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Abstract
Laser-induced breakdown spectroscopy (LIBS) is a commonly employed technique in
commercial plastic recycling for purposes including classification, sorting, identification, and
elemental analysis. However, understanding the molecular-level kinetics, thermodynamic
interactions, bonding cleavage, and process parameter impacts is crucial for identifying
necessary modifications to enhance plastic recycling. A review of the literature revealed that
LIBS can also facilitate plastic pyrolysis, a significant research area that remains largely
unexplored. Based on theoretical hypotheses, it can be concluded that laser-induced pyrolysis
may offer advantages over traditional pyrolysis, which requires understanding the chemistry of
plastic bond-breaking during degradation, identifying resistant bonds, and uncovering the root
causes of these challenges. This approach is described in detail in sections 9 and 10, focusing on
high-density polyethylene (HDPE) under controlled conditions. The identified research gaps
could be further investigated, and advancements could be made toward establishing efficient

plastic recycling and designing laser-induced pyrolysis reactors.
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1. Introduction to plastic:
1.1.Effect of population growth
As populations grow, there is always a need for novel developments, and one of the most
common examples worldwide is the use of items made from petroleum [1-3]. Plastic, a
fundamental component of our daily existence, has become a worldwide concern. Human beings
are responsible for their contribution to the negative consequences [4-6]. Unethical plastic
disposal operations, such as burning, landfilling, and dumping, contribute to pollution in the
atmosphere, soil contamination, and water quality issues, leading to severe diseases. Climate
change is a persistent and pressing issue that has consequences for both the present condition of
the earth and future generations, wrapping them in an unstoppable conflict against plastic
pollution. Ensuring a plastic-free environment is crucial for the improved survival of future
generations [7]. By eradicating plastic use and reducing carbon emissions, we must create an



optimal setting for future generations, guided by ecological and ethical principles [8]. It is critical
to investigate strategies that increase plastic's economic value through improved recycling
procedures to achieve this goal [9]. Researchers have conducted most of their studies to address
this issue, which can play a vital role in a sustainable environment and lead the way to achieving
climate change goals [10]. Therefore, improving plastic recycling could help preserve ecological
integrity, mitigate energy problems resulting from population expansion, and fulfil the need for
petroleum products [11, 12].

1.2. Role of the Public in plastic recycling

Public awareness of the need for environmentally friendly production and consumption is
growing [13, 14]. This has prompted local authorities to coordinate the collection of recyclables,
motivated some manufacturers to produce items using recycled materials, and inspired other
companies to meet the growing consumer demand [15, 16]. Consumer preference studies show
that a notable, but not dominant, number of individuals prioritize environmental values when
making purchase decisions. Customers who value the assurance of recovered materials and
package recyclability could regard it as a favourable feature. However, if the recyclability is
prospective and not actual, it might decrease consumer trust. Engaging in waste disposal
initiatives is a common environmental practice, with a 57% participation rate in the UK in 2006
and an 80% rate in Australia [17-19]. Several nations, like the EU Directive on Manufacture and
Materials for Packaging, adopt laws to promote the recycling of materials after consumer use
[20]. Germany adopted laws that extended producer responsibility, resulting in the
implementation of the Green Dot system for packaging recovery and recycling. The UK
established manufacturer responsibility through a system that included the development and
exchange of package recovery notes, and recently introduced a landfill charge to fund various
waste reduction projects. The market value of recycled polymers and the viability of recycling
have substantially increased in recent years [20-23].

1.3. Role of LIBS in Plastic Recycling

This section provides a summary of the most recent advancements in LIBS technology for
polymer analysis, with a focus on its ability to break polymer bonds and produce novel materials,
such as petroleum products produced by laser-induced pyrolysis. There hasn't been much focus
on this specific aspect of the research. By utilizing discarded plastic in this way, value-added
products can be generated that will contribute to a sustainable future. LIBS is a widely used
atomic emission spectroscopic method that offers qualitative and quantitative insights into
elemental analysis. The LIBS approach is characterized by its ability to detect numerous
elements in a single-shot collection and its minimum sample preparation requirements. Its
capacities to rapidly analyze and its non-destructive nature with minimal sample requirement,
along with its standoff capability, have made it a very promising application in diverse domains
such as element identification and mapping, composition monitoring, classification and
differentiation, and the efficient exploration and use of natural mineral resources [24-26]. This
technique has been extensively employed with diverse multivariate approaches for material
identification across many applications. Several studies on plastic utilizing LIBS have been
conducted in recent decades, covering toys, food containers, e-waste, and a wide range of other
plastic goods [27-29]. The fundamentals of plastic, equipment selection, and comparisons of
different chemometric methods have been addressed. Most earlier studies concentrated on plastic
identification, with a handful on the composition of elements. Identifying plastic kinds and
quantifying specific constituents are crucial for efficient plastic recycling. LIBS could be used to



assess the number of exciting materials after determining the type of plastic, considering the
needs of real-life circumstances [30-32].
Although there have been advancements, there are still considerable gaps in research when it
comes to taking insight into the bond-breaking behaviour of HDPE during the LIBS operation
[33-35]. Most investigations have primarily focused on the phases of identification and
classification, with less attention being paid to the processes of molecular interactions and
disintegration. This gap underlines the need for more research into how LIBS may be utilized not
just for sorting but also for modifying the chemical structure of HDPE in an approach that
promotes recycling. For example, knowing how laser may aid in bond-breaking and pyrolysis of
HDPE might open up novel possibilities for efficient plastic recycling, changing it into valuable
chemicals or fuels, hence expanding its economic recycling potential. Bridging the research gap,
especially in understanding the molecular-level impacts of LIBS on HDPE, has the potential to
significantly improve recycling operation’s efficiency and sustainability, making them more
economically feasible and ecologically beneficial. Shortly after, LIBS became prominent for
identification and sorting in recycling plastics like HDPE. At the same time, pyrolysis is
considered more efficient for obtaining petroleum products from plastic or synthetic organic
waste. Nevertheless, a significant gap exists in achieving satisfactory recovery from plastic
waste. Addressing this gap requires conducting laser-induced pyrolysis, which can help uncover
the fundamental causes of this deficiency. Currently, there is no evidence to support the
hypothesis that laser-induced pyrolysis has been explored, either experimentally or theoretically,
as no researcher has conducted such a study. We are actively working towards this objective and
anticipate presenting additional convincing evidence to support our claim in the future. Below
are this study's primary and secondary objectives, which aim to clarify the goal further.
Primary Objective:

e Evaluating LIBS for plastic polymers, emphasizing HDPE
Secondary Objectives:

