling micro- and nanoplastics (MNPs) in different
environmental water bodies, categorised into net sampling, bulk sampling, and other methods. [55].

Different specialised sampling devices have been employed in recent years to achieve specific
objectives related to MNP sampling in water. These devices include cross-flow ultrafiltration

(CFU) [69], continuous-flow ultracentrifugation (CFC) [70], surface microlayer (SML) sampling
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[71], and in-situ filtration [56]. The CFU has recently been reported as a novel method for sampling
NP up to 50 nm in size [72]. In this method, the sample passes through a set of hollow fibre
membranes composed of polysulfone, collected at a flow rate of 4 litres per minute. However, this
method cannot be used for microparticles (MP) exceeding 100 um in size, given the restricted
internal diameter of the fibre membranes, set at 200 ym [73]. CFC is a promising technique for
sampling microplastics (MP) and nanoplastics (NP) from water. This method exhibits the capacity
to sample at a rate of 5 litres per hour, revealing a 76% presence of 150 nm PS-NPs within the
sample volume [70]. However, it's important to note that increasing the pump speed in CFC results
in a reduction of MNP concentration, rendering it unsuitable for sampling large volumes.
Additionally, this method is not optimal for low-density MNPs, as they tend to float on the water
surface post-centrifugation. Furthermore, the in-situ filtration approach combines fine meshes
with immersible pumps, ensuring efficient and high-volume sampling exclusive to MP, while it is

not capable of sampling NP [74].

Sampling MNP from other matrices, such as soil, sediments, snow, and water, requires specific
tools and methods. In agricultural soil, microplastic pollution is primarily attributed to the use of
mulches, coated fertilisers, and sewage sludge [75]. However, inadequate disposal of municipal
waste and littering also contribute to the accumulation of secondary microplastics in the soil [76].
MNPs with varying densities disperse across different levels of the ocean. Biofouling further
amplifies the weight of MNPs, causing them to sediment in the water [77]. Approximately 13% of
the entire marine plastic waste settles in the deep sea, posing a threat to the deep-sea ecosystem
[49]. Sampling heterogeneously distributed MNPs in sediments proves to be a challenging task,
necessitating specialised tools like box corers [78], gravity corers [79], and grab corers [80].
Sampling protocols for snow and ice vary and lack standardization [81]. Surface snow is typically
collected with a stainless steel spoon and then transferred to clean glass surfaces [82]. Sampling

ice from the sea surface involves using steel corers, followed by transportation in pre-cleaned
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plastic storage bags for sample preparation. In a recent study, a snow sample was obtained from
a depth of 3.9 metres using a steel corer, and the identification of MP and NP was carried out on
the sample [83]. MNP air sampling is divided into two categories: (i) Active sampling and (ii)
Passive sampling methods. Active sampling employs a vacuum pump, metal ducts, and filters
with varying mesh sizes. Air is drawn through the pump, and MNPs are retained on the mesh
surface. A cascaded mesh approach is utilised to prevent mesh blockage involving subsequent
mesh sizes [84]. On the contrary, the passive sampling process is less complicated. In passive
sampling, airborne MNPs settle due to gravitational force and are collected in containers [85].
Outdoor passive sampling is further classified as wet or dry deposition of MNPs in steel or glass
containers based on weather conditions. Indoor MNP sampling is more straightforward and

requires less expensive equipment than outdoor sampling [86].

1.5 Microplastic Sample Preparation

In the past, various techniques have been employed for sample preparation depending on
the specific sample matrices, such as water [87-89] (including drinking water and aquatic
environments), soil [90], air [91], biota [92], food [93], etc. Herein, our focus is solely on the
preparation of microplastic samples derived from aquatic environments. To avoid contamination
during the sample preparation process, a closed workstation, such as a fume hood, is
recommended for a clean work environment. Moreover, devices composed of steel or glass are
preferred to attain the highest level of contamination-free samples. Plastic equipment like vials
and pipette tips should be substituted with non-plastic alternatives, or their usage should be
minimised or avoided altogether to reduce plastic contamination. Even in controlled environments
like fume hoods, it is essential to minimise airflow to prevent airborne microplastic contamination
[94].

Samples extracted from aquatic environments encompass various components, including

water, sediments, biota, dissolved organic matter (DOM), and suspended matter [95]. The
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preparation methods for sediment and biota samples initially differ from those for water; hence,
they are explained separately in sections 1.5.1 and 1.5.2. Subsequent processing of these
samples, incorporating other matrices like water, suspended matter, and DOM, is explained in

Section 1.5.3.

1.5.1 Sample Preparation of Sediment Samples

The initial stage in processing sediment samples involves separating microplastics (MP)
smaller than 1 mm. This separation is accomplished using a specialised device called the
microplastic sediment separator (MPSS). MPSS employs density separation via a zinc chloride
solution with a volume concentration ranging from 1.6 to 1.7 kg per litre. Microplastics measuring
less than 1mm and those within the range of 1 to 1.5 mm are collected in a small detachable
chamber, achieving recovery rates of 95.5% and 100%, respectively [96, 97]. However, the
recovery rate of sediment samples rich in organic content is comparatively low, ranging from 13%
to 39% [98]. The non-plastic content in a large sediment sample can be removed using an
electrostatic separator device [99]. This method is cost-effective and offers a short processing
time while also eliminating the need for chemicals during initial separation. However, additional
processing steps, such as organic digestion and density separation, are required to remove the

remaining sediment components from the sample.

1.5.2 Sample Preparation of Biota Sample

Several studies have investigated the presence of microplastics in marine biota, extensively
examining both large and small organisms [100-102]. Large animals such as fish, sea turtles, and
seabirds have been thoroughly studied [103], while smaller biota, including zooplankton, worms,
shrimps, and bivalves, have been comprehensively analysed [104]. Microplastics within biota are
typically identified using fluorescent dyes under a fluorescence microscope. The initial step in
preparing biota samples involves depuration and thorough cleaning to minimise contamination,

apart from microplastics. Additionally, samples should be defrosted before analysis and washed

S.A. Igrar, PhD Thesis, Aston University, 2025. 13



using non-plastic equipment to prevent external contamination. However, comprehensive

guidelines for biota sample preparation have been lacking thus far [105].

1.5.3 Digestion Process

Digestion is the primary step in microplastic sample preparation for most sample matrices,
excluding sediment samples, which are processed with MPSS (Section 1.5.1). During this step,
the sample undergoes pretreatment involving the use of chemicals or enzymatic digestion to
break down any organic matter present within it. However, during digestion, there is a potential
risk of microplastic particle degradation stemming from mechanical friction and sample heating
[106]. This risk can be averted in drinking or clean water samples, which can be directly filtered
for subsequent identification and characterisation. Sample digestion is further divided into four

categories.

Enzymatic Digestion: Enzymes are extensively used to eliminate organic matter in tissues
and cells [107]. Enzymatic digestion has demonstrated high efficiency, degrading 97% of the
organic matter in the study. Compared to chemical digestion, microplastic samples treated with
enzymes neither degrade nor dissolve the microplastic particles, and these enzymes pose no
hazardous risks. However, enzymes can be costly, especially for larger samples, and the process
is time-consuming. Additionally, for some complex matrices, this method may not completely
digest all organic matter, necessitating integration with additional processes such as incubation

with H20- to degrade any remaining organic matter.

Oxidising Digestion: This process entails the removal of organic matter using an effective
oxidiser (H20-). However, this process can alter the morphology of microplastics, rendering them
more transparent, thinner, and smaller when oxidised with a 30% H20O; solution. However, a
recovery rate of 70% for microplastics has been achieved with 30% H>O-. oxidisation [108].

Another study indicates that using a 35% H>O- solution destroyed 25% of organic matter over 7
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days [100]. Optimising the concentration of H,O; presents a challenge, as microplastics exhibit a
strong reaction to higher concentrations of H20.. The recommended protocol for oxidative

digestion is to use a 10% H-O- solution with an exposure time of 18 hours [109].

Acidic Digestion: This approach employs acids to destroy organic matter, with HNO3 has
been proven to be an efficient solvent, capable of destroying 94-98% of biogenic compounds,
surpassing other solvents such as HCI and H20: in terms of effectiveness [100, 101, 106].
However, these potent acid solvents can cause the dissolution of various microplastics (PE and
PS), and particle agglomeration has also been observed. Notably, HCI is not recommended

among all solvents due to its low efficiency in eliminating organic matter [100].

Alkaline Digestion: This technique employs alkaline solvents like NaOH and KOH
solutions. A destruction efficiency of 90% for organic matter has been attained with a 1 M KOH
solution [100]. Furthermore, enhanced digestion effectiveness can be achieved through higher
molarity and temperature. However, increased molarity can result in the degradation of
microplastics, as evidenced by a study demonstrating the degradation of various microplastics

such as polycarbonate (PC), PET, and PVC when exposed to a 10 M KOH solution [110].

1.5.4 Density Separation

This process involves the separation of microplastics from environmental samples based
on their respective densities. In many cases, following enzymatic or chemical digestion, density
separation is commonly utilised to isolate undamaged microplastics from the sample [109]. The
microplastic sample undergoes mixing with highly concentrated solutions, followed by shaking for
an appropriate duration. Due to their lower densities, microplastics float atop the mixture and are
recovered using a separating funnel [107]. Sodium chloride (NaCl) stands out as the predominant
choice for density-based microplastic separation, as recommended by numerous researchers due

to its affordability and low toxicity [109, 111]. Another viable option for achieving density
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separation is sodium iodide (Nal), although less commonly employed due to its higher cost.
Moreover, Nal can be utilised in conjunction with NaCl to attain an efficiency of 80% [112]. Zinc
chloride (ZnCl;) emerges as another frequently utilised solution for density separation, often
combined with MPSS [96]. The recovery rate of microplastics using this solvent is notably high,

and its cost remains relatively inexpensive [109].

1.6 State-of-the-art Reference Microplastic Generation Methods

The identification and characterisation of MNP require standardised analytical techniques
such as Raman spectroscopy, Surface-Enhanced Raman Spectroscopy (SERS), and Fourier
Transform Infrared (FTIR) spectroscopy. However, most studies have relied on commercially
produced spherical microplastic beads [113-115], which do not accurately represent
environmental MNP in terms of shape, size, and surface chemistry. Additionally, environmental
MNP are challenging to sample, separate, and analyse due to their heterogeneous nature and
complex interactions with surrounding matrices, including various biological and chemical
species. Therefore, the development and standardisation of analytical techniques necessitate the
use of reference MNPs that closely mimic those found in environmental samples.

To address this need, several methods have been employed for generating reference
MNPs, including cryogenic milling [116], laser ablation [117], and cryotome [118]. However, each
of these methods presents significant limitations in replicating real-world secondary microplastics.
Cryo-milling, one of the most commonly used techniques, produces heterogeneous particle sizes
(1-200 pym) that do not fully represent the size range of environmental plastic debris, which
extends into the nanoscale [119]. Additionally, cryo-milled MPs suffer from low suspensibility and
poor dispersion due to static charge, which complicates subsequent processing steps such as
filtration, fractionation, and characterisation. A more promising top-down method, laser ablation
[120], has been used to generate nanoscale reference particles with irregular morphologies and

homogeneous dispersion. However, this technique is restricted to nanoscale plastic production
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and cannot generate micron-sized particles, making it unsuitable for studies requiring a broader
particle size distribution. The cryotome method efficiently produces standardised microplastic
fibres with controlled lengths (40—100 um) [121], ensuring consistency for laboratory studies. It
allows high-throughput production and supports multiple polymers like Nylon, PET, and PP.
Additionally, fluorescent labelling confirms its relevance for bioavailability testing. However, it is
limited to a maximum fibre length of 100 um, with potential misalignment issues requiring
additional fractionation. Moreover, this method is restricted to producing only fibre-shaped
particles and cannot generate fragments, which are commonly found in environmental matrices.
In general, each of these methods faces significant challenges in producing reference MNPs that
accurately replicate real-world microplastic debris in terms of size, morphology, and
suspensibility.

Other approaches have focused on producing nanoscale reference particles through
bottom-up synthesis, such as colloidal chemistry [122-124]. While these methods can generate
monodisperse spherical nanoparticles (NPs), they often require chemical additives, including
solvents, sodium azide residues, and surfactants. These synthetic by-products can interfere with
NPs characterisation and introduce misleading results when establishing analytical standards.
Furthermore, these NPs typically exhibit smooth surfaces without the physical imperfections found
in real environmental NPs, limiting their environmental relevance [125]. To address some of these
issues, soap- and metal-free emulsion polymerisation has been developed to produce additive-
free NPs with controlled morphology, surface functionality, and stability [126]. However, these
particles still differ significantly from environmental nanoplastics, which display irregular shapes
and complex surface chemistries developed due to harsh environmental weathering conditions.

Given the challenges posed by existing MNP production techniques, ultra-sonication has
emerged as a promising alternative for generating reference MNPs with enhanced suspensibility
and structural diversity. The use of high-intensity ultrasound to degrade solid polymers into
microscopic fragments was first reported by J. Price [127]. More recently, NPs (200-800 nm) have
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been produced via the sonication of polyethylene (PE) dissolved in toluene, demonstrating the
potential of sonication for nanoscale plastic particles generation [128]. Moreover, reference
secondary MNPs of varying shapes (fragments, spheres, and fibres) and sizes (100 nm-1 mm)
were successfully produced using high-power sonication (15 kHz) in strongly basic conditions for
15 hours [129]. However, this method is only applicable to polymers that do not form polyamides
in alkaline solutions. Despite the advantages of sonication-based techniques, a major challenge
remains in achieving precise size control of the produced MNPs.

Beyond production methods, another critical factor influencing the reliability of reference
MNPs is their stability in suspension, as it directly impacts their transport and bioavailability in
environmental conditions. The MPs generated through cryo-milling exhibit extremely low
suspension in water due to their static charge property. However, these microplastics show
adhesion to glass surfaces, and this adhesion increases with a decrease in particle size [130].
The larger microplastic particles of the same material tend to sediment more rapidly compared to
the smaller particles due to their cumulative mass. A study on microplastic sedimentation [131]
suggests that the residence time of microplastic particles in water columns is highly dependent
on particle size and less relevant to density. The settling velocities of environmental microplastics
are also dependent on the hydrophobic surface of MPs, which was confirmed through the
combination of a semiempirical model [132] and laboratory experiments [133]. To improve
suspensibility, two approaches, the use of surfactants and surface oxidation have been explored.
In the first approach, surfactants enhance dispersion but alter MPs spectral properties and pose
a risk of contaminating samples. Surface oxidation increases hydrophilicity and improves
suspensibility but modifies the surface chemistry of MPs, potentially affecting their environmental
relevance [129]. Thus, while sonication presents a promising technique for generating reference
MNPs, further optimisation is required to control size distribution and improve suspensibility

without compromising the integrity of the particles.
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1.7 State-of-the-art MNP Detection Techniques

A single technique is insufficient to gather comprehensive information about microplastics
(MPs) within complex matrices, including factors like quantity, size, shape, and chemical
composition. Therefore, a combination of two or more analytical techniques is commonly
employed to completely characterise them. Physical characterisation of MPs involves various
microscopic systems such as dissect, SEM, and atomic force microscopes, providing
morphological (particle shape) and size-based information on MPs. For chemical identification,
spectroscopic techniques such as Raman, FTIR, and mass spectroscopy are commonly used.
The combination of spectroscopic systems with microscopes, such as micro-Raman and micro-
FTIR, provides comprehensive information, both physical and chemical, about MNP. Table 1.1
includes a list of commonly utilised analytical methods for the detection and characterisation of
micro- and nanoplastics (MNPs). However, in this thesis, our primary emphasis is on
spectroscopic techniques and the research conducted on MNP identification using these

methods.

Table 1.1 List of commonly utilised analytical techniques for the detection and characterisation of micro-
and nano-plastics (MNPs).

Analytical Method Resolution PROS CONS
High chances of
Visual detection by Fast, inexpensive, False-positive or
microscopes uncomplicated, negative and
1. Opticall™4 >50 um manageable, less training | provides no
2. Light and required, give morphology | information on the
Stereoscopic!'3 of MPs chemical
composition.
Required less sample Destructive, number
preparation, the chemical of MPs and’
AC_MS [136-138] ) composition can be ;
PY-GC-MS N9-Hg determined fast, Highly morpholpglcal
o . information can not
sensitive, Provides )
. be determined,
thermal degradation S
reproducibility is

S.A. Igrar, PhD Thesis, Aston University, 2025.

19



profiling for MPs ageing
study

complex, Expensive
setup

Fluorescence

Fast, enables to
differentiate multiple

High possibility of
false-positive,
fluorescence

: [139-141] pum . g . background noise,
microscopy particles, in-expensive, . )
) . and no information
provides morphological on chemical
information o
composition
Fluorescence
High spatial resolution for | background issues,
small particles, Non- expensive
-Raman Spectrosco destructive, Sensitive to a | instruments, low-
H [114, 14pz_146] Py >1 um wide range of chemical intensity signals,
structures, Can analyse and slow
opaque and pigmented measurement can
samples be destructive with
high-power lasers
Water interference,
Non-destructive, Rapid expensive sgtup,
analysis, Provides gi;npellrlson 'IS bl
- [147, ) e i
M-FTIR speﬁ’goscopy >10 um detailed chemical ifficult, unreliable

composition, Effective for
identifying polymer types

data of thick,
coloured, and
opaque plastics in
transmission mode

Photlomuniscence &
TRPL Spectroscopy 4

151]

Undetermined

Rapid measurement
process, Non-destructive,
Requires minimal sample
preparation, Less
expensive, Provides
detailed electronic and
optical property insights,
Can identify plastic types

Not all plastics
exhibit intrinsic
fluorescence,
Susceptible to
photobleaching,
Potential
interference from
persistent organic
pollutants (POPs)

1.7.1

Pyrolysis-Gas Chromatography-Mass Spectroscopy

Pyrolysis-gas chromatography-mass Spectroscopy (PY-GC-MS) is an analytical technique

used to characterise a wide range of materials, including composites and polymers. In this
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method, the sample undergoes heating in a vacuum to avoid oxidation or additional reactions,
resulting in the breakdown of the sample into smaller, stable fragments for analysis. These
fragments, known as pyrolyzates, are then introduced into a conventional gas chromatographic
column. This column separates the decomposed particles according to their size and chemical
characteristics. Subsequently, the pyrolyzates are directed through a mass spectrometer,
generating a spectrum of mass-to-charge ratios. This ratio is utilised to discern the individual
components within the sample, enabling the identification of the material and its concentration

[152].

The working principle of PY-GC-MS is shown in Figure 1.4. The main advantage of
employing this approach for microplastic analysis lies in its ability to identify polymers and provide
insights into the organic additives within the sample. Furthermore, this technique can manage
microplastic samples of various shapes, sizes, and chemical contamination without the need for
any pre-treatment of the samples [153, 154]. While PY-GC-MS is a destructive method, its primary
drawback is the inability to provide information on the size, shape, or number of microplastic
particles. Additionally, it typically requires longer analysis times (around 30 minutes or more)
compared to Raman and FTIR spectroscopies, which can offer faster analysis for single-point
measurements but may take longer for complete sample imaging. This approach is predominantly
reported as a supplementary technique alongside Raman [155] and FTIR [156] spectroscopies.
Another constraint of PY-GC-MS lies in its particle size capability, as it can only analyse particles
larger than 50-100 microns. This limitation arises from the manual transport of particles in the
pyrolysis tube, and particles exceeding 1.5 mm cannot be measured due to the thermal deposition
tube diameter constraints. The detection limit of this method is considered to be between
picograms and micrograms [157]. Notably, Hermabessiere reported an exceptionally low limit of

1ug and concluded that the microplastics with higher density exhibit a higher detection limit [158].
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Figure 1.4: Schematic diagram of pyrolysis-gas chromatography-mass spectroscopy (PY-GC-MS). The
sample undergoes heating in a pyrolyzer and is subsequently transferred to a gas chromatogram for
separation. Finally, it is fed into the mass spectrometer, which provides spectral information about the
material [159].

1.7.2 Thermal Analysis

In addition to spectroscopic techniques for MNP analysis, several other methods have been
employed to detect, identify, and characterise MNP, such as microscopic (optical, SEM, TEM)
and thermal techniques, which mainly include thermogravimetry (TGA) and differential scanning
calorimetry (DSC) [136]. These thermal techniques are used primarily to identify and characterise
MP in solid environmental samples, such as soil. TGA is utilised to observe the time- or isotherm-
dependent mass loss of the sample. This method is well-suited for solid samples, eliminating the
need for any sample pretreatment. Recently, a chemometric approach combined with TGA has
been employed to qualitatively and quantitatively characterise different common microplastics
(PS, PET, PE, and PVC) in soil samples [160]. This method is the preferred choice for
characterising microplastics in soil due to its simplicity, lack of sample pretreatment requirements,
cost-effectiveness, and efficiency in terms of the time required for measurements.

TGA is integrated with additional methods, referred to as hyphenated TGA, to augment the
identification and characterisation capabilities of microplastics. Those hyphenated TGA methods

include Thermogravimetry mass spectroscopy (TGA-MS), Thermogravimetric analysis with

differential scanning calorimetry (TGA-DSC), Thermogravimetric analysis with thermal

S.A. Igrar, PhD Thesis, Aston University, 2025. 22



decomposition unit, gas chromatography, and mass spectrometry (TGA-TDU-GC-MS). All these
coupled techniques offer additional insights into the sample. For instance, TGA gives data on the
mass loss of the sample, while the others provide both qualitative and quantitative information
about the sample. The TGA-MS for detecting PET microplastics was utilised to collect mass loss
information by heating the sample in an inert environment. Qualitative and quantitative data are
then obtained using a mass spectroscopic system [161]. This technique boasts a low detection
limit, a cost-effective setup compared to other hyphenated TGA methods, minimal sample
preparation requirements, and the ability to handle larger sample volumes to address
heterogeneity issues. However, a key challenge in TGA-MS arises from the intricate interpretation
of data, especially when the sample contains various contaminants or plastics with similar masses
and thermal degradation patterns. To address this complexity, a twist tube method was
developed, capturing evolved gases using solid-phase absorbers (SPA) to simplify output data
[162]. This addition of SPA introduces an extra chromatographic separation capability,
transforming the system into TGA-GC-MS [163].

Furthermore, TGA-DSC has been utilised for microplastic characterisation, capturing
additional thermodynamic information about the sample, including phase transition temperature,
enthalpies, and heat capacities throughout the process [164]. This study determined the
endothermic phase transition temperatures of various microplastics using DSC. Notably, PE and
PP exhibited distinct patterns, aiding in their identification. However, other microplastic samples
(polyvinyl chloride - PVC, polyester - PES, and polyamide- PA) displayed similar temperatures,
introducing complexity in the identification process. To address this data overlap, Chialanza
employed a deconvolution process [165]. The overlapping phase transition temperatures were
influenced by factors such as the initial particle size, impurities in the sample, and the degree of
polymer branching. TGA-DSC emerges as a favourable option for characterising microplastic

particles due to its straightforward processing and cost-effectiveness. However, the identification
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of microplastics obtained through DSC can be challenging due to shifts in characteristic

temperature spikes, especially when dealing with raw and ground particles [166]. Thermal

Hyphenated TGA
45%

Py-GC-MS
45%

Figure 1.5: Percentage distribution of thermal techniques employed to characterise environmental MP
samples [136].

techniques have been widely employed for the characterisation of microplastics, as illustrated in
Figure 1.5, which depicts the distribution of various thermal analyses used for microplastic
identification and characterisation. Py-GC-MS and hyphenated TGA stand out as the most
popular thermal techniques, while TGA and DSC have been explored to a lesser extent for

microplastic characterisation.

1.7.3 Raman Spectroscopy

Raman spectroscopy is a vibrational spectroscopic method based on inelastic scattering
principle, wherein incident light interacts with matter, leading to characteristic spectral fingerprints.
The spectrum provides information about the functional groups within a material, facilitating the
identification of the specific materials. An intense monochromatic source, typically at 532 nm or
785 nm, excites the material, leading to the scattering of light in both elastic and inelastic manners.
The elastic scattering is known as Rayleigh scattering, while the inelastic scattering is termed

Raman scattering. Raman scattering is further divided into two categories: Stokes and anti-Stokes
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Raman signals (see Figure 1.6). A laser beam with a frequency v stimulates electrons, causing

them to transition from lower vibrational states to higher vibrational states. Upon relaxation, these
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Figure 1.6: The representation of Raman scattering processes, including Stokes, anti-Stokes, and Rayleigh
scattering. The left diagram depicts the interaction of an incident laser photon (vo) with a molecule, leading
to scattered photons of different energy states: Stokes Raman scattering (vo- vvib), Rayleigh scattering
(elastic scattering at vo), and anti-Stokes Raman scattering (vo + vvib). The right energy diagram shows the
corresponding energy transitions, where Stokes scattering results in energy loss, anti-Stokes scattering
involves energy gain, and Rayleigh scattering occurs without a change in energy [167].

electrons emit photons with the same frequency as the initially excited photons (vo), a
phenomenon known as Rayleigh scattering. The relaxation to lower vibrational states is termed
Stokes Raman scattering (vo- Lvib), While relaxation to higher vibrational levels is referred to as
anti-Stokes Raman scattering (vo + Uvib).

