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Abstract: In this study, the possibility of applying the hyperspectral imaging (HSI) technique in the
Short-Wave InfraRed (SWIR) spectral range to characterize polymeric parts coming from Waste from
Electric and Electronic Equipment (WEEE) is explored. Different case studies are presented referring
to the identification of (i) plastic flakes inside a mixed waste stream coming from a recycling plant of
monitors and flat screens, (ii) different polymers inside a mixed plastic waste stream coming from
End-Of-Life (EOL) electronic device housings and trims, (iii) contaminants (i.e., metals) in a mix of
shredded plastic particles coming from a recycling line of electrical cables, and (iv) brominated plastics
in mixed streams constituted by small appliances (i.e., cathode-ray tube televisions and monitors).
The application of chemometric techniques to hyperspectral data demonstrated the potentiality of this
approach for systematic utilization for material characterization, quality control and sorting purposes.
The experimental findings highlight the feasibility of employing this method due to its user-friendly
nature and quick detection response. To increase and optimize WEEE valorization avoiding disposal
in landfills or incineration, recycling-oriented characterization and/or quality control of the processed
products are fundamental to identify and quantify substances to be recovered.

Keywords: hyperspectral imaging; waste from electric and electronic equipment; plastic recycling;
circular economy

1. Introduction

The widespread presence and use of Electrical and Electronic Equipment (EEE) has
become an integral part of modern life. This accessibility and widespread adoption have
considerably improved the quality of life for a sizable segment of the worldwide popula-
tion [1]. However, the way we generate, use and dispose of e-waste is often not sustainable.
In the last few decades, the manufacture of EEE has become one of the fastest-expanding
industrial sectors due to the rapid advancement of technology. One consequence of the
progress in the technology sector is the increased production of Waste from Electrical
and Electronic Equipment (WEEE) [2], also due to the fact that most consumers tend to
discard their devices very often because they are perceived as obsolete. Moreover, con-
sidering that WEEE has intrinsic potential toxicity for environment and human/animal
health, special treatments are needed in order to manage these materials, mostly from
recycling and recovery perspectives [3]. Consequently, many countries have to face the
significant environmental and human health risks posed by improperly managed WEEE [1].
Unsafe treatment and improper disposal of WEEE pose substantial problems for the ac-
complishment of the Sustainable Development Goals (SDGs) identified in the 2030 Agenda
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for Sustainable Development adopted by the United Nations and all European member
states [1].

On the other hand, WEEE contains precious and critical elements (i.e., gold, silver,
copper, rare earths, etc.) as well as other important materials such as plastic, glass and
wood that, if correctly managed, can become secondary raw materials to be placed on the
market again [4].

Plastic, which is becoming more and more relevant for recovery or material recycling
systems, is one of the most common materials found in WEEE, being on average 10-30% [5].
Polymers are usually used for electronic equipment housings because they exhibit excellent
properties and are relatively inexpensive. Typically, polymers have such meritorious fea-
tures such as lightness, high flexibility, workability at low temperatures, and low electrical
and thermal conductivity. The use of additives can further enhance these characteristics
(i.e., fillers, fibers, carbon black and plasticizers).

Acrylonitrile/butadiene/styrene (ABS), polypropylene (PP), high-impact polystyrene
(HIPS) and polyphenylene oxide/high-impact polystyrene (PPO/HIPS) are the most com-
mon polymers used in EEE [6]. Polycarbonate (PC) and PC/ABS mixtures are increasingly
being used today. Table 1 lists several polymer types employed in electrical and electronic
equipment, along with their applications [7].

Table 1. Different types of polymers and related applications. Adapted from [7].

Polymer Typical Applications

Acrylonitrile styrene acrylonitrile (ASA)
Acrylonitrile butadiene styrene (ABS)
Polymethylmethacrylate (PMMA)
Polytetrafluoroethylene (PTFE)

Liquid crystal polymer (LCP)
Polyacetal /acetal (POM)

Housings, trim

Housings, trim

Lenses, lighting

Gears, bearings

Coatings, radio frequency (RF) shielding
Gears, bearings, insulators

Polyamide/nylon (PA)
Polyamide-imide (PAI)
Polybutylene terephthalate (PBT)
Polyethylene terephthalate (PET)
Polycarbonate (PC)
Polyethylene (PE)
Polyetheretherketone (PEEK)
Polyetherimide (PEI)
Polyphenylene oxide (PPO)
Polyphenylene sulfide (PPS)
Polypropylene (PP)