e To investigate LIBS for HDPE bond-breaking

e To analyze undocumented LIBS Spectra of Key Products

e Analysis of C-C and C-H bonds durability in HDPE

e To investigate the potential of Laser-Induced HDPE Pyrolysis
2. Literature Survey and Methodological Framework
In this section, the referenced literature demonstrates the widespread application of LIBS in
various studies aimed at identifying distinct material categories. These studies provide insight
into the favourable aspects of LIBS, providing evidence for its effectiveness as a diverse
analytical tool. After conducting extensive analysis using various sources, such as PubMed and
Google Scholar, insufficient information has been found regarding laser-induced pyrolysis.
However, sources and published literature have discussed the molecular-level interaction
between lasers and HDPE [36-41], as well as the potential for laser-induced pyrolysis [1,3,9].
This knowledge has led to the development of a hypothetical methodological overview, detailed
in sections 9 and 10 of this manuscript, requiring further extensive experimental and theoretical
examination. The first question that comes to mind is the potential lack of effectiveness of laser-
induced HDPE pyrolysis for the industry. In this particular scenario, how will this study proceed?
Currently, the viability of laser-induced HDPE pyrolysis for commercial applications remains
unclear, making a thorough analysis of this subject unfeasible. Only experimental and theoretical
data can be used to finalize this subject. However, conducting an investigation on this specific
path will provide valuable insights that could potentially boost the commercial feasibility of this



technique. This study aims to examine the fundamental principles of physics and chemistry that
are involved in the process of laser-induced HDPE pyrolysis. The objective is to gain a better
understanding of this process in order to effectively tackle the issues associated with plastic
recycling. This study provides a significant edge over the natural environment. In addition to its
design, this approach ensures a complete end of operations, thereby preventing any
environmental harm. The experiment's conduct in a vacuum environment, capable of reducing
harmful gas emissions, enhances its safety and environmental friendliness. This experimental
setup provides an advantage to the substance being studied by allowing for more precise control
and minimising any environmental obstacles. Overall, the endeavour demonstrates a strong
dedication to the environment.

According to the survey, Singh et al. [36] used LIBS to analyze nutrient elements in the seed
kernels of cucurbits, identifying magnesium, calcium, sodium, and potassium using principle
component analysis (PCA)for data categorization. Junjuri et al. [37] identified ten distinct plastic
types using LIBS, reaching 93% classification accuracy using correlation and ratio metric
analysis, with the possibility of additional development using machine learning. Castro et al.[38]
employed LIBS to detect plastic polymers in electronic trash, combining chemometric methods
with data mining approaches to alter acquired data for polymer identification. Malenfant et
al.[39] employed LIBS to distinguish bacterial cells from pollutants based on size, resulting in a
straightforward laboratory process for microbiologists. Wang et al. [40] emphasized the
relevance of chemometric models linked with LIBS for recognizing various plastic materials
through a k-nearest neighbour, artificial neural networks (ANN), and linear discriminant analysis
(LDA). Krolet al.[41] used micro-fluorescence X-rays and LIBS to detect distinctive atomic
emissions from components in Polish banknotes. Tang et al. [42] used unsupervised learning
methods such as K-means and self-organizing maps (SOM) to identify commercial polymers
using LIBS with ideal classification accuracy. Chen et al. [43] demonstrated the detection of
heavy metals in microplastics using LIBS, removing the requirement for bulk samples and
improving identification effectiveness using a thin polyethene substrate. Brunnbauer et al.[44]
used PCA and k-means clustering to identify synthetic polymers using LIBS, which enables
direct analysis of two-dimensional structured polymers. The implementation of LIBS in a wide
range of sectors, including agriculture, waste management, medical diagnostics, and material
science, according to Singh et al. [36], Junjuri et al. [37], Costa et al. [38], and others
demonstrates the adaptability and potential of this analytical technology. However, the breadth of
applicability raises concerns about limitations and unexplored possibilities within every field.
For example, whereas Singh et al. [36] dealt with nutrient components in cucurbit seed kernels,
one could ask whether this technique might be applied to other plant species or various portions
of the plant for a more thorough nutritional study. Similarly, the successful outcomes of Junjuri
et al. [37] and Castro et al. [38] in classifying plastic types and recognizing plastics in electronic
waste using LIBS and advanced data analysis techniques offer the question of whether or not
these methodologies could be refined or expanded to address the more significant issue of
microplastic pollution in environmental matrices. Brunnbauer et al. [44] and Krdl et al. [41] have
demonstrated the use of LIBS for quality assurance when examining synthetic polymers and
identifying components used in producing banknotes. A single material has been targeted and
analyzed using LIBS in these cases.

3. Principle of LIBS in Plastic Analysis

Traditional LIBS and ultrafast LIBS are modern analytical techniques that precisely identify and
characterize plastics such as HDPE. The fundamental principle of these spectroscopies is to



focus on the sample surface with an intense laser pulse to generate plasma. In the case of
ultrafast LIBS, this plasma generation occurs within the filament created in filamentation, which
may occur only within a transparent medium [45-47]. Both techniques are capable of generating
plasma; however, traditional LIBS does not involve the phenomenon of filamentation, unlike
ultrafast LIBS. This difference is due to the larger wavelengths and longer pulse durations
associated with traditional LIBS compared to ultrafast LIBS, which can alter the nature of
plasma [48, 49]. This plasma is a high-temperature ionized gas cloud composed of electrons,
ions, and neutral atoms stimulated to higher energy levels by the laser pulse. Once the plasma
cools down and expands, the charged particles inside it produce light with specified wavelengths
referred to as emission lines, which are usually distinctive of the elements in the sample and are
measured using a spectrometer [50-52]. Figure 1 shows the details mentioned above.

[ UV-Laser ]

~

- ¢

i

0,
Collection
Optics

[ Internal View ]

[ Delay Generator ]

Figure 1: The graphical view of the LIBS principle
The concentration of components in samples evaluated by LIBS is proportional to the strength of
spectral lines emitted, yielding accurate compositional data [53]. The LIBS technique analyzes
the laser-induced plasma emissions of plastics to identify their elemental composition, which is
crucial for understanding their physical properties and potential uses, as well as the qualitative
and quantitative information that can be obtained. This approach efficiently detects materials by
identifying significant and insignificant constituents, improving their durability, robustness, and
functionality. Furthermore, it is essential to differentiate physically similar but chemically
distinct polymers like HDPE and LDPE since their composition cannot be determined based on
their appearance alone.
4. Recent approaches in plastic analysis:
4.1.Spectroscopic Approaches
Figure 2 depicts various spectroscopic approaches' roles in plastic analysis. The primary
challenges associated with manual identification and classification are the significant time



investment and subsequent lack of cost-effectiveness due to the labour-intensive nature of the
process. In addition, hand sorting relies on eye inspection and is thus susceptible to mistakes and
impractical on a large scale. Several other techniques that use the physical features of that
material have been employed for plastic identification, such as the density separation approach
and classification through electric properties [54-58]. Most of these approaches are limited to
certain plastics due to their reliance on physical qualities, which are more susceptible to the
effect of many factors, mainly when dealing with plastic debris collected from exterior settings.
Furthermore, the primary impediment that hinders the effectiveness of conventional methods in
plastic separating is the lengthy analysis time required to examine samples. This time-consuming
process often fails to meet industrial standards, mainly when there is a need for rapid operations
to process a large number of samples within a limited timeframe. The usual procedures are thus
not highly appropriate, particularly for the second and third phases of applications. Classification
can be much more precise when using methods that depend on the basic features of material
at molecular levels. Spectroscopic approaches are thus appropriate for effective categorization
and arrangement in such applications [59-62].
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Figure 2. The roles of spectroscopic approaches in the analysis of plastics