The inelastic scattering from a material can be measured using a Raman spectroscopic
setup, as depicted in Figure 1.7. The two most commonly used excitation wavelengths, 532 nm
and 785 nm, are used in Raman spectroscopy for microplastic detection [113, 168-170]. These
wavelengths offer a balance between signal intensity and fluorescence interference. The shorter
wavelength, 532 nm, yields strong Raman signals but can induce fluorescence, while 785 nm
reduces fluorescence at the cost of lower signal strength. Additionally, 1064 nm is sometimes

used for highly fluorescent samples [171], as it further suppresses fluorescence, though it typically
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requires more sensitive detectors due to weaker Raman scattering. The near-infrared wavelength,
785nm, is preferred due to its optimal balance of signal strength, fluorescence suppression, cost-
effectiveness, and overall performance [142]. In the Raman spectroscopic setup, the laser beam
of one of these wavelengths undergoes splitting and is directed towards the samples,

subsequently being focused on the sample through focusing
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Figure 1.7: Schematic diagram of Raman spectrometer. The blue beam represents the laser, which is
subsequently split and directed towards the sample. The scattered light traverses optical components and
reaches the detector, where the Raman spectrum is recorded.

optics, typically microscope objectives. The backscattered light from the sample then traverses
the same objectives. A filter is employed to block the elastically scattered signal, allowing only the
filtered signal, composed of inelastically scattered light, to enter the spectrometer through the
entrance slit. Within the spectrometer, this light is reflected onto the grating, which disperses it

into individual wavelengths. These wavelengths are then directed onto the charged couple device,

facilitating the simultaneous detection of wavenumbers within a specified spectral range. Raman
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mapping can also be accomplished through a step-wise movement of the laser focus across the
sample, recording the Raman signal for each pixel throughout the entire image.

Over the last decade, this method has been widely employed for identifying microplastics
gathered from various environmental sources, such as water [172], soil [173], air [174], blood
[175], and food [176]. The prevalence of utilising this method for microplastic identification stems
from its non-destructive nature, minimal sample requirements, and the potential for high-
throughput measurements. Additionally, when compared to FTIR spectroscopy, this technique
provides higher spatial resolution (down to 1um), better sensitivity to non-polar functional groups,
a broader spectral range, and reduced interference from water signals. However, this approach
has its drawbacks, including a fluorescence background, a less intense Raman signal, and the
potential to cause the burning of microplastic particles with high laser intensity [177, 178]. Raman
spectroscopy combined with optical microscopy can provide detailed chemical and physical
information on MPs, including the level of degradation, crystallinity, and degree of cross-linking
[179]. Moreover, some studies show that the sensitivity of Raman spectroscopy can be increased
to detect nanoplastics (NPs) by integrating signal enhancement methods such as surface-
enhanced Raman spectroscopy (SERS) [180] and coherent anti-stokes Raman spectroscopy
(CARS) [181]. However, each method has its drawbacks, i.e., SERS specifically experiences
hetero-aggregation of nano plastics, a plasmonic heating-induced photothermal effect, and time-
intensive and cumbersome measurements [182]. In contrast, single-colour CARS has limitations
in distinguishing chemically different microplastics, and multiplex CARS has a low imaging rate,

which makes it a time-consuming process [183].

1.7.4 Fourier-Transformed Infrared Spectroscopy
Fourier-transformed Infrared (FTIR) spectroscopy is also a promising technique for
microplastic identification, and it works by measuring the absorption, transmission, or reflection

of infrared radiation by a sample, enabling the detection of microplastics down to 10 ym [184].
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Figure 1.8 shows the schematic diagram of a typical FTIR spectrometer with its three modes of
signal sample interaction. These modes are referred to as (i) Transmission, (ii) Reflection, and

(iii) Total Attenuated Reflection (ATR) for sample characterisation [134]. A time-consuming
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Figure 1.8: Schematic diagram of a Fourier Transformed Infrared (FTIR) spectrometer. The infrared light
interacts with the sample in three different modes: (i) Transmission, (ii) Reflection, and (iii) Attenuated total
reflection — ATR.

substrate

imaging process such as that in Raman spectroscopy, which requires point-by-point scanning, is
significantly reduced in FTIR when using focal-plane-array (FPA) detectors in reflection or
transmission mode, as FPA enables simultaneous multi-pixel data acquisition. Moreover, micro-
FTIR equipment used for microplastic analysis is less expensive than a micro-Raman
spectrometer. However, samples need to be dried prior to FTIR analysis. Also, in transmission
mode, thicker samples (> 100 um) cannot be measured due to the high absorbance of light. Light
scattering due to irregular shapes of secondary microplastics is another major issue in reflectance
mode. [185]. Also, this technique has limitations in detecting MPs up to 10 um. It cannot identify

nanoscale plastic particles because these are typically smaller than the wavelength of mid-
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infrared light (approximately 2.5 to 25um, corresponding to 4000 to 400cm™), making it
challenging to detect and characterise them directly. Finally, samples with thicknesses less than

5 um provide insufficient absorbance for interpretable spectra in FTIR transmission mode [186].

1.8 Photoluminescence Spectroscopy

1.8.1 Theory

Photoluminescence is a phenomenon that characterises light emission from a substance
in solid, liquid, or gaseous form after absorbing light. This process is further divided into two main
types: fluorescence and phosphorescence. In fluorescence, emissions from the material stop
rapidly (from 10° to 107 seconds) upon the removal of the excitation source, whereas in
phosphorescence, the material continues emitting light (lasting from 10 to 10 seconds) even
after the excitation source has been removed. The photoluminescence phenomenon is explained
using the Jablonski diagram (see Figure 1.9). In the first phase (absorption) of the process, the
material absorbs light, providing sufficient energy to transition electrons from the ground electronic
state (low energy state — So) to the excited electronic state (higher energy states, S1and Sy). After
residing in the higher excited state for a short duration, electrons undergo relaxation to lower
vibrational states, releasing energy in a non-radiative (thermal) manner. This process is referred
to as internal conversion, and it typically takes place within a duration of 10'? seconds
(picoseconds) or less. In the subsequent stage (luminescence), electrons in the singlet excited
state return to the original ground state and pair with electrons of opposite spin. Through this
relaxation process, a photon is emitted, and this phenomenon is referred to as fluorescence.
Electrons situated in the excited singlet state undergo a spin conversion to an excited triplet state,
a phenomenon known as intersystem crossing. The subsequent relaxation of electrons from the
triplet state to the ground state generally leads to the emission of longer wavelengths (lower
energy), a process referred to as phosphorescence. The transition of electrons from the excited

triplet state (T1) to the excited singlet state (S1) is prohibited. Consequently, the rate constant for
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triplet emissions is several orders of magnitude lower compared to fluorescence emissions. The
Jablonski diagram illustrates that the energy of emitted light (fluorescence or phosphorescence)

is typically lower than the absorbed energy. Consequently, this leads to light
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Figure 1.9: The Jablonski diagram illustrates three distinct electronic states (So, S1, S2) and their associated
processes, including absorption, non-radiative internal conversion, fluorescence, intersystem crossing, and
phosphorescence.

emission at longer wavelengths compared to the wavelength of the absorbed light. This shift in

the wavelength of emitted light was first observed by Sir George Gabriel Stokes [187] at the

University of Cambridge in 1852, and it was subsequently named the Stokes shift.

1.8.2 Working Principle
The schematic diagram of the Horiba Nanolog steady-state Excitation-Emission Mapping
spectrofluorometer is depicted in Figure 1.10. The system is composed of five different
components: (i) Light source, (ii) Excitation Monochromator, (iii) Sample compartment, (iv)
Emission Monochromator, and (v) Detector. The light source utilised in this setup is a xenon short-
arc lamp (450W) enclosed in a housing with an off-axis ellipsoidal collector. This lamp emits a

broad spectrum of light ranging from 270 nm to 800 nm. The light is guided towards the double-
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grating excitation monochromator, where it is transformed into a monochromatic beam before

being directed into the sample compartment. The monochromatic beam interacts with the sample

Sample
Compartment

Emission
Monochromator

Excitation
Monochromator

Light Source

Figure 1.10: A schematic diagram illustrating the operational principle of a photoluminescence
spectrometer, highlighting its key components, including the light source, excitation monochromator,
sample compartment, emission monochromator, and PMT detector.

housed in a quartz glass cuvette. The sample absorbs the light and then emits radiation at a
higher wavelength, which is subsequently directed to the emission monochromator. Finally, the
fluorescence emissions are recorded using a photomultiplier tube detector. This setup allows for
the excitation of the sample at each individual wavelength of the source and the recording of

emissions across a wide spectrum ranging from 280 nm to 1600 nm. This process produces three-

dimensional excitation-emission maps (EEM). In an EEM, the x-axis represents emission
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wavelengths, the y-axis represents excitation wavelengths, and the z-axis represents

fluorescence emissions.

1.8.3 PL Spectroscopy for Microplastic Detection

Photoluminescence (PL) spectroscopy has recently emerged as an alternative method for
detecting and identifying microplastics. In comparison to commonly used techniques such as
Raman spectroscopy and FTIR, PL spectroscopy is also non-destructive but additionally offers
high sensitivity with a detection limit in parts per billion [188] and, like Raman spectroscopy, has
low-water interference [189]. The superior sensitivity of photoluminescence (PL) spectroscopy
arises from its reliance on radiative electronic transitions, which enable the detection of emitted
light upon excitation. Unlike Raman and FTIR spectroscopy, which are based on inelastic
scattering and vibrational absorption, respectively, PL directly measures photon emission from
excited electronic states. This mechanism allows for inherent signal amplification, facilitating the
detection of analytes at ultra-low concentrations. PL spectroscopy has been widely employed to
characterise various polymers in the past. The polymers exhibit intrinsic fluorescence (FL)
emissions when excited with a specific excitation wavelength, and these emissions correspond
to specific compounds present in the material. Torkelson [190] investigated the absorption and
intrinsic fluorescence characteristics across various molecular weights (MW) of polystyrene
(ranging from 2 x10* to 9 x10°) in 1,2-dichloroethane. The results revealed an absorption peak at
260 nm, which remained consistent irrespective of the molecular weight of the polystyrene. The
fluorescence emission peaks of polystyrene are primarily associated with distinct energy bands
corresponding to monomer and excimer states. The monomer fluorescence emission is observed
at wavelengths around 283 nm and 286 nm, while the excimer emission appears at approximately
335 nm. These emission peaks arose due to different fluorescence mechanisms within the
polymer matrix. The monomer fluorescence resulted from the radiative relaxation of individual

styrene units, whereas excimer fluorescence occurred when two aromatic groups within the
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polymer chain came into proximity, forming an excited-state dimer. This excimer formation is
facilitated by chain mobility and segmental diffusion, which allows interactions between
chromophores, leading to characteristic broad and red-shifted emission compared to the
monomer fluorescence. The fluorescence behaviour of polystyrene in solution is influenced by
polymer concentration, with higher concentrations leading to more excimer formation due to
increased inter- and intramolecular interactions. Moreover, solvent polarity and molecular weight
can affect the balance between monomer and excimer emissions, which helps better understand
the polymer's structural dynamics and aggregation behaviour of styrene units. Healy and Hanson
[191] verified these fluorescence emission peaks from polystyrene monomer at approximately
285nm and from excimer emissions at 332nm through front-face PL spectroscopy measurements
with 250 nm excitation. They further investigated the critical concentration of polystyrene. The
study highlights the role of concentration monitoring in distinguishing between dilute and semi-
dilute solution regimes, with the critical concentration (c*) being determined through the ratio of
fluorescence intensities of the excimer to monomer emissions. A sudden increase in excimer
emission relative to monomer fluorescence indicates the transition from isolated polymer chains
to an interconnected network, marking the onset of significant intermolecular interactions. This
concentration dependence is crucial for understanding polymer behaviour in solutions and aids in

determining key physical properties such as polymer coil dimensions and aggregation tendencies.

Moreover, in a separate investigation by Baibarac [192], where polystyrene was
functionalised with single-walled carbon nanotubes (SWCNTSs), excitation at 260 nm resulted in
a broad fluorescence emission peak spanning from 290 nm to 475 nm, with peak maxima around
313-321 nm. An additional shoulder was observed in the 375—-420 nm range. A notable red shift
in the emission bands was observed, with the peaks shifting from 313 nm (3.96 eV) to 388 nm
(3.19 eV) and further to 412 nm (3.01 eV), depending on the concentration of SWCNTSs in the

composite. This shift suggests the formation of new luminescent centres, likely arising from
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defects induced in the polymer chains due to covalent bonding with the SWCNTs. The
fluorescence mechanism involves the excitation of polystyrene molecules, leading to photon
emission as the excited states relax. However, in the presence of SWCNTs, the
photoluminescence intensity is significantly quenched, which is attributed to interactions such as

charge transfer and energy dissipation processes between the polymer and nanotubes.

In addition to PS, polyethylene terephthalate (PET) film was also analysed using UV-Vis
spectroscopy [193]. The absorption peaks associated with PET reveal a strong absorption at
wavelengths shorter than 325 nm. The absorption spectrum of PET films before UV exposure
exhibits a high absorption band in this region, which is primarily attributed to the presence of
aromatic ester groups in the polymer backbone. These groups absorb ultraviolet radiation, leading
to potential photodegradation effects. Upon exposure to UV radiation, the PET films show an
increase in absorption intensity within the range of 310-360 nm, which is attributed to the
formation of aromatic hydroxylated species generated during the photodegradation process.
These hydroxylated species arise from the scission of hydroxyl radicals on the aromatic rings of
the polymer chain, which contribute to the observed changes in the absorption spectrum. The
development of new absorption bands, particularly in the range of 370—-400 nm, indicates the
presence of oxidation by-products, such as carboxyl and hydroxyl groups, which further impact
the optical and mechanical properties of PET films. Upon excitation at 340 nm, the fluorescence
spectrum of the PET film showed a broad peak covering the range of 350 nm to 500 nm, featuring

two prominent peaks at 390 nm and 415 nm.

The first-time collection of excitation and emission spectra for low-density polyethylene
(LDPE) revealed two excitation peaks at 240 nm and 290 nm, along with a single emission peak
at 360 nm [194]. These peaks correspond to the electronic transitions of the enone functional
groups present as impurities in the LDPE. The study also compared the fluorescence spectra of

LDPE and polypropylene (PP), revealing similar emission profiles, which indicates the common
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presence of enone-type chromophores in both polymers. Moreover, it was also found that
including benzoyl-based initiators during polymerisation introduces benzoic acid residues, which
predominantly contribute to phosphorescence rather than fluorescence. Furthermore, Osawa
and Kuroda [195] extended the research by capturing the fluorescence and phosphorescence
spectra of low-density polyethylene (LDPE) and high-density polyethylene (HDPE). The
fluorescence spectra revealed that both LDPE and HDPE exhibited similar emission peaks
around 460 nm when excited at 285 nm, indicating the presence of common chromophoric
impurities in the polymers, primarily enone-type carbonyl compounds. Moreover, when excited
at 292 nm, LDPE showed an emission peak at 343 nm, whereas HDPE emitted at 340 nm,
demonstrating subtle differences in their luminescence behaviour. These variations can be
attributed to structural differences between the two polymers, such as the degree of crystallinity,
chain branching, and impurity content. The higher crystallinity of HDPE likely results in a more
rigid molecular environment, causing slight blue shifts in its emission, while the amorphous
regions in LDPE provide greater chain mobility, leading to red-shifted emissions. Another
research on the fluorescence emission spectrum of polypropylene (PP) showed a wide peak

centred at 340 nm, featuring two excitation peak maxima at 230 nm and 285 nm [196].

To broaden the investigation for identifying polymers based on their distinctive intrinsic
fluorescence spectral features, researchers [150, 151, 197] employed a 405 nm excitation source
and recorded observable emissions for specific polymers such as PS, PET, PP, HDPE, and
polyamide. However, the fluorescence spectra of most microplastics showcase similar spectral
features, making their identification challenging. To address this problem, Benjamin et al. [198]
combined machine learning with photoluminescence (PL) data obtained using a single 405 nm
excitation source to automate the identification of different microplastics. They analysed 23
different plastic and non-plastic materials, categorised into nine classification groups, using an in-

house built PL spectroscopic system (see Figure 1.11). Dimensional reduction (DR) was
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performed using Principal Component Analysis (PCA) combined with Signal Dissection by
Correlation Maximisation (SDCM). The classification of plastic and non-plastic materials was
conducted using machine learning algorithms applied to the processed spectral data. However,
despite its advantages, the study presents several limitations and challenges. One key challenge
is the variability in spectral data, which arises due to differences in sample composition,
environmental degradation, and inconsistencies in measurement setups, such as variations in
laser power, alignment, and exposure times. These factors introduce noise and spectral
deviations, potentially reducing the accuracy of ML models when applied to real-world samples
with diverse characteristics. Another major concern is the reliance on spectral libraries, which are
inherently incomplete due to the vast diversity of plastic materials and their varying compositions
in environmental conditions. Building a comprehensive spectral database that encompasses all
potential plastic types and degradation states remains a considerable challenge. Moreover, while
the study utilises PCA and SDCM for dimensional reduction, their effectiveness in capturing subtle
spectral features without losing critical information requires further validation. The selection of an
optimal combination of dimensional reduction methods and classifiers is crucial, as specific
classifiers, such as Gaussian Naive Bayes (GNB), exhibit significantly lower prediction accuracies
compared to more advanced options like Nu-SVM. Furthermore, the approach requires large

amounts of training data to achieve robust model generalisation, which can be resource-intensive.

PL spectroscopy is known for high sensitivity, often reaching the detection level of parts
per billion (ppb) [199] and, in some cases, even parts per trillion (ppt) [200]. This sensitivity
depends on different factors such as instrument setup, the specific fluorescent molecules being
analysed, the solvent or matrix, and the wavelength range used. For microplastics, the
fluorescence technique has demonstrated the ability to detect concentrations as low as 0.2 ug/g
(200 ppb) in natural sea salt samples [201]. This was achieved using pyrene as a fluorescent

probe to detect polystyrene microparticles on the salt surface. Another study highlighted the use
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of Nile Red as a fluorescent dye, using the Cyclops 7F fluorometer paired with the NR-H, which
enabled the detection of MPs in environmental samples at levels from 100 parts per billion (ppb)
down to 0.1 ppb [202]. While these studies demonstrated high sensitivity for microplastic detection
using external dyes or probe-based surfaces, the sensitivity of fluorescence methods based on
the intrinsic fluorescence of microplastics themselves remains unknown. Recent studies [44]
employed fluorescence spectroscopy with a 405 nm laser source to acquire fluorescence

fingerprints of microplastics, but precise sensitivity levels have not been reported.

The potential of time-resolved photoluminesce (TRPL) as an alternative method for MP
detection has also been investigated [203]. This study investigated the potential of time-resolved
photoluminescence (TRPL) spectroscopy for detecting and distinguishing plastics from natural
materials. The PL emission peaks for plastics were observed predominantly in the spectral range
of 420-510 nm, with variations depending on the polymer type. The luminescence is primarily
attributed to structural defects within the polymer chains, such as oxidation-induced carbonyl
groups and chain breaks, which act as chromophoric sites that absorb excitation energy and
subsequently emit light. The TRPL technique allows differentiation between plastics and natural
materials based on their distinct decay behaviours, categorised as mono-, bi-, or tri-exponential
decay profiles, corresponding to different molecular relaxation processes. Despite its potential,
the TRPL technique presents several limitations and challenges. A significant limitation is the
inability to distinguish certain plastics with similar decay times, such as polymethyl methacrylate
(PMMA) and unplasticised polyvinylchloride (PVC-U), which exhibit identical PL lifetimes,
necessitating further spectral data for precise identification. Furthermore, the technique's
accuracy is affected by sample conditions, as environmental factors such as weathering,
contamination, and surface modifications can alter the fluorescence response, complicating the
interpretation of results. Another challenge is the need for a comprehensive spectral database to

facilitate accurate identification, as current data is limited to a narrow range of polymers.
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Additionally, the detection sensitivity and resolution of the method may be constrained when
applied to highly degraded or mixed plastic samples, requiring further refinement of the

experimental setup and data processing algorithms.
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Figure 1.11: The PL spectrometer with excitation source (Laser: 405nm). The laser path is highlighted in
blue. The path of PL emission from the sample is highlighted in red [198].

In addition to identifying microplastics (MPs) based on their intrinsic fluorescence, the most
commonly used luminescence-based detection method involves staining MPs with dyes for
efficient identification through fluorescence microscopy. The most critical property of a dye for
microplastic identification is its high affinity for plastics. Nile red is the most commonly used dye
for this purpose, though alternatives like Rhodamine B, textile dyes (iDyes), polyhedral oligomeric
silsesquioxane (POSS), and perylene-bisimide (PDI) are also employed. The recovery rate of
plastic particles has been achieved at 95%—100% using optimised staining protocols. After Nile
Red staining, clear fluorescence enables effective identification of various plastics like PE, PP,

PS, and nylon-6, though PVC, PET, PA, and tyre rubber exhibit dim or no fluorescence, with PET
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and PA sometimes detectable due to intrinsic blue fluorescence [204]. A recent patent [205]
demonstrated that nanogels effectively stain MNP with high affinity, enhancing Rhodamine B dye
concentration and quantum yield. This results in bright emission spots on plastic surfaces,

enabling sensitive detection of nanoplastics down to 100 nm.

Despite significant progress in using fluorescence-based techniques for polymer analysis, most
reported studies have relied on a single excitation wavelength to investigate the intrinsic
fluorescence emission of plastics [190, 191, 193-196]. While this approach has proven effective
for specific polymers that exhibit strong fluorescence, it poses considerable limitations for others
that produce weak or undetectable signals. The fluorescence response of polymers is highly
dependent on their chemical structure, degree of crystallinity, and the presence of specific
chromophoric groups, which may not be effectively excited at a single wavelength. Consequently,
plastics with lower luminescence efficiency remain challenging to detect, leading to potential
misclassification or incomplete analysis. Furthermore, some plastics exhibit inherent
autofluorescence, particularly in the UV range, which can introduce complications such as inner
filter effects, reabsorption, and background fluorescence [206]. These factors can reduce the
signal-to-noise ratio, affecting the reproducibility and reliability of fluorescence measurements
[207]. The influence of additives, fillers, and environmental contaminants further exacerbates
these challenges, as they can introduce extraneous luminescent signals that interfere with the
polymer's intrinsic fluorescence characteristics. A more comprehensive approach is required to
overcome these limitations and improve the robustness of fluorescence-based polymer
identification. Multi-probe excitation techniques, which utilise a range of excitation wavelengths,
offer the potential to optimise fluorescence detection across different polymer types, enhancing
the detection sensitivity of less luminescent plastics. This approach enables a more thorough
exploration of the photophysical properties of microplastics, ensuring better discrimination

between materials and minimising the influence of interfering factors. The following chapter will
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present a detailed investigation into multi-probe excitation-emission mapping analysis of
microplastics, demonstrating how this advanced experimental technique can address the
limitations of single-wavelength excitation and provide more accurate and comprehensive

fluorescence characterisation of plastic materials.

1.9 Portable and Microspectrometers

Over the years, advancements in miniaturisation have facilitated the creation of compact optical
instruments through the development of smaller light sources, detectors, and optical components.
This progress has also catalysed the emergence of portable and handheld spectrometers. These
portable spectrometers have extensively been employed to characterise different materials [208]
and monitor system health [209] and environmental pollutants [210]. These handheld devices
primarily employ Raman, FTIR, their combination, and hyperspectral imaging techniques. Some
popular commercial handheld spectrometers and their spectral acquisition methods are shown in

Figure 1.12.

(a) (b) (©) (d)

Figure 1.12: Commercial portable spectrometer: (a) Handheld FTIR spectrometer — Thermofisher Scientific
(b) Handheld Raman Identifier — RAMTEST-CHE™ (c) Gemini FTIR/Raman analyzer - Thermofisher
Scientific (d) Handheld hyperspectral imager GoldenEye™ — Bayspec [211].

These portable Raman and FTIR spectrometers are widely utilised in the pharmaceutical industry
to inspect the quality of raw materials and detect counterfeit tablets. Portable FTIR spectrometers
are also employed in monitoring pollutants emitted from combustion engines, factories, and

chimneys. Additionally, these instruments are utilised for detecting dangerous gas leaks in
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buildings [212]. Moreover, a comprehensive quantitative analysis of the alcohol blend can also be
performed with a handheld FTIR spectrometer (TruDefenderFT - Thermofisher Scientific) [209].
This handheld device has also been used for quality control in road construction, wherein the
quantitative determination of polypropylene maleic anhydride (PPMA) in bitumen was analysed
to assess the quality of road construction material using FTIR-ATR based handheld spectrometer
[213]. Furthermore, in-situ qualitative and quantitative analysis of hydrocarbon contamination in
soil using handheld NIR spectrometers has also been reported [209]. Two different handheld
Raman spectrometers with an NIR excitation source of 785nm (Ahura — Wilmington, USA and
DeltaNu Inspector Raman — Laramine, USA) have been used for field identification of different
minerals [214]. These handheld and portable spectrometers have also been used for biomedical
applications. For example, a handheld Raman spectrometer was developed and used for clinical
dermatological studies [215]. Another handheld Raman spectrometer (ACCUMAN PR-500)
developed by Ocean Optics has also been tested to be a promising portable solution for the rapid
and accurate identification of pharmaceutical materials. Ocean Optics offers another handheld
Raman spectrometer (HRS-30) for non-technical users to swiftly identify hazardous chemicals

and drugs using an in-built comprehensive spectral library [216].

The adoption of handheld spectrometers for identifying microplastic pollutants across different
environments is increasingly gaining traction. In recent times, efforts have been made to develop
portable solutions for analysing microplastic pollutants. For example, a handheld FTIR
spectrometer has been specifically designed and utilised to detect meso- and microscale plastic
particles collected from the coastal areas of Greenland [217]. Moreover, a low-cost and portable
Raman sensor has been developed for detecting microplastics coated with magnetic particles,

with the sample analysed in water using a quartz cuvette [218].

Moreover, recent advances in optical instrumentation and microfabrication have introduced a new

generation of spectrometers that are not only compact and cost-efficient but also powerful enough
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to support complex analyses [219]. Microspectrometers, which refer to spectrometric systems
with miniaturised optical and electronic components, have increasingly become attractive for in
situ analysis due to their portability, integration capabilities, and ease of deployment in field
conditions [220, 221]. These devices are generally built around four main principles [219]: (i)
dispersive optics, which use gratings or prisms to separate wavelengths onto a detector array
spatially; (ii) narrowband filters, where either fixed or tunable filters isolate specific wavelength
bands; (iii) Fourier transform designs, which rely on interferometry and computational Fourier
analysis to achieve high resolution; and (iv) reconstructive approaches, where coded or

overlapping filter responses are combined with algorithms to digitally recover the full spectrum.
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Figure 1.13: Schematic representation of the four main types of microspectrometer architectures.
Dispersive optics (gratings/prisms), narrowband filters (fixed or tunable), Fourier transform (interferometry),
and reconstructive methods (coded filters with algorithmic recovery) [219].