Polystyrene (PS)

Polysulfone (PSU)

Polyurethane (PU)

Polyvinyl chloride (PVC)
Styrene/acrylonitrile (SAN)

Structures, clips, casings
Bearings, insulators, connectors
Switches, connectors, insulators
Films, screens

Screens, casings

Packaging

Hinges, switches, membranes
Sensors, connectors

Housings, valves

Connectors, housings
Packaging, cases

Housings, trim

High temperature applications
Connectors, coatings

Seals, trim

Housings, trim

In 2020, 29.5 million tons of post-consumer plastic waste were collected in the Eu-
ropean Union, including Norway, Switzerland and the United Kingdom (EU27 + 3) [8].
This volume is approximately 1% of the entire amount of post-consumer waste generated
in the EU27 + 3 in the same year (e.g., organic waste, glass, paper, metals, wood, card-
board, concrete, etc.). The majority of post-consumer plastic waste collected in 2020 came
from packaging, accounting for 61% of the total. This was followed by waste from con-
struction and building-related applications at 6% and waste from electrical and electronic
applications, which accounted for 6%.

Over 10 million tons of post-consumer plastic were recycled in 2020. But in the
same year, 65% of the collected plastic waste was not valorized in a circular economy
approach [4]. The employment of expensive and/or complex machinery in the recycling
industry is problematic mainly due to a wide range of technical (such as particles of
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various sizes, shapes, compositions and physical conditions of the waste to be processed),
environmental (such as harsh operational environments) and financial (e.g., low values of
recovered materials or products) factors.

As a consequence, efficient and cost-effective solutions are necessary for material
characterization, quality control of recycled products and sorting applications. The use of
Hyperspectral Imaging (HSI)-based sensors working in the Short-Wave InfraRed (SWIR)
spectral range can be a viable solution to this challenge. HSI is a cutting-edge approach to
waste management that is rapidly gaining popularity as a quality control tool and as a core
for sorting engines in several recycling processes [9]. Different HSI-based approaches have
been proposed for plastic recycling [10-12], Construction and Demolition Waste (C&DW)
recycling [13,14] and WEEE recycling [15,16].

In this work, a methodological approach based on the utilization of SWIR-HSI tech-
niques for both sorting and /or quality control applications of different plastic streams from
WEEE is presented.

2. Hyperspectral Imaging

Hyperspectral imaging (HSI) is a method combining digital imaging with conven-
tional spectroscopy to simultaneously acquire spatial and spectral data of the materials
being analyzed [17,18]. This information is stored in a three-dimensional dataset known as
a “hypercube,” where two dimensions (X, y) represent spatial information and the third
provides spectral data. In addition to the morphological properties of the investigated
sample as a conventional image, a hypercube also contains its physical and chemical
characteristics, which can be examined based on the specific wavelengths under investiga-
tion. Thus, a complete spectrum is obtained for each pixel, and depending on the various
wavelengths under investigation, each pixel provides information about different sample
physico-chemical properties.

In terms of material characterization and product quality control, HSI enables, inside
a WEEE stream, the identification of plastic, the recognition of polymers and contaminant
detection [12,19,20].

2.1. Hyperspectral Imaging System and Data Handling

The HSI analyses were carried out at the Raw Materials Laboratory (RawMaLab) of
the Department of Chemical Engineering, Materials & Environment located at Sapienza
University of Rome (Rome, Italy). The adopted equipment was the SisuCHEMA XL™
Chemical Imaging workstation (Specim Spectral Imaging Oy Ltd., Oulu, Finland). This
system consists of a CCD camera and a Specim ImSpector N25E spectrograph, operating in
the SWIR region of the electromagnetic spectrum (1000-2500 nm), with a spectral resolution
of 10 nm and spectral/pixel sampling of 6.3 nm, a mobile platform on which the samples
can be positioned, a halogen source lighting system and an integrated white calibration
system that allows optimization of the focus lens. The entire system is controlled by a
personal computer with the Specim ChemaDAQ™ software for spectra acquisition and
collection. The HSI-employed platform operates as a line scan camera of the push-broom
type, enabling the capture of spectral data for every pixel along the scanning line.