4.2.Chemometric Approaches

Chemometric tools are often used to examine the chemical data collected by spectroscopic
procedures. Chemometrics is crucial to the long-term control of petroleum-based products,
contributing to environmental sustainability and the circular economy. Few supervised models,
such as Support Vector Machines (SVM), Artificial Neural Networks (ANN), Partial Least
Squares Regression (PLSR), and unsupervised models, such as Principal Component Analysis
(PCA), k-means neighbour (KMN), Self-Organizing Maps (SOM) have been reported to analyze
plastic for commercial-scale applications [63]. The graphical representations of the models are
listed below in Figure 3. For example, PCA is a dimensionality reduction technique used with



multidimensional datasets. This statistical technique creates additional axes called principle
components, linear mixtures of the original variables. Each primary component is designed to
maximize variance, so collecting the maximum information. The variation ratio can show how
each primary component contributes to the total data variance. The data can be visually
represented in two dimensions by showing the main components with the best-explained
variance ratio. Data from the identical category would generally be grouped adjacent to the plot
and distinguishable from other clusters. PCA can be used to lower the size of plastic spectra
before sending the main components as input data to several classifier models. This approach
offers simple classification since each sample can be categorized into several groups based on
the classification threshold distance [64].
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Figure 3. Overview of the supervised and un-supervised models

LDA is similar to PCA; however, with LDA, additional axes can be designed to maximize class
separation. This is accomplished by increasing the distance among the means of every class
while reducing the dispersion of the dataset inside each class [32]. The data can then be moved to
the newly defined lower dimension axis. LDA could be used to classify different polymers and
flame retardants based on bromine [65].

PLS is a form of statistical analysis that uses latent variables to analyze the relationship between
two matrices. The latent variables (LV) can possibly be used to determine the vector located in
the X-domain corresponding to the vector in the neighbouring Y-domain with the most variance.
When employed for classification purposes, a version known as PLS-DA can be used, in which
the Y-matrix represents a dummy matrix with values 1 and 0. PLS-DA is a popular chemometric
technique for categorizing different types of plastics [66, 67]. K-NN is a classification strategy
that classifies data based on the resemblance of the K-NN to the new understanding, with k being
a variable parameter. The latest observation class will be determined by the majority class of its
closest neighbours. K-NN can also be used with PCA for large-dimensional datasets [38,
56].SVM is an approach to classification that uses decision boundaries to maximize the distance
between classes. In a non-probabilistic approach, new samples can be categorized according to



which side of the boundary of the decision they land on. SVM has traditionally been a binary
classification technique, but recent advancements enable it to address multi-class classification
issues, including plastic classification [69].

Random forecast (RF)is an ensemble machine-learning (ML) approach that employs many
decision trees. The random forest technique produces the average prediction outcomes of all
decision trees. Bagging is used throughout the learning process when each decision tree is
constructed from separate training data. This helps to avoid overfitting the dataset. RF regression
can be employed with LIBS to determine the presence of harmful heavy metal ions in polymers
[70].

5. Selection of Specific Models for Analysis

Supervised models are ideal for classification and regression tasks that require labelled training
data, such as spectra with known classes or concentrations that can provide specific information
about the composition or type of plastics. It is more suitable for recognizing different types of
plastics or predicting the amounts of particular elements in plastics. Unsupervised models enable
the finding previously unknown links in plastic materials and cluster analysis of related spectra
without prior knowledge [71].

The objective of the analysis determines it. Supervised models are often used to identify specific
features of plastics, especially plastic-type and elemental amounts of chemicals. Unsupervised
models help investigate data structure without a particular goal. Supervised models require
labelled training data(LTD), which is frequently unavailable. Unsupervised models may give
helpful information if the dataset lacks labelled samples. If the plastic analysis problem is
complicated and contains intricate interactions, supervised models that learn from labelled
instances may perform better. Unsupervised models, on the other hand, may be helpful for
smaller tasks or exploratory analysis [72]. However, combining both approaches could be a good
choice since unsupervised approaches can be used for early exploration and extraction of
features, followed by supervised models for particular prediction and classification tasks. The
decision is ultimately determined by the type of study, the accessible data, and the anticipated
conclusions, as shown in Figure 4.

The following section will deeply explore the elements and molecules relevant to domestic and
industrial plastics under opened and closed environments, often called synthetic organic
polymers or organic compounds. Based on this spectral information, a spectrometer can identify
the bond-breaking phenomenon in HDPE during the experiment.
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Figure 4. An overview of the selection of the model
6. LIBS elemental spectrum of synthetic organic polymers
This section provides a comprehensive discussion on plastic's breakdown spectrum after the
laser's interaction with plastics. It also highlights the precise wavelengths associated with atoms,
ions, and molecules that have been found, as reported below in Table 1. Usually, LIBS spectra
obtained from plastic materials have specific emission lines that are specific to the elements
present in the plastic, such as carbon (C), hydrogen (H), nitrogen (N), and oxygen (O) [73]. In
addition, certain molecular emission bands associated with carbon diatomic (C), carbon-
nitrogen (CN), carbon-hydrogen (CH), nitrogen-hydrogen (NH), and oxygen-hydrogen (OH)
fragments have also been observed [74]. These fragments can originate from the parent molecule
or be formed through chemical reactions involving the immediate species in the plasma or the
reactive surrounding atmosphere. The formation of such emissions is based on several factors
that influence the ablation process.
Additionally, there may be additional species present in the emitted plume that do not exhibit
observable spectrum signatures. However, their existence can be verified using supplementary
methods [70]. There are several reasons why these features may not be detected, for example, not
enough energy transferred to activate the species, a minimal amount of the molecules, emission
wavelengths that are not within the range of effective spectral measurement, or emission lifetime
that is not within the range of effective temporal measurement such as during the degradation of
HDPE, a few hydrocarbons [75-77] are generated like ethylene (C,H,) [78], and butylene (C4Hs)
whose spectrum is less than 200 nm which is not detectable using a standard spectrometer.
Regardless, any species, even those not discovered, may participate in competitive reaction
pathways to generate new species.
6.1.Carbon (C)
The C emits its most intense spectral lines in the absence of oxygen, specifically at wavelengths
156.1 nm, 165.7 nm, and 193.2 nm [79]. However, a challenge arises when trying to directly
determine the presence of carbon using these emission features, as many commercially available
LIBS spectrometers do not operate within this wavelength range. The emission line at 247.86 nm
is often chosen as the primary focus in LIBS experiments. At times, a trace of emission of
approximately 493 nm can be detected [80]. However, it is often identified as an additional order
of 247 nm instead of being assigned to the emission wavelength. It is important to note that the
durations of atoms' excited states are very brief compared to those of molecules. Hence,
gathering emissions from carbon and other atoms during the initial phases of plasma generation
is essential. In organic polymer, the later phase could limit the observation of the spectrum due to
the dominance of complex reactions and plasma cooling processes [81]. The decreased
magnitude of atomic radiation during the later phases of plasma expansion, exceeding 5 ms,
combined with the involvement of unbound carbon atoms in chemical reactions that result in the
creation of newly formed diatomic molecules such as CN, CH, CO, and C,, as well as larger
carbon clusters, can have noteworthy consequences for its detection.
6.2.Hydrogen (H)
The H atoms in plasmas generated by lasers emit a sequence of spectral lines inside the visible
range, namely the Balmer series. The Balmer series is composed of five distinct spectral lines
such as H(a) at 656.28 nm, H(B) at 486.13 nm, H(y) at 434.05 nm, H(A) at 410.17 nm, and H(z)
at 388.91 nm. The H(a) and H(P) lines of the Balmer series are often seen in the LIBS spectra of
plastic plasmas [82]. The H(a) line is more intense, while the H(P) line is broader as a result of
Stark broadening, which means the regional electric field in the plasma causes disturbances to