The optical design of a microspectrometer integrate several key components [222], including a
light source, a dispersive or interferometric element (such as a grating [220, 223] or Fabry—Perot
cavity [224-226]), focusing optics, and photodetectors into a single, compact package. Their

development is closely tied to microelectromechanical systems (MEMS) [220, 227-229] and

complementary metal-oxide-semiconductor (CMOS) technologies [230, 231], enabling scalable
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manufacturing through standard semiconductor processes. The primary advantage lies in their
ultracompact design [223, 232], low power consumption [230], and potential for mass production
[233, 234]. These features have made them essential tools across multiple domains, including
agriculture [235], aerospace [236], medical diagnostics [237, 238], industrial process control [239],

chemical analysis [240, 241], and emerging environmental applications [242-244].

In the medical field, microspectrometers have been applied in non-invasive diagnostics such as
pulse oximetry [245], skin cancer detection [246], and biochemical monitoring using near-infrared
or visible spectroscopy [247]. Fluorescence-based microspectrometers have been integrated into
wearable health monitoring systems, such as wrist-worn or adhesive patch biosensors [248].
Microspectrometers have also been used in point-of-care diagnostic devices for blood glucose
monitoring [249], cholesterol assays [250], and COVID-19 antigen detection [251]. Industrial and
process control applications involve monitoring gases, liquids, and solids during manufacturing.
For instance, miniaturised FTIR spectrometers are deployed for gas sensing [228, 252] and to
verify polymer compositions in production lines [253]. In space and aerospace sectors,
microspectrometers have been integrated into satellite payloads for earth observation [254],

atmospheric composition sensing [255], and mineral analysis on lunar and Martian surfaces [256].

The application of microspectrometers in the field of micro- and nanoplastic (MNP) detection
remains rare in the literature. The detection and identification of MNP to date have been achieved
using MEMS FTIR modules embedded in handheld systems [257, 258]. For example, a
NeoSpectra MEMS Michelson FTIR spectrometer was used to detect sub-20 um microplastic
particles by ATR-FTIR, explicitly noting the MEMS miniaturised spectrometer at the core of the
instrument, and comparing against a compact Raman unit for validation [257]. Another related
on-site soil study [258] reported that compact instruments, including Bruker ALPHA 1l N-500 and
NeoSpectra Scanner, were the most accurate among miniaturised options for detecting and

classifying soil microplastics. Beyond FTIR, micro-optofluidic platforms now concentrate particles
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into tiny reservoirs, allowing spectroscopy to be performed rapidly on-chip [259-261]. In a study
[262], 100 pm plastics particles were trapped in micro-reservoirs and used Raman and FTIR
analysis directly on the chip, demonstrating a clear route to integrated, high-throughput screening,
even though the spectrometers themselves were still external to the chip. Research studies [263,
264] on miniturised spectrometers for microplastic detection highlight that while portable/handheld
Raman and FTIR are established, chip-scale spectrometers (microspectrometers) are only now
becoming technically mature, with integrated designs leading to reduced size and cost while

maintaining proper resolution for field classification tasks.

Considering the MP detection capabilities associated with both FTIR and Raman techniques,
designing a portable spectrometer that integrates both methods could enhance the efficiency of
monitoring MP in the environment. However, in-situ detection of microplastics in the environment
can be challenging, considering the low concentration of MP in the large control volume of
environmental samples. FTIR measurements necessitate the separation of MP from the matrix
prior to analysis, and the absorption of IR light by water renders FTIR-based handheld
spectrometers unsuitable for in situ monitoring of MP. Raman spectroscopy, on the other hand,
often suffers from fluorescence interference, particularly when analysing weathered plastics or
samples containing organic matter, which can obscure the Raman signal. In addition, the
relatively weak Raman scattering efficiency demands longer acquisition times or higher laser

powers, both of which are less practical for rapid field-based measurements.

Therefore, there arises a necessity for a portable solution capable of detecting and identifying
microplastics in water, even at low concentrations. Conventional techniques such as FTIR and
Raman, while powerful, face significant challenges in these conditions: FTIR suffers from strong
water absorption and requires prior separation of particles, while Raman is hindered by
fluorescence interference and weak signal intensity, which limit its effectiveness in rapid field

measurements. To address these issues, we conceived the idea of developing a portable PL
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spectrometer. PL spectroscopy overcomes both sets of limitations by operating in a spectral
region with minimal water interference and by providing high sensitivity through excitation-
emission measurements. This enables the detection of particles at extremely low concentrations,
down to parts per billion (ppb). The design and construction of the PL spectrometer for MNP

detection and identification are detailed in Chapter 5, Sections 5.2 and 5.3.
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Chapter 2: Fluorescence Excitation-Emission Mapping Analysis of

Microplastics

The work presented in this chapter has been adapted from the following publication [1].

S. A. Igrar, A. Bibi, R. Chinnambedu Murugesan, D. Hill, and A. Rozhin, "Excitation—Emission
Fluorescence Mapping Analysis of Microplastics That Are Typically Pollutants," Photochem, vol.
4, no. 4, pp. 488-500, 2024.

2.1 Introduction

Micro- and nano plastics (MNPs) pose a significant threat to marine and human life due
to their immense toxicity. To protect these ecosystems, the development of reliable technologies
for MNP detection, characterisation, and removal is vital. While FTIR and Raman spectroscopy
are established methods for MNP analysis, fluorescence (FL) spectroscopy has recently emerged
as a promising alternative. This is due to its inherently higher sensitivity, lower detection limits,
and minimal interference from water in aqueous samples. However, most prior research relies on
FL emission probing with a single excitation wavelength for MNP detection. In this study, we
introduce a two-dimensional (2D) fluorescence excitation-emission (FLE) mapping method for the
detection of commonly found microplastics, namely polystyrene (PS), polyethylene terephthalate
(PET), and polypropylene (PP). The FLE mapping technique enables the collective recording of
emission spectra across a range of excitation wavelengths, revealing the dominant excitation—
emission features of different microplastics. This research advances the field by offering a non-
destructive and label-free identification of MNP contamination through the use of FL spectral

fingerprints. The graphical representation of this work is shown in Figure 2.1.

2.2 Microplastic Sample Preparation

PS, PET, and PP microplastic samples were measured in aqueous media. The samples,
which had been mixed with deionised water at 4.5% w/v, had previously been prepared
by cutting macroscopic source materials into pieces < 1 mm with the use of stainless steel
laboratory scissors. Specifically, for the sources, PS millimetre-size beads were purchased

from Acros Organics (average 250,000 M.W.), PET plastic was collected from Aqua-Vale
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plastic water bottles (London, UK), and PP film was obtained from packaging material

(Thermo Fisher Scientific, Horsham, UK).
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Figure 2.1: Graphical representation of microplastic detection and identification process through
Fluorescence Excitation-Emission Mapping technique.

2.3 Methods for Characterising Microplastics

2.3.1  Scanning Electron Microscopy

SEM imaging of the filtered sample was undertaken using a Benchtop SEM JEOL, JCM-
6000-plus scanning electron microscope. Scans were recorded in high-vacuum high definition
secondary electron diffraction mode (SED) with an accelerating voltage of 15 kV and a
magnification of 50x. Prior to imaging, the samples underwent vacuum filtration using an oil-free
piston pump (Fisher brand FB70155) through 0.7um glass fibre membrane filter paper (Merck,
Product No. AP4002500) before being transported onto a glass slide and imaged without any

metallic coating.

2.3.2 X-Ray Photoelectron Spectroscopy (XPS)
An XPS analysis of the polymer samples was done to determine their chemical constituents

and elemental composition of polymer samples (PS, PET, and PP) and to investigate the
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presence of impurities and various organic functional groups or elements in the samples with their
relative atomic concentration. XPS measurements were obtained using a Thermofisher
ESCALAB 250Xi photoelectron spectrometer equipped with a hemispherical sector energy
analyser with a standard monochromatic Al Ka X-ray source (1486.6 eV) to enhance the
resolution. The samples were analysed using a source excitation energy of 15 KeV and an
emission current of 6 mA, an analyser energy of 50 eV with a step size of 0.1 eV, and a dwell
time of 50 ms. As XPS measurements require dry samples, dry pieces of microplastics were used,
i.e., PS cylindrical microbeads (1£0.2 mm <diameter> 0.410.1mm and 3x0.1mm <length>
2.5£0.2mm), PET (from Aqua-Vale plastic water bottles - London, UK), and PP (from packaging

material - Thermo Fisher Scientific, Horsham, UK) square sheets (length x width = 2x2mm).

2.3.3 Raman Spectroscopy

A Raman spectroscopy analysis of the fragmented microplastics was performed to confirm
the various functional groups of the different plastic materials. These were carried out using a
proprietary free space micro-Raman spectroscopic system based on a Horiba MicroHR
spectrometer equipped with a Sygnature CCD detector. The spectrometer has a spectral
resolution of 0.25 nm and a scanning range of 0 - 1500 nm, while a 40x Melles Griot's microscopic
objective with a numerical aperture of 0.65 was used. The excitation source used within the setup
was a continuous wave 532 nm Nd: YAG laser (G4 plus 150 Elforlight) with a linewidth of less
than 2 MHz. The excitation wavelength (532nm) was chosen to maximise the Raman signal while
reducing the fluorescence contributions from samples. Although shifting to longer excitation
wavelengths, such as 785 nm or 1064 nm, can further reduce fluorescence interference, this
comes at the cost of a significantly reduced Raman signal intensity, since the Raman scattering
efficiency scales with 1/A*. So, the Raman scattering efficiency decreases sharply with increasing
excitation wavelength, following an inverse fourth-power dependence. This means longer

wavelengths yield much weaker Raman signals, making detection more challenging. At 1064 nm,
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for example, the Raman signal is much weaker, requiring higher laser powers or longer acquisition
times, both of which can lead to sample heating or impractical measurement conditions.
Moreover, detector sensitivity is another limiting factor; silicon-based detectors used for visible
wavelengths perform poorly in the near-infrared. Therefore, moving to higher excitation
wavelengths would necessitate the use of InGaAs detectors, which are more expensive and
typically noisier. The 532 nm wavelength was therefore chosen as a practical compromise,
balancing Raman signal strength, fluorescence suppression, and detector performance. All
Raman signals were collected in reflection mode with an integration time of 1 second per pixel,
while Raman spectra had manual baseline correction applied to remove contributions from

fluorescence and the detector's saturation.

2.3.4 Fluorescence Spectroscopy

The fragmented MPs in an aqueous medium were analysed using a HORIBA Nano-Log
spectrofluorometer that contains a 450 W xenon short-arc lamp housing with an off-axis
ellipsoidal collector. The Fluorescence excitation-emission (FLE) maps of different microplastics
were recorded for a range of excitation wavelengths from 300-500 nm with an emission range of
315-600 nm. The experiment involved exciting the samples with a monochromatic beam, which
had a spectral slit width of 2 nm and an excitation wavelength step of AA =5 nm. The emissions
produced were then detected within an emission monochromator using the same slit width and
wavelength steps integrated with an FL-1073 UV-visible room-temperature photomultiplier tube.
Figure 2.2 presents the schematic for the FL measurements of different microplastics, with the
incident monochromatic beam interacting with the microplastic sample contained in a cuvette.
Some of the light passes through the sample, while the rest is either scattered or absorbed. The
absorbed light excites the microplastic (MP) electrons, transitioning them from ground to excited
states. As these electrons return to their ground state, they release energy in the form of a photon

at a specific wavelength. To investigate the impact of DI water on the fluorescence signal, the FL
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measurements of DI water were recorded separately. The auto-fluorescence signal of different
microplastics was recorded at 6 = 90° for a range of excitation (Aex) and emission (Aem)
wavelengths. The instrument was calibrated using both excitation and emission calibration
methods before the FL measurements of microplastic samples. For excitation calibration, the
system was scanned across a range of 200-600 nm with 1 nm increments, 0.1 s integration time,
and a slit width of 1 nm. The xenon lamp source produced a calibration peak at 467 nm, which
was used to validate the excitation accuracy of the instrument. For emission calibration, deionised
(DI) water was placed in a quartz cuvette and excited at 350 nm, with emission spectra collected
from 360—450 nm in 1 nm steps. The characteristic Raman peak of water, corresponding to the
O-H stretching vibration, was observed at 397 nm. This confirmed the emission wavelength
calibration of the instrument and ensured reliable reference alignment before analysing the
microplastic samples. The recorded EEM data were analysed using the Windows-based

FluorEssence software (v3.9.0.1), which has integrated Origin software.
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Figure 2.2: A schematic diagram of multiple excitations and multiple fluorescence emissions from the
sample of different microplastics, i.e. PS, PET, and PP, in an aqueous medium.
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2.4 Results and Discussion

2.4.1 Characterisation of MPs

Scanning Electron Microscopy: Figure 2.3 shows SEM images of PS, PET, and PP
microplastic samples, showing their surface morphologies and size distributions estimated to be
250 uym-600 pm, 300 um-950 um, and 200 ym-750 um, respectively. The thicknesses of the PET
and PP particles cut from a plastic bottle and food packaging material, respectively, were
measured at 250 ym, while the PS sample taken from cylinder beads was comparatively thicker
(= 350um). The surfaces of PET and PP pieces were observed to be smooth, whereas PS beads

contained rough and uneven surfaces with inhomogeneously distributed holes.

Figure 2.3: SEM images indicating the surface morphologies of (a) polystyrene — PS, (b) polyethylene
Terephthalate - PET & (c) polypropylene — PP.

X-ray photoelectron spectroscopy: The relative concentrations of chemical impurities in the
samples were confirmed through XPS measurements to be 1.8%, 3.1%, and 5% for PS, PET,
and PP, respectively (Table 2.1). In addition to these impurities, our results showed a
considerable percentage of C-O bonds in polystyrene (7%) and polypropylene (11.2%) samples.
The detected C-O bonds suggest surface-level oxidation, a well-established phenomenon in
polymer surface chemistry. Previous studies indicate that PS and PP, though primarily
hydrocarbon-based, can undergo oxidation when exposed to ambient air, resulting in oxygenated

groups such as C-O and C=0 on the polymer surface [265, 266]. This process is often initiated
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by prolonged atmospheric oxygen exposure, UV radiation, or handling during sample preparation
[266]. Moreover, the PS sample contained a negligible fraction of ZnO with no characteristic
intrinsic fluorescence emissions in the analysed mapping range and also has no tendency to
overlap in spectroscopic properties with common fluorophores [267-269]. On the other hand, PET
and PP samples contain some additional chemical species to ZnO, such as siloxane, C-N,
calcium carbonate (CaCOs), and sulphates in minor fractions. These additional components likely
stem from common additives and fillers used during plastic manufacturing. For example, siloxane
compounds, are frequently incorporated as processing aids or surface modifiers, especially in
polyolefins, to improve flow properties and surface finish [270]. Calcium carbonate (CaCQO,) is
widely used as a low-cost filler that enhances stiffness, printability, and mechanical properties,
such as tensile modulus and impact resistance [271]. C-N species likely arise from stabilisers or
residual processing chemicals, while sulphate residues may be introduced from inorganic
additives or surface treatments during production and handling [272, 273]. Meanwhile, siloxane
(Si-O-Si) is intrinsically considered to be non-fluorescent due to its flexibility caused by its bond
length (0.164+0.003 nm) and large bond angle (135-180°) [274]. The bond length refers to the
actual atomic distance between silicon and oxygen atoms in the Si-O bond, not a molecular
spacing. The relatively long Si—O bond and its wide bond angle create a highly flexible and non-
rigid network. This structural flexibility prevents the formation of extended 1r-conjugated systems
that are typically responsible for fluorescence. The large bond angle, in particular, allows the Si—
O-Si linkage to rotate and bend easily, enabling rapid non-radiative relaxation of excited states.
Together, the bond length and bond angle contribute to an electronically localised and flexible
framework, which dissipates excitation energy through vibrations rather than radiative
fluorescence [275]. The remaining sample impurities in PET and PP also show no intrinsic
fluorescence emissions, including CaCO3[276], carbon-nitrogen bond [277], and sulphates [278].
Hence, the intrinsic fluorescence emissions reported hereafter in this study for the MPs are purely
from their corresponding polymers.
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Table 2.1: Elemental composition of PS, PET, and PP samples using XPS spectroscopy.

Element Relative atomic concentrations (%)
Polystyrene Polyethylene terephthalate Polypropylene

(PS) (PET) (PP)
C—C/C—H 91.2 74.5 83.8
Cc-0O 7.0 22.5 11.2
Si — 2.2 3.9

Zn 1.8 0.1 0.1

N — 0.4 0.7

Ca - 0.2 0.2

S - 0.2 0.1

2.4.2 Raman Spectroscopic Analysis

Figures 2.4-2.6 display the obtained Raman spectra for PS, PET, and PP microplastics,
with Raman bands assigned based on established standards [279-281]. In Figure 2.4, the
predominant Raman band appearing at 1001 cm™ is attributed to the ring breathing mode of
polystyrene, while the sharp shoulder observed at 1031 cm™ correlates well with the C-H in-plane
deformation mode. Additional bending and stretching modes of PS are observed at 621 cm™ (Ring

deformation mode), 1155 cm™ (C-C stretch), 1450 cm™ (CH2 scissoring), 1583 cm™ (C=C

stretch), and 1620 cm™ (Ring skeletal stretch), respectively [279].
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Figure 2.4: Raman spectrum of polystyrene (PS) with corresponding prominent peaks related to the specific
vibrational state of the PS.

Figure 2.5 shows the Raman spectrum of PET, in which the intense band at 1594 cm™ is
due to the presence of the C—C bond in the aromatic ring. The formations of additional bands at
1100 cm™, 1165 cm™, 1276 cm™', 1402 cm™, and 1707 cm™' correspond to the -C(O)-O (ester)
and C-C bonds, C-H & C-C stretch (ring in-plane vibration), C(O)-O stretching, CCH bending, and
OCH bending and stretching C=0 vibrations, respectively. The observed results correlated well

with those reported elsewhere [280].
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Figure 2.5: Raman spectrum of polyethylene Terephthalate (PET) with corresponding prominent peaks
related to the specific vibrational state of the PET.
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Figure 2.6 illustrates the spectrum of PP, featuring a broad peak (2800-3000 cm™)

comprising a prominent band at 2892 cm™ and two corresponding shoulders at 2847 cm™ and

2963 cm', representing the stretching vibrations of the C-H bond [281]. Other vibrational modes

observed include those at 811 cm™ and 977 cm™, 1155 cm™, 1331 cm™, and 1460 cm"", which

can be associated with various stretching and bending motions: C-C stretching and CHs bond

rocking, C-C stretching and CH bending, CH stretching, CH> wagging, and CHs bending, CH:

bending, and CH3; asymmetric bending, respectively [282].
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Figure 2.6: Raman spectrum of polypropylene (PP) with corresponding prominent peaks related to the
specific vibrational state of the PP.

The Raman vibrational bands associated with the dominant spectral peaks of all measured

microplastics, i.e., polystyrene, polyethylene terephthalate, and polypropylene, are shown in

Table 2.2.
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Table 2.2: The vibrational bands corresponding to prominent Raman peaks of different microplastics (PS,

PET, and PP).

Microplastic

Raman peaks (cm™)

Corresponding vibrational band

621 Ring deformation mode
1001 Ring breathing mode
1031 C-H in-plane deformation
1155 C-C stretch
Polystyrene
1450 CH: scissoring
1583 C=C stretch
1602 Ring skeletal stretch
3067 C-H vibrations
1100 Ester C(0O)-O and C-C bond
1165 Ring in-plane C-H & C-C stretch
1276 C(0)-0 stretching
Polyethylene Terephthalate
1402 CCH bending and OCH bending
1594 C-C bond in the aromatic ring
1707 Stretching of C=0 vibrations
860 C-C stretching and CHjs rocking
1142 C-C stretching and CH bending
CH stretching, CH2 wagging, and CHs
1356
bending
Polypropylene
CH:z bending and CHs asymmetrical
1466
bending
1762 C=0 stretching vibration
3090-3209 Stretching vibrations of C-H
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2.4.3 Fluorescence Mapping Analysis of Microplastics

The FLE maps of all three microplastic samples, PS, PET, and PP, are shown in Figure
2.8. For PS microplastic (Figure 2.8a), the FLE map illustrates a 2D contour map with an intensity
scale bar displaying bright emissions in the Aem Wavelength range of 350-450 nm when excited
within the Aex range of 300-400 nm. The PET microplastic exhibits a distinctive FLE map (Figure
2.8b) with two separate FL emission regions. The first region demonstrates FL emissions between
370-510 nm when excited between 330-380 nm, while the second region showcases emissions
from 400-530 nm when excited between 380-485 nm. Notably, emissions in the first region (Aem
= 330-380 nm) are substantially more intense than those in the second region (Aem = 380-485
nm). Polypropylene (PP) displays an FLE map with two prominent FL emission regions similar to
those of PET (Figure 2.8c). In the first region, high-intensity FL emissions are observed between
400 and 550 nm when excited between 360 and 380 nm, while the second region shows relatively

lower-intensity emissions between 425 and 550 nm when excited between 385 and 430 nm.

The FLE maps (Figures 2.8a-c) offer valuable insights into the optimal excitation
wavelengths for each microplastic type, resulting in FL emission spectra of high intensity, as
depicted in Figure 2.8d. Our findings indicate the following: The most effective excitation
wavelength for PS is observed at 360 nm, yielding two major peaks at 380 nm and 400 nm; PET
performs optimally with an excitation wavelength of 360 nm, resulting in three emission peaks,
with the primary peak at 390 nm; and PP exhibits the most intense FL with an excitation
wavelength of 370 nm and the maximum FL intensity recorded at 450 nm. The measurements
reveal Stokes shifts of 40 nm, 30 nm, and 70 nm for PS, PET, and PP, respectively. In the
literature, different Stokes shift ranges have been reported for microplastics depending on the
excitation wavelength used. For polystyrene (PS), Stokes shifts between 30-50 nm have been
observed [197, 283, 284], while polyethylene terephthalate (PET) typically shows shifts in the

range of 40-50 nm [285-287]. Polypropylene (PP) has been reported to exhibit larger Stokes
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shifts, typically ranging from 80 to 100 nm [288, 289]. The values measured in this work (40 nm
for PS, 30 nm for PET, and 70 nm for PP) fall within or closely align with the reported ranges,
confirming consistency with previous studies while also reflecting some variation due to
differences in excitation conditions and sample characteristics. To ensure the accurate
measurement of FL emissions from all the microplastics, we conducted FLE mapping on
deionised (DI) water in a cuvette without microplastic particles. The results indicate the absence
of FL from DI water (Figure 2.7). This confirms that the recorded emissions from the microplastic

samples exclusively originate from the fragmented microplastics themselves.
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Figure 2.7: Fluorescence Excitation-Emission map of pure deionised water, recorded in a quartz cuvette.

Our results confirm that the spectral characteristics of the examined microplastics (PS, PET, and
PP) differ from each other. Therefore, by exciting PL at their respective optimal wavelengths, one

can potentially distinguish and identify them based on their distinctive FL spectral fingerprints.

Furthermore, the emissions from microplastics observed in this study are identified as
fluorescence rather than phosphorescence. Fluorescence arises from the radiative decay of
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singlet excited states (S1—Sp) and typically occurs on the nanosecond timescale, which matches
the instant emission recorded here. Phosphorescence, by contrast, involves a spin-forbidden
triplet—singlet transition (T1+—Sy) and appears on much longer timescales (microseconds to
seconds). Additionally, the Horiba Nanolog system used in this work is specifically designed to
capture fluorescence signals and does not record long-lived phosphorescence. For these

reasons, the observed emissions are attributed exclusively to fluorescence.

In general, the fluorescence emission mechanism from microplastics, including polystyrene (PS),
polyethylene terephthalate (PET) and polypropylene (PP), arise from intrinsic photophysical
processes associated with the chemical structure of these polymers. Each polymer contains
chromophoric groups that, upon excitation, emit characteristic fluorescence signals due to 1r-
conjugated bonds or other reactive functional groups introduced through polymerization and
environmental ageing. For example, PS contains aromatic rings that facilitate -* transitions,
resulting in distinctive fluorescence under UV excitation, whereas PET’s carbonyl and ester
linkages contribute to strong n-m* and m-11* transitions that result in detectable fluorescence
emissions when excited within specific wavelength ranges [286, 290]. In PP, fluorescence is
typically weak due to its non-aromatic structure. However, environmental factors such as surface
oxidation and UV exposure can induce oxygenated groups (C-O, C=0) on the PP surface,
enhancing the fluorescence signal and enabling detection [291]. Moreover, a sharp change
observed around 370 nm excitation in Figure 2.8(c) may be due to an instrumental artefact of the
Horiba Nanolog system, such as a changeover point in the excitation monochromator optics or
correction algorithm in this wavelength region. These artefacts can occasionally appear as
discontinuities in excitation-emission maps. The fact that such a step is seen in PP but not in PS
or PET may be related to the much weaker fluorescence response of PP. Because its emission

is weaker, even small instrumental irregularities in excitation intensity or detector response
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become more noticeable in the FLE map, whereas in strongly fluorescent polymers like PS and

PET, the signal dominates and masks such effects.