Calibration is performed automatically by the ChemaDAQ™ software. The calibration
procedure involves capturing a dark image (D), recording an image obtained by closing
the camera shutter and measuring a white spectral reflectance standard by collecting the
white reference image (W). After this calibration phase, the raw hyperspectral image (Ry)
is acquired, and the reflectance image (R) of the acquired image is then calculated, thanks
to the equation:

Ro—D
W_D )

PLS_Toolbox (Ver 9.0; Eigenvector Research, Inc., Wenatchee, WA, USA) and

MIA_toolbox (Ver 3.1; Eigenvector Research, Inc., Wenatchee, WA, USA) running in the

R =




Sustainability 2023, 15, 11345

40f16

MATLAB® (R2021b Ver. 9.11; The Mathworks, Inc., Natick, MA, USA) environment were
adopted to handle and analyze hypercubes.

2.2. Hyperspectral Images Analysis Procedure

Hyperspectral images typically contain many spectra and are very informative. The
main purpose of hyperspectral image analysis is usually to reduce its size while maintaining
sufficient information to identify, classify and/or quantify the areas of a sample from a
physico-chemical point of view [21,22]. The analysis of hyperspectral data is based on
techniques that combine signal processing, image processing and spectroscopy.

Starting from the raw data of the hypercube, a data preprocessing phase is necessary
to remove unwanted variations from the spectral information and to prepare the data for
further processing. These artifacts (i.e., dead pixels and spikes) must be identified and
excluded from subsequent analyses [21]. Following the identification and correction of
these causes of variation in the data, or alternatively, downstream of this approach, it may
be essential to remove the image’s background (i.e., the portion of the image that does not
contain the sample).

Once the hypercube data has been preprocessed, the next stage of investigation com-
monly followed is exploratory analysis [22]. Exploratory analysis is a qualitative tool.
Principal Component Analysis (PCA) is a basic chemometric approach useful to perform an
exploratory analysis of HSI data, allowing to investigate all possible sources of variability
within a hypercube. The purpose of this multivariate analysis technique is to reduce the
number of variables describing a data matrix to a smaller number of Principal Components
(PCs), which are a linear combination of the original descriptors (experimental variables),
limiting the loss of information as much as possible [23].

To classify the data of a hypercube, it is necessary to develop a robust and reliable
model. Certain regions of the image, or Regions of Interest (ROIs), which are subsets of
spectra, can be utilized to calibrate a classification model. There are many pixel-based or
object-based classification techniques, including unsupervised methods (such as K-Nearest
Neighbors (k-NN)) and supervised methods (i.e., Partial Least Squares—Discriminant Anal-
ysis (PLS-DA)).

A prediction map can be obtained from any model developed from spectral data by
applying it to each pixel in a hypercube.

The HSI methodology presented in this work follows the steps shown in the diagram
presented in Figure 1. ROIs were selected on each acquired particle in the hyperspectral
images. Spectra obtained from ROIs were then compared with reference spectra in order to
perform a preliminary sample identification.

PCA was adopted as an exploratory analysis of reference plastic spectra. The classes
required for the following classification tasks were defined as a result of this investigation.

A classification procedure based on Partial Least Squares—Discriminant Analysis (PLS-
DA) was then adopted, depending on the goal of the study. The PLS-DA, which is related
to another classification technique called Linear Discriminant Analysis (LDA), is essentially
an extension of Partial Least Squares (PLS) regression for classification purposes [24]. The
model was validated by applying it to the hyperspectral images.

The confusion matrix is assessed to determine how well a supervised classifier per-
forms [25]. Among the most important parameters that can be calculated starting from the
confusion matrix are Sensitivity, defined by Equation (2), which measures the ability of the
system to identify instances of the positive class (i.e., the percentage of instances classified
as positive among all the instances that are actually positive), and Specificity, calculated on
the basis of the negative class with Equation (3). The PLS-DA classifications were evaluated
in terms of Sensitivity and Specificity.
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Figure 1. Methodological approach followed to perform the analysis of hyperspectral images.

Both Sensitivity and Specificity have values ranging from 0 to 1. A Sensitivity of 1 means
the model properly recognized all positive instances, while a Specificity of 1 means the
model correctly identified all negative instances. A Sensitivity or Specificity of 0, on the other
hand, indicates that the model failed to identify any positive or negative instances.

The PLS-DA classifications were evaluated in terms of Sensitivity and Specificity.