the emitters, which could be atoms or ions, resulting in the occurrence of a dynamic Stark effect
(SE). In addition to their reduced strength, it is essential to acknowledge that the H() and H(z)
lines can be obscured by potential C, and CN emissions, leading to their lack of detection. The
literature provides a wide range of observations, examinations, and evaluations of emissions
from atomic hydrogen lines after analyzing LIBS spectra of different kinds of samples [83].
Analysis of H with traditional LIBS is often performed at atmospheric air pressure, so H,
included in water molecules (H,O) found everywhere in the air, can interfere with the analysis of
hydrogen atoms that originate from an organic element. This makes it difficult to distinguish
between the H atoms emanating from the substance being analyzed and those from the
surrounding air. Working in environments without water and oxygen and employing isotopes
with deuterium has aided in understanding the processes involved in forming molecules since it
leads toward accuracy by minimizing the additional interface with products [84].

6.3.Nitrogen

Plasma with a high level of ionization can lead to the splitting of gas molecules in the
surrounding environment, such as air molecules, resulting in the formation of N atoms and
combining them with the N atoms already present in the plastic material. Indeed, the N atoms
derived from the environment play a significant role in enhancing the intensity of the ultimate
emission. This is because the quantity of matter dissolved off the target surface is often lower
than the amount of the ionized environment due to the dimensions of the plasma. The most
substantial apparent emissions of neutral N occur at 575.25 nm, 742.36 nm, 744.2 nm, 746.83
nm, 821.63 nm, and 860 nm [85]. Furthermore, it is possible to detect emissions from nitrogen
atoms that have been singularly and double ionized under certain conditions. The most intense
emissions of ionized nitrogen can be observed at 399.50 nm, 444.70 nm, 463.05 nm, 500.51 nm,
567.96 nm, 648.20 nm, and 661.06 nm [79]. Similarly, the participation of N atoms in the plasma
modifies their initial involvement in the light-emitting spectrum, much as C and H atoms. This
alteration complicates tracing the pathways by which diatomic species such as CN and NH are
formed [86].

6.4.0xygen

The plastic samples exhibit intense O emission at specific wavelengths, notably 777.19 nm,
777.41 nm, 777.53 nm, 794.7 nm, and 844.6 nm [87]. The relaxation of excited atomic states
primarily causes this emission. Although the emissions from this element are the most
prominent, there are additional ionic O" lines that are about eight times less intense and weak
02" lines that are around 150 times less intense. However, these weaker emissions can only exist
under certain conditions [88]. The plumes exhibit greater reactivity with O, owing to the lower
bond breakdown energy of O, compared to N,. Several species originate from molecular oxygen,
while others easily interact with it and the highly reactive oxygen atoms. Under certain working
circumstances, it is possible to detect spectral signals from unbound diatomic radicals (DR), such
as OH, CO, and NO.

Nevertheless, it is often challenging to monitor the optical emissions of various oxygen species,
such as hydrogen peroxide (H20,), nitric oxide or nitrogen monoxide (NO), peroxides, and
superoxides. However, whether these species are visible or not, they still affect the absorption
and emission operations of the plasma plume via oxidative chemical reactions. All the elemental
and molecular spectral wavelength rages are reported in Tables 1 and 2 accordingly [89, 90].
Figure 2 represents the graphical view of peak variation corresponding to the wavelengths.

Table 1. All the LIBS elemental spectral wavelength ranges of synthetic organic polymers



Elements Wavelengths (hm) | Ref. Elements Wavelengths (nm) | Ref.
165.7 [79, 80] H(a) 656.28 [82]
Carbon 193.2 H(B) 486.13
247 Hydrogen | H(y) 434.05
247.86 [91, 80] H(A) 410.17
493 H(z) 388.91
575.25 [85] 399.50 [93]
742.36 444.70
Neutral Nitrogen 744.2 463.05
746.83 lonized Nitrogen 500.51
821.63 567.96
860 648.20
777.19 [87] 661.06
777.41 399.50
Oxygen 777.53
794.7 [92]
844.6

7. LIBS Molecular Spectrum of Plastic or synthetic organic polymer

7.1.Diatomic Carbon (C,)

One of the most extensively studied carbon group ions is the C, radical [94]. The formation of
very stable carbon groups can happen through the vaporization of plastic surfaces using intense
laser pulses. The distribution of C clusters is influenced by several variables, including the
specific C-bonding types inside the molecule, the conditions of irradiation, the location of the
plasma volume being sampled, the time of investigation, and the characteristics and level of
pressure in the surrounding environment. This suggests that the emergence of these species can
be attributed to the direct splitting of the plastic material. The C, radical is related to many band
systems, including the Swan bands, often referred to as the initial positive bands of C. The
frequency of their occurrence is based on certain variables. For instance, several spectra of
recently developed highly energetic substances have shown a prominent emission characteristic
in the range of 543 nm, which may be attributed to the high-pressure region's band of C, as
shown in Figure 5. The Swan spectrum is responsible for identifying the most often seen C,
bands in LIBS signals originating from carbon-containing sources [95]. The Swan bands of C,
consist of five vibrational phases with bands at 438.2 nm, 473.7 nm, 516.5 nm, 563.5 nm, and
619.1 nm [96]. At these regions, the system may achieve both vibrational and rotational
resolution. However, it is essential to note that the vaporization and plasma expansion conditions
can result in these sequences' absence or complete absence in the LIBS spectra, even for C-
containing molecules. This fact is a fundamental component in LIBS investigations of C, species
[97].
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Figure 5. The molecular emission spectrum of C,[96, 79]