To gain further insight into identifying different microplastics based on their optimised
single-probe excitation wavelength, the spectral fingerprints of all microplastics were
extracted from their respective FLE maps. The extracted spectral fingerprints from 2D excitation-
emission maps of all microplastics (PS, PET, and PP) are presented in Figure 2.9 (a-c). Figure

2.9a displays three distinct spectra for polystyrene, recorded at excitation wavelengths (Aex) of
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Figure 2.8: Two-dimensional FL excitation-emission (FLE) maps of (a) polystyrene-PS microbeads, (b)
polyethylene terephthalate-PET (c) polypropylene-PP & (d) FL spectra of PS (solid black line with squares),
PET (solid black line with circles), and PP (solid red line), recorded at optimized excitation wavelengths
360nm, 360nm, and 370nm, respectively. The scale bar for (a-c) represents fluorescence emission intensity
in counts per second (CPS).
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310 nm, 360 nm, and 405 nm. The figure shows that when excited at Acx=310 nm, the FL spectrum
of PS exhibits a peak centred at 355 nm, accompanied by weak shoulder peaks at 380 nm, 400
nm, and 425 nm. Increasing the excitation wavelength to 360 nm significantly (~3.3 times)
enhanced the FL intensity compared to that from the excitation at 310 nm. Within this region, the
FL emission peak splits into two maxima at 380 nm and 405 nm, indicating characteristic FL
originating from conjugated styrene units [292]. Moreover, a broad shoulder is recorded at Aem
425 nm and Aem 455 nm, indicating that the FL emissions originate from 1T-conjugated bonds [293].
Thereafter, at the excitation wavelength of 405 nm, another broad emission spectrum centred at
435 nm, with a shoulder at 460 nm, is observed, aligning well with previously published results
for a single-wavelength excitation at 405 nm for PS microplastics [197]. The sharp peak in the FL
spectrum for Aex 405nm (Figure 2.9a) may be attributed to the Rayleigh scattering of the PS
microplastics. Finally, it is notable that while prior studies have reported FL emissions from
polystyrene in the range of 300-330 nm when excited at Aex 253-265 [290, 294, 295], our FLE
mapping study indicates that the dominant FL emission for PS microplastic detection occurs at
Aex 360 nm, which is approximately 3.3 times higher than that at Aex 310 nm and roughly 7 times

higher than that at Aex 405 nm.

Figure 2.9b shows three distinct spectral fingerprints extracted from the FLE map of PET
microplastic. The two spectra recorded at excitation wavelengths Aex 330 nm and 360 nm
correspond to the first bright emission zone of the 2D FLE map of PET in Fig. 2.8b, while the
spectrum recorded at Aex 405 nm belongs to the second emission region of the same figure. The
first spectrum in Figure 2.9b shows that when excited at 330 nm, there is a broad peak with
emission maxima centred at 390 nm, along with a weak shoulder at 410 nm, while the second
spectrum at 360 nm shows a significant increase in emission intensity (approximately 5.6 times),
resulting in prominent FL emission maxima at 390 nm and 410 nm. All the above fluorescence

emissions for the excitation wavelengths 330 nm and 360 nm occurred due to the *«n electronic
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transition associated with the carbonyl group of the conjugated phenylene ring. These emissions
are quite likely due to the interaction of the carbonyl group with the 1r-electrons of the phenylene
ring, which reduces coplanarity and speeds up the m*«n transition of the non-coplanar C=0
group [296]. Similarly, the FL emission bands at 390 and 410 nm from PET polymer were
previously reported by Days and Wales [297] at an excitation wavelength of 340 nm, and they
were associated with the ground state monomer, dimer, and excimers of polyethylene
terephthalate [286, 287, 298-301]. Further increasing the excitation to 405 nm causes consecutive
redshifts with the observation of FL emissions with broad maxima at 460 nm (Figure 2.9b).
However, among all acquired FL spectra from PET, the most intense fluorescent emission was

observed at Aex 360nm, which is ~1.8 times higher than that at Aex 405nm.

Figure 2.9c displays the dominant FL features of polypropylene (PP), with the first spectrum
corresponding to an excitation of 350 nm exhibiting a broad FL emission with maxima centred at
435 nm. Increasing the excitation wavelength to 370 nm, the second spectrum shows that the FL
emission intensity is significantly enhanced (approximately 2.7 times higher than that at 350 nm)
and results in a 20 nm redshift in the emission maxima. The FL emission at 455 nm is associated
with the presence of polyenone, and as the polyene length increases, it implies the formation of
complexes such as excimers or exciplexes [289]. Increasing the excitation wavelength to 405nm
leads to additional redshifts, as seen in the third spectrum, resulting in an emission at 465 nm and
additional shoulder humps, different from those seen previously, at 445 nm (shoulder), 465 nm
(main peak), 550 nm (shoulder), and 665 nm (shoulder). The emissions at 455 nm and the
broadening of the spectrum are indicative of a higher degree of oxidation [301]. Based on the
analysis conducted through FLE mapping, it was determined that polypropylene exhibits the

highest FL emission when excited at 370 nm, resulting in an emission peak at 460 nm.

Based on the extracted spectra of all three microplastics (MPs) shown in Figure 2.9, the spectra

selected as fingerprints were those exhibiting the highest fluorescence emission intensity when
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Figure 2.9: Fluorescence spectra acquired from (a) polystyrene at excitation wavelengths Aex 310nm (solid
black line), Aex 360nm (solid red line), and Aex 405nm (solid blue line), (b) polyethylene terephthalate at
excitation wavelengths Aex 330nm (solid black line), Aex 360nm (solid red line), and Aex 405nm (solid blue
line) (c) polypropylene at excitation wavelengths Aex 350nm (solid black line), Aex 370nm (solid red line),
and Aex405nm (solid blue line).
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excited at their respective optimal wavelengths. These unique intrinsic emissions from each type
of MP can serve as reference spectral fingerprints for real-time analysis of environmental
microplastic samples. Researchers can more accurately identify and quantify microplastics using
these reference spectra in various environmental contexts, even with a suitable small-scale
excitation light source and portable USB-type spectrometer. The novelty of our approach lies in
optimising excitation wavelengths, as conventional methods typically use a single excitation
wavelength, yielding a weaker emission signal. Our study achieves a significantly enhanced
emission signal by using optimised wavelengths, thereby improving the sensitivity and
applicability of this method for detecting microplastics in real aquatic samples. Furthermore, This
technique enables the rapid and label-free identification of microplastics with minimal sample
preparation, offering a non-destructive approach for accurately detecting and characterising
microplastics in aqueous environments. Moreover, environmental factors such as surface
oxidation can further enhance fluorescence signals, offering spectral fingerprints unique to each

polymer type [302].

The challenge of distinguishing microplastics (MPs) from other organic materials in real aqueous
environments can be catered to using the unique excitation-emission characteristics of MPs
observed in this study. MPs exhibit distinct spectral profiles due to their polymeric structures and
specific additives, differentiating them from natural organic matter that are commonly present in
aquatic samples [303]. However, in some cases, the fluorescence spectra of microplastics overlap
with the spectra obtained from organic matter, which can complicate the detection and
identification process [150, 197]. By carefully selecting an optimised excitation wavelength, the
intrinsic fluorescence of MPs can be enhanced while minimising interference from other organic
compounds, a strategy also highlighted in a recent fluorescence-based detection study [304]. In
our work, the “optimal” excitation wavelengths were not chosen solely based on producing the

strongest or maximum emission intensity. It was also observed that at these wavelengths, the
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emission spectra of different microplastics exhibited distinctive and non-overlapping features.
This spectral uniqueness makes the technique practically useful for environmental applications,
where microplastics can be distinguished from one another and from other organic materials
based on their characteristic fluorescence fingerprints. Furthermore, studies have also suggested
that integrating machine learning or spectral pattern recognition could significantly improve this
method’s ability to distinguish MPs from organic materials present in the aquatic sample [305,
306]. These methodological considerations will allow our approach to distinguish MPs better in

real aqueous environmental matrices.

2.5 Chapter Conclusion

In this study, we employed Fluorescence Excitation-Emission (FLE) mapping analysis to
investigate microplastic contaminants extracted from polystyrene, polyethylene terephthalate,
and polypropylene macroscopic materials to gain insights into their dominant intrinsic FL
excitation and emission features. Through our analysis, we determined the most intense

fluorescence emissions against the optimal excitation wavelengths for each type of microplastic.
e For polystyrene, peak emissions occurred at 380 nm and 405 nm when excited at 360 nm.

e Polyethylene terephthalate exhibited its most intense emissions at 390 nm when excited

at 360 nm.
e Polypropylene displayed its dominant emissions at 455 nm when excited at 370 nm.

These distinct fluorescence emissions originated from different molecular properties:
Polystyrene’s emissions were tied to its conjugated styrene units; for polyethylene terephthalate,
emissions were linked to dimerisation and phenylene-carbonyl transitions; Polypropylene’s

emissions were associated with polyenone excimers. The unique fluorescence spectra and
optimal excitation wavelengths identified for each microplastic type can be invaluable for precise,

label-free identification and detection. Our study provides a foundation for the development of a
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non-destructive and label-free fluorescence spectroscopic method for analysing microplastics
across various environmental settings, including plants, food, and aquatic ecosystems. This
research holds promise for improving our ability to monitor and address the impact of

microplastics in diverse environmental matrices.

S.A. Igrar, PhD Thesis, Aston University, 2025. 66



Chapter 3: Efficient Generation of Suspensible Secondary
Reference Micro-and Nanoplastic Particles by Direct Ultrasound

Treatment

The work presented in this chapter was carried out in collaboration with a colleague, Jordi Valls-
Conesa, from Aalborg University, Denmark. His contribution focused specifically on the
characterisation of ultrasonicated microplastics using QCL-based FTIR spectroscopy combined
with machine learning classification (section 3.3.2).

3.1 Introduction

Acquiring secondary environmental MNP is a challenging, labour-intensive, and time-consuming
task. Therefore, the development of laboratory-scale methods for generating reference MNP that
replicate the characteristics of environmental MNP is essential. This chapter presents a simple
and rapid direct ultra-sonication technique for producing MNP from polystyrene, polymethyl
methacrylate, polypropylene, and polyvinyl chloride. Compared to other reported methods, the
direct ultrasonication technique presented in this work offers several advantages. Cryogenic
milling produces a wide particle size range (1-200 um) with poor suspensibility and requires
additional treatments to aid dispersion [116, 130]. Laser ablation can generate nanoscale particles
with good dispersion, but is limited to the sub-micron range and cannot produce larger fragments
[117]. The cryotome method yields uniform fibres but cannot produce fragments or spheres, which
are more representative of environmental debris [121]. Bottom-up chemical synthesis produces
smooth, spherical particles that lack the irregular morphologies of environmental MNPs and often
involve residual chemical contaminants [122, 124, 126, 307, 308]. In contrast, the direct sonication
method used here yields environmentally relevant secondary MNPs spanning nano- to microscale
sizes (100 nm-150 um), with diverse morphologies (fragments, fibres, and spheres) and stable
suspensibility in water without the need for chemical additives. The morphological characteristics
of the ultrasonicated MNPs were examined using SEM, which revealed that fragments constitute
the dominant shape across all polymers, with fibres appearing only rarely. Importantly, the

ultrasound treatment preserves the chemical composition of the generated MNPs, as confirmed
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by Raman spectroscopic analysis conducted on particles ranging in size from 5 to 150 um.
Furthermore, the generated MNP were classified using a random forest machine learning model
applied to images captured by a quantum cascade laser infrared (QCL-IR) microscope. The
stability of the ultrasonicated MNP suspension was assessed through ultraviolet-visible
transmission spectroscopy, which demonstrated that the produced microplastics maintain high
suspensibility (>2 hours) in an aqueous medium. These attributes make the MNP generated via

direct sonication highly suitable as reference materials for research purposes.

3.2 Methodology for Secondary Microplastic Generation

3.2.1 Sample Preparation

We used four different types of plastics, i.e., polystyrene (PS), polypropylene (PP),
polyvinyl chloride (PVC), and polymethyl methacrylate (PMMA). The cylindrical-shaped
millimetre-sized PS beads (average M.W. 250,000) were purchased from Acros Organics; PP
sheets were obtained from a packaging material (Thermo Fisher Scientific); PVC (high
molecular weight beads) were purchased from Sigma-Aldrich (81387-250G); and PMMA
beads (average M.W. 35,000) were purchased from Acros Organics (9011-14-7). Each plastic
sample was prepared separately in 6 mL of deionised water in a glass vial. Cylindrical PS
beads (diameter between 1£0.2 mm and 0.4+0.1 mm; length between 3+0.1 mm and 2.5+0.2
mm) were added to one vial, with approximately 1500 pg of PS. In separate vials, 650 ug each
of PVC and PMMA were prepared in 6mL of DI water. Additionally, a large PP sheet (~1x1
cm?, ~530 ug each) was cut into 3x3 mm? pieces and placed in a glass vial (6 mL DI) for

ultrasound treatment (Figure 3.1 - Fragmentation).

3.2.2 Direct Ultrasound Treatment
The homogenous dispersion and disintegration of larger plastic pieces (PS, PP, PVC, and

PMMA) in DI water were achieved using high-power (Pmax= 400 watts) pulsed ultrasound waves
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with a laboratory-grade Hielscher ultra-sonicator (UP400S). The plastics were exposed to high-
power (0.75 Pmax) and high-frequency (24 kHz) cyclic ultrasound waves continuously for 7 hours.
The titanium sonotrode (H3-tip, 3 mm diameter, 100 mm full length) was partially immersed (15%
of its total length) into the sample, as shown in Figure 3.1. The power and cycles of ultrasound
waves were controlled with a digital ultrasonic processor (Ultrasonicator, UP400S, Hielscher
Ultrasonics GmbH, Germany). Prior to the disintegration of plastics, the samples (PVC and
PMMA) were mixed in DI water for 120 seconds at 500 rpm using a Topmix Vortex mixer (Fisher
Scientific FB15012). The sonotrode tip was cleaned before each experiment with DI water and
wiper sheets (Kleenex - 07432010) to avoid cross-contamination of microplastic samples.

The ultrasound method was selected as the fragmentation technique because it overcomes
many of the limitations of existing methods, such as cryo-milling, laser ablation, cryotome, and
bottom-up synthesis (see chapter 1, section 1.6), and produces micro- and nanoplastics that more
closely resemble environmentally weathered particles in terms of shape, size diversity, and
suspensibility. Previous studies [127, 128, 309] have also demonstrated the potential of
ultrasound for generating MNPs. For example, a 15 kHz ultrasonic bath treatment successfully
produced micro- and nanoplastics after 15 hours of processing [309]. In contrast, we employed a
direct sonication approach, which is more efficient and achieved the disintegration of larger plastic
pieces into microplastics within 7 hours.

The chosen frequency of 24 kHz corresponds closely to the cavitation threshold described
by the Blake threshold formulation [310], where bubble formation and collapse generate the high
shear forces required for polymer fragmentation. Frequencies significantly higher than this reduce
cavitation efficiency, while lower frequencies risk incomplete dispersion [311]. Thus, 24 kHz
represents an effective compromise between strong cavitation and stable, reproducible
processing. The operating power of ultrasound waves was optimised experimentally. Initially, the
sonotrode was operated at full output (400 W, 100% power), but this resulted in cracking of the
glass vial and sample leakage due to excessive energy input and heat generation. The power
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was then gradually reduced in steps (95%, 90%, 85%) until stable operation was achieved at 75%
of maximum power (=300 W), which was sufficient to generate cavitation and produce MNPs
without damaging the vials.

The ultrasonication process to generate MNPs consisted of three key steps. In the first step
(fragmentation), PP sheets (1 cm?) were cut down to smaller square sheets (3 mm?) to facilitate
further processing. In the second step (ultra-sonication), these smaller sheets were placed in a
10 mL glass vial with DI water and subjected to ultrasound treatment. Finally, in the third step
(sample collection), the generated MNPs were collected from the sonicated sample into a
separate vial using a laboratory pipette (SciQuip SP1000A) and a plastic pipette tip (Sigma-

Aldrich CLS4821).
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Figure 3.1: Process flow of MNP bulk generation using high-power direct ultra-sonication treatment. (a)
Fragmentation shows the cut-down of large plastic sheets of PP, PS (cylindrical pallets), PMMA, and PVC
(granular powder). (b) and (c) The ultrasonication step shows the cyclic ultrasound treatment of cut-down
plastic pieces of PP with titanium sonotrode of 24kHz for 7 hours. (d) Finally, the sonicated sample step
shows the generated suspensible reference secondary MNP.

3.2.3 Vacuum Filtration of US-MNPs

Following ultrasound treatment, the sonicated samples were transferred to 10 mL
transparent glass vials. The samples then underwent sequential filtration using a vacuum filtration
system powered by an oil-free piston pump (Fisherbrand FB70155), as illustrated in Figure 3.2.

Polycarbonate membrane filters (PCMF) with varying pore sizes were used for this process.
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Initially, the samples were filtered through 1.2 um pore size PCMF (RTTP02500, Merck UK). The
residue from this filtration was transferred to a 15 mL glass vial containing deionised water (DlI)
and agitated in a topmix vortex mixer at 1500 rpm for 10 minutes, effectively releasing
microplastics larger than 1.2 ym into the DI water. The filtrate from this step was collected in a
Buchner flask.

Initial Sample Sequential Filtration

Stage 1 Stage 2 Stage 3 Stage 4

Stage 3A Stage 3B

Collection of Filtrate
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NP < 100nm

il Filtration
i

Shaking
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Figure 3.2: Schematic diagram of sequential filtration process for ultrasonicated micro- and nanoplastics
using standard vacuum filtration and shaking process.

In the second step, the filtrate was filtered through 0.4 ym pore size PCMF (HTBP02500). The
residue collected was similarly agitated to isolate microplastics ranging from 400 nm to 1.2 ym.
In the final step, the remaining filtrate was filtered through 0.1 ym pore size PCMF (VCTP02500)
to isolate nanoplastics between 100 nm and 400 nm, while the filtrate containing particles smaller
than 100 nm was collected separately. This sequential filtration process was applied to all four
types of sonicated plastics (PS, PP, PVC, and PMMA). The resulting filtered samples were then

transferred to individual 10 mL glass vials for further characterisation.

3.3 Results and Discussion

3.3.1  Morphological Analysis of US-MNPs

The morphological characteristics of US-MNP samples were analysed using an ultrahigh-
resolution field emission scanning electron microscope (FESEM, JEOL IT-800). The samples

were deposited onto copper tape (75 x 25 mm) to provide a conductive surface, minimising

S.A. Igrar, PhD Thesis, Aston University, 2025. 71



charging effects during electron microscopy. To prevent any sample distortion or alteration of
surface features, the drying conditions were optimised by placing the samples in a universal oven
(MEMMERT UN30) at 40 °C for 4 hours. The imaging process was conducted under high vacuum
conditions, using high-definition secondary electron diffraction (SED) mode to capture detailed
surface morphology. A range of magnifications was employed to ensure a comprehensive
analysis of the particle features: 270% and 1700% to examine larger particle structures (field of
view at 10 um) and 4000x to resolve finer details (field of view at 5 um). An accelerating voltage
of 15 kV was used to achieve optimal resolution while minimising electron beam damage to the

samples.

The application of high-power and periodic ultrasound waves induced strong vortices due
to cavitation in the water medium, which rigorously displaced and degraded the parent polymer
beads and sheets. The changes in surface morphology of different plastics before and after ultra-
sonication were examined using SEM analysis (Figure 3.3). The SEM data show that the direct
ultrasound treatment significantly damaged the surface of raw PS and PP plastic sheets and
beads. After continuous and intense ultrasonication, the PP sheets remained transparent,
whereas the PS beads turned opaque. The opacity change in PS beads is likely due to a
combination of surface roughening, increased microcracks, loss of homogeneity, and enhanced
light scattering [312, 313] caused by cavitation. In contrast, PP remains transparent due to its
semi-crystalline structure, higher resistance to surface damage, and better elasticity [314], which
helps it withstand ultrasound-induced stresses. When subjected to direct sonication, the edges of
PS and PP plastics underwent more deformation compared to their central surfaces (Figures 3.3b
and 3.3d). Additionally, surface irregularities such as holes and cracks were also observed on the

deformed plastic sheets and beads.

After the sonication process, the initially transparent deionised water became partially

cloudy due to the presence of suspended US-MNPs. Among the sonicated liquid samples, PP
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and PVC remained relatively transparent compared to PS, which exhibited more significant
cloudiness. In contrast, the PMMA sample became completely opaque, displaying considerable
cloudiness. This change in PMMA was due to its higher brittleness and lower resistance to
mechanical stress [315], which made it more susceptible to fragmentation under intense and

repeated sonication, resulting in greater dispersion of micro- and nanoplastic particles.

Figure 3.3: The surface morphology of plastic beads and sheets before and after the ultrasound treatment.
PS: (a) before (b) after ultrasonication; PP: (c) before (d) after ultrasonication.

Figure 3.4 shows SEM images of ultra-sonicated MNP plastics (PS, PP, PVC, and PMMA)
recorded before sequential filtration. The images reveal particles of varying sizes (200 nm-100um)
and diverse morphologies, including fragments, fibres, and semi-spheres. The ultra-sonicated PS
particles are observed to be random in shapes with a wide distribution of sizes (Figure 3.4a).
Some nanoscale (below 1 um) PS particles are also observed (Figure 3.4b). After sonication, the
PP sample shows homogenously distributed MNPs with different shapes. Most of the generated
microplastics are irregularly shaped, with sizes varying between 2 -15 ym. However, some larger

fragments (30-50 um) and fibres (100-150 um) are also found in the sample (Figure 3.4 c-d). The
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Figure 3.4: The surface morphology of ultrasonicated MNPs recorded before filtration using scanning
electron microscopy (a-b) polystyrene —PS (c-d) polypropylene- PP (e-f) polyvinyl chloride - PVC (g-h)
polymethyl methacrylate — PMMA.

PVC sonicated sample shows numerous fragments, with the most particles having a size below
100 pm. Several nanoscale PVC particles are also observed (Figure 3.4e-f). Compared to all
sonicated polymers, PMMA produced the most uniformly distributed and highly concentrated

MNPs, which can be attributed to its material properties. PMMA is an amorphous polymer with

relatively low crystallinity and a glassy structure, making it more brittle under mechanical stress
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[316] compared to semi-crystalline polymers such as PP or PVC. Under ultrasound-induced
cavitation, this brittleness promotes more efficient fragmentation into smaller and more uniformly
sized particles [317]. In addition, PMMA surfaces tend to become more hydrophilic after
mechanical breakdown, which enhances dispersion and prevents aggregation [318], contributing
to the higher concentration and stable suspensibility of the generated MNPs. Most of the particles
were observed to be in the same size range, and several particles were found in the submicron

range (Figure 3.4 g-h).

Figure 3.5 presents SEM images of ultra-sonicated PS, PVC, and PMMA MNPs recorded after
sequential filtration, recording different size ranges of the generated US-MNPs. The images
reveal a broad size distribution from 100 nm to 10 ym, along with various morphologies, including
fragments, fibres, and semi-spheres. The ultra-sonicated PS particles exhibit random shapes and
a wide size range from microns to submicrons (Figures 3.5 a-c). Larger PS microplastics (>1.2
pum) are shown in Figure 3.5a, while submicron PS nanoplastics are depicted in Figures 3.5b and
3.5c¢. The sonicated PVC sample displays randomly shaped fragments and agglomerated micro-
and nanoplastic particles (size range from 500 nm to 1um), with most particles in the micron range
(Figure 3.5d) and some nanoplastics rarely distributed (Figures 3.5e and 3.5f). PMMA produced
the most uniformly distributed and highly concentrated micro- and nanoparticles, with particles
densely agglomerated into clusters, resulting in a higher concentration of micron-scale particles
(Figure 3.5g) and low-concentration nanoplastics, primarily in the form of fragments (Figures 3.5h
and 3.5i). The sonicated PP sample shows homogenously distributed micro- and nanoplastic
particles of randomly shaped fragments, with a rare distribution of MNP particles compared to

other samples and extremely low concentrations in the submicron range (Figures 3.5k and 3.5I).
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Figure 3.5: The surface morphology of different classes of ultrasonicated MNPs recorded using scanning
electron microscopy (a-c) polystyrene —PS (d-f) polyvinyl chloride- PVC, (g-i) polymethyl methacrylate —
PMMA (j-1), and polypropylene — PP.

3.3.2 Size Distribution and Sample Composition of Generated US-MNPs

The US-MNP samples were characterised using an advanced infrared (IR) spectrometer
equipped with a prototype quantum cascade laser (QCL) microscope developed by Bruker [319].
This advanced instrument was employed to examine the chemical composition of MNP particles.

Prior to analysis, the MNP particles were filtered onto aluminium oxide anodiscs (25 mm diameter,

0.2 uym pore size) via vacuum filtration. The detection limit for the QCL microscope was
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constrained to particles larger than 5 um due to the physical limitations of IR light transmission.
Following the scanning of samples using the QCL-based FTIR spectrometer, the acquired data
was processed for automated classification and identification. This process utilised two
complementary approaches, Fast Background Correction and Identification (FBCI) and Machine
Learning Classification (MLC), enabling efficient and precise analysis of MP particles. The FBCI
method [320] automatically generates binary segmentations to isolate particles of specific
polymer types from the spectral data. By eliminating the need for manual data processing, FBCI
efficiently extracts valuable information about the targeted particles. In MLC, a Random Forest
(RF) classification model was implemented [321] to accurately and rapidly identify up to 10
different types of MP polymers present in the samples. This approach not only allowed for precise
particle identification but also enabled the detection of impurities or the presence of other polymer
types within the samples. The RF model utilised the IR spectral fingerprints of different MNPs as

a basis for extracting features from the IR data, ensuring accurate classification results.