True Positive
(True Positive 4 False Negative)

Sensitivity =

()

True Negative

Specificity — ik .
pecificity (True Positive + False Negative)

®)

3. Case Studies

Four different case studies were investigated, related to different WEEE waste streams
containing plastics and their potential recycling. In all cases, samples have been collected
from different recycling plants and represent real current critical issues for the recycling
of plastic fractions from other materials (i.e., identification for sorting and/or quality
control purposes).
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3.1. Plastic Flake Identification in Mixed Waste from EOL Monitors and Flat Screens
3.1.1. Analyzed Samples and Procedure Set-Up

In this case study, the analyzed sample comes from a milling process of mixed waste
from EOL monitors and flat screens. A procedure was developed in order to recognize
plastic flakes from other materials (mainly constituted by fragments of Printed Circuit
Boards (PCBs) and various metal particles).

The process of sample selection involved the utilization of coning and quartering
procedure, followed by a subsequent manual sorting stage.

Particles were categorized into two classes: (1) Plastic class, 68% in weight of the
sample (wt%), and (2) Other class (i.e., fragments of PCBs and mixed metal particles;
32 wt%). ROISs of Plastic and Other particles were selected in order to calibrate a PLS-DA
classifier. Reflectance spectra extracted from ROIs were preprocessed with Standard Normal
Variate (SNV) and Mean Center (MC). The SNV algorithm is a weighted normalization
approach [26], whereas MC, one of the most often used preprocessing techniques, computes
the column mean and subtracts it from the column value. PCA was adopted in order to
explore the calibration data and identify and exclude outliers. Finally, PLS-DA was applied
to recognize the two classes.

3.1.2. Results of Plastic Flake Identification

The average reflectance spectra before and after preprocessing of the two classes of
materials are shown in Figure 2. As can be noted in Figure 2a, the main difference between
Plastic and Other raw spectra is found at around 1400-1600 nm, which corresponds to the
first overtone combination band of CH [27]. Since most of the Other materials are composed
of PCB fragments and various metal particles, it can be assumed that they are inorganic
compounds. Nevertheless, the presence of discernible absorptions related to the CH and SH
overtones (1700-1750 nm) in the Other spectra suggests the potential existence of organic
materials (e.g., cellulose layers or additives) within the investigated samples.

0.4

Plastic

Other o 02 ™
Q
8 ; o
"8’ L SN N h_ < -

e 5 -
- ~
Plastic o 02| |
]
% Other
AN 8 o4l
<}
—
&
—~ -06
&
S,
, : . : : i 08l . . . . . , ,
1000 1200 1400 1600 1800 2000 2200 2400 2500 1200 1400 1600 1800 2000 2200 2400 2500
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 2. Average raw (a) and preprocessed reflectance spectra (b) of WEEE shredded flakes.

Such a difference is further highlighted by the application of the preprocessing algo-
rithms to the spectra, as shown in Figure 2b.

In Figure 3a, the selected ROIs of Plastic and Other material flakes (training dataset) are
shown. In Figure 3b, the obtained PCA score plot of the first two PCs is reported. Most of
the variance was captured by the first PC explaining 60.61% of the variance. Classification
results in terms of prediction image are reported in Figure 4.
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Figure 3. Class setting on the training data set of WEEE shredded flakes (a) and the corresponding PCA
score plot (PC1-PC2) (b).

1cm B Plastic Other

(a) (b)

Figure 4. Digital image (a) and corresponding false color prediction map obtained by PLS—DA (b)
of the investigated mixed WEEE shredded flakes. In (a), red circles with continuous line represent
plastic flakes, while other materials are shown with green circles with dashed line.

All plastic flakes were correctly identified. The Sensitivity in calibration and cross-
validation for the Plastic class reached 0.921 (Table 2), whereas the Sensitivity in calibration
and cross-validation for the Other class is 0.813.
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Table 2. Performance indicators (Sensitivity and Specificity) for PLS-DA classification model, based on
HSI acquisition, referred to Plastic and Other classes.

Sensitivity Specificity Sensitivity Specificity
Class: . . . . (Cross- (Cross-
(Calibration) (Calibration) Validation) Validation)
Plastic 0.921 0.813 0.921 0.813
Other 0.813 0.921 0.813 0.921

In prediction, some misclassified pixels occur for the Other class (Figure 4b). This can
be explained by the non-homogeneous nature of the PCB’s surface.