7.2.Carbon-Nitrogen

The formation of this radical may occur either by direct CN bonding inside the parent molecule
or through gas-phase interactions involving C and N atoms [98]. The red and violet fluorescence
band systems allow for observing CN radicals and electronic transition of vibrational quantum
number (Av), as shown in Figure 6. The violet system includes the (Av=0) sequence with band
heads at 388.3 nm (0-0), 387.1 nm (1-1), 386.2 nm (2-2), 385.5 nm (3-3), 385.1 nm (4-4), the
(Av=-1) vibrational sequence along with band heads at 419.7 nm (1-2), 418.1 nm (2-3), 416.8
nm (3-4), 415.6 nm (4-5), 415.2 nm (5-6),421.6 nm (0-1), and the (Av=+1) sequence at 358.6
nm (2-1), and 358.4 nm (3-2), 359.0 nm (1-0). The CN violet system is the subject of extensive
research due to its prevalence in many emission sources [99]. The violet system bands have been
extensively employed in numerous investigations to diagnose plasma parameters, the potential
impact of the molecular structure of plastic materials on the observed emissions from CN
species, and analyze the influence of excitation parameters on their development, temporal, and
spatial dynamics. Additionally, these investigations have explored these emissions' sensitivity to
the background gas's composition and pressure [100]. Furthermore, the recent examination of
spectroscopically resolved isotope changes in the wavelengths of the primary bands within the
CN red system has facilitated the resolution of several unresolved uncertainties related to this
subject [79]. Nevertheless, the emission of C, at 438.4 nm, which is typically more intense, hides
the head of the R(0,0) branch. Likewise, the CH band at 431.4 nm could be partly overshadowed
in a prominent Hg line, resulting in a less pronounced CH system. Notably, the head located at a
wavelength of 432.3 nm exhibits the highest degree of variability, with its intensity typically
varying in accordance with the magnitude of the optimum vibrational temperature. The
remaining CH band groups at 390 nm and 315 nm show a decline towards the red wavelength.
The former exhibits prominent peaks at 387.1 nm and 388.9 nm, indicating a substantial degree
of emission for the (Av=0) phase of the CN violet system, which may hinder its detection. The
314 nm band system has a much lower intensity than the other two systems, with only a limited
number of weak densely clustered peaks at 314.4 nm and 315.7nm [101, 102]. The
aforementioned system is subject to interference and may be hidden by emissions from other
species, such as incredibly excited nitrogen and nitrogen dioxide (NO, ) [103].
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Figure 6. The molecular emission spectrum of CN [96, 79]
7.3.Carbon-hydrogen (CH)
Carbon-hydrogen is the most extensively studied free radical due to its high susceptibility to
excitation during hydrocarbon burning and electrical emissions, including carbon and hydrogen.
In the visible and near UV ranges, the CH radical emits light in three distinct band systems such
as 410-440 nm, 360-420 nm, and 315 nm [100]. The 430 nm band system has the highest
brightness and gradually moves towards the violet region. The movement of molecules within
electronic and rotational bands is generally referred to using the P, Q, and R branches,
representing state changes. For example, a comprehensive structure at a wavelength of 431.5 nm,
consisting of Q(0,0) and Q(1,1), is seen in the most sensitive portions of this system, according
to Figure 7. This structure invariably follows a thinner and distinct signal at 432.3 nm, Q(2,2).
The presence of double branches (Q and R) in a molecule signifies an odd number of electrons, a
noteworthy characteristic of an excited species.
Moreover, it can be seen that branches possess an open rotational framework, which is a
distinctive feature of a diatomic hydride. Nevertheless, the emission of C, at 438.4 nm, which is
typically more intense, hides the head of the R(0,0) branch. Likewise, the CH band at 431.4 nm
might be partly overshadowed in a prominent Hg line, resulting in a less pronounced CH system.
Notably, the head located at a wavelength of 432.3 nm exhibits the highest degree of variability,
with its intensity typically varying in accordance with the magnitude of the optimum vibrational
temperature. The remaining CH band groups at 390 nm and 315 nm show a decline towards the
red wavelength [104]. The existence of the CN violet group may be masked by the substantial
emission intensity, as demonstrated by the strong heads found at 387.1 nm and 388.9 nm. The
314 nm band system has much lower intensity than the other two systems, with only a limited
number of weak, densely clustered peaks at 314.4 nm and 315.7 nm. The system mentioned
above is susceptible to interferences and may be hidden by emissions from other species, such as
incredibly excited nitrogen and nitrogen dioxide.
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Figure 7. The molecular emission spectrum of CH [96, 79]
7.4.0xygen-Hydrogen
The wavelengths of emission of OH radicals are often detected in various plasmas, particularly
in plasmas with significant water content and OH-containing compounds like sugars and
alcohols. Nevertheless, while such conditions may produce massive amounts of OH, its high
degree of reactivity and limited chemical lifetime often result in low measured quantities [105].
These challenges obtain high signal-to-noise (S/N) ratios for OH emissions with a single
spectrum capture, requiring light collection from consecutive plasma events. In addition, the
collecting process must occur with significant delay durations ranging from 30 to 300
milliseconds from the LIBS. The band structure corresponding with the UV irradiation in the
300-330 nm wavelength range is characterized by the most significant molecular fluorescence
from OH radicals. Figure 2 illustrates a rovibrational structure of the band system, consisting of
six primary branches such as 306.4 nm (Ry;), 306.8 nm (Rz2), 307.8 nm (Q11), 309.0 nm (Qz),
308.2 nm (P1;), and 309.6 nm (P2,) [96]. According to Figure 8, at first sight, the (0,0) band
system at 306.4 nm seems noisy and has a low spectral resolution. However, it is very repeatable
and exhibits all the required lines with a medium level of resolution.
It is important to note that, in addition to the primary emission in the ultraviolet range, additional
band systems are associated with OH. One spectrum is in the ultraviolet (UV) range of 224.8—
260.0 nm, while another is in the visible range of 420600 nm. The third spectrum, known as the
OH Meinel band spectrum (MBS), has a broadband characterized by distinct P, Q, and R
branches, operating from 550-900 nm. Unfortunately, according to cited literature, identifying
these bands in LIBS-generated plasmas of synthetic organic polymers has not been accomplished
[106].
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Table 2. The wavelength ranges of all the molecules

Species | Wavelength (nm) | Ref. | Species | Wavelength (nm) Ref.

436.5 [95] 4315 [100]
437.1 432.3
438.2 438.4
466.9 CH 388.9
467.8 387.1 [101, 102]
468.5 314.4
469.7 [96] 315.7
4715 306.4 [96]
473.7 306.8
505.6 OH 307.8
507.0 309.0

cc 509.0 308.2
512.9 309.6
516.5 [107] 358.6 [99]
547.0 359.0
550.2 385.1
554.1 385.5
558.5 386.2
563.5 387.1
592.3 CN 388.3
595.9 415.2 [79]
600.5 415.6
606.0 416.8
619.1 418.1

NH 336.3 [108] 419.7
337.4 421.6




LIBS spectra through plasmas of organic matter may exhibit signals from fewer prominent
species and emissions of organic substances like plastic. Nevertheless, the presence of these
signals depends on the specific circumstances and analytical parameters [109]. The prominent
aromatic compound is the Cs radical, one of the most extensively researched triatomic molecules
in spectroscopy. Its emissions have been detected in LIBS spectra of solid graphite microplasmas
produced by an Nd: YAG laser beam such as 1.06 um, 3.5 ns, 6.9 J.cm?in a 0.5-415 mTorr
argon background [110]. Neutral C; molecules emit a broad structure at 390-410 nm
wavelength, which correlates to the Swings band transition (SBT) [111]. Empirical evidence has
shown that the primary mode of Csz production occurs in the gaseous state via three-body
interactions involving carbon and carbon dioxide. It has been proven that using unfocused laser
light is more advantageous for detecting neutral C; emission, primarily due to the reduced
atomization process of the molecules [112].

Nevertheless, these emissions appear only in plasmas that expand into inert and N-free
environments since there is a strong attraction between carbon and nitrogen to generate carbon
nitride (CN). The N radical is another potential species. The primary focus of optical emission
spectroscopy has been on plasmas consisting of pure nitrogen gas and mixes of Ar-N, and N»-
He. It is perfectly feasible for N, molecular species to appear in laser-generated plasmas of azo
and diazo compounds. However, there is a lack of references to these experiments conducted
using optical emission spectroscopy. The emission spectrum typically corresponds to the
approximate wavelength ranges of 268.0-546.0 nm and 478.0-2531.0 nm for the N, species and
205.0-307.0 nm and 286.0-587.0 nm for the N°* species [113].