The calibration of the QCL-based hyperspectral imaging system was performed through
spectral alignment, background correction, noise reduction, and validation steps [321].
Wavenumber calibration was conducted using reference spectra from pure microplastic samples
to ensure accurate spectral alignment. Background and baseline correction were applied using
Fast Background Correction and Identification (FBCI) to remove distortions from environmental
factors. Signal-to-noise ratio thresholding was used to filter out low-quality spectra, improving
overall accuracy. The classification performance of the system was validated using ground truth
samples (reference microplastic samples with known composition and IR characteristics), with a
Random Forest model trained on high-fidelity reference spectra. Additionally, a single optimal
baseline channel around 1840 cm™ was selected to correct baseline offsets and maintain spectral
consistency. These calibration steps ensured the system provided reliable and reproducible

microplastic classification.
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The classification of US-MNP samples using FTIR imaging and the RF Method provided
valuable insights into the composition and contamination levels of ultrasonicated samples (Figure
3.6). This approach employed a winner-takes-all (WTA) representation [321], where classification
predictions are encoded at varying brightness levels. The machine learning-processed IR

hyperspectral image of USMNPs-PS (Figure 3.6a) shows a significant presence of sonicated PS
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Figure 3.6: Simulated test image data of ultra-sonicated MNP samples and environmental background data
from the data set. Visualisation of output for MP classification applied to the IR hyperspectral image. The
size distribution of (a) polystyrene-PS, (b) polyvinyl chloride (PVC), (c) polymethyl methacrylate (PMMA),
and (d) polypropylene (PP) is presented in the colour bar.

particles (96.63%), represented by blue particles of varying sizes and shapes. Minor impurities,
primarily PVC and PMMA, are also detected in the USPS sample. The classification outputs for
USPMMA (red particles) and USPVC (pink particles), shown in Figures 3.6b and 3.6c,

respectively, exhibit high purity, with particle concentrations exceeding 98%. Similarly, Figure 3.6d
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shows the USPP sample (green particles), which maintains a high purity of 97.32%, with only
minor traces of PS, PVC, PMMA, and other polymers, each contributing less than 1.2% of the
composition. These findings align with previous studies employing RF classifiers for microplastic
identification [321-324], which have demonstrated high accuracy in distinguishing polymer types
based on IR spectral signatures. The effectiveness of the RF classification method is because of
its ability to handle spectral similarities among different polymers while minimising noise and
background interference. This is achieved through selective feature extraction, using only highly
discriminative wavenumbers to improve differentiation. The ensemble learning approach
increases generalisation by mitigating misclassifications due to spectral overlap. FBCI isolates
polymer-specific spectral signals, reducing the effect of background interference. Moreover, the
model compensates for spectral variability and Mie scattering effects through baseline
corrections. Finally, the WTA approach ensures accurate classification of US-MNP particles.
The size distribution of all US-MNP samples was estimated through statistical analysis of
data obtained from FTIR hyperspectral imaging combined with Random Forest Machine Learning
(RFML) analysis. The results indicate a homogeneous distribution of MNPs across the six
samples of each sonicated polymer, suggesting consistency in the fragmentation process. This
is further supported by Figure 3.7, which illustrates the percentage distribution of different size
ranges for PMMA, PP, PVC, and PS across multiple samples, demonstrating reproducibility in
particle size distribution. Six samples of ultra-sonicated PMMA exhibited a homogeneous size
distribution with a slight variation of 4-5 % (Figure 3.7a). The majority of USPMMA particles (55%)
fall within the 10-30 um range, with 30% below 10 um, 9-10% between 30-60 um, 4-4.5% within
60-100 ym, and less than 0.5% exceeding 100 um. Ultra-sonicated PP (USPP) samples show a
slightly larger deviation of 6-7% but remain primarily homogeneous, with approximately 45-50%
of particles in the 10-30 um range, 25-30% below 10 pym, 14-16% in the 30-60 um range, 4-5%

between 60-100 ym, and 1-2% exceeding 100 uym (Figure 3.7b).
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The size distribution of ultra-sonicated PVC (USPVC) is similar to that of USPP but with a
higher proportion (55-60%) of particles in the 10-30 um range. The quantity of particles below 10
pum (~28-30%) is comparable to that of PMMA and PP (Figure 3.7c). However, the proportion of
30-60 ym particles is lower (~2-3%) than in other samples, while the percentage of 60-100 pm
particles is ~5-6%. Particles exceeding 100 um show a higher proportion (~7-8%), likely due to

PVC'’s greater strength and resistance to breakage compared to PMMA, which is more brittle in
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Figure 3.7: Size distribution of six ultra-sonicated microplastic samples of (a) Polymethyl methacrylate
(PMMA), (b) Polypropylene (PP), (c) Polyvinyl chloride (PVC), (d) Polystyrene (PS).

nature [325]. Ultra-sonicated PS (USPS) samples exhibit greater variation, indicating more
inhomogeneity. Around 27-29% of USPS particles are below 10 ym, while 50-52% fall within the

10-30 ym range, similar to other sonicated polymers (Figure 3.7d). However, USPS has the
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highest proportion (19-20%) of 30-60 um particles among all sonicated polymers, while those in
the 60-100 um and above 100 ym ranges are 2-3% and 1-2%, respectively, comparable to PP.

Figure 3.8 shows the particle size distributions of USMPs generated from PMMA, PP,
PVC, and PS following direct ultrasonication. The bar charts represent the percentage of particles
in each size category, while the overlaid Gaussian curves describe the overall distribution shape.
In all polymers, the most frequent particle sizes (modes) fall within the 10-30 um range, indicating
that this is the dominant fragment size produced by ultrasound. The calculated weighted mean
particle sizes were 21.6 ym for PMMA, 28.0 um for PP, 26.6 um for PVC, and 24.4 um for PS.
The distributions are positively skewed (y = 1.62 to 2.48), indicating that the mean lies to the right
of the mode, due to the influence of larger particles. PMMA and PS show relatively narrower
distributions (o = 20 um), whereas PP and PVC display broader spreads (o = 27-29 um), reflecting
more variability in fragment sizes. These results confirm that ultrasonication effectively produces
micron-sized fragments across all polymers, while also highlighting polymer-specific differences
in fragmentation behaviour.

Investigating impurities in ultrasonicated MNP samples is crucial, as these contaminants
may originate from the manufacturing process of the raw materials. Identifying and quantifying
these impurities helps assess the purity of each polymer sample and provides insights into
potential cross-contamination during production. To investigate this, a statistical analysis was
conducted on FTIR combined RFML produced data to determine the concentration of impurities
in US-MNP samples, as presented in Table 3.1. The table details the composition of different
materials in each ultrasonicated sample. Among the ultra-sonicated samples, USPMMA exhibits

the highest purity, with 99.04% PMMA particles and only 0.96% impurities (mainly PVC particles).
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Figure 3.8: The size distribution of ultra-sonicated microplastics (USMPs) for different polymers (a) PMMA,
(b) PP, (c) PVC, and (d) PS. The bar chart represents the percentage of particles in five size ranges (<10
pm, 10-30 pm, 30-60 um, 60-100 um, and >100 pm) for each polymer. The black lines indicate the Gaussian
fit, highlighting the predominant size range of USMPs.

Similarly, USPVC maintains a high purity of 98.69%, with minor impurities of PMMA (0.83%) and
other polymer debris (0.48%). The USPP sample follows closely, with 97.32% PP purity, small
amounts of PS (0.34%), PVC (1.19%), PMMA (0.74%), and other polymer particles (0.41%). The
USPS sample shows a slightly lower purity of 96.63%, with impurities including PP (0.74%), PVC
(1.83%), PMMA (0.49%), and other polymers (0.31%). This demonstrates that the ultra-sonication

method is a promising technique capable of producing MNPs with purity levels exceeding 95%.
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Table 3.1: Percentage concentration of different constituents in ultra-sonicated microplastic samples.

Concentration of different constituents (%)
Ultra-sonicated Samples PS PP PVC PMMA | Others
Polystyrene 96.63 | 074 183 049 | 031
Polypropylene 034 | 97.32 1.19 0.74 0.41
Polyvinyl chloride 0 0 98.69 0.83 0.48
Polymethyl methacrylate 0 0 0.96 99.04 0

3.3.3 Raman Analysis of US-MNPs

The Raman analysis of USMPs was performed using the Renishaw inVia Basis™ and
inVia™ Qontor Raman microscope. The laser source with wavelength 785nm, operating at ~50
mW, was used. The Raman measurements of raw microplastic debris were collected at 5x
magnification, whereas 50x magnification was used for ultrasonicated MNP samples with a
numerical aperture of 0.5 (long working distance). The laser power on each type of US-MNP
sample was manually optimised to prevent sample burning or distortion during measurements.
Prior to measurements, the setup was calibrated by taking a reading of the silicon peak (520.5+1
cm™) from a standard reference. Random multi-point measurements were acquired to confirm the

type of plastic present in the USMP samples.

Raman spectroscopy is essential for analysing polymers before and after sonication, as it
provides detailed molecular fingerprints that help determine potential structural or chemical
alterations caused by high-power ultrasound treatment. By detecting vibrational modes specific
to polymer bonds, Raman spectra can confirm whether the chemical composition of microplastics
remains unchanged or undergoes degradation due to external factors such as mechanical stress
or oxidation. To investigate this, Raman spectra of four ultrasonicated MNP samples and their

pre-sonicated raw plastics (PP, PVC, PMMA, and PS) were recorded and presented in Figure
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3.9. The unaltered spectral features of all US-MNP confirm that ultrasound treatment has not
affected the chemical structure of these polymers. This stability is critical in ensuring that the
sonication process effectively reduces particle size without inducing chemical degradation or
modifying the molecular composition. Moreover, the Raman vibrational bands corresponding to
the characteristic peaks of US-MNPs (USPP, USPVC, USPMMA, and USPS) are presented in
Table 3.2. The Raman spectra of both the original and ultrasonicated PP samples (Figures 3.9a
and 3.9b) exhibit strong agreement with the standard reference spectrum [326], indicating that
the polymer backbone remains intact. PP and USPP exhibit several vibrational peaks, with a
primary broad peak in the 2800-3000 cm" region, comprising a prominent band at 2892 cm™' and
two corresponding shoulders at 2847 cm™ and 2963 cm™, representing the stretching vibrations
of the C-H bond [281, 327]. Other observed vibrational modes include peaks at 811 cm™', 977 cmr
11155 cm™, 1331 cm™, 1460 cm™', and 1762 cm™ which correspond to various stretching and
bending motions: C-C stretching and CH; bond rocking, C-C stretching and CH bending, CH
stretching, CH, wagging and CH; bending, CH, bending, CH; asymmetric bending, and C=0
stretching vibration, respectively [282, 328-330]. Figures 3.9c and 3.9d illustrate the recorded
Raman spectra of PVC before and after sonication, respectively, showing a strong correlation
with the reference spectrum of PVC [142, 326]. The characteristic Raman peaks associated with
PVC and USPVC are observed at 636 cm™ (C-Cl stretching), 696 cm™', 1431 cm™, and 2914 cm-
' (C-H stretching) [331, 332]. The obtained Raman spectra of PMMA and PS are likewise
comparable to their reference fingerprints [142, 333, 334], as shown in Figures 3.9f and 3.9h
(before sonication) and Figures 3.9e and 3.99 (after sonication), respectively. The Raman spectra
of both PMMA and USPMMA (Figures 3.9e and 3.9f) exhibit a prominent band at 2957 cm™',

corresponding to the C-H stretching vibration [335]. Additional vibrational modes are observed at
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Figure 3.9: Raman microscopy of ultra-sonicated micro and Nanoplastic. Microscopic images (right side)
show the morphology of pre- and post-ultrasound treatment of plastics (a and b) PP, (c and d) PVC, (e and
f) PMMA, and (g and h) PS. The Raman spectra acquired through point measurements are shown on the
right side (a, c, e, and g) USPP, USPVC, USPMMA, and USPS after ultra-sonication, and (b, d, f, and h)
PP, PVC, PMMA, and PS before ultra-sonication.

602, 812, 925, 999, 1081, 1264, 1460, 1648, 1736, 2848, and 3001 cm™. The band at 1648 cm’’
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Table 3.2: The Raman vibrational bands corresponding to the characteristic peaks of different
ultrasonicated micro- and nanoplastics (USPP, USPVC, USPMMA, and USPS).

US-MNPs Raman Peaks (cm™) Corresponding Vibrational Band
811 C-C stretching and CH3 rocking
977 C-C stretching and CH bending
1155 C-H stretching
Ultrasonicated Polypropylene
(USPP) 1331 CH2 wagging, and CH3 bending
1460 CH2 bending and CH3s asymmetrical bending
1762 C=0 stretching vibration
2800-3000 Stretching vibrations of C-H
636 C-Cl stretching
Ultrasonicated Polyvinyl Chloride 696
(USPVC) 1431 C-H stretching
2914
Ultrasonicated Poly(methyl 602 (C-C-0)
methacrylate) 812 CHz rock
(USPMMA) 925 a-CHs rock

999 O-CH3 rock
1081 (C-C-0)
1264 C-O stretching
1460 0a(C-H) of a-CH3
1648 C=C stretching and C-COQO vibrations
1736 C=0
2848 O-CHs
2957 C-H stretching
3001 (C-H) of O-CHjs
621 Ring deformation
795 CH deformation out-of-plane
1001 Breathing mode of the aromatic carbon ring
1031 CH deformation in-plane
1155 C-C stretching

Ultrasonicated Polystyrene (USPS) 1450 CH, scissoring
1583 C=C stretch
1602 Skeletal stretching
2850 symmetric aliphatic CH, stretching
2904 Antisymmetric aliphatic CH, stretching
3054 C-H bond stretching
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is attributed to a combination of C=C stretching and C—COO vibrations [336]. The Raman spectra
of PS and USPS (Figures 3.9g and 3.9h) exhibit a strong band at 1001 cm™', corresponding to the
breathing mode of the aromatic carbon ring. Additional vibrational modes are observed at 621,
795, 1031, 1155, 1450, 1583, 1602, 2850, 2904, and 3054 cm™ [337, 338]. These bands are
associated with various molecular motions, including ring deformation (621 cm"), CH deformation
out-of-plane (795 cm™) and in-plane (1031 cm™), C-C stretching (1155 cm™"), CH, scissoring
(1450 cm™), C=C stretch (1502 cm™), skeletal stretching (1602 cm™), symmetric (2852 cm™') and
antisymmetric (2904 cm™) aliphatic CH, stretching modes. Additionally, PS exhibits a band at
3054 cm™, attributed to C-H bond stretching in the benzene ring [337, 338]. To validate the
chemical stability of the polymers, the Raman spectra of both the original and ultrasonicated
samples were compared with standard reference spectra reported in the literature [142, 326, 335-
338]. The characteristic peaks for each polymer (PP, PVC, PMMA, and PS) were carefully
matched in terms of their positions with a tolerance of +2-3 cm™'. The diagnostic vibrational bands,
such as the stretching vibration of C—H at (2847,2892, and 2963) cm for PP, the C—ClI stretching
at 636 cm™ for PVC, the C=0 stretching at 1736 cm™ for PMMA, and the aromatic ring breathing
mode at 1001 cm™ for PS, were all observed at their expected locations. These reference peak
positions are also highlighted in Figure 3.9 to provide direct visual confirmation. The strong
agreement between pre- and post-sonicated spectra with the literature values confirms that the

sonication process did not alter the molecular structure of the polymers.

3.3.4 Suspensibility Analysis of US-MNPs Using Transmission Spectroscopy
The suspensibility of the synthesised US-MNP in an aqueous medium was evaluated using a UV-
Vis-NIR spectrophotometer (PerkinElmer Lambda 1050). Transmission measurements were

recorded for all ultrasonicated samples (3 mL) over a 2-hour period, with 12 measurements
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taken at 10-minute intervals. The analysis was conducted using incident light spanning a broad
wavelength range Ain (200-1200 nm) with a scan interval of dA = 1 nm. These measurements

provide valuable insights into the sedimentation rate of various US-MNP types.

The stability of suspended MNP in water is essential for their characterisation and
subsequent optical analysis. In particular, the fluorescence excitation—emission (FLE)
measurements described in Chapter 4, Section 4.2.3, require the microplastic suspensions to be
held in a quartz cuvette for durations ranging from 45 minutes to 1.5 hours. During this time, it is
critical that the particles remain suspended so that incident light can continuously interact with
them and generate detectable fluorescence signals. To ensure this condition was satisfied, the
suspensibility of the ultrasonicated samples was tested for up to 2 hours.

Figure 3.10 demonstrates the high suspensibility of the ultrasonicated micro- and
nanoplastics through the gradual change in transmission over time. In all samples, the
transmission remains significantly lower than that of pure DI water (100%) throughout the
measurement period, indicating that a substantial fraction of particles remained suspended and
continued to scatter and absorb incident light. The relatively small transmission differences
observed for USPMMA (~0.5-0.6%) and USPP (~1.4-1.5%) confirm that these particles remain
well-dispersed with minimal sedimentation. In contrast, USPS and USPVC show larger increases
in transmission (~4.7-5% and ~5.8-6.1%, respectively), reflecting faster sedimentation rates but
still maintaining measurable suspensions within the 2-hour window. Thus, the limited rise in
transmission over time, combined with transmission values that remain well below the DI water
baseline, confirms the high suspensibility of the US-MNPs produced by direct ultrasonication. The
observed differences in suspensibility across the four polymers can be attributed to variations in
particle size distribution, surface chemistry, and polymer properties [339]. USPMMA exhibited the
highest suspensibility, likely due to its smaller particle size and increased surface hydrophilicity

resulting from fragmentation-induced surface modifications [340]. USPP also showed good
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Figure 3.10: Ultrasonicated MNP particles of PP, PMMA, PS, and PVC suspended in DI water (a), UV-Vis
transmission spectra recorded for the time period of 2 hours (b) PP (c) PMMA (d) PS, and (e) PVC.

suspensibility, but slightly lower than PMMA, possibly reflecting the formation of somewhat larger
fragments during sonication [341]. USPS displayed higher sedimentation than both PMMA and
PP, which may be linked to the intrinsic hydrophobic nature of polystyrene surfaces, reducing
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water—particle interactions and leading to faster settling [342]. USPVC showed the highest
sedimentation rate of all four polymers. Although PVC has a higher density (1260 kg/m?) [343]
than PS (1050 kg/m3) [344], previous studies confirm that sedimentation is primarily size-
dependent rather than density-dependent [132, 133]. Therefore, the greater sedimentation
observed for PVC is more likely due to broader particle size distribution and aggregation
tendencies rather than density alone.

Unlike cryo-milled MPs, which often require surfactants or oxidation treatments to achieve
stable suspensions due to static charge [130], the ultrasound treatment directly fragments
polymer particles, likely introducing surface modifications that enhance dispersibility [129].
Furthermore studies [132, 133] have shown that MP sedimentation is primarily size-dependent
rather than density-dependent, with smaller particles remaining suspended for longer. By
generating ultrafine particles in DI water, our method overcomes the limitations of cryo-milling and
indirect sonication. For instance, in previous work where indirect sonication was employed, the
suspensibility of MNPs was reported to be very low, with particles sedimenting within 25 minutes
[309]. In contrast, the direct ultrasonication method applied here produced suspensions that
remained stable for over 2 hours, which is sufficient for subsequent optical analyses such as FLE.
This demonstrates that direct sonication not only yields environmentally relevant particle
morphologies but also ensures stable aqueous suspensions suitable for extended spectroscopic

measurements.

3.4 Chapter Conclusion

This study demonstrated a novel method for generating secondary reference micro- and
nanoplastics (US-MNPs) in water using high-power direct ultrasound treatment. Unlike the
conventional indirect ultrasonication method using an ultrasonic bath, which requires around 15
hours of treatment to produce MNPs [309], our direct sonication approach reduces the processing

time to 7 hours, representing a reduction of more than 53%. It also eliminates the need for alkaline
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solutions or surfactants to achieve sufficient suspensibility. The direct sonication method
produced highly stable suspensions, with US-MNPs remaining dispersed in water for over two

hours.

The generated US-MNPs exhibit a broad particle size distribution, ranging from 100 nm to 150
pum, with the potential for even smaller fragments below 100 nm. These particles predominantly
display irregular shapes, resembling microplastic pollutants in real environmental matrices.
Different analytical techniques were employed to comprehensively characterise and quantify the
reference MNP particles, each serving a distinct purpose. Raman spectroscopy was used for
precise chemical identification, providing molecular vibrational information to confirm that the
polymer composition remained unaltered after the ultrasound treatment. The y-QCL-based IR
spectral acquisition, combined with machine learning classification, enabled efficient and accurate
identification, impurity analysis, and size distribution assessment of MNPs. UV-Vis transmission
spectroscopy was utilised to assess the suspensibility of US-MNPs in water, monitoring their
sedimentation behaviour over time. SEM imaging provided detailed morphological analysis,
revealing particle size, surface texture, and shape, which are critical for understanding the
environmental relevance of the generated microplastics. Finally, vacuum filtration was used to
fractionate the ultrasonicated MNP samples into four distinct size ranges for subsequent detection
and analysis. Future work can focus on refining size separation techniques to achieve even more
precise and controlled particle distributions. The Implementation of rate-zonal density gradient
centrifugation may further enhance fractionation efficiency, enabling targeted investigations into

the environmental behaviour and impacts of specific US-MNP size ranges.
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Chapter 4: Fluorescence Excitation-Emission Mapping Analysis of
Ultra-sonicated Micro- and Nanoplastics

4.1 Introduction

Fluorescence (FL) spectroscopy has emerged as a promising technique for detecting and
characterising microplastics (MP) in water [1, 150, 197, 201], offering a rapid and non-destructive
detection tool alongside conventional spectroscopic methods. While FTIR and Raman
spectroscopy are widely used for MNP analysis, their detection threshold presents limitations.
Standard FTIR spectroscopy typically detects particles no smaller than 10 um [186, 257, 345,
346], while Raman spectroscopy can extend detection down to 1 um [184, 347-349]. However,
detecting nanoplastics remains a significant challenge due to background fluorescence and weak
Raman signal at the nanoscale. This challenge has led to the exploration of fluorescence
excitation-emission (FLE) mapping as an alternative technique for assessing its detection
capabilities at the nanoscale. Moreover, the detection limit of FL spectroscopy for MNPs is not

yet well established in the literature, which also makes it an active research area.

Building on the findings from Chapter 3, where a laboratory-scale ultrasonication technique was
used to generate reference MNPs, this chapter investigates the FL properties of these US-MNPs
and extends the previous work (Chapter 2) by evaluating the potential of FL spectroscopy to
detect and differentiate MNPs in water. Specifically, FLE maps are recorded for US-MNPs,
including polystyrene (PS), polyethylene terephthalate (PET), and polypropylene (PP), to identify
their distinct FL signatures. Moreover, this study explores the intrinsic FL characteristics of
nanoplastics (NPs < 1000nm) to assess the capability of FL spectroscopy as a rapid and non-
destructive technique for NP detection in water. The findings are expected to contribute to the
advancement of FL spectroscopy as a reliable tool for detecting and characterising MNPs in
aqueous environments, offering a potential alternative to traditional spectroscopic methods while

addressing their inherent limitations.
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It is important to note that the definition of nanoplastics varies in the literature. Some studies
classify them as particles smaller than 100 nm, while others extend the upper limit to 1000 nm,
as discussed in Chapter 1 (Introduction section). In this study, we classify particles smaller than
1000 nm as nanoplastics, ensuring consistency in analysis and alignment with the detection limits

of existing spectroscopic methods.

4.2 Methodology

4.2.1 Sample Preparation

MNP particles in deionised (DI) water were produced using laboratory-scale high-power
ultrasound treatment. Plastic beads (PS) and sheets (PET and PP) were cut down and processed
using a direct ultrasonication system, as described in Sections 3.2.1 and 3.2.2, respectively.
Following the sonication, vacuum filtration was employed to fractionate US-MNPs into four
different size ranges (Range 1: MPs > 1.2 um, Range 2: 1.2 ym > MNPs > 400 nm, Range 3: 400
nm > NPs > 100 nm, Range 4: NPs < 100 nm), as detailed in Section 3.2.3. Twelve samples were
prepared, with each US-MNP type (PS, PET, and PP) fractionated into four distinct size ranges.
For each US-MNP, four samples were obtained corresponding to the defined size ranges (R1 to
R4). This ensured the availability of all size fractions, with each cuvette containing 3 mL of the

sample for subsequent absorption and FLE mapping analysis.

4.2.2 Absorption Spectroscopy of US-MNPs

The ultra-sonicated MNPs in an aqueous medium (DI water) were analysed using a UV-
Vis-NIR spectrophotometer (PerkinElmer Lambda 1050) to assess their absorption
characteristics. Absorption spectra were recorded for all three ultrasonicated samples, including
PS, PET, and PP, across size ranges (Range 1 to 4), each with a volume of 3 mL. The
measurements were conducted in absorption mode, utilising incident light across a broad
wavelength range of 200-700 nm (UV-Vis) with a scanning interval of 1 nm. The Lambda 1050
spectrophotometer is equipped with deuterium and tungsten-halogen lamps, providing an

S.A. Igrar, PhD Thesis, Aston University, 2025. 93



extended operating range of 175-3300 nm (UV-Vis-NIR), which makes it suitable for analysing a
broad spectrum of materials. According to its technical specifications, the instrument offers a
wavelength accuracy of £0.08 nm in the ultraviolet (UV) and visible (Vis) regions, enabling precise
spectral detection within these ranges. The wavelength accuracy in the near-infrared (NIR) region
is £0.3 nm, ensuring reliable performance for longer wavelengths. This analysis was conducted
to determine the specific wavelengths at which MNPs absorb light, helping to identify the most
suitable excitation wavelength range for subsequent FLE mapping analysis. Understanding the
absorption properties of MNPs allows for optimised selection of excitation wavelengths in
fluorescence spectroscopy, ensuring improved detection and characterisation of their intrinsic

fluorescence emissions.

The raw absorption spectra collected from the US-MNPs were processed in two stages to
enhance data accuracy and facilitate the identification of key spectral features. In the first stage,
baseline correction was performed using the Asymmetric Least Squares (ALS) method [350] to
eliminate noise and background interference. This method was chosen because it effectively
corrects spectral baselines without distorting the original signal, ensuring more reliable absorption
measurements. ALS is particularly advantageous for absorption data as it adapts to asymmetric
baselines [351], which are commonly observed in spectroscopic measurements due to

instrumental or sample-related variations.