3.2. Polymer Identification Inside a Mixed Plastic Waste Stream Coming from EOL
Electronic Devices

3.2.1. Analyzed Samples and Procedure Set-Up

In this case study, plastic flakes resulting from mechanical separation of EOL electronic
devices (i.e., housings and trims) were selected in order to build a classification model able
to identify the different polymer types for their further recycling in separated streams.

Known virgin polymers were used to build the calibration set, while plastic flakes
resulting from the mechanical separation of EOL electronic devices (i.e., housings and trims)
were used in the validation set. In more detail, starting from the acquired hyperspectral
images of nine different virgin polymers (i.e., PC, PS, ABS, PMMA, PP, PA, PE and POM),
preprocessing algorithms were firstly applied. More specifically, Savitzky-Golay (S-G)
Smoothing, S-G 2nd Derivative, Normalize and MC algorithms were applied. The S-G
algorithm is frequently used to smooth data when taking the derivative, considerably
enhancing the usefulness of derivatized data [24]. S-G smoothing fits individual polyno-
mials to windows surrounding each spectrum point. Data are then smoothed using these
polynomials. Derivatives tend to amplify noise by de-emphasizing lower frequencies and
emphasizing higher frequencies (high-frequency signals).

After that, a PCA model was built to explore the variability of the different polymer
spectra. Finally, a PLS-DA was trained using the reference polymer spectra to classify the
investigated plastic flakes.

3.2.2. Results of Polymer Identification
In Figure 5, raw and preprocessed spectra related to the virgin spectra are shown.

0.03

PS
—&—ABS
PMMA
POM
PP
>—PA
——PE |

Reflectance

Preprocessed reflectance

1200 1400 1600 1800 2000 2200 2400 2500 1200 1400 1600 1800 2000 2200 2400 2500

Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 5. Average raw (a) and preprocessed reflectance spectra (b) of virgin polymers used

as reference.
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The SWIR range is a valuable source of information for characterizing polymers due

to the absorption of light by overtone or combination bands of carbon-hydrogen (CH)
vibrations in their molecules [27].

The analysis of the obtained PCA score plot allows for the identification of pixel

grouping according to their spectral signature (Figure 6). The first two PCs captured most
of the variance, with PC1 explaining 42.53% and PC2 explaining 29.51% of the total variance.
The more the pixels are closer, the more they have similar spectral behavior.

Scores on PC2 (29.51%)

0.1}
0.08
0.06 -
0.04 -

0.02 |

002}
0.04
-0.06
0.08

01}

PA

PP

3 ® o
PE
ABRS
Ps -~
-0.05 0.05 0.1

Scores on PC1 (42.53%)

Figure 6. PCA score plot (PC1-PC2) of virgin polymer spectral signatures: PC (red diamonds), PS
(light green squares), ABS (blue triangles), PMMA (light blue inverted triangles), POM (pink stars),
PP (yellow circles), PA (dark green diamonds) and PE (dark blue squares).

The obtained PLS-DA results, in terms of classification images, are shown in Figure 7,

while the corresponding performance parameters are reported in Table 3.

(@)

PC PS

IHE I N .
ABS POM PP PA

(b)

Figure 7. Digital image (a) and corresponding false color prediction map obtained by PLS-DA (b) of
the polymer particles resulting from WEEE mechanical separation operations.
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Table 3. Performance indicators (Sensitivity and Specificity) for PLS-DA classification model, based on
HSI acquisition, referred to PC, PS, ABS, PMMA, POM, PP, PA and PE classes.

Sensitivity Specificity Sensitivity Specificity
Class: . . . . (Cross- (Cross-
(Calibration) (Calibration) Validation) Validation)
PC 1.000 1.000 1.000 1.000
PS 1.000 1.000 1.000 1.000
ABS 1.000 1.000 1.000 1.000
PMMA 1.000 1.000 1.000 1.000
POM 1.000 1.000 1.000 1.000
PP 1.000 1.000 1.000 1.000
PA 1.000 1.000 1.000 1.000
PE 1.000 1.000 1.000 1.000

Six polymers in the validation image were correctly detected by the developed PLS-
DA model with just a small number of misclassified pixels, mostly due to the border
effect. The few incorrectly assigned pixels, however, have little impact on the correctness of
classified images. The classification performances revealed Sensitivity and Specificity values
in calibration and cross-validation equal to 1.000.