In any scenario, simultaneous detection of optical emissions from various emitting species within
a LIBS spectrum is challenging due to numerous variables. These variables include the
composition and bonding of atoms within the molecule, the fragmentation behaviour of the
molecule, the timing and duration of plasma observation, whether in its entirety or within a
specific spatial region, as well as the structure and reactivity of the environment around it. In
addition, the presence of numerous species and the resulting variations in the intensity of their
emissions, leading to periodic overlap between emissions, along with the utilization of a shorter
wavelength measurement range to attain enhanced spectral resolution, further contribute to the
challenge of achieving emissions coincidence. The factors mentioned above raise many
questions about organic plasmas and chemical and physical phenomena, prompting extensive
research to elucidate these phenomena.

According to the literature cited in this section and surveys, the range of synthetic organic
polymers typically spans from approximately 350 to 700 nm. Consequently, during laser
experimentation with plastics, it becomes convenient to focus within these ranges to analyze the
spectrum or verify bond breakage. Additionally, this strategy enables control over experiments
aimed at breaking specific bonds. For instance, when targeting the breaking of C-H bonds while
avoiding C-C bonds, these spectra can assist in analyzing the phenomenon. If C-C bonds persist
during spectrum collection, it indicates the presence of C-C bonds. However, it is not possible to
control experimentation under nano-lasers.

8. Physics of plasma formation

This section will examine the formation route of species, their dynamics, the properties that they
contribute to the resulting plasma, and the impact of experimental conditions.

Whenever a laser interacts with organic material, such as plastic, the intense laser beam transfers
energy to the material, leading to decomposition and plasma formation. The material absorbs the
light at this moment, causing electrons to be excited from lower to higher orbits. This



phenomenon occurs within microseconds or nanoseconds, and the excited atoms return to their
initial state by emitting light at specific wavelengths. During the life cycle of the plasma formed
during laser ablation with plastic species, it undergoes simultaneously processed formation,
evolution, and destruction. The laser irradiation parameters determine the generation of ions,
atoms, elements, and nanoparticles. The factors influencing the quantity of ablated atoms from
the organic bulk and how these molecules fragment include the excitation regime, laser
wavelength, and energy dose. Generally, fragmentation processes are the main focus during
femtosecond (fs) laser ablation, whereas atomization of vaporized molecules is the dominant
process in the case of ns pulses. The energetic dose significantly influences the cause of ablation.
Specifically, for low, middle, and high influence, the plasma mainly comprises large fragments,
tiny molecules, and atoms [114].

Similarly, some bonds or clusters of bonds could be broken based on the wavelength of the laser,
resulting in the formation of different species [115]. These recommendations expect that the
quantity and characteristics of the species produced may differ significantly across different
plasma plumes, even for an identical organic chemical. Nevertheless, there are instances when
the collective influence of several factors produces comparable outcomes, such as a high fluence
fs laser pulse compared to a lower fluence laser pulse but with a longer length (ns). In addition to
the factors mentioned above, the initial species exhibit distinct spatial and temporal progression
inside the plasma plume, influenced by their kinetics, characteristics, and the pressure of the
surrounding atmosphere. Consequently, this phenomenon gives rise to several possibilities for
generating novel species.

The physics of a plasma plume is transformed into a complicated process, including several
participating and coexisting processes that influence its composition at various periods and
localized areas. Therefore, it can be assumed from the information mentioned above that each
variable contributes to the advancement of plasma. Still, their collective influence generates a
specific sequence of events that eventually determine the characteristics and magnitude of the
ultimate optical emissions.

9. The bond-breaking hypothesis of HDPE

9.1. Philosophical Background

This section briefly overviews the background and the underlying phenomenon involved in
breaking the bonds of HDPE to facilitate laser-induced pyrolysis. For example, Thiele et al.
[116] propose an ideology shift by challenging the generally accepted belief that rapid
vibrational relaxation rates inside molecules restrict bond-breaking. The suggested model
showed the specificity in bond breaking, which can be accomplished using appropriately short
and intense laser pulses, opening up new paths for commercial-scale laser applications.

This study has considerable importance for the proposed HDPEbond breaking, as it intends to
understand the behaviour of molecules and chemical interaction control via laser-induced
processes. The significant breakthroughs in their research open the path for our investigation into
using these particular bond-breaking technologies. While conducting more research on practical
applications and optimization is crucial, this study serves as a valuable reference and source of
inspiration. This study outlines the methodologies and objectives for the planned laser-induced
cleavage of HDPE. The combination of insights on potential selective bond cleavage and a focus
on ongoing research provides a strong basis. The laser pulse experiments investigate polyethene's
molecular structures and properties at its core.

Similarly, Soleimani et al. [117] analyzed the possibility of selectively breaking polyethene
connections by targeted ultrafast energy deposition inspired by comparable research on



customized damage to semiconductor bonds. Hence, the examination of HDPE dissociation
requires further exploration. A comprehensive exam has the potential to provide scientific
knowledge and advancements in technology while also encouraging more investigations. The
hypothetical discussion on conducting HDPE laser pyrolysis is given below.

The most significant component of bond breaking involves understanding the type of plastic and
the bonds it includes, such as which bonds are present in the plastic and how much energy is
necessary to break them. Another essential factor is the employment of a laser, which has
sufficient energy to break the bonds in the plastic. The third step is to optimize process
parameters such as pulse energy, pulse duration, and laser pulse repetition. For example, if the
plastic type is HDPE, which is relatively easy to handle during experiments, the only bonds are
C-C and C-H. 3.6 eV and 4.3 eV of energy would be required to break these bonds. A UV laser
with a wavelength of 200-400 nm could be suitable to efficiently break the chemical bonds of

HDPE, which can be confirmed by using the relation E:%. Here, E, h, ¢, and A represent photon

energy, Planck's constant, light speed, and light wavelength, respectively. This calculation
indicates that UV radiation with a wavelength of 266 nm has enough photon energy to break
molecular bonds in HDPE. However, the expected initial problem could be the laser's pulse
duration due to the instant breaking of bonds. It could be probed by a laser at the femtosecond or
pico-second pulse duration to overcome this situation.

9.2. Significance of process parameters

Optimizing laser process parameters, such as pulse power, duration, and frequency repetition
rate, is pivotal for realizing experimental efficacy, as evidenced through extensive examination
of laser-material interaction dynamics. The selection of pulse energy from 10-200 millijoules
(mJ) can be supported by its critical function in facilitating effective HDPE removal and plasma
constitution while preventing complex spectral generation and unnecessary material harm [118].
This energy range is considered from empirical reports denoting optimal ablation thresholds and
plasma formation conditions for polymers similar to HDPE. The 5-20ns pulse duration is
concise, which can produce high-resolution spectrum peaks with efficient plasma formation
since a longer pulse duration from this limit can lead to plasma shielding and lower plasma
efficiency [119]. A repetition frequency (Rf) of 20Hz could be a delicate balance between the
speed of data collection and the need for sample cooling.