In the second stage, spectral deconvolution was carried out using a multi-peak fitting
approach based on the Gaussian function [352] in Origin Pro software. The Gaussian method
was employed because it provides an accurate representation of overlapping absorption peaks
by modelling them as symmetric curves [353], which is commonly observed in molecular
absorption spectra. This technique allows for the precise resolution of individual spectral
components, facilitating the identification of characteristic absorption bands associated with

different US-MPs.
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4.2.3 Fluorescence Mapping Analysis of US-MNPs

The FLE mapping analysis of US-MNPs in water was conducted using the HORIBA Nano-
Log spectrofluorometer, following the same methodology detailed in Chapter 2, Section 2.3.4.
The procedure involved recording FLE maps to assess the fluorescence characteristics of all
three US-MNPs across four size ranges (see Section 3.2.3). The excitation and emission
wavelength ranges used in this study were 300-500 nm and 315-600 nm, respectively, consistent
with the approach previously applied for larger microplastics (>500 um) in Chapter 2.

While the core methodology remained unchanged, a key difference in this analysis was the
selection of slit width. In contrast to the 2 nm spectral slit width used for larger microplastics in
Chapter 2, a 5 nm slit width was employed for the FLE mapping of US-MNPs. This adjustment
was made to enhance the fluorescence signal for smaller particles, ensuring improved detection
sensitivity for US-MNPs.

The raw FLE maps of US-MNPs were processed in multiple stages to improve data
accuracy and facilitate the identification of key FL spectral features. The methodology applied for
post-processing was based on the approach detailed in section 4.2.4, where R code in the R
statistics software was used to remove Rayleigh and Raman scattering interferences, ensuring
that the extracted fluorescence signals accurately represent the intrinsic emissions of MNPs. In
the first stage, Rayleigh and Raman scattering artefacts were removed using R-code, as
described in the next section 4.2.4. In the second stage, spectral deconvolution was performed
on the processed fluorescence spectra using the same approach applied to the absorption

spectra (see Section 4.2.2).

4.2.4 Post-processing of FLE maps Using R-Language
The recorded FLE maps were utilised to evaluate the intrinsic fluorescence of US-MNPs
across a range of excitation and emission wavelengths. However, a major challenge in

fluorescence spectroscopy is the presence of scattering artefacts such as Rayleigh and Raman
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scattering. These artefacts can obscure original fluorescence signals, complicating data
interpretation and reducing accuracy. Therefore, before conducting any further data analysis, it is
essential to remove these scattering artefacts to ensure an accurate representation of the

underlying fluorescence features from the US-MNP particles.

This was achieved using the staRdom package in R, a well-established tool for processing
excitation-emission matrix (EEM) data [354-356]. The staRdom facilitates the removal of
scattering artefacts and applies linear interpolation, enhancing the clarity and reliability of the
fluorescence emission signals from the sample. Figure 4.2 illustrates the workflow for EEM data
processing, outlining the main steps from data loading, scatter removal, and data interpolation to
data export. The following sections provide a detailed breakdown of the procedures and code

used for this analysis.

EEM Data Preparation: The raw EEM three-way data of US-MNPs for this study was collected
using the Horiba NanoLog spectrofluorometer. This instrument records emission wavelengths in
rows and excitation wavelengths in columns. However, the staRdom package in R-studio requires
the data to be structured with excitation wavelengths as rows and emission wavelengths as
columns for efficient processing. Therefore, restructuring the raw data was a necessary pre-
processing step. The EEM data matrix was transposed to achieve restructuring so that excitation
wavelengths were placed in rows and emission wavelengths in columns. This transformation was
performed in Microsoft Excel before importing the data into R-studio, ensuring compatibility with
the staRdom package. Proper dataset formatting is crucial to prevent errors during data import
and processing, enabling seamless analysis in subsequent steps. Data Import and Initial
Visualisation: Following data restructuring, the EEM dataset was imported into R-Studio. The FLE

maps were stored in a designated folder and imported using the eem_read() function from the
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Figure 4.1: This flowchart shows the workflow for FLE mapping data processing using R-code. It outlines
the step-by-step procedure for handling EEM data, including data loading, scatter removal, interpolation,
and data export.

staRdom package. This function reads and organises the EEM data into a structured list format,
allowing for smooth manipulation and visualisation in subsequent analyses. For data visualisation,
the eem_overview_plot() function was used to generate contour plots (FLE maps) of the EEMs
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under the graphical window in R-studio. These plots provide an overview of the fluorescence
emissions, highlighting bright FL emission zones. At this stage, scattering artefacts were observed
as diagonal features across the excitation-emission plane (Figure 4.2). The broad grey diagonal

corresponded to Rayleigh scattering, while the offset diagonal with higher red intensity

R-Code:
library("staRdom")
library(magrittr)
library("dplyr")

cores <- detectCores(logical=FALSE)
folder <- "file-path"
eem_list <- eem_read(folder, recursive = TRUE, import_function = "aqualog")

eem_overview_plot(eem_list,spp=9, contour=TRUE)

represented Raman scattering. These artefacts were masked during data processing to avoid

interference with the fluorescence signals of interest.
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Figure 4.2: Unprocessed fluorescence exictation-emission (FLE) map of USNPs (<100nm) sample of
Polypropylene (PP).
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Rayleigh and Raman Scattering Removal: Rayleigh scattering is an elastic scattering process
that occurs when light interacts with a material and is re-emitted at the same wavelength as the
absorbed light, resulting in both first- and second-order scattering effects. First-order elastic
scattering occurs when the emitted wavelength is identical to the incident wavelength (Aex = Aem).
In contrast, second-order elastic scattering results from a diffraction grating effect, where incident
photons can also appear in the emission spectrum at twice the incident wavelength (2Aex = Aem).
The Raman scattering is inelastic, occurring when incident light interacts with molecular
vibrational modes, causing a shift in the wavelength of the scattered light. In FLE analysis, these
effects typically appear as horizontal or diagonal bands in the FLE map, which can obscure correct

FL signals. To eliminate these scattering artefacts, the ‘eem_rem_scat()" function from the

R-Code:

remove_scatter <- ¢(TRUE, TRUE, TRUE, TRUE)
remove_scatter_width <- ¢(10, 10, 10, 10)

eem_list <- eem_rem_scat(eem_list, remove_scatter = remove_scatter, remove_scatter_width =

remove_scatter_width)
staRdom package was used. This function allows for the selective removal of both first- and
second-order Rayleigh scattering as well as Raman scattering. In the R script, the
‘remove_scatter’ vector was configured to remove these scattering components, with the first two
"TRUE" values corresponding to the Raman scattering and the next two for first- and second-
order Rayleigh scattering, ensuring a more cleaned dataset. The remove_scatter_width
parameter defines the thickness of the regions removed around each scattering band; larger
values remove broader regions, whereas smaller values retain more of the surrounding data.
Here, a width of 10 nm was selected, ensuring effective elimination of scattering artefacts while
preserving the underlying fluorescence features. After removal, the masked regions were
interpolated during later processing, and the dataset was re-visualised with the
eem_overview_plot() function to confirm that the scatter bands had been successfully eliminated.
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Interpolation of Missing Data: The removal of Rayleigh and Raman scattering often leaves gaps
in the EEM data where these artefacts were previously located. To restore continuity in the
dataset, interpolation is applied to estimate missing values. The staRdom package offers the

‘eem_interp()” function, which efficiently interpolates missing data points in EEM matrices.
For this analysis, linear interpolation was applied across the dataset using the following steps:

Step 1: The ‘cores’ parameter was set to utilise multiple processor cores, optimising

computational efficiency.

Step 2: The “type = 1" argument specified linear interpolation, chosen for its balance between

accuracy and computational speed, making it well-suited for filling gaps left by scattering removal.

Step 3: The ‘extend = FALSE' parameter ensured that interpolation was confined within the
existing data range, preventing the introduction of artificial fluorescence peaks in areas where no
data was originally recorded. After performing the interpolation, contour plots were generated

again to visualise the results.

Export of Processed EEM Data: After removing scattering artefacts and applying interpolation,
the next step was to export the processed EEM data for further analysis. The cleaned EEM data
set was saved in CSV format using the ‘eem_export()" function. The exported CSV files contained
the fully processed EEM data, free from scattering artefacts and with interpolated values
seamlessly integrated. The CSV format was chosen for its broad compatibility with various

analytical software, ensuring efficient downstream processing.

4.3 Results and Discussion

4.3.1 Absorption Spectroscopic Analysis of US-MNPs
The raw absorption spectra recorded for all three US-MNPs, PS, PET, and PP, across their four
different size ranges, are provided in the appendices (A1, A2, and A3), respectively. The
absorption spectra of all three sonicated plastic samples for size ranges Range 2 to 4 did not
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exhibit significant or observable absorption peaks. However, Range 1 (MPs > 1.2 um) showed a
strong absorption signal in the 200-400 nm range. Therefore, the processed absorption spectra
(using the ALS and Gaussian approach) for USMPs, PS, PET, and PP, specifically for MPs > 1.2
MM, have been selected and presented in Figures 4.3, 4.4, and 4.5, respectively. The absorption
spectrum of USMPs-PS (black line), shown in Figure 4.3, reveals a strong absorption peak at 264
nm. This peak corresponds to the absorption by the pendant phenyl group (CeHs), a six-carbon
ring structure characteristic of polystyrene. This structure is essentially a benzene ring with one
hydrogen removed, which contributes to the distinctive absorption at 264nm [190, 357, 358].
Additionally, the spectrum displays a broad absorption band extending from 320 nm to 375 nm,
with a shoulder around 402 nm. This broad absorption feature has been attributed to the triplet
state of polystyrene [359], as it closely resembles the absorption observed in benzene [360]. The
spectrum was further deconvoluted to identify the contributing peaks mainly within the broad
absorption band (325-402 nm). The deconvoluted spectrum exhibited five distinct peaks at P1:
261 nm, P2: 324 nm, P3: 343 nm, P4: 370 nm, and P5: 402 nm. The last four peaks (P2-P5)
correspond to the broad absorption band (325-402 nm), providing further insights into the optical
characteristics of polystyrene and its electronic transitions, which are influenced by its aromatic
structure. The first three individual peaks at 324 nm, 343 nm, and 370 nm correspond to regions
of high optical density in polystyrene when exposed to UV irradiation. These peaks play a
significant role in the yellowish discolouration observed in transparent polystyrene [361-363]. The
shoulder at 402nm is associated with the lowest triplet state (T, < T1) within the absorption band,
which was previously identified using a microsecond flash photolysis method [364]. The
absorption spectrum of USMPs-PET, as shown in Figure 4.4, exhibits a major peak accompanied
by a shoulder and another distinct but weaker absorption peak. Upon deconvolution, three distinct
peaks were identified. The first peak appears at P1: 245 nm, the shoulder is observed at P2: 259
nm, and the third peak is located at P3: 303 nm. The latter has comparatively lower absorption
than the primary peaks (P1 and P2). These three absorption peaks from PET have previously
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Figure 4.3: The processed absorption spectrum of USMPs-PS (Range 1: MPs > 1.2 ym). The recorded
spectrum (black line) is shown alongside its deconvoluted components. The spectrum was fitted using
multiple Gaussian peaks to resolve individual absorption features. Five distinct peaks were identified at P1:
261 nm (cyan), P2: 324 nm (red), P3: 343 nm (blue), P4: 370 nm (green), and P5: 402 nm (violet), each
represented by different coloured curves. The cumulative fit peak (gold line) closely follows the recorded
spectrum, confirming the presence of multiple overlapping absorption components contributing to the
overall spectral profile.

been reported [365]. The main functional groups in PET that influence its electronic transitions
include aromatic benzene rings (originating from terephthalic acid), carbonyl (C=0) groups
(present in the ester linkages), and ester (-COO-) [366]. The strong absorption peak at 245 nm
and its associated shoulder at 259 nm corresponds to ™ — T* transitions, primarily originating
from the benzene rings and ester functional groups within PET [367]. These transitions occur due
to the excitation of electrons from the bonding 1-orbital to the antibonding 1 orbital. The weaker
absorption peak at 303 nm is likely attributed to extended conjugation or interactions between
polymer chains [368]. This absorption band may also be associated with structural modifications

in PET, such as degradation or oxidation [285]. The presence of conjugated structures, which can

develop under rigorous ultrasound treatment, may result in absorption at longer wavelengths.
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Figure 4.4: The processed absorption spectrum of USMPs-PET (Range 1: MPs > 1.2 um) recorded using
UV-Vis-NIR spectrophotometry is shown with deconvoluted spectra. The recorded spectrum (black line)
was fitted using multiple Gaussian peaks to resolve individual absorption features. Three distinct peaks
were identified at P1: 245 nm (green), P2: 259 nm (blue), and P3: 303 nm (red). The cumulative fit peak
(orange line) closely follows the recorded spectrum, confirming the presence of multiple overlapping
absorption components contributing to the overall spectral profile.
Over time, these structural changes can contribute to the yellowing of aged PET materials, as

conjugated chromophores absorb visible light, altering the optical properties of the material [369].

The absorption spectrum of USMPs-PP, as shown in Figure 4.5, exhibits a major peak followed
by a broad absorption band. The latter has a comparatively lower absorption than the major peak.
Upon deconvolution, five distinct peaks were identified. The first peak (major peak) appears at
P1: 221 nm, followed by an additional peak at P2: 270 nm, and three consecutive peaks, P3: 289
nm, P4: 311nm, and P5: 332 nm, from the broad absorption band. The strong absorption peak at
P1: 221 nm is associated with conjugated ethylenic bonds (C=C) and a,3-unsaturated carbonyl
group [288, 370]. These functional groups can form in the PP due to oxidation during

ultrasonication or environmental exposure [371]. The second absorption peak at 270 nm, which
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Figure 4.5: The processed absorption spectrum of USMPs-PP (Range 1: MPs > 1.2 um) is shown, with the
recorded spectrum (black line) displayed alongside its deconvoluted components. The spectrum was
analysed using Gaussian peak fitting to resolve individual absorption features. Five distinct peaks were
identified at P1: 221 nm (red), P2: 270 nm (green), P3: 289 nm (blue), P4: 311 nm (cyan), and P5: 332 nm
(violet). The cumulative fit peak (orange line) closely follows the recorded spectrum, confirming the

presence of multiple overlapping absorption components contributing to the overall spectral profile.
is weaker compared to P1, is likely attributed to n — 11 transitions of carbonyl-containing species
present as minor impurities or degradation byproducts [370]. Additionally, the broad absorption
band spanning 285 nm to 335 nm can be associated with n—11* transitions of conjugated carbonyl
groups, which have been identified in previous studies of polypropylene degradation [370, 372].
The peak at 289 nm is associated with the presence of extended conjugation in the polymer
structure [373]. The peaks at 311 nm and 332 nm likely correspond to higher-order n — 1™
transitions of conjugated carbonyl groups, which have been previously observed in UV studies of
degraded polypropylene [372]. The cumulative fit peak closely follows the recorded spectrum,
validating the presence of multiple overlapping electronic transitions. This deconvolution provides

a better understanding of how oxidative modifications and molecular interactions influence the

optical properties of polypropylene, particularly under ultrasonication-induced structural changes.
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4.3.2 FLE Mapping Analysis of US-MNPs

The FLE maps of all three US-MNPs, PS, PET, and PP, were recorded across all four size
ranges (R1 to R4) and are provided in the appendices (B1, B2, and B3), respectively. All sonicated
MNPs exhibited strong fluorescence emissions with varying emission intensities across different
size ranges. However, the position of the fluorescence emission zone remained consistent for
each polymer type, regardless of size range. Rayleigh scattering artefacts were observed in the
FLE maps of all US-MNPs, while Raman scattering was additionally present in the FLE maps of
USMNPs-PP. To enhance data accuracy and ensure reliable spectral interpretation, the raw FLE
maps were processed using a multi-stage post-processing approach, as detailed in section 4.2.4.
These processing steps allowed for the precise identification of fluorescence peaks, facilitating a

better understanding of the FL properties of each US-MNP type.

The processed FLE maps, along with their extracted and deconvoluted fluorescence
spectra, are presented in Figures 4.6, 4.7, and 4.8 for USMNPs, including PS, PET, and PP,
respectively. The FLE maps presented in the abovementioned figures correspond to Range 4
(NPs < 100nm), as this study aims to demonstrate the detection capability of the FLE technique
in identifying the smallest particle sizes that can be detected using FL spectroscopy. By selecting
Range 4, this analysis provides insights into the feasibility of fluorescence spectroscopy for
detecting and characterising nanoplastics, ensuring an accurate evaluation of the method’s

sensitivity in the lower particle size range.

For each processed FLE map, two deconvoluted spectra were selected. The first
corresponds to the optimised excitation wavelength identified within the FLE map, which exhibited
the highest FL emission intensity. The second corresponds to the optimised excitation wavelength
reported in Chapter 2, Section 2.4.3. These selections provide a comparative analysis of the

fluorescence fingerprints of US-MNPs before and after sonication.
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The processed FLE map with extracted and deconvoluted spectra of USMNPs-PS (for Range 4)
are presented in Figure 4.6. The processed FLE map (Figure 4.6a) exhibits a strong intrinsic FL
emission zone in the 370-465 nm range, corresponding to excitation wavelengths between 310
nm and 380 nm. This excitation range aligns well with the broad absorption peak (320-375nm)
observed in Figure 4.3, indicating that the USMNPs-PS absorb light in the same spectral region
where excitation in the FLE map is observed. Within this region, two dominant fluorescence
emission spots are observed at 375 nm and 395 nm, indicating the key FL emission peaks of

USMNPs-PS.

Two FL spectra, extracted from the processed FLE map at excitation wavelengths of 345 nm and
360 nm, along with their deconvoluted components, are illustrated in Figures 4.6b and 4.6c,
respectively. The FL spectrum recorded at 345 nm excitation (Figure 4.6b) exhibits two major
emission peaks at 373 nm and 395 nm, along with a weaker fluorescence signal at 410 nm. The
higher FL intensities at this excitation suggest a strong fluorescence response at this excitation
wavelength (345nm). At an excitation of 360 nm (Figure 4.6¢), which is an optimised excitation
wavelength reported in Chapter 2 (Section 2.4.3), four distinct fluorescence emission peaks were
observed. Two dominant peaks with high PL intensities appear at 370 nm and 407 nm, while two
additional peaks with relatively lower FL intensities are observed at 395 nm and 451 nm. When
excited at 345 nm, the observed fluorescence emission peaks align well with findings from
previous research [374]. The FL emission peak at 373 nm is attributed to the fluorescence of
excited phenyl trimers, which arise due to the aggregation of three aromatic rings in close
proximity, leading to enhanced -1 interactions [375]. The emission peaks at 395 nm and 410
nm are associated with excited phenyl tetramers, where four aromatic rings interact through
extended conjugation and intermolecular forces. These higher-order aggregates exhibit slightly

red-shifted emissions compared to trimers due to the increased delocalisation of Tr-electrons
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Figure 4.6: FLE analysis of ultra-sonicated micro- and nanoplastic polystyrene (USMNPs-PS). (a) The
processed FLE map after scatter removal using R-code, revealing a refined fluorescence emissioon profile.
(b) The fluorescence emission spectrum extracted from the processed FLE map at an excitation wavelength
of Aex = 345 nm, with deconvoluted peaks at 373 nm (red), 395 nm (green), and 410 nm (blue), alongside
the cumulative fit peak (cyan). (c) The fluorescence emission spectrum at Aex = 360 nm, displaying
deconvoluted peaks at 370 nm (orange), 395 nm (green), 407 nm (blue), and 451 nm (cyan), along with a
comulative spectrum (pink).

across the structure, lowering the energy gap between electronic states [376]. This aggregation-
induced fluorescence behaviour is a characteristic feature of polystyrene-based materials and
contributes to the optical properties of ultrasonicated MNPs. The deconvoluted emission spectrum
recorded at an excitation wavelength of 360 nm (Figure 4.6c) exhibits very slight variations in the
first three fluorescence peaks compared to those observed at 345 nm. While the primary emission

features remain similar, an additional fluorescence emission peak appears at 451 nm, which is
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attributed to T-conjugated bonds within the polystyrene structure [293]. In polystyrene, the
benzene rings are capable of forming extended 1r-conjugation through interactions between
adjacent phenyl groups. Under excitation at 360 nm, this additional peak at 451 nm suggests that
ultrasonication-induced modifications or intermolecular interactions between neighbouring phenyl
rings enhance Ttr-electron delocalisation, extending the conjugation length and lowering the
energy gap between the ground and excited states. Such extended 1r-conjugation results in a
red-shifted emission, as observed in many aromatic polymers [377], where increased overlap
between 1r-orbitals enables more stabilised excited-state transitions. Comparing these results
with the FL spectrum recorded before sonication at 360 nm (section 2.4.3), a shift in fluorescence
behaviour is observed. Before sonication, excitation at 360 nm resulted in two major emission
peaks at 380 nm and 405 nm, which are similar to FL peaks (P1-P3) of Figure 4.5c, characteristic
of fluorescence from conjugated styrene units [283]. Additionally, a broad shoulder was present
at 425 nm and 455 nm, indicating fluorescence originating from 1r-conjugated bonds [293]. After
sonication, a more broad shoulder at 451 nm, which resembles the shoulders (425nm and 455nm)
observed before sonicated samples, suggests that the ultrasonication has extended the -

conjugation.

The FLE map of USMNPs-PET was recorded in a manner similar to USMNPs-PS, and the
corresponding processed FLE map (for Range 4), along with extracted and deconvoluted spectra,
are presented in Figure 4.7. The processed FLE map of USMNPs-PET (Figure 4.7a) exhibits a
strong bright fluorescence emission from the sample. Within the emission region, two high-
intensity FL zones are observed, each containing distinct bright spots representing the key FL
emissions. To further investigate the fluorescence behaviour, two spectra were extracted from the
processed FLE map at excitation wavelengths of 380 nm and 360 nm, with their respective
deconvoluted spectra shown in Figures 4.7b and 4.7c. The extracted FL spectrum at 380 nm

excitation (Figure 4.7b) shows two major emission peaks at 415 nm and 437 nm. Upon
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deconvolution, three distinct emission peaks were identified at 415 nm, 437 nm, and 443 nm,

suggesting multiple overlapping fluorescence contributions. Similarly, the FL spectrum recorded

at 360 nm excitation (Figure 4.7c) exhibits two prominent peaks at 412 nm and 434 nm, along

with a shoulder at 457 nm, indicating an extended fluorescence response.
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Figure 4.7: FLE analysis of ultra-sonicated micro- and nanoplastic polyethylene terephthalate (USMNPs-
PET). (a) The processed FLE map after scatter removal using R code, revealing a refined fluorescence
emission profile. (b) The fluorescence emission spectrum extracted from the processed FLE map at an
excitation wavelength of Aex = 380 nm, with deconvoluted peaks at 415 nm (red), 437 nm (green), and 443
nm (blue), alongside the cumulative spectrum (cyan). (c) The fluorescence emission spectrum at Aex = 360
nm, displaying deconvoluted peaks at 412 nm (red), 434 nm (green), and 457 nm (blue), along with the

cumulative

spectrum (cyan).

The observed FLE spectral fingerprints of USMNPs-PET correlate well with the literature [365,

378, 379], with emission peaks attributed to intrinsic chromophoric structures within the PET,
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particularly from aromatic rings present in the terephthalate group and 1-conjugation within the
polymer chains. According to Lionetto [378], PET exhibits intrinsic fluorescence due to the
presence of fluorescent phenylene moieties within its polymer backbone, with emission peaks
typically appearing in the 370-450 nm range, depending on polymer morphology and processing
conditions. In the present study, the extracted fluorescence spectra from USMNPs-PET reveal a
broad emission region ranging from 375nm to 457 nm (see Figure 4.7a), which is consistent with
previously reported PET fluorescence characteristics. The FL spectrum recorded at an excitation
of 380 nm (Figure 4.7b) shows two major peaks at 415 nm and 437 nm, while deconvolution
further resolves to an additional peak at 443 nm. These emission bands suggest the presence of
multiple overlapping fluorescence contributions, which may arise from various excited-state
conformations of PET macromolecules [287, 380]. Previous studies have also demonstrated that
PET fluorescence can be influenced by polymer crystallinity, molecular chain interactions, and
processing conditions, all of which impact the relative distribution of emissive states within the
polymer matrix [381-383]. The presence of multiple overlapping emission bands is because of a
complex interaction between monomeric and excimeric fluorescence states, wherein excimers
are formed due to the interaction between adjacent aromatic rings in the polymer backbone [286].
A notable shift in fluorescence emission is observed when PET is excited at 360 nm (Figure 4.7c¢),
where two primary emission peaks appear at 412 nm and 434 nm, with an additional shoulder at
457 nm. The emergence of this shoulder suggests that higher-order interactions or aggregation-
induced effects may be influencing the fluorescence properties of PET [384]. Such effects are
commonly observed in polymers undergoing mechanical fragmentation, where ultrasonication-
induced modifications enhance fluorescence by altering the polymer’s chain packing, conjugation
length, and local energy states [385]. The extended conjugation that results from these
modifications lowers the energy gap between the excited and ground states, leading to a red-

shifted emission. The presence of emission bands extending up to 457 nm suggests that PET
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fluorescence is not solely due to localised 1-17* transitions but also includes delocalised electronic

transitions across conjugated molecular structures [367].

The FL spectral comparison of USMNPs-PET before and after sonication at 360 nm excitation
reveals significant variations in spectral peak distribution, highlighting the effects of ultrasonication
on the polymer’s electronic transitions. Before sonication, excitation at 360 nm resulted in
fluorescence maxima appearing at 390 nm and 410 nm. These emissions were attributed to TT*«—n
electronic transitions associated with the carbonyl group of the conjugated phenylene ring,
indicating that fluorescence primarily originated from localised electronic transitions (see section
2.4.3). After sonication, The FL emission spectrum showed a notable shift, with two dominant
peaks appearing at 412 nm and 434 nm, along with a broad shoulder at 457 nm. The red shift in
FL peaks and the emergence of this shoulder suggest that higher-order interactions, aggregation
effects, or extended conjugation have altered the fluorescence response. Such changes are

characteristic of polymers subjected to mechanical fragmentations.