3.3. Contaminant Identification in a Mixed Plastic Waste Stream from the Recycling Line of
Electrical Cables

3.3.1. Analyzed Samples and Procedure Set-Up

In this case study, plastic waste particles, resulting from a WEEE treatment plant of
electrical cables, were analyzed in order to identify the possible presence of contaminants
(i.e., metal particles, such as copper or aluminum) that can negatively affect their further
recycling. ROIs were selected from the collected hyperspectral image to obtain a training
and validation set (Figure 8).

=== Trajning set

m— Contaminant

(b)

Figure 8. Digital (i.e., pictorial) (a) and corresponding hyperspectral image (b) of plastic waste
particles, resulting from a WEEE treatment plant of electrical cables.
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Reflectance

Plastic and Contaminant classes were assigned to the training set. S-G Smoothing, SNV
and MC were chosen for preprocessing purposes. A PCA was performed on the prepro-
cessed hyperspectral image in order to detect and topologically localize metal contaminants.
Finally, a PLS-DA was built using the training set and then applied to the validation set,
allowing the classification of Plastic and Contaminant classes.

Plastic and Contaminant classes were assigned to the training set. S-G Smoothing, SNV
and MC were chosen for preprocessing purposes. A PCA was performed on the prepro-
cessed hyperspectral image in order to detect and topologically localize metal contaminants.
Finally, a PLS-DA was built using the training set and then applied to the validation set,
allowing the classification of Plastic and Contaminant classes.

3.3.2. Results of Contaminant Identification

In Figure 8a, the image representing the investigated plastic sample is shown. In the
corresponding acquired hyperspectral image (Figure 8b), the presence of metal contami-
nants is detectable thanks to their ability to reflect more of the source light in comparison
to that of plastic particles (Figure 8b). Indeed, red pixels in the hyperspectral image denote
spectra with higher average reflectance values. In Figure 9, average raw spectra of the
Plastic and Contaminant classes are shown. The Contaminant class shows higher reflectance
values than the Plastic class in all the investigated spectral ranges.

0.6 2

0.55 15+t
Contaminant

Contaminant

05 g 1
g
0.45 8 o5
Q
=
0.4 = o
—
0.35 T 05 Plastic
7
03 . At
Plastic 153
0.25 g as
Q.
0.2 & 2
' [al
0.15 25
0.1 3
1000 1200 1400 1600 1800 2000 2200 2400 2500 1000 1200 1400 1600 1800 2000 2200 2400 2500
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 9. Average raw (a) and preprocessed (b) reflectance spectra of investigated WEEE plastics and
detected contaminants.

As most of the absorption bands seen in the wavelength region 1000-2500 nm are
overtones or combination bands of carbon-hydrogen (C-H) vibrations, the investigated
NIR range is particularly effective for identifying plastic. Due to their distinctive forms
in three wavelength ranges (1150-1250 nm, 1350-1450 nm and 1650-1750 nm), plastic
and contaminant spectral fingerprints may be easily distinguished. This is because they
have various chemical structures and formulas. The presence of metal contaminants
(i.e., aluminum or copper) defines a spectrum with slightly higher reflectance values but
distinctive from the plastic spectral signature.

Through the PCA (Figure 10), pixels belonging to the Contaminant class are easily
detectable as the related scores in the PCA score plot are far from the Plastic pixel grouping.
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Figure 10. PCA score plot (PC1-PC2) of WEEE plastic and contaminant.

The obtained PLS-DA results are shown in Figure 11. Sensitivity and Specificity values
in calibration and cross-validation are equal to 1.000 for the Plastic and Contaminant classes.
As shown in Figure 11b, the PLS-DA classifier is able to topologically detect the contaminant
in the mixed plastic waste stream.

. Contaminant
B Plastic
(a) (b)

Figure 11. Digital image (a) and corresponding false color prediction map obtained by PLS-DA (b) of
investigated WEEE plastics and detected contaminants.

3.4. Identification of WEEE Plastics with Brominated Flame Retardants
3.4.1. Analyzed Samples and Procedure Set-Up

Fragments of plastics waste from small appliances (i.e., cathode-ray tube televisions
and monitors) were selected in order to build a classification model capable of recognizing
plastics containing quantities of Bromine (i.e., plastic waste containing brominated flame
retardants, BFRs) exceeding the limit of 2000 ppm imposed by legislation (CLC/TS 50625-3-
1) [21]. These samples were previously analyzed by micro-X-ray fluorescence (micro-XRF)
to perform elemental analysis and detect Bromine (Br) concentration. The micro-XRF
analysis results regarding the Br content assessment on the validation set used in the HSI
procedure are reported in the Supplementary Materials.