Moreover, the process parameter’s intensity selection depends on the specific focus or
information required. This consideration becomes particularly relevant in UV laser interactions
with HDPE, where reliance solely on cited literature may not be feasible. Under normal
conditions, such as in traditional thermal pyrolysis, bond-breaking behaviour is determined by
bond dissociation energy and bond length, leading to the initial breaking of C-C bonds.
However, this dynamic may not be valid under UV laser application to HDPE. It becomes
essential to consider absorption and vibrational effects. Logically, it would appear that C-C
bonds should break before C-H bonds due to their lower energy requirements and longer bond
lengths, as illustrated in Figure 9. However, according to the hypothetical point of view of the
UV laser exposure to HDPE, it is posited that C-H bonds would break first, given their
heightened sensitivity to light, similar to sunlight exposure. Another contributing factor is the
difference in electronegativity between the two types of bonds. The C-C bonds are non-polar,
whereas the C-H bonds are polar. This means that the energy of photons emitted by the UV laser
is likely similar to the energy required to excite the electrons in C-H bonds.

Additionally, the energy difference between breaking C-C bonds, which require 3.6 eV, and C-H
bonds, which require 4.2 eV, is not substantial. Owing to this sensitivity, C-H bonds are more



likely to absorb UV light than C-C bonds, resulting in greater vibration and an increased
likelihood of breaking. It is also possible that under UV irradiation, the C-H bonds initially
break, but the overall majority of breaking might involve C-C bonds. Anyway, this outcome still
depends on the intensity of the process parameters. However, the behaviour of plasma remains
complex; it could also lead to decomposition over time, which may be influenced by the intensity
of the process parameters that can modify the plasma's effects. In this context, it is crucial to
consider the implications of UV interaction, such as the effects of direct photon absorption. The
possible questions could be: Will increased photon absorption cause extensive vibration? Can
this vibration lead to excitation, and in turn, does excitation lead to a collision, ultimately
resulting in the initial breaking of C-H bonds? This complexity could be solved after
understanding the role of process parameters.

The frequency may be the most crucial among all the process parameters, as it is essential for
breaking bonds. Pulse duration could be considered the second most vital factor, as different
processes occur with varying pulse durations, for example, between ns and fs laser pulses.
Therefore, experiments must be conducted to observe how bonds react under different light
exposure conditions to determine the optimal combination of process parameters.
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Figure 9. The graphical overview provides bonding information for HDPE. 'DE' refers to
dissociation energy, and 'BL' refers to bond length.

9.3. Selection of HDPE form
The choice of HDPE in a particular form, such as film, pellet, sheet, or block, is a critical
decision with far-reaching implications for the experiment's result. In the framework of a bond-
breaking investigation, the film form option could be the best choice. Despite its thickness (10-
100 micrometres), the film shape allows for studying surface interactions, resulting in a more
detailed understanding of the early bond-breaking effects. This possibility is consistent with a
desire to thoroughly understand how the laser interacts with HDPE at the molecular level and
how the bonds break. However, all types of HDPE might be studied under similar experimental
conditions to identify the most effective strategy.
9.4. Precautions
A precise sample holder is necessary for ensuring HDPE samples' stability and proper alignment
with the laser. Equipment calibration, such as accurate laser alignment with the material being
studied and adjusting the spectrometer for recording the plasma spectrum, is essential for reliable
and precise information collection. Safety protocols, including protective eyewear, a covered
laser area, and enough ventilation to control fumes or vapours, reveal a commitment to the
experiment's protection and achievement. Remembering that this study is only valid under
vacuum conditions is critical. The predominant impact of radiation from lasers on HDPE in
open air could be the breakdown of existing polymer links. However, under some circumstances,
new bonds containing oxygen or, less commonly, nitrogen can form. The reliable outcomes
would be determined by experimental setup, including the laser's power, wavelength,
and exposure time.




9.5. Expectations

Beyond the technical details, understanding how the UV laser affects HDPE at the molecular
level is critical for unravelling the bond-breaking process. Correlating experimental findings to
theoretical expectations for bond energies and HDPE behaviour under high-energy UV radiation
takes the study to a new level of exploration. This association serves as the key to unlocking a
comprehensive knowledge of the specific point of modification in the molecular structure of
HDPE under the effect of LIBS. In line with this, this understanding will also enable us to take a
look into the conducting of HDPE pyrolysis-assisted LIBS, which has been discussed in detail in
the next section. Tables 3 and 4 summarize the expected ranges of process parameters as well as
the benefits and drawbacks of experimental prediction.

Table 3. The expected ranges of process parameters for 266 nm laser
Laser Setup

Laser range 266 nm (4.66eV)
Pulse duration 5-20ns
Pulse Energy 10-200 mJ

Frequency Rep. 1-20Hz
Plano-convex Lens | 30 cm

Spectrometer CCD-Coupled
Optical Fiber 190-770 nm
Resolution 0.05 nm
Table 4. Expectations of the experiment with advantages and drawbacks
HDPE Advantages Drawbacks Expectations
form
Film (10- | Surface Thickness will limit | Clear view of how the laser interacts
100 pum) interactions study | observation with the material at the molecular
level
Pellet (2-5 | Thermal and | Small surface area | How will laser energy affect HDPE?
mm) mechanical study
Sheet (0.5- | Larger and more | Low  penetration | Will it reveal how deep the bond-
2 mm) uniform area and thicker breaking penetrates?

Note that C-C bonds require 3.6eV energy to break, and C-H bonds require 4.3eV energy to
break.

A different approach for HDPE bond breaking is using a laser (IR or Raman), which only
analyses the frequencies without relying on the reference spectrum. When the laser frequency is
much higher than the bond frequency, the solid HDPE will transform into its gaseous form, most
probably leading to methane (CH4) gas [120]. It's important to highlight that introducing a
catalyst can also modify the final products[121-123]. The presence of the gas could be identified
using a gas analyzer, which will verify the degradation of the HDPE bond. For instance, the
approximate frequency of a single bond is often between 800-1300 cm™. If we examine a gas
using a particular wavelength with a frequency much higher than the bond frequency, we may
detect the breaking of the bonds using a gas analyzer. It should be noted that the minimum
frequency or repetition rate depends on the type of laser being utilized, such as nanosecond (ns),
femtosecond (fs), or CO; lasers. Consequently, the frequency must obey the principles governing
dissociation processes.

9.6. The hypothesis of Laser-Induced HDPE Pyrolysis




This section presents an overview of the hypothesis for conducting HDPE pyrolysis using a
laser. According to the literature, LIBS is primarily used for elemental analysis, in which light of
a certain wavelength is utilized to excite the sample's surface, resulting in plasma, to get
information about the elemental composition or identification. This phenomenon is particularly
dependent on the range of light or wavelength and energy. On the other hand, pyrolysis refers to
the breakdown of any substance in the absence of oxygen to estimate the ultimate yields,
including oil, gas, waxes, and so on [124-132]. A specific temperature has to be established,
which requires energy [133-138]

The previous section discussed how to compute photons' exact wavelength and energy using a
laser to break HDPE bonds. At this time, it is theoretically possible to employ a laser to
decompose HDPE in a reactor. A continuous particular wavelength of light with sufficient
energy of 1.44x10°%eV could decompose C-C bonds. Depending on the kind of light, CO, Lasers
(10.6 pm), Nd: YAG Lasers (1064 nm), Fiber Lasers (1060-1080 nm), and femtosecond Ti:
sapphire lasers (800 nm) could produce thisenergy. It should be noted that before the
experiment, other factors such as reactor type, HDPE size, frequency factor, and pulse duration
should be taken into consideration.