The FLE map of USMNPs-PP was recorded following the same approach used for USMNPs-PS
and USMNPs-PET. The corresponding processed FLE maps (for Range 4), along with extracted
spectra and deconvoluted peaks, are presented in Figure 4.8. The processed FLE map of
USMNPs-PP (Figure 4.8a) shows a strong FL emission zone within the emission region, which
highlights characteristic FL features from USMNPs-PP. To further investigate the fluorescence
behaviour, two spectra were extracted from the processed FLE map at excitation wavelengths of
355 nm and 370 nm, with their respective deconvoluted spectra shown in Figures 4.8b and 4.8c,
respectively. The extracted FL spectrum at 355 nm excitation (Figure 4.8b) shows a major
emission peak at 435 nm with a weak shoulder at 520 nm. Similarly, the FL spectrum recorded at
370 nm excitation (Figure 4.8c) exhibits a slightly red-shited major peak at 440 nm along with

shoulder at 535 nm.
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The emission spectra recorded at various excitation wavelengths of 355 nm and 370 nm (Figure

4.7b and c) exhibited a broad FL peak. The FL emission maxima in the spectrum (Figure 4.8b
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Figure 4.8: FLE analysis of ultra-sonicated micro- and nanoplastic polypropylene (USMPs-PP). (a) The
processed FLE map after scatter removal (Rayleigh and Raman) using R code, revealing a refined
fluorescence emission profile. (b) The fluorescence emission spectrum extracted from the processed FLE
map at an excitation wavelength of Aex = 355 nm, with deconvoluted peaks at 435 nm (red) and 520 nm
(green), alongside the cumulative spectrum (blue). (c) The fluorescence emission spectrum at Aex = 370
nm, displaying deconvoluted peaks at 440 nm (red) and 535 nm (green) along with the cumulative spectrum
(blue).

and c) is centred around 435-440 nm, which closely matches the emission maxima observed in
18 polypropylene (PP) samples collected from different packaging materials [386]. These
previously analysed PP samples consistently displayed an emission peak at 432 nm, supporting

the characteristic fluorescence signature of polypropylene. The FL emission from USMNPs-PP,
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observed in the range of 435 nm to 440 nm, is primarily attributed to the presence of polyenone
structures that might be formed due to oxidation or degradation (ultrasonication) processes.
Polyenones contain conjugated carbonyl (-C=0) and alkene (-C=C) groups, which create
localised 1r-electron delocalisation, enabling fluorescence emission. As the length of the polyene
chain increases, it suggests the growth of extended conjugation within the polymer matrix, which
can facilitate lower energy electronic transitions. This extension of conjugation is commonly
associated with the formation of fluorescent complexes, including excimers and exciplexes [289].
Moreover, the additional shoulder observed in both FL spectra at 520nm-535nm can be attributed
to oxidative ageing, where ultrasonication or environmental exposure could have induced
carbonyl chromophores that extend the effective conjugation length, lowering the energy gap and

shifting emission to a longer wavelength [387].

The FL spectral comparison of USMNPs-PP before and after ultra-sonication at 370 nm excitation
reveals distinct variations in spectral characteristics. For instance, before ultra-sonication,
excitation at 370 nm resulted in a prominent FL emission peak at 455 nm, attributed to polyenone
structures and the formation of excimers or exciplexes due to increasing polyene chain length
(see section 2.4.3). However, after sonication, the fluorescence spectrum exhibited a major peak
at 435nm-440nm range with an additional shoulder at 520nm-535nm, suggesting oxidative ageing

and ultrasonication-induced structural modifications.

The FLE method successfully identified MNP particles of all fractional size ranges (R1-R4) and,
most notably, nanoplastics below 100nm. This study enhances FL emission signal strength by
utilising optimised excitation wavelengths, thereby improving both the sensitivity and applicability
of this method for detecting MNPs in real environmental samples. Moreover, this technique
enables rapid, label-free identification of both micro- and nanoplastics, providing a non-destructive
and highly effective approach for detecting and characterising MNP contaminants in aqueous

media.
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4.4 Chapter Conclusion

This chapter investigated the potential of fluorescence (FL) spectroscopy as an effective
technique for detecting and characterising micro- and nanoplastics (MNPs) in aqueous media.
The study demonstrated that each type of US-MNPs, including polystyrene (PS), polyethylene
terephthalate (PET), and polypropylene (PP), exhibits distinct FL excitation-emission zones. The
extracted FL spectra confirmed that these MNPs have unique spectral signatures, enabling their

detection across various size fractions, including the nanoscale range.

Furthermore, the following dominant fluorescence emission features for these US-MNPs were

identified based on the optimised excitation wavelengths:

e USMNPs-PS exhibited the most intense emission at 373 nm and 395 nm when excited at
345 nm.

o USMNPs-PET displayed the fluorescence emission maxima at 415 nm, 437 nm, and 443
nm with an excitation wavelength of 380 nm.

o USMNPs-PP showed the most intense fluorescence emission at 435 nm when excited at
355 nm.

The selection of optimised excitation wavelengths can significantly enhance the fluorescence
intensity, improving the adaptability of this technique for real-time environmental MNP monitoring.
Moreover, the FL emission peak maxima of USMNPs-PS closely match those recorded for
microplastics before sonication, as presented in Chapter 2 (Section 2.4.3). However, USMNPs-
PET and USMNPs-PP exhibited additional emission peaks that were not present before
sonication. These additional peaks suggest structural modifications induced by ultrasound
treatment, resulting in emissions at longer wavelengths due to alterations in molecular

arrangement and extended conjugation effects.
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Another notable finding was that fluorescence intensity varied across different size fractions of
USMNPs, with larger MPs (>1.2 ym) exhibiting stronger signals, whereas smaller NPs (<100 nm)
displayed reduced emission intensities. However, this decrease in fluorescence intensity is likely
influenced by lower particle concentration, resulting from the sequential filtration process used
during US-MNPs preparation, rather than being solely a size-dependent fluorescence effect.
Despite this decrease in concentration, the fluorescence peak positions remained consistent
across all size fractions, confirming the capability of fluorescence spectroscopy to detect and

differentiate plastic types even at the nanoscale.

In conclusion, this chapter establishes fluorescence spectroscopy as a powerful and adaptable
tool for detecting and differentiating MNPs in aqueous environments. The ability to extract reliable
fluorescence fingerprints from MNP samples underscores the potential of this method for real-
world applications, including environmental monitoring and pollution assessment. The findings of
this study provide a foundation for further investigations into the fluorescence properties of aged
and environmentally degraded plastics, contributing to the advancement of fluorescence-based

MNP detection.
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Chapter 5: Design and  Development of Semi-Portable
Spectrometer for Microplastic Detection

5.1 Introduction

The development of the SPPL spectrometer was guided by the limitations observed in existing
portable and microspectrometer technologies discussed in Chapter 1, section 1.9. While Raman-
and FTIR-based systems have demonstrated portability and chemical specificity, their application
in aquatic environments is restricted by fluorescence interference, weak scattering signals, and
strong water absorption. In contrast, PL spectroscopy offers a route to overcome these barriers,
operating in a spectral region with minimal water interference while achieving high sensitivity for
MPs in aqueous media. The growing demand for portable spectrometers originates from the need
to conduct on-site and real-time analysis at low cost across various environmental and industrial
applications. Portable systems offer flexibility, rapid response, and reduced reliance on bulk
laboratory equipment, which makes them particularly valuable for field-based monitoring. In
recent years, their potential has gained increasing attention in environmental pollution, particularly
in detecting micro- and nano-plastics (MNPs). This chapter builds upon the EEM (Excitation-
Emission Mapping) data of microplastics (MP) presented in Chapter 2 (Figure 2.8) and proposes
an innovative approach for MP detection using portable PL spectroscopy. We introduce the
design and development of a semi-portable photoluminescence (SPPL) spectrometer, a compact
yet not entirely portable system that bridges the gap between laboratory-grade and field-
deployable spectroscopic instruments. The construction and operational protocols of the SPPL
system are detailed, along with considerations for its practical implementation in MP analysis. To
validate the efficiency of the SPPL spectrometer, we conducted a proof-of-concept study wherein
two commonly encountered microplastics, polystyrene (PS) and polyethylene terephthalate
(PET), were analysed in deionised (DI) water. The photoluminescence spectra obtained from the

SPPL system were then compared with reference spectral fingerprints obtained using a high-
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precision bulk spectrometer (Horiba Nanolog PL spectrometer). The strong correlation between
the emission spectra of PS and PET across both systems unequivocally confirms the successful
detection and identification of these MPs. This study paves the way for the future development of
fully portable spectroscopic systems for robust, rapid, and in-situ detection of microplastics in real-

time environmental settings.

5.2 Design of Portable PL Spectroscopic System

5.2.1 Limitations and Challenges for Fully Portable PL spectrometer

The initial conceptualisation of a fully portable photoluminescence (FPPL) spectrometer for
microplastic (MP) detection focused on developing a compact design. It aimed to incorporate a
small-scale, automated excitation source composed of various laser diodes, each optimised for a
specific excitation wavelength to obtain strong FL emission signals from individual microplastic
types. These optimised wavelengths were identified through excitation-emission fluorescence
mapping analysis (Chapter 2, Section 2.4.3) and presented in Figure 5.1. The figure confirms
that the optimal excitation wavelengths for dominant FL emissions from different microplastics
predominantly fall within the ultraviolet (UV) region of the electromagnetic spectrum. The FLE
maps of PS and PET microplastics (Figures 5.1a and 5.1c¢) provide valuable insight into the most
suitable (optimised) excitation wavelengths for each polymer material. From these maps, high-
intensity FL emission spectra were extracted for optimised excitation wavelengths, as shown in
Figures 5.1b and 5.1d for PS and PET, respectively. Specifically, PS showed optimal excitation
at 360 nm, resulting in two prominent emission peaks at 380 nm and 400 nm. Similarly, PET also
exhibited its strongest FL response at 360 nm, with strong emission peaks at approximately 390
nm and 410nm. Based on this information, we planned to integrate UV laser diodes of these
specific optimised wavelengths in the FPPL design to achieve portability and enhance detection
sensitivity. However, a major limitation was the unavailability of compact commercial UV laser

diodes suitable for portable spectrometer system. This posed a significant challenge in the
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practical implementation of the FFPL spectrometer, leading to the development of a modified,

semi-portable spectrometer.
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Figure 5.1: Fluorescence excitation-emission (FLE) maps and corresponding photoluminescence (PL)
emission spectra of microplastics. (a) FLE map of polystyrene (PS); (b) PL emission spectrum of PS at an
excitation wavelength of 360 nm; (c) FLE map of polyethylene terephthalate (PET); (d) PL emission
spectrum of PET at an excitation wavelength of 360 nm.

Another challenge was detecting weak fluorescence signals, even when using UV laser
diodes, due to their low power and the naturally low emission intensity of smaller MP particles. To
address this, two possible strategies can be considered: (i) increasing particle concentration in
the sample to improve fluorescence intensity, and (ii) amplifying the emission signal through

adjusting the optical path length, using more sensitive detectors, applying fluorescence filters,

and employing signal amplification methods.
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These challenges underscore the technical hurdles in developing an FFPL spectrometer
for MP detection. The insights gained have led to the development of a semi-portable alternative,
balancing performance with feasibility while paving the way for future advancements in real-time

environmental monitoring of microplastics.

5.2.2 Semi-Portable PL System

Due to current technological limitations, compact and small-scale UV laser diodes are not
commercially available for a fully portable spectrometer. To address this, a new spectrometer
design, referred to as the Semi-Portable PL (SPPL) Spectrometer, is proposed to serve as a
proof-of-concept for MP detection. The SPPL spectrometer integrates essential optical
components while maintaining a relatively compact design. The complete description of the SPPL
spectrometer design, including a schematic diagram, is presented in Appendix C, Section C.2.
This semi-portable setup serves as an intermediate step toward achieving full portability while
ensuring accurate and reliable detection of microplastics. The integration of appropriate optical
components and collection of strong fluorescence signals enhances detection sensitivity,

providing a strong foundation for future developments in portable MP spectrometry.

5.3 Construction of Semi-Portable PL Spectrometer

Based on the design presented in Appendix C.2, the SPPL spectrometer was constructed
using a combination of optical, mechanical, and electronic components to ensure precise
excitation and detection of strong intrinsic fluorescence from MPs. The system consists of three
main sections: (i) the excitation source and optical components, (ii) the sample compartment, and
(iii) the fluorescence measurement system. A detailed list of the components used in its
construction is provided in Table 5.1, while Figure 5.2 shows the components utilised for

constructing the SPPL system.
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Table 5.1: A list of components used for the construction of semi-portable PL spectrometer

Excitation Source and optical

components

Sample compartment

Fluorescence measurement

system

1x IK series He-Cd Laser
(IK3252R-E) (wavelength range
315-360nm with peak A=325nm
(30mw))

CVH100-CV - Light-Tight Cover
for CVH100(/M) Cuvette Holder

Compact CCD Czerny-Turne
Spectrometers (CSS200) (200-
1000nm), 3648 Pixel, spectral
resolution of 2nm, CCD Line

Array

1x He-Cd Laser power supply
(KR1801C)

CVH100 - Cuvette Holder for
Micro & Macro Cuvettes with
SMA905 Fibre Adapter, 30 mm
Cage Cube Compatible

SMA905-connectorised fibres

1x Laser shutter (UNIBLITZ
Elec.) (VMM-D1)

CVH100-COL

SMA905 Fibre Adapter with
Lens Mount, Spacers, and

Retaining Ring

0.22 NA TECS Double-Clad
Silica Step Index Multimode
Optical Fibre

1x Kinematic mount
(KM100CP/M) and mirror
(KM100-E01)

Additional @1" Mounted Filter
Holder (CVH100-FH)

USB connecting cable

2x Mirror mount (New focus
9807)

Bi-directional vertical

stand/mount for cuvette holder

THORLAB software

2x 45-degree mirror holder (New
focus 9920)

5.3.1

Excitation Source and Optical Pathway

The SPPL system used an IK series Helium-Cadmium (He-Cd) laser as the excitation
source. It operates in the 315-360 nm UV wavelength range, with a peak emission at 325 nm and
a power output of 30 mW. The laser was powered by a KR1801C He-Cd power supply, ensuring
a stable and consistent beam for excitation. To regulate laser exposure on the sample, a semi-
automated laser shutter (UNIBLITZ VMM-D1) was installed at the output of the laser source. This

shutter allowed precise control over the laser beam, preventing unnecessary exposure and
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improving measurement accuracy. The laser beam was then directed through a carefully aligned
optical pathway consisting of kinematic mounts, mirrors, and 45-degree mirror holders. The first
kinematic mount (KM100CP/M) held a mirror positioned at a 45-degree angle, reflecting the laser
beam toward the next optical component. A second mirror, mounted on a New Focus 9807 mirror
holder, further redirected the beam at 90 degrees upwards. A third 45-degree mirror (New Focus
9920) ensured the beam was adjusted to a horizontal position, making it parallel to the optical
axis, before reaching the sample. A black optical block was placed to eliminate unwanted

transmitted light, ensuring minimal background noise in the fluorescence signal.

U} (8) (h)

Figure 5.2: The components used for the construction of the PL spectrometer (Design Il) for microplastic
detection. (a) He-Cd laser power supply, (b-c) semi-automated laser shutter-VMM-D1, (d) cuvette holder
and accessories, (e) compact USB spectrometer, (f) new focus mirror mount, (g) new focus 45-degree
mirror holder, (h) kinematic mount and mirror.

5.3.2 Sample Compartment and Fluorescence Collection

The laser beam enters the CVH100 cuvette holder, which securely holds a macro- or micro-
cuvette containing the MP sample. The sample holder was integrated with a bi-directional vertical

stage featuring Y-Z adjustments, allowing precise positioning of the sample for optimal excitation.

Upon interaction with the UV laser beam, the microplastic particles absorbed the excitation energy
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and subsequently emitted fluorescence at a longer wavelength. The fluorescence emission was
collected at a 90-degree angle from the incident beam to avoid direct laser interference. The
emitted fluorescence was captured using a step-index multimode optical fibre (0.22 NA TECS
Double-Clad Silica Fibre) with a SMA905 connector, which efficiently transmits the signal to the

spectrometer for spectral analysis.

5.3.3 Fluorescence Detection and Data Acquisition
The collected fluorescence signal from the MP sample is directed to a compact CCD
Czerny-Turner THORLAB USB Spectrometer (CSS200), which operates in the 2001000 nm

spectral range high-precision detection. The spectrometer was connected to a computer via a

He-Cd Laser source

| Laser controller

Spectrometer’s Software

Kinematic
I- _Mirror 3
Semi-automated ’; i

shutter \. . " J -

PS fluorescence
spectrum

Optical fiber
for collecting
fluorescence
signal

Kinematic
Mirror 1

""" “~._~" CCD Czerny-Turner THORLAB
USB Spectrometer (CS5200)

Figure 5.3: Photoluminescence-based SPPL spectrometer for microplastic detection. He-Cd UV laser
(excitation source) with a continuous wavelength range of 315-360nm and a maximum output power of 30
mW at A 325 nm. CCD Czerny-Turner THORLAB USB Spectrometer (CSS200) with in-built software.

USB interface, where data acquisition and analysis were carried out using Thorlabs software. To

improve measurement accuracy, the system recorded an average of 10 fluorescence spectra per
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sample, ensuring reliable and reproducible results. The final fluorescence fingerprints of the
microplastic sample were then generated and analysed. The entire setup was carefully aligned
and optimised to ensure high-quality intrinsic fluorescence detection of microplastics. The final

assembled PL spectrometer (based on Design-Il) is shown in Figure 5.3.

5.4 Microplastic Sample Preparation

Microplastic samples of PS and PET were analysed in an aqueous medium to ensure
consistency in fluorescence measurements. The samples were prepared by mixing PS and PET
with deionised water at a concentration of 4.5% w/v. Prior to measurement, the raw source
materials, PS and PP, were cut into fragments approximately 1 mm in size using stainless steel
laboratory scissors to achieve uniform sample sizes. For sample sourcing, PS microplastics were
obtained in the form of millimetre-sized cylindrical beads purchased from Acros Organics
(average molecular weight: 250,000 M.W.). The PET plastic fragments were obtained from Aqua-
Vale plastic water bottles (London, UK). This preparation method ensured that the samples were
adequately sized for efficient interaction with the excitation source, facilitating reliable
fluorescence detection using the SPPL spectrometer. The preparation steps followed here were

consistent with the methodology described in Chapter 2, Section 2.2.

5.5 Microplastic Analysis using SPPL Spectrometer

After assembling the SPPL spectrometer, the system was tested to evaluate its capability
to detect and analyse MP samples. The primary objective was to validate the spectrometer’'s
ability to reliably capture fluorescence signals from different microplastic types, ensuring that the
collected spectra were reproducible and distinct. The analysis involved exposing microplastic
samples, such as PS and PET, to a UV laser source (325 nm, 30 mW), which provided sufficient
excitation energy to induce fluorescence. The emitted photoluminescence was then collected

orthogonal to the incident laser beam, ensuring minimal interference from scattered light. To
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optimise fluorescence signal collection, careful attention was given to sample positioning, optical
alignment, and external noise reduction. The emitted fluorescence spectra were recorded using
the Thorlabs compact USB spectrometer, and the resulting spectral fingerprints were analysed to
confirm the presence of microplastics. The spectrometer’'s capability to differentiate between
various plastic types was assessed based on excitation-emission matrix (EEM) data and spectral

comparisons with reference samples.

Following the successful implementation of the SPPL system, a standard measurement protocol

was established (Appendix C.1) to ensure consistent and accurate data acquisition.

5.5.1 Data Acquisition

The PL spectra of two microplastic samples, PS and PET, were recorded using the custom-
designed SPPL spectrometer following the measurement protocol outlined in Section 5.4.1. The
acquired spectra provide valuable insights into the fluorescence characteristics of microplastics
under UV excitation. The PL spectra of PS and PET microplastics were obtained using a broad-
range excitation source (315-360 nm), with a peak excitation wavelength at 325 nm [388]. The
PL spectrum of PS (Figure 5.4a) highlights several key features, including Rayleigh Scattering at
325 nm, a strong elastic scattering signal detected at the excitation wavelength, a commonly
observed phenomenon in PL measurements. The primary PL emissions were detected at 383 nm
and 402 nm, corresponding to the intrinsic fluorescence response of polystyrene. In addition to
these dominant peaks, a strong shoulder peak at 420 nm was also observed, which may be linked
to structural variations or energy transfer processes within the polymer matrix (see Chapter 2,
section 2.4.3). Aside from the intrinsic fluorescence of PS, an unwanted background noise (see
Section A) appeared as a broad hump between 460-650 nm. This interference is likely caused
by external light sources or system misalignment, leading to unwanted fluorescence artefacts.
Two corrective measures are recommended to improve spectral accuracy and minimise

background interference: (i) Using a fully enclosed sample compartment to block stray light from
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Figure 5.4: The PL emission spectrum of polystyrene beads in water was recorded using Design-ll USB
spectrometer. The excitation wavelength is 325 nm, with two emission peaks at 383 nm and 402 nm and a
shoulder at 420 nm. Section-A shows additional noise in the signal.

external sources and (ii) Ensuring precise laser beam alignment to minimise unintended
scattering effects. By implementing these adjustments, the signal-to-noise ratio (SNR) of the
acquired spectra can be improved, leading to more reliable fluorescence detection of
microplastics. The PET squared sheets (length < 500 um) were analysed using the same system
parameters as those configured for PS, ensuring consistency in excitation conditions. The
resulting PL spectrum of PET is presented in Figure 5.4b, highlighting its fluorescence emission
characteristics. In the PL spectrum of PET, two distinct fluorescence emission peaks are
observed at 400 nm and 485 nm. The peak at 400 nm represents the primary intrinsic
fluorescence emission, while the secondary peak at 485 nm indicates an extended fluorescence
response. Compared to PS, the fluorescence emissions from PET exhibit significantly higher
intensity, effectively suppressing both the Rayleigh scattering signal and any additional

background noise. This strong emission signal enhances the clarity of the spectral fingerprint,

making PET identification more straightforward.

The fluorescence behaviour of PET under UV excitation can be attributed to its molecular
structure, having a greater stokes shift, which allows efficient absorption and subsequent
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emission at longer wavelengths. The origin of the PL emissions from both PS and PET, including
the mechanisms governing their fluorescence properties, has been discussed in detail in Chapter
2, Section 2.4.3. Overall, the high-intensity fluorescence emissions observed in the PET

spectrum confirm the sensitivity of the SPPL spectrometer in detecting microplastic samples.

5.5.2 Comparison of SPPL Data with Bulk Spectrometer Measurements

To validate the performance of the SPPL spectrometer, the fluorescence spectra of PS and
PET acquired using the SPPL system were compared with those obtained from a conventional
bulk spectrometer (Nanolog Horiba spectrofluorometer). This comparison aimed to assess the
accuracy, spectral resolution, and noise levels associated with the SPPL system in relation to a
well-established bulk fluorescence measurement system. The PL spectra of PS, measured using
both the SPPL spectrometer and the Nanolog EEM spectrofluorometer, are presented in Figure

5.5.

The spectrum obtained from the SPPL spectrometer is represented by the black line, while the
blue line corresponds to the spectrum recorded using the Nanolog system. Both spectrometers
successfully captured the two primary PL emission peaks of PS at 383 nm, 402 nm, and a
shoulder at 420 nm, demonstrating the ability of the SPPL spectrometer to detect the intrinsic
fluorescence signature of PS. However, some notable differences between the two spectra were
observed. The SPPL spectrum exhibits a strong elastic scattering signal originating from the
excitation source (325 nm), which is less prominent in the Nanolog spectrum. A broad noise peak
appears in the SPPL spectrum, which is absent in the Nanolog spectrum. This discrepancy is
likely due to the open configuration of the SPPL system, which allows external light interference,

whereas the Nanolog system operates within a closed setup, minimising background noise.
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Figure 5.5: The PL emission spectra from polystyrene microplastic beads, The PL spectrum recorded with
an advanced bulk Nanolog Horiba spectrometer (blue), and the spectrum recorded with a designed semi-
portable USB PL spectrometer (black).

The PL spectra of PET measured using both spectrometers are shown in Figure 5.6. The black
line represents the spectrum recorded with the SPPL spectrometer, while the red line corresponds
to the Nanolog EEM spectrofluorometer. Both systems display the primary PL emission peak of
PET between 395-400 nm, confirming that the SPPL spectrometer effectively detects the
fluorescence signature of PET. However, differences between the two spectra include an
additional shoulder at 485 nm, which is not present in the Nanolog spectrum. This additional peak
is likely caused by background noise from the open configuration of the SPPL system. Rayleigh
scattering at 325 nm, originating from the excitation source, is visible in both spectra. An extra
elastic scattering peak at 650 nm appears in the Nanolog spectrum, which is absent in the SPPL

spectrum. This peak is likely due to the first overtone or second harmonic generation from the

short-arc xenon lamp used in the Nanolog system.
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Figure 5.6: PL emission spectra from polyethylene terephthalate microplastic sheets, The PL spectrum was

recorded with an advanced bulk Nanolog Horiba spectrometer (red), and the spectrum was recorded with
a USB SPPL spectrometer (black).

5.6 Chapter Conclusion

This chapter focused on the design and development of a semi-portable photoluminescence
(SPPL) spectrometer for detecting microplastics (MPs). The initial design was intended to be fully
portable for on-site detection of microplastics (Appendix C: section C.3). However, due to the
unavailability of compact UV laser diodes, the initial design was modified into a semi-portable
spectrometer. This design featured a semi-portable PL spectrometer incorporating a Helium-
Cadmium (He-Cd) laser source for rapid and label-free detection of MPs based on their intrinsic
fluorescence. The fluorescence signatures of polystyrene (PS) and polyethylene terephthalate
(PET) were recorded using this system and validated against a commercial bulk PL spectrometer
(Horiba Nanolog EEM spectrofluorometer). The comparative analysis demonstrated that the
SPPL spectrometer successfully captured the characteristic fluorescence emissions of PS and

PET, confirming its effectiveness in detecting MPs. However, it exhibited higher background noise
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levels due to its open optical configuration, in contrast to the Nanolog system, which operates
within a closed configuration, minimising external interference. Despite these limitations, the
SPPL system demonstrated rapid spectral acquisition of MPs in less than a second for particles

exceeding 500 um in diameter.