This analysis allowed the categorization of the samples into two distinct classes based
on their Br content: High Br (Br > 2000 mg/kg) and Low Br (Br < 2000 mg/kg). A PLS-
DA classification model was developed to effectively separate the samples into these
two classes.
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Appropriate preprocessing has been used to correct instrumental noises, scattering
effects or any other signal disturbances, but also to enhance the differences between samples.
More specifically, S-G 1st Derivative, SNV and MC were applied.

3.4.2. Results of Plastic with Brominated Flame Retardants Identification

In Figure 12, average raw and preprocessed spectra related to the investigated WEEE
plastics are shown.
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Figure 12. Average raw (a) and preprocessed reflectance spectra (b) of WEEE plastics with BFRs used
as reference.

The raw reflectance average spectra of two classes of Br content were analyzed in the
SWIR range as it is useful both for identifying the polymer type (harmonic bands of the
fundamental groups containing C-H and O-H bonds [28]) and to discriminate samples
exceeding the limit of 2000 ppm imposed by the legislation.

Samples with a high Br content, in fact, show an extra absorption peak around
1400-1500 nm and more precisely at 1469 nm. According to previous studies, this peak is
due to the presence of tetrabromobisphenol A (TBBPA) [29-31]. This difference is high-
lighted using appropriate preprocessing (Figure 12b).

The analysis of the obtained PCA score plot allows for the identification of pixel
groupings according to their Bromine content (Figure 13). PC1 negative values identify the
samples with low Br content, while PC1 positive values identify those with high Br content.
Most of the variation in the data was accounted for by the first two PCs. In more detail,
PC1 explained 39.52% of the variance, while PC2 explained 10.85% of the variance.

Scores on PC2 (10.85%)

-10 -8 -6 -4 -2(‘).2'4 6 8 10
Scores on PC1 (39.52%)

M LowBr High Br
(a) (b)

Figure 13. Class setting on the training data set of WEEE plastics with BFRs (a) and corresponding
PCA score plot (PC1-PC2) (b).

The obtained PLS-DA results, in terms of classification images, are shown in Figure 14.
The results of the PLS-DA model applied to the validation dataset show that the samples
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were correctly identified and classified (red: plastic samples with low Br; green: plastic
samples with high Br). Sensitivity and Specificity values in calibration and cross-validation
are equal to 1.000 for both High Br and Low Br classes.

S B Lowsr High Br
(@ (b)

Figure 14. Digital image (a) and corresponding false color prediction map obtained by PLS-DA (b) of
WEEE plastics with BFR.

4. Conclusions and Future Perspectives

The potentialities of the SWIR-HSI system to characterize, inspect and perform quality
control or sorting of plastics derived from e-waste solid particles, both during the feeding
process and as a result of the different processing activities involved in their recovery.

The results of the investigated case studies demonstrated that the proposed SWIR-HSI
approach can be effectively employed: (i) to continuously monitor various streams of
plastic waste derived from WEEE prior to or following handling or processing operations,
and (ii) to develop new strategies for quality certification and/or sorting applications of
waste-derived products.

The presented methodological approach can be seen as a tool to maximize the recy-
clable polymer fractions by removing contaminants (i.e., metals and plastic waste contain-
ing BFRs) and identifying polymer types.

The implementation of this methodology can contribute to the promotion of the
principles of a circular economy and achieving the Sustainable Development Goals (SDGs),
such as SDG9 (Industry, Innovation, and Infrastructure), SDG12 (Responsible Consumption
and Production), SDG13 (Climate Action), SDG14 (Life Below Water) and SDG15 (Life on
Land). By improving the circular use of materials, minimizing pollution, toxic emissions
and landfills, and also helping to mitigate the impacts on climate change, this approach
aligns with the objectives outlined in these SDGs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su151411345/s1, Figure S1. Examples of the micro-XRF distribution
maps for Br inside on plastic waste samples; Figure S2. Source images of plastic scraps sample (Low
Br and High Br) adopted to define the validation dataset; Table S1: Main characteristics of waste
plastics samples with different content of Brominated flame retardant utilized for validation.
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