According to this hypothesis, precise control of laser wavelengths and energy could offer thermal
pyrolysis. It is feasible to achieve the necessary results. Nevertheless, it will not be more
effective for large-scale recycling. So that the hypothesis could be considered for further
investigation if there isa possible or suitable way to perform this investigation after
improvements. In summary, if we can identify a specific collection of wavelengths that are
favourably associated with a combination of process parameters, it may be feasible to use a laser
for performing the pyrolysis of HDPE. Currently, this theory requires additional attention and
investigation.

9.7. Selection of Environment

Plasma can be created in both air and vacuum, depending on the aim of the research study.
Generating plasma in a vacuum significantly reduces the presence of air contaminants, leading to
enhanced spectral clarity. It offers a reasonable control area enabling the examination of
components that may interact with environmental molecules or detect contaminants.
Additionally, these control conditions provide a better insight into the interaction of laser and
materials, enhancing spectral detection of light elements [139]. It has the potential to prolong the
presence of plasma, allowing for a longer emission duration for triggered kinds and enhancing
the detection limitations and precision of the inspection.

Initially, conducting this experiment in the open air is easier since a vacuum can cause
complexities when employing LIBS with HDPE. Adding a chamber could increase the cost, and
the sample size may not be adjustable. Placing samples in a vacuum may significantly limit the
size and characteristics of materials that can be examined. The effects of energy transfer
processes on outcomes may subtly vary when air particles are absent in the surrounding
environment.

10. Drawbacks and Expectations of Hypothesis:

One potential question that may arise involves the difference in efficiency between conventional
(thermal) and laser-induced pyrolysis. This aspect can be regarded as an initial limitation of the
hypothesis, as it remains indeterminable until an experiment is conducted [140-142]. After
obtaining the experimental data, two possible approaches can optimize the hypothetical process.
The first involves implementing machine learning models to analyze hidden spectra or signals
and address the fundamental causes of bond-breaking phenomena to optimize the initial process



parameters (pulse energy, duration, wavelength range, and frequency factors). Alongside
machine learning approaches, mathematical or semi-empirical models can be utilized to extract
reaction formation routes and empirical kinetic rate constants. This enables the reverse-
engineering of observed phenomena, optimising secondary process parameters (rate constants,
activation energy, exponential factor, temperature, type of reactor, etc.) involved in laser-induced
HDPE pyrolysis [143-151]. It is important to note that both traditional and laser pyrolysis rely on
the reaction scheme and kinetic rate constants, which serve as the foundation for analyzing the
final yield in pyrolysis. The method for obtaining Kinetic rate constants can involve extracting
them from empirical data using Runge Kutta-based solvers in MATLAB or predicting them
using statistical approaches, depending on the preference.

Additionally, different statistical approaches are used to predict statistical rate constants. This
technique examines the reaction process and estimates the ultimate yield. Following this, a
detailed validation of the kinetic rate constants involves conducting sensitivity analyses for each
rate constant. This approach allows for examining how each rate constant influences the final
yield as a function of time and temperature. For example, Eidesen et al. [143] extracted empirical
rate constants from experimental data and designed a mathematical model using the second-order
differential (ODE) equation to simulate the final yield. Nabi et al. [152] employed a regression
model to predict the rate constants using R software statistically.

Similarly, Algarni et al. [153] used R software to predict statistical rate constants by statistically
assuming a correlated combination of activation energy (Ea) and exponential factor (Ao). Irfan et
al. [146] predicted statistical rate constants by employing the response surface methodology
using Ea and Ao. Additionally, Irfan et al. [154, 155] performed sensitivity analyses of predicted
rate constants to examine the individual behaviour of kinetic rate constants, using lower and
higher extreme levels as conditions.

The literature cited above provides evidence for the extraction of empirical and prediction of
statistical rate constants and sensitivity analysis using various mathematical and statistical
approaches. It is clear that most approaches in the cited literature are mathematical or semi-
empirical, always necessitating an initial equation and condition to analyze the final yield. This
analysis helps gain insight into the underlying processes and identifies potential modifications
for enhancing the efficiency of laser-induced HDPE pyrolysis. Figure 10 serves as a roadmap,
guiding the journey from the initial to the final stage through a combination of experimentation
and simulation approaches toward utilising data that could be obtained from experimentation.

It should also be noted that thermal pyrolysis is highly inefficient, yet it can be sustained by by-
products such as CH,4 [150, 151]. However, the by-products cannot be utilized for sustainability
in laser-induced pyrolysis. During laser-induced pyrolysis, the primary outputs will be gaseous
products rather than petroleum products, which rely on specific conditions. Nevertheless, laser-
induced ionization may exhibit higher efficiency in hydrocarbon extraction from HDPE, and the
whole procedure may have environmental benefits. The implementation of the direct energy
supply system may result in a decrease in the total energy consumption. The fast interaction
between laser and HDPE may decrease pyrolysis reaction time, and therefore, the localized
nature of laser-induced pyrolysis reaction may be energy efficient. Laser-induced pyrolysis can
optimize chemical reactions, i.e., selectivity to target C-C or C-H bonds. This control may save
energy and time, leading to environmental advantages. The laser pyrolysis process may also have
fewer by-products/waste than thermal pyrolysis, reducing the overall HDPE recycling carbon
footprint.
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Figure 10. The optimization roadmap of laser-induced HDPE pyrolysis

Conclusion

LIBS is extensively used to identify atoms, ions, and molecules and their emission characteristics
under different conditions. Different supervised and unsupervised models and machine learning
were employed for the plastic sorting, classification, and composition analysis. However, a brief
overview of the cited literature reveals that LIBS has not been utilized to understand plastic
behaviour by applying enough energy to break the chemical composition of materials to
understand the chemistry of actual materials and new chemical formation. To enhance the
recycling quality of plastic, it is imperative to understand the mechanism of the interaction of
lasers with plastic at the molecular level. During commercial-scale recycling, it is possible to
categorize, identify, and sort the plastic to obtain the end product; however, the contradiction
between the cited and actual findings insists on looking into the exact cause. The possible reason
behind this is the phenomenon of plastic degradation during recycling under high-energy lasers.
It is imperative to understand what plastic bonds are feasible to break. What kind of bonds are
not breakable, and why? According to the aforementioned details in section 9, it could be
possible to analyze the bond-breaking behaviour by ensuring the law of degradation (Laser
photon energy must be higher than the bond energy) with modification in the intensity of process
parameters.



This direction can lead toward the fundamental causes that happen during recycling. There could
be a lot of difficulties during the collection of spectrum data; however, a problem can be caused
by a solution that will open new paths and ideas to overcome this research gap. The critical
characteristics of pyrolysis are the kinetic rate constants and yield concentration that could be
obtained from the LIBS experiment data. If the traditional LIBS is unable to achieve this goal,
the ultrafast LIBS could allow the performing of a control experiment. Laser pyrolysis could also
be achieved if a positively correlated combination of involved LIBS process parameters for
HDPE bond-breaking.
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