This proof-of-concept study underscores the potential of a semi-portable PL spectrometer for non-
destructive, rapid, and label-free detection of MNP contamination in aqueous media. While further
optimisation is required to enhance its signal-to-noise ratio (SNR) and portability, these findings
represent a significant step toward developing a field-deployable platform for real-time MNP
analysis in water bodies using PL spectroscopy. In terms of performance, the desired SNR is
>100, as this provides sufficient sensitivity to reliably distinguish polymer-specific emission
features from background noise, even at low concentrations representative of environmental
levels (ppb range). For comparison, commercial portable Raman spectrometers [389, 390]
designed for laboratory-quality performance have reported SNR values exceeding 1000 under
optimised conditions, but such levels are typically achieved with strong reference samples. Future
improvements to our system, such as optimising optical alignment, integrating higher-efficiency
detectors, and applying digital signal processing, will be aimed at reaching the >100 SNR
threshold required for reliable microplastic detection in the field while maintaining compactness

and portability.
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Chapter 6: Conclusion and Future Work

This thesis aims to explore the potential of photoluminescence spectroscopy for the detection,

identification, and characterisation of micro- and nanoplastic (MNPs) in aqueous media. The aim

has been achieved through a systematic investigation in the following areas:

Microplastic detection and identification using fluorescence spectroscopy.

Generation of model secondary micro- and nanoplastics for research purposes
Exploring the capability of the FLE mapping approach in detecting and identifying micro-
to nanoscale plastic particles.

Assessing the feasibility of developing portable PL spectrometers for MNP detection.

The main achievements of this research can be summarised in three key areas:

1.

Identification and Characterisation of Microplastics through Fluorescence
Spectroscopy: In Chapter 2, a systematic fluorescence excitation-emission (FLE)
mapping approach was employed to determine the intrinsic fluorescence characteristics
of polystyrene (PS), polyethene terephthalate (PET), and polypropylene (PP)
microplastics. The analysis revealed distinct fluorescence excitation and emission
features for each polymer, establishing an effective method for non-destructive and label-
free identification. The optimal excitation wavelengths for each type of microplastic were
determined through FLE analysis, with PS and PET best excited at 360 nm and PP at 370
nm. These strong excitation-emission features of MP provide a foundation for the
development of fluorescence-based spectroscopic methods applicable in environmental,
food, and aquatic studies. These findings underscore the potential of fluorescence
spectroscopy as a rapid and non-destructive technique for microplastic identification.

Development of a Systematic Protocol for Producing Model Micro- and

Nanoplastics through Direct Sonication: In Chapter 3, a direct ultrasonication-based
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protocol was successfully developed to generate reference micro- and nanoplastics (US-
MNPs) in aqueous media. This approach significantly accelerated (~ 53%) the process
compared to conventional ultrasonication methods. Moreover, our approach eliminated
the need for additional chemical treatments. The generated US-MNPs exhibited high
suspension stability (USPMMA showing the highest stability (~0.5-0.6% transmission
change) and USPVC the lowest (~5.8-6.1% transmission change) over 2 hours) and a
broad size distribution (100nm to 150 pm), closely resembling environmental MNP
pollutants. Advanced analytical techniques were employed to comprehensively
characterise the particles, including Raman spectroscopy to assess chemical structure
changes after ultrasonication; p-QCL-based infrared spectroscopy combined with
machine learning for MP classification; UV-Vis spectroscopy to quantify the suspensibility
of USMNPs; and SEM imaging to observe particle size and surface morphology. The
outcomes of this study provide a reproducible and efficient protocol for generating micro-
and nanoplastics, offering a valuable tool for future research on their environmental
behaviour and impact.

3. Application of Fluorescence Spectroscopy for Nanoplastic Detection and the
Development of a Semi-Portable PL Spectrometer:
The feasibility of FLE mapping as a detection technique for micro- and nanoplastics was
demonstrated through FLE mapping analysis of US-MNPs in agueous media. The findings
of Chapter 4 confirmed that each ultrasonicated polymer (PS, PET, and PP) exhibited
distinct spectral fingerprints, facilitating their identification. The dominant FL emissions for
each USMNPs were determined using optimised excitation wavelengths: USMNPs-PS
showed intense emissions at 373 nm and 395 nm (excitation at 345 nm); USMNPs-PET
exhibited maxima at 415 nm, 437 nm, and 443 nm (excitation at 380 nm); and USMNPs-
PP displayed a strong peak at 435 nm (excitation at 355 nm). While these results confirm
the effectiveness of FLE mapping in detecting nanoscale plastics, some spectral overlap,
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particularly between PET and PP, may be observed, indicating the need for advanced
statistical tools such as Parallel Factor Analysis (PARAFAC) to resolve complex
fluorescence signals. This study establishes FLE mapping as a powerful alternative for
MNP detection and characterisation.

Further advancements were made by designing and developing a semi-portable
photoluminescence (PL) spectrometer for real-time microplastic detection, as shown in
Chapter 5. The prototype successfully captured the fluorescence emissions of PS and
PET microplastics, validating its capability as an alternative to conventional bulk
spectrometers. Despite challenges such as background noise and the need for further
optimisation, this proof-of-concept study demonstrates the potential for a compact, field-
deployable PL spectrometer, paving the way for real-world applications in environmental

monitoring.

In conclusion, this research provides a significant contribution to the field of micro- and
nanoplastic detection, offering novel methodologies (Ultrasoincation and FL spectroscopy) for
sample preparation and optical characterisation. The integration of FL spectroscopy for MNP
detection, coupled with the development of a semi-portable spectrometer, represents a step
forward in establishing efficient, label-free, and real-time monitoring techniques. The findings of
this study not only enhance the understanding of the intrinsic fluorescence properties of micro-
and nanoplastics but also provide a practical foundation for the development of more accessible

and field-deployable detection systems.

Future research should aim to build on the current findings by addressing key gaps in
quantification, applicability to real-world samples, and integration with advanced analytical and

computational tools. The following are some potential directions for future research:

S.A. Igrar, PhD Thesis, Aston University, 2025. 132



Quantification of Particle Concentration and Mass Yield: Most current studies remain qualitative,
focusing on the presence or absence of nanoplastic signals. Moving towards absolute
quantification is crucial if photoluminescence (PL) spectroscopy is to become a reliable monitoring
tool. Techniques such as nanoparticle tracking analysis (NTA), gravimetric analysis, dynamic light
scattering (DLS), or UV-Vis calibration standards can be employed to provide concentration and
mass-based data. Establishing quantitative relationships between fluorescence intensity and
particle concentration would allow to compare datasets across collected in laboratories and real
environments. This would also facilitate the development of standard protocols and reference
libraries for nanoplastic detection. Incorporating such quantification would bridge the gap between

laboratory-based demonstrations and regulatory or environmental monitoring requirements.

Integration of Quantum Yield Measurements: The fluorescence quantum yield (QY) of
ultrasonically generated micro- and nanoplastics (US-MNPs) remains under characterised, yet it
is fundamental for comparing the fluorescence response across polymer types and environmental
conditions. Measuring QY under controlled conditions would support the establishment of
standardised optical sensing platforms and could improve reproducibility in fluorescence-based
monitoring studies. It would also help reveal how polymer properties, such as crystallinity, ageing,
or surface oxidation, affect photophysical behaviour. By systematically mapping QY values across
polymer types and sizes, future research could provide a database that enhances the predictive

power of PL-based detection.

Expanding to Mixed-Polymer and Real-World Samples: The vast majority of studies to date have
been conducted on single polymer types in controlled laboratory environments. However,
environmental samples are inherently complex, containing heterogeneous mixtures of polymers,
organic matter, and other interfering materials. Testing PL spectroscopy in these conditions will
be essential to demonstrate its robustness. Advanced spectral decomposition methods, such as

Parallel Factor Analysis (PARAFAC), should be further applied to separate overlapping
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fluorescence signatures within mixed-polymer matrices. Expanding the technique to sediment,

soil, food, and biological tissue samples would greatly increase its environmental relevance.

Integration of PL with Lab-on-a-Chip Platforms: Miniaturisation and automation are critical for
translating laboratory-based spectroscopy into portable field-deployable systems. Future work
should therefore focus on integrating PL spectroscopy with microfluidic lab-on-a-chip devices.
Acoustic manipulation within microfluidic channels could allow for efficient sample handling,
concentration, and sorting of MNPs particles prior to detection through PL system. Such platforms
could enable high-throughput analysis with reduced sample preparation times, making them more

practical for real-world monitoring of MNPs.

Machine Learning-Based Classification and Automated Data Processing: The volume and
complexity of fluorescence spectral data will continue to increase as PL spectroscopy is applied
to mixed and environmental samples. Integrating machine learning (ML) algorithms for automated
classification of polymer types offers a promising solution. Supervised learning approaches could
be trained on large datasets of labelled spectra, while unsupervised learning could assist in
recognising new or unknown polymer signatures. Combining ML with FLE mapping would
improve both accuracy and efficiency, while reducing human error in interpretation. Beyond
classification, artificial intelligence could be employed for automated spectral decomposition,

noise reduction, and anomaly detection, enabling real-time decision-making in field applications.

Application Across Environmental and Biological Matrices: To establish PL spectroscopy as a
comprehensive monitoring tool, its applicability should be demonstrated across a broad range of
matrices, including freshwater, marine systems, soils, sediments, food, and biota. Particular
emphasis should be placed on testing biota samples to evaluate uptake, accumulation, and

potential toxicity of MNPs.
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Appendices

Appendix A: UV-Vis Absorption Spectroscopy Analysis of Ultrasonicated
Micro- and Nanoplastic (US-MNP) Samples

This appendix presents the UV-Vis absorption spectroscopy analysis of ultrasonicated micro- and
nanoplastics (US-MNPs) obtained from three different polymer types: polystyrene (PS),
polyethylene terephthalate (PET), and polypropylene (PP). Each sample was fractionated into
four distinct size ranges: Range 1: MPs > 1.2 ym, Range 2: 1.2 ym > MNPs > 400 nm, Range 3:
400 nm > NPs > 100 nm, Range 4: NPs < 100 nm.

The absorption spectra of all sonicated plastics and their different size ranges are presented in

the following sections.

A.1  Absoprtion Spectroscopic Analysis of USMNP-PS

Figure A.1.1 presents the absorbance spectra of US-MNPs classified into four distinct size
ranges (Range 1 to 4), measured across a wavelength range of 200 nm to 1200 nm. The
absorbance is plotted against the wavelength (in nm) to analyse the optical properties of the

samples.

The UV-Vis absorption spectra of ultrasonicated PS samples show that distinct prominent
absorption peaks (260nm and region 320-375nm) are observed only for the MPs (>1.2 um)
fraction, while the smaller-sized fractions (Range 2-4) show no significant absorption. This
absence of absorption features in smaller fractions might be due to their smaller particle size and

lower concentration in aqueous media.
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Figure A.1.1. UV-Vis Absorbance spectra of USMNPs-PS in different size ranges. (a) Range 1: MPs larger
than 1.2 ym, (b) Range 2: MNPs between 1.2 ym and 400 nm, (c) Range 3: NPs between 400 nm and 100
nm, and (d) Range 4: NPs smaller than 100 nm.

A.2 Absoprtion Spectroscopic Analysis of USMNP-PET

Figure A.2.1 illustrates the absorbance spectra of USMNPs-PET, categorised into four size
ranges (Range 1 to 4), measured over a wavelength range of 200 nm to 1200 nm. The
absorbance is plotted against the wavelength (in nm) to evaluate the optical characteristics of the

PET-based samples.

The UV-Vis absorption spectra of USMNPs-PET reveal that distinct absorption peaks appear
exclusively in the MPs fraction (>1.2 ym), specifically at 245nm, 259nm, and 303nm. In contrast,
the smaller-sized fractions (Range 2-4) do not exhibit any significant absorption peaks, particularly

in the 200-350 nm range. This absence of clear absorption features for the smaller particles may
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be attributed to their reduced particle size and lower concentration in solution, which minimises

light absorption within this spectral region.
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Figure A.2.1 : UV-Vis Absorbance spectra of USMNPs-PET in different size ranges. (a) Range 1: MPs
larger than 1.2 ym, (b) Range 2: MNPs between 1.2 ym and 400 nm, (c) Range 3: NPs between 400 nm
and 100 nm, and (d) Range 4: NPs smaller than 100 nm.

A.3 Absoprtion Spectroscopic Analysis of USMNP-PP

The absorbance spectra of USMNPs-PP are shown in Figure A.3.1, where the particles are further
classified into four size fractions (Range 1 to 4) and measured over a wavelength range of 200

nm to 1200 nm.

Similar to USMNPs-PS and USMNPs-PET, the absorption spectra of USMNPs-PP indicate that
only the MPs fraction (>1.2 um) exhibits distinct absorption peaks, primarily at 221 nm, 270 nm,
and within the 285-335 nm range. In contrast, the smaller-sized fractions (Range 2-4) show no

significant absorption peaks within these spectral regions. This absence of absorption features
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for smaller PP particles is likely attributed to the same factors observed for USMNPs-PS and

USMNPs-PET, namely their smaller particle size and lower sample concentration in solution.
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Figure A.3.1: UV-Vis Absorbance spectra of USMNPs-PP of different size ranges. (a) Range 1: MPs larger
than 1.2 ym, (b) Range 2: MNPs between 1.2 ym and 400 nm, (c) Range 3: NPs between 400 nm and 100

nm, and (d) Range 4: NPs smaller than 100 nm.
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Appendix B: FLE mapping analysis of Ultrasonicated Micro- and
Nanoplastic Samples

The FLE mapping analysis was performed for USMNPs-PS, PET, and PP across four distinct size
fractions (R1 to R4) over an excitation wavelength range of 300-500 nm and an emission
wavelength range of 315-600 nm. The recorded fluorescence responses offer insights into the

FL properties of the selected polymers and their behaviour at varying particle sizes.

The following sections present the FLE maps for USMNPs-PS (B.1), PET (B.2), and PP (B.3),
highlighting the fluorescence emission zones, intensity variations, and potential factors

influencing the observed spectral differences across four different size ranges.

B.1 FLE Mapping Analysis of USMNP-PS

The fluorescence excitation-emission (FLE) maps of ultrasonicated micro- and nanoplastics
polystyrene (USMNPs-PS) are presented in Figure B.1.1, and classified into four distinct size
fractions: (a) Range 1: MPs larger than 1.2 ym, (b) Range 2: MNPs between 1.2 ym and 400 nm,
(c) Range 3: NPs between 400 nm and 100 nm, and (d) Range 4: NPs smaller than 100 nm.
These FLE maps illustrate the fluorescence response of PS particles under different excitation
and emission wavelengths, measured over an excitation wavelength range of 300-500 nm and
an emission wavelength range of 315-600 nm, providing insights into their intrinsic fluorescence

properties.
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Figure B.1.1: FLE maps of USMNPs-PS of different size ranges. (a) Range 1: MPs larger than 1.2 uym, (b)
Range 2: MNPs between 1.2 ym and 400 nm, (c) Range 3: NPs between 400 nm and 100 nm, and (d)
Range 4: NPs smaller than 100 nm.

The FLE maps of all four size fractions exhibit similar excitation-emission regions (the strongest
FL emission is observed at Aex 345nm), indicating that the fluorescence characteristics of PS
particles remain consistent across different size ranges. However, there is a clear variation in
fluorescence intensity, with the largest MPs fraction (Range 1: MPs >1.2 ym) exhibiting the
strongest fluorescence signal. As the particle size decreases (Range 2 to 4), the fluorescence

intensity decreases, which could be attributed to reduced molecular aggregation, lower sonicated

particles concentration per unit volume, or increased scattering effects in smaller particles.
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Despite the reduction in intensity, all four size fractions retain distinct fluorescence signals, making
FLE mapping a valuable tool for detecting and characterising MNPs in aqueous media. The
unique fluorescence fingerprints of PS particles enable their identification, even at the nanoscale,
highlighting the potential of this technique in environmental monitoring, contamination

assessment, and MNP research.

B.2 FLE Mapping Analysis of USMNP-PET

The FLE maps of USMNPs-PET are shown in Figure B.2.1. These maps are categorised into four
size fractions: (a) Range 1: MPs larger than 1.2 um, (b) Range 2: MNPs between 1.2 um and 400
nm, (c) Range 3: NPs between 400 nm and 100 nm, and (d) Range 4: NPs smaller than 100 nm.
The excitation wavelengths span 300-500 nm, while the emission wavelengths range from 315-
600 nm. These maps capture the characteristic fluorescence response of PET particles, which
remains consistent across all size fractions in terms of excitation-emission regions. However,

similar to USMNPs-PS, significant differences in fluorescence intensity are observed.

Unlike USMNPs-PS, the overall fluorescence intensity of PET particles is substantially lower,
showing an approximate 95.3% reduction compared to PS. This decline suggests weaker intrinsic
fluorescence properties in PET, likely due to differences in polymer structure and chemical
composition. All samples showed strong intrinsic FL emissions at Aex 380nm. The strongest
fluorescence signal is still observed for Range 1 (MPs >1.2 ym), while smaller-sized fractions
(Range 2-4) exhibit less FL intensity. As the particle size decreases, the fluorescence weakens
further, which may be attributed to reduced molecular interactions and lower particle

concentration per unit volume.
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Figure B.2.1: FLE maps of USMNPs-PET of different size ranges. (a) Range 1: MPs larger than 1.2 ym, (b)
Range 2: MNPs between 1.2 ym and 400 nm, (c) Range 3: NPs between 400 nm and 100 nm, and (d)
Range 4: NPs smaller than 100 nm.

Despite its lower fluorescence intensity, PET retains detectable fluorescence signals across all

size ranges. This indicates that FLE mapping remains a useful technique for identifying and

tracking MNPs in aqueous environments.

B.3 FLE Mapping Analysis of USMNP-PP

Figure B.3.1 presents the FLE maps of USMNPs-PP, categorised into four different size fractions:
(a) Range 1: MPs larger than 1.2 ym, (b) Range 2: MNPs between 1.2 ym and 400 nm, (c) Range

3: NPs between 400 nm and 100 nm, and (d) Range 4: NPs smaller than 100 nm. These maps
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illustrate the fluorescence response of PP particles across an excitation wavelength range of 300—

500 nm and an emission wavelength range of 315-600 nm, providing insights into their FL

spectral characteristics.
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Figure B.3.1: FLE maps of USMNPs-PP of different size ranges. (a) Range 1: MPs larger than 1.2 ym, (b)
Range 2: MNPs between 1.2 ym and 400 nm, (c) Range 3: NPs between 400 nm and 100 nm, and (d)
Range 4: NPs smaller than 100 nm.

The FLE maps of USMNPs-PP exhibit a strong excitation-emission spectral region with the
strongest fluorescence observed around an excitation wavelength of 355 nm. However, in
comparison to USMNPs-PS, the fluorescence intensity of USPP is significantly lower, showing a

reduction of approximately 98.3%, which is even weaker than USPET. This reduced fluorescence

intensity could be attributed to the intrinsic molecular structure of PP, which lacks aromatic rings,
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resulting in a lower fluorescence quantum yield. Moreover, the difference in polymer crystallinity
and degree of oxidation could also play a role in its weaker fluorescence response (see the section

4.3.2).

In addition to the fluorescence signals, USMNPs-PP exhibits strong Rayleigh and Raman
scattering signals, which are observed as diagonal streaks in the excitation-emission maps. The
Rayleigh scattering, also observed in USPS and USPET, arises from the elastic scattering of
light due to larger microplastic particles and their dispersed nature in aqueous media. The Raman
scattering signals are likely due to the vibrational modes of C-H and C-C bonds in PP [282]. These
scattering effects make it more challenging to differentiate the pure fluorescence signals of PP
compared to PS and PET, which can be removed using the scattering removal technique (see

section 4.2.4).
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Appendix C: Standard PL measurement protocol for microplastic detection
in water using SPPL spectrometer

C.1 PL Measurement Protocol

This section presents the standard PL measurement protocol for detecting microscale plastic

particles using the SPPL spectrometer:

1. The first and foremost thing is to select the appropriate light source. Based on EEM
mapping data for PS and PET (see Section 2.4.3), a laser source with any wavelength ranging
from 325 nm to 370 nm is suitable for exciting and collecting a strong intrinsic fluorescence
emission signal. A 325nm UV laser with 30mW output power was utilised, which provided a
measurable fluorescence signal for PS and PET. To ensure accurate measurements, the He-Cd

laser must be kept in the ON state for two hours to stabilise its output.
2. The spot diameter of the laser beam should be = 1 mm.

3. To get strong fluorescence emission, the number of optical components used should be

reduced to avoid incident beam power loss.

4. For precise alignment of the setup, a bidirectional stage with controlled y-axis and z-axis

movements should be used.

5. The beam receiving end of the cuvette holder should have enough opening orifice to allow
the laser beam to enter and interact with the sample. The incident laser beam can be guided to

the sample via optical fibres, but the losses will be maximised in this case.

6. The cuvette head should always be closed with a holder cover to prevent noise in the

output signal due to stray light interference.

S.A. Igrar, PhD Thesis, Aston University, 2025. 171



7. Quartz glass cuvettes should always be used to avoid noise signals in the fluorescence

spectra.

8. Fluorescence emission from the sample (microplastic) should be collected at 90 degrees

to the incident laser beam.

9. The lid of the cuvette holder, which is placed at the backend of the sample and in line with

the incident beam, should always be closed.

10. The SMA-to-SM1 fibre adapter should be tightly fixed to prevent the leakage of

fluorescence emissions from the sample.

11. Microplastic samples (solid or in deionised water) should be filled up to 75% of the cuvette
volume.
12. It is imperative to handle the sample cuvettes with gloves on. Touching them with bare

hands may result in an inaccurate output fluorescence signal.

13. The measurements should be recorded in a darkroom environment in order to prevent

room light interaction or interference with the sample.

14. All connections between electronic components and devices should be correct and proper.

15. Considering the laser safety protocols, goggles should always be worn when the UV

source is active or the shutter is open.

16. Before measurements, the room light should be switched off, and the room temperature
should be ambient. By opening the shutter with the toggle switch, the laser beam passes through
the optical components and reaches the microplastic sample. Following the interaction between
light and microplastics, the resulting fluorescence signal is captured by the compact USB

spectrometer (THORLAB).
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17. The fluorescence signal should be recorded using the averaging function in the software

of the THORLAB spectrometer.

18. The spectral data should be saved as a text file, which can then be utilised for post-

processing with software like Origin or any other data processing tool.

C.2 Semi-Portable PL (SPPL) spectrometer Design

SPPL Spectrometer: The schematic diagram illustrated below (Figure C.2.1) presents the semi-
portable photoluminescence (PL) spectrometer for microplastic (MP) detection. The setup
consists of three primary components: (i) UV Excitation Source, (ii) Sample Holder, and (iii) USB
Spectrometer. The system employs a continuous-wave Helium-Cadmium (He-Cd) UV laser,
operating within the 315-360 nm wavelength range, with a peak emission at 325 nm and a power
output of 30 mW. This laser serves as the excitation source for microplastic (MP) fluorescence.
The laser beam is guided towards the sample using a series of mirrors and a reflector (including
two mirrors placed at 45 degrees and one kinematic mount), ensuring precise alignment along
the optical path. The sample holder, which accommodates a cuvette containing the MP sample,
is positioned on a bi-directional stage for fine-tuned alignment. The system is designed so that
the incident laser beam and the emitted fluorescence signal are perpendicular to each other. This
orthogonal configuration helps to minimise interference from the excitation source in the recorded
fluorescence spectrum. The fluorescence emitted by the excited microplastic sample is collected
using a step-index multimode optical fibre, which transmits the signal to the Thorlabs USB
spectrometer for spectral analysis. The spectrometer captures and processes the fluorescence

data, recording and analysing measurements using Thorlabs spectrometer software.
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Figure C.2.1: Schematic diagram of the semi-portable PL spectrometer for microplastic (MP) detection. A
high-power Helium-Cadmium (He-Cd) laser, operating at A = 325 nm with a maximum power output of 30
mW, serves as the excitation source. The laser beam is directed through a series of optical components

before reaching the sample. The PL emissions from the sample are collected by a USB spectrometer, and
the resulting spectral fingerprints are displayed on a computer screen using Thorlabs software.

C.3 Conceptual Fully Portable PL (FPPL) spectrometer Design

Figure C.3.1 illustrates the conceptual design of a fully portable photoluminescence (PL)
spectrometer developed for microplastic detection in aqueous media. By “portable,” we refer to a
compact, lightweight device that integrates all essential components, including excitation sources,
a sample holder, a spectrometer, and a display, into a single enclosure, eliminating the need for
external benchtop equipment. The system design is based on a microcontroller unit driving a gear
shaft connected to a mechanical turret, which houses multiple laser diodes at different excitation
wavelengths. By rotating the turret, the user can sequentially select the desired excitation source
for targeted fluorescence analysis. The microplastic (MNP) suspension is placed in a cuvette
secured within a sample holder, aligned with the excitation beam path. The emitted fluorescence

is then collected and transmitted to a USB-based Czerny—Turner spectrometer for spectral
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acquisition. The results are displayed in real time on an integrated LCD screen, ensuring
immediate interpretation in the field. Currently, the work demonstrates the feasibility of integrating
discrete components into a compact housing. However, further miniaturisation, such as replacing
the turret with electronically tunable diode lasers, utilising chip-based spectrometers, and
incorporating battery power, would enhance true handheld portability. Robustness for field
deployment could be improved by adopting shock-resistant mounting, waterproof housing, and
automated calibration functions. The compact and modular design already reduces reliance on
bulky instrumentation, marking a significant step towards practical, field-ready PL spectroscopy

for environmental microplastic monitoring.
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Figure C.3.1: Conceptual design of a fully portable photoluminescence (PL) spectrometer for microplastic
detection. The system consists of a microcontroller box driving a gear shaft connected to a mechanical
turret with multiple laser diodes for excitation. The cuvette containing the MNP sample is held in a sample
holder, with fluorescence collected and transmitted to a USB spectrometer. Processed spectra are
displayed in real time on an integrated LCD screen.
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